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Respiratory infections are leading causes of mortality and morbidity, with Tuberculosis 
and lower respiratory tract infections (LRTI) culminating in almost 5 million deaths per 
year. Respiratory tract infections pose a continuous threat to humans due to their easy 
dissemination via aerial transmission. Children under the age of five living in developing 
countries are the most susceptible hosts to a plethora of bacteria and viruses including 
Mycobacterium tuberculosis, Streptococcus pneumoniae, Haemophilus influenzae, 
Staphylococcus aureus, Klebsiella pneumoniae, Bordetella pertussis, Pseudomonas 
aeruginosa, Mycoplasma pneumoniae, Influenza virus, Respiratory syncytial virus and 
metapneumovirus. Likewise, adult patients suffering from underlying chronic respiratory 
diseases such as Chronic Obstructive Pulmonary Disease (COPD), bronchiectasis or 
neutrophilic asthma are also highly targeted by LRTIs.

Despite vaccination saving millions of lives, the growing emergence of antibiotic resistant 
strains is a major challenge for the coming years. In addition, some vaccines against 
particular respiratory pathogens are ineffective in providing long-term protection. 
Accordingly, an enhanced understanding of host immunity to respiratory infections 
is essential for developing new and more effective microbial- and host-directed 
therapeutics. This eBook will provide a comprehensive overview of the microbial factors 
and the host immune mechanisms that determine the control of lung infection and/or 
the development of lung diseases.

Manuscripts included in this eBook are divided in four chapters and cover these aspects 
of immunology against respiratory pathogens:

-Pathogen targets for immune recognition including membrane-anchored and secreted 
effector molecules.
-Specific roles of immune cell subsets in response to respiratory infections spanning 
both innate and adaptive immunity.
-Host factors involved in pathogen recognition in the respiratory system including 
cytosolic DNA sensors.
-New prophylactic and/or therapeutic strategies against respiratory infections.
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host immunity

Editorial on the Research Topic

Update on the Immune Mechanisms Against Respiratory Pathogens

Respiratory infections pose a continuous threat to humans due to their easy dissemination via aerial
transmission. As a consequence, they are leading causes of mortality and morbidity worldwide.
Lower respiratory tract infections (LRTI) remained the deadliest communicable diseases causing
3 million deaths worldwide in 2016 (1). Similarly, although the number of tuberculosis (TB)
deaths tends to decrease, it is still among the top 10 causes of global mortality with a yearly
death burden of about 1.6 million (2). The growing emergence of bacterial antibiotic resistance
is a major global challenge for the coming years, and several major respiratory pathogens are
included in the WHO priority list of bacteria for which new antibiotics are urgently needed (3).
In terms of target population, children under the age of five are the most susceptible hosts to
a plethora of respiratory pathogens. The elderly, and immunocompromised respiratory patients
suffering from cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), bronchiectasis,
neutrophilic asthma, or silicosis are also highly targeted by respiratory pathogens, which often
accelerates the fatal progression of the underlying chronic disease. Accordingly, understanding
microbial pathogenicity and host immunity against respiratory infections is essential for the
rational development of new and more effective therapeutics.

This Research Topic provides an updated overview of both microbial factors and host immune
mechanisms determining either the control of lung infection or the development of lung disease by
key respiratory pathogens includingMycobacterium tuberculosis (Mtb), Streptococcus pneumoniae,
Haemophilus influenzae, Bordetella pertussis, Pseudomonas aeruginosa, influenza virus, human
metapneumovirus (hMPV), Aspergillus spp, and Pneumocystis spp. Pathogen virulence factors
and/or targets for immune recognition, host factors involved in pathogen recognition and immune
defense, specific roles of immune cell subsets, and promising prophylactic and/or therapeutic
strategies against respiratory infections have been addressed.

Regarding pathogen virulence factors, Hsieh et al., elucidated the role of Group A
Streptococcus (GAS) NAD-glycohydrolase in causing depletion of intracellular NAD+ storage
and impairment of autophagosome acidification, which in turn facilitates GAS authophagocytic
killing escape and replication inside human endothelial cells. Alcalde-Rico and co-authors
showed a relationship between antibiotic resistance and virulence in P. aeruginosa, of particular
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importance in the case of chronic infections, given that
overexpression of the MexCD-OprJ multidrug efflux pump
extrudes 4-hydroxy-2-heptylquinoline, the precursor of the
P. aeruginosa Quinolone Signal (PQS), leading to low PQS
intracellular levels and reduced production of quorum sensing
(QS) signal molecules, which then impairs the production of
QS-regulated virulence factors including elastase, protease IV,
pyocyanin, rhamnolipids, and bacterial swarming. Moreover,
Nieto et al., identified hemagglutinin HA S110L mutation as a
potent determinant of attenuation in a pandemic 2009 H1N1
influenza virus previously isolated from a fatal case patient which
also presents a highly pathogenic mutation in the polymerase
subunit PA D529N, thus indicating that combination of
mutations contributes to the final phenotype of such isolate. Also
from the viral perspective, Soto et al., revised current knowledge
on hMPV mechanisms of immune evasion contributing to poor
innate immune response and thereby affecting the adaptive
immunity. In particular, G protein inhibition of the IFN-I
type and viral replication, SH protein inhibition of the NF-κB
pathway, M2.1 protein association with pathogenesis and viral
replication, and M2.2 protein inhibition of cellular responses
dependent on mitochondrial antiviral signaling (MAVS) were
revised. Campillo-Navarro et al. studied the production of mast
cells extracellular traps (MCETs) upon cell contact with Mtb, and
found that heat-killed, but not alive, Mtb can induce DNA release
by mast cells, by using a mechanism likely related to increased
NADPH oxidase activity and concomitant hydrogen peroxide
production in such mast cells. This study also demonstrates
that Mtb catalase acts as a bacterial factor likely involved in
production of MCETs. Lastly, Arias and co-authors revised the
mode of action of the fungal secondary metabolite gliotoxin
(GT), a well-known virulence factor of the Aspergillus genus.
GT is the most abundant mycotoxin produced by A. fumigatus,
it causes cell death by killing cells in the spleen, thymus, or
lymph nodes, and also immunosuppression by, among others,
blocking macrophages inflammatory immune response by direct
killing, or by inhibiting NF-κB mediated signaling as well
as phagocytosis.

In terms of innate immune determinants against respiratory
pathogens, several aspects have been considered. Li et al., showed
that hMPV infection strongly suppresses basal- and vitamin D
induced cathelicidin antimicrobial peptide (CAMP) expression
in human macrophages, by a mechanism independent of vitamin
D or interferon, but mediated through repressing the expression
of the transcription factor C/EBPα. Likewise, Eijkelkamp et al.
analyzed the antimicrobial properties of arachidonic acid (AA), a
long chain polyunsaturated free fatty acid increased in the blood
of S. pneumoniae infected animals, and showed that AA exerts its
antimicrobial activity via insertion into the bacterial membrane,
resulting in alteredmembrane composition and increased fluidity
which, however, did not increase pneumococcal susceptibility
to antibiotic, oxidative, or metal ion stress. Also as part of the
airways innate humoral arm, Casals et al., revised the roles of
the collectin and galectin families, two types of endogenous
lectins. Surfactant protein A (SP-A) and D (SP-D) are collectins
secreted to the alveolar fluid by type II airway epithelial cells
and to the airway lumen by Club and submucosal cells. Such

collectins act by aggregating pathogens, which hinders their entry
into epithelial cells and facilitates their removal by a variety
of mechanisms such as mucociliary clearance or phagocytosis,
promoting bacterial trapping by neutrophil extracellular traps
(NETs), enhancing phagocytosis, or up-regulating expression
of cell-surface receptors involved in microbial recognition.
Conversely, galectins can function both inside and outside cells,
their expression is altered in respiratory infections, bind to
different respiratory pathogens (for example, Gal-3 bindsmycolic
acids of the mycobacterial cell wall and lipopolysaccharides
from Klebsiella pneumoniae, and P. aeruginosa), modulate
the immune response to infection, and present intracellular
activities of importance for pathogens occupying subcellular
compartments. Lastly, pathogen subversion of host factors has
also been considered. Based on the notion that S. pneumoniae
exploits neutrophil elastase (NE) leakage to subvert host
innate immune responses, Domon et al., revealed that NE
downregulates expression of multiple cytokines through cleavage
of Toll-like receptors and myeloid differentiation factor 2,
and cleaves inflammatory cytokines and chemokines. Moreover,
NE inhibition increases inflammation and enhances bacterial
clearance in a mouse model of pneumococcal pneumonia, thus
suggesting its therapeutic potential.

As mentioned above, numerous chronic disease patients
are often targeted by respiratory pathogens, likely accelerating
the progression of the underlying chronic disease. This is a
clinical problem of increasingly recognized interest, and major
chronic respiratory diseases need to be jointly taken care off
by respiratory physicians and specialists on infectious diseases.
In this context, decreased levels of surfactant phospholipids
reported in smokers and patients with COPD may indicate a
role for surfactant lipids in host protection against bacterial
infection. García-Fojeda et al. analyzed the effects of surfactant
phospholipids on the interplay between H. influenzae and
pneumocytes, showing that multilamellar vesicles, that constitute
the tensoactive material of the surfactant, bind the pathogen
preventing its self-aggregation and epithelial entry; differently,
the use of small unilamellar vesicles, which are generated
after inspiration/expiration cycles and are endocytosed by
pneumocytes for their degradation and/or recycling, block
bacterial cell invasion by inhibiting Akt phosphorylation and
Rac1 GTPase activation. Of note, in vivo administration of
the hydrophobic fraction of lung surfactant enhances bacterial
clearance, thus suggesting its therapeutic potential. Su et al.
reviewed the disease progression of COPD in the context of host
immune cross-talk with non-typeable H. influenzae (NTHi), a
bacterium with a critical role in COPD exacerbations. Features
of the host-pathogen interplay leading to NTHi colonization and
adaptation to the COPD patient lower airways environment have
been thoroughly revised, with special emphasis on the altered
expression and unresponsiveness of human TLRs to NTHi
lipoproteins and lipooligosaccharide, or cigarette smoke negative
effects in both the patients innate and adaptive immunity,
altogether eventually facilitating NTHi long-term infection. On
the other hand, Konečný et al., reviewed current knowledge about
the impact of Mtb infection on silicosis, and about silica and
Mtb co-exposure on the host immunity. Silicosis is a disease
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of the lower respiratory system with a frequent concomitant
infection, and the co-occurrence of silica exposure, silicosis and
TB has long been identified in populations exposed to silica-
containing dust. Innate and adaptive cellular immune responses
in silicosis and TB have been revised highlighting, among others,
that macrophages preloaded with silica particles exhibit a higher
number of Mtb phagocytic cells as well as higher rates of
Mtb phagocytosis.

Our collection also explores host factors involved in the
immune response against fungal and TB infections. Pneumocystis
fungi cause fatal pneumonia in immunocompromised
individuals. Moreover, although Pneumocystis pneumonia
has gradually decreased in HIV patients due to antiretroviral
therapy, it is responsible for increasing mortality in non-HIV
patients. Li et al. provide insights into the function of IL-9 during
Pneumocystis infection. By using a IL-9 deficient mouse, the
authors demonstrate reduced fungal burden in lungs as well as
stronger Th17 responses, compared to wild-type mice. Further
experiments confirmed that IL-9 deficiency resulted in enhanced
Th17 cell differentiation, and IL-17A neutralization resulted
in increased fungal burden in IL-9 deficient mice. Regarding
immunity against TB, Mpande et al. explored the presence of
stem cell memory T CD4+ cells (TSCM) in TB infected humans.
This T cell subset is absent in quantiferon (GFT)-negative
individuals, but displays measurable, and maintained levels
after QFT conversion, suggesting that primary Mtb infection
induces TSCM cells. Profiling of Mtb-induced TSCM cells indicate
higher levels of CCR5, CCR6, CXCR3, granzyme A, granzyme
K, and granulysin than those found in naïve CD4+ and TSCM

cells. Notably, Mtb-primed TSCM cells were also functional and
produced IL-2, IFN-γ, and TNF-α upon antigen stimulation.
Since a key feature of TSCM cells is the long-term maintenance
of their proliferative capacity without antigenic stimulation,
understanding their functional role is expected to have valuable
implications in TB vaccine development. Independently, Latorre
et al. explored the use of immune markers correlating with TB
latency or TB disease, as valuable tools for disease management.
Once enrolled two cohorts of active and latent TB patients,
expression of CD27, and CCR4 homing markers was studied
in blood CD4+ T cells. A higher diagnostic accuracy for active
TB was achieved for CD27 within IFN-γ+TNF-α+CD4+

T-cells in response to ESAT-6/CFP-10 stimulation, followed
by CD27 and CCR4 markers within IFN-γ+CD4+ T-cells in
response to purified protein derivative (PPD). In an independent
study, Jaisinghani et al. sought to investigate metabolic signals
leading to granulomatous inflammation in pulmonary TB,
and found an association between inflammatory response and
the presence of triglyceride (TG)-rich foamy macrophages in
necrotic granulomas. The absence of these foamy macrophages
in solid granulomas paved the way for downstream experiments
to demonstrate that in vitro infection of macrophages with
Mtb leads to increased TG production only under necrotic
conditions. Notably, the human enzyme diacylglycerol O-
acyltransferase (DGAT1) involved in TG synthesis appears to be
responsible of this phenomenon since DGAT1 silencing resulted
in suppressed expression of pro-inflammatory mediators.
Lastly, Lacoma et al. reviewed a panoply of host genetic factors

involved in respiratory tract infections, including ciliopathies
leading to impaired mucociliary clearance, as those leading
to cystic fibrosis, deficiency in alpha 1 antitrysin in some
COPD patients, or disorders in humoral immunity leading to
primary immunodeficiencies. In addition, single nucleotide
polymorphisms (SNPs) in TLR-2, TNF-α, IL-12, IFN-γ, and
their corresponding receptors are associated with increased
risk of developing TB, while mutations in ICAM-3 have been
linked with reduced risk of disease. Moreover, the link between
treatment with different biological response modifiers and the
increased risk of pneumonia, influenza, TB, Pneumocystis, and
fungal infections of the respiratory tract has been revised.

This Research Topic also explored conventional and
unconventional therapeutic interventions against respiratory
pathogens. Despite the availability of vaccines and antibiotics
against major players in respiratory infections, some pathogens
are reluctant to be prevented by an efficacious vaccine, and
the emergence of antibiotic resistance is an alarming threat.
Moreover, some respiratory pathogens are prone to form
biofilms that otherwise result in enhanced antibiotic resistance.
Vázquez et al. reviewed respiratory pathogens fighting based
on the use of phage lysins which specifically target susceptible
bacteria by hydrolysing bacterial peptidoglycan, and whose
major advantage is the fact that raising resistance seems to be
unlikely. This strategy might circumvent current problems in
infection treatment failure, further resulting more friendly with
the human microbiome than currently overused antibiotics.
Phage lysins are particularly active against Gram-positive
pathogens (S. pneumoniae, S. aureus, and S. pyogenes) and
mycobacteria, and some strategies are also being developed
against Gram-negative pathogens (P. aeruginosa, Acinetobacter
baumanii, and K. pneumoniae). In addition, Domenech et al.
reviewed the combined use of antibodies and antibiotics to
treat respiratory infections. Alteration of cell surface structures
driven by antibiotics might result in increased exposure of
bacterial antigens, which in turn may act as an alternative
strategy to overcome multidrug resistant pathogens. Previous
studies using a S. pneumoniae sepsis model demonstrated the
synergistic action of antibodies with β-lactams and macrolides.
Several antibodies are currently being tested in clinical trials
against ESKAPE pathogens (Enterococcus faecium, S. aureus, K.
pneumoniae,A. baumannii, P. aeruginosa, and Enterobacter spp.)
and might pave the way for future combinations with existing
antibiotics. Ramos-Sevillano et al. provided and update on the
natural immunity against S. pneumoniae focused on antibody-
and Th17-mediated immunity against specific pneumococcal
antigens. This manuscript reviewed existing data regarding the
impact of natural immunity during nasopharyngeal colonization,
pneumonia or septicaemia by S. pneumoniae. Mechanisms
involved in preventing infection seem to be dependent on the
infected anatomical site, with an emphasis on antibodies during
systemic infection and on Th17 CD4+ T cells for nasopharyngeal
infection, with pneumonia seemingly a combination of these
two. Increasing knowledge by collecting human data might
help to understand why some patient subpopulations are at
high risk of infection, or also aid to improve future vaccine
strategies. Closely related, Liao et al. tried to decipher the
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protective mechanism of the live-attenuated pneumococcal
vaccine SPY1. Intranasal administration of this vaccine to mice
resulted in increased IL-12p70, IL-4, IL-5, and IL-17A, decreased
the infection-associated inflammatory cytokine TNF-α, and in
increased production of TGF-β1 in lung and spleen homogenates
which is in turn related to up-regulation of Smad2/3 and down-
regulation of the negative regulator Smad7. SPY1-specific Tregs
are supposed to participate in protection by enhanced expression
of the immune modulators PD-1 and CTLA-4. Gupta and Nizet
exploited the notion of stabilizing the host Hypoxia-Inducible
Factor-1 alpha (HIF-1α) in mesenchymal stem cells (MSCs) as
a promising therapeutic approach against severe pneumonia.
The use of the selective small molecule AKB-4924 resulted in
longer half live of HIF-1α, reduced MSC death under cytotoxic
conditions, and enhanced antibacterial capacity of MSC. Further,
using a model of E. coli experimental pneumonia, these authors
demonstrated sustained protection against mortality in mice.
Regarding pertussis, Solans and Locht reviewed the key role
of the respiratory mucosal immunity in protection against B.
pertussis and exploited current knowledge to explain long-lasting
immunity of BPZE1, a live-attenuated vaccine under clinical
development. Upon infection, B. pertussis triggers production
of secretory IgA (sIgA) and cellular immune mechanisms
as tissue resident memory T (Trm) cells characterized by
CD4+, CD69+, and/or CD103+ that produce IFN-γ and/or
IL-17. Intranasal vaccination of mice with BPZE1 induced
both sIgA and CD4+CD69+CD103+ Trm cells in the nasal
mucosa, and these cells produced high levels of IL-17. These
mechanisms are tough to be responsible to protect against nasal
colonization with virulent B. pertussis. Also related to pertussis
vaccination strategies, Varney et al. compared current acellular
and whole-cell pertussis vaccines in terms of their ability to
profile the hematopoietic stem and progenitor cell (HSPC)
responses. Whole cell but not acellular pertussis vaccine resulted
in expansion of HSPCs and increased circulating white blood
cells. Upon infection, HSPCs from whole-cell vaccinated mice
showed a faster maturation into developing B cells. Moreover,
immunization with whole-cell pertussis vaccine resulted in
enrichment of interferon-induced genes within HSPCs. These
results might help to improve current acellular pertussis vaccines
in humans. In an independent study, Thofte et al. highlight
the elongation factor thermo-unstable (EF-Tu) from NTHi as
a novel target for bactericidal antibodies, demonstrating that

EF-Tu is surface exposed and identifying immunodominant
epitopes in this protein. Anti-EF-Tu IgG detected EF-Tu on
unencapsulated bacteria, considerably less EF-Tu was found
at the surface of encapsulated H. influenzae serotype b (Hib)
and S. pneumoniae (serotypes 3 and 4), and capsule removal
facilitated EF-Tu exposure. Of note, anti-NTHi EF-Tu IgG
antibodies promoted complement-dependent killing of this and
other uncapsulated bacteria. Regarding treatment of patients
with Ig deficiencies, Langereis et al. revised current regimes of
Ig replacement therapies. Treatment of agammaglobulinemia
patients includes Ig preparations that only contain IgG but
lack IgA and IgM. Consequently, deficiency in these latter
Ig results in lesser control of respiratory infection. Current
regimes enriched in IgA and IgG including fresh frozen plasma,
pentaglobin, trimodulin, IgAbulin, or purified IgA and IgM
linked to a secretory component were reviewed. Lastly, Kroesen
et al. used aspirin at low doses to ameliorate lung pathology in
a murine model of TB, putting forward the notion that low-dose
aspirin may be beneficial when combined with standard anti-TB
treatment due to its anti-inflammatory effect and enhanced
Th1-cell responses.

Finally, we want to express our gratitude to all the authors who
have contributed to this Research Topic and to the reviewers for
their timely and critical job. We hope that the reader will find this
Research Topic motivating and helpful. We invite you to read the
following articles and immerse yourself in the interesting world
of the molecular mechanisms of host-pathogen interplay at the
human airways.
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Group A Streptococcus (GAS) is a human pathogen causing a wide spectrum of
diseases, from mild pharyngitis to life-threatening necrotizing fasciitis. GAS has been
shown to evade host immune killing by invading host cells. However, how GAS resists
intracellular killing by endothelial cells is still unclear. In this study, we found that strains
NZ131 and A20 have higher activities of NADase and intracellular multiplication than
strain SF370 in human endothelial cells (HMEC-1). Moreover, nga mutants of NZ131
(SW957 and SW976) were generated to demonstrate that NADase activity is required for
the intracellular growth of GAS in endothelial cells. We also found that intracellular levels
of NAD+ and the NAD+/NADH ratio of NZ131-infected HMEC-1 cells were both lower
than in cells infected by the nga mutant. Although both NZ131 and its nga mutant were
trapped by LC3-positive vacuoles, only nga mutant vacuoles were highly co-localized
with acidified lysosomes. On the other hand, intracellular multiplication of the nga mutant
was increased by bafilomycin A1 treatment. These results indicate that NADase causes
intracellular NAD+ imbalance and impairs acidification of autophagosomes to escape
autophagocytic killing and enhance multiplication of GAS in endothelial cells.

Keywords: group A Streptococcus, NADase, NAD+ balance, acidification, intracellular multiplication

INTRODUCTION

Group A Streptococcus (GAS) is an important human pathogen responsible for causing wide
spectrum of diseases, ranging from superficial infections to life-threatening manifestations
including necrotizing fasciitis and streptococcal toxic-shock syndrome (Cunningham, 2008).
Although GAS is not considered as intracellular pathogen, increased evidences have shown
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that GAS can invade epithelial cells to escape killing by
host immune responses and antibiotics (LaPenta et al., 1994;
Osterlund et al., 1997; Kaplan et al., 2006).

Group A Streptococcus expresses numerous virulence factors
for subverting host defense mechanisms to successfully establish
infection in the host (Barnett et al., 2015). Streptolysin O (SLO)
and its cotoxin NAD-glycohydrolase (NADase or SPN) have
been reported to be involved in bacterial intracellular survival.
SLO is a pore-forming toxin that forms oligomeric pores to
disrupt cell membranes and facilitate autophagy formation,
which contributes to enhance GAS survival in the intracellular
niche of host cells (Sierig et al., 2003; Nakagawa et al., 2004).
NADase is encoded by the nga gene in the nga-ifs-slo operon
(Kimoto et al., 2005), which not only physically interacts but also
functionally synergizes with SLO to enhance the cytotoxicity of
infected cells (Madden et al., 2001; Bricker et al., 2005; Michos
et al., 2006; Velarde et al., 2017). Recent studies also showed
that the epidemic M1 and M89 GAS strains, which are rapidly
spreading globally, produce higher levels of NADase and SLO to
cause severe tissue destruction (Turner et al., 2015; Zhu et al.,
2015a,b, 2016), indicating the importance of NADase and SLO
in GAS pathogenesis.

Autophagy is a conserved catabolic process that transports
cytosolic cargo to lysosomes for maintaining cellular homeostasis
in adverse conditions. In addition to metabolic adaptation to
nutrient deprivation, autophagy is required for the elimination
of intracellular pathogens (Huang and Brumell, 2009; Shahnazari
and Brumell, 2011; Deretic et al., 2013; Pareja and Colombo,
2013). In epithelial cells, several studies showed that invading
GAS can be targeted into autophagosome-like structures in a
SLO-dependent manner. Nonetheless, SLO and NADase prevent
trafficking of the GAS-containing vacuole to lysosomes and
resulting in delayed intracellular killing (Nakagawa et al., 2004;
Amano et al., 2006; Logsdon et al., 2011; O’Seaghdha and
Wessels, 2013; Sharma et al., 2016). Our previous study found
that insufficient acidification of the autophagosome allows GAS
to survive and multiply in endothelial cells, and SLO plays
an important role in GAS multiplication (Lu et al., 2015).
However, how GAS regulates autophagosomal acidification in
endothelial cells is still not clear. In this study, we found
that NADase depletes intracellular NAD+ storage and inhibits
autophagosomal acidification, which is important for promoting
intracellular multiplication of GAS in human endothelial cells
(HMEC-1).

MATERIALS AND METHODS

Bacteria and Cell Culture Conditions
GAS strains SF370 (M1 serotype) and NZ131 (M49 serotype)
were purchased from the American Type Culture Collection
(Manassas, VA, United States). GAS strain A20 (M1 serotype)
was isolated from a patient with necrotizing fasciitis (Zheng
et al., 2013). GAS strains were cultured on tryptic soy agar
containing 5% defibrinated sheep blood or tryptic soy broth
(Becton Dickinson, Sparks, MD, United States) supplemented
with 0.5% yeast extract (TSBY). For genetic manipulation,

Escherichia coli strain DH5α was cultured in Luria-Bertani (LB)
broth (Becton Dickinson). When appropriate, medium was
supplemented with antibiotics at the following concentrations:
25 µg/ml of chloramphenicol (Merck, Darmstadt, Germany)
for E. coli, 3 µg/ml for GAS; 100 µg/ml of spectinomycin
(Sigma-Aldrich, St. Louis, MO, United States) for E. coli and
GAS. Human microvascular endothelial cell line-1 (HMEC-
1) cells were cultured in endothelial cell growth medium
M200 supplemented with low serum growth factors (Gibco Life
Technologies, Grand Island, NY, United States) and 8% fetal
bovine serum (FBS) at 37◦C in a 5% CO2 humidified incubator.
Cells were maintained at 0.75 × 106 in 10-cm dish or seeded
at 3 × 105 in 6-well plates for intracellular growth analysis and
co-localization observation.

Construction of Isogenic Mutants
To construct the nga mutant, 500- and 600-bp fragments of
upstream and downstream region of nga were amplified by
PCR. The PCR fragments containing restriction endonuclease
sites (EcoRI and BamHI) were ligated with a chloramphenicol
cassette and cloned into streptococcal suicide vector pSF152
to generate plasmid pMW790. The recombinant plasmid was
subsequently electroporated into strain NZ131 to generate the
nga mutant (SW957) by homologous recombination. The nga
mutant was confirmed by Southern blot hybridization and
NADase activity. Moreover, the native promoter of nga and its
structure region (2,175 bp) was amplified by primers nga+ifs-
F/R and cloned into the streptococcal shuttle vector pDL278 for
trans-complementation (SW958).

The G330D substitution of NADase was constructed
by overlap PCR with primers nga+ifs-F/R and NADase
G330D-F/R. The PCR products were digested with restriction
endonucleases EcoRI and BamHI (New England Biolabs, Hitchin,
United Kingdom), and ligated into the temperature-sensitive
vector pCN143 (Chiang-Ni et al., 2016) to generate plasmid
pMW860. The DNA insert was confirmed by restriction enzyme
digestion and DNA sequencing. The native chromosomal locus
of NZ131 was exchanged with the mutant allele by allelic
exchange when grown at 37◦C for insertion and 30◦C for
excision. Eventually, the NADase G330D mutant (SW976)
was verified by DNA sequencing and NADase activity. All
oligonucleotide primers are listed in Supplementary Table S1.

cDNA Preparation and Quantitative
RT-PCR
The cDNA synthesis and quantitative RT-PCR protocols were
described previously (Wang et al., 2013). Oligonucleotide
sequences used for qPCR are listed in Supplementary Table S1.
The gyrase subunit A (gyrA) of GAS was set as a reference control.
The thermocycling reactions were performed in a Lightcycler 2.0
instrument (Roche Diagnostics, Indianapolis, IN, United States)
and the crossing point (CP) was analyzed by LightCycler
3.0 software (version 3.0; Roche Diagnostics). The relative
gene transcriptional level was calculated following the formula:
ratio = 2∧[1CPtarget(control−sample)− 1CPreference(control−sample)]

(Pfaffl, 2001).
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Measurement of NADase Activity
The NADase activity in bacterial culture supernatants was
determined by measuring the fluorescence intensity upon
excitation with UV light, as described previously (Bricker et al.,
2002). Briefly, GAS supernatants from the early stationary phase
of liquid cultures were obtained by centrifugation at 2,330 g for
10 min. The supernatants were mixed with 1 mM of NAD+
(Sigma-Aldrich) in microtiter plates and then incubated at 37◦C
in 5% CO2 for 1 h. To stop the reaction, sodium hydroxide
(PanReac AppliChem, Barcelona, Spain) was added to 2 N and
reactants were incubated at room temperature in the dark for 1 h.
The fluorescence of NAD+ was visually read on a Tecan M200
Pro Infinite plate reader (Tecan, Crailsheim, Germany) with a
360-nm excitation. Uninoculated culture medium was added to
microtiter plates as a negative control. The NADase activity of
each sample was expressed as a relative percentage compared with
the negative control.

Intracellular GAS Multiplication Analysis
Group A Streptococcus was cultured in TSBY for overnight and
transferred to fresh broth at 1:50 dilution, and then incubated
at 37◦C in 5% CO2 to mid-logarithmic phase. Bacteria were
collected by centrifugation at 2,330 g for 10 min, washed with
PBS, and resuspended in M200 medium containing 8% FBS.
HMEC-1 cells were seeded at 3 × 105 in 6-well plates for 18 h,
washed with PBS and infected with GAS. In order to achieve same
intracellular bacterial load (1.5× 105 cfu/well) at 1 h of infection,
HMEC-1 cells were infected with serotype M1 SF370 and A20 at
multiplicity of infection (M.O.I.) of 10, whereas HMEC-1 cells
infected with serotype M49 NZ131 at M.O.I of 1. The plates were
centrifuged at 500 g for 5 min at room temperature to ensure
GAS adherence to the cell surface, and then incubated at 37◦C
in 5% CO2 for 30 min. After infection, cells were washed with
PBS and treated with 125 µg/ml of gentamicin to kill extracellular
bacteria at 37◦C in 5% CO2 for 1 h (T1). After 1 h treatment, cells
were washed and maintained in antibiotic-free medium for an
additional 2 h (T3) and 4 h (T5). To calculate the multiplication of
intracellular GAS, cells were lysed by deionized water for 5 min,
and then plated on TSBY plates to count the number of CFU at
various periods of time as indicated in each experiment.

NAD+ Quantification
Intracellular NAD+ level of HMEC-1 cells was determined by the
NAD+/NADH quantification kit (Sigma-Aldrich) following the
manufacturer’s instructions. Briefly, infected-HMEC-1 cells were
washed with PBS and detached by trypsin-EDTA (Gibco Life
Technologies) after infection. Cells (2 × 105) were resuspended
in NADH/NAD+ extraction buffer and disrupted by freezing
in liquid nitrogen and thawing at room temperature for three
cycles. The extracts were clarified by centrifugation at 13,000 g
for 10 min and cellular NADH consuming enzymes were then
removed by filtering through a 10-kDa cut-off spin column (GE
Healthcare, Buckinghamshire, United Kingdom). For detection
of intracellular NADH level, 200 µl of extracted samples were
heated at 60◦C for 30 min to decompose NAD+ and then
transferred to a microtitre plate. To determine the total NADH

level, 50 µl of duplicate extraction samples were arrayed in
microtitre plates. The NAD cycling buffer containing NAD
cycling enzyme was added to each well to convert NAD+ to
NADH. After incubation, each sample was mixed with NADH
developer and incubated at room temperature for 1 h. The
absorbance of plate wells was measured at 450 nm with a Tecan
M200 Pro Infinite microplate reader (Tecan). The NAD+/NADH
ratio was calculated following a formula: [(NADtotal – NADH) /
NADH].

MTS Cell Viability Assay
To determine cell viability of infected endothelial cells, the
metabolic activity of mitochondria was measured by the MTS
assay according to the manufacturer’s instructions (Promega,
Madison, WI, United States). Briefly, cells were infected with GAS
as described above, and then fresh M200 medium containing
MTS tetrazolium reagent was added to each well at indicated
time point. After 2 h of incubation, the absorbance was measured
at 490 nm by the Tecan M200 Pro Infinite microplate reader
(Tecan). The cell viability of each well was expressed as a relative
percentage compared with non-infected cells.

Confocal Microscopy
HMEC-1 cells were seeded at 3 × 105 in 6-well plates containing
a collagen-coated cover slide (23 × 23-mm) and incubated at
37◦C in 5% CO2 for 18 h. Cells were infected with GAS as
described above. For acidification labeling, cells were stained with
medium M200 containing 200 nM of lysotracker (red DND-
99; Invitrogen Molecular Probes, Eugene, OR, United States)
for 2 h after infection. At the indicated times, cells were
fixed with 4% paraformaldehyde, permeabilized with 0.4%
Triton X-100, and blocked with 1% bovine serum albumin
(BSA). After treatments, anti-LC3 (Medical and Biological
Laboratories, Nagoya, Japan) and anti-LAMP (Cell Signaling
Technology, Danvers, MA, United States) primary antibodies
with an appropriate working concentration were added to the
cells at 4◦C for overnight. Finally, cells were incubated with
Alexa Fluor-conjugated secondary antibodies and DAPI at room
temperature in the dark, and then mounted with mounting
medium (Vector Laboratories, Burlingame, CA, United States)
onto a microscope slide and stored at 4◦C in the dark prior to
imaging. Intracellular co-localization was analyzed by confocal
laser scanning microscopy (FV1000; Olympus, Tokyo, Japan).
Bacteria co-localization with the lysosomal marker LAMP1 and
a low-pH indicator were quantified from five independent fields
of three separate experiments.

Western Blot Analysis
Total proteins were harvested from cell lysate with RIPA lysis
buffer containing protease inhibitor (Promega) and separated
by SDS-polyacrylamide gel. Proteins were transferred to the
PVDF membrane and hybridized with primary antibodies anti-
LC3. Subsequently, secondary horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibodies (Jackson Immunoresearch
Laboratories, West Grove, PA, United States) were used
at 1:10,000 dilution and the signal was visualized with an
ImageQuant LAS-4000 mini (GE Healthcare).
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Statistical Analysis
Data represent the mean values and standard error of the
mean from at least three independent experiments. GraphPad
Prism 5.0 (GraphPad Software) was used for all statistical
analyses. The statistical significance of differences between
independent experiments was evaluated using the one-way or
two-way ANOVA with post hoc Tukey’s or Bonferroni multiple
comparison test, respectively. p-values of less than 0.05 were
considered statistically significant and were indicated by an
asterisk (∗) in figures.

RESULTS

The Enzymatic Activity of NADase Is
Required for the Intracellular
Multiplication of GAS in HMEC-1 Cells
NADase has been shown to enhance GAS intracellular survival in
epithelial cells (O’Seaghdha and Wessels, 2013; Chandrasekaran
and Caparon, 2015; Sharma et al., 2016). However, the role
of NADase in GAS survival in endothelial cells has yet to be
explored. To investigate whether NADase is involved in GAS
survival in endothelial cells, the NADase activity in bacterial
supernatants from GAS strains SF370, A20 and NZ131 was
measured. Moreover, HMEC-1 cells infected with strains SF370,
A20 and NZ131 were analyzed by the gentamicin protection
assay. The results showed that strains A20 and NZ131 have
better NADase activity, and an increased number of intracellular
bacteria after 5 h of infection, compared to strain SF370
(Figures 1A,B).

To elucidate whether NADase contributes to GAS
multiplication in endothelial cells, the nga mutant of NZ131
(SW957) was constructed. The results showed that deletion of
nga abolishes its NADase activity (Figure 1C). Since nga-ifs-slo
is an operon in GAS (Kimoto et al., 2005), the transcription of
each gene in the nga mutant was evaluated by qRT-PCR. Results
showed that the expression of ifs and slo are not affected by the
nga deletion (Supplementary Figures S1A–C). NADase has
been shown to have a toxic effect for bacteria (Meehl et al., 2005;
Kimoto et al., 2006). In order to avoid NADase toxicity, intact
nga-ifs expression was generated in the nga-complementary
strain (SW958) (Supplementary Figures S1A–C). Next, HMEC-
1 cells were infected with wild-type NZ131 and its isogenic
strains. Inactivation of nga resulted in about 5-fold and 3-fold
decreases in the intracellular bacterial load in HMEC-1 cells
after 5 h of infection, compared to wild-type NZ131 and the
nga complemented strain SW958, respectively (Figure 1D). To
exclude that the difference in intracellular multiplication of GAS
was due to differences in internalization efficiency, the number
of cell associated and internalized bacteria was enumerated after
30 min of infection and 1 h of gentamicin treatment, respectively.
The results showed that cell association and internalization
rate of the wild-type and its isogeneic strains were similar
(Supplementary Figures S2A,B). In addition, to demonstrate
whether NADase activity is required for GAS multiplication
in HMEC-1 cells, the ribosomal rpsL promoter was utilized to

drive an endogenous inhibitor of NADase, IFS, in the wild-type
NZ131. The results demonstrated that overexpression of ifs in
NZ131 (SW960) resulted in the similar phenotypes, including
NADase and intracellular survival, compared to the nga mutant
(Figures 1E,F).

Since the replacement of glycine by aspartic acid at
330 (G330D) in strain SF370 abrogates its NADase activity
(Chandrasekaran et al., 2013; Zhu et al., 2015a), the nga of NZ131
(D330G) was heterogeneously expressed in SF370 (resulting
in strain SW959) to restore its NADase activity (Figure 2A).
The results showed that strain SW959 increased its intracellular
growth by approximately 3-fold in HMEC-1 cells, compared to
wild-type SF370 and vector control (SW607) strains (Figure 2B).
The NADase G330D mutation in strain NZ131 (SW976) was
also constructed to clarify the effect of NADase activity on
intracellular multiplication of GAS in endothelial cells. Results
showed that strain SW976 dramatically decreases the NADase
activity and intracellular multiplication relative to the wild-type
and NADase G330D complementary strains (SW979) in HMEC-
1 cells (Figures 2C,D). Moreover, compared with the nga mutant,
strain SW976 showed a significantly higher intracellular bacterial
load (6.08 × 105 cfu/ml versus 3.26 × 105 cfu/ml) after 5 h of
infection in HMEC-1 cells (Figure 2D). These results indicate
that the enzymatic activity of NADase is required for GAS growth
intracellularly.

NADase Reduces Intracellular NAD+

Levels in Infected Endothelial Cells
NADase is translocated into the cell cytosol to cleave intracellular
NAD+ to cause energy depletion and promote GAS survival
in infected cells (Michos et al., 2006; Ghosh et al., 2010;
Chandrasekaran and Caparon, 2015). Accordingly, we
determined whether NADase is responsible for the decrease
of intracellular NAD+ content in GAS-infected endothelial
cells. The results showed that a lower concentration of
intracellular NAD+ was shown in NZ131-infected cells (21
and 20 pmole/2 × 105 cells), when compared with non-infected
(43 and 55 pmole/2× 105 cells) and nga mutant-infected cells (39
and 56 pmole/2× 105 cells) at 1 and 5 h of infection, respectively
(Figure 3A). Moreover, the NAD+/NADH ratio was decreased
in NZ131-infected HMEC-1 cells relative to non-infected and
nga mutant-infected cells (Figure 3B). These results indicate that
NADase can decrease the intracellular NAD+ and NAD+/NADH
ratio of endothelial cells during infection.

NAD+ is a vital molecule involved in various metabolism in
the cell (Canto et al., 2015). Previous studies have shown that
NADase depletes cellular energy store to cause cell cytotoxicity
and cell death (Bricker et al., 2002; Bastiat-Sempe et al., 2014;
Chandrasekaran and Caparon, 2015). To clarify whether NAD+
decrease results in cell death of endothelial cells, the metabolic
activity of mitochondria in GAS-infected cells was evaluate by the
MTS assay. Results showed that nga mutant-infected cells have
higher cell viability compared to NZ131- and complementary
strain-infected cells (Figure 3C). These results indicate that
NADase can decrease the intracellular NAD+ and NAD+/NADH
ratio of endothelial cells, and lead to decrease cell viability during
infection.
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NADase Prevents GAS-Containing
Vacuoles Trafficking to Lysosomes in
Endothelial Cells
Several reports showed that NADase plays an important
role in inhibiting lysosomal degradation in GAS-infected

cells (O’Seaghdha and Wessels, 2013; Sharma et al., 2016).
To better understand how NADase is utilized to enhance GAS
survival in endothelial cells, confocal microscopy was used to
observe the intracellular localization of bacteria, LC3-associated
vacuoles, and lysosomes. The results showed that intracellular

FIGURE 1 | NADase contributes to intracellular multiplication of GAS in endothelial cells. (A) NADase activity of A20, SF370, and NZ131. NADase activity was
determined by co-incubation with NAD+ and expressed as relative percentage compared to medium alone. (B) HMEC-1 cells were infected with serotype M1
SF370 and A20 (M.O.I. = 10), or M49 NZ131 (M.O.I. = 1) for 30 min, and treated with gentamicin to kill extracellular bacteria. Intracellular viable bacteria were
counted by CFU-based assays. (C) NADase activity was determined by co-incubation with NAD+ and expressed as relative percentage compared to medium alone.
(D) Wild-type NZ131 and its isogenic strains infected HMEC-1 cells at M.O.I. of 1 and intracellular viable bacteria were counted by CFU-based assays. (E) NADase
activities of NZ131, nga mutant, ifs-overexpressing, and vector control strains were determined by co-incubation with NAD+ and expressed as relative percentage
compared to medium alone. (F) HMEC-1 cells were infected with ifs-overexpressed NZ131 at M.O.I. of 1 and intracellular viable bacteria were counted by
CFU-based assays. The data represent the means ± SEM of at least three independent experiments. ∗∗∗p < 0.001 (one- or two-way ANOVA).
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FIGURE 2 | The enzymatic activity of NADase is required for the intracellular
growth of GAS in endothelial cells. (A,C) NADase activities of different strains
were determined by co-incubation with NAD+ and expressed as relative
percentage compared to medium alone. (B,D) HMEC-1 cells were infected
with strain SF370 with heterogeneous expression of nga at M.O.I. of 10 or
strain SW976 (NADase G330D) at M.O.I. of 1. The intracellular viable bacteria
were counted by CFU-based assay. The data represent the means ± SEM of
at least three independent experiments. ns, not significant; ∗∗∗p < 0.001
(one- or two-way ANOVA).

bacteria of both wild-type and nga mutant strains were co-
localized with LC3-positive vacuoles (LC3 being a definitive
marker of autophagosomes) after 1 h of infection in HMEC-
1 cells (Figure 4A). However, the LC3 puncta was significantly
decreased in NZ131-infected cells after 5 h of infection, compared
to cells infected by the nga mutant (Figure 4A). In addition,
the lysosomal-associated membrane protein 1 (LAMP-1), a
membrane glycoprotein in lysosomes, was used to examine the
co-localization of bacteria with lysosomes. The results showed
that 53 and 68% of NZ131 and the nga mutant was associated
with LAMP-1 after 1 h of infection, and 17 and 48% after 5 h
of infection, respectively (Figures 4A,B). These observations
indicate that NADase is able to inhibit trafficking of GAS to
lysosomes.

The autophagosome-lysosome fusion is an effective process
to eliminate invading GAS within infected cells (Sakurai et al.,
2010; Nozawa et al., 2012). The LC3 conversion was examined
by western blotting to confirm whether intracellular GAS can
be trapped in autophagosome structures within endothelial cells.
The results showed that the LC3-II rapidly accumulated in both
the nga mutant and its complementary strains after 1 h of
infection compared to the NZ131 strain (Figure 4C). However,

FIGURE 3 | NADase depletes intracellular NAD+ content within infected
endothelial cells. (A) The intracellular NAD+ content in endothelial cells after
infection with NZ131 or the nga mutant. Intracellular NAD+ was extracted
from GAS-infected HMEC-1 cells during infection and the content was
analyzed by a NAD+/NADH quantification kit. (B) The NAD+/NADH ratio in
endothelial cells after infection with NZ131 or the nga mutant. The
NAD+/NADH ratio of cell lysates was calculated following a formula:
[(NADtotal – NADH)/NADH]. (C) The cell viability of infected cells was analyzed
by metabolic activity of mitochondria using the MTS assay. The data represent
the means ± SEM of at least three independent experiments. ∗p < 0.05;
∗∗p < 0.01; ∗∗∗p < 0.001 (two-way ANOVA).

the LC3-II signal and LC3-II/LC3-I ratio were lower in the nga
mutant-infected cells than in cells infected by the NZ131 and
complementary strains after 5 h of infection (Figures 4C,D).
These results indicate that NADase could inhibit GAS-containing
vacuoles fusing to lysosomes for degradation.

The Acidification of GAS-Containing
Vacuoles Is Inhibited by NADase in
Endothelial Cells
An acidified environment in the mature autophagosome is
required for the lysosome-mediated killing of intracellular
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FIGURE 4 | NADase prevents GAS-containing vacuole trafficking to lysosomes in endothelial cells. (A) The intracellular localization of GAS, LC3, and lysosome in
endothelial cells after 1 and 5 h of infection. Confocal microscopy was used to observe the co-localization of GAS (DAPI, blue) with LC3 (Alexa 488, green) and
LAMP-1 (Alexa 594, red) in HMEC-1 cells. Representative images are shown from three independent experiments. Scale bar = 20 µm. (B) The intracellular GAS
associated with LAMP-1 at 1 and 5 h of infection were quantified from confocal microscopy images. At least 100 intracellular GAS were quantified for each time
point in at least three independent experiments. The data represent the means ± SEM of at least three independent experiments. ns, not significant; ∗p < 0.05
(two-way ANOVA). (C) The LC3 conversion in endothelial cells after infection with NZ131 or the nga mutant. HMEC-1 cell lysates from uninfected (cell alone) or
infected cells and the LC3 conversion were determined by the western blotting. (D) The expression of LC3-I and LC3-II were measured by densitometry analysis and
was expressed as the ratio of LC3-II/LC3-I.

bacteria (Mehrpour et al., 2010; Huang and Brumell, 2014).
NADase has been shown to prevent acidification of GAS
containing vacuoles and promote GAS survival in infected
cells (Bastiat-Sempe et al., 2014). Therefore, we further
used the lysotracker, a fluorescent dye for staining acidic
organelles in live cells, to investigate if NADase inhibits
autophagosomal acidification in endothelial cells. Confocal
images and quantitative results showed that more nga mutant
cells were co-localized with lysotracker (34 and 42% after 1 and
5 h of infection, respectively) than those of NZ131 (21 and
13% after 1 and 5 h of infection, respectively) (Figures 5A,B).
Next, vacuolar H+-ATPase was inhibited by bafilomycin A1
to prevent lysosomal acidification. The results showed that
the number of intracellular bacteria of the nga mutant was
significantly increased after 5 h of infection under bafilomycin
A1 treatment, compared to untreated cells (Figure 5C). These
results clearly point out that NADase plays a crucial role in
the inhibition of acidification of GAS-containing vacuoles in
endothelial cells.

DISCUSSION

The endothelial cells line the interior surface of blood vessels
to mediate vascular permeability and leukocyte trafficking.

Moreover, endothelial cells play an important role in GAS
infections (Amelung et al., 2011; Lee and Liles, 2011; Ochel
et al., 2014). We previously showed that GAS resides in
autophagosome-like vacuoles, but insufficient acidification of
vacuoles allows efficient multiplication of bacteria within
endothelial cells (Lu et al., 2015). In this study, we not only
found that NADase depletes intracellular NAD+, but also inhibits
acidification of GAS-containing vacuoles, enhancing intracellular
multiplication in endothelial cells (Figure 6).

The co-localization of LC3 puncta with lysosomes was
observed in GAS-infected endothelial cells at 1 h of infection, but
nga mutant-infected cells showed much greater than wild-type
NZ131-infected cells at 5 h of infection (Figures 4A,B).
In contrast, the level of LC3-II was higher in wild-type
NZ131-infected cells at 5 h of infection than nga mutant-
infected cells (Figures 4C,D). Autophagy is a vital defense
mechanism that requires lysosome fusion to facilitate clearance
of intracellular pathogens in infected cells (Nakagawa et al.,
2004; Barnett et al., 2013; O’Seaghdha and Wessels, 2013; Huang
and Brumell, 2014). However, if autophagic flux is blocked at
the step of autophagosome-lysosome fusion, the level of LC3-
II is accumulated in the cell (Klionsky et al., 2016), indicating
that although autophagy can be induced by GAS, the step of
autophagosome fusion with the lysosome is blocked by NADase
in endothelial cells.
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FIGURE 5 | NADase prevents GAS-containing phagosome acidification in endothelial cells. (A) The intracellular localization of GAS (DAPI, blue), LC3 (Alexa 488,
green), and acidification (acidotropic indicator LysoTracker Red DND-99, red) in endothelial cells were visualized by confocal microscopy after 1 and 5 h of infection.
Representative images are shown from three independent experiments. Scale bar = 20 µm. (B) The percentage of intracellular GAS associated with LysoTracker
was quantified at 1 and 5 h of infection. At least 100 intracellular GAS were quantified for each time point in at least three independent experiments. (C) The
intracellular multiplication of NZ131 and nga mutant in endothelial cells after bafilomycin A1 treatment. HMEC-1 cells with or without pretreatment of bafilomycin A1
(100 nM) were infected with NZ131 or the nga mutant at M.O.I. of 1 and intracellular viable bacteria were counted by CFU-based assays. The data represent the
means ± SEM of at least three independent experiments. ns, not significant; ∗∗p < 0.01; ∗∗∗p < 0.001 (two-way ANOVA).

FIGURE 6 | Influence of NADase on GAS survival in endothelial cells. GAS is internalized into cells through endocytosis to form the endosomes. However,
endosomal membrane can be damaged by SLO action and further encapsulated in LC3-positive vacuoles. NADase is translocated into cell cytosol, where it
depletes intracellular NAD+ and inhibits lysosome-mediated acidification to enhance GAS multiplication inside endothelial cells.

A previous study showed that sufficient acidification not only
represses the transcription level of nga and slo, but also arrests
the GAS growth in vitro (Lu et al., 2015). The mature acidified
vacuole (pH < 5.0) is required to activate lysosomal hydrolase
that contributes to resisting bacterial growth in infected cells
(Yates and Russell, 2005; Mehrpour et al., 2010). In this study,

we showed that NADase inhibits lysosome-mediated acidification
to allow bacterial multiplication (Figures 5A,B). Similar results
were also reported in macrophages and keratinocytes, where
NADase was shown to enhance SLO-mediated membrane
damage, which contributes to inhibiting acidification of GAS-
containing vacuoles and promoting GAS survival intracellularly
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(Logsdon et al., 2011; Bastiat-Sempe et al., 2014). These evidences
clearly indicate that a battle between the bacterial factors and
autophagic defense mechanisms to determine GAS survival
within infected cells.

Lower intracellular NAD+ level, NAD+/NADH ratio, and
cell viability were observed in NZ131-infected cells compared
to non-infected and nga mutant-infected cells (Figure 3). In
epithelial cells and macrophages, NADase has been shown to
cleave NAD+ to induce intracellular energy depletion, which
results in cytotoxicity and programmed necrosis of infected
cells (Michos et al., 2006; Ghosh et al., 2010; Chandrasekaran
and Caparon, 2015; Sun et al., 2015; Chandrasekaran and
Caparon, 2016). NAD+ is a vital molecule involved in various
physiological functions and plays an important role in pathogen
infection (Mesquita et al., 2016). Increasing evidences indicated
that NAD+ homeostasis is tightly regulated in all cells and
modulates autophagy responses via many NAD+-consuming
enzymes (Ng and Tang, 2013; Zhang et al., 2016). The poly-
ADP-ribose polymerase-1 (PARP-1) is an important NAD+-
consuming enzyme involved in multiple physiological processes,
including autophagic activation (Munoz-Gamez et al., 2009).
Chandrasekaran and Caparon (2015) recently reported that
NADase activity can modulate PARP-1 activation to trigger
programmed cell death. These results suggest that energy
depletion may contribute to impair cell defense mechanisms
against GAS infection in infected cells. However, how NADase
modulates host factors to regulate autophagic maturation for
intracellular multiplication of GAS in endothelial cells requires
further study.

Several epidemiological studies reported that epidemic M1
and M89 GAS strains harbor an amino acid substitutions at
residue 330 of NADase, which increases enzymatic activity,
inducing severe tissue injury and enhancing global dissemination
(Turner et al., 2015; Zhu et al., 2015a,b, 2016; Chochua
et al., 2017). In this study, we demonstrated that NADase
activity is required for intracellular GAS multiplication in
endothelial cells (Figure 1). Furthermore, cells infected with
the NADase G330D strain have higher bacterial loads than
nga mutant-infected cells (Figure 2D), suggesting that inactive
NADase still has a minor role in the intracellular multiplication
of GAS in endothelial cells. Recent studies showed that
NADase activity depletes intracellular energy store to trigger
programmed necrosis in epithelial cells known as metabolic
catastrophe (Chandrasekaran and Caparon, 2015). On the other

hand, NADase without enzymatic activity has shown to
induce cell programmed necrosis by JNK1 and PARP-1
activation, and enhance inflammation in epithelial cells and
macrophages (Chandrasekaran and Caparon, 2016; Hancz et al.,
2017). These studies not only indicated that the enzymatic
activity of NADase provides a strategy for GAS survival, but
also that NADase protein without NADase activity can still
modulate cellular responses of infected cells to enhance GAS
pathogenesis.

In summary, we conclude that NADase and its enzymatic
activity are required for promoting the intracellular
multiplication of GAS through intracellular NAD+ depletion
and inhibiting lysosome-mediated acidification in endothelial
cells. The ability of NADase to mediate efficiently multiplication
of GAS in endothelial cells may facilitate GAS invasion of
bloodstream and systemic infection.
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Multidrug efflux pumps constitute a category of antibiotic resistance determinants that
are a part of the core bacterial genomes. Given their conservation, it is conceivable
that they present functions beyond the extrusion of antibiotics currently used for
therapy. Pseudomonas aeruginosa stands as a relevant respiratory pathogen, with a
high prevalence at hospitals and in cystic fibrosis patients. Part of its success relies on
its low susceptibility to antibiotics and on the production of virulence factors, whose
expression is regulated in several cases by quorum sensing (QS). We found that
overexpression of the MexCD-OprJ multidrug efflux pump shuts down the P. aeruginosa
QS response. Our results support that MexCD-OprJ extrudes kynurenine, a precursor
of the alkyl-quinolone signal (AQS) molecules. Anthranilate and octanoate, also AQS
precursors, do not seem to be extruded by MexCD-OprJ. Kynurenine extrusion is not
sufficient to reduce the QS response in a mutant overexpressing this efflux pump.
Impaired QS response is mainly due to the extrusion of 4-hydroxy-2-heptylquinoline
(HHQ), the precursor of the Pseudomonas Quinolone Signal (PQS), leading to low PQS
intracellular levels and reduced production of QS signal molecules. As the consequence,
the expression of QS-regulated genes is impaired and the production of QS-regulated
virulence factors strongly decreases in a MexCD-OprN P. aeruginosa overexpressing
mutant. Previous work showed that MexEF-OprJ, another P. aeruginosa efflux pump,
is also able of extruding kynurenine and HHQ. However, opposite to our findings, the
QS defect in a MexEF-OprN overproducer is due to kynurenine extrusion. These results
indicate that, although efflux pumps can share some substrates, the affinity for each
of them can be different. Although the QS response is triggered by population density,
information on additional elements able of modulating such response is still scarce. This
is particularly important in the case of P. aeruginosa lung chronic infections, a situation in
which QS-defective mutants are accumulated. If MexCD-OprJ overexpression alleviates
the cost associated to triggering the QS response when un-needed, it could be possible
that MexCD-OprJ antibiotic resistant overproducer strains might be selected even in
the absence of antibiotic selective pressure, acting as antibiotic resistant cheaters in
heterogeneous P. aeruginosa populations.

Keywords: Pseudomonas aeruginosa, quorum sensing, antibiotic resistance, multidrug efflux pump, MexCD-
OprJ
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INTRODUCTION

Pseudomonas aeruginosa is a free-living microorganism able
to survive in different environments that not only plays an
ecological role in natural ecosystems (Green et al., 1974; Romling
et al., 1994; Morales et al., 2004; Walker et al., 2004), but it
is also an important causative agent of infections in patients
with underlying diseases (Obritsch et al., 2005; Driscoll et al.,
2007; Martinez-Solano et al., 2008; Talwalkar and Murray,
2016). The characteristic low susceptibility to antibiotics of
this organism relies on several factors (Fajardo et al., 2008).
Particularly relevant is the activity of chromosomally-encoded
multidrug resistance (MDR) efflux pumps (Vila and Martínez,
2008; Hernando-Amado et al., 2016). Further, the acquisition
of mutation-driven resistance is common in this opportunistic
pathogen, particularly along chronic infections (Oliver et al.,
2015; Palmer and Whiteley, 2015; Lopez-Causape et al., 2018),
where the constitutive overexpression of MDR efflux pumps is
one of the biggest problems to eradicate these infections (Vila and
Martínez, 2008; Vila et al., 2011; Hernando-Amado et al., 2016).
Efflux pumps exhibit different functions, with physiological
and ecological significances that go beyond their activity as
antibiotic resistance elements (Piddock, 2006; Martinez et al.,
2009; Alcalde-Rico et al., 2016; Hernando-Amado et al., 2016).
In the case of P. aeruginosa, an opportunistic pathogen not fully
adapted to human hosts (Alonso et al., 1999; Morales et al.,
2004), these functions should be of relevance for the success of
P. aeruginosa as a respiratory infectious pathogen.

Pseudomonas aeruginosa harbors several efflux systems that
belong to different families (Stover et al., 2000). The most studied
because of their clinical relevance are MexAB-OprM (Li et al.,
1995), MexCD-OprJ (Poole et al., 1996; Kohler et al., 1997),
MexEF-OprN (Kohler et al., 1997), and MexXY (Aires et al., 1999;
Mine et al., 1999). They all belong to the Resistance-Nodulation-
Division (RND) family of MDR systems (Hernando-Amado et al.,
2016). Mutants that exhibit constitutive overexpression of each of
these efflux pumps are selected upon treatment with antibiotics;
the mutations are frequently located in the regulatory elements
adjacent to the respective operon encoding for these MDR
systems (Llanes et al., 2004; Sobel et al., 2005; Jeannot et al., 2008;
Zaborskyte et al., 2017).

The unregulated overexpression of an efflux system not only
contributes to antibiotic resistance but may also have pleiotropic
effects in the bacterial physiology. We have recently reported
that overexpression of RND systems in P. aeruginosa leads to an
excessive internalization of protons that acidify the cytoplasm,
which causes a biological cost in absence of oxygen or nitrate,
since both are necessary to compensate for the intracellular H+
accumulation (Olivares et al., 2014; Olivares Pacheco et al., 2017).
In addition to these non-specific effects, other effects might be
due to the unregulated extrusion of intracellular compounds,
some of which may be relevant for the ecological behavior of
P. aeruginosa (Blanco et al., 2016). Indeed, different studies have
shown that overexpression of MDR efflux pumps may challenge
the P. aeruginosa quorum sensing (QS) response (Evans et al.,
1998; Kohler et al., 2001; Linares et al., 2005; Olivares et al.,
2012), which is in turn determinant for modulating several

physiological processes, including bacterial pathogenicity, in
response to population density (Williams et al., 2007).

In P. aeruginosa, the QS-signaling network consists of
three main interconnected regulatory systems: Las, Rhl, and
Pqs, which synthetize and respond to the autoinducers
N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL),
N-butanoyl-L-homoserine lactone (C4-HSL), and the 2-alkyl-
4(1H)-quinolones (AQs) Pseudomonas Quinolone Signal (PQS,
or its immediate precursor 2-heptyl-4-hydroxyquinoline, HHQ),
respectively (Williams and Camara, 2009). These autoinducers
are able to bind to their respective transcriptional regulators,
namely LasR, RhlR and PqsR, thus controlling the expression of
a large number of genes including those responsible for their own
synthesis: lasI, rhlI, and pqsABCDE, respectively.

Some P. aeruginosa RND systems have been associated with
QS. MexAB-OprM is induced by C4-HSL (Maseda et al., 2004)
and has been proposed to extrude 3-oxo-C12-HSL and other 3-
oxo-HSL related compounds (Evans et al., 1998; Pearson et al.,
1999; Minagawa et al., 2012). MexEF-OprN is able to efflux
HHQ (Lamarche and Déziel, 2011) and kynurenine (Olivares
et al., 2012), both precursors of the PQS autoinducer signal
(Farrow and Pesci, 2007; Palmer et al., 2013). In agreement with
these findings, the antibiotic resistant mutants that overproduce
MexAB-OprM or MexEF-OprN have been associated with a low
production of QS-controlled virulence factors (Evans et al., 1998;
Pearson et al., 1999; Sanchez et al., 2002; Olivares et al., 2012).
Some studies have demonstrated that acquisition of antibiotic
resistance due to constitutive overexpression of mexCD-oprJ
correlates with a decrease in the production of several virulence
factors, some of them controlled by QS (Sanchez et al., 2002;
Linares et al., 2005; Jeannot et al., 2008; Stickland et al., 2010).
However, the underlying reasons for this correlation remain to
be elucidated. In this work, we analyzed in depth the production
of each QS signal molecule (QSSM) and the expression levels
of the genes controlled by these regulation systems in order
to understand how overexpression of MexCD-OprJ could be
affecting the P. aeruginosa QS response, and consequently the
behavior of this bacterial pathogen in the infected patient.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Primers, and
Culture Conditions
The Escherichia coli and P. aeruginosa strains and the plasmids
used in this work, are listed in the Table 1. The primers used are
listed in the Table 2.

Unless other conditions are specified, experiments were
carried out at 37◦C in 100 ml flasks containing 25 ml of LB broth
(Lennox). The E. coli strains carrying plasmids with ampicillin
(AmpR) or tetracycline (TcR) resistance genes were grown in
LB medium with 100 µg/ml of ampicillin or 10 µg/ml of
tetracycline, respectively. For determining the effect of different
carbon sources on P. aeruginosa growth, overnight cultures were
washed with M63 medium containing MgSO4 1 mM and diluted
to an OD600 = 0.01 in clear bottom 96-well plates containing
150 µl/well of M63 with the corresponding carbon source at a
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final concentration of 10 mM. The growth of each strain was
measured at 37◦C using a multi-plate reader.

Whole Genome Sequence of the nfxB∗

Strain and Generation of a nfxB∗1mexD
Mutant
The nfxB∗ mutant was fully sequenced at Parque Científico de
Madrid using Illumina technology as described (Garcia-Leon
et al., 2014). Two ≈1000 bp DNA regions adjacent to the
fragment of mexD to be deleted were amplified by PCR using
the primers listed in Table 2. The amplicons were purified and
used together for a nested PCR reaction in which a recombinant
2058 bp DNA was generated and cloned into pGEM-t Easy
(pGEM-T-1mexD). E. coli OmniMaxTM cells were transformed
with this plasmid and the sequence of the construction was
verified by Sanger sequencing. The fragment was excised using
HindIII and subcloned into pEX18Ap. The resulting pEX18Ap-
1mexD construction was incorporated into E. coli S17-1λ

pir by transformation. Introduction of the deleted allele into
P. aeruginosa nfxB∗ was performed by conjugation using S17-
1λ pir (pEX18Ap-1mexD) as donor strain as described (Hoang
et al., 1998). mexD deletion was confirmed by PCR using the
primers described in Table 2.

Analysis of the Production of
QS-Regulated Virulence Factors
The secretion of elastase and protease IV was measured after 20 h
of incubation of the bacterial cultures in LB at 37◦C following the
methods described in Kessler and Safrin (2014). Rhamnolipids
detection was carried out as described (Wittgens et al., 2011).
Pyocyanin was determined as detailed (Essar et al., 1990). For
the swarming motility assay, O/N cultures were washed with
sterile 0.85% NaCl and diluted to an OD600 = 1.0. Five-microliters
drops were poured on the center of Petri dishes containing 25 ml
of a defined medium (0.5% casamino acids, 0.5% bacto agar,
0.5% glucose, 3.3 mM K2HPO4, and 3 mM MgSO4), which were
incubated 16 h at 37◦C.

RNA Extraction and Real-Time RT-PCR
RNA was obtained using the RNeasy mini kit (QIAGEN) as
described (Olivares et al., 2012). After treatment with DNase
(Olivares et al., 2012), the presence of DNA contamination
was checked by PCR using rplU primers. Real-time RT-PCR
was performed as described in Olivares et al. (2012) using the
primers listed in Table 2. The experiments were carried out in
triplicate. The 2−11Ct method (Livak and Schmittgen, 2001) was
used for quantifying the results, normalizing the results to the
housekeeping gene, rpsL.

Thin Layer Chromatography (TLC) and
Time Course Monitoring of QSSMs
Accumulation
Bacterial O/N cultures were washed with fresh LB medium and
diluted to an OD600 = 0.01 for subsequent growth. For TLC
assays, the QSSMs extractions were carried out as described
(Fletcher et al., 2007a). For time course assays, this protocol

was optimized to simultaneous monitoring QSSMs accumulation
and cell density. For each extraction time, 1.8 ml aliquots
from cultures were centrifuged (7,000 × g, 10 min at 4◦C).
The supernatants were filtered through 0.22 µm pore size
membrane and the cellular pellets were resuspended in 1.8 ml
of methanol HPLC grade to extract the QSSMs. 900 µl of cell-
free supernatants were used to extract the QSSMs by adding
600 µl of acidified ethyl acetate twice. The resulting acidified ethyl
acetate extracts were dried and subsequently dissolved in 900 µl
of methanol HPLC grade.

Alkyl-quinolone signal (AQs) were detected by TLC as
described (Fletcher et al., 2007a) using the PAO1 CTX::PpqsA-
lux biosensor strain. C4-HSL and 3-oxo-C12-HSL were analyzed
using the JM109-pSB536 (RhlR- based biosensor) and JM109-
pSB1142 (LasR-based biosensor) biosensor strains, respectively
(Yates et al., 2002). The image processing software “ImageJ” was
used for densitometry analysis of the light spots.

For time course accumulation assays, flat white 96-well plates
with optical bottom were filled with a mix containing 5 µl of
sample and 195 µl of a 1/100 dilution of the corresponding
O/N biosensor cultures. The experiments were carried out on a
multi-plate luminometer/spectrophotometer reader. The highest
relative light units (RLU = luminescence/OD600 ratio) obtained
for each biosensor strain and the OD600 in which the samples
were taken from P. aeruginosa cultures were represented.

Analysis by HPLC-MS of Kynurenine and
Anthranilate Accumulation in Cell-Free
Supernatants
Bacterial strains were grown in M63 containing succinate
(10 mM) and tryptophan (10 mM). After 24 h at 37◦C,
the supernatants were filtered through a 0.22 µm pore size
membrane and lyophilized. 100 mg of each sample were
resuspended in 2 ml of 3 mM ammonium acetate and dissolved
in H2O/methanol (50/50). The amounts of anthranilate and
kynurenine were determined by HPLC-MS at Laboratorio de
Cromatografía-SIdI from the Universidad Autónoma de Madrid.

Insertion of the Reporter Construction,
miniCTX::PpqsA-lux, in the Chromosome
of P. aeruginosa and Analysis of
pqsABCDE Expression
The insertion of the miniCTX::PpqsA-lux reporter into the
chromosomes of the different P. aeruginosa strains was carried
out by conjugation as described (Hoang et al., 1998) using
E. coli S17-1λ pir containing miniCTX::PpqsA-lux (Fletcher et al.,
2007b) as donor strain. The resulting P. aeruginosa reporter
strains were inoculated in flat white 96-well plates with optical
bottom containing 200 µL of LB with or without 4 mM
anthranilate at an initial OD600 = 0.01. The growth (OD600)
and the bioluminescence emitted by the PpqsA-luxCDABE
construction was monitored using a multi-plate reader.

Statistical Analysis
At least three biological replicates were analyzed in each
experiment. Statistical significance was evaluated by using a
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TABLE 1 | Bacterial strains and plasmids used in the present work.

Bacterial strain/plasmids Description Reference/origin

Escherichia coli

One Shot OmniMaxTM 2 T1 Host strain used for the maintenance of cloning plasmids: F′ proAB lacIq lacZ1M15 Tn10(TetR)
1(ccdAB) mcrA, 1(mrr,hsdRMS-mcrBC) φ80(lacZ)1M15 1(lacZYA-argF)U169 endA1 recA1
supE44 thi-1 gyrA96 relA1 tonA panD

Invitrogen

S17-1λ pir Conjugative donor strain used for transferring plasmids to P. aeruginosa acceptor strains by
conjugation assays: F− thi pro hsdR hsdM+ recA RP42-Tc::Mu-Km::Tn7

Simon et al., 1986

S17 miniCTX::PpqsA-lux S17-1λ pir strain containing the miniCTX::PpqsA-lux plasmid Fletcher et al., 2007a,b

JM109-pSB1142 (LasR-based
Biosensor)

Biosensor strain used for detecting the QS signal, 3-oxo-C12-HSL, produced by P. aeruginosa
strains

Winson et al., 1998

JM109-pSB536 (RhlR-based
Biosensor)

Biosensor strain used for detecting the QS signal, C4-HSL, produced by P. aeruginosa strains Swift et al., 1997

Pseudomonas aeruginosa

PAO1 Wild-type PAO1-V clinic strain given from the lab of V. de Lorenzo Linares et al., 2005

PAO1 miniCTX::PpqsA-lux
(PAO1_PpqsA)

PAO1-V strain with the reporter construction PpqsA-luxCDABE inserted in the specific attB site of
the chromosome

Present work

JFL28 (nfxB∗) Spontaneous resistant mutant obtained from PAO1-V strain, which overproduces the MexCD-OprJ
efflux system by punctual inactivating mutation in nfxB gene

Linares et al., 2005

JFL28 miniCTX::PpqsA-lux
(nfxB∗_PpqsA)

JFL28 strain with the reporter construction PpqsA-luxCDABE inserted in the specific attB site of the
chromosome

Present work

nfxB∗1mexD JFL28 strain with an inactive MexCD-OprJ efflux system by partial deletion of the mexD gene Present work

PAO1 CTX::PpqsA-lux::pqsA
(PqsR-based Biosensor)

PAO1-1pqsA strain with the reporter construction PpqsA-luxCDABE inserted in the specific attB
site of the chromosome. Used for detecting the AQs produced by other P. aeruginosa strains

Fletcher et al., 2007a,b

Plasmid

pGEM-T Easy Commercial plasmid used for cloning optimization of PCR products (AmpR) Promega

pGEM-T-1mexD pGEM-T Easy vector with the flanking DNA sequences of a 2058 bp inner region of mexD gene
(AmpR)

Present work

pEX18Ap Plasmid with conjugative properties used for deleting genes in P. aeruginosa by homolog
recombination. AmpR

Hoang et al., 1998

pEX18Ap-1mexD pEX18Ap vector with the flanking DNA sequences of a 2058 bp inner region of mexD gene used for
deleting mexD gene in P. aeruginosa strains. AmpR

Present work

Mini-CTX-lux-PpqsA Plasmid derived from mini-CTX-lux Becher and Schweizer (2000) in which the expression of the
luxCDABE operon is under the transcriptional control of the pqsABCDE promoter region of
P. aeruginosa. TcR

Fletcher et al., 2007a,b

pSB1142 Plasmid carried by the LasR-Bioreporter strain necessary for detecting 3-oxo-C12-HSL. TcR Winson et al., 1998

pSB536 Plasmid carried by the RhlR-Bioreporter strain necessary for detecting C4-HSL. AmpR Swift et al., 1997

Student’s two-tailed test with a confidence interval of 95%.
The differences were considered significant for P-values < 0.05
(∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The quantification of the
areas under the curves was carried out using the GraphPad Prim
software and the mean of each biological replicates were used to
calculate statistical significance.

RESULTS

Increased expression of efflux pumps due to mutations in
their regulators can produce different changes in bacterial
physiology. In most cases, the phenotypes observed in this kind
of mutants are attributed to the activity of the overexpressed
efflux pump. However, in other instances, the mutations in
the local regulator itself might have effects on the bacterial
physiology, which affect bacterial virulence and are independent
of the activity of the efflux pump (Tian et al., 2009a,b). To
address this possibility, we used a previously described mutant
that overexpresses MexCD-OprJ (Linares et al., 2005). To

discard the possibility that other mutations besides those in
the mexCD-oprJ repressors might have been selected in this
strain during its stay in the laboratory, the genome of the
mutant was fully sequenced. Only the already described nfxB
mutation (Linares et al., 2005) was found. From this mutant, an
nfxB∗1mexD strain, which keeps the nfxB mutation in addition
to a partial deletion of the mexD gene, was generated. By
comparing nfxB∗ and nfxB∗1mexD strains, we were able to
define more precisely which phenotypes depend on the activity
of the efflux pump and which are solely due to the inactivation
of the NfxB repressor, independently of the activity of the efflux
pump.

Overexpression of MexCD-OprJ Results
in a Decrease in the Production of
QS-Controlled Virulence Factors in
P. aeruginosa
Swarming motility and the production of elastase, proteinase IV,
pyocyanin, and, rhamnolipids were analyzed to establish
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TABLE 2 | Collection of primers used in the present work.

Name Sequence Description

HindIII_mexD_Fw mexD_int_Rev 5′-CCCAAGCTTCGAGGTGCGCGCGCGGGTGGCCGGC-3′ Amplification of the DNA flanking region
“Up” for deleting mexD gene

5′-GCGAGCCTGCAGCAGCGCTTATTCGGACATCGGAAAATCC-3′

mexD_int_Fw HindIII_mexD_Rev 5′-GGATTTTCCGATGTCCGAATAAGCGCTGCTGCAGGCTCGC-3′ Amplification of the DNA flanking region
“Down” for deleting mexD gene

5′ ′-CCCAAGCTTCAGACGAAACAGATAGGTACGAACA-3′

1mexD_check_Fw 1mexD_check_Rev 5′-GGTGAAGATCGTGCCGAAG-3′ To check the deletion of the mexD gene

5′-ATTGGTGAAGTCGTTGATCA-3′

M13_Fw M13_Rev 5′-CACGACGTTGTAAAACGAC-3′ To check the insertion of cloning DNA
fragment into pGEM-t Easy vector

5′-GGATAACAATTTCACACAGG-3′

rplU_Fwd rplU_Rev 5′-CGCAGTGATTGTTACCGGTG-3′ To check DNA contamination of RNA
samples

5′-AGGCCTGAATGCCGGTGATC-3′

rpsL_Fwd rpsL_Rev 5′-GCAAGCGCATGGTCGACAAGA-3′ Real-time RT-PCR (Housekeeping)

5′-CGCTGTGCTCTTGCAGGTTGTGA-3′

lasA_Fwd lasA_Rev 5′-ATGGACCAGATCCAGGTGAG-3′ Real-time RT-PCR

5′-CGTTGTCGTAGTTGCTGGTG-3′

lasB_Fwd lasB_Rev 5′-ATCGGCAAGTACACCTACGG-3′ Real-time RT-PCR

5′-ACCAGTCCCGGTACAGTTTG-3′

rhlA_Fwd rhlA_Rev 5′-CGAGGTCAATCACCTGGTCT-3′ Real-time RT-PCR

5′-GACGGTCTCGTTGAGCAGAT-3′

rhlB_Fwd rhlB_Rev 5′-GAGCGACGAACTGACCTACC-3′ Real-time RT-PCR

5′-GGGAATCCCGTACTTCTCGT-3′

lecA_Fwd lecA_Rev 5′-ATAACGAAGCAGGGCAGGTA-3′ Real-time RT-PCR

5′-TTGCCAATCTTCATGACCAG-3′

phzB1_Fwd phzB1_Rev 5′-AACGAACTTCGCGAAAAGAA-3′ Real-time RT-PCR

5′-TTTGTCTTTGCCACGAATGA-3′

phzB2_Fwd phzB2_Rev 5′-GCGAGACGGTGGTCAAGTAT-3′ Real-time RT-PCR

5′-AATCCGGGAAGCATTTCAG-3′

phzS_Fwd phzS_Rev 5′-CAAGTCGCTGGTGAACTGG-3′ Real-time RT-PCR

5′-CGGGTACTGCAGGATCAACT-3′

mexG_Fwd mexG_Rev 5′-GGCGAAGCTGTTCGACTATC-3′ Real-time RT-PCR

5′-AGAAGGTGTGGACGATGAGG-3′

lasI_Fwd lasI_Rev 5′-CTACAGCCTGCAGAACGACA-3′ Real-time RT-PCR

5′-ATCTGGGTCTTGGCATTGAG-3′

rhlI_Fwd rhlI_Rev 5′-CTCTCTGAATCGCTGGAAGG-3′ Real-time RT-PCR

5′-GACGTCCTTGAGCAGGTAGG-3′

pqsA_Fwd pqsA_Rev 5′-CAATACACCTCGGGTTCCAC-3′ Real-time RT-PCR

5′-TGAACCAGGGAAAGAACAGG-3′

pqsD_Fwd pqsD_Rev 5′-CATGTGATCTGCCATCAACC-3′ Real-time RT-PCR

5′-AGCCGTAGGTCAGGACCAG-3′

pqsE_Fwd pqsE_Rev 5′-GACATGGAGGCTTACCTGGA-3′ Real-time RT-PCR

5′-CTCAGTTCGTCGAGGGATTC-3′

phnB_Fwd phnB_Rev 5′-CACTCGCTGGTGGTCAGTC-3′ Real-time RT-PCR

5′-AGAGTAGAGCGTTCTCCAGCA-3′

pqsH_Fwd pqsH_Rev 5′-ATGTCTACGCGACCCTGAAG-3′ Real-time RT-PCR

5′-AACTCCTCGAGGTCGTTGTG-3′

whether or not MexCD-OprJ affects the production of
P. aeruginosa QS-regulated virulence elements. As Figure 1
shows and in agreement with previous studies (Sanchez
et al., 2002; Stickland et al., 2010), the nfxB∗ strain exhibits
a decrease in swarming motility and in the production

of all analyzed virulence factors in comparison with the
wild-type PAO1 strain. The fact that the deletion of mexD
fully restores the production of QS-regulated virulence
factors in an nfxB∗ background, indicates that the observed
impairment is solely due to the activity of MexCD-OprJ,
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FIGURE 1 | Overexpression of the MexCD-OprJ efflux pump results in a decrease in the production of different virulence factors regulated by the QS system. The
elastase (A), protease IV (B), pyocyanin (C), rhamnolipids, (D) and swarming (E) assays were conducted as described in Methods using cultures of the PAO1, nfxB∗

and nfxB∗1mexD strains. Statistical significances were evaluated by using a Student’s two-tailed test and considered significant if P < 0.05, with a confidence
interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). nfxB∗ presented a lower production of all tested virulence factors that the parental wild-type PAO1. The
deletion of mexD in strain nfxB∗mexD restores the phenotypes to the levels of the wild-type strain, indicating that the defects in the expression of virulence factors
were solely due to the activity of the mexCD-oprJ efflux pump.

independently of the potential activity of the NfxB regulator
protein.

Overproduction of the MexCD-OprJ
Efflux System Results in a Lower
Expression of QS- Regulated Genes
Expression of a set of QS-regulated genes (Pearson et al., 1997;
Deziel et al., 2003, 2005; Dietrich et al., 2006; Rampioni et al.,
2016) was analyzed to determine if a low production of virulence
factors in the nfxB∗ mutant correlates with a deregulated
expression of QS-regulated genes. LasB controls elastase
production (Pearson et al., 1997; Kessler and Safrin, 2014). RhlA
and RhlB are implicated in rhamnolipids biosynthesis (Pearson
et al., 1997; Deziel et al., 2003), which in turn is important
for swarming motility (Deziel et al., 2003). PhzB1, PhzB2, and
PhzS are implicated in pyocyanin biosynthesis and the MexGHI-
OpmD efflux pump has been described to be regulated by this
phenazine (Dietrich et al., 2006). As shown in Figure 2A, the
expression levels of the tested genes are lower in the nfxB∗

strain than in PAO1. In addition, the expression of these genes
is restored to PAO1 levels, even overcoming them, upon mexD
deletion in the nfxB∗ strain, further confirming that mexCD-oprJ
overexpression is what causes an impaired QS response in the
nfxB∗ mutant. These results are in agreement with the lower
production of virulence factors observed in nfxB∗ (Figure 1).

To gain more insights on the reasons for this impaired QS-
response, we analyzed the expression of genes responsible for
the production of both families of autoinducers AHLs (lasI and
rhlI) (Pesci et al., 1997) and AQs (pqsABCDE-phnAB and pqsH)
(Gallagher et al., 2002). This was performed along the exponential
growth phase when expression of these QS biosynthesis genes
starts, and in early stationary phase, when the Pqs-system is
fully active (Lepine et al., 2003). As shown in Figures 2B,C,
expression of the genes responsible for the synthesis of PQS
and HHQ exhibit a marked decrease in the nfxB∗ strain at both
time points. These changes were restored to wild-type levels
upon MexCD-OprJ inactivation in an nfxB∗ background. pqsA,
from the pqsABCDE operon responsible for the biosynthesis
of AQs (Gallagher et al., 2002), exhibits the sharpest decrease
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FIGURE 2 | Overexpression of the MexCD-OprJ efflux system affects the
expression levels of QS-regulated genes. Transcriptional analysis by real-time
RT-PCR of (A) genes regulated by quorum sensing (QS) response (lasA, lasB,
rhlA, rhlB, lecA, phzB1, phzB2, phzS, and mexG) and (B,C) genes responsible
for QSSMs production (lasI, rhlI, pqsA, pqsD, pqsE, phnB, and pqsH) from
samples obtained in (B) exponential (OD600 = 0.6) and (A,C) early stationary
phase of growth (OD600 = 2.5) in PAO1, nfxB∗ and nfxB∗1mexD strains
grown in LB medium. Statistical significances were evaluated by using a
Student’s two-tailed test and considered significant if P < 0.05, with a
confidence interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The results
showed that the genes implicated in the synthesis of PQS pqsA and pqsE
were expressed at lower level in the nfxB∗ strain than in the wild-type PAO1
strain at exponential phase of growth (B). In early stationary growth phase
(A,C), the expression levels of the PQS-biosynthesis genes (pqsD, pqsE,
phnB, and pqsH), as well as all of the analyzed QS-regulated genes, were
significantly lower in the nfxB∗ strain than in the PAO1 wild-type. The deletion
of mexD in strain nfxB∗mexD restores or even increase the levels of
expression to those of the wild-type strain, indicating that these defects were
solely due to the activity of the MexCD-OprJ efflux pump.

in expression during exponential growth phase (Figure 2B).
Expression of phnB, implicated in the synthesis of anthranilate
through the chorismic acid pathway (Farrow and Pesci, 2007;

Palmer et al., 2013), as well as pqsH, which codify the enzyme
responsible for the conversion of HHQ into PQS (Gallagher et al.,
2002), decreases more in early stationary phase (Figures 2B,C).

In contrast to the strong variations in expression of PQS-
related genes, the activity of MexCD-OprJ had a minor impact
on the expression of AHLs-related genes in both exponential
and stationary growth phases. The nfxB∗ strain did not present
alterations in rhlI expression, the gene responsible for the
synthesis of C4-HSL, neither in exponential (Figure 2B) nor
in stationary phase of growth (Figure 2C). A similar behavior
was observed for lasI, the gene responsible for the synthesis
of 3-oxo-C12-HSL, detecting just a slight decreased expression
in the nfxB∗ strain during early stationary growth phase
(Figures 2B,C).

MexCD-OprJ Overexpression Entails a
Decrease in the Production and
Accumulation of AQs Due to Their
Extrusion Through This Efflux Pump
The production and accumulation of PQS and HHQ in both
supernatant and cellular extracts decreased in the nfxB∗ mutant
(Figure 3A). This effect is directly dependent on MexCD-
OprJ activity, since PQS/HHQ accumulation increased in the
nfxB∗1mexD strain, even overcoming the wild-type levels in
cell extracts (Figure 3A). Interestingly, the proportion of HHQ
present in the supernatants with respect to cell-extracts is
different among the three strains. As Figure 3B shows, the
nfxB∗ mutant has a higher supernatant/cell extract HHQ ratio
than PAO1. Further, the deletion of mexD in the nfxB∗ strain
produced the opposite effect, decreasing the HHQ ratio to
lower values than those of the wild-type strain, suggesting that
MexCD-OprJ may be extruding HHQ, affecting the progressive
intracellular accumulation of this signal. Since the expression of
the pqsABCDE-phnAB operon, responsible of AQs biosynthesis
(Gallagher et al., 2002), is activated in presence of PQS/HHQ
(Wade et al., 2005; Hazan et al., 2010; Rampioni et al., 2016),
we postulate that HHQ extrusion by MexCD-OprJ could be
the main cause for the lower production of AQs observed
in the nfxB∗ strain, ultimately resulting in a defective QS-
system.

Overexpression of MexCD-OprJ
Produces Minor Effects in the Synthesis
of 3-oxo-C12-HSL and C4-HSL
Autoinducers
Since the Las, Rhl, and Pqs regulation systems are highly
interconnected (McKnight et al., 2000; Diggle et al., 2003;
Kasper et al., 2016), we wanted to know whether or not
the excessive HHQ extrusion through MexCD-OprJ in the
nfxB∗ mutant could be also affecting the production of the
QS signals, 3-oxo-C12-HSL (autoinducer signal for Las system)
and C4-HSL (autoinducer signal for Rhl system). As shown in
Figures 4A–C,F, both intracellular and extracellular amounts
of 3-oxo-C12-HSL are slightly higher in nfxB∗ cultures than
in either the wild-type PAO1 strain or the nfxB∗1mexD
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FIGURE 3 | PQS and HHQ production is impaired in the strain that overproduces the MexCD-OprJ efflux pump. (A) To determine the accumulation levels of the
autoinducers synthesized by Pseudomonas aeruginosa, a technique based on TLC coupled with a PqsR-based biosensor was used. The samples were extracted
from cultures in early stationary phase (OD600 = 2.5). (B) The TLC-spots corresponding to HHQ were quantified by densitometry and the ratio between the HHQ
present in the supernatant respect to cell extract was calculated and represented. Statistical significances were evaluated by using a Student’s two-tailed test and
considered significant if P < 0.05, with a confidence interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). As shown, overexpression of the MexCD-OprJ efflux
system in nfxB∗ strongly reduces the production of PQS and HHQ as compared with PAO1 and nfxB∗1mexD strains. Furthermore, the analysis by densitometry of
the HHQ ratio shows that this defect in AQs production is likely caused by an excessive extrusion of HHQ through MexCD-OprJ.

mutant. The opposite effect was observed for C4-HSL; the
nfxB∗ mutant accumulates slightly lower extracellular levels
of this QS signal during late exponential phase (Figure 4D),
reaching the levels of extracellular accumulation observed
in both PAO1 and nfxB∗1mexD in early stationary phase
(Figures 4E,F). This variation may also exist inside the
cell due to the ability of C4-HSL to freely diffuse through
cytoplasmic membrane (Pearson et al., 1999). Altogether, these
results indicate that overexpression of MexCD-OprJ leads to
minor alterations of AHLs production. These changes might
be due to the strongly impaired production of PQS and
HHQ.

MexCD-OprJ Is Able to Extrude
Kynurenine but Not Anthranilate, Both
Precursors of AQs Signals
Our results indicate that the impaired QS response associated
to the overexpression of the MexCD-OprJ efflux pump is
mainly caused by a decreased production of PQS and HHQ,
likely due to an excessive HHQ extrusion through this
efflux system. The MexEF-OprN efflux pump is able to
extrude both HHQ and its precursor kynurenine (Lamarche
and Déziel, 2011; Olivares et al., 2012); extrusion of the
latter is the main cause for the impaired QS response
observed in MexEF-OprN overproducer strains (Olivares et al.,
2012). A similar situation might also apply to MexCD-
OprJ.

One of the immediate precursors of AQs in P. aeruginosa is
anthranilate, which can < be synthetized either by PhnAB from
chorismic acid or by kynurenine pathway when tryptophan is
present in the medium (Deziel et al., 2004; Farrow and Pesci,
2007). Since the kynurenine pathway is the main source of

anthranilate for AQs production when bacteria grow in rich
LB medium (Farrow and Pesci, 2007), it could be possible that
extrusion of some of the biosynthetic intermediates through
MexCD-OprJ might affect the AQs production in nfxB∗. To
test this hypothesis, we first analyzed the growth kinetic of the
strains PAO1, nfxB∗, and nfxB∗1mexD in minimal medium
containing tryptophan, kynurenine, or succinate as the sole
carbon source. As shown in Figure 5A, the nfxB∗mutant presents
a growth defect in both tryptophan or kynurenine as the sole
carbon source when compared to PAO1. These results strongly
suggest extrusion of one or more intermediates of the kynurenine
pathway through the MexCD-OprJ efflux system. As shown
(Figure 5A) deletion of mexD in this mutant was enough to
restore the wild-type growth rate, indicating that the observed
growth defects, and the potential extrusion of these intermediates
was solely due to the activity of MexCD-OprJ.

To analyze this possibility, we looked for the presence of
kynurenine and anthranilate in the supernatants of PAO1 and
nfxB∗ cultures. We observed a lower amount of anthranilate
and a higher accumulation of kynurenine in the supernatants of
nfxB∗ cultures (Figure 5B). Altogether, these results show that
MexCD-OprJ is able to extrude kynurenine, but not anthranilate.

The Low Levels of PQS and HHQ
Observed in the nfxB∗ Strain Is Not Just
Due to Kynurenine Extrusion
Having established that the constitutive overexpression of
MexCD-OprJ efflux pump leads to a decrease in the extracellular
accumulation of anthranilate, we wondered whether a low
intracellular availability of anthranilate could be the cause of
the impaired PQS and HHQ production observed in the nfxB∗
strain. To address this possibility, we grew PAO1 and nfxB∗ in
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FIGURE 4 | The nfxB∗ mutant displays minor alterations in the kinetic of accumulation of 3-oxo-C12-HSL autoinducer. TLCs (A,D) and time course accumulation
assays (B,C,E) were used to determine the accumulation of either 3-oxo-C12-HSL or C4-HSL autoinducer compounds. The samples for the TLC assays were
extracted from cultures in late exponential phase (OD600 = 1.7) and the samples for the time course assay were taken at different time along the cell cycle (4, 5, 6,
and 7 h post-inoculation). The area under the curve of each time course assay was calculated (F) and statistical significances were evaluated by using a Student’s
two-tailed test with a confidence interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). As shown, the overexpression of MexCD-OprJ has a slightly but significant
effect on 3-oxo-C12-HSL accumulation. The nfxB∗ strain presented higher levels of 3-oxo-C12-HSL than PAO1 and nfxB∗1mexD both outside (A,B,F) and inside
the cells (A,C,F). In contrast, the supernatant accumulation of C4-HSL in late exponential phase was lower in the MexCD-OprJ overexpressing mutant as compared
with PAO1 and nfxB∗1mexD strains (D,E). However, the quantification of total area under the curves (F) only showed a significant increase in nfxB∗1mexD strain
respect to both PAO1 and nfxB∗.

LB medium supplemented with 1 mM anthranilate and analyzed
the production and accumulation of these two signals. As shown
in Figure 5C, anthranilate supplementation does not restore
PQS/HHQ production to wild-type levels in the nfxB∗ strain.
In addition, our results indicate that the nfxB∗ strain continues
to extrude HHQ at higher levels than those observed in the
wild-type strain under these conditions (Figure 5D).

We entertained the possibility that a higher anthranilate
concentration was needed to restore AQs production to wild-
type levels in nfxB∗. To this end, we supplemented LB medium
with up to 4 mM anthranilate and analyzed the activation of

the pqsABCDE promoter in real-time in both PAO1 and nfxB∗.
As shown in Figure 5E, a higher concentration of anthranilate
did not restore the activation of the pqsABCDE promoter in
the nfxB∗ strain. These results indicate that a low anthranilate
concentration caused by kynurenine extrusion is not the main
underlying cause for the impaired PQS and HHQ production
observed in this strain. These results further support the notion
that an excessive, non-physiological, extrusion of HHQ caused by
the overexpression of MexCD-OprJ is likely the main cause for
the lower accumulation and production of HHQ and PQS in the
multidrug resistant nfxB∗ mutants.
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FIGURE 5 | Impaired intracellular accumulation of anthranilate produced by an excessive kynurenine extrusion through MexCD-OprJ is not the cause for lower AQs
production of the nfxB∗ mutant. Statistical significances were evaluated by using a Student’s two-tailed test and considered significant if P < 0.05, with a confidence
interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). (A) The duplication time of PAO1, nfxB∗, and nfxB∗1mexD strains growing in minimal medium with succinate
(control), tryptophan or kynurenine (both anthranilate precursors) as sole carbon sources was determined. As shown, the nfxB∗ mutant presents an impaired growth
in both tryptophan and kynurenine, and deletion of mexD gene restored the growth rate in nfxB∗ mutant, suggesting these compounds might be substrates of
MexCD-OprJ. (B) Anthranilate and kynurenine accumulation in cell-free supernatants was quantified by HPLC-MS from PAO1 and nfxB∗ cultures grown along 24 h
in M63 minimal medium with succinate (10 mM) and tryptophan (10 mM) as sole carbon sources. Left panels anthranilate, right panels kynurenine. As shown, the
supernatants from nfxB∗ cultures contained more kynurenine and less anthranilate than those from the wild-type PAO1 strain, indicating that kynurenine is a
substrate of MexCD-OprJ and anthranilate is not extruded by this efflux pump. (C) The production of AQs in PAO1 and nfxB∗ strains growing in LB medium
supplemented with anthranilate 1 mM was analyzed in early stationary phase (OD600 = 2.5) by TLC. (D) The extracellular vs. intracellular HHQ ratios were calculated
measuring each one of the HHQ spots obtained in the TLC-assays by densitometry. (E) Real-time pqsABCDE expression was analyzed in both PAO1 and nfxB∗

strains growing in LB medium and LB supplemented with anthranilate 4 mM respectively, using a chromosomal insertion of the reporter construction
PpqsA::luxCDABE. The results show that anthranilate supplementation of LB medium does not restore the AQs production in the nfxB∗ strain (C,E), reinforcing our
hypothesis that HHQ extrusion (D) rather than kynurenine extrusion through MexCD-OprJ is the main cause for the QS-defective response of the nfxB∗ strain.

The Low Production of AQs Associated
to MexCD-OprJ Overexpression Is Not
Caused by an Impaired Intracellular
Accumulation of Octanoate
Octanoate is the other direct precursor of PQS and HHQ (Dulcey
et al., 2013). Once we established that anthranilate synthesis is not
the limiting step in the production of AQs by the nfxB∗ strain, we
wondered whether a hypothetical low production or intracellular
accumulation of octanoate might be affecting the AQs production
in this strain. For that purpose, we measured the progressive
accumulation of AQs in both cell-free supernatants and cellular

extracts from PAO1, nfxB∗, and nfxB∗1mexD cultures grown in
LB supplemented with 5 mM octanoate.

In agreement with previous findings (Dulcey et al.,
2013), we found that the intracellular accumulation of AQs
(Figure 6A) and pyocyanin production (Figure 7) increase
when octanoate is added. However, these increases were
similar in all strains, and both the pyocyanin production
and the absolute AQs levels reached inside cells were still
lower in nfxB∗ than in PAO1 or in nfxB∗1mexD. These
results indicate that a lower availability of octanoate is not
the cause of the impaired QS response displayed by the nfxB∗
strain.
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FIGURE 6 | LB supplementation with octanoate increased the AQs production in PAO1, nfxB∗, and nfxB∗1mexD strains but, in the case of nfxB∗, but the
accumulation levels remain being lower in nfxB∗ than observed in the other strains. To determine the time course production of AQs in PAO1, nfxB∗, and
nfxB∗1mexD strains, we extracted these compounds from both the cells (A) and the cell-free supernatants (B) at different times along the cell cycle (4, 5, 6, and 7 h
post-inoculation). Additionally, the last points of time course extractions were analyzed by TLC (C) in order to know the proportion of PQS and HHQ present on each
AQs-extracts. The total area under each time course accumulation curve was quantified (D) and statistical significances were evaluated by using a Student’s
two-tailed test and considered significant if P < 0.05, with a confidence interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The results show that
supplementation of LB with 5 mM octanoate, even allowing nfxB∗ strain to accumulate levels of AQs out of the cells near to those in PAO1 and nfxB∗1mexD (B–D),
was insufficient to restore the intracellular accumulation of PQS and HHQ (A,C,D). Furthermore, the fact that in TLC assay (C), the spot corresponding with HHQ
present in nfxB∗ supernatant is slightly higher than that in PAO1 and nfxB∗1mexD, together with the evident low intracellular accumulation of HHQ in the nfxB∗

strain, confirm our hypothesis that MexCD-OprJ is able to extrude HHQ.

It is worth mentioning that, although the nfxB∗ supernatants
exhibit a delay in AQs accumulation in the presence of 5 mM
octanoate, the supernatants from all three strains exhibit similar
levels when the cultures reach high cell densities (OD600 > 2.5)
(Figure 6B). In contrast, the intracellular AQs accumulation
remains lower in the nfxB∗ strain (Figure 6A). In the same
way, the quantification of the areas under the curve for AQs-
accumulation shows that the differences observed in these
strains are lower in the supernatants when compared to cell
extracts (Figure 6D). Further, the analysis by TLC of AQs
extracted from the last point of the time course assay showed
that, while the intracellular accumulation of PQS and HHQ
remained being lower in the case of nfxB∗, the extracellular
accumulation of these two AQs were similar among PAO1, nfxB∗
and nfxB∗1mexD cultures (Figure 6C). These results further
reinforce the hypothesis that MexCD-OprJ is able to extrude
HHQ (and likely PQS as well), and confirm that overexpression
of this system adversely affects the intracellular accumulation

of AQs. This extrusion can be considered the bottleneck that
precludes a proficient PQS production as well as the onset of a
proper QS response in nfxB∗-type mutants.

DISCUSSION

In the current work, we demonstrate that a P. aeruginosa nfxB∗
mutant, which overexpresses the MexCD-OprJ efflux pump,
exhibits an impaired QS response due the extrusion of HHQ.
Specifically, this non-physiological extrusion leads to a decrease
in the expression of the pqsABCDE operon responsible for AQs
synthesis, which affects AQs-dependent and the PqsE-dependent
regulons that comprise the genes involved in swarming motility,
and in the production of pyocyanin, rhamnolipids, and proteases
among others (Hazan et al., 2010; Rampioni et al., 2010, 2016).

The QS response in P. aeruginosa consists mainly on
the Las, Rhl, and Pqs systems which are dependent on
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FIGURE 7 | LB supplementation with octanoate increased the pyocyanin
production in all analyzed strains, but nfxB∗ remained producing lower levels
than those observed in PAO1 when grew in LB medium. For pyocyanin assay,
the strains were grown in LB medium with or without octanoate (5 mM) along
a time lapse of 20 h and the pyocyanin was extracted with chloroform-based
protocol as is described in Methods. Statistical significances were evaluated
by using a Student’s two-tailed test and considered significant if P < 0.05,
with a confidence interval of 95% (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The
results show that supplementation of LB with 5 mM octanoate, even allowing
nfxB∗ strain increase the pyocyanin production, was insufficient to reach the
levels produced by PAO1 in LB without octanoate. This indicate that a
hypothetical low intracellular accumulation of octanoate is not the main cause
for defective pyocyanin production observed in nfxB∗ strain.

the 3-oxo-C12-HSL, C4-HSL, and PQS/HHQ autoinducers,
respectively (Williams and Camara, 2009). The cross-regulation
between these QS-systems is hierarchically understood, with
the Las system located at the top, activating the other two QS
systems, and followed by the Pqs-dependent activation of the
Rhl-system, and by the Rhl-dependent repression of the Pqs-
system (Dubern and Diggle, 2008; Williams and Camara, 2009).
However, evidence exists that the hierarchy and the relationship
between these QS-systems may be modulated depending on
environmental conditions and the activity of global regulators
as MvaT or RsmA among others (Choi et al., 2011; Mellbye
and Schuster, 2014; Hammond et al., 2016; Maura et al., 2016;
Welsh and Blackwell, 2016). In addition, recent studies have
highlighted the relevant role of the feedback-regulation between
Las, Rhl, and Pqs systems as well as the relevance of the PqsE
and RhlR regulators (Deziel et al., 2005; Farrow et al., 2008;
Dekimpe and Deziel, 2009; Hazan et al., 2010; Rampioni et al.,
2010, 2016). Indeed, it has been demonstrated that the expression
of approximately 90% of the genes in the AQs-regulon may be
regulated through pqsE induction (Hazan et al., 2010). Likewise,
the non-virulent phenotype prompted by the absence of AQs
synthesis may be by-passed through pqsE induction, restoring

the full P. aeruginosa virulence (Deziel et al., 2005; Hazan
et al., 2010; Rampioni et al., 2010). Further, the regulation of
several QS-dependent factors could be redundant. In such a way,
the production of elastase, rhamnolipids, or pyocyanin, which
are mainly under the control of Las, Rhl, and Pqs systems,
respectively, are also regulated by PqsE independently of AQs
production (Deziel et al., 2005; Hazan et al., 2010; Rampioni et al.,
2010, 2016). In addition, expression of rhlR increases upon pqsE
induction at the same time that some functions of PqsE as a QS-
regulator are dependent on RhlR and C4-HSL production, thus
establishing a complex feedback regulation loop (Hazan et al.,
2010). Even more, exogenous addition of C4-HSL to the cultures
may partially complement some of the phenotypes impaired in
a pqsE mutant, such as pyocyanin production (Farrow et al.,
2008; Hazan et al., 2010; Rampioni et al., 2010). Recent work
indicates that PqsE is an alternative ligand synthase and PqsE and
RhlR function as a QS-autoinducer synthase–receptor pair able
of regulate the P. aeruginosa QS response independently of RhlI
(Mukherjee et al., 2018).

Given this role of PqsE as one of the main elements in the
QS regulatory network, we postulate that a reduced production
of PQS and HHQ, together with a decreased pqsE expression,
are the main causes for the lack of QS-response associated
to the constitutive overexpression of the MexCD-OprJ efflux
system. In this work, we show that expression of QS-regulated
genes decreases in an nfxB∗ antibiotic resistant mutant and that
inactivation of the MexCD-OprJ efflux pump in this background
restores expression of these genes to wild-type levels, being even
higher in some cases (Figure 2). Similar results were obtained
with some QS-regulated phenotypes such as the production of
elastase, protease IV, pyocyanin, rhamnolipids, and swarming
motility (Figure 1), indicating that the alterations in the QS-
response displayed by the nfxB∗ mutant are directly caused by
the increased expression and activity of the MexCD-OprJ efflux
system. We also demonstrated that loss of function of NfxB leads
to an excessive extrusion of HHQ through the overexpressed
MexCD-OprJ efflux pump, resulting in a low intracellular
accumulation. Expression of pqsABCDE during exponential and
early stationary growth phases is subjected to a positive feed-
back transcriptional regulation under the control of the PqsR-
(PQS/HHQ) complex (Rampioni et al., 2016). Therefore, the
non-physiological HHQ extrusion through MexCD-OprJ may
abrogate this positive feed-back regulation and directly cause
the decrease in pqsABCDE-phnAB expression (Figure 2) and
the AQs synthesis impairment (Figure 3) observed in the nfxB∗
mutant. We also showed that this defective AQs accumulation
could not be restored by adding either anthranilate or octanoate,
the two PQS/HHQ main precursors (Figures 5, 6), reinforcing
the concept that the main cause for the defective QS-response
associated to nfxB mutations is an excessive extrusion of HHQ
through MexCD-OprJ, and not of metabolic precursors as
kynurenine, also extruded by MexCD-OprJ. Additionally, the
presence of similar levels of PQS in the supernatants of PAO1,
nfxB∗ and nfxB∗1mexD growing in presence of octanoate,
together with the absence of this autoinducer signal in the cell-
extracts of nfxB∗ (Figure 6C) suggests that PQS could also be a
MexCD-OprJ substrate.
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To sum up, here we show that the AQs production is affected
by the increased efflux of HHQ by the MexCD-OprJ RND system
overexpressed in the nfxB∗ ciprofloxacin-resistant mutants. To
note here that this type of antibiotic resistant mutants that are
isolated in vivo from ciprofloxacin-treated patients (Jeannot et al.,
2008). As a consequence, expression of the Pqs-regulon, which
also comprises those PqsE-regulated genes in a PQS-independent
way (Rampioni et al., 2010, 2016), is strongly altered in an nfxB∗
mutant. This alteration may have minor collateral effects on the
AHLs-dependent QS systems and is likely the main cause for
the low virulence profile observed in antibiotic resistant mutants
overproducing MexCD-OprJ.

Previous work has shown that the P. aeruginosa MDR efflux
pump MexEF-OprN is able of extruding kynurenine and HHQ
as well (Lamarche and Déziel, 2011; Olivares et al., 2012).
However, different to the situation with MexCD-OprJ, the reason
for the impairment in the QS response of a MexEF-OprN
overexpressing mutant was mainly the extrusion of kynurenine
(Olivares et al., 2012), the HHQ precursor. Similarly, both efflux
pumps can accommodate the same antibiotics, although the
affinity for each of them can be different. Indeed, overexpression
of whatever these two efflux systems increases ciprofloxacin
and chloramphenicol resistance but at different levels, being
MexCD-OprJ more efficient extruding ciprofloxacin and MexEF-
OprN extruding chloramphenicol (Linares et al., 2005). It has
been shown that, in addition to contributing to a coordinated
response of the bacterial population, several QS signal molecules
(Williams, 2007; Pacheco and Sperandio, 2009; Martinez, 2014)
are also involved in inter-specific communication. For example,
it has been shown that AQs may function as antimicrobial
compounds against Staphylococcus aureus, a bacterial species
commonly detected together P. aeruginosa in polymicrobial
infections (Mashburn et al., 2005; Nguyen et al., 2015; Nguyen
and Oglesby-Sherrouse, 2016). Further, HHQ also is able to
induce apoptosis in human mesenchymal stem cells (Holban
et al., 2014), and to impair the production of several factors
implicated in the innate immune response affecting the binding
of the nuclear factor-κβ to its targets (Kim et al., 2010). The fact
that in this work we demonstrate that MexCD-OprJ is able to
extrude HHQ, altering the accumulation level of the autoinducer
signals produced by P. aeruginosa, opens a new perspective
over the potential functions of this RND efflux system in the
interactions between this opportunistic pathogen and other co-
existing species (including the human host); a hypothesis that
remain to be explored.

The activation of the QS-response implies an increase in
expression of 100s of genes, and it has been estimated that
this consumes approximately 10% of P. aeruginosa metabolic
resources (Haas, 2006). Under this panorama, QS-defective
mutants, which are unable to produce different exoproducts such
as siderophores or proteases relevant for nutrients uptake, could
be cheaters supported by neighbor bacteria able to produce these
QS-dependent factors (Wilder et al., 2011; Pollak et al., 2016).
The evolution of P. aeruginosa along the chronic infection of
the lungs of cystic fibrosis patients involves a radiative evolution,
with different morphotypes, including QS-deficient mutants, co-
existing in the lung of each patient (LaFayette et al., 2015). It is
conceivable that the mutants lacking a proficient QS response
remain in the population because they can obtain the benefits
brought about by an appropriate QS response carried out by co-
existing bacteria without the cost associated with it. In agreement
with this hypothesis, it might be possible that antibiotic resistance
mediated by MexCD-OprJ overproduction allows nfxB∗ mutants
to function as cheaters in the mixed populations colonizing the
lung of the infected patient. This feature may have important
implications concerning the persistence of antibiotic resistant
mutants even in the absence of selection (Knoppel et al., 2017).
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Characterization of a pandemic 2009 H1N1 influenza virus isolated from a fatal case

patient (F-IAV), showed the presence of three different mutations; potential determinants

of its high pathogenicity that were located in the polymerase subunits (PB2 A221T and PA

D529N) and the hemagglutinin (HA S110L). Recombinant viruses containing individually

or in combination the polymerase mutations in the backbone of A/California/04/09 (CAL)

showed that PA D529N was clearly involved in the increased pathogenicity of the F-IAV

virus. Here, we have evaluated the contribution of HA S110L to F-IAV pathogenicity,

through introduction of this point mutation in CAL recombinant virus (HA mut). The HA

S110L protein has similar pH stability, comparable mobility, and entry properties both in

human and mouse cultured cells that wild type HA. The change HA S110L leads to a

non-significant trend to reduce the replication capacity of influenza virus in tissue culture,

and HA mut is better neutralized than CAL virus by monoclonal and polyclonal antibodies

against HA from CAL strain. In addition, recombinant viruses containing HA S110L alone

or in combination with polymerasemutations considerably increased the LD50 in infected

mice. Characterization of the lungs of HA mut infected animals showed reduced lung

damage and inflammation compared with CAL infected mice. Accordingly, lower virus

replication, decreased presence in bronchioli and parenchyma and lower leukocytes and

epithelial infected cells were found in the lungs of HA mut-infected animals. Our results

indicate that, mutation HA S110L constitutes a determinant of attenuation and suggest

that its interaction with components of the respiratory tract mucus and lectins, that play

an important role on influenza virus outcome, may constitute a physical barrier impeding

the infection of the target cells, thus compromising the infection outcome.

Keywords: influenza virus, HA S110L mutation, attenuation, in vivo pathogenicity, viral entry

INTRODUCTION

In 2009 a new influenza A virus from H1N1 subtype, possessing high transmissibility emerged and
caused the first pandemic of the twenty-first century (1, 2). The new virus was a reassortant virus
containing segments from avian, human, and swine origin and particularly the hemagglutinin
(HA) gene of the pandemic virus was closely related to that of the classical swine lineage (3).
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The HA protein has a pivotal role on influenza virus biology.
The receptor binding specificity of the HA is one of the
major determinants of viral host tropism, pathogenicity and
transmission. The HA is synthesized as a precursor which forms
a non-covalent associated homotrimeric precursor (HA0) upon
removal of the signal peptide. To activate the membrane fusion
and the infectivity of the virus, a proteolytic cleavage of each
HA0 monomer in the disulfide-linked subunits, HA1 and HA2,
is required (4, 5).

Once internalized influenza virus traffics through the
endosomal network, where the endocytosed material is exposed
to pH changes. These changes trigger the fusion of HA1/HA2
to undergo irreversible conformational changes that cause
membrane fusion with target membranes [reviewed in (6)].

The influenza AH1N1 2009 pandemic virus (AH1N1pdm09)
caused mild disease in general, although a substantial number of
apparently healthy individuals suffered severe infection, which
proposed the coexistence of influenza strains with increased
virulence among circulating viruses. Testing this hypothesis, we
characterized a pandemic virus isolated from a fatal case patient
(F-IAV) that showed increased pathogenicity both, in vitro and
in vivo compared with a virus isolated from a patient with
mild symptoms (M-IAV). The F-IAV bears three amino-acids
changes that could be responsible for its increased pathogenicity
(7). Two of them in the viral polymerase subunits (PB2 A221T
and PA D529N) and one in the HA protein (S127L or S110L
considering HA1 sequence with or without the signal peptide,
respectively). Reverse genetic experiments were performed by
introducing the individual changes found in the F-IAV virus, or
combination of them in the backbone of the A/California/04/09
to analyze the contribution of each mutation to the overall F-IAV
phenotype. Extensive characterization regarding the contribution
of polymerase mutations to the exacerbated pathogenicity of the
F-IAV virus indicated that change PA D529N was the major
contributor for its increased pathogenicity (8). Now we have
evaluated the possible contribution of the HA mutation to the
increased pathogenicity of the F-IAV virus. Our results indicate
that this mutation does not alter major HA recognition by
specific antibodies, pH stability, replication in human epithelial
cells, or ability for virus entry in human and mouse cell
cultures. However, it confers in vivo an important attenuation to
recombinant viruses carrying individually this change and even
in combination with the other pathogenic mutations found in the
viral polymerase subunits of the F-IAV. These data indicate that
combination of highly pathogenic and attenuation mutations
contributed to the final phenotype of F-IAV human isolate (7, 8).

MATERIALS AND METHODS

Ethics Statement
All procedures that required the use of animals performed in
Spain complied with Spanish and European legislation
concerning vivisection and the use of genetically modified
organisms, and the protocols were approved by the National
Center for Biotechnology Ethics Committees on Animal
Experimentation and the Consejo Superior de Investigaciones
Científicas (CSIC) Bioethics Subcommittee (permit 11014).

The guidelines included in the current Spanish legislation on
protection for animals used in research and other scientific
aims (RD 53/2013) and the current European Union Directive
2014/11/EU on protection for animals used in experimentation
and other scientific aims were followed. For the experiments
that required the use of animals performed in Portugal, all
experimental procedures were approved by the Instituto
Gulbenkian de Ciência Ethics Committee and the Animal
Welfare Body as well as by the Portuguese Authority for Animal
Health, Direção Geral de Alimentação e Veterinária (DGAV).

Biosafety
Cell culture and mouse model experiments performed with
recombinant viruses bearing mutations detected in a fatal case
IAV were performed in BSL2+ conditions and in a biological
insulator in BSL2+ animal facilities, respectively.

Biological Materials
Cell lines used in this study were MDCK (canine kidney;
ATCCCCL-34), NIH 3T3 (mouse embryo fibroblast) and human
lung epithelium A549 cells (9). Antibodies rabbit anti-GAPDH,
(Sigma), rabbit anti-PB1 (10), rabbit anti-NP (11), and mouse
anti-HA (12) were used for western blot assays. Mouse anti-HA
and rabbit anti-HA (12) were used for neutralization assay.

Localization of Mutation in 3D HA Structure
UCSF Chimera 1.10.2 program was used for structural
localization of specific mutation in the influenza virus
hemagglutinin. Structure of hemagglutinin under accession
3AL4 in Protein Data Bank (PDB) has been used as template.

Generation of Recombinant HA Mut
Viruses
Specific mutations were engineered in pHH plasmids derived
from the A/H1N1/California/04/2009 strain using the
QuickChange site-directed mutagenesis kit (Stratagene) as
recommended by the manufacturer. These materials were
developed using the licensed technology (Ref. Kawaoka-
P99264US Recombinant Influenza viruses for vaccines and
gene therapy). The mutations were rescued into infectious
virus by standard techniques as described (13). The identity
of rescued mutant viruses was ascertained by sequencing of
DNAs derived from the HA, PB2, and PA segments by reverse
transcription-PCR (RT-PCR) amplification.

Neutralization Assays
Blocking infectivity of recombinant viruses by different HA
antibodies was performed by Neutralization test. Briefly, viral
titer plaque assay was performed on MDCK cells using six
different viral multiplicities of infection ranging from 10 to 10−5

in the absence or presence of serial dilutions of hybridoma
supernatant or serum antibody. Dilutions 1:10; 1:50, 1:100; 1:500,
1:1,000; 1:2,500; 1:5,000; 1:7,500; 1:10,000; 1:25,000, and 1:50,000
were used for monoclonal anti HA antibody. Dilutions 1:500;
1:1,000; 1:2,500; 1:5,000; 1:7,500; 1:10,000; 1:25,000, and 1:50,000
were used for rabbit anti HA serum.
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Western Blotting
For the detection of viral and cellular proteins, total cell extracts
were separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis and transferred to Immobilon filters that were
saturated with 3% BSA in PBS for 1 h at room temperature.
The filters were incubated with primary antibodies diluted in 1%
BSA in PBS for 1 h at room temperature (polyclonal antibodies)
or overnight at 4◦ (monoclonal antibodies). After being washed
four times for 15min each with PBS containing 0.25% Tween
20, the filters were incubated with a 1:10,000 dilution of goat
anti-rabbit or anti-mouse immunoglobulin G conjugated to
horseradish peroxidase. Finally, the filters were washed four times
for 15min each as described above and developed by enhanced
chemiluminescence. Dilution 1:1,000 was used for incubation
with primary anti PB1, anti-NP, and anti-GAPDH antibodies.
Dilution 1:50 was used for monoclonal anti-HA antibody.

Acid Stability
The acid stability of the viruses was measured by determining
viral infectivity after acid treatment. Viruses were diluted in
PBS at different pH. The pH was lowered by addition of 0.1M
hydrochloric acid until the desired pH. After incubation at 37◦C
for 15min, the viruses were used for titration in MDCK cells by
plaque assay.

Viral Entry
A549 or NIH 3T3 cells were MOCK-infected or infected with
CAL or HA mut viruses at 3 pfu/cell. To determine viral
entry, A549 or NIH 3T3 cells were treated with 75 or 25µM
chloroquine, respectively, that was added at the same time
that the virus inoculum (t = 0) or at the indicated times
after the start of the infection, with CAL or HA mut viruses.
Untreated infected cells were used as reference of infection. The
chloroquine treatment was 2 h for all different time points of
addition indicated in the corresponding figures (Figures 3, 4).
All samples were harvested at 8 h post-infection (hpi) and used
for NP and GAPDH detection by Western blot. Percentage of
NP accumulation in treated cells, compared with untreated cells
after normalization by GAPDH levels was determined. Control
A549 or NIH 3T3 cells were MOCK-infected or infected with
CAL virus for 8 hpi at 3 pfu/cell. These cells were not treated with
chloroquine, but suffered the same handling as treated cells to
corroborate that the time of addition process does not alter the
infection. The experiment was repeated three times with three
different viral stocks.

Viral Growth Kinetics in Cell Culture
Cultured human lung alveolar epithelial cells (A549) were
infected at 10−3 pfu/cell. Cell supernatants were collected at
various times (hours post-infection; hpi), and used for virus
titration by plaque assay on MDCK cells.

RNA Isolation and Q-PCR
RNA isolation from cell cultures was performed with TRIzol
[Invitrogen, 15596018)/chloroform (MERCK)] extraction
according to manufacturer’s instructions. DNA was removed
by treatment with DNAse I recombinant, RNase-free (Roche),

following instructions of the manufacturer. Quantity and
quality analysis of RNA samples were performed by absorbance
measuring at 260 nm by NanoDrop ND-1,000. All RNA samples
were stored at−80◦C.

Reverse transcription of RNA samples was performed byHigh
Capacity RNA Transcriptase Kit (Applied System, Thermo Fisher
Scientific) using random primers provided within the kit and
following the manufacturer recommendations.

Mx and ISG56 mRNAs were quantify using quantitative
PCR approach by imploding Power SYBR green PCR master
mix (Applied Biosystems, 4369679) following the manufacturer
recommendations. We used 10% of reverse transcribed cDNA,
and 5% of 10mM specific primers. For estimation of gene
expression, we used Thermocycler 7500 Real Time PCR
Biosystems 2min at 50◦, 10min at 94◦ 40 cycling stages of 15 s
at 94◦ and 1min at 60◦. As a standard curve, plasmids with
integrated fragments of ISG56 and MxA genes were used. H
28 SrRNA and m β-actin were used as internal control in each
sample.

In vivo Virus Infections
To evaluate pathogenicity of the viruses, five female BALB/c
AnNHsd mice (6–7 weeks old) were infected intranasally with
different amounts of each recombinant influenza viruses, or
were mock-infected. The animals were monitored daily for body
weights and survival for 2 weeks. For ethical reasons, mice were
euthanized when they presented 25% body weight loss.

For the kinetics experiment, five female BALB/c mice (6–
7 weeks old) were infected intranasally with a sublethal dose
(103 pfu/50 µl DMEM) of recombinant CAL, or HA mut
influenza viruses, or were mock-infected (50 µl DMEM). Mice
were euthanized at indicated days post-infection (dpi) by CO2
inhalation and necropsied.

Viral Titer Estimation in Extracted Organs
Lung samples were homogenized in PBS-0.3%-BSA-penicillin/
streptomycin (100 IU/ml) using an Electronic Douncer (IKA T10
basic, Workcenter). Lung samples were homogenized 1min at
max speed at 4◦C and debris were pelleted by centrifugation
(2,000 g, 5min, 4◦C). Viral titer was determined by standard
plaque assay on MDCK cells.

Histology
Left lung lobes were collected and fixed in 10% buffered formalin
for 24 h, then embedded in paraffin, divided into longitudinal
sections (3µm thick) and stained with hematoxylin and eosin.
To score lung inflammation and damage, lung samples were
screened for the following parameters: interstitial (alveolar septa)
inflammation, alveolar inflammation, perivascular/peribronchial
inflammation, bronchial exudates, bronchial epithelium
hyperplasia, and edema. Each parameter was graded on a scale
of 0–4 being 0, absent; 1, very mild; 2, mild; 3, moderate; and 4,
severe. The total lung inflammation score was expressed as the
sum of the scores for each parameter. Histological scoring was
performed blindly by a pathologist.
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Immunohistochemistry
The previously described formalin-fixed, paraffin-embedded
tissue specimens were divided into tissue sections (3µm
thick) and processed for immunohistochemical analysis.
After deparaffinization of tissue, slides were incubated in
sodium citrate buffer, pH 6 at 95◦C for 20min. Sections were
permeabilized with PBS supplemented with 0.1% triton X-
100 for 7min, at room temperature and blocked with 2.5%
BSA and Fc-block (purified rat anti-mouse CD16/CD32, IGC
antibody facility, clone 2.4G2). Infected cells were discriminated
by the presence of the viral nucleoprotein (NP) with rabbit
α-NP (11) diluted 1:1,000 for 16 h, at 4◦C. Endogenous
peroxidases were quenched by treating tissue sections with
3% hydrogen peroxide for 15min, at room temperature. NP
positive cells were detected with ImmPRESS HRP Anti-Rabbit
IgG (Vector, MP-7401-15), followed by color developing
with diaminobenzidine substrate (Roche, 11718096001),
both according to manufacturer’s instructions. Sections were
counterstained with Mayer Hematoxylin before analysis. Tissue
sections were observed using a Leica DMLB2 microscope (Leica)
and images were captured using NanoZoomer-SQ Digital slide
scanner (Hamamatsu). NP expression around bronchioli was
scored as: 1, 0–25% infected cells; 2, 25–50% infected cells; 3,
50–75% infected cells; 4, 75–100% infected cells. NP expression
was also scored as present/absent infection foci on alveoli.
Histological scoring was performed blindly by a pathologist.

Flow Cytometry
After lung collection, tissue was dissociated by finely chopping
using a scalpel blade and digested in a 0.5% (w/v) collagenase
D (Roche, 11088858001) solution supplemented with 50U/ml
DNase I (Zymo Research, E1010), in PBS, for 1 h at 37◦C.
The digested lung was then passed through a 100µm cell
strainer (Falcon, 352360) and centrifuged (650 g, 5min, 4◦C).
The pellet was treated with ACK buffer for 4min, at room
temperature. After this incubation, the lung cell suspension was
centrifuged and then resuspended in flow cytometry buffer [PBS
supplemented with 2% FBS (Life Technologies, 10500-064)].
Cells were counted in each condition and 106 cells transferred to
a V-bottom 96 well plate (Thermo Scientific, 249570). Unspecific
staining was minimized with Fc-Blocking (purified rat anti-
mouse CD16/CD32, IGC antibody facility, clone 2.4G2) for
15min, at 4◦C. Surface staining was performed with α-EpCAM-
BV421 (BioLegend, clone G8.8) and α-CD45.2-PE (IGC antibody
facility, clone 104.2) diluted 1:100 for 30min, at 4◦C, in the
dark. Cells were fixed with IC fixation buffer (Thermo Fisher,
00-8222-49) according to manufacturer’s instructions. Fixed cells
were washed with permeabilization buffer (0.1% triton X-100
in PBS) and intracellular viral nucleoprotein detected with α-
NP (11) diluted 1:100 in the same buffer, for 30min, at 4◦C
in the dark. Secondary staining was performed with an α-
rabbit IgG conjugated with Alexa Fluor 647 diluted 1:1,000 in
permeabilization buffer for 30min, at 4◦C in the dark. Flow
cytometry analysis of cell populations was performed in a Becton
Dickinson (BD, Franklin Lakes, NJ, USA) LSR Fortessa X-20

SORP equipped with BD FACSDiva
TM

8 and FlowJo (Tree Star

Inc., Ashland, OR, USA) software. Populations were gated using
fluorescence minus one (FMO) controls.

For neutrophils and macrophages quantitation, a similar
protocol as indicated above was performed and antibodies used
were PerCP-Cy5.5-conjugated CD45 (clon 30-F11) (BioLegend),
PeCy7-conjugated CD11b (clon M1/70) (BioLegend), APC-
conjugated CD11c (clon N418) (eBIOSCIENCE), and PE-
conjugated Ly6G (clon 1A8) (BDBIOSCIENCE). The samples
were fixed by incubation with 4% formaldehyde for 20min,
pelleted by centrifugation (700 rmp, 5min, 4◦C) andwashed once
with PBS. After centrifugation (700 rmp, 5min, 4◦C), cells were
resuspended in 0.4ml PBS and kept at 4◦CO/N in the dark. Flow
cytometric analysis was performed on a cytometer LSR II (BD
Biosciences). Data were analyzed using CellQuestPro software.

Statistics
Student’s t test and two-way ANOVA were used as indicated in
each experiments and Figures. GraphPad Prism v. 5.00 (www.
graphpad.com) was used for analysis.

RESULTS

Antigenic Properties of HA Mut Virus
First, we localized position HA 110 in the three-dimensional
HA structure (14) (Figure 1A). As shown, it represents an
exposed residue that is placed at the globular part of the HA
protein, in a region that has not been previously reported
as involved on HA functional modulation. Characterization
of antibody recognition of recombinant virus bearing HA
S110L mutation was performed by neutralization assays. Two
different specific antibodies that recognize HA protein were used;
a monoclonal antibody generated against A/California/07/09
strain that reacts with different 2009 pandemic viruses but
does not recognize H1N1 viruses isolated before 2009 (α-
HA/Cal/2) (12) and a rabbit polyclonal antibody generated using
as antigen a recombinant vaccinia virus expressing the HA
protein from A/California/07/09 strain (12). As reported, amino
acid changes S88Y and K136N are needed simultaneously to
inhibit binding of α-HA/Cal/2 to A/Cal/07/09HA suggesting that
at least two different but overlapping epitopes are recognized
by the antibody (Supplementary Figure 1) (12). In addition,
change T89K causes a fully resistant protein to neutralization by
the antibody (Supplementary Figure 1) (12). MDCK cells were
infected with recombinant virus A/California/04/09 (CAL) or the
CAL recombinant virus bearing the HA S110L point mutation
(henceforward HA mut) at serial multiplicity of infection (moi)
ranged between 10−5 and 10 in the presence of serial dilutions
of each anti-HA antibody. After viral adsorption, infected cells
were incubated in the absence or presence of the same antibody
dilutions in semi-solid media for 48 h and data were analyzed
by plaque quantitation. The results showed that HA mut virus
is recognized and neutralized better than CAL virus by the HA
monoclonal antibody (Figure 1B). Slightly better recognition was
found using the polyclonal antibody (Figure 1C), indicating that
the HA S110L mutation may elicit some structural changes in the
HA protein.
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FIGURE 1 | Characterization of HA from CAL and HA mut viruses. (A) Structure of HA trimer in Protein Data Bank (PDB) under accession 3AL4 has been used as

‘template for structural localization of HA 110L (yellow) mutation with UCSF Chimera 1.10.2. (B) Neutralization assays of MDCK cells infected with Cal and HA mut

viruses using serial dilutions of monoclonal antibody α-HA/Cal/2. Significance was determined by two-way ANOVA with Bonferroni post-hoc test (*p < 0.05; **p <

0.01; ***p < 0.001). (C) Neutralization assays on MDCK cells infected with CAL and HA mut viruses using serial dilutions of a polyclonal antibody raised against HA

from A/California/07/09. The viral infectivity is shown as a percentage of each virus infection in the absence of antibody. The experiments were performed twice and in

duplicate using six different viral doses. Significance was determined by two-way ANOVA with Bonferroni post-hoc test, **p < 0.01. (D) Movility of HA. CAL or HA mut

viruses were applied to SDS-gels, followed by Western bot assays using α-HA/Cal/2 monoclonal antibody. (**) denotes HA0, and (*) HA1. (E) pH stability of HA. CAL

and HA mut viruses were incubated at the indicated pHs and their replication capacity evaluated in MDCK cells by plaque assay. The experiment was performed in

triplicates and each plaque assay was performed twice. Significance was determined by two-way ANOVA with Bonferroni post-hoc test, ns (not significant).

HA Post-translational Modifications
The HA protein binds to the receptor on the cell and fuses
with cellular membrane; it is known that receptor binding
and fusion activation are modulated by HA glycosylation
(15). HA glycosylation plays an important role in influenza
viruses life cycle (16) and the structural integrity requires
particular glycosylation sites. In addition, glycosylation of an
antigenic epitope can prevent antibody binding (17). HA can
undergo N-linked glycosylation through N-glycosidic linkages
to the Asn residue of the glycosylation motif Asn-X-Ser/Thr-
Y, where X/Y may represent any amino acid except proline
(18). HA can also be O-glycosylated through the addition
of N-acetyl-galactosamine to serine or threonine residues; it
has not been reported clear consensus sequence motifs for
prediction and identification of O-glycoproteins (19). Amino
acid 110 of HA of A/California/04/09 is not located at a
putative N-glycosylation motif. However, this amino acid is
changed from S to L in HA mut and it could represent
an O-glycosylation motif or could modulate N-glycosylation
mediated by induced conformational changes. To examine
possible differences in HA glycosylation between CAL and HA
mut, we analyzed the HA mobility from CAL and HA mut

viruses by SDS-gel electrophoresis andWestern blotting using α-
HA/Cal/2 monoclonal antibody. No appreciable changes in the
HA mobility between wild type and mutant HA were detected
(Figure 1D), suggesting that no major glycosylation changes
occur.

HA S110L Acid Stability
The HA protein binds to the receptor on the cell and mediates
the low pH-triggered viral and cellular membrane fusion. It has
been reported that the activation energy of fusion measured as
the pH activation of HA (acid stability) is linked to a plethora of
viral functions such as pathogenicity, adaptation, host-range, and
transmissibility (20–23). To examine possible differences on acid
stability between CAL and HA mut that could modulate virus
fitness, both viruses were incubated at different pHs as indicated
inMaterials andMethods and their replication capacity evaluated
in MDCK cells by plaque assay. Buffers adjusted to pH range
from 5.4 to 6.4 with increments of 0.2 units were used. Both
viruses showed the highest replication capacity until treatment
with pH 5.8 (Figure 1E). These results indicate a similar acid
stability of both viruses and are in agreement with previous
reports of pH stability of 2009 pandemic viruses (20).
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FIGURE 2 | CAL and HA entry in A549 cells. A549 cells were infected with 3 pfu/cell with (A) CAL, (B) HA mut, or (C) CAL control viruses and left untreated (–) or

treated with 75µM chloroquine (+) that was added at the indicated times of the infection and was left for 2 h after each indicated time of chloroquine addition. Then,

chloroquine was removed and the infection continued until 8 hpi. Infected cells were harvest at 8 hpi and used for NP and GAPDH detection by Western blot. A

representative image of each condition is shown. (D) Ratios of NP/GAPDH accumulation in treated cells compared with untreated cells in parts A and B, or compared

with 0 hpi in part (C) of three independent experiments using different viral stocks are shown. NP/GAPDH ratio obtained in cells untreated and infected was taken as

100%. The experiment was performed in triplicates with two different viral stocks. Significance was determined by two-way ANOVA with Bonferroni post-hoc test, (ns)

not significant.

Biological Characterization of HA Mut
Virus in Cell Culture
Binding and Entrance of HA Mut Virus
Hemagglutinin plays a major role on viral tropism mainly
mediated by receptor binding specificity. To compare the
properties of HA mut with CAL virus, on human and mouse
cells, cultures of human alveolar lung epithelial cells (A549) and
mouse embryonic fibroblasts (NIH 3T3) were used to examine
viral entry (Figures 2, 3). Chloroquine is a lysosomotropic base
that inhibits endocytosis of influenza virus (24, 25) preventing
viral entry. A549 and NIH 3T3 cells were infected with CAL or
HA mut viruses at an moi of 3 and cells were left untreated or
treated with chloroquine at 75 or 25µM, respectively, at different
times after infection (minutes). Following 2 h of treatment after
each indicated time of chloroquine addition, chloroquine was
removed. Samples were recovered at 8 hpi for all conditions
tested and accumulation of NP and GAPDH determined by
Western blot analysis. As control A549 or 3T3 cells were infected
with CAL virus and were not treated with chloroquine but they
suffer the same handling of media change than treated cells
(Figures 2C, 3C). These data showed that the management of
the cells during the experiment does not alter viral infection.
Images representing protein accumulation and quantitation
of the NP/GADPH ratios of three independent experiments
performed in A549 cells (Figure 2) or NIH3T3 cells (Figure 3)
are shown. Similar curves of viral protein accumulation on CAL-
and HA mut-infected A549 cells were observed. Only a slight

difference after 40min of chloroquine addition was observed
but with no statistical significance. Regarding NIH3T3 cells,
parallel viral accumulation curves were obtained. These results
indicate that viral entry and replication of CAL and HA mut
are comparable both in human and mouse cells. Therefore, HA
S110L change maintains similar viral entry ability to that of
control CAL virus.

Growth Kinetics of CAL and HA Mut Viruses
Next, we analyzed the replication capacity of these viruses in
in vitro assays. Cultures of human alveolar lung epithelial cells
(A549) were infected with CAL and HA mut viruses at high (3
pfu/cell) (Figure 4A) and low (10−3 pfu/cell) (Figure 4D) moi.

Accumulation of viral proteins in a single cycle replication
assay was used to determine viral growth kinetics. Total cell
extracts were obtained at indicated hours post-infection (hpi) and
accumulation of viral proteins wasmonitored by western blotting
(Figures 4A–C). HA mut virus infected cells accumulated lower
levels of PB1 polymerase subunit than CAL infected cells at 4 and
8 hpi (p< 0.05) (Figures 4A,B). A difference in NP accumulation
was observed at 8 hpi (p < 0.01) (Figure 4C). However, no
differences were found between the wild type and the mutant
virus at 12 hpi (Figures 4A–C). In multiple cycles assay, we
determined the viral titers at different hours post-infection (hpi);
although HA mut showed a slight delay on viral replication
at early hpi, this data is not statistically significant and both
viruses reached similar titers at later times (Figure 4D). Thus, the
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FIGURE 3 | CAL and HA entry in NIH3T3 cells. NIH3T3 cells were infected with 3 pfu/cell with (A) CAL, (B) HA mut, or (C) CAL control viruses and left untreated (–) or

treated with 25µM chloroquine (+) that was added at the indicated times of the infection and was left for 2 h after each indicated time of chloroquine addition. Then,

chloroquine was removed and the infection continued until 8 hpi. Infected cells were harvest at 8 hpi and used for NP and GAPDH detection by Western blot. A

representative image of each condition is shown. (D) Ratios of NP/GAPDH accumulation in treated cells compared with untreated cells in parts (A,B), or compared

with 0 hpi in part (C), of three independent experiments using different viral stocks are shown. NP/GAPDH ratio obtained in cells untreated and infected was taken as

100%. The experiment was performed in triplicates with two different viral stocks. Significance was determined by two-way ANOVA with Bonferroni post-hoc test, (ns)

not significant.

change HA S110L leads to a non-significant trend to reduce the
replication capacity of influenza virus in tissue culture.

Antiviral Response of CAL and HA Mut Viruses
Next, the induction of the antiviral response by CAL and HA
mut viruses was evaluated by infection of A549 cells at 0.5
moi, monitoring the accumulation of antiviral Mx and ISG56
mRNA by RT-PCR at 4, 8, and 12 hpi. HA mut infected cells
accumulate lower amount of Mx than CAL virus infected cells
(3.3-, 2.5-, and 1.5-fold, p < 0.001, respectively) (Figure 4E).
Similar results were obtained for accumulation of ISG56 in HA
mut infected cells compared to CAL infected cells (2.7-, 2.5-, and
1.3-fold, p< 0.001, respectively) (Figure 4F). These data indicate
an impaired induction of the antiviral response elicited by HA
mut virus and suggest a delay in an early step in the infection
cycle.

Contribution of the HA S110L Mutation to
in vivo Pathogenicity
Since influenza virus polymerase is one of the major virulence
determinants of influenza virus, we previously characterized the
contribution of the polymerase subunits mutations found in the
fatal F-IAV virus to its high pathogenicity. Using recombinant
viruses that express individually each of the changes found in
the polymerase subunits, PB2 A221T (PB2 mut), PA D529N
(PA mut), or both PB2/PA mut, we observed similar replication
capacity of these viruses in A549 culture cells although they

TABLE 1 | Sequences of the recombinant viruses at position PA 529, PB2 221,

and HA 110.

Recombinant virus PA 529 PB2 221 HA 110

CAL D A S

PB2 mut D T S

PA mut N A S

HA mut D A L

PB2/PA mut N T S

HA/PB2 mut D T L

HA/PA mut N A L

HA/PA/PB2 mut N T L

F-IAV N T L

M-IAV D A S

Sequences of the different recombinant viruses and M-IAV and F-IAV isolates at the

indicated position is shown.

showed differences in antiviral response activation in infected
cells (8). However, mutation PA D529N highly increased virus
pathogenicity in vivo and the lethal dose 50 (LD50) of PA mut
compared with the LD50 of PB2 mut showed a reduction of
more than 3 log units (8). These results indicate that virus
replication in vitro does not precisely represent viral fitness in
in vivo model; a much more complex situation for virus life
cycle.

To examine the contribution of HA S110L mutation to
the F-IAV pathogenicity, in addition to the HA mut virus,
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FIGURE 4 | Growth kinetics of CAL and HA mut viruses. (A) Cultured human lung epithelial cells (A549) were infected with CAL and HA mut viruses 3 pfu/cell. At the

indicated times, aliquots were used for Western blot assays to detect PB1, NP, and GAPDH proteins. The experiment was performed in triplicates and one

representative data is shown. (B,C) show quantification and significance analysis of triplicates. Data are shown as % related to maximum accumulation of viral

proteins in CAL virus infected cells. Values shown as means and error bars indicate mean ± SD of three independent experiments (ns Not significant, *p < 0.05, **p <

0.01 by t-Student test). (D) A549 cells were infected at 10−3 pfu/cell, at the indicated times, aliquots were taken and used for titration on MDCK cells. The

experiments was repeated three times and significance was determined by two-way ANOVA with Bonferroni post-hoc test, (ns) not significant. (E) Cultured human

lung epithelial cells (A549) were mock infected or infected with CAL, or HA mut virus stocks at moi 0.5. At indicated hours post-infection (hpi), samples were used to

evaluate Mx mRNA (E) or ISG56 mRNA (F) by q-PCR. Data are shown as % of mRNA accumulation in CAL infected cells at each time tested. Quantification and

significance analysis of triplicates are shown as means and error bars indicate ± SD (**p < 0.01, ***p < 0.001 by t-Student test).

we generated additional recombinant viruses carrying the HA
S110L mutation in combination with the mutations found in the
polymerase subunits of the F-IAV virus (Table 1) and evaluated
the in vivo pathogenicity. The recombinant viruses were used
to infect mice with various virus doses or with DMEM as
control, survival and body weight were monitored daily for 2
weeks and the LD50 for each virus was determined. For better
comparison survival (Figure 5A), LD50 (Figure 5B) and body
weight (Supplementary Figure 2) data of both previous (8) and
current recombinant viruses are shown. A clear increase on
survival was found in mice infected with HAmut compared with
those infected with CAL virus, as well as in mice infected with
any recombinant bearing HA S110L mutation compared with
that containing HA 110S. Accordingly, an important increase
in the LD50 of all viruses containing HA S110L change was
observed. As reported (8), CAL, PB2 mut, PA mut, and PB2/PA
mut viruses showed an LD50 of 105, >106, 3 × 103 and 3.5
× 104, respectively, while HA mut and any of the recombinant
viruses that bear HA S110L mutation showed an LD50 higher
than 106 (Figure 5B compared left and right columns). This fact
even occurs in the case of mice infected with a recombinant
virus that also contains PA D529N mutation that works as an
extremely pathogenicity determinant (Figure 5B compared PA
mut and PA/HA mut) indicating that HA S110L change is a very
potent determinant of attenuation.

Characterization of the Lungs of Mice
Infected With CAL and HA Mut Viruses
The above results showed that HA S100L mutation causes a
significant reduction on virus pathogenicity; thus we further
characterized the possible reasons for this attenuated phenotype.
To that aim, mice were infected with CAL or HA mut viruses at
sub-lethal dose (103 pfu) or were mock-infected. Samples were
recovered at several dpi and viral titers determined in the lungs
(Figure 5C). According with the observed LD50, the attenuated
HA mut virus showed lower titers in lungs at any dpi than those
found in the lungs of CAL- infected mice.

Histological Damage
Different parameters that contribute to lung damage and
inflammation were evaluated in histological preparations
of CAL- and HA mut infected lungs at different dpi.
Histological examination of lungs of MOCK- CAL- and
HA mut- infected mice and damage parameters that
include perivascular/peribronchial infiltration, bronchial
exudates, edema and interstitial inflammation are shown in
Supplementary Figure 3. A representative image of histological
preparations of lungs of CAL- and HA mut-infected animals
and the total “lung inflammation score” that is expressed
as the sum of the scores for each parameter are presented
in Figures 6A–C. In agreement with the reduced lung viral
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FIGURE 5 | In vivo pathogenicity of HA mut virus. Mice (n = 5) were inoculated intranasally with 106-102 pfu of each recombinant virus. (A) Survival curves. Some

series corresponding to attenuated viruses appear overlapped at 100% together with MOCK infection data. (B) The dose that caused 50% mortality of mice in each

infection (LD50) is shown. (C) At indicated dpi, viral titers were determined in the lungs (pfu/g tissue). Significance was determined by Student’s t test (*p < 0.05).

titers, a significant decrease on peribronchial infiltration (2
dpi) and bronchial exudates (3 dpi) damage was found in HA
mut infected mice (Supplementary Figures 3J,K). In addition,
significant but mild damage in bronchial exudates and edema
(2 dpi) was observed in CAL- infected mice when compared
with MOCK animals, but absent in HA mut infected animals
(Supplementary Figures 3K,E)

Virus Localization
Next, we performed immunohistochemical analysis to examine
the presence of the viruses at different lung structures such as
bronchioli and parenchyma (Figures 6D–F). Paraffin-embedded
tissue specimens were divided into tissue sections (3µm thick)
and processed for NP detection as described in Materials and
Methods. The bronchioli are one of the smallest airways in
the respiratory tract, and go directly to the alveolar canals,
which contain the alveoli responsible for exchanging gases
with the blood. The lung parenchyma comprises a large
number of thin-walled alveoli, which serves to maintain proper
gas exchange. Images displaying localization of viral NP in
bronchioli and parenchyma of infected mice are shown in
Supplementary Figures 4A–I. A significant reduction on the
number of infected bronchioli was found at 2 dpi in HA
mut infected animals compared with CAL infection, as well
as significant differences between CAL- and MOCK-infected
mice that were absent in HA mut (Supplementary Figure 4J).
Despite there were no significant differences observed in the

percentage of infection of each bronchioli between CAL- and
HA mut-infected mice (Supplementary Figure 4K), significant
infected parenchyma was found in CAL-infected mice compared
with MOCK animals at 2 dpi and absent in HA mut mice
(Supplementary Figure 4L). Representative images of CAL and
HAmut localization in bronchioli and parenchyma as well as the
total score of infection are shown in Figures 6D–F. A significant
reduction was found in HA mut infected animals at 2 dpi
compared with wild type virus. In addition, CAL virus was more
abundant in lung structures at 1 dpi than HA virus (Figure 6D),
indicating that this virus reaches the lungs at higher levels.

Lung Cells Infected by CAL and HA Mut
Viruses
Virus pathogenicity depends on the nature of the virus, the
host conditions and the adequate response to the infection.
The above results showed higher lung tissue damage induced
by the CAL virus, compared to HA mut virus- infected mice.
Leukocytes are the cells that detect pathogens in lungs and
trigger the immune response against the infection. To examine
possible differences on host response, we monitored the infection
of alveolar leukocytes as well as epithelial cells in CAL and
HA mut- infected lungs and the influx of leukocytes at several
days of infection by flow cytometry analysis (Figure 7). For
that, 5 Balb/c mice were infected with 103 pfu and at days 1,
2, 3 lungs were collected, and the cell suspension analyzed by
flow cytometry analysis using antibodies that recognize infected
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FIGURE 6 | Immunological damage and NP expression in lungs of CAL and HA mut-infected mice. Five Balb/c female mice/condition of 6–9 weeks of age were

infected with 103 pfu of CAL and HA-mut viruses or mock infected. At days 1, 2, and 3 lungs were collected, fixed with formalin, processed for histological analyses,

and stained with H&E. (A,B) Show representaitive lungs at 1.25X amplification for day 2 p.i. where higher differences were detected. Inlets are areas 10× amplified

where specific damage (or its absence) is observed. ( Perivascular/peribronchioli infiltrates; Bronchial exudates). (C) Different inflammation and damage

parameters were graded on a scale 0–4 (0, absent; 1, very mild; 2, mild; 3, moderate; and 4, severe). The total “lung inflammation score” was expressed as the sum

of the scores for each parameter depicted in Supplementary Figure 2 and plotted as box-to-whiskers graph from min to max and line represents the median. (D–F)

The same lungs were also processed for NP staining. (E,F) show representative lungs at day 2 with 1.25X amplification. Inlets are areas 5–20× amplified where

staining (or its absence) is observed. ( Perivascular/peribronchioli infected areas; [ ] parenchyma areas infected). (D) NP expression in lungs was scored for all

parameters evaluated depicted in Supplementary Figure 3 and plotted as a box-to-whiskers plots graph min to max with the line representing the median.

Statistical analyses was done using two-way ANOVA and is indicated as *p < 0.05; **p < 0.01, ***p < 0.001 where significant differences were found. The experiment

was performed twice.

cells (NP), epithelial cells (EpCam) or leukocytes (CD45). A
significant decrease of total infected cells in HA mut infection
was observed (Figure 7A), that corresponded to a decreased
amount of infected epithelial cells (Figure 7B) and leukocytes
(Figure 7C) at every day post-infection. Examination of recruited
leukocytes showed similar amounts on CAL andHAmut infected
mice (Figure 7D). In addition, we monitored the presence of
neutrophils and alveolar macrophages in mock, HA mut, or
CAL- infected lungs at several days after sub-lethal infection
(Figures 7E,F). HAmut induced lower infiltration of neutrophils
and higher presence of alveolar macrophages than CAL virus
at 2 dpi in the lungs of infected animals. Although these
differences are not statistically significant (Figures 7E,F), they
agree with the scenario of having more cells infected, including
CD45 positive cells, that are very likely eliminated at day
2 and 3 post-infection (Supplementary Figure 3J). These two
features in immune response, lower infiltration of neutrophils
and higher presence of macrophages partially observed for
HA mut virus compared to CAL, have been described as
essential factors for attenuated influenza virus infections (26, 27)

and agree with the role of HA S110L change in attenuation
in vivo.

Together, these results indicate that the attenuated phenotype
of the recombinant HA mut virus is the consequence of a lower
infection of the target cells in the mice, despite its ability to
efficiently replicate and enter in cultured cells.

DISCUSION

During the 2009 influenza pandemic, particularly virulent
isolates were described, such as one that was isolated from a fatal
case young patient (F-IAV), that contained three-point exclusive
mutations, two in the viral polymerase subunits (PA D529N and
PB2 A221T) and one in the HA protein (S110L) (7). Extensive
characterization of these mutations studied individually, showed
that PB2 A221T mutation, is a determinant of attenuation (8). In
contrast, mutation PA D529N, was characterized as an extremely
high pathogenicity determinant (8).

There is considerable interest in identifying and characterizing
mechanisms of viral attenuation, which could involve several
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FIGURE 7 | Lung cells infected by CAL- and HA mut viruses. Five Balb/c female mice/condition of 6–9 weeks of age were infected with 103 pfu of CAL and HA-mut

viruses or mock infected and pooled into one sample. At days 1, 2, and 3 post-infection lungs were collected, and processed for flow cytometry. Single cell

suspension was stained with antibodies against NP, EpCam and CD45, to detect infected cells, epithelial cells and leukocytes, respectively. (A) Shows events positive

for NP in the y-axis. (B,C) Percentage of specific populations of infected cells in relation to the total events, total number of gated EpCam or of CD45 positive cells

were plotted. (D) Total percentage of CD45 positive cells, regardless of the infectivity state were plotted. The experiment was performed twice and overall 5 mice per

condition pooled into one sample. (E,F) Mice (n = 5) were inoculated intranasally with a sublethal dose (103 pfu) of each recombinant virus or PBS (MOCK) as control

and were evaluated in three groups. Neutrophils (E) and alveolar macrophages (F) were quantified in the lungs (% of cells) at indicated dpi. Significance was

determined by Student’s t-test (*p < 0.05, ***p < 0.001).

steps in the replication cycle of the virus and in circumventing
the barriers to establish the infection in the infected host. In
fact, the most efficient viral vaccines use live attenuated viruses
(28, 29). In particular, those affecting the viral protein HA are
of special interest, as HA is the major epitope displayed to the
immune system and constitutes an important determinant of
pathogenicity of influenza viruses. One window of opportunity
comes from understanding attenuation at the genetic level, which
was done in this work using engineered viruses and enabled us to
identify a new determinant of attenuation in HA.

HA protein is responsible for the initiation of the infection,
through recognition of cell surface receptors followed by
membrane fusion. Several of its properties have a central role
controlling the infection, such as the receptor binding and
fusion capacity that are modulated by HA glycosylation and
are dependent on cleavage activation by host proteases (15).
Once internalized, the endocytosed virus is exposed to acidic
pH that triggers membrane fusion and allows the dispersion
of viral RNPs; thus, acidic HA activation is identified as an
important determinant of influenza virus biology. In addition,
its high degree of amino acid variation allows it to escape

antibody recognition and constitutes a fundamental problem for
vaccination strategies that are used to control infection. In this
study we have addressed the possible contribution of HA S110L
mutation to the high pathogenicity of F-IAV virus.

With this aim we characterized the HA properties that
govern its biological activity and compared the virus expressing
HA 110L (HA mut) with the corresponding wild type
virus carrying HA 110S (CAL virus). No differences on
glycosylation, the pH stability, or viral entry were observed
(Figures 1D,E, 2, 3, respectively). However, recognition by
monoclonal and polyclonal antibodies that attach to the
HA protein from A/California/07/09 (Figures 1B,C) did show
significant variations, suggesting a possible change in HA
structure. In addition, the kinetics of the recombinant virus
bearing the mutant HA protein was slightly delayed both, in
single and multiple cycle growth curves in human epithelial cells
(Figure 4). These data indicate that the mutation might partially
debilitate the folding, processing or delivery of hemagglutinin
to the plasma membrane, partially affecting its function.
Furthermore, experiments performed in the mouse model,
clearly showed that HA S110L mutation confers attenuation,
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TABLE 2 | Percentage of changes at position 110 of HA in A (H1N1) human

viruses.

A(H1N1) human viruses HA 110 14891 sequences %

2009–2018 circulating viruses S 99.927

Amino acid change to L L 0.047

Other amino acid changes T/P 0.026

F virus L –

since a high increase in the LD50 of the corresponding
recombinant viruses was observed, even in the case of the
virus expressing PA D529N, a particularly pathogenic virus
(Figure 5B). The attenuation capacity of HA S110L mutation
agrees with pathogenicity differences between PAmut and F-IAV
virus. While the LD50 of PA mut is 3 × 103, a 106 viral dose is
required to kill half of themice infected with F-IAV virus (7); very
likely HA S110L together with PB2 A221T mutation cooperated
to diminish F-IAV pathogenicity. Alignment of all sequences
available in the NCBI Influenza Resource database from April
2009 to March 2018 for HA of human H1N1 isolates shows that
although HA at 110 position admits several changes including
L, only 11 isolates from a total of 14,891 (<0.1%) sequences
have an amino acid different than S, indicating that a serine
at position 110 is required for efficient replication in humans
(Table 2). According with the attenuated phenotype of HA mut,
histological examination of the lungs of infected mice showed
lower lung inflammation in the HA mut- than in CAL-infected
mice (Figure 6C). The reduction in lung damage, seems to be
the consequence of a low capacity of HA mut to localize to the
bronchioli and lung parenchyma (Supplementary Figures 3J–L)
and consequently it shows a general decrease on production of
infective particles in the lungs (Figure 5C), compared with the
wild type virus. Finally, the decreased replication capacity of HA
mut in the lung also applied to its infection in leukocytes that was
also reduced (Figure 7).

The in vivo data indicate that mutation HA S110L modifies
HA protein, probably through some conformational change,
reducing its capacity to reach the target cells in the context of
the whole animal. All these data suggest that the attenuation
mechanism might be related with viral ability to reach the lungs.
Host-pathogen interactions promote co-evolution of defensive
or invasive strategies, respectively. In the airways, inhaled
respiratory viruses begin by facing the respiratory tract mucus,
a selective biophysical barrier mainly composed by sialic-acid
rich mucins [reviewed in (30)]. Mucins constitute decoys that
are able to trap IAV viruses on account of the affinity to sialic
acid displayed by hemagglutinin. This is an important defense
mechanism counteracted by the viral neuraminidase able to
cleave sialic acids to promote viral access to the epithelial layer
(31, 32). As CAL and HA mut do not show variations on viral
entry, the HA mut does not seem to affect sialic acid preference.
However‘, there are many other host processes affecting the
success of a virus to penetrate the airway epithelia that could
participate in the attenuation of the HAmut. Increasing evidence
suggest that interactions of the glycans of HA with membrane-
bound and soluble lectins also are relevant for influenza virus

infection. It has been shown that HA glycans bind to the
surfactant protein D of the respiratory secretions (32–34) and to
mannose-binding lectin present in serum (35). These compounds
neutralize the virus using different mechanisms, such as steric
burden of the receptor-binding site of HA, virus aggregation and
inhibition and activation of complement-dependent pathways of
the innate immune system; a potent yet unspecific mechanism
that bridges the innate and adaptive immune system (20,
36). Additionally to the mucus layer, immunoglobulins such
as IgA are present in mucosal epithelia, conferring innate
protection from infection through neutralization of IAV virions
at cell surface [(37) and reviewed in (38)]. Since HA is a
glycoprotein exposed at the virion surface that interacts with
many components of the host respiratory track; we can speculate
that this plethora of defense mechanisms might be affected by
subtle conformational changes on hemagglutinin inferred by
the slight, but statistically significant difference observed in the
neutralization assays (Figure 1B).

Taken together, we may speculate that mechanisms related
with changes in viral tropism and/or recognition by host innate
immunity sensors contribute to attenuation. In agreement,
our data shows that HA-mut has reduced penetrance in the
lungs (Figure 6), is better neutralized by the monoclonal and
polyclonal antibodies tested (Figures 1B,C) and at day 2 post-
infection recruits less neutrophils (Figure 7). These aspects,
to which HA has been shown to contribute, are important
determinants of the pathogenicity of a virus. HA has been
well-documented in altering viral tropism. Receptor-binding
specificity, differences in protease sensitivity of HA or in tissue
specificity of the enzymes and HA glycosylation are important
determinants of viral tropism in the respiratory tract and for
spread of the virus (15, 39). HA-mut infects and spreads less
in the lungs, which could indicate lower penetration in the
respiratory tract, but could also be a downstream consequence of
attenuation. Future experiments should determine whether CAL
and HA-mut infect different population of cells. Interestingly, it
was recently proposed that not only different influenza strains
infect different cell types (including immune related cells), but
also have opposite effects in the survival of these cells. In
turn, these differences influence immune system recruitment
and maturation (40). HA association with immunity has been
shown to operate at different levels since the beginning of
infection. As mentioned, virion entry in the airway epithelia
faces many initial barriers, many of which are linked with HA,
the major viral protein present in the viral envelope. Several
interactions between the glycans of HA with host factors control
innate immunity activation (41). Among these, interactions
with lectins and with IgA control complement activation, viral
clearance, and neutralization regulating the intensity of the
immune response mounted to fight the microbial challenging
(38). The better neutralization of the HA-mutant virus by
monoclonal and polyclonal antibodies fits this box and could
justify a reduction of viral titers, IFN activation and neutrophil
recruitment. Infections of IgA deficient mice could help to
clarify the role of this immunoglobulin. HA has also been
linked to activation of immune response inside the cell. In this
regards it was recently shown that ER stress pathway senses
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viral glycoproteins triggering innate immunity (42) and slight
changes in the synthesis of viral RNA could impact in activation
of interferon response (Figures 4E,F).

In sum, there are a variety of hurdles a virus needs to overcome
while infecting a host. Differences, even if subtle, in the number of
virions that infect the airway epithelia have a huge impact in the
magnitude of the disease, controlling the penetration of the virus
in the respiratory tract and ultimately dictating its final outcome.
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Supplementary Figure 1 | Location of amino acid changes in the 3D structure of

HA. Residues with changes S88Y and K136N required simultaneously to inhibit

binding of α-HA/Cal/2 to A/Cal/07/09 HA are indicated with orange color in the

front subunit. Change T89K, which causes a fully resistant protein to neutralization

by the antibody, is shown in blue. Figure modified from (12).

Supplementary Figure 2 | Evaluation of pathogenesis of the recombinant

influenza viruses in the mouse model. Mice (n = 5) were inoculated intranasally

with indicated doses of the recombinant viruses or were mock-infected as control.

Body weights were determined daily for 14 days (dpi) and mean body weight for

each group infected mice is shown (n = 5/group).

Supplementary Figure 3 | Immunological damage in lungs of CAL and HA

mut-infected mice. Five Balb/c female mice/condition of 6–9 weeks of age were

infected with 103 pfu of CAL and HA-mut viruses or mock infected. At days 1, 2,

and 3 post-infection lungs were collected, fixed with formalin, processed for

histological analyses and stained with H&E. (A–I) show representaitive lungs at

1.25X amplification. Inlets are areas 10× amplified where specific damage (or its

absence) is observed. ( Interstitial infiltrates; Perivascular/peribronchioli

infiltrates; Bronchial exudates). Different inflammation and damage

parameters (J–M) were graded on a scale 0–4 (0, absent; 1, very mild; 2, mild; 3,

moderate; and 4, severe). Graphs are box-to-whiskers plots from min to max and

line represents the median. Statistical analyses was done using two-way ANOVA

and is indicated as ∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001 where significant

differences were found. The experiment was performed twice.

Supplementary Figure 4 | NP expression in lungs of CAL and HA mut-infected

mice. Five Balb/c female mice/condition of 6–9 weeks of age were infected with

103 pfu of CAL and HA-mut viruses or mock infected. At days 1,2, and 3

post-infection lungs were collected, fixed with formalin and processed for NP

staining. (A–I) Show representaitive lungs at 1.25X amplification for indicated

conditions. Inlets are areas 5–20× amplified where staining (or its absence) is

observed. ( Perivascular/peribronchioli infected areas; parenchyma areas

infected). (J–L) NP expression in lungs was scored for the number and areas of

infected bronchioli as follows: 1, 0–25% infected cells; 2, 25–50% infected cells;

3, 50–75% infected cells; 4, 75–100% infected cells. NP expression was also

scored as present/absent infection foci on alveoli were scored 0 when absent or 1

if present. Graphs are box-to-whiskers plots from min to max and line represents

the median. Statistical analyses was done using two-way ANOVA and is indicated

as ∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001 where significant differences were found.

The experiment was performed twice.
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Human metapneumovirus (hMPV) is a respiratory virus, first reported the year 2001.

Since then, it has been described as one of the main etiological agents that causes

acute lower respiratory tract infections (ALRTIs), which is characterized by symptoms

such as bronchiolitis, wheezing and coughing. Susceptible population to hMPV-infection

includes newborn, children, elderly and immunocompromised individuals. This viral

agent is a negative-sense, single-stranded RNA enveloped virus, that belongs to the

Pneumoviridae family and Metapneumovirus genus. Early reports—previous to 2001—

state several cases of respiratory illness without clear identification of the responsible

pathogen, which could be related to hMPV. Despite the similarities of hMPV with

several other viruses, such as the human respiratory syncytial virus or influenza virus,

mechanisms used by hMPV to avoid the host immune system are still unclear. In fact,

evidence indicates that hMPV induces a poor innate immune response, thereby affecting

the adaptive immunity. Among these mechanisms, is the promotion of an anergic state

in T cells, instead of an effective polarization or activation, which could be induced by

low levels of cytokine secretion. Further, the evidences support the notion that hMPV

interferes with several pattern recognition receptors (PRRs) and cell signaling pathways

triggered by interferon-associated genes. However, these mechanisms reported in hMPV

are not like the ones reported for hRSV, as the latter has two non-structural proteins

that are able to inhibit these pathways. Several reports suggest that viral glycoproteins,

such as G and SH, could play immune-modulator roles during infection. In this work, we

discuss the state of the art regarding the mechanisms that underlie the poor immunity

elicited by hMPV. Importantly, these mechanisms will be compared with those elicited by

other common respiratory viruses.
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INTRODUCTION

Human Metapneumovirus (hMPV) is a respiratory
virus discovered by van Den Hoogen et al. the year 2001,
in samples from Dutch children with acute lower respiratory
tract illness (ALRTI) (1). This virus is known to present a
similar pathology and clinical symptoms as the ones reported
for the human orthopneumovirus, previously known as
human respiratory syncytial virus (hRSV) (2). Clinical
symptoms of hMPV-infection can be manifested in both
upper and lower respiratory tracts with a predominance
for the latter. These symptoms are mainly associated with
the appearance of coughing, bronchitis, bronchiolitis and
respiratory manifestations related to the absence of airflow
(2–4). Symptomatology induced by hMPV-infection is caused
by a typical Th17-like immune response, characterized by the
secretion of interleukin (IL)-6 and TNF-α in the lungs (5). This
immune response is also accompanied by an inadequate Th2-like
profile, which is characterized by the early secretion of IL-4, IL-5,
IL-8, and other pro-inflammatory cytokines (6–8). Particularly,
the thymic stromal lymphopoietin (TSLP), a cytokine known
to impair T cell activation, promotes a delay in the Th1-like
immunity and triggers the secretion of cytokines related to a
Th2-like profile, resulting in high infiltration of neutrophils in
the lung of infected mice (9). This abnormal response, along
with an excessive mucus production by goblet cells, triggers the
collapse of the respiratory airways (3, 10). Infection with hMPV
in children under 2-years-old is a risk factor for the development
of asthma later in life, as reported for hRSV (11, 12). It has also
been reported that, in some of the most severe cases, hMPV
promotes chronic obstructive pulmonary disease (COPD) and
an exacerbated response, as asthma, in humans (10, 13). It has
been estimated that about 10–12% of the respiratory illness in
children are associated to hMPV, being considered as one of the
most prevalent viruses causing hospitalization in young children
(4, 14). It has also been described that hMPV is involved in
hospitalizations at a rate of 1 out of 1,000 children under the age
of 5 year; and 3 out of 1,000 infants under the age of 6 months.
Additionally, it has been reported that prevalence of hMPV
infection is equivalent to influenza virus and parainfluenza virus
types 1–3 (15).

HMPV belongs to the Pneumoviridae family and
Metapneumovirus genus. It has a negative-sense, single-
stranded RNA genome of about 13Kb of length, encoding 9

structural proteins that go as follows: 3
′

-N-P-M-F-M2-SH-G-

L-5
′

(Figure 1) (16). The different effects of these proteins on
the immune system of the host are not fully characterized. The
attachment G protein, one of the two proteins responsible for
viral entry, has been widely studied, as it exhibits a role in the
evasion of the immune response, inhibiting the interferon (IFN)
pathways (17). For hRSV, this IFN pathway inhibition has been
demonstrated to be caused by the non-structural proteins 1
and 2 (NS1 and NS2) (18). Remarkably, and as stated above,
hMPV genome does not encode for any homolog of these NS
proteins. Therefore, this shared ability to inhibit IFN pathway
observed in both viruses, in the case of hMPV, is associated with
the G glycoprotein, suggesting a possible gain of function for this
protein, as compared with hRSV.

Despite increased incidence of hMPV infections in the last
years and its impact on health care centers worldwide, neither
vaccines nor effective treatments are commercially available
to control or prevent infections caused by this viral agent.
This is mainly due to the unclear knowledge and lack of
characterization of the infection and evasion mechanisms of the
immune system used by hMPV. Nonetheless, a candidate vaccine
using a recombinant Mycobacterium bovis Bacillus Calmette-
Guerin (rBCG) that expresses the P protein of hMPV has
recently been developed (19). This rBCG candidate vaccine has
shown promising results in mouse studies, inducing a protective
adaptive immunity—both cellular and humoral—against hMPV-
infection with an effective viral clearance (19–21). In this
article we will discuss different evasion mechanisms developed
by hMPV to prevent the generation of an adequate immune
response and the role of different viral proteins involved in these
virulence mechanisms.

PERSISTENCE OF HMPV IN EPITHELIAL

CELLS

It has been described that hMPV is able to persist in respiratory
infected cells after the replicative viral cycle is completed. Indeed,
hMPV persistence has been demonstrated in infected mice
(22, 23). Measurement of plaque forming units (PFUs) from
homogenized lungs of hMPV-infected mice evidenced a biphasic
infection cycle, with a peak of viral particles at 7 days post-
infection (dpi) and a second peak at 14 dpi. Nevertheless, the
authors also reported the appearance of PFUs from the samples
obtained from lungs during 28 and 60 days post-infection (22).
Additionally, viral RNA was detected by Reverse-Transcription
quantitative Polymerase Chain Reaction (RT-qPCR) even after
180 days post-infection. These observations suggest that hMPV
may have developed mechanisms that allow its persistence inside
of the host cell, resisting viral clearance until, at least, 2 months
after the initial infection (22, 23).

Moreover, a study performed by Hamelin et al. found that
hMPV-infected mice exhibit a strong pulmonary inflammation
associated with airway obstruction (10). Further, higher viral
loads were found after 5 days of infection, and these titers were
still detected 12 days after, when homogenized lungs from these
mice were used to infect LLC-MK2 cells in vitro. Similarly,
detection of viral copy numbers from infected lung by RT-qPCR
indicated that the highest value was detected after 5 days of
the initial infection, with a considerable decrease after 21 days.
Interestingly, the number of copies of the viral genetic material
increased after 42 days of infection and it was still detectable
until day 154. All these evidences support the idea of a chronic
infection in mice. These results could suggest a relationship with
the development of asthma in children infected with this virus,
as chronic pulmonary disease is hallmark for the appearance of
these condition that could be probably be caused by a chronic
infection with this virus (11). However, further studies are require
to determine if such models of infection could represent the
complexity of hMPV infections in humans (10).

Despite the gaps of knowledge regarding hMPV persistence,
a possible mechanism of how this virus may survive in epithelial
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FIGURE 1 | Molecular description of hMPV and the role of viral proteins in the evasion of the immune response. Schematics of the hMPV viral particle in the center

and its genomic organization. In the left panel are depicted the viral proteins synthetized by hMPV, separated in two different groups: “surface proteins” and “internal

proteins.” The right panel describes the main roles of some viral proteins involved in the evasion of the immune response. The proteins M2.1 and M2.2 are expressed

only during the replicative viral cycle.

cells for such long periods of time has been recently suggested.
Typically, death of infected host cells implies a reduction in viral
replication and an increase in the capacity of antigen presentation
by immune cells. A study performed by Marsico et al. described
in human alveolar epithelial A549 cells that hMPV is able to
persist through the inhibition of the apoptosis machinery (24).
This effect was associated with an increase in the expression
of Bcl-2, an antiapoptotic factor from the Bcl-2 family, in the
surface of hMPV-infected cells after 14 days of infection. In
addition, the authors postulated a direct correlation between
cellular survival and viral replication, suggesting that hMPV
starts its infective cycle with a strong peak of replication and a
significant increase in cellular apoptosis, followed by a decrease
in viral infective rates, promoting a slow cellular proliferation,
overcoming apoptosis and inducing cell cycle arrest in G2/M
(24). On the other hand, hRSV-infection has been associated
with an early induction of Mcl-1 -another antiapoptotic factor
that belongs to the Bcl-2 family- along with more antiapoptotic
factors (Bcl-W, Bcl-xL) and pro-apoptotic factors (Bid, Bax,
Bak), which all could be mediated by the NF-κB pathway (25),
suggesting that hMPV could also be using others factor from the
Bcl-2 family.

ROLE AND EFFECT OF THE

HMPV-PROTEINS IN AVOIDING THE

IMMUNE RESPONSE

Currently, the mechanisms of immune evasion used by hMPV
are unclear. However, the ability of some hMPV structural
proteins to inhibit some cellular pathways required to enhance

viral infection have been described. Among these, the attachment
or G glycoprotein has the function to recognize and promote the
first interaction with the host (26). It has also been described that
the G protein has the ability to inhibit the IFN-I response not only
in vitro (17), but also in an in vivo model (27). The latter study
showed that the G protein is associated with the recruitment of
neutrophils into the alveolar space in lungs of mice infected with
hMPV (27). The authors propose that this phenomenon is due to
the inhibition of the IFN response, detecting important changes
in molecules involved in the recruitment of neutrophils such as;
CCL3, CCL4, VEGF, TNF, IL-17, and CXCL2 (27). Also, it has
been demonstrated that hMPV activates the TSLP pathway and,
therefore, promotes the recruitment of polymorphonuclear cells
(PMNs) that secrete cytokines such as IL-13 and IL-5 (9).

A study performed by Le Nouen et al. associated a lower
capacity of hMPV infected- human monocyte-derived dendritic
cells (MDDCs) to present hMPV antigens to naïve T cells
(28). This study described that hMPV-infected MDDCs showed
lower maturation levels in flow cytometry assays. Consequently,
this effect induced a poor T cell activation, as compared with
MDDCs infected with a mutant hMPV that lacked both SH
and G glycoprotein genes (1SHG). Remarkably, this effect was
not observed when a mutant virus deficient in either SH or G
genes was used (1SH or 1G, respectively) (28). The MDDCs
infected with 1SHG virus showed an increased maturation rate,
promoting the activation of naïve T cells into activated T CD4+
cells, with a Th1-like profile (28).

Interestingly, the infection rate detected in MDDCs was lower
than the one identified in epithelial cells. The G protein has
also been shown to induce enhanced viral replication in airway
epithelial cells (AECs), but poorly in MDDCs (28). However, an

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 246653

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Soto et al. Evasion Mechanism of Human Metapneumovirus

in vivo study using the 1G hMPV mutant virus, demonstrated
that the viral replication of this mutant was impaired, promoting
a small increase in the type I IFN secretion (27). Another study
showed that the 1SH hMPV mutant strain did not affect viral
replication capacity when compared to the WT virus, but it
did exhibit an inhibition of the NF-kB pathway in human lung
epithelial cells (29). The deletion of both viral G and SH genes is
related to an increase in the number of effective immunological
synapses between DCs stimulated by hMPV and memory CD4+
T cells, therefore promoting the activation of these memory
T cells. Altogether, it has been shown that G and SH proteins
might reduce the ability of hMPV-infected DCs to activate
CD4+ T cells, since both proteins are associated with decreased
internalization of the virus into DCs (28). The G protein of hRSV
has been described to modulate the host immune response in
several ways. It has been shown that hRSV-G protein induces a
biased Th2-like immune response in mice, although it can be
reverted by using anti-G protein monoclonal antibodies (30).
Also, hRSV-G protein can diminish the activation of DCs via
interaction with DC/L-SIGN (transmembrane proteins that
recognize mannose- and fucose-containing oligosaccharides),
which promotes phosphorylation of ERK1 and ERK2
in vitro (31).

Nevertheless, some studies suggest that G protein promotes
the inhibition of toll-like receptor 4 (TLR4) signaling in MDDCs,
affecting the type I IFN secretion (32). The expression of type I
IFN and several chemokines can be blocked by down-regulating
TLR4 with siRNA, demonstrating that TLR4 is important for the
activation of MDDCs induced by hMPV (32). In addition, it has
been described that the G protein is also able to inhibit cellular
responses induced by hMPV, by interfering with the TLR4-
dependent signaling and affecting the production of cytokines
and chemokines (32). Therefore, the G protein of this virus
negatively modulates the immune response of the host. A study
performed with TLR4-deficient mice conducted by Velayutham
et al. showed that TLR4 not only plays an important role
in the activation of the innate immune response to hMPV,
but also contributes to disease pathogenesis (33). Inflammatory
response and disease severity were seen to be diminished
in hMPV-infected mice lacking TLR4, which was related to
significantly lower levels of pro-inflammatory cytokines (TNF-
α, IL-1β, IL-6) and chemokines in these mice. Inflammatory
cells in BAL, lungs and lymph nodes were also significantly
reduced in TLR4-deficient mice when compared with WT mice.
Lastly, parameters like body weight loss, hyperresponsiveness
and airway obstruction associated with clinical disease severity
were reduced in TLR4-deficient mice (33). Similarly, immune
response to hRSV induces the activation of the NF-κB pathway
dependent on the expression of TLR4, however, the inflammatory
response of the airway is not dependent on TLR4 (34).

The negative regulation of the type I IFN signaling pathway
observed upon hMPV infection, can also be explained by the
activity of the SH protein of the virus. Indeed, the deletion
of hMPV SH protein is associated with an increase in the
production of IL-6, IL-8 and the expression of other genes
dependent of the NF-κB pathway (29). Furthermore, it has been
recently determined that SH inhibits the phosphorylation of

STAT1, impairing its subsequent signaling (35). Once the IFN-
α receptor (IFNAR) is activated, STAT1 is needed downstream
of the pathway for the expression of antiviral effector molecules
(36–38). The SH protein from hRSV has been shown to prevent
apoptosis in hRSV-infected cells, as this protein can inhibit TNF-
α-induced death and also inhibit NF-κB activation induced by
TNF-α (39). More recently, it has been proposed that hRSV-
SH protein could be part of a signaling pathway that induces
activation of inflammasomes, by increasing permeability and
disrupting membrane architecture, which could be associated
with a viral ion channel formation (40).

Although the G and SH are the most studied proteins
regarding hMPV capacities to evade immunity, other proteins
have also been associated to these processes. Among those, the
M2-2 protein has been shown to inhibit MAVS (mitochondrial
antiviral signaling), thus contributing to hMPV immune evasion,
silencing the cellular responses dependent on MAVS (41). Since
MAVS is needed for activation of NF-κB and IRF3, the inhibition
of this protein results in enhanced viral replication and cell
death, while its overexpression augments the production of IFN
(activated by NF-κB and IRF3) and results in an antiviral state
(42). NF-κB and IRF3 are activated by hMPV through TRAF5,
TRAF6, and TRAF3, which are recruited by MAVS, thus, when
suppressed by M2-2, the immune response dependent on MAVS
is also inhibited, as it has been recently described (43).

Moreover, a recent in vitro study indicated that DCs infected
with hMPV lacking the M2-2 gene produce a greater amount
of cytokines, chemokines and IFNs, suggesting that the M2-2
protein has an inhibitory role on the innate immune response
(44). In addition, in the same study, it was pointed out that
M2-2 is capable of inhibiting the expression of genes that are
dependent on MyD88 (myeloid differentiation protein response
88), an essential adapter for some TLRs, critical for the immune
responses of DCs (44). hRSV strains lacking the M2-2 protein
do not grow as efficiently as WT virus (45, 46). Also, it has been
suggested that this protein works regulating the RNA synthesis,
as infected cells with hRSV lackingM2-2 gene accumulate mRNA
beyond the levels detected on cells infected with WT virus (45).
The hRSV M2-2 gene has been deleted as an approach for the
development of vaccine against hRSV (RSV MEDI 1M2-2) (46).

Little is known about the role of the M2-1 protein in hMPV
evasion mechanisms. However, this protein presents a critical
role in hMPV pathogenesis and viral replication (47, 48). One
possible characteristic suggested for the protein’s role is its Zinc
binding activity. Some studies suggest that mutations in this
zinc binding protein can affect the infective capacity of hMPV,
promoting an attenuated infection in cotton rats (47). The M2-
1 protein from hRSV has a transcriptional function, as it can
prevent early termination of the viral RNA transcription, which
requires the formation of the RdRp complex and the interaction
with RNA and the hRSV P protein. Remarkably, the hRSV M2-
1 protein increases the processivity of the viral RNA polymerase
(49, 50).

The matrix (M) protein is mainly associated with the assembly
of the hMPV viral particle (16). It is also known that this
protein promotes the production of inflammatory cytokines
in MDDCs, such as IL-1β, TNF-α, IL-6, and IL-8 (4, 51).
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Lastly, the retinoic acid inducible gene (RIG-I) can sense
hMPV infection and induce a type I IFN response, however,
the hMPV-B1 strain has been described to avoid this IFN
response thanks to the phosphoprotein (P), which prevents
RIG-I activation (52). The M protein from hRSV is essential
for viral replication and proliferation. This protein interacts
with the nucleocapsids under the plasma membrane and with
the envelope glycoproteins, suggesting participation in virus
assembly and inhibition of transcription (53). Mice infected
with hRSV lacking the M protein exhibited reduced weight loss,
viral titters, and pulmonary dysfunction, as compared to control
groups. Also, an important memory immune response is seen on
the M-null hRSV-infected mice (54).

More studies are needed to determine the interactions
between hMPV proteins and different host factors associated
with the immune response, in order to understand the immune
modulation during the infective process and pathogenesis, which
will improve the design of efficient therapies and prophylactic
approaches against this pathogen.

INEFFICIENT CYTOKINE PROFILE

SECRETION

Several studies have been performed to characterize the immune
response associated with hMPV infection—particularly, by
assessing the profile of secreted cytokines (55). It has been
reported that DCs obtained from mice can reduced their
migratory capacity, cytokine production, and CD4+ T cell
activation, when infected with hMPV, similarly as observed in
hRSV infections (56–61). However, the cytokine profile induced
by hMPV in humans is different from the cytokine profile
induced by hRSV or influenza virus (55).

The recognition of hMPV by the innate immune system
is associated with pattern recognition receptors (PRRs). This
recognition in the upper and lower respiratory tract is performed
by AECs, hMPV main target cells for infection, and by
phagocytic cells, such as DCs and macrophages, that express
PRRs and can recognize several pathogen-associated molecular
patterns (PAMPs) (62). These PAMPs include double-stranded
RNA and viral proteins produced during the replication
cycle. The activation of PRRs renders immune cells able to
promote the activation of several pro-inflammatory cytokines
and chemokines (62).

Recently, it has been reported that hMPV infection induces
the production of thymic stromal lymphopoietin (TSLP) as
an early response to the viral infection by AECs (9). This
upregulation induces an allergic-like innate immune response
that drives the expression of Th1- and Th2-like cytokine such
as TNF-α, IL-5, and IL-13, as a part of a late antiviral response
that eventually promotes an increase in polymorphonuclear
cells recruitment and an induction of mucus secretion in the
mouse lung (9). In turn, a pronounced pulmonary inflammatory
response and an increase in viral replication is produced upon
hMPV infection.

As hRSV and hMPV exhibit similar pathologies, they have
been continuously misdiagnosed among them (63). Accordingly,

it has been described that the cytokine profile is similar between
the two viruses, although with some differences. Indeed, Herd
et al. described that the transcript levels associated with Th1-
like cytokines (i.e., IL-12) and Th2-associated cytokines (i.e., IL-4
and IL-10) were significantly enhanced upon infectionwith either
hMPV or hRSV, when compared with the respective controls
in a BALB/c mouse model (64). However, levels of IL-12 were
significantly higher in hMPV-infected mice when compared with
hRSV-infected mice. This report also describes an increase in
the secretion of IFN-γ and IFN-β (both Th1-like cytokines),
along with MIP-1a and CXCL-10 (chemokines associated with
the activation of granulocytes, and the chemoattraction of
macrophages and T cells after the hMPV and hRSV infection)
(64). Moreover, several others signaling molecules, particularly
Mig, CXCL1,MIP-1β, and IP-10, are upregulated in infectedmice
when compared with non-infected animals.

Recently, in vitro studies performed by Tzannou et al.,
described that the immunodominant antigens of hMPV are
the F, N, M2-1, M and P proteins (65). These authors also
indicated that the polyclonal CD4+ T cells repertoire produced
during infection was mainly associated with the secretion of
IFN-γ, TNF-α, GM-CSF, and granzyme B. However, contrary
to what was described above, no secretion of IL-6 or IL-10 was
detected. Interestingly, mice models of hMPV-infection show
that CD8+ T cells, but not CD4+ T cells nor neutralizing
antibodies, are involved in the protection from reinfection. The
opposite phenomena is seen in the case of hRSV-infections,
where CD4+ T cells are shown to be required for protection
against reinfections (66).

An increase in the secretion of IFN-γ, IL-1β, IL-2, IL-4, and
IL-6 has been described in nasopharyngeal aspirates of children
infected with either hMPV or hRSV that exhibit also acute
respiratory tract infection symptoms; this in line with what has
been previously reported in some works with mouse model (67).
Remarkably, IL-2 and IL-1β secretions were higher in hMPV-
infected children, when compared to those infected with hRSV.
Likewise, IL-4 secretion was higher in hRSV-infected children,
as compared with hMPV-infected children. These findings may
imply that the robust Th2-like response that has previously been
observed and extensively characterized for hRSV is not exhibited
in a similar magnitude by hMPV (67). Moreover, the authors
indicate that, along with this IL-1β and IL-6 increase, a Th17-like
immune response associated with neutrophil-mediated asthma
could be elicited during hMPV infection (67).

A study performed in Argentina using samples from
newborns and children under 1-year-old, showed that low
levels of IL-1β, TNF-α, IL-6, IL-8, and IL-12 were detected
in samples from hMPV-infected children, as compared with
children infected with hRSV or influenza virus (55). This
study suggests that, despite the fact that infection caused by
hMPV shares similarities with those caused by hRSV—including
symptoms and pathology—hMPV induces significantly lower
levels of respiratory inflammatory cytokines, as compared
with the response observed in hRSV-infected children (55).
Interestingly, the data obtained in this study are different to those
obtained in a study performed by Jartti et al., where IL-8 levels
induced by hMPV were higher than the ones induced by hRSV
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(68). Considering all these, it is unclear how hMPV is able to
induce lung collapse in a similar way than hRSV.

It has been previously reported that many viruses are able
to induce the activation of the type-I IFN pathway (i.e., IFN-
α and IFN-β), promoting the proliferation and differentiation
of adaptive immunity cells (69). Particularly, IFN-α and IFN-
β bind to the IFNAR, prompting a signaling cascade that is
mainly associated with the phosphorylation of STAT1, and its
consequent dimerization with STAT2. This dimer is able to reach
the nucleus and activate the transcription of several anti-viral
genes that may promote viral clearance (69). In vitro studies have
reported that hMPV is able to avoid the type-I IFN pathway, as
it can modulate the first steps in the signaling cascade associated
with this network. As seen for other viruses, such as influenza A
virus (IAV) and hRSV, modulation of this pathway is performed
by several virulence factors (69).

It has been reported for IAV that hemagglutinin, one of
the surface proteins of this pathogen, is capable of inducing
degradation of IFNAR, therefore inhibiting autocrine signaling
associated with these molecules (69). Likewise, the NS1 protein
of hRSV is able to target STAT proteins so that they are degraded
through the proteasome, as described by Ramaswamy et al.
(70). Particularly, for hMPV it was recently reported that the
modulation of this pathway seems to be mainly through the
inhibition of STAT1 phosphorylation, induced by the SH protein
of this virus. The lack of phosphorylation of this protein seems to
be related to a desensitization of the IFNAR to IFN-α. Moreover,
other proteins have been associated with this modulation, such
as G and M2.2 proteins (41, 71). Therefore, even though hMPV
does seem to induce a similar response as the ones seen for other

respiratory viruses, the mechanisms associated to this induction
seem to be different (35, 55, 67).

Another possible reason to explain the IFN pathway inhibition
are the defective interfering (DI) RNA produced during the viral
replication process. It has been reported that an increase in the DI
RNA can promote type-I IFN secretion in epithelial cells, where
it was described that a high multiplicity of infection (MOI) of
hMPV promotes an increase in the DI RNA, but a low MOI
decreases the production of DI RNA and hence, an absence of
type-I IFN response is observed (72). This phenomenon has only
been identified in culture cell lines, such as A549 and Vero cells
(72). Remarkably, this strategy to activate the type I-IFN pathway
has been also described in other viruses, such as the Sendai
virus (SeV), Measles virus Edmonston strain (MeVEdm), and
hRSV (73).

TLRS AND THEIR EFFECTS OVER THE

IMMUNE RESPONSE INDUCED BY HMPV

TLRs are a type of receptor associated with the activation
of different pathways of the immune system, mainly the
innate immune system (74–78). This activation occurs by the
recognition of different pathogen associated molecular patterns
(PAMPs) that promote an intracellular signaling pathway in the
cell. As a consequence, cytokines and chemokines are secreted in
response to stimuli.

Some TLRs involved with hMPV-infection have been studied
(Figure 2), suggesting that the absence of TLR4 in mice infected
with hMPV results in a decrease in the production of cytokines,

FIGURE 2 | Toll-like receptors (TLRs) and their role in the evasion of the immune response induced by hMPV. The figure shows the effect of different TLRs in response

to hMPV-infection. (1) At the surface of the host cell, TLR4 (green receptor) is associated with the inhibition of type-I IFN. (2) In the intracellular space, TLR3 (red

receptor) is involved in the negative regulation of the MyD88/TRAF6/IKKα pathway. (3) The roles of TLRs 7 and 9 (purple and yellow receptor, respectively) in hMPV

infection are currently unclear.
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such as IFN-α/β, as well as reduced inflammatory response and
disease severity (33). Similarly, a reduction in lung inflammation
and disease severity has been reported in mice lacking MyD88
(79). The absence of MyD88 negatively affects the production of
cytokines and chemokines and the recruitment of DCs, CD4+
and CD8+ T cells into the lungs of infected animals (79). These
data indicate that both TLR4 and MyD88 are involved in the
pathogenesis of the disease, the pathogenic response against the
virus and in the lung inflammation.

Another role associated withMyD88 is its participation in one
of the two pathways involved in the production of type-I IFN in
response to in vitro hMPV infection, when the virus is detected by
TLR3 and TLR7. Once TLR3 detects hMPV, it is able to activate
IFN regulatory factor 3 (IRF3) through TRIF, whereas TLR7
activates IRF7 throughMyD88 (41, 52). RIG-I andMDA5 are two
helicases from the RIG-I-like receptor (RLR) family that induce
signaling downstream to MAVS after detecting viral dsRNA in
the cytosol (48, 56, 57). Subsequently, MAVS activates IRF3, and
this in turn activates the production of type-I IFN and the up-
regulation of IRF7 and NF-κB, thus producing proinflammatory
cytokines and type-III IFNs (80). The absence of MDA5 in
mutant mice is related with a more severe disease caused by

hMPV (i.e., increased pulmonary inflammation and cellular
infiltration, and a more sustained weight loss over time). This
phenomenon is accompanied by an increase in viral replication
and decreased production of type I-IFN, which suggests an
altered antiviral response (81).

In an epithelial cell model, hMPV elicits the expression of
both, RIG-I and MDA5, however, it has been suggested a more
important role for RIG-I, as its inhibition results in a negative
regulation of both downstream transcription factors NF-κB and
IRF (Figure 3). This in turn results in a diminished production
of IFN and pro-inflammatory cytokines, and an increase in viral
replication, which highlights the role of RIG-I contribution to an
antiviral state. This study also suggests thatMDA5 seems to play a
non-significant role in cellular responses induced by hMPV (80).
Similarly, during early hRSV-infection (6 h post-infection), viral
N protein colocalizes with RIG-I andMDA5, and later (12 h post-
infection) N protein appears in close proximity to MAVS and
MDA5, suggesting that the decreased IFN response -and thus the
inefficient innate response observed in the experiment- is due to
an interaction between the N protein andMAVS andMDA5 (82).

Once DCs have recognized the pathogen through their TLR7
and TLR9 receptors, the signaling pathways induce the activation

FIGURE 3 | Effects of hMPV proteins on signaling pathways. Once the viral particle has fused with the plasmatic membrane, the viral RNA is delivered to the

cytoplasm and recognized by MDA5 or RIG-I (PRRs), activating the IRF3 and NF-κB pathways through TRAF3, TRAF5, and TRAF6 after these factors are recruited by

MAVS. After the viral proteins are translated from viral RNA inside the host cell, the M2-2 viral protein can inhibit MAVS and thus, the MAVS-dependent immune

response. Viral particles are also detected by TLR4, initiating the signaling which ends in the translocation of both transcription factors IRF3 and NF-κB to the nucleus,

promoting an antiviral state and the expression of type-I IFN. The G viral protein interferes with the TLR4-dependent signaling, negatively modulating the immune

response of the host and promoting viral replication. The SH viral protein can inhibit the NF-κB signaling as well. Viral RNA detected inside endosomes by TLR3 and

TLR7/9 results in the phosphorylation of both transcriptional factors IRF3 and IRF7, and their entry to the nucleus to promote the expression of type-III IFN and

proinflammatory cytokines. The M2-2 viral protein inhibits the phosphorylation of IRF7, preventing its translocation to the nucleus. The SH viral protein induces the

same effect on IFNAR signaling by preventing the phosphorylation of STAT1.
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of genes encoding for IFN-α (83–86). The M2-2 protein has also
been proposed to be a potent negative regulator of the TLR7/9-
dependent production of IFN-α in pDCs, since it is suggested
that it is capable of inhibiting phosphorylation of Ser477-IRF7
induced by MyD88/TRAF6/IKKα (Figure 3) (87).

In addition, a study performed in neonatal mice showed
that the absence of IRF3 and IRF7 is a critical factor involved
in hMPV clearance. However, this response was only observed
when both transcription factors were absent. It was determined
through a KO mice model that the absence of IRF3 induced a
decrease in IFN-β, IFN-λ2/3, and IFN-γ secretion, although IFN-
α expression was not affected. Consequently, this triggered an
increase in the viral loads detected in the lungs (88). Regarding
IRF7, it was found that its absence decreased the expression
of only four cytokines, but that viral loads in the lungs were
not affected and a Th2-like profile was promoted with its
characteristic increase in the eosinophil population (88). IPS-1
(IFN-β promoter stimulator 1) levels correlated positively with
IFN-β secretion, and its absence resulted in an increase in IFN-
a4 secretion (88). This is similar to what was observed in the
IRF-7-lacking model, suggesting that IFN- α could likely be an
IPS-1/IRF3-independent activation pathway of TLR7-MyD88 in
plasmacytoid dendritic cells.

A recent study by Baños-Lara et al. showed a differential
miRNA pattern expression in Monocyte derived DCs (MoDCs)
induced by hMPV- and hRSV-infection. Therein, they report
that hMPV induces a higher expression of has-miR-185–5p, a
miRNA that affects different genes such as FOXO1, PDCD4 and
RECK, among others; but the effect in the dysregulation of these
genes is not reported (89). On the other hand, hRSV induces the
expression of miR-4448, that is associated with the Akt/mTOR
pathway, inhibiting apoptosis and, as a consequence, increasing
cell survivor (90).

CONCLUSION

hMPV is an emergent respiratory virus that each year
increases its incidence and burden. Furthermore, despite its
similarities with hRSV at a genomic and clinical level, the

immune response triggered by both viruses are not identical.
Likewise, the immune responses elicited in humans and
mouse models exhibit significant differences in the cytokine
secretion profile. In addition, hMPV mechanisms to escape the
immune system are mostly unknown and yet to be described,
although more studies regarding the understanding of this
viral agent are emerging. Currently, it is known that SH and
G glycoprotein are the most important proteins involved in
evasion of the immune response, promoting the inhibition
of an antiviral immune response triggered by type-I IFN.
Also, the modulation of different intracellular TLR involved
in the immune response against viral particles or intracellular
pathogens is clearly a mechanism that needs to be characterized
in detail. Remarkably, hamsters, mice, and even non-human
primates used as animal models of hMPV-infection are, in
different degrees, semi-permissive to viral infection (91), thus
it is highly important to perform more studies to determine
if such models are representative of an hMPV-infection in
humans.

AUTHOR CONTRIBUTIONS

JS, NG, FB, and MP-O are responsible for the writing of
this review article. ML, CR, SB, and PG are responsible
for reviewing the article and AK is the leading investigator
and assisted in the organization and revision of the
manuscript.

FUNDING

This work was supported by Comisión Nacional de Investigación
Científica y Tecnolígica (CONICYT) N◦21151028 and
FONDECYT (N◦1070352 and N◦1170964) and the Millennium
Institute on Immunology and Immunotherapy (P09/016-F).

ACKNOWLEDGMENTS

We would also like to thank Trinidad Celis for her support in the
elaboration of the manuscript’s figures.

REFERENCES

1. van den Hoogen BG, de Jong JC, Groen J, Kuiken T, de Groot R, Fouchier

RA, Osterhaus AD. A newly discovered human pneumovirus isolated from

young children with respiratory tract disease. Nat Med. (2001) 7:719–24.

doi: 10.1038/89098

2. Schildgen V, van den Hoogen B, Fouchier R, Tripp RA, Alvarez R, Manoha

C, et al. Human metapneumovirus: lessons learned over the first decade. Clin

Microbiol Rev. (2011) 24:734–54. doi: 10.1128/CMR.00015-11

3. Boivin G, De Serres G, Côté S, Gilca R, Abed Y, Rochette L, at al. Human

metapneumovirus infections in hospitalized children. Emerg Infect Dis. 9:634–

40. doi: 10.3201/eid0906.030017

4. Feuillet F, Lina B, Rosa-Calatrava M, Boivin G. Ten years of

human metapneumovirus research. J Clin Virol. (2012) 53:97–105.

doi: 10.1016/j.jcv.2011.10.002

5. Huck B, Neumann-Haefelin D, Schmitt-Graeff A,WeckmannM,Mattes J, Ehl

S, et al. Human metapneumovirus induces more severe disease and stronger

innate immune response in BALB/c mice as compared with respiratory

syncytial virus. Respir Res. (2007) 8:6. doi: 10.1186/1465-9921-8-6

6. Romagnani S. Regulation of the T cell response. Clin Exp Allergy (2006)

36:1357–66. doi: 10.1111/j.1365-2222.2006.02606.x

7. Fietta P, Delsante G. The effector T helper cell triade. Riv Biol. (2010)

102:61–74.

8. Ito T, Amakawa R, Inaba M, Hori T, Ota M, Nakamura K, et al. Plasmacytoid

dendritic cells regulate Th cell responses through OX40 ligand and Type I

IFNs. J Immunol. (2004) 172:4253–9. doi: 10.4049/jimmunol.172.7.4253

9. Lay MK, Céspedes PF, Palavecino CE, León MA, Díaz RA, Salazar FJ,

et al. Human metapneumovirus infection activates the TSLP pathway that

drives excessive pulmonary inflammation and viral replication in mice. Eur

J Immunol. (2015) 45:1680–95. doi: 10.1002/eji.201445021

10. Hamelin M, Prince GA, Gomez AM, Kinkead R, Boivin G. Human

metapneumovirus infection induces long-term pulmonary inflammation

associated with airway obstruction and hyperresponsiveness in mice. J Infect

Dis. (2006) 193:1634–42. doi: 10.1086/504262

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 246658

https://doi.org/10.1038/89098
https://doi.org/10.1128/CMR.00015-11
https://doi.org/10.3201/eid0906.030017
https://doi.org/10.1016/j.jcv.2011.10.002
https://doi.org/10.1186/1465-9921-8-6
https://doi.org/10.1111/j.1365-2222.2006.02606.x
https://doi.org/10.4049/jimmunol.172.7.4253
https://doi.org/10.1002/eji.201445021
https://doi.org/10.1086/504262
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Soto et al. Evasion Mechanism of Human Metapneumovirus

11. García-García ML, Calvo C, Casas I, Bracamonte T, Rellán A, Gozalo F,

et al. Human metapneumovirus bronchiolitis in infancy is an important

risk factor for asthma at age 5. Pediatr Pulmonol. (2007) doi: 10.1002/ppul.

20597

12. Sigurs N, Aljassim F, Kjellman B, Robinson PD, Sigurbergsson F, Bjarnason

R, et al. Asthma and allergy patterns over 18 years after severe

RSV bronchiolitis in the first year of life. Thorax (2010) 65:1045–52.

doi: 10.1136/thx.2009.121582

13. Peiris JSM, Tang W-H, Chan K-H, Khong P-L, Guan Y, Lau Y-L, Chiu SS.

Children with respiratory disease associated with metapneumovirus in Hong

Kong. Emerg Infect Dis. (2003) 9:628–33. doi: 10.3201/eid0906.030009

14. Prado SMA, Perret PC, Montecinos PL, Veloz BA, Le Corre PN, Habash AL,

et al. [Human metapneumovirus as hospitalization cause in children under

3 years old with acute respiratory infections during 2004]. Metapneumovirus

Hum como causa Hosp en ninos bajo 3 anos edad, con Infecc Respir aguda,

durante el ano 2004. Rev Chilena Infectol. (2007) 24:19–26.

15. Edwards KM, Zhu Y, Griffin MR, Weinberg GA, Hall CB, Szilagyi PG, et al.

Burden of human metapneumovirus infection in young children. N Engl J

Med. (2013) 368:633–43. doi: 10.1056/NEJMoa1204630

16. van den Hoogen BG, Bestebroer TM, Osterhaus ADME, Fouchier RAM.

Analysis of the genomic sequence of a human metapneumovirus. Virology

(2002) 295:119–32. doi: 10.1006/viro.2001.1355

17. Bao X, Liu T, Shan Y, Li K, Garofalo RP, Casola A. Human metapneumovirus

glycoprotein G inhibits innate immune responses. PLoS Pathog. (2008)

4:e1000077. doi: 10.1371/journal.ppat.1000077

18. Barik S. Respiratory syncytial virus mechanisms to interfere with

type 1 interferons. Curr Top Microbiol Immunol. (2013) 372:173–91.

doi: 10.1007/978-3-642-38919-1-9

19. Palavecino CE, Cespedes PF, Gomez RS, Kalergis AM, Bueno SM.

Immunization with a recombinant bacillus calmette-guerin strain confers

protective Th1 immunity against the Human Metapneumovirus. J Immunol.

(2014) 192:214–23. doi: 10.4049/jimmunol.1300118

20. Bueno SM, Gonzalez PA, Cautivo KM, Mora JE, Leiva ED, Tobar HE, et al.

Protective T cell immunity against respiratory syncytial virus is efficiently

induced by recombinant BCG. Proc Natl Acad Sci USA. (2008) 105:20822–7.

doi: 10.1073/pnas.0806244105

21. Cautivo KM, Bueno SM, Cortes CM, Wozniak A, Riedel CA, Kalergis

AM. Efficient lung recruitment of respiratory syncytial virus-specific Th1

cells induced by recombinant bacillus calmette-guerin promotes virus

clearance and protects from infection. J Immunol. (2010) 185:7633–45.

doi: 10.4049/jimmunol.0903452

22. Alvarez R, Harrod KS, ShiehWJ, Zaki S, Tripp RA. Humanmetapneumovirus

persists in BALB/cmice despite the presence of neutralizing antibodies. J Virol.

(2004) 78:14003–11. doi: 10.1128/Jvi.78.24.14003-14011.2004

23. Alvarez R, Tripp RA. The immune response to human metapneumovirus is

associated with aberrant immunity and impaired virus clearance in BALB/c

Mice. J Virol. (2005) 79:5971–8. doi: 10.1128/JVI.79.10.5971-5978.2005

24. Marsico S, Caccuri F, Mazzuca P, Apostoli P, Roversi S,

Lorenzin G, et al. Human lung epithelial cells support human

metapneumovirus persistence by overcoming apoptosis. Pathog Dis. (2018)

76:fty013. doi: 10.1093/femspd/fty013

25. Kotelkin A, Prikhod ’ko EA, Cohen JI, Collins PL, Bukreyev A. Respiratory

syncytial virus infection sensitizes cells to apoptosis mediated by tumor

necrosis factor-related apoptosis-inducing ligand. J Virol. (2003) 77:9156–72.

doi: 10.1128/JVI.77.17.9156–9172.2003

26. Levine S, Kaliaber-Franco R, Paradiso PR. Demonstration that glycoprotein

G is the attachment protein of respiratory syncytial virus. J Gen Virol. (1987)

68:2521–4. doi: 10.1099/0022-1317-68-9-2521

27. Cheemarla NR, Guerrero-Plata A. Human metapneumovirus attachment

protein contributes to neutrophil recruitment into the airways of infected

mice. Viruses (2017) 9:E310. doi: 10.3390/v9100310

28. Le Nouen C, Hillyer P, Brock LG, Winter CC, Rabin RL, Collins PL, et al.

Human metapneumovirus SH and G glycoproteins inhibit macropinocytosis-

mediated entry into human dendritic cells and reduce CD4+TCell activation.

J Virol. (2014) 88:6453–69. doi: 10.1128/JVI.03261-13

29. Bao X, Kolli D, Liu T, Shan Y, Garofalo RP, Casola A. Human

metapneumovirus small hydrophobic protein inhibits NF- B transcriptional

activity. J Virol. (2008) 82:8224–9. doi: 10.1128/JVI.02584-07

30. Boyoglu-Barnum S, Chirkova T, Todd SO, Barnum TR, Gaston KA, Jorquera

P, et al. Prophylaxis with a Respiratory Syncytial Virus (RSV) Anti-G protein

monoclonal antibody shifts the adaptive immune response to RSV rA2-

line19F infection from Th2 to Th1 in BALB/c Mice. J Virol. (2014) 88:10569–

83. doi:10.1128/JVI.01503-14

31. Johnson TR, McLellan JS, Graham BS. Respiratory syncytial virus

glycoprotein G interacts with DC-SIGN and L-SIGN to activate ERK1

and ERK2. J Virol. (2012) 86:1339–47. doi: 10.1128/JVI.06096-11

32. Kolli D, Bao X, Liu T, Hong C, Wang T, Garofalo RP, Casola

A. Human metapneumovirus glycoprotein G inhibits TLR4-dependent

signaling in monocyte-derived dendritic cells. J Immunol. (2011) 187:47–54.

doi: 10.4049/jimmunol.1002589

33. Velayutham TS, Kolli D, Ivanciuc T, Garofalo RP, Casola A. Critical

role of TLR4 in human metapneumovirus mediated innate immune

responses and disease pathogenesis. PLoS ONE (2013) 8:e78849.

doi: 10.1371/journal.pone.0078849

34. Haeberle H A, Takizawa R, Casola A, Brasier AR, Dieterich H-J, Van Rooijen

N, et al. Respiratory syncytial virus-induced activation of nuclear factor-

kappaB in the lung involves alveolar macrophages and toll-like receptor

4-dependent pathways. J Infect Dis. (2002) 186:1199–206. doi: 10.1086/344644

35. Hastings AK, Amato KR, Wen SC, Peterson LS, Williams J V. Human

metapneumovirus small hydrophobic (SH) protein downregulates type I

IFN pathway signaling by affecting STAT1 expression and phosphorylation.

Virology (2016) 494:248–56. doi: 10.1016/j.virol.2016.04.022

36. Sadler AJ, Williams BRG. Interferon-inducible antiviral effectors. Nat Rev

Immunol. (2008) 8:559–68. doi: 10.1038/nri2314

37. Biron CA. Interferons α and β as immune regulators—a new look. Immunity

(2001) 14:661–4. doi: 10.1016/S1074-7613(01)00154-6

38. Barber GN. Host defense, viruses and apoptosis. Cell Death Differ. (2001)

8:113–26. doi: 10.1038/sj.cdd.4400823

39. Fuentes S, Tran KC, Luthra P, Teng MN, He B. Function of the respiratory

syncytial virus small hydrophobic protein. J Virol. (2007) 81:8361–6.

doi: 10.1128/JVI.02717-06

40. Triantafilou K, Kar S, Vakakis E, Kotecha S, Triantafilou M. Human

respiratory syncytial virus viroporin SH: a viral recognition pathway used

by the host to signal inflammasome activation. Thorax (2013) 68:66–75.

doi: 10.1136/thoraxjnl-2012-202182

41. Ren J, Wang Q, Kolli D, Prusak DJ, Tseng C-TK, Chen ZJ, et al. Human

Metapneumovirus M2-2 protein inhibits innate cellular signaling by targeting

MAVS. J Virol. (2012) 86:13049–61. doi: 10.1128/JVI.01248-12

42. Seth RB, Sun L, Ea CK, Chen ZJ. Identification and characterization of MAVS,

a mitochondrial antiviral signaling protein that activates NF-κB and IRF3.Cell

(2005) 122:669–82. doi: 10.1016/j.cell.2005.08.012

43. Chen Y, Deng X, Deng J, Zhou J, Ren Y, Liu S, et al. Functional motifs

responsible for human metapneumovirus M2-2-mediated innate immune

evasion. Virology (2016) 499:361–8. doi: 10.1016/j.virol.2016.09.026

44. Ren J, Liu G, Go J, Kolli D, Zhang G, Bao X. Human metapneumovirus M2-2

protein inhibits innate immune response in monocyte-derived dendritic cells.

PLoS ONE (2014) 9:e91865. doi: 10.1371/journal.pone.0091865

45. Bermingham A, Collins PL. The M2-2 protein of human respiratory

syncytial virus is a regulatory factor involved in the balance between RNA

replication and transcription. Proc Natl Acad Sci USA. (1999) 96:11259–64.

doi: 10.1073/pnas.96.20.11259

46. Karron RA, Luongo C, Thumar B, Loehr KM, Englund JA, Collins PL, et al. A

gene deletion that up-regulates viral gene expression yields an attenuated RSV

vaccine with improved antibody responses in children. Sci Transl Med. (2015)

7:312ra175. doi: 10.1126/scitranslmed.aac8463

47. Cai H, Zhang Y, Ma Y, Sun J, Liang X, Li J. Zinc binding activity of human

metapneumovirus M2-1 protein is indispensable for viral replication and

pathogenesis in vivo. J Virol. (2015) 89:6391–5. doi: 10.1128/JVI.03488-14

48. Cai H, Zhang Y, Lu M, Liang X, Jennings R, Niewiesk S, Li J. Phosphorylation

of human metapneumovirus M2-1 protein upregulates viral replication and

pathogenesis. J Virol. (2016) 90:7323–38. doi: 10.1128/JVI.00755-16

49. Blondot M-L, Dubosclard V, Fix J, Lassoued S, Aumont-Nicaise M,

Bontems F, et al. Structure and functional analysis of the RNA- and

viral phosphoprotein-binding domain of respiratory syncytial virus M2-

1 protein. PLoS Pathog. (2012) 8:e1002734. doi: 10.1371/journal.ppat.10

02734

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 246659

https://doi.org/10.1002/ppul.20597
https://doi.org/10.1136/thx.2009.121582
https://doi.org/10.3201/eid0906.030009
https://doi.org/10.1056/NEJMoa1204630
https://doi.org/10.1006/viro.2001.1355
https://doi.org/10.1371/journal.ppat.1000077
https://doi.org/10.1007/978-3-642-38919-1-9
https://doi.org/10.4049/jimmunol.1300118
https://doi.org/10.1073/pnas.0806244105
https://doi.org/10.4049/jimmunol.0903452
https://doi.org/10.1128/Jvi.78.24.14003-14011.2004
https://doi.org/10.1128/JVI.79.10.5971-5978.2005
https://doi.org/10.1093/femspd/fty013
https://doi.org/10.1128/JVI.77.17.9156--9172.2003
https://doi.org/10.1099/0022-1317-68-9-2521
https://doi.org/10.3390/v9100310
https://doi.org/10.1128/JVI.03261-13
https://doi.org/10.1128/JVI.02584-07
https://doi.org/10.1128/JVI.06096-11
https://doi.org/10.4049/jimmunol.1002589
https://doi.org/10.1371/journal.pone.0078849
https://doi.org/10.1086/344644
https://doi.org/10.1016/j.virol.2016.04.022
https://doi.org/10.1038/nri2314
https://doi.org/10.1016/S1074-7613(01)00154-6
https://doi.org/10.1038/sj.cdd.4400823
https://doi.org/10.1128/JVI.02717-06
https://doi.org/10.1136/thoraxjnl-2012-202182
https://doi.org/10.1128/JVI.01248-12
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1016/j.virol.2016.09.026
https://doi.org/10.1371/journal.pone.0091865
https://doi.org/10.1073/pnas.96.20.11259
https://doi.org/10.1126/scitranslmed.aac8463
https://doi.org/10.1128/JVI.03488-14
https://doi.org/10.1128/JVI.00755-16
https://doi.org/10.1371/journal.ppat.1002734
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Soto et al. Evasion Mechanism of Human Metapneumovirus

50. Cartee TL, Wertz GW. Respiratory syncytial virus M2-1 protein requires

phosphorylation for efficient function and binds viral RNA during infection. J

Virol. (2001) 75:12188–97. doi: 10.1128/JVI.75.24.12188-12197.2001

51. Bagnaud-Baule A, Reynard O, Perret M, Berland J-L, Maache M, Peyrefitte

C, et al. The human metapneumovirus matrix protein stimulates the

inflammatory immune response in vitro. PLoS ONE (2011) 6:e17818.

doi: 10.1371/journal.pone.0017818

52. Goutagny N, Jiang Z, Tian J, Parroche P, Schickli J, Monks BG, et al. Cell

type-specific recognition of humanmetapneumoviruses (HMPVs) by retinoic

acid-inducible gene I (RIG-I) and TLR7 and viral interference of RIG-I ligand

recognition by HMPV-B1 phosphoprotein. J Immunol. (2010) 184:1168–79.

doi: 10.4049/jimmunol.0902750

53. Ghildyal R, Ho A, Jans DA. Central role of the respiratory syncytial

virus matrix protein in infection. FEMS Microbiol Rev. (2006) 30:692–705.

doi: 10.1111/j.1574-6976.2006.00025.x

54. Schmidt ME, Oomens AGP, Varga SM. Single-cycle respiratory syncytial virus

infection induces robust adaptive immune responses and reduces disease

severity in mice. J Immunol. (2018) 200. Available online at: http://www.

jimmunol.org/content/200/1_Supplement/60.2

55. Laham FR, Israele V, Casellas JM, Garcia AM, Lac Prugent CM, Hoffman SJ,

et al. Differential production of inflammatory cytokines in primary infection

with human metapneumovirus and with other common respiratory viruses of

infancy. J Infect Dis. (2004) 189:2047–56. doi: 10.1086/383350

56. Le Nouën C, Munir S, Losq S, Winter CC, McCarty T, Stephany DA,

et al. Infection and maturation of monocyte-derived human dendritic

cells by human respiratory syncytial virus, human metapneumovirus,

and human parainfluenza virus type 3. Virology (2009) 385:169–82.

doi: 10.1016/j.virol.2008.11.043

57. Guerrero-Plata A, Kolli D, Hong C, Casola A, Garofalo RP. Subversion of

pulmonary dendritic cell function by paramyxovirus infections. J Immunol.

(2009) 182:3072–83. doi: 10.4049/jimmunol.0802262

58. Guerrero-Plata A, Casola A, Suarez G, Yu X, Spetch LA, Peeples ME,

et al. Differential response of dendritic cells to human metapneumovirus

and respiratory syncytial virus. Am J Respir Cell Mol Biol. (2006) 34:320–9.

doi: 10.1165/rcmb.2005-0287OC

59. Céspedes PF, Gonzalez PA, Kalergis AM. Human metapneumovirus keeps

dendritic cells from priming antigen-specific naive T cells. Immunology (2013)

139:366–76. doi: 10.1111/imm.12083

60. Le Nouën C, Hillyer P, Winter CC, McCarty T, Rabin RL, Collins PL, et al.

Low CCR7-mediated migration of humanmonocyte derived dendritic cells in

response to human respiratory syncytial virus and human metapneumovirus.

PLoS Pathog. (2011) 7:e1002105. doi: 10.1371/journal.ppat.10

02105

61. Le Nouen C, Hillyer P, Munir S, Winter CC, McCarty T, Bukreyev A, et al.

Effects of human respiratory syncytial virus, metapneumovirus, parainfluenza

virus 3 and influenza virus on CD4+ T cell activation by dendritic cells. PLoS

ONE (2010) 5:e15017. doi: 10.1371/journal.pone.0015017

62. Kolli D, Velayutham T, Casola A. Host-viral interactions: role of pattern

recognition receptors (PRRs) in human pneumovirus infections. Pathogens

(2013) 2:232–63. doi: 10.3390/pathogens2020232

63. Boivin G, Abed Y, Pelletier G, Ruel L, Moisan D, Côté S, et al.

Virological features and clinical manifestations associated with human

metapneumovirus: a new paramyxovirus responsible for acute respiratory-

tract infections in all age groups. J Infect Dis. (2002) 186:1330–4. doi: 10.1086/3

44319

64. Herd KA, Nelson M, Mahalingam S, Tindle RW. Pulmonary infection

of mice with human metapneumovirus induces local cytotoxic T-cell

and immunoregulatory cytokine responses similar to those seen with

human respiratory syncytial virus. J Gen Virol. (2010) 91:1302–10.

doi: 10.1099/vir.0.015396-0

65. Tzannou I, Nicholas SK, Lulla P, Aguayo-Hiraldo PI, Misra A, Martinez CA,

et al. Immunologic profiling of humanmetapneumovirus for the development

of targeted immunotherapy. J Infect Dis. 216:678–87. doi: 10.1093/infdis/j

ix358

66. Kolli D, Bataki EL, Spetch L, Guerrero-Plata A, Jewell AM, Piedra PA,

et al. T lymphocytes contribute to antiviral immunity and pathogenesis in

experimental human metapneumovirus infection. J Virol. (2008) 82:8560–9.

doi: 10.1128/JVI.00699-08

67. Park J-S, Kim Y-H, Kwon E, Callaway Z, Fujisawa T, Kim C-K. Comparison

of nasal cytokine profiles of human metapneumovirus and respiratory

syncytial virus. Asia Pac Allergy (2017) 7:206. doi: 10.5415/apallergy.2017.

7.4.206

68. Jartti T, Van Den Hoogen B, Garofalo RP, Osterhaus ADME, Ruuskanen O.

Metapneumovirus and acute wheezing in children. Lancet (2002) 360:1393–4.

doi: 10.1016/S0140-6736(02)11391-2

69. Xia C, Vijayan M, Pritzl CJ, Fuchs SY, McDermott AB, Hahm B.

Hemagglutinin of influenza a virus antagonizes type i interferon (IFN)

responses by inducing degradation of type I IFN receptor 1. J Virol. (2016)

90:2403–17. doi: 10.1128/JVI.02749-15

70. Ramaswamy M, Shi L, Monick MM, Hunninghake GW, Look

DC. Specific inhibition of type I interferon signal transduction by

respiratory syncytial virus. Am J Respir Cell Mol Biol. (2004) 30:893–900.

doi: 10.1165/rcmb.2003-0410OC

71. Bao X, Kolli D, Ren J, Liu T, Garofalo RP, Casola A. Humanmetapneumovirus

glycoprotein g disrupts mitochondrial signaling in airway epithelial

cells. PLoS ONE (2013) 8: e62568. doi: 10.1371/journal.pone.00

62568

72. van den Hoogen BG, van Boheemen S, de Rijck J, van Nieuwkoop S, Smith

DJ, Laksono B, et al. Excessive production and extreme editing of human

metapneumovirus defective interfering RNA is associated with type I IFN

induction. J Gen Virol. (2014) 95:1625–33. doi: 10.1099/vir.0.066100-0

73. Manzoni TB, López CB. Defective (interfering) viral genomes re-explored:

impact on antiviral immunity and virus persistence. Future Virol. (2018)

13:493–503. doi: 10.2217/fvl-2018-0021

74. Kawai T, Akira S. Innate immune recognition of viral infection. Nat Immunol.

(2006) 7:131–7. doi: 10.1038/ni1303

75. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity.

Cell (2006) 124:783–801. doi: 10.1016/j.cell.2006.02.015

76. Aderem A, Ulevitch RJ. Toll-like receptors in the induction of the

innate immune response. Nature (2000) 406:782–7. doi: 10.1038/350

21228

77. Akira S, Takeda K. Functions of toll-like receptors: Lessons from KO mice.

Comptes Rendus Biol. (2004) 327:581–9. doi: 10.1016/j.crvi.2004.04.002

78. Takeda K, Akira S. Toll-like receptors in innate immunity. Int Immunol.

(2005) 17:1–14. doi: 10.1093/intimm/dxh186

79. Ren J, Kolli D, Deng J, Fang R, Gong B, Xue M, et al. MyD88

controls human metapneumovirus-induced pulmonary immune

responses and disease pathogenesis. Virus Res. (2013) 176:241–50.

doi: 10.1016/j.virusres.2013.06.014

80. Liao S, Bao X, Liu T, Lai S, Li K, Garofalo RP, Casola A. Role of retinoic acid

inducible gene-I in human metapneumovirus-induced cellular signalling. J

Gen Virol. (2008) 89:1978–86. doi: 10.1099/vir.0.2008/000778-0

81. Baños-Lara MDR, Ghosh A, Guerrero-Plata A. Critical role of MDA5

in the interferon response induced by human metapneumovirus

infection in dendritic cells and in vivo. J Virol. (2013) 87:1242–51.

doi: 10.1128/JVI.01213-12

82. Lifland AW, Jung J, Alonas E, Zurla C, Crowe JE, Santangelo PJ. Human

respiratory syncytial virus nucleoprotein and inclusion bodies antagonize

the innate immune response mediated by MDA5 and MAVS. J Virol. (2012)

86:8245–58. doi: 10.1128/JVI.00215-12

83. Kumar H, Kawai T, Akira S. Toll-like receptors and innate immunity.

Biochem Biophys Res Commun. (2009) 388:621–5. doi: 10.1016/j.bbrc.2009.

08.062

84. Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen

recognition. Int Immunol. (2009) 21:317–37. doi: 10.1093/intimm/

dxp017

85. Ning S, Pagano JS, Barber GN. IRF7: Activation, regulation, modification and

function. Genes Immun. (2011) 12:399–414. doi: 10.1038/gene.2011.21

86. Blasius AL, Beutler B. Intracellular toll-like receptors. Immunity (2010)

32:305–15. doi: 10.1016/j.immuni.2010.03.012

87. Kitagawa Y, Sakai M, Funayama M, Itoh M, Gotoh B. Human

metapneumovirus M2-2 protein acts as a negative regulator of alpha

interferon production by plasmacytoid dendritic cells. J Virol. (2017)

91:e00579–17. doi: 10.1128/JVI.00579-17

88. Spann KM, Loh Z, Lynch JP, Ullah A, Zhang V, Baturcam E, et al.

IRF-3, IRF-7, and IPS-1 promote host defense against acute human

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 246660

https://doi.org/10.1128/JVI.75.24.12188-12197.2001
https://doi.org/10.1371/journal.pone.0017818
https://doi.org/10.4049/jimmunol.0902750
https://doi.org/10.1111/j.1574-6976.2006.00025.x
http://www.jimmunol.org/content/200/1_Supplement/60.2
http://www.jimmunol.org/content/200/1_Supplement/60.2
https://doi.org/10.1086/383350
https://doi.org/10.1016/j.virol.2008.11.043
https://doi.org/10.4049/jimmunol.0802262
https://doi.org/10.1165/rcmb.2005-0287OC
https://doi.org/10.1111/imm.12083
https://doi.org/10.1371/journal.ppat.1002105
https://doi.org/10.1371/journal.pone.0015017
https://doi.org/10.3390/pathogens2020232
https://doi.org/10.1086/344319
https://doi.org/10.1099/vir.0.015396-0
https://doi.org/10.1093/infdis/jix358
https://doi.org/10.1128/JVI.00699-08
https://doi.org/10.5415/apallergy.2017.7.4.206
https://doi.org/10.1016/S0140-6736(02)11391-2
https://doi.org/10.1128/JVI.02749-15
https://doi.org/10.1165/rcmb.2003-0410OC
https://doi.org/10.1371/journal.pone.0062568
https://doi.org/10.1099/vir.0.066100-0
https://doi.org/10.2217/fvl-2018-0021
https://doi.org/10.1038/ni1303
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1038/35021228
https://doi.org/10.1016/j.crvi.2004.04.002
https://doi.org/10.1093/intimm/dxh186
https://doi.org/10.1016/j.virusres.2013.06.014
https://doi.org/10.1099/vir.0.2008/000778-0
https://doi.org/10.1128/JVI.01213-12
https://doi.org/10.1128/JVI.00215-12
https://doi.org/10.1016/j.bbrc.2009.08.062
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1038/gene.2011.21
https://doi.org/10.1016/j.immuni.2010.03.012
https://doi.org/10.1128/JVI.00579-17
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Soto et al. Evasion Mechanism of Human Metapneumovirus

metapneumovirus infection in neonatal mice. Am J Pathol. (2014) 184:1795–

806. doi: 10.1016/j.ajpath.2014.02.026

89. Baños-Lara MDR, Zabaleta J, Garai J, Baddoo M, Guerrero-

Plata A. Comparative analysis of miRNA profile in human

dendritic cells infected with respiratory syncytial virus and human

metapneumovirus. BMC Res Notes (2018) 11:432. doi: 10.1186/s13104-018-3

541-0

90. Groskreutz DJ, Monick MM, Yarovinsky TO, Powers LS, Quelle DE, Varga

SM, et al. Respiratory syncytial virus decreases p53 protein to prolong

survival of airway epithelial cells. J Immunol. (2007) 179:2741–7. doi: 10.4049/

jimmunol.179.5.2741

91. MacPhail M, Schickli JH, Tang RS, Kaur J, Robinson C, Fouchier RAM,

Osterhaus et al. Identification of small-animal and primate models for

evaluation of vaccine candidates for human metapneumovirus (hMPV) and

implications for hMPV vaccine design. J Gen Virol. (2004) 85:1655–63.

doi: 10.1099/vir.0.79805-0

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Soto, Gálvez, Benavente, Pizarro-Ortega, Lay, Riedel, Bueno,

Gonzalez and Kalergis. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 246661

https://doi.org/10.1016/j.ajpath.2014.02.026
https://doi.org/10.1186/s13104-018-3541-0
https://doi.org/10.4049/jimmunol.179.5.2741
https://doi.org/10.1099/vir.0.79805-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


May 2018 | Volume 9 | Article 1161

Original research
published: 28 May 2018

doi: 10.3389/fimmu.2018.01161

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Jesús Gonzalo-Asensio,  

Universidad de Zaragoza, Spain

Reviewed by: 
Javier Rangel-Moreno,  

University of Rochester,  
United States  

Debora Decote-Ricardo,  
Universidade Federal Rural do  

Rio de Janeiro, Brazil

*Correspondence:
Rommel Chacón-Salinas 

rommelchacons@yahoo.com.mx

Specialty section: 
This article was submitted to 

Microbial Immunology,  
a section of the journal  

Frontiers in Immunology

Received: 10 February 2018
Accepted: 09 May 2018
Published: 28 May 2018

Citation: 
Campillo-Navarro M, Leyva-

Paredes K, Donis-Maturano L, 
Rodríguez-López GM, Soria-

Castro R, García-Pérez BE, 
Puebla-Osorio N, Ullrich SE, 

Luna-Herrera J, Flores-Romo L, 
Sumano-López H, Pérez-Tapia SM, 

Estrada-Parra S, Estrada-García I 
and Chacón-Salinas R (2018) 
Mycobacterium tuberculosis  

Catalase Inhibits the Formation  
of Mast Cell Extracellular Traps. 

Front. Immunol. 9:1161. 
doi: 10.3389/fimmu.2018.01161

Mycobacterium tuberculosis 
catalase inhibits the Formation  
of Mast cell extracellular Traps
Marcia Campillo-Navarro1,2, Kahiry Leyva-Paredes1, Luis Donis-Maturano3,  
Gloria M. Rodríguez-López1, Rodolfo Soria-Castro1, Blanca Estela García-Pérez1,  
Nahum Puebla-Osorio4, Stephen E. Ullrich5,6, Julieta Luna-Herrera1,  
Leopoldo Flores-Romo3, Héctor Sumano-López2, Sonia M. Pérez-Tapia1,7,  
Sergio Estrada-Parra1, Iris Estrada-García1 and Rommel Chacón-Salinas1,7*

1 Departamento de Inmunología, Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional, ENCB-IPN,  
México City, Mexico, 2 Departamento de Fisiología y Farmacología, Facultad de Medicina Veterinaria y Zootecnia, 
Universidad Nacional Autónoma de México, UNAM, México City, Mexico, 3 Department of Cell Biology, Cinvestav, Instituto 
Politécnico Nacional, México City, Mexico, 4 Department of Lymphoma and Myeloma, The University of Texas MD Anderson 
Cancer Center, Houston, TX, United States, 5 Department of Immunology, The Center for Cancer Immunology Research, The 
University of Texas MD Anderson Cancer Center, Houston, TX, United States, 6 The University of Texas Graduate School of 
Biological Sciences at Houston, Houston, TX, United States, 7 Unidad de Desarrollo e Investigación en Bioprocesos (UDIBI), 
Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional, ENCB-IPN, México City, Mexico

Tuberculosis is one of the leading causes of human morbidity and mortality. 
Mycobacterium tuberculosis (Mtb) employs different strategies to evade and coun-
terattack immune responses persisting for years. Mast cells are crucial during innate 
immune responses and help clear infections via inflammation or by direct antibacterial 
activity through extracellular traps (MCETs). Whether Mtb induce MCETs production is 
unknown. In this study, we report that viable Mtb did not induce DNA release by mast 
cells, but heat-killed Mtb (HK-Mtb) did. DNA released by mast cells after stimulation 
with HK-Mtb was complexed with histone and tryptase. MCETs induced with PMA 
and HK-Mtb were unable to kill live Mtb bacilli. Mast cells stimulated with HK-Mtb 
induced hydrogen peroxide production, whereas cells stimulated with viable Mtb did 
not. Moreover, MCETs induction by HK-Mtb was dependent of NADPH oxidase activity, 
because its blockade resulted in a diminished DNA release by mast cells. Interestingly, 
catalase-deficient Mtb induced a significant production of hydrogen peroxide and DNA 
release by mast cells, indicating that catalase produced by Mtb prevents MCETs release 
by degrading hydrogen peroxide. Our findings show a new strategy employed by Mtb 
to overcome the immune response through inhibiting MCETs formation, which could be 
relevant during early stages of infection.

Keywords: tuberculosis, Mycobacterium tuberculosis, mast cell, mast cell extracellular trap, catalase

inTrODUcTiOn

Mycobacterium tuberculosis (Mtb) is one of the most important pathogens affecting human health 
worldwide. The World Health Organization estimates that one-third of the human population is 
infected with this bacterium and approximately 5–10% of infected persons will develop a clinical 
manifestation of the infection (1).
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Mycobacterium tuberculosis is an intracellular bacillus that has 
acquired different mechanisms to evade the immune response 
to survive and persist in the host. Mtb gains access to the host 
through the airways and reaches lung alveoli, where it interacts 
with different cells of the innate immune response (2). These cells 
recognize Mtb through different pattern-recognition receptors 
leading to the activation of different antimicrobial mechanisms 
(3). Phagocytosis is traditionally considered as one of the first 
mechanisms used by the host immune response. Macrophages, 
neutrophils, and dendritic cells have been identified as cells that 
phagocytose Mtb bacilli; however, elimination of the infection 
is usually not achieved (4). To this end, Mtb deploy different 
mechanisms to evade its killing in phagocytic cells, such as 
inhibiting phagosome maturation (5), interfering with phago-
some acidification (6), and scavenging reactive oxygen and/or 
nitrogen species (7, 8).

Another strategy employed by phagocytic cells to clear infec-
tious agents is through the production of extracellular traps (ETs), 
consisting of chromatin containing several proteins, commonly 
derived from intracellular compartments (9). Cells that release 
ETs following infection include neutrophils, macrophages, 
eosinophils, basophils, and mast cells (10). These structures have 
wide antimicrobial activities against many different pathogens 
including bacteria, protozoa, and fungi (11). Mycobacteria induce 
ETs formation by neutrophils and macrophages, but curiously, 
the ETs do not affect bacilli viability (12–14).

Mast cells are particularly abundant in human lungs and are 
able to detect and respond rapidly to different pathogens (15, 16). 
In this regard, several studies have shown the importance of mast 
cells during viral (17), bacterial (18, 19), fungal (20), and proto-
zoan (21) infections. Recognition of bacteria by mast cells leads 
to release and de novo production of inflammatory mediators that 
recruit effector cells to control the infectious agent (22). However, 
mast cells also employ diverse mechanism to regulate bacterial 
growth, including phagocytosis (23), production of antimicrobial 
peptides (24), and by the production of ETs (MCETs) (25). In 
this regard, Mtb is able to activate mast cells in  vitro activat-
ing degranulation, inducing the production of inflammatory 
cytokines, and internalizing bacteria through lipid rafts (26, 27).  
Moreover, mice treated with a potent inducer of mast cell 
degranulation C48/80 1 day before Mtb infection showed altered 
cytokine production and increased lung bacterial loads, sug-
gesting the important protective role of mast cells early during  
Mtb infection (28).

Considering that mast cells are able to exert antimicrobial 
activity against both extracellular and intracellular bacteria via 
the release of MCETs (25, 29), here we evaluated whether Mtb 
induced such structures.

MaTerials anD MeThODs

Bacteria
The bacteria employed in this work were Staphylococcus aureus 
(ATCC 6538), Mycobacterium tuberculosis H37Rv (Mtb), and the 
katG-deficient Mycobacterium tuberculosis Lehman and Neuman 
(Mtb KatG−) (ATCC 35822) (30). S. aureus was cultured in tryptic 

soy broth (Dibico, Mexico), while mycobacteria was growth in 
Middlebrook 7H9 broth (BD-Difco, USA) supplemented with 
10% OADC (BD-Difco, USA) and incubated at 37°C in constant 
shaking at 150 rpm until exponential phase was reached. S. aureus 
inocula were prepared in tryptic soy broth and 10% glycerol, 
while mycobacteria inocula were done in RPMI-1640 Glutamax 
(Gibco, USA) supplemented with 10% fetal bovine serum 
(FBS, Gibco, USA). Bacterial inoculums were adjusted to the 
McFarland nephelometer No.1 standard tube, corresponding to 
3 × 108 bacteria/ml. Bacterial viability was determined after serial 
dilution and plated in tryptic soy agar (S. aureus) or Middlebrook 
agar (Mtb) and CFU was calculated. Heat-killed Mtb H37Rv 
(HK-Mtb) was done by incubating Mtb inoculum during 60 min 
in a water bath at 68°C and bacterial viability was confirmed by 
seeding in Middlebrook agar.

Mast cells
The mast cell line HMC-1 was kindly donated by Dr. J. H. 
Butterfield, Mayo Clinic, Rochester, MN, USA (31). Cells were 
growth in RPMI-1640 Glutamax enriched with 10% FBS at 37°C 
and 5% CO2. The cell line was validated by STR DNA fingerprint-
ing by the MD Anderson Cancer Center Characterized Cell Line 
Core using the AmpFLSTR identifier kit according to the manu-
facturer’s instructions (Applied Biosystems, Thermo Scientific, 
Rockford, IL, USA). The STR profiles were compared with 
known ATCC fingerprints,1 to the Cell Line Integrated Molecular 
Authentication database (CLIMA) version 0.1.200808,2 and to the 
MD Anderson fingerprint database. The STR profiles matched 
known DNA fingerprints or were unique.

Bone marrow-derived mast cells (BMMC) were obtained as 
previously described (32, 33). Briefly, bone marrow from the 
femurs and tibias of 6- to 10-week-old C57BL/6 mice were disag-
gregated and cultured at a concentration of 1 × 106 cells/ml of 
RPMI 1640 supplemented with 10% FBS and 10 ng/ml of murine 
recombinant IL-3 and SCF (Bio-Legend, USA). Non-adherent 
cells were transferred to fresh culture medium twice a week for 
4–8 weeks. Mast cells purity was >90% according to CD117 and 
FcεRIα measured by flow cytometry (Figure S1 in Supplementary 
Material). The protocol for BMMC obtainment from mice was 
reviewed and approved by the Committee for Ethics in Research 
ENCB, IPN.

Fluorescent staining of extracellular Dna
Extracellular DNA was stained as described (12). In brief, cells 
were seeded at a density of 5  ×  105  cells/ml in RPMI-1640 
Glutamax +  2% FBS and seeded on glass coverslips pretreated 
with 0.001% poly-l-lysine (Sigma Aldrich, USA). Cells were 
stimulated with 10 MOI of Mtb, KatG−, HK-Mtb, or 25 nM of 
Phorbol 12-Myristate 13-Acetate or PMA (Sigma Aldrich, USA). 
Afterward, cells were incubated for different times at 37°C and 
5% CO2 and fixed with 4% paraformaldehyde (Sigma Aldrich, 
USA) for 20 min and DNA was stained with 5 µM SYTOX-Green 
(Molecular Probes, USA). Samples were mounted on a glass slide 

1 https://ATCC.org (Accessed: December, 2017).
2 http://bioinformatics.hsanmartino.it/clima/ (Accessed: December, 2017).
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with Vectashield (Vector Laboratories, USA) and analyzed in a 
fluorescence microscope Nikon Eclipse E800.

extracellular Dna Quantification
Extracellular DNA was quantified as previously described (29). 
Briefly, MCETs were induced with the different stimuli in RPMI 
without phenol red + 2% FBS and incubated with 1 U DNase I  
(Invitrogen, USA) during 30  min. Cell supernatants were col-
lected and 0.5 µM SYTOX-Green (Molecular Probes, USA) was 
added. Fluorescence was evaluated immediately in a Fluorometer 
(Fluoroskan Ascent FL, Thermo Scientific, USA) with a filter set-
ting of 485 nm (excitation)/538 nm (emission). Data are presented 
as increase in the relative fluorescence units (RFU).

histone and Tryptase Detection  
by immunofluorescence
Cells were seeded on glass coverslips treated with 0.001% 
poly-l-lysine (Sigma Aldrich, USA) and left unstimulated or 
stimulated with HK-Mtb (MOI 10) or 25 nM PMA for different 
times. After incubation at 37°C and 5% CO2, cells were fixed 
with 4% paraformaldehyde and permeabilized with 0.2% Triton 
X-100 (Sigma Aldrich, USA) during 10 min and blocked with 
universal blocking reagent (BioGenex, USA). Cells were incu-
bated with either anti-histone H3 (Lifespan Biosciences, USA) 
or anti-tryptase (Abcam, USA) and revealed with secondary 
antibody labeled with R-phycoerythrin (histone) (Invitrogen, 
USA) or Alexa Fluor 488 (tryptase) (Invitrogen USA). DNA was 
stained with 10 µg/ml 4′,6-Diamidino-2-Phenylindole or DAPI 
(Invitrogen, USA). Samples were mounted with Vectashield and 
images were obtained in an Axiovert 200 M confocal microscope 
(Carl Zeiss, Germany) with 63× oil immersion oil objective. 
Images were collected and processed with Zeiss LSM Image 
Pascal version 4.0.

evaluation of antibacterial activity  
of MceTs
To induce MCETs, mast cells were stimulated with 25 nM PMA or 
with HK-Mtb (MOI 10) for 4 h. They then were carefully washed 
with HBSS (Life Technologies, USA) and replaced with fresh 
media containing viable S. aureus or Mtb (MOI 1) and centrifuged 
at 400 × g for 10 min. The pellet was then incubated at 37°C for 
30, 60, 90, 180, and 360 min. After incubation, the bacteria were 
suspended, the supernatant collected, and CFU was determined. 
Bacterial survival was determined as percentage in relation to bac-
teria incubated only in culture media, as previously described (12).

evaluation of hydrogen Peroxide 
Production
Intracellular hydrogen peroxide was evaluated using a commer-
cial kit (Sigma, USA) following the manufacturer’s instructions. 
Briefly, 2.5 × 105/100 μl mast cells were plated in a 96-well plate. 
In some experiments, the cells were pretreated with 0.01  µM 
diphenyliodonium (DPI) (Sigma, USA) for 30 min to inhibit the 
NADPH oxidase activity. Cells were left unstimulated, stimulated 
with 10 MOI of Mtb, KatG−, HK-Mtb, or 25 nM PMA for differ-
ent times. Data are presented as increase in the RFU.

ethical statement
This study was approved by the Bioethics Committee of Escuela 
Nacional de Ciencias Biológicas from the Instituto Politécnico 
Nacional (CEI-ENCB 006/2013).

Data analysis and statics
Data represent the mean  ±  SD of three independent experi-
ments. Statistical differences between controls and experimental 
groups were determined using one-way ANOVA followed by the 
Newman–Keuls method (GraphPad Prism Software V6, USA).  
A p-value <0.05 was considered statically significant.

resUlTs

hK-Mtb induce Dna release  
by Mast cells
Mast cells are activated by Mtb as evinced by their degranula-
tion, the release of pro-inflammatory cytokines and the ability 
to internalize bacteria (26, 27). However, whether mast cells are 
able to release MCETs when activated with Mtb is unknown. 
To this end, we first evaluated whether Mtb was able to induce 
DNA release from mast cells at different times. We observed that 
mast cells, either HMC-1 cells or BMMC, stimulated with PMA 
released DNA 2-h post-activation (Figure 1A). However, when 
the mast cells were stimulated with viable Mtb, DNA release 
was not observed until 4 h of stimulation (Figure 1B). Because 
viable Mtb employ different strategies to avoid the host immune 
response, we stimulated mast cells with HK-Mtb to determine if 
this had any effect. Interestingly, mast cells were able to release 
DNA after 2 h of stimulation with HK-Mtb (Figures 1A,B), sug-
gesting an active mechanism was employed by Mtb to inhibit the 
release of DNA. These results show that HK-Mtb, but not live 
Mtb, is able to induce DNA release by mast cells.

hK-Mtb induce MceTs
MCETs formation imply the combination of granular proteins 
of mast cells with nuclear DNA and then its release to the 
extracellular environment (25). When we analyzed by confocal 
microscopy the structures released by HK-Mtb-treated mast cells, 
we observed that extracellular DNA contained both tryptase and 
histone (Figure 2), indicating that the DNA released by HK-Mtb 
have components classically found in MCETs.

Mtb is resistant to the antimicrobial 
activity of MceTs
The main function of MCETs is to ensnare and induce the killing 
of the entrapped pathogen. Because different signals on mast 
cells have an impact on the presence of different microbicidal 
molecules in MCETs (34), we evaluated the ability of induced 
MCETs with PMA and HK-Mtb to exert antimicrobial activity 
against viable Mtb. As a control we employed S. aureus, because 
it was previously observed that MCETs showed antimicrobial 
activity against this bacterium (35). We found that MCETs were 
able to kill S. aureus, but not Mtb, independently if MCETs were 
induced with PMA or HK-Mtb (Figures 3A,B). These findings 
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FigUre 1 | Mast cells release DNA in response to heat-killed but not live Mycobacterium tuberculosis (Mtb). (a) Representative micrographs of HMC-1 cells or 
bone marrow-derived mast cells (BMMC) unstimulated (control) or stimulated during 2 h with PMA, live Mtb, or heat-killed Mtb (HK-Mtb) at a MOI of 10. DNA was 
visualized after staining with SYTOX-Green. Scale bar 20 µm (magnification 400×). (B) Released DNA was quantified in unstimulated HMC-1 cells (control) or 
stimulated at indicated times with PMA, live Mtb, or HK-Mtb at a MOI of 10. Released DNA was partially digested with DNase I and quantified in supernatants  
with SYTOX Green I in a fluorometer. The graph represents the change in fluorescence ± SD of stimulated cells compared to control. ***p < 0.001 as indicated.
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indicate that MCETs induced with different stimuli are unable to 
exert antimicrobial activity against this bacterium.

live Mtb inhibits hydrogen Peroxide 
Production by Mast cells
Reactive oxygen species (ROS) generated by NADPH oxidase is a 
crucial step in the induction of MCETs. In particular, the genera-
tion of hydrogen peroxide (H2O2) is considered as a trigger for the 
release of MCETs (25). Because we previously observed that only 
HK-Mtb was able to induce MCETs, we evaluated the intracellu-
lar production of H2O2 by live Mtb and HK-Mtb. We noticed that 
mast cells stimulated with HK-Mtb induced a significant produc-
tion of intracellular H2O2 90 min after stimulation, comparable to 
that induced by PMA (Figure 4). However, live Mtb was unable 
to induce a significant amount of H2O2 at this time (Figure 4). To 
evaluate whether H2O2 produced by NADPH oxidase was neces-
sary for the production of MCETs by HK-Mtb we blocked the 
enzyme activity with DPI. Inhibition of NADPH oxidase activity 

with DPI significantly diminished H2O2 production by HK-Mtb 
and PMA (Figure 5A), and also diminished DNA release by mast 
cells when compared to control cells stimulated in the absence of 
DPI (Figure 5B). These results show that H2O2 produced during 
the respiratory burst, initiated by NADPH oxidase, is critical for 
the production of MCETs by HK-Mtb. Moreover, our data sug-
gest that the reduced production of H2O2 is associated with a poor  
induction of MCETs.

catalase-Deficient Mtb induce release  
of Mast cell eTs
Mycobacterium tuberculosis overrides ROS produced by cells of 
the immune system through several ways, one of which implies 
the presence of genes that code for proteins with catalase activ-
ity. It is well known that Mtb strains that develop resistance to 
isoniazid have deletions in katG gene that codes for an enzyme 
with catalase activity (36). Therefore, we evaluated whether a 
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FigUre 3 | Mast cell extracellular traps do not kill Mycobacterium tuberculosis (Mtb). (a) HMC-1 cells were activated with PMA or (B) heat-killed Mtb (HK-Mtb) to 
induce MCETs, then Mtb or Staphylococcus aureus were added at a MOI of 1 for 3 h Bacteria survival was evaluated by CFU. ***p < 0.001 compared with  
the initial time.

FigUre 2 | MCETs induced by heat-killed Mtb (HK-Mtb) contain both tryptase and histone. Representative micrographs of unstimulated HMC-1 mast cells (control) 
or stimulated for 2 h with PMA or HK-Mtb at a MOI of 10. Mast cell tryptase is shown in green, while histone is shown in red and DNA in blue. White arrows indicate 
DNA zones that showed co-localization with mast cell tryptase. Scale bar 20 µm.
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katG-deficient Mtb strain (Mtb katG−) was able to induce a sig-
nificant generation of H2O2 in mast cells. We observed that mast 
cells stimulated with Mtb katG− had increased levels of H2O2, 
comparable to that induced by HK-Mtb and PMA (Figure 6A), 
and significantly higher than that produced by katG+ live Mtb 
strain (p < 0.001). Next, we evaluated the ability of Mtb katG− to 
induce MCETs production. We observed that mast cells stimu-
lated with Mtb katG− induced a significant release of DNA, simi-
lar to that induced by HK-Mtb or PMA, but significantly higher 
than that promoted by katG+ live Mtb (Figures 6B,C). Taken as a 

whole, our results indicate that Mtb inhibits the release of MCETs 
through the production of mycobacterial catalase that activates 
the decomposition of hydrogen peroxide.

DiscUssiOn

Mast cells develop different functions during an immune response. 
They play a role in induction of immune regulation, allergy, and 
can both positively and negatively affect cancer survival, depend-
ing upon the type of cancer (16, 32, 33, 37). Of course, one of the 
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FigUre 5 | Induction of MCETs by heat-killed Mtb (HK-Mtb) depends on NADPH oxidase. (a) Hydrogen peroxide was evaluated in HMC-1 mast cells that were left 
unstimulated (control) or stimulated for 90 min with PMA or HK-Mtb. A group of cells was incubated with the NADPH oxidase inhibitor, diphenyliodonium (DPI), 
previous to activation. The graph represents the change in fluorescence ± SD of stimulated cells compared to unstimulated cells. ***p < 0.001 as indicated.  
(B) Extracellular DNA was evaluated in HMC-1 mast cells after 2 h of stimulation with PMA or HK-Mtb in the presence or absence of DPI. The graph represents  
the change in fluorescence ± SD of stimulated cells compared to the control. ***p < 0.001 as indicated.

FigUre 4 | Mast cells stimulated with Mycobacterium tuberculosis (Mtb) 
shows low levels of hydrogen peroxide. HMC-1 cells were left unstimulated 
(control) or stimulated with PMA, live Mtb, or heat-killed Mtb (HK-Mtb) for 
90 min and hydrogen peroxide was evaluated. The graph represents the 
change in fluorescence ± SD of stimulated cells compared to unstimulated 
cells. ***p < 0.001 as indicated.
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main functions of mast cells is to initiate an immune response to 
different pathogens that surpass the epithelial barrier (22). In this 
regard, several mechanisms are employed by mast cells to control 
pathogens, including the induction of a rapid inflammatory 
response and the development of different antimicrobial activi-
ties, such as the production of MCETs. Several pathogens have 
been identified to induce these structures, including extracellular 
and intracellular bacteria, fungi, and protozoa (25, 29, 38–40). 
In this work, we show that Mtb inhibits the release of MCETs in 
relation to that induced by PMA and other intracellular bacteria, 
such as Listeria monocytogenes (29). Our findings indicate that 
mycobacterial catalase encoded by katG plays an essential role 

in the ability of this organism to evade the immune response 
through the decomposition of hydrogen peroxide that is an 
essential trigger for MCETs induction (25). To the best of our 
knowledge, this represents a novel, so far unrecognized strategy 
employed by pathogens to override ETs.

One of the classical mechanisms identified to evade ETs is by 
the presence of pathogen-derived nucleases, which dismantle 
the DNA backbone of ETs. This phenomenon was observed 
during the infection with S. aureus, whose nuclease is able to 
degrade neutrophil extracellular traps (NETs), generating deoxy-
adenosine that exert toxic effects in infiltrating macrophages (41).  
A different identified mechanism is by interfering with the activa-
tion of the immune cells that produce ETs. For instance, Group A 
Streptococcus expresses a high-molecular weight hyaluronan that 
engages Siglec-9 in human neutrophils that blocks the cell signal-
ing that leads to ROS generation and NETs formation (42). On 
the other hand, Acinetobacter baumannii inhibits NET formation 
by altering neutrophil adhesion by reducing CD11a expression 
on neutrophils (43), while the capsular polysaccharides gluc-
oronoxylomanan from Cryptococcus neoformans inhibit NET 
production by blocking ROS production (44).

Hydrogen peroxide is an essential molecule in the formation 
of MCETs (25), and several pathogens promote the degradation 
of this molecule through the presence of genes that code for 
enzymes with catalase activity (45). In this work, we observed 
that HK-Mtb, but not viable Mtb, was able to induce the release 
of MCETs. Moreover, we noticed that HK-Mtb induced signifi-
cant levels of hydrogen peroxide, that were diminished in mast 
cells stimulated with live Mtb, indicating that live Mtb targeted 
production of this molecule. We decided to evaluate if mycobac-
terial katG was involved in this blockade because of two reasons:  
(1) it codes for an enzyme with the ability to decompose hydrogen 
peroxide into water and molecular oxygen and (2) the deletion of 

67

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Campillo-Navarro et al. Mtb Inhibits MCETs Formation

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 1161

this gene usually occur in Mtb strains that develop resistance to 
isoniazid, but are less virulent in guinea pig model of infection 
(36). Our findings indicate that mast cells stimulated with live 
Mtb, in which katG was deleted, showed an increased accumula-
tion of hydrogen peroxide and were able to induce the release 
of MCETs. These results show that katG helps mycobacteria to 
override MCETs production by depressing mast cell production 
of hydrogen peroxide, thus suppressing a mechanism that trig-
gers MCETs formation.

Because Mtb inhibited MCETs formation it seems logical that 
this is one mechanism by which Mtb avoids the antibacterial activ-
ity of such structures. To test this hypothesis, we induced MCETs 
with PMA or HK-Mtb and incubated them with viable Mtb to 
evaluate their antibacterial activity. We noticed that although 
such MCETs were able to exert antimicrobial activity against  
S. aureus, they did not affect mycobacterial viability. The resist-
ance of Mtb to ETs is also observed with those released by neutro-
phils and macrophages (12, 13). This is an interesting observation 
because although the main effect associated with antimicrobial 
activity in ETs is related to the presence of antimicrobial peptides, 
the presence of specific granule enzymes also contributes to anti-
microbial activity (29), and Mtb is resistant to the antimicrobial 
activity of the different components present in the different ETs of 
macrophages, neutrophils, and mast cells. This is probably due to 
the particular characteristics of the cell wall of Mtb, although the 

components that are implied in this process need to be clarified. 
In this regard, resistance to the antimicrobial activity is described 
in other pathogens such as Streptococcus pneumoniae that alters 
lipoteichoic acid by the incorporation of d-alanine rendering 
resistance to the bactericidal activity of NETs, while Cryptococcus 
gattii produce extracellular fibrils that render resistance to  
NETs (46, 47).

A second possibility is that Mtb blocks MCETs formation to 
avoid the death of mast cells and that these cells exert an inflam-
matory process that favors infection. It is well known that the 
inflammatory process during the early phase of mycobacterial 
infection is crucial for the recruitment of macrophages that are 
susceptible to the infection and promote the spread to other tissues 
(48). On the other hand, mast cells release preformed inflamma-
tory mediators and induce the production of pro-inflammatory 
cytokines when stimulated with Mtb (26). However, further work 
is needed to clarify the role of the blockade of MCETs production 
during Mtb infection.

Finally, one limitation of our work is that although we used two 
different sources of mast cells with different levels of maturity, we 
did not employ a completely mature mast cell that represent the 
phenotype of lung mast cells. It is well known that mast cells have 
a great heterogeneity in their phenotype and function depending 
on the tissue they reside (49), so further work is needed to clarify 
this issue.

FigUre 6 | Catalase deficient Mycobacterium tuberculosis (Mtb KatG-) induce release of MCETs. (a) HMC-1 cells were left unstimulated (Control) or stimulated 
with PMA, live Mtb, heat-killed Mtb (HK-Mtb), or with a Mtb katG-deleted strain (Mtb KatG−) for 90 min and H2O2 was evaluated. The graph represents the change  
in fluorescence ± SD of stimulated cells compared to unstimulated cells ***p < 0.001 as indicated. (B) Extracellular DNA was evaluated in HMC-1 mast cells after 
2 h of stimulation with PMA, live Mtb, HK-Mtb, or Mtb katG−. The graph represents the change in fluorescence ± SD of stimulated cells compared to the control. 
***p < 0.001, **p < 0.01 as indicated. (c) Representative micrographs of HMC-1 cells unstimulated (Control) or stimulated during 2 h with PMA, Mtb, HK-Mtb or 
Mtb KatG− at a MOI of 10. DNA was visualized after staining with SYTOX-Green. Scale bar 20 µm (magnification 400×).

68

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Campillo-Navarro et al. Mtb Inhibits MCETs Formation

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 1161

reFerences

1. WHO. Global Tuberculosis Report 2016. Geneva, Switzerland: WHO (2016).
2. Campillo-Navarro M, Wong-Baeza I, Serafín-López J, Hernández-Pando R, 

Estrada-Parra S, Estrada-García I, et al. Regulation of the immune response by 
Mycobacterium tuberculosis Beijing genotype. In: Ribón W, editor. Tuberculosis –  
Expanding Knowledge. London, UK: InTech (2015). p. 65–88.

3. Mishra A, Akhtar S, Jagannath C, Khan A. Pattern recognition receptors 
and coordinated cellular pathways involved in tuberculosis immunopatho-
genesis: emerging concepts and perspectives. Mol Immunol (2017) 87:240–8. 
doi:10.1016/j.molimm.2017.05.001 

4. Cadena AM, Flynn JL, Fortune SM. The importance of first impressions: early 
events in Mycobacterium tuberculosis infection influence outcome. MBio 
(2016) 7(2):e342–316. doi:10.1128/mBio.00342-16 

5. Armstrong JA, Hart PD. Response of cultured macrophages to Mycobacterium 
tuberculosis, with observations on fusion of lysosomes with phagosomes. J Exp 
Med (1971) 134(3 Pt 1):713–40. doi:10.1084/jem.134.3.713 

6. Sturgill-Koszycki S, Schlesinger PH, Chakraborty P, Haddix PL, Collins HL, 
Fok AK, et al. Lack of acidification in Mycobacterium phagosomes produced by 
exclusion of the vesicular proton-ATPase. Science (1994) 263(5147):678–81. 
doi:10.1126/science.8303277 

7. Darwin KH, Ehrt S, Gutierrez-Ramos JC, Weich N, Nathan CF. The protea-
some of Mycobacterium tuberculosis is required for resistance to nitric oxide. 
Science (2003) 302(5652):1963–6. doi:10.1126/science.1091176 

8. Ng VH, Cox JS, Sousa AO, MacMicking JD, McKinney JD. Role of KatG 
catalase-peroxidase in mycobacterial pathogenesis: countering the phago-
cyte oxidative burst. Mol Microbiol (2004) 52(5):1291–302. doi:10.1111/ 
j.1365-2958.2004.04078.x 

9. Stoiber W, Obermayer A, Steinbacher P, Krautgartner WD. The role of reactive 
oxygen species (ROS) in the formation of extracellular traps (ETs) in humans. 
Biomolecules (2015) 5(2):702–23. doi:10.3390/biom5020702 

10. Mollerherm H, von Kockritz-Blickwede M, Branitzki-Heinemann K. 
Antimicrobial activity of mast cells: role and relevance of extracellular DNA 
traps. Front Immunol (2016) 7:265. doi:10.3389/fimmu.2016.00265 

11. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease. 
Nat Rev Immunol (2017) 18(2):134–47. doi:10.1038/nri.2017.105 

12. Ramos-Kichik V, Mondragon-Flores R, Mondragon-Castelan M, Gonzalez-
Pozos S, Muniz-Hernandez S, Rojas-Espinosa O, et al. Neutrophil extracellular 
traps are induced by Mycobacterium tuberculosis. Tuberculosis (Edinb) (2009) 
89(1):29–37. doi:10.1016/j.tube.2008.09.009 

13. Je S, Quan H, Yoon Y, Na Y, Kim BJ, Seok SH. Mycobacterium massi
liense induces macrophage extracellular traps with facilitating bacterial  

growth. PLoS One (2016) 11(5):e0155685. doi:10.1371/journal.pone. 
0155685 

14. Wong KW, Jacobs WR Jr. Mycobacterium tuberculosis exploits human 
interferon gamma to stimulate macrophage extracellular trap formation and 
necrosis. J Infect Dis (2013) 208(1):109–19. doi:10.1093/infdis/jit097 

15. Andersson CK, Mori M, Bjermer L, Lofdahl CG, Erjefalt JS. Novel site-specific 
mast cell subpopulations in the human lung. Thorax (2009) 64(4):297–305. 
doi:10.1136/thx.2008.101683 

16. Campillo-Navarro M, Chavez-Blanco AD, Wong-Baeza I, Serafin-Lopez J, 
Flores-Mejia R, Estrada-Parra S, et al. Mast cells in lung homeostasis: beyond 
type I hypersensitivity. Curr Respir Med Rev (2014) 10(2):115–23. doi:10.2174
/1573398X10666141024220151 

17. Graham AC, Hilmer KM, Zickovich JM, Obar JJ. Inflammatory response of 
mast cells during influenza A virus infection is mediated by active infection 
and RIG-I signaling. J Immunol (2013) 190(9):4676–84. doi:10.4049/
jimmunol.1202096 

18. Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell modulation of neutrophil 
influx and bacterial clearance at sites of infection through TNF-alpha. Nature 
(1996) 381(6577):77–80. doi:10.1038/381077a0 

19. Chiba N, Shimada K, Chen S, Jones HD, Alsabeh R, Slepenkin AV, et  al. 
Mast cells play an important role in Chlamydia pneumoniae lung infection 
by facilitating immune cell recruitment into the airway. J Immunol (2015) 
194(8):3840–51. doi:10.4049/jimmunol.1402685 

20. Nieto-Patlan A, Campillo-Navarro M, Rodriguez-Cortes O, Munoz-Cruz S,  
Wong-Baeza I, Estrada-Parra S, et  al. Recognition of Candida albicans 
by Dectin-1 induces mast cell activation. Immunobiology (2015) 220(9): 
1093–100. doi:10.1016/j.imbio.2015.05.005 

21. Cruz A, Mendes EA, de Andrade MV, do Nascimento VC, Cartelle CT, Arantes RM,  
et al. Mast cells are crucial in the resistance against Toxoplasma gondii oral 
infection. Eur J Immunol (2014) 44(10):2949–54. doi:10.1002/eji.201344185 

22. St John AL, Abraham SN. Innate immunity and its regulation by mast cells. 
J Immunol (2013) 190(9):4458–63. doi:10.4049/jimmunol.1203420 

23. Malaviya R, Ross EA, MacGregor JI, Ikeda T, Little JR, Jakschik BA, et  al. 
Mast cell phagocytosis of FimH-expressing enterobacteria. J Immunol (1994) 
152(4):1907–14. 

24. Di Nardo A, Yamasaki K, Dorschner RA, Lai Y, Gallo RL. Mast cell cathelicidin 
antimicrobial peptide prevents invasive group A Streptococcus infection of the 
skin. J Immunol (2008) 180(11):7565–73. doi:10.4049/jimmunol.180.11.7565 

25. von Kockritz-Blickwede M, Goldmann O, Thulin P, Heinemann K,  
Norrby-Teglund A, Rohde M, et al. Phagocytosis-independent antimicrobial 
activity of mast cells by means of extracellular trap formation. Blood (2008) 
111(6):3070–80. doi:10.1182/blood-2007-07-104018 

In conclusion, our work unravels a previously unrecognized 
mechanism employed by Mtb to override the immune response 
through the inhibition of MCETs production, employing katG 
to decompose hydrogen peroxide. We hypothesize that MCETs 
blockade by this bacterium could be relevant during the early 
phase of the infection.

eThics sTaTeMenT

This study was approved by the Bioethics Committee of Escuela 
Nacional de Ciencias Biológicas from the Instituto Politécnico 
Nacional (CEI-ENCB 006/2013).

aUThOr cOnTriBUTiOns

MC-N, KL-P, LD-M, GR-L, and RS-C performed experiments 
and analyzed data. MC-N, KL-P, LD-M, BG-P, LF-R, SE-P, IE-G, 
and RC-S analyzed and interpreted data. MC-N, NP-O, SU, JL-H, 
LF-R, HS-L, SP-T, and RC-S interpreted data, drafted the manu-
script, and contributed with intellectual content. RC-S designed, 

supervised the study, and obtained funding. All the authors criti-
cally revised and approved the final version of this manuscript.

FUnDing

This work was supported by grants from Consejo Nacional de 
Ciencia y Tecnología SEP-CONACYT 157100 to RC-S, and from 
Secretaría de Investigación y Posgrado, Instituto Politécnico 
Nacional (SIP-IPN), México.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01161/
full#supplementary-material.

FigUre s1 | Bone marrow-derived mast cell purity. (a) Representative flow 
cytometry density plot of bone marrow cells after 6 weeks of culture with IL-3 
and SCF. The percentage of FcεRI+CD117+ cells is shown. (B) BMMC were 
stained with toluidine blue and analyzed by light microscopy (magnification 
1,000×).
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Pulmonary aspergillosis is a severe infectious disease caused by some members of

the Aspergillus genus, that affects immunocompetent as well as immunocompromised

patients. Among the different disease forms, Invasive Aspergillosis is the one causing the

highest mortality, mainly, although not exclusively, affecting neutropenic patients. This

genus is very well known by humans, since different sectors like pharmaceutical or food

industry have taken advantage of the biological activity of somemolecules synthetized by

the fungus, known as secondary metabolites, including statins, antibiotics, fermentative

compounds or colorants among others. However, during infection, in response to a

hostile host environment, the fungal secondary metabolism is activated, producing

different virulence factors to increase its survival chances. Some of these factors also

contribute to fungal dissemination and invasion of adjacent and distant organs. Among

the different secondary metabolites produced by Aspergillus spp. Gliotoxin (GT) is the

best known and better characterized virulence factor. It is able to generate reactive

oxygen species (ROS) due to the disulfide bridge present in its structure. It also presents

immunosuppressive activity related with its ability to kill mammalian cells and/or inactivate

critical immune signaling pathways like NFkB. In this comprehensive review, we will briefly

give an overview of the lung immune response against Aspergillus as a preface to analyse

the effect of different secondary metabolites on the host immune response, with a special

attention to GT. We will discuss the results reported in the literature on the context of the

animal models employed to analyse the role of GT as virulence factor, which is expected

to greatly depend on the immune status of the host: why should you hide when nobody

is seeking for you? Finally, GT immunosuppressive activity will be related with different

human diseases predisposing to invasive aspergillosis in order to have a global view on

the potential of GT to be used as a target to treat IA.
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GENERAL INTRODUCTION

The genus Aspergillus comprise different saprophytic fungal
species with a high environmental prevalence that, under
specific circumstances, might infect humans and other animals
causing different infectious diseases. Among them Aspergillus
fumigatus is a well-known human pathogen, responsible for
an important morbimortality in immunocompromised and
immunocompetent patients like cancer, transplanted, COPD and
critically ill patients (1–3). It causes several diseases including
invasive aspergillosis (IA), chronic pulmonary aspergillosis
(CPA) and allergic bronchopulmonary aspergillosis (ABPA) (4).

Among them IA is a common cause of mortality in patients
with hematological malignancies and it is an emerging problem
for solid organ transplant recipients, critical care patients and
those receiving immunomodulatory therapies, with mortality
rates ranging between 30 to 90% (1–3).

In order to colonize the host, A. fumigatus must use
different evasion strategies to avoid the host protective response.
These include physicochemical and anatomical barriers of the
respiratory track like enzymes, mucus or epithelial cells as well
as others that prevent spore and hyphae clearance by innate and
adaptive immune system. Among these strategies the production
of mycotoxins and other substances with immunosuppressive
activity has been the focus of extensive research during the last
years, although in most cases, the biological relevance of the
findings has not been completely clarified. In this short review
we will first summarize the main strategies used by the host to
fight Aspergillus within the respiratory track, focusing on cellular
innate and adaptive immune responses. Subsequently, we will
present the main mycotoxins and products of the secondary
metabolism with potential immunosuppressive activity. We will
pay special attention to Gliotoxin (GT) that has been shown to
affect a great variety of innate and adaptive immune responses
and act as a virulence factor in vivo in mouse models (5). Finally,
we will discuss unsolved questions and future directions to be
addressed on the field, with special attention in the potential
of immunosuppressive mycotoxins to exacerbate infection (act
as virulence factors) depending on the immunosuppressive host
status.

HOST LUNG IMMUNITY AGAINST

ASPERGILLUS

The respiratory system is formed by the upper respiratory tract,
nasal cavity, pharynx, larynx, the lower respiratory tract, trachea,
bronchi, bronchioles and the respiratory zone represented by
alveoli. To carry out gaseous exchange, the respiratory system is
exposed daily to thousands liters of air, introducing numerous
particles and potentially harmful microorganisms to the alveolar
surface (6). To avoid injuries and infections, the respiratory
tree has various defense mechanisms such as cough and the
mucociliary transport system, formed by four major cell types
that produce a physico-chemical barrier against microorganisms,
including ciliated cells, mucus-secreting cells and basal cells (7).
Nevertheless, if the potentially harmful microorganisms manage

to overcome these elements, the bronchial tree still presents
different defensemechanisms consisting of solublemolecules and
humoral and cellular factors belonging to the innate and adaptive
immune system.

Inhalation of Aspergillus spp. conidia is very frequent, because
Aspergillus species are found in decomposing vegetation, soil,
water, food and air. However, immunocompetent individuals are
capable to eliminate Aspergillus conidia by different immune
mechanisms, preventing germination and fungal growth (8, 9)
(Figure).

Innate Immune Response Against

Aspergillus
Resident alveolar macrophages (AM) and epithelial cells interact
with germinating Aspergillus spores in the lung. These cells
recognize pathogen-associated molecular patterns (PAMPs)
present in fungal surface like galactomannan and β-1,3-
glucan among others, through pathogen-recognition receptors
(PRR) such as Toll-like receptors (specially TLR-1,−3,−4,
and-6), the C-type lectin receptor-Dectin-1 (9) or Nod-like
receptors (10). Aspergillus recognition leads to the generation of
proinflammatory cytokines like IL-1α, IL-1β, TNF-α, IL-8, and
MIP-1α by activation of the NFkB and inflammasome pathways
(10–12).

AM are also capable of eliminating directly conidia and
initiate an inflammatory response to fungal infection.
AM phagocytose conidia and kill them using different
mechanisms including acidification of the phagolysosome
and activation of antimicrobial enzymes (cathepsin D and
chitinase), and the production of reactive oxygen species (ROS)
(13, 14). Chemokines and proinflammatory cytokines act as
chemoattractants and activators for other immune cells including
neutrophils, Natural Killer and T cells that will arrive to the
infected site to fight infection and prevent host colonization. The
role of these receptors and cytokines in humans mainly proceed
from studies showing a higher risk of IA in patients presenting
Singe Nucleotide Polymorphisms (SNPs) for these genes (15, 16).
Paradoxically, others like NOD2 SNP, decrease the risk of IA in
Stem-Cell transplanted (SCT) patients (17).

After epithelial cells and resident AM initiate the
inflammatory response, neutrophils are among the first cells
arriving at the infected site. These cells have also been found to be
critical during the immune defense against Aspergillus spp. both
mouse models and humans. This role was mainly characterized
in patients treated with neutropenia-inducing drugs as well as in
those presenting mutations in molecules involved in neutrophil
activity like NADP oxidases (18). Neutrophils are attracted to
the site of infection by chemokines and cytokines, especially IL-8
and IL-17, albeit as indicated below, the role of IL-17 during IA
is not clear (19–23). Apart from enhancing the inflammatory
response by producing cytokines and chemokines, these cells
can directly phagocyte and kill the fungus by the production
of ROS and antimicrobial compounds (24). Neutrophils have
another antifungal mechanism, the neutrophil extracellular
traps (NET). NETs are formed when neutrophils release DNA,
histones, and granular proteins, including calprotectin and PTX3
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into the surrounding environment after autolysis, avoiding
the progression of infection (24). Indeed, a recent study has
shown that Stem Cell transplanted patients with a SNPs in PTX3
present a higher risk of IA (25). The role of NET formation
in IA has also been demonstrated in patients with chronic
granulomatous disease who received a gene therapy to restore
NET and may resolve a preexisting pulmonary aspergillosis
(26). Activated neutrophils also amplified immune response
producing cytokines like IL-12 and IL-18 (24).

AM and neutrophils express cytokines and chemokines that
attract antigen-presenting cells (APC) like dendritic cells (DC)
and monocytes from the blood and surrounding tissues to the
infection site. DCs link innate and adaptive immune response
to fungal infection (27). They are a heterogeneous population
characterized by the expression of different specific surface
markers. Three main groups have been established: conventional
DCs (cDCs), plasmacytoid DCs (pDCs), and monocyte-derived
dendritic cells (moDCs). DCs are responsible for capturing,
processing and presenting antigens associated to HLA-I/-II
(MHC-I/-II) to CD8+ and CD4+ T cells, respectively, in the
lymph nodes. This interaction leads to the generation of CD4+

Th-1, Th-2, Treg or Th17 subsets that regulate different immune
responses. DCs also provide co-stimulatory signals (CD86,
CD80) and secrete IL-12, a cytokine necessary for acquisition
of cytotoxic activity in CD8 T+ cells (28). DCs have also been
involved in NK cell activation during IA by the expression of
SYK and IL2RA (29). It has been reported that pDCs play an
important role in vivo during the control of infection, since its
depletion inmice increased susceptibility to IA (30). Intriguingly,
these authors also demonstrated that pDCs were able to directly
inhibit the growth of A. fumigatus hyphae.

During Aspergillus infection monocytes migrate to the lungs
where they differentiate into moDC. It has been demonstrated
that moDCs are important for the maintenance and development
of protective Th1 cell response against A. fumigatus (31).
Monocytes are capable to recognize PAMPs in conidia and
hyphae during A. fumigatus infection increasing the expression
of several cytokines and chemokines. It has been recently
described a new member of the C-type lectin receptor family,
MelLec, expressed by endothelial, epithelial and myeloid cells,
that recognizes DHN-melanin in Aspergillus conidia and is
critical for host protection in a mouse model of IA (32).
The relevance of these findings in humans was provided by
showing that a SNP in MelLec increased the risk of IA in SCT
patients.

In addition, it was found that monocytes may contribute
to thrombosis and local lung tissue injury during A. fumigatus
infection, increasing the expression of urokinase type
plasminogen activator (uPA), urokinase type plasminogen
activator receptor (uPAR), plasminogen activator inhibitor
(PAI), pentraxin-3 (PTX3) and intercellular adhesion molecule-1
(ICAM-1) (33). Some evidence indicates that Natural Killer cells
(NK cells) are involved in the control of Aspergillus infection. In
vitro studies have demonstrated that NK cells exhibit antifungal
activity against hyphal form of A. fumigatus but are not able to
exhibit fungicidal activity against conidia (34). Another study
reported that antifungal activity of NK cells against Aspergillus

was IFN-γ-mediated and was independent of their cytotoxic
mechanisms (35). In vivo studies have shown the important
role of NK cells during Aspergillus infection. In a mouse model
of Aspergillosis in neutropenic mice it has been demonstrated
the beneficial effect of transference of NK cells (36). NK-cell-
derived interferon (IFN)-γ also contributes to control infection
activating macrophage-dependent fungal clearance mechanisms
(37). NK cells have been shown to interact with neutrophils. NK
cells activated by Aspergillus express TNF-α, IFN-γ and GM-CSF
which directly stimulate neutrophil activation (38). However, so
far it has not been identified any genetic deficiency, like Natural
Cell Receptors SNPs, linking NK cells with IA susceptibility in
humans, which would confirm such a role.

Other innate immune cells includingmast cells, basophils, and
eosinophils may contribute to fungal protection. The role of mast
cells in Aspergillus infection is poorly understood. An in vitro
study found that A. fumigatus hyphae induced degranulation
of mast cells via an IgE-independent mechanism (39). However
the biological relevance of this finding remains to be established
(40). The role of eosinophils in Aspergillus infection has been
established using mice that exhibit a selective deficiency in
eosinophils. These mice showed impairment in A. fumigatus
clearance and evidence of germinating organisms in the lung
(41).

Adaptive Immune Response Against

Aspergillus
The innate immunity response during Aspergillus infection
triggers the development of an acquired immune response
inducing the differentiation of CD4T helper cells into Th1, Th2,
Th17, or Treg cell phenotypes which contribute to IA protection.
However, the relative role of each subset is still a matter of
controversy.

Th1 cells may improve the antifungal activity of macrophages
and neutrophils in the site of infection throw the expression
of proinflammatory cytokines TNF-α and IFN-γ (42).
Furthermore, in healthy individuals it has been demonstrated the
predominance of Th1 response against A. fumigatus employing
peripheral blood (43). On the other hand, Th2 cells do not
seem to play a protective role during A. fumigatus infection. In
contrast, these cells may activate M2 macrophages and decreased
Th1 cell response, which could be detrimental in patients with
severe fungal infections (44). In contrast, in patients with allergic
bronchopulmonary aspergillosis (ABPA), A. fumigatus-specific
Th2 CD4+ T cells are predominant (45) and a recent work has
identified SNPs in genes related with Th2 responses like IL13 and
IL4R that increase ABPA susceptibility (46).

The role of Th17 cell response during A. fumigatus infection
is controversial. In a mouse model of A. fumigatus infection, it
has been reported that IL-17 and IL-23 do not play a protective
role due to its ability to negatively regulate the development
of Th1 cells and to affect the neutrophil antifungal activity in
vitro (19). Supporting this conclusion they showed that in vivo
blocking of IL-23 and IL-17 increased infection clearance (19).
In contrast, another mouse model of A. fumigatus infection
showed a protective role of IL-17. In this model, in vivo
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neutralization of IL-17 early during infection increased fungal
pulmonary burden (21). Concerning humans, it was found low
frequency of IL17 producing cells and high frequency of IFN-
γ producing cells after Ag-stimulation of PBMCs from healthy
donors (22) or from patients with IA (23). Intriguingly, the last
work also found a marked induction of IL-10 producing cells,
which could modulate the generation of specific CD8+ T cell
activity among other responses. More recently, it was found
that meanwhile T cells from peripheral blood from IA patients
showed a Th1 IFN-γ producing profile, the majority of lung-
derived Aspergillus-specific T-cells displayed a Th17 phenotype,
and only low percentages of cells produced IFN-γ. However,
it has been shown that SNPs in the IFN-γ gene increases the
susceptibility to IA in SCT patients (16). These results indicate
that during A. fumigatus infection both Th1 and Th17 cell
responses may play an important role in host immunity.

Treg cells may play a protective role during A. fumigatus
infections modulating the exacerbated inflammation due to a
strong Th1 response in early stage of A. fumigatus infection as
well as hypersensitivity reactions associated with Th2 responses
in later stages (47, 48).

CD8+ T cell response may play a protective role during A.
fumigatus infection. In a mouse model of A. fumigatus infection,
it has been observed an increment of IFN-γ-producing CD8+ T
cells in bronchoalveolar fluids of mice repeatedly challenged with
A. fumigatus conidia with the maintenance of airway memory
phenotype CD8+ T cells (49). However, functional evidences of
such role were not investigated.

IMMUNOSUPPRESSIVE ACTIVITIES OF

ASPERGILLUS SECONDARY

METABOLISM

Aspergillus species produce a large number of secondary
metabolites that are not critical for its life cycle, but confer
competitive survival advantages. These metabolites include
aflatoxins, naptho-γ-pyrones, ochratoxins, cyclopiazonic acid,
fumonisins, patulin, gliotoxin, kojic acid, malformins, emodin,
bicoumarins, csypyrone B1, DHBA, nitropropionic acid,
aflatrem, ophiobolins, etc. Many of these compounds exhibit
interesting biological properties like antibiotic, anti-carcinogenic
or anti-inflammatory activity (50). Thus, Aspergillus spp. are
used as biological factories with a great range of applications in
food, textile or pharmaceutical industry.

Within these metabolites, mycotoxins have focused
special attention due to its toxicity, carcinogenic and/or
immunosuppressive activity for both humans and livestock.
Among them, fumifungin, fumiquinazoline A/B and D,
fumitremorgin B, gliotoxin, sphingofungins, pseurotins, and
verruculogen are found in A. fumigatus, being gliotoxin (GT) the
most abundant and best characterized mycotoxin produced by
A. fumigatus (51).

In Table 1 the main secondary metabolites and mycotoxins
with immunosuppressive activity are summarized, including
the main Aspegillus spp. producing them and the effect on
host immunity. Notably, aflatoxins, ochratoxin, and gliotoxin
are the most extensive studied and, thus, for which more

immunosuppressive activities have been described. It is worth
to note that in all cases these compounds mainly affect
innate macrophage and neutrophil responses, especially the pro-
inflammatory response, highlighting the importance of these cells
in the elimination and prevention of Aspergillus infection as
described above.

In several cases the immunosuppressive activity of these
compounds has been related to its toxicity against immune cells
like some aflatoxins, ochratoxin, gliotoxin or sterigmatocystin.
Ochratoxin A is toxic for several immune cells in vitro as well
as in vivo in different animal models, causing the reduction in
the size of different immune organs including spleen, tonsil or
lymph nodes (52). Sterigmatocystin has also been described to be
toxic for dendritic cells causing a reduction in its number in vivo
(66, 67).

More interestingly, other mycotoxins can affect different
immune responses at a concentration that do not cause cell
toxicity. For example, citrinin and aflatoxin B1 inhibit NO
production in macrophages without cell death (53). As indicated,
a common feature of most of these compounds is its ability to
inhibit inflammatory cytokine production by macrophages by
blocking differentmechanisms like TLR expression, RIG orNFkB
activation, all of which are involved in the synthesis of cytokines
following a pro-inflammatory stimulus (Table 1). Thus, some
of them like gliotoxin or emodin have been proposed as anti-
inflammatory agents to treat different pathologies like septic
shock or colitis in mouse models (64, 65, 74). However, its
application for humans is still pending andmight be very difficult
due to likely secondary toxic effects, unless they are formulated in
compositions that allow local selective delivery in affected tissues.

In addition to macrophages, patulin has been shown to
directly affect T cell responses, affecting the polarization
between Th1 and Th2 by a mechanism dependent on
intracellular glutathione (59). Fumonisin prevents dendritic cell
maturation and antigen presentation, blocking antigen-specific
T cell responses (52). Thus, fumonisin exposure might cause
specific T cell immunosuppression and enhance susceptibility
to intracellular pathogen infections like viruses, although this
hypothesis has not been tested yet.

Finally, some of them might regulate very specific processes
like malformin, that has been shown to inhibit IL-1β activity
by preventing IL-1β binding to its receptor (75). Indeed,
Malformin is commercialized as a specific IL-1β inhibitor.
Since inflammasome activation and IL-1β production are critical
for initiation of innate and adaptive immune responses, this
compound could regulate a broad range of immune responses,
including intracellular and extracellular pathogens. Concerning,
inflammasome activity and IL1 production Emodin has been
shown to inhibit inflammasome activation mediated by ATP and
to prevent LPS-mediated septic shock in animal models (64).

IMMUNOSUPPRESSIVE ACTIVITY OF

GLIOTOXIN

Despite the immunosuppressive properties described for several
mycotoxins, as shown in Table 1, GT is the one that affects a
wider variety of immune responses. This is likely because it has
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TABLE 1 | Main secondary metabolites from Aspergillus spp. presenting immunosuppressive activity.

Metabolite Aspergillus spp. Affected immune function References

Aflatoxins A. flavus, A. parasiticus, A. niger Macrophage

Neutrophil

Cytokine production

T cell number

(52–57)

Ochratoxin A A. niger, A. ochraceus, A.

carbonarius, A. alliaceus, A.

sclerotiorum, A. sulphureus, A.

albertensis, A. auricomus, A. wentii

Immune organ reduction

Ab production

Cytokine production

T cell death

(52)

Fumagillin A. fumigatus Neutrophils (58)

Fumonisins A. niger Dendritic cells(Ag presentation

Th1/Th2 balance

Macrophage/ Cytokne production

(52)

Patulin A. clavatus Macrophage/ Cytokne production

T cell/ Cytokne production

(59–61)

Citrinin A. carneus, A. terreus Macrophage / cytokine production

T cell/ Cytokne production

(53, 60, 62, 63)

Malformins A. niger IL1b activity (48)

Emodin A. ochraceus, A. wentii Macrophage/Cytokine production (64, 65)

Sterigmatocystin A. nidulans, A. versicolor, A. flavus T regulatory cell increase

Dendritic cell reduction

Neutrophil/NADPH oxidase

(66, 67)

Cytochalasins A. clavatus Macrophage phagocytosis

Neutrophil/phagocytosis/chemotaxis

T cell/activation

NK cell/activation

(68–70)

Gliotoxin A. fumigatus, A. flavus Macrophage and monocytes / phagocytosis, cytokine

production

Neutrophil / NADPH oxidase, phagocytosis, migration

Eosinophil / apoptosis

Mast cell / degranulation, cytokine production

Dendritic cell / Maturation, Ag presentation

T cell / activation

NK cell

Immune cell / apoptosis

(71–73)

been themost extensively studied and characterized, since it is the
most abundant mycotoxin produced by A. fumigatus, the main
Aspergillus spp. causing IA.

One the main structural features of GT that regulates
its biological activity, including toxicity (cell death) and
immunosuppression, is the presence of a disulphide bond,
conserved in most members of the epipolythiodioxopiperazine
(ETP) family (76). GT can bind and inactivate proteins through
cysteine residues and generate ROS thanks to the disulfide bridge
present in its structure. It is believed that the generation of
ROS and activation of the mitochondrial pathway by Bak is
responsible for the toxicity of the GT (77) and is produced by
redox reactions between the oxidized (GT) and reduced form
(SH2-GT) (78). Morever, the entry of GT in tumor (71) and

immune cells (79) has also been shown to be dependent on the
presence of the intact disulphide bond.

Most of the studies presented below concerning GT activity
on specific cellular functions have been shown in vitro, although
it is well known that GT also exerts immunosuppressive effects in
vivo in mouse (80) and rat models (81). Indeed, it was suggested
as a potential immunosuppressive drug during organ and bone
marrow transplantation (82, 83). The mechanism involved seems
to be related, at least in the mouse model, with the ability of
GT to kill immune cells in spleen, thymus and lymph nodes.
However, depicting the effects of GT in vivo against specific cell
responses is challenging, and in most cases, it seems that they will
be a consequence of its pleitropism to affect most of the immune
responses involved in Aspergillus immunity (Figure 1).
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FIGURE 1 | Overview of the lung immune response against Aspergillus, indicating the main targets for GT-induced immunosuppression. Resident alveolar

macrophages (AM) and epithelial cells (EpC) interact with germinating Aspergillus spores in the lung by different PRRs (mainly TLRs, C-type lectin receptors/CLRs and

NLRs), activating the NFkB transcription factor mainly responsible of the synthesis of inflammatory cytokines and chemokines. In addition, AM are able to directly kill

phagocytosed spores in phagolysosomes. In response to inflammation, several cells are attracted to the infected site and activated like neutrophils (NF), monocytes

(Mo) and NK cells. NF are the first cells extravasating from circulation to the infection site, where they phagocytose and kill Aspergillus conidia and enhance the

inflammatory response. In addition, they are able to kill hyphae generated from conidia that have avoided AM, by releasing ROS produced by NADPH oxidase (Nox) as

well as to trap them in structures released when neutrophils die known as NETs. Other cells like circulating Mo and NK cells also contribute to Aspergillus clearance,

directly or by releasing cytokines that enhance anti-fungal activity of AM and NF. Meanwhile the innate immune response tries to eliminate Aspergillus conidia and

hyphae, interstitial immature Dendritic Cells (iDC) phagocytose conidia and hyphae and migrate to lymph nodes, where fully mature DCs present these antigens to

CD4+ Th and CD8+ T cells. Here depending on the nature of the Ag presented and the cytokines produced by DC, Th cells differentiate into the different subsets,

CD8+ T cells are activated generating cytotoxic T cells (Tc/CTL) and B cells transformed in antibody producing plasma cells. All these cells migrate to the site of

infection and contribute to the elimination of the fungus (Th1 and Th17 cells) and to avoid an exacerbated inflammatory response (Treg cells), by expressing cytokines

and ligands with different activities. As described in the text GT can interfere with host immune response at different levels. The most pronounced effect seems to be

related with its ability to block the inflammatory immune response of macrophages by direct killing or by inhibiting NFkB as well as phagocytosis. In addition, GT is

able to kill epithelial cells, and, thus, the fungus could potentially use GT to completely inhibit the generation of the immune response. However, it should be noted that

GT is only produced at the hyphae level, and, thus, AM and EpC will be able to activate the immune response, before hyphae are produced. At this stage NFs are

critical to eliminate hyphae and, GT has been described as a potent inhibitor of NOX as well as phagocytosis. Finally, GT would inhibit the adaptive immune response

at different levels, contributing to host colonization. From this scheme, it seems clear that the contribution of GT to Aspergillus infection will depend on the balance

between host immune activity and hyphae development.

Monocytes and Macrophages
In late ’80s the group of Arno Mullbacher in Canberra observed
in a culture of macrophages accidentally contaminated with
a mold that cells spontaneously detached from plates and
apparently, remained alive. Macrophages are known to be very
difficult to detach from plastic surfaces without killing them,
and, thus, the group decided to characterize the compound
responsible for this activity (84). They identified it as gliotoxin.
Subsequently they found out that it presented a variety
of immunosuppressive activity in vitro in macrophages by
preventing H2O2 production and bactericidal activity (85). And
in antigen presenting cells (APCs) including anti-phagocytic
and immunomodulating activity, preventing phagocytosis and
activation of T cell responses, including cytotoxic CD8+ T
cells (84). Notably, GT did not prevent T cell mediated
cytotoxicity once cells were activated, confirming that GT

modulated APC activation, preventing APC-mediated T cell
activation.

Later on it was shown that apart from its immunomodulatory
activity, GT was able to induce apoptosis in macrophages
(86) by a mechanism involving ROS production, caspase
activation and the intrinsic mitochondrial pathway in
mouse macrophages and human monocytes (87). GT
induces apoptosis in cultured macrophages via production
of ROS and cytochrome c release without mitochondrial
depolarization (88). Notably, this effect was not observed
in neutrophils, although it does affect its phagocytic
capacity (89). The ability of GT to kill macrophages has
been related to the inhibition of macrophage function
including phagocytosis and pro-inflammatory cytokine
production in response to Listeria monocytogens infection
(90) or LPS stimulation (62). Concerning the physiological
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relevance of these in vitro findings, it was shown that
the ability of GT to inhibit macrophage function in
vitro correlated with an increase replication of Listeria
in vivo (90).

It should be noted here that the biological effects of GT
on macrophage function, as well as against other immune
cells, could be dependent on the concentration. At high
concentrations most effects are related to the ability of GT to
kill immune cells, meanwhile at lower concentrations specific
immunosuppressive effects non-related to cell death could be
observed (85).

Concerning the effects non-related to cell death, GT is
a well-known inhibitor of NFkB activation in different cells
including macrophages, which blocks the production of pro-
inflammatory cytokines in response to different stimuli (81).
However, it should be indicated that it is not a trivial question
to find out a concentration that inhibits NFkB activation
and pro-inflammatory cytokine production in macrophages,
independently of GT-mediated killing, at least in mouse
macrophages (Unpublished data), which might affect the proper
interpretation of these findings. However, the relevance of these
findings in humans is not clear, since a recent study has shown
that SNP in different molecules of NFkB pathway do not increase
the risk of IA in SCT patients (91). Thus, in order to clarify
the role of GT-mediated NFkB inhibition during IA, studies
comparing NFkB activity during infection with GT producing
and non-producing A. fumigatus strains should be carried
out.

If confirmed in relevant in vivomodels, this finding could be a
key in order to confirm GT as a prominent immunosuppressive
virulence factor: blocking NFkBwould affect host immunity early
during infection, since this transcription factor is critical for
the generation of the inflammatory response after activation of
most PRRs involved in Aspergillus immunity including TLR and
CLRs.

Another mechanism by which it has been recently described
that GT affects macrophage phagocytosis is the interference with
IP3 metabolism, which affects integrin activation as well as actin
cytoskeleton remodeling, both of which are required for efficient
phagocytosis (92).

Neutrophils and Other Polymorphonuclear

Cells
Another key feature of GT, regarding its immunosuppressive
activity, is the ability to affect several neutrophil functions in
the absence of cell death. Here it should be noted that it was
described that GT was not cytotoxic for human neutrophils at
concentrations where monocyte/macrophages were readily killed
(89). Thus, it seems that in this cell type the effects observed
for GT can be clearly analyzed in the absence of cell death
contribution and, as discussed below neutrophil inactivation
might be the most relevant immunosuppressive function of GT
during IA.

The first report on the immunosuppressive effect of GT on
human neutrophil function was published when it was found
that H2O2 production was reduced after GT exposure (85).

Subsequently, a more detailed analysis of GT on neutrophil
function revealed that it affected ROS production, but, in
addition, inhibited phagocytosis. Notably, other functions like
degranulation or myeloperoxidase activity were not affected
(89). Inhibition of phagocytosis was confirmed by another
independent study (93). The molecular mechanism behind the
anti-oxidant activity of GT was solved in 2004, showing that GT
disrupted the formation of a functional NADPH oxidase complex
(94), a key finding concerning the ability of GT to interfere
neutrophil function, since NADPH oxidase is critical for host
protection against Aspergillus.

Intriguingly, it was shown that the effect of GT on neutrophils
could be completely different in the presence of corticosteroids
(89). In this case, GT increased ROS production in neutrophils
treated with methyl-prednisolone, commonly used in patients
at risk of IA, which could enhance inflammatory and tissue
damage in non-neutropenic patients, a process that has been
related with a high infiltration of neutrophils in lungs from
Aspergillus infected patients. Thus, the contribution of GT
during IA could be related not only to its ability to favor
immune evasion, but, in addition, to an exacerbation of
tissue damage induced by neutrophils in corticosteroid-treated
patients.

Concerning other PMN cells, it was reported that inhibition of
NFkB by GT increases eosinophil apoptosis mediated by TNF-α
(95). However, the role of this inhibition during the interaction
between host eosinophils and Aspergillus is unclear. On the
one hand elimination of eosinophils could favor Aspergillus
infection since these cells contribute to host defense against
Aspergillus. In contrast, it has been recently reported that death
eosinophils release NETs after interacting with A. fumigatus (96),
which might contribute to Aspergillus clearance, although this
hypothesis was not tested and remains to be solved.

NET formation is used by death neutrophils to trap
microorganisms, facilitating its clearance and favoring the
presentation of associated antigens by dendritic cells and the
generation of adaptive immune responses. Recently, it was
shown in a mouse model of pulmonary aspergillosis, that
neutrophil NADPH oxidase activity is critical for NETosis
and apoptosis during aspergillosis (97). Here it is tempting to
speculate that GT could interfere with NETosis and Aspergillus
clearance by inhibiting neutrophil NADPH oxidase, and thus,
affect the transition from innate to adaptive immune system
by reducing the amount of Ags available for DC uptake
and processing. However, before all these hypotheses are
experimentally addressed, the role of NETosis in Aspergillus
killing should be clarified since a recent study indicates that
NETosis is not a mechanism employed by human neutrophils to
kill Aspergillus hyphae (98).

Dendritic Cells, Antigen Presentation, and

T Cell Response
As indicated above, most immunosuppressive effects of GT have
been related to innate immune responses, specially macrophages
and neutrophils, in concordance with the key role of these
cells during Aspergillus infection. However, adaptive immune
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responses, like T cells, have also found to be important for
Aspergillus host defense by enhancing the activity of PMNs
and macrophages (CD4 Th1 responses). The relevance of T
cells in Aspergillus immunity has been shown in mice (99,
100) and human (101–103). Indeed, some patients undergoing
specific therapies affecting T cell function also show increased
susceptibility to Aspergillus infection, as in the case of solid organ
transplantation (104).

Ag presentation and DC function have been shown to be
modulated by GT by several independent groups, affecting
subsequent T cell responses. Again, as in the case of macrophages,
most effects seem to be related to the ability of GT to induce
cell death on DCs. GT was found to kill monocyte-derived
dendritic cells blocking Ag presentation and T cell activation,
suppressing CMV specific T cell responses (87). In agreement
with these findings it was also found that GT killed bone marrow
derived DC inhibiting IL12 production and the generation of
Listeria-specific CD8+ T cells (78). It was also found in vivo that
GT eliminated Langerhans cells (LC), a type of skin associated
DCs (105).

Apart from the ability to block T cell generation by affecting
DC function, GT is able to directly kill and/or inhibit different T
cell functions. Indeed, GT was shown to block NFkB activation
in B and T cells by preventing IkBα degradation (106) and later
on to kill CD8+ T cells, preventing cytotoxic T cell-mediated
cytotoxicity (90). In contrast, at non-toxic doses, GT did not
prevent CD8+ T cell function (107). Regarding cytotoxic T
cell function, it was reported that GT inhibited CTL-mediated
cell death by blocking granule exocytosis- and FasL-mediated
cell death (108). The mechanism proposed for this action was
the interference with CTL:target cell conjugation. Although
authors argued that this defect was not due to GT toxicity
on CTLs, from the results presented in that work it is not
clear whether GT induced cell death on CTL or not. Notably
this work contrast with previous findings indicating that GT
did not prevent T cell mediated cytotoxicity once cells were
activated (84).

In addition, GT has been shown to affect IFN-γ production
by CD4+ T cells (60) which might reduce the ability of CD4+

T cells to enhance macrophage and neutrophil activity against
Aspergillus.

Natural Killer Cells and Mast Cells
Other cells from the innate immune system in which GT might
have immunosuppressive activity are Natural Killer cells and
Mast cells, both of which have been suggested to be involved in
the control of Aspergillus infection (109).

However, meanwhile the evidences for a role of mast cells in
Aspergillus immunity are mostly based on in vitro findings, NK
cells have been shown to contribute in vitro (110) as well as in
vivo (111, 112). However, up to date GT has not been shown to
affect NK cell activity.

Concerning Mast cells, GT was shown to block both
FcE receptor-dependent and independent activation including
degranulation and lipid and cytokine production (113). The
mechanism involved was related to the ability of GT to produce
intracellular ROS in the absence of cell death.

Unsolved Questions and Future

Perspectives
Although some secondary metabolites, especially GT, can
contribute to infection and fungal colonization, as previously
indicated (Table 1) most studies have been performed employing
human and mouse in vitro cell models, and few in vivo
evidences indicate a role for these metabolites in immune
evasion and host colonization. An exception is GT, which was
shown to act as a virulence factor in vivo in mouse models
by employing A. fumigatus mutant strains genetically modified
to delete specific genes involved in GT synthesis, like GliP or
GliZ (5, 114–117).

However, a question that remains to be solved in humans,
albeit it has been addressed in mouse models, is the fact that
the role of GT as a virulence factor might be related to the
immune status of the host; specifically, the absence of host
immune cells that are targeted by GT in immunocompromised
patients. In the studies mentioned above the results indicated
that in mice treated with cyclophosphamide and corticosteroids,
a combination that induces neutropenia, GT was unimportant
for fungal virulence (114, 116). In contrast, in mice treated with
corticosteroids, which just inhibit neutrophil activity without
inducing neutropenia, GT synthesis significantly contributed to
virulence (5, 117). Although this explanation has been accepted
to reconcile the apparent contradictory results obtained in
different studies, it is not completely clear whether this is
the only difference to explain the contribution of GT to A.
fumigatus virulence. Indeed, in mice treated with vinblastine,
a chemotherapy drug that induces neutropenia, the mutant A.
fumigatus GliP strain that did not produce GT, was less virulent
than a wild type strain. However it should be indicated that
neutrophil levels were not determined in these mice, albeit
treatment was enough to promote infection (Pardo and Galvez,
unpublished data).

Thus, it will be required further studies to solve whether
GT only contributes to virulence in corticosteroid treated non-
neutropenic host or whether it can also worsen IA evolution by
affecting other immune cells involved in host defense such as
macrophages, NK or T cells. Here it will be very interesting to test
whether GT enhances virulence by promoting immune evasion
and/or by enhancing neutrophil-mediated inflammatory tissue
damage in corticosteroid-treated host as suggested (89).

In addition, GT could promote fungal invasion by affecting
epithelial and/or endothelial cell barriers. Indeed, GT has been
shown to kill lung epithelial cells in vitro (118). However, this
hypothesis will require further experimental evaluation in mouse
in vivomodels.

Concerning humans, it will be very difficult to confirm
whether GT actually contributes to virulence. Several groups
have reported that most A. fumigatus strains isolated from
humans are able to synthetize GT as well as the inactive
derivative bmGT (79, 119) suggesting that at least ex vivo
all fungal isolates synthetize GT, irrespectively of the host
immune status from whom they were isolated (neutropenic
or not). Confirming these in vitro findings, bmGT, which is
synthetized from GT, has been identified in neutropenic (79,
120) and non-neutropenic (121) patients in vivo, suggesting
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that the fungus produces GT in vivo, even in situations where
a priori should not be required (i.e., neutropenia). Here it
should be noted that GT cannot be detected in vivo due to
its high reactivity, and thus bmGT might be considered as
a marker of GT synthesis. In order to confirm whether GT
might help Aspergillus to colonize and invade human host, it
will be required to analyze whether bmGT presence correlates
with prognosis and survival in neutropenic and non-neutropenic
patients.

Alternatively, even in situations where GT would not enhance
Aspergillus virulence, it could promote, enhance and/or re-
activate other infections by blocking macrophage, dendritic cell
NK cell and/or T cell function like CMV, EBV or tuberculosis.
Studies correlating GT (or bmGT) presence in vivo and risk of
viral and/or bacterial co-infections will be required to solve this
question.
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Human cathelicidin antimicriobial peptide (CAMP) is a critical component of host innate 
immunity with both antimicrobial and immunomodulatory functions. Several pathogens 
have been shown to downregulate CAMP expression, yet it is unclear if such modulation 
occurs during a viral infection. In this study, we showed that infection with human meta
pneumovirus (hMPV), one of the leading causes of respiratory tract infections in young 
children, strongly suppressed basal and vitaminD induced CAMP expression in human 
macrophages. hMPVmediated suppression of CAMP did not correlate with reduced 
transcriptional expression of key vitamin D signaling components, such as CYP27B1 or 
vitamin D receptor, suggesting a vitamin Dindependent mechanism. Blocking interfer
onsignaling pathways did not reverse hMVPmediated suppression of CAMP, indicating 
that the suppressive effect is largely interferonindependent. Instead, we identified C/
EBPα as the key modulator of hMPVmediated suppression of CAMP. hMPV infection 
strongly repressed the expression of C/EBPα, and a knockdown study confirmed that C/
EBPα is critical for CAMP expression in human macrophages. Such modulation of CAMP 
(and C/EBPα) could be reproduced by TLR1/2 ligand treatment in human macrophages, 
suggesting a common mechanism underlying pathogenmediated downregulation of 
CAMP through C/EBPα. This study opens up a new understanding of altered human 
antimicrobial responses following infections.

Keywords: human metapneumovirus, human macrophages, cathelicidin, vitamin D signaling, c/eBPα

inTrODUcTiOn

Antimicrobial peptides (AMPs), or host defense peptides, are a conserved component of natural 
defenses in all complex life forms (1). AMPs are typically short peptides containing abundant  
positively charged and hydrophobic residues. Originally studied for their direct antimicrobial activi-
ties, AMPs were later shown to have many other immunomodulatory functions (1, 2). Numerous 
AMPs have been identified in humans, notably histatins, defensins, and cathelicidin [cathelicidin 
antimicrobial peptide (CAMP)] (3). Human CAMP gene encodes the full-length 18 kDa precursor,  
hCAP-18. The precursor contains a conserved cathelin domain at the N-terminal and the functional 
antimicrobial domain at the C-terminal. Mature CAMP (usually referred to as LL-37) is released by 
proteolytic cleavage from the precursor mediated by proteinase 3 (4). CAMP is expressed in various 
cell types, including epithelial cells, adipocytes, as well as immune cells, such as neutrophils and 
macrophages (4–8). Mature CAMP (LL-37) has been shown to have direct antimicrobial activities 
against a broad range of pathogens such as Gram positive or negative bacteria, mycobacteria, fungi, 
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and viruses (9, 10). It has also been demonstrated to possess  
many other modulatory functions, including anti-inflammatory 
activity by neutralizing endotoxins, direct chemoattractant acti-
vities, and wound-healing effects (11–13). Human CAMP gene 
has a vitamin D response element sequence in its promoter region 
and vitamin D has been shown to induce CAMP expression (6, 14).  
Two molecules are of parti cular importance in the vitamin D  
signaling pathway: CYP27B1, which metabolizes inactive circu-
lating vitamin D [25(OH)D3] into active vitamin D [1,25(OH)2D3], 
and vitamin D receptor (VDR), which binds to [1,25(OH)2D3] 
and forms a heterodimer with retinoid X receptor to regulate the 
transcription of numerous vitamin D-targeted genes, including 
CAMP (15). This vitamin D-mediated antimicrobial response  
has been demonstrated to be important for protecting monocytes 
and macrophages from infections with intracellular pathogens, 
such as Mycobacterium tuberculosis (Mtb) (16–18).

Human metapneumovirus (hMPV) is a common respiratory 
virus first identified in 2001 (19). It belongs to the Pneumoviridae 
family and has a single-stranded, negative-sense RNA genome. 
Today it is recognized as one of the leading causes of hospitali-
zation for respiratory tract infections (RTIs) among children 
<5 years of age (20, 21). CAMP expression has been shown to be 
downregulated in intestinal epithelial cells upon enteric bacterial 
infections (22–25) and in macrophages and dendritic cells upon 
Mtb infection (26–28). There have been few reports on how viral 
infections modulate CAMP expression. One study suggested that 
infection with respiratory syncytial virus (RSV), a respiratory virus 
closely related to hMPV, increased the transcriptional expression 
of both CYP27B1 and CAMP in human tracheobronchial epith-
elial (hTBE) cells (29). Another report showed that infection with 
influenza A virus led to reduced cCRAMP (a CAMP homolog 
in chinchilla) expression in chinchilla middle ear epithelial cells, 
while incubation with RSV or adenovirus only minimally affected 
cCRAMP level (30). A recent study showed that RSV infection  
led to increased mCRAMP (the murine homolog of CAMP) 
expression in mouse lungs (31). Although type I interferon has 
been suggested to suppress vitamin D-dependent CAMP response 
in human monocytes/macrophages (32), to our knowledge it 
is still unknown if viral infections modulate CAMP expression 
in these cells. This is particularly pertinent to human alveolar 
macrophages, which constantly patrol the microenvironment of 
the lung and act as a first line of defense against various types of 
respiratory pathogens, including viruses that are usual triggers 
of RTIs in humans. In addition, the mechanisms underlying 
pathogen-modulated CAMP expression are poorly understood.

In this study, we show for the first time that infection with 
hMPV strongly suppresses basal and vitamin-D induced CAMP 
expression in human macrophages. The suppression is likely 
mediated through downregulation of C/EBPα, a transcription 
factor critical for CAMP expression.

resUlTs

hMPV infection suppresses caMP 
expression in human Macrophages
To examine the effect of hMPV infection on CAMP expression 
in human macrophages, we infected human monocyte-derived 

macrophages (MDMs) with hMPV at MOI 1, in the presence or 
absence of 100 nM of VD3 (the precursor form of vitamin D),  
25(OH)D3 (circulating vitamin D), or 1,25(OH)2D3 (active 
vitamin D). Cells were treated under serum-free conditions to 
rule out the potential confounding effects from serum vitamin D.  
As shown in Figures  1A,B, while the basal expression level of 
CAMP was low, all three forms of vitamin D potently induced 
mRNA expression of CAMP and protein expression of the pre-
cursor (hCAP-18). This is consistent with an earlier report show-
ing that human macrophages possess the enzymatic machineries 
to convert both VD3 and 25(OH)D3 into the active metabolite 
1,25(OH)2D3 (33). Our immunoblot did not reveal the mature 
peptide LL-37 (not shown). Interestingly, hMPV infection con-
siderably repressed both the constitutive and vitamin D-induced 
CAMP expression (Figures 1A,B). A kinetic study further showed 
that vitamin D-induced CAMP expression and hMPV-mediated 
suppression which appeared early and became evident at 12 and 
24 h (Figure 1C). These data demonstrate that hMPV infection 
strongly suppresses CAMP expression in human macrophages.

hMPV-Mediated suppression of caMP  
is Dependent on Viral replication
We next assessed if the suppressive effect of hMPV on CAMP 
expression was dependent on viral replication. MDMs were inocu-
lated with wild-type hMPV or UV-irradiated hMPV (a routine 
method to block viral replication), and the expression of viral gene 
(hMPV N protein) and interferon-β was assessed by qRT-PCR. 
As shown in Figure 2A, hMPV gene expression was detected in 
MDMs infected with wild-type hMPV, while the expression was 
nearly abrogated in MDMs inoculated with UV-irradiated hMPV. 
Consistent with this result, UV-irradiated hMPV failed to induce 
interferon-β expression in MDMs (Figure  2B). UV-irradiated 
hMPV also lost the suppressive effect on CAMP expression both 
at mRNA and protein level (Figures 2C,D), suggesting that the 
suppressive effect is dependent on hMPV replication in human 
macrophages.

hMPV infection Does not Downregulate 
Transcriptional expression of cYP27B1 or 
VDr, but inhibits VDr Protein expression
Next, we sought to investigate the molecular mechanisms un- 
derlying hMPV-mediated suppression of CAMP. It has been 
previously shown that type I interferon suppresses type II inter-
feron induced CAMP expression by inhibiting the transcriptional 
expression of CYP27B1 and VDR, thereby interfering with vita-
min D-dependent induction of CAMP (32). Therefore, we went 
on to assess if hMPV infection downregulates the expression of 
CYP27B1 or VDR. Interestingly, hMPV-infected MDMs showed 
considerably enhanced expression of CYP27B1 and a modest 
upregulation of VDR at mRNA level (Figures 3A,B). The lack of 
positive correlation between CAMP and CYP27B1/VDR expres-
sion was not totally unexpected, as hMPV infection not only 
downregulated CAMP expression induced by inactive vitamin D 
(VD3 and 25(OH)D3), but also basal CAMP expression (VDR-  
and CYP27B1-independent) as well as 1,25(OH)2D3 induced CAMP  
expression (CYP27B1-independent) (Figures  1A,B). We did,  
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FigUre 1 | Human metapneumovirus (hMPV) infection suppresses cathelicidin antimicriobial peptide (CAMP) expression in human macrophages. (a,B) Monocyte
derived macrophages (MDMs) were treated with vehicle (veh.) or different forms of vitamin D [VD3, 25(OH)D3, and 1,25(OH)2D3], and concomitantly infected by hMPV 
or mockinfected by medium [noninfected (N.I.)] for 24 h. CAMP mRNA expression (a) and protein expression (hCAP18) (B) were assessed by quantitative 
realtime PCR (qRTPCR) and immunoblotting. (c) MDMs were treated with veh. or 1,25(OH)2D3 and infected by hMPV or mock infected for indicated hours. CAMP 
mRNA expression was assessed by qRTPCR. Error bars represent SD for triplicates. **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, and ###p < 0.001 (compared 
to noninfected samples with the same veh. or vitamin D treatment). Data are representative of at least three independent experiments from different donors.  
Fulllength blots are presented in Figure S1 in Supplementary Material.
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however, observe reduced VDR protein expression upon hMPV  
infection, which was dependent on viral replication as UV-irradiated  
hMPV did not suppress VDR protein expression (Figure  3C). 
The decrease of VDR protein expression upon hMPV infection 
seemed to contradict the increase of VDR mRNA expression 
(Figure 3B). We reasoned that reduced VDR protein expression 
might result from interferon-mediated inhibition of protein syn-
thesis (34), as MDMs treated with recombinant interferon-β also 
showed decreased protein expression of VDR as well as CAMP 
(Figure  3D). VDR may be particularly sensitive to interferon-
mediated inhibition of protein synthesis, as it has been shown 
earlier that VDR protein has a high turnover rate and is rapidly 
degraded by the ubiquitin/proteasome system (35). Altogether 
these data suggest that hMPV-mediated suppression of CAMP 
cannot be explained by transcriptional modulation of CYP27B1 
or VDR, although we cannot rule out the possibility that hMPV-
mediated inhibition of VDR protein expression may contribute to 
impaired induction of CAMP by vitamin D.

hMPV-Mediated suppression of caMP  
is largely interferon-independent
Macrophages are an important source of interferons following 
viral infections [Figure 2B (36)]. Since we found that interferon-β 

treatment had a similar suppressive effect on both CAMP and 
VDR protein expression (Figure 3D), we asked if hMPV-mediated 
suppression of CAMP was merely modulated by interferons. To 
evaluate the role of interferons, we used two distinct approaches to 
block interferon-signaling pathways. First, we pretreated MDMs 
with BX795, which potently blocks IRF3 activation and inter-
feron production through inhibition of the IKK-related kinases 
TANK-binding kinase 1 and IKKε (37). Pretreatment with BX795 
effectively blocked the induction of interferon β (Figure 4A), type 
III interferons—IL28a/b and IL29 (Figures 4B,C), and interferon 
inducible gene ISG54 (Figure 4D). Surprisingly, the suppressive 
effect of hMVP on CAMP was largely unaffected upon BX795 
pretreatment (Figure 4E), suggesting little involvement of type I 
or type III interferons. We next used a neutralizing antibody for 
the receptor of type I interferons (αIFNAR) to block interferon-
signaling pathways. Pre-treatment with αIFNAR also potently 
inhibited interferon signaling, as evidenced by considerably red- 
uced expression of ISG54 upon hMPV infection (Figure  4F), 
suggesting that type I interferons were the major contributors to 
the interferon-mediated response. However, blockade of IFNAR 
signaling did not reverse the suppressive effect of hMPV on CAMP 
(Figure 4G). Taken together these data suggest that interferons are 
not the main contributors to hMPV-mediated inhibition of CAMP.
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FigUre 2 | Human metapneumovirus (hMPV)mediated suppression of cathelicidin antimicriobial peptide (CAMP) is dependent on viral replication.  
(a,B) Monocytederived macrophages (MDMs) were mockinfected (N.I.), infected with hMPV or inoculated with UVirradiated hMPV (UVhMPV) for 24 h. mRNA 
expression of hMPV N protein (hMPV) (a) or interferonβ (IFNβ) (B) was assessed by quantitative realtime PCR (qRTPCR). (c,D) MDMs were mockinfected  
(N.I.), infected with hMPV or inoculated with UVirradiated hMPV (UVhMPV) in the presence or absence of 1,25(OH)2D3 for 24 h. CAMP mRNA expression (c) and 
protein expression (hCAP18) (D) were assessed by qRTPCR and immunoblotting. Error bars represent SD for triplicates. N.D., not detected. ***p < 0.001. Data 
are representative of at least three independent experiments from different donors. Fulllength blots are presented in Figure S1 in Supplementary Material.
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hMPV infection inhibits c/eBPα 
expression, Which is critical for caMP 
expression in human Macrophages
We went on to seek alternative explanations to hMPV-mediated 
suppression of CAMP in human macrophages. The transcrip- 
tion factor C/EBPα has been shown to be a potent enhancer 
of CAMP transcription (38). Therefore, we evaluated if hMPV 
infection alters the expression of C/EBPα in human macrophages. 
As shown in Figure 5A, infection with wild type, but not UV- 
irradiated hMPV, significantly reduced mRNA expression of 
C/EBPα in MDMs. In addition, immunoblot showed reduced 
protein expression of C/EBPα p42, the isoform that possesses 
transactivation potential (39), upon wild-type hMPV infection 
(Figure 5B). These data suggest that hMPV infection may sup-
press CAMP expression through downregulation of C/EBPα. 
To validate the importance of C/EBPα to CAMP expression in 
human macrophages, we used siRNA to knockdown C/EBPα. 
Silencing efficiency was validated by measuring both mRNA and 
protein (p42) expression of C/EBPα in siRNA transfected MDMs 
(Figures 5C,E). Importantly, knockdown of C/EBPα resulted in 
reduced expression of CAMP both at mRNA and protein level in 
the presence or absence of 1,25(OH)2D3 (Figures 5D,E). These 
data indicate that C/EBPα is indeed an important transcription 
factor regulating CAMP expression, and that the suppressive 

effect of hMPV on CAMP expression can be explained, at least in 
part, by hMPV-mediated downregulation of C/EBPα.

Tlr1/2 ligand Treatment reproduces the 
same suppressive effect on c/eBPα and 
caMP in human Macrophages
It has been shown earlier that inflammatory stimuli such as toll-
like receptor (TLR) ligands downregulate C/EBPα expression 
(40–42). As our knockdown study showed that C/EBPα is critical 
to CAMP expression, we next assessed if TLR activation inhibits 
C/EBPα expression, and concomitantly suppresses CAMP expres-
sion in human macrophages. TLR1/2 ligand Pam3CSK4 was  
chosen because it hardly induced interferon-β expression in MDMs 
(Figure 6A), excluding any potential interferon-mediated effects. 
As expected, Pam3CSK4 treatment suppressed C/EBPα mRNA 
expression (Figure 6B). Importantly, Pam3CSK4 treatment also 
inhibited CAMP mRNA expression in the presence or absence 
of 1,25(OH)2D3 (Figure 6C). In line with this, Immunoblot ana- 
lysis showed reduced protein expression of CAMP and C/EBPα 
(p42) with Pam3CSK4 treatment (Figure 6D). In contrast to what 
was observed during hMPV infection or interferon-β treatment 
(Figures 3C,D), Pam3CSK4 treatment did not inhibit VDR pro-
tein expression (Figure 6D). Taken together these data suggest 
that inflammatory stimuli other than viruses may also modulate 
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FigUre 3 | Human metapneumovirus (hMPV) infection does not downregulate transcriptional expression of CYP27B1 or vitamin D receptor (VDR), but inhibits VDR 
protein expression. (a,B) Monocytederived macrophages (MDMs) were mockinfected (N.I.) or infected with hMPV for 24 h. mRNA expression of CYP27B1 (a) or 
VDR (B) was assessed by quantitative realtime PCR. (c) MDMs were mockinfected (N.I.), infected with hMPV or inoculated with UVinactivated hMPV (UVhMPV) 
for 24 h in the presence or absence of 1,25(OH)2D3. VDR protein expression was assessed by immunoblotting. (D) MDMs were nontreated (N.T) or treated with 
recombinant interferonβ (IFNβ) for 24 h in the presence or absence of different forms of vitamin D. Cathelicidin antimicriobial peptide (hCAP18) and VDR protein 
expression was assessed by immunoblotting. Error bars represent SD for triplicates. **p < 0.01. Data are representative of at least three independent experiments 
from different donors. Fulllength blots are presented in Figure S1 in Supplementary Material.
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CAMP expression through C/EBPα downregulation in human 
macrophages.

DiscUssiOn

In this study, we show that hMPV infection suppresses CAMP 
expression in human macrophages and provide evidence for the 
underlying mechanisms regulating this. Our investigations reveal 
several interesting findings. First, CAMP can be induced by all 
three forms of vitamin D, including the pre-hormone VD3. To 
our knowledge this is the first report showing that VD3, which 
is naturally synthesized in the skin or taken up as dietary sup-
plement, is capable of inducing CAMP in human macrophages 
at a concentration that is physiologically relevant (100 nM) (43). 
Though perhaps less relevant to alveolar macrophages, this obser-
vation may have strong implications to resident macrophages  
in the skin or in the gastrointestinal system, where the cells are 
likely to be exposed to high concentrations of VD3. It is worth 

further investigation if the resident macrophages at the epider-
mal or gastrointestinal barriers produce more CAMP for local 
defense, owing to higher local VD3 levels.

Second, the expression of CAMP has been previously sug-
gested to be strongly associated with the expression and func-
tion of CYP27B1 and VDR in human monocytes/macrophages  
(17, 32, 44). It was also reported earlier that RSV infection 
increased transcriptional expression of both CYP27B1 and CAMP  
in hTBE cells (29). Nevertheless, we did not observe a similar 
correlation between CYP27B1/VDR and CAMP expression in 
hMPV-infected human macrophages, at least not at the trans-
criptional level. In line with our data, a recent report also showed 
that in dendritic cells, TLR1/2 ligands upregulated CYP27B1 
expression and 1,25(OH)2D3 production, yet downregulated 
CAMP expression (26). This and our work indicate that there 
are factors other than CYP27B1 or VDR affecting CAMP expres-
sion. C/EBPα is an attractive candidate as it has been previously 
shown to promote CAMP expression both alone and in synergy 
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FigUre 4 | Human metapneumovirus (hMPV)mediated suppression of cathelicidin antimicriobial peptide (CAMP) is largely interferonindependent.  
(a–D) Monocytederived macrophages (MDMs) were mockinfected (N.I.), infected with hMPV (hMPV) or pretreated with BX795 before hMPV infection 
(BX795 + hMPV) for 24 h. mRNA expression of IFNβ (a), IL28A/B (B), IL29 (c), and ISG54 (D) was assessed by quantitative realtime PCR (qRTPCR). 
(e) Same setup for hMPV infection and BX795 pretreatment as (a–D), concomitant with or without 1,25(OH)2D3 treatment. CAMP mRNA expression was  
assessed by qRTPCR. (F) MDMs were mockinfected (N.I.), infected with hMPV (hMPV) or pretreated with IFNAR2 neutralizing antibody (αIFNAR) before hMPV 
infection (hMPV + αIFNAR) for 24 h. mRNA expression of ISG54 was assessed by qRTPCR. (g) Same setup for hMPV infection and αIFNAR pretreatment as  
(F), concomitant with or without 1,25(OH)2D3 treatment. CAMP mRNA expression was assessed by qRTPCR. Error bars represent SD for triplicates. **p < 0.01, 
***p < 0.001. Data are representative of at least three independent experiments from different donors.
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with VDR in human lung epithelial cells (38). Here, we show 
that hMPV infection strongly represses C/EBPα expression, 
and importantly our knockdown study confirms that C/EBPα 
is indeed important in regulating CAMP expression in human 
macrophages. These observations provide a mechanistic explana-
tion to hMPV-mediated downregulation of CAMP.

Last but not least, although it is yet unclear how hMPV modu-
lates the expression of C/EBPα in human macrophages, it is inter-
esting to note that such downregulation is also observed when 
macrophages are activated by other inflammatory stimuli, such 
as TLR ligands [this study and Ref. (40–42)]. It was originally 

proposed that bacteria-mediated downregulation of antimicro-
bial effectors such as CAMP may represent an escape mechanism, 
which gives pathogens a survival advantage (22–25). Our study 
suggests another possibility that, at least in macrophages, this 
downregulation of CAMP could be a general effect downstream 
C/EBPα in response to different types of inflammatory stimuli. 
Macrophages play essential roles in tissue homeostasis and host 
defense, and their manifold functions need to be carefully pro-
grammed to react to different environmental cues. It is tempting 
to speculate that upon pathogenic stimulations, macrophages 
temporarily downregulate homeostatic effector molecules, such as  
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FigUre 5 | Human metapneumovirus (hMPV) infection inhibits C/EBPα expression, which is critical for cathelicidin antimicriobial peptide (CAMP) expression in 
human macrophages. (a,B) Monocytederived macrophages (MDMs) were mockinfected (N.I.), infected with hMPV (hMPV) or inoculated with UVinactivated  
hMPV (UVhMPV) for 24 h. C/EBPα mRNA (CEBPA) expression (a) and protein expression (p42) (B) was assessed by quantitative realtime PCR (qRTPCR) and 
immunoblotting. (c–e) MDMs were transfected with siRNA targeting C/EBPα (siCEBPA) or scrambled control siRNA (siControl) for 72 h before vehicle or 
1,25(OH)2D3 treatment. mRNA expression of C/EBPα (CEBPA) (c) and CAMP (D) was assessed by qRTPCR. C/EBPα (p42) and CAMP (hCAP18) protein 
expression was assessed by immunoblotting (e). Error bars represent SD for triplicates. **p < 0.01, ***p < 0.001. Data are representative of at least three 
independent experiments from different donors. Fulllength blots are presented in Figure S1 in Supplementary Material.
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CAMP, and prioritize other effector mechanisms such as pro- 
duction of interferons or recruitment of other immune cells 
through chemokines and cytokines. C/EBPα may be one of the 
master transcriptional regulators fine-tuning macrophage acti- 
vities. The fact that blockade of interferon signaling hardly rev-
erses hMPV’s suppressive effect on CAMP also suggests that the 
modulation is not a secondary response, but likely an integrated 
event of the “reprogramming” when macrophages sense patho-
genic insults (in this case intracellular viral replication).

In summary, we show here that hMPV infection inhibits 
CAMP expression in human macrophages, possibly through 
modulation of C/EBPα. To our knowledge this is the first study 
demonstrating that in immune cells infection with a highly rel-
evant human respiratory virus interferes with the antimicrobial 
peptide defense mechanism. Our study also provides mechanistic 
insights into the modulation of CAMP upon hMPV infection, 
which may apply to other types of infections. This virus-mediated 

downregulation of CAMP could have multiple consequences, 
given the multiple roles CAMP plays in the immune system. 
Further studies are needed to investigate if this altered antimi-
crobial peptide response following viral infections may affect host 
defense (e.g., against a secondary infection) under physiological 
conditions.

MaTerials anD MeThODs

reagents
Vitamin D and its metabolites [VD3, 25(OH)D3, and 1,25(OH)D3]  
were purchased from Tocris Bioscience and used at a working 
concentration of 100  nM. Pam3CSK4 was purchased from 
Invivogen and used at a working concentration of 500  ng/mL. 
BX795 was purchased from Axon Medchem and used at a work-
ing concentration of 2 µM (30 min pretreatment prior to hMPV 
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FigUre 6 | TLR1/2 ligand treatment reproduces the same suppressive effect on C/EBPα and cathelicidin antimicriobial peptide (CAMP) in human macrophages. 
(a,B) Monocytederived macrophages (MDMs) were nontreated (N.T.) or treated with TLR1/2 ligand Pam3CSK4 (Pam3.) for 24 h. IFNβ (a) and C/EBPα (CEBPA) 
(B) mRNA expression was assessed by quantitative realtime PCR (qRTPCR). (c) MDMs were nontreated (N.T.) or treated with Pam3CSK4 for 24 h in the 
presence or absence of 1,25(OH)2D3. mRNA expression of CAMP was assessed by qRTPCR. (D) MDMs were nontreated (N.T.) or treated with Pam3CSK4 for 24 h  
in the presence or absence of different forms of vitamin D. CAMP (hCAP18), C/EBPα (p42), and vitamin D receptor (VDR) protein expression was assessed by 
immunoblotting. Error bars represent SD for triplicates. **p < 0.01, ***p < 0.001. Data are representative of at least three independent experiments from different 
donors. Fulllength blots are presented in Figure S1 in Supplementary Material.
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infection). Type I interferon receptor (IFNAR2) neutralizing 
antibody (#21385-1) was purchased from PBL Assay Science and 
used at a working concentration of 10 µg/mL (30 min pretreat-
ment prior to hMPV infection).

Virus Propagation and Titration
Recombinant hMPV RecNL/1/00 (A1) was kindly provided by  
B. van den Hoogen (Erasmus MC, Rotterdam). LLC-MK2 mono- 
layers were inoculated with virus at MOI 0.01 in OptiMEM 
(Thermo Fisher) containing 2% FBS, 20 µg/mL gentamicin, and 
0.68  mM glutamine. Virus was harvested after 7–9  days, puri-
fied on a 20% sucrose cushion, and resuspended in OptiMEM  
(serum free). Purified virus was serially diluted (log10) on mono-
layers of LLC-MK2 cells in 96-well plates. Cells were washed after 
4  days, stained with LIGHT DIAGNOSTICS™ hMPV direct 
fluorescence assay (Merck Millipore) and foci forming units were 
determined by manual counting.

cell culture and In Vitro infection
LLC-MK2 cells were cultivated in supplemented OptiMEM  
(5% FBS, 0.68 mM l-glutamine, and 20 µg/mL gentamicin). Peri- 
pheral blood mononuclear cells (PBMCs) were isolated from fresh 
buffy coats of healthy donors using gradient centrifugation with 
Lymphoprep™ (Axis-Shield). Buffy coats were supplied by the 
blood bank at St. Olavs Hospital in Trondheim, Norway, and their 
use in research has been approved by the Regional Committee 
for Medical and Health Research Ethics (REK), and by the 
donors themselves. Cells were washed with PBS and seeded in 
RPMI 1640 medium (supplemented with 0.34 mM l-glutamine 
and 10  µg/mL gentamicin). After 2  h non-adherent cells were 
removed by washing with RPMI 1640 medium. Monocytes 
were cultivated in RPMI 1640 medium supplemented with 10% 
human serum (heat inactivated, obtained from blood bank of St. 
Olavs Hospital, Trondheim), 0.34  mM l-glutamine, 10  µg/mL 
gentamicin, and 10 ng/mL M-CSF (Biolegend) for macrophage 
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differentiation. Medium was changed every 3 days. Macrophages 
differentiated for 9–12 days were used in this study. On the day of 
treatment, medium was switched to serum-free OptiMEM. Cells 
were inoculated with wild-type or UV-irradiated hMPV at MOI 
1 for 24 h unless indicated otherwise.

Quantitative real-Time Pcr (qrT-Pcr)
RNA was isolated with the RNeasy mini kit (Qiagen) following 
the manufacturer’s protocol. cDNA was synthesized from isolated 
RNA using the qScript kit (Quanta) following the manufacturer’s 
protocol. qRT-PCR was performed using Perfecta SYBR Green 
reaction mix (Quanta) and a StepOnePlus instrument (Life 
Technologies) with the temperature profile at 95°C for 20 s, 40 cycles  
at 95°C for 3 s, and at 60°C for 30 s. Fold change in gene expres-
sion was calculated using the ΔΔCt-method normalized against 
GAPDH. Primer sequences are listed in Table S1 in Supplementary 
Material.

rna interference
siRNAs were purchased from Qiagen (AllStars control siRNA) 
and Ambion (CEBPA), respectively. siRNA duplexes were reverse 
transfected into cells using Lipofectamine RNAiMAX (Thermo 
Fisher Scientific) transfection reagent according to the manufac-
turer’s instructions. Transfected cells were allowed to grow for 
another 72 h before infection or treatment.

Western Blot
Cells were washed once in PBS and lysed in lysis buffer (50 mM 
Tris–HCl, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, and 
2  mM EDTA) containing phosphatase and protease inhibitors 
(100 mM sodium fluoride, 1 mM sodium orthovanadate, 40 mM 
β-glycerophosphate, 10 µg/mL leupeptin, 1 µM pepstatin A, and 
1  mM phenylmethylsulfonyl fluoride). Protein extracts were 
separated by NuPAGE® Bis-Tris gels (Thermo Fisher Scientific) 
and dry blotting was performed using iBlot® Gel Transfer stacks 
Nitrocellulose Mini kit and iBlot® machine (Invitrogen). Primary 
human antibodies for hCAP-18 (#650302) and C/EBPα (#662102) 
were purchased from Biolegend. Household β-actin antibody 
(A1978) was purchased from SIGMA-ALDRICH and used as 
a loading control. Secondary antibodies (IRDye® 800CW Goat 
anti-Mouse, IRDye® 680RD Goat anti-Mouse) were purchased 

from LI-COR Biosciences. LICOR Odyssey imager was used as 
the scanning system.

statistics
Results are expressed as mean + SD (n = 3). A two-sided P-value 
<0.05 as determined by Student’s t-test was considered signifi-
cant. All data are representative for at least three independent 
experiments with PBMCs from different donors.
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Free fatty acids hold dual roles during infection, serving to modulate the host immune

response while also functioning directly as antimicrobials. Of particular importance are

the long chain polyunsaturated fatty acids, which are not commonly found in bacterial

organisms, that have been proposed to have antibacterial roles. Arachidonic acid (AA) is

a highly abundant long chain polyunsaturated fatty acid and we examined its effect upon

Streptococcus pneumoniae. Here, we observed that in a murine model of S. pneumoniae

infection the concentration of AA significantly increases in the blood. The impact of

AA stress upon the pathogen was then assessed by a combination of biochemical,

biophysical and microbiological assays. In vitro bacterial growth and intra-macrophage

survival assays revealed that AA has detrimental effects on pneumococcal fitness.

Subsequent analyses demonstrated that AA exerts antimicrobial activity via insertion

into the pneumococcal membrane, although this did not increase the susceptibility of

the bacterium to antibiotic, oxidative or metal ion stress. Transcriptomic profiling showed

that AA treatment also resulted in a dramatic down-regulation of the genes involved in

fatty acid biosynthesis, in addition to impacts on other metabolic processes, such as

carbon-source utilization. Hence, these data reveal that AA has two distinct mechanisms

of perturbing the pneumococcal membrane composition. Collectively, this work provides

a molecular basis for the antimicrobial contribution of AA to combat pneumococcal

infections.

Keywords: host lipids, free fatty acids, membrane fluidity, macrophages, antibacterial fatty acids, FASII

INTRODUCTION

Host-derived free fatty acids play key roles in the defense against pathogenic bacteria, viruses
and fungi (Kohn et al., 1980; Zheng et al., 2005; Ells et al., 2009; Desbois and Smith, 2010).
Although primarily associated with compromising membrane integrity, studies from a range of
different bacterial species have shown that free fatty acids affect other cellular processes, including
energy production, nutrient uptake and enzyme activity, in niche-specific and organism-dependent
manners (Desbois and Smith, 2010). Free fatty acids have also been shown to impair colonization by
pathogenic microbes at the host-pathogen interface (Barakat et al., 2015; Mil-Homens et al., 2016).
The broad-spectrum and potential antimicrobial activity of fatty acids has attracted significant
interest as possible therapeutic agents (Jackman et al., 2016; Mil-Homens et al., 2016). However,
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determining the antimicrobial efficacy of free fatty acids is
complicated by the fact that many bacterial pathogens have
the ability to use host fatty acids as an energy source and/or
in the synthesis of their own membranes (Balemans et al.,
2010). A prominent example is Mycobacterium tuberculosis,
wherein persistence within macrophages is believed to be reliant
upon incorporation of host fatty acids into the bacterial cell
(Peyron et al., 2008; Caire-Brändli et al., 2014). Accordingly,
the advantage conferred by use of host fatty acids is likely
to be greatest when the host fatty acids are similar to
the bacterium’s own endogenous fatty acids. Consistent with
this inference, host-produced long chain-polyunsaturated fatty
acids (LC-PUFAs; ≥20 carbons and ≥2 double bonds) often
display greater antibacterial potential than medium/short chain
saturated and monounsaturated fatty acids (≥18 carbons and
0 or 1 double bonds), which are produced by both the host
and bacteria (Desbois and Smith, 2010). The omega-6 LC-
PUFA arachidonic acid (20:4n-6) is known as a precursor for
the immunomodulatory prostaglandins (Bhowmick et al., 2013,
2017), but it is also one of the most abundant broad spectrum
antimicrobial fatty acids, affecting bacteria, viruses and fungi
(Kohn et al., 1980; Zheng et al., 2005; Ells et al., 2009).

Streptococcus pneumoniae (the pneumococcus) remains the
world’s foremost bacterial pathogen, responsible for the deaths
of ∼1 million individuals annually. Many of its virulence
factors have been analyzed for their contribution to disease
and survival at the host-pathogen interface. Despite this, there
is a relative paucity of knowledge regarding the antimicrobial
contribution of fatty acids on the ability of the pneumococcus
to cause disease. Pneumococcal fatty acids required for the cell
membrane are synthesized by the type II fatty acid synthase
(FASII) system (Zhang and Rock, 2008), which is encoded from
a single gene cluster (SPD_0378-0390; fab-cluster). Regulation
of this cluster is mediated by the MarR-type regulator FabT
(SPD_0379), which represses transcription of the fab-cluster
upon binding of fatty acids (Jerga and Rock, 2009). In addition
to de novo synthesis by the FASII system, the pneumococcus
has the ability to incorporate exogenous fatty acids into its
membrane through the FakA/B system (Parsons et al., 2015). The
components of both the FASII system and FakA are essential for
in vivo survival (van Opijnen and Camilli, 2012). However, the
mechanism(s) through which antimicrobial fatty acids affect the
FASII and FakA/B systems, and other crucial cellular processes
remains largely unknown. Despite this, studies have shown an
association between exogenous fatty acids and restriction of
pneumococcal colonization. A recent study of Corynebacterium
accolens showed that the bacterial triacylglycerol (TAG) lipase
could cleave host TAGs generating antimicrobial free fatty
acids that impacted pneumococcal colonization (Bomar et al.,
2016). This corresponded with Corynebacterium spp. being
overrepresented in children that were not colonized with
S. pneumoniae. Further, alveolar macrophages isolated from
mice fed on a diet rich in LC-PUFAs exhibited enhanced
phagocytic clearance of pneumococci (Saini et al., 2013). These
studies highlight the ability of exogenous fatty acids to restrict

Abbreviations: AA, arachidonic acid; PBS, phosphate-buffered saline.

pneumococcal colonization, although the molecular basis for the
antimicrobial activity of free fatty acids remains unknown.

In this study, we examine the antimicrobial potential of
arachidonic acid (AA) against S. pneumoniae in in vitro and
cell culture assays. At a molecular level, our data reveal that
AA elicits antimicrobial activity against S. pneumoniae, altering
the pneumococcal membrane via two distinct mechanisms.
Our genome-wide analyses did not uncover any resistance
mechanisms to counteract AA toxicity, highlighting the
potential of antimicrobial fatty acids as a highly effective
anti-pneumococcal therapy.

MATERIALS AND METHODS

S. pneumoniae Strains and Growth
Conditions
Opaque phase variants of S. pneumoniae strain D39 or its fakB
(SPD_0646) deletion-replacement derivative were examined in
this study. The fakB mutant was generated by replacement
with an erythromycin resistance cassette, as described previously
(Plumptre et al., 2014a) using the oligonucleotides listed in
Table S1. Bacteria were routinely grown overnight at 37◦C with
5%CO2 on Columbia agar supplemented with 5% (vol/vol) horse
blood. For subsequent assays, bacteria were grown in a casein-
based semisynthetic medium (C+Y with 0.2% glucose) (Lacks
and Hotchkiss, 1960) or, for challenge of mice, in serum broth
(10% heat-inactivated horse serum [Thermo Fisher Scientific]
in nutrient broth [Oxoid]). For growth analyses, S. pneumoniae
D39 and the fakB mutant strain were grown in C+Y until
they reached an optical density at 600 nm (OD600) of 0.3. They
were then subcultured into 200 µl C+Y (with or without AA
[Sigma-Aldrich], H2O2, paraquat, gentamicin, chloramphenicol,
zinc and/or copper) to a final OD600 of 0.01. The bacteria were
incubated at 37◦C in a CO2-enriched atmosphere, with growth
monitored by measurement of the OD600 at 30min intervals on
a FLUOstar Omega (BMG Labtech).

Population Viability Assessment
Following growth tomid-log phase in C+Ymedium at 37◦Cwith
5% CO2, cells were washed three times to remove excess AA.
Cells were then shock-treated with 4 µg.mL−1 LL-37 for 30min
in PBS. The viability of washed cells was determined by staining
for 5min with Sytox Green (Molecular Probes). At least 8,000
cells were then assessed on a BD Accuri flow cytometer, with the
data analyzed using FlowJo 10.2 (BD). Dead cells (Sytox Green
positive) were gated using the FITC intensity of unlabeled cells.
AA treatment alone did not result in increased cell death of D39,
with only LL-37 inducing death. Data represent an average of at
least biological triplicates.

Murine Infection
Murine infection experiments were conducted as described
previously (Plumptre et al., 2014a,b; Eijkelkamp et al., 2016).
Outbred 5- to 6-week old female CD1 (Swiss) mice were
used in all animal experiments. Mice were anesthetized by
intraperitoneal injection of pentobarbital sodium (Nembutal;
Rhone-Merieux) at a dose of 66 µg.g of body weight−1, followed
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by intranasal administration of 50 µl bacterial suspension in
serum broth, containing approximately 1 × 107 colony forming
units (CFUs). The challenge dose was confirmed retrospectively
by serial dilution and plating on blood agar. At 24 h post-
challenge, mice were euthanized by CO2 asphyxiation. Blood
was collected by syringe from the posterior vena cava and
transferred to a heparinized tube. A small aliquot was serially
diluted and plated on blood agar for CFU counts. Plasma was
isolated from the remainder of the sample and submitted for
fatty acid analyses as described below. All procedures performed
in this study were conducted with a view to minimizing the
discomfort of the animals, and used the minimum numbers
to generate reproducible and statistically significant data. All
experiments were approved by the University of Adelaide Animal
Ethics Committee (Animal Welfare Assurance number A5491-
01; project approval number S-2013-053) and were performed in
strict adherence to guidelines dictated by the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes.

Fatty Acid Analyses
For analysis of the bacterial fatty acids, cultures were grown
to an OD600 of 0.3 in C+Y media at 37◦C with 5% CO2,
cells were washed in phosphate buffered saline (PBS) and then
disrupted by sonication for 60 cycles (30 s on and 30 s off) on a
Bioruptor (Diagenode). The fatty acid content of the bacterial cell
lysates and murine plasma was then analyzed by GC-MS at the
Waite Analytical Services (University of Adelaide) as described
previously (Eijkelkamp et al., 2013; Pederick et al., 2014). The
statistical differences between samples (n ≥ 3) were examined
using an unpaired Student t-test (Graphpad Prism 6.0c).

Macrophage Killing Assays
Macrophage killing assays were performed as previously
described (Hassan et al., 2017; Martin et al., 2017). THP-1
cells (ATCC TIB-202) were grown under atmospheric control
(95% air and 5% CO2) at 37◦C in complete RPMI medium
(RPMI with phenol red [Gibco], supplemented with 10% fetal
bovine serum, 10mM HEPES, 30 µg.mL−1 penicillin and 50
µg.mL−1 streptomycin). Cell culture flasks (25 cm2; BD Falcon)
were seeded with 3.5 × 106 THP-1 cells and differentiated by
adding 100 ng.mL−1 phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich) and incubated for 3 days. Attached differentiated
THP-1 cells (macrophages) were washed in complete RPMI and
incubated with complete RPMI without added PMA for> 2 days
to allow resting. Two hours before challenge with S. pneumoniae,
a subset of macrophages was treated with 5µM AA (Sigma-
Aldrich), which represents a concentration appropriate for
treatment of cell cultures (Caruso et al., 1994; Ghioni et al.,
1997; Hughes-Fulford et al., 2005; Gregory et al., 2011). The
AA was pre-incubated with fatty acid free BSA (Sigma) at
a 4:1 ratio (AA:BSA) to allow for efficient delivery of AA
to THP-1 cells, following standard fatty acid supplementation
procedures (Ghioni et al., 1997). Following thorough washing (3
times in Hank’s Balanced Salt Solution [HBSS; Thermo Fisher
Scientific]), THP-1 cells were detached using 1mL StemPro
Accutase (Thermo Fisher Scientific) and washed again for 3
times to remove the residual StemPro Accutase. Following

viability assessment and enumeration by trypan blue staining and
microscopy, THP-1 cells were diluted to 1.1 × 105 cells.mL−1 in
HBSS.

S. pneumoniaeD39were grown overnight on blood agar plates
at 37◦C with 95% air and 5% CO2 and subsequently inoculated
into C+Y media (Begg et al., 2015) to an OD600 of 0.05. The
cultures were grown at 37◦C with 5% CO2 until the OD600

reached 0.3, after which the cells were washed, resuspended in
HBSS, and CFU counts determined by plating on blood agar.
The macrophages and S. pneumoniae cells were co-incubated at
a ratio of 1:10 for 90min. The macrophages were then washed
and extracellular bacteria were killed by incubation with 200
µg.mL−1 gentamicin and 10 µg.mL−1 penicillin for 30min.
The macrophages were washed in HBSS without antibiotic and
incubated for a further 60min prior to analysis of intracellular
bacteria by lysing the macrophages with 0.0625% Triton-X-100.
The lysates were then plated onto blood agar. The CFUs were
enumerated and corrected for input. The data are the mean of at
least four biological replicates (±SEM). The statistical differences
between pneumococcal survival in AA-treated and untreated
THP-1 cells were examined using an unpaired Student t-test.

qRT-PCR Analyses
For isolation of RNA, 500 µl of a S. pneumoniae culture at an
OD600 of 0.3, grown in C+Y media at 37◦C with 5% CO2, was
mixed with 1ml of RNA Protect (Qiagen). RNA was extracted
and purified using an RNeasy Bacteria Mini Kit (Qiagen) after
enzymatic lysis using lysozyme and mutanolysin, as described
previously (Eijkelkamp et al., 2014a, 2015, 2016; Plumptre et al.,
2014a,b; Begg et al., 2015). The total RNA samples were treated
with DNase I (Roche) and qRT-PCR was carried out using a
SuperScript III One-Step RT-PCR kit (Thermo Fisher Scientific)
on a LC480 Real-Time Cycler (Roche). Transcription levels
of genes analyzed were normalized to those obtained for 16S
rRNA. Primer sequences are available in Table S1. Results are
representative of at least four independent samples and the
statistical difference was examined by an unpaired Student t-test
(Graphpad Prism 6.0c).

Transcriptomic Analyses
RNA isolated from biological quadruplicates of S. pneumoniae
D39 grown with or without 62.5µM AA in C+Y media at
37◦C with 5% CO2 was pooled and submitted to the Australian
Genomics Research Facility for sequencing. Briefly, the RiboZero
bacterial rRNA removal kit (Illumina) was used to reduce the
ribosomal RNA content of the total RNA pool, followed by use
of the TruSeq Stranded mRNA Library Prep Kit (Illumina) to
generate the barcoded libraries. Prepared libraries were then
sequenced using the Illumina HiSeq2500 with Version 3 SBS
reagents and 1× 100 bp single-end chemistry. Reads were aligned
to the S. pneumoniae D39 genome using BOWTIE2 version
2.2.3 (Langmead and Salzberg, 2012). Counts for each gene were
obtained with the aid of SAMtools (v 0.1.18) (Li et al., 2009)
and BEDtools (Quinlan and Hall, 2010) and differential gene
expression was examined using R DESeq (Anders and Huber,
2010; Pederick et al., 2015). In the text and in Figure 4 and
Table S2 we have highlighted the genes that were found to be
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statistically different as determined by DESeq. The complete data
set has been submitted to GEO (accession number GSE93102).

Membrane Fluidity
Bacterial cultures were grown to an OD600 of 0.3 in C+Y
media at 37◦C with 5% CO2 and cells were washed in
PBS. Bacteria were than incubated with 1,6-diphenyl-1,3,5-
hexatriene (DPH), which was dissolved in tetrahydrofuran.
After incubation at 37◦C for 30min, cells were washed and
fluorescence polarization (excitation 350/emission 450 nm) was
determined on a PHERAstar spectrophotometer (BMG Labtech).
The relative change inmembrane fluidity was determined from at
least 3 independent experiments and the statistical difference was
assessed by an unpaired Student t-test.

Whole Cell Metal Ion Accumulation
S. pneumoniae strains were grown to an OD600 of 0.3 in C+Y
media at 37◦C with 5% CO2 and the total cell-associated metal
ion content was determined essentially as described previously
(Eijkelkamp et al., 2014a, 2016; Pederick et al., 2015). Succinctly,
bacteria were washed three times with PBS + 5mM EDTA, then
washed four times with PBS. Bacterial pellets were desiccated by
heating at 95◦C overnight. The dry cell weight was measured
and the pellets resuspended in 35% HNO3. Metal ion content
was measured on an Agilent 7500cx inductively coupled plasma-
mass spectrometer (Adelaide Microscopy). The data represents 6
biological replicates and the statistical difference assessed by an
unpaired Student t-test (Graphpad Prism 6.0c).

Ethanol Detection Assays
Intracellular ethanol abundance was determined using
Megazyme Ethanol Detection kit as per manufacturer’s
instructions. Briefly S. pneumoniae D39 was grown in C+Y with
or without 62.5µM AA supplementation, to an OD600 of 0.3
at 37◦C with 5% CO2. One milliliter of culture was harvested
via centrifugation (12,000 × g for 5min) and resuspended in
200 µl of ethanol-free ddH2O. Bacterial cells were lysed by
incubation with 0.1% (v/v) deoxycholate for 10min at 37◦C,
and 100 µl of cell lysate was analyzed for ethanol abundance
via absorbance at 340 nm on a PHERAstar spectrophotometer
(BMG Labtech). The data represents > 4 biological replicates
and statistical analyses were performed by an unpaired Student
t-test (Graphpad Prism 6.0c).

YtrA and FabT Binding Site Identification
The YtrA and FabTmotifs were generated as described previously
(Eijkelkamp et al., 2011a,b, 2014b; Giles et al., 2015). For YtrA, the
independent binding sites that served as a template were obtained
from Suvorova et al. (2015), and for FabT from Marrakchi et al.
(2002). In brief, the binding site sequences were aligned using
Clustal Omega (Sievers et al., 2011) to generate the binding
site motif. The putative binding sites were then identified using
HMMER 2.0 (Finn et al., 2011) as an integral part of UGENE
(Okonechnikov et al., 2012).

RESULTS AND DISCUSSION

Abundance of Arachidonic Acid and its Antimicrobial

Activity
To study the role of free fatty acids in restricting pneumococcal
proliferation during infection, we first determined the
concentrations of plasma fatty acids and their potential fluxes
upon infection. Outbred female Swiss mice were intranasally
challenged with the virulent S. pneumoniae type 2 strain D39 or
with PBS as a control. At 24 h post-challenge, the pneumococci
caused a systemic infection with an average bacterial count of
1.5 × 107 CFU.mL−1 (SD ± 2.3 × 106) in the blood. Plasma
fatty acid content of infected, and naïve control mice, were
quantitatively determined after methanol-chloroform extraction
by gas-chromatography (GC) (Eijkelkamp et al., 2013; Pederick
et al., 2014). The acyl chains of the major fatty acids (>1%
relative abundance) identified in the plasma were between
16 and 22 carbons in length (Figure 1A). These included
two saturated fatty acids, palmitic acid (16:0) and stearic acid
(18:0), two omega-6 fatty acids, linoleic acid (18:2n-6) and
arachidonic acid (20:4n-6), the omega-9 fatty acid oleic acid
(18:1n-9) and the omega-3 fatty acid docosahexaeonic acid
(22:6n-3). Significant changes in AA were observed upon the
establishment of infection, from 1.1 to 1.6mM (44% increase;
p< 0.05), in our pneumonia-bacteremiamodel of pneumococcal
infection. This specific modulation of AA abundance in plasma
suggests that it may play an important role in host defense
against pneumococcal infection. AA is primarily known for
its pro-inflammatory activity, serving as a major precursor
for classic eicosanoids, such as prostaglandins, although this
fatty acid has also been associated with antimicrobial activity
against a range of pathogenic organisms (Kohn et al., 1980;
Das, 1985; Ells et al., 2009; Desbois and Smith, 2010; Jackman
et al., 2016; Mil-Homens et al., 2016). Here we focused on the
direct antimicrobial properties of this LC-PUFA and sought
to examine this in vitro. We observed that S. pneumoniae
D39 is highly susceptible to AA, with growth significantly
perturbed upon supplementation with 62.5µM AA into
the culture medium. Growth of the pathogen was almost
completely abrogated by supplementation with 125µM AA
(Figure 1B). Notably, the concentrations examined here are far
below those observed in murine plasma (1.6mM; Figure 1A),
suggesting a physiological relevance of potent AA toxicity during
infection.

Fatty acids play important roles in phagocytic cells, where
omega-6 fatty acids, such as AA, are associated with enhanced
phagocytic functionality by mechanisms such as improved
phagolysosome maturation and greater bacterial killing (Anes
et al., 2003; Jordao et al., 2008). Further, the release of AA
from membrane phospholipids is critical for the production
of the neutrophil chemoattractant, hepoxillin A3, which has
key roles in systemic pneumococcal infections (Bhowmick
et al., 2017). Fatty acids have also been proposed to target
phagocytosed pathogens within macrophages through fusion
of the phagolysosome with lipid bodies containing high
concentrations of fatty acids (Adolph et al., 2012; Caire-
Brändli et al., 2014). Given the observed susceptibility of
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FIGURE 1 | Examination of arachidonic acid as an anti-pneumococcal agent. (A) Examination of plasma fatty acids before and after infection with S. pneumoniae

strain D39. (B) Examination of pneumococcal growth upon treatment with AA at 62.5, 125, or 250µM. The OD600 was determined every 30min. (C) Intracellular

survival of pneumococci within THP-1 derived macrophages treated with 5µM AA by comparison with untreated macrophages. All data are the mean of at least

biological triplicates (±SEM) and where error bars are not visible this is due to occlusion by the shown symbols. Statistical analyses were performed using a Student’s

t-test (*p<0.05).

S. pneumoniae to AA and the significant role of AA in immune
modulation, we hypothesized that AA may play a crucial
role in controlling pneumococci within macrophages. Here,
we ascertained the effect of AA on human THP-1 derived
macrophages, by examining loading of S. pneumoniae within
AA-treated macrophages compared to untreated macrophages.
We observed nearly a 50% reduction in pneumococcal loading
by AA-treated macrophages by comparison with untreated
macrophages (Figure 1C), highlighting the importance of
AA in phagocytic cells. The reduction in pneumococcal
loading in AA-treated macrophages may arise from AA
improving lysosomal maturation or by AA interfering with the
internalization of pneumococci. Alternatively, AA may have
a direct antimicrobial role within macrophages and enhance
killing of the phagocytosed bacteria. Irrespective of the precise
mechanism, our analyses of serum AA levels during infection,
the effect of AA on macrophages and the direct impact of
AA on pneumococcal fitness, shows the significance of AA in
combatting pneumococcal infections.

Arachidonic Acid Targets the Pneumococcal

Membrane
One route by which AA exerts an impact on bacterial organisms
is via membrane incorporation. Here, we sought to investigate
whether this occurred in S. pneumoniae by examining cells grown
in the presence of 62.5µM AA and assessing membrane fluidity
by fluorescence polarization using 1,6-diphenyl-1,3,5-hexatriene
(DPH). These assays showed that pneumococcal membranes
were significantly impacted by this relatively mild treatment (15-
min growth delay at mid-log phase), with membrane fluidity
increased by 31% (p < 0.0001) compared to untreated cells
(Figure 2A).

Membrane fluidity is predominantly determined by the
acyl groups of the fatty acids. To examine the effects of AA
treatment on the pneumococcal cell membrane composition, we

quantitatively determined the fatty acid content of untreated
and 62.5µM AA treated cells (Figure 2B). In untreated cells,
we identified 4 saturated fatty acids, 12:0 (5.4%), 14:0 (11.1%),
16:0 (41.6%), and 18:0 (6.4%), as well as 3 monounsaturated
fatty acids; 16:1n-7 (14.0%), 18:1n-7 (15.7%), and 18:1n-9 (3.3%).
Upon treatment, we observed that AA was readily incorporated
into the cell, resulting in AA abundance accounting for 31.5%
of the cellular fatty acids (Figure 2B). Taken together, these
data provide a plausible basis for the observed increase in the
membrane fluidity in AA-treated cells.

Intriguingly, the impact of AA treatment upon the
endogenous fatty acid content of the pneumococcal membrane
was greatest for the 2 monounsaturated omega-7 fatty acids,
16:1n-7 and 18:1n-7, which decreased by more than 2- and 3-
fold, respectively (Figure 2B). Although relatively less dramatic,
the abundance of 16:0 decreased by approximately 10%. Minor
decreases were observed in the abundance of 12:0 and 14:0,
whereas 18:0 showed a small increase.

To examine the effect of the changes in the membrane
composition and its fluidity on stress resistance, we examined
the survival of untreated and AA-treated cells to the human
antimicrobial peptide LL-37 (Figure 2C). First, the FSC-SSC
profiles of pneumococci were assessed and observed to not
be significantly affected by treatment with AA, LL-37 or the
combination of these antimicrobials. Interestingly, AA-treated
cells were highly resistant to LL-37, with a 72% survival in
untreated cells and 97% in AA-treated cells (p < 0.0001). This
may be a result of AA binding the membrane targeting peptide,
thereby diminishing its antimicrobial potential. Treatment
with AA did not significantly change pneumococcal growth
in the presence of the hydrophilic antibiotic gentamicin or
the hydrophobic antibiotic chloramphenicol (Figure S1A,B).
Although AA and gentamicin exert an additive antimicrobial
effect, treatment with AA and chloramphenicol elicited the
same effect as treatment with chloramphenicol only. Metal
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FIGURE 2 | The effects of arachidonic acid on the pneumococcal membrane. (A) The membrane fluidity was determined by examining the fluorescence polarization

of 1,6-diphenyl-1,3,5-hexatriene (DPH) in the cellular membrane. The relative membrane fluidity in AA-treated cells (62.5µM) was corrected to that observed in

untreated cells. (B) The major cellular fatty acid constituents of S. pneumoniae, grown in the presence of 62.5µM AA, or without AA supplementation were

determined by gas chromatography. The abundance of fatty acids is expressed as percentage of total cellular fatty acids. (C) The survival following shock-treatment

with 4 µg.mL−1 LL-37 for 30min was determined by staining with Sytox green (Molecular Probes) and subsequent flow cytometric cell counting (BD Accuri). For all

panels, the data are the mean of at least biological triplicates (± SEM). For the membrane fluidity (A) and fatty acid analyses (B), statistical analyses were performed

by Student’s t-test (ns, not significant; *p < 0.05; **p < 0.01, and ****p < 0.0001). For the cell viability assay (C), statistical analyses were performed using a one-way

ANOVA (ns, not significant; ****p < 0.0001).

ion intoxication by copper and zinc is known to exert potent
antimicrobial activity toward S. pneumoniae (Eijkelkamp et al.,
2014a; Johnson et al., 2015) and this has been shown to act
synergistically with AA in other bacteria (Hassan et al., 2017).
However, treatment of pneumococci with AA did not reveal
major changes in their ability to grow in the presence of zinc
or copper. Similar to our observations for chloramphenicol, AA
stress did not cause a greater growth perturbation than that
observed for the metal stress independently, thereby indicating
that altered membrane fluidity did not affect zinc or copper
homeostasis (Figure S1C,D).

Collectively, these analyses show that AA stress on
S. pneumoniae perturbs pneumococcal cell integrity by direct
incorporation into the bacterial cell membrane, resulting in
altered membrane composition and increased fluidity. Despite
this, perturbation of the cell membrane did not increase the
susceptibility of the pneumococcus to exogenous antibiotic or
metal ion stress. Further, AA treatment provided protection
against the membrane-targeting host antimicrobial peptide
LL-37.

Arachidonic Acid Stress and the Effect on the

Pneumococcal Transcriptome
To gain greater insight into the effect of AA on pneumococcal
physiology we examined the complete transcriptomic response
of the bacterium to exogenous AA treatment. Pneumococcal
cells were grown in the presence of 62.5µM AA until mid-log
phase, with the transcriptomic responses of the two groups (4
pooled biological replicates per condition) examined by RNA
sequencing. Overall, 110 genes (5.3%) were up-regulated and 103
genes (5.2%) down-regulated by more than a 2-fold (Figure 3
and Table S2). Further analysis of a subset of 5 genes displayed

a strong correlation between analysis by RNA sequencing and
qRT-PCR (R2 = 0.9847; Figure S2).

The fab fatty acid biosynthesis cluster was found to be
significantly affected by AA (Figure 4A,B). Here, we observed
significant down-regulation of the fab fatty acid biosynthesis
genes ranging from 3.7-fold (accA) to 4.8-fold (fabK). These
findings implicate FabT as being responsive to the increased
abundance of AA and mediating repression of the fab gene
cluster. Prior work has shown that deletion of fabT results
in increased expression of all genes in the fab cluster, except
for fabM (Lu and Rock, 2006; Jerga and Rock, 2009), despite
the presence of a putative FabT binding site upstream of
fabM (Marrakchi et al., 2002) (Figure 4). Here, we observed
that, similar to the other genes in the fab-cluster, fabM was
significantly down-regulated upon exposure to AA (7-fold). Jerga
and Rock (2009) showed that FabT had the greatest affinity
for the FabT-binding site of fabK when bound to the longest
unsaturated endogenous fatty acid analyzed in their study, 18:1.
By contrast, shorter chain and saturated fatty acids resulted in
lower affinity interactions of FabT with the fabK operator site
(Jerga and Rock, 2009). Hence, we propose that AA (20:4), a
LC-PUFA, binds to FabT resulting in a complex that has an
increased affinity for its DNA targets, including the putative
FabT-binding site upstream of fabM. However, we have no
direct evidence for this and so an alternative possibility is that
endogenous long chain fatty acids may also accumulate in the
cytosol leading to highly repressive FabT-complexes. Irrespective
of the precise mechanism, whether direct or indirect, the impact
on endogenous fatty acid biosynthesis is mediated in response to
increased AA abundance.

Despite the fact that fab gene clusters show a high level
of homology within the species, comparative genomic analyses
revealed significant strain-to-strain variation in the genomic
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FIGURE 3 | The transcriptomic responses of S. pneumoniae to AA treatment. RNA sequencing of untreated and AA-treated (62.5µM) S. pneumoniae D39 was used

to determine relative gene expression (expressed as log2-fold change compared to untreated). Each symbol represents a gene, with each gene distributed on the

X-axis in accordance with locus tag numbering for strain D39. Genes upregulated upon AA treatment are presented above the X-axis (blue circles > 2-fold and blue

diamonds > 4-fold), with those below the X-axis expressed at a lower level upon AA treatment (orange circles > 2-fold and orange diamonds > 4-fold). Genes of

interest are annotated with their putative or characterized functions.

region between the FabT-binding site and the start of the
fabM open reading frame (Figure 4B). This suggests that fabM
expression may differ between S. pneumoniae strains leading to
differences in the relative abundance of unsaturated fatty acids
and hence membrane fluidity, although further studies will be
required to determine veracity of this inference. Transcription
of fabT, which auto-regulates its expression, and fabH, which is
co-transcribed with fabT, showed minor down-regulation upon
AA treatment, a common observation for auto-regulated genes
(Eijkelkamp et al., 2011b; Plumptre et al., 2014a). By contrast,
transcription of acpP, which encodes the acyl-carrier protein
(ACP), was not affected by AA stress (Figure 4B), indicating that
it is the enzymatic conversions within the FASII pathway that are
rate limiting (Figure 4A).

Analysis of pneumococcal fatty acid composition revealed
that AA treatment induced the greatest changes on the omega-
7 monounsaturated fatty acids (Figure 2B). Down-regulation of
fabM under AA stress, which plays a key role in the formation
of unsaturated fatty acids in the pneumococcal membrane
(Lu and Rock, 2006; Figure 4A), could be the cause of the
observed depletion of 16:1n-7 and 18:1n-7 in S. pneumoniae.
In addition to the impacts on fatty acid biosynthesis via the
fab-gene cluster, other membrane homeostasis-related genes also
exhibited differential transcription in response to AA treatment.
Transcriptomic analyses revealed that bioY, which encodes
the biotin uptake protein, was down-regulated by 4.5-fold in
response to AA treatment. Biotin is essential for the biosynthesis
of fatty acids (Figure 4A) and this finding suggests that during
AA stress, the decreased production of endogenous fatty acids
may be due a concomitant reduction in biotin accumulation.
Disruption of membrane homeostasis is also implicated by the

down-regulation of SPD_0646 (3.7-fold), a DegV-like protein
suggested to be involved in the maintenance of the cell’s fatty acid
composition. In Staphylococcus aureus, the DegV-like proteins,
FakB1 and FakB2, have been shown to be involved in the
acquisition of extracellular fatty acids. These fatty acids can
subsequently be incorporated in the bacterium’s membrane via
PlsX (Parsons et al., 2014). Consequently, we investigated the
contribution of the putative FakB (SPD_0646) in pneumococcal
susceptibility to AA. We observed that the growth of a fakB
mutant upon treatment with AA was no different to the wild-
type (Figure S3). However, it is plausible that fakB is dysregulated
by AA, with fatty acids other than AA being substrates of the
encoded FakB protein. Hence, we examined the susceptibility
of the fakB mutant to the second most highly abundant LC-
PUFA in mouse serum, the omega-3 fatty acid, docosahexaenoic
acid (DHA) (Figure 1A). Interestingly, these analyses revealed a
minor, but discernable increase in perturbation by 62.5µMDHA
in the fakB mutant, by comparison to the wild-type (Figure S3).
Therefore, while it is possible that the down-regulation of
SPD_0646 is a mechanism to limit AA toxicity, the physiological
substrates of the pneumococcal FakB protein are likely to be a
range of different types of fatty acids, such as DHA.

SPD_1874, which encodes a putative peptidoglycan-binding
LysM-domain containing protein, was also significantly
downregulated (4.5-fold) upon AA treatment. The cluster
harboring this gene (SPD_1871-76) has previously been shown
to be regulated by YycFG, a global two-component regulator
(Ng et al., 2003). YycFG has also been shown to regulate fabT,
with overexpression of YycF resulting in an altered cellular
fatty acid composition (Mohedano et al., 2005, 2016). As a
consequence, we cannot exclude the possibility that fabM may
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FIGURE 4 | A schematic representation of the fatty acid biosynthesis cluster. (A) The fatty acid biosynthesis pathway of the pneumococcus consists of two major

parts; initiation (light blue) and elongation (light red). A red arrow indicates genes that are down-regulated upon AA treatment and in black those not affected by AA.

ACP is acyl carrier protein and CoA is Coenzyme A. (B) The RNAseq coverage of untreated cells (dark gray) and of AA-treated cells (light gray) are presented relative

to their genomic positioning. The open reading frames of the components of the fab-cluster are indicated, to scale, in the black arrows, and adjacent genes of

unrelated function in gray. The putative FabT binding sites are indicated by the black arrow heads, upstream of fabM, fabT, and fabK. The region of significant

strain-to-strain variation upstream of fabM is indicated in the box with diagonal stripes.

be co-regulated by other systems such as YycFG. Although,
not all previously identified regulatory targets of YycFG were
found to be differentially expressed upon AA treatment in our
study, the SPD_0771-73 gene cluster, which encodes a fructose
phosphotransferase system (PTS) repressor (SPD_0771),
phosphofructokinase (SPD_0772) and fructose PTS system
enzyme II ABC (SPD_0773), was significantly upregulated
(Table S2), corroborating previous studies of YycFG (Ng et al.,
2003). Transcription of the yycF and yycG genes increased by
1.3- and 1.2-fold upon AA stress, respectively.

The riboflavin biosynthesis pathway (SPD_0166-9) was the
most responsive to AA stress (12- to 15-fold up-regulation).
Products derived from riboflavin biosynthesis include the

riboflavin derivatives flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), which contribute to fatty acid
oxidation and oxidative stress resistance (Ross and Hansen,
1992; Ashoori and Saedisomeolia, 2014). Despite this, ribF
(SPD_0994), which is responsible for the conversion of riboflavin
to FMN and FAD was not differentially expressed, indicating that
AA-treated pneumococci likely overproduce riboflavin without
full conversion to FMN and FAD cofactors. This corroborates
previous studies on Bacillus subtilis, which have shown that
FMN functions as a repressor of the riboflavin biosynthetic
pathway (Mack et al., 1998). Although relatively little is known
about the function of riboflavin, the vitamin has been shown
to directly bind metal ions (Albert, 1950) and as such may
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serve as a component of the intracellular buffer for metal ions.
Pneumococcal metal ion homeostasis is affected by AA stress,
with a putative ferric iron ABC permease (SPD_1607-10; ∼3.7-
fold), a putative magnesium importer (SPD_1606; 3-fold) and
the manganese ABC permease (psaBCA;∼3-fold; McDevitt et al.,
2011; Counago et al., 2014; Eijkelkamp et al., 2014a, 2015) all
showing significant up-regulation. Although whole cell metal
ion determination did not reveal significant difference in the
concentration of first row transition metal ions (manganese iron,
copper, or zinc; Figure S4), the increased transcription of these
transporters suggest that the intracellular abundance of metal
ions sensed by key regulators, such as PsaR, may be perturbed
by the increased riboflavin levels.

In addition to the perturbation of metal ion homeostatic
regulation, increased transcription of alkyl hydroperoxide
reductase (ahpD; SPD_0373; 5.5-fold) was observed, suggesting
that AA induces oxidative stress (Schönfeld and Wojtczak, 2008;
Desbois and Smith, 2010). However, treatment with AA did not
result in increased susceptibility of S. pneumoniae to H2O2 or the
superoxide-inducing compound, paraquat (Figure S5A,B). As a
consequence, the apparent lack of heightened susceptibility may
be due to the induction of AhpD and other related pathways in
response to AA.

Treatment with AA also resulted in the up-regulation of
multiple alcohol dehydrogenases (ADHs) including SPD_1636
(3.0-fold), SPD_1834 (4.4-fold) and SPD_1865 (4.7-fold). To
examine the basis for this, the cellular ethanol abundance of
untreated and AA-treated cells was assessed, revealing 2-fold
higher ethanol accumulation in AA-treated cells by comparison
with the untreated cells (Figure 5). The up-regulation of the
ADHs and increased ethanol abundance may arise from the
increased use of mixed acid fermentation for energy production
in the presence of AA stress. This is further supported by the
up-regulation of gene clusters associated with carbon-source
utilization, including those for mannose (SPD_0295-7; > 2-fold
up-regulated) and galactose (SPD_1613-16; > 4-fold) (Figure 3
and Table S2).

Genes that were differentially transcribed upon AA treatment,
but not directly linked to fatty acid/membrane biology or
oxidative stress tolerance included a putative bacteriocin
transport system (SPD_0113-5; ∼10-fold down), a putative
hemolysin (SPD_1295, 3.8-fold down) and a cluster encoding
a GntR-type regulator and a putative antimicrobial peptide
ABC transporter (SPD_1524-6; ∼5-fold down) (Figure 3).
Both bacteriocins and hemolysins are known colonization and
virulence factors (Chen et al., 2004; Dawid et al., 2007), hence
their down-regulation upon exposure to AA may restrict the
ability of the pneumococcus to cause disease. SPD_1524 encodes
a YtrA-like regulator of the GntR family of transcriptional
regulators, which are commonly co-transcribed with ABC
transporters (Suvorova et al., 2015), as seen with this particular
cluster. Although the ligands of YtrA-regulators are largely
unknown, fatty acids have previously been shown to be
exported by these types of ABC transporters (Suvorova et al.,
2015). A putative YtrA-binding site identified upstream of
SPD_1524 indicates its auto-regulation (data not shown). Further
genomic analyses revealed highly homologous YtrA-binding

FIGURE 5 | Cellular ethanol abundance. Intracellular ethanol abundance of S.

pneumoniae D39 grown in the presence (white bar) and absence (black bar) of

62.5µM AA supplementation. Ethanol abundance is relative to untreated D39.

The data are the mean of 5 biological replicates (±SEM). Statistical analyses

were performed by Student’s unpaired t-test (***p < 0.0005).

motifs upstream of SPD_0686-8, but this cluster, encoding
various efflux systems, was only marginally down-regulated (<2-
fold).

Collectively, the impact of AA stress on the pneumococcal
transcriptome showed that, in addition to dysregulating fatty acid
biosynthesis, there was a broad range of affected genes including
those of the YycFG regulon. Together, the effects mediated by AA
resulted in metabolic by-products of cellular energy production
suggesting that AA stress was also influencing carbon source
utilization by S. pneumoniae.

CONCLUSIONS

Our study is the first to examine the molecular basis of the
clinically relevant LC-PUFA AA and its antimicrobial potential.
Our analyses show that AA abundance increased in blood
plasma upon infection, which may have substantial effects on
bacteremic pathogens such as the pneumococcus. Further,
we revealed a contribution by AA in killing S. pneumoniae
within phagocytic cells, highlighting the potential significance
of AA in host niches. Our subsequent analyses of the effect of
AA on the pneumococcus showed that this exogenous fatty
acid disrupts bacterial membrane homeostasis through two
distinct pathways. First, AA is readily incorporated into bacterial
membranes, which has detrimental effects on membrane
integrity due to the length and number of double bonds in
AA, by comparison with the endogenous membrane fatty acids
of the pneumococcal membrane. Indeed, treatment with AA
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resulted in a significant increase in pneumococcal membrane
fluidity. Intriguingly, the AA-treated cells did not display
increased susceptibility to a range of different exogenous stresses,
e.g., oxidative, metal or antibiotic stress. In fact, AA-treated
cells were significantly more resistant to killing by the human
antimicrobial peptide LL-37. The differences in membrane
fluidity may also affect the correct insertion and stabilization
of membrane proteins for cellular function, however this
requires further investigation. The alternative mechanism of
AA’s antimicrobial action is achieved by compromising the
pneumococcal membrane through dysregulation of the fatty acid
biosynthesis genes.

Interestingly, in many other bacterial pathogens, efflux
systems are upregulated in response to fatty acid toxicity (Lee
and Shafer, 1999; Schielke et al., 2010). However, despite the
broad impact of AA on the pneumococcal transcriptome, we
did not identify any apparent resistance mechanisms that may
mitigate the toxicity of AA upon this bacterium, which highlights
the potential of AA as an effective anti-pneumococcal treatment
strategy.
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Figure S1 | The effect of AA treatment upon tolerance to antimicrobial stresses.

Examination of the pneumococcal growth with or without 62.5µM AA and with or

without (A) 4 µg.mL−1 gentamicin, (B) 1 µg.mL−1 chloramphenicol, (C) 250µM

zinc, or (D) 500µM copper. The OD600 was determined every 30min. Data is

representative of at least biological triplicate (± SEM) and where error bars are not

visible this is due to occlusion by the shown symbols.

Figure S2 | Validation of the RNA sequencing data by qRT-PCR. The mRNA

transcription levels of SPD_0378, SPD_0382, SPD_0380, SPD_0309 and

SPD_0772, were determined by qRT-PCR and plotted against the data obtained

by RNA sequencing. Transcription levels were examined in the presence of

62.5µM AA and corrected to untreated cells following internal normalization to

16S. qRT-PCR data are representative of at least biological triplicates. The R2

value is 0.9847, which was calculated using Prism 7 (GraphPad).

Figure S3 | The role of fakB in host fatty acid resistance. Examination of wild-type

and fakB mutant (1fakB) growth with or without 62.5µM AA (A) or DHA (B). The

OD600 was determined every 30min. Data is representative of at least biological

triplicate (±SEM) and where error bars are not visible this is due to occlusion by

the shown symbols.

Figure S4 | Whole cell metal content analysis of untreated and AA-treated

pneumococci. In vitro accumulation of manganese, iron, zinc and copper were

assessed via growth in C+Y with or without supplementation with 62.5µM AA.

Metal content is expressed as µg of metal per g of dry cells, as determined by

ICP-MS. Data are the mean (±SEM) of at least biological triplicates. Statistical

significance was determined using a two-tailed unpaired Student’s t-test, where

“ns” represents not significant.

Figure S5 | The effect of AA treatment upon tolerance to oxidative stress.

Examination of the pneumococcal growth with or without 62.5µM AA and with or

without (A) 250µM H2O2 or (B) 250µM paraquat. The OD600 was determined

every 30min. Data is representative of at least biological triplicate (± SEM) and

where error bars are not visible this is due to occlusion by the shown symbols.

Table S1 | Oligonucleotides used in this study.

Table S2 | Transcriptomic data (>2-fold differential expression).
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Different families of endogenous lectins use complementary defense strategies against

pathogens. They may recognize non-self glycans typically found on pathogens and/or

host glycans. The collectin and galectin families are prominent examples of these two

lectin categories. Collectins are C-type lectins that contain a carbohydrate recognition

domain and a collagen-like domain. Members of this group include surfactant protein

A (SP-A) and D (SP-D), secreted by the alveolar epithelium to the alveolar fluid.

Lung collectins bind to several microorganisms, which results in pathogen aggregation

and/or killing, and enhances phagocytosis of pathogens by alveolar macrophages.

Moreover, SP-A and SP-D influence macrophage responses, contributing to resolution of

inflammation, and SP-A is essential for tissue-repair functions of macrophages. Galectins

also function by interacting directly with pathogens or by modulating the immune

system in response to the infection. Direct binding may result in enhanced or impaired

infection of target cells, or can have microbicidal effects. Immunomodulatory effects

of galectins include recruitment of immune cells to the site of infection, promotion of

neutrophil function, and stimulation of the bactericidal activity of infected macrophages.

Moreover, intracellular galectins can serve as danger receptors, promoting autophagy

of the invading pathogen. This review will focus on the role of collectins and galectins

in pathogen clearance and immune response activation in infectious diseases of the

respiratory system.

Keywords: respiratory pathogens, infection, inflammation, surfactant proteins, alternatively activated

macrophages, autophagy, tissue repair, lung homeostasis

INTRODUCTION

Host defense in the lung is exceptionally, if not uniquely, challenging. The alveolar boundary is
clearly the most vulnerable body interface. There are at least three important differences among the
alveolar boundary and the upper respiratory tract, gut, and skin interfaces. First, the surface area
to be defended is greater in the alveolar boundary (90 m2) than in the gut (10 m2) or skin (2 m2)
(1). Second, compared with the skin, gut, and upper respiratory tract, the bacterial biomass in the
alveoli of healthy lungs is low (2). Third, there are physical barriers or harsh chemical environments
in the skin (cornified epithelial layers) and gut (regular secretion of bile, which acts as an antiseptic
detergent) but not in the delicate alveolar space. In addition, there is higher risk of pathogen
dissemination at the alveolar boundary than at any other environmental boundary, since only two
cell layers (the alveolar epithelium and the capillary endothelium) separate the invader from the
bloodstream in order to facilitate gas exchange.
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The innate immune system in the alveolar space is made up of
a cellular arm [mainly alveolar macrophages (aMΦ) (1), but also
epithelial (AEC), dendritic, and T cells (1, 3, 4)] and a humoral
arm composed of antimicrobial proteins and peptides present
in the alveolar fluid such as surfactant protein A (SP-A) and
D (SP-D), lactoferrin, lysozyme, fibronectin, immunoglobulins,
complement components, defensins, and cathelicidins, among
others (5, 6). In this review we focus on the role of lung soluble
collagenous C-type lectins (SP-A and SP-D) and galectins. SP-A
and SP-D are principally secreted to the alveolar fluid by type II
AECs and to the airway lumen by Club cells and submucosal
cells (7). They are also detected in the trachea (8) and nasal
mucosa (9), where they provide immune protection. Galectins
are expressed in the lung by innate immune cells and epithelial
cells. Galectins are present in the cytoplasm and nucleus, as well
as extracellular space, although galectins lack a typical secretion
signal peptide. They are secreted by direct translocation across
the plasma membrane or through release in extracellular vesicles
(10). Thus, they can function both inside and outside cells.
The review describes biochemical and structural aspects of lung
collectins and their role in antimicrobial immunity and alveolar
immune homeostasis, and the involvement of galectins in the
response to respiratory infectious diseases, including expression,
binding to pathogens, modulatory effects on immune cells, and
intracellular functions.

COLLECTINS

Biochemical and Structural Aspects
Collectins or collagenous C-type lectins are a family of proteins
that contain a Ca2+-dependent carbohydrate recognition domain
(CRD) contiguous to a collagen-like triple helical domain. In
humans, members of this group include SP-A and SP-D, secreted
by the alveolar epithelium, nonciliated bronchiolar cells and
other mucosal surfaces exposed to the external environment
(7, 8, 11), mannan-binding lectin (MBL) secreted by hepatocytes
to serum, and the recently discovered CL-L1, CL-K1, and CL-
P1, present in the serum and several tissues (12, 13) (Figure 1A).
Collectins are well-conserved oligomeric proteins, assembled in
trimers or multiples of three subunits due to their collagen
domains. The primary structure of each subunit consists of
an N-terminal segment containing cysteine residues involved
in oligomerization followed by a collagen-like region, an alpha
helical coiled neck region, and a globular CRDwith a calcium ion
at the lectin site (Figure 1A). Lung collectins are modified after
translation (cleavage of the signal peptide, proline hydroxylation,
and N-linked glycosylation) (7, 15) and intracellularly assembled
into oligomeric structures that, in the case of SP-A, resemble
a flower bouquet of six trimers, while the assembly of SP-D
resembles a cruciform of four trimers (Figure 1A). Supratrimeric
oligomerization of lung collectins appears to be needed for many
of their functions (16, 17) since it facilitates multivalent binding
and increases the functional affinity of the globular domain for
their ligands.

The CRDs of lung collectins bind to mannose and
mannose-rich microbial glycoconjugates, such as yeast mannans
and mycobacterial lipoarabinomannan. Besides, lung collectins

recognize a wide variety of carbohydrates present in the
surface of several microorganisms, including glucose, fucose, N-
acetylglucosamine, and N-acetylmannosamine. Their globular
domains recognize not only carbohydrates but also a broader
repertoire of ligands, including proteins, nucleic acids, and lipids
(7, 18, 19). Despite their similar CRDs, SP-A and SP-D show
significant differences in ligand preferences, with SP-A ligands
generally being more amphipathic (19, 20), and SP-D ligands
richer in carbohydrates (20). These different preferences likely
serve to extend the range of innate immune surveillance in the
lung.

The collagen-like domains of collectins not only function
as scaffolding that amplifies the ligand binding activities of
globular domains but also are responsible for collectin binding
to receptors in immune cells. Such receptors are involved in
phagocytosis and clearance of microorganisms (7, 8, 12, 13)
and biological/abiotic particles from the pulmonary environment
(21–23), and in efferocytosis of dead cells (apoptotic/necrotic)
(24, 25). Collagen-dependent functions of collectins are shared
with other secreted defense collagens (C1q, ficolins, and
adiponectin) (26). This group of proteins has a dual capacity
to promote pathogen elimination and control inflammation
(27–30). Moreover, they seem to activate molecular and cellular
mechanisms that force a return to homeostasis (14).

Antimicrobial Immunity
SP-A and/or SP-D recognize a wide range of respiratory
pathogens, including influenza A virus, respiratory syncytial
virus, Mycobacterium tuberculosis, Aspergillus fumigatus,
Pseudomonas aeruginosa, Haemophilus influenzae [see (8, 31)
for reviews], and the parasitic helminth Nippostrongylus
brasiliensis (32). SP-A- or SP-D-deficient mice show decreased
microbe clearance and increased tissue markers of inflammation
(14, 30–33), suggesting lung collectins’ protective role in lung
immune defense.

Lung collectins enhance the clearance of pathogens by four
different mechanisms: (i) By aggregating pathogens to which they
bind, which hinders their entry into epithelial cells and facilitates
their removal, either by mucociliary clearance or by phagocytosis
by aMΦs and recruited neutrophils (7, 8, 30, 31, 34). (ii) By
binding to neutrophil extracellular traps (NET)-DNA and to
bacteria simultaneously, thereby promoting bacterial trapping by
the NETs (35). (iii) By enhancing phagocytosis of IgG-opsonized
particles (36) and complement-coated particles (36, 37). (iv)
By up-regulating expression of cell-surface receptors involved
in microbial recognition, such as mannose receptor (38) and
scavenger receptor SR-AI/II (39).

Data supporting direct antimicrobial activity of SP-A and SP-
D are sparse (8, 31). Most respiratory pathogenic bacteria and
fungi are resistant to SP-A and SP-D (8, 34, 40, 41). However,
it is possible that cooperative interactions of lung collectins
with other lung antimicrobial peptides enhance the microbicidal
defense of the lungs. In this regard, we recently discovered
synergic action between SP-A and SP-BN, a secreted anionic
antimicrobial peptide derived from SP-B proprotein. Interaction
between SP-A and SP-BN confers new antimicrobial properties,
including the ability to bind, kill, and enhance phagocytosis of
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FIGURE 1 | (A) Structural analysis of human collectins. Domain organization of human collectin polypeptide chains and the number of amino acids covering each

domain are shown. Interruptions in the collagen domain of SP-A and MBL are indicated. Three-dimensional models of collectin oligomers are also shown. Trimers of

collectins are each built up by the association of three polypeptide chains, the collagen regions of which intertwine to form a collagen triple helix. Whereas all other

collectins are soluble, CL-P1 is a transmembrane protein orientated with its N-terminal toward the cytosol. CL-P1 may be regarded as both a collectin and a scavenger

receptor. The scissors symbol means the shedding of a soluble form of CL-P1 by a hitherto unknown mechanism, which results in the presence of soluble CL-P1 in

the circulation. The molecules are not drawn to scale. SP, signal peptide; NHt, N-terminal domain; COL, collagen-like domain; α-C, α-helical coiled-coil domain; CRD,

carbohydrate recognition domain; TM, transmembrane domain. (B) Role of lung collectins on sequential type 1 and type 2 immune responses following respiratory

infection. Respiratory pathogens are detected by AECs and aMΦs, initiating an innate immune response to clear localized infections. The type 1 response is essential

(Continued)
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FIGURE 1 | in controlling infection but also induces tissue damage. Stimulated tissue-resident lymphoid cells and AECs release appropriate second-order cytokines

that initiate a two-tiered response. The type 2 response, amplified by lung collectins (14), modulates aMΦs toward an anti-inflammatory resolving phenotype involved

in lung repair. The role of lung collectins in these homeostatic changes is shown by small green or red arrows, which mean SP-A/D-mediated activation or inhibition,

respectively.

pathogenic K. pneumoniae K2 that is otherwise resistant to either
protein alone (34). Moreover, therapeutic treatment with SP-A
and SP-BN protects against K. pneumoniae K2 infection in vivo
due to SP-A/SP-BN capability to both kill bacteria and modulate
host inflammatory response (34). Yet a promising field to explore
is the interaction of lung collectins with other lung antimicrobial
peptides and antibiotics and the potential relevance of these
interactions in innate host defense in the lung.

Alveolar Immune Homeostasis
The niche in which alveolar macrophages exist, rich in surfactant
lipids, SP-A, and SP-D (42), has a considerable influence
on many aspects of aMΦ phenotype (1, 43). Alveolar MΦs
function as sentinels of a healthy state, promoting immune
tolerance to innocuous antigens. During an infection, aMΦs
recognize alarm signals such as IFN-γ and PAMPs, initiating
proinflammatory responses and pathogen clearance (MΦ-1
phenotype) (Figure 1B), and collectins promote phagocytosis
of pathogens by binding to the CD91/calreticulin receptor on
aMΦs (44). However, host defense requires a balance between
decreasing microbial burden and restricting tissue damage
caused directly by pathogens or indirectly by the immune
response (45). In this vein, lung collectins influence aMΦ

responses to limit inflammation. First, they block the binding
of TLR ligands to their receptors by direct interaction with
TLR4, TLR2, the TLR co-receptor MD2, and CD14 (17, 30, 46)
or by binding to TLR4/CD14 ligands (47, 48), acting as LPS
scavengers in vivo (49). Second, they modify aMΦ response
to TLR ligands by modulating signaling cascades. For example,
SP-A and SP-D bind to SIRPα through their globular heads
to initiate an SHP-1-dependent signaling pathway that blocks
proinflammatory mediator production (44). In addition, SP-A
increases the expression of negative regulators of TLR-signaling,
such as IRAK-M (50) and β-arrestin 2 (51), and inhibits
activation of NFκB, ERK, p38, and Akt in aMΦs (52, 53). Third,
they reduce the production of reactive oxygen intermediates
(54, 55) and for SP-D, this effect is mediated through its
binding to the inhibitory receptor LAIR-1 (56). Fourth, SP-A
limits inflammation by binding to IFN-γ, suppressing IFN-γ
interaction with its receptor IFN-γR1 (57).

Besides limiting inflammation, lung collectins activate
different mechanisms that contribute to disease resolution.
After proinflammatory type 1 responses against invading
pathogens, repair-associated type 2 responses must be initiated
(58, 59). The tissue repair response is classically associated
with the production of IL-4/IL-13 cytokines and the induction
of alternatively activated macrophages (MΦ-2 phenotype)
(Figure 1B). We recently found that defense collagens (SP-A
and C1q) enhance IL-4/13-dependent alternative activation,
proliferation, and tissue-repair functions of macrophages

through binding to the myosin 18A receptor by their collagen
domains (14). Loss of function studies using SP-A- and C1q-
deficient mice demonstrated that SP-A and C1q are necessary
to promote tissue repair during infection with the parasite
N. brasiliensis and the Gram positive bacterium Listeria
monocytogenes, respectively (14). SP-D also seems to be an
important modulator of protective IL-4/13-induced aMΦ

responses against N. brasiliensis (32). Interestingly, IL-4Rα

signaling requires concomitant recognition of apoptotic cells to
induce the tissue repair program inmacrophages (60), suggesting
that tissue repair is restricted to the damaged site. SP-A, SP-D,
and C1q assist the recognition and clearance of apoptotic
neutrophils by macrophages (24, 25, 61, 62), a mechanism
that differs from classical phagocytosis and that leads to the
production of anti-inflammatory cytokines (IL-10 and TGFβ)
(63), contributing to host tolerance during lung infection.

In conclusion, pulmonary collectins provide immune
protection against respiratory pathogens, promoting pathogen
clearance, limiting inflammation, and activating molecular and
cellular mechanisms that help to restore homeostasis. Much
of what we know about the protective role of SP-A and SP-D
has arisen from studies using SP-A– or SP-D–deficient mice in
murine models of respiratory infections (14, 31–33) and other
respiratory diseases (30, 31, 64).

GALECTINS

Galectins are a family of lectins sharing a CRD with β-sandwich
fold and β-galactoside-binding ability (65, 66). Nevertheless,
the glycan-binding preferences of different galectins may differ
significantly, leading to functional divergences. To date, 16
mammalian galectins have been described, of which galectins 5,
6 (both found in rodents), 11, and 15 (found in ruminants) are
not present in humans (Figure S1). Based on their structural
organization (Figure S1), galectins are classified as proto type,
composed of one or two identical CRDs forming non-covalent
homodimers (e.g., Gal-1), chimera type, composed of one CRD
linked to a non-lectin N-terminal region (Gal-3), and tandem-
repeat type, containing two different CRDs covalently connected
by a linker peptide (e.g., Gal-8 and -9). Galectins are widely
expressed in epithelial and immune cells, and participate in
different biological phenomena, including inflammation and
immunity (67, 68).

The Expression of Galectins Is Altered in
Respiratory Infections
An archetypal example is the accumulation of Gal-3 in the
alveolar space of Streptococcus pneumoniae-infected mice (69).
Gal-3 release also increases in the lungs of mice lethally infected
with Francisella novicida (70). In patients infected with M.
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tuberculosis, the plasma levels of Gal-9 are significantly increased
(71). However, Gal-9 expression in macrophages generated in
the presence of M. tuberculosis lipoarabinomannan is down-
regulated, favoring bacterial intracellular growth (72).

The expression of galectins is also affected by respiratory
viruses. As an example, Gal-1 is up-regulated in the lungs
of influenza virus-infected mice, in correlation with the
viral load (73). Interestingly, Gal-1 is differentially expressed
in bronchoepithelial cells infected with 2009A or seasonal
H1N1 influenza virus, revealing strain-specific responses (74).
Moreover, patients carrying genetic variants associated with
higher Gal-1 expression are less susceptible to infection by avian
influenza A (75).

Gal-3 levels in serum and lungs are augmented in infections by
the fungus Cryptococcus neoformans (76), while plasma levels of
Gal-9 are higher in severe infections by the parasite Plasmodium
falciparum (77), and mRNA levels of Gal-9 in the lungs of P.
berghei-infected mice are also increased (78).

Thus, the expression of galectins is altered in bacterial,
viral, fungal, and parasitic respiratory infections, conceivably
correlating with galectin-mediated defense mechanisms.

Galectins Bind to Different Respiratory
Pathogens
Gal-3 binds mycolic acids (Figure 2A), the major constituents of
mycobacterial cell wall, and could participate in their interaction
with host cells (79). Gal-3 also binds lipopolysaccharides
from different bacteria, including K. pneumoniae (80) and
P. aeruginosa (81). Moreover, Gal-3 and Gal-8 bind to
K. pneumoniae O1 cells and decrease bacterial viability, and
the same occurs for Gal-8 and strain 2019 of non-typeable
H. influenzae (NTHi) (82). Recently, binding of Gal-8 to other
six different NTHi clinical isolates was detected (83), suggesting
that this could be a general trait.

At the initial phase of infection by Nipah virus (NiV),
Gal-1 bridges glycans of the envelope glycoprotein F (NiV-F)
with those of host cells, thereby enhancing virus attachment.
However, Gal-1 secreted in response to infection reduces NiV-
F-mediated syncytia formation and production of progeny
virus (84–86). This is a remarkable example of opposing
effects of the same galectin on infection by a given pathogen.
Moreover, Gal-1 binds to envelope glycoproteins of influenza
virus, impairing infection. Cells treated with Gal-1 generate
lower viral yields, and treatment of infected mice reduces
viral load and lung inflammation (73). Conversely, Gal-1 could
account for the increased susceptibility of influenza patients to
subsequent infection with pneumococcus. Influenza infection
results in desialylation of epithelial cell glycans and exposure
of galactosyl moieties that serve as galectin ligands. As Gal-
1 also binds to S. pneumoniae, it crosslinks the bacteria
to the airway epithelial surface, enhancing pneumococcal
adhesion (87).

As final example, Gal-3 binds to C. neoformans cells and
delays fungal growth. Moreover, it exerts a lytic effect on
fungal extracellular vesicles (76). Thus, Gal-3 has direct anti-C.
neoformans effects.

Galectins Modulate the Immune Response
to Infection
Accumulation of Gal-3 in the alveoli of pnemococcus-
infected mice correlates with neutrophil extravasation (69).
Consistently, less neutrophils are recruited in Gal-3−/− mice,
which develop more severe pneumonia, and treatment with
Gal-3 reduces the severity of infection (88, 89). Gal-3 bridges
neutrophils to endothelial cells and activate neutrophils
(Figure 2B), augmenting pneumococcus phagocytosis and
delaying apoptosis. These effects are disabled by Staphylococcus
aureus via degradation of Gal-3 with a bacterial protease (90).
In contrast, Gal-3 deficiency confers resistance to Rhodococcus
equi (91). Thus, Gal-3−/− mice exhibit higher bacteria lethal
doses and production of IL-12 and IFN-γ. Moreover, Gal-3−/−

macrophages show decreased bacterial replication and survival,
and enhanced production of IL-1β and TLR2. Gal-3−/− mice
lethally infected with F. novicida, however, show significantly
reduced inflammatory response and leukocyte infiltration in the
lungs, in parallel to improved lung architecture and survival (70),
and the same is observed for Gal-9−/− mice (92). Thus, Gal-3
and Gal-9 function as proinflammatory alarmins in F. novicida
infection.

Gal-9 also modulates the immune response through
binding to TIM-3 receptor on neutrophils, macrophages
and lymphocytes. For example, P. aeruginosa opsonization
with Gal-9 enhances neutrophil-mediated killing via TIM-3
interactions inducing intracellular Ca2+ mobilization, neutrophil
degranulation, andNADPH oxidase activity (93). Binding of Gal-
9 expressed by M. tuberculosis-infected macrophages to TIM-3
also leads to restriction of intracellular bacterial growth through
secretion of IL-1β, upregulation of TNF, and activation of
caspase-3 (94–96). In contrast, Gal-9–TIM-3 binding decreases
the levels of IL-17 in serum of mice infected with K. pneumoniae,
resulting in reduced bacterial clearance (97).

Gal-9 binding to TIM-3 receptor on T lymphocytes decreases
the immune response against viral infections. Influenza A
virus-infected Gal-9−/− mice generate stronger humoral and
CD8+ T-cell responses and cleared virus more rapidly than
Gal-9+/+ mice. Accordingly, selective blocking of the Gal-
9–TIM-3 interaction in Gal-9+/+ mice boosts the immune
response (98). On the other hand, Gal-9 administered to mice
infected with respiratory syncytial virus decreases the severity
of lung pathology by increasing Tregs number and reducing
the number of Th17 cells, IL-17 levels, and CD8+ T cell
apoptosis (99). Similarly, Gal-9 injection into herpes simplex
virus-infected mice increases Tregs number and decreases the

levels of pro-inflammatory cytokines, improving the symptoms
of inflammation (100), while intraperitoneal infusion of lactose,

which prevents Gal-9 binding to TIM-3, reduces Treg function
and augments CD8+ T cell responses (101).

In respiratory fungal infections, Gal-1 and Gal-3 play
differential roles. Gal-1 modulates prostaglandin E2 and nitric

oxide levels inH. capsulatum infection, contributing to phagocyte
responses and thus exerting a protective effect (102). In contrast,

Gal-3−/− mice clear H. capsulatum infection more efficiently

than Gal-3+/+ mice, likely due to a negative regulatory role
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FIGURE 2 | Galectin activities in respiratory infections. (A) Binding to pathogens. Gal-3, the only chimera-type galectin described to date, binds bacterial mycolic

acids, lipopolysaccharides, and cells, and also C. neoformans cells with antifungal effects. Gal-8 binds NTHi, decreasing bacterial viability (left side). Gal-1 binding to

influenza virus blocks infection, while binding to NiV and S. pneumoniae bridges pathogen and host glycans (right side). (B) Effects on immune cells. Oligomerized

Gal-3 can bridge neutrophils to endothelial cells. Depending on the pathogen, Gal-3 drives a Th2-polarized response, decreases macrophage and Th1 cell responses,

or activates macrophages and/or neutrophils, similarly to Gal-9. In histoplasmosis, Gal-3 decreases cytokine production by dendritic cells, while Gal-1 modulates

PGE2 and NO levels (left). Via TIM-3 binding, Gal-9 may promote bacterial killing by neutrophils or macrophages, decrease humoral and CD8+ cell responses or Th17

cells and IL-17 levels, and increase Treg cells (right). (C) Intracellular functions. Gal-3, -8, and -9 bind to host glycans in the luminal side of lysed phagosomes or

permeable replicative vacuoles, and contribute to the autophagic response by recruiting NDP52, parkin, GBPs, or TRIM-16. Gal-8 also recruits parkin to group A

Streptococcus.
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of Gal-3 on cytokine production by dendritic cells (103).
However, Gal-3−/− mice are more susceptible to P. brasiliensis
infection and present a Th2-polarized immune response,
clearly showing that Gal-3 effects depend on the particular
pathogen (104).

Intracellular Activities of Galectins
After internalization into host cells, many bacteria lyse the
phagosome and escape to the cytosol for establishing a
replicative niche (Figure 2C). Galectins 3, 8, and 9 bind to
damaged vacuoles that expose host glycans in the luminal
side of the phagosome membrane (105, 106). Moreover, Gal-8
recruits the autophagy NDP52 receptor, activating phagosome
degradation (106). Gal-8 also binds parkin, which targets
damaged vesicles and bacteria for ubiquitination. Interestingly,
Gal-3 diminishes the recruitment of Gal-8 and parkin to group
A Streptococcus, which does not replicate in endothelial cells
and organs of Gal-3−/− mice (107). Gal-8 also targets for
degradation damaged endosomes in picornavirus and adenovirus
infections (108, 109).

Other bacteria replicate within the phagosomes, as e.g.,
Coxiella burnetii. Yet, galectins 3, 8, and 9 accumulate in the
luminal side of the vacuole membrane, revealing membrane
permeability (110). Gal-3 and Gal-8 are also detected in
replicative vacuoles of Legionella pneumophila (111) and mediate
delivery of guanylate binding proteins, a family of antimicrobial
GTPases induced by IFN-γ (112). Moreover, Gal-3 binds TRIM-
16, further contributing to organizing the autophagic response.
The Gal-3-TRIM-16 system operates in macrophages infected
with M. tuberculosis strains causing phagosome damage, and is
required for bacteria translocation to lysosomes. Accordingly,
Gal-3 protects mice in acute and chronicM. tuberculosis infection
(113, 114).

Summarizing, galectins play diverse roles in respiratory
infections with sometimes disparate effects, which may benefit

the host or the pathogen, depending on the specific galectin,
pathogen, and host context.

CONCLUDING REMARKS

This review touched briefly on the important role of collectins
and galectins in pathogen clearance and immune response
activation. Lung collectins are critical in mediating a variety
of immune and physiological responses during health and
disease. Galectins also mediate effective antimicrobial and
immunoregulatory activities but, if activated inappropriately, can
act as potent inducers of immunopathology. It remains to be
determined whether collectins and galectins can interact with
each other and whether such collaborations harness a beneficial
immune response to pathogens. A more complete understanding
of the host factors that control microbial colonization will lead to
improved therapies for respiratory infections.
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Excessive activation of neutrophils results in the release of neutrophil elastase (NE), which 
leads to lung injury in severe pneumonia. Previously, we demonstrated a novel immune 
subversion mechanism involving microbial exploitation of this NE ability, which eventually 
promotes disruption of the pulmonary epithelial barrier. In the present study, we investi-
gated the effect of NE on host innate immune response. THP-1-derived macrophages 
were stimulated with heat-killed Streptococcus pneumoniae or lipopolysaccharide in the 
presence or absence of NE followed by analysis of toll-like receptor (TLR) and cytokine 
expression. Additionally, the biological significance of NE was confirmed in an in vivo 
mouse intratracheal infection model. NE downregulated the gene transcription of multi-
ple cytokines in THP-1-derived macrophages through the cleavage of TLRs and myeloid 
differentiation factor 2. Additionally, NE cleaved inflammatory cytokines and chemokines. 
In a mouse model of intratracheal pneumococcal challenge, administration of an NE 
inhibitor significantly increased proinflammatory cytokine levels in bronchoalveolar lavage 
fluid, enhanced bacterial clearance, and improved survival rates. Our work indicates 
that NE subverts the innate immune response and that inhibition of this enzyme may 
constitute a novel therapeutic option for the treatment of pneumococcal pneumonia.

Keywords: neutrophil elastase, pneumonia, innate immune response, toll-like receptor, Streptococcus pneumoniae, 
cytokines

inTrODUcTiOn

Bacterial pneumonia constitutes a leading cause of morbidity and mortality worldwide, being respon-
sible for approximately 3.5 million deaths annually (1). Among all bacteria, Streptococcus pneumoniae 
represents the most common cause of pneumonia in all age groups. Although antibiotics comprise 
the primary treatment of choice for pneumonia, antimicrobial resistance among S. pneumoniae 

Abbreviations: BALF, bronchoalveolar lavage fluid; CFU, colony forming units; ELISA, enzyme-linked immunosorbent assay; 
HK-Spn, heat-killed S. pneumoniae; IL, interleukin; LPS, lipopolysaccharide; MD2, myeloid differentiation factor 2; hNE, 
human neutrophil elastase; PBS, phosphate buffered saline; rh, recombinant human; SSH, sivelestat sodium hydrate; TLR, 
toll-like receptor; TNF, tumor necrosis factor.
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has increased significantly in past decades. Additionally, the 
total costs of pneumococcal pneumonia reach $2.5 billion per 
year and are predicted to increase with the growth in the aging 
population in the United States (2). Therefore, basic research is 
essential to provide novel therapeutic targets for pneumococcal 
pneumonia.

Neutrophil elastase (NE) is a serine protease that degrades 
outer membrane proteins localized on the surface of Gram-
negative bacteria and exerts antimicrobial activity (3). Although 
NE is required for host defense against a wide variety of bacteria, 
NE also degrades host extracellular-matrix proteins as well as 
epithelial cadherin, which is a cell–cell adhesion molecule with 
pivotal roles in epithelial cell behavior and tissue formation, 
and causes lung epithelial disruption (4, 5). Additionally, NE 
cleaves various host proteins, such as lung-surfactant proteins 
(6), vascular endothelial growth factor (7), C1 inhibitor (8), and 
C5a receptor (9), modulates inflammation, and promotes tissue 
remodeling. Generally, the proteolytic activity of NE is regulated 
by α1-antitrypsin, an endogenous NE inhibitor. However, during 
an acute inflammatory response, macrophages and neutrophils 
release a variety of proteases, including NE, proteinase 3, matrix 
metalloproteinases (MMPs), and cathepsins (10). Among these,  
MMPs, particularly MMP-12, degrade and inactivate α1-anti-
trypsin, thereby enhancing the activity of NE and causing tissue 
injury (11). In this regard, it has been reported that NE level is 
increased in bronchoalveolar lavage fluid (BALF) from patients 
with severe pneumonia (12). In animal models, intratracheal S. 
pneumoniae infection causes acute lung injury characterized by 
an increase in neutrophil accumulation and NE activity in BALF 
(13, 14). Together, these findings indicate that excessive release 
of NE from neutrophils can damage surrounding tissues and 
contribute to the lung dysfunction associated with pneumonia.

In order to reduce the excess inflammatory response and lung 
injury, various inhibitors of NE have been tested in various lung 
diseases, including severe pneumonia (15). Studies evaluating the 
effect of NE in the animal model of Pseudomonas aeruginosa-
induced pneumonia have reported conflicting results. Cantin and 
Woods reported that the NE inhibitor significantly decreased NE 
activity and enhanced clearance of bacteria in the lungs (16), 
whereas Honoré et  al. did not obtain positive results (17). In 
the animal model of pneumococcal pneumonia, NE inhibitor 
enhanced bacterial clearance and delayed mortality (13, 14). 
Although there are few descriptive studies of NE inhibitors in 
humans with bacterial pneumonia, a previous study suggested 
that early administration of NE inhibitor may improve acute lung 
injury and survival rate in severe pneumonia (18). Taken together, 
these findings suggest that not only bacterial pathogens but also 
NE contribute, at least in part, to the pathological progression of 
bacterial pneumonia.

We have previously reported that pneumolysin, a pneumococ-
cal pore-forming toxin, induced cell lysis in human neutrophils, 
leading to the release of NE (19). Subsequently, NE induced the 
detachment of alveolar epithelial cells, leading to the disruption 
of pulmonary defenses. NE also impaired phagocytic activity in 
macrophages in vitro. We have also suggested the possibility that 
NE decreases interleukin (IL)-8 level in the culture supernatant 
from human alveolar epithelial cells (19). These data suggest that  

S. pneumoniae exploits NE leakage from neutrophils to subvert 
host innate immune responses. However, the effects of NE on 
innate immune responses are not fully understood. The main 
objective of this study was, therefore, to understand how NE 
inhibits cytokine production from innate immune cells and to 
determine its roles in a mouse model of pneumococcal pneumo-
nia. Our data presented here demonstrate the immune subversion 
mechanism of NE, which caused development of pneumococcal 
bacteremia in experimental pneumonia. Our study thus provides 
a novel host modulation therapy for pneumonia utilizing an 
NE-specific inhibitor.

MaTerials anD MeThODs

Mice and Bacteria
Male 10- to 12-week-old BALB/c mice were obtained from Nihon 
CLEA (Tokyo, Japan). Mice were maintained under standard 
conditions in accordance with our institutional guidelines. All 
animal experiments were approved by the Institutional Animal 
Care and Use Committee of Niigata University (SA00002).  
S. pneumoniae D39 (NCTC 7466) was grown in tryptic soy 
broth (Becton Dickinson, Franklin Lakes, NJ, USA). For in vitro 
cytokine assays, S. pneumoniae D39 was inactivated by heating 
at 60°C for 1 h.

cell line
The monocytic cell line THP-1 was maintained in 25 mM HEPES-
buffered RPMI 1640, supplemented with 10% fetal bovine serum, 
100 U/mL penicillin, and 100 µg/mL streptomycin (Wako Pure 
Chemical Industries, Osaka, Japan) at 37°C in 95% air and 5% 
CO2. For the experiments, the cells were incubated in a 24-well 
culture plate at a concentration of 2 × 105 cells/mL in medium 
supplemented with 200  nM phorbol 12-myristate 13-acetate 
to induce differentiation into macrophage-like cells, hereafter 
referred to as macrophages. After 48 h incubation, the cells were 
washed with RPMI 1640 and cultured further in RPMI 1640 for 
12 h. Then, cells were stimulated with heat-killed S. pneumoniae 
(HK-Spn) or Escherichia coli lipopolysaccharide (LPS) (100 ng/
mL; Sigma-Aldrich, St. Louis, MO, USA) in the presence or 
absence of human neutrophil elastase (hNE; Innovative Research, 
Novi, MI, USA) and the NE inhibitor sivelestat (100 µg/mL; ONO 
Pharmaceutical Co., Osaka, Japan) for 3  h under serum-free 
conditions.

Quantitative real-Time Pcr
Gene transcription in THP-1-derived macrophages was quanti-
fied using quantitative real-time PCR. Briefly, RNA was extracted 
from cell lysates using TRI Reagent (Molecular Research Center, 
Inc., Cincinnati, OH, USA) and quantified by spectrometry at 260 
and 280 nm. The RNA was reverse transcribed using SuperScript 
VILO Master Mix (Thermo Fisher Scientific, Waltham, MA, 
USA), and quantitative real-time PCR with cDNA was performed 
with the StepOnePlus real-time PCR system (Thermo Fisher 
Scientific) according to manufacturer protocol. TaqMan probes, 
sense primers, and antisense primers for expression of GAPDH, 
TNF, IL6, and IL8 were purchased from Thermo Fisher Scientific.
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immunofluorescence analysis
Human neutrophil elastase-treated macrophages stimulated with 
HK-Spn or LPS were fixed and permeabilized using a cell fixation 
and permeabilization kit (Thermo Fisher Scientific) according to 
manufacturer instructions, followed by incubation of the cells in a 
blocking solution (Thermo Fisher Scientific) for 30 min. Samples 
were stained with rabbit anti-NF-κB p65 antibody (Santa Cruz 
Biotechnology, Dallas, TX, USA), anti-toll-like receptor (TLR) 2 
antibody (clone TL2.1; Thermo Fisher Scientific), or anti-TLR4 
antibody (clone HTA125; Thermo Fisher Scientific) in blocking 
solution. After overnight incubation at 4°C, secondary AlexaFluor 
594-conjugated goat anti-rabbit IgG antibody or AlexaFluor 
488-conjugated goat anti-mouse IgG antibody (Thermo Fisher 
Scientific) in blocking buffer was added, followed by a 2-h incu-
bation in the dark. Then, samples were observed using a confocal 
laser-scanning microscope (Carl Zeiss, Jena, Germany). In addi-
tion, samples were observed with fluorescence microscopy using 
Hybrid cell-count software (Keyence, Osaka, Japan) to calculate 
fluorescence intensity per cell.

Western Blot analysis
Whole cell lysates were prepared in 100  µL of lysis reagent 
(Thermo Fisher Scientific). For recombinant proteins cleavage 
assay, 100 ng of recombinant human (rh) TLR2 (R&D Systems, 
Minneapolis, MN, USA), rhTLR4 (R&D Systems), rh-myeloid 
differentiation factor 2 (MD2) (Abcam, Cambridge, UK), 
rh-tumor necrosis factor (TNF) (R&D Systems), rhIL-6 
(PeproTech, Rocky Hill, NJ, USA), or rhIL-8 (R&D Systems) was 
treated with various concentrations of hNE (125–500 mU/mL)  
in the presence or absence of the NE inhibitor sivelestat  
(100 µg/mL) at 37°C for 3 h and mixed with 2% SDS-sample 
buffer. All samples were separated by SDS-PAGE and transferred 
to polyvinylidene difluoride membranes (Merck Millipore, 
Billerica, MA, USA) followed by incubation with blocking rea-
gent (Nacalai Tesque, Kyoto, Japan). The membrane was probed 
with an anti-TLR2 antibody (Rockland Immunochemicals, 
Limerick, PA, USA), anti-TLR4 antibody (Novus Biologicals, 
Littleton, CO, USA), anti-MD2 antibody (Abcam), anti-NF-κB 
antibody (Santa Cruz Biotechnology), anti-GAPDH antibody 
(Abcam), anti-TNF antibody (Cell Signaling Technology, 
Beverly, MA, USA), anti-IL-6-antibody (Abcam), or anti-IL-8 
antibody (R&D Systems) and then incubated with a HRP-
conjugated secondary antibody (Cell Signaling Technology) in 
Tris-buffered saline containing 0.05% tween 20. The membrane 
was treated with HRP substrates (GE Healthcare, Chicago, 
IL, USA) and analyzed using a chemiluminescence detector 
(Fujifilm, Tokyo, Japan).

cytokine assay
The levels of TNF, IL-6, and IL-8 in the cell culture supernatants 
were determined by using enzyme-linked immunosorbent assay 
(ELISA) kits (BioLegend, San Diego, CA, USA).

Bead-Based Multiplex assay for cytokines
Comprehensive hNE-induced cytokine cleavage assays were 
performed using the MILLIPLEX MAP human cytokine/

chemokine magnetic bead panel (Merck Millipore) by deter-
mining 18 cytokine concentrations (G-CSF, GM-CSF, IFNα2, 
IFN-γ, IL-10, IL12p40, IL-12p70, IL-17, IL-1β, IL-2, IL-3, IL-4, 
IL-6, IL-8, MCP-1, MIP1α, MIP1β, and TNF). Human cytokine/
chemokine cocktail (Merck Millipore) was treated with various 
concentrations of hNE (125–500  mU/mL) in the presence or 
absence of the NE inhibitor sivelestat (100 µg/mL) at 37°C for 3 h 
followed by addition of sivelestat (100  µg/mL; final concentra-
tion) to inactivate hNE. These samples were assayed according to 
the manufacturer’s instructions. Briefly, standards, controls, and 
samples were loaded into 96-well plates, followed by addition of 
antibody-immobilized beads. Plates were incubated for 2 h on a 
plate shaker and then washed twice with wash buffer. Detection 
antibodies were then added to the wells and incubated for 1 h. 
Finally, streptavidin-phycoerythrin was added to the wells and 
incubated for 30 min. Plates were gently washed twice with wash 
buffer before resuspending the beads in sheath fluid followed by 
analysis on a Luminex 200 (Merck Millipore). Using xPONENT 
software version 3.1 (Luminex Corporation, Austin, TX, USA), a 
standard curve was generated using a 5-parameter logistic curve 
for each mediator ranging from 10,000 to 3.2 pg/mL, and then 
cytokine concentrations were calculated.

intratracheal infection of Pneumococcus 
In Vivo
Following mouse anesthesia with isoflurane using an inhala-
tional anesthesia system (Natsume Seisakusho, Tokyo, Japan), 
the trachea was aseptically exposed and an S. pneumoniae inocu-
lum [2 × 108 colony forming units (CFUs) in 50 µL phosphate 
buffered saline (PBS)] was administered via a 26-gauge needle 
(20). Unchallenged naïve mice were administered PBS only. 
NE inhibitor (40 mg/kg) or PBS was administered intraperito-
neally to the infected mice every 6  h. Groups of animals were 
sacrificed at 18  h postinfection. To obtain BALF, 1.0  mL PBS 
was instilled into mouse lungs and then slowly aspirated. BALF 
samples were then plated onto blood-agar plates and cultured 
aerobically for enumerating recovered CFU. To determine NE 
activity, cytokine levels, and recruitment of inflammatory cells, 
BALF was centrifuged at 500  g, and the supernatant was used 
for subsequent NE activity assay and cytokine analysis. The cell 
pellet was analyzed for total leukocyte count using Turk’s solu-
tion (Nacalai Tesque). NE activity in BALF was determined by 
a method using the NE-specific substrate N-methoxysuccinyl-
Ala-Ala-Pro-Val p-nitroanilide (Merck Millipore) as described 
elsewhere (14). Briefly, samples were incubated in 0.1 M Tris–HCl 
buffer (PH 8.0) containing 0.5 M NaCl and 1 mM substrate at 
37°C for 24  h, and then absorbance at 405  nm was measured. 
The levels of TNF and IL-6 in BALF and serum were determined 
by using ELISA kits (BioLegend). To determine the concentra-
tion of pneumococcal DNA, DNA was isolated from 50  µL of 
serum from the infected mice using QIAamp Spin Columns 
(QIAGEN, Hilden, Germany). Then, absolute quantification 
by real-time PCR was performed using the StepOnePlus real-
time PCR system via the SYBR Green detection protocol. 
The primers used for real-time PCR were based on published 
sequence (21). The forward primer oligonucleotide sequence was 
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FigUre 1 | Neutrophil elastase (NE) downregulates cytokine gene 
transcription in macrophages stimulated with TLR agonists. THP-1-derived 
macrophages were stimulated with HK-Spn D39 or Escherichia coli LPS 
(100 ng/mL) in the presence or absence of hNE (250–500 mU/mL) and/or 
SSH (100 µg/mL) for 4 h under serum-free conditions. Real-time PCR was 
performed to quantify TNF, IL6, and IL8 mRNA in the macrophages exposed 
to these stimuli. The relative quantity of these cytokine mRNAs was 
normalized to the relative quantity of GAPDH mRNA. Data represent the 
mean ± SD of quadruplicate experiments and were evaluated using one-way 
analysis of variance with Tukey’s multiple-comparisons test. *Significantly 
different within the same activation status at P < 0.05. HK-Spn, heat-killed  
S. pneumoniae; LPS, lipopolysaccharide; hNE, human neutrophil elastase; 
SSH, sivelestat sodium hydrate; TLR, toll-like receptor; TNF, tumor  
necrosis factor.
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5′-AGCGATAGCTTTCTCCAAGTGG-3′ and the reverse primer 
sequence was 5′-CTTAGCCAACAAATCGTTTACCG-3′.

To determine the effect of the NE inhibitor on the mouse 
pneumococcal pneumonia model, mice were intratracheally 
infected with S. pneumoniae (5 × 108 CFU in 50 µL PBS), and 
then the NE inhibitor (40  mg/kg) or PBS was administered 
intraperitoneally to these mice every 6 h. Survival was monitored 
following the treatments.

statistical analysis
Data were analyzed statistically by analysis of variance with 
Tukey’s multiple-comparison test. Where appropriate (compari-
son of two groups only), unpaired t tests were conducted. The 
Kaplan–Meier survival curve was analyzed using the log-rank 
test equivalent to the Mantel–Haenszel test. All statistical analyses 
were performed using Graph Pad Prism Software version 6.05 
(GraphPad Software, Inc., La Jolla, CA, USA). Values of P < 0.05 
were considered significant.

resUlTs

ne Downregulates cytokine gene 
Transcription in Macrophages by inhibiting 
nF-κB nuclear Translocation
We first investigated whether hNE affects cytokine gene tran-
scription in macrophages. Accordingly, macrophages were stimu-
lated with HK-Spn and LPS, which are recognized by TLR2 (22) 
and TLR4 (23), respectively, in the presence or absence of hNE. 
Strikingly, hNE significantly and dose-dependently reduced 
HK-Spn- and LPS-induced TNF, IL6, and IL8 gene transcription 
in the macrophages, with the exception of TNF and IL6 in the 
cells treated with 250  mU/mL hNE (Figure  1). Furthermore, 
downregulation of these cytokines in hNE-treated macrophages 
was counteracted by the administration of sivelestat. hNE did 
not show cytotoxicity toward macrophages up to 500  mU/mL 
(Figure S1 in Supplementary Material). As hNE downregulated 
the transcription of various cytokine genes, we hypothesized 
that hNE inhibits TLR signaling in the macrophages. Therefore, 
we next examined whether hNE could inhibit NF-κB nuclear 
translocation in the macrophages stimulated with HK-Spn or 
LPS. Although HK-Spn and LPS-induced NF-κB activation and 
subsequent nuclear translocation, 500 mU/mL hNE significantly 
inhibited the latter (Figures 2A,B), suggesting that hNE-induced 
inhibition of TLR signaling can downregulate cytokine gene 
transcription.

ne cleaves Tlrs and MD2 on 
Macrophages
It has been reported that NE mediates intracellular signaling 
through proteinase-activated receptor (PAR)-1 or PAR-2 (24, 25).  
These findings prompted us to further examine whether 
NE-dependent activation of these receptors is involved in 
the downregulation of cytokine gene transcription. However, 
neither a PAR-1 antagonist (SCH79797) nor PAR-2 antagonist 
(FSLLRY-NE2) could counteract the downregulation of TNF 
gene transcription in the hNE-treated macrophages (Figure S2 

in Supplementary Material), indicating that the effect of hNE 
is not mediated by PARs. Given that NE can cleave some cell-
surface receptors, such as urokinase receptor and C5a receptor 
(9, 26), we investigated whether hNE cleaves TLRs. Indeed, 
hNE decreased the protein expression of TLR2, TLR4, and 
MD2 in hNE-treated macrophages (Figures 3A,B). Moreover, 
we observed that rhTLR2, rhTLR4, and rhMD2 were cleaved by 
hNE after 3 h of coincubation (Figure 3C). Taken together, our 
findings indicate that hNE inhibits TLR signaling by cleaving 
TLRs and MD2.

ne also cleaves Various Proinflammatory 
cytokines In Vitro
To confirm hNE-induced inhibition of TLR signaling, we meas-
ured in  vitro cytokine levels (TNF, IL-6, and IL-8) in culture 
supernatants of HK-Spn- or LPS-stimulated macrophages in 
the presence of absence of hNE. Consistent with the repression 
of cytokine gene transcription, treatment of the macrophages 
with hNE resulted in marked reduction of these cytokine levels 
in the supernatant (Figure 4A). Among these, IL-6 levels were 
almost completely abolished in the supernatant of hNE-treated 
macrophages stimulated with HK-Spn. We thus speculated 
that hNE cleaves not only TLRs but also proinflammatory 
cytokines. To test this, rhTNF, rhIL-6, and rhIL-8 were treated 
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FigUre 3 | Neutrophil elastase (NE) cleaves TLRs and MD2 on 
macrophages. (a,B) THP-1-derived macrophages were cultured in  
serum free RPMI 1640 and exposed to hNE (125–500 mU/mL) for 4 h.  
(a) Representative fluorescence microscopy images of untreated and 
hNE-treated (500 mU/mL) macrophages stained for DNA (DAPI; blue) and 
TLRs (green). (B) TLR2, TLR4, and TLR-related molecules were determined 
by western blot analysis. (c) Recombinant human (rh) TLR2, rhTLR4, and 
rhMD2 were exposed to hNE (125–500 mU/mL) in the presence or absence 
of SSH (100 µg/mL) for 3 h and determined by western blot analysis. MD2, 
myeloid differentiation factor 2; hNE, human neutrophil elastase; SSH, 
sivelestat sodium hydrate; TLR, toll-like receptor.

FigUre 2 | Neutrophil elastase (NE) inhibits NF-κB translocation to the 
nucleus in macrophages. THP-1-derived macrophages were exposed to hNE 
(500 mU/mL) in the presence or absence of HK-Spn or LPS (100 ng/mL) for 
30 min. (a) Representative fluorescence microscopy images of macrophages 
stained for DNA (DAPI; blue) and NF-κB p65 (red). Scale bar: 10 µm. (B) The 
fluorescence intensity of NF-κB p65 in the nucleus per cell was calculated. 
Data represent the mean ± SD of quadruplicate experiments and were 
evaluated using one-way analysis of variance with Tukey’s multiple-
comparisons test. *Significantly different within the same activation status  
at P < 0.05. HK-Spn, heat-killed S. pneumoniae; LPS, lipopolysaccharide; 
hNE, human neutrophil elastase.
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with varying concentrations of hNE in the presence or absence 
of sivelestat. Figure 4B shows that hNE cleaved these cytokines, 
whereas this effect was counteracted by sivelestat. Additionally, 
rhTNF and rhIL-6 that had been treated by hNE exhibited 
lower-molecular-mass fragments. We next evaluated the effect 
of hNE on the cytokine levels in the supernatant from mouse 
peritoneal macrophages infected with S. pneumoniae. Figure S3 
in Supplementary Material shows that hNE treatment almost 
completely obliterated mouse IL-6 in the supernatant, which is 
consistent with the results shown in Figure 4A, whereas hNE 
treatment did not decrease mouse TNF levels. These findings 
suggest the possibility that mouse proteins show different sen-
sitivity to hNE-induced proteolysis as compared with human 
proteins.

Although the role of cytokines in pneumonia is not fully 
understood, various cytokines may be involved in innate and 
acquired pulmonary defense (1). Therefore, we comprehensively 
investigated the cleavage activity of hNE on 18 cytokines. Of 
these, 17 cytokine levels were significantly decreased by hNE 
treatment but showed different susceptibility to hNE (Figure 5). 
For example, IL-17 level was decreased by 20% in 500 mU/mL 

hNE, whereas G-CSF, IL-12p70, MIP-1α, and MIP-1β levels were 
almost abolished by 125 mU/mL hNE. Conversely, IL-10 was not 
significantly affected by hNE. These findings suggest that hNE 
cleaves a variety of cytokines and may subvert host immune res-
ponses during lung infections.

In contrast to our findings, it has been reported that NE treat-
ment itself induces IL8 gene transcription and protein release in 
alveolar epithelial cells and bronchial epithelial cells in the culture 
medium containing 10% fetal bovine serum (27, 28); however, 
125 mU/mL hNE treatment did not result in an increase in IL-8 
protein levels in the supernatant of A549 alveolar epithelial cells 
under serum-free conditions (Figure S4A in Supplementary 
Material). Higher concentrations (>100  mU/mL) of hNE  
induced the detachment of A549 cells as described previously 
(19). The catalytic function of NE is blocked by serum α1-
antitrypsin (29); therefore, we treated A549 cells with hNE under 
serum-containing conditions. Figure S4B in Supplementary 
Material shows that treatment with excessive concentrations 
(2,000–5,000 mU/mL) of hNE significantly increased IL-8 protein 
levels under serum-containing conditions, whereas treatment 
with 500–1,000 mU/mL hNE did not.
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FigUre 4 | Neutrophil elastase (NE) degrades TNF, IL-6, and IL-8 (a). THP-1-derived macrophages were exposed to hNE (125–500 mU/mL) in the presence or 
absence of HK-Spn or LPS (100 ng/mL) for 4 h. TNF, IL-6, and IL-8 concentrations in the culture supernatants were determined by ELISA. Data represent the 
mean ± SD of quadruplicate experiments and were evaluated using one-way analysis of variance with Tukey’s multiple-comparisons test. *Significantly different 
within the same activation status at P < 0.05. (B) rhTNF, rhIL-6, and rhIL-8 were exposed to hNE (125–500 mU/mL) in the presence or absence of SSH (100 µg/mL) 
for 3 h and determined by western blot analysis. ELISA, enzyme-linked immunosorbent assay; HK-Spn, heat-killed S. pneumoniae; LPS, lipopolysaccharide; hNE, 
human neutrophil elastase; rh, recombinant human; SSH, sivelestat sodium hydrate; IL, interleukin; TNF, tumor necrosis factor.
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administration of an ne inhibitor 
increased BalF cytokine level and 
Decreased Bacterial load In Vivo
To confirm whether NE alters cytokine homeostasis and induces 
immune subversion in vivo, we investigated the effect of NE in mice 
after intratracheal infection with pneumococcus, in the presence 
or absence of sivelestat. First, we confirmed that sivelestat does 
not possess direct antimicrobial activity against S. pneumoniae 
(Figure S5 in Supplementary Material). Although pulmonary 
infection causes the infiltration of neutrophils and serum pro-
teins, including α1-antitrypsin, into lungs (30), NE activity was 
significantly elevated in BALF from sivelestat-untreated mouse 
compared with uninfected mouse (sham) at 18 h postinfection 
(average: 431.6 vs. 2.6  mU/mL; Figure S6A in Supplementary 
Material). This data suggests that increased IL-8 protein levels in 
the supernatant due to ≥2,000 mU/mL hNE-treated cells under 
the serum-containing condition in vitro likely does not reflect the 
in vivo status. Figure S6A in Supplementary Material also shows 
that BALF from sivelestat-treated mice contained significantly 
lower NE activity compared to that of untreated control mice 
(>65% reduction). In addition, sivelestat treatment significantly 
decreased pneumococcal CFU in BALF (>65% reduction; 
Figure 6A). By contrast, IL-6 and TNF levels were significantly 
higher in sivelestat-treated BALF (Figure 6B). These data suggest 
that NE-dependent cleavage of these cytokines was inhibited fol-
lowing treatment with sivelestat, resulting in the apparent increase 
in the BALF cytokine level. Sivelestat treatment did not affect the 
number of leukocytes in BALF (Figure S6B in Supplementary 
Material). Although hNE reduced cytokine gene transcription in 

the macrophages in vitro, the Il6 and Tnf gene transcription levels 
in whole lung samples appeared similar between untreated and 
sivelestat-treated mice (Figure S6C in Supplementary Material); 
this observation could be attributed to the higher bacterial loads 
in untreated control mice. These data indicate that decreased pro-
inflammatory cytokine levels in sivelestat-untreated mice were 
mainly attributed to the NE-dependent cleavage of cytokines in 
this mouse model.

A recent human study demonstrated that serum IL-6 and 
TNF levels are associated with early mortality of patients with 
pneumonia (31). Therefore, we next investigated whether higher 
IL-6 and TNF levels in BALF from sivelestat-treated mice are 
correlated with these cytokine levels in serum samples. However, 
IL-6 and TNF levels were significantly lower in the serum from 
sivelestat-treated mice (Figure  6C). The significantly higher 
serum cytokine levels in untreated control mice, which contra-
dicts the NE-induced lower cytokine levels in BALF, is partly 
explained by the α1-antitrypsin-mediated blockade of NE activity 
in serum. Additionally, the untreated control mice were found to 
be bacteremic for S. pneumoniae (pneumococcal DNA detection 
in four out of seven blood samples in this group), whereas lower 
prevalence of bacteremia (one out of seven blood samples) could 
be detected in the sivelestat-treated group. Serum pneumococ-
cal DNA concentration correlated directly with serum IL-6 
(r = 0.82, P < 0.001) and TNF (r = 0.88, P < 0.001) levels after 
inoculation with S. pneumoniae (Figure S6D in Supplementary 
Material). These data suggest that pneumococcal bacteremia 
induced increases in serum cytokine levels in untreated control 
mice. Figure 6D illustrates the cumulative survival of mice after 
intratracheal infection. The mortality of sivelestat-treated mice 
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FigUre 5 | Multiplex assay reveals that neutrophil elastase (NE) degrades various cytokines. Human cytokine/chemokine cocktail was exposed to hNE (125–
500 mU/mL) in the presence or absence of SSH (100 µg/mL) for 3 h. Then, cytokines were detected using a multiplex assay. Data represent the mean ± SD of 
quadruplicate experiments and were evaluated using two-way ANOVA. *Significantly different from the hNE-untreated control at P < 0.05. †Significantly different  
from the hNE-treated (500 mU/mL) group in the absence of SSH at P < 0.05. hNE, human neutrophil elastase; SSH, sivelestat sodium hydrate.
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inoculated with S. pneumoniae was significantly lower than that 
of untreated control mice (P = 0.001); in particular, 90% (18/20) 
of the untreated mice died by 4 days after infection, whereas 55% 
(11/20) of sivelestat-treated mice dead within 5 days of infection. 
These in vivo findings demonstrate that the subversion of host 
immune responses by NE causes bacterial invasion of the blood-
stream followed by death.

DiscUssiOn

Innate immune defenses are primarily responsible for the clear-
ance of foreign particles deposited on the surface of airways and 
elimination of bacterial pathogens from the alveolus (32). The 
development of pneumonia indicates a defect in host defense, 
exposure to an overwhelming inoculum of virulent microorgan-
ism, or a combination of these factors (33). Here, we addressed 
the intriguing possibility that at least some of the innate immune 

receptors, such as TLR2 and TLR4, were cleaved by NE, which 
was originally identified as a powerful host defense component, 
leading to the inhibition of downstream signaling pathways 
followed by downregulation of cytokine gene transcription 
(Figure 7). Furthermore, NE also cleaves various cytokines sec-
reted from macrophages in response to TLR agonists and leads 
to the impairment of host innate immune defenses and death. 
The pneumococcal intracellular toxin, pneumolysin, constitutes 
such an NE-inducing factor through its ability to promote pore 
formation in the neutrophilic plasma membrane (19). Together, 
these observations indicate that pneumococcus exploits NE as an 
etiological agent during pneumonia.

Toll-like receptors are key molecules that recognize pathogen-
associated molecular patterns and induce an inflammatory response 
(23). Among these, TLR2 and TLR4 are thought to be critical in bac-
terial infections and have been studied in pneumococcal pneumo-
nia. Although TLR2, which recognizes various pathogen-associated 
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FigUre 6 | Administration of NE inhibitor increases cytokine level and decreases bacterial load in BALF. BALB/c mice (seven mice each) were intratracheally 
infected with Streptococcus pneumoniae D39 (2 × 108 CFU in 50 µL PBS). Unchallenged naive mice (Sham group) were administered PBS only. NE inhibitor (SSH 
group; 50 mg/kg) or PBS (PBS group) was administrated intraperitoneally to the infected mice every 6 h. (a–c) Groups of animals were sacrificed at 18 h 
postinfection. (a) BALF samples were plated onto blood-agar plates and cultured aerobically for enumerating recovered CFU. Data represent the mean ± SD and 
were evaluated using unpaired t tests. *Significantly different from the infected control group at P < 0.05. (B) The levels of TNF and IL-6 in BALF were determined by 
using ELISA kits. (c) Serum TNF and IL-6 levels were determined. (B,c) Data represent the mean ± SD and were evaluated using one-way analysis of variance with 
Tukey’s multiple-comparisons test. *Significantly different from the infected control group at P < 0.05. (D) Survival of BALB/c (twenty mice each) mice was monitored 
following the intratracheal infection with S. pneumoniae (5 × 108 CFU) in the presence or absence of intraperitoneal administration of an NE inhibitor. Statistical 
analysis was performed with log-rank test. *Significantly different from the SSH-untreated control at P < 0.001. BALF, bronchoalveolar lavage fluid; CFUs, colony 
forming units; ELISA, enzyme-linked immunosorbent assay; NE, neutrophil elastase; PBS, phosphate buffered saline; SSH, sivelestat sodium hydrate; IL, interleukin; 
TNF, tumor necrosis factor.
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molecular patterns of Gram-positive microbes, plays a limited role 
in the survival of a mouse pneumococcal pneumoniae model, the 
responsiveness of alveolar macrophages against S. pneumoniae 
depends on the presence of TLR2 (34). In addition to LPS of Gram-
negative bacteria, pneumococcal pneumolysin is also considered to 
be a TLR4 ligand (35). Accordingly, TLR4-deficient mice showed 
impaired antibacterial defense against S. pneumoniae and reduced 
survival (36). In a human study, genetic variability in the TLR4 
gene was associated with an increased risk of developing invasive 
disease in patients infected with S. pneumoniae (37). These findings 
indicate that TLR2, TLR4, or a combination of these receptors play 
an essential role in pneumococcal pneumonia; thus, it is consistent 
that cleavage of these receptors by NE results in impaired immune 
responses and decreased survival for pneumococcal infections.

Several studies have demonstrated the importance of proin-
flammatory cytokines in host defense during pneumonia and 
other infectious diseases. TNF activates phagocytosis, oxida-
tive burst, and bacterial killing (38). Our previous findings of 
NE-induced impairment of phagocytosis in macrophages (19) 
suggest that the NE-dependent cleavage of TNF and other 

cytokines observed in the present study may mediate the 
reduction of phagocytic activity, which leads to the increment 
of bacterial load in the lungs of NE inhibitor-untreated mice. 
Consistent with this, it has been reported that treatment with 
neutralizing anti-TNF monoclonal antibody resulted in an 
enhanced outgrowth of S. pneumoniae in the lungs and blood, 
along with significantly earlier death in mice with pneumococ-
cal pneumonia as compared with control mice (39). Moreover, 
IL-6 and IFN-γ knockout mice showed impaired defense against 
pneumococcal pneumonia and demonstrated higher mortality 
(40, 41). Chemokines, such as KC, MCP-1, and MIP-1α, con-
tribute to pulmonary neutrophil recruitment and macrophage 
infiltration (42). G-CSF- and GM-CSF-treated mice showed 
improved lung clearance of pneumococci, suggesting the pro-
tective role of these cytokines in pneumonia (43, 44). Although 
cytokine and chemokine networks in pneumococcal pneumonia 
are highly complex and not fully understood, NE-induced 
dysregulation of these networks may cause the disruption of 
pulmonary homeostasis, which leads to bacterial growth in the 
lungs thereby potentially causing death.
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FigUre 7 | Summary of neutrophil elastase-induced suppression of toll-like 
receptor (TLR) signaling. Human neutrophil elastase (hNE) degrades TLRs 
and myeloid differentiation factor 2 (MD2) followed by inhibition of 
downstream signaling pathways including NF-κB activation, which 
subsequently downregulates cytokine gene transcription. hNE also degrades 
secreted cytokines and eventually impairs the host innate immune response.
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Neutrophil elastase has been recognized as a double-edged 
sword of innate immunity as it can act as both a host defensive and 
tissue destructive factor (13). Although NE plays an important 
role in intracellular pneumococcal killing by neutrophils (45), 
leakage of NE into the extracellular space promotes lung injury 
without killing the pneumococcal cells (19). In recent years, 
several experimental NE inhibitors, including sivelestat with 
low cellular permeability, have been tested in animal studies of 
pneumococcal pneumonia, with positive results (15). However, 
the mechanisms by which NE inhibitors improve survival rates in 
animal pneumonia models were not fully understood. One pos-
sible mechanism was that the NE inhibitor blocks NE-induced 
disruption of pulmonary epithelial cells and prevents bacterial 
invasion into bloodstream (14, 19). However, this alone cannot 
explain how an NE inhibitor enhanced clearance of pneumococci 
in the lung in this and previous studies (13). Our findings sug-
gest that the NE inhibitor abolishes the effect of extracellular 
NE and subversion of the host innate immune response without 
impairing intracellular pneumococcal killing. Accordingly, we 
observed lower serum cytokine levels associated with decreased 
prevalence of bacteremia in sivelestat-treated mice as compared 
with untreated control mice.

In the present study, 40  mg/kg sivelestat were intraperito-
neally administered to mice every 6 h, resulting in significantly 
decreased NE activity in BALF and markedly reduced mortality 
of mice inoculated with S. pneumoniae compared with untreated 
control mice. Yanagihara et al. demonstrated that administra-
tion of sivelestat (30 mg/mL per 12 h) resulted in moderately 
delayed mortality in pneumococcal pneumonia mouse model 
(14), whereas Mikumo et  al. reported that administration of 

150 mg/kg/day of sivelestat ameliorates pneumonitis and that 
there is significant improvement in the survival of mice admin-
istered naphthalene and gefinitib (46). Higher dose or increased 
frequency of administration could have effectively blocked NE 
activity in the present study. Further investigation is required 
to evaluate the optimal dose and frequency of administration 
of sivelestat.

Reportedly, NE-deficient mice in a model of P. aeruginosa-
induced pneumonia showed that the absence of NE signifi-
cantly increased bacterial CFU in BALF, which is caused by 
NE-mediated killing of Gram-negative bacteria by neutrophils 
in wild-type mice (47). Consistent with our findings, the same 
group also demonstrated the possibility of NE-dependent cleav-
age of TLR4 protein in wild-type mice (48). These data led us 
to predict the elevation of inflammatory cytokines in the BALF  
from the pneumonia model of NE-deficient mice. However, NE 
deficiency was associated with decreased levels of proinflamma-
tory cytokines, such as TNF and IL-6, in BALF, which is incon-
sistent with our findings (48). This discrepancy may be caused by  
P. aeruginosa-induced proteolytic inactivation of these cytokines. 
P. aeruginosa possesses several proteases, including alkaline 
protease, elastase A, elastase B, and protease IV, that have been 
isolated and shown to be involved in pathogenesis. Additionally, 
P. aeruginosa produces two other proteases: modified elastase 
and P. aeruginosa small protease (49). Of these proteases, the 
cytokine degradation activities of alkaline protease and elastase 
B were reported (50). Although the P. aeruginosa strain 103, 
which was inoculated into NE-deficient mouse (47), is a low-
protease-producing strain (51), it is possible that increased 
bacterial loads in the lungs of NE-deficient mice resulted in the 
elevation of local protease activity responsible for the degrada-
tion of host cytokines.

Although numerous studies have focused on the biological 
functions of hNE, little is known about how mouse NE acts 
in  vitro. Although we demonstrated that hNE cleaved human 
TLRs and TNF, hNE did not significantly decrease mouse TNF 
levels in vitro. In an in vivo mouse intratracheal infection model, 
specific inhibition of NE by sivelestat significantly upregulated 
BALF TNF levels, suggesting that mouse NE cleaves mouse TNF. 
These results suggest that the peptide substrate specificities of 
human and mouse NE are different despite their conserved cata-
lytic triad and close structural resemblance (52). In this regard, it 
has been reported that mouse and human NE may generate dif-
ferent peptide profiles from a common substrate (53). Therefore, 
there are limitations in the use of mouse models for studying NE 
pathogenesis for understanding human disease.

To our knowledge, this is the first study that has compre-
hensively examined the impact of NE on host innate immune 
receptors and cytokines. The NE inhibitor restored alveolar home-
ostasis and induced intrinsic innate immune responses during 
pneumococcal pneumonia. From a therapeutic viewpoint and in 
addition to antibiotic use, novel strategies for pneumonia treat-
ment might include restraint of excessive neutrophil infiltration 
or NE-specific inhibition (13, 15, 54). Our findings further sug-
gested that the evolutionary progression of pneumococcus has 
allowed the bacterium to exploit host molecules for developing 
severe pneumonia.
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Non-typeable Haemophilus influenzae (NTHi) causes persistent respiratory infections

in patients with chronic obstructive pulmonary disease (COPD), probably linked to its

capacity to invade and reside within pneumocytes. In the alveolar fluid, NTHi is in

contact with pulmonary surfactant, a lipoprotein complex that protects the lung against

alveolar collapse and constitutes the front line of defense against inhaled pathogens and

toxins. Decreased levels of surfactant phospholipids have been reported in smokers and

patients with COPD. The objective of this study was to investigate the effect of surfactant

phospholipids on the host-pathogen interaction between NTHi and pneumocytes. For

this purpose, we used two types of surfactant lipid vesicles present in the alveolar

fluid: (i) multilamellar vesicles (MLVs, > 1µm diameter), which constitute the tensioactive

material of surfactant, and (ii) small unilamellar vesicles (SUVs, 0.1µm diameter), which

are generated after inspiration/expiration cycles, and are endocytosed by pneumocytes

for their degradation and/or recycling. Results indicated that extracellular pulmonary

surfactant binds to NTHi, preventing NTHi self-aggregation and inhibiting adhesion

of NTHi to pneumocytes and, consequently, inhibiting NTHi invasion. In contrast,

endocytosed surfactant lipids, mainly via the scavenger receptor SR-BI, did not affect

NTHi adhesion but inhibited NTHi invasion by blocking bacterial uptake in pneumocytes.

This blockade was made possible by inhibiting Akt phosphorylation and Rac1 GTPase

activation, which are signaling pathways involved in NTHi internalization. Administration

of the hydrophobic fraction of lung surfactant in vivo accelerated bacterial clearance

in a mouse model of NTHi pulmonary infection, supporting the notion that the lipid

component of lung surfactant protects against NTHi infection. These results suggest

that alterations in surfactant lipid levels in COPD patients may increase susceptibility to

infection by this pathogen.

Keywords: nontypeable Haemophilus influenzae, pulmonary surfactant, phospholipids, alveolar epithelial cells,

host-pathogen interaction, bacterial invasion, RAC-1, PI3K/Akt
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INTRODUCTION

Non-typeable Haemophilus influenzae (NTHi) is a non-
capsulated Gram-negative bacterium that has been recognized
as a major causative pathogen of mucosal infections such
as otitis media in children and exacerbations of chronic
obstructive pulmonary disease (COPD) in adults (1–5). NTHi
is a common commensal of the human nasopharynx that
induces a polymicrobial disease, typically due to concurrent
or predisposing respiratory viral infection (3). In the upper
respiratory tract, the main pathological condition caused by
NTHi is acute otitis media, with almost 60% of the cases
attributable to this bacterium (1). In the lower airways, NTHi
infections are highly prevalent in individuals suffering from
COPD, bronchiectasis, cystic fibrosis, and pneumonia (1, 2).
In particular, NTHi is a very common bacterial colonizer in
the airways of COPD patients, and is the most frequently
isolated bacterium in exacerbations of COPD, contributing to
inflammation and disease progression (2, 5).

One of the mechanisms likely to be involved in the persistence
of respiratory infections by NTHi is its capacity to invade
airway epithelial cells (2, 5–7). Intracellular NTHi has been
detected in epithelial cells from bronchial biopsies of patients
suffering chronic bronchitis (8) and COPD (9). Intracellular
invasion of lung epithelial cells enables NTHi to escape from
the host immune system and to reside inside cells with high
access to essential nutrients (10). Moreover, intracellular NTHi
is protected from high concentrations of antibiotics, hampering
clinical treatment (11). Therefore, we put forward the notion that
preventing NTHi from invading lung epithelial cells is crucially
important for the prophylaxis and treatment of respiratory
NTHi infections.

To penetrate into airway epithelial cells, adherence of NTHi
to such cells is essential, and several adhesion molecules on
NTHi have been identified (12–15). They can bind either
integrin receptors on the epithelial cell surface (6) or extracellular
matrix proteins that interact with the epithelium (13, 15). In
healthy individuals, the alveolar epithelium is exceptionally well-
defended from bacterial infection through multiple mechanisms
of bacterial clearance, including expression of antimicrobial
peptides, lung collectins (SP-A and SP-D), and active surveillance
of airway macrophages (16–18). In this study, we wondered
whether the complicated network of extracellular membranes,
called pulmonary surfactant, could also protect the host from
NTHi adhesion and invasion.

Pulmonary surfactant is a complex lipoprotein
system, exquisitely conserved across species. Surfactant
is composed of 90 wt % lipids and 10 wt % proteins.
Phospholipids are the major lipid component of surfactant,
especially dipalmitoylphosphatidylcholine (DPPC) (19, 20).
Phosphatidylglycerol (PG) represents a major unsaturated
anionic component (19, 20). Four surfactant proteins form
part of this material: the hydrophobic proteins SP-B and SP-C,
which are inserted in surfactant membranes and are essential
for surfactant biophysical function, and the soluble collectins
SP-A and SP-D, which are involved in innate immune host
defense (18–24). Lung surfactant is synthesized and secreted

by type II pneumocytes. After secretion to the alveolar space,
SP-B/SP-C and phospholipids form a multilayered surface film
at the air-liquid interface that decreases alveolar surface tension
on expiration, and thus prevents lung collapse and respiratory
failure (19, 20). Airway instillation of surfactant is in general
use for treatment of respiratory distress syndrome in preterm
babies (25, 26). Replacement surfactants consist of lipid extract
preparations obtained from animal bronchoalveolar fluids,
containing phospholipids, mainly DPPC, and the hydrophobic
proteins SP-B and SP-C (26). Interestingly, replacement
surfactants also improve recovery of animal models of otitis
media (27, 28). Lipoprotein structures similar to lung surfactant
seems to be present in other mucosal surfaces exposed to
the external environment, suggesting the importance of these
lipoprotein structures.

In healthy individuals, the amount of surfactant phospholipids
(particularly saturated phosphatidylcholine) is tightly regulated
and does not significantly change through life (29). However,
in pathological conditions, such as COPD, pulmonary fibrosis,
or pneumonia, the concentration of surfactant phospholipids
decreases (30–33). Whether the decrease of surfactant lipids
increases susceptibility to infection by inhaled pathogens in these
respiratory diseases remains mostly unaddressed.

In the present study, we tested the hypothesis that surfactant
lipids may protect against NTHi infection in the lung. We
found that extracellular large surfactant aggregates bind to
NTHi and act as a physical barrier that inhibits adhesion
of NTHi to pneumocytes and, consequently, invasion. In
addition, endocytosed small lipid vesicles interfere with
cytoskeletal reorganization required for bacterial entry in
pneumocytes, inhibiting NTHi invasion. The protective effect of
the hydrophobic fraction of pulmonary surfactant was assessed
in a mouse model of NTHi infection.

MATERIALS AND METHODS

Isolation of Lung Surfactant and
Preparation of the Surfactant Hydrophobic
Fraction
Pulmonary surfactant was obtained from bronchoalveolar
lavages (BAL) of male Sprague Dawley rats (Envigo). Rats
(∼350 g) were euthanized with carbon dioxide and the
cardiopulmonary block was extracted to perform BALs with
40ml of PBS (0.2mM EDTA). The isolation of lung surfactant
experiment was reviewed and approved by the local ethics
committee (both Complutense University of Madrid and
Autonomous Community of Madrid), according to Directive
2010/63/EU of the European Parliament and the Spanish law
RD53/2013 on protection of animals used for experimentation.
The mouse lung infection assays were conducted with the
approval of Animal Experimentation Committee from the
Universidad Pública de Navarra and the authorization of the local
government, under the same regulation as above, and following
the FELASA and ARRIVE guidelines.

Large surfactant aggregates (heavy subtype surfactant) were
obtained as previously described (34, 35). Briefly, BAL was
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centrifuged at 100,000 g for 1 h at 4◦C to obtain large surfactant
aggregates in the resulting pellet, which largely contains
surfactant lipids and the apolipoproteins SP-A, SP-B, and SP-
C. In contrast, about 80% of the total SP-D from BAL does
not sediment and remains in the supernatant. The hydrophobic
fraction of lung surfactant (composed of surfactant lipids, SP-
B, and SP-C) was obtained by chloroform/methanol extraction
as previously reported (34, 35). The organic solvent was then
evaporated to dryness under a stream of nitrogen, and traces of
solvent were subsequently removed by evacuation under reduced
pressure overnight. Total phospholipid was determined from
aliquots of the surfactant hydrophobic fraction by phosphorus
analysis (36).

Multilamellar vesicles (MLVs) of the surfactant hydrophobic
fraction were prepared by hydrating the dry proteolipid film in
10mM phosphate buffered saline (138mM NaCl, 2.7mM KCl),
pH 7.4, (PBS) and allowing them to swell for 1 h at 55◦ C.
After vortexing, the resulting multilamellar vesicles were used
for in vitro and in vivo assays. This surfactant preparation
was used to test the effect of surfactant in a mouse model of
NTHi infection.

Surfactant Lipid Vesicles Preparation
Experiments were done using a synthetic mixture of surfactant
phospholipids (PL), in the form of either MLVs or small
unilamellar vesicles (SUVs). Surfactant vesicles were composed
of dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-
oleoyl-phosphatidylglycerol (POPG), and palmitic acid (PA)
(Avanti Polar Lipids) at weight ratios of 23:10:1.6 as previously
reported (37–39). The lipid composition of these vesicles
was chosen according to the following criteria: (i) a high
DPPC content, which is the main phospholipid constituent of
pulmonary surfactant (∼50 wt.% of the total surfactant PL); (ii)
the presence of an unsaturated anionic phospholipid (POPG),
which forms part of lung surfactant (∼8–15 wt.%); and (iii) the
presence of small amounts of palmitic acid in surfactant (19, 20).

Preparation of MLVs and SUVs from surfactant lipids was
carried out as described in Sáenz et al. (37, 38), and Cañadas
et al. (40). The required amounts of DPPC, POPG, and PA were
dissolved in chloroform/methanol (2:1 v/v). The solvent was then
evaporated to dryness under a gentle stream of nitrogen. Traces
of solvent were subsequently removed in a vacuum centrifuge
for 2 h. In cases where the lipofilic fluorescent tracer 1,1′-
Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate
[DiIC18(3)] (Thermofisher Scientific) was incorporated in the
lipid mixture, the lipofilic probe was dissolved in methanol and
added to the lipid mixture at a DiIC18/surfactant phospholipid
molar ratio of 1:200, before solvent removal. MLVs were
prepared by hydrating the dry lipid film with PBS, allowing them
to swell for 1 h at 45◦C, a temperature above the gel to liquid
phase transition temperature (Tm) of these membranes (37, 38).
To prepare SUVs, the resulting MLVs were sonicated at the same
temperature (45◦C) during 8min at 390 W/cm2 (burst of 0.6 s,
with 0.4 s between bursts) in a UP 200S sonifier with a 2mm
microtip (Hielscher Ultrasonics).

The size of lipid vesicles was measured at 25◦C in a
Zetasizer Nano S (Malvern Instruments, Malvern, UK) equipped

with a 633-nm HeNe laser, as previously reported (18, 22).
Three scans were performed for each sample. Zeta potential
measurements were performed with a Zetasizer Nano S (Malvern
Instruments), applying an electric field across the dispersion.
Measurements were performed in PBS in the presence and
absence of 0.4 mM Ca2+.

Bacterial Strains, Media, and Growth
Conditions
The two NTHi strains used in this study are clinical isolates from
patients with otitis media (NTHi375) (6) and COPD (NTHi398)
(14). Frozen stocks of NTHi strains were thawed and then
grown on chocolate agar plates (bioMérieux) or on brain heart
infusion broth (BHI) supplemented with haemin 10µg/ml and
β-NAD 10µg/ml (Sigma-Aldrich) (sBHI). Bacteria were grown
overnight at 37◦C in a humidified 5% CO2 atmosphere.

Epithelial Cell Cultures and Bacterial
Infection
Experiments were performed using the mouse lung epithelial
cell line MLE-12 (ATTC R© CRL-2110TM, Manassas, VA, USA)
and the human alveolar basal epithelial cell line A549
(ATTC R© CCL-185TM). Cells were maintained in RPMI 1640
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS), antibiotics (100 U/ml penicillin and 100µg/ml
streptomycin), and 2mM L-glutamine (BioWhittacker). Lung
epithelial cells were incubated at 37◦C in a humidified 5%
CO2 atmosphere.

Bacterial adhesion and invasion assays were performed as
described previously (6, 7) in the presence and absence of
surfactant phospholipid vesicles (MLVs or SUVs). MLE-12 or
A549 cells were seeded to a density of 50,000 cells per well
in 24-well tissue culture plates for 24 h. Cells were grown in
complete medium with 5% FBS [RPMI 1640 tissue culture
medium supplemented with antibiotics (100 U/ml penicillin and
100µg/ml streptomycin), 2mM L-glutamine, and 5% FBS]. A
confluence of 90% was reached at the time of the bacterial
infection. The following day, cells were incubated with NTHi
in the presence or absence of MLVs. For SUVs, cells were (i)
pre-incubated with SUVs during 24 h to allow PL endocytosis
before NTHi infection, (ii) co-incubated with SUVs at the onset
of NTHi infection, or (iii) post-incubated with SUVs after
NTHi infection.

For NTHi infection, bacteria were recovered with 1ml
PBS from a chocolate agar plate grown overnight. Bacterial
suspensions were adjusted to OD600 = 1, ∼109 colony forming
units (C.F.U.)/ml. Cells were infected with 50 µl (108 C.F.U./ml)
of the adjusted bacterial suspension in 1ml of Hank’s balanced
buffered saline (HBBS) (137mM NaCl, 5.4mM KCl, 0.25mM
Na2HPO4, 0.44mM KH2PO4, 1.3mM CaCl2, 1mM MgSO4,
4.2 mM NaHCO3).

For adhesion experiments, cells were infected for 30min,
washed three times with PBS, and lysed with 300 µl of 0.025%
(w/v) saponin in PBS for 10min at room temperature.
The resulting lysates were diluted serially 1/10 in PBS,
and serial dilutions were plated on sBHI agar (6, 7).
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Colonies were counted and the results were expressed as
the percentage (%) of C.F.U. related to the control (not incubated
with lipids).

For invasion assays, cells were infected for 2 h and washed
three times with PBS. Cells were then incubated for an additional
1 h with RPMI 1640 containing 10% FBS and 200µg/ml
gentamicin to kill extracellular bacteria. Then, cells were washed
three times with PBS and lysed as described above. Serial
dilutions were plated on sBHI agar (6, 7). Colonies were counted
and the results were expressed as % C.F.U. related to the control
(not incubated with lipids).

In some experiments, cells were pre-incubated in the presence
of anti-SR-BI blocking antibody for 30min. Rabbit IgG anti-
SR-BI [NB400-113 (Novus, Biologicals)] or its corresponding
normal Rabbit IgG control (R&D Systems) were used at a
working concentration of 1:100 in culture medium. Then, SUVs
(250µg/ml) were added to the medium for an additional
2 h. Afterwards, the NTHi infection assay was carried out as
described above.

Bacterial Killing Assay
NTHi strains were grown on chocolate agar. Bacteria were
harvested in PBS, NaCl 100mM, 1% (w/v) trypticasein soy
broth to a final concentration of 108 C.F.U./ml. Then, 100
µl of bacterial suspension (107 C.F.U.) were incubated with
either 250µg/ml of PL (present as MLVs) or 20µg/ml of
polymyxin B (PMB) for 2 h at 37◦C in a humidified 5%
CO2 atmosphere. Bacteria were then stained with 5µM 5-
(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE)
(ThermoFisher Scientific), which stains active and inactive
bacteria (41). Bacteria were centrifuged, washed with PBS,
and resuspended in 100 µl PBS with 7.5µM propidium
iodide, to stain dead bacteria. Bacteria were incubated for
5min at 37◦C in a humidified 5% CO2 atmosphere, and
then centrifuged, resuspended in 10 µl PBS, and placed on
a microscope slide to be immediately analyzed. Micrographs
were taken with a 40x objective in a fluorescence microscope
Nikon ECLIPSE TE2000-U. Dead and live bacteria were counted
in six micrographs of each experimental condition using
Image J software. Data are shown as % of dead bacteria to
total bacteria.

Bacterial Aggregation Assay
Otitis NTHi was grown on chocolate agar for 16 h and diluted
in HBSS without CaCl2 to OD600 = 1. Bacterial aggregation
was assessed by measuring changes in light absorbance at
600 nm during 3 h without shaking, in a spectrophotometer
DU-800 (Beckman Coulter, Fullerton, USA). Readings were
taken every 3min. Aggregation is observed as a decrease in
absorbance as bacterial aggregates precipitate out of solution.
To test the effect of surfactant phospholipids (MLVs or SUVs)
on this process, a suspension of NTHi was carefully mixed
with and without surfactant lipids (MLVs or SUVs) at room
temperature, and bacterial aggregation was measured. Control
experiments with phospholipid vesicles alone, without bacteria,
were performed.

Confocal Microscopy
Endocytosis of lipid vesicles (either MLVs or SUVs) were
analyzed by confocal microscopy. Cells were seeded to a density
of 50,000 cells per well in 24-well tissue culture plates for
24 h. Each well-contained a plastic coverslip previously sterilized
under UV light for 10min. Cells were grown in complete
medium with 5% FBS. The following day, cells were incubated
for 5, 10, 30min, 1, 4, or 24 h with MLVs or SUVs (250 µg
PL/ml), fluorescently labeled with DiIC18(3) (λexc = 549 nm;
λem = 565 nm).

To determine whether the internalization of PL was
mediated by the scavenger receptors SR-BI or CD36, confocal
microscopy experiments were performed in the presence of
either blocking antibodies [mouse IgAκ anti-CD36 (Abcam) and
rabbit IgG anti-SR-BI] or their isotype controls [mouse IgAκ

isotype control (Abcam) and normal rabbit IgG control], at a
working concentration of 1:100, for 30min. Then, cells were
incubated for 1 h with lipid vesicles (250 µg PL/ml) stained
with DiIC18(3).

After incubation with vesicles, cells were washed three
times with PBS and fixed with 4% paraformaldehyde
(PFA) in PBS for 30min at room temperature. Staining
of plasma membrane and organelles was performed with
5µg/ml wheat germ agglutinin (WGA) conjugated with
Alexa Fluor 488 for 10min at room temperature. Nuclei
were stained with 1µg/ml 4′, 6-diamino-2-phenylindol
(DAPI) for 5min. Coverslips were mounted onto glass
slides using ProLong Diamond (Thermo Fisher Scientific),
and micrographs were taken under an Olympus FV1200
confocal system.

NTHi invasion of alveolar epithelial cells was also analyzed
by confocal microscopy as in Morey et al. (6) and López-Gómez

TABLE 1 | The average size distribution and zeta potential of MLVs and SUVs

used in this study, determined in PBS in the absence and presence of

physiological concentrations Ca2+.

Vesicle type Composition [Ca2+]

(mM)

Z-average

(nm)

Z-potential

(mV)

MLVs PL/SP-B/SP-C (Native

surfactant)

0.0 2,651 ± 45 −43.8 ± 0.1

0.4 2,380 ± 28 −30.4 ± 0.3

Downsizing MLVs

(sonication) (a)

PL/SP-B/SP-C (Native

surfactant)

0.0 283 ± 2 −39.0 ± 0.2

0.4 648 ± 15 −24.0 ± 0.2

MLVs DPPC/POPC/PA

(Surfactant lipid

mixture)

0.0 1,057 ± 17 −39.5 ± 0.6

0.4 3,100 ± 27 −27.5 ± 0.3

Downsizing MLVs

(sonication) (b)

SUVs

DPPC/POPC/PA

(Surfactant lipid

mixture)

0.0 98 ± 5 −36.0 ± 0.3

0.4 110 ± 8 −26.0 ± 0.4

Phospholipid (PL) concentration: 0.25 mg/mL.
(a)Small vesicles from the hydrophobic fraction of native surfactant were not used in this

study due to their instability and rapid aggregation induced by the presence of surfactant

hydrophobic proteins SP-B and SP-C. They aggregated in the presence of calcium and

tend to rapidly aggregate over time.
(b)This sample showed a polydispersed size-distribution, with two major peaks centered

at 60 ±7 nm and 31 ± 2 nm, and a minor peak at 677 ± 5. The average size is ≤

100 nm (SUVs).

Frontiers in Immunology | www.frontiersin.org March 2019 | Volume 10 | Article 458129

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


García-Fojeda et al. Surfactant Lipids Limit NTHi Infection

et al. (7). Once invasion experiments were performed and cells
were treated with gentamicin, as described above, cells were
washed three times with PBS and fixed with 4% PFA in PBS for
30min at room temperature. Then cells were permeabilized with
0.1% saponin in PBS, and staining was performed in 10% FBS and
0.1% saponin in PBS. NTHi was stained with rabbit anti-NTHi
antibody at a working concentration of 1:800 (6), followed by
a secondary antibody conjugated with Alexa Fluor 488 (1:100).
Late endosomes were stained with anti-LAMP-1 antibody
conjugated with phycoerythrin at a working concentration of
1:300 (eBioscience). Nuclei were stained with 1µg/ml DAPI for
5min. Coverslips were mounted onto glass slides using ProLong

Diamond, and images were taken with an Olympus FV1200
confocal system. Quantification of internalized NTHi bacteria
(colocalized with late endosomes) per cell number was performed
using Image J software on each of 12 micrographs per treatment
and experiment.

Flow Cytometry
Alveolar epithelial cells were seeded to a density of 80,000
cells per well in 24-well tissue culture plates and were grown
overnight in complete medium with 5% FBS. For analysis of
endocytosis of SUVs, cells were incubated for 30min with
or without either blocking antibodies for scavenger receptors

FIGURE 1 | Small vesicles, but not multilamellar vesicles, of pulmonary surfactant are internalized by pneumocytes. (A) MLE-12 pneumocytes were incubated with

DiIC18(3)-labeled SUVs composed of a mixture of surfactant lipids (250 µg PL/ml) for 10min, 1, 4, or 24 h. Cells were fixed and stained with Alexa Fluor

488-conjugated WGA. Nuclei were stained with DAPI. Endocytosis of lipid vesicles was analyzed by confocal microscopy. (B) As in (A), but cells were incubated with

DiIC18(3)-labeled MLVs (250 µg PL/ml) for 4 and 24 h. (C) Cells were incubated with DiIC18(3)-labeled SUVs for the indicated times and analyzed by flow cytometry.

ANOVA followed by Bonferroni multiple comparison test was used. *p < 0.05 and ***p < 0.001 when compared to control cells in the absence of lipids. Trypan blue

(TB) was used to quench extracellular vesicles attached to the cell membrane after 24 h incubation. (D) Hydrodynamic diameter of surfactant vesicles (SUVs and

MLVs) determined by dynamic light scattering. The y-axis represents the relative intensity of the scattered light; the x-axis denotes the hydrodynamic diameter of the

particles present in the solution. One representative experiment of three is shown.
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(mouse IgAκ anti-CD36 and rabbit IgG anti-SR-BI) or their
appropriate isotype controls, all used at a working concentration
of 1:100 in medium. Then, SUVs fluorescently labeled with
DiIC18(3) were added to the cells at a concentration of
100 µg PL/ml, and cells were incubated with lipid vesicles

for the indicated times. Next, cells were trypsinized and
collected in tubes for centrifugation. After two washes with
PBS, cells were resuspended in 200 µl PBS and analyzed by
flow cytometry using Becton-Dickinson FACSCan and Cell
Quest software.

FIGURE 2 | Extracellular multilamellar vesicles of pulmonary surfactant inhibit adhesion of NTHi to pneumocytes and decrease NTHi self-aggregation. (A) MLE-12

cells were infected with NTHi clinical strains from patients with otitis media and COPD, in the presence or absence of MLVs (100 or 250 µg PL/ml) prepared from

either the hydrophobic fraction of native surfactant (PL/SP-B/SP-C) or a mixture of surfactant lipids (PL). For adhesion experiments, cells were infected for 30min,

washed, and lysed. For invasion assays, cells were infected for 2 h, washed, and incubated for an additional 1 h with gentamicin to kill extracellular bacteria. The

resulting lysates were plated on sBHI agar. Colonies were counted and the results were expressed as percentages of C.F.U. relative to infected cells in the absence of

lipids. Results are mean ± SEM of three independent experiments run in triplicate. ANOVA followed by Bonferroni multiple comparison test was used. *p < 0.05, **p

< 0.01, and ***p < 0.001 when compared with NTHi-infected pneumocytes in the absence of lipids. (B) NTHi (otitis strain) were incubated in the presence or absence

of MLVs (250µg/ml) composed of either a mixture of surfactant lipids (PL), or the hydrophobic fraction of native surfactant (PL/SP-B/C) for 30min. Bacteria were then

stained with carboxyfluorescein diacetate succinimidyl ester (green), and bacterial viability was assessed by propidium iodide exclusion. Polymixin B (PMB) (20µg/ml)

was used as a positive control of bacterial killing. Data were expressed as % of dead bacteria. Results are mean ± SEM. ANOVA followed by the Bonferroni

multiple-comparison test was used. ***p < 0.001 vs. untreated bacteria. (C) Effect of surfactant vesicles on NTHi self-aggregation. NTHi (otitis strain) was incubated in

the presence or absence of MLVs (250 µg PL/ml) prepared from the hydrophobic fraction of native surfactant. Bacterial aggregation was monitored by measuring the

decrease of absorbance at 600 nm every 3min. Four independent experiments were performed. Results are mean ± SEM. Student’s t-test was used. ***p < 0.001.
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To test the effect of phospholipid uptake on the expression
of SR-BI or CD36 receptors on the cell surface, cells were
incubated in the presence or absence of SUVs (250 µg PL/ml)
for 2 h. Then cells were harvested with cold PBS 10mM EDTA
and incubated with 10% FBS-supplemented medium, followed
by incubation with either anti-SR-BI, anti-CD36, or isotype
controls and appropriate secondary Alexa Fluor 488-conjugated
antibodies. Following surface staining, samples were analyzed by
flow cytometry using Becton-Dickinson FACScalibur and Cell
Quest Pro software.

Western Blot Analysis of Akt
Phosphorylation
Cells were seeded to a density of 50,000 cells per well in
24-well tissue culture plates and were grown overnight in
complete medium with 5% FBS. The following day, cells
were pre-incubated for 24 h with different concentrations
of surfactant PL (present in solution as SUVs) to allow
their endocytosis by alveolar epithelial cells. Then, cells were
infected with NTHi following the same conditions previously
explained for invasion experiments. After 45min of cell-
pathogen contact, cells were washed three times with PBS
and lysed with 120 µl lysis buffer composed of 10mM
HEPES, 1.5mM MgCl2, 10mM KCl, 0.5mM EDTA, 0.2%
Triton X-100, 1mM benzamidine, 20µg/ml aprotinin, 20µg/ml
leupeptin, 20mM β-glycerophosphate, 10mM NaF, 10mM
sodium pyrophosphate, and 2mM orthovanadate (Sigma-
Aldrich). Samples were resolved by SDS-PAGE under reducing
conditions and transferred to polyvinylidene fluoride (PVDF)
membranes (Bio-Rad). Membranes were blocked with 5 %
(w/v) skimmed milk in PBS and were incubated with the anti-
phospho-Akt (Ser473) antibody (1:5000), or Akt antibody (Cell
Signaling) (1:1000), overnight at 4◦C. After a washing step in PBS,
membranes were incubated for 1 h at room temperature with
the appropriate secondary antibody conjugated with horseradish
peroxidase (Cell Signaling). Membranes were washed in PBS
and exposed to ECL reagents (Millipore). Immunoreactive bands
were quantified using Quantity One Software (Bio-Rad). Results
are shown as p-Akt normalized to total Akt, and expressed as
% of pAkt/Akt induced by NTHi in cells in the absence of
surfactant PL. Data were presented as the p-Akt intensity of
each band normalized for the intensity of the corresponding
total Akt band (same sample) and referred as the correspondent
percentage in relation to cells infected with NTHi but not treated
with phospholipids.

Rac1-GTP Pull Down
Pull down assays were performed as described in Castillo-Lluva
et al. (42) andWoodcock et al. (43). Cells were seeded to a density
of 500,000 cells per plate in 60 cm diameter tissue culture plates
and were grown in completemediumwith 5% FBS. The following
day, SUVs (250µg PL/ml) were added to the cells for 24 h to allow
PL endocytosis. Then cells were infected with NTHi for 2 h as
described above for bacterial invasion experiments.

To measure endogenous Rac GTPase activity, cells were
lysed on ice in glutathione-S-transferase-fish buffer (50mM
TrisHCl, pH 7.5, 100mM NaCl, 2mM MgCl2, 1% (v/v) Nonidet

P-40, 10% (v/v) glycerol, and protease inhibitors [0.5mM
benzamidine, 10µg/ml aprotinin, 10µg/ml leupeptin] (Sigma-
Aldrich) containing 1.5 µg of a biotinylated p21-activated kinase
(PAK) derived CRIB (Cdc42/Rac interacting binding) peptide
per assay. Cleared cell lysates were incubated at 4◦C for 30min.
Active Rac/CRIB complexes were precipitated using streptavidin-
conjugated magnetic sepharose beads (GE Healthcare) for a
further 15min at 4◦C. Following washes in glutathione-S-
transferase-fish buffer, protein samples were retrieved with 1×
SDS-PAGE sample buffer and processed for Western blotting
with anti-Rac antibody (Becton Dickinson).

NTHi Mouse Lung Infection
CD1 R© IGS (Caesarian-derived 1 from Charles River
Laboratories, Massachusetts, U.S.A.) mice were used to establish
a model of NTHi lung infection, as previously described (44, 45).
CD1 female mice (18–20 g) aged 4–5 weeks were purchased from
Charles River Laboratories (France), housed under pathogen-
free conditions at the Institute of Agrobiotechnology facility
(registration number ES/31-2016-000002-CR-SU-US), and used
at 22–25 g. Before NTHi infection, the surfactant hydrophobic
fraction (or the same volume of PBS in the untreated group) was
intratracheally instilled into the lung at 37◦C at a dose of 25mg
PL/kg body weight (40 µl of surfactant at a PL concentration of
13.75 mg/ml). Subsequently, 10 µl of PBS (uninfected group)
or a NTHi375 suspension containing 4 × 109 C.F.U./ml (4 ×

107 C.F.U./mouse) (NTHi infected group) were intratracheally
administered. Mice were randomly divided into 6 infected (n
= 5) groups and 2 non-infected (n = 3) control groups. The
NTHi-infected groups are: (i) animals treated with surfactant,
euthanized at 6 h post-infection; (ii) treated with surfactant,
euthanized at 12 h post-infection; (iii) treated with surfactant,
euthanized at 24 h post-infection; and untreated groups instilled
with PBS, (iv) euthanized at 6 h, (v) 12 h, and (vi) 24 h post-
infection. The uninfected control groups are: (1) animals treated
with surfactant; and (2) animals instilled with PBS.

In all animals, lungs were aseptically removed and weighed.
The left lung was clamped and separated to obtain lung
homogenates in 1:10 (w/v) sterile PBS. The right lung was
lavaged five times with sterile PBS to obtain the bronchoalveolar
lavage (BAL). BAL fluid was centrifuged at 2000 × g for 10min,
and the pellet was resuspended in 1ml RPMI 10% FBS as
described previously (18). A 50-µl aliquot was stained with an
equal volume of 0.4% trypan blue (Sigma-Aldrich) for total cell
count on a hemocytometer. Differential cell counts were made
on cytospin preparations stained with May–Grünwald–Giemsa
(Sigma-Aldrich). For bacterial count in cell-free BAL and lung
homogenate, dilutions of BAL and lung homogenates were plated
in triplicate on BHI-agar plates, and the number of CFUs was
determined after an overnight incubation at 37◦C. Data were
expressed as log10 CFU± SEM/mouse.

Statistical Methods
Data are presented as means ± SEM. Differences in means
between groups were evaluated by one-way ANOVA, followed
by the Bonferroni multiple comparison test. Student’s t-test was
used when comparing two groups. An α level ≤ 5% (p ≤ 0.05)
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FIGURE 3 | Endocytosed surfactant vesicles inhibit NTHi invasion of

pneumocytes. MLE-12 pneumocytes were incubated with SUVs composed of

a mixture of surfactant lipids. Cells were either pre-incubated with SUVs for

24 h prior to infection (A), co-incubated with SUVs and NTHi (B), or

post-incubated with SUVs for 1.5 or 2.5 h after infection with NTHi (C). For

bacterial adhesion experiments, cells were infected for 30min. For invasion

assays, cells were infected for 2 h, washed, and incubated with gentamicin

(Continued)

FIGURE 3 | to kill extracellular bacteria. Cells were lysed and plated on sBHI

agar. Data are shown as percentage of C.F.U. relative to infected cells in the

absence of lipid vesicles. Results are mean ± SEM of three independent

experiments performed in triplicate. ANOVA followed by the Bonferroni

multiple-comparison test was used. **p < 0.01, and ***p < 0.001 when

compared with infected pneumocytes in the absence of lipids.

was considered significant. SigmaPlot version 11.0 was used for
statistical tests.

RESULTS

Two different surfactant subtypes are present in the alveolar fluid:
(i) a heavy subtype or large surfactant aggregates, rich in SP-B
and SP-C, that form MLVs in solution and constitute the freshly
secreted surfactant tensioactive material; and (ii) a light subtype
characterized by the presence of small vesicles devoid of SP-B
and SP-C and by poor surface activity. These small vesicles are
generated after inspiration/expiration cycles (19).

In this study, we used two types of lipid vesicles with
different sizes, composed of either the hydrophobic fraction
of surfactant (PL/SP-B/SP-C) or a mixture of surfactant lipids
(DPPC/POPG/PA). Table 1 shows the average size distribution
and zeta potential of MLVs and SUVs used in this study,
determined in PBS in the absence and presence of physiological
concentrations Ca2+. Zeta potential measurements of lipid
vesicles used in this study confirm that they are negatively
charged due to the presence of anionic phospholipids. The
Zeta potential value for lipid vesicles composed of a surfactant
lipid mixture was −39.5 ± 0.6mV, similar to that obtained for
the hydrophobic fraction of native surfactant: −43.8 ± 0.1mV
(Table 1). The presence of calcium decreased Zeta potential
values to−27.5± 0.3 and−30.4± 0.3mV, respectively.

MLVs used in this study mimic the lung surfactant
multilayers present in the hypophase of the air-liquid interface
in the alveolus, whereas SUVs resemble the small lipid
vesicles produced as a consequence of breathing compression-
expansion cycles.

Lipid Vesicle Uptake by Alveolar Epithelial
Cells Depends on Vesicle Size
Alveolar epithelial cells are always in contact with surfactant
lipid vesicles and ingest abundant amounts of this material to
maintain surfactant homeostasis. However, the process of lipid
uptake by alveolar epithelial cells and the receptors involved are
incompletely understood.

To directly assess the effect of vesicle size on lipid uptake by
alveolar epithelial cells, we incubated lung epithelial cell lines
(mouse MLE-12 and human A549 cells) stained with Alexa Fluor
488-conjugated wheat germ agglutinin and DAPI in the presence
and absence of fluorescent lipid vesicles of different sizes (MLVs
or SUVs) composed of surfactant lipids (DPPC/POPG/PA). Lipid
uptake was analyzed by confocal microscopy. We observed a
time-dependent increase in the engulfment of SUVs, but not
MLVs, by mouse MLE-12 (Figures 1A,B) and human A549
(Supplementary Figure 1) cells. Fluorescent small lipid vesicles
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were observed inside pneumocytes after 1 h of incubation, and
the greatest uptake of SUVs seems to occur at 24h (Figure 1A).
MLVs were not internalized by mouse and human pneumocytes
after 24 h (Figure 1B and Supplementary Figure 1). Flow
cytometry analysis of the time-dependent entry of fluorescent
small lipid vesicles in mouse pneumocytes indicated that
maximal cell fluorescence was observed at 24 h (Figure 1C). At
this time, no extracellular vesicles attached to the cell membrane
are quenched by trypan blue. Figure 1D show the different
hydrodynamic sizes of the vesicles (MLVs and SUVs) used in this
study, determined by dynamic light scattering.

According to these results, MLVs, which cannot be
internalized by pneumocytes, were used in this study to
determine the extracellular effect of lung surfactant on NTHi
infection in vitro, whereas SUVs, which can be internalized,
can be used to analyze the intracellular effect of endocytosed
surfactant lipids.

Extracellular Large Surfactant Aggregates
Bind to NTHi and Inhibit Bacterial Adhesion
to Pneumocytes
The analysis of the extracellular effect of surfactant lipids on the
adhesion and invasion of NTHi to pneumocytes was performed
with MLVs prepared from either the hydrophobic fraction of
native surfactant (PL/SP-B/SP-C) or a mixture of surfactant
lipids (PL). For adhesion experiments, cells were infected for
30min, washed, and lysed. For invasion assays, cells were
infected for 2 h, washed, and incubated for an additional 1 h
with gentamicin to kill extracellular bacteria (6, 7). We used
two NTHi clinical strains, isolated from patients with otitis
media and COPD. Figure 2A shows that co-incubation of mouse
MLE-12 cells with MLVs and NTHi strains results in reducing
the number of bacteria adhered and internalized in the cells.

For both NTHi strains, inhibition of bacterial adhesion and
invasion was dose-dependent. For each concentration of PL,
similar inhibition values were reached for adhesion and invasion
of NTHi. These results suggest that the observed reduction in
bacterial internalization relates to the inhibition of bacterial
adhesion to the cell membrane.

To test the possibility that surfactant MLVs would have a
direct bactericidal effect on NTHi that would lead to the observed
decreased C.F.U. in infection experiments, we analyzed bacterial
viability in the presence and absence of MLVs at the greatest
PL concentration assayed. Polymyxin B was used as a positive
control of bacterial killing. Bacterial viability was determined
by propidium iodide exclusion. Figure 2B shows that MLVs
from native or synthetic surfactant preparations did not have
bactericidal action against NTHi.

To test whether NTHi can stick to MLVs, so that surfactant
lipids might serve as a sink absorbing the bacteria, we analyzed
NTHi aggregation in the presence and absence of MLVs
prepared from the surfactant hydrophobic fraction (PL/SP-B/SP-
C). Figure 2C shows that MLVs significantly decreased bacterial
aggregation over time. These results indicate that surfactant
MLVs bind to bacteria, impairing bacterial self-aggregation and
bacterial attachment to epithelial cells.

Altogether, our results indicate that extracellular
surfactant membranes would function as biological barriers
that bind to bacteria and prevent bacterial adhesion to
the epithelium.

Endocytosed Surfactant Lipids Inhibited
NTHi Invasion by Blocking Bacterial
Uptake in Pneumocytes
With the aim of analyzing intracellular effect of endocytosed
surfactant vesicles on NTHi adhesion and invasion, mouse

FIGURE 4 | Endocytosis of surfactant lipids attenuates NTHi entry in pneumocytes. MLE-12 cells were incubated with or without SUVs composed of surfactant lipids

(250 µg PL/ml) for 24 h. Then cells were infected with otitis NTHi, and bacterial invasion assays were performed. Cells were then washed, fixed, and permeabilized

with 0.1% saponin. For confocal microscopy analysis, internalized bacteria were stained with an anti-NTHi antibody and Alexa Fluor 488-conjugated secondary

antibody. Late endosomes were stained with anti-LAMP1 antibody conjugated with phycoerytrin, and nuclei were stained with DAPI. (A) The graph shows the

percentage of internalized bacteria relative to cell associated individual bacteria. Mean ± SEM of two independent experiments are shown. Student’s t-test was used.

(B) Representative micrographs are shown.
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pneumocytes were preincubated with SUVs 24 h before infection.
Then, cells were washed, independently infected with the
two NTHi clinical strains, and both adhesion and invasion
experiments were performed. Results indicated that endocytosed
surfactant vesicles significantly inhibited otitis-NTHi invasion
but not bacterial adhesion to mouse MLE-12 (Figure 3A) and
human A549 (Supplementary Figure 2A) pneumocytes. Higher
concentrations of PL are needed to inhibit COPD NTHi strain
(Supplementary Figure 2B). This strain had a greater invasion
capacity, as long as the number of C.F.U. recovered in invasion
experiments was one order of magnitude greater than that of
the otitis NTHi strain (data not shown). These experiments
suggest that pneumocytes that endocytose small surfactant

vesicles, as part of the surfactant recycling cycle, show reduced
NTHi invasion.

Whenmouse pneumocytes were co-incubated with NTHi and
SUVs for just 30min, small PL vesicles also reduced bacterial
adhesion to the epithelium (Figure 3B), but the PL concentration
required for bacterial adhesion inhibition was greater for SUVs
than for MLVs (Figure 3A). Small PL vesicles bound to NTHi
decreasing NTHi self-aggregation at the highest concentration
tested (Supplementary Figure 2C). Importantly, co-incubation
of mouse pneumocytes with NTHi and SUVs for 2 h resulted
in a robust inhibition of bacterial invasion at very low PL
concentrations, likely due to SUV’s endocytosis (Figure 3B).
However, the effect of SUVs on NTHi invasion in coincubation

FIGURE 5 | SR-BI mediates endocytosis of small surfactant vesicles by pneumocytes. (A) MLE-12 cells were incubated in the presence or absence of SUVs (250 µg

PL/ml) for 2 h, then cells were harvested and stained with anti-SR-BI, anti-CD36 or their respective controls, rabbit IgG or mouse IgAκ, and appropriate Alexa Fluor

488-conjugated secondary antibodies. The mean fluorescence intensity (MFI) of SR-BI and CD36 was measured by flow cytometry, and background fluorescence

from IgG and IgAκ controls was subtracted. Data are presented as mean ± SEM of two independent experiments run in triplicate. Student’s t-test was used.

**p < 0.01, and ***p < 0.001 when compared with control cells in the absence of lipids. In (B,C), anti-SR-BI and anti-CD36 blocking antibodies or their respective

controls, rabbit IgG or mouse IgAκ, were added to MLE-12 cells for 30min. Then cells were incubated with DiIC18(3)-labeled SUVs (100µg/ml) for an additional

60min. (B) Cells were fixed, stained with Alexa Fluor 488-WGA (cell membranes) and DAPI (nuclei), and analyzed by confocal microscopy. (C) Cells were fixed and

analyzed by flow cytometry. A representative histogram is shown. The mean fluorescence intensity is represented as percentage of positive control, which is cells

incubated with DiIC18(3)-labeled SUVs in the absence of antibodies. Data are presented as mean ± SEM of three independent experiments run in triplicate. ANOVA

followed by the Bonferroni multiple-comparison test was used. ***p < 0.001 when compared with cells incubated with SUVs in the absence of antibodies.
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experiments was greater than that observed when SUVs were
previously endocytosed by epithelial cells (Figure 3A), suggesting
that the effect of SUVs on reducing NTHi aggregation and
bacterial adhesion might also influence bacterial invasion.

Once epithelial cells were infected by NTHi, post-infection
treatment with SUVs had no effect on the number of CFU
recovered in invasion experiments (Figure 3C). This suggests
that uptake of SUVs post-infection did not affect survival of
previously internalized bacteria.

To assess that endocytosed surfactant lipids inhibited
NTHi invasion by blocking bacterial uptake in pneumocytes,
we analyzed internalized fluorescent bacteria by confocal
microscopy (Figure 4). To this end, bacteria were stained
with an antibody against NTHi and Alexa-488-conjugated
secondary antibody, late endosomes were stained with a PE-
conjugated anti-LAMP1 antibody, and cell nuclei were stained
with DAPI. In absence of lipids, fluorescent NTHi bacteria
co-localized with late endosomes, as previously described (6).
However, when cells were preincubated with small surfactant
vesicles for 24 h prior to infection, a 70% reduction of
fluorescent bacteria was observed inside the cells. These results
indicate that endocytosed surfactant lipids inhibited NTHi entry
in pneumocytes.

FIGURE 6 | Blocking scavenger receptor SR-BI abrogates surfactant lipid

inhibition of NTHi invasion. Mouse pneumocytes were preincubated with or

without anti-SR-BI or control rabbit IgG antibodies for 30min, followed by 2 h

incubation with SUVs composed of a mixture of surfactant lipids (100 µg

PL/ml). Then, cells were infected with otitis NTHi, and invasion experiments

were performed. Bacterial invasion was quantified by colony counting, and

results were expressed as percentage of C.F.U. relative to cells infected in the

absence of lipids and antibodies. The percentages of C.F.U. obtained in cells

infected in the absence of lipids were not affected by the presence or absence

of antibodies (control IgG or anti-SR-BI). Mean ± SEM of two independent

experiments done in duplicate are shown. ANOVA followed by the Bonferroni

multiple-comparison test was used. *p < 0.05 and **p < 0.01 when compared

with infected pneumocytes in the absence of surfactant lipids and antibodies.

FIGURE 7 | Endocytosis of surfactant lipids inhibits signaling pathways

involved in NTHi internalization. (A) Mouse pneumocytes were preincubated

with SUVs of surfactant lipids (100 or 250 µg PL/ml) for 24 h. Then cells were

washed and infected with otitis NTHi for 45min. Cells were lysed, and p-Akt

and total Akt were analyzed by western blot. p-Akt was normalized to total

(Continued)
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FIGURE 7 | Akt, and data are shown as percentage of NTHi-induced Akt

phosphorylation in the absence of lipids. Mean ± SEM of three independent

experiments performed in triplicate are shown. ANOVA followed by Bonferroni

multiple-comparison test was used. ***p < 0.001 when compared with

untreated and uninfected cells. ◦◦ p < 0.01 and ◦◦◦p < 0.001 when compared

with infected pneumocytes in the absence of surfactant lipid vesicles.

(B) MLE-12 cells were preincubated with SUVs of surfactant lipids (250 µg PL

/ml) for 24 h. Then cells were infected with otitis NTHi for 2 h and activation of

the GTPase Rac1 was analyzed by pull-down and western blot. Rac1-GTP

and total Rac1 were quantified, and data are shown as percentage of

NTHi-induced Rac1 activation (fold increase) relative to uninfected cells in the

absence of lipids. Mean ± SEM of four independent experiments performed in

triplicate are shown. ANOVA followed by the Bonferroni multiple-comparison

test was used. *p < 0.05 when compared with untreated and uninfected cells.
◦p < 0.05 when compared with infected pneumocytes in the absence of

surfactant lipids.

Blocking Scavenger Receptor SR-BI
Abrogates Surfactant Lipid Inhibition of
NTHi Invasion
Although surfactant lipids may be endocytosed by type
II pneumocytes via clathrin-dependent and -independent
mechanisms (46), the receptors that mediate lipid vesicle
endocytosis by pneumocytes have not been entirely identified.
Scavenger receptors (SR) are involved in lipid uptake (47) and SR-
BI and SR-BII (CD36) interact with anionic phospholipids (48).
In addition, these receptors are expressed in airway epithelial
cells (49). The expression of SR-BI and CD36 receptors on the
surface of MLE-12 epithelial cells was examined in the presence
and absence of surfactant PL. We observed that the expression
of both SR-BI and CD36 was significantly reduced in response to
lipid vesicle internalization (Figure 5A).

To determine the effect of blocking antibodies of SR-BI
and CD36 receptors on the endocytosis of small surfactant
vesicles, alveolar epithelial cells were preincubated with blocking
antibodies or their respective immunoglobulin controls, and
endocytosis of DiIC18-fluorescent lipid vesicles was determined
by confocal microscopy (Figure 5B) and flow cytometry
(Figure 5C). We identified SR-BI as the receptor with a
prominent role in the endocytosis of surfactant lipids, since the
anti-SR-BI blocking antibody caused 70 % reduction of SUVs
endocytosis by mouse and human pneumocytes (Figure 5C and
Supplementary Figure 3). In contrast, anti-CD36 produced only
20 % PL endocytosis reduction by human cells, and it had
no effect on PL endocytosis by mouse cells (Figure 5C and
Supplementary Figure 3).

Next, we investigated whether the engulfment of surfactant
lipids by SR-BI might be critical for the attenuation of NTHi
invasion (Figure 6). To this end, MLE-12 cells were pre-
incubated in the presence or absence of anti-SR-BI blocking
antibody or its IgG control for 30min before incubating with
surfactant lipid vesicles for 2 h. After washing, cells were infected
with NTHi and bacterial invasion experiments were performed.
We found that, in the absence of lipids, anti-SR-BI antibody
did not have any effect on NTHi invasion, because the number
of bacteria internalized in the cells was similar to that of
control experiments without blocking SR-BI antibody or in

the presence of its IgG control (Figure 6). Importantly, in the
presence of small lipid vesicles, the blockade of SR-BI impeded
lipid-induced inhibition of NTHi invasion (Figure 6). Thus,
blocking the endocytosis of lipid vesicles increased pneumocyte
susceptibility to NTHi invasion. These results demonstrate that
SR-BI-mediated internalization of surfactant lipids is required
for lipid-dependent inhibition of NTHi invasion of alveolar
epithelial cells.

Endocytosis of Surfactant Lipids Inhibits
Signaling Pathways Involved in NTHi
Internalization
NTHi was shown to enter bronchial epithelial cells through
macropinocytosis (50). NTHi internalization seems to be
mediated by either direct bacterium binding to integrins or
indirect binding through extracellular matrix proteins (51, 52).
Integrin signaling leads to phosphorylation of focal adhesion
kinase (FAK), followed by activation of Rac1 GTPase and PI3K
to induce actin polymerization and membrane protrusion (52).
We previously showed that activation of both Rac1 and PI3K is
essential for NTHi entry in A549 epithelial cells (7).

To determine whether endocytosed surfactant vesicles
reduced bacterial entry into pneumocytes by blocking key
signaling pathways required for NTHi internalization, the
next step was to evaluate NTHi-induced PI3K-Akt and Rac1
activation in mouse and human pneumocytes preincubated
with or without surfactant lipid vesicles (Figure 7 and
Supplementary Figure 4). We found that NTHi infection
induced Akt phosphorylation (Figure 7A) and Rac1 GTPase
activation (Figure 7B) in mouse pneumocytes, as previously
described in human A549 cells (7). Endocytosed surfactant
lipid vesicles inhibited NTHi-induced Akt phosphorylation
in mouse (Figure 7A) and human (Supplementary Figure 4)
pneumocytes. Furthermore, endocytosed surfactant lipids
blocked NTHi-induced Rac1 activation (Figure 7B).

These results suggest that endocytosis of surfactant
phospholipid vesicles interferes with cytoskeletal reorganization
required for membrane protrusions that facilitate bacterial entry
in pneumocytes.

Surfactant Administration Protects From
NTHi Infection in vivo
Lastly, we wondered whether lung surfactant administration
could protect from NTHi infection in vivo. To test this
hypothesis, we infected CD1 mice intratracheally with a
clinical NTHi strain from otitis patients, and simultaneously
we instilled the hydrophobic fraction of native surfactant that
contains surfactant lipids and the hydrophobic proteins SP-
B and SP-C. Then, bacterial burden was assessed in whole
lung tissue and BAL after 6, 12, and 24 h post infection.
Figure 8 shows that administration of exogenous lung surfactant
significantly diminished bacterial load in lung tissue and BAL
of NTHi infected mice 12–24 h after surfactant administration,
supporting the notion that the lipid component of lung
surfactant protects against NTHi infection. Analyses of cell
types in BAL from infected mice treated with or without
surfactant revealed that recruited cells consisted predominantly
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FIGURE 8 | Surfactant treatment accelerated bacterial clearance in lung tissue and BAL of NTHi infected mice. Mice were intratracheally infected with otitis NTHi

strain (4 × 107 C.F.U./mouse), and the hydrophobic fraction of native pulmonary surfactant (25mg PL/kg body weigh) was simultaneously instilled into the lungs (or

the same volume of PBS in the untreated infected group). Mice were euthanized at 6, 12, or 24 h postinfection. Lungs were harvested, weighed, and homogenized

(left lung) or used for BAL extraction (right lung) (n = 5 mice each infected group; n = 3 mice each uninfected group). (A) The numbers of viable bacteria in lung

homogenates and BAL were assessed by colony counting and expressed as log10 (C.F.U./mouse). Results are mean ± SEM. ANOVA followed by Bonferroni

multiple-comparison test was used. **p < 0.01, and ***p < 0.001 when compared with untreated infected groups. (B) Percentage of alveolar macrophage and

neutrophil counts in BAL. Results are mean ± SEM. ANOVA followed by the Bonferroni multiple-comparison test was used. *p < 0.05, **p < 0.01, and ***p < 0.001

when compared with the corresponding uninfected group.

of neutrophils (Figure 8). Neutrophil recruitment was similar in
infected mice treated with surfactant compared with untreated
infected animals. Control experiments indicate that neutrophil
recruitment did not significantly increase in uninfected mice
treated with surfactant compared with untreated uninfected mice
(Figure 8). These results suggest that the accelerated clearance
of NTHi in mice treated with surfactant was not associated with
increased neutrophil infiltration at 6, 12, and 24 h post-infection
in surfactant-treated mice compared with untreated mice.

DISCUSSION

Lung surfactant has two essential functions: keeping the
alveolus open and host defense. These functions are inseparably
coordinated and depend on the complexity of surfactant’s

components (19). Whereas surfactant proteins SP-A and SP-
D have a clear role in lung defense, attention to surfactant
lipids and hydrophobic surfactant proteins has been focused on
surface tension properties. Whether surfactant lipids participate
in the control of infection by inhaled pathogens remains
mostly unaddressed.

In the present study, we demonstrated that the lipid

component of pulmonary surfactant interferes with
pathogen-host interaction between NTHi and pneumocytes

through two different mechanisms. On the one hand,
large extracellular surfactant vesicles bind to NTHi and
function as biological barriers to reduce the number of
bacteria adhered and internalized in alveolar epithelial cells.
On the other hand, small surfactant vesicles were rapidly
endocytosed by pneumocytes, mainly via the scavenger
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receptor SR-BI that mediates clathrin- and dynamin-
independent endocytosis (53). The endocytosed surfactant
lipids inhibited NTHi invasion by blocking bacterial uptake
in pneumocytes.

Macropinocytosis is exploited by several intracellular
pathogens as a means of entry into cells (54). This process
is responsible for the uptake of large particles, >0.5µm in
diameter. The NTHi entry into pneumocytes requires direct
or indirect bacterial binding to integrins, which initiate
the activation of the Src/GEF Vav2/Rac1 GTPase/Pak1
signaling axis for polymerization of microtubules and cell
ruffling (6, 7). These cytoskeletal remodeling proteins are
bound to phosphatidylinositol (PtdIns)(4, 5)P2, which
is enriched at the macropinocytic site in early stages of
macropinosome development (54–56). Interestingly, PtdIns(4,
5)P2 disappearance is critical for macropinosome formation.
At this stage, PtdIns(3,4,5)P3 is formed by PI3K activity.
PtdIns(3,4,5)P3 is essential for cup closure (54–56). By recruiting
adaptors, GEFs and GAPs that contain PtdIns(3,4,5)P3-
interacting PH domains, the cell is able to dictate the activity
of Rho family GTPases that direct the polymerization of actin
required for macropinosome closure. Consistent with this, we
previously found that inhibition of PI3K or Rac1 activation
abrogates NTHi internalization (6, 7).

In this study, we show that NTHi-induced Rac1 GTPase
activation and Akt phosphorylation by pneumocytes was
inhibited by endocytosed surfactant lipids. Therefore, small
surfactant lipid vesicles, once endocytosed, block intracellular
signaling pathways that are required for NTHi entry into
pneumocytes. The mechanism by which endocytosed lipid
vesicles show such inhibitory effects is unknown. Given that
clathrin-independent endocytosis of small particles also requires
PtdIns(4,5)P2 for membrane curvature and invagination (55, 56)
as well as Src, Rac1, or ARF signaling proteins that bind to
PtdIns(4,5)P2, it is possible that endocytosis of lipid vesicles
could shuttle PtdIns(4,5)P2 and associated proteins from the
plasma membrane into internal membranes. The sequestration
of PtdIns(4,5)P2 and Src, Rac1, or ARF could inhibit bacterial
entry since depletion of PtdIns(4,5)P2 in the macropinocytic site
reduces the macropinocytic or phagocytic efficiency (57).

To assess the beneficial role of lung surfactant lipids during
NTHi infection, we performed in vivo experiments treating
NTHi-infected mice with the hydrophobic fraction of native
surfactant isolated from rat lungs. We found that this surfactant
fraction, composed of PL, SP-B, and SP-C, was able to bind
to NTHi, which led to a significant reduction of NTHi
capability to self-aggregate. NTHi aggregation is responsible for
microcolony formation on the epithelial surfaces, facilitating
bacterial colonization of the airways (58). Administration of
the hydrophobic fraction of native surfactant to NTHi infected
mice significantly accelerated bacterial clearance in lung tissue
and BAL. Surfactant treatment did not significantly affect
early neutrophil recruitment in infected mice, suggesting that
surfactant vesicles are directly involved in preventing bacterial
adhesion to the epithelium and facilitating the actions of
airway macrophages, neutrophils, antimicrobial proteins, and
mucociliary clearance in promoting bacterial clearance.

Surfactant phospholipid concentration has been reported
to decrease in COPD and idiopathic pulmonary fibrosis (30,
59). Smokers have reduced surfactant phospholipid levels,
as well as impaired biophysical activity (30, 31). In asthma
or pneumonia, reduced levels of phosphatidylcholine and
changes in phospholipid composition have also been found
(30). Surfactant lipids are also significantly altered in the aged
lung in both mice and humans (60). In addition, pathological
conditions, such as previous infection with rhinovirus, can
reduce the inflammatory response and cause delay in NTHi
clearance (61). Thus, in a context of immune dysregulation, the
protective effect of pulmonary surfactant on NTHi respiratory
infection may be more necessary. Therapeutic interventions
with the hydrophobic fraction of surfactant might be of
potential benefit in respiratory diseases with NTHi infection
because exogenous surfactant protects against NTHi and
improves lung biophysical function. In addition, the use of
small surfactant-like vesicles as vehicles for inhaled drug
administration may have further added value. This lipid-
based host-directed strategy would offer novel prophylactic or
therapeutic options against chronic, recurrent, or drug-resistant
respiratory infections.
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Chronic obstructive pulmonary disease (COPD) is a debilitating respiratory disease and

one of the leading causes of morbidity and mortality worldwide. It is characterized by

persistent respiratory symptoms and airflow limitation due to abnormalities in the lower

airway following consistent exposure to noxious particles or gases. Acute exacerbations

of COPD (AECOPD) are characterized by increased cough, purulent sputum production,

and dyspnea. The AECOPD is mostly associated with infection caused by common cold

viruses or bacteria, or co-infections. Chronic and persistent infection by non-typeable

Haemophilus influenzae (NTHi), a Gram-negative coccobacillus, contributes to almost

half of the infective exacerbations caused by bacteria. This is supported by reports that

NTHi is commonly isolated in the sputum from COPD patients during exacerbations.

Persistent colonization of NTHi in the lower airway requires a plethora of phenotypic

adaptation and virulent mechanisms that are developed over time to cope with changing

environmental pressures in the airway such as host immuno-inflammatory response.

Chronic inhalation of noxious irritants in COPD causes a changed balance in the

lung microbiome, abnormal inflammatory response, and an impaired airway immune

system. These conditions significantly provide an opportunistic platform for NTHi

colonization and infection resulting in a “vicious circle.” Episodes of large inflammation

as the consequences of multiple interactions between airway immune cells and NTHi,

accumulatively contribute to COPD exacerbations and may result in worsening of the

clinical status. In this review, we discuss in detail the interplay and crosstalk between

airway immune residents and NTHi, and their effect in AECOPD for better understanding

of NTHi pathogenesis in COPD patients.

Keywords: airway, COPD, exacerbation, immune response, infection, inflammation, non-typeable Haemophilus

influenza

INTRODUCTION

The lungs are vital organs involved in gas exchange between the vascular system and the
external environment, thus they are greatly exposed to the environment-derived microorganisms,
including fungi, viruses, and bacteria. The bronchial tree and parenchymal tissues of the lungs,
that until recently were considered as sterile, are colonized by phylogenetically-diverse microbes.
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The genera of Firmicutes, Bacteroidetes, and Proteobacteria
are the most common phyla identified and represent 60%
of the total bacterial microbiome in the healthy airway (1,
2). The majority of the lung microbiota belongs to the
normal flora that play an important role in the pulmonary
epithelial integrity, colonization resistance, and homeostasis of
the immune system in the respiratory tract (3). A small fraction
of them are, however, potentially pathogenic microorganisms
that are involved in a variety of lung diseases, as exemplified by
the genus Haemophilus. Non-typeable Haemophilus influenzae
(NTHi) is a Gram-negative coccobacillus that are commonly
residing in the human airways. Uniquely and yet unexplained,
NTHi is a commensal when colonizing the nasopharynx or
throat, but pathogenic in the lower airways triggering a robust
inflammatory response [for reviews see (4, 5)]. NTHi is
considered a potential opportunistic pathogen as it frequently
infects the lower respiratory tract of lungs with structural damage
as a consequence of non-infectious lung diseases or mechanical
injuries. Moreover, NTHi occasionally causes bronchitis and
pneumonia (6). In addition, lower airway colonization by NTHi
has been associated with disease progression of several more
or less non-infectious lung diseases such as bronchiectasis (7),
cystic fibrosis (8), interstitial lung diseases (9, 10), but mostly
in chronic obstructive pulmonary disease (COPD) (11, 12).
COPD is a severe inflammatory lung disease characterized
by airflow limitation with a range of pathological changes.
Both genetics and environmental factors trigger the onset of
COPD, however, microbes including NTHi play an important
role in the acute exacerbations. This review describes the
disease progression of COPD in the context of host immune-
interactions linked to NTHi, and the overall impact in disease
exacerbation.

THE PATHOPHYSIOLOGY OF COPD

COPD is the third leading cause of morbidity and mortality
worldwide expected to affect more than 210 million people by
2030 (13, 14). According to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD), COPD is a pulmonary
disease that is manageable, but significant exacerbations and
co-morbidities may, however, contribute to the overall severity
in individual patients (15). COPD is characterized by chronic
airflow limitation of the peripheral airways with a range of
pathological changes in the lung that are not fully reversible, and
usually become progressively worse over time. The progression
of COPD is associated with an abnormal inflammatory response
of the lung to noxious particles or gases.

From a pathological point of view, COPD comprises a group
of pulmonary abnormalities related to the inflammatory reaction
of the airways, alveoli, and pulmonary vessels (16–19). These
include (i) pulmonary emphysema, (ii) chronic bronchitis, and
(iii) disease in the small airways. The pulmonary abnormalities
progressively affect all parts of the lung, resulting in increased
resistance of the conducting airways and thus chronic airflow
obstruction that eventually will lead to a declined lung function.
Emphysema is a permanent loss of elastic lung recoil caused

by elastolytic destruction and enlargement of the alveolar wall
distal to the terminal bronchioles. This consequently results
in the loss of alveolar attachments to the small airways and
thus limitation of airflow and gaseous exchanges. Chronic

bronchitis is characterized by consecutive and chronic cough
with expectorations that last for more than 3 months within 2
years. It is associated with inflammation of the bronchial walls
with increased inflammatory infiltrates, hyperplasia of goblet
cells, hypertrophy of tracheobronchial submucosa, increased
mucous secretion and, finally, dilatation of the airway ducts
(airways of about 2–4mm in internal diameter). The majority
of the ciliated epithelium lining the airways are also either
compromised or dysfunctionnal, and may be replaced by non-
ciliated squamous epithelial cells. Small airway diseases, on
the other hand, involve hyperplasia and metaplasia of mucosal
glands and goblet cells, hypersecretion of intraluminal mucus,
macrophage bronchiolitis, and accumulation of lymphocytes in
the small bronchioles (airways of ∼2mm or less in diameter and
terminal bronchioles). In addition, distortion, fibrosis, stenosis,
tortuosities, hyperplasia, and hypertrophia of the small airway
smooth muscles also contribute to the loss of elasticity in the
lung parenchyma. Although COPD mainly affects the lungs,
it also produces significant extrapulmonary consequences as
a results of an escalated inflammatory response orchestrated
by airway cells and immune mediators (20, 21). The co-
morbidities are commonly seen in COPD patients despite the
actual mechanism responsible for the systemic inflammation
remains to be elucidated.

THE RISK FACTORS OF COPD AND
CONSEQUENCES FOR AIRWAY FUNCTION

The development of COPD is multifactorial, with cigarette
or tobacco smoking being the primary cause of COPD
(22, 23). Other risk factors that may promote the onset
and progression of COPD includes prolonged occupational
exposure to particles/gases in mining and textile industries, air
pollution resulting from biomass combustion, and bronchial
hyperresponsiveness (16, 18, 24). The variability of COPD
incidences among smokers is also explained by a genetic pre-
disposition, such as α1-antitrypsin deficiency and cutis laxa
[mutation of the elastin gene (ELN)] (25, 26). The α1-antitrypsin
deficiency is caused by deleterious homozygous mutations in
SERPINA1 which contributes to 1–2% of COPD cases. The
deficiency results in increased neutrophil elastase activity that
ultimately leads to the degradation and collapse of the alveoli.
Importantly, meta-analyses of genome-wide association studies
(GWAS) and other genotyping studies have revealed that
multiple single nucleotide polymorphism (SNPs) in at least 34
genes from different pulmonary genomic loci are associated with
COPD susceptibility (27–30).

Airway epithelium exposed to cigarette or tobacco smoke
has compromised tight junctions and delayed epithelial wound
repair (31–34). Moreover, cigarette smoke alters basal cell
differentiation and subepithelial extracellular matrix (ECM)
composition, and thus causes airway remodeling (i.e., goblet
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cell hyperplasia and small airway squamous metaplasia) (35–
37). This results in mucus hypersecretion, impaired mucocilliary
clearance, and airway obstruction. Tobacco or cigarette smoke
also enhances proliferation and ECMdeposition by activating the
extracellular signal related kinase (ERK) and the p38 signaling
pathway (38). The alteration of major ECM components are
widespread in all lung compartments in COPD patients with
a total increase of type I and III collagens, fibronectin, and
laminin in parallel with reduced concentrations of proteoglycans,
perlecan decorin, versican, biglycan, tenascin and elastin (39, 40).
Cigarette induced-overexpression of matrix metalloproteases
(MMPs-1, 2, 7, 9, 12, and 28) and elastase has also been reported,
and may contribute to the airway tissue destruction and fibrosis
(41–43). In addition, harmful volatile chemicals derived from
cigarette smoke (i.e., acetaldehyde, acrolein, and crotonaldehyde)
are prone to form carcinogen adducts with DNA and various
proteins (i.e., apoliprotein E and surfactant protein A). They
also dysregulate airway epithelial ion transport, disrupt the
phagocytic activity of airway phagocytes, and diminish the airway
surface liquid volume (44–46).

Numerous proteomics and transcriptomic analyses have
unveiled the crucial impact of cigarette or tobacco smoke
and COPD disease progression on airway gene expression
(47, 48). The differential gene expression studies were done using
COPD experimental models or clinical samples [i.e., bronchial
epithelial cells, sputum, plasma, blood, and bronchoalveolar
lavage (BAL) fluid]. Collectively, most of the altered genes are
involved in oxidative stress, xenobiotic metabolism, antioxidant
responses, DNA repair, ECM remodeling, inflammatory
responses, and immune defenses, which the latter two are our
major interest of discussion in this review. The omics data
aid in the increased knowledge of molecular mechanisms in
COPD. They may reflect the dynamic response and attempts
by the airway epithelial cells to repair the cytotoxic injury
primarily triggered by inhaled irritants. Deleterious and
irreversible alterations occurring and interfering with the airway
epithelial homeostasis and immune defense may promote
COPD development and progression. Notably, gene alterations
in phagosomal- and leukocyte transendothelial migration
pathways (LTM) are significantly correlated with the level of
T cells and airway obstruction in smokers (49). The LTM,
however, were found to be further dysregulated in COPD
patients. Hence, in addition to clinical/physiology variables,
a number of gene products with significant differential
gene expression may be targeted as specific proteomic
signatures or biomarkers for early COPD detection, patient
monitoring, disease subgrouping, and finally treatment selection
(50, 51).

ALTERATION OF AIRWAY GENE
EXPRESSION AND IMMUNE RESPONSE IN
COPD

Effects of Tobacco or Cigarette Smoking
Tobacco or cigarette smoke regulates airway gene expression via
two main mechanisms, by altering the status of (i) chromatin

remodeling, and (ii) DNA methylation of the target genes
(Figure 1) (52–54).

Chromatin remodeling is a result of a disrupted balance
in histone acetylation/deacetylation (55). Excessive activation
of more than 20 transcription factors including NF-κB, and
lipoprotein peroxidation products (peroxinitrite, acrolein, and
4HNE from tobacco smoking) contributes to such anomaly.
NF-κB is a key inflammatory and redox-sensitive transcription
factor that plays a direct role in cigarette smoke-induced
airway inflammation. NF-κB has been described as a “smoke-
sensor” due to its sensitive activation by tobacco residues
(56). Stimulation of multiple signaling cascades [p38 mitogen-
activated protein (MAPK) kinases, mitogen and stress-activated
kinase 1 (MSK1), protein kinase C zeta (PKCζ), and IκB
kinase (IKK) complex (IKKα, IKKβ, and NEMO)] by tobacco
residues promotes the activation and nuclear translocation of
transcription factor NF-κBRelA/p65 (54, 57–64). This is followed
by a complex formation of NF-κB/CBP-p300 [coactivator, CREB-
binding protein (CBP) or CBP/p300] at target DNA sequences.
It should be noted that CBP/p300 also has intrinsic histone
acetyltransferase (HAT) activity. Subsequent acetylation and
phosphorylation of the subunit p65 in the NF-κB/CBP-p300
complex by the activated MSK1/PKCζ-signaling pathways (and
other 11 different kinases), and CBP/p300, respectively, are
required for the full activation of NF-κB (57, 60, 63). This
enhances the DNA binding affinity of the complex. Histones H3
and H4 in the chromatin complex of target sequences are then
being acetylated (histone H3 at Lys9; H4 at Lys8 and Lys12)
and phosphorylated (histone H3 at Ser10) by the subunit CBP
of the NF-κB/CBP-p300 complex, and the activated MSK1 and
PKCζ, respectively. The hyperacetylated core histones, however,
fail to be neutralized or deacetylated by a dysfunctional histone
deacetylase (HDAC2). Peroxinitrite nitrates the tyrosine residues
of the HDAC2 and causes inhibition of activation and reduced
expression of the protein. Of note, peroxinitrite is a by-product
generated from the immune cell-derived nitrite oxide (NO) and
reactive oxygen species (ROS) of cigarette smoke (65, 66).

Cigarette or tobacco smoke disturbs the DNA methylation
status of target genes through several mechanisms. Firstly,
DNA damage caused by cigarette smoke stimulates the
DNA methyltransferase 1 (DNMT) to actively induce CpGs
methylation at the damaged site (67). The hypermethylation is
prone to introduce error of methylation in some target genes,
resulting in reduced gene expression. Secondly, activation of
nicotine signaling pathway by tobacco smoke causes CaMKII/IV
and ERK/MAPK pathway activation that subsequently induces
the activity of CBP to suppress the expression of DNMT1. This
may result in reduced DNA methylation and thus altered level of
gene repression by DNMT (68–70). Finally, enhanced activities
of transcription factors such as hypoxia inducible factor 1 due to
the high level of carbon monoxide and hypoxia have also been
reported to influence airway gene expression (71).

Consequently, the combinatorial effect from both aberrant
acetylation of histone and DNA methylation promotes the
transformation of chromatin from a condensed structure
to an activated open conformation. This facilitates irregular
accessibility of DNA for transcription machineries, hence
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FIGURE 1 | Cigarette and tobacco smoke has several effects on gene regulation. Nicotine and other compounds in the smoke alter gene expression by two

pathways, firstly, chromatin remodeling (Left) and secondly, DNA methylation (Right). Chromatin remodeling involves activation of kinases signaling pathways,

activation and nuclear translocation of transcription factor NF-κB (RelA/p65), and complex formation with CBP/p300 on specific DNA sites. CBP/p300 is intrinsically a

histone acetyltransferase (HAT). Subunit p65 is further phosphorylated at Ser276 and Ser311, respectively, by MSK1 and PKCζ, whereas CBP acetylates p65 at

Lys310. The phosphorylation and acetylation enhance the interaction within the NF-κB/CBP/p300 complex while stabilizing the DNA binding of NF-κB. The complex

of NF-κB/CBP/p300 then modifies the histones through CBP-mediated acetylations of histone H3 (at Lys9) and H4 at Lys 8 and Lys12, and phosphorylation of H3 at

Ser10 by MSK1 and PKCζ. This results in the structure change of chromatin, from a condensed structure (repressed) to an activated open conformation. The

transcription of target genes is therefore increased. In the second mechanism, several side effects resulting from cigarette smoking such as DNA damage and nicotine

signaling could trigger the hypermethylation or decreased methylation of target DNA. This may lead to DNA methylation anomalies and thus altered DNA expression.

Resulting hypoxia due to high concentrations of carbon monoxide also contributes to altered gene expression. The aberrant gene expression by cigarette smoke

mostly occurs in pro-inflammatory genes with resulting increased production of inflammatory mediators, and amplified inflammation in the COPD lung upon exposure.

irregular gene expression by various cell types in the airway. The
mechanisms reported are responsible for increased expression
of NF-κB-dependent proinflammatory gene products [i.e., IL-
1β, IL-6, IL-8, CCL-5 cyclooxygenase (COX)-2, and MIP-
2/CXCL2] in both pulmonary structural cells (bronchial, small
airway, and alveolar epithelial cells) and immune cells (alveolar
macrophages), increased VEGF and iNOS in nasal fibroblasts and
lymphocytes (Jurkat T cells), respectively, and decreased activity
of antioxidant transcription factor Nrf2 and α1-antitrypsin in
bronchial epithelial cells (54, 56, 57, 59, 62–64, 72–79). These
may contribute to the anatomical anomalies in the airway and

excessive inflammatory responses among smokers during the
course of COPD.

The Inflammatory Immune Response in
COPD
COPD is associated with chronic inflammation in the peripheral
airways orchestrated by both innate and adaptive immune
responses that are interconnected via dendritic cells (80).
Increasing numbers of inflammatory cells (neutrophils,
macrophages, T and B lymphocytes, mast cell, eosinophils, and
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dendritic cells) and inflammatory mediators are accumulated in
the airway lumen/wall in the lung parenchyma (19, 81). These
immune cells and inflammatory mediators can hence be detected
in the sputum and BAL fluid of COPD patients. The level of
accumulation is positively correlated with disease severity. An
increasing number of studies using animal models and clinical
tissues have reported the nature of excessive airway inflammatory
responses in COPD. Despite this, the heterogeneity in symptoms
progression among COPD patients remain unexplained. The
overall mechanism of COPD inflammatory immune response is
depicted in Figure 2.

The First Line of Defense in the Lung—The Innate

Immunity and Inflammasome
Lung structural cells (epithelial and endothelial cells, fibroblasts,
and airway smooth muscle cells) are activated by inhaled irritants
through the stimulation of several pattern recognitions receptors
(PRRs), with Toll-like receptor (TLR)-4 being reported as the
key player in most of the inflammatory responses (82–85).
This causes an increased expression and release of an array
of pro-inflammatory mediators and chemokines through the
oxidative pathway by the activated bronchial epithelial cells
and immune cells (alveolar macrophages). The inflammatory
mediators [(interleukin (IL)-1β, IL-6, IL-8, IL-33, C-X-C motif
chemokine ligand (CXCL) 10, granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte-colony stimulating
factor (G-CSF), tumor necrosis factor (TNF)-α, fibroblast growth
factor 1 and 2 (FGF1/2), transforming growth factor (TGF)-
β1, C-C motif chemokine ligand (CCL) 2, CCL20, and thymic
stromal lymphopoietin (TSLP)] act on recruited immune cells
and resident cells to initiate a series of innate immune responses
(23, 86–90). Meanwhile, activated alveolar macrophages, which
are usually patrolling the lung parenchyma, further release
more pro-inflammatory mediators and chemokines [IL-1β,
IL-6, IL-8, IL-23, TNF-α, CCL1, CXCL1, CXCL5 (ENA-78),
CXCL9, CXCL10, CXCL11, CCL2, leukotriene B4 (LTB4)], ROS,
elastolytic enzyme [matrixmetalloprotease protein (MMP)-2,−9,
and−12; and cathepsin-K,- L, and -S], GM-CSF, and G-CSF
(23, 91, 92). The enhanced levels of CCL2 and CXCL1 result in
recruitement of blood monocytes expressing CCR2 and CXCR2
(receptors for CCL2 and CXCL1, respectively), to the lung and
differentiate locally into macrophages. Interestingly, there are
higher expression levels of the CCR2 and CXCR2 found on blood
monocytes in COPD subjects (93). This may explain the rapid
recruitment and excessive accumulation of monocyte-derived
interstitial macrophages in the lung tissue of COPD patients
(94, 95).

Upregulation of neutrophil chemoattractors (LTB4, CXCL1,
CXCL5, IL-8, and TNF-α) induces a massive migration of
circulating neutrophils into the lung parenchyma (96). The
transmigration of blood neutrophils occurs through adherence
of the granulocytes to E-selectin of endothelial cells that is
found to be upregulated in COPD (97). This results in airway
neutrophilia in several COPD patients (96, 98, 99). The recruited
neutrophils (to the lung) are then activated to secrete granule
proteins [myeloperoxidase (MPO) and neutrophil lipocalin]
while releasing its own IL-8 for further neutrophilic recruitment

and amplification of the inflammation (100). In addition to the
macrophage-derived proteases, neutrophils also secrete serine
proteases [neutrophil elastase (NE), cathepsin G, proteinase-3,
MMP-8, and MMP-9] that are associated with serious alveolar
destruction in emphysema (101). The protease activity may
be further enhanced in conditions with genetic deficiencies or
suppressed expression of α1-antitrypsin by tobacco smoke. In
addition, NE, cathepsin G, and proteinase-3 are involved in the
stimulation of mucus secretion from submucosal glands and
goblet cells, resulting in airway mucus hypersecretion and airway
obstruction in COPD (101).

The NLRP3 (NLRP3: nucleotide-binding domain, leucine-
rich-containing family, pyrin domain-containing-3 OR Nod-like
receptor protein 3) inflammasome is a cytosolic multi-protein
complex (consisting of the inflammation sensor protein NLRP3,
adapter protein ASC, and the effector protein caspase-1) (102).
The NLRP3 inflammasomes are involved in the COPD airway
inflammation by regulating the production of pro-inflammatory
cytokines IL-1α, IL-1β, and IL-18. These cytokines are important
for neutrophil survival and activation of T helper (Th) 17
cells (103). Interestingly, local airway NLRP3 inflammasome
activation is positively correlated with acute exacerbations and
lower airwaymicrobial colonization in COPDpatients (103, 104).
Moreover, in an elastase-induced emphysema model, the NLRP3
inflammasome is activated in addition to hyperproduction of
mucin MUC5AC by diesel extract particles, extracellular ATP,
and inflammatory protein S100 (105, 106).

The Adaptive Immunity in COPD
The adaptive immunity is initiated at a later stage, and is
recognized by the increased number of T and B lymphocytes
and pulmonary dendritic cells. Dendritic cells are the major
antigen-presenting cells (APC) in the airways, and link the
innate and adaptive immunity. Circulating dendritic cells
(expressing receptors CCR2 and CCR6) are recruited to the
airway via dendritic chemoattractants CCL2 and CCL20 released
by activated airway epithelial cells in response to cigarette smoke
(107, 108). Dendritic cells act by endocytosis of inhaled irritants
that subsequently are processed into antigen peptides during
maturation and further migration to lymph nodes.

Uncommitted T lymphocytes are thereafter primed by the
presented antigen. These important cells are activated by IL-12
released from dendritic cells for subsequent commitment into
antigen-specific T cell lineages, i.e., T helper 1 (Th1; CD3+CD4+)
cells, whereas immature dendritic cells in the airway promote
Th2 differentiation (23, 109). Interestingly, in COPD patients,
pulmonary Th and cytotoxic T cells (Tc; CD3+CD8+) express
more CXCR3 receptors compared to healthy individuals (110,
111). This enhances their migration toward chemoattractants
CXCL9, CXCL10, and CXCL11 that are actively released by
alveolar macrophages in COPD subjects. Activated CD8+ T
cell subset type 1 (Tc1) releases perforins, granzyme B, and
TNF-α to induce alveolar cells apoptosis, contributing to the
emphysema (112). In parallel, pulmonary Th17 T cells are
activated by alveolar macrophage-derived IL-6 and IL-23 to
secrete IL-17A and IL-22 causing neutrophilic inflammation
(113, 114). Inflammatory cytokines are also released by type 3
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FIGURE 2 | Non-typeable H. influenzae-dependent immune responses in the lower airway of COPD patients result in inflammation. Airway epithelium exposed to

cigarette or tobacco smoke display an increased permeability with compromised tight junctions, and airway remodeling (goblet cell hyperplasia and small airway

squamous metaplasia). Cigarette smoke causes the activation of airway epithelium and alveolar macrophages. The activated airway structural and resident immune

cells release an array of chemotactic factors responsible for recruitment of inflammatory and immune cells to the lung. Activated epithelium produces TGF-β and FGF

that triggers the production of ECM molecules by fibroblasts. Increased deposition of ECM causes progression of fibrosis and air flow limitation. The chemokines

CXCL1 and IL-8, and LTB4 attract the circulating neutrophils through the receptors CXCR2 and BLT1, respectively. Meanwhile, CXCL1 and CCL2 targeting the

receptors CXCR2 and CCR2 on blood monocytes are also released. Recruited blood monocytes differentiate into macrophages in the airway tissue. Activated alveolar

macrophage and epithelium cell also release inflammasome (1L-1β and IL-18) for neutrophils survival and activation of helper T cells Th17. The chemokine IL-23 are

released by macrophages to attract T helper cell subset Th17, and ILC3. Both Th17 and ILC3 will release IL-17 and IL-22 that will act on the alveolar epithelium to

release CXCL1 and IL-8 for enhanced recruitment of neutrophils, resulting in neutrophilic inflammation. Activated neutrophils are thereafter degranulated and release

myeloperoxidase (MPO), lipocalin, neutrophil elastase (NE), cathepsin-G (CG), proteinase-3 (Prot-3), and matrix metalloprotease (MMP) 8 and 9. The granulated

products are proteolytic and elastilolytic to aveolar, causing alveolar destruction and emphysema. In addition, NE, CG, and Prot-3 are also targeting goblet cells and

submucosal glands to induce hypersecretion of mucus. Dendritic cells carrying the receptors CCR2 and CCR6 are recruited to airway tissue via chemottractants

CCL2 and CCL20. The dendritic cells uptake the antigen (smoke residues), and present the antigens to the naïve T cells at lymph nodes. Uncommitted T lymphocytes

are thereafter primed to the presented antigen and activated by IL-12 derived from dendritic cells (professional antigen presenting cells; APC). Mature/activated T cells

expressing receptor CXCR3 are chemotactic toward CXCL9, CXCL10, and CXCL11 and are recruited to the lung tissue. Cytotoxic CD8+ T cell subtype Tc1 releases

perforin and granzyme B resulting in epithelial apoptosis contributing to emphysema progression. For the humoral immune response, B cells are activated by Th2,

enter the circulation via high-endothelial venule (HEV)-like vessel and transported to lung tissue, and organized into lymphoid follicles at peripheral airway. B

cell-derived plasma cells from lymphoid follicles release IgA, and secreted into airway lumen as secretory IgA (sIgA) via the polymeric immunoglobulin receptor.

Mucosal antibodies play an important role to eradicate pathogens and noxious antigens via immune exclusion. However, the airway defense by sIgA is diminished by

NTHi IgA protease that degrade the antibodies. TLR2 and TLR4 of the airway phagocytes and epithelium following exposure to cigarette smoke are not responding to

P6 and LOS of NTHi. This results in defective phagocytosis and delayed bacterial clearance from the airway. The suppressed TLR4 induction in T cells has also lead to

Th2 predominant immune response, with low production of IFN-γ and reduced T cell-mediated immune killing of NTHi. Moreover, NTHi downregulates Foxp3 of Tregs

and thus impairs the anti-inflammatory/pro-inflammatory balance of Tregs. The extensive immunosuppressive activity by Tregs diminishes the response of effector T to

(Continued)
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FIGURE 2 | NTHi stimulation. Lastly, plasma cells from COPD patients fail to produce NTHi-specific antibodies and compromised immunoglobulin class switching.

The impairment of the host immune response in COPD toward NTHi infection are labeled in blue. In total, NTHi infection in COPD lung adversely reduces the

production of IL-1β, IL-6, IL-8, CXCL-10, IL-22, TNF-α, antimicrobial peptide (AMP), and IFN-γ. This may explain the inefficient eradication of airway pathogens in

COPD patients whereby persistent NTHi infection concomitantly escalates the inflammation and thus exacerbation in COPD.

innate lymphoid cells (ILC3) (115). The ILCs are involved in the
homeostasis of lung immunity and are regulated by epithelially
produced IL-33 and TSLP (116, 117), and are further stimulated
in response to cell damage.

The accumulation of B lymphocytes in the peripheral
airway and within lymphoid follicles is associated with airway
autoimmunity in the progression of COPD (118). Airway tissue
damage in conjunction with impaired T-regulatory cells (Tregs),
both related by cigarette smoke, contributes to the formation
of autoantibodies against airway components. Autoantibodies
against elastin, epithelial, endothelial, carbonylated, and
citrullinated proteins are found in the circulation of COPD
patients (119–124). The generation of autoantibodies might
activate plasma exudate-derived complement components
resulting in a chronic inflammation, and consequently damage
of the airways with emphysema progression (124–127).

From a physiological point of view, amodulated inflammatory
process is important for a protective and optimal immune
response. However, the prolonged airway inflammation in COPD
as a results of impaired homeostasis leads to serious side effects
since it amplifies the tissue damage and impairs the local
immune defenses. The abrogated local immune systemmaymake
the airways of COPD patients susceptible for opportunistic or
recurrent infections by viruses and bacteria that in turn might
exacerbate the disease.

ACUTE EXACERBATIONS OF COPD
(AECOPD) AND ASSOCIATION WITH
MICROBIAL COLONIZATION

Acute exacerbations of COPD (AECOPD) are episodes of
acute symptom worsening that usually are associated with both
respiratory (increased airway inflammation) and non-respiratory
(system inflammation/co-morbidities) effects (128–130). The
typical symptoms of an AECOPD include increased production
of purulent sputum, dyspnea, cough, wheezing, and symptoms
of a cold that may last from 7 days up to 12 weeks (15, 130,
131). It commonly occurs in patients with advanced COPD and
results in additional therapy based on the level of exacerbations.
Exacerbations are classified in three levels according to GOLD.
There is the mild disease that can be treated with short acting
bronchodilators (SAB); moderate disease with SAB combined
with antibiotics and/ or oral corticosteroids; and finally severe
exacerbations with acute respiratory failure which requires
emergency room visit and eventually hospitalization (15, 130).

AECOPD is a complex yet multifactorial consequence of
COPD.Most of the exacerbations could be triggered by infectious
(up to 80%) or non-infectious agents (∼10%) (AECOPD with
known etiology), whereas up to 30% of cases are of unknown
etiology (132, 133). Respiratory tract infections are the major

causes for AECOPD with known etiology and are mainly
attributed to infections by viruses, bacteria, and atypical bacteria
(not detected with conventional Gram-staining) (11, 134,
135). Non-infectious causes of AECOPD include air pollution,
environmental factors, meteorological effects, and comorbidities
of the patients, all of which are partially contributing to COPD
exacerbations (133, 135, 136).

Viral and Bacterial Infections in AECOPD
Respiratory viral infections are often the primary cause in the
infection-dependent AECOPD, and virus was identified as single
or multiple infecting strains from up to 64% of COPD patients
with exacerbations recorded between years 2001–2017 (137–
145). The most common infecting viruses are, by far, human
rhinovirus, influenza virus A, and respiratory syncytial virus,
whereas parainfluenza virus, coronavirus, echovirus, human
metapneumovirus, and adenovirus are considerably rare.

Bacterial infections contribute to an average of 50% of
infective acute exacerbations with a prevalence being reported
ranging from 26 to 81% (132, 135, 146–148). The most
commonly pathogenic bacterial species isolated from the lower
airway of COPD patients during AECOPD are NTHi,Moraxella
catarrhalis, Streptococcus pneumoniae, Staphylococcus aureus,
Pseudomonas aeruginosa, and Klebsiella pneumoniae (11, 129,
133, 136, 149–152). It has been suggested that infection with new
strains of the infecting species, rather than a new species, is highly
associated with an increased risk of exacerbation (11, 153, 154).
Atypical bacteria that cause exacerbations are Chlamydia spp.,
Legionella pneumophilia, andMycoplasma spp.

In contrast to viral infections that are diagnosed in 5–45%
of COPD patients with stable disease and increase to 39.3–64%
during COPD exacerbations, bacterial colonization in the airways
are more common with the same species during both stable
disease (25–86%) and exacerbations (58.8–81%) (11, 132, 136,
137, 142, 155–158). Hence the precise or direct role of bacterial
infection as the primary cause in triggering AECOPD remains
controversial although a significantly increased bacterial load is
observed during exacerbation in several patients. This further
suggests that bacteria might be more involved as secondary
invaders after an initial viral infection.

Viral infections have been reported to cause several
physiological changes in the lung that in turn facilitates
secondary bacterial invasion. The mechanism of bacterial
superinfection has been described for H. influenzae,
S. pneumoniae, S. aureus, and many other airway pathogens
(159–161). Firstly, viral infections destroy the tight junctions
of the airway epithelial barrier while inducing epithelium
apoptosis. This results in the onset of airway epithelium lining
repair whereby the sloughed off dead cells would become
a rich nutrient source for growth of infecting bacteria. The
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damaged epithelium lining also enables bacterial adherence
to the exposed basement membrane and ECM. Secondly, the
demolished ciliated clearance as a result of the virus-damaged
airway epithelium lining further promotes bacterial colonization
and subsequent epithelial transmigration into deeper tissues
(162–164). Lastly, viral infections are also detrimental to the
airway immune defense by causing degradation of antimicrobial
peptides (AMP), and by triggering IFN-γ secretion by immune
cells. This results in suppressed macrophage and neutrophil
responses to infecting bacteria, and thus enables bacterial evasion
of the airway immune defense (165–168). Nevertheless, viral
and bacterial coinfection have greater impact in the AECOPD
airway inflammatory responses than bacteria or virus infection
alone (168, 169). This is in parallel with the co-isolation of both
respiratory viruses and bacteria from 6 to 30% of AECOPD
patients (129, 133, 136, 170–174).

Infective AECOPD is also attributed to impaired functions
of AMP, macrophages, and neutrophils triggered by inhaled
irritants such as tobacco smoke. Expression of microbial-
induced AMP (human β-defensin 2) is suppressed in airway
epithelial cells when exposed to cigarette smoke (175, 176).
Both the alveolar andmonocyte-derived macrophages in patients
with COPD are defective in phagocytosis of bacteria such
as H. influenzae and S. pneumoniae (177, 178), and in
efferocytosis of apoptotic neutrophils and epithelial cells. In
addition, neutrophils from COPD patients are aberrant in
chemotactic response with defective accuracy (179). All these
factors contribute to the failure to resolve inflammation in COPD
leading to facilitated chronic microbial colonization, also during
exacerbations.

The Role of the Lung Microbiome in
AECOPD
The low number of cultivable bacteria found in healthy
individuals previously led to the conclusion that healthy and
normal lungs are virtually sterile. This hypothesis is currently
being revised, since the introduction of 16S rDNA based
molecular diagnostics has shown that even healthy lungs have
a distinct microbial community, different from that seen in the
upper respiratory tract (180, 181). This has led to the concept of
a core human lung microbiome which can be altered in COPD
stable disease and during exacerbations (182). The role of the
lung microbiome in the pathogenesis of COPD by influencing
host immune response has also been suggested (151, 183–
188).

The stability of the lung microbiome has profound impact
on maintaining local immune homeostasis (189). According
to the “vicious circle” hypothesis, airway inflammation and
impaired immune defenses caused by either viral infections
or irritant inhalation have ecological influence on the airway
microenvironment and growth conditions that would eventually
lead to dysbiosis of the lung microbiota (182, 190). The changed
lungmicrobiomewould then cause amaladaptive immunological
response resulting in further inflammation and damage of the
lung immune defenses, and additional alteration of the lung

microbiome. The chain of events thus generates a vicious circle
that contributes to COPD progression and exacerbation.

Several studies have documented that COPD progression
from stable state to an exacerbation could inducemicrobiota shift
in the lower airway (bronchioles), sputum, and throat (151, 190–
196). Alteration in the microbiome complexity or richness is
associated with the inflammatory process and changes in ECM
protein expression in the lung, as observed in COPD (185, 197).
Declined diversity in the lung microbiome has been reported to
be related to disease severity, inflammation and decreased lung
functions in COPD. This includes the increased emphysematous
destruction, bronchial tissue remodeling, lymphoid follicle
formation, elevated autoantibodies, and IL-17A production, and
finally increased neutrophil extracellular traps (NET) formation
in the airway of animal models or AECOPD patients (198–
201). It has recently been reported that lung microbiome
diversity is also associated with genetic factors. Mannose-binding
lectin (MBL) deficiency has also been associated with disease
severity and exacerbations in patients with cystic fibrosis and
bronchiectasis (202). However, COPD patients with a genetic
deficiency in MBL are less susceptible to Haemophilus spp.
colonization, lowering the risk of exacerbations while their lung
microbiota is more diverse than normal COPD patients (203).

THE CLINICAL ROLE OF NTHi IN COPD

In this review we will focus on NTHi, one of the dominant genera
that is relatively abundant in the total COPD-dependent lung
microbiome, due to its role of infection in COPD immunological
responses (136, 149, 192–195, 198, 204–206).

The microbiology of H. influenzae has recently been reviewed
in detail by our group and others (4, 5, 207). It is a Gram-
negative coccobacillus that commonly colonizes the human
nasopharynx, and is typed as capsulated (type a–f) or non-
encapsulated strains (NTHi). H. influenzae may cause both
invasive and mucosal disease (208). Since the introduction of
capsule polysaccharide conjugate vaccines against type b (Hib),
NTHi dominate, followed by capsule type f (Hif) (209, 210).
Mucosal infections, including acute otitis media, sinusitis, and
exacerbations in COPD, are nowadays mainly associated with
NTHi. There has also been a significant shift in the epidemiology
of severe invasive disease, fromHib infections in small children to
NTHi in adults (210, 211). The most common principal infection
focus by H. influenzae is now community acquired pneumonia
(CAP), whereas the incidence of historically common diagnoses
such as meningitis and epiglottitis have significantly decreased
(210, 211). Patients with underlying conditions, notably COPD,
seem to be at higher risk for invasive infections (209).

There is consensus thatH. influenzae is one of the key bacterial
pathogens involved in pathogenesis of both stable COPD disease
and acute exacerbations (207). However, the relative abundance
and significance of NTHi in COPD varies between different
studies. Several factors, such as sampling methodology, choice of
microbiological analysis and, if the patient has a stable disease
or an exacerbation, or has been subject to previous antibiotic
therapies, tend to affect the outcome of the studies (212).
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Common sampling methods from the lower respiratory
tract include both bronchoscopy techniques such as protected
specimen brush (PSB) and collection of BAL fluid as well
as non-invasive methods like sputum sampling (213). All
of these methods, particularly sputum, are to some extent
subject to the risk of contamination from the normal microbial
flora of the oro- and nasopharynx, which might reduce their
specificity (213). However, several studies still show a distinct
association between lower respiratory tract samples and clinical
parameters in COPD patients, making the information valuable
(214).

Cultivable bacteria are seldom found in the lower airways of
healthy individuals (215), whereas COPD patients show bacterial
growth in 30–50% of cases even during stable disease (Table 1).
On top of that, several studies have shown a significant increase
in the Proteobacteria phylum, which includes Haemophilus spp.,
in individuals with both stable disease and AECOPD (Table 2).
NTHi is consistently one of the predominating bacterial species
isolated in those cultures; other important pathogens include
S. pneumoniae, M. catarrhalis, and P. aeruginosa (219). During
AECOPD, the bacterial load is increased even further, and NTHi
continues to be the predominating species (208). Furthermore,
acquisition of a new NTHi strain has, in one study, been
linked to the onset of AECOPD (153). Moreover, the growth
and dominance of H. influenzae following rhinovirus infection
was observed in the sputum microbiome of patients with
COPD (190).

COLONIZATION AND ADAPTATION OF
NTHi IN THE LOWER AIRWAYS OF COPD
PATIENTS

The chronic inflammation that characterizes COPD pathogenesis
causes significant changes to the pulmonary tissue. The lower
respiratory tract of patients suffering from this disease is
marked by epithelial denuding, hypersecretion of mucus,
disproportionate phagocyte presence and imbalances in
antioxidant/oxidants (220). This altered milieu selects for
specific bacterial species that are genetically equipped
to competently address these environmental stressors
(151, 195, 221). NTHi is the most common pathogen isolated
from the sputum of COPD patients, and the primary cause
of exacerbations (212), indicating a unique ability to colonize
and persist in the chronically inflamed lower respiratory
tract.

In recent years, great efforts have been made in understanding
how NTHi colonizes the pulmonary tissue. In addition to
the regular arsenal of virulence factors associated with NTHi
(5), the bacterial pathogen undergoes specific adaptations to
increase its fitness in the COPD setting. Specific genetic
islands that include ureABCEFGH, lic2b, hgbA, iga, hmw1, and
hmw2 have been reported to be enriched in NTHi strains
isolated from COPD patients compared to commensal NTHi
(222). These genes are involved in raising the pH of the
environment, lipooligosaccharide (LOS) synthesis, iron uptake,
immune evasion, and attachment to host tissue. The validity

of these findings is strengthened by previous work identifying
upregulation of many of the same bacterial gene products during
growth in COPD sputum (223). Moreover, peroxiredoxin-
thioredoxin, an antioxidant enzyme, was found to be one
of the most enriched proteins in NTHi during growth in
COPD sputum, suggesting that the bacteria upregulate oxidative
stress-countermeasures when facing oxidative imbalances in the
diseased lung (223). Oxidative stress resistance has previously
been shown to be vital for NTHi survival in infection
models (224).

In a seminal investigation by Pettigrew et al., whole-
genome sequencing (WGS) was conducted to follow the in vivo
adaptation of NTHi to the COPD environment over time (225).
Several interesting findings were reported in this work. Firstly,
the median duration of persistence by the pathogen was found to
be 161 days, but it could persist in patients for up to as many
as 1,422 days. Secondly, slipped-strand mispairing-mediated
phase variation was identified as the primary genetic adaptation
to the niche. Poignantly, the genes affected by the regulation
mechanism encoded for (among others) the HMW adhesins,
LOS biosynthesis, and iron uptake, that is, the same processes
identified in the previous studies as important for COPD
adaptation (222, 223). Thirdly, and somewhat surprising, it was
observed that a very limited number of genes were gained/lost
during persistent colonization, meaning that selection for
strains that thrive in the inflamed lower airways occurs at the
very onset of colonization. Finally, the authors reported that
genetic changes occurred in 8 of the 12 investigated vaccine
antigens during persistent infections, a fact that might be taken
into consideration for potential vaccine development against
NTHi.

Another virulence factor that has been reported by Murphy
and co-workers to play a pivotal role for NTHi survival in
COPD settings is IgA-protease, a hydrolytic enzyme that cleaves
secretory IgA (sIgA) antibodies in the mucosal epithelium (226–
228). Four genes encode for the same number of different variants
of the endopeptidase with various cleavage site specificities:
two igaA (igaA1 and igaA2) and two igaB (igaB1 and igaB2).
The igaA is present in all NTHi whereas igaB is present in
∼40% of the strains (226). The igaB1 gene has been reported
to be more prevalent in COPD exacerbation-causing strains,
although the in vivo expression levels did not differ from
asymptomatic colonization strains that also carried the gene
(226). However, IgA-protease B1 and B2 have been found to
promote the intracellular survival of NTHi in human epithelial
cells, providing a secondary function (in addition to hydrolysis
of IgA antibodies) that could facilitate NTHi growth in inflamed
environments (227). While a majority of the persistent NTHi
strains that dwell in COPD patients continuously express one
or more variants of the enzyme, it has recently been found that
a phase variation to an OFF-state can occur via slipped-strand
mispairing over time (228). This suggests that during certain
conditions, there is a fitness benefit in not expressing iga in the
airways of COPD patients, albeit the specifics of this process are
currently unknown.

Another interesting aspect of NTHi colonization of COPD
patients is with regard to biofilm formation (229). NTHi strains
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TABLE 1 | Abundance and significance of NTHi and other potentially pathogenic bacteria in healthy individuals and various stages of COPD using culture-based methods.

Sample type Microbiological

analysis

Main findings Study

Healthy individuals AECOPDb Stable COPD disease

PSBa Quantitative culture Potentially pathogenic bacteria

found in 4% of patients

Potentially pathogenic bacteria

found in 54% of patients

Potentially pathogenic

bacteria found in 29% of

patients

Rosell et al.

(148)

NTHi found in 3% of patients NTHi found in 30% of patients

(predominating species)

NTHi found in 17% of patients

(predominating species)

BALc Quantitative culture Potentially pathogenic bacteria

found in 0% of ex-smokers

and in 20% of non-smokers

(no NTHi)

N.A.d Potentially pathogenic

bacteria found in 34% of

patients

Sethi et al.

(216)

NTHi predominating species

Sputum/Throat

swab/PSB /BAL

Culture and molecular

typing of strains

NTHi recovered in 35% of

patients at any respiratory site

NTHi recovered in 7% of

intubated patients with respiratory

exacerbation

NTHi recovered in 57% of

patients at any respiratory site

Bandi et al

(217)

Sputum Culture and molecular

typing of strains

N.A. Isolation of a new strain of NTHi

significantly associated with

exacerbation

N.A. Sethi et al.

(153)

Patients with a new NTHi-strain

twice as likely to have AECOPD

Sputum Quantitative culture N.A. Potentially pathogenic bacteria

found in 70% of exacerbations

Potentially pathogenic

bacteria found in 48% of

patients

Wilkinson

et al. (172)

NTHi predominating species

(38%)

NTHi predominating species

(14%)

Sputum Quantitative culture N.A. Potentially pathogenic bacteria

found in 55% of exacerbations

Potentially pathogenic

bacteria found in 38% of

cultures

Papi et al.

(171)

NTHi predominating species NTHi predominating species

aPSB, protected specimen brush.
bAECOPD, acute exacerbation of COPD.
cBAL, bronchoalveolar lavage.
d N.A., not applicable.

that colonize the Eustachian tube causing otitis media are known
to build up biofilms in situ (230). However, strains isolated
from COPD patients tend to have significantly diminished ability
to form biofilm compared to invasive strains or those isolated
from otitis media patients (229), suggesting that this mechanism

is not important for survival in the COPD niche. As biofilms
tend to protect the bacterial community from external assaults,

these findings could indicate that the hypermucoid milieu in
the COPD airways is severely impaired in its ability to deliver
an apt immune response for optimal clearance of residing
microorganisms. In light of this impairment, biofilm formation

might not be necessary for NTHi to persist in this particular

environment.
Infections with NTHi have also been shown to reduce cellular

levels of E-cadherin, a protein required for tight junction
formation and epithelial cell integrity in human cells (231).

Considering that perturbations in the epithelial cell barrier
caused by the loss of E-cadherin is a common symptom of COPD,

NTHi-mediated exacerbations likely contribute to this step of
COPD pathogenesis. The subsequent denuding of the epithelium
could facilitate microbial colonization of the basal lamina, a

well-established virulence mechanism employed by NTHi and
other pathogens (232). It is currently unknown which bacterial
virulence factor(s) that induce the reduction of E-cadherin levels
in the host.

In summary, investigations from recent years show that the
environment of the lower respiratory tract of COPD patients
selects for NTHi strains that can upregulate adhesins, modify
LOS biosynthesis pathways, increase antioxidant stress responses
and cellular invasion strategies, and, finally, trigger tolerance
against acidic pH. These important colonization mechanisms
thus provide researchers with viable targets for developing novel
therapies.

NTHi-DEPENDENT AIRWAY IMMUNE
RESPONSES IN COPD

NTHi is a commensal in the nasopharyngeal site but is
often associated with strong inflammatory responses in the
lower respiratory airways, especially in patients with COPD,
bronchiectasis, cystic fibrosis, pneumonia, or idiopathic
pulmonary fibrosis (11, 233). Colonization and subsequent
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TABLE 2 | Abundance and significance of NTHi and other potentially pathogenic bacteria in healthy individuals and various stages of COPD using molecular methods.

Sample Microbiological

analysis

Main findings Study

Healthy individuals Stable COPD disease AECOPD

Sputum 16S rDNA N.A. Baselinea Significant increase of the

Proteobacteria phylum (which

includes Haemophilus spp.)

Huang et al.

(195)

Sputum 16S rDNA N.A. Baselinea An increase in relative abundance of

Haemophilus spp. as well as other

bacteria typically associated with

exacerbations

Millares et al.

(218)

Sputum 16S rDNA No increase in numbers of

proteobacterial sequences

following rhinovirus infection

N.A. Significant increase in numbers of

proteobacterial sequences, mainly

H. influenzae, following Rhinovirus

infection

Molyneaux et al.

(190)

Sputum 16S rDNA N.A. Baselinea An increase in the relative

abundance of Haemophilus spp.

following exacerbation, an increase

of Haemophilus following

corticosteroid treatment but a

decrease after antibiotic treatment

Wang et al. (149)

Sputum 16S rDNA N.A. A significant increase in the

abundance of Haemophilus with

increasing disease severity

No significant increase in

abundance of Haemophilus genera

during exacerbation

Mayhew et al.

(151)

aComparison of the microbiota sampled from a patient during stable disease (defined as baseline) and during an exacerbation.

infection of NTHi in the lower airways of COPD patients
elicits episodes of immune responses orchestrated by both
the innate and adaptive immunity. NTHi infection is thus
commonly associated with inflammation that is mainly mediated
by transcription factor NF-κB-dependent production of
proinflammatory mediators. The activation of NF-κB requires
induction of cross-signaling networks and cascades via activation
of PRRs (pattern recognition receptors) of host innate immune
cells (234). Unresolved or prolonged (chronic) inflammation or
failure to restore the homeostatic inflammatory status potentially
contributes to exacerbations. This is clearly shown in murine
COPD simulation models with NTHi-triggered inflammation
(235–237). Mice exposed to NTHi lysates display inflamed
airways loaded with increased levels of inflammatory mediators
and phagocyte infiltrates. Moreover, multiple exposures to
bacterial lysates which may represent a chronic NTHi infection
caused extremely high infiltration of phagocytes and lymphocytes
in the airways of this particular mouse model. In addition, the
airway walls of the infected animals were also thickened due
to increased collagen deposition (fibrosis) that reflects the
typical COPD features. The host immune response and specific
interactions during NTHi infection in COPD is summarized in
Figure 2.

NTHi Stimulation of PRRs in Immune
Activation
The epithelium and alveolar macrophages are predominant cell
types in the airway compartment. They comprise the first line of
defense in the cellular immune response against potential inhaled
pathogens and antigens. The sensing of bacteria, and particularly
NTHi in the lower airways is initiated via PRRs expressed on

innate immune cells and endothelium in addition to epithelial
cells (238–240). TLRs are PRRs that sense stimulation by NTHi-
derived pathogen-associated molecular patterns (PAMPs), and
play a primary role in initiating effector cellular responses and
intracellular signaling for NF-κB activation (238). Among the
different TLRs, most of the studies on NTHi infection have by
far been focused on TLR2 and 4. Lipoproteins including NTHi
P6, and LOS are potent immunomodulators for activation of
TLR2 and TLR4, respectively, and has been described in several
studies on airway epithelial cells and alveolar macrophages (241–
244).

Interaction of NTHi lipoprotein P6 with TLR2 on human
epithelial cells [type II alveolar A549 and human middle ear
epithelial cells (HMEE)] causes NF-κB-dependent activation
via two distinct TLR-signaling pathways, that is, the NF-
κB translocation-dependent, and -independent pathways (242).
The NF-κB nuclear translocation-dependent pathway requires
activation of NF-κB-inducing kinase IKK complex. In the second
pathway, the MKK3/6-p38 MAPK signaling cascade is recruited
for direct nuclear phosphorylation, and thus activation of NF-
κB. The branching of both pathways may occur at the TGF-β
activated kinase 1 (TAK1) signaling junction. NTHi stimulation
via TLR2 and downstream activation of p38 MAPK/NF-
κB-dependent pathways result in expression of COX-2 and
prostaglandin (E2) (PGE2) that promote inflammatory responses
(245).

TLR4 stimulation by NTHi LOS also contributes to the
activation of NF-κB via two signaling pathways, the primary
activating pathway of MyD88 cascade and the alternative
pathway of Toll/IL-1R domain-containing adapter-inducing
interferon-β (TRIF). Both pathways activate NF-κB through
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phosphorylation and degradation of inhibitor IκBα (243, 246).
NTHi-TLR4 signaling mediates an effective innate immune

response that leads to upregulation of TNF-α, IL-1β, IL-
6, macrophage-inflammatory protein (MIP)-1α, MIP-2, and
neutrophil infiltration in the airways of mice. The TLR4 response
promotes efficient pulmonary clearance of bacteria in TLR4-
expressing animals compared to CD14/TLR4 knockout mice
(243, 244). A recent study by Jungnickel et al. revealed that,

in parallel with the infection-induced pulmonary neutrophilic
inflammation, NTHi-dependent stimulation of both TLR2
and TLR4 in a transgenic mouse [(KrasLA1) with oncogenic
Kras allele in the lung epithelium] additionally promotes the
proliferation of Kras-induced early adenomatous lesion in the
lung in an TLR-dependent manner (247). The association or
role of NTHi-induced airway inflammation in lung cancer
progression, however, is not supported by another recent cohort
study showing the lack of differences in NTHi specific-antibodies
between cancer- and non-cancer COPD patients (12).

Lastly, Dectin-1 and the epidermal growth factor receptor
(EFGR) pathway also have proinflammtory effects upon
interaction with NTHi (248, 249). Activation of the Dectin-
dependent proinflammatory response requires NTHi-induced
phosphorylation of the Dectin-1 hem-immunoreceptor tyrosine-
based activation motif (hemITAM) (248). Direct activation of
EFGR in alveolar cells and HMEE by NTHi-derived EGF-
like factor has been shown to contribute to NF-κB activation.
The EFGR-dependent NF-κB activation is mediated via an NF-
κB nuclear translocation-independent pathway, which involves
both MKK3/6-p38 and PI3K/Akt signaling pathways (249).
Surprisingly, the interaction of EFGR and NTHi also results in
negative regulation and suppression of the induction of TLR2
via the Src-MKK3/6-p38 α/β MAP kinase-dependent signaling
cascade, and this in turn may facilitate NTHi infection (250).
The actual components of NTHi that exhibit the EGF-like
factor activity have, however, yet to be defined. The EFGR-
dependent negative regulation of TLR2 may thus suggest a
novel mechanism targeted by NTHi for immune evasion by
attenuating the responses of host PRR, despite the contradicted
role of EFGR in proinflammatory and innate immune responses
of the airway epithelium (251). NTHi infection also upregulates
the NRLP3-inflammasome during NTHi-induced inflammation
in the airway epithelium and alveolar macrophages, leading to
increased secretion of IL-1β and IL-8, and thus neutrophilic
influx to the lung (252).

Synergetic Action of NTHi and
Inflammatory Mediators
Some of the endogenous inflammatory mediators that are
produced in response to NTHi infection, including TNF-α, IL-
1α, and TGF-β1, may act synergetically with NTHi on the airway
epithelial and immune cells. The synergetic interaction drives
a positive feedback loop to amplify the NF-κB transcriptional
activity on proinflammatory genes and further augments airway
inflammation.

The synergetic activation of NF-κB by NTHi and TNF-α
in HMEE and normal human bronchial epithelial (NHBE)

cells occurs via NF-κB nuclear translocation-dependent
and independent pathways. The latter pathway involves
MAPK/extracellular signal regulated kinase kinase kinase 1
(MEKK1)-dependent activation of MAPK kinase 3/6–p38
MAPK pathway (253). However, the synergetic action of
NTHi with TGF-β1 is mediated by another mechanism which
involves Smad3/4-protein kinase A (PKA)-p300-dependent
signaling cascade. The pathway components, PKA and p300,
phosphorylates residue Ser276 and acetylates Lys221 of the
NF-κB subunit p65, respectively. This results in enhanced
DNA-binding activity of NF-κB (254).

The synergetic action of NTHi with both TNF-α and TGF-β1
enhances the production of TNF-α, IL-1β, and IL-8 from airway
epithelial cells and interstitial polymorphonuclear infiltrates.
Recently, it has been reported that co-infection of human
rhinovirus and NTHi on the airway epithelial cells (NHBE cells
and the BEAS-2B cell line) also results in synergetic induction
of CCL20 and IL-8, albeit the exact mechanism remains to be
elucidated (255). Of note, activated macrophages also release
increased concentrations of TNF-α and IL-1α (256), further
enhancing the inflammatory synergetic effect of surrounding
immune cells.

Finally, IL-1α acts synergetically with NTHi to upregulate the
expression of AMP β-defensin 2 (DEFB-4) via the p38/MAPK
pathway (257). Of note, IL-1α could also act individually to
upregulate the expression of DEFB-4 via the Src-dependent
MEK1/2-ERK1/2 signaling pathway (258). Taken together, the
synergetic action may aid in the expansion of the inflammatory
response and in some cases worsen the clinical outcome.

Phagocytosis of NTHi by Airway
Phagocytes
Alveolar macrophages located in the air-parenchyma interface
are the primary professional phagocytes in the lung (259, 260).
These cells are responsible for infection eradication through
its phagolysosomal machinery while releasing a plethora of
inflammatory cytokines and chemokines for promoting a
local inflammatory response and recruitment of neutrophils.
Neutrophils are the first responder cells recruited from
circulation to the airway for efficient killing of pathogens
through an array of microbicidal strategies (261, 262). During
NTHi lung infection, both alveolar macrophages and neutrophils
are the main innate immune cells involved in the pulmonary
bacterial clearance through phagocytosis. They are also an
important source of cytokine secretion required for induction of
other immune cells and enhanced bacterial killing. Eradication
of NTHi by alveolar macrophages involves adhesion or contact,
phagocytosis and phagolysosomal processing of bacteria,
in addition to secretion of TNF-α. Phagocytic clearance
of NTHi by alveolar macrophages is orchestrated through
actin polymerization, plasma membrane lipid rafts, and
phosphatidylinositol 3-kinase (PI3K) signaling cascade upon
induction of macrophage PRRs by NTHi (256).

Interestingly, in response to NTHi infection, human alveolar
macrophages, and blood neutrophils produce extensive amount
of intracellular and extracellular ROS as a component of the
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antimicrobial defense. This leads to the formation of macrophage
and neutrophil extracellular traps (METs andNETs, respectively),
with co-expression of MMP-12 for enhanced bacterial killing
(263, 264). Nevertheless, the overexpression of MMPs may
adversely result in a protease imbalance and contribute to
alveolar emphysematous destruction and bronchiectasis in
COPD (265). Moreover, excessive endogenous ROS production
could also introduce airway oxidative stress that is detrimental
by causing chronic inflammation and tissue damage in the lung,
and thus contributing to the COPD exacerbation (266, 267). The
NET formation is elicited mainly by NTHi LOS in addition to
other Haemophilus PAMPs (264).

Cellular and Humoral Immunity in NTHi
Evasion
Several studies by King et al. have revealed that T cell-
mediated adaptive immune responses against NTHi airway
infection in patients with idiopathic bronchiectasis and COPD
has been predominated by a Th2/Tc2 response (268–270). The
activated T cells produce reduced level of the CD40 ligand
and IFN-γ, and increased levels of TNF-α, IL-13, and IL-17,
as well as altered IgG subclass production by plasma cells. It
is to be noted that the Th2/Tc2-mediated immune response
is less effective in suppressing NTHi infection. Redirecting
the Th2/Tc2-mediated immune response to Th1/Tc1 dominant
(which is more protective) by adding the Th1/Tc1 mediators
(CD40 ligand and IFN-γ) has helped to restore the T cell-
mediated immune killing of NTHi (269). However, a separate
study in a COPD mouse model by Lu et al. reported that NTHi
infection causes increased production of airway type 1 interferon
(1-IFN) (271). It was further reported that DNA of NTHi acts
as a PAMP in stimulating the STING/TBK1/IRF3 pathway, and
thus the production of 1-IFN. The impact of the bacterial DNA-
induced 1-IFN in host immune/inflammatory response, which
may potentially induce a Th1/Tc1 response requires further
investigations.

COPD patients also have abnormally higher number of Treg
cells, myeloid-derived suppressor cells (MDSC), and exhausted
effector T cells (PD-1+) than healthy individuals (272, 273).
Cigarette smoke-induced anti-inflammatory activity of Tregs in
a COPD model is further suppressed by NTHi infection. The
pathogen causes downregulation of Foxp3 (biomarker of Tregs),
and thus impairs the anti-inflammatory/pro-inflammatory
balance of Tregs (273, 274). This may lead to the extensive
immunosuppressive activity by Tregs on the proliferation of
NTHi P6-specific effector T cells, causing a diminished response
of effector T cells to sputum IL-6 and IL-8 induction, and
increased levels of IL-10 and TGF-β1 (272, 275). Recently, it has
been reported that mucosal-associated invariant T cells (MAIT)
from COPD patients are more effective in response to NTHi
stimulation and thus produce increased levels of IFN-γ, 3-, to
10-fold more than the COPD Th (CD4+) and Tc (CD8+) cells
(276). However, the pulmonary MAIT cell immune responses
are compromised in the presence of corticosteroids that are
commonly used for the treatment of COPD. This may potentially
prone the T cell-mediated immunity to a Th2/Tc2 response in

COPD patients treated with corticosteroids (277). Interestingly,
antigen-specific Th17 cells from NTHi-immunized non-COPD
mice model recognize both homologous and heterologous
strains of NTHi, and are able to confer protection upon adoptive
transfer (278). However, it is unclear whether the Th17 cell
which is prone to the inflammatory response could be “trained”
to counteract the NTHi infection in COPD patients, particularly
during exacerbations.

During the systemic humoral immune response in NTHi-
infected COPD patients, greater concentrations of NTHi-specific
IgG, IgA, IgM, and IgE serum antibodies are produced compared
to non-infected controls (12, 279–281). Some of the NTHi-
specific serum immunoglobulins are specific to P2, P5, and P6
(12, 282, 283). However, decreased mucosal antibodies associated
with sIgA deficiency, or decreased total IgG in the small airways
have been reported in COPD patients, and might be associated
with disease severity (283, 284). Importantly, NTHi-specific
mucosal sIgA has been found to be lower in the airways of
NTHi-infected COPD patients than the non-colonized patients
(285, 286).

The epithelial polymeric immunoglobulin receptor (pIgR) is
essential for the generation of mucosal sIgA. It is, however,
downregulated in COPD patients with a positive correlation
to disease severity and increased level of TGF-β (287). The
combinatorial effects of downregulated plgR and elevated TGF-
β1 contribute to an impaired mucosal IgA immunity in COPD
patients. A mouse model lacking the pIgR (−/−) is therefore
devoid of sIgA and are susceptible to airway stimulation
by an NTHi lysate resulting in increased inflammation and
airway neutrophilia. Interestingly, introduction of exogenously
added sIgA mitigated the airway inflammation (288). NTHi-
infected COPD patients with greater airway inflammation have
also decreased NTHi-specific mucosal IgG1 in the BAL fluid
compared to the non-colonized patients (283). Interestingly, the
phenomenon with decreased NTHi-specific antibodies seems to
be restricted to the airways, since the specific serum antibodies
are not affected. Therefore, the reduced mucosal IgG is unlikely
to be associated with hypogammaglobulinemia (IgG deficiency),
despite the latter was reported as a contributing factor in NTHi
infection (289). Decreased airway IgA might be attributed to the
expression of IgA proteases by NTHi. The bacterial IgA protease
degrades the local airway IgA during airway colonization to
avoid immune exclusion by sIgA (226, 228). Reduced mucosal
antibodies might promote host immune evasion and resistance
to complement-mediated killing of NTHi, thus enable persistent
colonization of NTHi in the airways of COPD patients, in
addition to a plethora of various other virulence mechanisms
(4, 5, 207).

IMPAIRED IMMUNITY IN COPD IN
RESPONSE TO NTHi
INFECTION—CURRENTLY KNOWN
MECHANISMS

In a cohort study of stable COPD patients, augmented
airway inflammation and plasma fibrinogen, but not systemic
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inflammation, were found to be constantly correlated with
the increased bacterial load (233). Higher numbers of NTHi
has a greater impact than S. pneumoniae and M. catarrhalis
in triggering inflammatory responses as measured by the
augmented levels of inflammatory cytokines in sputum including
IL-8, MPO, and 1L-1β. The increased inflammatory response
in affected patients is potentially attributed to the persistent
colonization of NTHi in the lower airway (207, 233). The
compromised innate immune response in COPD, particularly
the decreased microbicidal activity, has been regarded as
one of the culprits for persistent airway colonization by
NTHi, and is highly associated with COPD exacerbations
(Figure 2).

TLR Tolerance: Unresponsive to NTHi
Antigen Stimulation
Whilst the role of macrophage extracellular traps (MET)
for killing of NTHi remains unknown, it has been reported
that blood neutrophils and NET from COPD patients are
defective in the killing of planktonic or biofilm/NET-entrapped
NTHi, respectively (263, 264, 290). A series of studies by
Berenson et al. revealed that alveolar macrophages derived
from COPD patients are basically dysfunctional in eradication
of NTHi (177, 291–293). Intriguingly, TLR2 and TLR4
expressed on alveolar macrophages from COPD patients are
intrinsically unresponsive to the potent immunomodulatory
lipoprotein P6 and LOS, respectively. This causes decreased
LOS/P6-induced expression of TLRs, reduced NF-κB nuclear
activation and consequently diminished IL-8, TNF-α, and
IL-1β responses by alveolar macrophages from COPD patients.
The compromised TLR expression and signaling potentially
contribute to the defective complement-dependent and
independent phagocytosis of NTHi. The defective phagocytosis
is greater for NTHi than for M. catarrhalis, and correlates with
disease severity. Interestingly, the phagocytosis disability
was not detected in monocyte-derived macrophages in
COPD. In contrast, however, Taylor et al. reported that
monocyte-derived macrophages from COPD patients are
also defective in phagocytosis of NTHi and S. pneumoniae.
The author also suggested that the defective monocyte-
derived macrophages are not attributed to the alteration
in cell surface TLR2 or TLR4 expression, macrophage
receptor with collagenous structure (MARCO), CD163,
CD36 or the mannose receptor (178). The unresponsive
TLR2 and TLR4 in COPD alveolar macrophages to NTHi
lipoprotein and LOS might be explained by the recently
reported phenomenon of TLR tolerance (294). Repetitive
stimulation of COPD alveolar macrophages with the same
TLR ligands, Pam3CSK4 and LPS desensitizes the TLR2 and
TLR4, respectively, and generates TLR tolerance. Moreover,
the repetitive TLR stimulation further reduced the production
of TNF-α, CCL5, and IL-10 without affecting the constantly
augmented level of IL-6 and IL-8 in alveolar macrophages.
This may provide alternative explanations for diminished
immune responses against the recurrent/repetitive infection
by NTHi.

Altered and Abnormal TLR/PRR
Expression: Inaccurate Responses to NTHi
The intrinsically reduced expression of TLRs in COPD
patients may also contribute to the impaired pulmonary
immune response thus facilitating NTHi persistent colonization.
Expression of TLR2 or TLR4 are found to be lower on sputum
neutrophils, alveolar macrophages, nasal epithelium, and T cells
in COPD patients despite high concentrations of IL-8 and MMP-
9 (295–298).

The lack of the more protective Th1/Tc1 immune response
in COPD patients against NTHi infection might be attributed
to upregulated antagonists (A20, IRAK-M, and MyD88s)
of the MyD88/IRAK/MAPK signaling pathway in COPD T
cells (295). It should be noted that the MyD88/IRAK/MAPK
pathway is required for expression of TLR4 in Th1, whereas
production of IFN-γ in Th1/Tc1 is TLR4-dependent via the
TLR4/TRIF/IKKe/TBK1 signaling pathway. The antagonists
prevent the NTHi LOS-induced TLR4 expression in Th1 and Tc1
and thus a reduced secretion of IFN-γ. In addition, unusual high
numbers of Tregs in COPD patients have also contributed to
effector T cell dysfunction or a Th2/Tc2 predominant immune
response (272). However, Freeman et al. reported that Tc (CD8+)
cells from COPD patients have increased expression of TLR1,
TLR2, TLR4, TLR6, and TLR2/1 as well as Tc1 cytokines (IFN-
γ and TNF-α) compared to healthy individuals that may imply
the auto-aggressive response of lung Tc cells in COPD lung
inflammation (299). However, the COPD Tc cells can only
be stimulated by ligands for TLR2/1 (Pam3CSK4) yet tolerant
to other agonists, indicating the dysfunctional TLRs or TLR
tolerance on T cells despite their high level of receptor expression.

Inversely, peripheral blood neutrophils isolated from COPD
patients have increased expression of TLR2, TLR4, and NLRP3
(298, 300). Nevertheless, the increased TLRs expression might
not improve the microbicidal ability of COPD peripheral
neutrophils probably due to the inaccurate responses to cytokines
(179). In addition, certain types of SNPs (SNPs) in TLR2 and
TLR4 have also been associated with decreased lung function,
enhanced inflammatory responses and increased immune cell
infiltration in COPD (301). Interestingly, the diminished IL-8
responsiveness of COPD alveolar macrophage to NTHi infection
has a strong association with the carriage of TLR9 (T1237C)
polymorphism instead of TLR2 (Arg753Gln), TLR4 (Thr399Ile;
Asp299Gly), and TLR9 (T1486C) (302). The carriage of TLR9
(T1237C) is also positively correlated with diminished lung
function. Of note, the activation of TLR9-signaling cascade in
pro-inflammatory cytokine response requires stimulation from
microbial DNA (303).

The Tobacco Smoke: Negative Effects on
the Immune Defense Against NTHi
The microbicidal malfunction in both innate and adaptive
immune cells is also potentially linked to the deleterious
effect of tobacco smoke, the major risk factor for COPD.
It has been reported that, exposure of tobacco or cigarette
smoke can impair phagocytosis/engulfment of NTHi by alveolar
macrophages isolated from COPD patients (256, 304). Moreover,
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the chemical exposure also suppressed the TLR-induced TNF-
α, IL-6, and IL-10 production in COPD alveolar macrophages
that have been pre-stimulated with TLR2, 4, or 5 ligands
(Pam3CSK4, LPS, or phase I flagellin, respectively), or whole
NTHi bacteria (305). This may potentially delay the macrophage-
dependent bacterial clearance. The suppressive effect of cigarette
smoke in macrophage-dependent phagocytosis is due to the
suppression of the PI3K signaling cascade which is required for
optimal phagocytic activity and movement (256). Meanwhile,
the cigarette smoke also inhibits the activation of the p38-ERK
signaling pathway and p65/NF-κB, thus dampens the NTHi LOS-
induced cytokine production of COPD alveolar macrophages
(305). The diminished alveolar macrophage responsiveness could
also be related to anticholinergic agents used by COPD patients
that results in lower concentrations of NTHi-induced TNF-
α (306). Nevertheless, the impaired phagocytosis of NTHi
by COPD alveolar macrophages could be improved in the
presence of nuclear erythroid related factor 2 and microRNA
MiR-328 (307, 308). Interestingly, in addition to the constant
exacerbated inflammatory effect observed in different murine
model studies, Gaschler et al. observed a rapid pulmonary
clearance of NTHi in mice upon exposure to cigarette smoke,
and this was positively correlated with an increased neutrophilia
in the animal BAL fluid (236, 309–311). However, in other
COPD animal studies, cigarette smoke also impaired the IL-
22 production that has a potential anti-bacterial activity while
delaying the airway clearance of NTHi (311–313). Interestingly,
IL-22 might play a protective role in COPD exacerbation as
supplementation of IL-22 manages to restore the homeostasis
of airway immune response and improve NTHi clearance
(313).

The increased airway neutrophilia might be due to the
enhanced production of pulmonary IL-17 triggered by cigarette
smoke (152, 236, 311, 314). This may imply the important
microbicidal role of neutrophils (neutrophilia) in compensating
the COPD- or cigarette smoke-associated dysfunctional alveolar
macrophages (96, 315). However, such compensation may not
be adequate to provide optimal immune defense to eradicate
persistent NTHi lower airway colonization, since the cigarette
smoke also has profound suppressive effect on the host adaptive
immunity, thus constantly risking the COPD patients to episodes
of exacerbation and relapsed infection. In adaptive immunity,
cigarette smoke impairs the antigen-specific B and T cells
responses to NTHi infection. It suppresses the secretion of IFN-
γ and IL-4 by NTHi-specific T cells. Antibody production by
B cells has also been attenuated, with lower levels of specific
anti-P6 antibodies and compromised IgG1, IgG2a, and IgA class
switching (311, 312).

A recent and some previous cohort studies revealed that
the level of airway antimicrobial cathelicidin (hCAP18/LL-
37) in COPD patients increase gradually from the stable
disease to exacerbation states (176, 316). Moreover, higher
levels of cathelicidin are positively associated with NTHi airway
colonization, sputum neutrophilia, and higher concentrations
of IL-8, particularly in the NTHi-infected COPD patients. Of
note, cathelicidin and other AMPs play important roles in
the innate immune defense against different pathogens and

persist immunomodulatory properties (317–319). Ironically,
it is plausible that the increased level of cathelicidin could
diminish or alter the balance in lung microbiota, and the
immune/inflammatory response. This might contribute to the
“vicious circle,” thus considerably increasing the risk for NTHi
infection during COPD exacerbations (214, 320). Moreover, the
microbicidal property of cathelicidin could be compromised by
the inflammatory conditions in the airway, such as low pH,
or the effect of cigarettes that causes peptide citrulination and
modification (321, 322). Finally, expression of AMPs (human
beta defensin 2 and S100A7) by COPD airway epithelium in
response to NTHi infection, is also disturbed by cigarette smoke.
The insulted airway cells have also a reduced expression of
TLR4 and IL-8, and impaired NTHi-induced NF-κB activation
(175, 296). Thus, a large body of evidence exists on the deleterious
effects of tobacco smoke.

ANTIBIOTIC TREATMENT OF NTHi IN
COPD

Antibiotic treatment of AECOPD has been shown to significantly
reduce the risk of treatment failure, especially for in-patients
with severe exacerbations and patients requiring intensive care
(323). The efficacity of antibiotic treatment for out-patients with
exacerbations is less clear (323, 324).

Recommendations on which empirical treatment to use
for AECOPD varies between different countries, but common
antimicrobial agents that are frequently used as definitive
therapy against NTHi include aminopenicillins (with or
without a beta-lactamase inhibitor), tetracyclines, trimethoprim-
sulfamethoxazole, and fluoroquinolones. In addition, the Clinical
and Laboratory Standards Institute (CLSI) has developed clinical
breakpoints for the macrolides azithromycin and clarithromycin
(325), whereas the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) have not set any clinical
breakpoints against this class of antibiotics due to lack of
clinical data (326). One study shows that NTHi frequently
develops resistance to macrolides during prolonged treatment
and that treatment failure may occur, making fluoroquinolones
more reliable for eradication in COPD-patients (327). As for
aminopenicillins, resistance is also common, with up to 10–20%
of NTHi isolates expressing beta-lactamases and an additional
10–20% of the isolates having amino acid substitutions in
penicillin-binding protein 3 (PBP3), which reduces their
susceptibility to these agents (328, 329). The fraction of isolates
expressing beta-lactamases has been stable during the last
years, whereas an increase has been seen in isolates displaying
altered PBP3 (330, 331). This is worrisome, since some of
these amino acid substitutions also confer resistance to third
generation cephalosporins (332). Moreover, there seems to
be a correlation between isolates expressing altered PBP3
and increased invasiveness. Studies have shown that strains
that express a mutated PBP3 with certain key amino acid
substitution have a significantly higher rate of invasion of
bronchial epithelial cells compared to strains with a wild type
PBP3 (333). However, when such mutated PBP3 was cloned into
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a susceptible wild type strain, invasion efficacy did not increase,
suggesting that PBP3 is only indirectly linked to invasion
(334).

Besides using antibiotics for acute management of COPD
exacerbations, some studies have considered the use of
continuous prophylactic antibiotics in the management of
patients with COPD (212). There is some evidence that
continuous administration of macrolide antibiotics would
prevent future exacerbations in a selected population of the
most severely ill patients, but a Cochrane review revealed
no support for a reduced all-cause mortality or less hospital
readmissions (335). However, more recent studies have shown a
significant decrease in both the frequency of exacerbations and
hospitalizations when long-term azithromycin treatment was
chosen (336).

The fact that macrolide antibiotics display not only
antimicrobial effects, but also have anti-inflammatory and
immunomodulatory properties, has made them interesting
to use as prophylactic therapy (212). It has been shown that
azithromycin inhibits mucus hypersecretion in the respiratory
tract by significantly inhibiting TNF-α induction of the
MUC5AC mucin secretion from human nasal epithelial cells
(337). More specifically, it has been shown that azithromycin
can reduce the NTHi-dependent induction of MUC5AC
expression by suppressing the transcription factor activator
protein-1 (338). Apart from affecting mucus secretion, it also
seems that low-dose azithromycin has the ability to improve
phagocytosis of bacteria by airway macrophages (339). One
study showed that azithromycin concentrations that were unable
to kill NTHi still increased the uptake rate of the bacteria into
alveolar macrophages by enhancing their phagocytic function
(340). However, the risk of development of antimicrobial
resistance limits the use of low-dose azithromycin solely for
its immunological properties. This has triggered an interest
in finding new macrolide substances that lack antibiotic
effect and solely interact with the airway immune system
(341).

PERSPECTIVE IN NTHi VACCINE
DEVELOPMENT

The considerable clinical problems caused by NTHi with regard
to COPD exacerbations and otitis media has prompted the
scientific community to investigate whether a vaccine can be
developed against the pathogen (5, 58, 342). The search has
been intensified due to a steady increase in antibiotic resistance
and a trend of more invasive infections caused by NTHi over
the last decade (5). Whereas, a highly efficient glycoconjugate
vaccine has previously been developed against Hib, an identical
strategy cannot be employed against NTHi due to the lack
of a polysaccharide capsule. Vaccine developments efforts have
thus been concentrated on identifying NTHi surface structures
that are immunogenic, have low antigenic variability, and are
conserved across this genetically highly heterogeneous species.
Several promising vaccine candidates have been identified

in the last 25 years, as excellently reviewed elsewhere (58,
342).

Two of these antigens, fused into one protein, Protein
E-PilA, are together with Protein D currently being tested
by GlaxoSmithKline in a phase IIb proof-of-concept clinical
trial (randomized, observer-blind, placebo-controlled, and
multicentric) for infection prophylaxis in COPD patients (50–70
years old) (5). Notably, the M. catarrhalis ubiquitous surface
protein A2 (UspA2) is also included in the vaccine so that an
immune response against both exacerbation-causing pathogens
could be elicited by the same preparation. This clinical study
(NCT03281876) is the only one currently being conducted on
NTHi (and M. catarrhalis) according to clinicaltrials.gov, and
as the investigations are on-going, the results are currently
unknown.

Due to an increase in the difficulty to treat NTHi infections,
an efficient and protective NTHi vaccine likely considerably
raises the quality of life of COPD patients. Since NTHi-mediated
exacerbations contribute to the progression of the disease and a
steady deterioration of the pulmonary capacity of those patients,
prevention against NTHi infections potentially slows down the
debilitating effect of the disease. It is therefore critical to continue
this line of research until such a vaccine has been obtained.
It could also be worth targeting non-conventional structures
with a vaccine, such as the secreted enzymes urease and IgA1-
protease that have proven important for NTHi infections in
COPD patients in several studies (222).

CONCLUSIONS

COPD is a multifaceted airway disease. Several factors influence
the clinical outcome of COPD. Importantly, the crosstalk
between intrinsic factors (the stability and integrity of the airway
immune response and structure in addition to hereditary factors),
and the extrinsic factors (lung microbiome, viral and bacterial
infections, meteorological factors, and noxious inhalation)
determines the fate of lower airway opportunistic infection byH.
influenzae. Intriguingly, NTHi has been one of the most isolated
pathogens at both stable and exacerbation states of COPD. Such
persistent airway colonization of NTHi costs virulence fitness
to counteract with the bactericidal effect of the host immune
response. Adversely, the impaired defense mechanisms in COPD
are not only unable to protect the lung structure from inhaled
physical assaults, but they also fail to suppress NTHi infection.
The disoriented immune response in COPD instead allows the
pathogen to cause more harm and inflammation in the airways.
The currently used bronchodilator and inhaled corticosteroid
therapies have limited efficacy in preventing disease progression
in COPD. Moreover, the inhaled corticosteroid therapies might
have side effects that may weaken the immune response. Hence,
more investigations are needed to garner a more adequate
knowledge regarding the variabilities in immune networking
of COPD. This knowledge will be an important platform
for a more efficient drug design. In addition, a vaccine
targeting NTHi is another important approach in controlling
the infective exacerbations in COPD as the antibiotic treatment
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is also getting dampened by the emergence of NTHi antibiotic
resistance.
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Petr Konečný 1,2*, Rodney Ehrlich 1, Mary Gulumian 3,4,5 and Muazzam Jacobs 2,5,6

1Centre for Environmental and Occupational Health, School of Public Health and Family Medicine, University of Cape Town,

Cape Town, South Africa, 2Division of Immunology, Department of Pathology and Institute of Infectious Disease and

Molecular Medicine, Faculty of Health Sciences, University of Cape Town, Cape Town, South Africa, 3National Health

Laboratory Service, Department of Toxicology and Biochemistry, National Institute for Occupational Health, Johannesburg,

South Africa, 4Division of Molecular Medicine and Haematology, University of the Witwatersrand, Johannesburg, South

Africa, 5National Health Laboratory Service, Johannesburg, South Africa, 6 Immunology of Infectious Disease Research Unit,

South African Medical Research Council, Cape Town, South Africa

Exposure to silica and the consequent development of silicosis are well-known health

problems in countries with mining and other dust producing industries. Apart from

its direct fibrotic effect on lung tissue, chronic and immunomodulatory character of

silica causes susceptibility to tuberculosis (TB) leading to a significantly higher TB

incidence in silica-exposed populations. The presence of silica particles in the lung

and silicosis may facilitate initiation of tuberculous infection and progression to active

TB, and exacerbate the course and outcome of TB, including prognosis and survival.

However, the exact mechanisms of the involvement of silica in the pathological processes

during mycobacterial infection are not yet fully understood. In this review, we focus on

the host’s immunological response to both silica and Mycobacterium tuberculosis, on

agents of innate and adaptive immunity, and particularly on silica-induced immunological

modifications in co-exposure that influence disease pathogenesis. We review what is

known about the impact of silica and Mycobacterium tuberculosis or their co-exposure

on the host’s immune system, especially an impact that goes beyond an exclusive focus

on macrophages as the first line of the defense. In both silicosis and TB, acquired

immunity plays a major role in the restriction and/or elimination of pathogenic agents.

Further research is needed to determine the effects of silica in adaptive immunity and in

the pathogenesis of TB.

Keywords: tuberculosis, silica, immunity, macrophages, granulomas, T cell

INTRODUCTION

It has long been hypothesized that inhaled silica dust contributes to TB development and
progression via its physicochemical and biological properties (1–3). However, while recent research
has explored the role of silica in immune response impairment, the mechanisms of reaction to the
combination of silica particles and Mycobacterium tuberculosis (Mtb) are poorly understood (4).
In this review, the immunological responses to silica exposure and to Mtb are reviewed, either
as independent pathways, or where evidence is available, in the context of co-exposure and dual
disease.
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Silica and Silicosis
There are a number of pathologies associated with exposure to
silica, including silicosis, lung malignancy, autoimmune disease
and pulmonary infection, notably tuberculosis (5, 6).

Silicosis is a disease of the lower respiratory system caused
by high dose and/or long-term inhalation of silica particles in
mining and occupations involved in rock or sand processing,
manufacturing of stone based products and utilization of sand
as an abrasive agent (7–9). Silicosis results from the deposition of
respirable silica particles in the lower respiratory tract, causing
inflammation, collagen deposition, and fibrotic lesions. The
outcome may vary from subclinical pathological changes to
severe damage of lung tissue, diminished quality of life, and
decreased lifespan (10). The development of a specific type of
fibrotic granuloma the signal pathological lesion of silicosis is not
restricted to the lungs but has also been observed in the liver,
spleen, and bone marrow (11).

The prevalence of acute and severe silicosis due to very
high exposures has decreased in the modern era and silicosis
in general is uncommon in developed countries. However,
silicosis remains prevalent in countries with extensive mining
industries, such as China (6, 12, 13), South Africa (14, 15),
Mexico (16), Brazil (17), and India (18), and continues to
be recorded in the USA (19) and Australia (20). However,
many countries do not register occupational diseases accurately
and the enduring “residence time” of silica in the lungs after
exposure, with a long asymptomatic phase, prevents early
diagnosis (21).

The immune system response to silica particles has been
extensively studied. Research has focused mainly on the initial
interaction with cells residing in the lungs and the immunological
modification of innate immune cellular responses. Special
attention has been paid to the first encounters of silica with
alveolar macrophages (AMs). In general, silica particles enter the
alveolar space after inhalation and interact with macrophages,
resulting in the engulfment of inhaled particles into the
phagosome. The MARCO scavenger receptor has been described
as the main molecule responsible for silica recognition and
uptake (22), although other receptors from the group of Pattern
Recognition receptors (PRRs) can be involved. It has been
shown that CD204 may also interact with silica and inhibit
the activity of macrophages. Some of the PRRs, such as Toll-
like receptors (TLRs), are crucial in the response to bacterial
infection. Significant downregulation of Toll-like receptor 2
(TLR2) following silica exposure might be one of the reasons
contributing to higher TB susceptibility (23). Finally, the inability
of macrophages to digest and eliminate phagocytized particles
leads to persistent inflammation and modification of cellular
responses (24).

The toxicity and pathogenicity profile of silica and thus
the risk of silicosis vary with the size, physical and chemical
properties of the inhaled particles (1, 25). A number of studies
have focused on identification and characterization of specific
toxic parameters (25–33). For example, different admixtures in
dust can alter the biological activity of the silica particles (1,
34–38). While crystalline structure has long been accepted as
conferring toxicity on silica (39, 40), recent research suggests that

the number and distribution of silanol and siloxane groups rather
than crystallinity feature as the primary toxic factors (41).

Silica and Tuberculosis
Tuberculosis remains one of the most dangerous diseases of the
modern world, causing more than 1.3 million deaths, and with
over 10 million new (incident) TB cases worldwide, in 2017
(42). Many risk co-factors for TB have been identified, including
malnutrition, alcohol, diabetes and drug abuse (43–46). HIV
infection is a potent co-factor (42, 47), while a higher incidence of
TB has also been observed in individuals suffering from parasitic
infections such as malaria (48) and leishmaniasis (49). Inhalant
co-factors include smoking (50) and indoor air pollution (51, 52).
The co-occurrence of silica exposure, silicosis, and TB has long
been identified in populations exposed to silica-containing dust
(53, 54) and progression of TB associated with silica exposure
or silicosis has been of interest at least since the beginning of
twentieth century (55). The spectrum of effect after exposure to
the two agents is complex. It ranges from retained silica particles
in the lung and TB infection without active disease, to dual
disease, referred to as silicotuberculosis. The fibrotic phase of
silicosis may be sub-radiological and thus not clinically evident
(56), while significant host pathological changes may be observed
in the pre-fibrotic stages as a result of silica particle activity (57).

The protection of silica-exposed and silicotic individuals
against mycobacterial infection and TB in particular remains
an important clinical and public health issue in the twenty-
first century (58). Silica dust control, treatment of latent TB
infection, early detection and effective treatment of TB are the
main modalities of control. However, at the community level,
a recent trial of mass treatment of latent TB infection in gold
miners failed to show a reduction in TB incidence rates after
treatment courses had ended (59). With respect to vaccination,
the evidence does not support the use of Bacillus Calmette–
Guérin (BCG) in tuberculin negative silica exposed workers or
silicotics (60). For example, vaccination with BCG in guinea pigs
exposed to silica-containing dust has been reported as causing
an increase in fatal BCG infection, while an increased death rate
from silicosis and silicotuberculosis has been observed in BCG
vaccinated Bulgarian miners (61).

With the objective of understanding exposure-response
effects, the risk as well as the progression and severity of
mycobacterial infection in the presence of silica exposure
have been investigated, using variable dust composition
and concentrations of quartz (the most common crystalline
silica polymorph), and various inoculation sites of different
mycobacterial strains. While tracheal and, in particular,
intravenous infection produce extensive pulmonary lesions,
a subcutaneous introduction of bacilli did not show any
pathological changes. It has also been confirmed that quartz
represents the most toxic form and that there is a relationship
between increasing dust/silica concentration, number of bacilli
and development of tuberculous lesions (62). Co-exposure
in vivo in guinea pig models has also provided information
about the active role of Mtb in pneumoconio-tuberculous lesion
formation, with the introduction of the antituberculotic drug
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rifampicin resulting in decreased formation or its elimination
(63).

However, since activation of the immune system underlies
disease activation and its accelerated progression, the factors
targeting components of protective immune mechanisms
and leading to impairment of defense against mycobacterial
infections need to be understood. Exposure to silica decreases
cellular function, reduces the capacity of dendritic cell activation
and leads to a non-specific, impaired inflammatory response
which compromises antibacterial mechanisms (64). These
effects provide pathways for the promotion by silica exposure
of increased susceptibility to bacterial infections, particularly
Mycobacterium tuberculosis and other mycobacterial species
(63, 65, 66).

Detailed mechanisms leading to disease in the presence of
silica and Mtb are not yet understood, and multiple pathways
are likely to be involved. For example, genetic polymorphism
of tumor necrosis factor alpha (TNF-α), natural resistance-
associated macrophage protein 1 (NRAMP1), and inducible
nitric oxide synthase (iNOS) in macrophages have been shown
to influence the response to both silica exposure or silicosis
and TB in Chinese iron miners (67). Similar observations
have been made in silicotic South African gold miners (68).
Based on their specific single nucleotide polymorphism, different
genotypes of the above-mentioned proteins showed intricate
differential effects. These were either protective (variation of
iNOS Ser608Leu genotype in silicosis) or had deleterious effects
(G>C mutation of NRAMP1 intron 4 in silicosis, combined
NRAMP1 D543N G/G and INT4 G/C+C/C, polymorphic site
of G/A substitutions at positions−308 of TNF-α and TNF-a-308
G/G and NRAMP1 INT4 G/C+C/C genotype in TB) (67, 68).

Polymorphism of other genes related to the response to TB
and silica such as transforming growth factor-beta 1 (TGF-
β1) and cytokines interleukin 10 (IL-10) and interferon gamma
(IFNγ) have been investigated, but no association found (69).

The following sections review the innate and adaptive cellular
immune responses to silica and Mtb separately and with co-
exposure, according to the immune cells or processes involved.
The findings are summarized in Table 1, which also highlights
the gaps in knowledge.

INNATE CELLULAR IMMUNE RESPONSES

IN SILICOSIS AND TUBERCULOSIS

Alveolar Macrophages (AMs)
Alveolar macrophages represent the first line of defense against
many airborne pathogens and inhaled environmental particles.
The reaction of AMs after exposure to silica (70, 105–115) has
been extensively studied. The tissue remodeling and formation
of granulomas in response to exposure to both silica and Mtb
suggest that similar mechanisms are involved in the elimination
process in individuals exposed to silica or Mtb separately
(116–118). Results from several studies have confirmed a
noticeable difference in growth ofMtb inmacrophages preloaded
with silica particles; macrophages were more susceptible to
infection represented by an increase in the number of infected

macrophages and a higher number of bacilli present in each cell
(119). Thus, silica particles facilitate intracellular replication and
subsequent release from macrophages (61).

Using BCG vaccine inoculations, silicotic mice exhibited
a higher accumulation of BCG colonies in harvested organs
linearly correlating with the length of incubation than naïve
counterparts. After 12 weeks, more than 40 times more colonies
were observed in the spleen of silicotic mice, 70 times more in the
liver and more than 6,000 times more in the lungs. Presence of
silica particles significantly affects cellular response and bacterial
growth properties (71). Higher Mtb burdens have been observed
in murine lungs preloaded with silica compared to silica-free
control animals (73). Also, extracted AMs contained more
engulfed bacilli. The transplantation of AMs from silica-exposed
into control, silica-unexposed mice, resulted in an increase of
susceptibility to TB upon infection withMtb. Thus, macrophages
preloaded with silica particles exhibit a higher number of Mtb-
phagocyting cells as well as higher rates of Mtb phagocytosis,
leading to an increase in the number of bacteria engulfed in the
macrophage (120). Silica-containing macrophages also display
impaired capability to adhere and migrate compared to healthy
controls (72).

EnhancedMtb phagocytosis could be caused by an interaction
with intracellularly located surfactant-associated protein A (SP-
A) or its related proteins (121–123) A significantly higher release
of SP-A has been shown to follow exposure to silica (124) and
this increase was associated with reduced silica-related toxicity
to AMs (62, 125) analyzed the impact of various types of dust
particles on lung tissue after co-administration with inoculated
BCG and specifically on the development of fibrotic lesions. They
demonstrated that rats and guinea-pigs developed only mild
fibrotic lesions after exposure to mine dust, anthracite, kaolin,
and BCG alone but large destructive lesions with combined dust
and BCG.

Dendritic Cells (DCs)
The influence of silica exposure on DCs function has been
little investigated. Beamer and Holian (126) describe an increase
of DCs accompanying the decrease in numbers of AMs after
exposure to silica. It has been reported that viability of DCs
is compromised after exposure to silica particles (74). The role
of DCs in resistance is also not well-documented in cases of
silica potentiated TB. It has been shown that mycobacteria are
able to enter the intracellular spaces of DCs via the specific
surface protein DC-specific intercellular adhesion molecule-3
grabbing non-integrin (DC-SIGN) (127). Although the main
carriers of Mtb are macrophages, the most infected population
of cells in lymph nodes are DCs. The evidence is that antigen
presentation properties and migration of DCs play important
roles in the establishment of long-term infection (75). They
also increase their antigen-presenting properties after infection
with mycobacteria, facilitate immune system responses through
secretion of pro-inflammatory cytokines [tumor necrosis factor
alpha (TNFα), IL-1] and up-regulation of co-stimulatory (CD54,
CD40) molecules (76). DCs also specifically stimulate the
production of IFNγ by T cells after exposure to Mtb (128).
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TABLE 1 | Basic summary of acquired knowledge about specific components of the immune system after exposure to silica, Mtb, or both, highlighting the gaps and

opportunities for future research.

Silica Mtb Silica + Mtb

Macrophages Dose-dependent Induction of

apoptosis, fibrotic nodule

formation, chronic activation of

inflammatory and

anti-inflammatory pathways,

ROS, and RNI production (6)

Granuloma formation, chronic inflammation, survival

mechanisms: ROS and RNI detoxification, blockade of

phagosome maturation, granuloma formation (70)

Increase in Mtb uptake (71);

impairment of adhesion and

migration (72, 73)

Dendritic cells Lower viability (74) Cells with the highest bacterial burden in lymph nodes (75);

increase in antigen presentation and secretion of

pro-inflammatory cytokines (76); activation of adaptive

immunity (77)

Yet to be investigated

Neutrophils Decreased phagocytosis and

viability (78, 79)

Control of Mtb replication, prolonged activation—tissue

damage (80); trapping of bacilli (81); facilitation of disease

progression (82)

Yet be investigated

NKs Decrease in NKs (83, 84); silica

nanoparticles cause increase in

NKs (85)

Protective role of NKs—production of IFNγ (86) Yet to be investigated

Antigens Inconsistent evidence, increase

in antigen-presenting properties

of AMs (87)

CD1 mediated T cell activation (88, 89); signaling for APCs

(90)

Yet to be investigated

T cells CD4+, CD8+, γδ T cells Increase in FAS ligand—higher

rate of apoptosis (91); shift

between Th1/Th2 response

(92–96); Tregs and Tresps

activation (97); reduced inhibitory

activity of T cells (98)

Bacteriostatic and bactericidal effect (77); IFNγ

production—phagocytic properties of macrophages, Th2

response activation and Tregs production (99, 100)

Sporadic and contradictory

evidence

Antibody-mediated immunity (B cells) Increase and decrease in B cell

activity (101); increase in

autoantibodies (97)

B cells are the producers of antibodies, modulators of T cell

activity and T cell memory, influencing function of dendritic

cells (102); association with containment of Mtb (103); CD4+

T cell regulation (104)

Yet to be investigated

Neutrophils
Neutrophils rapidly respond to pathogen challenge and
contribute to control of Mtb replication. However, apart from
its protective properties, the cell’s prolonged oxidative and
proteolytic activity also lead to tissue damage (80). Neutrophils
possess the direct ability to restrict Mtb by engulfment of bacilli
(129, 130). Increased influx of neutrophils into Mtb-infected
tissue has been observed although in this study no bacteria were
found inside these cells. This might point to antibacterial activity
independent of phagocytosis (131). Their detailed role in disease
is thus not yet fully understood.

It has been found that low concentrations of neutrophils in the
peripheral blood cause incapability to restrict or kill introduced
Mtb (132). Its oxidative phagocytic properties may kill some
of the bacteria after phagocyting the dying macrophage (133).
Antimicrobial extracellular traps (NETs) formed by neutrophils
are also able to contribute to antimycobacterial activity by
trapping bacilli, but not often by killing them (81). Neutrophil-
related restriction of mycobacterial growth can also be caused by
their role in specific T helper 1 (Th1) and Th17 cell production
(134). In contrast, it has been argued that neutrophils possess
only poor direct antimycobacterial activity and that they instead
facilitate the progression of infection (82). Silica particles are
known to harm neutrophils in similar ways to that of their effect

on macrophages, by decreasing their viability and phagocytic
properties (78, 79).

Other Cells [Basophils, Eosinophils,

Natural Killer (NK) Cells]
Detailed information about other components of the innate
immune system in patients with silica-related TB is almost
non-existent. A protective role for NK cells has been observed
in mouse lung and splenic cultures infected with Mtb. In
this study, production of IFNγ by NK cells significantly
contributed to limiting mycobacterial infection, independently
of IFNγ produced by T cells. Higher mycobacterial burden
and granulocytic activity have been observed after depletion
of Interleukin 12 (IL-12), which generally promotes NK cell
cytotoxic activity (86). A decrease in NK cell number has
been observed after the introduction of silica particles (83, 84).
Detailed understanding of silica effects on NK cells is still lacking,
but it has been observed that silica particles inhibit Toxoplasma-
induced NK cell activity (135). By contrast, silica nanoparticles
induce a significant increase in NK cells in mouse spleen, which
may indicate a size-dependent effect of the particles on NK cells
(85).
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Konečný et al. Immune Response to Silica and TB

ADAPTIVE CELLULAR IMMUNE

RESPONSES IN SILICOSIS AND

TUBERCULOSIS

Antigen Presentation
Antigen presentation is generally described as the presentation
of lysed proteins on the surface of antigen-presenting cells
(APCs) via the Major Histocompatibility Complexes (MHC),
which is recognized by T cell receptors leading to their activation.
Mycobacterial phospholipids activate CD1-mediated T cells (88,
89), and it has been observed thatMtb provides signaling for both
T cells (lipid antigens) and APCs (polar lipids via TLR-2) (90).

Silica, as a pro-inflammatory agent, causes primarily
induction of apoptosis of AMs. Various studies indicate that
silica does not act as an antigen (136). Rather, silica particles
support the increase of antigen-presenting properties of
macrophages (87). Enhanced activation of AMs could also be
related to autoimmune disease as a result of silica exposure. No
significant differences were detected in the expression of MHC
II molecules on AMs between silicosis and other diseases, such
as sarcoidosis and allergic alveolitis (137). However, Pfau et al.
(138) observed that silica-related antigens presented by apoptotic
AMs are recognized by autoantibodies in mice. The question
of how silica particles modulate presentation of antigen in the
relationship with mycobacterial infection remains unanswered.

T Lymphocytes—CD4+, CD8+, γδ T Cells
T cells activation occurs on exposure to an antigen which
is presented by APCs. The major APCs responsible for
defense against mycobacterial infection and activators of
adaptive immunity are macrophages and dendritic cells. Broad
antimycobacterial activity is provided by different subsets of T
cells targeting a wide range of specific mycobacterial antigens.
It is known, for example, that CD4+, CD8+, γδ T cells, and
CD1 restricted T cells response to infection, contributing to
bacteriostatic and bactericidal effects (77). CD4+ and CD8+
T cells act as IFNγ producers and facilitate the phagocytic
properties of macrophages (Figure 1). The activity of these
subsets might be independent of each other, although their
combined activity shows the strongest anti-mycobacterial effects
(139). The onset of adaptive immunity is initiated with a
significant delay after initial exposure to the pathogen. The
restrictive activity of T cells is sufficient for bacterial arrest but
not sufficient to kill mycobacteria, which might contribute to
prolonged incubation and consequent re-activation of disease
(140). In case of T cells response, a number of studies have
confirmed thatmycobacterial infection triggers Th2 response and
T regulatory cells (Tregs) production rather than Th1 response.
Deficiency in Th1 response may contribute to poor elimination
and successful proliferation of Mtb in the host (99, 100).

The response of adaptive immunity components to silica
particles is related to the cascade of activities mediated by the
interaction with cells involved in innate immunity, particularly
macrophages. However, direct interaction of T cells with silica
cannot be excluded. It has been observed, that T cells acquire
higher expression of FAS receptor and its ligands in lymphocytes

obtained from bronchoalveolar lavage (BAL) fluid from silica-
exposed individuals. This includes an over 20% increase in
Fas receptor and more than 30% in Fas ligand on CD4+,
CD8+ CD56+, and CD45RO+ cells, corresponding to the
higher rate of apoptosis (30%) (91). Both inflammatory and
anti-inflammatory responses have been induced after exposure
to silica. However, conflicting results in specific cytokine
production have been reported, suggesting that there is a shift
between Th1/Th2 responses during disease progression. There
is noticeable inconsistency for another cytokine involved in Th1
response, IFN-γ. Its levels in lungs and lymph nodes have been
reported as both elevated and undetected in silica-exposed mice.
As a result of Th2 response, an increase in production of IL-12
mRNA and IgG1 has been reported in silicotic mice and in vitro
(92, 96).

More recently, attention has been paid to the role of silica
in autoimmune responses, in which autoimmune cells are
activated by signals from silica-induced apoptotic macrophages
(141). Following silica exposure, Tregs and Responder T cells
(Tresps) are chronically activated and infiltrate the peripheral
T cell population. By increased production of Fas ligand, Treg
cells induce apoptosis and impair the immune response (97).
Therefore, the overall number and inhibitory activity of T cells
are reduced, with Tresps surviving due to an expression of
apoptosis inhibitors (98). A closer look at cellular quantitative
evaluation shows a silica-induced reduction of a number of
macrophages and a consequential decrease of macrophage-
dependent activity of T- and NK cells (142).

Some of the features related to the leukocyte response
modulation after silica exposure entail inconsistent and
contradictory mechanistic effects regarding silica-TB co-
occurrence. For example, increased production of TGF-β as a
reaction to silica (143) should assist in the process of elimination
of Mtb, not its potentiation (144, 145). There is other evidence
for a protective effect of silica in its interaction with the immune
system, for example in protecting against the development of
diabetes (146, 147).

Antibody-Mediated Immunity
B lymphocytes mediate specific immunological responses against
pathogens via the production of specific antibodies. They can
modulate responses to infection independent of antibodies;
however, the mechanism(s) of such activity is not yet understood
(148). The proliferation of plasma cells in patients with silicosis
was discovered early (149, 150). Silica particles can cause
both an increase and inhibition of B cell activity. Reduced
and increased numbers of antibodies have been observed after
exposure to silica in animal models. Moseley et al. (101)
observed complete inhibition of immunoglobulin-secreting cells
(ISCs) after the addition of silica in low- and high-density
cultures depleted of monocytes. In contrast, in high-density
cultures of unfractionated mononuclear cells, silica caused
a significant increase in ISCs. It, therefore, seems that the
number of immunoglobulin secreting cells is dependent not
just on silica particles but also on other factors such as
density of culture and presence of monocytes. A significant
reduction in B cells was observed in mouse spleens treated
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FIGURE 1 | Response of macrophage to silica and Mycobacterium. CR, Complement receptors; MR, Mannose receptors; TLR, Toll like receptors; NOD, Nod-like

receptors; ROS, Reactive oxygen species; RNI, Reactive nitrogen intermediates; IL-1β, Interleukin 1 beta; MHC I, major histocompatibility complex 1; MHC II, major

histocompatibility complex 2; IFNγ, Interferon gamma; TCR, T-cell receptor; DCs, dendritic cells; CD4+/CD8+, effector T cells; Tregs, regulatory T cells; Tresps,

responder T cells; γδ cells, gamma delta T cells. Silica particles are usually recognized by scavenger receptors and engulfed by macrophages. Owing to the poor

capability of the cell in eliminating the particle by standard lysosomal proteolytic enzymes, silica particles remain in the cell and initiate a cascade of pro- and

anti-inflammatory processes, leading to a number of pathological modifications in the immune response. Mycobacterium is identified by a different set of cellular

receptors but undergoes a similar process upon its ingestion. The physiological response of the immune system consists of digestion of bacilli and its antigen

presentation on the cell surface leading to recruitment of effector cells such as CD4+ and CD8+ T cells. Mycobacterial evasive mechanisms frequently manage to

avoid elimination, leading to pathological.

with silica nanoparticles (85). The most common effect of silica
was an increase of autoantibodies such as rheumatoid factor
(anti IgG), and anti-nuclear antibodies related to autoimmune
diseases such as Caplan’s syndrome, scleroderma, (ANCA)-
related vasculitis/nephritis, and systemic lupus erythematosus
(97).

In response to mycobacterial infection, B cells do not simply
act as producers of antibodies but also as modulators of T
cell activity and development of T cell memory. They also
influence the function of other effector cells such as DCs. The
importance of B cells during mycobacterial infection is based
on the co-operation and co-stimulation with other components
of the immune system, suggesting more complex involvement
in the immunological response (102). Antibodies in lymphocyte
supernatants have been studied to obtain information about
its diagnostic potential in pediatric TB patients. The findings
indicated that antibodies were present at higher concentrations
only during acute disease in TB positive patients compared to
controls (151). Proliferating B cells are mostly present in sites of
granulomas actively secreting TB-specific antibodies (103, 152)
observed that abnormally located B cells in patients with TB are
associated with a containment of Mtb and with IL-17 and IL-
22 production. The same group also described inhibitory effect

of TB-related B cells on Th17 cell activation and therefore its
involvement in CD4+ T cell regulation (104). While the overall
role of B cells in the immune response to M. tuberculosis has
been studied extensively (153, 154), its relationship with silica
exposure has not yet been documented.

CONCLUSION

It is evident that the human immune system plays a central
role in pathophysiological processes initiated after silica exposure
and which have an impact on the development of TB. A
detailed description of silica’s involvement in TB infection,
course, progression, re-activation and outcome has yet to be
properly described. Existing research confirms the substantial
role of the innate immune system in both direct defense and in
the mobilization of other components of the immune system as a
response to TB infection. Such findings are likely to underlie the
higher susceptibility of silica-exposed and silicotic individuals to
TB. However, there remain a number of gaps in knowledge, as
summarized in Table 1.

Recent findings suggest a more complex involvement of
adaptive immunity in the containment and elimination of Mtb
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and its activation in latent infection. The effects of the immune
response to silica exposure are complex and do not always lead
to increased susceptibility to TB; some promote the elimination
of mycobacteria rather than their proliferation. For example,
silica-induced Th1 response activation, mediating TNFα and
IFNγ production, should in theory contribute to resistance to or
elimination of Mtb. An increase in Th2 response after exposure
to silica might be one of the contributing factors for successful
propagation of Mtb. Discrepancies in evidence of pro- and
anti-inflammatory pathway involvement, however, suggest more
intricate reactions promoting fibrogenesis which might make a
direct contribution to predisposition to TB.

The subject of this review has clinical relevance. The
pathological activity of silica is important in the susceptibility
to and prognosis of associated TB in silica-exposed populations
globally. The considerations in this review should inform studies
that aim to investigate outcomes of standard TB treatment
regimens as they apply to silicotuberculosis by providing insight
into mechanisms relevant to drug efficacy.

Finally, knowledge gained from the study of the silica-
TB interaction could provide information relevant to the
understanding of other pathological processes associated with
silica exposure.
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il-9 Deficiency Promotes Pulmonary 
Th17 response in Murine Model of 
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Department of Respiratory and Critical Care Medicine, Beijing Institute of Respiratory Medicine and Beijing Chao-Yang 
Hospital, Capital Medical University, Beijing, China

introduction: Pneumocystis pneumonia (PCP) remains a severe complication with high 
mortality in immunocompromised patients. It has been well accepted that CD4+ T cells 
play a major role in controlling Pneumocystis infection. Th9 cells were the main source of 
IL-9 with multifaced roles depending on specific diseases. It is unclear whether IL-9/Th9 
contributes to the immune response against PCP. The current study aims to explore the 
role of IL-9 and the effect of IL-9 on Th17 cells in murine model of PCP.

Materials and methods: Mice were intratracheally injected with 1 × 106 Pneumocystis 
organisms to establish the murine model of Pneumocystis infection. Pneumocystis 
burden was detected by TaqMan real-time PCR. Using IL-9-deficient (IL-9‒/‒) mice, flow 
cytometry, real-time PCR and enzyme-linked immunosorbent assay (ELISA) were con-
ducted to investigate the immune function related to Th17 response in defense against 
Pneumocystis infection.

results: Reduced Pneumocystis burden was observed in lungs in IL-9‒/‒ mice compared 
with WT mice at 3-week postinfection. IL-9‒/‒mice exhibited stronger Th17 immune 
responses than WT PCP mice through flow cytometer and real-time PCR. ELISA revealed 
higher levels of IL-17 and IL-23 in bronchoalveolar lavage fluid from IL-9‒/‒ mice than WT 
mice. And IL-9 deficiency promoted Th17 differentiation from CD4+ naive T cells. IL-17A 
neutralization increased Pneumocystis burden in IL-9‒/‒ mice.

conclusion: Although similar basic clearance of Pneumocystis organisms was achieved 
in both WT and IL-9‒/‒ PCP mice, IL-9 deficiency could lower Pneumocystis organism 
burden and promote pulmonary Th17 cells response in the early stage of infection.

Keywords: Pneumocystis pneumonia, il-9, Th17 cells, il-23, alveolar macrophages

inTrODUcTiOn

Pneumocystis is an opportunistic fungal pathogen which causes often fatal pneumonia in immuno-
compromised individuals (1). The incidence and mortality of Pneumocystis pneumonia (PCP) in 
HIV patients have decreased continuously due to highly activate antiretroviral therapy (2); however, 
PCP rate is increasing in non-HIV compromised patients (3) and the reported mortality of non-HIV 
PCP patients is as high as 62% in intensive care unit (4).

Host immunity defense mechanisms against Pneumocystis organism remains poorly understood. 
The onset of PCP is typically related to CD4+ T cell count less than 200 cells/μL (5), which indicates the 
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key role of this lymphocyte subset in defense against Pneumocystis 
infection. In murine models, depletion of CD4+ T cells makes the 
mice susceptible to Pneumocystis infection. When CD4+ T cells 
depletion is stopped and CD4+ T cells are transferred into infected 
mice, the Pneumocystis infection is resolved (6). In recent years, 
studies have down to explore the immune function of specific 
T helper (Th) subsets during the pathogenesis of PCP, such as 
IFN-γ-producing CD4+ T (Th1) cells, IL-4-producing CD4+  
T (Th2) cells (7) and CD4+CD25+FoxP3+ regulatory T cells (8, 9).

Th17  cells are clearly distinct from Th1 and Th2 cells and 
numerous studies have demonstrated that Th17  cells and its 
signature cytokine IL-17A are important for host defense against 
various fungal pathogens (10) including Pneumocystis (11–14). 
As reported, IL-17A production during Pneumocystis infection is 
increased (14), and blockage of IL-17 caused a 10,000-fold increase 
in Pneumocystis murina load in the lung of mice compared with 
wide-type mice (12). Furthermore, Th17 immunity is required for 
the formation of inducible bronchus-associated lymphoid tissue 
during Pneumocystis infection in mice (13). In addition to the 
above evidence from animal models, human dendritic cells drive 
the activation of Th17/IL-17 after stimulated by surface β-glucan 
components of Pneumocystis (11). IL-23 is required for maintain-
ing and extending Th17 cell function in the effector response (15), 
which is supported by the results that alveolar macrophage (AM) 
treated with Pneumocystis induced increased IL-23 production, 
and IL-23 was essential for optimal IL-17 production. Moreover, 
the clearance of Pneumocystis was impaired in IL-23-deficient 
mice (12).

Th9 cells are relatively new subset characterized by production 
of IL-9 as signature cytokine and this subset can develop from 
naive T cells stimulated with IL-4 and transforming growth factor β.  
IL-9 used to be associated with Th2 subset and implicate in the 
immunity responses of many diseases, including parasitic infec-
tion (16), asthma (17) and cancer (18). Previous studies revealed 
the role of Th2 or IL-9 in fungal infectious diseases. For instance, 
it is reported that the patients with chronic mucocutaneous 
candidiasis have a general Th defect including Th2 and Th9 and 
significant lower production of IL-9 (19). T1/ST2 is a marker for 
Th2 activation, and T1/ST2 deficiency could result in defective 
pulmonary fungal control in a murine pulmonary model of cryp-
tococcosis neoformans infection (20). Shellito et  al. found that 
Th2 cells, recruited from draining lymph nodes into lung tissues, 
were involved in the defense against Pneumocystis organisms, fur-
thermore, Th2 response was greater both in lymph nodes and in 
lung than Th1. Given that IL-9 pleiotropic roles have been exten-
sively described in both inflammation and immunosuppression 
(21–23), Th9 cell function cannot be segregated as neatly as some 
other Th subsets. Different from Th2 cells, no studies demonstrate 
whether Th9 or IL-9 plays a role in the process of Pneumocystis 
infection till now.

Besides Th9, Th17 cells are reported to be capable of producing 
IL-9 (24). Hence, it is necessary to elaborate the role of Th9/IL-9 
on Th17 cell immunity and the relationship between Th17/IL-17 
and Th9/IL-9 in different diseases models. The murine model of 
experimental autoimmune encephalomyelitis was used to explore 
the influence of IL-9 blockage on Th17-related inflammation 
response, suggesting IL-9 might play the role as a Th17-mediated 

cytokine (25). In a murine model of malignant pleural effusion, 
IL-17 deficiency was observed to inhibit Th9 cell differentiation 
probably via suppressing interferon regulatory factor 4 (IRF4) 
expression (26). Neutralization of IL-9 reduces Th17 responses in 
allergic rhinitis, leading to broad anti-inflammatory effects (27). 
In a population of 41 oral lichen planus patients, positive cor-
relations were found between Th9 and Th17 cells in reticular and 
erosive oral lichen planus (28). However, no defined conclusion 
was drawn about the exact relationship between them.

Previous studies have shown that Th17 cells are involved in the 
immunity responses against Pneumocystis, however, no reports 
have focused on the role of Th9/IL-9 or whether IL-9 could affect 
Th17 response in PCP. In the present study, we provided insights 
into the function of IL-9 during clearance of Pneumocystis and 
explore the effect of IL-9 on Th17 responses in Pneumocystis 
infection using the IL-9 deficient (IL-9‒/‒) mice.

MaTerials anD MeThODs

animals
Healthy male BALB/c and severe combined immunodeficiency 
(Scid) mice were purchased at 6–7 weeks of age from Vital River 
Lab Animal Co., Ltd. (Beijing, China), weighting 20–22 g. IL-9‒/‒ 
mice (BALB/c background) were kindly provided by Professor 
Andrew McKenzie of MRC Laboratory of Molecular Biology, 
Cambridge, UK (29). IL-17-deficient (IL-17‒/‒) mice (C57BL/6 
background) were generated as previously described and provided 
by Dr. Iwakura of University of Tokyo (30). Animals were housed 
in specific pathogen-free conditions. All of the procedures were 
approved by the Capital Medical University Animal Care and Use 
Committee.

Murine Model of Pneumocystis infection
Pneumocystis murina organisms (ATCC, Manassas, VA, USA) 
was maintained in Scid mice, and the infected lungs were removed 
and homogenized to get Pneumocystis organisms for inoculation 
as described earlier (12). Mice were intratracheally injected with 
1  ×  106 Pneumocystis organisms diluted in 100  μL PBS, while 
non-infection mice were inoculated with lung homogenates from 
uninfected Scid mice. Mice were sacrificed at serial time intervals 
under anesthesia. Pneumocystis infection was confirmed in lung 
homogenates stained with Diff-Quick (Baso Diagnostics Inc., 
Zhuhai, China), meanwhile, secondary infections were excluded. 
Pneumocystis quantification was performed by TaqMan quanti-
tative PCR as previously described (31) using the right inferior 
mouse lungs (see below). The left lungs were harvested and minced 
into pieces, then digested and filtered to get isolated leukocytes 
(14) for further flow cytometry analysis and cell counting.

TaqMan real-Time Pcr for Pneumocystis 
Quantification
A previously described TaqMan PCR method with minor modi-
fications was used to quantify Pneumocystis lung burden (31).  
Briefly, a portion of Pneumocystis muris rRNA (GenBank acces-
sion no. AF257179) was amplified and then quantitated as standard 
sample for assay. The TaqMan PCR primers for mouse Pneumocystis 
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rRNA were 5′-AGGTGAAAAGTCGAAAGGGAAAC-3′ and 5′-A 
AAACCTCTTTTCTTTCACTCAGTAACA-3′. The probe sequ-
ence was 5′-FAM-CCCAGAATAATGAATAAAG-MGBNFQ-3′. 
The real-time PCR was performed using one-step Probe RT-PCR 
kit (Takara Bio, Dalian, China) on the ABI Prism 7500 Sequence 
Detection System instrument. A standard curve was generated by 
amplifying known copy number of Pneumocystis rRNA template 
in five serial of 1:5 dilutions per PCR reaction, and data from 
infected mouse lung were converted to rRNA copy numbers 
according to the stand curve to reflect the Pneumocystis burden.

Bronchoalveolar lavage
After anesthetized with pentobarbital, mice were sacrificed by 
collecting blood from eyeballs. The trachea was cannulated with 
a polyethylene 18 G catheter. Lungs underwent lavage three times 
with 800  μL PBS to get bronchoalveolar lavage fluid (BALF). 
BALF cells were collected by centrifugation at 400 g for 10 min 
and resuspended in PBS for flow cytometry or in medium for 
further culture. The supernatant was stored at −80°C for the 
cytokine measurement.

Flow cytometry
All of the different fluorochrome-conjugated monoclonal anti-
bodies (mAbs), including anti-CD45, -CD3, -CD4, -CD8, -F4/80, 
-CD11c, -CD11b, -Ly-6G, -IL-23 receptor (IL-23R), -IFN-γ, -IL-4 
and -IL-17A, were purchased from BD Pharmingen (San Diego, 
CA, USA) or eBioscience (San Diego, CA, USA).

For intracellular detection of cytokines, cells were stimulated 
for 4 h at 37°C, added with 50 ng/mL phorbol myristate acetate 
(Sigma-Aldrich, St. Louis, MO, USA) and 1  µg/mL ionomycin 
(Sigma-Aldrich, St. Louis, MO, USA) in the presence of Brefeldin 
A (10 µg/mL, Enzo Life Science). Cells were surface-stained with 
extracellular mAbs in PBS  +  2% heat-inactivated fetal bovine 
serum (FBS, Gibco) for 20 min at 4°C. Cells were resuspended 
in a fixation/permeabilization solution (Cytofix/Cytoperm; BD 
Pharmingen) and incubated with intracellular cytokine mAbs 
for 30 min at 4°C. Cells were then washed with permeabilization 
buffer and then resuspended in PBS + 2% FBS for flow cytometric 
analysis (FACS Canto II; BD Biosciences, San Jose, CA, USA). The 
absolute cell counting was determined with BD Trucount Tubes 
(BD Biosciences, San Jose, CA, USA).

enzyme-linked immunosorbent  
assay (elisa)
Mouse IL-17A and IL-23p19 were detected by the ELISA kits 
according to manufacturer’s protocols. The ELISA kits are from 
eBioscience (San Diego, CA, USA).

real-Time Pcr
RNA was extracted from homogenized tissue and cells using 
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, 
USA) and reverse transcribed according to the PrimeScript TM II  
1st Strand cDNA Synthesis Kit (Takara Bio, Dalian, China). 
cDNA were used as templates in real time PCR with the SYBR 
Premix Ex Taq TM II ROX plus (Takara Bio, Dalian, China) using 
the ABI Prism 7500 Sequence Detection System instrument. 
Target gene expression was calculated using 2−ΔΔCt method after 

normalization to GAPDH gene expression. Primers sequences 
used for PCR are listed in Table S1 in Supplementary Material.

Differentiation of Th17 cells In Vitro
Mononuclear cells from the spleens of WT and IL-9‒/‒ mice 
were isolated by Ficoll-Hypaque gradient centrifugation. Naive 
CD4+CD62L+ T cells were isolated by CD4+CD62L+ T cell isola-
tion kit II (Miltenyi Biotec, Aubum, CA, USA) according to the 
manufacturer. The purity of naive CD4+CD62L+ T cells was above 
90%, as measured by flow cytometry. Purified naive CD4+ T cells 
were cultured in RPMI-1640 medium containing 10% FBS in the 
presence of plate-bound anti-CD3 (10  µg/mL) and anti-CD28 
(2 µg/mL) mAbs. Cytokines and mAbs used for Th17 cell differen-
tiation were TGF-β (5 ng/mL), IL-6 (20 ng/mL), IL-23 (50 ng/mL),  
anti-IFN-γ mAb (10 µg/mL), and anti-IL-4 mAb (10 µg/mL) (32). 
After 3, 5 and 7 days of culture, cells were restimulated for 4 h 
with phorbol myristate acetate and ionomycin in the presence of 
Brefeldin A before intracellular staining of cytokines as described 
in Section “Flow Cytometry.” The supernatant from differentiated 
cells was collected and stored at −80°C for further analysis.

apoptosis analysis In Vitro
The AMs were isolated from BALF of IL-17‒/‒ mice through 
removal of non-adherence cells after cultured at 37°C, 5% CO2 
for 2 h. The purity of the isolated AMs was above 95% measured 
by flow cytometry. Murine recombinant IL-17A (0, 100, and 
200  ng/mL) from PeproTech (Rocky Hill, NJ, USA) was used 
to treated AMs for 48  h, then AMs were collected with tryptic 
digestion and washed by cold PBS and subjected to a PI/Annexin 
V-FITC Apoptosis Detection Kit (BD). The apoptosis analysis was 
analyzed by FACS Canto II (BD Biosciences, San Jose, CA, USA) 
within 30 min.

il-17a neutralization In Vivo
IL-17A neutralization was conducted as described previously 
(33). Briefly, mice were inoculated intraperitoneally with 500 µg 
of anti-mouse IL-17A clone 17F3 (BioXcell, West Lebanon, NH, 
USA) or isotype control in 100 µL of PBS the day before infection 
and twice a week thereafter until experiment completion.

statistical analysis
Data are shown as mean  ±  SEM. Statistical analyses were 
performed by Prism 5.0 (Graphpad Software). Two-tailed 
Student’s t-test was used for experiments with two groups. When 
three groups were compared, one-way ANOVA analysis with 
Bonferroni posttest was applied. For analysis of Pneumocystis 
burden on multiple time points in the lungs of infected mice, 
two-way ANOVA followed by a Bonferroni multiple comparison 
procedure was performed. P value less than 0.05 was considered 
to indicate statistical significance.

resUlTs

il-9 Deficiency reduced the 
Pneumocystis Burden
WT and IL-9‒/‒ mice were intratracheally injected with 106 Pneumo
cystis murina organisms and sacrificed at a series of postinfection 
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FigUre 1 | IL-9 deficiency reduced the Pneumocystis burden. The mice were infected with 106 Pneumocystis organisms and were sacrificed at weeks 1, 2, 3, 4, 
and 5. (a) The lung from mice was homogenized and smeared quickly for Diff-Quick stain. The black arrow indicates Pneumocystis murina asci (200×). (B) The 
Pneumocystis burden was detected by TaqMan quantitative PCR. The uninfected mice had no detectable Pneumocystis burden. The results were from three 
experiments using three to five mice per group per time point. **P < 0.01 compared to WT group at the same time point by a two-way ANOVA followed by a 
Bonferroni multiple comparison procedure.
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time-points. The Diff-Quick stain of lung homogenate was per-
formed on every mouse to provide the microbiology evidence 
of Pneumocystis organisms, confirming the establishment of 
Pneumocystis infection model (Figure  1A). The Pneumocystis 
burden peaked at 3-week postinfection and successful clearance 
of Pneumocystis was basically achieved in both groups at 5-week 
postinfection. Though IL-9 deficiency seemed to had no signifi-
cant effect on the final clearance of Pneumocystis organisms, IL-9‒/‒ 
mice demonstrated a significantly decreased Pneumocystis burden 
compared to WT mice [(1.39 ± 0.10) × 108 vs. (7.91 ± 1.26) × 107 
copies/lung, P < 0.01] (Figure 1B) at 3-week postinfection, sug-
gesting that IL-9 deficiency might contribute to fighting against 
Pneumocystis infection.

il-9 Deficiency Promoted Th17 responses 
During Pneumocystis infection
In order to investigate the mechanism leading to the difference 
of Pneumocystis burden between IL-9‒/‒ and WT mice, CD4+ Th 
cells subsets including Th1, Th2 and Th17 cells were measured by 
flow cytometry in BALF, lung, blood and spleen. No significant 
difference was observed in the percentage of Th1 or Th2 cells 
between the two groups (Figure S1 in Supplementary Material). 
Interestingly, the percentage of Th17 cells in CD4+ lymphocytes 
was significantly higher in the IL-9‒/‒ mice than WT mice in the 
BALF [(5.14  ±  0.83 vs. 26.42  ±  1.71)%, P  <  0.001] and lungs 
[(3.93  ±  0.31 vs. 7.31  ±  0.64)%, P  =  0.003] at 3-week postin-
fection, when Pneumocystis burden peaked during infection. 
And the absolute numbers of Th17  cells were higher in BALF 
[(6.93 ± 2.05) × 103 vs. (9.07 ± 1.93) × 104 cells/mice, P = 0.005] 
and lung [(1.20  ±  0.16)  ×  104 vs. (3.06  ±  0.23)  ×  104 cells/
mice, P  <  0.001] from IL-9‒/‒ mice than those from WT mice 
(Figures 2A,B). A significant increase on IL-17A concentration 
was observed in BALF of IL-9‒/‒ mice than WT mice [(610.0 ± 57.1 
vs. 1076.0  ±  132.2)  pg/mL, P  =  0.015] (Figure  2C). To our 
disappointment, no significant difference was found in lung 
homogenate IL-17A concentration between WT and IL-9‒/‒ PCP 
mice. Thus, these data showed that pulmonary Th17 response was 
enhanced in IL-9‒/‒ mice during Pneumocystis infection.

il-9 Deficiency enhanced Th17 cells 
Differentiation In Vitro
The naive CD4+ T cells were purified from IL-9‒/‒ and WT mice 
splenocytes and then cultured in the presence of Th17 differentia-
tion condition. Flow cytometric analysis was performed to detect 
the percentage of Th17 cells on different time points (Figure 3A). 
The differentiation of Th17 cells from IL-9‒/‒ mice were all signifi-
cantly increased compared with WT mice after 3, 5 and 7 days 
culture (all P < 0.05, Figure 3B). Similarly, the supernatant of the 
cultured differentiated cells from IL-9‒/‒ mice presented a higher 
IL-17A concentration than that from WT mice (all P  <  0.05, 
Figure 3C). All the above results suggested that IL-9 deficiency 
enhanced Th17 cells differentiation.

Th17/il-17-related genes expression Was 
Upregulated in lungs of il-9‒/‒ PcP Mice
The mRNA expression of genes involved in IL-17 signaling path-
way, including IL-17A, IL-17RA, Traf6, Nfkb1, Nfkbia, CXCL1, 
CXCL5, CCL20, IL-6, TNF-α, Csf3, Csf2, lcn2, MMP13, and Fosb, 
were measured in lungs of both IL-9‒/‒ PCP and WT PCP mice 
3-week postinfection, and the results were shown in Figure 4A. 
The mRNA levels of IL-17A, IL-17RA, Nfkb1, Nfkbia, TNF-α, 
Csf3, Csf2 and MMP13 were significantly higher in IL-9‒/‒ PCP 
group than WT PCP group (all P <  0.05). The mRNA expres-
sion of genes involved in Th17 differentiation pathway, including 
IL-17A, Rorgt, Rora, IRF4, IL-23R, STAT3, Smad2, p38, mTOR, 
STAT5 and STAT6, were detected in lungs of both IL-9‒/‒ PCP 
and WT PCP mice as shown in Figure 4B. It was observed that 
the mRNA expression of IL-17A, RORγt, RORa, IRF4, IL-23R, 
STAT3, Smad2, STAT5 and STAT6 were significantly increased 
in IL-9‒/‒ PCP mice compared with WT PCP mice (all P < 0.05).

il-23 Was higher in BalF From il-9‒/‒  
PcP Mice
It is widely reported that IL-23 could promote Th17 cells expan-
sion or survival, suggesting the close relationship between IL-23 
and Th17/IL-17 in immune response (34). It should be noted 
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FigUre 2 | IL-9 deficiency promoted Th17 responses during Pneumocystis infection. (a) Cells were isolated from bronchoalveolar lavage fluid (BALF), lung, spleen, 
and blood and then stimulated as described previously. The representative flow cytometric dot plots of Th17 cells (CD4+IL-17A+, gated on cells from CD3+CD4+ 
lymphocytes) from WT mice (top panel) and IL-9‒/‒ mice (bottom panel) 3-week post-Pneumocystis infection. (B) The comparisons of Th17 percentage (left) and 
absolute number (right) were shown from different tissues in WT and IL-9‒/‒ PCP mice. Data were presented as mean ± SEM from three to five mice per group.  
(c) The IL-17A levels were determined in BALF and lung homogenate supernatants by ELISA from WT and IL-9‒/‒ PCP mice at 3-week postinfection. The IL-17A 
concentrations were expressed as mean ± SEM from four to five mice per group. The results were from three independent experiments. *P < 0.05 compared to  
WT group by Student’s t-test.
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that higher Th17 cells were observed in BALF than lung tissue 
in both IL-9‒/‒ and WT PCP mice, and IL-9‒/‒ mice showed a 
more obvious gap between the BALF and lung tissue. In order 
to investigate the mechanisms how Th17 cells were drawn into 
the alveolar spaces, the supernatant of BALF were detected for 
the concentration of cytokines CCL20 and IL-23. We found the 

concentration of CCL20 from BALF between IL-9‒/‒ PCP and WT 
PCP mice were similar (Figure S2 in Supplementary Material). 
The majority of Th17 cells in BALF obtained from IL-9‒/‒ or WT 
PCP mice expressed IL-23 receptor, which presented about 50% 
of the Th17 population, with no significant difference between 
the two groups (Figure 5A). IL-23 level was much higher in the 
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FigUre 3 | IL-9 deficiency enhanced T-helper (Th)17 cells differentiation in vitro. Naive CD4 + CD62L + T cells were purified from splenocytes of 8-week-old WT and 
IL-9‒/‒ mice and cultured under Th17 differentiation condition (as described in Section “Materials and Methods”). Cells were obtained on day 3, 5, 7 and assessed 
for IL-17 expression by flow cytometry. The culture supernatants were measured for IL-17A concentration by ELISA. (a) Representative flow cytometric dot plots 
were presented to show the Th17 cells differentiated from naive CD4+ T cells on day 7. Comparisons of Th17 cell percentage (B) and IL-17A concentrations  
(c) were demonstrated between WT and IL-9‒/‒ mice. Data were presented as mean ± SEM of three to four samples per group from three independent 
experiments. *P < 0.05 compared to WT group at corresponding day by Student’s t-test.
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BALF from Pneumocystis-infected WT mice as compared to that 
from uninfected mice [(96.91 ±  19.0 vs. 245.1 ±  26.3)  pg/mL,  
P  =  0.003]. In the postinfection mice, production of IL-23 in 
BALF from IL-9‒/‒ mice was higher than that from WT mice 
[(245.1 ± 26.3 vs. 892.3 ± 170.1) pg/mL, P = 0.003] (Figure 5B).

il-17 inhibited aMs apoptosis In Vitro
It is widely reported that phagocytosis by AMs is the predomi-
nant mechanism of Pneumocystis clearance from the lungs (35).  

Our previous data suggested that IL-9‒/‒ mice recruited more AMs 
(CD45+F4/80+CD11bintCD11c+) during Pneumocystis infection 
(Figure 6A). To determine if the elevated IL-17 level in IL-9‒/‒ 
mice BALF affects the AMs, the AMs were isolated from the 
uninfected IL-17‒/‒ mice and cultured in different conditions till 
apoptosis analysis by flow cytometry. Cells exposed to murine 
recombinant IL-17A at both 100 and 200 ng/mL exhibited sig-
nificantly decreased apoptosis when compared with control cells 
in absence of IL-17A [(37.2 ± 3.2 vs. 12.5 ± 1.8)%, P < 0.001; 
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FigUre 4 | T-helper (Th)17/IL-17-related genes expression was upregulated in lungs of IL-9‒/‒ PCP mice. The whole-lung RNA was extracted from WT and 
IL-9‒/‒ mice at 3-week postinfection. The genes which are related to IL-17 signaling pathway (a) and Th17 differentiation pathway (B) were detected through 
real-time PCR for mRNA expression between the two groups. The fold change was figured out using the 2−ΔΔCT normalized to GAPDH. Reactions were performed  
in triplicate for n = 5–7 samples per group. Data were presented as mean ± SEM and the graphs were representative of three independent experiments. *P < 0.05 
compared to WT group by Student’s t-test.
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(37.2 ± 3.2 vs. 16.1 ± 2.4)%, P = 0.003] (Figures 6B,C), which 
indicated that IL-17 might protect AMs from apoptosis and then 
contribute to the clearance of Pneumocystis with increased AM 
number. There was no distinguished difference in AM apoptosis 
proportion between the two groups at different IL-17A concen-
trations. However, whether or not IL-17 influences the AMs 
apoptosis during Pneumocystis infection in  vivo is worthy of 
further investigation.

il-9−/− Mice recruited More neutrophils 
During Pneumocystis infection
Known as an important factor for neutrophil recruitment and 
activation (36), IL-17A plays a role in defense against various 
pulmonary infections (37). The difference of Th17 cells between 
both groups prompted a further analysis of neutrophils infiltra-
tion in lungs and blood of IL-9‒/‒ and WT PCP mice. After 3-week 
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FigUre 5 | IL-23 was higher in bronchoalveolar lavage fluid (BALF) from IL-9‒/‒ Pneumocystis pneumonia (PCP) mice. (a) Cells from BALF were detected for IL-23R 
expression on T-helper (Th) 17 cells through Flow cytometry. About 50% of Th17 cells isolated from WT (left) and IL-9‒/‒ (right) PCP mice expressed IL-23R (solid line 
histogram) according to isotype control (dashed line histogram). (B) BALF was centrifuged from uninfected WT mice, WT PCP mice and IL-9‒/‒ PCP mice, and then 
the supernatant was examined for IL-23. Data represented mean ± SEM (n = 4–6 per group) from three independent experiments. *P < 0.05 compared with WT 
PCP group by Student’s t-test.
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postinfection, mice of IL-9‒/‒ and WT groups were sacrificed. The 
percentage and number of neutrophils (CD45+CD11b+Ly-6G+) 
were measured by flow cytometer (Figure 7A). Compared with 
WT PCP mice, the neutrophil percentages were higher in lung 
[(16.3 ± 2.7 vs. 9.2 ± 0.8)%, P = 0.038] and blood [(28.8 ± 1.8 
vs. 18.8  ±  1.3)%, P  =  0.004] of IL-9‒/‒ PCP mice (Figure  7B). 
And neutrophil absolute numbers were higher in both lung 
[(8.76 ± 2.16) × 106 vs. (4.69 ± 1.19) × 106 cells/mice, P = 0.138] 
and blood [(20.55 ± 4.69) × 106 vs. (10.78 ± 2.26) × 106 cells/mL, 
P = 0.110] of Pneumocystis-infected IL-9‒/‒ mice compared with 
WT mice, with no significant difference (Figure 7C).

il-17a contributed to the lower 
Pneumocystis Burden in il-9‒/‒  
infected Mice
The results indicated that IL-9‒/‒ mice demonstrated higher Th17 
responses and lower Pneumocystis burden at 3-week postinfec-
tion compared with WT mice. Although previous studies have 
showed that Th17 cells were involved in the immunity responses 
against Pneumocystis infection and blockage of IL-17A caused 
higher Pneumocystis burden in WT mice. To study the association 
between the higher Th17 cell response and lower Pneumocystis 

burden, we neutralized IL-17A in Pneumocystis-infected IL-9‒/‒ 
mice and injected isotype antibodies to WT and IL-9‒/‒ mice as 
control. At 3-week postinfection, mice from the three groups were 
sacrificed. IL-17A neutralization was confirmed by the significant 
cytokine reduction in the plasma, BALF and lung homogenate 
as shown in Figure  8A. Furthermore, the previously observed 
phenotypes in IL-9‒/‒ mice compared with WT mice, including 
elevated number of AMs in BALF and percentage of neutro-
phils in blood and lung, were reverted while receiving IL-17A 
neutralization (Figures  8B,C). And more notably, IL-9‒/‒ mice 
receiving IL-17A neutralization demonstrated significant higher 
Pneumocystis burden than IL-9‒/‒ mice injected with isotype 
control [(5.38 ± 1.19) × 108 vs. (7.60 ± 1.95) × 107 rRNA copies/
lung, P < 0.01] (Figure 8D). The above results proved that IL-17A 
neutralization in IL-9‒/‒ mice could reverse the significant changes 
between IL-9‒/‒ and WT PCP mice. Taken together, IL-17A con-
tributed to the lower Pneumocystis burden in IL-9‒/‒ infected mice.

DiscUssiOn

Pneumocystis pneumonia has been a real challenge to globe 
physicians because of the severe conditions and high mortality it 
caused in immunocompromised patients. The required conditions 
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FigUre 6 | Continued
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FigUre 6 | IL-17 inhibited alveolar macrophages apoptosis. (a) Representative flow cytometric dot plots showed that alveolar macrophages (P1) were gated as 
CD45+F4/80+CD11bintCD11c+ cells from bronchoalveolar lavage fluid (BALF), and beads (P2) were used for absolute number counting. The comparison of alveolar 
macrophage absolute number was presented from BALF of IL-9‒/‒ mice and WT mice 3-week post-Pneumocystis infection. Data were from four to five samples per 
group from three independent experiments. *P < 0.05 compared to WT group by Student’s t-test. (B) The alveolar macrophages (CD45+F4/80+) were isolated from 
IL-17‒/‒ mice BALF, and the purity was about 98% (left panel). Determination of the proportion of apoptotic cells contained cells in both early stage (Annexin V+/PI−) 
and late stage (Annexin V+/PI+) apoptosis (right panel). (c) Alveolar macrophages cultured with added rmIL-17A (100 or 200 ng/mL) demonstrated significantly 
reduced apoptosis proportion compared to control group without rmIL-17A. Data were from four to five samples per group from three independent experiments. 
*P < 0.05 compared to control group by Student’s t-test.
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for Pneumocystis culture in vitro remain unclear till now, making 
the study of its life cycle, biology and related immune response 
more difficult (38). Although it has been well accepted that CD4+ 
T cells play a major role in controlling Pneumocystis infection, the 
potential mechanism is not well understood how the specific Th 
subsets mediate immunity responses to fight against PCP. Th1, 
Th2 and Th17 responses have each been implicated in protective 
responses during infection. However, it remains unclear if any Th 
subset is absolutely necessary in controlling PCP (14).

In vivo, Th9 cells were the main source of IL-9 (17) with 
multifaced roles depending on specific diseases. IL-9‒/‒ mice were 
used to study the contribution of IL-9/Th9 function in immune 
responses against a respiratory fungal infection, and we found 
that IL-9 was highly likely to have a negative effect on clearance 
of Pneumocystis organisms in the early stage of infection.

Several studies have demonstrated that Th17/IL-17 seems ben-
eficial to the clearance of Pneumocystis organisms. In our study, 
IL-9‒/‒ PCP mice had increased number of Th17 cells infiltrated in 
the lungs, as well as higher level of IL-17A production in BALF than 
WT PCP mice. Our results suggested IL-9 might be detrimental 
to controlling Pneumocystis infection and IL-9 deficiency lowered 
the Pneumocystis burden probably via the increasing Th17 cells. 
The IL-9‒/‒ PCP mice had increased Pneumocystis burden in lung 
while receiving IL-17A neutralization, providing the evidence to 
establish the association of enhanced Th17 responses and weak 
Pneumocystis burden. To our limited knowledge, this article is the 
first attempt to demonstrate the relationship between IL-9 and 
IL-17 during Pneumocystis infection.

Previous work has shown that differentiated Th17 cells had high 
expression of IL-9 receptor and could produce IL-9 after restimula-
tion with transforming growth factor β and IL-4 (25), so that IL-9 
might have an autocrine impact on Th17 cell differentiation regula-
tion. Our presented data demonstrated that IL-9 deficiency could 
enhance Th17 cells response during Pneumocystis infection. In con-
trast, a study observed IL-9 neutralization followed by attenuated 
Th17 responses in an animal model of experimental autoimmune 
encephalomyelitis (25), implicating that IL-9 might contribute to 
inflammatory disease as a Th17-mediator cytokine. Conflicting 
findings from the results of this current study were mainly because 
of totally different disease models involving distinct complicated 
immune responses. However, Th9 cells reportedly played both 
aggravating and suppressive roles even in the same murine model 
of experimental autoimmune encephalomyelitis (24, 25, 39).

The results demonstrated that IL-9 deficiency promoted the 
differentiation of Th17 cells, and the mRNA expression of genes 
related to Th17 differentiation pathway were upregulated in IL-9‒/‒ 
PCP mice compared with WT group. To the contrary, Nowak et al. 
concluded that IL-9 could induce Th17 differentiation through 

performing Th17 differentiation trials from IL-9 receptor- 
deficient mice and WT mice (25). We made possible speculation 
as follows. The deficiency of IL-9 receptor might totally differ from 
IL-9 deficiency in effects on regulating CD4+ Th subset, mean-
while, different differentiation conditions were administrated 
in the two experiments. The underlying reasons require further 
study. In addition, STATs play critical role in controlling T cell 
differentiation (40). A published study on experimental autoim-
mune encephalomyelitis indicated that STAT1 and STAT3, but 
not STAT5, regulated IL-9 mediated IL-17 production in T cells 
(41). In another study on multiple sclerosis (42), IL-9 activated 
STAT1 and STAT5, which are known to inhibit Th17 polarization 
(43, 44), and reduced IL-17 production. In our murine model 
of Pneumocystis infection, PCR results from lung tissue showed 
upregulated expressions of STAT3 and STAT5 (Figure 4B) and 
similar levels of STAT1 expression (Figure S3 in Supplementary 
Material) in IL-9‒/‒ mice compared with WT mice. As STAT3 was 
reported to be a central component of Th17-dependent autoim-
mune processes (45) and could compete with STAT5 by binding 
to specific sites to promote the induction of Th17 cells (44), the 
enhanced Th17 response might result from multiple factors, and 
the upregulated STAT3 and interactions in STATs should be taken 
into consideration. On the basis of studies in vitro and in vivo of 
autoimmune diseases, we hope to explore the effect and interac-
tion of STATs on Th17 response in Pneumocystis infection.

IL-23, mainly produced by activated antigen-presenting cells, 
such as macrophages and dendritic cells (46), is widely reported 
to play an important role in controlling Th17 cells development. 
Although IL-23 is not the differentiation factor for the generation 
of Th17  cells (47), there is increasing evidence that IL-23 pro-
motes the survival and expansion of Th17 cells (15, 48–50). As 
previously reported, IL-23 was shown to inhibit the expression of 
IL-9 in vitro (24), however, little was recorded about the role of 
IL-9 on IL-23 expression. In our experiments, though two groups 
presented similar frequencies of Th17 cells expressing IL-23R in 
BALF by flow cytometry, IL-23R mRNA expression in lung and 
IL-23 concentration in BALF were elevated in IL-9‒/‒ mice dur-
ing Pneumocystis infection contrasted with WT mice. Given the 
results from previous study and current experiments, it seemed 
that IL-9 and IL-23 could suppress the production of each other. 
What’s more, IL-23 knockout mice demonstrated impaired ability 
to clear Pneumocystis organism (12), it corresponded with the 
result that IL-9‒/‒ mice hosted lower Pneumocystis burden in lung 
with higher IL-23 concentration in BALF. It was confirmed that 
IL-23 expression can be induced during Pneumocystis infection 
through detecting the IL-23 concentration by ELISA in our study, 
indicating IL-23 played a role in host defense against Pneumocystis 
organism. However, additional studies are needed to explore the 

188

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 7 | IL-9‒/‒ mice recruited more neutrophils during Pneumocystis infection. Neutrophils from blood and lung were determined by flow cytometry in WT and 
IL-9‒/‒ mice at 3-week after Pneumocystis infection. (a) The percentage of neutrophils (CD45+CD11b+Ly-6G+) in all CD45+ cells were shown in the representative 
flow cytometric dot plots of three independent experiments. The percentage (B) and absolute numbers (c) were higher in IL-9‒/‒ mice than WT mice. Data are 
shown as mean ± SEM (n = 4–5 per group). *P < 0.05 compared to WT group by Student’s t-test.
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mechanism of regulation between IL-9 and IL-23 expression. 
Enhanced Th17 cells response was observed in IL-9‒/‒ PCP mice, 
and the reasons for increasing Th17 cells and upregulated IL-17 
signaling pathway remained unclear. Considering the ability of 
IL-23 to promote and maintain Th17 development, it may be 
the possibility of promoting Th17  cell numbers via the IL-23-
dependent mean, which required further confirmation.

A study in a murine model of rheumatoid arthritis revealed that 
Th17 cells could be drawn to sites of IL-17-driven inflammation  
through CCR6 detected on Th17  cells, which is the receptor 
for CCL20 (51). Little was known about the means by which 

Th17 cells infiltrated into alveolar spaces in PCP. Whether CCR6/
CCL20 participates in the above process or not deserves further 
investigation. However, in the current study, the mechanism lead-
ing to the different driven Th17 cells count in alveolar space might 
differ from that in rheumatoid arthritis for the similar concentra-
tions of CCL20 in BALF from both IL-9‒/‒ and WT PCP mice.

Sufficient evidence has been provided regarding the importance 
of AMs in fighting against PCP in previous studies (35, 52, 53). 
More AMs was observed from the BALF in IL-9‒/‒ PCP mice con-
trasted with WT mice, because of macrophages’ ability to produce 
IL-23, indicating increasing number of AMs might be the reason 
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FigUre 8 | IL-17A neutralization in vivo impaired the Pneumocystis clearance in IL-9‒/‒ mice. One group of IL-9‒/‒ mice received anti-IL-17A monoclonal antibody as 
in Section “Materials and Methods” (IL-9‒/‒ + anti-IL-17A). At the same time, another group of IL-9‒/‒ mice (IL-9‒/‒) and one group of WT mice (WT) received isotype 
control. All of the above three groups were intratracheally injected with Pneumocystis organisms and sacrificed at 3-week postinfection. (a) The IL-17A levels were 
determined in plasma, bronchoalveolar lavage fluid (BALF) and lung homogenate supernatants by ELISA from the three Pneumocystis-infected mouse groups.  
(B) The comparison of alveolar macrophage (defined as CD45+F4/80+CD11bintCD11c+) absolute number was presented from BALF of the three groups mice 
measured by flow cytometry. (c) The comparisons of neutrophil (defined as CD45+CD11b+Ly-6G+) percentage and absolute number in lung (top panel) and blood 
(bottom panel) were shown from the three groups of mice, which were detected by flow cytometry. Data in the graphs were represented as mean ± SEM (n = 6 per 
group) and were representative of three independent experiments. (D) The Pneumocystis burden was detected by TaqMan quantitative PCR, and expressed by the 
copies of Pneumocystis rRNA per lung from the three groups. Data in the graph were represented as mean ± SEM of 15 mice per group from three independent 
experiments. One-way ANOVA test with Bonferroni postanalysis was performed to calculate statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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for higher IL-23 in BALF from IL-9‒/‒ PCP mice. Our experiment 
revealed that additional IL-17 could protect AMs from apoptosis 
in  vitro, revealing that IL-17 might enhance the clearance of 
Pneumocystis organisms through increasing living AMs, which 
needs further research. In a study of Plasmodium berghei infec-
tion in mice, a striking reduction in splenic macrophages was 
observed in IL-17 knockout mice, which were highly susceptible 
to Plasmodium berghei infection, suggesting that IL-17 was 
important for maintenance of splenic macrophages (54). And 
adoptive transfer macrophages confirmed the value of IL-17 to 
macrophages accumulation in macrophage-depleted mice. The 
above data supported our results that IL-17A neutralization in 
IL-9‒/‒ PCP mice could significantly decrease the AM number in 
BALF, making it necessary to explore the relationship between 
IL-17 and AMs in PCP pathogenesis.

Neutrophils are known to play important role in various 
pulmonary infections, which could be recruited by IL-17A in the 
lungs (49, 55–57). Whereas it was reported that neutrophils did 
not have a major role in the clearance of Pneumocystis organisms 
(58), elevated pulmonary neutrophils seemed to be a risk factor 
for poor outcome in PCP patients (59). And compared with HIV 
PCP patients, non-HIV PCP patients hosted lower Pneumocystis 

burden and more neutrophils in the BALF with worse prognosis, 
suggesting neutrophil-related inflammation injury might impact 
the process of PCP. Since neutrophils did not appear to play a vital 
role during host fighting against Pneumocystis infection, it should 
be stated, however, the above studies do not draw the final conclu-
sion to deny the role of neutrophils in response to Pneumocystis 
infection. In the current study, the neutrophils recruitment might 
serve as the indicator to present the difference of Th17/IL-17 from 
the two groups. The function of pulmonary neutrophils in human 
and murine individuals infected with Pneumocystis organisms is 
worthy further study.

Although CD4+ T cells and AMs are critical for resolution of 
Pneumocystis, there is evidence that B cells and Pneumocystis-
specific antibody responses also played a role in protection 
against Pneumocystis organisms (60, 61). Our data demonstrated 
that IL-9‒/‒ PCP mice demonstrated similar levels of B cell num-
ber, production of total serum antibodies and anti-Pneumocystis 
serum antibodies with WT PCP mice 3-week postinfection 
(shown in Supplementary Materials), indicating that IL-9 
deficiency might play little role in the production of serum 
antibodies, and the difference of Pneumocystis burdens between 
WT and IL-9‒/‒ mice 3-week postinfection was largely irrelevant 
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South African Tuberculosis Vaccine Initiative, Institute of Infectious Disease and Molecular Medicine, Division of Immunology, 
Department of Pathology, University of Cape Town, Cape Town, South Africa

Background: Maintenance of long-lasting immunity is thought to depend on stem 
cell memory T  cells (TSCM), which have superior self-renewing capacity, longevity and 
proliferative potential compared with central memory (TCM) or effector (TEFF) T cells. Our 
knowledge of TSCM derives primarily from studies of virus-specific CD8+ TSCM. We aimed 
to determine if infection with Mycobacterium tuberculosis (M. tb), the etiological agent of 
tuberculosis, generates antigen-specific CD4+ TSCM and to characterize their functional 
ontology.

Methods: We studied T cell responses to natural M. tb infection in a longitudinal adoles-
cent cohort of recent QuantiFERON-TB Gold (QFT) converters and three cross-sectional 
QFT+ adult cohorts; and to bacillus Calmette–Guerin (BCG) vaccination in infants.  
M. tb and/or BCG-specific CD4 T cells were detected by flow cytometry using major his-
tocompatibility complex class II tetramers bearing Ag85, CFP-10, or ESAT-6 peptides, 
or by intracellular cytokine staining. Transcriptomic analyses of M. tb-specific tetramer+ 
CD4+ TSCM (CD45RA+ CCR7+ CD27+) were performed by microfluidic qRT-PCR, and 
functional and phenotypic characteristics were confirmed by measuring expression of 
chemokine receptors, cytotoxic molecules and cytokines using flow cytometry.

results: M. tb-specific TSCM were not detected in QFT-negative persons. After QFT 
conversion frequencies of TSCM increased to measurable levels and remained detectable 
thereafter, suggesting that primary M. tb infection induces TSCM cells. Gene expression 
(GE) profiling of tetramer+ TSCM showed that these cells were distinct from bulk CD4+ naïve 
T cells (TN) and shared features of bulk TSCM and M. tb-specific tetramer+ TCM and TEFF 
cells. These TSCM were predominantly CD95+ and CXCR3+, markers typical of CD8+ TSCM. 
Tetramer+ TSCM expressed significantly higher protein levels of CCR5, CCR6, CXCR3, 
granzyme A, granzyme K, and granulysin than bulk TN and TSCM cells. M. tb-specific TSCM 
were also functional, producing IL-2, IFN-γ, and TNF-α upon antigen stimulation, and 
their frequencies correlated positively with long-term BCG-specific CD4+ T cell prolifera-
tive potential after infant vaccination.
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inTrODUcTiOn

Memory T cells have been classified into subsets, according to 
their phenotypes, functions and homing potential (1). Antigen-
specific central memory T  cells (TCM, CD45RA− CCR7+) have 
been considered the main mediators of maintenance and expan-
sion of T cell immunity, following secondary antigen exposure, 
due to their ability to differentiate into effector T  cells (TEFF, 
CD45RA− CCR7−), as well as their increased proliferative capacity 
and longevity compared with TEFF cells. This ontology of memory 
T cells has recently been revised to include a new subset termed 
stem cell memory T cells (TSCM). TSCM typically express CD45RA, 
CCR7, and CD27, and thus phenotypically resemble naïve T cells, 
but their co-expression of memory markers, such as CD95 and 
CXCR3, distinguish them from naïve T cells (2, 3). Functional 
characterization of antigen-specific TSCM has predominantly foc-
used on viral, parasitic, and tumor-specific CD8 T cells, identified 
by major histocompatibility complex (MHC) class I tetramers, or 
by non-specific and/or antigen specific stimulation (2–6). These 
studies showed that TSCM characteristically possess excellent 
self-renewing capacity, longevity, proliferative capacity, relative 
to TCM and TEFF. Importantly, TSCM can also differentiate into TCM 
and/or TEFF cells (2). CD8+ TSCM are preferentially enriched in 
the absence of antigen (3), non-chronic states of infection (6) 
and among long-lived T cells induced by vaccination (7). CD8+ 
TSCM were also essential for the re-establishment of Ag-specific 
memory responses after T cell depletion in cancer patients (8, 9).  
As a result, TSCM T cells are considered as a potential target for 
vaccination against infectious diseases and T  cell therapy for 
autoimmunity, that aim at inducing and maintaining long-
lasting T cell immunity capable of replenishing all T cell memory  
subsets.

Animal models of tuberculosis (TB) and human studies show 
that CD4 T cells, and especially those that have differentiated into 
antigen-specific Th1 cells, are necessary for immunological con-
trol of the intracellular bacterium, Mycobacterium tuberculosis 
(M. tb) [reviewed in Ref. (10)]. Newborn vaccination against TB 
with the bacillus Calmette–Guerin (BCG) vaccine is efficacious 
against severe forms of TB, such as milliary and meningitic TB, 
in young children (11, 12). Efficacy of BCG against pulmonary 
disease after childhood is variable and mostly poor (13, 14). As a 
consequence, it has been proposed that waning of mycobacteria-
specific T cell memory responses and insufficient maintenance 
of protective CD4+ T cells may underlie the limited durability of 
BCG-induced protection (15, 16).

Newborn BCG vaccination induces antigen-specific TCM and 
TEFF CD4+ T cell responses (17), but the role of CD4+ TSCM cells 
in immune responses induced by vaccination against TB, or by 

natural M. tb infection, in humans has not been explored. In fact, 
there is very limited knowledge about the functional capacity 
and persistence of CD4+ TSCM that are specific for bacterial anti-
gens. We and others have reported that a considerable proportion 
of cytokine-expressing or tetramer+ mycobacteria-specific CD4+ 
T cells, in humans, displayed a memory phenotype characteristic 
of naïve T cells (CD45RA+ CCR7+), and termed them naïve-like 
CD4+ T cells (17–22). In a clinical trial that tested boosting of 
mycobacteria-specific responses with the TB vaccine candidate, 
MVA85A, low but detectable Ag85A-specific CD45RA+ CCR7+ 
CD27+ naive-like CD4+ T  cell responses were observed before 
MVA85A vaccination and frequencies of these cells remained 
unchanged after vaccination (23). In addition, a murine study 
demonstrated that BCG-induced naïve-like (CD44lo CD62Lhi) 
memory cells played a role in the control of M. tb infection, where 
these cells were capable of replenishing effector (CD44hi CD62Llo) 
T cells with superior functional activity and protective potential 
against M. tb infection, compared with those originating from 
effector T  cells (24). The characteristics of such mycobacteria-
specific naïve-like CD4+ T cells are thus consistent with those of 
CD4+ TSCM cells.

We hypothesized that M. tb-specific CD4+ TSCM are induced 
by primary infection with M. tb in humans and aimed to deter-
mine the kinetics of their generation and to characterize gene 
expression (GE), homing potential and functional profiles of 
mycobacteria-specific CD4+ TSCM. Phenotypic and functional 
properties of M. tb-specific TSCM were compared with those of  
M. tb-specific TCM and TEFF, to determine their ontology. Our 
findings contribute to the current knowledge of the M. tb-specific 
T  cell memory repertoire and highlight the need for a better 
understanding of CD4+ TSCM cells in natural M. tb infection, TB 
disease and vaccine-induced immune responses.

MaTerials anD MeThODs

study Participants
Consent forms and study protocols were approved by the  
Human Research Ethics Committee of the University of Cape 
Town (UCT HREC 126/2006, 045/2008, 179/2011, 013/2012, 
753/2014). Healthy adults with a positive QuantiFERON Gold 
In-Tube (QFT) test (IFN-γ > 0.35 IU/mL) were recruited from 
the community living in the Worcester region of Western Cape, 
South Africa. All participants provided written informed con-
sent. Inclusion criteria included age above 18 years, QFT-positive, 
HIV-seronegative, and no prior (self-reported) or current signs or 
symptoms suggestive of TB disease.

We also retrieved cryopreserved peripheral blood mononu-
clear cells (PBMC) from a subset of 12- to 18-year-old adolescent 

conclusion: Human infection with M. tb induced distinct, antigen-specific CD4+ TSCM 
cells endowed with effector functions, including expression of cytotoxic molecules and 
Th1 cytokines, and displayed chemokine receptor profiles consistent with memory 
Th1/17 cells. Induction of CD4+ TSCM should be considered for vaccination approaches 
that aim to generate long-lived memory T cells against M. tb.

Keywords: TscM, Mycobacterium tuberculosis, memory T cells, QuantiFerOn conversion, lTBi
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participants with evidence of newly acquired M. tb infection, 
from the longitudinal Adolescent Cohort Study (25). Parents or 
legal guardians of adolescents provided written informed con-
sent and adolescents provided written informed assent. New  
M. tb infection was defined as a negative Tuberculin Skin 
Test (TST) (induration  =  0  mm) and negative QFT test (IFN-
γ < 0.35 IU/mL), followed by at least three positive QFT tests 6, 
12, and 18 months later and a positive TST (induration > 10 mm) 
at 12 months.

We also performed new analyses of existing immune response 
data from healthy HIV-exposed but uninfected infant partici-
pants of a recently published clinical trial [see Ref. (26) for details; 
http://ClinicalTrials.gov NCT01650389]. Participants of this 
trial received either MVA85A vaccination or placebo (Candin®, 
AllerMed) at birth and, if confirmed HIV-PCR negative, BCG 
vaccination at 8 weeks of age, after which they were followed up 
for 44 weeks. Analyses reported here include only infants who 
received placebo at birth.

Blood Processing and stimulation for 
intracellular cytokine staining assay
Peripheral blood mononuclear cells from adults were isolated 
by density gradient centrifugation (Ficoll histopaque, Lonza) 
from blood collected in sodium (Na)-heparin tubes (Greiner 
Bio-one) or heparinized blood bags. PBMC were analyzed fresh 
or cryopreserved in RPMI 1640 media (RPMI, Lonza) with 10% 
v/v dimethyl sulfoxide (DMSO, Sigma-Aldrich) and 45% v/v fetal 
bovine serum (Biochrom).

Whole blood intracellular cytokine staining (WB-ICS) assays 
were performed as described previously (26–28). Briefly, 1  mL 
whole blood was either left unstimulated (negative control) or 
stimulated with phytohemagglutinin (at 10  μg/mL, positive 
control), peptide pools of Ag85B, ESAT-6, or CFP-10 (all 15mer 
peptides, overlapping by 10 aa at 2  μg/mL, GenScript) or BCG 
(≈1.2 × 106 CFU/mL, Statens Serum Institut) for 12 h or 7 days 
(BCG only, used at 1 × 105 CFU/mL). Thereafter, red cells were lysed 
and white cells fixed using FACS-Lysing solution (BD Biosciences), 
before cryopreservation in 10% DMSO in fetal calf serum.

Flow cytometry
Multiparameter flow cytometry panels were designed (Table S1 
in Supplementary Material) to sort memory subsets as bulk or  
M. tb-tetramer+ CD4+ T cells (panel 1, Figure S1A in Supplemen-
tary Material), measure M. tb-specific CD4+ T cell kinetics after 
M. tb infection (panel 2, Figure S1B in Supplementary Mater-
ial), determine M. tb-specific CD4+ T  cell chemokine receptor  
(panel 3, Figure S1C in Supplementary Material), cytotoxic 
molecule (panel 4, Figure S1D in Supplementary Material), and 
cytokine [panel 5, Figure S6A in Supplementary Material, see 
Ref. (28)] expression profiles. In addition, BCG vaccine-induced 
cytokine expression profiles [panel 6, see Ref. (26)] and prolif-
erative  capacity [panel 7, see Ref. (26)] of mycobacteria-specific 
CD4+ T cells were measured.

Mhc class ii Tetramers
Major histocompatibility complex class II tetramers conjugated  
to PE and/or APC were kindly provided by the National Institutes 

of Health (NIH) tetramer core facility. To exclude detection 
of non-specific MHC class II tetramer binding to B cells, CD8 
T cells, monocytes, and dead cells, we gated CD4+ T cells on CD8−, 
CD14−, CD19−, live cells by including antibodies conjugated to  
the same fluorochrome to these markers (collectively termed a 
dump channel) (Figure S1A–D in Supplementary Material). M. tb-
tetramer+ CD4+ T cells were detected using MHC class II tetram-
ers conjugated to the following mycobacterial peptides: Ag85 
[DPB1*04:01-Ag85B128–144 (GKAGCQTYKWETFLTSE), DRB1* 
03:01-Ag85A56–75 (VPSPSMGRDIKVQFQSGGAN)], CFP-10  
[DRB1*04:01-CFP-1071–85 (EISTNIRQAGVQYSR), DRB5*01:01-
CFP-1051–65 (AQAAVVRFQEAANKQ)], and ESAT-6 [DQB1*06: 
02-ESAT631–45 (EGKQSLTKLAAAWGG)]. Non-specific tetramer  
staining was detected using MHC class II tetramers conjugated  
to human CLIP self-peptide, [DPB1*04:01-CLIP81–101 (PVSKMR 
MATPLLMQA), DQB1*06:02-CLIP81–101, DRB1*03:01-CLIP81–101, 
DRB1*04:01-CLIP81–101, and DRB5*01:01-CLIP81–101].

Flow cytometry staining Protocol  
for sorting (Flow cytometry Panel 1)
Cryopreserved PBMC were thawed into medium containing 
DNAse (50  IU/mL, Sigma-Aldrich), washed and stained with 
Violet or Aqua LIVE/DEAD Fixable Dead Cell Stain (Thermo-
Fisher Scientific). Cells were then stained with anti-CCR7 anti-
body at 37°C for 20 min, washed and then stained with 2 µg/mL  
MHC class II-CFP10 tetramers (DRB1*04:01-CFP-1071–85, DRB5* 
01:01-CFP-1051–65) at room temperature (RT) for 1 h. Cells were 
washed and stained with surface marker antibodies, according 
to Table S1 in Supplementary Material, for 40  min at RT in a 
total volume of 100 µL. Samples were acquired and sorted on a 
BD Bioscience FACS Aria I sorter using FACS DIVA software 
(Version 6).

Flow cytometry staining Protocol  
for PBMc (Panels 2–4)
Chemokine Receptor Staining
Cryopreserved or fresh PBMC were stained with antibodies to 
chemokine receptors (Table S1 in Supplementary Material) for 
30 min at 37°C.

MHC Class II Tetramers Staining
During optimization experiments we noted that MHC class II 
tetramer staining of some samples yielded artifactual labeling 
which appeared to be fluorochrome-dependent. As a consequence, 
when necessary, PBMC were stained with two preparations of 
the identical tetramer, one conjugated to PE and the other to 
APC. This identified PE and APC double-positive cells, allowing 
rigorous identification of tetramer+ CD4+ T cells. Tetramer stain-
ing was performed using mycobacteria-specific tetramers at a 
concentration of 2 µg/mL per tetramer preparations for 1 h at RT.

Phenotypic Marker Staining
Peripheral blood mononuclear cells were stained with fluores-
cently labeled antibodies to phenotypic markers and viability 
dye, according to Table S1 in Supplementary Material, for 30 min 
at RT, before washing and fixation with 1% paraformaldehyde 
(Kimix).
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Intracellular Cytotoxic Molecule Staining
To stain for cytotoxic molecules, PBMC were fixed and permea-
bilized using the BD CytoxFix/Perm (BD Biosciences) accord-
ing to the manufacturer’s protocol. Permeabilized PBMC were 
then stained with fluorescently labeled antibodies to cytotoxic 
molecules, according to Table S1 in Supplementary Material, for 
30 min at RT. This was followed by washing and fixation. Samples 
were acquired on a BD Bioscience LSRFortessa using FACS DIVA 
software (Version 8).

Flow cytometry staining Protocol  
for Whole Blood intracellular cytokine  
(WB-ics) assay (Panels 5–7)
Cryopreserved, fixed cells from the whole blood stimulation 
were thawed, permeabilized using Perm/Wash Solution (BD 
Biosciences), washed and stained with anti-CCR7 at 37°C for 
20 min, followed by addition of the remaining antibodies, and 
staining on ice for 40 min.

high Throughput Microfluidic rT-qPcr  
on sorted T cells
Thirty cells (MHC class II tetramer+ or bulk CD4+ T cells from 
each memory subset) were sorted into PCR tubes containing 
5 µL CellsDirect 2× reaction mix, 0.5 µL SuperScript™ III RT/
Platinum® Taq mix, 2.5 µL of pooled TaqMan GE primer-probe 
assays (at a concentration of 0.2× per assay), and 1 µL TE buffer 
(10 mM Tris, pH 8.0, and 0.1 mM EDTA). Selection of TaqMan 
assays was based on published literature of transcriptional 
profiles of T  cell memory subsets (Table S2 in Supplementary 
Material). The amplification efficiency of each TaqMan GE assay 
was assessed as previously described (29) and found to be close to 
100% (±10%, data not shown). Specific transcript amplification 
(STA) was performed using the following thermal profile: 20 min 
at 50°C to lyse cells and perform cDNA synthesis, followed by 
2 min at 95°C, then 18 cycles of 95°C for 15 s and 60°C for 4 min. 
STA-cDNA samples were diluted fivefold and loaded onto a 
96.96 Dynamic Array chip (Fluidigm) with TaqMan GE assays 
for qPCR using a BioMark HD System (Fluidigm) according to 
the manufacturer’s protocol.

Data analysis
Flow cytometry data was analyzed using FlowJo (Tree Star) 
versions v9.7 to v10.1r.1, Pestle version 1.8, and SPICE version 
5.2–5.3 (30).

Threshold cycle (Ct) values were determined by the BioMark 
Real-time PCR Analysis software using linear derivative back-
ground correction and an amplification curve quality threshold 
of 0.65. We excluded data from sorted CD4+ T  cells with 
undetectable levels (i.e., Ct = 40) of CD4 and/or B2M from our 
analyses. For ease of interpretation, Ct values were transformed 
to Et values (40 − Ct), because a higher Et value indicates higher 
mRNA levels. Relative mRNA transcript levels (delta Et) in 
tetramer+ CD4+ T cells were derived by subtracting the B2M Et 
value from the Et values of the genes of interest, and average delta 
Et values were calculated from duplicate STA-cDNA samples.

The lower detection limit for tetramer+ CD4 T cells measured 
by flow cytometry panels 2–4 (0.0021% of CD4+ T  cells) was 
calculated as the median frequency of negative control tetramer+ 
CD4 T  cells plus the 95% confidence interval of the median 
absolute deviation of negative control tetramer proportions. In 
addition, frequencies of tetramer+ CD4+ T cells had to be at least 
fivefold higher than frequencies of the corresponding control 
tetramer+ CD4+ T  cells. Chemokine and cytotoxic molecule 
expression profiles were assessed for cell subsets comprising 20 
or more cells (e.g., tetramer+ TCM or TEFF cells).

Antigen-specific cytokine+ cells expressing a TSCM (CD45RA+ 
CCR7+) phenotype detected in the WB-ICS assay (panel 5) 
were typically very infrequent, and in some donors less than 10 
cells of this subset were detected per sample upon background 
subtraction. As a result, we did not perform in-depth cytokine 
co-expression or Boolean analyses, and we report frequencies of 
CD4+ TSCM cells that express IFN-γ, TNF-α, and IL-2 in unstimu-
lated and antigen-stimulated samples.

Statistical analyses were performed using GraphPad Prism 
v6/7, R version 3.0.1 or SPICE version 5.2–5.3 (30). Specific 
statistical analyses are clearly defined where applicable. 
Differences in mRNA transcript expression between CD4+ 
T cell populations were computed using the Kruskal–Wallis or 
Mann–Whitney tests at a p-value threshold of 0.05 and a false 
discovery rate (FDR) threshold of 0.05 [Benjamini–Hochberg 
method (31)]. Principal component analysis (PCA) plots and 
heat maps were generated using the prcomp and heatmap.2 
functions in R. Differences in protein expression were computed 
using Kruskal–Wallis or Mann–Whitney tests. The Bonferroni 
and Benjamini–Hochberg (FDR < 0.05) methods were used to 
correct for multiple comp-arisons for up to four comparisons 
or more than four comparisons, respectively. Differences in pie 
charts depicting chemokine receptor and cytotoxic molecule 
co-expression profiles were calculated using non-parametric 
permutation test comparing the overall distribution between 
subset proportions using SPICE (30).

resUlTs

cD45ra+ ccr7+ cD27+M. tb-Tetramer+ 
cD4 T cells are not naïve cD4 T cells
We previously observed mycobacteria-specific CD4+ T cells that 
expressed a CD45RA+ CCR7+ naïve phenotype but exhibited 
features not consistent with TN, which we termed “naïve-like” 
CD4+ T  cells. In four studies, we showed that these “naïve-
like” CD4+ T  cells expressed Th1 cytokines (17–20), functions 
characteristic of antigen-experienced T  cells. Also, in another 
study (23), we detected “naïve-like” CD4+ T cells by MHC class 
II tetramer staining at frequencies that exceeded those typical of 
TN, at 1–5 cells/million CD4 T cells (32–34). We hypothesized 
that such mycobacteria-specific naïve-like CD4+ T  cells are 
TSCM cells and performed GE profiling of sorted CFP10-specific 
tetramer+ CD4 T cells that displayed such a naive memory phe-
notype (CD45RA+ CCR7+ CD27+, naïve-like memory cells, TNLM) 
from seven healthy, M. tb-infected donors with HLA alleles that 
corresponded to our tetramer reagents. Refer to Supplementary 
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FigUre 1 | Transcriptional profile of Mycobacterium tuberculosis (M. tb)-specific TSCM. Expression of 96 genes was measured by microfluidic qRT-PCR on bulk or 
M. tb-tetramer+ CD4+ T cells expressing a naïve (TN, CD45RA+ CCR7+ CD27+ CD95−, labeled as naïve-like memory TNLM for M. tb-tetramer+), TSCM (CD45RA+ CCR7+ 
CD27+ CD95+, bulk CD4+ cells only), TCM (CD45RA− CCR7+ CD27+), or TEFF (CD45RA− CCR7−) phenotype, sorted from M. tb-infected adults (n = 7). Analyses 
shown in this figure were built on transcripts (22 mRNA) that were differentially expressed [Kruskal–Wallis H test p < 0.05 and false discovery rate (FDR) < 0.05] 
between bulk CD4+ TN, TSCM, TCM, and TEFF cells. (a) Principal component analysis (PCA) of sorted bulk TN (green), TSCM (indigo), TCM (magenta), and TEFF (purple). PCA 
loadings—PC1 and PC2—defined on bulk CD4+ subsets were applied to M. tb-tetramer+ TNLM (light blue triangles) CD4+ T cells. (B) Unsupervised heat map of 22 
transcripts differentially expressed between bulk TN, TSCM, TCM, and TEFF subsets. Bulk TN, TSCM, and M. tb-tetramer+ TNLM represented as green, indigo, and light blue, 
respectively. Gene expression (GE) is reported as delta Et values [40 − threshold cycle (Ct) values]. (c) Supervised heat map of 20 transcripts differentially expressed 
(Kruskal–Wallis H test p < 0.05 and FDR < 0.2) between M. tb-tetramer+ TNLM (light blue), TCM (magenta), and TEFF (purple) CD4 T cell subsets. GE is reported as 
delta Et values (40 − Ct values).
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Information for the rationale for using MHC class II tetramers. 
We also sorted and profiled GE of tetramer+ TCM (CD45RA− 
CCR7+ CD27+) and TEFF (CD45RA− CCR7−) CD4 T cells as well 
as bulk naïve, TSCM, TCM and TEFF CD4 T  cells (Figure S1A in 
Supplementary Material). Because less than 50% of the tetramer+ 
TNLM CD4 T cells expressed CD95, as also shown previously (23), 
we focused on CD95- tetramer+ TNLM cells. One participant did 
not have detectable tetramer+ TNLM CD4 T cells.

Twenty-two mRNA transcripts were differentially expressed 
between the bulk (not M. tb-specific) TN, TSCM, TCM, and TEFF 
CD4+ T  cell subsets at a p-value of <0.05 and FDR of ≤0.05 
(data not shown). These bulk memory subsets could readily 

be distinguished from each other by PCA (Figure 1A) of these  
22 transcripts. When the component loadings from principal 
 components 1 and 2 were applied to the M. tb-specific tetramer+  
cell subset data, CFP10-tetramer+ TNLM cells clustered with 
bulk CD4+ TSCM cells and were distinct from bulk CD4+ TN cells 
(Figure 1A). Unsupervised hierarchical clustering based on  expres- 
sion of these 22 transcripts also showed that CFP10-tetramer+ 
TNLM cells clustered with bulk CD4+ TSCM cells, and expressed tran-
scripts associated with antigen-experienced cells, such as TNF-α, 
IFN-γ, perforin, granulysin, granzyme A and K, CCL5 (RANTES), 
CCR4, and CCR5. By contrast, bulk CD4+ TN cells did not express 
these transcripts and formed a discrete cluster (Figure 1B).
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Next, we determined whether CFP10-tetramer+ TNLM  exhibited 
a transcriptional profile distinct from M. tb-specific tetramer+ 
CD4+ TCM and TEFF memory subsets. We compared the mRNA 
expression between the three M. tb-specific tetramer+ CD4+ T cell 
subsets and selected 20 mRNA transcripts (p < 0.05 and FDR ≤ 0.2) 
for cluster analysis (Figure 1C). Unsupervised hierarchical clus-
tering (Figure 1C) and PCA analysis (Figure S2 in Supplementary 
Material) revealed substantial overlap in GE between the CFP10-
tetramer+ cell subsets, although CFP10-tetramer+ TNLM appeared 
to cluster more closely with TCM cells than TEFF cells.

Since the GE profiles of M. tb-specific CD4+ cells with a 
naïve phenotype (CD45RA+ CCR7+ CD27+) were distinct from  
TN cells and consistent with antigen-experienced, bulk TSCM, we 
concluded that these cells are M. tb-specific CD4+ TSCM cells.

M. tb-specific TscM cells are induced by 
Primary M. tb infection
We next determined whether antigen-specific CD4+ TSCM 
cells are induced during primary M. tb infection. We retrieved 
stored PBMC collected from adolescents before and after M. tb 
infection, as determined by negative QFT and TST tests, with 
subsequent test conversion at 6- and 12-month intervals, respec-
tively (Figure  2A). To track M. tb-specific CD4 T  cells during 
acquisition of M. tb infection, we utilized MHC class II tetramers 
loaded with peptides of the M. tb complex-specific antigens, 
CFP-10 and ESAT-6. Dual staining with PE and APC-conjugated 
tetramers improved staining specificity (Figure 2B; Figure S3A in 
Supplementary Material). Frequencies of M. tb-tetramer+ CD4+ 
T  cells were below the limit of reliable detection before M. tb 
infection in 11 out of 12 participants and increased significantly 
upon QFT conversion 6  months later, when this response also 
peaked. Thereafter, frequencies of M. tb-tetramer+ CD4+ T cells 
decreased but were maintained at detectable levels throughout 
established M. tb infection, at months 12 and 18 (Figure S3B in 
Supplementary Material).

Frequencies of M. tb-specific tetramer+ TSCM (CD45RA+ CCR7+ 
CD27+), TCM (CD45RA− CCR7+), and TEFF (CD45RA− CCR7−) 
were below the limit for reliable detection at enrollment (month 
0), demonstrating that circulating M. tb-specific TN are too rare to 
detect by direct ex vivo tetramer staining (Figures 2C–D). After 
M. tb infection all three M. tb-specific memory subsets increased 
to detectable levels and remained detectable throughout estab-
lished infection (Figure 2D). Interestingly, frequencies of M. tb-
specific TSCM and TCM remained relatively consistent throughout 
primary and established M. tb infection, while M. tb-specific TEFF 
peaked during the primary M. tb infection phase (month 6) and 
thereafter steadily decreased (Figure 2D). These data suggest that 
M. tb-specific TSCM are induced by M. tb infection and maintained 
at low but consistent levels in the peripheral blood once M. tb 
infection has been established.

M. tb-specific TscM express chemokine 
receptor and cytotoxic Profiles Distinct 
from Bulk Tn and TscM cD4 T cells
Our transcriptomic analysis showed that bulk CD4+ TSCM and  
M. tb-specific TSCM cells expressed chemokine receptor and 

cytotoxic molecule transcripts, which were mostly undetectable 
in bulk TN cells (Figure 1B). Chemokine receptors mediate tissue 
homing and allow classification of memory CD4 cells into Th1, 
Th2, and Th17 lineages (35–37). Expression of cytotoxic media-
tors by CD4+ T cells indicates highly differentiated cells typically 
associated with high antigen exposure and effector T cell prop-
erties (38). We sought to validate our transcriptomic findings 
by measuring protein expression in an independent cohort of  
M. tb-infected (QFT+) adults. Expression of CCR4, CCR5, CCR6, 
and CXCR3 and cytotoxic molecules granzyme A, B, and K, gran-
ulysin, and perforin by M. tb-specific TSCM (CD45RA+ CCR7+ 
CD27+) cells was compared with bulk TN (CD45RA+ CCR7+ 
CD27+ CD95−) and TSCM (CD45RA+ CCR7+ CD27+ CD95+) cells 
(Figure 3; Figures S1C,D in Supplementary Material).

Virtually, all M. tb-tetramer+ CD4+ cells expressed CXCR3 
(median and IQR: 96.2 and 86.2–97.8%), with relatively high 
proportions also expressing CCR5 and CCR6 (Figure  3A). A 
very small proportion of tetramer+ CD4 T cells expressed CCR4 
(Figure 3A). By contrast, expression of these chemokine recep-
tors was negligible or not detected on bulk TN as expected of naïve 
cells (Figure 3B), while CXCR3, CCR6, and CCR5 were expressed 
by a small proportion of bulk TSCM (Figure 3B). Co-expression of 
these chemokine receptors by bulk TSCM and M. tb-specific TSCM 
revealed interesting patterns. Bulk TSCM cells mostly expressed 
only a single chemokine receptor, whereas M. tb-specific TSCM 
displayed more diverse co-expression profiles with single 
(CXCR3+), double (CCR5+ CXCR3+ or CCR6+ CXCR3+) and a 
small proportion of triple (CCR5+ CCR6+ CXCR3+) positive cells 
(Figure 3C). Importantly, a small subset of M. tb-specific TSCM 
and >50% of bulk TSCM did not express any of the chemokine 
receptors (Figure 3C), a profile suggesting early T cell differentia-
tion (36). Virtually, all M. tb-specific CD4 TSCM cells expressed 
CXCR3, while CD95, a typical marker of CD8 TSCM cells (4, 39), 
was expressed by approximately 75% of tetramer+ CD4+ TSCM 
cells (Figure  3C)—refer to Supplementary Material for factors 
that affected CD95 expression in our experiments (Figure S4 in 
Supplementary Material).

Approximately 40% (range: 4.38–86.9%) of M. tb-tetramer+ 
CD4 T  cells expressed granzyme A and/or K. Very few M. tb-
tetramer+ CD4 T cells expressed granzyme B, granulysin, or per-
forin (Figure 3D). Interestingly, about a quarter of M. tb-specific 
CD4+ TSCM expressed cytotoxic molecules, also dominated by 
granzyme A and K. These were generally not co-expressed by  
M. tb-specific CD4+ TSCM. By contrast, bulk TSCM expressed very 
low levels of cytotoxic molecules (Figures 3E,F).

Increased expression of some chemokine receptors and cytotoxic 
molecules by M. tb-specific TSCM compared with bulk TSCM suggested 
that M. tb-specific TSCM are more phenotypically differentiated than 
bulk TSCM. We thus also compared chemokine receptor and cytotoxic 
molecule expression patterns by M. tb-specific TSCM with bulk TCM 
(CD45RA− CCR7+ CD27+) and TEFF (CD45RA− CCR7−CD27−) 
cells (Figures S5A,B in Supplementary Material). M. tb-specific 
TSCM expressed higher levels of CXCR3 than both bulk TCM and TEFF  
cells, further supporting their TSCM identity. Surprisingly, M. tb- 
specific TSCM had similar expression levels of CCR5 and CCR6 to 
bulk TEFF cells, but significantly lower expression of CCR4 than 
bulk TCM or TEFF cells (Figure S5A in Supplementary Material). 
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FigUre 2 | Mycobacterium tuberculosis (M. tb)-specific TSCM are detected in recently M. tb-infected adolescents. (a) Median (error bars denote IQR) of Tuberculin 
Skin Test (TST) and QuantiFERON-TB Gold In-Tube (QFT) performed at the indicated time points. A 5 mm and 0.35 IU/ml cutoff were used to define positive TST 
and QFT, respectively (n = 19 participants). (B) Representative flow cytometry plots showing peripheral blood mononuclear cells staining with two identical major 
histocompatibility complex (MHC) class II tetramers conjugated to PE and APC to detect CD4+ T cells specific for CFP-10. Tetramers matched by MHC allele but 
loaded with a self-peptide were used as negative control. Number indicates percentage of tetramer+ CD4 T cells. (c) Representative flow cytometry plots for 
memory markers CD45RA, CCR7, CD27, and CD95 gated on bulk (pseudo-color and gray) and M. tb-specific CD4+ T cells (red dots). (D) Median (error bars 
denote IQR) frequencies of M. tb-specific TSCM (CD45RA+ CCR7+ CD27+, light blue), TCM (CD45RA− CCR7+, magenta), and TEFF (CD45RA− CCR7−, purple) during 
primary M. tb infection (n = 12 participants).
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M. tb-specific TSCM also expressed  significantly higher levels of 
granzyme A and K than bulk TCM (Figure S5B in Supplementary 
Material). However, TSCM expressed lower levels of all cytotoxic 
molecules except granzyme K than bulk TEFF cells. These data fur-
ther support the finding that M. tb-specific TSCM cells are antigen-
experienced memory cells with unique phenotypic and functional 
attributes that distinguish them from bulk TSCM cells, and are more 
similar to highly differentiated bulk TCM and TEFF cells.

M. tb-specific cD4 TscM are less 
Differentiated than M. tb-specific  
TcM and TeFF cD4 T cells
We then compared the expression of chemokine receptors and 
cytotoxic molecules between M. tb-specific tetramer+ CD4+ 

TSCM cells and the other tetramer+ CD4+ T cell memory sub-
sets. Virtually all cells among the three M. tb-specific memory 
subsets expressed CXCR3, as has been previously reported for 
M. tb-specific CD4+ T cells, although TCM displayed the highest 
proportion of CXCR3+ cells, compared with M. tb-specific TSCM 
and TEFF cells (Figure 4A). A significantly lower proportion of 
M. tb-specific TSCM expressed CCR6 than either M. tb-specific 
TCM or TEFF cells, while a minority of M. tb-specific TSCM and 
TCM expressed CCR5 or CCR4. As expected, virtually all  
M. tb-specific TEFF cells were CCR5+ and CCR4−. An increase 
from single to triple chemokine receptor co-expression profiles 
was observed when M. tb memory cells were ordered according 
to their expected differentiation sequence, from TSCM to TCM to 
TEFF cells (Figure 4B; Figure S5A in Supplementary Material).  
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This was also observed when expression of the cytotoxic 
molecules granzyme A and K was assessed. Proportions of 
M. tb-specific TSCM cells expressing granzyme A and/or K 
were lower than TCM expressing these cytotoxic molecules, 
which in turn were lower than M. tb-specific TEFF cells 
(Figure 4C). Proportions of M. tb-specific TEFF expressing both 
granzyme A and K were also higher than those observed in  

M. tb-specific TCM and TSCM CD4+ T cells (Figure 4D; Figure 
S5B in Supplementary Material).

Taken together, these data show that M. tb-specific TSCM pos- 
sess the least differentiated M. tb-specific phenotypic and func-
tional profile, and suggest that M. tb-specific TCM cells appear as 
an intermediate subset before cells differentiate into M. tb-specific 
TEFF CD4+ T cells.

FigUre 3 | Continued
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FigUre 3 | Mycobacterium tuberculosis (M. tb)-specific TSCM are not TN and express distinct homing and cytotoxic profiles from bulk TSCM. Expression of chemokine 
receptors and cytotoxic molecules was measured in remotely M. tb-infected (QFT+) adults (n = 28) when at least 20 events were detected in each tetramer+ memory 
subset. (a) Representative flow cytometry plots of chemokine receptor expression on bulk (pseudo-color and gray) and M. tb-specific (red dots) CD4+ T cells. Box 
and whisker plots represent the median proportion, IQR, and range of expression of chemokine receptor (n = 28). (B) Box and whisker plot depicting the proportion 
of chemokine receptor-expressing bulk TN (CD45RA+ CCR7+ CD27+ CD95−, n = 28, green), TSCM (CD45RA+ CCR7+ CD27+ CD95+, n = 28, blue), and M. tb-specific 
TSCM (CD45RA+ CCR7+ CD27+, n = 15, light blue) CD4+ T cells. p-Values were calculated using Wilcoxon signed-rank test and corrected for multiple comparison 
using the Benjamini–Hochberg method with an false discovery rate (FDR) of 0.05. Adjusted p-values <0.05 were considered significant. (c) Pie chart showing the 
median proportions (slices) of bulk TSCM (n = 28) and M. tb-specific TSCM (n = 15) CD4+ T cells co-expression of CD95, CCR4, CCR5, CCR6, and/or CXCR3, 
denoted by arcs. p-Value was calculated using non-parametric permutation test comparing the overall distribution between pies. (D) Representative flow cytometry 
plots of cytotoxic molecule expression on total (pseudo-color and gray) and M. tb-specific (red dots) CD4+ T cells. Box and whisker plots represent  
the median proportion, IQR, and range of expression of cytotoxic molecules (n = 20). (e) Proportion of granzyme (grn) A, grnB, grnK, granulysin, and perforin 
expression in bulk TN (n = 20, green), TSCM (n = 20, blue), and M. tb-specific TSCM (n = 5, light blue) CD4+ T cells. p-Values were calculated with the Mann–Whitney 
test, corrected for multiple comparisons with the Benjamini–Hochberg method with an FDR of 0.05. Adjusted p-values <0.05 were considered significant. (F) Pie 
chart showing the median proportions (slices) of bulk TSCM (n = 20) and M. tb-specific TSCM (n = 5) CD4+ T cells co-expression grnA, grnB, grnK, granulysin, and/or 
perforin, denoted by arcs. p-Value was calculated using non-parametric permutation test comparing the overall distribution between pies.
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M. tb-specific TscM cD4 T cells express 
Th1 cytokines
Studies of CD8+ (and CD4+) TSCM have shown that TSCM have 
limited cytokine expression capacity that is dominated by IL-2 
and TNF-α in responses to non-specific stimulation (2, 3, 5). 
To determine if this is also true for mycobacteria-specific TSCM, 
we re-analyzed available data from stimulated whole blood 
(WB-ICS, Figure S6A in Supplementary Material) from a previ-
ously published cohort of QFT+ adults (28). Significantly higher 
frequencies of IFN-γ, TNF-α, or IL-2 cytokine-expressing CD4 
TSCM cells, defined as CD45RA+ CCR7+, were detected in blood 
stimulated with BCG, or peptide pools spanning either Ag85B 
or CFP-10, compared with unstimulated blood (Figure 5)—refer 
to Supplementary Information for the justification for using 
CD45RA+ CCR7+ as a marker for TSCM by cytokine-expressing 
CD4+ T cells (Figure S7 in Supplementary Material). This was, 
however, not observed in blood stimulated with ESAT-6.

In summary, cytokine production by mycobacteria-specific 
CD4+ TSCM cells is not restricted to IL-2 but includes TNF-α  
and IFN-γ.

Bcg-specific TscM cell Frequencies are 
associated with cD4+ T cell Proliferative 
capacity
A key feature of TSCM is long-term maintenance of proliferative 
capacity in the absence of antigenic stimulation (2). To determine 
whether vaccine-induced CD4+ TSCM contribute to T cell long-
term proliferative potential, we analyzed available data from a 
recently completed clinical trial in infants, who received BCG 
vaccination (26). Frequencies of BCG-specific CD4+ TSCM and 
TCM cells, but not TEFF cells, positively correlated with prolifera-
tive potential of BCG-stimulated CD4+ T cells 10 months after 
BCG vaccination (Figure 6). These results suggest that vaccine-
induced TSCM contribute to long-term memory and proliferative 
capacity of the vaccine-induced T cell response to mycobacteria.

DiscUssiOn

We performed in-depth analyses of the kinetics, phenotype 
and functional characteristics of M. tb-specific CD4+ TSCM 

cells during natural M. tb infection. Our data show that CD4+ 
TSCM induced by M. tb infection in humans, predominantly 
express CD95 and CXCR3, are distinct from naïve T cells and 
possess phenotypic and functional profiles consistent with  
M. tb-specific CD4+ T cells at an early stage of differentiation 
(36). These data supplement our current knowledge of TSCM 
cells, which has primarily been derived from studies of virus-
specific CD8 T cells (2–4, 7).

CD4+ M. tb-specific TSCM were induced during primary M. tb 
infection and maintained throughout established M. tb infection 
at low frequencies. This phenomenon is highly characteristic of 
the stem cell nature of long-term memory cells such as TCM and 
potentially TSCM cells, where asymmetrical cell division maintains 
both the overall proportions of these memory cells and the pool 
of more differentiated effector memory subsets (40, 41).

The transcriptomic profile of M. tb-specific TSCM cells over-
lapped substantially with bulk CD4+ TSCM. However, protein 
expression of chemokine receptors and cytotoxic molecules 
distinguished bulk from M. tb-specific TSCM. Our data show 
that M. tb-specific TSCM cells possess unique phenotypic and 
functional profiles that share more similarities with bulk TCM and 
TEFF memory cells than bulk TSCM cells. This might suggest that 
M. tb-specific TSCM are exposed to chronic antigen stimulation, 
which is probably not the case for all TSCM specific for other patho-
gens, resulting in a more differentiated chemokine and cytotoxic 
molecules expression pattern. Whether this increased phenotypic 
differentiation profile is unique to M. tb-specific CD4 TSCM cells 
requires further investigation. Consistent with published find-
ings (21), we found that M. tb-specific cells were predominantly 
CXCR3+, a Th1 associated chemokine receptor (42). This was 
accompanied with relatively high CCR5 and CCR6 expression, 
chemokine receptors associated with activation (43) and Th1/17 
T cells (44), respectively, but low expression of the Th2  associated 
CCR4 (42). The predominant CXCR3 expression by M. tb-
specific TSCM is suggestive of Th1 lineage, which we confirmed on 
a functional level by showing that mycobacteria-specific TSCM not 
only produced, IL-2 but also TNF-α and IFN-γ and, to a lower 
extent, cytotoxic molecules.

Our data suggested that M. tb-specific TSCM had different 
cytokine expression patterns depending on the M. tb antigen 
recognized. For example, Ag85B-specific TSCM produced only 
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FigUre 4 | Mycobacterium tuberculosis (M. tb)-specific TSCM display early memory tissue homing and cytotoxic profiles. Expression of chemokine receptors and 
cytotoxic molecules was measured in remotely M. tb-infected (QFT+) adults (n = 28) when at least 20 events were detected in each tetramer+ memory subset. (a) 
Box and whiskers plots depicting the proportion of chemokine receptors expression of M. tb-specific TSCM (n = 15, light blue), TCM (n = 27, magenta), and TEFF 
(n = 23, purple) CD4+ T cells. p-Values were calculated using Wilcoxon signed-rank test and corrected for multiple comparison using the Benjamini–Hochberg 
method with a false discovery rate (FDR) of 0.05. Adjusted p-values <0.05 were considered significant. (B) Pie chart showing the median proportions (slices) of M. 
tb-specific TSCM (n = 15), TCM (n = 27), and TEFF (n = 23) CD4+ T cells co-expression of CD95, CCR4, CCR5, CCR6, and/or CXCR3, denoted by arcs. p-Values were 
calculated using non-parametric permutation test comparing the overall distribution between pies. (c) Box and whiskers plots depicting the proportion of grnA, 
grnB, grnK, granulysin, and perforin expression in M. tb-specific TSCM (n = 5, light blue), TCM (n = 19, magenta), and TEFF (n = 17, purple) CD4+ T cells. p-Values were 
calculated using Mann–Whitney test and corrected for multiple comparison using the Benjamini–Hochberg method with an FDR of 0.05. Adjusted p-values <0.05 
were considered significant. (D) Pie chart showing the median proportions (slices) of M. tb-specific TSCM (n = 5), TCM (n = 19), and TEFF (n = 17) CD4+ T cells 
co-expression of grnA, grnB, grnK, granulysin, and/or perforin, denoted by arcs. p-Values were calculated using non-parametric permutation test comparing the 
overall distribution between pies.
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IL-2, while BCG- and CFP-10-specific TSCM produced TNF-α and 
IFN-γ in addition to IL-2. Despite the early stage of T cell memory 
differentiation of TSCM these findings may reflect  different degrees 
of antigen exposure in vivo. A murine study showed that Ag85B 
mRNA expression peaks during early stages of M. tb infection 
and significantly reduces during established infection, whereas 

ESAT-6 mRNA was maintained at high levels throughout these 
infection stages (45). We also recently showed differential degrees 
of T  cell differentiation of Ag85B and ESAT-6-specific CD4 
T cells in M. tb-infected mice and humans (46). Expression of 
only IL-2, a cytokine associated with homeostatic proliferation 
and early T cell differentiation, by Ag85B-specific TSCM thus may 
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FigUre 5 | Mycobacterium tuberculosis (M. tb)-specific TSCM express  
Th1 cytokines. Fresh whole blood from remotely M. tb-infected (QFT+) 
adults (n = 13) was left unstimulated (gray) or stimulated with peptide 
pools spanning M. tb antigens, Ag85B (green), ESAT-6 (orange), or 
CFP-10 (purple), or whole bacillus Calmette–Guerin (red) for 12 h.  
Box and whisker plots depict frequencies of CD4+ TSCM (RA+ R7+) T cells 
expressing IFN-γ (a), TNF-α (B), or IL-2+ (c). p-Values were calculated 
using the Wilcoxon matched pairs test, and p-values <0.0125 were 
considered significant (corrected for multiple testing using the Bonferroni  
method).

FigUre 6 | Bacillus Calmette–Guerin (BCG)-specific TSCM are associated 
with long-term CD4+ T cell proliferation after vaccination. Whole blood from 
1-year-old infants (n = 23) was stimulated with BCG for 12 h to measure the 
frequencies of cytokine-producing TSCM (CD45RA+, CCR7+), TCM (CD45RA−, 
CCR7+), and TEFF (CD45RA−, CCR7−). In parallel, whole blood was stimulated 
with BCG for 7 days, and the frequency of proliferating CD4+ cells was 
assessed by upregulation of Ki-67. Correlations between the frequencies of 
BCG-specific CD4+ memory T cell subsets and those of proliferating CD4+ 
T cells were calculated by Spearman test 10 months postvaccination.
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reflect lower exposure of T  cells to this antigen. By contrast, 
expression of TNF-α and IFN-γ, cytokines typically produced 
by more differentiated T  cells, by CFP-10 and BCG-specific 

205

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Mpande et al. M. tb-Specific CD4+ TSCM Cells

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 324

CD4+ T  cells correlated with proliferative potential of BCG-
specific CD4+ T cells 10 months post infant BCG vaccination. 
Further studies measuring vaccine-induced TSCM and long-term 
persistence of memory T cells are required to define the role of 
antigen-specific CD4+ TSCM after vaccination.

In summary, we have shown that M. tb-specific CD4+ TSCM are 
induced by primary M. tb infection and exhibit transcriptional, 
phenotypic and functional features that are distinct from bulk 
CD4+ TN and TSCM and consistent with early differentiation of M. 
tb-specific CD4+ T cells, possibly shaped by antigen exposure. 
Our findings have important implications in the study of the 
M. tb-specific T  cell memory repertoire and raise numerous 
unanswered questions. For example, determining the functional 
role of M. tb-specific TSCM in long-term immune responses, how 
their features differ between asymptomatic M. tb infection and 
TB disease, as well as during TB treatment. In addition, future 
work should determine whether long-lived CD4+ TSCM can be 
induced by vaccination, and whether they are associated with 
long-term memory responses and protection, as observed for 
CD8+ TSCM upon yellow fever vaccination (7) as well as in adop-
tive immune-therapy (4, 8, 9).
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TSCM is consistent with higher in vivo recognition or exposure to 
these antigens (36). However, in light of the low frequencies of 
M. tb-specific TSCM these data on functional profiles should be 
interpreted conservatively. The nature of cytokine expression by 
M. tb-specific TSCM cells requires more attention in future studies. 
In addition, co-expression of CCR6, observed in about a third 
of M. tb-specific TSCM, might indicate early polarization toward 
Th1/Th17 lineage, which has been described as the major CD4+ 
T cell subset responding to M. tb (21). Finally, CCR5 expression, 
observed in about 20% of M. tb-specific TSCM, suggests that at 
least some M. tb-specific TSCM may have the potential to migrate 
to sites of infection (47, 48) and are not confined to the lymphoid 
compartment, despite CCR7 expression.

The ability of CD4+ T cells to produce cytotoxic molecules 
has been associated with high antigen exposure resulting in 
increased MHC-antigen-T  cell receptor interaction and is 
mostly associated with late differentiated T cells with increased 
effector functions (38, 49, 50). Cytotoxic CD4+ T  cells have 
been well characterized in contexts of viral infections, where 
cytotoxic CD4+ T cells either utilize granzyme B and perforin 
or Fas–FasL interactions to mediate killing of infected cells (49, 
50). Surprisingly, we found that CD4+ M. tb-specific T  cells, 
including M. tb-specific TSCM cells, predominantly expressed 
granzyme A and/or K. Unlike granzyme B and perforin that 
mediate cytotoxic killing of infected cells, granzymes A and 
K, have been described as pro-inflammatory and cytokine-
inducing cytotoxic molecules (51–54). In fact, expression of 
granzyme A by γδ T cells mediated increased M. tb killing by 
macrophages (55). Thus, expression of these cytotoxic molecules 
by M. tb-specific TSCM, TCM, and TEFF, in absence of granzyme 
B and perforin, may induce pro-inflammatory responses in 
macrophages at the site of infection, rather than mediate direct 
killing of M. tb-infected macrophages, which would require 
perforin to mediate entry of granzymes into infected cells.

We primarily employed MHC class II tetramers loaded with 
M. tb-epitopes to identify M. tb-specific CD4+ T cells directly ex 
vivo for transcriptional and phenotypic profiling (Figures S1A–D 
in Supplementary Material). MHC tetramers provide a method 
for detecting antigen-specific T  cells directly ex vivo without 
the need for antigen stimulation, which can alter the function, 
phenotype and GE profiles of T cells. However, an important 
limitation to using MHC class II tetramers is that only T cells 
that bear the cognate TCR for a single peptide in the context of a 
single MHC allele can be studied. To address this, we employed 
several tetra-mers that allowed detection of CFP-10, ESAT-6, 
and Ag85-specific CD4+ T  cells restricted by DRB1*0301, 
DRB1*0401, DRB5*0101, DPB1*0401, or DQB*0602, providing 
adequate coverage of the M. tb-specific CD4 T  cell response 
and cohort. Another limita-tion of our study was our inability 
to characterize the proliferation and differentiation potential of 
purified M. tb-specific CD4+ TSCM cells, because very large num-
ber of cells (approximately 500 million PBMC per participant) 
would be required to sort at least 1,000 M. tb-specific tetramer+ 
CD4 TSCM cells. This is only achievable by leukapheresis, which 
was not available at our clinical site, where study visits were 
performed. We provided indirect evidence for this by showing 
that the precursor frequencies of BCG-specific TSCM and TCM 
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The immunological characterization of different cell markers has opened the possibility

of considering them as immune tools for tuberculosis (TB) management, as they could

correlate with TB latency/disease status and outcome. CD4+ T-cells producing IFN-γ+

with a low expression of CD27 have been described as an active TB marker. In addition,

there are unknown homing receptors related to TB, such as CCR4, which might be useful

for understanding TB pathogenesis. The aim of our study is focused on the assessment

of several T-cell subsets to understand immune-mechanisms in TB. This phenotypic

immune characterization is based on the study of the specific immune responses of

T-cells expressing CD27 and/or CCR4 homing markers. Subjects enrolled in the study

were: (i) 22 adult patients with active TB, and (ii) 26 individuals with latent TB infection

(LTBI). Blood samples were drawn from each patient. The expression of CD27 and/or

CCR4 markers were analyzed within CD4+ T-cells producing: (i) IFN-γ+, (ii) TNF-α+,

(iii) TNF-α+IFN-γ+, and (iv) IFN-γ+ and/or TNF-α+. The percentage of CD27− within

all CD4+ T-cell populations analyzed was significantly higher on active TB compared

to LTBI after PPD or ESAT-6/CFP-10 stimulation. As previously reported, a ratio based

on the CD27 median fluorescence intensity (MFI) was also explored (MFI of CD27 in

CD4+ T-cells over MFI of CD27 in IFN-γ+CD4+ T-cells), being significantly increased

during disease (p < 0.0001 after PPD or ESAT-6/CFP-10 stimulation). This ratio was

also assessed on the other CD4+ T-cells functional profiles after specific stimulation,

being significantly associated with active TB. Highest diagnostic accuracies for active

TB (AUC ≥ 0.91) were achieved for: (i) CD27 within IFN-γ+TNF-α+CD4+ T-cells in

response to ESAT-6/CFP-10, (ii) CD27 and CCR4 markers together within IFN-γ+CD4+

209

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.03094
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.03094&domain=pdf&date_stamp=2019-01-09
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ilatorre@igtp.cat
https://doi.org/10.3389/fimmu.2018.03094
https://www.frontiersin.org/articles/10.3389/fimmu.2018.03094/full
http://loop.frontiersin.org/people/156827/overview
http://loop.frontiersin.org/people/660144/overview
http://loop.frontiersin.org/people/660168/overview
http://loop.frontiersin.org/people/660266/overview
http://loop.frontiersin.org/people/660272/overview
http://loop.frontiersin.org/people/185795/overview
http://loop.frontiersin.org/people/660402/overview
http://loop.frontiersin.org/people/403562/overview
http://loop.frontiersin.org/people/186187/overview
http://loop.frontiersin.org/people/185787/overview
http://loop.frontiersin.org/people/654893/overview
http://loop.frontiersin.org/people/660239/overview
http://loop.frontiersin.org/people/528432/overview
http://loop.frontiersin.org/people/103731/overview


Latorre et al. Homing Markers in Tuberculosis Management

T-cells in response to PPD, and (iii) CD27 MFI ratio performed on IFN-γ+TNF-

α+CD4+ T-cells after ESAT-6/CFP-10 stimulation. The lowest diagnostic accuracy was

observed when CCR4 marker was evaluated alone (AUC ≤ 0.77). CD27 and CCR4

expression detection could serve as a good method for immunodiagnosis. Moreover,

the immunological characterization of markers/subset populations could be a promising

tool for understanding the biological basis of the disease.

Keywords: CD4 T-cells, CD27, CCR4, flow cytometry, immunity, latent tuberculosis, tuberculosis

INTRODUCTION

Given the limited knowledge on tuberculosis (TB) biomarkers,
the study of different T-cell subsets, as well as Mycobacterium
tuberculosis specific antigens and cytokines, are attractive options
to follow in order to understand TB pathogenesis as well as
the interplay between infection and disease (1–3). Usually, TB
outcome is understood as a bimodal model between active TB
and latent TB infection (LTBI). However, in the past years,
infection has been associated with a dynamic and wide spectrum
containing different latency phases (4). Furthermore, active TB
is known to be a heterogeneous disease which comprises a wide
range of manifestations and forms. The key to control the spread
of TB is a rapid diagnosis in an early stage. However, active TB
confirmation can be difficult and the commonly used test systems
are still insufficient. Due to all these reasons, the development of
alternative diagnosticmethods remains a challenge for improving
TB control. In this aspect, the immunological characterization of
different cell markers has opened the possibility of considering
them as immune tools for TB management, as they could
correlate with cell differentiation, latency/disease status, and
outcome (1, 5).

M. tuberculosis sensitization can be detected by tuberculin
skin test (TST), classically used in LTBI diagnosis. However, this
assay presents cross-reactive antigens and other proteins which

could lead to false-positive results. More than a decade ago, the

in vitro interferon (IFN)-gamma (γ) release assays (IGRAs) were

introduced. These tests have been proven to be more specific
and useful for LTBI diagnosis and sensitization detection than
the TST. They are not affected by cross-reaction caused by
BCG vaccination and/or non-tuberculous mycobacteria (NTM)
infection (6–8). These techniques are based on the detection of
IFN-γ released by sensitized T-cells after stimulation with specific
M. tuberculosis antigens (ESAT-6 and CFP-10) (9). Nevertheless,
both TST and IGRAs identify sensitization to the bacilli, which
is translated into a detectable immune response. Therefore,

they cannot discriminate between active TB and infection, nor
identify those individuals with high risk of developing active TB
when infected (10, 11). New biomarkers are therefore needed
to improve disease immune diagnosis, providing prognostic
information, assessing risk-stratification in LTBI individuals, and
revealing general biological mechanisms of the pathogenesis.

CD4+ T-cells with a low expression of CD27 have been
described as an immune biomarker of active TB disease and lung
tissue destruction. The decrease of CD27 expression indicates
the existence of differentiated effector T-cells which produce

cytokines upon antigen encounter. This subset phenotype
(CD27−CD4+ or CD27lowCD4+) is specifically increased in
whole blood and at the site of infection during active disease (12–
15). This is due to the process known as homing, which refers
to the migration of specific cell subsets to the infected tissue.
Recently, a new strategy based on CD27 marker detection has
been developed for active TB diagnosis (16, 17). This assay is
able to discriminate between active TB and LTBI by analyzing
CD27 expression on specific M. tuberculosis CD4+ T-cells that
respond secreting IFN-γ. This new approach, assesses the ratio
of the median fluorescence intensity (MFI) between CD27 on
CD4+ T-cells and CD27 on specific T-cells in response to PPD
or ESAT-6/CFP-10 antigens. There are still other novel and
potential homing markers to explore that might be useful tools
for understanding TB pathogenesis and improving diagnosis. For
example, the chemokine receptor CCR4, which is considered
a homing marker that could be expressed on several cells of
the immune system including T helper type 1 (Th1) cells. It is
known that T-cells expressing CCR4 surface marker are recruited
in inflammatory sites (18). Some evidence suggest that the
induction of CCR4 expression is associated with the migration
of CD4+ T-cells into the lungs, indicating that this homing
marker could play a protective role in the immunity against
some respiratory pathogens (19, 20). Together, these findings
open the possibility for new studies on the development of novel
strategies for TB management and understanding the different
mechanisms against the disease. In the present study, we focus
on the assessment of several T-cell subsets in order to characterize
different TB latency/disease immune-mechanisms. This immune
characterization could allow the development of new strategies
for TB management based on the study of the immune response
of T-cells expressing CD27 and/or CCR4markers in patients with
active TB and LTBI individuals.

MATERIALS AND METHODS

Study Population and Inclusion Criteria
For this study we enrolled subjects with active TB or LTBI
suspicion, who attended the four following centers located
in Barcelona (Spain): Hospital Germans Trias i Pujol, Unitat
de Tuberculosi Vall d’Hebron-Drassanes, Serveis Clínics-Unitat
Clínica de Tractament Directament Observat de la Tuberculosi
and Hospital Sant Joan Despí Moises Broggi. A total of 16mL
of blood per patient were drawn in CPT tubes (BD Biosciences,
San Jose, CA, USA). Blood was directly sent to the Institut
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d’Investigació Germans Trias i Pujol for peripheral blood
mononuclear cells (PBMCs) isolation and cytometry testing.

Subjects enrolled in the study were classified as: (i) adult
patients with active TB (pulmonary or extrapulmonary) with a
positive culture and/or PCR for M. tuberculosis. Patients were
enrolled within the first 4 weeks of starting anti-TB therapy;
and (ii) individuals with LTBI enrolled during contact tracing
studies or LTBI screenings. In this group, LTBI was defined
based on a positive TST and/or IGRAs in the absence of clinical
symptoms and radiological signs compatible with active TB.
Chemoprophylaxis was prescribed in all of these subsets, being all
of them enrolled during the first 4 weeks of preventive therapy.

TST was performed according the Mantoux technique
using two tuberculin units of PPD RT23 (Statens Serum
Institut, Copenhagen, Denmark), and was evaluated within
48–72 h. According to the Spanish Pulmonology and Thoracic
Surgery Society guidelines, a TST ≥ 5mm was considered
positive (21, 22). T-SPOT.TB (Oxford Immunotec, Abingdon,
UK) and QuantiFERON-TB Gold In-Tube (QFN-G-IT;
Qiagen, Düsseldorf, Germany) were performed and interpreted
according to the manufacturer’s instructions provided in the kits.

PBMCs Isolation, Preservation, and
Stimulation
PBMCs were isolated using CPT tubes (BD Biosciences).
Afterwards, cells were cryopreserved and stored in liquid
nitrogen for later flow cytometry analyses. Cryopreserved
PBMCs were thawed and rested during 2 h in a humidified
incubator at 37◦Cwith 5%CO2 in RPMI 1,640medium (Biowest,
Nuaillé, France) containing 10% of heat-inactivated fetal calf
serum (FCS) with benzonase (Sigma, St. Louis, MO, USA;
final concentration 10 U/mL). PBMCs from each patient were
stimulated overnight at 37◦C with 5% CO2 with the recombinant
proteins ESAT-6/CFP-10 (Lionex Diagnostics and Therapeutics,
Braunschweig, Germany; final concentration 2µg/mL for
each antigen) and PPD (Statens Serum Institut, Copenhagen,
Denmark; final concentration 10µg/mL). The staphylococcal
enterotoxin B (SEB; Sigma; final concentration 2.5µg/mL) was
used as a positive control. A negative control without stimulation
was also included. Cells were also co-stimulated with anti-CD28
and anti-CD49d monoclonal antibodies (BD Bioscience; final
concentration 2µg/mL each). After 2 h of incubation, Brefeldin
A (BFA; Sigma; final concentration 3µg/mL) was added into
the culture media to inhibit the intracellular vesicular transport.
Then, PBMCs were left in the incubator overnight.

Surface and Intracellular Staining
After stimulation, PBMCswere stained with the following surface
antibodies: anti-CD4 BV786 (BD Bioscience; clone SK3), anti-
CD3 PerCP (BioLegend, San Diego, CA, USA; clone SK7),
anti-CD27 BV605 (BD Bioscience; clone L128), anti-CCR4 PE-
CF594 (BD Bioscience; clone 1G1), and anti-CD8 BV510 (BD
Bioscience; clone SK1). A viability marker was also used to
exclude dead cells (LIVE/DEAD, Near-IR fluorescent reactive
dye; Thermo Fisher, Waltham, MA, USA). For intracellular
staining, PBMCs were fixed/permeabilized (IntraStain; Dako,
Santa Clara, CA, USA) and then stained with anti-IFN-γ

APC (BD Bioscience; clone B27) and anti-TNF-α PE-Cy7 (BD
Bioscience; clone Mab11). Markers detection was performed in
a BD LSRFortessa flow cytometer (BD Bioscience). A total of
100.000 alive CD3+ T-cells were acquired within 2–3 h after
staining.

Flow Cytometry and Data Analysis
Aggregated cells were excluded by gating on the diagonal that
appears with forward scatter (FSC)-H and FSC-A characteristics.
Then, lymphocytes were selected according to their FSC-A and
side scatter (SSC)-A. CD4+ and CD8+ T-cells were gated based
on alive CD3+ T-cells. The gating strategy is represented in
Figure S1 in Supplementary Material. Specific IFN-γ and/or
TNF-α secretion was analyzed on CD4+ and CD8+ T-cells.
The expression of CD27 and/or CCR4 markers were studied
within the following populations after PPD or ESAT-6/CFP-
10 stimulation: (i) IFN-γ+CD4+ T-cells, (ii) TNF-α+CD4+

T-cells, and (iii) IFN-γ+TNF-α+CD4+ T-cells. In addition, a
boolean analysis was performed on CD4+ T-cells producing
IFN-γ+and/orTNF-α+ in order to characterize the expression
of CD27 and/or CCR4 on T-cells producing any cytokine. To
assess the expression of CD27 and/or CCR4 homing markers, the
frequency of cytokine production after specific stimulation was
defined as positive when it was twice the amount when compared
to its negative control (unstimulated sample). Fluorescence
Minus One (FMO) controls were included in each experiment to
set up the gates. A ratio based on CD27 MFI was also calculated
as suggested by Portevin et al. (16). This ratio is performed
measuring the MFI of CD27 marker on CD4+ T-cells over the
MFI of CD27 marker on IFN-γ+CD4+ specific T-cells. This
ratio based on CD27 MFI was also studied in the other T-cells
phenotypes (TNF-α+CD4+; IFN-γ+TNF-α+CD4+; and IFN-
γ+and/orTNF-α+CD4+ T-cells). Results comparing percentages
of CD27− and/or CCR4+ T-cells, as well as CD27 MFI ratios
between groups were performed using the two-tailed Mann-
Whitney U-test for pairwise comparisons. Differences were
considered statistically significant when a p-value was <0.05.
Correlations between the percentage of CD27− T-cells and CD27
MFI ratio were calculated using the two-tailed non-parametric
Spearman test. Receiver operating characteristic (ROC) analysis
and areas under the curve (AUC) were calculated in order
to assess the accuracy of the different biomarkers for TB
diagnosis. Flow cytometry data was analyzed using BD FACSDiva
software (BD Bioscience). Graphical representation is based on
GraphPad Prism version 4 (GraphPad Software, Inc, San Diego,
CA).

RESULTS

Patient Characteristics
A total of 48 subjects were enrolled in the study: (i) 22
active pulmonary and extrapulmonary TB patients with M.
tuberculosis culture confirmation, and (ii) 26 individuals with
LTBI. Demographical and clinical characteristics are detailed
in Table 1. Overall, 62.5 (30/48) were men and 37.5% (18/48)
women. The mean age (years) ± standard deviation (SD) was
43.54± 16.06.
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TABLE 1 | Demographic and clinical characteristics of the participants regarding

the study group.

VARIABLES Active TB LTBI

Participants, n 22 26

Mean age, years ± SD 38.68 ± 15.35 47.65 ± 15.77

Male gender, n(%) 18 (81.8) 12 (46.2)

POSITIVE PCR, n(%)

Positive 10 (45.4) –

Negative 4 (18.2) –

Unknown 8 (36.4) –

TYPE of TB

Pulmonary 18 (81.8) –

Extrapulmonary a 4 (18.2) –

ANTI-TB TREATMENT, n(%)

Before starting treatment 3 (13.6) –

After starting treatment (<1month) 19 (86.4) –

Not prescribed – 26 (100)

Mean time of anti-TB treatment, days ± SD 15.14 ± 9.77 –

CHEMOPROPHYLAXIS, n(%)

Before starting treatment – 2 (7.7)

After starting treatment (<1month) – 24 (92.3)

Not prescribed 22 (100) –

Mean time of chemoprophylaxis, days ± SD – 18.6 ± 8.06

PPD CYTOMETRY RESPONDERS, n(%)b

IFNγ
+CD4+ T cells 22 (100) 26 (100)

TNF-α+CD4+ T-cells 22 (100) 26 (100)

TNF-α+ IFN-γ +CD4+ T-cells 22 (100) 26 (100)

IFNγ
+and/orTNF-α+CD4+ T-cells 22 (100) 26 (100)

ESAT-6/CFP-10 CYTOMETRY RESPONDERS, n(%)b

IFNγ
+CD4+ T cells 21 (95.5) 21 (80.8)

TNF-α+CD4+ T-cells 22 (100) 25 (96.2)

TNF-α+ IFN- γ +CD4+ T-cells 21 (95.5) 21 (80.8)

IFNγ
+and/orTNF-α+CD4+ T-cells 22 (100) 25 (96.2)

aPleural TB (n = 2), ganglionar TB (n = 1), and pericardical TB (n = 1).
bNumber of individuals with a positive CD4+ T-cell response to the specified antigen. The

frequency of the response to any cytokine after specific stimulation was defined as positive

when it was twice the amount when compared to its negative control (unstimulated

sample).

TB, tuberculosis; LTBI, latent tuberculosis infection; SD, standard deviation; PPD, purified

protein derivative.

Cytokine Profile of M. tuberculosis Specific
CD4+ and CD8+ T-Cell Response in Active
TB and LTBI Individuals
To better define the specific M. tuberculosis responses in active
TB and LTBI individuals, IFN-γ and/or TNF-α cytokines were
measured on CD4+/CD8+ T-cells after PPD or ESAT-6/CFP-10
stimulation (Figure 1A). All individuals included in this study
were responsive to SEB positive control in the cytometry assays.

Regarding CD4+ T-cells functional profile after PPD
stimulation, cells producing only IFN-γ were significantly lower
compared to cells producing only TNF-α+ or IFN-γ+/TNF-α+

simultaneously in active TB patients (p < 0.0001 for IFN-γ+ vs.
TNF-α+ and p < 0.0001 for IFN-γ+ vs. IFN-γ+/TNF-α+) and
LTBI individuals (p = 0.0001 for IFN-γ+ vs. IFN-γ+/TNF-α+).

This was also observed after ESAT-6/CFP-10 stimulation in
disease patients (p < 0.0001 for IFN-γ+ vs. TNF-α+ and p
= 0.035 for IFN-γ+ vs. IFN-γ+/TNF-α+) and LTBI (p <

0.0001 for IFN-γ+ vs. TNF-α+ and p = 0.043 for IFN-γ+ vs.
IFN-γ+/TNF-α+). Interestingly, cells that only produced TNF-α
after PPD stimulation were significantly increased in active TB
in comparison with LTBI (p < 0.0001). This difference was not
observed after ESAT-6/CFP-10 specific stimulation (Figure 1B).

Regarding CD8+ T-cells, specific cytokines responses were
detectable in active TB patients and LTBI individuals, indicating
that this T-cell population is also abundant in the immune
response against M. tuberculosis. After PPD stimulation, cells
which produced only TNF-α were predominant in active TB
patients (p = 0.009 for TNF-α+ vs. IFN-γ+/TNF-α+). This
phenotype was not observed for LTBI individuals. In addition,
although differences were not significant, cytokine response
frequency after ESAT-6/CFP-10 stimulation was higher in active
TB vs. LTBI (Figure 1C).

Expression of CD27 and/or CCR4 Markers
Regarding the Clinical Status
The percentage of CD27− and/or CCR4+ surface homing
markers was studied on active TB and LTBI within the IFN-
γ+CD4+ T-cells subset after M. tuberculosis specific stimulation
(Figure 2A). When the expression of CD27 and CCR4 was
analyzed separately, the proportion of CD27− or CCR4+ within
IFN-γ+CD4+ T-cells was significantly higher in active TB when
compared with LTBI in response to PPD (p < 0.0001 for CD27−

and p = 0.006 for CCR4+) or ESAT-6/CFP-10 recombinant
proteins (p < 0.0001 for CD27−), with the exception of CCR4
marker in response to ESAT-6/CFP-10, where no statistical
significance was obtained. In addition, both surface T-cell
markers were analyzed together (CD27−CCR4+ phenotype
within IFN-γ+CD4+ T-cell compartment). The proportion of
CD27−CCR4+IFN-γ+CD4+ T-cells was significantly associated
with active TB (p < 0.0001 after PPD or ESAT-6/CFP-10
stimulation; Figures 2B,C) and reduced the overlapping between
the two clinical status after PPD stimulation. These findings could
indicate that the loss of CD27 and the increase of CCR4 markers
could be associated withM. tuberculosis uncontrolled replication.
In our study, active TB patients were recruited within the 4 weeks
of starting therapy. In order to explore if these firsts weeks after
treatment initiation influenced the expression of CD27 and/or
CCR4 markers, we performed a Spearman test correlation. No
significant correlation was observed between days of treatment
(within the 4 weeks of starting therapy) and the percentage of
CD27− and/or CCR4+ within IFN-γ+CD4+ T-cells in response
to PPD (Figure S2A in Supplementary Material) or ESAT-
6/CFP-10 (Figure S2B in Supplementary Material).

CD27 and/or CCR4 markers were further characterized
on CD4+ T-cells producing: (i) TNF-α+, (ii) TNF-α+IFN-
γ+, and (iii) IFN-γ+ and/or TNF-α+ (Boolean analysis)
after M. tuberculosis specific stimulation. The proportion
of CD27−, CCR4+, and CD27−CCR4+ T-cells within
these three subsets was significantly higher in active TB
patients compared to LTBI individuals in response to
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FIGURE 1 | CD4+/CD8+ T-cells specific cytokine secretion phenotype regarding active TB or LTBI. (A) Dot plots from one active TB representative donor showing

the expression of CD4+ and CD8+ T-cells producing IFN-γ and/or TNF-α after PPD stimulation. The frequency of the different cytokines production profile from the

total CD4+ and CD8+ T-cells is indicated in each dot plot. (B) CD4+ T-cells and (C) CD8+ T-cells cytokine secretion after PPD or ESAT6/CFP10 stimulation. Black

bars represent T-cells which only produce IFN-γ cytokine. Gray bars correspond to T-cells which only produce TNF-α. Dotted bars represent T-cells producing both

IFN-γ and TNF-α cytokines. Bars depict medians with interquartile ranges. Differences between conditions were calculated using the two-tailed Mann-Whitney U-test.

Only significant differences are represented in the graphs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. aTB, active TB; LTBI, latent tuberculosis infection.

PPD or ESAT-6/CFP-10 specific stimulation (Figure S3 in
Supplementary Material), with the exception of CCR4 marker
in response to ESAT-6/CFP-10, where no statistical significance
was obtained. Furthermore, a significant positive correlation
was observed on CD27− expression between antigen-specific
IFN-γ+CD4+ and TNF-α+CD4+ T-cells (Figure S4A in
Supplementary Material) or TNF-α+IFN-γ+CD4+ T-cells
(Figure S4B in Supplementary Material).

CD27 MFI Ratio Analysis
An approach based on CD27 MFI on CD4+ T-cells was assessed
as suggested by Portevin et al. (16). This method consists on
evaluating the ratio between CD27 MFI in CD4+ T-cells and
the MFI of CD27 in specific IFN-γ+CD4+ T-cells. Therefore, a
low CD27 MFI on specific CD4+ T-cells which produce IFN-γ+

implies a high CD27 ratio (this is a consequence of an increase
of the CD27−IFN-γ+CD4+ T-cells phenotype). In this study,
a high ratio was significantly associated with active TB when
T-cells were stimulated with PPD (Figure 3A; p < 0.0001) or
ESAT-6/CFP-10 (Figure 3B; p < 0.0001).

In order to explore whether a high CD27 MFI ratio
was associated with an increase of the percentage of CD27−

within IFN-γ+CD4+ T-cells, a Spearman test correlation was
performed. A positive correlation between these two variables

was observed in T-cells responding to PPD (Figure 3C) or
ESAT-6/CFP-10 (Figure 3D), which is supported by a significant
correlation coefficient (for PPD: Spearman’s rho = 0.869, p <

0.0001; for ESAT-6/CFP-10: Spearman’s rho= 0.892, p< 0.0001).
The approach based on CD27 MFI was also assessed on (i)

TNF-α+CD4+ T-cells, (ii) IFN-γ+TNF-α+CD4+ T-cells, and
(iii) IFN-γ+ and/or TNF-α+CD4+ T-cells after M. tuberculosis
specific stimulation. These ratios were significantly higher
in active TB patients than in LTBI individuals after PPD
(Figure S5A in Supplementary Material) or ESAT-6/CFP-10
(Figure S5B in Supplementary Material) stimulation.

Diagnostic Accuracy of the Different
Biomarkers
To asses TB diagnostic accuracy of the different approaches
analyzed in this study, we performed a ROC curve analysis
(Table 2). Highest AUC values (AUC > 0.90) for discriminating
active TB from LTBI were achieved when evaluating: (i) CD27
within IFN-γ+CD4+ and IFN-γ+TNF-α+ CD4+ T-cells in
response to ESAT-6/CFP-10 [AUC (95% confidence interval, CI)
0.90 (0.79–1.01) and 0.92 (0.84–1.01) respectively], (ii) CD27 and
CCR4 markers together within IFN-γ+CD4+, TNF-α+CD4+

and IFN-γ+TNF-α+ CD4+ T-cells in response to PPD [AUC
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FIGURE 2 | CD27− and/or CCR4+ phenotype from CD4+ IFN-γ+ specific T-cells in patients with active TB and LTBI individuals. (A) Representative example from an

active TB and a LTBI individual showing the strategy for determining CD27− or CCR4+ T-cells after PPD stimulation. CD27 and CCR4 expression was analyzed within

the specific IFN-γ+CD4+ T-cells population after PPD or ESAT-6/CFP-10 stimulation. A negative control without stimulation was also included in the analysis for each

patient enrolled in the study. Fluorescence Minus One (FMO) controls were included in each experiment for setting up gates. (B) Percentage of PPD or (C)

ESAT6/CFP10 specific CD27−, CCR4+, and CD27−CCR4+ within IFN-γ+CD4+ specific T-cells. Horizontal lines represent medians. Differences between conditions

were calculated using the two-tailed Mann-Whitney U-test. **p < 0.01, ****p < 0.0001. ns, non-significant. aTB, active TB; LTBI, latent tuberculosis infection.

(95% CI) 0.91 (0.83–0.99), 0.90 (0.82–0.99), and 0.90 (0.81–
0.99) respectively], and (iii) CD27 MFI ratio performed on IFN-
γ+CD4+ and IFN-γ+TNF-α+CD4+ T-cells after ESAT-6/CFP-
10 specific stimulation [AUC (95% CI) 0.90 (0.79–1.01) and 0.91
(0.82–1.01), respectively]. The lowest diagnostic accuracy was
observed when CCR4 marker was evaluated alone (Figure 4).

DISCUSSION

Approaches based on the study of the host immune response
have emerged as potential tools for TBmanagement, studying the
interplay between the host and M. tuberculosis, and discovering
suitable disease biomarkers. Here we have analyzed specific
immune-mechanisms based on the characterization of different
T-cell subsets and the expression of surface receptors such
as CD27 and/or CCR4 involved in the migration of certain
lymphocytes to the disease inflammatory sites. Briefly, our

results confirm previous reports on CD27 modulation in
specific CD4+ T-cells producing IFN-γ, which is downregulated
during active disease. Furthermore, a high CD27 MFI ratio
proposed as a disease biomarker by other authors (16, 17)
was associated with active TB patients compared to LTBI
individuals. This study adds novel information on other potential
homing biomarkers such as CCR4, showing that in combination
with CD27 (CD27−CCR4+IFN-γ+CD4+ T-cells) could be
a phenotype to discriminate between disease and infection.
Furthermore, we also characterized CD27 on CD4+ T-cells
producing TNF-α, observing that this marker has a high power
of discrimination when analyzed within IFN-γ+TNF-α+CD4+

T-cells population.
The study of cytokine profiles on specific M. tuberculosis

T-cell responses has suggested that specific subsets may serve
as disease biomarkers associated with bacterial load, treatment
response or disease outcome. This data is still limited and
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FIGURE 3 | CD27 MFI ratio according to the study group. A ratio based on CD27 MFI was calculated after specific stimulation as suggested by Portevin et al. (16).

This ratio is based on the MFI of CD27 in CD4+ T-cells over MFI of CD27 in IFN-γ+CD4+ T-cells. (A) CD27 MFI ratio after PPD or (B) ESAT-6/CFP-10 stimulation in

patients with active TB and LTBI individuals. Horizontal lines represent medians. Differences between conditions were calculated using the two-tailed Mann-Whitney

U-test. ****p < 0.0001. (C,D) Correlation of the percentage of CD27− marker within IFN-γ+CD4+ specific T-cells with the CD27 MFI ratio after PPD or

ESAT-6/CFP-10 stimulation. Correlation was calculated using the two-tailed non-parametric Spearman test. aTB, active TB; LTBI, latent tuberculosis infection.

need to be further evaluated. In this context, a previous study
indicated that CD4+ T-cells that only produce TNF-α could be
associated with active disease (23). Others have reinforced this
data suggesting that PPD specific TNF-α+ CD4+ T-cells with an
effector phenotype can accurately discriminate active TB from
LTBI, or even recently acquired from remote LTBI (24, 25).
The results we obtained on M. tuberculosis T-cells functional
profile were also in agreement with those obtained in previous
studies, as we found that CD4+ T-cell only producing TNF-α
in response to PPD were increased in active TB patients. While
it is widely accepted that CD4+ T-cells play an essential role
against the bacilli’s immune response, protective immunity toM.
tuberculosis by CD8+ T-cells still remains controversial. In the
last years, CD8+ T-cells have emerged as a possible population
actively involved in the immunopathology (26–28). Our study
also corroborates the importance of CD8+ T-cells as TB control
players, showing detectable cytokine responses in this population
which tend to be higher during disease in response to ESAT-6 and
CFP-10 antigens. One important challenge for TB management
and diagnosis is to find specific antigens capable to elicit CD8+

T-cells responses. In this context, a new generation of QFN
called QFN-Plus has incorporated new peptides able to induce
IFN-γ responses on CD4+ and CD8+ T-cells, trying to increase

the accuracy of the assay and to correlate T-cell responses with
antigen load or high risk of TB progression (29). However,
data about its accuracy over classical IGRAs or correlation with
disease state is still limited.

In this study, we confirm that the evaluation of the frequency
of CD27− within functional CD4+ T-cells, together with the
CD27 MFI ratio, were suitable biomarkers for TB which
could discriminate disease from infection with acceptable AUC
values between 0.82 and 0.92 depending on the stimuli used
(PPD or ESAT-6/CFP-10). The CD27 marker is a member
of the TNF-receptor superfamily, expressed by lymphocytes,
which is downregulated during effector differentiated T-cells
able to produce cytokines (14). Thus, due to the persistent
antigenic stimulation during active TB, it has been proposed
as an immune biomarker of the disease (16, 17, 30, 31). The
recently developed immune assay based on the detection of
CD27 MFI ratio (TAM-TB assay) has also been proposed as
an alternative way for measuring this receptor (16). Here, we
show that the percentage of CD27− significantly correlated
with CD27 MFI quantification, indicating that both immune
strategies are accurate enough for TB diagnosis. However, the
calculation of a ratio based on MFI allows normalization of
the results avoiding subjectivity and discrepancies on CD27

Frontiers in Immunology | www.frontiersin.org January 2019 | Volume 9 | Article 3094215

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Latorre et al. Homing Markers in Tuberculosis Management

positive or negative gating. In addition, our results also add new
information about the CCR4 homing marker. We have observed
that overexpression of CCR4 receptor within IFN-γ+CD4+ T-
cells is a poor immune biomarker of disease when evaluated
alone, however, when combined together with CD27−IFN-
γ+CD4+ T-cells, its discriminatory capacity increased (0.91
after PPD stimulation). CCR4 has been suggested as a lung
homing receptor expressed on T-cells. A recent study focused
on the detection of CD27 or CCR4 markers (among others)
on active TB and LTBI individuals (with and without HIV

TABLE 2 | ROC curve analysis of the different approaches.

PHENOTYPE AUC (95% CI)

PPD ESAT-6/CFP-10

CD27−

IFNγ
+CD4+ 0.85 (0.72–0.97) 0.90 (0.79–1.01)

TNF-α+CD4+ 0.85 (0.74–0.97) 0.86 (0.75–0.97)

TNF-α+ IFN-γ+CD4+ 0.88 (0.77–098) 0.92 (0.84–1.01)

IFNγ
+and/orTNF-α+CD4+ 0.82 (0.69–0.95) 0.87 (0.76–0.98)

CCR4+

IFNγ
+CD4+ 0.73 (0.59–0.87) 0.60 (0.43–0.78)

TNF-α+CD4+ 0.70 (0.55–0.85) 0.50 (0.33–0.67)

TNF-α+ IFN-γ+CD4+ 0.77 (0.64–0.91) 0.65 (0.49–0.83)

IFNγ
+and/orTNF-α+CD4+ 0.72 (0.58–0.87) 0.59 (0.43–0.75)

CD27−CCR4+

IFNγ
+CD4+ 0.91 (0.83–0.99) 0.86 (0.73–0.98)

TNF-α+CD4+ 0.90 (0.82–0.99) 0.84 (0.71–0.96)

TNF-α+ IFN-γ+CD4+ 0.90 (0.81–0.99) 0.89 (0.77–0.99)

IFNγ
+and/orTNF-α+CD4+ 0.88 (0.78–0.97) 0.84 (0.71–0.96)

MFI CD27

IFNγ
+CD4+ 0.84 (0.71–0.97) 0.90 (0.79–1.01)

TNF-α+CD4+ 0.84 (0.71–0.97) 0.87 (0.76–0.97)

TNF-α+ IFN-γ+CD4+ 0.84 (0.71–0.97) 0.91 (0.82–1.01)

IFNγ
+and/orTNF-α+CD4+ 0.84 (0.71–0.97) 0.88 (0.77–0.99)

AUC, area under the curve; CI, confidence interval; PPD, purified protein derivative.

infection), found that in an active TB context T-cells presented

a CD27 marker downregulation. In contrast, no difference on
CCR4 expression was found regarding the clinical status of the

individuals (irrespective of HIV infection) when this marker

was detected alone (31). In addition, other possible disease
immunemarkers have been studied by others in order to improve

TB diagnosis accuracy. For example, the expression of the

activation marker HLA-DR on specific CD4+ T-cells has shown
a good discriminatory capacity between active TB and LTBI

(30, 31). This study also adds new data on CD27 and/or CCR4

characterization within T-cells secreting IFN-γ and/or TNF-α.
IFN-γ cytokine does not fully represent the response against M.
tuberculosis, having TNF-α an important role during active TB
disease. In this context, we found that CD27− and/or CCR4+

expression within: (i) TNF-α+CD4+; (ii) IFN-γ+TNF-α+CD4+

T-cells, and (iii) IFNγ+and/orTNF-α+CD4+ T-cells, as well
as CD27 MFI ratio measured in these functional populations,
were increased in active TB patients in comparison with LTBI
individuals. Highest discriminatory capacities were achieved
when measuring CD27− or CD27 MFI ratio within IFN-
γ+TNF-α+CD4+ T-cells (AUC 0.92 and 0.91 after ESAT-
6/CFP-10 stimulation). This indicates that CD4+ T-cells lacking
CD27 marker are able to differentiate into effector T-cells
and increment their capacity to secrete IFN-γ and/or TNF-α
cytokines. In addition, the study of CD27 on TNF-α producing
T-cells increased the detection of positive responses by flow
cytometry after ESAT-6/CFP-10 stimulation, especially in the
LTBI group.

In mice it has been shown that IFN-γ+CD4+ T-cells
which have CD27 receptor downregulated are accumulated
preferentially in the lungs during mycobacterial infection (32).
Furthermore, CD27low specific CD4+ T-cells are increased in
lungs of patients with active TB, and percentages of this subset
are higher in lung tissue than in blood. Interestingly, when this
T-cell subset was detected in blood, it correlated with tissue
destruction and TB severity. This correlation was not observed
when the T-cell subset was detected in the lungs. The reasons
of this discordance are still unclear, but could be explained by

FIGURE 4 | Heatmap depicting Areas Under the Curve (AUC) values for the different approaches. A ROC curve analysis was performed to determine the diagnostic

accuracy for TB diagnosis. AUC values are represented for: (i) percentage of CD27− marker, (ii) percentage of CCR4+ marker, (iii) percentage of CD27−CCR4+

signature, and (iv) CD27 MFI ratio. Values are shown for the different CD4+ T-cells functional populations analyzed after PPD or ESAT-6/CFP-10 specific stimulation.

High AUC values are indicated by intensity of blue color.
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its generation from different precursors. CD27low specific CD4+

T-cells can be generated in the lymph nodes and then migrate
to peripheral blood, while those located in the lungs can be
generated locally from other precursors (14). In the same context,
severe TB induced the upregulation of CCR4 gene (among
others) in pulmonary compartments of infected rhesus monkeys
(33). According to these findings, it would be interesting to study
CD27 and/or CCR4 in samples from active TB patients coming
from the site of infection in order to understand better the
mechanisms and pathogenesis of the disease. Further studies in
this direction need to be addressed.

The monitoring of anti-TB therapy efficacy is a key point
for TB control. Petruccioli E. et al. showed that the expression
of CD27 increases on specific T-cells in cured active TB
patients after 1 year of therapy completion (17). These findings
suggest that CD27 might serve as a tool for following-up
active TB patients, detecting efficacy of treatment, and exploring
inflammatory status. In this line, the study of a differential
phenotype on T-cells expressing CD27 and/or CCR4 homing
markers during the treatment follow-up of active TB patients
is needed for validating these findings. Some data support that
only after 2 months of TB therapy the expression of CD27
starts its modulation (14). Thus, according to these data, the
detection of CD27−CD4+ T-cells during the first month of
treatment on patients recruited in our study should not be
altered. This hypothesis is also reinforced by our results, as no
significant correlation between days of treatment (within the
firsts 4 weeks of therapy) and the CD27/CCR4 expression was
found.

Limitations of this study need to be addressed. First, although
results obtained on CD27 are robust among different studies,
it is important to uniformly validate this immune assay for
routine purposes and results reproducibility, choosing common
starting material (PBMCs or whole blood), same specific stimuli
and fluorochromes, as well as standardizing protocols. And
second, the triggering of host immune responses and disease
outcome does not depend only on a single factor. Immune
status of the host depends on a troika of multiple parameters
covering host genetics, the pathogen and extrinsic elements
(34). Therefore, it is necessary to study and combine all these
variables together in other to translate possible host immune
TB biomarkers into potential immune assays with clinical
applications.

In summary, our findings on surface homing markers such
as CD27 and CCR4 on M. tuberculosis specific CD4+ T-cells
gather the required features for using them as potential TB
biomarkers. Therefore, it would be crucial to further evaluate
these receptors in a larger cohort of patients in order to develop
possible and simplified routine immune assays for TB diagnosis,
assessment of therapy efficacy/relapse, and risk-stratification of
LTBI individuals.
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Figure S1 | Gating strategy used for CD4+/CD8+ T-cells cytokine secretion and

CD27/CCR4 analysis. Aggregated cells were taken off by gating on the diagonal

that appears with Forward-Scatter (height; FSC-H) vs. Forward-Scatter (area;

FSC-A) dot plot. For CD4+ and CD8+ T-cells gating, alive CD3+ T-cells were first

selected. Cytokine profiles on T-cells were analyzed on CD4+/CD8+ T-cells.

CD27/CCR4 expression was studied within IFN-γ+CD4+ T-cells gated from alive

CD3+ T-cells.

Figure S2 | Correlation of homing markers expression with days of treatment.

Correlation of days after starting anti-TB therapy in active TB patients (within the 4

weeks of starting treatment) with (A) percentage of CD27− and/or CCR4+ within

IFN-γ+CD4+ T-cells in response to PPD or (B) ESAT-6/CFP-10 antigens.

Correlation was calculated using the two-tailed non-parametric Spearman test.

Figure S3 | CD27− and/or CCR4+ phenotype within functional CD4+ T-cells

producing IFN-γ and/or TNF-α in patients with active TB and LTBI individuals.

Percentage of PPD or ESAT-6/CFP-10 specific CD27−, CCR4+, and

CD27−CCR4+ within (A) TNF-α+CD4+ T-cells, (B) IFN-γ+TNF-α+CD4+ T-cells,
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and (C) IFN-γ+ and/or TNF-α+CD4+ T-cells. Horizontal lines represent medians.

Differences between conditions were calculated using the two-tailed

Mann-Whitney U-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. ns,

non-significant; aTB, active TB; LTBI, latent tuberculosis infection.

Figure S4 | Relationship of the CD27− expression on the different

antigen-specific T-cells populations analyzed. Correlation of the CD27−

expression on IFN-γ+CD4+ T-cells with (A) TNF-α+CD4+ or (B) TNF-α+ IFN-γ+

CD4+ T-cells after PPD or ESAT-6/CFP-10 antigen stimulation. Correlation was

calculated using the two-tailed non-parametric Spearman test.

Figure S5 | CD27 MFI ratio calculated on functional CD4+ T-cells producing

IFN-γ and/or TNF-α. A ratio based on CD27 MFI was calculated after specific

stimulation in active TB patients and LTBI individuals. This ratio is based on the

MFI of CD27 in CD4+ T-cells over: (i) MFI of CD27 in TNF-α+CD4+ T-cells, (ii) MFI

of CD27 in IFN-γ+TNF-α+CD4+ T-cells, and (iii) MFI of CD27 in IFN-γ+ and/or

TNF-α+CD4+ T-cells after (A) PPD or (B) ESAT-6/CFP-10 antigen stimulation.

Horizontal lines represent medians. Differences between conditions were

calculated using the two-tailed Mann-Whitney U-test. ∗∗∗∗p < 0.0001. aTB, active

TB; LTBI, latent tuberculosis infection.

REFERENCES

1. Petruccioli E, Scriba TJ, Petrone L, Hatherill M, Cirillo DM, Joosten

SA, et al. Correlates of tuberculosis risk: predictive biomarkers for

progression to active tuberculosis. Eur Respir J. (2016) 48:175–63.

doi: 10.1183/13993003.01012-2016

2. Goletti D, Lee MR, Wang JY, Walter N, Ottenhoff THM. Update

on tuberculosis biomarkers: from correlates of risk, to correlates of

active disease and of cure from disease. Respirology. (2018) 23:455–66.

doi: 10.1111/resp.13272

3. Serra-Vidal MM, Latorre I, Franken KL, Diaz J, de Souza-Galvao ML, Casas I,

et al. Immunogenicity of 60 novel latency-related antigens of Mycobacterium

tuberculosis. Front Microbiol. (2014) 5:517. doi: 10.3389/fmicb.2014.00517

4. Barry CE III, BoshoffHI, Dartois V, Dick T, Ehrt S, Flynn J, et al. The spectrum

of latent tuberculosis: rethinking the biology and intervention strategies. Nat

Rev Microbiol. (2009) 7:845–55. doi: 10.1038/nrmicro2236

5. Walzl G, Ronacher K, Hanekom W, Scriba TJ, Zumla A. Immunological

biomarkers of tuberculosis. Nat Rev Immunol. (2011) 11:343–54.

doi: 10.1038/nri2960

6. Ferrara G, Losi M, D’Amico R, Roversi P, Piro R, Meacci M, et al. Use

in routine clinical practice of two commercial blood tests for diagnosis of

infection withMycobacterium tuberculosis: a prospective study. Lancet (2006)

367:1328–34. doi: 10.1016/S0140-6736(06)68579-6

7. Dominguez J, Ruiz-Manzano J, De Souza-Galvao M, Latorre I, Mila C, Blanco

S, et al. Comparison of two commercially available gamma interferon blood

tests for immunodiagnosis of tuberculosis. Clin Vaccine Immunol. (2008)

15:168–71. doi: 10.1128/CVI.00364-07

8. Latorre I, De Souza-Galvao M, Ruiz-Manzano J, Lacoma A, Prat C,

Altet N, et al. Evaluating the non-tuberculous mycobacteria effect in

the tuberculosis infection diagnosis. Eur Respir J. (2010) 35:338–42.

doi: 10.1183/09031936.00196608

9. Andersen P, Munk ME, Pollock JM, Doherty TM. Specific immune-

based diagnosis of tuberculosis. Lancet (2000) 356:1099–104.

doi: 10.1016/S0140-6736(00)02742-2

10. Sester M, Sotgiu G, Lange C, Giehl C, Girardi E, Migliori GB, et al.

Interferon-gamma release assays for the diagnosis of active tuberculosis:

a systematic review and meta-analysis. Eur Respir J. (2011) 37:100–11.

doi: 10.1183/09031936.00114810

11. Latorre I, De Souza-Galvao M, Ruiz-Manzano J, Lacoma A, Prat C,

Fuenzalida L, et al. Quantitative evaluation of T-cell response after

specific antigen stimulation in active and latent tuberculosis infection

in adults and children. Diagn Microbiol Infect Dis. (2009) 65:236–46.

doi: 10.1016/j.diagmicrobio.2009.07.015

12. Jiang J, Wang X, Wang X, Cao Z, Liu Y, Dong M, et al. Reduced

CD27 expression on antigen-specific CD4+ T cells correlates with

persistent active tuberculosis. J Clin Immunol. (2010) 30:566–73.

doi: 10.1007/s10875-010-9418-1

13. Streitz M, Tesfa L, Yildirim V, Yahyazadeh A, Ulrichs T, Lenkei R, et al. Loss of

receptor on tuberculin-reactive T-cells marks active pulmonary tuberculosis.

PLoS ONE (2007) 2:e735. doi: 10.1371/journal.pone.0000735

14. Nikitina IY, Kondratuk NA, Kosmiadi GA, Amansahedov RB, Vasilyeva IA,

GanusovVV, et al.Mtb-specific CD27lowCD4T cells asmarkers of lung tissue

destruction during pulmonary tuberculosis in humans. PLoS ONE (2012)

7:e43733. doi: 10.1371/journal.pone.0043733

15. Geldmacher C, Ngwenyama N, Schuetz A, Petrovas C, Reither

K, Heeregrave EJ, et al. Preferential infection and depletion of

Mycobacterium tuberculosis-specific CD4T cells after HIV-1 infection. J

Exp Med. (2010) 207:2869–81. doi: 10.1084/jem.20100090

16. Portevin D, Moukambi F, Clowes P, Bauer A, Chachage M, Ntinginya

NE, et al. Assessment of the novel T-cell activation marker-

tuberculosis assay for diagnosis of active tuberculosis in children: a

prospective proof-of-concept study. Lancet Infect Dis. (2014) 14:931–8.

doi: 10.1016/S1473-3099(14)70884-9

17. Petruccioli E, Petrone L, Vanini V, Cuzzi G, Navarra A, Gualano G, et al.

Assessment of CD27 expression as a tool for active and latent tuberculosis

diagnosis. J Infect. (2015) 71:526–33. doi: 10.1016/j.jinf.2015.07.009

18. Slight SR, Khader SA. Chemokines shape the immune responses

to tuberculosis. Cytokine Growth Factor Rev. (2013) 24:105–13.

doi: 10.1016/j.cytogfr.2012.10.002

19. Mikhak Z, Strassner JP, Luster AD. Lung dendritic cells imprint T cell lung

homing and promote lung immunity through the chemokine receptor CCR4.

J Exp Med. (2013) 210:1855–69. doi: 10.1084/jem.20130091

20. Bordon Y. Mucosal immunology: air miles for T cells. Nat Rev Immunol.

(2013) 13:705. doi: 10.1038/nri3537

21. Gonzalez-Martin J, Garcia-Garcia JM, Anibarro L, Vidal R, Esteban J,

Blanquer R, et al. Consensus document on the diagnosis, treatment

and prevention of tuberculosis. Arch Bronconeumol. (2010) 46:255–74.

doi: 10.1016/S1579-2129(10)70061-6

22. Ruiz-Manzano J, Blanquer R, Calpe JL, Caminero JA, Cayla J, Dominguez

JA, et al. Diagnosis and treatment of tuberculosis. Arch Bronconeumol. (2008)

44:551–66. doi: 10.1157/13126836

23. Harari A, Rozot V, Enders FB, Perreau M, Stalder JM, Nicod LP, et al.

Dominant TNF-alpha+ Mycobacterium tuberculosis-specific CD4+ T cell

responses discriminate between latent infection and active disease. Nat Med.

(2011) 17:37–26. doi: 10.1038/nm.2299

24. Pollock KM, Whitworth HS, Montamat-Sicotte DJ, Grass L, Cooke GS,

Kapembwa MS, et al. T-cell immunophenotyping distinguishes active from

latent tuberculosis. J Infect Dis. (2013) 208:952–68. doi: 10.1093/infdis/jit265

25. Halliday A, Whitworth H, Kottoor SH, Niazi U, Menzies S, Kunst H,

et al. Stratification of latent Mycobacterium tuberculosis infection by cellular

immune profiling. J Infect Dis. (2017) 215:1480–7.doi: 10.1093/infdis/jix107

26. Rozot V, Vigano S, Mazza-Stalder J, Idrizi E, Day CL, Perreau M, et al.

Mycobacterium tuberculosis-specific CD8+ T cells are functionally and

phenotypically different between latent infection and active disease. Eur J

Immunol. (2013) 43:1568–77. doi: 10.1002/eji.201243262

27. Lin PL, Flynn JL. CD8T cells andMycobacterium tuberculosis infection. Semin

Immunopathol. (2015) 37:239–49. doi: 10.1007/s00281-015-0490-8

28. Behar SM. Antigen-specific CD8(+) T cells and protective

immunity to tuberculosis. Adv Exp Med Biol. (2013) 783:141–63.

doi: 10.1007/978-1-4614-6111-1_8

29. Petruccioli E, Chiacchio T, Pepponi I, Vanini V, Urso R, Cuzzi G, et al. First

characterization of the CD4 and CD8 T-cell responses to QuantiFERON-TB

Plus. J Infect. (2016) 73:588–97. doi: 10.1016/j.jinf.2016.09.008

30. Musvosvi M, Duffy D, Filander E, Africa H, Mabwe S, Jaxa L, et al. T-cell

biomarkers for diagnosis of tuberculosis: candidate evaluation by a simple

whole blood assay for clinical translation. Eur Respir J. (2018) 51:1800153.

doi: 10.1183/13993003.00153-2018

31. Riou C, Berkowitz N, Goliath R, Burgers WA, Wilkinson RJ. Analysis

of the phenotype of Mycobacterium tuberculosis-specific CD4+

T cells to discriminate latent from active tuberculosis in HIV-

uninfected and HIV-infected individuals. Front Immunol. (2017) 8:968.

doi: 10.3389/fimmu.2017.00968

Frontiers in Immunology | www.frontiersin.org January 2019 | Volume 9 | Article 3094218

https://doi.org/10.1183/13993003.01012-2016
https://doi.org/10.1111/resp.13272
https://doi.org/10.3389/fmicb.2014.00517
https://doi.org/10.1038/nrmicro2236
https://doi.org/10.1038/nri2960
https://doi.org/10.1016/S0140-6736(06)68579-6
https://doi.org/10.1128/CVI.00364-07
https://doi.org/10.1183/09031936.00196608
https://doi.org/10.1016/S0140-6736(00)02742-2
https://doi.org/10.1183/09031936.00114810
https://doi.org/10.1016/j.diagmicrobio.2009.07.015
https://doi.org/10.1007/s10875-010-9418-1
https://doi.org/10.1371/journal.pone.0000735
https://doi.org/10.1371/journal.pone.0043733
https://doi.org/10.1084/jem.20100090
https://doi.org/10.1016/S1473-3099(14)70884-9
https://doi.org/10.1016/j.jinf.2015.07.009
https://doi.org/10.1016/j.cytogfr.2012.10.002
https://doi.org/10.1084/jem.20130091
https://doi.org/10.1038/nri3537
https://doi.org/10.1016/S1579-2129(10)70061-6
https://doi.org/10.1157/13126836
https://doi.org/10.1038/nm.2299
https://doi.org/10.1093/infdis/jit265
https://doi.org/10.1093/infdis/jix107
https://doi.org/10.1002/eji.201243262
https://doi.org/10.1007/s00281-015-0490-8
https://doi.org/10.1007/978-1-4614-6111-1_8
https://doi.org/10.1016/j.jinf.2016.09.008
https://doi.org/10.1183/13993003.00153-2018
https://doi.org/10.3389/fimmu.2017.00968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Latorre et al. Homing Markers in Tuberculosis Management

32. Kapina MA, Shepelkova GS, Mischenko VV, Sayles P, Bogacheva P,

Winslow G, et al. CD27low CD4T lymphocytes that accumulate in the mouse

lungs during mycobacterial infection differentiate from CD27high precursors

in situ, produce IFN-gamma, and protect the host against tuberculosis

infection. J Immunol. (2007) 178:976–85. doi: 10.4049/jimmunol.178.2.976

33. Qiu L, Huang D, Chen CY, Wang R, Shen L, Shen Y, et al. Severe tuberculosis

induces unbalanced up-regulation of gene networks and overexpression of

IL-22, MIP-1alpha, CCL27, IP-10, CCR4, CCR5, CXCR3, PD1, PDL2, IL-3,

IFN-beta, TIM1, and TLR2 but low antigen-specific cellular responses. J Infect

Dis. (2008) 198:1514–9. doi: 10.1086/592448

34. Bastos HN, Osorio NS, Gagneux S, Comas I, Saraiva M. The

troika host-pathogen-extrinsic factors in tuberculosis: modulating

inflammation and clinical outcomes. Front Immunol. (2017) 8:1948.

doi: 10.3389/fimmu.2017.01948

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Latorre, Fernández-Sanmartín, Muriel-Moreno, Villar-

Hernández, Vila, Souza-Galvão, Stojanovic, Jiménez-Fuentes, Centeno,

Ruiz-Manzano, Millet, Molina-Pinargote, González-Díaz, Lacoma, Luque-

Chacón, Sabriá, Prat and Domínguez. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org January 2019 | Volume 9 | Article 3094219

https://doi.org/10.4049/jimmunol.178.2.976
https://doi.org/10.1086/592448
https://doi.org/10.3389/fimmu.2017.01948
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


necrosis Driven Triglyceride 
synthesis Primes Macrophages for 
inflammation During Mycobacterium 
tuberculosis infection

July 2018 | Volume 9 | Article 1490

Original research
published: 03 July 2018

doi: 10.3389/fimmu.2018.01490

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Christoph Hölscher,  

Forschungszentrum Borstel (LG), 
Germany

Reviewed by: 
Max Bastian,  

Friedrich Loeffler Institute  
Greifswald, Germany  

Maziar Divangahi,  
McGill University, Canada

*Correspondence:
Sheetal Gandotra 

sheetal.gandotra@igib.res.in

†Present address: 
Stanzin Dawa, Kaurab Singh,  
Ananya Nandy, Dilip Menon,  
Purva Deepak Bhandari and  

Sheetal Gandotra, Cardiorespiratory 
Disease Biology, CSIR-Institute of 

Genomics and Integrative Biology,  
New Delhi, India

Specialty section: 
This article was submitted  
to Microbial Immunology,  

a section of the journal  
Frontiers in Immunology

Received: 16 April 2018
Accepted: 15 June 2018
Published: 03 July 2018

Citation: 
Jaisinghani N, Dawa S, Singh K, 

Nandy A, Menon D, Bhandari PD, 
Khare G, Tyagi A and Gandotra S 

(2018) Necrosis Driven Triglyceride 
Synthesis Primes Macrophages for 

Inflammation During Mycobacterium 
tuberculosis Infection. 

Front. Immunol. 9:1490. 
doi: 10.3389/fimmu.2018.01490

Neetika Jaisinghani1,2, Stanzin Dawa1,2†, Kaurab Singh1,2†, Ananya Nandy1,2†,  
Dilip Menon1,2†, Purva Deepak Bhandari1,2†, Garima Khare3, Anil Tyagi3,4 and  
Sheetal Gandotra1,2*†

1 Chemical and Systems Biology Group, CSIR-Institute of Genomics and Integrative Biology, New Delhi, India, 2 Academy  
of Scientific and Innovative Research (AcSIR), New Delhi, India, 3 Department of Biochemistry, University of Delhi South 
Campus, New Delhi, India, 4 Guru Gobind Singh Indraprastha University, New Delhi, India

Pulmonary tuberculosis (TB) exhibits granulomatous inflammation, a site of controlling 
bacterial dissemination at the cost of host tissue damage. Intrigued by the granuloma 
type-dependent expression of inflammatory markers in TB, we sought to investigate 
underlying metabolic changes that drive amplification of inflammation in TB. Here, we 
show an association of higher inflammation in necrotic granulomas with the presence of 
triglyceride (TG)-rich foamy macrophages. The conspicuous absence of these macro-
phages in solid granulomas identified a link between the ensuing pathology and the 
metabolic programming of foamy macrophages. Consistent with in vivo findings, in vitro 
infection of macrophages with Mycobacterium tuberculosis (Mtb) led to increase in TG 
synthesis only under conditions of ~60% necrosis. Genetic and pharmacologic interven-
tion that reduced necrosis prevented this bystander response. We further demonstrate 
that necrosis independent of Mtb also elicits the same bystander response in human 
macrophages. We identified a role for the human enzyme involved in TG synthesis, 
diacylglycerol O-acyltransferase (DGAT1), in this phenomenon. The increased TG levels 
in necrosis-associated foamy macrophages promoted the pro-inflammatory state of 
macrophages to infection while silencing expression of diacylglycerol O-acyltransferase 
(DGAT1) suppressed expression of pro-inflammatory genes. Our data thus invoke a 
role for storage lipids in the heightened host inflammatory response during infection- 
associated necrosis. Our data provide a functional role to macrophage lipid droplets in 
host defense and open new avenues for developing host-directed therapies against TB.

Keywords: necrosis, tuberculosis, macrophage, triglyceride, inflammation

inTrODUcTiOn

Tuberculosis (TB) is the major cause of worldwide mortality due to any single infectious agent 
(1). Inflammation in TB plays a dual role—onset of the innate inflammatory response is crucial 
for the recruitment and activation of macrophages while dysregulation of this response leads to 
disease exacerbation (2). The inflammatory response in TB also contributes to tissue necrosis and 

Abbreviations: Mtb, Mycobacterium tuberculosis; TB, tuberculosis; MOI, multiplicity of infection; NcS, necrotic cell supple-
ment; NAFMs, necrosis-associated foamy macrophages.
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cavitation which is the characteristic end-stage tissue damage 
(3, 4) leading to chronic impairment of pulmonary function  
(5, 6). Moreover, the heterogeneity of the inflammatory response 
in human TB granulomas within the same tissue suggests that 
local alterations in macrophage function might lead to gradation 
of responses (7, 8). Understanding the trajectory of macrophage 
fate during infection holds key to targeting immunopathogenesis 
of an active TB infection.

We sought to investigate if local metabolic alterations can 
alter the inflammatory response of human macrophages to the 
bacilli. The importance of lipid metabolism in infection induced 
inflammatory response has emerged from benefits of treatments 
that target lipid metabolism in preclinical models of TB (9). These 
models have revealed that nuclear receptors responsive to lipids, 
such as peroxisome proliferator-activated receptor-γ and liver X 
receptors (LXRα and LXRβ), protect against TB by regulating 
both pro- and anti-inflammatory pathways (9, 10). In addition, 
targeting the synthesis of lipid mediators of inflammation derived 
from arachidonic acid, by the non-steroidal anti-inflammatory 
drug Ibuprofen, has shown promise toward limiting pathology in 
the mouse model of infection (11). Given that triglyceride (TG) 
is a major lipid in human TB granulomas (12) and acts as a sink 
of fatty acids and signaling mediators such as diacylglycerides, 
phosphatidic acid, and phospholipids, its role in TB infection 
needs to be addressed. Understanding the mechanistic basis for 
differentiation of macrophages to TG-rich foamy macrophages 
during infection would be the first step in addressing whether 
TGs are important in control of inflammation and essential for 
bacterial survival.

In an attempt to understand the relationship of local inflam-
matory responses and TG accumulation in foamy macrophages, 
we established an association between high TNFα expression and 
appearance of TG-rich foamy macrophages in guinea pig granu-
lomas. Both were conspicuously present in regions surrounding 
necrosis. Using a combination of biochemical and genetic tools 
we demonstrate that, during Mycobacterium tuberculosis (Mtb) 
infection of macrophages, necrosis is key to the increase in TG 
synthesis and accumulation in bystander cells. Importantly, 
we describe an ex vivo model of necrosis-associated foamy 
macrophages (NAFMs). These lipid-laden foamy macrophages 
mount a heightened inflammatory response to infection which 
can be suppressed by targeting diacylglycerol O-acyltransferase 
(DGAT1). Together, our data demonstrate that necrosis-associated  
inflammatory responses in TB may be mediated through bystan der 
TG accumulation.

MaTerials anD MeThODs

cell culture and reagents
THP1 monocytes obtained from ECACC were cultured in RPMI 
1640 (with glutamax, high glucose, HEPES, and sodium pyruvate) 
from Himedia with 10% FBS from Himedia. Phorbol 12-myristate 
13-acetate (PMA), orlistat, T863 (2-((1,4-trans)-4-(4-(4-Amino-
7,7-dimethyl-7H-pyrimido[4,5-b][1,4]oxazin-6-yl)- phenyl)
cyclo hexyl)acetic acid), chlorpromazine (CPZ) (C8138), and C75 
(4-Methylene-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid) 

were obtained from Sigma, IM54 (ALX-430-137-M001) was 
obtained from Enzo life sciences. THP1 monocyte culture media 
were analyzed for Mycoplasma contamination using a lumines-
cence based kit (Lonza, LT07-118). THP1 cell line authentication 
was performed at Lifecode technologies Private Limited using 
10 genetic loci viz: TH01, D21S11, D5S818, D13S317, D7S820, 
D16S539, CSF1PO, AMEL, vWA, and TPOX. The sample geno-
types were queried against reference genotypes available in ATCC 
and DSMZ® reference cell line STR databases to authenticate 
sample identity. Mtb H37Rv and Mycobacterium bovis BCG Tokyo 
were kind gifts from Dr. Vivek Rao, ΔRD1, and its wild-type con-
trol were kind gifts of Dr. David Sherman and Dr. Krishnamohan 
Atmakuri. Mycobacterial strains were transformed with the 
plasmids expressing fluorescent reporter proteins. pCherry3 was 
a kind gift from Dr. Tanya Parish (addgene#24659), pMV261-
emGFP was a kind gift from Dr. Vivek Rao, and pTEC18 was kind 
gift from Dr. Lalita Ramakrishnan (addgene#30177).

guinea Pig lung histology analysis
Guinea pigs were infected with Mtb H37Rv via the respiratory 
route in an aerosol chamber (Inhalation exposure system, Glas-
Col, IN, USA) at ~30  cfu per animal. At week 4 and week 10 
post infection, three guinea pigs per time point were euthanized 
by using CO2 asphyxiation. After dissecting the animals, three 
lobes (right caudal, middle, and cranial) of each lung were fixed 
in 10% buffered formalin. The left caudal portion of the lung 
was used for the enumeration of the bacillary load. For this, 
the left caudal portion was weighed and homogenized in 5 ml 
saline in a polytron PT2100 homogenizer followed by plating on 
7H11(OADC) media. Colony counts were extrapolated for the 
whole lung based on weight of the left caudal lobe and the entire 
lung for each animal. Macroscopic granulomatous tissues were 
cut from the lung and kept in 20% sucrose solution overnight at 
4°C followed by cryosectioning at section depth of 5 µm using 
Leica Cryostat CM 1850.

Hematoxylin and Eosin Staining
Sections on the slides were rehydrated using water for 5 min. The 
slides were then dipped in hematoxylin solution (1:10 Delafield’s 
Hematoxylin solution) for 5 min and then rinsed in water. The 
slides were then stain intensified by placing in ammonia solution 
(0.08%) for 1 min, followed by rinsing in water for 5 min. The sec-
tions were then equilibrated in 95% ethanol solution followed by 
dipping them in eosin stain (1%) for 15 s. The sections were then 
dehydrated in 95% and 100% ethanol for 2 min in each solution, 
and finally rinsed in water for 5 min. The slides were then cleaned 
and mounted using 20% glycerol.

Hematoxylin and Oil Red O Staining
The sections were first dipped in a prewarmed Oil Red O solu-
tion (0.18% in 60% isopropanol) for 1 h at 60°C, then rinsed 
twice with water for 5 min each. The slides were then dipped 
in hematoxylin solution for 5  min, rinsed, and mounted in 
20% glycerol. Images were acquired using Leedz Microimaging 
5 MP camera attached to a Nikon Ti-U microscope. Analysis 
was performed by four individuals independently including a 
trained pathologist.
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immunofluorescence of guinea Pig lung 
sections
Serial sections to those used for oil red O staining were used for 
TNFα and MAC1 immunostaining. TNFα immunostaining: 
sections were blocked with 5% bovine serum albumin (BSA) for 
1 h, followed by overnight incubation with anti-TNFα antibodies 
(1:50, ab1793). Alexa-633 tagged secondary antibody was used 
for detecting the primary antibody reactivity, followed by DAPI 
counterstaining. Images were acquired using a laser scanning 
microscope in the widefield mode. MAC1 immunostaining: 
cryosections were incubated with 0.25% Tween-20 in 1× PBS 
for 10 min for permeabilization, sections were rinsed thrice with 
1× PBS for 10 min each. Sections were incubated with primary 
antibody, 1:50 dilutions, Anti-MAC [MAC387] (ab22506) for 2 h 
at room temperature after blocking with 1% BSA for 1 h. Sections 
were then incubated with Alexa 633 conjugated secondary anti-
body (1:200 dilutions, Life Technologies, A21052) for 30 min at 
room temperature, sections were washed well with 1× PBS thrice 
for 10  min each. Sections were counterstained with BODIPY 
493/505 for 1 h at room temperature. Coverslips were mounted 
on the sections using Prolong Diamond Antifade mountant 
with DAPI. Images were acquired using Leica SP8 Confocal 
microscope.

extraction of lipids From granulomatous 
lesions of guinea Pig lungs
Visible lesions from infected lungs and anatomically comparable 
regions from uninfected lungs were dissected out at indicated 
time points and then weighed. These tissues were then sonicated 
in 600 µl of chloroform:methanol (2:1) at 60°C in a water bath 
sonicator. Lipids were extracted using the modified Bligh and 
Dyer method by first making the sonicated extract to 1,200 µl of 
chloroform:methanol (1:2) by adding 600 µl of methanol. One-
fourth volume of 50 mM citric acid, half volume of water, and 
one-fourth volume of chloroform were added and vortexed. This 
was then centrifuged at 9,600 g for 10 min and then the lower 
phase taken and dried. The dried lipid extracts were weighed 
and then resuspended in chloroform:methanol (2:1) such that 
the concentration of the extract was 0.1 mg/µl and extracts cor-
responding to 0.5 mg were loaded on TLC. TLCs were developed 
in 4°C in the solvent system hexane:diethyl ether:acetic acid 
(70:30:1) for neutral lipids.

DGAT1 Knockdown
Lentiviral particles for DGAT1 knockdown were obtained from 
Transomic technologies (shRNA sequences used DGAT1 pZIP-
hEF1 alpha zsgreen: TGCTGTTGACAGTGAGCGCCCTAC 
C G G G ATG TC A AC C TG ATAG TG A AG C C AC AG ATG 
TATCAGGTTGACATCCCGGTAGGATGCCTACTGCCTC 
GGA).

50,000 THP1 monocytes were transduced with lentiviral par-
ticles at multiplicity of infection (MOI) 10 for 24 h. Transduced 
cell lines were maintained for stable cell line generation in puro-
mycin at 0.6 µg/ml for about 3–4 weeks. Knockdown efficiency 
was checked using qRT-PCR and also validated using TG analysis 
from TLC.

rna isolation and qrT-Pcr analysis
1.2 million cells were used for isolation of RNA from a single 
replicate of a condition, with three replicate wells per experiment. 
Cells were infected at MOI 50 for 3  h. The monolayers were 
washed three times with media and replaced with RPMI media 
supplemented with 10% FBS. At 24 h post infection, cells were 
scraped in TRIzol (Ambion) or RNAzolRT (Sigma). RNA was 
extracted into the aqueous phase, precipitated, and further puri-
fied using the Qiagen RNeasy kit or by organic precipitation. The 
purified RNA was DNase treated using Turbo DNAse (Ambion, 
AM2238) for 1 h at 37°C. 1 µg of purified RNA was used for cDNA 
synthesis (Invitrogen, 18080-093). cDNA was diluted 10 times 
and 2 µl of the diluted cDNA was used for expression analysis of 
selected genes by qRT-PCR (Roche, LightCycler Sybr green master 
mix, 04707516001). Primer sequences used for qRT-PCR were 
as follows:

gene name Primer sequence

PPIA Forward ATGCTGGACCCAACACAAAT
Reverse TCTTTCACTTTGCCAAACACC

DGAT1 Forward GCCTGCAGGATTCTTTCTTC
Reverse AGACATTGGCCGCAATAACC

TNFA Forward CCCCAGGGACCTCTCTCTAATC
Reverse GGTTTGCTACAACATGGGCTACA

IL1B Forward CTCGCCAGTGAAATGATGGCT
Reverse GTCGGAGATTCGTAGCTGGAT

lipid extraction From Macrophages 
(Modified Bligh and Dyer Method)
For making a total lipid extract from THP1 monocyte-derived 
macrophage and human MDMs, the cells were first washed with 
PBS twice and then lysed in 1% Triton X100. After lysis, four 
volumes of methanol:chloroform (2:1) was added, and the lysate 
was vortexed. One volume of 50 mM citric acid, one volume of 
water, and one volume of chloroform were added and vortexed. 
This was then centrifuged at 10,000 g for 10 min, and then the 
lower phase isolated and dried. The dried lipid extract was then 
resuspended in chloroform:methanol (2:1) and loaded on TLC. 
TLCs were developed in 4°C in the solvent system hexanes:diethyl 
ether:acetic acid (70:30:1) for neutral lipids. For cholesterol esti-
mation, the TLCs were pre-run in chloroform:methanol (90:10) 
followed by baking them at 110°C for 30 min. After spotting the 
samples and standards, the TLCs were developed sequentially 
in solvent system 1: chloroform:methanol:water (65:25:4) and 
solvent system 2: hexane:diethyl ether:acetic acid (70:30:2).

For visualization of unlabeled lipids on TLC, the TLCs were 
stained either using 10% copper sulfate (w/v) in 8% phosphoric 
acid (v/v) solution or phosphomolybdic acid (10% in ethanol) 
solution followed by charring at 150°C. Quantification of unla-
beled lipid spots was done using ImageJ.

Measurement of cellular Tg synthesis
THP-1 monocytes were differentiated into macrophages using 
100 µM PMA at a density of 0.6 million cells/ml for 24 h, followed 
by 2 days in media without PMA. Subsequently, cells were infected 
with Mtb H37Rv at respective MOI for 24 h, in the presence of 
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general lipase inhibitor orlistat (13) and 1 μCi/ml C14 oleic acid 
(ARC0297) or 1 µM BODIPY558/568C12 as described previously 
(14). This duration of treatment and concentration of orlistat was 
not found to affect mycobacterial viability. Total cellular lipids 
were extracted at 24 h post addition of pulse using the modified 
Bligh and Dyer method, dried, and then analyzed using thin layer 
chromatography. TLCs were scanned using the Typhoon Scanner 
and densitometry analysis performed using Image Quant 5.2. Fatty 
acid incorporation into TG during necrotic cell supplement (NcS) 
stimulation was measured in the same manner as explained above.

cell Death assays
Annexin V and Propidium Iodide (PI) Staining
THP1 macrophages seeded at a density of 0.6 million cells/ml 
were infected with Mtb, MtbΔRD1, or M. bovis BCG at indicated 
MOI. Cell death by apoptosis or necrosis in macrophages infected 
with different strains was quantified by Alexa Flour® 488 Annexin 
V/Dead cell Apoptosis kit from Invitrogen. This was done at 8 h 
post infection rather than 24  h as in all other experiments so 
as to reduce likelihood of secondary necrosis being measured 
along with primary necrosis. This also allowed sufficient number 
of cells to be left for accurate quantification of % annexin and 
PI positivity in case of wild-type H37Rv without analysis being 
skewed by the decrease in total number of cells. Monoloyers were 
washed with 1× Annexin binding buffer twice, and then stained 
with 10 µl Alexa Flour 488 Annexin V and 1 µl of 10 mg/ml PI 
in 100 µl of 1× Annexin binding buffer for 15 min at room tem-
perature. Monolayers were again washed with buffer twice and 
fixed with 4% formaldehyde for 30 min at room temperature. The 
coverslips were washed with PBS and mounted using ProLong 
Antifade with DAPI. Wide field z-stacks were acquired using 
Leica TCS SP8 (40× objective) followed by counting annexin V 
or PI positive cells manually from five images for each group.

Lactate Dehydrogenase Release Assay
Culture supernatants from uninfected and infected THP1 mac-
rophages were used for LDH activity assays using Cytotoxicity 
detection kit from Roche. Cell death was enumerated as a per-
centage of cells dying in treatment groups as compared to cell 
death in cells treated with Triton X100 (lysis buffer in kit).

Cell Death Estimation by Cell Counts
THP1 macrophage monolayer was fixed with 4% formaldehyde 
for 15 min at room temperature followed by washing with PBS 
three times for 5 min each. Cells were then stained with 2% DAPI 
solution for 30  min at room temperature followed by washing 
with PBS three times for 5 min each. 10 images for each well were 
acquired in EVOS Floid cell imaging system using the UV lamp. 
Images from different groups were subjected to cell counts using 
Volocity software from Perkin Elmer.

supernatant Transfer experiments
Donor Cell Preparation
THP1 macrophages were seeded in 12-well plates at a density 
of 0.6 million cells per well, and their lipids were labeled using 
BODIPY 558/568 C12 overnight. Post 16  h of labeling, they 
were washed with PBS to remove the extracellular label and then 

infected at MOI 50 for 24 h in the presence or absence of IM54 
(20 µM). After 24 h, the supernatant was collected and transferred 
to recipient cells thought a 0.45 μm transwell filter (Milipore). 
Recipient cells: THP1 macrophages were seeded on coverslips 
in 12-well plates. Third day after differentiation with as above, 
medium was changed to supernatant from infected macrophages 
(for each well supernatant for three wells were combined) through 
the filter. CPZ (10 µM) was added to recipient cells during treat-
ment. After 48 h of treatment, coverslips were fixed and stained 
with BODIPY493/503, followed by confocal microscopy.

immunofluorescence
Cells were fixed using neutral buffered, methanol-free 4% for-
maldehyde, permeabilized using 0.5% Saponin, blocked with 3% 
BSA, and incubated overnight with primary antibodies. Primary 
antibodies used for immunostaining: CD44 (BD Pharmingen 
550392) and Adipophilin (ADRP) (Progen 610102). Secondary 
antibodies used for detection were highly cross adsorbed anti-
bodies conjugated to Alexa fluor dyes (Invitrogen).

lipid Droplet (lD) imaging and analysis
Lipid droplet size distribution in THP1 cells expressing either 
non-targeting shRNA or shRNA against DGAT1 was performed 
using InCell6000 (GE) in the confocal mode. Two days post PMA 
removal, they were treated with 1 µM BODIPY665/676 or LipidTox 
Deep Red to visualize LDs. 10 min post staining, cells were imaged. 
LDs were identified using built-in vesicle identification tools with 
additional segmentation restrictions to allow object separation. 
Analysis was done by compartmentalization of LDs per cell using 
built-in scripts. For all other experiments, THP-1 monocytes were 
seeded with 100 µM PMA on glass coverslips of 0.17 mm thick-
ness for 24 h, followed by 2 days in media without PMA. In all 
experiments, macrophages were fixed using 4% methanol-free for-
maldehyde for 30 min. Fixed coverslips were washed with PBS and 
then stained using BODIPY493/503 (Invitrogen, D3922) solution 
at 10 µM for 1 h at room temperature, followed by three washes 
in 1× PBS. After staining, the coverslips were mounted on slides 
and sealed. Confocal z-stacks of 0.30 mm thickness were taken 
using Leica TCS SP8. LD volume measurements were done based 
on BODIPY493/503 fluorescence using VOLOCITY (Perkin 
Elmer) image analysis software. Statistical significance was cal-
culated from non-parametric Kruskal–Wallis test with a post hoc 
Dunn’s test for comparison of groups. Mean LD volume from 
multiple experiments was tested for significance using Student’s 
t-test. Mean cellular fluorescence (for either BODIPY493/503 or 
BODIPY558/568) was calculated using the Leica LAX 3.1.1 soft-
ware; cell boundaries were made using a free hand selection tool 
and total fluorescence in the selected region of interest reported. 
Total fluorescence/cell from each experiment was taken and data 
from three to four such experiments were pooled.

Measurement of Mean Bacterial 
Fluorescence Per cell in infected 
Macrophages
THP1 macrophages seeded at a density of 0.3 million cells/ml 
were infected with Mtb strains expressing mCherry-H37Rv and 
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H37RvΔRD1, at indicated MOI for 24 h. After fixation using 4% 
methanol-free formaldehyde, macrophages were stained with 
BODIPY493/503 at 10 µM, Cell Mask (Invitrogen, C10046) at 1 µg/ml  
and DAPI at 1  µg/ml concentration for half an hour at room 
temperature. The wells were then washed with PBS three times for 
5 min each and proceeded with imaging. Nine confocal z-stacks 
were acquired randomly for each well at 63× objective in IN CELL 
6000 High content imager (GE Health care). Images were analyzed 
for estimation of mean fluorescence intensity of bacteria per cell 
was analyzed using IN CELL Developer toolbox. Cell boundaries 
and nuclei were marked using Cell mask and DAPI fluorescence. 
Mean fluorescence density of bacteria overlapping with the fluo-
rescence in the Cell mask channel was quantified. This arbitrary 
fluorescence measure was background corrected and thereafter 
plotted as a surrogate measure for bacterial uptake per cell.

ThPM necrosis and Media Preparation
Cells were scraped in media and then frozen at −20°C temperature 
followed by thawing at room temperature. This was repeated five 
times to make the NcS. NcS was then added on THP1 monocyte-
derived macrophages at a density of 1.2 million necrosed cells/ml  
media for 8 days, changing media every 2 days with PMA addi-
tion at day 1 and day 5 post additions of NcS. The “normal media” 
control group was cultured in the same manner except necrotic 
cells were not added as supplement.

Biochemical estimations
Quantification of cholesterol, TG, and protein concentration in 
necrotic supplement and normal media was performed by spe-
cific colorimetric reactions for each of the analytes using COBAS 
INTEGRA 400 plus (Roche Diagnostics). Glucose estimation was 
performed using the anthrone method.

glucose Uptake assays
14C-2-deoxyglucose (ARC 0112A) (1 μCi/ml) was added to dif-
ferentiated THP1 macrophages in media or NcS for 5, 24, and 
48  h. At these time points, cells were washed four times with 
media, and cell lysates were prepared. Cell lysates at each time 
point were added to 100  µl of scintillation cocktail (Microscint 
PS, Perkin Elmer, 6013631) in a white 96-well flat bottom plate 
and then read in the Perkin Elmer TopNXT Scintillation counter. 
Glucose uptake was plotted as ratio of radioactivity present in the 
cell lysate to the total radioactivity added.

cytokine analysis
THP1 macrophages were cultured as described above for 8 days, 
followed by infection with Mtb at MOI 50 for 3 h at which point 
extracellular bacilli were removed. The monolayers were washed 
three times with media and replaced with RPMI media supple-
mented with 10% FBS. Cell culture supernatants were harvested 
at 24 h post infection and assayed for TNFα using an ELISA kit 
(eBioscience) or Milliplex human cytokine/chemokine bead 
panel (HCYTOMAG-60K).

isolation and culture of human PBMcs
Blood (9 ml) was drawn from five individuals with their consent 
in K3EDTA containing vacutainers. Blood was first diluted in 

RPMI to 30 ml which was then layered on top of 10 ml Histopaque 
(Sigma, 10771) and centrifuged at 500 g for 30 min at 20°C with 
acceleration 9 and deceleration 1. After centrifugation, the buffy 
coat was collected in a separate tube and washed with PBS once. 
To remove platelets from the pellet, the pellet was resuspended 
in RPMI and then layered on top of 5 ml FBS followed by cen-
trifugation. For removal of RBCs, the pellet was resuspended in 
9 ml of water for 10 s followed by addition of 1 ml of 10× PBS. 
Cells were collected by centrifugation and then allowed to dif-
ferentiate into macrophages in RPMI media containing FBS or 
human pooled serum, with or without human M-CSF or GMCSF 
for 6 days. In between, at day 4, the monolayer was washed to 
remove non-adherent cells with PBS. Infections were done at day 
8 post isolation. For TNFα release measurements, PBMCs were 
differentiated in 50 ng/ml GMCSF for 6 days, followed by 8 days 
in media or NcS in the presence of 10 ng/ml GMCSF.

intracellular Mycobacterial growth assay
Macrophages were seeded in 48-well plates at a density of 0.6 mil-
lion/ml and infected at MOI of 0.1 for 4 h, followed by removal of 
extracellular bacilli by 3 washed with PBS and addition of com-
plete growth media. Cells were lysed in 100 μl of 1% Triton-X100 
and serial dilutions plated on 7H10 OADC plates. Media was 
changed after every 48 h.

statistics
All statistics were computed using Prism. ANOVA and t-test 
were used for all parametric data wherein data from three to four 
independent experiments were combined. For testing statistical 
significance of change in median of the LD size (Figure 2C) and 
per cell signal of BODIPY558/568 (Figure 4C), Kruskal–Wallis 
test was used.

ethics statement
The animals were housed and handled at the Department of 
Biochemistry, University of Delhi South Campus according to 
directives and guidelines of the Committee for the Purpose of 
Control and Supervision of Experiments on Animals (CPCSEA). 
Use of Mtb infected guinea pig lung tissue for this work  
was approved by the CPCSEA as per ethics proposal #IGIB/
IAEC/14/15. Blood was drawn from healthy human volun-
teers with informed written consent as per approval #11dtd.
March30th2015 of the Institutional Human Ethics Committee.

resUlTs

necrotic TB granulomas exhibit 
heightened inflammation associated  
With increased Tg accumulation
The guinea pig model of pulmonary TB presents with the array 
of granulomas observed in human TB, including solid and 
necrotic granulomas which may be caseous, fibrocaseous, or 
cavitary lesions (12, 15, 16). To study how lesion types differ 
in their inflammatory nature and abundance of lipid-loaded 
foamy macrophages, we investigated lesions from infected 
guinea pigs at week 4 and 10 post aerosol infection with 
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FigUre 1 | Necrotic tuberculosis granulomas exhibit increased TNFα production and spatial polarization of triglyceride-rich foamy macrophages. (a) CFU/lung per 
guinea pig (N = 3 per time point) at week 4 and 10 post aerosol infection with ~30 cfu/lung. (B) Percentage of solid and necrotic granulomas of total granulomas in 
tissue sections analyzed from three animals at each time point. Images are examples of a typical solid and necrotic granuloma stained with haematoxylin + eosin. 
Scale bar = 100 µm. (c) TNFα immunofluorescence in solid and necrotic guinea pig granulomas. Right panel shows nuclear staining with DAPI (scale bar = 250 μm). 
(D) Quantification of TNFα immunofluorescence as mean intensity/granuloma from four solid and three necrotic granulomas. Dashed horizontal line is the mean 
value from controls without primary antibody. (e) Sequential cryosections stained with haematoxylin + eosin (left panels) and haematoxylin + Oil red O (center and 
right panels) from a necrotic and solid granuloma. * indicates necrotic center filled with pyknotic nuclei. Scale bar = 100 μm. (F) Table showing number of oil red O 
negative (ORO−) and positive (ORO+) solid and necrotic granulomas at week 4 and week 10 post infection. (g) TG quantification from 10 individual macroscopic 
granulomas from a single animal at each time point, calculated using densitometry of thin layer chromatographs. Each circle represents TG from a single 
macroscopic granuloma or anatomically similar section from control animals. Line indicates mean TG of each group (*p < 0.05, **p < 0.01, ***p ≤ 0.001, ns, not 
significant). Also see Figure S1 in Supplementary Material.
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virulent Mtb strain H37Rv with ~30 bacilli/lung. By 4 weeks 
post infection, the bacterial burden per lung was found to be 
4.1 × 105 ± 1.7 × 105 (Figure 1A). Bacterial burden increased fur-
ther 4-folds by 10 weeks post infection (Figure 1A). At 4 weeks 
post infection 92.8% of the granulomas were non-necrotic 
(referred to as solid) while at week 10 approximately half of 
the granulomas were found to be necrotic, with amorphous 
eosin staining (Figure  1B) interspersed with pyknotic and 
karyorrhectic nuclei at the core (Figure S1A in Supplementary 
Material). These findings were consistent with bacterial bur-
den associated necrosis in TB (17). Consistent with previous 
reports in humans (18), we observed distinctive staining for 
TNFα at the cellular cuff of the necrotic core (Figure  1C).  
By contrast, TNFα immunostaining in solid granulomas 
seemed to be more diffuse and in general lower compared to 
necro tic granulomas (Figures 1C,D). This suggested that perhaps 

exposure to necrosis would lead to the higher expression  
of TNFα.

Further histological analysis using oil red O staining revealed 
that necrotic granulomas also exhibited a cellular cuff of oil red 
O positive cells (Figure 1E). While 100% of necrotic granulo-
mas were oil red O positive, this staining was conspicuously 
absent from solid granulomas (Figures 1E,F). These cells with 
higher abundance of neutral lipid content were confirmed to be 
macrophages using immunostaining for mac-1, a macrophage 
marker, and staining for BODIPY493/503, a neutral lipid fluo-
rescent dye (Figures S1B,C in Supplementary Material). Lipid 
analysis from macroscopic granulomas verified the neutral 
lipid to be mainly TG (Figure S1D in Supplementary Material). 
TG content from macroscopic granulomas likely to be necrotic 
(week 10) was higher as compared to anatomically similar 
regions of lungs from animals that were infected for 4 weeks or 
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FigUre 2 | Triglycerides are the major neutral lipids in human THP1 macrophages. (a) DGAT1 expression in stable THP1 cell lines derived upon transduction 
with lentiviruses expressing non-targeting (control) and DGAT1-targeting shRNA. Data are mean ± SEM from three independent experiments. (B) LipidTox (red) 
and DAPI (blue) stained control (non-targeting) and DGAT1 shRNA expressing stable THP1 macrophages. Graphs representing distribution of lipid droplet size 
(c) and content (mean fluorescence intensity per cell) (D) from LipidTox stained images. Data are representative of 2 independent experiments. See also Figure 
S1 in Supplementary Material.
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were uninfected (Figure 1G). These data demonstrated that as 
granulomas evolved to develop necrosis, they exhibited pres-
ence of TG rich foamy macrophages proximal to the necrotic 
core. In addition, the presence of TG rich foamy macrophages 
correlated with higher local TNFα in the cellular cuff of the 
necrotic core.

Tg levels and lD abundance in ThP1 
Macrophages is Dependent on DGAT1 
expression
To further understand the possible relationship between TG meta-
bolism and inflammation in TB infection, we sought to investigate 
whether TGs constitute the major neutral lipid in human mac-
rophages. We used THP1 monocyte-derived macrophages for this 
purpose. TG storage can occur from either the MGAT pathway 
or the Kennedy pathway. Both pathways converge to generate 
diacylglycerol, which is then converted to TG by a diacylglycerol 
O-acyl transferase (19). Using lentivirus transduced THP1 cells 
expressing shRNA against the enzyme DGAT1, we achieved an 
80–90% knockdown in DGAT1 expression (Figure 2A) and 60% 
decrease in TG levels (Figure S1E in Supplementary Material). TG 
and other neutral lipids are bound by a monolayer of phospholipid 
membrane within cytosolic LDs (20). Neutral lipid staining using 
LipidTox also showed a decrease in abundance and size of LDs upon 
DGAT1 knockdown (Figures  2B–D). This demonstrated that in 
THP1 cells, majority of the neutral lipid is TG and its levels can be 
regulated efficiently using a DGAT1 knockdown.

Mtb infection increases Macrophage  
Tg synthesis During necrosis
We investigated if Mtb infection itself increases TG synthesis dur-
ing macrophage infection. To understand how acute Mtb infec-
tion alters host total lipid content, we measured the size of LDs 
in PMA differentiated THP1 macrophages upon Mtb infection 
using BODIPY493/503. Mtb infection of THP1 macrophages for 
24 h at a MOI of one (MOI 124h) or five (MOI 524h) led to infec-
tion of approximately 80% cells with at least one bacterium per 
cell. However, neither of these conditions led to an increase in 
size or content of LDs (Figures 3A,B). Human peripheral blood 
monocyte-derived macrophages, similar to THP1 macrophages, 
also did not show an increase in LD size or lipid content under 
the same infection conditions (Figures S2A–C in Supplementary 
Material). However, an increase in MOI to 50 led to a shift in the 
proportion of LDs of larger size (Figures 3A,B). Consistent with 
an increase in LD size, we observed an increase in TG synthesis 
(Figure 3C) and absolute levels of TG (Figure 3D) under MOI 
5024h condition of infection while no increase was observed at 
MOI 124h and MOI 524h.

Incident to the increase in TG synthesis at MOI 5024 was an 
increase in cell death from 40% to over 60% (Figure 3E; Figure 
S2D in Supplementary Material). Therefore, the increase in TG 
levels could be a bystander response of remaining viable cells to 
necrosis. TG content in the remaining adherent cells revealed 
a linear correlation with the relative necrosis in that well 
(R2 = 0.59, p = 0.0002) (Figure S2E in Supplementary Material). 
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FigUre 3 | High multiplicity of infection (MOI) increases TG accumulation in human macrophages concomitant to necrosis. (a) BODIPY 493/503 (green) and DAPI 
(blue) stained THP1 macrophages at 24 h post infection with MOI 1. mCherry+ Mycobacterium tuberculosis can be seen in red. Scale bar = 10 μm. (B) Assessment 
of mean LD size estimated from five confocal z-stacks of each condition per experiment. Data are mean ± SEM from two to three independent experiments. (c) TG 
synthesis relative to uninfected cells, estimated in macrophages infected with indicated MOI at 24 h post infection and normalized to number of cells at the end of 
24 h infection. Data are mean ± SEM from three independent experiments. (D) TG estimation in adherent cells at 24 h post infection with indicated MOI. Data are 
mean ± SEM from three independent experiments. (e) Quantification of cell death measured by LDH activity and represented as % of necrosis relative to detergent 
lysed cells. Data are mean ± SEM from three experiments. One-way ANOVA followed by Dunnett’s test derived p-values are indicated only for the significantly 
different groups relative to uninfected cells (**p < 0.01, and *p < 0.05). Also see Figure S2 in Supplementary Material.
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Consistent with our data on guinea pig TB granulomas, increased 
TG synthesis and accumulation in THP1 macrophages in infec-
tion conditions with increased cell death suggested necrosis 
as a key player in foamy macrophage formation during Mtb  
infection.

genetic and Pharmacological inhibition  
of necrosis Prevents Tg synthesis in 
Bystander Macrophages During infection
The mycobacterial pathogenicity associated locus, region of differ-
ence 1 (RD1), has been shown to be involved in inducing atypical 
cellular necrosis (21–23) via a bacterial contact-dependent 
membrane deformation (24). The vaccine strain M. bovis 
BCG harbors a deletion of the RD1 locus (25) and is known to 
induce apoptosis rather than necrosis in macrophages (26, 27). 
Consistent with literature, we also observed Mtb infection to 
cause necrosis instead of apoptosis of THP1 macrophages with 

poor Annexin V staining (1–15%, N = 3) and efficient PI staining 
(20–85%, N = 3) within 8 h of infection at MOI 50 (Figure 4A; 
Figures S3A,B in Supplementary Material). In comparison, infec-
tion with ΔRD1 strain and M. bovis BCG led to 10–20% annexin 
V positivity and 10% or lower PI positivity (Figures S3A,B 
in Supplementary Material). Infection with ΔRD1 strain or  
M. bovis BCG led to retention of greater number of adherent cells 
at MOI 50 (Figures 4B,D) as a result of significantly lower necro-
sis (Figures S3C,D in Supplementary Material). We found fewer 
number of adherent cells remaining at MOI 1 in case of ΔRD1 
compared to the wild-type strain (Figure 4B), probably due to 
higher apoptosis, as LDH release assays indicated no difference 
in necrosis at this MOI (Figure S3C in Supplementary Material). 
High MOI-dependent increase in TG synthesis did not occur 
during infection with ΔRD1 strain or BCG to the extent it did 
in H37Rv infection (Figures 4C,E). Increased TG synthesis was 
consistent with increase in incidence of larger LDs and higher total 
cellular BODIPY493/503 fluorescence in macrophages infected 
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FigUre 4 | Inhibition of necrosis during Mycobacterium tuberculosis 
infection prevents TG accumulation in bystander macrophages.  
(a) Representative images of Annexin V and propidium iodide staining of 
uninfected and infected THP1 macrophages at 8 h post infection with the 
indicated strains at multiplicity of infection (MOI) 50. Scale bar = 100 μm. 
Graphs in (B,D) represent percentage of THP1 macrophages remaining 
adherent at 24 h post infection with H37Rv, H37RvΔRD1 (B), or 
Mycobacterium bovis BCG (D) at indicated MOI as a percentage of 
uninfected control. Data are mean ± SEM from three independent 
experiments. Quantification of TG synthesis relative to uninfected cells at 24 
h post infection with H37Rv, H37RvΔRD1 (c), or M. bovis BCG (e) at 
indicated MOI. Data are mean ± SEM from three independent experiments. 
(F) Graph represents percentage of THP1 macrophages remaining adherent 
at 24 h post infection with H37Rv at MOI 50 in the presence of increasing 
concentration of IM54 as a percentage of uninfected control. Data are mean 
± SEM from three independent experiments. (g) Quantification of relative TG 
synthesis in THP1 macrophages at 24 h post infection with H37Rv at MOI 50 
in the presence of increasing dosage of IM54. Data are mean ± SEM from 
three independent experiments. t-test derived p-values are indicated 
(***p < 0.001, **p < 0.01, and *p < 0.05). Also see Figure S3 in 
Supplementary Material.

FigUre 4 | Continued
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with H37Rv compared to H37RvΔRD1 at MOI 50 (Figures 
S3E–G in Supplementary Material). To rule out the possibility 
of these differences arising out of differential uptake of H37Rv 
and H37RvΔRD1, we quantified mean bacterial fluorescence 
intensity per cell in both conditions at all MOIs. While the mean 
bacterial fluorescence intensity per cell increased with increasing 
MOI, it was not different between macrophages infected with 
H37Rv and H37RvΔRD1 infections at the same MOI (Figure 
S3H in Supplementary Material). This further validates the role 
of RD1-mediated necrosis in increasing TG accumulation as a 
bystander response to necrosis.

To rule out the possibility that RD1 regulates fatty acid uptake 
by macrophages independent of necrosis, we used IM54, an 
inhibitor of H2O2 induced necrosis (28), to inhibit necrosis in 
Mtb infected THP1 macrophages at MOI 50. IM54 at 20  µM 
increased number of adherent cells by 2.5-folds when compared 
with the vehicle control (Figure 4F). This was consistent with a 
dose-dependent inhibition of necrosis by IM54, where 20  µM 
concentration reduced cell death from 70 to 40% at MOI 5024h 
(Figure S3I in Supplementary Material). This concentration of 
IM54 led to 2.5-fold reduction in TG synthesis (Figure  4G), 
confirming a role for infection induced necrosis to be a player in 
stimulating TG synthesis in bystander macrophages.

Development of an Ex Vivo Model  
of naFMs
To further understand if lipids released from necrotic cells 
were contributing to the TG pool of uninfected or bystander 
macrophages, we employed a transwell assay in which unin-
fected THP1 macrophages were seeded in the lower chamber 
and supernatant from MOI 5024h infected cells was added to the 
upper chamber (Figure 5A). The transwell prevented effects due 
to bacterial infection of recipient (bystander) cells (Figure S4A 
in Supplementary Material). To chase the lipids from the donor 
cells, they were labeled with BODIPY558/568-C12 FA prior to 
infection. BODIPY558/568-C12 FA labeled lipids from MOI 5024h 
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FigUre 5 | Ex vivo model of necrosis-associated foamy macrophages. (a) Schematic representing experimental setup for supernatant transfer from 
BODIPY558/568C12 labeled infected THP1 macrophages. (B) BODIPY 493/503 and DAPI staining in THP1 macrophages treated with supernatant from uninfected or 
Mycobacterium tuberculosis-infected THP1 macrophages labeled with BODIPY558/568C12 prior to infection. Scale bar = 25 μm. (c) Quantification of BODIPY558/568 
fluorescence per recipient cell from experiment shown in (a). IM54* indicates treatment of donor cells with IM54 during infection while chlorpromazine (CPZ) was added 
to recipient cells. DMSO was used as a vehicle control at 0.1% vol/vol. Data are from three independent experiments, with approximately 100 cells per group.  
(D) BODIPY493/503 (green) and DAPI (blue) stained THP1 macrophages at days 2, 4, 6, and 8 post treatment with media or necrotic cell supplement (NcS). Scale 
bar = 25 μm. (e) Quantification of total cellular BODIPY493/503 signal from a representative experiment. (F) TG estimation from THP1 macrophages post 2, 4, 6, and 
8 days of differentiation. Gray circles represent NcS prepared from oleic acid pre-treated cells. 150 µM bovine serum albumin-conjugated oleic acid was added to cells 
48 h prior to NcS preparation. Data are mean ± SEM from three independent experiments. (g) TG estimation from THP1 macrophages at 8 days post differentiation 
with normal media, NcS, or heat-inactivated normal media or heat inactivated NcS. Data are mean ± SD from triplicate wells. Data are representative of two independent 
experiments. (h) TG synthesis over 2 days in THP1 macrophages in response to heat inactivated NcS or media in the presence of DMSO or chlorpromazine (CPZ). Data 
are mean from three independent experiments, normalized to 5 h time point for normal media. (i) TG estimation in macrophages exposed to media or NcS after 8 days 
of treatment in the presence of DMSO (vehicle control) or T863 (10 µM). Data are mean ± SEM from three independent experiments. Kruskal–Wallis test derived 
p-values are shown in (c,e). Linear regression analysis for slopes was done in (F). T-test derived p-values are indicated in (e,g–i) (***p < 0.001, **p < 0.01, *p < 0.05, 
ns, not significant).
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infected cells could be assimilated into the neutral lipid pool of 
uninfected cells across the transwell (Figures 5A,B). The transwell 
allowed transfer of lipids with a lower tendency for most neutral 
lipids such as TGs to pass through while more polar lipids such 
as diacylglycerides, phospholipids, and fatty acids passed through 
more readily (Figure S4B in Supplementary Material). While free 
fatty acids could traverse the filter, they were the least abundant 
species and did not increase during the course of the transwell 
experiment, suggesting lipid esterified BODIPY558/568-C12 to 
be the major source of the label in this experiment. Prevention 
of necrosis with IM54 prevented transfer of labeled lipids to the 
LDs of recipient cells, confirming that lipids of cells undergoing 
necrosis can provide a source of fatty acids for TG synthesis in 
bystander cells (Figures  5B,C). For recipient macrophages to 
acquire fatty acids from lipids for new synthesis, these lipids must 
first undergo lysosomal degradation (29). CPZ, an inhibitor of 
lysosomal lipases (30), could significantly inhibit label transfer, 
confirming a role for new TG synthesis from incoming lipids that 
included diacylglyceride and TG (Figure 5C).

The above experiments suggested that lipids released from 
necrotic cells may be sufficient to develop “necrosis-associated 
foamy macrophages” ex vivo. To further test if exposure to necrotic 
cells was sufficient to stimulate TG accumulation in bystander 
macrophages, we stimulated healthy THP1 macrophages with 
mechanically necrotized macrophages (NcS). NcS generated 
by mechanical disruption of healthy macrophages contained 
1.4-fold higher TG than media, while protein and glucose 
concentration of both media and NcS was similar (Figure S4C 
in Supplementary Material). We evaluated the ability of NcS to 
enable TG storage in recipient macrophages at a donor cell to 
recipient ratio of 2:1. This ratio simulated the scenario of Mtb 
infection at MOI 50, wherein at least two-thirds of the cells were 
lost for a lipogenic response to be observed in the remaining one-
third bystander macrophages. NcS was able to stimulate accu-
mulation of LDs in healthy macrophages in a time-dependent 
manner (Figures 5D,E), corresponding to a temporal increase in 
total cellular TG (Figure 5F). NcS-stimulated cells increased their 
TG levels in a time-dependent manner with a 3- to 5-fold increase 
by day 8 compared with day 0 while normal media treated cells 
exhibited only 1.2-fold increase in TG content during the same 
time (Figure 5F). Dilutions of the NcS led to decreased LD abun-
dance in recipient cells (Figure S4D in Supplementary Material) 
while increasing the lipid load of donor cells by prior treatment 
with oleic acid (31) further increased the TG content of recipi-
ent cells by twofolds in a time-dependent manner (Figure 5F), 
validating a role for exogenous lipid in increasing TG content 
of recipient macrophages. Heat inactivation of the NcS failed to 
abrogate TG accumulation in recipient cells, suggesting active 
process from the donor not likely to contribute to the phenom-
enon (Figure 5G). Fatty acids could be mediating this response 
if they are first degraded by the cellular machinery as majority 
of cellular fatty acids are present in esterified form. Inhibition of 
lysosomal lipases by CPZ led to impairment in NcS stimulated TG 
synthesis (Figure 5H), consistent with the mode of lipid uptake 
during high MOI Mtb infection. While exogenous lipids were 
assimilated in the presence of NcS, exogenous glucose uptake was 
in fact decreased in response to NcS (Figure S4E in Supplementary 

Material). Because glucose feeds into de novo fatty acid synthesis, 
we speculated that de novo FA synthesis might not be required for 
NAFMs formation. Inhibition of FA synthase with C75 did not 
lead to any change in total TG levels upon stimulation with NcS 
(Figure S4F in Supplementary Material) even though it led to 80% 
inhibition of de novo FA synthesis (Figure S4G). NcS-dependent 
TG synthesis was abrogated by T863, an inhibitor of DGAT1 (32), 
verifying the role of endogenous esterification of incoming lipid-
derived FA rather than en masse storage of the excess exogenous 
TG (Figure 5I). TG-rich macrophages generated by exposure to 
NcS are hereafter referred to as NAFMs.

Tg storage in human Macrophages 
Upregulates infection induced Pro-
inflammatory response
During infection, necrosis is a progressive phenomenon aris-
ing due to increased bacterial burden in infected macrophages, 
wherein NAFMs would form as a bystander response and then 
subsequently get infected. Our in vivo data suggested possibility 
of increased inflammatory response in oil red O positive foamy 
macrophages. To investigate the role of TG content in altering 
the inflammatory response, we questioned whether infection 
of ex vivo generated NAFMs, exhibit differences in immune 
response to Mtb infection. We found that Mtb infected NAFMs 
(THP1 derived) released 1.5- to 3-fold higher TNFα compared 
with infected THP1 NMs (Figure 6A) while neither did NAFMs 
exhibit a heightened basal secretion of TNFα (Figure  6A) nor 
did the NcS media itself contain detectable levels of TNFα 
(data not shown). We questioned if this increase was due to 
increased bacterial uptake in foamy macrophages. We found 
no difference between NM and NAFM in the uptake of Mtb, 
suggesting inherent potential of NAFMs to mount a higher 
pro-inflammatory response independent of bacterial burden 
(Figure S5A in Supplementary Material). These infection condi-
tions led to approximately 40% necrotic cell death (Figure S5B 
in Supplementary Material), which we previously found to be 
insufficient for necrosis-triggered TG synthesis (Figures 4C–E; 
Figure S3C in Supplementary Material), suggesting priming of 
cells during NAFM differentiation for the heightened responses 
rather than necrosis induced TG synthesis during infection. 
Primary human MDMs also exhibited increased staining with 
BODIPY493/503 and 1.2- to 2-fold increase in cellular TG 
in response to NcS over a period of 8  days (Figures S5C,D in 
Supplementary Material). Three out of four donors also exhibited 
increase in infection induced TNFα release upon differentiation 
to NAFMs (Figure S5E in Supplementary Material).

To further test if cytokine production in response to infection 
was proportional to intracellular TG levels, we differentiated 
DGAT1 shRNA and control shRNA expressing THP1 cells with 
NcS and then sought to measure release and expression of TNFα 
in response to Mtb infection. DGAT1 knockdown cells exhibited 
approximately 50% decrease in TG levels in case of NMs and 
30–40% decrease in case of NAFMs (Figure 6B).

DGAT1 knockdown led to approximately 50% decrease 
in infection induced TNFα in the supernatant in case of NM 
(Figure 6C). To check a broader range of cytokines, chemokines, 
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FigUre 6 | DGAT1-mediated TG synthesis is responsible for the heightened inflammatory response to Mycobacterium tuberculosis (Mtb) infection in foamy 
macrophages. (a) TNFα release measured by ELISA in supernatants from THP1 cells that were normal media treated (termed as normal macrophages or NM) or 
treated with necrotic cell supplement (NcS) for 8 days [termed as necrosis-associated foamy macrophages (NAFMs)] at 24 h after infection with Mtb at multiplicity  
of infection (MOI) 50 for 3 h. Data are mean ± SEM from three independent experiments (*p < 0.05). (B) TG estimation from NT and DGAT1 knockdown THP1 
macrophages at 8 days post differentiation with media or NcS. Data are mean ± SEM from triplicate experiments. (c) TNFα release measured by ELISA in 
supernatants from NM and NAFM of NT and DGAT1 knockdown THP1 macrophages at 24 h post infection with Mtb at MOI 50 for 3 h. Data are mean ± SEM from 
three independent experiments. (D–h) Luminex-based detection of indicated cytokines in supernatants from Mtb-infected NM and NAFM of DGAT1 and non-
targeting shRNA expressing macrophages. Data are mean ± SEM from five to six wells from two independent experiments. Transcript abundance of TNFα (i) and 
IL1B (J) normalized to that of PPIA in NMs and NAFMs of NT and DGAT1 shRNA expressing THP1 macrophages. Data are mean ± SEM from three experiments 
(*** or ###p ≤ 0.01, ** or ##p ≤ 0.01, * or #p ≤ 0.05, ns, not significant). * represents comparison between NAFM and NM and # represents comparison between 
DGAT1 knockdown and non-targeting control (NT) expressing macrophages for each group. See also Figure S5 in Supplementary Material.
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and growth factors that are expressed by macrophages in 
response to Mtb infection, we performed a luminex multiplex 
assay. We observed that besides TNFα, IL-1β, IL-1α, IL-6, GCSF, 
and GMCSF release upon Mtb infection was 2- to 2.5-fold higher 
from NAFMs compared to NMs (Figures  6D–H). Infection 
induced release of all of these cytokines decreased upon depletion 
of DGAT1 transcripts (Figures 6D–H) in macrophages despite 
their prior stimulation with NcS, confirming the role of TGs in 
the inflammatory response to infection. To further verify whether 
DGAT1 regulated levels of these key cytokines and growth factors 
at the level of secretion or transcription, we quantified transcript 

abundance for TNFα and IL1β. Infection-induced TNFα tran-
script abundance was reduced by approximately 60–80% upon 
DGAT1 knockdown (Figure  6I). IL1β transcript abundance 
was also found to be 40–80% lower in NMs and 60–80% lower 
in NAFMs upon depletion of DGAT1 expression (Figure  6J). 
Cholesterol is also known to regulate inflammation (33) but 
estimations from NMs and NAFMs showed that neither NcS 
stimulation nor DGAT1 silencing altered total cellular cholesterol 
levels (Figure S5F in Supplementary Material), delinking the 
possibility of cholesterol mediated control of inflammation in 
this model. Therefore, the pro-inflammatory response of human 
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FigUre 7 | Proposed scheme for the amplification of inflammation as a result of neosynthesis of triglycerides (TGs) in bystander foamy macrophages in TB. 
Bacteria are indicated as red rods while lipid droplets are indicates as yellow spheres. Darkened regions in the lung indicate granulomas. During initial infection of 
macrophages with Mycobacterium tuberculosis (Mtb), low levels of TGs are present in infected macrophages. The inflammatory response of macrophages recruits 
immune cells that help in granuloma formation. As bacteria multiply, both host and bacterial factors may synergize to bring about necrosis of infected cells, leading 
to formation of necrotic granulomas. Macrophages surrounding the necrotic center differentiate to TG-rich (yellow) foamy macrophages using lipids available from 
the necrotic cells, by first degrading them using lysosomal lipases (green). In doing so, they downregulate their glucose uptake and do not rely on de novo fatty acid 
synthesis for the increase in TG levels. Upon infection with Mtb, these necrosis-associated foamy macrophages release higher levels of pro-inflammatory mediators. 
The pro-inflammatory response of macrophages is dependent on the increased TG levels. The evolution of granulomas to necrotic granulomas, thereby amplifies the 
inflammatory response.
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macrophages to Mtb was indeed dependent on their intracellular 
TG abundance. Surprisingly, we found no significant differences 
in the uptake or growth of Mtb in NM and NAFM, whether in 
the wild-type or DGAT1 knockdown background (Figures S5G–I 
in Supplementary Material). Therefore, intracellular TG levels 
regulate specific innate immune responses during Mtb infection 
without affecting growth of the intracellular bacilli.

DiscUssiOn

This study, for the very first time, illustrates the role of mac-
rophage TG levels in the pro-inflammatory response of foamy 
macrophages during Mtb infection. Here, we demonstrate 
that Mtb-induced necrosis stimulates TG accumulation in 
foamy macrophages is a bystander response. Once TG loaded 
cells encounter bacilli, they mount a higher pro-inflammatory 
response than cells with lower TG levels. We demonstrate 
that lysosomal degradation of incoming lipids is important 
for neosynthesis of TGs in a DGAT1-dependent manner in 
the bystander cells. In this process, the bystander foamy cells 
reduce their uptake of glucose and do not rely on de novo fatty 
acid synthesis for synthesis of the new TG. This model is able 

to explain the in vivo tripartite association of increased inflam-
matory response, presence of TG-rich foamy macrophages, and 
necrotic granulomas and is able to provide insights into the 
relevant carbon sources that polarize macrophages into a meta-
bolically altered state in TB (Figure 7). We demonstrate that RD1 
dependent necrosis in the context of TB infection is crucial for 
this, but can be generalized to necrosis independent of infection 
also. This suggests that TG accumulation in macrophages in the 
context of other necrotic pathologies might also be important 
for sustaining inflammation to infectious insult. These findings 
could be relevant in the case of necrotic atherosclerotic plaques 
and necrotic infections.

Triglycerides have been considered inert storage lipids; our 
data reveals that TG levels are important in titrating the inflam-
matory response to infection with Mtb. There are several possible 
mechanisms whereby this could happen. First, metabolites of 
TGs, namely fatty acids and glycerides, could regulate inflam-
mation (34–37). Eicosanoids derived from fatty acid precursors 
such as prostaglandin E2, lipoxins LXA4, and LTB4 are known 
mediators of the inflammatory response in TB infection (38, 39). 
PGE2 in particular is important for IL1β expression in monocytes 
and macrophages (2, 40). Antagonistic to PGE2, which prevents 
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necrosis (41), H37Rv induced LXA4 production promotes necro-
sis (38). By contrast, the avirulent strain H37Ra induces PGE2 
production which inhibits LXA4 production, thereby preventing 
necrosis (38). PGE2 is also a negative regulator of type I IFN 
induction (2) and early Type I IFN response during murine 
infection promotes cell death (42). Our investigations thus far 
have revealed that infection induced production of prostaglandin 
E2 or of infection-induced necrosis are not, however, regulated by 
TG levels (data not shown) even though IL1β expression in our 
model is dependent on TGs. This suggests that lipids other than 
TGs may be more important sources of PGE2 production during 
infection. A further investigation into all possible eicosanoid 
classes generated by macrophages upon Mtb infection is war-
ranted to understand the role of TGs in inflammation. Besides 
eicosanoids, sphingolipids and phospholipids also share common 
metabolites of TG degradation. These lipid classes are also known 
activators of pro-inflammatory signal transduction within cells 
(43, 44). While these pathways involve the classical outside-to-
inside signaling, signal transduction within the cell could also 
be regulated by specific proteins that interact with LDs. ER and 
mitochondrial membranes act as signaling hubs that modulate 
NOD2 and inflammasome, respectively (45, 46). Recently, viperin 
was demonstrated to mediate recruitment of TLR adaptors to LDs 
in plasmacytoid dendritic cells (47). It remains to be understood 
whether and how LD surface regulates signal transduction in 
infected macrophages.

Previous studies have suggested a role for mycobacterial lipids 
in stimulating macrophage neutral lipid accumulation (48, 49); 
while the carbon source for these lipids itself is not mycobacte-
rial lipids, we suspect that in addition to necrosis, these lipids 
could additionally stimulate lipogenic signaling in infected cells. 
Human macrophages cultured in vitro tend to store TGs; there-
fore, evaluating modulation of the TG content upon infection 
requires the use of pulse chase-based assays while steady-state 
level metabolite analysis without flux analysis may prove to be 
misleading. Thus, this study provides evidence for unaltered rate 
of TG synthesis under conditions where cell death is minimal. 
Furthermore, our data suggest that cells that are bystanders 
of necrosis increase their TG content further if the donor TG 
content is increased. This is consistent with previous work 
describing the ability of TG-rich very low-density lipoproteins 
to increase macrophage TG content (50). Mouse models of Mtb 
infection have been extensively used to identify mechanisms 
of foamy macrophage formation in Mtb infection. While some 
studies report inhibition of autophagy-mediated lipid degrada-
tion regulated by microRNA miR-33 (51), others have reported 
a TLR2-dependent increase in lipid synthesis genes upon Mtb 
infection to be responsible for this process (52). A recent study 
suggested that IFNγ and Mtb synergize for foamy macrophage 
formation using mouse bone marrow-derived macrophages (53). 
However, the human TB and guinea pig models of TB suggest a 
possible role for incident pathology in driving foamy macrophage 
formation. While Mtb induced necrosis is operative in C57BL6 
model of infection (54), it is not evident as “necrotic lesions” 
unless probed with specific markers. Therefore, ascertaining 
inherent variability in granuloma types and the role of necrosis 
has probably not been addressed in the resistant mouse models 

used in the above described studies. Moreover, building a causal 
role for necrosis-mediated foamy macrophage formation in vivo is 
challenging as strains such as RD1 deletion mutant induce largely 
lymphocytic granulomas (55) and inhibitors of Mtb induced cell 
death during in vitro experiments have shown limited potency 
in vivo (56). Based on our data, and studies summarized above, 
we suggest that any primary trigger that leads to increase in 
cellular TG may be further amplified to increase the abundance 
of TG-rich foamy macrophages once necrosis takes place. Our 
study here recapitulates the strong correlation between necrosis 
and foamy macrophage formation found in human TB (48) and 
helps explain the coincidence of spatially polarized expression of 
TNFα (18). Importantly, our work provides a new ex vivo model 
of foamy macrophages which can be used in future for studies 
pertaining to host response and antibiotic sensitivity.

Mycobacterium tuberculosis evades host immunity and adapts 
to the host’s lipid rich environment (57, 58). Therefore, the 
importance of lipids for mycobacterial growth in macrophages 
has been a major area of investigation (59). Cholesterol utiliza-
tion pathways of Mtb and host fatty acids are essential for bacte-
rial survival in macrophages (60, 61). An important paradigm 
shift that appears from our work, consistent with that recently 
reported by the Stanley group using mouse macrophages (53), is 
that Mtb growth is not dependent on host TG accumulation by 
DGAT1. Phospholipids, sphingolipids, and free fatty acids could 
be the other carbon sources utilized by Mtb within macrophages. 
Alternatively, TG synthesis by DGAT2 could also contribute 
to enough TGs such that bacterial growth can be sustained. It 
remains to be ascertained whether TG accumulation in  vivo 
alters Mtb growth. These findings can help us understand the 
contribution of foamy macrophages to disease and could pos-
sibly be coupled with antimicrobial drugs as a host-directed 
therapy to decrease host damage and synergistically help clear 
infection.

Lipid metabolism in macrophages plays a critical role in 
inflammation during metabolic disorders (62), atherosclerosis 
(63), and neurodegeneration (64). Increased TG accumulation in 
metabolic disorders has been reported to be majorly diet induced, 
where excess dietary fatty acids are stored into TG in the form of 
cytosolic LDs (20). Increased inflammation in a murine model 
of diet-induced obesity can be reversed by overexpression of 
DGAT1 in macrophages (65). Similarly, increasing fatty acid 
degradation by overexpressing CPT1, the rate-limiting enzyme 
in fatty acid oxidation, also plays a protective role against lipid-
induced inflammation (66). While it is tempting to speculate that 
there may be species-specific regulation of lipid metabolism, as 
suggested earlier (67, 68), presentation of cellular lipids in the 
context of necrosis versus circulating free fatty acids and lipids as 
under condition of dietary excess might underlie the distinction 
between our model and these studies. An in-depth understand-
ing of the mechanism involved in uptake of lipids from necrotic 
cells would be important in regulating functions of the foamy 
macrophage. Processes such as efferocytosis, phagocytosis, or 
receptor-mediated endocytosis could be involved. Our prelimi-
nary investigations ruled out efferocytosis or phagocytosis to be 
involved (data not shown). Finally, culmination of uptake into 
TG synthesis is important for attainment of a state primed for 
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pro-inflammatory responses. Future work is required to assess 
the role of lipid uptake and synthesis machinery in regulating 
inflammation in animal models of TB.
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Host susceptibility to respiratory tract infections (RTI) is dependent on both genetic

and acquired risk factors. Repeated bacterial and viral RTI, such as pneumonia from

encapsulated microorganisms, respiratory tract infections related to respiratory syncytial

virus or influenza, and even the development of bronchiectasis and asthma, are

often reported as the first symptom of primary immunodeficiencies. In the same way,

neutropenia is a well-known risk factor for invasive aspergillosis, as well as lymphopenia

for Pneumocystis, and mycobacterial infections. However, in the last decades a better

knowledge of immune signaling networks and the introduction of next generation

sequencing have increased the number and diversity of known inborn errors of immunity.

On the other hand, the use of monoclonal antibodies targeting cytokines, such as

tumor necrosis factor alpha has revealed new risk groups for infections, such as

tuberculosis. The use of biological response modifiers has spread to almost all medical

specialties, including inflammatory diseases and neoplasia, and are being used to target

different signaling networks that may mirror some of the known immune deficiencies.

From a clinical perspective, the individual contribution of genetics, and/or targeted

treatments, to immune dysregulation is difficult to assess. The aim of this article is to

review the known and newly described mechanisms of impaired immune signaling that

predispose to RTI, including new insights into host genetics and the impact of biological

response modifiers, and to summarize clinical recommendations regarding vaccines and

prophylactic treatments in order to prevent infections.

Keywords: immunogenetics, biological response modifiers, respiratory tract infections, primary

immunodeficiencies, inborn errors
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EPIDEMIOLOGY AND PATHOGENESIS OF
RESPIRATORY TRACT INFECTIONS

Acute and chronic respiratory tract infections (RTI) are one
of the most frequent causes of infections and antimicrobial
prescription, and the leading cause of death in developing
countries (1, 2). Pneumonia accounts for 1.3 million deaths
annually in children <5 years of age (3). In 2017, 1.6
million people died of tuberculosis (TB). Children (aged <15
years) accounted for 15% of total deaths, higher than their
share of estimated cases, suggesting poorer access to diagnosis
and treatment. About 1.7 billion people, 23% of the world’s
population, are estimated to have a latent TB infection (4).
The control of latent TB, a stage in which a person is
infected with Mycobacterium tuberculosis plays an important
role in disease control, since dormant bacilli are a reservoir
of potential TB cases (5). Viral acute RTI are estimated to
cause 75% of acute diseases in children, and is the main
reason for hospitalization worldwide (6). The annual prevalence
in an otherwise healthy child is from 3 to 10 infections
(7). Early and recurrent lower RTI are linked to a higher
risk to develop asthma or bronchiectasis (8–10). However,
bronchiectasis secondary to recurrent and severe infections alone
have declined, with an increasing proportion of patients being
recognized as having underlying conditions predisposing to its
development (11).

Improvements in immunization programs and the wide
availability of antimicrobials, have led to optimism for most of
the devastating infectious diseases. Always without forgetting
that alleviation of poverty is crucial, the combination of genetic
versatility and ecological opportunism of the microbial world
appears to have been under-estimated (12). Some emerging
pathogens, such as Legionella, avian influenza, and coronavirus
species were described in the past decades (13). Ethnic variations
in the incidence of RTI have also been reported, suggesting
genetic susceptibility to disease (14). Most children, on reaching
2 years of age, have been in contact with the most common
respiratory viruses, such as respiratory syncytial virus (RSV),
but while some develop a mild disease, others develop severe
bronchiolitis (15). Influenza viruses cause mild to moderate
respiratory illness in most people, but some develop fatal
infections. The virulence factors encoded by viral genes can
explain seasonal or geographical differences at a population level,
but are unlikely to account for inter-individual clinical variability
(16). TB outcome depends on the pathogen and extrinsic
elements, as well as on host factors that are still unclear (17).

As regards bacteria, focusing on those species whose normal
ecological niche is the airways, therapeutic decisions are a
daily clinical challenge (18). The shift from commensalism
to infection is shaped by host intrinsic (genetics) and
extrinsic factors (for example, diet and exposure to
cigarette smoke and environmental pollution) and by
bacterial features that also contribute to inter-individual
variability (19). Bacteria develop adaptive mechanisms
(at genetic/phenotypic level) in order to survive in a
hostile environment, such as the respiratory tract (20, 21).
Whether pathogen virulence generates clinical symptoms
depends on how well the immune system limits its impact.

Recently, changes in gut and lung microbiome composition
(dysbiosis) have also been related to dysfunctional immune
modulation (22).

IMMUNE RESPONSE TO RESPIRATORY
TRACT INFECTIONS

Respiratory immune responses are complex, and inborn errors
can be present at any level. Essential pathways can be
summarized as follows: Firstly, the pathogen has to be detected
by host cells. This identification relies on a set of pathogen
associated molecular profiles that bind to pattern recognition
receptors (PRR). PRR can be found as transmembrane,
cytosolic or extracellular components. Among PRRs, it is
important to mention toll-like receptors (TLR), nucleotide-
binding oligomerization domain-containing (NOD) receptor,
NOD-like receptors (NLR), RIG-I-Like Receptors (RLR), and
receptor CD14 because of their importance during respiratory
infections (23). Depending on the PRR, different intracellular
signaling pathways are activated (24). Most of the signaling
pathways converge on signaling hubs, such as transcription
nuclear factor κβ (NF-κβ), interferon regulatory factor families
(IRF3, IRF7), and mitogen-activated protein kinase, leading to
the induction of gene expression encoding adhesion molecules,
pro-inflammatory cytokines, chemokines, and type I interferon,
among others. NLRs directly trigger inflammasome assembly
and caspase-1 activation, leading to interleukin (IL)-1β and IL-
18 processing (25). Type III interferons, also termed IFN-λ,
have been recently identified as regulators of immunity and
homeostasis in the respiratory tract (26) during infections,
as well as during chronic lung diseases, such as asthma and
chronic obstructive pulmonary disease (COPD) (27). Alveolar
macrophages and dendritic cells (DC) have an important role
sensing microbes and thus activating lung epithelial cells and
neutrophils. These are essential for the defense against bacteria,
viruses, and Aspergillus (28, 29), as well as in the pathogenesis
of acute lung injury. In a recent study, patterns of differentially
expressed cellular genes shared by several respiratory pathogens
were searched using transcriptomics (30). Most of the commonly
up-regulated host genes were related to the innate immune
response and/or apoptosis, with Toll-like, RIG-I-like, and NLR
among the top 10 signalers. Some of the genes showed a high
degree of interconnection and possible redundancy to respiratory
viral and bacterial infections. The adaptive immune response
requires the activation of antigen-specific T and B lymphocytes
to trigger protective cellular and humoral responses. Most
of the T lymphocyte subsets, along with B lymphocytes and
DC, are essential for immune defense and/or regulation (31).
In particular, the protective immunity against M. tuberculosis
depends on CD4+ T-helper1 lymphocytes that mainly secrete
interferon-gamma (IFN-γ), IL-2, and tumor necrosis factor
alpha (TNF-α), which leads to macrophage activation, cytokine
production, and bacterial control (32). HIV-revealed T-cell
lymphopenia as a well-defined risk group for Pneumocystis
jirovecii pneumonia (PJP), but also in other situations where
CD4 lymphocyte count is lower, such as renal transplant
recipients (33).
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GENETIC SUSCEPTIBILITY TO
RESPIRATORY TRACT INFECTIONS

The study of susceptibility to lower respiratory tract infections is
complex, and requires different approaches. There are three main
elements playing a role: host genetic background (in relation
to lung tissue functionality and immune response), pathogen
virulence determinants, and environmental factors.

Early life (children under 5 years of age) is a challenging
period because pulmonary tissue and the immune system
are still in a maturation process while being continuously
exposed to airborne antigens (34). However, the occurrence
of life-threatening bacterial/viral/fungal infection in an
otherwise healthy individual deserves further immunological
and genetic studies (35, 36). Complications during upper
RTI include sinusitis and otitis media, and in the lower
airways, pneumonia, bronchitis, as well as the development
of bronchiectasis, interstitial lung diseases, organizing
pneumonia, and hyperreactive airway diseases (37). Indeed,
genetic susceptibility for the concomitant illnesses that
predispose to RTI can also play a role, including congenital
defects of the airways, familial congenital bronchiectasis or
tracheobronchomegaly (11). As regards impaired mucociliary
clearance, cystic fibrosis is the most common autosomal recessive
disorder and primary cause of bronchiectasis in the developed
world. Mutations are well-defined, but its severity is influenced
by genes involving inflammatory and anti-inflammatory
mediators (38, 39). Other disorders include ciliopathies and
disorders of humoral immunity. Alpha 1-antitrypsin is a
circulating serine protease inhibitor (serpin) made in the
liver that plays an important role in modulating immunity,
inflammation, apoptosis, and possibly cellular senescence
programs and its deficiency is considered the genetic cause
of COPD, but there are other genetic factors that may affect
disease activity and outcomes, even in patients without this
deficiency (27).

High-throughput whole genome sequencing technologies
and novel bioinformatics tools are revealing the sequence
and annotation of the complete human genome, as well as
genome-wide maps of polymorphic microsatellite markers and
single nucleotide polymorphisms (SNP). In order to characterize
genetic susceptibility, two complementary approaches can be
envisaged: whole genome association studies (WGAS) for the
identification of variants with high population frequency but low
impact at individual level in terms of risk of infection (although
SNP identification can potentially be later included in healthcare
planning protocols); and mechanistic studies for identifying
disease-causing mutations with deleterious effects, related to a
high risk of infection at individual level, although its frequency
in general population is low. Many genetic variants have been
associated with complex human diseases and traits, but often
confer relatively small increases in risk (40). According to a recent
review, there are more than 300 primary immunodeficiency
disorders (PIDs), most of them monogenic conditions with
Mendelian inheritance, that are mainly associated with crucial
defects in adaptive immunity (31). Innate immune responses are
largely redundant, with pleiotropic nature of some gene products

(31), thus most of the defects can be potentially counterbalanced.
According to the literature, there is another view suggesting
that while patients with broad immunodeficiencies may present
with one of their many infections, the phenotype of particular
inborn errors of immunity is very narrow, with susceptibility to
only one specific infection (36, 41, 42). A set of inborn errors
affecting “primarily” innate immunity, exercise their effect on
the adaptive immune response (41). The range and nature of
infections depend on several factors. The improving recognition
of immune dysregulation diseases, autoinflammatory disorders,
and interferonopathies leads to changes in terminology. The
annual report of the authoritative International Union of
Immunological Societies (43) has categorized and listed (as of
February 2017) 354 inborn errors of immunity, and those with
a predominant RTI phenotype have been included in Table 1.

Despite the limitations of molecular genetic studies in
pulmonary infections, several associations have been described
between SNPs and bacterial pneumonia and mycobacterial
infections (14, 45). Polymorphisms affecting community-
acquired pneumonia including, among others, those related
to mannose-binding lectin and the IgG2 Fc gamma receptor
II, and are discussed extensively elsewhere (14). The genetic
contribution for the propensity to develop severe RSV infection
was estimated to account for∼20% of the variance in RSV disease
severity. Several studies have attempted to link candidate host
SNPs to disease severity, mostly in chemokine receptors and
PRRs (46, 47).

As regards TB, SNPs are frequently found in loci involving
TLR-2, TNF-α, IL-12, and IFN-γ, and their corresponding
receptors (45). Genetic variations in dendritic cell-specific
ICAM-3 grabbing non-integrin have been linked with
reduced risk of developing TB (48). Mendelian susceptibility
to mycobacterial disease is a syndrome characterized by
susceptibility to weakly virulent mycobacteria, including the
attenuated vaccine Bacillus Calmette-Guerin (BCG) strain
and non-tuberculous mycobacteria (NTM). Different gene
mutations have been identified, most of which are related
to IFN-γ-mediated immunity (49–51). Using exome and
transcriptome sequencing, three rare loss-of-function variants
have been recently characterized in theIFIH1 gene. These encode
a RIG-I-like receptor involved in the sensing of viral RNA (52).
The deficiency causes a primary immunodeficiency manifested
in extreme susceptibility to common respiratory RNA viruses.
Interestingly, human primary immunodeficiency disorders (PID)
affecting T and B cells were not found to predispose to severe
influenza. However, human IRF7 was shown to be essential for
IFN-α/β- and IFN-λ-dependent protective immunity against
primary influenza in vivo (53).

IMPACT OF BIOLOGICAL RESPONSE
MODIFIERS IN RESPIRATORY TRACT
INFECTIONS AND TUBERCULOSIS

Biological response modifiers (BRM) are substances that interact
with and modify the host immune system by acting on
a therapeutic target considered important in the pathogenic
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TABLE 1 | Reported risk of infection and recommended prophylaxis according to functional classification of biologicals-based on ESCMID consensus document (44) and

to categorization of inborn errors of immunity-based on International Union of Immunological Societies annual report (43).

Reported risk of infection Recommendations

TB

screening

and

prophylaxis

Pneumocystis

prophylaxis

Pneumococcal/

capsulated

bacteria

vaccination

Influenza

vaccination

TARGETED AGENT

Anti-tumor necrosis factor-α

agents

Two to four increase in the risk of active TB compared to

healthy patients and other granulomatous conditions

Rate of Legionella 37-fold higher. Histoplasmosis

and coccidioidomycosis

Yes No Yes Yes

Interleukins, immunoglobulins

and complement factors

IL-1 family, moderate risk of infection,

IL-6 and IL-6 receptor (JAK), similar to TNF. Neutropenia in

some cases

C5 targeted, Aspergillus encapsulated bacteria, specially

Neisseria,

IL-17 upper respiratory tract infections and Candida

IgE helminth infection, Strongyloides

Yes No Yes Yes

Cell surface

receptors/associated signaling

pathways

Drug induced neutropenia

Skin and soft tissue infections and sometimes pneumonia

Overall risk of infection low for epidermal growth factor

Optional No Age

appropriate

Yes

Intracellular signaling pathways Increased overall risk of infection, cytomegalovirus and

hepatitis B reactivation

Difficult to distinguish from the risk of the underlying disease

Cases of Pneumocystis, invasive fungal infection nocardiosis,

mainly JAK

Yes Yes Age

appropriate

Yes

Lymphoid cells surface antigens

(CD19, CD20, CD52)

Can cause IgG hypogammaglobulinaemia and neutropenia

Evidence of catheter related bacteremia, severe respiratory

tract infection, hepatitis B reactivation and varicella zoster

Yes Yes Age

appropriate

Yes

Lymphoid/Myeloid cells surface

antigens (CD22, CD30, CD33,

CD38, CD40, SLAMF-7, CCR4)

Similar to anti CD20 Optional Yes Age

appropriate

Yes

Immune checkpoint inhibitors,

cell adhesion inhibitors,

sphingosine-1-phosphate

receptor modulators and

proteasome inhibitors

Associated T cell lymphopenia but no opportunistic infections

reported

Risk of varicella zoster virus

Yes Yes Yes Yes

INBORN ERRORS OF IMMUNITY

Severe combined immune

deficiency:

Severe opportunistic disseminated infections in early

childhood

Non-

applicable

Yes No No

(cohabitants)

Less severe combined immune

deficiency

Some related to recurrent respiratory tract infections Optional Yes Yes Yes

Combined immune deficiencies

with syndromic features

e.g., Wiscot Aldrich and those

altering DNA reparation

Recurrent infections Optional No Yes Yes

Humoral immune deficiencies

Antibody deficiencies

Repeated respiratory tract infections (pneumonia, sinusitis,

otitis, …)

Optional No Yes Yes

Defects of phagocyte number or

function

Fungal and bacterial infections, pulmonary abscesses,

aspergillosis

No No Yes Yes

Defects in intrinsic and innate

immunity

Pyogenic bacterial infections In

selected

cases

No (*) Yes Yes

Autoinflammatory diseases No clear predisposition to infection No No Yes Yes

Complement deficiencies Disseminated infections (meningitis/sepsis) by capsulated

microorganisms and Neisseria

No No (*) Yes Yes

*Antibiotic prophylaxis to prevent bacterial infections.
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process of the disease. Monoclonal antibodies (mAbs) are
now established as therapies for malignancies, transplant
rejection, several immune disorders from most organ systems,
and even infectious diseases (54). Safety problems related to
immunomodulation and infection have been identified in some
cases (55). The use of mAb indirectly provides insights into
the function of the molecule to combat particular pathogens,
increasing our knowledge of the immune system (56). A
recent consensus document has reviewed the groups of drugs
according to the targeted site of action, the expected impact
on susceptibility to infection, the evidence of risk, and the
recommendation of prevention strategies. It is also important
to mention the influence of previous or concomitant therapies,
underlying conditions, and the accumulative exposure to the
agent (44). As regards lower RTI, treatment with BRM results
in an increased risk is reported for pneumonia, influenza-
related complications, TB and NTM, Pneumocystis, and fungal
infections, such as histoplasmosis, taking into account the impact
of geographical variations on incidence rates (57). The knowledge
obtained from experience with the prescription of BRM may
be particularly valuable for the understanding of some genetic
inborn errors, as the type of infections acquired as a side effect
may help to identify which genetic defects favors a similar
infectious phenotype.With the current knowledge and because of
pleiotropic effects, it is not feasible to show how biological agents
actually mimic some inborn errors of immunity, but several
parallelisms can be inferred. We provide a Table containing
the list of BRM according to their functional classification,
and inborn errors categorized according to common infectious
phenotypes (Table 1). Data presented are extracted from the
respective consensus documents, and lists the main RTI and
preventive recommendations.

Current recommendations should be focused on rheumatic
diseases because of the greater experience in follow-up time
(more than 15 years) and number of patients treated. Biological
therapies targeting TNF-α, T cells, B cells, and various
cytokines (including IL-6 and IL-1) have become essential
for the treatment of rheumatic diseases [mainly rheumatoid
arthritis (RA), ankylosing spondylitis, and psoriatic arthritis], as
well as other immune-mediated diseases. Moreover, additional
drugs with novel targets, including those that inhibit IL-12–
IL-23, IL-17α, or the Janus activating kinase system have
been introduced more recently. Immunomodulation offered
by biological and non-biological disease-modifying therapies
and prednisone contributes greatly to the increased risks of
opportunistic infections (OI) (58, 59). In Figure 1 we present
the sites of action and associated risks of the most frequently
prescribed BRM.

Two recent meta-analysis have calculated the relative risk
of infection for rheumatic patients under biological treatment,
with an odds ratio (OR) of 1.31–1.41 (60, 61). The absolute
increase in the number of serious infections per 1,000 patients
treated/year is six times higher than that observed with synthetic
disease-modifying anti-rheumatic drugs (DMARDs). Different
meta-analyses and national registries have confirmed the increase
on the impact of any infections (20%), serious infections (40%),
and TB (250%), associated with anti-TNF-α use (60). In addition,

the risk of serious infections is highest during the first 6
months of therapy (62) (up to 4.5-fold risk), although, after
1 year this risk is no different from conventional DMARDs.
Recurrent infections in RA are common. In a prospective
observational cohort study, the baseline annual rate of a first
serious infection was 4.6%. Additionally, 14% of this cohort
experienced a recurrent episode/year during their follow-up,
with the highest risk being within the first year (29%), and
with respiratory infections being the most common (44% of
all episodes) (63). Factors that have shown to be predictive of
infection include, age, functional status, specific comorbidities
(chronic renal/lung disease), corticosteroid treatment, number
of previous DMARD, treatment failures, previous serious
infections, and current treatment with anti-TNF-α inhibitors or
non-biological DMARDs (64). Nevertheless, recent data suggest
that patients having a serious infection and exposed to biological
treatment have a significantly lower risk of sepsis and fatal
outcome than patients treated with conventional DMARDs
(62, 65). British and French national biological registries have
reported OI rates of 200–270/100,000 in patients using anti-
TNF-α therapies (66, 67). In particular, there is evidence of
an increased risk of M. tuberculosis, herpes zoster, and Listeria
infections. The overall incidence of OI is not significantly
different considering drug classes; however, the rate of PJP
is significantly higher in those patients using rituximab in
comparison to anti-TNF-α therapy. The absolute risk of PJP
is low, although corticosteroid exposure is a strong predictor.
Current data do not support PJP prophylaxis for all rituximab
users. However, it may be appropriate in certain high-risk
individuals. Furthermore, rituximab-associated neutropenia and
impaired antibody response is also well-described.

Pre-clinical and clinical evidence indicate that anti-TNF-
α therapy (infliximab, adalimumab, golimumab, certolizumab
pegol, and etanercept) is associated with a 2- to 4-fold increase
in the risk of active tuberculosis and other granulomatous
conditions. Risk seems to be lower for etanercept (68). Risk
also depends on local TB prevalence: in the year 2000,
Spanish investigators reported an estimated TB incidence of
1,893/100,000 person-years in patients with RA treated with
infliximab (69). This rate is ∼10- to 20-fold higher than the
observed rate in naïve patients. These rates have decreased
dramatically since the establishment of latent tuberculosis
infection (LTBI) screening prior to biological therapy (67,
70). It is essential to rule out LTBI in such individuals in
order to reduce the risk of active TB reactivation. Interferon-
gamma release assays (IGRAs) are useful tools for LTBI
diagnosis. They are more specific than the tuberculin skin test
(TST) because they do not show cross-reactivity with BCG-
vaccination or NTM sensitization (71–73). Moreover, these in-
vitro assays incorporate a mitogen control that can detect the
presence of anergy, common in patients on immunosuppressive
therapy (74). However, the clinical performance of IGRAs
is still controversial due to the variety of concomitant
immunosuppressive drug-regimens used at the time of LTBI
screening, population heterogeneity, and the severity of the
disease itself (75). Therefore, the clinical accuracy of IGRAs
seems to be differentially affected depending on the specific type
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FIGURE 1 | Mode of action of biological response modifiers (BRM) according to cell type, cytokine and/or receptor targeted. Risk of developing infections according

to the BRM considered is also shown. List of BRM. Anti-tumor necrosis factor-α (TNF-α) agents. ADA, adalimumab; CTZ, certolizumab; GLM, golimumab; IFX,

infliximab; ETN, etanercept. Anti-interleukins, immunoglobulins, and complement factors. Anti IL-1, anakinra ANK; Anti IL-6: TCZ, tocilizumab; Anti IL-17: SCK,

secukinumab; IXE, ixekizumab; BRD, brodalumab. Anti-IL12/23: USK, ustekinumab. Cell surface receptors/associated signaling pathways agents. Anti-CD28: ABT,

abatacept; B-cell activating factor (BAFF): BLM, belimumab. Lymphoid cells surface antigens. Anti-CD20: RTX, rituximab. mAb, monoclonal antibody; PEG,

polyethylene glycol; TB, tuberculosis; LTBI, latent tuberculosis infection.

of immune disorder. Crohn’s disease and/or its concomitant
drug-profile (such as azathioprine or high-dose corticosteroids)
could negatively affect the clinical performance of IGRAs
when compared with other immune-mediated diseases, such
as psoriasis or inflammatory rheumatic diseases (76). Thus, it
seems prudent and convenient to perform dual LTBI testing
with TST and IGRAs (77). Patients with RA and underlying
structural lung diseases are at increased risk of developing

NTM infection (78), mostly Mycobacterium avium. In some
countries, NTM infections are more common than TB after
anti-TNF-α treatment. However, there are still no established
recommendations as regards screening and prophylaxis (79). A
baseline chest x-ray should be recommended prior to starting
therapy, and in patients with chronic unexplained cough, further
work-up should include chest computed tomography scans and
culture of respiratory specimens.
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Immunization strategies are recommended for all cases,
regardless of whether the patient has PID or is receiving
immunosuppressive treatment, and it is of importance
to be vaccinated according to the national immunization
routine schedules. For patients with anti-TNF-α treatment,
pneumococcal and age-appropriate anti-viral vaccinations
(i.e., influenza) should be administered (68). Immunization
before and after BRM is well-established as regards
inactivated vaccines, and precautions should be taken for
live vaccines (57). However, even if response to vaccines is
impaired in patients with PID (80), it may have an effect
in patients receiving some BRM. This may be partially
explained by the concept of trained immunity-based
vaccines (81).

In conclusion, RTIs belong to the most common causes
of infections in humans worldwide. The genetic contribution
to severe RTIs may have been masked by other interventions
(82). The inborn errors of innate immunity show us that
the absence of a measurable immunological defect does
not exclude an immunodeficiency (41). Further functional
genetic studies are necessary in order to fully validate
the impact of host genetics during lung infections. The
knowledge obtained from experience with the prescription
of BRM may be particularly valuable, as the infections
acquired as a side effect may help to identify genetic
defects with a similar infectious phenotype. In the meantime,
recommendations based on biological rationale and clinical

experience are mandatory in order to prevent re-emerging
severe infections.
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Lower respiratory tract infections and tuberculosis are responsible for the death of about

4.5 million people each year and are the main causes of mortality in children under

5 years of age. Streptococcus pneumoniae is the most common bacterial pathogen

associated with severe pneumonia, although other Gram-positive and Gram-negative

bacteria are involved in respiratory infections as well. The ability of these pathogens

to persist and produce infection under the appropriate conditions is also associated

with their capacity to form biofilms in the respiratory mucous membranes. Adding to

the difficulty of treating biofilm-forming bacteria with antibiotics, many of these strains

are becoming multidrug resistant, and thus the alternative therapeutics available for

combating this kind of infections are rapidly depleting. Given these concerns, it is urgent

to consider other unconventional strategies and, in this regard, phage lysins represent an

attractive resource to circumvent some of the current issues in infection treatment. When

added exogenously, lysins break specific bonds of the peptidoglycan and have potent

bactericidal effects against susceptible bacteria. These enzymes possess interesting

features, including that they do not trigger an adverse immune response and raise

of resistance is very unlikely. Although Gram-negative bacteria had been considered

refractory to these compounds, strategies to overcome this drawback have been

developed recently. In this review we describe the most relevant in vitro and in vivo results

obtained to date with lysins against bacterial respiratory pathogens.

Keywords: phage lysins, pneumonia, respiratory infection, antibacterials, antibiotic resistance, endolysins

THE IMPACT OF BACTERIAL RESPIRATORY DISEASES ON
HUMAN HEALTH

Lower respiratory tract infections remain the most deadly communicable diseases, and caused
3.2 million deaths worldwide in 2015 (1). Tuberculosis is still to date among the top 10 death
causes, and community-acquired pneumonia is the single largest bacterial infectious cause of death
in children worldwide (2). Streptococcus pneumoniae (pneumococcus) accounts for most of the
bacterial pneumonia cases in children, followed by Haemophilus influenzae type b, and other
bacterial pathogens: Streptococcus pyogenes (group A Streptococcus), non-typeable H. influenzae,
Staphylococcus aureus,Mycoplasma pneumoniae, Moraxella catarrhalis, and Klebsiella pneumoniae
(3). Pneumococcus is also a common cause of community-acquired pneumonia in elderly patients
with comorbidities (4). On the other hand, hospital-acquired pneumonia and ventilator-associated
pneumonia are among the leading nosocomial infections worldwide, with an increasing frequency
of multidrug resistant (MDR) Gram-negative bacteria (G–) as the bacteriologic cause (5).
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Indeed, antimicrobial resistance (AMR) and associated
morbidity and mortality have been increasing globally. A recent
study estimated that AMR could produce 10million deaths a year
by 2050 (6), although this prediction should be taken with care
(7). Accordingly, economic simulations predict that the world
will suffer an annual shortfall loss of between $1 and $3.4 trillion
by 2030 because of AMR (8). In this scenario, the World Health
Organization (WHO) has called for global action on AMR (9).
This has encouraged several actions: (a) prevention and control
actions in healthcare facilities (10); (b) widespread antimicrobial
stewardship programs (11); (c) reduction of antibiotic use in
livestock production and the environment (12); and (d) the
search for alternatives to the currently used antibiotics (13),
particularly against a group of MDR bacteria having a global
impact (14). Among these priority pathogens, S. pneumoniae,
H. influenzae and those referred to as “the ESKAPE bugs” (15),
are of particular concern. Of note, Mycobacterium tuberculosis
was not included in the above list as it is already in a globally
established priority for which innovative new treatments are
urgently needed (16). A few decades ago, phage therapy revived
as an alternative to conventional antibiotics and, since the
beginning of twenty-first century, phage lytic enzymes have also
been extensively tested as antibacterials. This area of research
is the focus of this review and the most relevant results of
certain enzymes against respiratory pathogens will be discussed.
Extensive details on the issue can be found in other recent reviews
(17–26).

GENERAL CHARACTERISTICS OF LYSINS

Endolysins, or more simply lysins, are phage-encoded enzymes
capable of hydrolyzing the bacterial cell wall (CW) and that
are synthesized at the end of the phage replication cycle. The
peptidoglycan (PG) polymer is the basic component of the
CW, and is composed of chains of a disaccharide repeat made
up of N-acetylglucosamine and N-acetylmuramic acid, linked
by β(1→4) glycosidic bonds. Glycan strands are cross-linked
by tetra/pentapeptide side stems attached to muramic acid
residues through amide bonds. Lysins are usually classified as
glycosidases [glucosaminidases, transglycosylases, and lysozymes
(or muramidases)], if they break any of the bonds of the glycan
chain, N-acetylmuramoyl-L-alanine amidases (NAM-amidases),
if they break the amide bonds between the glycan strands and
peptide chains, or endopeptidases if they hydrolyze different
bonds within peptide chains. When purified lysins are added
exogenously, their CW-degrading activity can lead to rapid
osmotic lysis and bacterial death. The enzymatic activity of
lysins was the basis for their exploration as antibacterial agents
and they were also named “enzybiotics” (27). Lysins possess
several advantages over antibiotics: (a) they rapidly kill bacteria,
practically upon contact; (b) they can be specific to the target
pathogen, particularly against Gram-positive (G+) bacteria (28–
31), which allows to preserve the normal microbiota (32); (c)
development of resistance seems very unlikely (33, 34), probably
because these enzymes directly target an essential and well-
conserved structural component such as the PG, which cannot
be easily modified without compromising fitness (35); (d) with

few exceptions (36, 37), lysins are active independently of the
bacterial physiological state (38, 39); (e) they are effective against
MDR bacteria (20, 34, 40–42); (f) they can act synergistically
with other lysins or antibiotics and thus theoretically reduce the
development of resistance while increasing therapeutic efficiency;
and (g) lysins are also effective killing colonizing pathogens
growing on mucosal surfaces and/or in biofilms (Tables 1, 2).

Lysins encoded by phages infecting G+ bacteria generally
display a modular structure, comprising one or more catalytic
domains (CDs) and one or more CW binding domains (CWBD).
Although the species specificity of a lysin is generally assigned
to its CWBD, there are some data suggesting that combined
interactions of CD and CWBDwith unknown CW receptors may
play a significant role (129). On the other hand, phages from G–
bacteria usually encode globular lysins with a single CD, with
several exceptions (31, 111, 128).

Concerning their systemic, therapeutic use, it has been
alleged that lysins, as foreign proteins, could be expected to
trigger the production of neutralizing antibodies that might
hinder their antibacterial action in subsequent administrations.
However, early studies addressing this potential drawback,
strongly suggested that highly immune serum slows down—but
does not block—lysins (46, 130). Pre-clinical and clinical trials
with the antistaphylococcal lysin SAL-1 have been performed in
animal models and, lately, in humans. An immune response was
indeed elicited after repeated intravenous injections of SAL200,
as demonstrated by the presence of specific antibodies and
reduced C3 complement levels in the animal blood samples (80).
Still, pharmacokinetic, pharmacodynamic, and tolerance studies
of SAL200 in monkeys and humans did not show any serious
adverse effects or clinically significant alterations even at the
highest dose tested (81, 82). Anyhow, host immune responses to
specific lysin formulations must always be considered concerning
safety and improving the therapeutic potential of lysins.

The antibacterial efficacy of lysins can be improved by
several means including: (a) replacement of certain amino acids
to modify the net charge of the enzyme (53, 131) or allow
dimerization (132); (b) deletion of entire domains (75, 133); (c)
construction of chimeric proteins by domain shuffling (41); (d)
fusion to cationic peptides (or other domains) to render lysins
capable to cross the outer membrane (OM), a widely recognized
drawback of lysin therapy against G– bacteria (122, 134, 135), or
to increase CW affinity (136); (e) co-administration of lysins with
membrane destabilizing agents (EDTA, carvacrol, etc.), especially
in G– pathogens (53, 112).

LYSINS AGAINST GRAM-POSITIVE
BACTERIA

Streptococcus pneumoniae
The key aspect of the S. pneumoniae system is the role of the
aminoalcohol choline in the enzymatic activity of the bacterial
autolysin LytA, and the pneumococcal phage lysins. Choline
forms part of the (lipo)teichoic acids and constitutes an absolute
requirement for the binding of these enzymes—members of
the choline-binding family of proteins (CBPs) (137)—to the
CW substrate. This peculiarity explains the extreme specificity
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TABLE 2 | Selected lysins active against Gram-negative bacteria.

Species Lysin/phage Susceptible bacteria Methodology used Acc. No.; comments References

P. aeruginosa

Lys1521/B.

amyloliquefaciens

phage

G– Activity on intact bacteria Q94ML9 (104–107)

EL188/EL G– Activity on permeabilized

bacteria

CAG27282 (108–110)

KZ144/ϕKZ G– Activity on permeabilized

bacteria

AAL83045 (108, 110)

OBPgp279/OBP G– Activity on intact bacteria YP_004958186 (111)

Art-175 G– Activity on intact bacteria Chimera of KZ144 and

SMAP-29 peptide

(34, 112)

LysPA26/JD010 G– Activity on intact bacteria, biofilm A0A1V0EFL1 (113)

A. baumannii

LysAB2/ΦAB2 G– and S. aureus Activity on intact bacteria

in vivo: sepsis (mice)

F1BCP4 (114, 115)

LysABP-01/ØABP-01 G– Activity on intact bacteria;

synergy with colistin

KF548002 (116)

PlyAB1/Abp1 A. baumannii Activity on intact bacteria YP_008058242 (117)

PlyF307/RL-2015 A. baumannii; otros G– Activity on intact bacteria, biofilm

in vivo: sepsis (mice)

AJG41873 (36, 118)

LysAB3/A. baumannii

ATCC 17978 prophage

A. baumannii Activity on intact bacteria ABO12027 (119)

LysAB4/A. baumannii

ATCC 17978 prophage

A. baumannii Activity on intact bacteria CP000521 (119)

E. coli

Lysep3/Ep3 E. coli, P. aeruginosa Activity on permeabilized

bacteria

A0A088FRS5 (120)

Lysep3-D8 G–, Streptococcus sp. Activity on intact bacteria Chimera of Lysep3 and

Lys1521 (Q94ML9)

(121)

Colicin-lysep3 E. coli Activity on intact bacteria

in vivo: intestinal infection

Chimera of Lysep3 and

colicin A (Q47108)

(122)

EndoT5/T5 E. coli Activity on permeabilized

bacteria

Q6QGP7 (123)

PlyE146/E. coli 8.0569

prophage

G– Activity on intact bacteria EKK47578 (37)

K. pneumoniae

K11gp3.5/K11 G– Activity on permeabilized

bacteria

B3VCZ3 (124)

KP32gp15/KP32 G– Activity on permeabilized

bacteria

D1L2U8 (124)

KP27 lysin/KP27 G– Activity on permeabilized

bacteria; cell culture

K7NPX3 (125)

C. freundii

CfP1 lysin/CfP1 Citrobacter sp. Activity on intact bacteria A0A1B1IXL3 (126)

S. maltophilia

P28 G– and some G+ Activity on intact bacteria Lytic enzyme from a

bacteriocin system

(127)

Burkholderia sp.

AP3gp15/AP3 G– Activity on permeabilized

bacteria

A0A1S5NV50 (128)

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2252250

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vázquez et al. Lysins Against Bacterial Respiratory Infections

of CBPs for pneumococci. The first article reporting the use
of a CBP as an enzybiotic demonstrated the capacity of the
NAM-amidase Pal to kill pneumococci of every serotype tested,
including penicillin-resistant isolates (40). These results were
confirmed in a mouse model of nasopharyngeal carriage (27).
The Cpl-1 lysozyme has also been successfully tested in several in
vitro assays and in different animal models of infection (46–48),
and a synergistic effect was found when Cpl-1 was used together
with several antibiotics (49, 50), or in combination with Pal
(43, 44). The Cpl-7 lysozyme represents an exception to choline-
recognizing pneumococcal lysins, since it harbors a different
CWBD (138–140) that allows it to recognize and kill a broader
range of bacteria. Moreover, the bactericidal effect of Cpl-7 has
been improved in the engineered Cpl-7S by inverting the net
charge of its CWBD (53). To date, themost powerful killing lysins
tested against S. pneumoniae are nonetheless chimeric proteins:
Cpl-711, a chimera of Cpl-7 and Cpl-1 (41), and PL3, a fusion
protein between Pal and LytA [Table 1; (38)]. Treatment with
Cpl-711 strongly reduced the attachment of S. pneumoniae to
human epithelial cells, and a single intranasal dose of Cpl-711
significantly reduced nasopharyngeal colonization in a mouse
model (51).

Staphylococcus aureus
Although S. aureus is frequently carried asymptomatically in
humans, it is also the cause of a variety of diseases and,
particularly, methicillin-resistant strains (MRSA) are responsible
for a great percentage of all infections, up to 80% in some
countries (141). The S. aureus PG displays a characteristic
pentaglycine interpeptide cross-linking the glycan strands (142).
Most tested lysins in the S. aureus system contain two CDs
(endopeptidase and NAM-amidase) together with an SH3b
CWBD (61, 143, 144). Although the exact interaction between
the CWBD and the structures to which these domains bind
remains to be demonstrated in many cases, it has been proposed
that some CWBDs recognize the pentaglycine peptide cross-
bridge (145) or the CW-associated glycopolymers (79). Of note,
the vast majority of studies reporting the therapeutic use of
lysins are directed to fight S. aureus infections (20, 21). Together
with lysostaphin (produced by Staphylococcus simulans), LysK
and its derivatives seem to be the most lethal lysins against S.
aureus, includingMRSA (73, 76, 146, 147) as well as vancomycin-
intermediate and -resistant isolates [see reference (21) and
references therein]. Other examples of anti-staphylococcal lysins
include several engineered proteins such as chimeric or truncated
proteins (76, 85, 100, 148, 149) or fusion proteins with short
cationic peptides able to cross the eukaryotic membrane and
kill intracellular S. aureus (150, 151). Nevertheless, lysin-based
studies that consider S. aureus as a respiratory pathogen are
scarce and only include some decolonization assays (62, 63, 75,
85) and a single example of endolysin efficacy in a mouse S.
aureus pneumonia model (93).

Other Gram-Positive Pathogens and
Mycobacteria
S. pyogenes is a major causative agent of upper respiratory tract
infections (152). The most relevant example of a lysin targeting

this pathogen is PlyC, a peculiar multimeric enzyme that kills
group A streptococci with high efficiency (27, 55). In addition,
the ability of PlyC to penetrate respiratory tract epithelial cells
to eliminate intracellular S. pyogenes cells has also been proven
(56). This intracellular activity overcomes one of the major
drawbacks of antibiotic therapy against streptococcal throat
infections, which is bacterial self-protection by cellular invasion.
Other lysins reported to kill S. pyogenes are PlyPy (58) and the
broad range, pneumococcal phage-derived Cpl-7S (53). Besides,
group B streptococci are known to cause severe pneumonia in
newborns (153). At least one attempt has been conducted in mice
toward oropharyngeal decolonization of group B streptococci
using PlyGBS lysin (59).

The acid-fast M. tuberculosis is still rather unexplored for the
development of lysin-based therapy. This might be due to the
peculiarity of Mycobacterium CW structure, which comprises a
thick PG layer covalently attached to arabinogalactan sterified
with mycolic acids (154). Because of this architecture, the
lytic cassette of mycobacteriophages comprises two different
lytic enzymes: a classical PG hydrolase (usually named LysA)
and mycolyl-arabinogalactan esterase (LysB), which cleaves
the ester bond linking mycolic acid to the arabinogalactan-
PG layer. As a result, the mycolic acid layer detaches from
the cell, rendering vulnerable to osmotic shock and, finally,
lysis (155). Some in vitro assays have been conducted with
bothmycobacteriophage-derived hydrolases, yielding, in general,
promising results that show either growth arrest (101) or a
bactericidal effect (103), but further research is still required. The
mycobacterial endolysins and their therapeutical potential have
been recently reviewed (156).

LYSINS AGAINST GRAM-NEGATIVE
BACTERIA

Pseudomonas aeruginosa
The first lysins tested against P. aeruginosa, for example,
EL188, only killed bacteria when membrane permeabilizers (e.g.,
polycationic agents, EDTA) were co-administered (108, 109).
Due to the potential difficulties of therapies based on the co-
administration of lysins and permeabilizing agents, some of the
most recent efforts have been directed toward the engineering
of the enzymes themselves, giving rise to the “artilysin” concept
(134). In this study, lysins were fused to cationic, antimicrobial
peptides (AMPs), and these fusions were able to exert a
permeabilizing activity that allowed them to cross P. aeruginosa
OM to degrade the PG layer both in vitro and in vivo (134). Art-
175 is an artilysin that was constructed by fusing lysin KZ144 and
the sheep myeloid AMP 29 (SMAP-29), and further optimizing
the thermostability of the resulting chimera by point mutation
of several cysteine residues (34). Art-175 was able to efficiently
kill either antibiotic-susceptible or MDR P. aeruginosa strains.
Of note, Art-175 also controlled the appearance of persisters, i.e.,
bacterial subpopulations transiently tolerant to antibiotics that
often appear upon antiinfective chemotherapy (157).

Despite the engineering efforts mentioned above, lysins able
to lyse G– bacteria on their own are also currently available.
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Typically, this intrinsic activity from without relies on non-
enzymatic mechanisms, which were first described for the T4
phage lysozyme (158) and then in several P. aeruginosa phage
lysins (159). These lysins harbor AMP-like elements (peptides
with an amphipathic secondary structure and a positive net
charge) that destabilize the OM. In some cases, as for T4
lysozyme, these regions account for the bactericidal activity of the
enzyme to a higher extent than the enzymatic activity itself (158).
One of the first examples of a lysin with a natural cationic peptide
exploited as an enzybiotic was the Bacillus amyloliquefaciens
phage lysin Lys1521, which was indeed able to lyse P. aeruginosa
cells (104). Other examples of P. aeruginosa lysins with intrinsic
anti-G– activity include OBPgp279 (124) and LysPA26 (113).
Although active research is being performed to deal with the OM
barrier issue, no extensive in vivo experimental evidence has been
provided for the clearance, upon lysin treatment, of P. aeruginosa
from respiratory infections.

Acinetobacter baumannii
In general, lysins against G– bacteria appear to be less specific
than their G+ counterparts, possibly due to the (apparently)
simpler organization of the former sacculi (160). This broader
spectrum allows some lysins to kill several pathogenic genera,
like the already mentioned lysin LysPA26, which besides
P. aeruginosa can also lyse other G– pathogens such as E. coli,
K. pneumoniae or A. baumannii (113), or Art-175, which also
killsA. baumannii (112). This bacterium is a potential respiratory
pathogen (particularly for immunocompromised and debilitated
patients) that is receiving great attention in recent years due to
its worrisome increased antibiotic resistance (161). Thus, several
enzybiotics have also been developed with emphasis in their A.
baumannii killing capacity, such as LysAB3 and LysAB4 (119),
PlyAB1 (117), and LysABP-01 (116).

PlyF307 was capable of killing A. baumannii isolates,
including MDR strains, both in planktonic and biofilm cultures
(36) and represents the first example of an intact lysin
with intrinsic anti-G– activity tested in a mammalian (mouse
bacteremia) model. Unsurprisingly, it was later determined that
such intrinsic activity from without partly resided in a cationic
peptide located in the C-terminal domain of the lysin (118).
Further studies revealed that this region contains sub-domain
structural motifs with membrane permeabilizing ability, but
lacking enzymatic activity; similar motifs have also been found in
other lysins. For example, lysin LysAB2 (114) represents a broad-
spectrum enzybiotic, both active against G+ and G– bacteria
(A. baumannii, Escherichia coli and, surprisingly, S. aureus).
Based on its permeabilizing properties (114), AMPs based on
the C-terminal region of LysAB2 have been synthesized and
demonstrated high antimicrobial activity when tested in mice
infected with A. baumannii (115).

Other Gram-Negative Pathogens
In spite of being a prominent member of the ESKAPE group
(162), there are only few reports of lysins active against
K. pneumoniae. As already mentioned, LysPA26 also showed
bactericidal activity against K. pneumoniae (113). Consequently,

it is conceivable that some of the other broad spectrum anti-
G– lysins would kill K. pneumoniae. As for specific Klebsiella
phage lysins, some examples of lysins with proven lytic activity
are those from phages K11, KP32, and KP27 (124, 125, 163), but
only KP32 and KP27 were tested for their anti-Klebsiella activity.
Although usually associated with intestinal infections, E. coli is
also a frequent cause of nosocomial pneumonia (164). Again,
some of the other G– lysins are also active against E. coli (105,
113, 114, 116, 124). Specifically from an E. coli phage, Lysep3 lysin
has demonstrated noticeable activity against permeabilized E. coli
cells (120). Moreover, a chimeric construction between Lysep3
and a colicin was able to traverse the OM via specific recognition
by OM transporters (122, 165).

CONCLUDING REMARKS AND FUTURE
TRENDS

As MDR bacterial respiratory pathogens are increasingly
prevalent, alternative therapeutics are urgently needed. Lysins
represent more than a hope in this scenario and may be a
perfect counterpart to therapies based on standard antibiotics.
The potential for lysin development is seemingly endless. For
example, thousands of putative lysins, many of which displaying
novel domain architectures, have been recently described using
bioinformatic techniques (166). All this huge amount of
information, together with the crystal structures of lysins and
a more detailed knowledge on the bacterial CW structure, will
provide better insights to design and construct “tailor-made
lysins” potentially directed against any desired pathogen. Drug
delivery and other added-value systems involving lysins are
now also being researched by setting up different approaches
(167–170). Several polymers have been studied as potential
drug release vehicles not only for research but also for
clinical purposes. Particularly interesting is the case of poly(N-
isopropylacrylamide) (PNIPAM) that has been used for the
coadministration of the CHAPK lysin and lysostaphin through
a thermally triggered release event (the temperature increase due
to infection) (64).

Although a limited number of endolysins have entered clinical
trials and some of them are already available in the market
[reviewed in reference (18)], phages and phage-based products
are subjected to strict regulatory measures (171). Moreover, in
spite of their demonstrated specificity and lack of resistance
development, the use of phage endolysins in humans raises
several concerns. Among them, the relatively short plasma
life of lysins, their immunogenicity and possible toxicity, the
proinflammatory response to bacterial debris, and the difficulties
to attack intracellular bacteria have been mentioned. Although
only limited data of phage lysin interactions with the human
body, e.g., pharmacokinetic/pharmacodynamic studies, have
been published, it is encouraging that most (if not all) of the
above mentioned potential limitations lack current experimental
support (18, 23, 25). Although this scenario seems favorable
toward hitting the clinic in the short term, further evidence is still
due, especially when bacterial respiratory diseases—in particular,
those caused by G– bacteria—are considered. Additional efforts
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to cover the currently unmet therapeutic requirements are
warranted.
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The emergence of clinical isolates associated to multidrug resistance is a serious threat

worldwide in terms of public health since complicates the success of the antibiotic

treatment and the resolution of the infectious process. This is of great concern in

pathogens affecting the lower respiratory tract as these infections are one of the major

causes of mortality in children and adults. In most cases where the respiratory pathogen

is associated to multidrug-resistance, antimicrobial concentrations both in serum and

at the site of infection may be insufficient and the resolution of the infection depends

on the interaction of the invading pathogen with the host immune response. The

outcome of these infections largely depends on the susceptibility of the pathogen to

the antibiotic treatment, although the humoral and cellular immune responses also play

an important role in this process. Hence, prophylactic measures or even immunotherapy

are alternatives against these multi-resistant pathogens. In this sense, specific antibodies

and antibiotics may act concomitantly against the respiratory pathogen. Alteration of cell

surface structures by antimicrobial drugs even at sub-inhibitory concentrations might

result in greater exposure of microbial ligands that are normally hidden or hardly exposed.

This alteration of the bacterial envelope may stimulate opsonization by natural and/or

specific antibodies or even by host defense components, increasing the recognition of

the microbial pathogen by circulating phagocytes. In this review we will explain the most

relevant studies, where vaccination or the use of monoclonal antibodies in combination

with antimicrobial treatment has demonstrated to be an alternative strategy to overcome

the impact of multidrug resistance in respiratory pathogens.

Keywords: antibodies, antibiotics, resistance, respiratory infections, immune response

INTRODUCTION

One third of the annual deaths occurring in the world are estimated to be due to infectious
diseases and notably, infections affecting the respiratory tract are responsible of 4 million deaths
worldwide (1). According to estimates of the World Health Organization, pneumonia kills
more children worldwide than any other disease, even more than acquired immune deficiency
syndrome (AIDS), malaria and measles combined (2–4). In adults, the impact of community
acquired pneumonia (CAP) or nosocomial pneumonia (including hospital-acquired pneumonia
and ventilator-acquired pneumonia) is also very worrisome as they are associated with remarkably
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high morbidity and mortality rates worldwide (5). One the
major causes of these pathologies is Streptococcus pneumoniae
(pneumococcus) that has greater incidence in children under
5 years old and adults over 60 years old, although the
mortality is much higher in elderly population worldwide (4, 5).
Pneumococcus is indeed, the main etiologic agent of CAP, as
well as, non-epidemic bacterial meningitis and acute otitis media
(AOM), but is also one of the major causes of bacterial sepsis (6).
Other frequent causes of CAP include Haemophilus influenzae,
Pseudomonas aeruginosa, Staphylococcus aureus, and also other
pathogens grouped as atypical bacteria (including Mycoplasma
spp, Chlamydia spp, and Legionella spp) (7).

The search of effective treatments to fight against infectious
diseases has been, since many years, among the main challenges
of medicine. Before the discovery of antibiotics, there were
very few choices against bacterial infections. In the last decade
of XX century, therapies based in antibodies to treat these
infections were commonly used (8) and, in the 20’s of last
century, serum therapy was used against many bacterial diseases
including infections affecting the respiratory tract, such as those
caused by S. pneumoniae (9). These treatments reduced in a
50%, the mortality caused by this pathogen (10). However,
when antibiotic chemotherapy emerged in the 30’s decade
of last century, serum therapy was abandoned and it was
substituted by antibiotic treatment due to its higher effectivity
and lower toxicity. Interestingly, the appearance of resistant
strains appeared promptly after the general use of antibiotics.
Resistance to several antibiotics is a common phenotype in
the majority of these pathogens including multidrug resistant
(MDR) strains of pneumococcus. In some cases, such as
extended spectrum β-lactamase producing enterobacteriaceae
and methicillin-resistant S. aureus (MRSA) dissemination of
resistance has become a serious threat worldwide (7). In the
last years, the use of monoclonal antibodies has been proposed
as an alternative for the treatment of MDR pathogens, due to
their marked specificity against the bacterial pathogen, their
limited possibility of creating resistance and their ability to act
synergistically with antibiotics (11). A different approach to
reduce the burden of disease caused by MDR pathogens and
also limit the dissemination of resistance genes is based in the
implementation of effective vaccines with high coverage rates
among the pediatric and adult population (12, 13).

IMPACT OF VACCINATION AGAINST

ANTIBIOTIC RESISTANCE IN

RESPIRATORY PATHOGENS

To control antibiotic resistance, vaccines have been proposed
as promising intervention measures to control the spread and
dissemination of MDR strains. Indeed, existing vaccines against
important pathogens, such as S. pneumoniae or H. influenzae
type b may contribute to reduce the burden of antimicrobial
resistance (14–17). One of the best examples is the reduction
of MDR serotypes after the introduction of pneumococcal
conjugate vaccines. Hence, preventive and therapeutic measures
against infection produced by S. pneumoniae have modified

the resistance pattern of this pathogen. PCV7 and later
PCV10 and PCV13, are pneumococcal vaccines containing
the capsular polysaccharides of the main serotypes causing
invasive pneumococcal disease (IPD) protecting against the
most common serotypes that are resistant to antibiotics. These
vaccines were commercialized at the beginning of this century
to promote immunization against pediatric population, although
PCV13 is also indicated for adults. The general use of these
vaccines induced a drastic decrease of the incidence of IPD
caused by serotypes included in the vaccines and also reduced
the prevalence of non-susceptible serotypes to antibiotics (18–
20). As a consequence, PCV7 and later PCV13 have had a clear
impact in the epidemiology of clinical isolates obtained from
adults, who have been indirectly beneficiated from pediatric
vaccination (18–22). Another example is vaccination against
H. influenzae type b that has reduced the overall morbidity
and mortality by this microorganism showing an impact on
antibiotic resistance by declining ampicillin resistant strains
(23). Additional evidence is the influenza virus vaccine and
how can diminish the impact of antibiotic resistance in
bacterial pathogens affecting the respiratory tract. Although,
the best studied interaction of influenza virus with a bacterial
specimen is with S. pneumoniae (24–26), there are many
studies demonstrating possible associations between influenza
and other respiratory bacterial pathogens, such as S. aureus,
H. influenzae, Streptococcus pyogenes, and Neisseria meningitidis
(27–29). Preventing infection by influenza virus due to vaccine
strategies, may decrease the subsequent infection by some of the
bacterial pathogens mentioned above, which in some cases may
harbor high levels of antibiotic resistance.

IMMUNOMODULATORY EFFECTS OF

ANTIBIOTICS

The emergence of strains with high levels of antibiotic resistance
might jeopardize the success of the antibiotic therapy (30).
Antibiotics play their role against bacteria in a more complex
mechanism when they exert its activity in vivo in comparison
to the in vitro conditions due to the presence of serum
proteins and components of the host immune response (31).
Immunomodulation mediated by antimicrobial drugs can be
explained as an induction of immunity to pathogens triggered
by the chemotherapy compound. In this sense, immunoglobulins
and complement components can improve the activity of β-
lactam antibiotics (32, 33) whereas the presence of albumin
and globulins limit free-drug plasma concentrations affecting
the expected antibacterial in vitro effect (34–38). This effect
is only relevant if the binding to plasma proteins is high
(more common in cephalosporins than in penicillins) (37, 38).
However, other authors using a pharmacodynamic simulation
at physiological conditions including binding proteins levels
similar to those found in humans, demonstrated that the presence
of binding proteins did not impair the anti-pneumococcal
activity of cefditoren (CDN), which is a high binding protein
cephalosporin (39). β-lactam antibiotics display its antibacterial
activity by a direct action against the microorganism. However,
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IPD is associated to high levels of morbidity and mortality
despite an appropriate antibiotic therapy (40). The lack of
antibiotic efficacy is very common being especially evident in
immunocompromised patients, suggesting that the recovery of
these patients depends on the joint action of antibiotics and the
host defense mechanisms.

Alteration of bacterial surface structures caused by certain
antibiotics might contribute to a major exposition of antigenic
epitopes that are deeply or hardly exposed. This greater exposure
might promote the opsonization by different components of the
host immune response, such as acute phase proteins, enhancing
the recognition of the respiratory pathogens by professional
phagocytes. Pentraxins, such as C-reactive protein (CRP) and
serum amyloid P component (SAP) are the main acute phase
proteins in human and mice, respectively (41). CRP levels
increase during different respiratory infections, demonstrating
the importance of this protein as a sentinel molecule (42).
One of the most important functions by CRP and SAP in
host defense against invading pathogens is the opsonization
of microorganisms and later the activation of the phagocytosis
process by Fcγ receptors (41, 43–45). In this sense, it has
been demonstrated that the recognition by CRP and SAP of
different clinical isolates of S. pneumoniae is enhanced when
the bacteria is opsonized with serum containing sub-inhibitory
concentrations of β-lactams, suggesting that these antibiotics
allow these pentraxins to recognize S. pneumoniae in a more
efficient manner increasing the phagocytosis (32, 33). A different
acute phase protein termed pentraxin 3 also has demonstrated
to be very effective in combination with antimycotic drugs
against infections produced by Aspergillus fumigatus, stimulating
the antifungal activity of phagocytes (46). Moreover, the use
of cephalosporins has been associated to an increased in the
serum bactericidal activity against important pathogens, such
as Escherichia coli and P. aeruginosa (47, 48), whereas the
treatment with erythromycin (ERY) seems to produce small
rupture points (breakpoints) in the cell wall, causing the
breakage of the envelope of Legionella pneumophila (49, 50).
In addition, it has been demonstrated that the macrolide
azithromycin (AZM), in concentrations lower than theminimum
inhibitory concentration (MIC), destabilizes the outer membrane
increasing the permeability and producing the death of P.
aeruginosa (51).

As an alternative, antibiotics might reduce the expression
of certain virulence factors involved in the inhibition of
complement activation and phagocytosis. Indeed, a recent
study has confirmed that certain antibiotics in sub-inhibitory
concentrations modify the expression of virulent genes of
S. aureus (52). An additional explanation for the enhanced
activation of the host immune response by macrolides could
be related to its mechanism of action as these antibiotics
interact with the ribosomal 50s subunit inhibiting the protein
biosynthesis (31). This is an important aspect in terms of
pathogenesis as sub-inhibitory concentrations of macrolides
inhibit the production of pneumolysin (Ply) which is an
important virulence factor involved in C3 evasion (53, 54).
Furthermore, certain macrolides, such as ERY, AZM, or
clarithromycin, inhibit negatively the synthesis of Ply and

pneumococcal surface protein A (PspA) (55–57). This is
relevant from the antimicrobial and immunological perspectives
because the combination of both proteins has an additive effect
and is very effective inhibiting the activation of complement
immunity (54). Additional evidence demonstrate that macrolides
exhibit immunomodulatory effects by inhibiting neutrophil
inflammation and macrophage activation, reducing the levels of
Th2 cytokines which might be important for the treatment of
chronic inflammatory diseases using this antibiotic (58).

Overall, antimicrobial drugs can trigger the humoral and
cellular response using a broader range of mechanisms including
the recognition by acute phase proteins and complement-
mediated immunity, inhibition of bacterial virulence factors
involved in immune evasion and reduction of the inflammatory
response.

THE HOST IMMUNE RESPONSE AGAINST

RESPIRATORY PATHOGENS IS BOOSTED

BY THE COOPERATION OF ANTIBIOTICS

AND ANTIBODIES

One of the major risks of respiratory infections is that are
frequently associated to high morbidity and mortality rates
despite appropriate antibiotic therapy with poor prognosis when
the infective pathogen is highly resistant to the antibiotic
prescribed (40). In the absence of antibiotic treatment, the
outcome of the infection depends on the balance of the
interaction between bacterial virulence factors and host defense
mechanisms. Antibiotics normally display their antibacterial
activity by a direct action against the microorganism. Clearance
of respiratory pathogens from the systemic circulation depends
on the opsonization by the complement system and the
phagocytosis process (59, 60). In this sense, it has been
observed that antibodies bound to Cryptococcus neoformans
modify the genetic expression and the metabolism of certain
genes, increasing the susceptibility of the pathogen to different
antifungal drugs (61). Vaccination against respiratory pathogens
including S. pneumoniae, induces the generation of specific
antibodies that can interfere with the growth and metabolism
of different microorganisms, suggesting a novel mechanism
for antibodies mediated immunity (62). The damage produced
on the surface of the pathogen by antimicrobial drugs might
allow certain components of the cellular envelope to be more
accessible and therefore, improve the recognition by complement
components and specific antibodies. For example, exposure of
MDR strains of Klebsiella pneumoniae to serum and β-lactam
antibiotics increased the C3 levels on the bacterial surface (63).

Considering S. pneumoniae, the classical pathway of the
complement system is the most important pathway for
complement activation (64, 65). Activation of this pathway
in S. pneumoniae was significantly increased in the presence
of β-lactam antibiotics confirming that alterations caused by
these antibiotics, even at sub-inhibitory concentrations, improve
the complement mediated immunity by a mechanism that is
dependent on the activation of the classical pathway (33).
Once the complement cascade is activated and after numerous
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enzymatic reactions, the key component C3 is formed. In
the presence of serum containing antibodies to pneumococcus
and sub-inhibitory concentrations of β-lactam antibiotics or
macrolides, C3 deposition on the surface of different MDR
strains was markedly increased (33, 66). Overall, activation of the
recognition by acute phase proteins and complement proteins
by certain antibiotics, such as β-lactams and macrolides in
the presence of specific antibodies has functional consequences
increasing the phagocytosis process and the clearance of
the microorganism (Figure 1) (32, 33, 66). Previous studies
using a sepsis model of infection in mice, have demonstrated
that protective doses of amoxicillin and cefotaxime were,
approximately, eight times lower in the presence of antibodies
than in their absence (67, 68). It is important to mention that
whatsoever, the possible benefit of the synergistic effect mediated
by antibodies will not be based in a reduction of the antibiotic
doses. The benefit would be to obtain a higher efficacy from the
therapeutic perspective after the administration of the common
doses used against IPD cases produced by clinical isolates with
high MIC levels (32, 33, 66, 67). Hence, vaccination reduces the

magnitude of the pharmacodynamics indices (i.e., drug exposure
defined from pharmacokinetic/pharmacodynamic ratio, ft >

MIC, fCmax/MIC or fAUC/MIC), needed to reach a certain
effect. Consequently, in the presence of antibodies, usual doses
of the antibacterial agent would necessarily cover clinical isolates
with higher levels of resistance (32, 67).

The early onset of antibiotic treatment is essential to prevent
the spread of the bacterial pathogens through the respiratory
tract and the dissemination to the systemic circulation because
any delay initiating the treatment may lead to the high fatality
rates associated to respiratory infections (69). This problem
gets worse when the bacterial pathogens harbor high levels
of antibiotic resistance. In this case, treatment with β-lactams
or macrolides may suppose a new strategy to reduce the
possibility of treatment failure in those individuals who have been
previously vaccinated against S. pneumoniae. This assertion is
based in the enhanced efficiency of the host immune response to
clear the bacterial pathogen in the presence of specific antibodies
and these antibiotics (32, 33, 66–68, 70). This cooperative effect
between antibodies and antibiotics it seems to be limited to

FIGURE 1 | Effect of host immune components on bacterial opsonization and phagocytosis. (A) Interaction of the host immune response with a bacterial pathogen in

the absence of antibiotics. (B) Interaction of different components of the host immune response in the presence of antibiotics. In the presence of antibodies, acute

phase proteins (CRP and SAP) and complement components (C1q and C3), the recognition of the bacterial pathogen is greatly enhanced when antibiotics are

present (right panel).
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β-lactams and macrolides because the presence of sub-inhibitory
concentrations of levofloxacin and specific antibodies did not
affect the opsonization by C3 against S. pneumoniae (66).
These results explain why the treatment with sub-inhibitory
concentrations of levofloxacin in mice previously immunized
against S. pneumoniae did not increase the survival rate (71).
Boosting effects on the host immune response by macrolides
have been studied in other bacterial pathogens including Gram-
positive and Gram-negative bacteria (31). Antimicrobial activity
of macrolides is increased against resistant strains of E. coli and
S. aureus when clinical isolates are exposed to sub-inhibitory
concentrations of ERY and AZM in the presence of human
serum. In the case of S. pneumoniae, exposure of resistant
strains to sub-inhibitory concentrations of different macrolides
increased C3 activation on the bacterial surface (66). Moreover,
in the absence of the main autolytic pneumococcal enzyme, the
amidase LytA, C3 deposition remained altered regardless the
presence of opsonic antibodies and antibiotics demonstrating
that LytA play a key role in the recognition by the complement
system (66).

The rise of drug resistance to the majority of all antibiotic
classes is particularly critical from the therapeutic perspective
within the designated ESKAPE pathogens (Enterococcus faecium,
S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and
Enterobacter spp.) (72). To fight these infections, the use
of monoclonal or polyclonal antibodies has been proposed
as antimicrobial alternatives against MDR strains including
ESKAPE pathogens, with several antibodies being tested in
different phase I-IV clinical trials (11, 73, 74). The possibility that
these antibodies might confer boosting effects with antibiotics is
a promising field to explore. In this sense, polyclonal antibodies
to efflux pump proteins of Stenotrophomonas maltophilia have
demonstrated additive or synergistic effects with a variety of
antibiotics including cotrimoxazole, ticarcillin–clavulanate, and
ciprofloxacin (75).

In P. aeruginosa, bispecific antibodies targeting the serotype-
independent type III secretion system (injectisome) virulence
factor PcrV and persistence factor Psl exopolysaccharide
have shown to be very effective increasing the antimicrobial
activity of different antibiotics against MDR strains (76, 77).
Synergistic activity of these antibodies with ciprofloxacin,
meropenem, ceftazidime, and tobramycin was observed,
demonstrating enhanced effect against lung injury and
prevented bacterial dissemination from the lung to the systemic
circulation (76, 77). In addition, the use of panobacumab
which is an IgM/κ monoclonal antibody directed against
the LPS O-polysaccharide moiety of P. aeruginosa in
combination with meropenem significantly increased bacterial
clearance in the lung confirming the benefits of the joint
therapy against MDR strains of this important pathogen
(78).

In the case of S. aureus, monoclonal antibodies targeting
different toxins and virulence factors have demonstrated
synergistic effects in combination with several antibiotics.
Therapeutic administration of a monoclonal antibody against
the pore-forming toxin, alpha toxin in combination with
vancomycin or linezolid resulted in improved survival

against induced pneumonia by reducing inflammation and
lung damage (79, 80). This combination results in a more
robust immune response leading to reduced disease severity
and accelerated healing relative to those with linezolid or
vancomycin monotherapy. As a consequence, addition
of antibodies to alpha toxin to antibiotic monotherapy
may provide a benefit over antibiotics alone through its
complementary mechanism of action (79, 80). Similar results
were observed by other authors using monoclonal antibodies
against different staphylococcal cytotoxins including alpha
hemolysin and leukocidins demonstrating synergistic effects
in the combination with linezolid that allowed a significant
increment in survival rates (81). Among the numerous
staphylococcal toxins, enterotoxin B has been classified as
a class B biological warfare agent. Monoclonal antibodies
to this toxin in combination with vancomycin increased
survival rates and altered cytokine responses, compared with
monotherapy with either monoclonal antibody or vancomycin
alone (82).

Another warfare pathogen for which joint therapy using
antibodies and antibiotics has been proposed is Bacillus
anthracis. The most lethal route of exposure is via inhalation,
and the disease is characterized by extensive bacteremia
and toxemia which, without aggressive prophylaxis or
intervention, results in a high mortality rate mainly due
to anthrax exotoxin-driven pathogenesis. Monoclonal
antibodies to the anthrax toxin protective antigen in
combination with levofloxacin or doxycycline resulted in
increased survival compared to the antibiotic alone and
would provide an effective therapeutic strategy against
symptomatic anthrax, even late in the course of the disease
(83, 84).

Finally, a randomized, double-blind, placebo-controlled
study of two neutralizing, fully human monoclonal antibodies
against Clostridium difficile toxins A (CDA1) and B (CDB1)
demonstrated that the addition of these antibodies to antibiotics
metronidazole or vancomycin, significantly reduced the
recurrence of C. difficile infection (85).

CONCLUDING REMARKS

The use of prophylactic measures including vaccination or
even the use of monoclonal antibodies to treat or prevent
severe infections caused by MDR pathogens is a realistic
approach to fight these infections and reduce the impact
of antimicrobial resistance in respiratory pathogens. The
ability of certain antibiotics of showing an immunomodulatory
effect which is strongly enhanced by the action of the host
immune response is an alternative and promising strategy to
eradicate or at least ameliorate the impact of MDR bacterial
isolates in clinical practice. Further research in this field
will contribute to identify and characterize novel prophylactic
and therapeutic measures that in combination with current
antimicrobial drugs may be effective solutions against the
emergence of MDR pathogens, limiting their impact in public
health.
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In this review we give an update on the mechanisms of naturally acquired immunity

against Streptococcus pneumoniae, one of the major human bacterial pathogens that is

a common cause of pneumonia, septicaemia, and meningitis. A clear understanding of

the natural mechanisms of immunity to S. pneumoniae is necessary to help define why

the very young and elderly are at high risk of disease, and for devising new prevention

strategies. Recent data has shown that nasopharynx colonization by S. pneumoniae

induces antibody responses to protein and capsular antigens in both mice and humans,

and also induces Th17 CD4+ cellular immune responses in mice and increases

pre-existing responses in humans. These responses are protective, demonstrating

that colonization is an immunizing event. We discuss the data from animal models

and humans on the relative importance of naturally acquired antibody and Th17 cells

on immunity to S. pneumoniae at three different anatomical sites of infection, the

nasopharynx (the site of natural asymptomatic carriage), the lung (site of pneumonia), and

the blood (site of sepsis). Mouse data suggest that CD4+ Th17 cells prevent both primary

and secondary nasopharyngeal carriage with no role for antibody induced by previous

colonization. In contrast, antibody is necessary for prevention of sepsis but CD4+

cellular responses are not. Protection against pneumonia requires a combination of both

antibody and Th17 cells, in both cases targeting protein rather than capsular antigen.

Proof of which immune component prevents human infection is less easily available,

but two recent papers demonstrate that human IgG targeting S. pneumoniae protein

antigens is highly protective against septicaemia. The role of CD4+ responses to prior

nasopharyngeal colonization for protective immunity in humans is unclear. The evidence

that there is significant naturally-acquired immunity to S. pneumoniae independent of

anti-capsular polysaccharide has clinical implications for the detection of subjects at risk

of S. pneumoniae infections, and the data showing the importance of protein antigens

as targets for antibody and Th17 mediated immunity should aid the development of new

vaccine strategies.

Keywords: immunity, pneumococcus (Streptococcus pneumoniae), natural acquired immunity, pneumonia,

protection
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INTRODUCTION

Streptococcus pneumoniae is a major cause of acute otitis
media, community-acquired pneumonia, bacterial sepsis, and
meningitis and is estimated to be responsible for over 800,000
deaths annually in children (1). S. pneumoniae strains causing
invasive infections are surrounded by a polysaccharide capsule
layer that inhibits innate and adaptive immune responses
to infection (2). The capsule has a varied biochemical
composition and antigenic structure between S. pneumoniae
strains, resulting in over 90 different capsular serotypes (3).
Serotype specific S. pneumoniae vaccines have been developed
using capsular antigen linked to carrier protein, termed
pneumococcal conjugated vaccines (PCVs), and these are highly
effective against the serotypes included in the vaccine (4–6).
However, there is still a high level of mortality and morbidity
due to S. pneumoniae infections due to the restricted serotype
coverage of PCVs resulting in serotype-replacement disease, and
their high cost leading to incomplete use of PCVs in low and
middle-income countries. In addition, PCVs are less effective at
preventing pneumonia compared to septicaemia and meningitis,
despite pneumoniamaking the largest contribution to the burden
of disease (1, 7, 8). Novel approaches are needed to overcome
the limitations of the present PCV. One way of identifying
new preventative strategies could be to define the mechanisms
of natural adaptive immunity to S. pneumoniae, which could
then be targeted to enhance immunity against infection in high-
risk groups such as children and older adults. In this review
we will discuss the evidence for naturally acquired adaptive
immunity to S. pneumoniae and the mechanisms by which this
maybe mediated.

CLINICAL AND EPIDEMIOLOGICAL

EVIDENCE FOR ADAPTIVE IMMUNITY TO

S. PNEUMONIAE

S. pneumoniae

Nasopharyngeal Colonization
Unlike some major bacterial respiratory pathogens such as
Mycobacterium tuberculosis, S. pneumoniae is also a ubiquitous
human commensal of the upper respiratory tract, specifically
of the nasopharynx. Colonization of the nasopharynx occurs in
the first years of life and repeatedly thereafter (9–11). Successive
episodes of colonization with different pneumococcal strains
occur in children up to 2 years of age (9, 10), with the point
prevalence of nasopharyngeal carriage estimated at 27–65%
among infants. This colonization prevalence decreases with age
to <10% during adult life (12–14), and even lower rates in
the elderly (15). This decline in colonization seems to have
a multifactorial nature, one element of could be maturation
of the immune system with age. The main nasopharyngeal
reservoir for the spread of S. pneumoniae is in children, and
consequently vaccination of children with PCV (which prevents
nasopharyngeal colonization) has resulted in significant herd
immunity against adult S. pneumoniae pneumonia (12).

Epidemiological Evidence for Naturally

Acquired Adaptive Immunity to

S. pneumoniae
Subjects with defects of their adaptive immune response
are more susceptible to S. pneumoniae infections. These
groups include people with genetic or acquired defects in
immunoglobulin production, and those who have severe defects
of adaptive immunity due to stem cell transplantation or
HIV infection (16–18). In addition, subjects with deficiencies
in the classical pathway of complement activation have a
massively increased incidence of pneumococcal septicaemia,
meningitis, and bacterial pneumonia (19). Although this will
reflect weakened complement-mediated innate immunity to
S. pneumoniae (20), the classical complement pathway is also
vital for antibody mediated killing of S. pneumoniae (2), and
hence the susceptibility of subjects with classical pathway defects
will partially reflect weakened antibody mediated immunity.
Furthermore, the incidence of S. pneumoniae infection with
age has a pronounced U shaped curve with the highest
incidence in infants and the elderly (21), a pattern that suggests
there is an adaptive immune response to S. pneumoniae
that improves in children with maturity then perhaps wanes
due to immunosenescence in the elderly. The frequency of
S. pneumoniae septicaemia associated with pneumonia is also
higher in infants than adults, indicating that in adults the
immune system is able to prevent spread to the blood from
the lungs. Overall, these epidemiological data indicate that there
is significant naturally acquired adaptive immunity that helps
prevent S. pneumoniae infections. Importantly, the incidence
of infection with all serotypes falls at the same time (22),
an epidemiological observation that suggests naturally acquired
resistance to S. pneumoniae infections is mediated by serotype
independent mechanisms rather than anticapsular antibody.

This evidence of naturally acquired adaptive immunity to
S. pneumoniae leads to the question of how this has developed?
Only a small proportion of humans have been exposed to
S. pneumoniae during invasive diseases such as septicaemia
and meningitis, and although many more humans will have
had an episode of S. pneumoniae pneumonia this would have
been with a single strain and capsular serotype. In contrast,
almost all humans have been exposed to S. pneumoniae via
nasopharyngeal colonization events onmultiple occasions and by
many different strains. Hence, if most (if not all) humans have
a naturally acquired serotype-independent adaptive immunity
to S. pneumoniae then this must have occurred because of
colonization rather than active infectious disease.

Evidence That S. pneumoniae

Nasopharyngeal Colonization Is an

Immunizing Event
Data obtained during natural and experimental human infection
and from mouse models have now shown conclusively that
colonization of the nasopharynx by S. pneumoniae is indeed
an immunizing event. Multiple longitudinal studies of serum
antibody responses in infants show the development of antibody
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responses to S. pneumoniae capsular and protein antigens
in serum and saliva after human colonization events (11,
14, 23, 24). In murine models, several authors have shown
both antibody and T-cell mediated immune responses develop
after a colonization event with S. pneumoniae or exposure
to S. pneumoniae antigens in the nasopharynx (25–32). In
addition, after successful experimental human colonization with
S. pneumoniae pre-existing antibody responses (33, 34) and
S. pneumoniae-specific blood and lung IL-17 producing CD4+

memory cells are increased (35), providing enhanced humoral
and cellular immunity. These data confirm that colonization
is an immunizing event, and this is supported by data from
infants showing gradual increases in anti-protein antigen IgG
responses with age and correlations between colonization events
and increases in anti-capsular antibody for several serotypes (11).

Mechanisms of Naturally Acquired

Adaptive Immune Protection Against

S. pneumoniae Infection
The data discussed above demonstrate that humans do
develop naturally acquired adaptive immune responses against
S. pneumoniae in response to nasopharyngeal colonization and
that these responses are likely to be protective. The adaptive
response to nasopharyngeal colonization by S. pneumoniae
includes acquisition of anti-capsular (14, 36, 37) and anti-protein
antibodies (38–40), as well as CD4+ cellular immune responses
targeting protein antigens alone (39, 41). The observation of
CD4+ cellular immune responses is important, as Th17 CD4+

responses are a common mechanism for pathogen clearance
at mucosal surfaces via rapid recruitment of neutrophils to
the site of infection, improved epithelial barrier function, and
increased secretion of antibacterial peptides (42, 43). However, to
effectively utilize these findings to design preventative strategies
against S. pneumoniae it is necessary to go one step further
and identify which of these responses actually protect against
S. pneumoniae infections.

All currently licensed pneumococcal vaccines use
polysaccharide capsular antigen, and capsular antibodies
against the capsule are highly protective against infection caused
by that serotype (5, 44, 45). As a consequence, historically
the literature has also emphasized the role of anti-capsule
antibodies as the mechanism for naturally acquired immunity
against S. pneumoniae (46). This is supported by the early
data showing that sera from survivors of severe S. pneumoniae
provided serotype-specific protection when used as a passive
antibody treatment (47–51). However, as mentioned above
the epidemiological evidence suggests that naturally acquired
immunity has a significant serotype-independent component.
Analysis of datasets from several countries (e.g., USA, Finland
and Israel), demonstrated a decrease in incidence of invasive
disease with age independent of increases in serotype-specific
antibody levels, suggesting a different mechanism of protection
such as acquired immunity to non-capsular antigens or
maturation of non-specific immune responses (22). Theoretical
modeling also suggested that only 30–60% of the reduction
in recolonization is led by anti-capsular immunity generated

during previous colonization events (52). Animal model data has
shown that antibody and more recently cell mediated immune
responses targeting protein rather than capsular antigens can
protect against S. pneumoniae infections, providing proof of
principle that these capsular-antigen independent mechanisms
could mediate naturally acquired immunity to S. pneumoniae
in humans (25, 26, 38, 53). Which proteins dominant the
human antibody response to S. pneumoniae protein antigens was
recently defined by Croucher using a proteome microarray that
displays more than 2,000 potential S. pneumoniae antigens. Of
these, 208 had significant IgG responses in sera obtained from
35 healthy US adults. About half of these antigens were allelic
variants of the highly variable surface proteins PspA, PspC,
ZmpA, and ZmpB expressed by different S. pneumoniae strains
(54). The remaining proteins recognized by human sera were
more conserved between strains and were enriched in motifs for
adhesion or degradation, cell wall metabolism, or solute binding
for transport. These results are consistent with a previous screen
reverse vaccinology approach that identified proteins recognized
by antibody in human sera which identified the proteins PspC
and PspA, along with PcsB and StkP (55). There are only limited
data on the identification of S. pneumoniae antigens that induce
Th17 CD4+ cell responses as this is technically difficult. The
available data was obtained in mice by screening of an expression
library containing >96% of predicted pneumococcal protein
and identified several proteins (including ABC transporter
lipoproteins) that induce Th17 responses after exposure to whole
pneumococci and as purified protein antigens, with little overlap
between with antibody-inducing protein antigens (56).

Overall, the data from human and animal studies show
colonization induces both anti-capsule and anti-protein antibody
responses, and in addition cell mediated immunity to protein
antigens. The anatomy, associated immunological tissues, and
interactions with soluble immune effectors in mucosal lining
fluid or in the plasma all vary between the common anatomical
sites of S. pneumoniae infection, creating potential variations
in the relative efficacy of different immune effectors for
controlling S. pneumoniae infection between anatomical sites.
Hence the following discussion of whichmechanisms of naturally
acquired adaptive immunity protect against S. pneumoniae is
divided into three representative sites of infection; (i) the
nasopharynx as a mucosal site colonized by S. pneumoniae; (ii)
the blood as a site of systemic invasive infection; and (iii) the
lungs as a deep site of mucosal infection intimately associated
with the systemic circulation, and also the site responsible for
the biggest burden of severe infections globally. In general, data
from animal studies (mainly inmice) can clearly define protective
mechanisms but is of more limited utility due to potential
differences in immune function between species. However, after
early childhood all humans have had multiple episodes of
S. pneumoniae colonization each of which will stimulate some
degree of immune response, and this background situation of
considerable prior exposure to S. pneumoniae over many years
is difficult to replicate in mouse models. Human data is directly
relevant but it is usually only possible to provide potential
correlations rather than direct proof between a specific immune
effector and protection against disease.
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Prevention of Subsequent Colonization
Mouse Data

Whether antibodies have an important role in controlling
a primary episode of nasopharyngeal colonization by
S. pneumoniae was investigated by McCool and Weiser
using murine models of infection and mice knock out strains
affecting specific aspects of antibody mediated immunity (38).
They established a murine model of colonization in xid mice,
which have a poor antibody response to polysaccharide capsule.
S. pneumoniae clearance from the nasopharynx was similar
in xid mice compared to wild-type mice. These results were
corroborated using uMT mice, which lack B cell and antibody
responses, which were also still able to clear S. pneumoniae
nasopharyngeal colonization. These results demonstrate that
antibody responses do not aid clearance of primary colonization
events, and have been confirmed by other studies (57). Instead,
protection against recolonization was lost in mice deficient in
CD4+ cells, highlighting the requirement of cellular immunity
rather than antibody in protection against recolonization
(58). Similar data were obtained using administration of the
S. pneumoniae antigen cell wall polysaccharide intranasally,
which inhibited subsequent colonization independent of
antibody but dependent on CD4+ cells (29). In addition, these
authors confirmed for the first time an important role for IL-17
in preventing colonization, although the exact mechanism by
which this cytokine provided protection was not determined.
Vaccination with killed unencapsulated S. pneumoniae also
induced Th17 CD4+ immunity which prevented nasopharyngeal
colonization with a heterologous S. pneumoniae serotype
(27, 59).

The data obtained from these studies indicated an important
role of CD4+ cells rather than antibodies for prevention of

a second episode of S. pneumoniae colonization, and this has
been confirmed by more detailed investigation in mice. Zhang
et al. demonstrated that the clearance of both the initial and
second episode of S. pneumoniae colonization in adult mice was
dependent on cellular responses rather than humoral immunity
(58, 60). Clearance of the initial episode of colonization involved
recruitment of monocytes/macrophages into the upper airway
lumen via a TLR2-dependent mechanism which required an IL-
17 secreting CD4+ cell population (57, 60). Prevention of a
second episode of colonization also required IL-17 and CD4+

cells, and was mediated by rapid neutrophil recruitment to
the nasopharynx. These findings are supported by other data
showing CD4+ cells and IL-17 are required for protection against
colonization and mediate the protective effect of immunization
with whole cell vaccines against colonization[28, 29, 31].

Overall, the murine data demonstrate that Th17 responses
to protein antigens are critical for controlling S. pneumoniae
colonization after a previous episode of colonization; subsequent
work has identified several protein antigens that are able to
induce Th17 mediated immunity but whether these antigens are
the same for different S. pneumoniae strains is not known (56).
These data do not preclude a potential role for vaccine induced
antibody for prevention of colonization after vaccination, and in
mice vaccination with protein antigens elicits protection against
S. pneumoniae colonization (61, 62) and passive immunization
with anticapsular antibodies prevents both colonization and
transmission between littermates (63, 64).

Human Data

As discussed above longitudinal studies have demonstrated that
antibodies to both protein and capsule antigens develop after
episodes of S. pneumoniae colonization. As a consequence adult

FIGURE 1 | Summary of what is known about the mechanisms of naturally acquired (as opposed to vaccine-induced) adaptive immunity to S. pneumoniae in mice

and humans for three representative sites of infection, the nasopharynx, the lungs, and in the blood. The references relevant for each statement are as shown.
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sera contains antibodies to multiple capsular S. pneumoniae
serotypes and one hundred or so protein antigens (11, 54). In
addition, different studies have identified Th17 CD4+ responses
to S. pneumoniae in adenoid tissue (65, 66), bronchoalveolar
lavage (35), and blood (31, 35, 67). Evidence for which of
these naturally acquired immune mechanisms can prevent
colonization in humans is less readily obtained. The impressive
reduction in S. pneumoniae vaccine serotype prevalence as
nasopharyngeal commensals in populations vaccinated with
PCV demonstrates that high levels of anti-capsular antibody
do prevent colonization (5–7). Recent data obtained using the
experimental human pneumococcal carriage model (EHPC)
and murine models suggest anticapsular antibody inhibits the
establishment of colonization by serotype-specific agglutination
of S. pneumoniae (63, 68). Whether the lower levels of anti-
capsular antibody induced by natural colonization rather than
vaccination with a PCV is enough to prevent colonization is
not clear.

The most important data on immune mechanisms that
prevent colonization in humans has been obtained using the
EHPC model. In this experimental human infection model,
human volunteers are inoculated intranasally with a serotype
6B strain leading to successful nasopharyngeal colonization
in approximately half of subjects (34). Previous colonization
prevented recolonization with the same strain (34). In this
model, all recruited subjects had detectable IgG levels to
S. pneumoniae antigens prior to nasopharyngeal administration
of S. pneumoniae, but anti-pneumococcal IgG levels did not
correlate with whether colonization was successful or not (34).
In contrast, a previous EHPC model suggested that antibodies
to the S. pneumoniae surface protein PspA correlated with
prevention of successful colonization, providing some evidence
that anti-protein antibody may prevent colonization (33).
Exposure to serotype 6B or 23F strains increased antibody
responses to multiple S. pneumoniae proteins (e.g., PspA, PspC,
PsaA, and PdB), with the highest increases in carriage positive
subjects (33, 34, 69). Systemic anti-capsule antibodies were
only detected in subjects that developed carriage after challenge
(34). S. pneumoniae specific IL-17 secreting CD4+ cells were
found in the lung prior to exposure to the 6B strain but were
increased in bronchoalveolar fluid 17-fold and in blood 8-fold in
volunteers in which colonization was successful (35, 69). Overall
these data confirm that pre-existing antibody and local CD4+

cellular immunity to S. pneumoniae are significantly boosted by
colonization events, and that this seems to prevent recolonization
for at least a period of several months. However, the data
are unable to define which of these immune mechanisms was
important for the prevention of recolonization.

Prevention of S. pneumoniae Septicaemia

and Meningitis
Mouse Data

Mouse data also clearly demonstrates that colonization of the
nasopharynx promotes protection against invasive disease, but
in contrast to prevention of colonization this is dependent on
antibody mediated immunity, not CD4+ cells. Cohen et al.

showed that a previous episode of colonization with the
S. pneumoniae D39 strain was highly protective against
subsequent lethal invasive pneumonia, with the major effect
being prevention of septicaemia (70). CD4+ depleted mice
were still protected against septicaemia, whereas no protection
was seen in antibody deficient mice, and passive transfer of
serum from colonized mice into immune naïve mice also
protected against S. pneumoniae septicaemia. Similarly, Bou
Ghanem et al found that previous colonization protected
against S. pneumoniae pneumonia with septicaemia caused by
the TIGR4 strain, with the most profound effect seen on
blood colony forming units (CFU) (71). Repeated episodes of
nasopharynx colonization in antibody deficient mice did not
induced any protection whereas protection persisted after CD4+

cell depletion, and the authors proposed long-lived antibody
secreting CD138+ cells were responsible for the protective effect
of prior colonization. These data demonstrating the important
role of antibody are perhaps not surprising as protection against
septicaemia in mice is dependent on soluble mediators such as
complement and naturally and induced antibody working in
concert with the reticuloendothelial system, especially the spleen
(72–74), rather than CD4+ Th17 mediated mechanisms.

Human Data

It was commonly accepted for many years that the major
mechanism of natural immunity against invasive pneumococcal
disease (IPD) was anti-capsular antibodies generated by previous
episodes of either colonization or infection (44, 48, 50).
However, this assumption has been progressively threatened
by epidemiological data as discussed above. More recently
experimental data by Wilson et al. has demonstrated that
antibody to protein rather than capsular antigen is a major
mechanism of naturally acquired immunity to S. pneumoniae
septicaemia and IPD (75). To do so the authors used Intravenous
Immunoglobulin (IVIG) which is used to prevent infections
in individuals with primary antibody deficiency (76, 77). IVIG
contains the pooled IgG from the plasma of approximately
a thousand donors who are unlikely to have been vaccinated
against S. pneumoniae due to their lack of risk factors, and
therefore contains the naturally acquired antibody repertoire
for the population from which the donors are obtained.
Antibodies to both S. pneumoniae capsule and multiple proteins
were detected in IVIG. Immunoblots against lysates from
different pneumococcal strains demonstrated a highly conserved
pattern of protein targets recognized by IVIG, including
major pneumococcal surface proteins such as choline binding
proteins and lipoproteins. Importantly, opsonophagocytosis of
S. pneumoniaewas improved against unencapsulated bacteria but
reduced when anticapsular antibody was depleted from the IVIG
preparation. IVIG was highly protective against S. pneumoniae
septicaemia inmousemodels, even after depletion of anticapsular
antibody. These data demonstrate there is a high level of naturally
acquired antibody to S. pneumoniae protein antigens in adult
sera that promotes bacterial clearance during sepsis. In addition,
passive vaccination of mice with sera obtained from human
EHPC subjects colonized with the serotype 6B strain conferred
protection against the D39 serotype 2 strain in a pneumonia
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model in which lethality is driven by septicaemia (34). The data
from these two studies provide direct proof that antiprotein
antibody is an important mechanism of naturally acquired
immunity to S. pneumoniae systemic infection.

Prevention of S. pneumoniae Pneumonia
The nasopharynx represents a mucosal site of infection, and
septicaemia a systemic site, whereas the commonest site of
serious infection, the lungs, represents a combination of the
two. In the early stages of pneumonia infection is limited to
interactions with the mucosal surface, which are similar to those
found in the nasopharynx. As the infection develops there is
a breakdown in the epithelial/endothelial barrier function and
cellular recruitment to the alveoli, recruiting systemic soluble
and white cell-mediated immune mechanisms to the alveoli.
Hence, both mucosal and systemic mechanisms of adaptive
immunity could potentially have roles in protection against
S. pneumoniae pneumonia.

Mouse Data

Several studies have examined the role of colonization-induced
immunity for protection against pneumonia in murine models.
In a murine model of asymptomatic carriage with the D39
strain the number of CFU recovered from lung was reduced
compared to control mice after a lethal pneumonia invasive
challenge suggesting that colonization does improve local lung
immunity against S. pneumoniae pneumonia (26). The authors
also showed increased levels of IL-17A and CD4+ cells in
lungs of previously colonized mice, indicating a potential role
for T cell mediated immunity for prevention of pneumonia.
These data were developed by Wilson et al. using a non-
invasive S. pneumoniae serotype 19F strain that only causes
lung infection without sepsis to allow lung immunity to be
assessed separate to protection against systemic infection (25).
Prior colonization protected against subsequent pneumonia,
with a marked reduction in lung CFU. Additional experiments
demonstrated that B cells, CD4+ and IL-17 were each necessary
for protection against S. pneumoniae pneumonia caused by
the 19F strain. These results suggested that naturally acquired
protective immunity to S. pneumoniae pneumonia required
a combination of both humoral immunity and Th17 CD4+

cells. Protection also required neutrophils, presumably as the
main mechanism of bacterial killing, and previously colonized
mice seemed to have a more rapid influx of neutrophils into
the lungs during S. pneumoniae pneumonia compatible with
improved local Th17 immunity (58). There was no detectable
anti-capsular IgG responses after colonization. This suggested the
humoral component of protection against pneumonia required
anti-protein antibodies instead, and in agreement with previous
mouse and human colonization models (28, 31, 69) the authors
detected antibody responses to the important surface protein
antigens PsaA, PhtD, and PpmA.

Two additional papers have also demonstrated an important
role for Th17 CD4+ cells induced by prior exposure to
S. pneumoniae for protection against subsequent severe
S. pneumoniae pneumonia (78, 79). In both these papers
protection was seen against pneumonia caused by a different

capsular serotype, demonstrating that it was dependent on
recognition of protein antigens. Smith et al. used prior exposure
to S. pneumoniae through self-limiting lung infection rather
than colonization, and demonstrated that protection was specific
to S. pneumoniae and required administration of live rather
than dead bacteria, suggesting bacterial replication within the
respiratory tract was necessary. Importantly, they identified a
population of tissue resident memory T cells within the lungs that
mediated the antigen specific Th17 immunity to S. pneumoniae
and that was restricted to the lobe that had been previously
exposed to S. pneumoniae. It remains to be seen whether the low
quantities of bacteria that reach the lung due to microaspiration
from “pure” nasopharyngeal colonization are also sufficient to
induce this population of lung tissue resident memory T cells.

Human Data

The increased incidence of lung infection in patients with
immunoglobulin deficiencies (16, 80), HIV infection (81), or
inherited disorders affecting IL-17 pathways [e.g., hyperIgE
syndrome (82)], do indicate roles for both antibody and Th17
CD4+ cells for protection against S. pneumoniae pneumonia in
humans as well as mice. However, these data are confounded by
the presence of additional immune effects for each condition,
with even immunoglobulin deficiencies resulting in functional
impairment of S. pneumoniae-specific CD4+ cells (83). As
previously mentioned, data obtained using bronchoalveolar
lavage fluid has confirmed there are pre-existing CD4+ cells
present in the human lung that produce IL-17 (and often
TNFalpha) when stimulated with S. pneumoniae (36). The
authors demonstrated that IL-17 improved S. pneumoniae
killing mediated by either macrophages or neutrophils (31),
providing an additional mechanism by which IL-17 can assist
immunity to extracellular bacteria. BALF also contains antibody
to S. pneumoniae protein and capsular antigens (33, 34, 69).
Hence the human data has identified local pulmonary Th17
CD4+ and antibody specific for S. pneumoniae that are boosted
by nasopharyngeal colonization which could potentially assist
lung immunity to pneumonia as has been described in mouse
models. However, the additional step of identifying which
of these immune responses is actually protective against S.
pneumoniae lung infection in humans is not easily achieved.

Implications of Data on Naturally Acquired

Immunity to S. pneumoniae
As described above murine studies have defined how naturally
acquired immunity due to prior colonization can protect against
S. pneumoniae infections, and much of the data has been
reinforced by epidemiological and experimental data obtained
from humans. These mechanisms are summarized in Figure 1.
In this last section, we will discuss how the data on naturally
acquired infection may effect vaccination strategies and our
understanding of the mechanisms underpinning susceptibility to
S. pneumoniae in high risk groups.

In children, pneumococcal colonization events occur
frequently and as discussed above this is necessary for the
development of immunity against S. pneumoniae. During
adulthood, colonization rates hugely decrease (15, 36, 84), but
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the data from the EHPC model clearly show that a colonization
event still stimulates a boost to the pre-existing immune
responses (34, 35, 69). Hence colonization has significant
immune benefits to the host that could be affected if the
ecology of S. pneumoniae colonization is altered. Multiple
studies have indeed shown that routine PCV vaccination in
children has profound effects on S. pneumoniae colonization,
with hugely decreased carriage rates of the serotypes present in
the vaccine (5, 6). However, there has been a parallel increase
in colonization with non-vaccine serotypes reported to have
a lower invasive disease potential (85, 86), and this alteration
of carriage serotype ecology in favor or less invasive serotypes
should also maintain the beneficial effects of colonization
on natural mechanisms of immunity. If more aggressive
preventative strategies reduce overall S. pneumoniae carriage
rates then there might be a reduction in the strength of naturally
immunity, and potentially a paradoxical increase risk of infection
in adults.

The data on naturally acquired immunity should also
help identify why certain risk groups such as the elderly,
patients with chronic lung disease, or HIV infection are highly
susceptible to S. pneumoniae infections. Studies performed both
in mice and patients have highlighted the phenomenon of
immunosenescence (87, 88), including an increase in baseline
inflammation that seems to impair the development of immunity
against S. pneumoniae after colonization (88, 89). In the elderly
the reduced frequency of colonization events (15, 90) and
the decreased levels and activity of IgM memory B cells (91)
could also have an impact on colonization-induced immunity to
S. pneumoniae. Streptococcus pneumoniae specific CD4 responses
are dysregulated by HIV infection (92), and these may underpin
the greatly increased susceptibility of HIV positive subjects to
S. pneumoniae infections. How age and comorbidity affects
naturally acquired adaptive responses needs to be clearly defined
so that there is a much clearer understanding why these groups
are highly susceptible to S. pneumoniae. Effective methods
of measuring the strength of antiprotein and CD4+ cellular
immune response to S. pneumoniae could also considerable
improve our ability to measure susceptibility to this pathogen,
which at present depends on measuring anticapsular antibody
levels alone.

The recognition that there is a significant element on
natural adaptive immunity to S. pneumoniae should also provide
opportunities for new strategies of vaccination for prevention of
S. pneumoniae infections. Firstly, strategies could be developed
that boost existing naturally acquired immunity, especially
in high risk subjects. Secondly, by knowing the mechanisms
required for preventing specific diseases such as pneumonia these
could be targeted by novel vaccines, for example by aiming
to induce CD4+ cellular (mainly Th17) mediated immunity.
Furthermore, the recognition that protein antigens in humans
can provide significant immunity should boost research into
vaccines that induce immune responses to protein antigen.

SUMMARY

This review has discussed the induction and mechanisms of the
naturally acquired immune response to S. pneumoniae. Multiple
lines of evidence from animal experiments and in humans have
convincingly demonstrated that nasopharyngeal colonization
stimulates significant levels of naturally acquired immunity to
S. pneumoniae that helps prevent subsequent colonization events
as well as systemic and pulmonary infections. The mechanisms
involved in preventing infection depends on anatomical site,
with an emphasis on antibody during systemic infection and
on Th17 CD4+ cells for mucosal infection, with pneumonia
seemingly a combination of the two. In contrast to previous
assumptions, antibody to protein as well as capsular antigens
has an important role. Future work is required to delineate
which protein antigens are the most important for protective
immunity and whether there are important roles for other
cellular immune mechanisms [e.g., Tregs, which have been
shown to be important for innate immunity (93)] as well as
Th17 CD4+ cells. Overall, these findings may lead to a much
better understanding of why certain patient groups are at high
risk of S. pneumoniae infection and should help improve future
vaccine strategies.
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Vaccine effectiveness is mainly determined by the mechanism mediating protection, 
emphasizing the importance of unraveling the protective mechanism for novel pneu-
mococcal vaccine development. We previously demonstrated that the regulatory T cell 
(Treg) immune response has a protective effect against pneumococcal infection elicited 
by the live-attenuated pneumococcal vaccine SPY1. However, the mechanism under-
lying this protective effect remains unclear. In this study, a short synthetic peptide (P17) 
was used to downregulate Tregs during immunization and subsequent challenges in a 
mouse model. In immunized mice, increase in immune cytokines (IL-12p70, IL-4, IL-5, 
and IL-17A) induced by SPY1 were further upregulated by P17 treatment, whereas 
the decrease in the infection-associated inflammatory cytokine TNF-α by SPY1 was 
reversed. P17 also inhibited the increase in the immunosuppressive cytokine IL-10 and 
inflammatory mediator IL-6 in immunized mice. More severe pulmonary injuries and 
more dramatic inflammatory responses with worse survival in P17-treated immunized 
mice indicated the indispensable role of the Treg immune response in protection against 
pneumococcal infection by maintaining a balance among acquired immune responses 
stimulated by SPY1. Further studies revealed that the significant elevation of active 
transforming growth factor β (TGF-β)1 by SPY1 vaccination activated FOXP3, leading to 
increased frequencies of CD4+CD25+Foxp3+ T cells. Moreover, SPY1 vaccination ele-
vated the levels of Smad2/3 and phosphor-Smad2/3 and downregulated the negative 
regulatory factor Smad7 in a time-dependent manner during pneumococcal infection, 
and these changes were reversed by P17 treatment. These results illustrate that SPY1-
stimulated TGF-β1 induced the generation of SPY1-specific Tregs via the Smad2/3 
signaling pathway. In addition, SPY1-specific Tregs may participate in protection via 
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the enhanced expression of PD-1 and CTLA-4. The data presented here extend our 
understanding of how the SPY1-induced acquired Treg immune response contributes 
to protection elicited by live-attenuated vaccines and may be helpful for the evaluation 
of live vaccines and other mucosal vaccine candidates.

Keywords: Streptococcus pneumoniae, vaccine, protective mechanism, transforming growth factor β1, regulatory 
T cells

inTrODUcTiOn

Streptococcus pneumoniae, an important opportunistic pathogen 
that colonizes the human oral and nasopharyngeal cavities, is 
the leading cause of pneumonia in the elderly, immunocom-
promised, and children younger than 5 years (1, 2). Vaccination 
is an effective means of preventing pneumococcal disease (3). 
Currently, both injection and the intranasal administration of 
pneumococcal vaccines are recommended by the WHO (4). 
However, intranasal administration can stimulate mucosal 
immune responses, unlike the conventional systemic delivery of 
vaccines using a needle and syringe. Furthermore, the mucosal 
delivery of vaccines can induce systemic immunity, similar to 
that induced by injection-based vaccination. Mucosal vaccina-
tion is pain-free, reduces the risk of needle reuse, and reduces 
the burden on healthcare professionals, among other benefits (5). 
However, commercial pneumococcal polysaccharide vaccines 
and conjugate vaccines are constrained by limited serotype cover-
age, high-cost, and vaccine serotype replacement (6, 7); accord-
ingly, it is necessary to develop novel vaccine candidates who 
can overcome these disadvantages. Due to the strong antigenicity 
and comprehensive serotype coverage promised by a wide range 
of antigenic molecules, whole-cell pneumococcal vaccines are 
regarded as ideal vaccine candidates (8, 9). Importantly, vaccine 
effectiveness is mainly dependent on the underlying protective 
mechanism; therefore, unraveling this mechanism is critical for 
novel pneumococcal vaccine development.

Streptococcus pneumoniae strain SPY1 is a live-attenuated 
pneumococcal vaccine. We have systematically described the 
extremely reduced virulence, reliable genetic stability, high 
safety, and excellent protection against pneumococcal infection 
in a mouse model (10). Humoral and Th2–Th17 T cell immune 
responses are indispensable for the protection induced by SPY1 
(11). We have also surprisingly detected a protective role of the 
regulatory T  cell (Treg) immune response elicited by SPY1, 
which has not previously been described for S. pneumoniae 
vaccines (11). These findings highlight the importance of the 
development of novel pneumococcal vaccines that can induce a 
protective Treg response, which is vital for the maintenance of 
immune homeostasis as well as for limiting infection-associated 
inflammation and facilitating the resolution of tissue damage 
post-infection. However, the mechanism underlying the activa-
tion of the SPY1-induced Treg response is still unknown.

As a pleiotropic cytokine, transforming growth factor β (TGF-
β) is essential for the differentiation of Tregs in innate immunity 
(12). TGF-β could induce the expression of Foxp3 and the con-
version of CD4+CD25− T cells to CD4+CD25+ T cells, promoting 
Treg proliferation and subsequent immunosuppression (13–15).  

In our previous study, a short peptide P17 (KRIWFIPRSSWYERA) 
was introduced to inhibit the production of TGF-β1 and to 
downregulate Tregs (11, 16, 17). As expected, treatment with P17 
significantly impairs the effectiveness of SPY1 in colonization 
and invasive infection models, suggesting the importance of 
SPY1-induced TGF-β1 for the protective Treg immune response 
in acquired immunity. Several signaling pathways, including 
Smad-dependent and Smad-independent pathways, have poten-
tial roles in the activation of Tregs mediated by activated TGF-β1, 
and the specific functional pathway varies among experimental 
models (18–21). Previous research has shown that the percentage 
of Tregs is elevated in SPY1-vaccinated mice; however, signaling 
mechanism by which TGF-β1 mediates the differentiation of 
Tregs is unknown.

In this study, the mechanism underlying the protective Treg 
response activated by vaccination with SPY1 was explored. The 
inhibition of TGF-β1 dramatically attenuated the SPY1-induced 
protection against pulmonary injuries caused by pneumococcal 
colonization. In addition, SPY1-induced TGF-β1 is essential 
for the balance among systemic protective immune responses 
triggered by SPY1 vaccination. The activation of the TGF-β1-
Smad2/3 signaling pathway is responsible for the generation of 
Tregs, which are involved in SPY1 protection via the elevated 
expression of CTLA-4 and PD-1. These findings and those of our 
previous studies provide insight into the proximal mechanism 
mediating the protection elicited by the SPY1-induced acquired 
Treg immune response and may contribute to a more compre-
hensive evaluation of live vaccines and other mucosal vaccines.

MaTerials anD MeThODs

Mice
Female C57BL/6 mice (6–8  weeks) were purchased from the 
animal center of Chongqing Medical University, Chongqing, 
China. Mice were kept under specific pathogen-free conditions at 
the animal facilities of Chongqing Medical University during the 
time of the experiments. All animal experiments were performed 
in accordance with the guidelines of the Institutional Animal 
Care and Use Committee of Chongqing Medical University.

Bacterial strains and immunogen 
Preparation
Streptococcus pneumoniae strain NCTC 7466 (D39, serotype 2)  
was obtained from the National Collection of Type Cultures 
(NCTC; London, UK). The S. pneumoniae clinical isolate 
CMCC 31693 (serotype 19F) was obtained from the National 
Center for Medical Culture Collections (CMCC; Beijing, 
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FigUre 1 | Regulatory T cell (Treg) downregulator P17 eliminates 
SPY1-elicited protection against invasive S. pneumonia infection. (a) Mice 
were intranasally immunized with SPY1 plus CT or with CT alone for four 
times at 1-week intervals. During the whole vaccination progress of 28 days 
in all, half of mice from group CT + SPY1 were randomly chosen to be 
intraperitoneally injected with 100 µg of peptide P17 daily and the other half 
of mice in group CT + SPY1 received sterile phosphate-buffered saline (PBS) 
as control. Similarly, mice from CT group were also injected with P17 or PBS 
daily. On day 28, mice were intranasally challenged with pneumococcal 
strains. (B) Mice body weight were monitored every other day during the 
vaccination procedure, and the weight data were expressed as the 
percentages of initial mice weights measured at day 0 of vaccination.  
On day 28, mice were intranasal challenged with 1 × 108 CFU of 
pneumococcal strain D39, and the body weights of live mice were  
monitored for consecutive 21 days after infection (c). *p < 0.05.
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China). SPY1 is a novel live-attenuated S. pneumoniae vaccine 
candidate strain with definite serotype-independent protection 
against pneumococcal infection (10), and its basic protec-
tive mechanism has been described in our previous research 
(11). All pneumococcal strains were grown in casein-based 
medium with yeast extract (C + Y medium) or on Columbia 
sheep blood agar plates at 37°C in 5% CO2. To prepare the 
immunogens, SPY1 was grown at 37°C in 5% CO2 in C + Y 
medium to approximately 2 × 108 CFU/ml. After centrifugation 
and washing (twice), sediments were resuspended in sterile 
phosphate-buffered saline (PBS). The final vaccine mixture for 
routine immunization contained 1 × 108 CFU of SPY1 and 1 µg 
of adjuvant cholera toxin (CT; Sigma-Aldrich, St. Louis, MO, 
USA) per 20-µl dose.

immunization of Mice and challenge
C57BL/6 mice were anesthetized with ethyl ether and then intra-
nasally administered the vaccine (group CT + SPY1) or adjuvant 
alone (group CT) four times at 1-week intervals. One week after 
the last vaccination, mice were intranasally challenged with 
either strain 19F (1 × 108 CFU) or strain D39 (1 × 108 CFU). To 
investigate the roles and related mechanisms of the SPY1-induced 
Treg immune response, as shown in Figure 1A, during the whole 
vaccination period of 28 days, half of the mice in the CT + SPY1 
group were randomly chosen and treated with an intraperitoneal 
injection of 100 µg of peptide P17 daily to downregulate Tregs 
(group CT  +  SPY1  +  P17), as described previously (11). The 
other half of mice in the CT + SPY1 group received sterile PBS 

as a control. Similarly, mice from CT group were also injected 
with P17 or PBS daily. In addition to 28 days of P17 treatment, 
on the day of challenge, the P17-treated mice received 500 µg of 
P17 twice at 2 and 4 h before challenge (Figure 1A). The peptide 
P17 (KRIWFIPRSSWYERA; purity >95%, as determined by high 
performance liquid chromatography) was synthesized by GL 
Biochem (Shanghai, China).

Flow cytometry
Mouse lungs were removed and cell suspensions were prepared. 
For Treg (CD4+CD25+Foxp3+) detection, lung cells were first 
incubated with CD16/CD32 and stained with anti-mouse 
CD4-FITC (clone RM4-5; eBioscience, San Diego, CA, USA) 
and anti-mouse CD25-APC (clone PC61.5; eBioscience). Then, 
these cells were fixed and permeabilized in Fix/Perm buffer 
and subsequently incubated with anti-mouse Foxp3-PE (clone 
FJK-16S; eBioscience), according to the instructions provided 
with the Mouse Regulatory T Cell Staining Kit (eBioscience) 
for the intracellular Foxp3 analysis. To analyze the expression of 
PD-1 and CTLA-4, cells were stained with anti-mouse CD279 
(PD-1)-APC/Cy7 (clone 29F.1A12; BioLegend, San Diego, CA, 
USA) and anti-mouse CD152 (CTLA-4)-PerCP/Cy5.5 (clone 
UC10-4B9; BioLegend). All the samples were analyzed using a 
Becton Dickinson FACSCalibur flow cytometer (Franklin Lakes, 
NJ, USA).

rna extraction and Quantitative  
real-Time Pcr
Mouse lungs were removed at different time points after pneumo-
coccal 19F challenge, and total RNA was extracted using RNAiso 
Plus reagent (Takara Bio, Dalian, China) following the manufac-
turer’s instructions. For reverse transcription, 1 µg of total RNA 
was reverse-transcribed into cDNA, and the PrimeScript™ RT 
Reagent Kit (Takara Bio) was used for reverse transcription. PCR 
amplification was performed on the Bio-Rad CFX96 Real-Time 
system using SYBR Premix Ex Taq™ (Takara Bio). The 2−ΔΔCt 
method was used to determine the specific Ct value of each 
target gene. Quantitative real-time PCR for each target gene 
were repeated three times. The PCR primers were synthesized 
by Sangon (Shanghai, China) and the sequences are listed in 
Table S1 in Supplementary Material. All genes were murine  
in origin.

Protein extraction and Western Blot 
analysis
Lungs were collected at different time points after pneumo-
coccal 19F challenge, and proteins were extracted by adding 
the appropriate volume of whole-cell lysates [RIPA buffer 
(Beyotime, Shanghai, China): PMSF: phosphatase inhibitor 
(BioTools, Jupiter, FL, USA) =  100:10:1]. For the detection of 
Smad2/3, phosphor-Smad2/3, and Smad7 at the protein levels, 
the same concentrations of total cellular extracts were separated 
by 10% SDS-PAGE, subjected to electrophoresis, and trans-
ferred to PVDF membranes (Millipore, Bedford, MA, USA) by 
electroblotting. After they were blocked with 5% skim milk for 
2 h at room temperature, membranes were incubated overnight 
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at 4°C with primary antibodies, including anti-mouse β-actin, 
anti-mouse Smad2/3, anti-mouse phosphor-Smad2/3 (Cell 
Sig  naling Technology, Danvers, MA, USA), and anti-mouse 
Smad7 antibodies (Abcam, Cambridge, UK), followed by incu-
bation with an HRP-conjugated secondary antibody for 1 h at 
room temperature. The Enhanced Chemiluminescence (ECL) 
Western Blotting System (GE Healthcare, Little Chalfont, UK) 
was used to detect the target bands. The band intensities were 
quantified using Quantity One (Bio-Rad Laboratories, Hercules, 
CA, USA).

cytokine assays
Mouse lungs and spleens were fully homogenized and centri-
fuged, and the supernatants were collected for cytokine mea-
surement. In addition, mouse splenocytes were plated in 24-well 
tissue culture plates in 1 ml of DMEM with 10% fetal calf serum 
(HyClone, Logan, UT, USA) (2 × 107 cells/well) after red blood 
cells were removed by hemolysis. Cultured splenocytes were 
stimulated with 70% ethanol-inactivated SPY1 (equivalent to 
107 CFU/ml), and the supernatants were harvested at different 
time points for cytokine measurement. Levels of IL-6, TNF-α, 
IL-12p70, IFN-γ, IL-4, IL-5, IL-17A, and IL-10 in homogen-
ate supernatants and splenocyte supernatants were measured 
using an enzyme-linked immunosorbent assay (ELISA) kit 
(BioLegend) in accordance with the manufacturer’s protocols. 
Samples were diluted when required.

immunofluorescence assay
At 24  h post-pneumococcal 19F challenge, mouse lungs were 
removed and fixed in 4% paraformaldehyde for 24 h and perme-
ated in 20% sucrose for 24  h. Then, the tissues were frozen in 
OCT at −20°C and cryo-cut for slides. For Smad2/3 staining, 
after thawing and blocking with goat serum and subsequent 
washing with PBS, slides were covered with an anti-Smad2/3 
antibody (Cell Signaling Technology) at 4°C overnight, followed 
by incubation with Fluorescein-Conjugated Goat Anti-Rat IgG 
(ZSGB-bio, Beijing, China). DAPI was used to stain cell nuclei 
for 2  h at room temperature in the dark. The cell morphology 
and fluorescence intensities were observed using an ECLIPSE 80i 
microscope equipped with a Nikon INTENSILIGHT C-HGFI. 
The percentages of lung cells with positive Smad2/3 expression 
were calculated by counting 100 cells per slide (three mice  
per group).

lung histology and 
immunohistochemistry
On day 7 after the last immunization, mice were intranasally 
challenged with 1 × 108 CFU of pneumococcal strain 19F. Mice 
were sacrificed and lung tissues were removed at 6, 12, and 
24 h post-infection. After fixation in buffered 10% formalin, 
lungs were sectioned and embedded in paraffin, and 5-µm 
sections were cut. The sections were stained with hematoxylin 
and eosin (Sigma-Aldrich) and then examined using a light 
microscope. The degrees of peribronchial inflammation were 
graded semi-quantitatively following previously described 
methods (22).

For immunohistochemistry, sections were retrieved in citrate 
buffer for 5 min. After natural cooling, sections were incubated 
with 3% H2O2 and washed three times with PBS, followed by 
incubation with an anti-FOXP3 antibody (BioLegend) and Rabbit 
anti-TGF-β1 polyclonal antibody (OmnimAbs, Alhambra, CA, 
USA) and treatment with streptavidin horseradish peroxidase 
chemistry according to standard protocols. The mean IODs 
(integral optical density) of TGF-β1 expression were measured 
using Image-Pro Plus (Media Cybernetics, Silver Spring, MD, 
USA).

Data analysis and statistics
Statistical analyses were performed using GraphPad Prism 5 
(GraphPad Software, La Jolla, CA, USA). Unpaired Student’s t-tests  
were used to compare two independent groups. One-way ANOVA 
was utilized for multiple comparisons. Differences at p  <  0.05 
were considered statistically significant.

resUlTs

Treg Downregulator P17 eliminates  
sPY1-elicited Protection against  
invasive S. pneumoniae infection
In this study, female C57BL/6 mice were intranasally immunized 
according to the vaccination schedule described in Figure  1A. 
During the vaccination process, half of the immunized mice 
were intraperitoneally injected with 100 µg of the short synthetic 
peptide P17 to downregulate Treg activity, and the body weights 
of all mice were observed every other day. Compared with the 
CT group, mice in the SPY1 group lost more body weight in the 
first several days after the first vaccination, and body weight in 
the of SPY1 group recovered quickly to the level of the CT group 
(Figure 1B). However, we observed greater body weight loss in 
mice in the CT + SPY1 + P17 group than in the CT + SPY1 group 
during the vaccination period (Figure 1B), which may be due to 
the disruption of the immune regulatory response caused by P17 
administration.

On day 28, mice were intranasally challenged with S. pneu-
moniae strain D39. Greater body weight loss was observed in 
non-immunized mice than in immunized mice on day 4 post-
challenge (Figure  1C). Beginning at day 5 post-D39 infection, 
body weights of mice belonging to the SPY1-immunized group 
began to increase, finally recovering to the weights recorded 
before infection, illustrating the protection elicited by SPY1, 
to some extent (Figure  1C). The body weights of mice in the 
P17-treated SPY1-immunized group also recovered on day 5 
post-infection; however, the degree of body weight increase 
was significantly lower than that in the SPY1-immunized group 
(Figure  1C). More importantly, compared with other mouse 
groups, SPY1-immunized mice survived for longer after lethal 
S. pneumoniae strain D39 infection (Figure S1 in Supplementary 
Material), consistent with our previous results (11). Collectively, 
these data demonstrated that the Treg downregulator P17 can 
markedly eliminate SPY1-elicited protection against invasive 
S.  pneumoniae infection, highlighting the importance of the 
protective Treg immune response.
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FigUre 2 | P17 treatment strikes the balance among systemic protective immune responses triggered by SPY1 vaccination. On day 7 after the last immunization, 
mice splenocytes were isolated and stimulated with 70% ethanol-inactivated SPY1. Splenocytes treated with Concanavalin A served as positive control. 
Concentrations of cytokines including IL-6, TNF-α, IL-12p70, IFN-γ, IL-4, IL-5, IL-17A, and IL-10 in supernatants of stimulated splenocytes were analyzed by 
enzyme-linked immunosorbent assay. All data were presented as the mean ± SD of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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P17 Treatment Disturbs the immune 
responses Triggered by sPY1 Vaccination
To further investigate the influence of P17 administration on the 
specific immune responses induced by SPY1, concentrations of 
immune and inflammatory cytokines in mouse splenocyte super-
natants after stimulation by inactivated SPY1 were determined on 
day 7 after the last immunization. Coincident with our previous 
results (11), stimulation with inactivated SPY1 induced higher 
levels of IL-6, IL-12p70, IL-4, IL-5, and IL-17A in immunized 
mice than in non-immunized mouse (Figure 2). Elevated levels 
of IL-10 in immunized mice indicated the activation of an immu-
noregulatory response elicited by SPY1 (Figure 2). We detected 
a disturbance in the SPY1-activated immune responses in P17-
treated immunized mice, which was attributed to the inhibition 
of immunosuppressive Tregs by P17. The increase in immune 
cytokines (IL-12p70, IL-4, IL-5, and IL-17A) induced by SPY1 
were further upregulated by P17 treatment, whereas the decrease 
in the infection-associated inflammatory cytokine TNF-α by 
SPY1 was reversed. Furthermore, P17 also inhibited the increase 
in the immunosuppressive cytokine IL-10 and inflammatory 
mediator IL-6 (23) in immunized mice (Figure 2).

P17 Treatment significantly impairs  
sPY1-induced Protection against 
Pulmonary injury caused by 
Pneumococcal colonization
Previously, we established the negative effect of P17 on 
SPY1-specific protection against S. pneumoniae infection, 

including improved survival rates and reduced bacterial loads 
in the nasopharynx and lungs (11). In this study, to explore 
the protective roles of the SPY1-stimulated Treg immune 
response in more detail, differences in mouse pulmonary 
damage after pneumococcal colonization among groups 
were evaluated based on lung morphological observations 
and histopathological analyses. Moderate inflammatory cell 
recruitment to the pulmonary interstitium around airways and 
blood vessels and slight damage to alveolar structural integrity 
were observed in SPY1-immunized mice post-intranasal chal-
lenge with pneumococcal strain 19  F (Figures  3A,B; Figure 
S2 in Supplementary Material). By contrast, more severe 
pulmonary injuries were found in the CT control group, with 
extensive inflammatory cell infiltration in peribronchial as 
well as perivascular spaces and in the alveoli, disappearance of 
alveolar structural integrity, and obvious hemorrhage. Similar 
serious pulmonary injuries were also detected in P17-treated 
immunized mice, since the immune modulatory response was 
markedly suppressed. Consistent with these results, compared 
with other groups, a remarkably lower peribronchial inflamma-
tion score was observed in SPY1-immunized mice (Figure 3C). 
Simultaneously, pulmonary levels of cytokines representing 
different immune responses triggered by SPY1 vaccination 
were evaluated. As shown in Figure 3D, compared with non-
immunized mice, a decrease in the inflammatory cytokine TNF-
α and increase in immune cytokines, including IL-6, IL-12p70, 
IL-4, IL-5, IL-17A, and IL-10, were found in immunized mouse 
lung homogenates, indicating elevated, but controlled SPY1-
induced immune responses, which are beneficial for fighting 
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FigUre 3 | P17 treatment significantly impairs the SPY1-induced acquired protection against pulmonary injury caused by pneumococcal colonization. On day 7 
after the last immunization, mice were intranasal challenged with 1 × 108 CFU of pneumococcal strain 19F. Mice were sacrificed and lung tissues were removed 
at 24 h post-intranasal infection with pneumococcal strain 19F. (a) Lungs appearance post-infection. (B) Pathological analyses were done by hematoxylin and 
eosin staining, with lung sections examined under light microscopy at 200× (scale bar = 100 µm) and 400× (scale bar = 50 µm) magnification. (c) Scores of 
peribronchial inflammations were semi-quantitatively graded, and data were shown as mean ± SD of scores of five mice per group. (D) Concentrations of 
cytokines including IL-6, TNF-α, IL-12p70, IFN-γ, IL-4, IL-5, IL-17A, and IL-10 in lung homogenates collected at 48 h post-infection were detected by enzyme-
linked immunosorbent assay, and the data were shown as mean ± SD (each experiment was individually performed three times). *p < 0.05; **p < 0.01; 
***p < 0.001.
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against pneumococcal colonization. By contrast, due to the 
downregulation of the immune-suppressive cytokine IL-10 and 
consequent immune imbalance caused by P17 treatment, mice 
showed drastic and uncontrolled pulmonary immune responses 
as well as infection-associated inflammation, characterized by 
even higher concentrations of TNF-α, IL-12p70, IFN-γ, IL-4, 
IL-5, and IL-17A (Figure 3D), consistent with the degrees of 
pulmonary injury described above.

sPY1 Vaccination activates the 
expression of the Treg Molecule FOXP3
In our previous study, we were surprised to detect a protective 
role of the SPY1-specific Treg immune response during pneumo-
coccal infection (11). In this study, to comprehensively analyze 
the mechanism underlying the activation of Tregs by vaccination, 
the expression of the transcription factor Foxp3, a characteristic 
molecule in the Treg immune pathway, was first examined. Flow 
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FigUre 4 | SPY1 vaccination activates the expression of regulatory T cells (Tregs) molecule Foxp3. (a) On day 7 after the last immunization, mice lungs were 
aseptically removed and homogenized, and single lung cell was stained with anti-mouse CD4-FITC and anti-mouse CD25-APC, followed by anti-mouse  
Foxp3-APC according to the manufacturer’s instructions. Cells were analyzed using a Becton Dickinson FACSCalibur flow cytometer then. The percentages  
of CD4+ T cells which were CD25+Foxp3+ Treg were calculated. (B) On day 7 after the last immunization, mice lungs were aseptically removed, and total RNA  
were extracted. Expression of foxp3 mRNA was analyzed by quantitative real-time PCR. Data were shown as mean ± SD from three independent experiments.  
(c) On day 7 after the last immunization, mice lungs were aseptically removed, and lung sections were stained with anti-FOXP3 antibody followed by streptavidin 
horseradish peroxidase chemistry. Then, the sections were examined under light microscopy at 100× magnification. Scale bar = 100 µm. Images were 
representative of staining observed in the lungs of mice within the group (n = 4–6 mice). *p < 0.05; **p < 0.01.
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cytometry results showed a significant increase (p  <  0.01) in 
CD4+CD25+Foxp3+ T cells in immunized mouse lungs; however, 
P17 treatment could reverse the increase in Foxp3-positive cells 
to a level similar to that in the CT control group (Figure 4A). 
More importantly, the foxp3 mRNA level was significantly higher 
in SPY1-immunized mice than in the CT control group, and the 
upregulation was reversed by P17 treatment (Figure  4B). The 
inhibition of FOXP3 in SPY1-vaccinated mice by P17 treatment 
was also verified by immunohistochemical staining of lung tis-
sues (Figure  4C). Thus, these results demonstrated that SPY1 
triggers a FOXP3 response.

sPY1 Vaccination stimulates TgF-β1 
Production
Transforming growth factor β is a vital cytokine for the dif-
ferentiation of Tregs (14). To identify the mechanism underly-
ing the generation of SPY1-specific Tregs, the production of 
TGF-β1, one of the three isoforms expressed mainly in the 
immune system in immunized mice, was evaluated. As shown 
in Figures 5A,B, substantial increases in the concentrations of 
active TGF-β1 in lung homogenates as well as spleen homogen-
ates in immunized mice were observed by ELISA. Splenocytes 
from mice immunized with SPY1 expressed significantly more 
active TGF-β1 in response to inactivated SPY1 in  vitro than 
that of splenocytes from CT-treated control mice (Figure 5C), 
illustrating the stimulation of TGF-β1. Further verifying the 
production of SPY1-stimulated TGF-β1, tgf-β1 mRNA, levels 
were higher in immunized mouse lungs after intranasal infection 
with pneumococcal strain 19F than in the CT-treated control 

group, reaching peak levels at 12 h post-infection (Figure 5D). 
Immunohistochemical staining of mouse lung tissues with 
TGF-β1 antibodies also proved the activation of TGF-β1 by vac-
cination with SPY1 (Figures 5E,F; Figure S3 in Supplementary 
Material), with a remarkable increase in the percentage of 
TGF-β1-positive lung cells from SPY1-immunized mice in a 
time-dependent manner (Figure 5G). More importantly, all of 
the trends indicating an increase in active TGF-β1 in immu-
nized mice were obviously inhibited by the administration of 
P17, providing further evidence that SPY1 vaccination could 
stimulate the production of TGF-β1.

TgF-β1-smad2/3 signaling Participates in 
the generation of sPY1-specific Tregs
Classic TGF-β-inducing intracellular signaling is mediated by 
SMAD family proteins, and the differentiation of Tregs from naïve 
T cells is mainly regulated by the TGF-β/Smad pathway (24). To 
explore the specific signaling pathway involving in the differen-
tiation of SPY1-induced Tregs, dynamic changes in Smad mRNA 
in mouse lungs post-pneumococcal infection were detected. As 
shown in Figures  6A–C, compared with CT-treated mice, the 
expression levels of smad2, smad3, and smad4 mRNA were sub-
stantially higher in immunized mice at 6 and 12 h post-pneumo-
coccal strain 19F infection and were also significantly higher than 
those in P17-treated SPY1-vaccinated mice. A relatively low level 
of smad7, which is a negative regulator in the TGF-β signaling 
pathway, was detected in immunized mice (Figure 6D). Moreover, 
P17 treatment significantly upregulated the expression of smad7 
in the immunized group, since P17 injection could block TGF-β 
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FigUre 5 | SPY1 vaccination stimulates the production of transforming growth factor β (TGF-β)1. On day 7 after the last immunization, mice were sacrificed and 
concentrations of active TGF-β1 in lungs (a) and spleens (B) were determined by enzyme-linked immunosorbent assay (ELISA). (c) Splenocytes were isolated  
and stimulated with 70% ethanol-killed SPY1, and the level of active TGF-β1 in splenocytes supernatants was also detected by ELISA. (D) Mice were intranasal 
challenged with 1 × 108 CFU of pneumococcal strain 19F on day 7 after the last immunization, and expression of tgf-β1 mRNA in lungs were analyzed by 
quantitative real-time PCR at 6, 12, and 18 h post-infection, respectively. (e) At 24 h post-pneumococcal 19F infection, immunohistochemical staining with 
anti-TGF-β1 polyclonal antibody was utilized to detect expression of TGF-β1 in lung tissues. Lung sections were examined under light microscopy at magnification 
200× (scale bar = 100 µm) and 400× (scale bar = 50 µm). (F) The mean IODs of TGF-β1 expression were measured and calculated by Image-Pro Plus. Data  
were shown as mean ± SD of IODs of five mice per group. (g) Expressions of TGF-β1 in mice lungs at 6, 12, and 24 h post 19F infection were determined by 
immunohistochemical staining, and percentages of lung cells with positive TGF-β1 expressions were calculated by counting 100 cells of each lung section with  
three slides per time point (three mice per group). Data were shown as the mean ± SD from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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signaling. Furthermore, total Smad2/3, phosphorylated Smad2/3, 
and Smad7 protein expression levels were analyzed by western 
blotting (Figures  6E–H). Consistent with the observed mRNA 
expression changes, the expression of Smad2/3 was upregulated in 
immune mice and downregulated in P17-injected mice at 12 and 
18 h post-infection. The stimulation of the TGF-β1/Smad pathway 
in mouse lungs by SPY1 vaccination was also established by an 

immunofluorescence assay, indicating significant differences in 
the percentages of cells expressing Smad2/3 between immunized 
mice and P17-treated immunized mice (Figures  6I,J). We 
further evaluated whether other SMAD-independent pathways 
were involved in the stimulation of SPY1-specific Tregs, but the 
mRNA expression levels of various signaling molecules including 
p38 mapk, akt, mtor, and pi3k, did not differ significantly among 
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FigUre 6 | Transforming growth factor β (TGF-β)1-Smad2/3 signaling participates in generation of SPY1-specific regulatory T cells (Tregs). Mice were intranasal 
challenged with pneumococcal strain 19F on day 7 after the last immunization, and the lungs were aseptically removed at 6, 12, and 18 h post-infection.  
(a–D) Expression of smad2, smad3, smad4, and smad7 in lungs were analyzed by quantitative real-time PCR. The productions of Smad2/3, phosphor-Smad2/3, 
and Smad7 in lungs were, respectively, determined by western blot (e) and the related band intensities were shown in histograms (F–h). (i) The expression of 
Smad2/3 in lungs at 24 h post-infection was examined by immunofluorescence assay with anti-Smad2/3 antibody. Lung sections were examined under light 
microscopy at magnification 400×. (J) Statistical analysis of the percentages of lung cells with positive Smad2/3 expression was performed by counting 100  
cells per slide (three mice per group). Data were shown as the mean ± SD from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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FigUre 7 | SPY1 vaccination stimulates elevating expression of PD-1 and CTLA-4 on regulatory T cells (Tregs) in immune mice. (a) Mice were intranasal challenged 
with pneumococcal strain 19F on day 7 after the last immunization, and mice lungs were removed on day 3 post-infection. The relative expression of PD-1 and 
CTLA-4 on CD4+CD25+Foxp3+ cells were analyzed by flow cytometry with antibodies including anti-mouse CD279(PD-1)-APC/Cy7, anti-mouse CD152(CTLA-4)-
PerCP/Cy5.5, anti-mouse CD4-FITC, anti-mouse CD25-APC, and anti-mouse Foxp3-PE, respectively. The procedure was as describe in Section “Materials and 
Methods.” Percentages of PD-1+CD4+CD25+Foxp3+ cells (B) and CTLA-4+CD4+CD25+Foxp3+ cells (c) in mice lung of triplicate samples were calculated. Data  
were shown as the mean ± SD. **p < 0.01.
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groups (data not shown). Taken together, these results confirmed 
that SPY1 vaccination could activate the TGF-β1-Smad2/3 signal 
pathway to induce a SPY1-specific Treg response and, as a con-
sequence, protection during pneumococcal infection.

sPY1 Vaccination stimulates the elevated 
expression of PD-1 and cTla-4 on Tregs 
in immunized Mice
As an immune response balance factor, Tregs play roles in 
immunosuppression via multiple Treg-associated cell surface 

molecules and secreted molecules (25). Therefore, to investigate 
the specific effectors of SPY1-induced Tregs, the expression of 
PD-1 and CTLA-4 on CD4+CD25+Foxp3+ cells was examined by 
flow cytometry (Figure 7A). As shown in Figures 7B,C, the per-
centages of PD-1+CD4+CD25+Foxp3+ and CTLA-4+CD4+CD25+ 

Foxp3+ cells were both significantly higher in SPY1-immunized 
mice than in the CT control group, while treatment with P17 
(CT + SPY1 + P17 group) reversed the upregulation of immu-
nosuppressive factors. Taken together, these results indicated that 
PD-1 and CTLA-4 are involved in the SPY1-specific immune 
modulatory response.
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DiscUssiOn

Investigations of the mechanism underlying immune protection 
are crucial for novel vaccine development. We have previously 
detected protective roles of the acquired Treg response induced 
by the novel live-attenuated pneumococcal vaccine SPY1 during 
pneumococcal infection. In this study, we clarified the mecha-
nism mediating the protective Treg response.

Pneumococcal conjugate vaccines reduce the risk of 
nasopharyngeal colonization by the serotypes included in the 
vaccine (3). However, their wide application is restricted by 
the limited serotypes, high cost, serotype replacement, etc. 
Compared with pneumococcal conjugate vaccines, pneumo-
coccal whole-cell vaccines may be a better choice for develop-
ing countries, since they retained whole molecules which act 
as pathogen-associated molecular patterns recognized by host 
antigen-presenting cells and are presented in their natural 
configuration (9). Various procedures are used for vaccination, 
even for live-attenuated vaccines. In an investigation of the 
live-attenuated cholera vaccine VCUSM21P, administration 
twice at an interval of 14  days yielded acceptable protection 
(26). Other studies have found that live-attenuated hepatitis A 
vaccines H2 and LA-1 virus strains exert satisfactory protec-
tion with a single dose administered by subcutaneous injection 
(27). Based on our previous exploration of SPY1 vaccination, 
we observed a robust humoral and cellular immune response 
after intranasal vaccination with SPY1 four times, inducing 
robust immune responses (11, 28). In our previous work, the 
differences in immune responses and protective efficacies of 
SPY1 by intraperitoneal immunization and intranasal immu-
nization were evaluated. Intraperitoneal immunization and 
intranasal immunization both induced elevations in IL-10, 
IL-4, and IL-17A; however, the levels of IL-17A in splenocyte 
supernatants and nasal washes as well as secretory IgA in saliva 
in intranasally immunized mice were significantly higher than 
those in intraperitoneally immunized mice, suggesting better 
protection against pneumococcal colonization in an intranasal 
immunization model (10). In addition, intranasal immuniza-
tion provided increased protection against lethal pneumococcal 
challenge at 3 months post-vaccination, and the survival rates 
for the intranasal immunization model and intraperitoneal 
immunization model were 100 and 75%, respectively, and this 
difference can probably be explained by the more rapid clear-
ance of the subcutaneously injected vaccine (29).

Vaccine adjuvants can be used to enhance immunogenic-
ity, accelerate the immune response, increase the duration of 
protection, and so on (30). For live-attenuated vaccines, some 
studies have shown that the antigenicity and immunogenicity 
of vaccine strains, such as live-attenuated Yersinia pestis against 
pneumonic plague are strong enough so that the adjuvant is not 
necessary (31). However, other studies have shown the indis-
pensable role of adjuvants for vaccination with live-attenuated 
vaccines, such as the cholera vaccine candidate VCUSM21P 
(26) and H5N1 live-attenuated influenza vaccines (32). In our 
previous research, we have evaluated the vaccination of SPY1 
without adjuvant CT; however, the protective effect was not 
as efficient as that obtained by CT (data not published). We 

used adjuvant CT, as in our other studies of SPY1 (10, 11). 
However, the toxicity of CT limits its application in humans, 
making the development of safe and nontoxic adjuvants that 
induce protective immunity essential for the nasal immuniza-
tion of SPY1 in humans. We have developed safe and effective 
mucosal adjuvants as CT alternatives, such as the mast cell 
activator compound 48/80 (C48/80) (33) and CaPi mineralized 
shell (34). Coupled with these nontoxic adjuvants, protection 
induced by SPY1 or its derived vaccine SPY1ΔlytA is as effi-
cient as that obtained with CT, ensuring the future application 
of SPY1 in humans.

The balance between immune response activation essential 
for host defense and immune suppression restricting excessive 
host damage caused by the immune response should be strictly 
regulated during pathogen invasion. In this study, P17, which 
downregulates Tregs, influenced the systemic protective immune 
response elicited by SPY1 immunization. P17 treatment signifi-
cantly upregulated levels of the infection-associated inflamma-
tory cytokine TNF-α and immune cytokines (IL-12p70, IFN-γ, 
IL-4, IL-5, and IL-17A) and downregulated concentrations of 
the immunosuppressive cytokine IL-10 and inflammatory 
mediator IL-6 (23) secreted by splenocytes of SPY1-immunized 
mice. Correspondently, compared with SPY1-immunized mice 
not treated with P17, we observed more severe pulmonary 
injuries in P17-treated immunized mice during pneumococcal 
infection. Moreover, the changes in cytokines in immunized 
mouse lung homogenates were in line with those in splenocytes 
mentioned above. These data indicated that the SPY1-specific 
Treg immune response could inhibit uncontrolled pulmonary 
immune responses and infection-associated inflammation and 
thereby limit excessive immunopathology in immunized mice, 
resulting in acquired immune homeostasis, which is necessary 
for vaccination-induced protection against pneumococcal 
infection. P17 suppressed the increase in IFN-γ; however, the 
elevation of IFN-γ in immunized mice was not SPY1-specific 
(no significant differences in the IFN-γ increase were detected 
between the CT group and CT + SPY1 group) and were prob-
ably caused by CT, consistent with the results of our previous 
study (11) and other reports (35). As a crucial pro-inflammatory 
cytokine (36), IL-12p70 is elevated by SPY1-infected dendritic 
cells co-cultured with CD4+ cells (37), consistent with the results 
of this study. Several studies have suggested that IL-6 is a pro-
inflammatory cytokine in infection (38); however, other studies 
have shown that IL-6-deficient mice exhibit impaired resistance 
against S. pneumoniae (23), Listeria monocytogenes (23, 39), and 
Escherichia coli (40), implying that IL-6 inhibits inflammation. 
Taken together, these findings suggest that IL-6 is a dual cytokine. 
As one of the immunosuppressive cytokines secreted by Tregs, 
the roles of IL-10 in infection are unclear. IL-10 impairs the 
immunosuppressive activity of Tregs in murine models of schis-
tosomiasis japonica or asthma (41). However, during remission 
stage in mice with lymphocytic choriomeningitis virus infection, 
IL-10 produced by Tregs promotes the maturation of memory 
CD8+ T cells, which is beneficial for host defense against second-
ary infections by intracellular pathogens (42). Similarly, in this 
study, dramatically elevated expression of IL-10 and palliative 
pulmonary injuries was observed in SPY1-immunized mice, 
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indicating the beneficial effect of IL-10 on immunoprotection of 
SPY1-specific Tregs.

There are three main types of CD4+ regulatory cells, i.e., Tr1, 
CD4+ Th3, and CD4+CD25+Foxp3+ T  cells (43). Most studies 
have focused on CD4+CD25+Foxp3+ T cells, which are indispen-
sable for the maintenance of the immunologic balance (44). SPY1 
could induce the Treg immune response involved in protection 
against pneumococcal infection (11). In this study, we showed 
that the expression of Foxp3, a key transcription factor belong-
ing to the Treg immune pathway, mediates the activation of 
SPY1-specific Tregs. Obviously upregulated Foxp3 attributed to  
SPY1 vaccination was detected, suggesting that CD4+CD25+ 

Foxp3+ T cells are the major type of SPY1-specific Tregs.
Regulatory T cell differentiation is mainly regulated by TGF-

β/Smad signaling (24). Smad2 and Smad3 contribute to Foxp3 
induction via different mechanisms, Smad3 directly interacts 
with an enhancer region of Foxp3, i.e., CNS1 (45), and the inter-
action is believed to be necessary for sustaining normal Foxp3+ 
Treg numbers in the mouse gut but not in other organs (46). 
Smad2 has a relatively lower affinity to DNA than Smad3, and it 
cannot directly interact with CNS1 (47). However, the absence 
of Smad2 significantly decreases the upregulation of Foxp3 on 
T cells (48) and the deletion of both Smad2 and Smad3 could 
completely abolish the induction of Foxp3 by TGF-β (49), 
illustrating the synergetic effects of Smad2 and Smad3 in Treg 
induction. We observed increased levels of Smad2 and Smad3 as 
well as decreased levels of the negative regulatory factor Smad7 
in the SPY1 vaccination group. These changes in Smads were 
significantly reversed by P17 treatment due to the inhibition 
of TGF-β1, illustrating that SPY1-stimulated TGF-β1 induced 
the generation of SPY1-specific Tregs via the Smad2/3 signaling 
pathway. Given that several Smad-independent pathways are 
also responsible for the induction of Tregs via TGF-β in different 
experiment models (18–21), the levels of p38 mapk, akt, mtor, 
and pi3k in pulmonary tissues were determined by real-time 
PCR, and no significant differences were detected among the 
control group, P17-treated SPY1-immunized group, and non-
P17-treated immunized group (data not shown). Nevertheless, 
we cannot rule out the potential roles of other unknown signal-
ing pathways in the generation of SPY1-specific Tregs for the 
immunoprotection in mice.

As foremost costimulatory inhibitors, PD-1 and CTLA-4 play 
key roles in the suppressive activity of Tregs (25, 50). We observed 
enhanced expression of PD-1 and CLTA-4 on SPY1-specific 
Tregs and their subsequent roles in immunoprotection elicited 
by SPY1-specific Tregs together with increased IL-10. TGF-β is 
believed to be another important inhibitory cytokine secreted by 
Tregs; however, its suppressive function remains contentious (47). 
Some research has revealed that TGF-β1 is redundant for Treg 
suppressor functions (51), but Ming et al. (52) showed that Treg-
derived TGF-β1 is essential for controlling inflammatory-bowel 
disease. Therefore, the role of TGF-β1 in the immunoprotective 
function of SPY1-specific Tregs may be complicated.

Despite their crucial role in immune homeostasis and in the 
prevention of autoimmunity, the function of Tregs in infection is 
still controversial. Tregs are detrimental to hosts by restricting the 
effector T cell immune response during early tuberculosis (53). 

In some cases, virus or bacteria-specific Tregs not only prevent 
pathogen elimination but also promote a generalized state of 
immune suppression in vivo, making the host more susceptible 
to secondary infections with other pathogens (54). However, 
growing evidence has suggested that interactions between patho-
gens and Tregs are mutually beneficial to the pathogen and host, 
which allows persistent infection, conferring the maintenance 
of long-term memory and resistance to reinfection in a model 
of Leishmania major infection (55). Furthermore, emerging 
evidence suggests that Tregs can be beneficial to the host by 
restricting an overly robust inflammatory response, which causes 
excessive collateral damage to self-tissues (56), and by promot-
ing the reparation of damaged tissues (57). Accordingly, Tregs 
should be established to regulate immune responses by maintain-
ing homeostasis for efficient vaccination (58), highlighting the 
importance of considering vaccine-induced protective Tregs in 
the design of vaccine candidates.

In addition to Tregs and the regulatory cytokines IL-10 and 
IL-6, other cells including myeloid-derived suppressor cells, 
regulatory B  cells (Bregs), regulatory γδ T  cells, and immu-
nosuppressive plasmocytes, as well as the cytokine IL-35 have 
immunosuppressive functions. Bregs have strong immunosup-
pressive effects and can negatively regulate immune responses 
in malignant tumors (59), infections (60), and autoimmune 
diseases (61) by multiple mechanisms. IL-35 is a vital anti-
inflam matory cytokine that not only induces Bregs but also 
serves as an important effector of Bregs, participating in the 
regulation of the immune response via a positive feedback net-
work. The immunosuppressive effects of Bregs and IL-35 have 
been found in innate immunity model against infection but not 
in an acquired immunity model with vaccination, and we cannot 
exclude the potential roles of other immunosuppressive cells and 
cytokines in the immune protective effect of SPY1.

As identified using a phage-displayed peptide library, peptide 
P17 is an effective inhibitor of Tregs by inhibiting TGF-β1, and 
its effect and specificity on Tregs have been well documented in 
various models, including in an invasive pneumococcal infec-
tion model (17, 62). P17 inhibits TGF-β1, TGF-β2, and TGF-β3 
activity according to a previous study (17). Being predomi-
nantly expressed in the immune system, TGF-β1 is believed to 
be a crucial pleiotropic cytokine with potent immunoregulatory 
properties (24). The binding of P17 to TGF-β1 is stronger than 
binding to other isoforms of TGF-β (17). Therefore, in this 
study, we focused on TGF-β1. In follow-up work, the protec-
tive effect of SPY1-specific Tregs may be further established 
by evaluating a co-culture of TGF-β1 with mice splenocytes 
in vitro or by supplying mice with recombinant TGF-β1 in vivo. 
In addition, depletion of regulatory T  cell mice (63) can be 
used to further evaluate the protection and related mechanisms 
of SPY1-induced acquired Treg immune responses in future 
studies.

To conclude, we characterized the mechanism underlying 
the protective role of vaccine-specific Treg immune response 
in response to the novel live-attenuated pneumococcal vaccine 
SPY1 in a mouse model. Immunization with SPY1 stimulated 
the activation of TGF-β1 via the Smad2/3 signaling pathway, 
which led to the production of Foxp3+ Tregs and the subsequent 
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upregulation of the costimulatory inhibitors PD-1 and CTLA-4. 
The activated SPY1-specific Treg immune response maintained 
the beneficial immune balance among the infection-associated 
inflammatory cytokine TNF-α, immune cytokines IL-6, IL-12p70, 
IL-4, IL-5, and IL-17A, as well as the immunoregulatory cytokine 
IL-10, and further alleviated excessive pulmonary injury, result-
ing in decreased bacterial colonization, elevated survival rates, 
and prolonged survival. Our results indicated that a protective 
immune response is elicited by vaccine-specific Tregs via the 
TGF-β1-Smad2/3 pathway. These findings may contribute to the 
comprehensive assessment of live vaccines and other mucosal 
vaccine candidates.

eThics sTaTeMenT

The research was proved by The Ethics Committee of Chongqing 
Medical University. All the animal experiments were done in 
accordance with the guidelines of the Institutional Animal Care 
and Use Committee of Chongqing Medical University.

aUThOr cOnTriBUTiOns

HL, XP, and LG were in charge of the whole project and 
participated in manuscript drafting. YG, SY, XH, and LG 
contributed to lab work and data analyses. JF, LZ, HW, YY, and 
XX revised the paper critically. All the authors have reviewed 
the manuscript.

acKnOWleDgMenTs

This work was supported by National Natural Science Foun-
dation of China (31500749) and Chongqing Natural Science  
Foundation (cstc2015jcyjA10102).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01754/
full#supplementary-material.

reFerences

1. Liu L, Oza S, Hogan D, Perin J, Rudan I, Lawn JE, et  al. Global, regional, 
and national causes of child mortality in 2000-13, with projections to 
inform post-2015 priorities: an updated systematic analysis. Lancet (2015) 
385(9966):430–40. doi:10.1016/S0140-6736(14)61698-6 

2. Mitchell AM, Mitchell TJ. Streptococcus pneumoniae: virulence factors 
and variation. Clin Microbiol Infect (2010) 16(5):411–8. doi:10.1111/j. 
1469-0691.2010.03183.x 

3. Cilloniz C, Amaro R, Torres A. Pneumococcal vaccination. Curr Opin  
Infect Dis (2016) 29(2):187–96. doi:10.1097/QCO.0000000000000246 

4. Giudice EL, Campbell JD. Needle-free vaccine delivery. Adv Drug Deliv Rev 
(2006) 58(1):68–89. doi:10.1016/j.addr.2005.12.003 

5. Shakya AK, Chowdhury MYE, Tao W, Gill HS. Mucosal vaccine delivery: 
current state and a pediatric perspective. J Control Release (2016) 240: 
394–413. doi:10.1016/j.jconrel.2016.02.014 

6. Flasche S, Van Hoek AJ, Sheasby E, Waight P, Andrews N, Sheppard C, et al. 
Effect of pneumococcal conjugate vaccination on serotype-specific carriage 
and invasive disease in England: a cross-sectional study. PLoS Med (2011) 
8(4):e1001017. doi:10.1371/journal.pmed.1001017 

7. Balsells E, Guillot L, Nair H, Kyaw MH. Serotype distribution of Streptoco-
ccus pneumoniae causing invasive disease in children in the post-PCV era:  
a systematic review and meta-analysis. PLoS One (2017) 12(5):e0177113. 
doi:10.1371/journal.pone.0177113 

8. Rosch JW, Iverson AR, Humann J, Mann B, Gao G, Vogel P, et  al. A live- 
attenuated pneumococcal vaccine elicits CD4+ T-cell dependent class switch-
ing and provides serotype independent protection against acute otitis media. 
EMBO Mol Med (2014) 6(1):141–54. doi:10.1002/emmm.201202150 

9. Pichichero ME. Pneumococcal whole-cell and protein-based vaccines:  
changing the paradigm. Expert Rev Vaccines (2017) 16(12):1181–90. doi:10.1080/ 
14760584.2017.1393335 

10. Wu K, Yao R, Wang H, Pang D, Liu Y, Xu H, et al. Mucosal and systemic 
immunization with a novel attenuated pneumococcal vaccine candidate 
confer serotype independent protection against Streptococcus pneumoniae 
in mice. Vaccine (2014) 32(33):4179–88. doi:10.1016/j.vaccine.2014. 
05.019 

11. Xu X, Wang H, Liu Y, Wang Y, Zeng L, Wu K, et al. Mucosal immunization  
with the live attenuated vaccine SPY1 induces humoral and Th2-Th17-
regulatory T cell cellular immunity and protects against pneumococcal infec-
tion. Infect Immun (2015) 83(1):90–100. doi:10.1128/IAI.02334-14 

12. Sanjabi S, Oh SA, Li MO. Regulation of the immune response by TGF-beta: 
from conception to autoimmunity and infection. Cold Spring Harb Perspect 
Biol (2017) 9(6):a022236. doi:10.1101/cshperspect.a022236 

13. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion of 
peripheral CD4+CD25- naive T  cells to CD4+CD25+ regulatory T  cells 
by TGF-beta induction of transcription factor Foxp3. J Exp Med (2003) 
198(12):1875–86. doi:10.1084/jem.20030152 

14. Huber S, Schramm C, Lehr HA, Mann A, Schmitt S, Becker C, et al. Cutting 
edge: TGF-beta signaling is required for the in  vivo expansion and immu-
nosuppressive capacity of regulatory CD4+CD25+ T cells. J Immunol (2004) 
173(11):6526–31. doi:10.4049/jimmunol.173.11.6526 

15. Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-beta1 maintains suppressor 
function and Foxp3 expression in CD4+CD25+ regulatory T cells. J Exp Med 
(2005) 201(7):1061–7. doi:10.1084/jem.20042276 

16. Dotor J, Lopez-Vazquez AB, Lasarte JJ, Sarobe P, Garcia-Granero M, Riezu-
Boj JI, et al. Identification of peptide inhibitors of transforming growth factor 
beta 1 using a phage-displayed peptide library. Cytokine (2007) 39(2):106–15. 
doi:10.1016/j.cyto.2007.06.004 

17. Gil-Guerrero L, Dotor J, Huibregtse IL, Casares N, Lopez-Vazquez AB, Rudilla 
F, et al. In vitro and in vivo down-regulation of regulatory T cell activity with a 
peptide inhibitor of TGF-beta1. J Immunol (2008) 181(1):126–35. doi:10.4049/
jimmunol.181.1.126 

18. Zhao M, Zhang H, Liu X, Jiang Y, Ren L, Hu X. The effect of TGF-beta on Treg 
cells in adverse pregnancy outcome upon Toxoplasma gondii infection. Front 
Microbiol (2017) 8:901. doi:10.3389/fmicb.2017.00901 

19. Huber S, Schrader J, Fritz G, Presser K, Schmitt S, Waisman A, et  al.  
P38 MAP kinase signaling is required for the conversion of CD4+CD25- 
T cells into iTreg. PLoS One (2008) 3(10):e3302. doi:10.1371/journal.pone. 
0003302 

20. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways 
in TGF-beta family signalling. Nature (2003) 425(6958):577–84. doi:10.1038/
nature02006 

21. Haxhinasto S, Mathis D, Benoist C. The AKT-mTOR axis regulates de novo 
differentiation of CD4+Foxp3+ cells. J Exp Med (2008) 205(3):565–74. 
doi:10.1084/jem.20071477 

22. Blanquiceth Y, Rodriguez-Perea AL, Tabares Guevara JH, Correa LA,  
Sanchez MD, Ramirez-Pineda JR, et  al. Increase of frequency and modu-
lation of phenotype of regulatory T cells by atorvastatin is associated with 
decreased lung inflammatory cell infiltration in a murine model of acute 
allergic asthma. Front Immunol (2016) 7:620. doi:10.3389/fimmu.2016.00620 

23. van der Poll T, Keogh CV, Guirao X, Buurman WA, Kopf M, Lowry SF. 
Interleukin-6 gene-deficient mice show impaired defense against pneumo-
coccal pneumonia. J Infect Dis (1997) 176(2):439–44. doi:10.1086/514062 

24. Yoshimura A, Wakabayashi Y, Mori T. Cellular and molecular basis for the 
regulation of inflammation by TGF-beta. J Biochem (2010) 147(6):781–92. 
doi:10.1093/jb/mvq043 

288

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01754/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01754/full#supplementary-material
https://doi.org/10.1016/S0140-6736(14)61698-6
https://doi.org/10.1111/j.
1469-0691.2010.03183.x
https://doi.org/10.1111/j.
1469-0691.2010.03183.x
https://doi.org/10.1097/QCO.0000000000000246
https://doi.org/10.1016/j.addr.2005.12.003
https://doi.org/10.1016/j.jconrel.2016.02.014
https://doi.org/10.1371/journal.pmed.1001017
https://doi.org/10.1371/journal.pone.0177113
https://doi.org/10.1002/emmm.201202150
https://doi.org/10.1080/
14760584.2017.1393335
https://doi.org/10.1080/
14760584.2017.1393335
https://doi.org/10.1016/j.vaccine.2014.
05.019
https://doi.org/10.1016/j.vaccine.2014.
05.019
https://doi.org/10.1128/IAI.02334-14
https://doi.org/10.1101/cshperspect.a022236
https://doi.org/10.1084/jem.20030152
https://doi.org/10.4049/jimmunol.173.11.6526
https://doi.org/10.1084/jem.20042276
https://doi.org/10.1016/j.cyto.2007.06.004
https://doi.org/10.4049/jimmunol.181.1.126
https://doi.org/10.4049/jimmunol.181.1.126
https://doi.org/10.3389/fmicb.2017.00901
https://doi.org/10.1371/journal.pone.
0003302
https://doi.org/10.1371/journal.pone.
0003302
https://doi.org/10.1038/nature02006
https://doi.org/10.1038/nature02006
https://doi.org/10.1084/jem.20071477
https://doi.org/10.3389/fimmu.2016.00620
https://doi.org/10.1086/514062
https://doi.org/10.1093/jb/mvq043


Liao et al. Treg Response to Pneumococcal Vaccines

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1754

25. Kawai K, Uchiyama M, Hester J, Wood K, Issa F. Regulatory T cells for tolerance. 
Hum Immunol (2017) 79(5):294–303. doi:10.1016/j.humimm.2017.12.013 

26. Murugaiah C, Nik Mohd Noor NZ, Mustafa S, Manickam R, Pattabhiraman L. 
Construction and evaluation of V. cholerae O139 mutant, VCUSM21P, as a safe 
live attenuated cholera vaccine. PLoS One (2014) 9(2):e81817. doi:10.1371/
journal.pone.0081817 

27. Xu Z-Y, Wang X-Y. Live attenuated hepatitis A vaccines developed in China. 
Hum Vaccin Immunother (2013) 10(3):659–66. doi:10.4161/hv.27124 

28. Qiu Y, Zhang X, Wang H, Zhang X, Mo Y, Sun X, et al. Heterologous prime-
boost immunization with live SPY1 and DnaJ protein of Streptococcus pneu-
moniae induces strong Th1 and Th17  cellular immune responses in mice. 
J Microbiol (2017) 55(10):823–9. doi:10.1007/s12275-017-7262-1 

29. Tarahomjoo S. Recent approaches in vaccine development against 
Streptococcus pneumoniae. J Mol Microbiol Biotechnol (2014) 24(4):215–27. 
doi:10.1159/000365052 

30. Mohan T, Verma P, Rao DN. Novel adjuvants & delivery vehicles for vaccines 
development: a road ahead. Indian J Med Res (2013) 138(5):779–95. 

31. Zhang X, Qi Z, Du Z, Bi Y, Zhang Q, Tan Y, et al. A live attenuated strain of 
Yersinia pestis DeltayscB provides protection against bubonic and pneumonic 
plagues in mouse model. Vaccine (2013) 31(22):2539–42. doi:10.1016/j.
vaccine.2013.03.054 

32. Zheng D, Yi Y, Chen Z. Development of live-attenuated influenza vaccines 
against outbreaks of H5N1 influenza. Viruses (2012) 4(12):3589–605. 
doi:10.3390/v4123589 

33. Zeng L, Liu Y, Wang H, Liao P, Song Z, Gao S, et al. Compound 48/80 acts 
as a potent mucosal adjuvant for vaccination against Streptococcus pneumo-
niae infection in young mice. Vaccine (2015) 33(8):1008–16. doi:10.1016/j.
vaccine.2015.01.013 

34. Zhang X, Cui J, Wu Y, Wang H, Wang J, Qiu Y, et al. Streptococcus pneumoniae 
attenuated strain SPY1 with an artificial mineral shell induces humoral and 
Th17 cellular immunity and protects mice against pneumococcal infection. 
Front Immunol (2017) 8:1983. doi:10.3389/fimmu.2017.01983 

35. Meza-Sanchez D, Perez-Montesinos G, Sanchez-Garcia J, Moreno J, Bonifaz LC.  
Intradermal immunization in the ear with cholera toxin and its non-toxic 
beta subunit promotes efficient Th1 and Th17 differentiation dependent 
on migrating DCs. Eur J Immunol (2011) 41(10):2894–904. doi:10.1002/
eji.201040997 

36. Thompson A, Orr SJ. Emerging IL-12 family cytokines in the fight against 
fungal infections. Cytokine (2018). doi:10.1016/j.cyto.2018.05.019 

37. Gao S, Zeng L, Zhang X, Wu Y, Cui J, Song Z, et al. Attenuated Streptococcus 
pneumoniae vaccine candidate SPY1 promotes dendritic cell activation and 
drives a Th1/Th17 response. Immunol Lett (2016) 179:47–55. doi:10.1016/j.
imlet.2016.08.008 

38. Ataie-Kachoie P, Pourgholami MH, Richardson DR, Morris DL. Gene of the 
month: interleukin 6 (IL-6). J Clin Pathol (2014) 67(11):932–7. doi:10.1136/
jclinpath-2014-202493 

39. Kopf M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T, et al. 
Impaired immune and acute-phase responses in interleukin-6-deficient mice. 
Nature (1994) 368(6469):339–42. doi:10.1038/368339a0 

40. Dalrymple SA, Slattery R, Aud DM, Krishna M, Lucian LA, Murray R. 
Interleukin-6 is required for a protective immune response to systemic 
Escherichia coli infection. Infect Immun (1996) 64(8):3231–5. 

41. He L, Zhou S, Qi Q, Chi Y, Zhu J, Xu Z, et al. The regulation of regulation: 
interleukin-10 increases CD4(+) CD25(+) regulatory T cells but impairs their 
immunosuppressive activity in murine models with schistosomiasis japonica 
or asthma. Immunology (2018) 153(1):84–96. doi:10.1111/imm.12813 

42. Laidlaw BJ, Cui W, Amezquita RA, Gray SM, Guan T, Lu Y, et al. Production 
of IL-10 by CD4(+) regulatory T  cells during the resolution of infection 
promotes the maturation of memory CD8(+) T  cells. Nat Immunol (2015) 
16(8):871–9. doi:10.1038/ni.3224 

43. Zhao H, Liao X, Kang Y. Tregs: where we are and what comes next? Front 
Immunol (2017) 8:1578. doi:10.3389/fimmu.2017.01578 

44. Sakaguchi S, Powrie F. Emerging challenges in regulatory T cell function and 
biology. Science (2007) 317(5838):627–9. doi:10.1126/science.1142331 

45. Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY. Role 
of conserved non-coding DNA elements in the Foxp3 gene in regulatory T-cell 
fate. Nature (2010) 463(7282):808–12. doi:10.1038/nature08750 

46. Schlenner SM, Weigmann B, Ruan Q, Chen Y, von Boehmer H. Smad3 binding 
to the foxp3 enhancer is dispensable for the development of regulatory T cells 

with the exception of the gut. J Exp Med (2012) 209(9):1529–35. doi:10.1084/
jem.20112646 

47. Kelly A, Houston SA, Sherwood E, Casulli J, Travis MA. Regulation of innate 
and adaptive immunity by TGFbeta. Adv Immunol (2017) 134:137–233. 
doi:10.1016/bs.ai.2017.01.001 

48. Martinez GJ, Zhang Z, Reynolds JM, Tanaka S, Chung Y, Liu T, et  al. 
Smad2 positively regulates the generation of Th17 cells. J Biol Chem (2010) 
285(38):29039–43. doi:10.1074/jbc.C110.155820 

49. Takimoto T, Wakabayashi Y, Sekiya T, Inoue N, Morita R, Ichiyama K, et al. 
Smad2 and Smad3 are redundantly essential for the TGF-beta-mediated 
regulation of regulatory T plasticity and Th1 development. J Immunol (2010) 
185(2):842–55. doi:10.4049/jimmunol.0904100 

50. Jain N, Nguyen H, Chambers C, Kang J. Dual function of CTLA-4 in 
regulatory T  cells and conventional T  cells to prevent multiorgan auto-
immunity. Proc Natl Acad Sci U S A (2010) 107(4):1524–8. doi:10.1073/pnas. 
0910341107 

51. Fahlen L, Read S, Gorelik L, Hurst SD, Coffman RL, Flavell RA, et  al.  
T cells that cannot respond to TGF-beta escape control by CD4(+)CD25(+) 
regulatory T cells. J Exp Med (2005) 201(5):737–46. doi:10.1084/jem.20040685 

52. Li MO, Wan YY, Flavell RA. T cell-produced transforming growth factor-beta1 
controls T  cell tolerance and regulates Th1- and Th17-cell differentiation. 
Immunity (2007) 26(5):579–91. doi:10.1016/j.immuni.2007.03.014 

53. Shafiani S, Tucker-Heard G, Kariyone A, Takatsu K, Urdahl KB. Pathogen-
specific regulatory T  cells delay the arrival of effector T  cells in the lung 
during early tuberculosis. J Exp Med (2010) 207(7):1409–20. doi:10.1084/
jem.20091885 

54. Roquilly A, McWilliam HEG, Jacqueline C, Tian Z, Cinotti R, Rimbert M, 
et al. Local modulation of antigen-presenting cell development after resolu-
tion of pneumonia induces long-term susceptibility to secondary infections. 
Immunity (2017) 47(1):135–47.e5. doi:10.1016/j.immuni.2017.06.021 

55. Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL. CD4+CD25+ 
regulatory T cells control Leishmania major persistence and immunity. Nature 
(2002) 420(6915):502–7. doi:10.1038/nature01152 

56. Fulton RB, Meyerholz DK, Varga SM. Foxp3+ CD4 regulatory T cells limit 
pulmonary immunopathology by modulating the CD8 T cell response during 
respiratory syncytial virus infection. J Immunol (2010) 185(4):2382–92. 
doi:10.4049/jimmunol.1000423 

57. Arpaia N, Green JA, Moltedo B, Arvey A, Hemmers S, Yuan S, et al. A distinct 
function of regulatory T cells in tissue protection. Cell (2015) 162(5):1078–89. 
doi:10.1016/j.cell.2015.08.021 

58. Brezar V, Godot V, Cheng L, Su L, Levy Y, Seddiki N. T-regulatory cells and vac-
cination “pay attention and do not neglect them”: lessons from HIV and cancer 
vaccine trials. Vaccines (Basel) (2016) 4(3):30. doi:10.3390/vaccines4030030 

59. Shen M, Sun Q, Wang J, Pan W, Ren X. Positive and negative functions of 
B lymphocytes in tumors. Oncotarget (2016) 7(34):55828–39. doi:10.18632/
oncotarget.10094 

60. Fillatreau S. Regulatory roles of B  cells in infectious diseases. Clin Exp 
Rheumatol (2016) 34(4 Suppl 98):1–5. 

61. Ray A, Dittel BN. Mechanisms of regulatory B cell function in autoimmune 
and inflammatory diseases beyond IL-10. J Clin Med (2017) 6(1):E12. 
doi:10.3390/jcm6010012 

62. Neill DR, Fernandes VE, Wisby L, Haynes AR, Ferreira DM, Laher A, et al. 
T regulatory cells control susceptibility to invasive pneumococcal pneumonia 
in mice. PLoS Pathog (2012) 8(4):e1002660. doi:10.1371/journal.ppat.1002660 

63. Lahl K, Loddenkemper C, Drouin C, Freyer J, Arnason J, Eberl G, et  al. 
Selective depletion of Foxp3+ regulatory T cells induces a scurfy-like disease. 
J Exp Med (2007) 204(1):57–63. doi:10.1084/jem.20061852 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Liao, Peng, Gan, Feng, Gao, Yang, Hu, Zhang, Yin, Wang and Xu. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

289

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.humimm.2017.12.013
https://doi.org/10.1371/journal.pone.0081817
https://doi.org/10.1371/journal.pone.0081817
https://doi.org/10.4161/hv.27124
https://doi.org/10.1007/s12275-017-7262-1
https://doi.org/10.1159/000365052
https://doi.org/10.1016/j.vaccine.2013.03.054
https://doi.org/10.1016/j.vaccine.2013.03.054
https://doi.org/10.3390/v4123589
https://doi.org/10.1016/j.vaccine.2015.01.013
https://doi.org/10.1016/j.vaccine.2015.01.013
https://doi.org/10.3389/fimmu.2017.01983
https://doi.org/10.1002/eji.201040997
https://doi.org/10.1002/eji.201040997
https://doi.org/10.1016/j.cyto.2018.05.019
https://doi.org/10.1016/j.imlet.2016.08.008
https://doi.org/10.1016/j.imlet.2016.08.008
https://doi.org/10.1136/jclinpath-2014-202493
https://doi.org/10.1136/jclinpath-2014-202493
https://doi.org/10.1038/368339a0
https://doi.org/10.1111/imm.12813
https://doi.org/10.1038/ni.3224
https://doi.org/10.3389/fimmu.2017.01578
https://doi.org/10.1126/science.1142331
https://doi.org/10.1038/nature08750
https://doi.org/10.1084/jem.20112646
https://doi.org/10.1084/jem.20112646
https://doi.org/10.1016/bs.ai.2017.01.001
https://doi.org/10.1074/jbc.C110.155820
https://doi.org/10.4049/jimmunol.0904100
https://doi.org/10.1073/pnas.
0910341107
https://doi.org/10.1073/pnas.
0910341107
https://doi.org/10.1084/jem.20040685
https://doi.org/10.1016/j.immuni.2007.03.014
https://doi.org/10.1084/jem.20091885
https://doi.org/10.1084/jem.20091885
https://doi.org/10.1016/j.immuni.2017.06.021
https://doi.org/10.1038/nature01152
https://doi.org/10.4049/jimmunol.1000423
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.3390/vaccines4030030
https://doi.org/10.18632/oncotarget.10094
https://doi.org/10.18632/oncotarget.10094
https://doi.org/10.3390/jcm6010012
https://doi.org/10.1371/journal.ppat.1002660
https://doi.org/10.1084/jem.20061852
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


May 2018 | Volume 5 | Article 131

Brief research report
published: 04 May 2018

doi: 10.3389/fmed.2018.00131

Frontiers in Medicine | www.frontiersin.org

Edited by: 
Jesús Gonzalo-Asensio,  

Universidad de Zaragoza, Spain

Reviewed by: 
Paschalis Sidéras,  

Biomedical Research Foundation of 
the Academy of Athens, Greece  

Anna Krasnodembskaya,  
Queen’s University Belfast,  

United Kingdom

*Correspondence:
Naveen Gupta  

n6gupta@ucsd.edu,  
ngupta@scripps.edu

Specialty section: 
This article was submitted  

to Pulmonary Medicine,  
a section of the journal  

Frontiers in Medicine

Received: 08 February 2018
Accepted: 19 April 2018
Published: 04 May 2018

Citation: 
Gupta N and Nizet V (2018) 

Stabilization of Hypoxia-Inducible 
Factor-1 Alpha Augments the 
Therapeutic Capacity of Bone 

Marrow-Derived Mesenchymal  
Stem Cells in Experimental 

Pneumonia.  
Front. Med. 5:131.  

doi: 10.3389/fmed.2018.00131

stabilization of hypoxia-inducible 
factor-1 alpha augments the 
therapeutic capacity of Bone 
Marrow-Derived Mesenchymal stem 
cells in experimental pneumonia
Naveen Gupta1,2* and Victor Nizet 3,4

1 Division of Pulmonary and Critical Care, Department of Medicine, School of Medicine, University of California, San Diego, 
La Jolla, CA, United States, 2 Department of Molecular Medicine, The Scripps Research Institute, La Jolla, CA, United States, 
3 Division of Host-Microbe Systems and Therapeutics, Department of Pediatrics, School of Medicine, University of California,  
San Diego, La Jolla, CA, United States, 4 Skaggs School of Pharmacy and Pharmaceutical Sciences, School of Medicine, 
University of California, San Diego, La Jolla, CA, United States

Bone marrow-derived mesenchymal stem cells (MSCs) have therapeutic effects in 
experimental models of lung injury. Hypoxia-inducible factor-1 alpha (HIF-1α) is a tran-
scriptional regulator that influences cellular metabolism, energetics, and survival under 
hypoxic conditions. The current study investigated the effects of stabilizing HIF-1α on the 
therapeutic capacity of MSCs in an experimental mouse model of bacterial pneumonia. 
HIF-1α stabilization was achieved by the small molecule prolyl-hydroxlase inhibitor, AKB-
4924 (Aerpio Therapeutics, Inc.), which blocks the pathway for HIF-1α degradation in 
the proteosome. In vitro, pre-treatment with AKB-4924 increased HIF-1α levels in MSCs, 
reduced the kinetics of their cell death when exposed to cytotoxic stimuli, and increased 
their antibacterial capacity. In vivo, AKB-4924 enhanced MSC therapeutic capacity in 
experimental pneumonia as quantified by a sustainable survival benefit, greater bacterial 
clearance from the lung, decreased lung injury, and reduced inflammatory indices. These 
results suggest that HIF-1α stabilization in MSCs, achieved ex vivo, may represent a 
promising approach to augment the therapeutic benefit of these cells in severe pneumo-
nia complicated by acute lung injury.

Keywords: mesenchymal stem cells, hypoxia-inducible factor-1 alpha, lung injury, pneumonia, sepsis

iNtroDUctioN

Severe pneumonia is the most common cause of sepsis and respiratory failure among critically ill 
patients. The mortality in the most severe cases can approach 50%, and treatment options have 
become increasingly limited due to the rapid emergence of multi-drug resistant bacterial strains, 
particularly among enteric Gram-negative bacteria (1–3). New treatment options that can harness 
the potential of the innate immune system are needed to more effectively manage this complex 
condition.

Bone marrow-derived mesenchymal stem cells (MSCs) have been studied as a potential source 
for cell-based therapy for a wide range of experimental organ injury models. In particular, there 
has been a considerable amount of focus on using MSCs as a therapy for severe lung injury 
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and sepsis as there are no proven pharmacological therapies 
in this field (4–9). MSCs have a number of biological proper-
ties that lend them to producing a favorable outcome in lung 
injury and sepsis including immunomodulation, secretion of 
epithelial and endothelial growth factors, and augmentation 
of host defense to infection (6, 10, 11). However, the clinical 
benefits of MSCs in trials have been modest, which may be due 
to a lack of sustained benefit given MSC death and clearance 
under inflammatory conditions in vivo. It has previously been 
shown that non-viable MSCs exert no therapeutic benefit (5). 
Thus, methods to enhance MSC survival and augment their 
therapeutic capacity should improve their efficacy in clinical 
lung injury and sepsis.

Hypoxia-inducible factor-1 alpha (HIF-1α) is an important 
transcriptional regulator that controls many cellular processes 
under hypoxic conditions, and the injured lung represents a 
low-oxygen tension environment that presents a metabolic 
stress to cells introduced into that space. Prior efforts suggested 
that stabilization of cellular HIF-1α levels could increase the 
therapeutic function of MSCs in cardiac and vascular injury 
models (12–14). Consequently, we hypothesized that HIF-1α 
stabilization in MSCs would enhance their therapeutic efficacy 
in experimental lung injury and pneumonia, potentially by 
improving cell survival in the face of inflammatory, cytotoxic 
stimuli. To that end, we pharmacologically stabilized HIF-1α 
in MSCs using AKB-4924 (Aerpio Therapeutics, Blue Ash, OH, 
USA) given our previous experience with the selective potency 
of this compound (15–17).

MethoDs

isolation, characterization, and  
culturing of Mscs
Mouse MSCs were isolated from 8- to 10-week old male C57BL/6J 
mice and characterized as published before (8). MSCs were 
then cultured using MEM-alpha media (Gibco, catalog #12561) 
with 15% FBS (Gibco, catalog #12662-029) and 1% Pen/Strep/ 
l-Glutamine and used for in vitro and in vivo experiments from 
passages 5 to 10.

hif-1α stabilization in Mscs and Western 
Blotting
Mesenchymal stem cells were incubated in the presence of 
AKB-4924 in a 12-well plates for 4 and 24 h to determine the 
optimal time and concentration for HIF-1α stabilization in 
MSCs. AKB-4924 was used at 10 and 100 µM in MEM-alpha 
supplemented with 5% FBS. MSCs were then lysed and the 
protein fraction isolated, quantified, and analyzed for HIF-1α 
expression by Western blotting (see Supplementary Material for 
details). Based on the data, AKB-4924 was used at 100 µM for 
4  h on MSCs to stabilize HIF-1α in most in  vitro and in  vivo 
studies.

In Vitro Bacterial Killing studies
To determine if AKB-4924 enhances MSC killing of bacteria, 
separate assays were done with live MSCs and MSC-derived 

conditioned media in the presence of Escherichia coli (see 
Supplementary Material). Mouse cathelicidin-related antimicro-
bial protein (CRAMP ELISA, MyBioSource, catalog #MBS280706) 
was specifically measured to determine if it accounted for the 
antimicrobial effects induced by AKB-4924. Gene expression for 
CRAMP was quantified using qPCR as outlined below.

In Vitro cell Death and caspase  
3/7 activity
To measure the effect of AKB-4924 on MSC death when exposed 
to cytotoxic, inflammatory stimuli, studies were done to measure 
caspase 3/7 activity in a plate-based assay (Promega, catalog 
#G7790). TNF-α and cycloheximide were chosen as the stimuli 
since this combination resulted in the most reproducible quantity 
of cell death for MSCs, and it has been published as an in vitro 
method to model cell death in an inflammatory environment  
(18, 19) (see Supplementary Material).

rNa isolation and qpcr
In vitro studies were done to determine if AKB-4924 regulated 
expression of selected genes (CRAMP, Oct4, TWIST) in MSCs 
that could account for the observed in vitro and in vivo effects. 
RNA was isolated and qPCR was carried out using standard 
procedures (see Supplementary Material).

In Vivo E. coli pneumonia Model  
and experimental Design
All mice used for these experiments were male C57BL/6J 
(Jackson Labs) between the ages of 10 and 15 weeks of age. All 
experiments were approved by the University of California, San 
Diego (UCSD) Institutional Animal Care and Use Committee, 
and mice were housed in a UCSD facility approved by the 
Association for Assessment and Accreditation of Laboratory 
Animal Care. The general experimental design that we fol-
lowed is as previously published (5, 8) (see Supplementary 
Material).

assessment of Lung injury, inflammation, 
and Bacterial Burden
Lung injury was assessed by histological methods and scored 
using a previously published method (20). Markers of inflam-
mation and permeability were measured in the bronchoal-
veolar lavage (BAL) fluid (5, 8), and bacterial burden was 
calculated from whole lung homogenate (see Supplementary 
Material).

statistical analysis
The majority of the data is presented as mean ± SD for each group 
analyzed. An unpaired, two-sided Student’s t-test was used for 
comparisons between sets of data. For sets of data with a small 
sample size (total n  <  20), a Mann–Whitney U test was used. 
If multiple groups of data were compared simultaneously, an 
ANOVA was used. Survival data were analyzed using a log-rank 
test. A p-value <0.05 was used for statistical significance for all 
analyses.
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figUre 1 | AKB-4924 stabilizes hypoxia-inducible factor 1α (HIF-1α) in mesenchymal stem cells (MSCs) and improves MSC survival and bacterial clearance  
under in vitro conditions. Use of AKB-4924 at both 10 and 100 µM resulted in detectable amounts of HIF-1α protein in MSCs after 4 and 24 h of incubation  
(a). AKB-4924 significantly reduced caspase 3/7 activity in MSCs exposed to TNF-α and cycloheximide for 5 h [(B), **p < 0.01 for MSC + AKB vs MSC, n = 6 per 
group]. MSCs pre-stimulated with AKB-4924 exhibited enhanced bacterial clearance at 6 h [(c), **p < 0.01 when compared with MSC group, n = 4 per group] that 
may be partially due to a soluble antimicrobial factor [(D), *p < 0.05 compared with unstim group, n = 4 per group]. Cathelicidin-related antimicrobial protein (CRAMP) 
was not significantly increased in the conditioned media of MSCs pre-treated with AKB-4924 when compared with unstimulated MSCs [(e), n = 3 per group].
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resULts

aKB-4924 stabilizes hif-1α in Mscs and 
reduces Msc Death Under cytotoxic 
conditions
AKB-4924 stabilization of HIF-1α protein levels in MSCs occurred 
at a concentration of 10 or 100  µM and was readily apparent 
after 4 h incubation (Figure 1A). MSCs treated with AKB-4924 
exhibited significantly reduced cell death, as measured by cas-
pase 3/7 activity, when exposed to TNF-α and cycloheximide  
(Figure 1B).

aKB-4924 enhances the antibacterial 
capacity of Mscs
In vitro, AKB-4924 was able to significantly improve MSC-based 
reduction of viable E. coli. The effect of AKB-4924 occurred 
under both basal and TNF-α stimulated conditions (Figure 1C). 
Conditioned media from AKB-4924 stimulated and TNF-α +   
LPS stimulated MSCs demonstrated an approximate 20% reduc-
tion in viable E. coli compared with conditioned media from 
unstimulated MSCs (Figure 1D). This suggests that release of 
an antimicrobial factor into the conditioned media may account 
for part of the increased bacterial killing by MSCs that is 
induced by AKB-4924. We hypothesized that this factor may be 
mouse CRAMP given previous literature demonstrating that the 

human cathelicidin antimicrobial protein LL-37 is a potential 
transcriptional target of HIF-1α, and that human MSCs exert 
antibacterial effects via LL-37 secretion (10, 21). However, 
under the conditions utilized in this study, we did not detect a 
significant increase in CRAMP protein secretion in HIF-1α 
stabilized MSCs (Figure 1E).

aKB-4924 improves Msc-Derived 
therapeutic capacity In Vivo
To determine if the in vitro benefits with AKB-4924 described 
above translated into greater MSC-derived therapeutic 
capacity in  vivo, the experimental design using an E. coli 
pneumonia model outlined in Figure 2A was utilized. While 
both unstimulated and AKB-4924 stimulated MSCs exerted 
significant survival benefits at 72 h (Figure  2B), only MSCs 
incubated with AKB-4924 conferred sustained protection 
against mortality over the course of 7  days (Figure  2C). 
Bacterial clearance from the lung at 24  h post-infection was 
significantly impro ved with MSCs incubated with AKB-4924 
as well (Figure 2D). In addition, HIF-1α stabilized MSCs led 
to a significant reduc tion in inflammatory indices such as 
BAL myeloperoxidase (MPO) and macrophage inflammatory 
 protein-2 (MIP-2) levels 24  h after infection (Figures  2F,G, 
respectively), though there was not a significant reduction in the 
total BAL cell count (Figure 2E) or BAL albumin concentration 
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figUre 2 | AKB-4924 augments the therapeutic capacity of mesenchymal stem cells (MSCs) in an Escherichia coli pneumonia model. Following the experimental design 
outlined in panel (a), both unstimulated MSCs and MSCs pre-incubated with AKB-4924 (100 µM × 4 h) significantly improved the survival of mice at 72 h [(B), #p < 0.05 for 
MSC + AKB vs PBS, *p < 0.05 for MSC vs PBS, n = 17–20 per group], while only AKB-4924 stimulated MSCs increased survival over 7 days [(c), *,#p < 0.05 for 
MSC + AKB vs MSC and PBS treated groups, respectively, n = 17–20 per group]. AKB-4924 also significantly improved the ability of MSCs to reduce whole lung bacterial 
burden [(D), *,#p < 0.05 for MSC + AKB vs MSC and PBS treated groups, respectively, n = 5–6 per group], alveolar neutrophil influx as measured by bronchoalveolar lavage 
(BAL) MPO levels [(f), *p < 0.05 for MSC + AKB vs PBS treated group, n = 6–12 per group], and inflammation as measured by BAL MIP-2 levels [(g), *p < 0.05 for 
MSC + AKB vs PBS treated group, n = 6 per group]. Total BAL cell counts [(e), n = 5 per group], albumin concentration [(h), n = 5 per group], and cathelicidin-related 
antimicrobial protein (CRAMP) levels [(i), n = 5 per group] were not significantly changed in the BAL of mice treated with AKB-4924 stimulated MSCs. Lung injury was 
significantly reduced in both MSC and MSC + AKB treated groups, though the magnitude of improvement was greater in mice treated with AKB-4924 stimulated MSCs 
[(J,K), *p < 0.05 for MSC vs PBS treated group, **p < 0.01 for MSC + AKB vs PBS treated group, n = 8–12 per group; images taken at 2.5 and 20× magnification].
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(Figure 2H). BAL CRAMP was measured to see if it correlated 
with the reduction in bacterial burden seen in Figure  2D, 
but the increase in CRAMP observed with HIF-1α stabilized 
MSCs did not reach statistical significance (Figure  2I). The 
improvements in bacterial clearance and inflammation were 
associated with a reduction in lung injury at 48  h post-
infection, as assessed by histological methods, that was more 
pronounced in mice treated with HIF-1α stabilized MSCs  
(Figures 2J,K).

DiscUssioN

Mesenchymal stem cells have been extensively studied as a 
potential therapy for severe lung injury and sepsis and have 
shown promise in several pre-clinical models (4–11). However, 
strategies to improve the survival of MSCs in inflammatory 
environments and thus augment their therapeutic potential 
are needed. This proof-of-principle study sought to enhance 
the therapeutic potential of MSCs in experimental lung injury 
due to pneumonia by stabilizing the transcription factor HIF-
1α with the pharmacological agent AKB-4924. Results from 
this study substantiated our hypothesis by demonstrating that 
AKB-4924 improved: (a) MSC survival under in vitro cytotoxic 
conditions; (b) MSC antibacterial activity in  vitro; and (c) 
MSC-derived therapeutic capacity in vivo with reduced mortal-
ity, bacterial burden, inflammation, and lung injury. Though, it 
is interesting to note that while BAL MPO levels were reduced, 
total BAL cell counts were not in this study. This discordance 
may due to a greater effect on neutrophil degranulation as 
opposed to absolute neutrophil recruitment to the alveolar 
space. Also, the lack of reduction in BAL albumin at 24 h is not 
concordant with the other parameters measured, which may 
be because it represents a summation of permeability over the 
entire time period and is not sensitive enough to detect changes 
that develop later in the timeframe being studied. Nevertheless, 
the overall findings suggest that methods to stabilize HIF-1α in 
MSCs could be implemented in order to boost the therapeutic 
effect achieved in critically ill patients with lung injury, and are 
consistent with recent promising results in cardiac and vascular 
disease models (12–14).

Mesenchymal stem cells have been tested in several hundred 
clinical trials to date targeting a wide range of clinical diseases, 
but their clinical efficacy has not been reproducibly robust to 
date (22, 23). One of the potential explanations that has been 
suggested is the relatively short half-life of MSCs in vivo (24, 25).  
HIF-1α represents an intuitive target to augment survival of 
MSCs in lung injury applications since the injured lung is a 
hypoxic environment requiring metabolic adaptations. Recent 
studies in experimental models of ischemia-reperfusion and 
radiation-induced lung injury have shown that hypoxic precon-
ditioning of MSCs enhances their therapeutic efficacy (26, 27). 
The mechanisms demonstrated include improved MSC survival 
and antioxidant ability.

In this study, HIF-1α stabilization in MSCs with the use 
of AKB-4924 resulted in significantly improved MSC survival 
under cytotoxic conditions and MSC-derived therapeutic 

capa city in  vivo. While improving MSC survival is likely an 
important contributor to the augmented biological effect 
achieved with HIF-1α stabilized MSCs, there are other pos-
sible mechanisms to consider. We provide some preliminary 
data that HIF-1α stabilization augments the antibacterial 
property of MSCs, and it is possible that HIF-1α stabilization 
in MSCs may be boosting other biological effects of MSCs 
such as growth factor secretion and immunomodulation. We 
also tested the possibility that HIF-1α stabilization could keep 
MSCs in an undifferentiated, “stem-like” state that permits 
them to retain their reparative properties for a longer dura-
tion (28). However, screening qPCR analyses to determine 
if HIF-1α stabilization upregulated-specific genes involved 
in maintaining an undifferentiated MSC phenotype (Oct4, 
TWIST) were unable to detect a significant difference com-
pared with unstimulated MSCs (Figure S1 in Supplementary 
Material). Finally, HIF-1α stabilized MSCs may be modulating 
the survival and function of other cell types that are known to 
be present in the injured lung such as alveolar epithelial cells, 
endothelial cells, neutrophils, and macrophages. These other 
potential mechanisms remain the focus of ongoing and future 
investigations.

While we used a small molecule, AKB-4924, to stabilize 
HIF-1α in MSCs there are other potential methods that could 
be used to achieve this goal. Previous studies have used hypoxic 
preconditioning (i.e., growing MSCs under hypoxic conditions) 
to augment HIF-1α expression. In addition, genetic editing could 
be applied to MSCs in order to inactivate the prolyl hydroxylase 
enzymes responsible for HIF-1α degradation under normoxic 
conditions. However, genetic editing may carry an increased risk 
of malignant transformation of MSCs due to sustained dysregu-
lation of HIF-1α expression, particularly since HIF-1α has been 
implicated in tumor development and invasiveness (29–31). 
In this regard, the use of AKB-4924 affords the advantage of 
stabilizing HIF-1α for a defined time period that is determined 
by its own half-life. For acute inflammatory processes, such as 
lung injury due to bacterial pneumonia, even transient stabiliza-
tion of HIF-1α can lead to significant beneficial outcomes as we 
observed.

In summary, stabilization of HIF-1α in MSCs, with the use of 
AKB-4924, significantly boosts MSC-derived therapeutic capac-
ity in an E. coli model of bacterial pneumonia. Mechanistically, 
this may be due, in part, to improved MSC survival under 
cyto toxic conditions. This study and other recent publications 
suggest that strategies to stabilize HIF-1α should be incorporated 
into MSC-based clinical trials for critically ill patients with lung 
injury.
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Pertussis or whooping cough, mainly caused by Bordetella pertussis, is a severe

respiratory disease that can affect all age groups but is most severe and can be

life-threatening in young children. Vaccines against this disease are widely available

since the 1950s. Despite high global vaccination coverage, the disease is not under

control in any country, and its incidence is even increasing in several parts of the

world. Epidemiological and experimental evidence has shown that the vaccines fail

to prevent B. pertussis infection and transmission, although they are very effective

in preventing disease. Given the high infection rate of B. pertussis, effective control

of the disease likely requires prevention of infection and transmission in addition to

protection against disease. With rare exceptions B. pertussis infections are restricted to

the airways and do not usually disseminate beyond the respiratory epithelium. Therefore,

protection at the level of the respiratory mucosa may be helpful for an improved control

of pertussis. Yet, compared to systemic responses, mucosal immune responses have

attracted relatively little attention in the context of pertussis vaccine development. In

this review we summarize the available literature on the role of mucosal immunity in the

prevention of B. pertussis infection. In contrast to vaccination, natural infection in humans

and experimental infections in animals induce strong secretory IgA responses in the

naso-pharynx and in the lungs. Several studies have shown that secretory IgA may

be instrumental in the control of B. pertussis infection. Furthermore, studies in mouse

models have revealed that B. pertussis infection, but not immunization with current

acellular pertussis vaccines induces resident memory T cells, which may also contribute

to protection against colonization by B. pertussis. As these resident memory T cells are

long lived, vaccines that are able to induce them should provide long-lasting immunity.

As of today, only one vaccine designed to induce potent mucosal immunity is in clinical

development. This vaccine is a live attenuatedB. pertussis strain delivered nasally in order

to mimic the natural route of infection. Due to its ability to induce mucosal immunity it is

expected that this approach will contribute to improved control of pertussis.

Keywords: pertussis, secretory IgA, tissue-resident memory T cells, mucosal vaccine, live attenuated vaccine

INTRODUCTION

Whooping cough, also referred to as pertussis, is a severe respiratory disease that can be life
threatening in newborns and non-vaccinated young children. The disease can also occur in
older children, adolescents and adults. Although it is usually not fatal in these age groups, it
represents a risk of various serious complications, including pneumothorax, and rib fractures
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(1). The main causative agent of whooping cough is Bordetella
pertussis (2), a gram negative coccobacillus which is able to
colonize the human upper respiratory tract by attaching to
the ciliated cells. Other Bordetella species, such as Bordetella
parapertussis (3) and Bordetella holmesii (4), can cause diseases
similar to pertussis, albeit usually with much less severe
symptoms than typical whooping cough caused by B. pertussis.

It is estimated that whooping cough causes globally around
200,000 deaths per year and more than 24 million new pertussis
cases in children younger than 5 years were reported in 2014
(5), in spite of the wide usage of efficacious pertussis vaccines
(6). Although the pertussis incidence has dramatically decreased
since the first introduction of these vaccines (7), whooping
cough remains a major global public health problem, mostly in
resource-poor countries. However, surprisingly, its prevalence is
also strongly increasing in westernized countries (8), especially
since the switch from the first-generation, whole-cell vaccines to
the new-generation, acellular pertussis vaccines. Several reasons
may account for this resurgence, including faster waning of
immunity through acellular compared to whole-cell vaccines and
potential strain adaptation to escape vaccine-induced immunity
(9). Although the use of the current pertussis vaccines have
certainly led to a spectacular reduction in whooping cough
disease incidence, the vaccines did not appear to interrupt the
circulation of B. pertussis in susceptible populations, and several
studies have shown that symptom-less carriage of B. pertussis
in adults is more common than previously appreciated (10–14).
In fact, asymptomatic transmission may be a major driver of
the resurgence of pertussis in highly vaccinated populations, as
suggested by mathematical modeling studies (15). Studies with
non-human primates have shown that both the whole-cell and
acellular vaccines provide strong protection against pertussis
disease, but none of them prevents infection by B. pertussis (16).
Therefore, it seems logical to assume that optimal control of
pertussis requires the use of vaccines that prevent both whooping
cough disease and infection by B. pertussis. Only vaccines that
prevent or strongly limit infection of a causative infectious agent
will induce sufficient herd immunity to eventually eradicate the
respective disease.

MUCOSAL IMMUNE RESPONSES

INDUCED BY B. PERTUSSIS INFECTION

B. pertussis as a Strictly Mucosal Pathogen
B. pertussis is known to be mainly an upper respiratory
tract pathogen, but lower respiratory tract infections can
also occur, especially in severe pertussis cases (2). However,
dissemination outside of the respiratory tract is almost unheard
of. Disseminated B. pertussis infection has only rarely been
described and has been seen exclusively in severely immune-
compromised individuals (17). In mice B. pertussis also remains
in the respiratory tract and disseminates to other organs, such
as liver and spleen, only in mice with severe immune defects,
such as IFN-γ-receptor deficient mice (18). It is therefore
likely that the local immunity in the respiratory tract may be
important for the control of B. pertussis infection. Yet, today,

all commercially available vaccines are given parenterally and do
not induce local immune responses. Systemic immune responses
have been extensively studied in several models [summarized
in the review by (19)], whereas comparatively little is known
about the role of local immune responses in the control of
whooping cough. Unlike immunization with current pertussis
vaccines, infection with B. pertussis appears to induce sterilizing
immunity in the airways of non-human primates (16) and it
is conceivable that this is linked to a potent mucosal immune
response to the infection. Strong IL-17 induction was seen in the
nasopharyngeal washes 5–7 days after B. pertussis infection of
baboons (20). This was paralleled by the strong induction of IL-6
and IL-23 in convalescent baboons and followed by the increase
in Th-17-associated chemokines and cytokines, such as GCSF,
important for neutrophil differentiation, IL-8, MCP-1, and MIP-
1a, important for the regulation of influx of various cell types
involved in the clearance of respiratory pathogens. In mice IL-17
has been shown to also play an important role in the production
of secretory IgA (sIgA) in the mucosal lumen by the induction of
the poly-Ig receptor on the basal side of the epithelial cells (21, 22)
and by facilitating the recruitment of B cells upon infection (22).
However, mucosal IgA responses could not be measured in the
nasopharyngeal washes of B. pertussis-infected baboons, due to
the lack of suitable antibodies that can recognize baboon IgA. The
source of the mucosal IL-17, innate cells or CD4+ Th17 cells, has
also yet to be determined in the convalescent baboons.

Secretory IgA Responses Induced by

Infection With B. pertussis
In humans B. pertussis infection has long been shown to lead
to potent anti-B. pertussis IgA production in nasal secretions
(23). They appear during week 2–3 of illness and can often
still be found when the B. pertussis organism can no longer be
recovered. They can persist for several months after the onset
of symptoms, but usually decline to low levels after 6 months.
Anti-B. pertussis sIgA from nasal washes and serum IgA of
convalescent patients have been shown to inhibit adherence of
B. pertussis to human respiratory epithelial cells (24). These
antibodies are preferentially induced during convalescence and
much less so after vaccination. In addition to inhibiting B.
pertussis adherence to epithelial cells, anti-B. pertussis IgA from
convalescent subjects can also enhance B. pertussis uptake by
human polymorphonuclear leukocytes in vitro via the myeloid
IgA receptor FcαRI (CD89) and lead to subsequent bacterial
killing (25). However, this study was done using serum IgA, and
it remains to be seen whether similar observations can be made
with sIgA.

The effect of IgA on the course of infection by B. pertussis
has been investigated by the use of IgA-deficient mice (26).
Surprisingly, when wild type or IgA-deficient mice were
intranasally challenged with 5× 105 colony-forming units (CFU)
of virulent B. pertussis, similar amounts of CFUs were recovered
for both mouse strains from the lungs, trachea, and nasal cavities
at each time point, up to 105 days post-inoculation, suggesting
that IgA plays no critical role in clearing B. pertussis from the
murine respiratory tract. Furthermore, a first infection by B.
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pertussis appeared to protect wild-type and IgA-deficient mice
alike against a secondary infection in the lungs, trachea, and
the noses, suggesting that IgA is not required neither to prevent
a secondary infection of the upper and lower respiratory tract
of B. pertussis-primed mice. Interestingly, this is in contrast to
Bordetella bronchiseptica infections, for which IgA appeared to
play a critical role in protection of the upper, but not of the
lower respiratory tract. However, these findings are in conflict
with recent data obtained from mice vaccinated with BPZE1,
a live attenuated nasal pertussis vaccine (27). BPZE1 is a B.
pertussis TohamaI derivative containing mutations in its genome
that eliminate or inactivate three major B. pertussis toxins:
tracheal cytotoxin, dermonecrotic toxin, and pertussis toxin
(PTx) (28). In contrast to vaccination with acellular pertussis
vaccines, nasal administration of BPZE1 protects mice against
nasal as well as lung colonization by virulent B. pertussis, and
BPZE1-induced protection in the nose was strongly diminished
in IgA-deficient mice (27). The reasons for these conflicting
findings are not clear, but the most important difference between
the two studies is the use of a virulent B. pertussis in the
former and of an attenuated strain in the latter study. As the
attenuated strain lacks two toxins and produces inactive PTx,
could it be that one or several of these toxins produced by
the virulent strain overrides the need for IgA? Whether this
or other technical differences between the two studies may
explain the different outcomes between them remains to be
investigated.

In humans, there is no published evidence so far that IgA
deficiencymay be associated with enhanced B. pertussis infection.
However, epidemiological studies addressing specifically B.
pertussis infection are scarce, and most studies focus on pertussis
disease. It may thus very-well be possible that IgA deficiency
increases the likelihood of being infected by B. pertussis, without
necessarily impacting on pertussis disease, against which other
immune mechanisms, such as PTx neutralization by serum IgG,
may be at play.

Local Cellular Responses Induced by

Infection With B. pertussis
In addition to mucosal antibodies, especially sIgA, B. pertussis
infection also induces cellular immune mechanisms in the
airways (see Figure 1). As such, neutrophils, and macrophages,
but also CD4+ T cells, and γδ T cells infiltrate the lungs of
mice after B. pertussis infection (29). Neutrophils may kill
phagocytosed bacteria, but their role in early B. pertussis
clearance from the respiratory tract has not been established
(30), although they may be important at later stages of the
infection via induced opsonizing antibodies. Furthermore,
PTx produced by B. pertussis during infection inhibits
neutrophil recruitment into the lungs, which may delay the
clearance of the organism by opsonizing antibodies (31),
suggesting that they are important at certain stages of the
infection, and that B. pertussis uses its toxin to subvert its
neutrophil-mediated elimination. Airway macrophages may
also contribute to clearance of B. pertussis, as their depletion
in mice by the administration of liposome-encapsulated

clodronate enhanced the infection despite the influx of
neutrophils (32).

For obvious reasons detailed data on local immune cell
responses to B. pertussis infection in humans are not available,
but they have been studied in mice. B. pertussis-specific CD4+ T
cells can be detected in the lungs of mice∼3 weeks post-infection
and have been shown to secrete IFN-γ and/or IL-17 (33, 34). IFN-
γ-deficient mice show a higher bacterial burden and clear the
infection later than wild-type mice (35), indicating an important
role of this cytokine in the control of B. pertussis infection.

At least some of these B. pertussis-specific IFN-γ- and/or IL-
17-producing CD4+ T cells that can be found in the mouse
lungs after infection may be tissue-resident memory T (Trm)
cells, as characterized by the expression of CD44, CD69, and/or
CD103 and the lack of expression of CD62L. These cells reside
only in peripheral tissues and do not re-circulate. When induced
by a first encounter with a pathogen at a mucosal site, they
respond rapidly to a second infection with the same organism.
Wilk et al. (36) have shown that CD4+CD69+ and/or CD103+ T
cells are indeed induced in the lungs of mice upon B. pertussis
infection, and their increase in numbers was associated with
B. pertussis clearance. These cells persisted for several months
in the lung tissues and expanded rapidly and significantly in
situ upon re-infection. They produced IFN-γ and/or IL-17, and
were thus of the Th1 and Th17 type, although most of the
cells were of the Th17 type. The specific role of Trm cells can
be examined in mice by a treatment with the sphingosine-1-
phosphage receptor agonist FTY720 (fingolimod), an inhibitor
of lymphocyte migration from the lymph nodes to the mucosal
tissues (37). Upon treatment with FTY720, the only T cells
present in the mucosa are almost exclusively Trm cells. When
mice were treated with FTY720, primary infection with B.
pertussis was significantly prolonged, whereas the drug had no
effect on the course of a secondary infection (36), suggesting
that the locally residing T cells developed during the primary
infection and rapidly expanding during the secondary infection
play a critical role in clearance of the secondary infection. This
was confirmed by the adoptive transfer of the lung CD4+ T cells
from convalescent mice to naïve, sub-lethally irradiated mice,
which significantly reduced the bacterial burden after infection of
these mice with B. pertussis. This was not seen when lung CD4+

T cells from naïve mice were transferred.
In addition to CD4+ Trm cells, B. pertussis infection also

leads to the expansion of γδ Trm cells in the lungs of mice
(38). Although γδ T cells are usually involved in innate immune
responses, they can also mount antigen-specific responses,
feature memory-like phenotypes and express CD69 and/or
CD103, like CD4+ Trm. IL-17-secreting γδ T cells appear in
the lungs of B. pertussis-infected mice within hours after aerosol
exposure, providing an early innate source of IL-17. Their
frequency then rapidly declines and rises again 1 week later.
The cells of the first wave are predominantly Vγ4−γ1− cells,
whereas those of the second wave are Vγ4+ cells. In the presence
of antigen-presenting cells, but not in their absence, these latter
cells respond in vitro to B. pertussis antigens by the secretion
of IL-17. Moreover, they further expand upon re-infection with
B. pertussis, suggesting that the primary infection had induced

Frontiers in Immunology | www.frontiersin.org January 2019 | Volume 9 | Article 3068299

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Solans and Locht Pertussis Mucosal Immunity

FIGURE 1 | Cellular immune responses and induction of sIgA by B. pertussis infection. B. pertussis infection induces innate immune cell (such as neutrophils and

macrophages) activation, as well as IFN-γ-producing and IL-17-producing T cells. The Th-17 T cells are instrumental for sIgA production. The infection also results in

resident memory T cells (γδ and CD4+ T cells).

memory γδ T cells that persist for prolonged periods of time in
the lungs. However, to what extend these cells contribute to the
control of B. pertussis infection has not yet been established.

As these Trm cells are induced by infection but not by acellular
pertussis vaccination, their induction may be linked to long-
lived immunity, as seen after natural infection in contrast to
immunization with pertussis vaccines, especially with acellular
vaccines (39). However, recent data indicate that intranasal
administration of acellular pertussis vaccines formulated with
TLR2 and STING agonists is also very effective in inducing IL-
17-secreting Trm cells and long-term protection against nasal
colonization by B. pertussis (40).

Transcriptomic analyses of B. pertussis-infected mouse lungs
showed that already 4 h post-infection, the gene expression
profile started to change. The changes were maximal 14 days
post-infection, after which the profile slowly returned to basal
levels (41). As could be expected, acute phase responses and
chemotaxis were observed at the early time points, followed by
innate immune responses, phagocytosis, complement activation,
antigen processing, and presentation, and finally genes involved
in the adaptive immune responses at later time points.
Infection induced the expression of cytokine and chemokine
genes involved in chemotaxis, cell recruitment, and Th1/Th17
responses, as well as genes coding for membrane receptors,
including Fc receptors, pIgR, and mucosal homing receptors,
B-cell receptor signaling and antibody formation.

Infection by B. pertussis also induces local regulatory T cell
responses in mice (42). These cells secret high levels of IL-10

and suppress Th-1 responses in the lungs, which may lead to
subversion of protective immunity against B. pertussis and may
also limit inflammatory pathology in the lungs (43).

PERTUSSIS VACCINATION VIA MUCOSAL

ROUTES

Since natural B. pertussis infection induces potent mucosal
immune responses and sterilizing immunity, in contrast to
immunization with currently available vaccines, and since
infection provides longer lasting protection than vaccination, it
seems logical to use the mucosal, especially the nasal route to
vaccinate against B. pertussis colonization and disease. Attempts
to explore the mucosal routes for vaccination against pertussis
have been undertaken in humans and in mice and have initially
been focused on the oral route.

Oral Vaccination Against Pertussis
One to three oral administrations of a killed B. pertussis
suspension to newborn babies were well-tolerated and able to
induce agglutinating serum antibodies (44). It is not known
whether this immunization regimen inducedmucosal antibodies,
especially in the nasal cavity, nor whether it effectively protected
these newborns against B. pertussis infection and disease.
However, in a subsequent study, oral immunization of newborn
infants with a whole-cell pertussis vaccine was shown to result
in a rise in anti-B. pertussis antibody titers in saliva, and these
antibody titers were higher in the saliva than in the serum
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(45), indicating the induction of mucosal immune responses.
A study involving more than 20,000 newborns, who received
orally 1012 killed bacterial cells on days 2, 3, 4, and 5 after
birth confirmed that oral immunization with whole-cell pertussis
vaccines induces serum and mucosal antibodies in the saliva
against B. pertussis antigens (46). Although there was a lower
frequency of pertussis disease in the orally vaccinated compared
to the non-vaccinated children during the first year of life, this
difference disappeared after the first year.

With the advent of recombinant DNA technologies, several
bacterial vectors that can be administered orally have been
engineered to produce individual protective B. pertussis antigens,
mostly those antigens that are components of the acellular
pertussis vaccines, such as PTx, filamentous hemagglutinin
(FHA), and pertactin. Live attenuated Salmonella strains have
been extensively evaluated as recombinant vehicles for the
presentation of heterologous antigens to the mucosal immune
system by oral administration. The B. pertussis pertactin gene
has been successfully expressed in a Salmonella typhimurium aro
vaccine strain (47). Oral vaccination with this strain resulted
in a significant decrease of B. pertussis burden in the lungs
after aerosol infection, as compared to non-vaccinated mice,
or mice that had received the non-recombinant Salmonella
strain. However, antibody levels to pertactin were undetectable
after vaccination with the recombinant Salmonella strain, but
were slightly higher after challenge than for the non-vaccinated
mice, suggesting that the vaccination had primed the antibody
response. Antibodies against FHA could however be detected
after the oral administration of a recombinant Salmonella dublin
aroA mutant (48). Both anti-FHA serum antibodies, including
IgA, as well as anti-FHA IgA in gut wash fluids could be readily
detected after feeding mice with the recombinant strain. Another
study has shown that feeding of mice with a recombinant FHA-
producing S. typhimurium aroA mutant or invasive Escherichia
coli strain resulted in the appearance of anti-FHA IgA in the
bronchoalveolar lavage fluids (49).

PTx is a complex multimeric protein composed of five
different subunits [for review see (50)]. It is a protective antigen
and included in all pertussis vaccines. Monoclonal antibodies
directed against the S1 subunit of PTx (PTxA) have been
shown to have strong protective potential in mouse models
(51). Therefore, the S. typhimurium aroA and the invasive E.
coli strains were also engineered to produce PTxA (52). Oral
administration of these strains again resulted in high anti-PTxA
antibody titers in the serum and anti-PTxA IgA in the lung
lavages. However, the protective potential of these recombinant
Salmonella and E. coli strains against B. pertussis challenge had
not been addressed in any of these studies. Protection has been
evaluated, however, against a recombinant S. typhimurium aroA
mutant producing all five PTx subunits. Although this strain
induced significant anti-PTx antibodies, it failed to protect mice
from B. pertussis challenge (53).

In addition to attenuated pathogenic bacteria commensal
bacteria, such as Streptococcus gordonii, have also been tested
as delivery vehicles of B. pertussis antigens. A recombinant S.
gordinii strain that presents PTxA on its surface via the transport
by the Streptococcus mutantsmajor surface protein P1 was found

to elicit sIgA against PTx in the saliva and bronchoalveolar lavage
fluids of mice upon oral feeding (54). However, again, protection
was not assessed in this study.

In addition to mucosal delivery via recombinant bacterial
vectors, B. pertussis antigens can also be formulated in
nanoparticles to stabilize the antigens and to prevent degradation
during transit through the digestive tract. When FHA and
inactivated PTx were entrapped in poly-lactide-co-glycolide
(PLG) nanoparticles and delivered orally multiple times to
mice, T-cell responses were induced, as evidenced by IL-5, and
low levels of IFN-γ secretion by splenocytes stimulated with
FHA or PTx (55). However, the levels of these responses were
highly variable between the animals. Orally immunized mice also
induced antigen-specific IgA in the lungs, but their levels were
not higher than those induced with the same antigens in solution.
When the mice were aerosol challenged with virulent B. pertussis,
a certain level of protection was observed, which was slightly
stronger in the mice immunized with the encapsulated antigens.
Although these studies provide a proof of concept that oral
immunization may induce protective immunity to B. pertussis,
at least in mice, strong oral adjuvants are certainly needed to
enhance these responses.

Nasal Vaccination Against Pertussis
As B. pertussis is a respiratory pathogen, the induction of immune
responses in the respiratory tract may be more effective to protect
against this pathogen than oral immunization. The protective
effect of intranasal vaccination against pulmonary B. pertussis
infection in mice has already been shown in the 1940s (56, 57),
at a time when the first whole-cell vaccines started to come
in use and was suggested to be due to both systemic and
local immune responses induced by the vaccination. However,
intranasal vaccination with whole-cell vaccines provided no
protection in the intracerebral challenge model (58), the classical
mouse protection assays routinely used for the lot release of
whole-cell pertussis vaccines (59). One of the first studies to
administer pertussis vaccines via the respiratory tract to humans
was published by Gerald Thomas in 1975 (60). He administered
a whole-cell preparation by aerosol inhalation into the nostrils of
8 adult volunteers as a single dose. The aerosol vaccination was
well-tolerated, better than intramuscular whole-cell vaccination
in adults, and increased the IgA levels to B. pertussis antigens by
∼2-fold in the respiratory secretions, but it did not induce serum
antibody responses.

Human nasal vaccination with whole-cell pertussis vaccines
were more recently followed up by vaccinating six adult
volunteers, who had been immunized in their childhood, with
a whole-cell vaccine consisting of 250 µg of B. pertussis protein
in a 0.5ml volume, given four times at weekly intervals. The
nasal vaccine was overall well-tolerated and induced a significant
increase in nasal IgA, as well as systemic IgA and IgG to B.
pertussis antigens (61). The vaccination did not induce any
appreciable level of anti-PTx antibodies, except for one subject,
and only a modest increase in nasal anti-FHA IgA in five out
of the six individuals. Enhanced T-cell responses could also be
measured in these individuals, as evidenced by increased T-
cell proliferation to B. pertussis whole-cell extracts (62). All six
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individuals showed a >2-fold increase in T cell proliferation. All
vaccines also responded to FHA and four out of the six responded
to PTx with a significant rise in T cell proliferation. Although
there was no significant correlation between the concentrations
of specific serum IgG and T cell proliferation, a significant
correlation was found between T cell proliferation, and sIgA
in the nasal fluids to whole-cell extracts. Whether intranasal
vaccination with whole-cell pertussis vaccines indeed protects
humans from B. pertussis infection and whooping cough disease
remains unknown so far.

Protection against B. pertussis infection through nasal
vaccination using defined antigens has been evaluated in mouse
models. However, purified soluble antigens are usually poorly
immunogenic when delivered nasally. Therefore, they have to be
combined withmucosal adjuvants to elicit strong antigen-specific
sIgA responses. Some of the most potent mucosal adjuvants are
cholera toxin (CT) and E. coli heat-labile entertoxin (LT). These
toxins are A-B toxins, in which the A subunit carries an enzymatic
activity whereas the B moiety is responsible for the toxin binding
to its receptors. As the CT B subunit has adjuvant properties even
in the absence of the A subunit, a hybrid protein was constructed
consisting of two copies of PTxA fused to the C-terminal portion
of CTA and to CTB (63). This chimeric toxin induced anti-PTx
serum IgG and mucosal IgA in the bronchoalveolar lavage fluids,
the saliva, and vaginal washes after 6 intranasal immunizations
with each 25 µg of the purified hybrid toxin. The serum anti-
PTx antibodies were able to neutralize PTx action on Chinese
Hamster Ovary cells. When the immunizedmice were challenged
with virulent B. pertussis, the bacterial counts in the lungs were
more than 10-fold lower than in the non-vaccinated mice 7 days
after challenge.

Instead of genetically fusing B. pertussis antigens to CTB
or LTB, detoxified CT, or LT can also be mixed with acellular
pertussis vaccines to enhance immunogenicity when given
nasally. This was shown in a murine study, in which an acellular
pertussis vaccine was mixed with genetically inactivated LT and
given nasally twice at a 4-week interval (64). This resulted
in enhanced antigen-specific serum IgG and sIgA, as well as
local and systemic T-cell responses, and was associated with
accelerated clearance of B. pertussis bacteria from the lungs after
challenge.

Interestingly, whereas the addition of enzymatically inactive
LT clearly enhanced protective immunity to acellular pertussis
vaccine given nasally, this was not the case when whole-cell
vaccines were mixed with CT and administered nasally up to four
times to mice. Neither the levels of serum IgG or IgA, nor of IgA
in saliva or bronchoalveolar lavage fluids to B. pertussis extracts
were enhanced by the addition of CT (65). Instead, the IgA
levels were significantly reduced when CT was given intranasally
together with whole-cell pertussis vaccine. This may be due to
the fact that whole-cell pertussis vaccines are already potent
immunogens and have intrinsic adjuvant activity when given
nasally (66) and/or that CT is toxic to the mucosal membrane of
the respiratory tract (67). Furthermore, CTB and LTB may cause
Bell’s Palsy (68), which precludes their widespread use in humans.

However, potent immune responses to B. pertussis antigens
can also be induced nasally when the vaccines are formulated

with different adjuvants. When the cationic polysaccharide
chitosan was combined with FHA and genetically detoxified
PTx and administered intranasally, high serum IgG, and sIgA
levels in lung lavages and nasal washes were observed to both
antigens and were considerably higher than when the two
antigens were given without chitosan (69). Other nasal adjuvants
are onjisaponins from the roots of Polygala tenuifolia. When
onjisaponins were given nasally together with a pertussis vaccine,
a significant increase in serum IgG, and nasal IgA levels to B.
pertussis antigens were seen compared to the pertussis vaccine
alone (70). However, the effect of these adjuvant formulations
on protection was not examined in any of the two studies.
CpG-containing oligodeoxynucleotides have also been shown to
enhance systemic and local antibody responses to PTx, FHA, and
pertactin when administered nasally and increased the protection
against B. pertussis challenge in mice (71), as did the addition of
poly[di(sodium carboxylatophenoxy)phosphazene] (72).

More recently, bacterium-like particles (BLP) based on the
food-grade bacterium Lactococcus lactis have been explored
for intranasal vaccination (73). These BLP are generated by
the treatment of L. lactis with hot acid, which retains the
peptidoglycan matrix, and therefore the shape of the organism.
Whenmixed with an acellular pertussis vaccine and administered
intranasally, these particles strongly increased the serum IgG
titers to the B. pertussis antigens and elicited B. pertussis-specific
IgA responses in the nasal washes. This was associated with
a significant level of protection compared to mice that were
intranasally vaccinated with the acellular pertussis vaccine in the
absence of BLP.

Outer membrane vesicles (OMV) are yet another promising
approach for respiratory immunization. Ten years ago, Roberts
et al. (74) showed that intransal administration of OMV
prepared from B. pertussis and containing among others surface
antigens, PTx, adenylate cyclase toxin, and lipooligosaccharide,
to mice resulted in significant protection against pulmonary
colonization by virulent B. pertussis upon intranasal challenge.
More recently, aerosol vaccination with B. pertussis OMV
has been shown to provide superior protection against B.
pertussis challenge than subcutaneous vaccination with the same
OMV, especially in the trachea and in the nose (75). Aerosol
vaccination with the OMVs led to pulmonary anti-B. pertussis
IgA, IgA-producing plasma cells, and Th17 cells in the lungs,
as well as a rapid induction of pro-inflammatory cytokines
and chemoattractants, such as IL-6 and CXCL10. Spray dried
OMV with improved stability especially at high temperatures
delivered twice by aerosol have also been shown to provide
protection against B. pertussis colonization of the lungs, trachea,
and nasal cavity (76). Importantly, the spray dried formulation
was more protective in the nose than the same OMV in a liquid
formulation.

Although some of these novel avenues show promise
as mucosal vaccine candidates against pertussis disease and
infection, none of them have yet entered clinical evaluation. So
far, the most effective way to induce protective immunity against
B. pertussis infection and disease is infection itself, as seen in
both mouse and non-human primate studies (16). Furthermore,
immunity induced by natural infection is longer lasting than
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that induced by immunization (39). These observations have
led to the concept of live attenuated pertussis vaccines. The
first live attenuated vaccine candidate was an aroA mutant of
B. pertussis (77). This strain did not persist in the lung and
induced protection against challenge after repeated intranasal
administrations. A more recent aroQ mutant of B. pertussis
persisted longer than the aroA mutant and provided protection
against challenge already after a single nasal administration
(78). A different strategy to engineer a live attenuated pertussis
vaccine was based on the genetic elimination or inactivation
of PTx, tracheal cytotoxin, and dermonecrotic toxin, which
led to the vaccine candidate BPZE1. This vaccine candidate
is highly attenuated, even in immune-compromised hosts,
yet very immunogenic, and protective in mice after a single
intranasal administration [for review see (79)]. Recently it was
also shown to be immunogenic in baboons and to elicit high
levels of IgG and IgA against PTx, FHA, and pertactin and
to protect these baboons from severe pertussis induced by
challenge with a very high dose of a highly virulent B. pertussis
clinical isolate (80). Furthermore, upon challenge with this
highly virulent isolate it reduced the overall bacterial burden by
99.998% over the non-vaccinated animals. BPZE1 is the most
advanced novel pertussis vaccine candidate and has successfully
completed phase I trials, where it was found to be safe in
young human adults, able to transiently colonize the human
nasopharynx, and to induce antibodies to PTx, FHA, pertactin
and fimbriae after a single nasal administration (81). This
vaccine candidate is currently entering a clinical phase II trial.
Humanmonocyte-derived dendritic cells in vitro stimulated with
BPZE1 were shown to polarize T cells toward a Th17 response
(82).

In mice a single nasal administration of BPZE1 protected
against challenge colonization of both the lungs and the
noses, whereas two administration of 1/5 of a human dose
of an acellular vaccine only induced protection in the lungs,
but not in the nose (27). In addition, only BPZE1 induced
B. pertussis-specific sIgA in the nasal cavity, and transfer
of the nasal IgA was able to protect recipient mice against
nasal colonization after B. pertussis challenge. These protective
nasal IgA were not produced when poly-Ig-receptor-deficient
mice were vaccinated with BPZE1, indicating that they were
genuine sIgA. Furthermore, IgA-deficient or poly-Ig-receptor-
deficient mice were much less protected by BPZE1 against nasal
colonization by virulent B. pertussis, illustrating the critical role
for IgA, and its secretion into the nasal cavity in protection.
Moreover, protection against B. pertussis infection of both the
lungs (83) and the noses (27) was long lived. BPZE1 also
induced CD4+CD69+CD103+ Trm cells in the nasal mucosa
of mice, and these cells produced high levels of IL-17, but also
appreciable levels of IFN-γ. The important role of IL-17 in the
protection against nasal colonization by virulent B. pertussis
was demonstrated by the fact that IL-17-deficient mice were
no longer protected by intranasal vaccination with BPZE1 and
also produced lower levels of sIgA than the wild-type mice

after BPZE1 administration. Thus, BPZE1 protects mice against
nasal infection by virulent B. pertussis via an IL-17-dependent
sIgA-mediated mechanism.

CONCLUDING REMARKS

B. pertussis is a strictly respiratory pathogen, mainly found
attached to the ciliated cells of the upper respiratory tract. Yet,
routine vaccination is done parenterally, inducing circulating
antibodies, and systemic cell-mediated immunity. Local mucosal
immunity is not induced by the current vaccination regimens,
which is likely the main reason why pertussis vaccination fails
to control B. pertussis infection and only induces at best modest
herd immunity. The fact that in many countries, in which high
coverage with acelullar vaccines containing pertactin is achieved,
pertactin-deficient B. pertussis strains are increasingly isolated
(84–86), most likely due to vaccine pressure, suggests that some
degree of anti-infection immunity is induced by some acellular
vaccines. However, this is not sufficient to effectively control
B. pertussis circulation even in highly vaccinated populations.
It is most likely that local immunity is required for effective
protection against infection by B. pertussis. Potent local antibody
and T-cell responses are indeed induced upon natural infection
in humans and experimental infection in mice and non-human
primates. Since infection induces sterilizing immunity, these
responses are likely to play a critical role in infection control.
Several attempts have been made in both humans and animal
models to induce local immunity by vaccination via the oral
or nasal route. However, none of them have reached the stage
of mass vaccination regimens. With a deeper understanding
on protective local immunity, as it has emerged over the
years, mucosal, especially nasal vaccination has recently attracted
interest again, especially by using novel approaches, such as
nasal delivery of live attenuated B. pertussis vaccines. One
such candidate, BPZE1, is currently in clinical development
and shows promise for providing durable local immunity and
improved control of pertussis. It will of course be important
to know whether nasal vaccines such as BPZE1 will protect
against infection by the various B. pertussis clades currently
circulating, as allelic variations of protective antigens have been
proposed to contribute to the current pertussis resurgence in
several countries. Furthermore, the effect of maternal antibodies
transmitted to the offspring on immunity induced by mucosal
vaccines is not yet known. This is of particular importance, as
maternal immunization against pertussis is now recommended in
several countries, based on the high effectiveness of this strategy
to protect infants against severe pertussis in the first months of
life (87).
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Hematopoietic stem and progenitor cell (HSPC) compartments are altered to direct

immune responses to infection. Their roles during immunization are not well-described.

To elucidate mechanisms for waning immunity following immunization with acellular

vaccines (ACVs) against Bordetella pertussis (Bp), we tested the hypothesis that

immunization with Bp ACVs and whole cell vaccines (WCVs) differ in directing the

HSPC characteristics and immune cell development patterns that ultimately contribute

to the types and quantities of cells produced to fight infection. Our data demonstrate

that compared to control and ACV-immunized CD-1 mice, immunization with an

efficacious WCV drives expansion of hematopoietic multipotent progenitor cells (MPPs),

increases circulating white blood cells (WBCs), and alters the size and composition of

lymphoid organs. In addition to MPPs, common lymphoid progenitor (CLP) proportions

increase in the bone marrow of WCV-immunized mice, while B220+ cell proportions

decrease. Upon subsequent infection, increases in maturing B cell populations are

striking in WCV-immunized mice. RNAseq analyses of HSPCs revealed that WCV and

ACV-immunized mice vastly differ in developing VDJ gene segment diversity. Moreover,

gene set enrichment analyses demonstrate WCV-immunized mice exhibit unique gene

signatures that suggest roles for interferon (IFN) induced gene expression. Also observed

in naïve infection, these IFN stimulated gene (ISG) signatures point toward roles in cell

survival, cell cycle, autophagy, and antigen processing and presentation. Taken together,

these findings underscore the impact of vaccine antigen and adjuvant content on skewing

and/or priming HSPC populations for immune response.
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INTRODUCTION

Innate and adaptive immune cells originate from hematopoietic
stem cells (HSCs). Over an organism’s lifetime, long-term HSCs
(LT-HSCs) self-renew and generate short-term HSCs (ST-HSCs).
ST-HSCs give rise to myeloid and lymphoid progenitors that
differentiate into immune cells (1). Hematopoietic stem and
progenitor cell (HSPC) renewal, expansion, and differentiation
are tightly regulated to produce and maintain sufficient
blood cells (2). Cell–cell interactions, microenvironment
contributions, cytokines, and gene signature changes prompt
HSPC expansion (1, 3). During infection, this results from: (1)
direct pathogen interaction or signals that push differentiation
and/or mobilization or (2) a pull to replenish leukocytes required
for immune surveillance and clearing infection (4, 5). The
immune system critically relies on these events to produce
correct quantities and types of cells required for response
to pathogens and stress (6). At sites of infection, innate and
adaptive arms of the immune system work synergistically to
clear infection and/or prevent recurrence. Long-term immunity
is maintained by antigen-specific memory B and T cells.
Recent evidence suggests that innate immune cells also provide
long-term immunity independently (7–9).

While HSPCs direct immune responses to infections,
little is known about their significance in immunization-
induced immunity (10–17). Kaufmann et al. demonstrated
that Bacillus Camette-Guerin (BCG) vaccination “educates”
HSPCs to form components of innate immunity responsible
for long-term immune protection from tuberculosis (9). Herein,
we demonstrate that vaccine composition influences HSPC
frequency by eliciting a unique transcriptional landscape that
impacts both innate and adaptive immunity. Recent re-
emergence of pertussis, a highly contagious respiratory infection
caused by the Gram-negative bacterial pathogen Bp, prompted
our use of a pertussis model to investigate the roles of HSPCs
in vaccine efficacy. Immunization strategies were altered from
the use of highly efficacious whole cell vaccines (WCVs), such
as DTP, to acellular vaccines (ACV) (DTaP/tdap) in the 1990s.
Evidence suggests that recent increases in pertussis cases are
due in part to waning ACV protection (18–20). Epidemiological
data indicate that when ACVs prevent disease, they may fail to
completely prevent infection or transmission (18, 19). Without
enhanced vaccines, pertussis incidence is expected to continue to
rise, given that a greater proportion of the population over time
will only be ACV-immunized. Because WCVs offer longer-lived
protection (21), comparisons regarding how immune responses
to ACV and WCV differ, including impact on HSPCs, may
provide insight for next generation ACVs that are safe and
efficacious.

To investigate the role of vaccine content on influencing
HSPCs, it is essential to consider known components of each
pertussis vaccine. Despite differences in overall antigenic content,
WCVs, which are inactivated entire Bp organisms, and ACVs,
which contain purified components of Bp, share some common
antigens: pertussis toxin (PT), filamentous hemagglutinin (FHA),
pertactin, and fimbriae. ACVs contain aluminum hydroxide,
which contributes to a T helper (Th)2-polarized response.

Conversely, lipo-oligosaccharide (LOS) in WCVs promotes
Th1/Th17 responses (22) despite DTP combined vaccines’
inclusion of alum. Little is known regarding the influence of
the components of pertussis vaccines on HSPCs. Enzymatically
active PT can induce HSC mobilization by blocking G protein
function (23), but it is inactivated in ACVs and present only
in low concentrations in WCVs (unpublished observations).
Additionally, alum, which is present in ACVs and some WCVs,
is known to induce granulopoiesis (24) while LOS, present only
in WCVs, stimulates TLR4 signaling known to induce HSPC
expansion in bone marrow (25).

In the present study, we tested the hypothesis that vaccine
composition determines immune response by HSPCs. To do so,
we assessed the impact ACVs and WCVs on HSPC expansion,
differentiation, and downstream peripheral immune response.
We demonstrate that WCVs (1) induce HSPC expansion,
priming them for antigen processing and presentation, (2)
increase extramedullary hematopoiesis providing stores of
immature immune cells released by the spleen upon infection,
and (3) prime HSPCs for rapid B cell maturation upon
subsequent Bp challenge. We also show that ACVs have little
impact on HSPCs. This knowledge provides insights into
methods by which immune responses to ACVs andWCVs differ,
thus introducing a novel area of study that may explain in part
why waning immunity occurs with ACVs.

METHODS

Mouse Models
Phosphate buffered saline (PBS), 1/5th human dose of
INFANRIX (GSK) human vaccine (DTap/ACV), or 1/5th
human dose of National Institute for Biological Standards
and WHO International Standard Bp vaccine (NIBSC 94-532)
(WCV) were used to immunize 5-weeks-old female CD-1
mice (Charles River) by intraperitoneal injection (Table S1).
Anesthetized mice were infected by intranasal administration
of 2 × 107 colony forming units (CFU) of Bp strain UT25 (26)
in 20 µl of PBS. Bp was handled using standard biosecurity
and institutional procedures necessary for the use of a BSL-2
microorganism. These procedures were approved by the West
Virginia University Institutional Biosafety Committee (protocol
17-11-01). Post-vaccination and challenge, organs/tissues
were extracted in sterile conditions from mice euthanized
by pentobarbital injection as recommended by the Panel on
Euthanasia of the American Veterinary Medical Association.
Cardiac puncture blood was collected. Serum was separated
by centrifugation using Microtainer blood collection tubes
(BD). Trachea and lungs were homogenized to determine
bacterial burden. For Bp burden in the nares, 1ml of PBS
was flushed through the nares. Serial dilutions in PBS were
plated on Bordet Gengou (BG) Agar containing 15% sheep’s
blood and streptomycin (100µg/ml). Bone marrow extraction
was performed by flushing RPMI media (ATCC) + 10% fetal
bovine serum (FBS) (Sigma) through mouse femurs. Cells were
pelleted by centrifugation (500 g) and red blood cell lysis was

performed by incubating cells in 1ml 1X BD PharmLyse
TM

(BD
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Biosciences) for 2min at 37◦C. Cells were washed in 1X PBS
containing 2% FBS and prepared for flow cytometry. Spleens
were dissociated by being passed through a 70µm mesh filter in
5ml RPMI media (ATCC) + 10% FBS (Sigma) with the aid of
a syringe plunger. Cells were pelleted by centrifugation (500 g)
and red blood cell lysis was performed by incubating cells in

1ml 1X BD PharmLyse
TM

(BD Biosciences) for 2min at 37◦C.
Cells were washed in 1X PBS containing 2% FBS and prepared
for flow cytometry. This study was reviewed and approved by
the West Virginia University Institutional Animal Care and Use
Committee (protocol Damron 14-1211).

Complete Blood Counts and Histology
Complete peripheral blood (PB) counts were analyzed using
a Drew Scientific Hemavet 950. Briefly, a portion of PB
from the cardiac puncture was collected using Microtainer
blood collection tubes (BD) with a K2EDTA additive. After
thorough mixing within the K2EDTA containing tube, blood was
transferred to a 1.5ml microcentrifuge tube and run on the Drew
Scientific Hemavet 950. For tissue histology, tibias and spleens
were fixed in formalin, embedded in paraffin blocks, sectioned,
and stained with hematoxylin and eosin (H&E).

Flow Cytometry
Following Fc receptor blocking in PBS containing 2% FBS, 1 ×

106 cells were incubated in antibody for 1 h at 4◦C in the dark.
Cells were then washed 2 times with PBS, and resuspended in
fluorescence-activated cell sorting (FACS) buffer. Flow cytometry
antibodies (listed in Table S2) were chosen to acquire a broad
understanding of how different vaccine compositions influence
the development of both innate and adaptive immune cells. FACS
analyses were performed on BD LSRFortessa or FACSAria III
cytometers. Data was analyzed using FlowJo_V10.

Cytokine Analysis
Spleen homogenates were pelleted by centrifugation (1,000 g for
5min). Collected supernatant was stored at−80◦C until analysis.
Concentrations of cytokineswere determined by quantitative
sandwich immunoassays, Meso Scale Discovery (Rockville, MD)
V-PLEX Proinflammatory Panel (K15048G-1).

Isolation of RNA, Illumina Library
Preparation, and Sequencing
RNA was prepared immediately using RNeasy purification kits
(Qiagen) and quantified using Qubit 3.0 (ThermoFisher). RNA
integrity was assessed using Agilent BioAnalyzer RNA Pico
chip. Samples were submitted for Ribo-zero rRNA depletion
(Illumina) and reassessed for RNA integrity. Samples were
processed into libraries by the Ovation RNA-Seq System v2
(NuGEN) protocol. Quality control was performed on libraries
using the KAPA qPCR QC assay (KAPA Biosystems). Libraries
(36 total) were sequenced on an illumina HiSeq 1500 at the
Marshall University Genomics Core facility, 2 × 50 bp resulting
in ∼16M reads per sample. Sequencing data was deposited
to the Sequence Read Archive (reference number SRP130256,
BioProject number PRJNA430726).

RNAseq Bioinformatic Analyses
Reads were analyzed using CLC Genomics Workbench 9.5.
Default settings were used for mapping reads against the
GRCm38musmusculus genome. Fold changes in gene expression
and statistical analyses were performed using Extraction of
Differential Gene Expression (EDGE) test on p-values. Venn
diagrams and gene set enrichment were established using Venny
2.1 (27) and PANTHER, respectively. Significant data was
determined by FDR (<0.05). In Ingenuity Pathway Analysis
(IPA), significant genes (p < 0.05) were uploaded into software
and datasets were compared across immunization and challenge
conditions. IPA’s Upstream Regulator analytic was utilized to
identify upstream transcriptional regulators.

Immunoglobulin and B- and T-Cell
Receptor Profiling
B cell clones were identified using MiXCR software
(MiLabratory) (28), capable of generating quantitated clonotypes
of immunoglobulins. Reads were merged using concatenation
and imported into MiXCR software and aligned to each other to
generate clonotypes based on Variable (V), Diversity (D), and
Joining (J) (VDJ) segment regions of unique immunoglobulins
specific to each sample. Clone data was grouped based on
vaccine received and time point. Clonotypes were separated
into T and B cells based on T-cell receptor or B-cell receptor
specific sequences. Prepared data files were imported into
VDJtools (MiLabratory) for data representation as previously
described (29).

Statistical Analysis
Results are depicted asmean± SEM. Excluding RNAseq statistics
described above, all other statistical analyses were performed
using two way ANOVAs and Tukey’s multiple comparisons.
GraphPad Prism software was used for statistical analysis.

RESULTS

Vaccine Content Determines Peripheral
Immune Response to Bp Challenge
To investigate how vaccine impact on HSPCs contributes to
immunity to pertussis in CD-1 outbred mice, we utilized a
vaccination and challenge workflow (Figure 1A) for profiling
immune responses after primary and boost immunizations as
well Bp challenge. Five-weeks-old mice were immunized with
PBS (vehicle control), ACV, or WCV (Table S1), boosted, and
subsequently challenged with Bp. Although ACVs wane in
immune protection over time in humans (18–20), short-term
experiments in mice show similar initial clearance of bacterial
burden in sites of respiratory infection (lung, nasal wash, and
trachea) in both groups (Figure 1B) with 1/5th human doses.
Serological analysis of Ig(A+G+M) indicates that only the
ACV induces detectable anti-PT, whereas both the ACV and
WCV induce anti-FHA. As expected, the LOS-containing WCV
induces production of anti-LOS (serology data not shown).

To demonstrate consistency of our model with other groups,
we assessed PB cell counts. Pertussis causes leukocytosis in
humans, rodents, and baboons (30–32), andWCV immunization
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FIGURE 1 | Vaccine content determines PB immune response to Bp challenge. (A) The workflow for immunization and infection schedules of 5-weeks-old female

CD-1 mice is represented. Mice were immunized with phosphate buffered saline (PBS), Bp acellular vaccine (ACV), or Bp whole cell vaccine (WCV) and infected with 2

× 107 CFU UT25 Bp. Immune responses in mice were evaluated at 1 and 3 days after immunization, boost, and infection. (B) Bp bacterial burden was measured in

lung, nasal wash, and trachea of mice (n = 4–8/group for each time point) by counting CFUs produced 3 days after plating and incubating serial dilutions of

homogenates on BG containing streptomycin (100µg/ml) at 37◦C. (C) White blood cell counts were measured (n = 5–6/group for each time point) on a Drew

Scientific Hemavet 950 at days 1 and 3 post-immunization and days 1 and 3 post-infection **p < 0.01; ***p < 0.001. (D) Differential white blood cell counts measured

on days 1 and 3 post-immunization are represented. *p < 0.05; 2-way ANOVAs with Tukey’s multiple comparisons. Bars extend to represent minimum to maximum

values, while the line represents the mean.

has been shown to also result in leukocytosis (33). Our WCV-
immunized mice exhibit increases in white blood cells at
day 3 post-immunization when compared to PBS and ACV-
immunized mice. WBCs increase again following subsequent
infection (day 1) (Figure 1C) in WCV-immunized mice.
Increases in WBCs are attributed to increased myeloid
cells, particularly neutrophils and monocytes (Figure 1D).
Mimicking Bp infection, our WCV immunization model induces
leukocytosis in response to immunization. These data directed
our attention to upstream events leading to WBC responses.

WCV Content Alters the Size and
Composition of Peripheral Lymphoid
Organs
To determine how each vaccination further effects the periphery,
evaluations of lymphoid organs were performed. Two major
lymphoid organs, which defend the body against invading
pathogens include the thymus and the spleen. Thymus and spleen
weights were recorded throughout our experimental schedule.
Though only minor differences occur between vaccination
groups in thymus weight and cell population proportions (data
not shown), spleen sizes (Figure S1A), and weights (Figure 2A)
increase progressively post-immunization with the WCV when
compared to other groups. Cell counts following RBC lysis
confirm increased spleen cellularity in WCV-immunized mice

(data not shown). Spleens then decrease dramatically and rapidly
in size and weight (2.45-fold) upon Bp infection (Figure S1A and
Figure 2A), suggesting that cells migrate from the spleen to sites
of infection. Similarly, naïve infected mice also exhibit decreases
in spleen weight (1.94-fold) upon infection, but this occurrence
is delayed when compared to WCV-immunized mice. Naïve
mice exhibit a reduction in spleen weight 3 days post-infection,
whereas WCV-immunized mice exhibit reduced spleen weight
at 1 day post-infection. By day 3 post-infection spleen sizes
are beginning to increase again in WCV-immunized mice. Flow
cytometric analysis of splenocytes revealed that CD11b+GR-
1+ myeloid cell proportions (Figure S1B and Figure 2B) are
significantly increased in WCV-immunized mice, suggesting
that they contribute to increased spleen size. CD11b+GR-
1+ cells comprise a heterogeneous population of myeloid
cells including myeloid progenitors, immature macrophages,
immature granulocytes, and immature dendritic cells (34).

WCV-immunized mice display proportional decreases in
splenic CD3e+ T cells (post-immunization day 3, post-boost
day 3, and post-infection day 3 and B220+ B cells (post-boost
days 3 and 12) (Figures 2C,D). To determine if proportional
decreases were due only to reflect the increased myeloid cells in
the spleen, total B and T cells were assessed in the spleen at days
1 and 3 post-immunization and post-infection (Figures S1C,D).
Total B cells do not differ between groups post-immunization. T
cell proportional decreases in WCV-immunized mice, however,
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FIGURE 2 | WCV content induces alterations in the size and composition of peripheral lymphoid organs suggesting extramedullary hematopoiesis may occur. (A)

Spleen weights from CD-1 mice (n = 4/group for each time point) immunized with phosphate buffered saline (PBS), Bp acellular vaccine (ACV), or Bp whole cell

vaccine (WCV) were recorded at the indicated time points across the immunization and infection schedule. (B) CD11b+Gr-1+ cell proportions in the spleen

(n = 4/group for each time point) were measured by flow cytometric analysis. (C) CD3e+ cell proportions in the spleen (n = 4/group for each time point) were

measured by flow cytometric analysis. (D) B220+ cell proportions in the spleen (n = 4/group for each time point) were measured by flow cytometric analysis. (E)

Representative images were taken of H&E-stained spleen (n = 4/group) at 400X magnification. (F) IL-1β in spleen homogenate (n = 4/group) was measured by

quantitative sandwich immunoassays. G. Proportions of lineage−c-kit−Sca-1+ cells in the spleen (n = 4/group for each time point) were measured using flow

cytometric analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 2-way ANOVAs with Tukey’s multiple comparisons. Error bars are mean ± SEM values.

are due in part to a decrease in total T cells at day 3 post-
immunization. Upon subsequent infection (day 3), however,
CD3e+ T cells are present in higher proportions and total

numbers in the spleen in PBS and WCV-immunized mice
when compared to ACV-immunized mice (Figure S1C and
Figure 2C). Interestingly, as myeloid cell proportions become
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similar to PBS and ACV-immunized mice following infection,
both T and B cells are increased in total number in the spleen. To
further elucidate to impact of immunization formulation on cell
population dynamics and cellularity in the spleen, H&E staining
of spleen cross sections (day 3 post-vaccination) were performed.
This examination of histology confirms hypercellularity and
increases in myeloid cells, including megakaryocytes, occurs
in WCV-immunized mice when compared to other groups
(Figure 2E).

Parallel to increases in myeloid cell proportions in the spleens
of WCV-immunized mice, on post-immunization day 3, we
observed a significant increase in splenic IL-1β production
(Figure 2F). IL-1β, which is produced by myeloid cells, enhances
lymphocyte processes such as antigen-primed CD4 and CD8 T-
cell expansion, differentiation, and migration to the periphery as
well as memory (35, 36). Additionally, on post-immunization day
3, when compared to PBS and ACV groups, WCV-immunized
mice exhibit larger proportions of splenic Lineage−Sca-1+c-
Kit− cells (Figure 2G), which have been described as lymphoid
progenitor cells that expand in the spleen upon infection,
preferentially maturing into B cells (37, 38). Taken together,
these data suggest that extramedullary hematopoiesis, which
can occur due to mobilization of bone marrow HSPCs to the
spleen (39, 40), is expanded in WCV immunizations. Evidence
gathered from kinetics of immature cell population changes
in the spleen suggest that bone marrow HSPC compartment
composition may play a role in splenic immune response to
vaccination.

WCV Immunization Induces MPP
Expansion in the Bone Marrow
All groups evaluated have a similar level of cellularity in
the bone marrow following infection as evidenced by H&E
staining of lengthwise cross-sections of tibia (Figure 3A) and
total cell counts (data not shown). Flow cytometric analysis
of bone marrow HSPCs demonstrates that Lineage-Sca-1+c-
Kit+ (LSK) cell proportions increase in WCV-immunized
mice when compared to PBS and ACV-immunized mice
(Figures 3B,C). Interestingly, naïve mice elicit robust delayed
LSK expansion upon Bp challenge (Figure 3B). Further analysis
of LSK cells in WCV and naïve challenge indicate that the
expanded LSK are CD48+CD150− multipotent progenitor cells
(MPPs) (Figure 3D). To gain insight into how proportions
of these progenitors change among groups when compared
to proportions of other populations, LT-HSC, ST-HSC, MPP,
common lymphoid progenitor (CLP), common myeloid
progenitor (CMP), granulocyte monocyte progenitor (GMP),
and megakaryocyte erythrocyte progenitor (MEP) bone marrow
populations were analyzed to be presented as parts of the whole
HSPC compartment (Figure 3E). Major differences in HSPC
proportions occur across vaccine groups. WCV-immunized
mice exhibit large proportions of MPPs upon initial vaccination
(day 1) and boost (day 1) that become reduced with time after
each incidence (day 3 post immunization and boost), while
ACV-immunized mice exhibit MPP proportions only slightly
larger than those of PBS control (day 1 post-immunization,

day 1 post-boost). It is evident that WCV-immunized mice
post-vaccination (day 1) highly resemble naïve infection (PBS)
post-challenge (day 3).

WCV Immunization Primes Bone Marrow
HSPCs for Rapid Maturation of Developing
B Cells Upon Subsequent Infection
In WCV-immunized mice, Lineage−Sca-1−c-kit+ (LK) cell
proportions are decreased upon boost and infection when
compared to other groups (Figure 4A). Further analysis
into the cell populations that comprise LK cells revealed a
proportional decrease within WCV-immunized mice in MEP
populations post-immunization (day 3) and post-infection (day
1) (Figures 4C,D). Regarding lymphoid progenitors, an increase
in CLP proportions upon infection is observed in WCV-
immunized mice (Figure 4C). Aside from B cells, no mature
populations evaluated differed across groups (data not shown).
B220+ cell proportions, however, were reduced significantly in
WCV mice post-immunization (day 3) and post-boost (day 3)
(Figure 4C). Interestingly, post-infection (day 3), B220+ cells
in WCV-immunized mice showed signs of robust maturation
processes (Figure 4E). Our data indicate that HSPC expansion
in response to immunization and infection is a dynamic process,
which prompted us to investigate the transcriptomic profiles of
HSPCs to better understand the mechanisms and systems driving
observed responses.

RNAseq Analysis of Developing VDJ
Recombination in HSPCs
To characterize gene expression profiles of HPSCs in relation to
immunization and challenge, HSPCs were isolated from the bone
marrow of mice upon immunization and infection. Isolated RNA
was converted into libraries for Illumina platform sequencing.
We obtained expression data for ∼60% of all encoded murine
genes across all experimental groups (Table S3) indicating robust
transcriptomic analysis. Since differential expansion of bone
marrow B cell populations occurs in response to immunization
(Figure 4), we hypothesized that B cell population dynamics
coincide with differential VDJ recombination developing within
HSPCs. VDJ recombination and somatic hypermutation during
B cell development and affinity maturation are responsible for
diversity of antigen-recognizing B cell receptors (BCRs). Highly
variable complementarity determining region 3, which plays
a critical role in antigen specificity and binding affinity, is
located at the VDJ junction BCR heavy chains (41). Mapped
reads were analyzed with MiTCRx and VJRtools to identify
immunoglobulin sequences, building libraries of clonal types.
Figure 5A shows resulting B cell repertoires for all immunization
and infections conditions. Spectral plots show that both ACV
and WCV immunization influence clonal populations compared
to naïve (PBS) mice. Post-immunization (day 3), these clone
repertoires return to a state more similar to naïve mice. Upon
infection, the clone repertoires diversify and it becomes difficult
to distinguish naïve infected or immunized groups. Investigation
of per clone diversity revealed that only the WCV group exhibits
enhanced amounts of any one clone. The IGKV15-103/IGKJ4
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FIGURE 3 | WCV immunization induces MPP expansion in the bone marrow. (A) Representative images of cross sections of tibia from CD-1 mice (n = 4/group for

each time point) immunized with phosphate buffered saline (PBS), Bp acellular vaccine (ACV), or Bp whole cell vaccine (WCV) and infected with 107 CFU Bp were

taken at 400X magnification. (B) Proportions of lineage−Sca-1+ckit+ (LSK) cells were evaluated in the bone marrow (n = 4/group for each time point) using flow

cytometric analysis. (C) Representative dot plots of the flow cytometric analysis from 3B are shown. (D) Representative dot plots from further gating on LSK

proportions to show CD48 and CD150 biexponential plot. (E) Hematopoietic stem and progenitor cell proportions were analyzed by flow cytometry and are

represented as parts of the whole. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 2-way ANOVAs with Tukey’s multiple comparisons. Error bars are mean ±

SEM values.

clone was enriched in HSPCs from WCV-immunized mice
and WCV-immunized mice that were subsequently infected.
We speculate that this clone may be responsible for anti-LOS

which is produced in high quantities in WCV-immunized mice.
Enlarged spectral plots with labeled clones can be found in
Figures S2–S4.
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FIGURE 4 | WCV immunization prepares HSPCs for rapid maturation of developing B cells upon subsequent infection. (A) Proportions of lineage−Sca-1+ckit+ (LK)

cells were evaluated in the bone marrow of CD-1 mice (n = 4/group for each time point) immunized with phosphate buffered saline (PBS), Bp acellular vaccine (ACV),

or Bp whole cell vaccine (WCV) and infected with 107 CFU Bp using flow cytometric analysis. (B) Proportions of megakaryocyte erythroid progenitors (MEPs) and

common lymphoid progenitors (CLPs) were evaluated in mouse bone marrow (n = 4/group for each time point) post-immunization and (C) post-infection by flow

cytometric analysis. (D) Proportions B220+ cells were evaluated in mouse bone marrow (n = 4/group for each time point) using flow cytometric analysis. (E)

Representative dot plots from further gating on cells from part D are shown. *p < 0.05; **p < 0.01; ****p < 0.0001; 2-way ANOVAs with Tukey’s multiple comparisons.

Error bars are mean ± SEM values.

Immunization and Infection Induces
Unique Gene Expression Profiles of HSPCs
RNA sequencing (days 1 and 3 post-immunization, and days
1 and 3 post-infection) demonstrates that HSPCs respond
to WCV-immunization by altering many immune response
gene signatures. WCV-immunized mice exhibit >19-fold
more differentially expressed genes when compared to
ACV-immunized mice (Figure S5A). The most enriched
of 18 significant gene signatures (fold change > 5) in
this WCV HSPC gene set include protein folding, antigen
processing and presentation, and response to interferons (IFNs)
(Figure S5B). Genes differentially expressed only in HSPCs of
ACV-immunized mice as well as genes differentially expressed in
both immunization groups yielded no significantly enriched gene
signatures.

Differential gene expression between vaccine groups upon
challenge with Bp reveals that 35 genes overlap all groups,
88 genes exhibit unique overlap of naïve infection (PBS-
immunized) and WCV, while 9 genes overlap ACV and
naïve infected mice (Figure S5C). Enrichment of 123 genes
differentially expressed in HSPCs from naïve infected mice that
do not overlap with other groups resulted in signatures involving
phagocytosis, complement, regulation of B cell activation,
defense response to bacterium, and innate immune response
(Figure S5D). Enrichment of genes uniquely overlapping
naïve infection and WCV-immunized, Bp-infected mice
produce similar defense response signatures (Figure S5E),
but additionally include MHC class I and II processing and
presentation and response to IFNs. No enriched pathways exist
for differentially expressed genes that overlap naïve infection
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FIGURE 5 | Vaccine content drives the transcriptional landscape of HSPCs. (A) Pairwise overlap circos plots of HSPC B cell clonal repertoires (n = 6mice/group) were

prepared using MiXCR software. Count, frequency and diversity panels correspond to the read count, frequency (both non-symmetric) and the total number of

clonotypes that are shared between samples. Pairwise overlaps are stacked, i.e., segment arc length is not equal to sample size. (B) A heatmap was prepared to

represent the top 50 differentially expressed genes downstream of IFNα, β, and/or γ across all immunization and infection groups. Day 1 for immunization and

infection is shown below the dark blue text, while day 3 is shown below the magenta text. Gene sets for the heatmap were prepared using IPA’s Upstream Regulator

analytic tool. RNA was pooled from 2 mice for each sample n.

and ACV-immunized, Bp-infected mice. Additionally no
enriched pathways exist for gene sets unique to WCV or ACV.
Analysis of 35 genes overlapping all infection groups presents
8 significant gene signatures that resemble those observed in
WCV immunization only (Figure S5F). Direct comparisons
of initial immunization to naïve infection reveal that gene
signature responses in HSPCs upon naïve infection resemble
those of WCV-immunized, non-challenged mice as well. These
include IFN response, MHC class I and II molecule production,
chaperone folding, and immunoproteasome formation (data
not shown), suggesting increased antigen processing and
presentation.

Further highlighting mechanisms driving these immune
responses, powerful algorithms and advanced analysis
capabilities available through IPA allowed for the identification
of transcriptional patterns that indicate a significant role

for IFN stimulated gene (ISG) expression in HSPCs from
WCV-immunized mice when compared to ACV-immunized
mice. Z-scores, used to infer the activation state of predicted
upstream transcriptional regulators, were increased in HSPCs
from WCV-immunized mice for upstream IFNα, IFNβ,
and IFNγ signaling when compared to ACV-immunized
HSPCs. Similar to immunization, naïve infection and
challenged WCV-immunized mice exhibited increased
activation of these pathways compared to ACV-immunized
mice. A heatmap displaying the top 50 differentially
expressed IFN (α, β, and γ) stimulated genes is shown in
Figure 5B.

Our proposed model for vaccine content influence on HSPCs
through IFN signaling pathways is described in Figure 6. Briefly,
we have propose that following vaccination with ACV, similar
to PBS—immunized mice, cytokines in the PB impact the bone
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FIGURE 6 | Proposed model for vaccination and infection effects on HSPCs and downstream immune response. Following vaccination with ACV, similar to PBS

(negative control) immunized mice, cytokines in the peripheral blood impact the bone marrow microenvironment to produce immune cells. Following vaccination with

WCV, IFNs are produced and circulate in the blood, impacting the bone marrow microenvironment, thereby directing an expansion of HSPCs. In addition to HPSC

proportional expansion, mature B cells decrease proportionally within in the bone marrow, while all other immune cells analyzed (T cells, macrophages, and

granulocytes) do not significantly change. Given that bone marrow cellularity remains similar to PBS and ACV immunization groups, we hypothesize that upon

production, select progenitors and differentiated cells move out of the marrow and into the peripheral blood where they migrate to the spleen. Upon subsequent

infection, HSPCs undergo expansion again and cells in the peripheral blood and spleen migrate to sites of infection to clear Bp. During naïve infection, a similar

process occurs. This model was created using BioRender.

marrow microenvironment to produce immune cells required
for homeostasis. Following vaccination with WCV, however,
we speculate that additional IFNs are produced and circulate
in the blood, impacting the bone marrow microenvironment,
thereby directing an expansion of HSPCs. In addition to HPSC
proportional expansion, we observe that mature B cells decrease
proportionally within in the bone marrow, while all other
immune cells analyzed (T cells, macrophages, and granulocytes)
do not significantly change. Given that bone marrow cellularity
remains similar to PBS and ACV immunization groups, we
hypothesize that upon production, select progenitors and
differentiated cells move out of the marrow and into the PB
where a subset of these cells migrate to the spleen. Upon
subsequent infection, HSPCs undergo expansion again and
cells in the PB and spleen migrate to sites of infection to
clear Bp. During naïve infection, a similar process occurs. We
propose that immune cell activation in the periphery results
in IFN signaling that reaches HSPCs of the bone marrow,
inducing ISG expression and influencing cell cycle, survival,
autophagy, and innate immune signaling pathways among
others.

DISCUSSION

Investigating the impact of altered HSPC populations following
immunization is imperative to advancing knowledge that will
inform the design of future vaccines. We have described
how content of pertussis vaccines influences HSPC population
kinetics and associated peripheral immune responses. While
WCVs or ACVs allow mice to clear short-term infection,
longevity of immune protection may reside in how HSPCs are
influenced following immunization. This includes the propensity
of these cells to undergo expansion and priming for future
infection responses. Our data indicate that LSK cell populations
are increased in the bonemarrow followingWCV immunization.
This phenomenon mimics how LSK cells are impacted in
response to naïve infection. HSPCs have the capacity to
differentiate into all types of immune cells, and their expansion
following immunization with an efficacious vaccine or naïve
infection correlates with immune cell population changes in the
PB and organs. Further investigation of the HSPC compartment
revealed that LSK expansion is largely due to an increase inMPPs.
Since MPPs support the generation of all types of mature blood
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cells, it is not surprising to find that cell populations of both
myeloid and lymphoid lineages are altered in the bone marrow,
blood, or spleen.

Lymphoid progenitor cell population increases in the bone
marrow and spleen following WCV immunization suggest that
greater proportions of B and T cells are undergoing early stages of
development following WCV immunization when compared to
PBS and ACV immunization. Furthermore, cytokines produced
by the multitude of myeloid cells in the blood and spleen
could impact the way in which these developing lymphocytes
differentiate. Future studies will include kinetics of B and T
cell development for several weeks following immunization.
Regarding immature myeloid cell population increases in the
spleen following immunization, these cells most likely produced
by extramedullary hematopoiesis, seem to act as a reservoir,
poised to move out to the respiratory tract upon subsequent
infection.

In revealing molecular mechanisms responsible for HSPC
alterations and downstream immune cell population changes
observed, transcriptional signatures from HSPCs isolated
from WCV immunization and naïve infection fall into
interesting immune-related gene families. Involved in autophagy,
immunoproteasome formation, molecular chaperone processes,
and class I and class II MHC molecule components, these
gene families suggest that HSPCs may be primed for antigen
presentation. Taken together with the dynamics of B cell
development and developing VDJ recombination within HSPCs,
these data support a role for HSPC involvement in influencing
long-term immune protection via impact on MHC class II
antigen presenting B cell development.

The most striking gene expression change observed in
infection andWCV immunization, but not acellular vaccination,
involves IFN-inducible genes (Figure 5B). Type 1 and 2
IFNs are known for inducing HSC proliferation, which
potentially explains bone marrow HSPC expansion (42–44).
Essers et al. showed that in response to IFNα treatment,
HSPCs exhibit increased Sca-1 and phosphorylation of STAT1
and PKB/Akt. Furthermore, they and others established that
STAT1 and Sca-1 mediate IFNα-induced HSC proliferation. We
speculate that signaling cascades downstream of IFNs, such
as mTOR, PI3K, MAPK, and NFκB pathways, which are all
affected in our datasets, influence HSPC frequency observed
in our models. Beyond impacting cell survival, proliferation,
and cell cycle, many IFN-regulated genes implicated in
our data are involved in immune response. The immunity-
related guanosine triphosphatase (IRG) family, for example,
has well-documented roles in clearing infection (45, 46).
Among other mechanisms, IRGs interfere with infectious
pathogens by disrupting phagocytic vacuoles during infection
(45, 46).

Of the IRG family, 47-kDa GTPases in mice include:
Irgm1, Irgm2, Ifi47, Tgtp1, Tgtp2, Igtp1, and Igtp2, all of
which are upregulated in naïve Bp infection and WCV
immunization against Bp. Genetic deletion of 47-kDa GTPases
severely impairs defense against many primarily intracellular
pathogens: Toxoplasma gondii, Trypanosoma cruzi, Leishmania
major, Listeria monocytogenes, Mycobacterium spp., including

Mycobacterium tuberculosis and Mycobacterium avium,
Salmonella typhimurium, and murine cytomegalovirus (46).
Host immune clearance of intracellular pathogens is relies
upon IFN-mediated cellular immunity(47). Though Bp
is primarily considered an extracellular pathogen, it has
also been shown to survive inside respiratory epithelial
cells, human polymorphonuclear leukocytes, and human
monocytes/macrophages (48–50). Moreover, Connelly et al.
provided evidence that INFγ-induced GTPases play a role
in PT-associated responses in the lungs during Bp infection
(51). Though IFNγ is responsible for many immune responses
(47), it has recently gained much attention in how it mediates
GTPases to eliminate pathogens that survive inside of a cell.
Mitchell et al. has reviewed the processes of immune clearance
of intracellular microorganisms that particularly involve IFNγ

GTPases (52). The two systems discussed (1) xenophagy and
(2) interferon-regulated GTPase promotion of the rupture
of pathogen-containing vacuoles and microbial degradation
are thought to participate in cross-talk that balances the
killing of pathogens within cells and inflammatory responses.
Beyond this, methods by which GTPases are involved in
protection against pathogens include: (1) trafficking from
the endoplasmic reticulum and Golgi to phagosomes, (2)
regulating survival of infected host cells, and (3) regulating
pools of effector lymphocytes (45, 46). It has been proposed
that when coupled with signals from Toll-like receptors, such
as those recognizing LOS, the p47 GTPase family provides an
enhanced sensory system for recognizing infectious agents as
well (53).

Regarding HSPCs, genetic deletion of Irgm1, for which
IRGM is a human ortholog, results in pancytopenia due to
inadequate cell expansion when challenged with mycobacterium
or T. cruzi (54, 55). Given that we observe high expression of
IRG genes during HSPC expansion and robust enrichment of
IFN- and STAT1-related genes in HSPCs of both naïve infection
and WCV immunization, it can be argued that IFN influence
on primitive hematopoietic cells is important in expanding
bone marrow HSPCs for the promotion of leukocytosis.
Feng et al. described an Irgm1 feedback mechanism in Th1
response that promotes antimicrobial function while limiting
detrimental effects of IFNγ on effector T lymphocyte survival
(56). Perhaps similarly, this and other GTPases upregulated in
HSPCs following infection andWCV immunization are involved
in peripheral expansion of immune effector cell populations
during downstream Th1 responses to intracellular pathogens.
Experts in the pertussis field often contribute WCV efficacy to
preferential production of Th1 responses to Bp (57–60). We
speculate that this is partly maintained by upregulated IRGs
within HSPCs.

Relevant to our data, IRGs are also implicated in B cell
maturation. IFNγ induces pre-B cells to exhibit surface
immunoglobulin (61). Simultaneously, IFN-inducible GTPases
increase in expression (61). We postulate that IFN signaling
during efficacious vaccination mimics naïve infection, leading
to various processes that impact HSPCs, including increased
IFN-induced GTPase expression, increased priming of cells for
antigen presentation, and skewed MPP and B cell maturation
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patterns. Similar to our studies, Kaufmann et al. found
IFN signaling to be essential to LSK expansion following
BCG vaccination. In their studies, it was needed to educate
macrophages to provide long-term innate immune protection.
Our work, together with additional studies in trained immunity
(7–9), demonstrates that understanding the mechanisms by
which IFN signaling may prime HSPCs to react to specific
pathogens once cells have matured is underappreciated,
offering a novel area of investigation regarding long-term
immunity.

We expect this work highlighting the importance of vaccine
content in influencing HSPC characteristics to provide new
insights for the development of future pertussis vaccines
as well as provide broad applicability to vaccine efficacy.
Acellular pertussis vaccines protect mice against challenge in
short term immunization/boost/challenge studies. Similarly, in
humans, DTaP performed well in short-term clinical trials
in Europe (62). However, with time it is clearly appreciated
that DTaP/Tdap immunity wanes. We appreciate that there
are substantial differences between murine models and human
hosts. In the present study, however, we aimed to characterize
HSPC expansion on the transcriptomic level. By identifying
biomarkers that can be measured as a function of HSPC
expansion, we may be able to develop protocols to better
monitor early events in immunization for the purpose of
developing vaccine formulations that induce longer term
memory.

We hypothesize that the use of adjuvants that induce
IFN responses and/or TLR4 signaling will enhance ACVs by
influencing HSPC priming and expansion. Our future work
with the use of rationally designed, functionally diverse lipid
A adjuvants (63) will provide answers as to how induction
of HSPC expansion in ACV-immunized mice may contribute
to downstream immune responses. Once we have elucidated
how these adjuvants may enhance vaccine-induced immunity in
mice and other animal models, we expect that this knowledge
will lead to improved ACV vaccines for use in humans.
Furthermore, in future studies we expect to determine how
pertussis immunization and subsequent infection impacts overall
HSPC health and longevity.
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Figure S1 | WCV induces alterations in spleen size and B and T cell population

composition. (A). Spleen sizes from CD-1 mice (n = 4/group for each time point)

immunized with phosphate buffered saline (PBS), Bp acellular vaccine (ACV), or

Bp whole cell vaccine (WCV) are shown in representative images for the indicated

time points across the immunization and infection schedule. (B). Representative

dot plots from flow cytometric analysis described in Figure 2B. (C). Total CD3e+

cells in the spleen (n = 4/group for each time point) were calculated by multiplying

the percentage of CD3e+ live cells (Figure 2C) in the spleen by total number of

live cells in the spleen. (D) Total B220+ cells in the spleen (n = 4/group for each

time point) were calculated by multiplying the percentage of B220+ live cells in the

spleen (Figure 2D) by total number of live cells in the spleen. ∗p<0.05; ∗∗p<0.01;
∗∗∗p<0.001; ∗∗∗∗p<0.0001; 2-way ANOVAs with Tukey’s multiple comparisons.

Error bars are mean ± SEM values.

Figure S2 | Enlargement of controls for the transcriptional landscape of HSPCs B

cell clonal repertoires. Pairwise overlap circos plots of HSPC B cell clonal

repertoires (n = 6mice/group) prepared using MiXCR software and shown in

Figure 5A were enlarged for viewing individual clones. Count, frequency and

diversity panels correspond to the read count, frequency (both non-symmetric)

and the total number of clonotypes that are shared between samples. Pairwise

overlaps are stacked, i.e., segment arc length is not equal to sample size.

Figure S3 | Enlargement of the post-immunization transcriptional landscape of

HSPCs B cell clonal repertoires. Pairwise overlap circos plots of HSPC B cell

clonal repertoires (n=6mice/group) prepared using MiXCR software and shown in

Figure 5A were enlarged for viewing individual clones. Count, frequency and

diversity panels correspond to the read count, frequency (both non-symmetric)

and the total number of clonotypes that are shared between samples. Pairwise

overlaps are stacked, i.e., segment arc length is not equal to sample size.

Figure S4 | Enlargement of the post-infection transcriptional landscape of HSPCs

B cell clonal repertoires. Pairwise overlap circos plots of HSPC B cell clonal

repertoires (n = 6mice/group) prepared using MiXCR software and shown in

Figure 5A were enlarged for viewing individual clones. Count, frequency and

diversity panels correspond to the read count, frequency (both non-symmetric)

and the total number of clonotypes that are shared between samples. Pairwise

overlaps are stacked, i.e., segment arc length is not equal to sample size.
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Figure S5 | Vaccine content determines gene set enrichment of HSPCs. RNAseq

was performed on HSPCs isolated from CD-1 mice on days 1 and 3 post

immunization with PBS, ACV, or WCV and on days 1 and 3 post subsequent

infection with Bp. (A) Venn diagram was prepared for significant differentially

expressed genes in HSPCs of ACV- and WCV-immunized mice when compared

to PBS control mice. (B) Gene signatures enriched (fold change>5) in the

WCV-immunized HSPC gene set are shown. (C) A Venn diagram was prepared

for significant differential gene expression in HSPCs from PBS-, ACV-, and

WCV-immunized and subsequently Bp challenged mice when compared to PBS

control mice. (D). Gene signatures enriched (fold change>5) in the PBS

vaccinated, Bp challenged HSPCs gene set are shown. (E) HSPC gene

signatures enriched (fold change>5) that overlap PBS vaccinated, Bp challenged

and WCV-immunized, Bp challenged mice are shown. (F). HSPC gene signatures

enriched (fold change > 5) that overlap all Bp challenged mice are shown. Venn

diagrams and gene set enrichment were established using Venny 2.1 and

PANTHER, respectively. Significant data was determined by FDR (<0.05).

Table S1 | Compositions of vaccines of this study.

Table S2 | Flow cytometry antibodies used in this study.

Table S3 | Summary of RNAseq performed in this study.
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Non-typeable Haemophilus influenzae (NTHi), a commensal organism in pre-school

children, is an opportunistic pathogen causing respiratory tract infections including acute

otitis media. Adults suffering from chronic obstructive pulmonary disease (COPD) are

persistently colonized by NTHi. Previous research has suggested that, in some bacterial

species, the intracellular elongation factor thermo-unstable (EF-Tu) can moonlight as a

surface protein upon host encounter. The aim of this study was to determine whether

EF-Tu localizes to the surface of H. influenzae, and if such surface-associated EF-Tu is a

target for bactericidal antibodies. Using flow cytometry, transmission immunoelectron

microscopy, and epitope mapping, we demonstrated that EF-Tu is exposed at the

surface of NTHi, and identified immunodominant epitopes of this protein. Rabbits

immunized with whole-cell NTHi produced significantly more immunoglobulin G (IgG)

directed against EF-Tu than against the NTHi outer membrane proteins D and F

as revealed by enzyme-linked immunosorbent assays. Chemical cleavage of NTHi

EF-Tu by cyanogen bromide (CNBr) followed by immunoblotting showed that the

immunodominant epitopes were located within the central and C-terminal regions of

the protein. Peptide epitope mapping by dot blot analysis further revealed four different

immunodominant peptide sequences; EF-Tu41−65, EF-Tu161−185, EF-Tu221−245, and EF-

Tu281−305. These epitopes were confirmed to be surface-exposed and accessible by

peptide-specific antibodies in flow cytometry. We also analyzed whether antibodies

raised against NTHi EF-Tu cross-react with other respiratory tract pathogens. Anti-EF-

Tu IgG significantly detected EF-Tu on unencapsulated bacteria, including the Gram-

negative H. parainfluenzae, H. haemolyticus, Moraxella catarrhalis and various Gram-

positive Streptococci of the oral microbiome. In contrast, considerably less EF-Tu was

observed at the surface of encapsulated bacteria including H. influenzae serotype b

(Hib) and Streptococcus pneumoniae (e.g., serotype 3 and 4). Removal of the capsule,

as exemplified by Hib RM804, resulted in increased EF-Tu surface density. Finally,

anti-NTHi EF-Tu IgG promoted complement-dependent bacterial killing of NTHi and

other unencapsulated Gram-negative bacteria as well as opsonophagocytosis of Gram-

positive bacteria. In conclusion, our data demonstrate that NTHi EF-Tu is surface-

exposed and recognized by antibodies mediating host innate immunity against NTHi

in addition to other unencapsulated respiratory tract bacteria.

Keywords: antibody response, elongation factor Tu (EF-Tu), epitope mapping, Haemophilus influenzae (Hi),

immunization, rabbit, opsonophagocytosis, serum resistance
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INTRODUCTION

The Gram-negative bacterium Haemophilus influenzae is
subdivided into two categories based on the presence of a
polysaccharide capsule; the encapsulated H. influenzae is
classified as serotypes a-f and unencapsulated non-typeable
H. influenzae (NTHi). Introduction of a vaccine against H.
influenzae type b (Hib) in the 1990s substantially reduced
Hib infections. NTHi is currently the most common cause of
Haemophilus infections in humans, and any vaccine against
NTHi does not exist. The bacterium is rarely invasive, causing
sepsis predominantly in the elderly or in patients with co-
morbidities (1). However, NTHi is commonly associated with
respiratory tract infections. Pre-school children, harboring
NTHi, Moraxella catarrhalis, and Streptococcus pneumoniae as
commensals, are at the highest risk. In this age group, NTHi
often causes acute otitis media (AOM) and sinusitis, occasionally
upon co-infection with the common cold viruses (2). In the
adult population, NTHi mainly infects and persistently colonizes
patients with chronic obstructive pulmonary disease (COPD)
(3). However, more virulent or antimicrobial-resistant sequence
types of NTHi, such as sequence type (ST) 14, can cause severe
sinusitis, bronchitis, and pneumonia in healthy adults (4).

Recent research, exploring prevention of NTHi infections, has
identified several protein-based NTHi outer membrane proteins
that potentially also can be used as vaccine candidates (5–7).
One example is the adhesin H. influenzae protein F that interacts
with the extracellular matrix proteins laminin and vitronectin,
the latter of which inhibits the terminal pathway of complement
activation (8, 9). Another example is Protein D, an enzyme with
glycerophosphodiesterase activity that is currently included as a
carrier protein in a 10-valent conjugated pneumococcal vaccine
(Synflorix R©) (10, 11).

Elongation factor thermo unstable (EF-Tu) is an essential
bacterial protein that constitutes up to 5% of the total cell content
(12). In E. coli, the genes tufA and tufB encode 40- to 45-kDa
EF-Tu proteins, each containing three structural domains and
varying only in their C-termini (13). EF-Tu, which binds various
guanosine-containing polyphosphates, functions in polypeptide
elongation with aminoacyl transfer RNAs and guanosine
triphosphate. Early studies have shown that EF-Tu is located at
the surface in E. coli (14). Subsequent studies have demonstrated
that EF-Tu is surface-exposed in other bacterial species, including
Gram-negative Acinetobacter baumanii, Borrelia burgdorferi
and Pseudomonas aeruginosa (15–17), and Gram-positive
Staphylococcus aureus and Streptococcus pneumoniae (18, 19).
Extracellular localization of the translation elongation factor 1
(Tef1) of Candida albicans, an ortholog of EF-Tu, has also been
reported (20).

Extracellular EF-Tu was initially considered a contaminant
from the cytoplasm due to its high abundance in the cell.
However, EF-Tu was eventually recognized as a moonlighting
protein playing several roles depending on the bacterial
species in question. In addition to EF-Tu, other proteins
initially identified as intracellular have been described to have
extracellular functions (21). EF-Tu-dependent interactions with
several host molecules have been verified both biochemically and

functionally. For example, P. aeruginosa, commonly infecting
chronic wounds and patients suffering from cystic fibrosis, uses
EF-Tu to attract human plasma proteins such as Factor H,
Factor H-like protein, and plasminogen, thereby manipulating
the activation of the alternative complement pathway (17).
Moreover, S. pneumoniae EF-Tu has been found to increase
bacterial survival in the presence of host components (19).
Extracellular matrix proteins represent other putative targets for
bacterial EF-Tu; Lactobacillus casei andMycoplasma pneumoniae
use EF-Tu as a receptor for fibronectin (22–24).

The moonlighting function of EF-Tu in exploiting the
endogenous inhibitors of the complement system represents
one of the strategies used by pathogens to evade host innate
immunity (17, 19). Evasion of the complement system is also
important for the pathogenicity of NTHi (25). However, the
host, unable to modify the innate defense system per se, also
relies on the adaptive immune system and the generation of
high-affinity antibodies. Production of a wide repertoire of
antibodies against bacterial proteins, such as EF-Tu, begins
in the first year after birth and continues throughout life as
a strategy to defend against intruding bacteria. Interestingly,
an immunoproteome analysis revealed that infection with
Shiga toxin-producing E. coli (STEC) significantly increased
levels of serum immunoglobulin G (IgG) directed against EF-
Tu (26). Sera from patients suffering from meningococcal
disease also contain higher concentrations of IgG against EF-Tu
(27).

Considering these findings, the present study sought to
determine whether EF-Tu is also present on the surface of
the respiratory pathogen NTHi. Moreover, we wanted to assess
whether an immune response against EF-Tu is elicited after
exposure to NTHi cells. We also determined whether anti-NTHi
EF-Tu IgG recognizes other bacterial species in the respiratory
tract microbiome.

RESULTS

Unencapsulated Haemophilus influenzae

Displays EF-Tu at the Cell Surface
To analyze whether H. influenzae carries EF-Tu at its cell
surface, we raised anti-EF-Tu polyclonal antibodies (pAbs)
by immunizing rabbits with manufactured recombinant EF-
Tu derived from H. influenzae. Rabbit pAbs, produced as a
result of an immune response elicited by recombinant EF-Tu,
readily detected EF-Tu on the cell surface of clinical NTHi
strains, albeit at different levels, as revealed by flow cytometry
(Figures 1A,B) and transmission immunoelectron microscopy
(TEM) (Figure 1C). In contrast to NTHi, encapsulated H.
influenzae type b (Hib) strain Eagan and harbored less surface-
exposed EF-Tu (Figure 1D). Hib MinnA carried, however, EF-
Tu to the same level as NTHi. Importantly, removal of the
capsule from Hib Eagan promoted exposure of EF-Tu, as
evidenced by the unencapsulated mutant Hib Eagan designated
RM804 (Figures 1E,F). These results suggested that mainly
unencapsulated H. influenzae, that is, NTHi contains antibody-
accessible EF-Tu on its outer membrane.
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FIGURE 1 | EF-Tu is present at the NTHi cell surface. (A) Rabbit antibodies raised against recombinant NTHi EF-Tu recognize different NTHi clinical isolates. NTHi (n

= 6) were analyzed by flow cytometry. Mean values from three independent experiments are shown and error bars represent standard error of the mean (SEM). (B)

Representative flow cytometry profiles of NTHi 3655 and KR334. (C) Localization of EF-Tu in NTHi 3655 and KR334 was analyzed by transmission electron

microscopy (TEM). (D) Encapsulated H. influenzae represented by H. influenzae type b (MinnA and Eagan) as compared to the non-encapsulated mutant H. influenzae

RM804 based upon Hib Eagan. (E) Representative flow cytometry profiles of Hib Eagan and the capsule mutant Hib RM804. (F) Surface concentration of EF-Tu on

Hib Eagan and RM804 as measured by TEM. Anti-EF-Tu IgG was used in all experiments. Antibodies were affinity purified from rabbits that had been immunized with

recombinant NTHi EF-Tu produced in E. coli. Flow cytometry analyses were performed using H. influenzae incubated with rabbit anti-EF-Tu IgG followed by secondary

FITC-conjugated goat anti-IgG pAbs. Background represents bacteria incubated with only the secondary antibody, and was defined as < 2% of positive bacterial

cells. Error bars indicate SEM. For TEM visualization, a gold-labeled secondary antibody was used.
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EF-Tu Is Highly Immunogenic in Rabbits

Immunized With Whole NTHi Cells
We next assessed the NTHi-induced immune response against
EF-Tu. Rabbits were immunized with heat-killed whole
NTHi bacterial cells 3655 and KR317, followed by enzyme-
linked immunosorbent assays (ELISAs) of pre-immune and
convalescent anti-NTHi sera against three different NTHi
antigens (Figure 2). Recombinant NTHi proteins F and D,
both of which are surface-exposed in NTHi and accessible
by antibodies, were used as positive controls, whereas an E.
coli lysate was included as a negative control representing
the expression host of recombinant NTHi proteins and
possible contaminants from E. coli (8, 10). Interestingly, in this
particular experimental model, recombinant EF-Tu seemed to be
immunodominant resulting in 2-fold more IgG directed against
EF-Tu than against proteins F and D.

The Immunodominant Epitopes of EF-Tu

Are Located Within Its Central and

C-Terminal Regions
Prokaryotic EF-Tu consists of three domains (12) (Figure 3A).
Several segments of EF-Tu are predicted in silico to be exposed
to the environment and to be antigenic, with the potential to
be targeted by host antibodies (Supplementary Figure 1). To
identify the immunodominant epitopes of H. influenzae EF-
Tu, we subjected recombinant NTHi EF-Tu purified from E.
coli to chemical cleavage by CNBr. This procedure resulted
in production of 4 major fragments with molecular weights
of 12, 13, 20, and 25 kDa (designated a to d in Figure 3B).
Cleaved EF-Tu was subjected to immunoblotting with rabbit
anti-EF-Tu pAbs (Figure 3C). Anti-EF-Tu IgG recognized full-
length recombinant EF-Tu (≈45.8 KDa) and the two larger
fragments. The 25- and 20-kDa EF-Tu fragments (a and b)
were subsequently isolated from the gel (Figure 3B) for peptide
fingerprinting and identification. These two fragments were
identified as spanning NTHi EF-Tu residues glutamate-128 to
arginine-334 (E128-R334) and E156-R334, respectively (Figure 3A,
lower panel). We hence concluded that rabbit serum recognized
the middle portion of EF-Tu, comprising the C-terminal part of
domain 1, the complete domain 2, and the N-terminal portion of
domain 3.

To further pin-point the target sequences of anti-EF-Tu
IgG, a series of synthetic peptides spanning the entire EF-Tu
molecule were synthesized (Figure 4A). Peptide epitopemapping
(Supplementary Figure 2) was performed using purified pAbs
from rabbits immunized with recombinant EF-Tu or sera
from rabbits immunized with whole NTHi. Semi-quantitative
dot blot analysis of anti-EF-Tu pAbs revealed that some
of the highest levels of reactivity were against peptides
ID 3, 9, 12, and 15 (Figure 4B; red bars and boxes),
corresponding to sequences EF-Tu41−65, EF-Tu161−185, EF-
Tu221−245, and EF-Tu281−305, respectively (Figure 4A and
Supplementary Figure 3). In contrast, serum from a rabbit
immunized with whole NTHi (Figure 2) mainly detected full-
length (native) EF-Tu (Figure 4B; blue bars).

FIGURE 2 | High concentrations of anti-EF-Tu IgG is produced in rabbits

immunized with whole NTHi. Mean values of anti-EF-Tu IgG levels are shown

for 4 rabbits that were immunized with 3 doses of whole-cell NTHi 3655 or

KR334. Sera were harvested 4 weeks after the last immunization, and

reactivity against recombinant affinity-purified EF-Tu, protein F, and protein D

was analyzed by ELISA using HRP-conjugated goat-anti rabbit antibodies. An

E. coli lysate was included as a negative control. Significance was assessed

using the Mann-Whitney U-test, and error bars indicate SEM.

Based on the results above, we delineated the potential
surface-exposed, antigenic parts of EF-Tu as indicated in
Figure 4C. To examine whether the regions corresponding to
sequences in peptide ID 3, 9, 12, and 15 were accessible within
the EF-Tu molecule on the bacterial surface, we analyzed NTHi
by flow cytometry using affinity-purified anti-peptide Abs. All
four immunogenic regions were readily detected by the peptide-
specific Abs (Figure 4D). Antibodies directed against peptide ID
12 resulted in the strongest signal that was comparable to the one
obtained with IgG against full-length recombinant EF-Tu. Taken
together, these data revelaed that the immunodominant epitopes
of surface-associated EF-Tu are accessible by the host humoral
immune system.

Anti-NTHi EF-Tu Antibodies Are

Bactericidal
The immune response elicited by immunization with
recombinant NTHi EF-Tu prompted us to test whether
antibodies directed against EF-Tu can induce complement-
dependent killing of NTHi cells. Following the pre-incubation
of bacteria with serum from rabbits immunized with
recombinant EF-Tu and the addition of an external
complement source, C3 deposition was analyzed by flow
cytometry (Figure 5A). Clear shifts were observed with EF-Tu
antiserum compared to control pre-immune serum samples,
suggesting initiation of the classical complement activation
pathway.

To validate the findings on C3 deposition, we also performed
serum bactericidal activity (SBA) assays. Affinity-purified Abs
directed against full-length EF-Tu and peptides ID 3, 9,
12, and 15 were incubated with NTHi followed by the
addition of complement. Approximately 40% of NTHi were
killed following incubation with antibodies directed against
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FIGURE 3 | Anti-EF-Tu antibodies mainly target a region comprising the EF-Tu C-terminal part of domain 1, the complete domain 2, and the N-terminal part of domain

3. (A) Schematic organization of EF-Tu domains 1–3. The 3-dimensional structure of EF-Tu is based upon PDB 1dg1 (28, 29). Methionine (M) residues where CNBr

cleavage can occur are indicated below the horizontal line. Fragments a and b represent two products of EF-Tu cleavage by CNBr, spanning glutamate-128 to

arginine-334 (E128-R334) and E156-R334 residues of EF-Tu. The green box indicates the experimentally determined immunodominant region of EF-Tu. (B)

Recombinant NTHi EF-Tu was digested with CNBr and subjected to analysis by SDS-PAGE and Coomassie staining to determine the fragmentation pattern. The

indicated cleaved bands a and b were in-gel trypsin digested, excised, and sequenced to identify the corresponding fragments depicted in (A). The CNBr-digested

EF-Tu was also subjected to Western blotting with affinity-purified rabbit anti-EF-Tu pAbs (C). Secondary HRP-conjugated anti-IgG pAbs were used for detection in

Western blot.

specific surface-exposed parts of EF-Tu (Figure 5B). The serum
bactericidal activity of the anti-peptide Abs, except for peptide
ID 15, was similar to that of IgG pAbs directed against
the full-length EF-Tu molecule. The combination of the four
anti-peptide antibodies did not, however, exhibit enhanced
efficacy relative to the individual antibodies. Taken together,
these data demonstrated that Abs directed against EF-Tu
trigger the innate immune defense resulting in complement
activation, as evidenced by C3b generation and bacterial
killing.

Anti-NTHi EF-Tu pAbs Recognize

Unencapsulated Respiratory Tract Bacteria

and Promote Antibody-Dependent Killing
Since anti-EF-Tu pAbs clearly recognized NTHi and
elicited a bactericidal effect (Figure 1, 5B), we subsequently

investigated whether the anti-EF-Tu pAbs could also recognize

other bacterial species with homologous EF-Tu proteins
(Supplementary Figure 3). Multiple Gram-negative and
Gram-positive bacterial species, including pathogens and
commensals, were subjected to flow cytometry analyses followed
by assessment of SBA or opsonophagocytosis. Anti-EF-Tu pAbs
detected EF-Tu molecules onH. parainfluenzae,H. haemolyticus,
and Moraxella catarrhalis, but did not bind encapsulated N.
meningitidis. Moreover, the anti-EF-Tu pAbs recognized various
unencapsulated Streptococci from the oral microbiome, but
not the encapsulated S. pneumoniae (Figure 6A). Finally, a
set of clinical Escherichia coli isolates (KR714-716) were not
detected by anti-EF-Tu IgG that was in bright contrast to the

unencapsulated laboratory strains E. coli BL21 and DH5α that
significantly carried EF-Tu at the surface.

Subsequent SBA assays revealed that antibodies against NTHi
EF-Tu promoted the killing of NTHi and unencapsulated Hib
RM804 (Figure 6B), but not of the encapsulated Hib Eagan
that did not have any surface-exposed EF-Tu. In addition,
H. haemolyticus, H. parainfluenzae, and M. catarrhalis were
targeted for antibody-dependent complement attack, but at
levels lower than NTHi and RM804 (Figure 6B). The effects of
anti-NTHi EF-Tu IgG against Gram-positive, unencapsulated S.
sanguinis, S. salivarius, and S. parasanguinis were also tested in
an opsonophagocytosis assay (OPA) using the phagocytic
cell line HL60 pre-activated with dimethylformamide.
Phagocytes exhibited significant killing activity against
the unencapsulated Streptococcus species, but not against
encapsulated S. pneumoniae (Figure 6C). Taken together, IgG
directed against NTHi EF-Tu recognized most unencapsulated
bacteria derived from the upper respiratory tract microbiome
and promoted EF-Tu IgG-dependent killing via SBA and
opsonophagocytosis.

DISCUSSION

We found that antibody-accessible EF-Tu is associated with
the surface of NTHi cells using flow cytometry and TEM
(Figures 1A–C). This is in agreement with previous observations
with other bacteria from the gastrointestinal and respiratory
tracts displaying surface-associated EF-Tu (15–19). Our findings
support the role of EF-Tu as a moonlighting protein that possibly
mediates interactions with the host extracellular matrix and
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FIGURE 4 | Four main immunoreactive epitopes are detected at the surface of EF-Tu. (A) Map of the synthetic peptides covering the EF-Tu protein sequence that

were used for epitope mapping. (B) The reactivity of anti-EF-Tu pAbs from rabbits (n = 4) immunized with recombinant EF-Tu, and of sera from rabbits immunized

with whole NTHi (3655 or 334) (n = 5) were tested against synthetic EF-Tu peptides using a dot blot (Supplementary Figure 2). Mean values obtained by scanning

densitometry are shown. (C) The surface-exposed peptides ID 3, 9, 12, and 15 are indicated on the model of the EF-Tu crystal structure (Protein Data Bank entry

1dg1). These peptides corresponded to EF-Tu41−65, EF-Tu161−185, EF-Tu221−245, and EF-Tu281−305. Peptides ID 9, 12, and 15 were located within the

CNBr-generated fragments indicated in Figure 4A. (D) Specific antibodies against peptides ID 3, 9, 12, and 15 recognize EF-Tu on the surface of NTHi 3655, as

revealed by flow cytometry. Mean values from 9 experiments are shown. The anti-peptide antibodies were affinity-purified from sera obtained from rabbits immunized

with full-length recombinant EF-Tu. Error bars indicate SEM. Representative flow cytometry results are shown for anti-peptide Abs directed against peptide ID 3 and

12. Flow cytometry analysis was performed using NTHi 3655 cells incubated with the anti-EF-Tu IgG or peptide-specific antibodies followed by secondary

FITC-conjugated pAbs. Background represents bacteria incubated with secondary antibody only.
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FIGURE 5 | Antibodies directed against EF-Tu are functional and induce bactericidal activity via complement activation. (A) C3 deposition was assessed in the

presence of rabbit antiserum against full-length EF-Tu. NTHi strains KR334 and 3655 were incubated with EF-Tu antiserum, and baby rabbit complement was used as

a complement source. Flow cytometry analysis was performed using a specific anti-C3 antibody. Pre-immune serum was used as a negative control. Mean values

from 6 experiments are shown. A representative flow cytometry profile is also shown. Background represents bacteria incubated with the secondary antibody only. (B)

Serum bactericidal activity (SBA) was performed to assess NTHi killing induced by anti-EF-Tu antibodies. Rabbit antibodies directed against full-length EF-Tu or

peptide ID 3, 9, and 12 significantly induced the classical pathway of complement activation in the presence of baby rabbit complement. Bacterial killing represents

differences between incubation with active or heat-inactivated baby rabbit complement. Control represents bacterial killing from baby rabbit complement with the

non-related anti-OprG pAb detecting a Pseudomonas aeruginosa outer membrane protein. Mean values from 5 separate experiments are indicated. Statistical

significances were calculated using the Mann-Whitney test. Error bars indicate SEM.

components of the innate immunity (21, 24). In conjunction with
previous reports, our observations underscore the importance of
EF-Tu surface exposure in bacterial fitness and virulence.

Considering the immunogenicity of surface-associated
EF-Tu in various mammalian hosts, we sought to identify
the immunodominant sequences and surface-exposed parts
of NTHi EF-Tu. Epitope mapping of NTHi EF-Tu based on
CNBr-fragmented EF-Tu and peptide libraries unveiled several
immunogenic regions, corresponding to peptides ID 3, 9, 12, and
15 (Figures 3, 4 and Supplementary Figure 2). The antigenic
properties of these peptide sequences were predicted in silico
by B-cell epitope analysis (Supplementary Figure 1A), and
was in concordance with our mapping data. Furthermore,
using bioinformatic analyses, these peptides were also
predicted to be accessible at the protein surface (Figure 4C
and Supplementary Figure 1). Surface accessible antigen

determinants or B-cell epitopes are crucial for an appropriate
antibody response (30), and these collective findings establish
peptides ID 3, 9, 12, and 15 as immunodominant sequences
of NTHi EF-Tu. Similarly, Kolberg et al. showed that a
monoclonal mouse IgG raised against pneumococcal EF-Tu
recognized EF-Tu domains 2 and 3 (31). In contrast, Pyclik
et al. recently studied EF-Tu from Streptococcus agalactiae and
found two sequences to be recognized by human antibodies;
28LTAAITTVLARRLP41 (slightly overlapping NTHi EF-Tu
peptide ID 3 on domain 1) and 294 GQVLAKPGSINPHTKF309

(corresponding to NTHi EF-Tu peptide ID 15). This discrepancy
could be due to hitherto unknown proteolytic processing events
on the bacterial surface (24). Interestingly, we found peptide
ID 3 to be the only peptide detected by both α-EF-Tu pAb
and the α-NTHi serum (Figure 4B). IgG antibodies directed
against peptide ID 3 provided, however, the weakest signal
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FIGURE 6 | Multiple bacterial species are recognized by NTHi anti-EF-Tu antibodies, but exhibit differential susceptibilities to antibody-mediated bactericidal activity.

(A) The indicated bacterial species were tested for detection by anti-NTHi EF-Tu pAbs using flow cytometry. Mean values from at least three different experiments are

shown. (B) Anti-EF-Tu IgG-dependent bactericidal activity against indicated Gram-negative species was tested using the SBA assay. For the SBA assay, the indicated

bacterial cells were combined with purified anti-EF-Tu IgG and baby rabbit complement, followed by determination of CFU after overnight incubation. Mean values

from 5 independent experiments are shown. (C) The Gram-positive S. sanguinis, S. salivarius, and S. parasanguinis, but not S. pneumoniae were killed by HL60 cells

when pre-incubated with rabbit anti-NTHi EF-Tu antiserum. Gram-positive bacteria with highest levels of surface-associated EF-Tu, as revealed by flow cytometry,

were selected for these experiments. Mean values from 6 independent experiments are shown. S. pneumoniae reference strain D39 in panel A belongs to serotype 2

(Table 1). Statistical significance was calculated using the Mann-Whitney test. Error bars indicate SEM.

in flow cytometry analysis of whole NTHi (Figure 4D),
suggesting that the protein structure is slightly altered
in vivo with other parts (epitopes) exposed of the EF-Tu
molecule.

The immunoreactive properties of EF-Tu has been thoroughly
evaluated (24, 32, 33). However, a high titer of specific
antibodies does not always translate to increased protection
of the host (34). An example of this is the study done
by Carrasco et al. who showed that EF-Tu in Borrelia
burgdorferi is highly immunogenic, but the antibodies produced
are not bactericidal during Lyme borreliosis (16). This is
alluded to the finding that the EF-Tu is not accessible at
the B. burgdorferi bacterial surface. We found that serum

from rabbits immunized with recombinant NTHi EF-Tu,
when supplemented with active baby rabbit complement, was
able to significantly increase the deposition of complement
factor C3 on the bacterial surface (Figure 5A). In addition,
purified antibodies against full-length NTHi EF-Tu and peptide
ID 3, 9 and 12 significantly increased bacterial killing by
complement activation in the SBA assay (Figure 5B). These
results can be interpreted as further evidence of that EF-Tu
and the indicated peptide sequences are indeed accessible at
the bacterial surface. This also makes it interesting to further
study whether immunization with NTHi EF-Tu can generate
protection against colonization or infection with NTHi in
vivo.
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The high similarity (and function) of EF-Tu between different
bacterial species (Supplementary Figure 3) warrants the
speculation of cross-reactivity, especially between Haemophilus
species that share EF-Tu sequence, and its potential implications
on the microbiome. Flow cytometry analysis indicated that
antibodies against NTHi EF-Tu also cross-react with various
unencapsulated species, supporting surface display of EF-Tu
in general. As expected, EF-Tu was not detectable on the
surface of most encapsulated bacteria, including H. influenzae
type b (Hib) N. meningitides, or pneumococci (Figures 1D–F,
6A). This underscores previous suggestions that the capsule
of pneumocci and meningococci shields surface-associated
EF-Tu from antibody dectection (31). There was a clear
correlation between EF-Tu recognition and differences in
antibody-dependent bacterial killing (Figures 6A,B) for H.
influenzae strains. However, despite being recognized by anti-
EF-Tu antibodies at the same level as NTHi, H. haemolyticus,
H. parainfluenzae, and M. catarrhalis were less susceptible
to the antibody-dependent bactericidal activity as compared
to NTHi suggesting that C1q binding and further activation
of the classical pathway of complement activation was not
maximally initiated. Our results thus suggested that species-
specific differences exist regarding EF-Tu surface exposure.
However, the full extent of cross-reacivity with the upper
respiratory tract microbiota, but also the gut microbiome
must be further studied. In particular, commensal bacteria
not expressing IgA1 protease might be subjected to a negative
selective pressure by secreted IgA specific for surface-exposed
EF-Tu.

In conclusion, we have shown that EF-Tu moonlights at the
surface of NTHi, and that the protein is highly immunogenic with
immunodominant epitopes residing primarily at the C-terminal
half of the molecule. IgG raised against NTHi EF-Tu can cross-
react with and promote antibody-dependent killing of other
bacterial species, albeit at rates different from those observed for
NTHi. We propose that the adaptive immune response against
surface EF-Tu is highly important in the context of respiratory
tract infections in order to protect the host from attack and
consequently infection.

MATERIALS AND METHODS

Bacteria and Culture Conditions
Bacteria used in the present study are listed in Table 1. NTHi

was grown at 37◦C in a humid atmosphere containing 5%

CO2 on chocolate agar or in brain heart infusion (BHI) broth

supplemented with 2µg/mL nicotinamide adenine dinucleotide
NAD (Sigma-Aldrich, St Louis, MO, United States) and
10µg/mL hemin (Merck, Darmstadt, Germany). E. coli was
cultured in Luria-Bertani (LB) broth or on LB agar. All other
strains were cultured on chocolate agar or in BHI at 37◦C
with 5% CO2. Clinical isolates were obtained from Clinical
Microbiology (Laboratory Medicine, Lund, Sweden). Type
strains were from the American Type Culture Collection
(ATCC; Manassas, VA, United States) or Culture Collection
of the University of Gothenburg (CCUG; Department of

Clinical Bacteriology, Sahlgrenska Hospital, Gothenburg,
Sweden).

Production of Recombinant NTHi EF-Tu

and Synthesis of EF-Tu Peptides
The open reading frame of the gene encoding full-length NTHi
EF-Tu (EDJ92442.1) was amplified from NTHi 3655 genomic
DNA using the primer pair 5′-GGGGCGGATCCGATGTC
TAAAGAAAAATTTGAACGTA-3′/5′-GGCGGAAGCTTTTT
GATGATTTTCGCAACAACGCCA-3′ containing restriction
enzyme sites BamHI and HindIII (underlined), respectively.
Following restriction enzyme digestion, the resulting DNA
fragment (1214 base pairs) was cloned into the expression
vector pET26(b)+ (Novagen, Merck Darmstadt, Germany)
for recombinant protein production as described previously
(8). Briefly, the resulting plasmid was transformed into E. coli
DH5α, followed by DNA sequencing. Recombinant proteins
were thereafter produced in E. coli BL21 (DE3) and purified
by affinity chromatography using Ni-NTA agarose. For NTHi
epitope mapping, 20- to 25-residue-long peptides, overlapping
by 5 residues and together covering the entire EF-Tu sequence,
were synthesized by Genscript (Piscataway, NJ). These peptides
were also used for affinity-purification of Abs from the rabbit
anti-EF-Tu antiserum as described below.

Antisera and Antibody Preparation
Rabbit anti-NTHi 3655, anti-NTHi 334, anti-EF-Tu sera and
rabbit anti-EF-Tu pAbs were prepared as previously described
(8) with some modifications. Briefly, rabbits were immunized
subcutaneously with 200 µg of recombinant EF-Tu in 0.5ml
saline or with 109 CFU of indicated heat-killed NTHi strains with
0.5ml incomplete Freund’s adjuvant. The animals were boosted
3 times every 4 weeks with alum used as an adjuvant. Blood
was drawn 2 weeks after the last immunization. Rabbit pAbs
against EF-Tu and antibodies against specific EF-Tu peptides
(Supplementary Figure 3A) were further affinity purified using
EF-Tu or synthetic peptides (peptide ID: 3, 9, 12, and 15) coupled
to CNBr-activated SepharoseTM (GE Healthcare Biosciences,
Chicago, IL).

Flow Cytometry
Bacteria grown for 3 h or overnight at 35.5◦C with 5% CO2,
were adjusted to 109 CFU/ml in PBS containing 1% bovine
serum albumin (BSA). Samples containing 2× 107 bacteria were
incubated for 1 h on ice with 2µg of rabbit anti-EF-Tu pAb or EF-
Tu peptide specific antibodies, washed, and incubated for 20min
on ice with fluorescein isothiocyanate (FITC)-conjugated swine
anti-rabbit antibodies (Dako, Glostrup, Denmark). Samples were
washed with phosphate-buffered saline (PBS) and resuspended
in 300 µl PBS for analysis on a FACSverseTM flow cytometer
(Becton-Dickson, Franklin Lakes, NJ).

Transmission Electron Microscopy (TEM)
TEM was used to visualize the localization of EF-Tu on the
bacterial surface. The H. influenzae NTHi 3655, NTHi KR334,
Hib Eagan, and Hib RM804 strains were incubated with gold-
labeled rabbit anti-EF-Tu pAbs, subjected to negative staining
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with uranyl formate, and visualized using a Jeol JEM 1230
electron microscope (JEOL, Tokyo, Japan) operated at 60
kV accelerating voltage. Images were recorded with a Gatan
Multiscan 791 CCD camera (Gatan, Pleasanton, CA).

ELISA
Following the addition of 0.5 µg of purified recombinant EF-
Tu, protein F (8), or protein D (41) in 0.1M Tris (pH 9) per
well, Nunc PolySorp 96-well microtiter plates (Thermo Fisher

Scientific, Waltham, MA) were incubated overnight at 4◦C.
After 4 washes, the plates were blocked for 1 h at RT with 250
µl PBS with tween 20 (PBST) with 1% BSA per well. After
washing, the samples were incubated for 1 h at RT with sera
diluted 1:100 in PBST with 2.5% BSA and subsequently washed
3 times. HRP-conjugated goat anti-rabbit pAbs (Dako, Glostrup,
Denmark) were added for 1 h at RT, with 4 washes following
the incubation. At all steps, each wash was performed for
5min using PBST. Antibody-antigen complexes were detected

TABLE 1 | Bacterial species used in the present study.

Reference strain or

clinical isolate

Serotype/group Number Site of origin Clinical diagnosis/remarks Age

(year)

Reference

GRAM-NEGATIVE SPECIES

H. influenzae Type b (Hib) Eagan (18095) Cerebrospinal fluid Meningitis/ encapuslated CCUGa

Type b (Hib) RM804 Capsule-deficient mutant of Eagan (35)

Type b (Hib) MinnA Cerebrospinal fluid Laboratory reference strain (36)

Non-typeable H. influenzae KR317 Nasopharynx Bronchitis 55 This study

(NTHi) KR318 Nasopharynx Bronchitis 49 This study

KR332 Nasopharynx Upper respiratory tract infection 3 This study

KR333 Nasopharynx Sinusitis 68 This study

KR334 Nasopharynx Conjunctivitis 2 This study

3655 Middle ear Acute otitis media (37)

H. parainfluenzae 13788 Oral cavity Reference strain CCUG

H. haemolyticus KR161 Throat Normal flora This study

Moraxella catarrhalis BBH18 Blood Sepsis (38)

RH4 Blood Sepsis (39)

KR1100 Nasopharynx Bronchitis 85 This study

Neisseria lactamica 23972 Reference strain ATCCb

N. meningitides Serogroup A 3269 Spinal fluid Meningitis CCUG

Serogroup B MC58 National Reference lab.,

Örebro, Sweden

Serogroup C KR822 Spinal fluid Meningitis This study

Serogroup C FAM20 (40)

Escherichia coli KR714 Urine Urinary tract infection 6 This study

KR715 Urine Urinary tract infection 63 This study

KR716 Urine Urinary tract infection 59 This study

BL21 Laboratory strain

DH5α Laboratory strain

GRAM-POSITIVE SPECIES

Streptococcus pneumoniae ST2c D39 Reference strain ATCC

ST3 6303 Reference strain ATCC

ST4 KR440 Blood Pneumonia, sepsis 73 This study

ST6B 1350 Cerebrospinal fluid Meningits, otitis/ Reference strain CCUG

ST19A KR1148 Nasopharynx AOM 2 This study

ST19F 49619 Reference strain ATCC

S. sanguinis KR1143 Normal flora 60 This study

S. parasanguinis KR1144 Normal flora 45 This study

S. salivarius KR1145 Normal flora 68 This study

S. constellatus KR1146 Normal flora 64 This study

S. mitis KR1147 Normal flora 64 This study

a CCUG; Culture collection University of Gothenburg (Sweden) (www.ccug.se).
b ATCC; American type culture collection (www.atcc.org).
c ST; serotype.
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using a hydrogen peroxide/3,3
′

,5,5
′

-tetramethylbenzidine (TMB)
substrate solution, with reactions stopped with 1M sulfuric acid,
followed by determination of the absorbance at optical density
450 nm.

Cyanogen Bromide Digestion
Full-length EF-Tu was treated with 1 µg cyanogen bromide
(CNBr) in 70% formic acid per 5 µg of protein. Samples were
incubated for 2 h at 25◦C in a vacuum centrifuge. Lyophilized
samples were resuspended in phosphate-buffered saline (PBS).

SDS-PAGE and Western Blotting
Samples with full-length EF-Tu or CNBr-digested EF-Tu were
separated on a 12% polyacrylamide gel and either stained with
Coomassie Brilliant Blue R-250 (Bio-Rad, Munich, Germany)
or transferred onto a 0.45-µm Immobilon-P PVDF Membrane
(Millipore, Bedford, MA, United States) at 16V for 15 h.
Following blocking in 5% skim milk in PBST, membranes were
incubated at room temperature (RT) for 1 h with rabbit α-EF-
Tu pAbs diluted 1:1,000 in 5ml PBST with 5% skim milk.
Following three washes in PBS, the membranes were incubated
for 1 h with horseradish peroxidase (HRP)-conjugated swine
anti-rabbit pAbs (Dako, Glostrup, Denmark). The membranes
were thereafter washed in PBS with 0.05% Tween 20 (PBST),
developed using PierceTM Enhanced Chemiluminescence (ECL)
Western Blotting Substrate (Thermo Scientific, Waltham, MA),
and visualized on a BioRad ChemiDocTM.

Peptide-Based Epitope Mapping
To identify epitopes recognized by the anti-EF-Tu IgG, EF-Tu
peptides (20 µg; peptide ID 1-20; Figure 4A) or full-length EF-
Tu (0.05, 0.5 and 5 µg) were coated onto nitrocellulose (NC)
membranes. The membranes were dried for 30min at 37◦C,
stained with Ponceuau S, and thereafter blocked for 1 h at RT in
PBST with 1% BSA and 1% casein. The membranes were then
incubated overnight at 4◦C with sera diluted 1:100 in PBST with
1% BSA and 1% casein. The membranes were incubated with
HRP-conjugated swine anti-rabbit pAbs (Dako) for 20min at
RT, with 4 washes (10min each) in PBST performed prior to
and following the incubation. Membranes were developed using
PierceTM ECLWestern Blot substrate and visualized on a BioRad
ChemiDocTM. Pixel densities of the dot blot images were assessed
using ImageJ R© version 1.51.

Structural Modeling
The 3D structure of NTHi EF-Tu was modeled by SWISS-
MODEL (42–45) automated server against homologous
templates available in the Protein Data Bank (PDB; available at:
http:/www.rcsb.org). Three-dimensional model were elucidated
using the program PyMOL (available at: http://www.pymol.
org/).

Serum Bactericidal Activity (SBA) and

Determination of C3 Deposition
Susceptibility of antibody-exposed bacterial cells to complement-
mediated killing was measured using a modified SBA assay as
previously described (8). Briefly, 4 × 104 CFU of indicated

bacterial strains were resuspended in Hank’s balanced salt
solution with 2% heat-inactivated baby rabbit complement
(Nordic BioSite AB, Täby, Sweden) followed by incubation with
2.5 µg rabbit anti-EF-Tu pAbs or peptide-specific antibodies
for 30min at RT. In some experiments, anti-OprG pAb
detecting a Pseudomonas aeruginosa outer membrane protein
(Riesbeck et al., unpublished) was included as a control pAb
not recognizing NTHi. After the addition of active or heat-
inactivated baby rabbit complement to a final concentration
of 2.5%, samples were incubated for 1 h at 37◦C with gentle
shaking. Aliquots (10 µl) from the reaction mixtures were plated
on chocolate agar, and CFUs were determined after overnight
incubation. To determine C3 deposition at the bacterial surface,
NTHi 3655 cells were incubated with pre-immune or anti-EF-Tu
sera from the same rabbit, followed by the addition of 4% baby
rabbit complement as described above. The cells were thereafter
stained with FITC-conjugated goat anti-rabbit C3 pAbs (MP
Biomedicals, Santa Ana, CA, United States), followed by analysis
using a FACSverseTM flow cytometer.

Opsonophagocytosis Assay (OPA)
Antibody functionality and bacterial survival in
opsonophagocytosis was determined by an OPA as previously
described (46). HL60 cells (kindly provided by Prof. Urban
Gullberg, Lund University) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum and
GlutaMAX (Gibco, Life Technologies, Carlsbad, CA). Cells were
differentiated by adding 0.91% dimethylformamide for 5–6 days.
Granulocytes expressing CD35 were detected by flow cytometry
and viability was determined using trypan blue staining. Bacteria
were added in duplicates to 3-fold serial serum dilutions,
starting at 1:4 serum concentration, and incubated in microtiter
plates for 30min at 700 rpm to promote antibody binding.
Following the addition of differentiated HL60 cells and baby
rabbit complement serum, the plates were incubated for 45min
at 37◦C with 5% CO2 and at 700 rpm to allow for phagocytosis.
The contents were thereafter transferred to blood agar plates and
grown overnight. The assays were done using EF-Tu antiserum
and pre-immune serum as the negative control. Killing by
effector cells was verified in each experiment using pneumococci
and in-house quality control serum from volunteers immunized
with a pneumococcal conjugate vaccine (Prevenar13).

Statistics
Mann-Whitney U-test was used for nonparametric data sets and
differences were considered statistically significant at p≤0.05. All
analyses were performed using GraphPad PrismR version 7.0
(GraphPad Software, La Jolla, CA).

Ethics Statement
Ethical permit M106-16 (date 2016-09-28) was obtained for
immunization of rabbits (Malmö/ Lund Tingsrätt, Sweden). The
use of human sera (controls in the OPA) was approved by the
Regional Ethics Board at Lund University Hospital (2012/86).
Informed consent was obtained from participants.
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Patients with primary immunoglobulin deficiency have lower immunoglobulin levels or

decreased immunoglobulin function, which makes these patients more susceptible

to bacterial infection. Most prevalent are the selective IgA deficiencies (∼1:3,000),

followed by common variable immune deficiency (∼1:25,000). Agammaglobulinemia

is less common (∼1:400,000) and is characterized by very low or no immunoglobulin

production resulting in a more severe disease phenotype. Therapy for patients with

agammaglobulinemia mainly relies on prophylactic antibiotics and the use of IgG

replacement therapy, which successfully reduces the frequency of invasive bacterial

infections. Currently used immunoglobulin preparations contain only IgG. As a result,

concurrent IgA and IgM deficiency persist in a large proportion of agammaglobulinemia

patients. Especially patients with IgM deficiency remain at risk for recurrent infections

at mucosal surfaces, which includes the respiratory tract. IgA and IgM have multiple

functions in the protection against bacterial infections at the mucosal surface. Because

of their multimeric structure, both IgA and IgM are able to agglutinate bacteria efficiently.

Agglutination allows for entrapment of bacteria in mucus that increases clearance from

the respiratory tract. IgA is also important for blocking bacterial adhesion by interfering

with bacterial adhesion receptors. IgM in its place is very well capable of activating

complement, therefore, it is thought to be important in complement-mediated protection

at the mucosal surface. The purpose of this Mini Review is to highlight the latest

advances regarding IgA- and IgM-enriched immunoglobulin replacement therapy. We

describe the different IgA- and IgM-enriched IgG formulations, their possible modes of

action and potential to protect against respiratory tract infections in patients with primary

immunoglobulin deficiencies.

Keywords: IgM, IgA, IgG, immunoglobulin replacement therapy, respiratory tract infections, primary

immunodeficiencies, complement system proteins, bacterial infections
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ROLE FOR IMMUNOGLOBULIN
SUBCLASSES IN PROTECTION AGAINST
BACTERIAL INFECTIONS

Immunoglobulin production by B-lymphocytes is a sophisticated
adaptive immune defense mechanisms evolved in jawed
vertebrates (1). The absolute importance for immunoglobulins
in protection against infections is illustrated in patients that
completely lack immunoglobulin production, which is a lethal
condition due to increased susceptibility for invasive infection
(2). There are 5 main classes of immunoglobulins; IgG, IgM, IgA,
IgD and IgE, all having different properties and functions (3). For
this Mini Review, we will focus on IgG, IgM, and IgA and their
role in protection against bacterial respiratory tract infections.

Immunoglobulins are with 10–22 g/L a major serum
constituent. The majority of serum immunoglobulins are IgG
(∼75%), followed by IgA (∼15%) and IgM (∼10%) (4). IgG can
be subdivided into IgG1, IgG2, IgG3 and IgG4 and IgA can be
subdivided into IgA1 and IgA2. The half-life of immunoglobulins
vary, with 3 to 4 weeks for IgG1, IgG2 and IgG4, whereas this is
around 2 weeks for IgG3 (5, 6). Half-life for IgA and IgM is with
5 to 6 days much shorter compared to IgG (6, 7).

The different immunoglobulins have specific functions in
immunity. Upon binding to their targets, both IgG and IgM
are capable of activating complement through binding of C1q.
The ability to activate complement for IgG subclasses varies
due to differences in C1q binding, which is highest for IgG3,
followed by IgG1, IgG2 and is absent for IgG4 (8, 9). Recent
data indicate that IgG oligomerizes into hexamers, forming an
optimal configuration for C1q binding (10). This oligomerization
might explain the more efficient activation of complement by
IgM, (11–13) because it is present as polymeric structures (pIgM)
(14).

IgA is not able to activate complement directly. There are two
subclasses of IgA, IgA1 and IgA2, characterized by differences
in their hinge region (15). Whereas IgA1 is the predominant
subclass in serum, both IgA1 and IgA2 are present on the
mucosal surface (16). The majority of IgA at the mucosal
surface is dimeric (dIgA) (16), whereas the majority in serum is
monomeric (17). IgA ismost abundant at mucosal surfaces where
it has a role in protection against toxins, viruses and bacteria by
means of direct neutralization, or by preventing attachment to
the mucosal epithelium (18, 19).

IgA and IgM can be transported to mucosal surfaces
through the polymeric immunoglobulin receptor (pIgR) (20).
Only polymeric immunoglobulins containing a J-chain can be
transported by this receptor (21). The pIgR present on the
basolateral side of epithelial cells binds dIgA and pIgM, which
facilitates transcytosis to the apical side, where it is cleaved off

Abbreviations: Btk, Bruton tyrosine kinase; CVID, Common variable immune

deficiency; dIgA, Dimeric IgA; FcRN, Neonatal Fc receptor; FFP, Fresh frozen

plasma; IgGRT, IgG replacement therapy; IgRT, Immunoglobulin replacement

therapy=; IM-IgGRT, Intramuscular IgG replacement therapy; IV-IgGRT,

Intravenous IgG replacement therapy; PID, Primary immune deficiencies; pIgM,

Polymeric IgM; SC-IgGRT, Subcutaneously IgG replacement therapy; sIgA,

Secretory IgA; sIgAD, Selective IgA deficienciy; sIgM, Secretory IgM; sIgMD,

Selective IgM deficienciy; XLA, X-lined agammaglobulinemia.

and leaving the secretory components attached, resulting in the
formation of secretory IgA (sIgA) or sIgM (22, 23). Association of
the secretory component enhances resistance to proteolysis (24),
but does not affect the ability to activate complement (25).

IgG is not transported by the pIgR, but through the neonatal
Fc receptor (FcRn) (26). FcRn is able to transport IgG from the
basolateral to the apical side, and vice versa (27). This FcRn-
mediated retrograde transport and recycling of IgG is thought to
contribute to the prolonged half-life in serum (28, 29).

A successful strategy to protect healthy individuals from
respiratory tract infections is the use of vaccination. In the early
1990s, the Haemophilus influenzae serotype B (Hib) conjugate
vaccine entered the market, which decreased invasive Hib disease
cases substantially inmany countries (30–33). This Hib conjugate
vaccine is highly immunogenic and increases capsule-specific
antibody levels that not only protects against disease such as
pneumonia and meningitis, but also against nasopharyngeal
colonization (34). Hib vaccination elicits a combination of
serum immunoglobulin subclasses, mainly IgG, but also IgM
and IgA (35). Vaccination of children with the Streptococcus
pneumoniae polysaccharide conjugate vaccines (PCV) has shown
to increase capsule-specific IgG antibody levels (36) and
confer protection against nasopharyngeal colonization, otitis
media, pneumoniae and bacteremia (37–39). Vaccine-induced
polysaccharide capsule-specific antibodies initiate complement
deposition on the bacterial surface, which is essential for
opsonophagocytic killing of S. pneumoniae and H. influenzae in
whole blood (40).

IMMUNOGLOBULIN DEFICIENCIES

The diverse roles of the different immunoglobulin subclasses
in protection against infections is illustrated in patients with
primary immune deficiencies (PID), as described in more detail
below.

Selective IgA Deficiency
Selective IgA deficiency (sIgAD) is characterized by serum IgA
level of <7 mg/dL, with normal levels of both IgG and IgM
in individuals more than 4 years of age (41). Most patients are
clinically asymptomatic, but others show recurrent infections,
allergies and autoimmunity (2). Although rather prevalent, the
exact pathogenesis is unknown. Since sIgAD is heterogeneous
in presentation of disease symptoms, it is likely that different
aetiologies might be involved in the cause of this disease. There is
evidence for genetic predisposition based on familial clustering,
and mutations in many genes involved in cellular and humoral
immunity have been associated with sIgAD (42).

Recurrent respiratory tract infections are the most common
disease associated with sIgAD (43–45). When divided into
complete and partial IgA deficiency, a history of chronic or
recurrent infections is more often found in patients with
complete IgA deficiency (77%), compared to partial IgA
deficiency (20%) (44), suggesting that a lower IgA is associated
with frequent infections. Elevated levels of IgG or IgM are
found in a proportion of sIgAD patients (44–47), which might
compensate the IgA deficiency. Patients with sIgAD who had
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higher saliva IgM levels showed a lower infection incidence (47),
although this was not found in a later study (46). Patients with
sIgAD are usually not treated with IgG replacement therapy
(IgGRT), but it is recommended for individuals with IgA
deficiency and concomitant IgG2 subclass deficiency (48).

Selective IgM Deficiency
The European Society for Immunodeficiencies (ESID) Registry
defines selective IgM deficiency (sIgMD) as a serum IgM
concentration of 2 standard deviations below the normal level,
with normal levels of serum IgA and IgG, normal vaccination
responses and absence of T cell defects (41). The immunological
and clinical phenotype of sIgMD is very heterogeneous and
patients can remain asymptomatic (49). Similar to sIgAD,
patients with sIgMD often present with recurrent respiratory
problems (49, 50). In a cohort of 17 sIgMD patients, recurrent
upper respiratory tract infections were observed in 5 out of 6
patients with undetectable IgM levels (<0.05 g/L) (49). Although
for most sIgMD patients IgGRT was not required (49), it is
recommended for patients with recurrent or severe infections
(51).

Common Variable Immune Deficiencies
Patients with common variable immune deficiencies (CVID)
are characterized by a marked decrease of IgG or IgA with or
without low IgM levels, poor specific immunoglobulin responses
to vaccination and no profound T-cell deficiency (41). A
monogenic cause has been identified in 2–10% of CVID patients,
but most patients appear to be polygenic or multifactorial
disorders (52). Most CVID patients present with infectious
manifestations, commonly of the upper and lower respiratory
tract (53). The majority (70%) of CVID patients develop
chronic pulmonary complications including bronchiectasis and
bronchial wall thickening (54). To prevent especially respiratory
tract infections, IgGRT is the mainstay treatment for CVID
patients (55).

Agammaglobulinemia
Patients with agammaglobulinemia have very low or no serum
immunoglobulin levels, making these patients highly susceptible
to infections (2). The largest group of patients have X-linked
agammaglobulinemia (XLA), which is a caused by a defect in
the Btk gene encoding Bruton Tyrosine Kinsase (Btk), which
accounts for 85% of agammaglobulinemia patients. IgGRT is
recommended for all agammaglobulinemia patients to reduce
infections (56). Bacterial infections of the respiratory tract
are often seen in patients with agammaglobulinemia, prior to
diagnosis, but also after initiation of IgGRT (57–60), likely due
to the absence of IgA and IgM antibodies in IgGRT. As a results,
a large proportion of agammaglobulinemia patients develop
chronic lung diseases (57, 59).

PAST, PRESENT AND FUTURE OF
IMMUNOGLOBULIN REPLACEMENT
THERAPY

IgG for IgGRT is traditionally collected from the Cohn fraction
II after cold methanol precipitation (61, 62) and used to

prevent infections in patients with PID. Despite IgGRT, recurrent
infections, mainly of the respiratory tract, are reported (57–
60), and is associated with a lowered life-expectancy of CVID
and agammaglobulinemia patients (63, 64). Currently used
immunoglobulin preparations contain only IgG. As a result,
concurrent IgA and IgM deficiency persists in a large proportion
of immunoglobulin deficient patients, which results in recurrent
infections and development of chronic lung diseases such as
bronchiectasis (65, 66). Here, we summarize the current and
novel immunoglobulin replacement therapies possibly effective
in preventing bacterial respiratory tract infections.

In the Beginning; 1952
IgGRT was first introduced in 1952 by Colonel Ogden Bruton
and applied to the first patient with agammaglobulinemia (67).
This patient had an extensive history of infections, including
osteomyelitis, gastrointestinal infection, and multiple episodes of
epidemic parotitis, otitis media, pneumonia and sepsis for 4.5
years. After the third episode of epidemic parotitis, it was found
that the serum of this patient was deficient for immunoglobulins.
The patient was given subcutaneous IgGRT (SC-IgGRT) and
was free of invasive infections (67, 68). After this first success,
more individuals with agammaglobulinemia and other PID were
treated with IgGRT.Most patients received intramuscular IgGRT
(IM-IgGRT) (60) because uptake and bioavailability of IgG from
the muscle is better as compared to fatty tissue where it is
deposited by SC-IgGRT (69). However, injections were painful
and the volume that can be given is limited, therefore, alternative
administration methods were explored.

An advantage for SC-IgGRT is the ability for home treatment,
which was shown to be feasible and safe (70). Home treatment
is more convenient, and prevents loss of school or workdays
and hospital costs (70). Although SC-IgGRT was initially limited
by a slow infusion, this improved considerably over the past
years (71). Recently, a new SC-IgGRT formulation containing
recombinant hyaluronidase, which is an enzyme that cleaves the
extracellular matrix and increases tissue permeability. Therefore,
the use of recombinant hyaluronidase enables administration of
larger volumes of IgG and thereby decreases dosing frequency to
once in the 3–4 weeks, is in clinical trial (72).

Next Step, Intravenous IgG Replacement
Therapy
The largest disadvantage of both SC-IgGRT and IM-IgGRT is the
limited volume that can be administered per dose. As a result,
the patient requires frequent dosing, typically every week. With
intravenous IgGRT (IV-IgGRT), larger volumes can be giving,
which decreases the frequency of dosing to once in the 3–4
weeks. However, it requires venous access and the incidence of
systemic adverse reactions were high in the early years, mainly
due to vasomotor and cardiovascular manifestations, which was
most likely due to immunoglobulin aggregation and complement
activation (56, 73, 74). Later, modification of IV-IgGRT by
for instance ß-propiolactone, which prevents aggregation (75),
reduced the number of side-effects considerably (76) and soon
became the routine treatment regimen (77, 78). In a head-
to-head comparison, IV-IgGRT was given once every 4 weeks
and SC-IgGRT every week. Significant improvement in clinical
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parameters such as a lower number of days with acute respiratory
infections and IgG trough levels were found for IV-IgGRT (74).
This even improved further when IV-IgGRT was given once
every 3 weeks (74). Important for protection against respiratory
infections, serum opsonic capacity of H. influenzae and S.
pneumoniae increased when IV-IgGRT was administered once
every 3 weeks as compared to once every 4 weeks (74).

POSSIBLE IMPROVEMENTS; IgA- AND/OR
IgM-ENRICHED IMMUNOGLOBULIN
REPLACEMENT THERAPY

Nowadays, both SC-IgGRT and IV-IgGRT are used to prevent
infections in patients with PID and are proven to be safe (79).
The choice of therapy is mainly based on the clinical condition
of the patient, side effects and patient’s preference, as SC-
IgGRT therapy can be administered by the patient at home
independent of help from health care professionals. However, as
mentioned above, the current IgGRT has an important limitation;
it contains only IgG, resulting in the absence or low levels of
IgA and/or IgM in patients with PID. Despite IgGRT, many
patients with PID develop chronic lung disease (57, 59, 66).
Therefore, improvements in therapy are needed, which might be
the addition of IgA and/or IgM.

There are a limited number of IgA- and/or IgM-enriched
immunoglobulin preparations used in clinical practice. Here, we
summarize studies that have used IgA- and/or IgM-enriched
immunoglobulin products, mainly in treatment of acute bacterial
infections in general and highlight the studies focused on
infections in immunoglobulin deficient patients.

Fresh Frozen Plasma
Fresh frozen plasma (FFP) was advocated over IM-IgGRT by
Richard Stiehm in 1975 (80) and was next to IM-IgGRT used in
the early days (81). The IgG levels achieved with FFP treatment
were significantly higher as compared to IM-IgGRT, while IgM
and IgA levels were only slightly increased (80). The use of FFP
has limited or no side effects, but to reach a normal level of
IgA and IgM, it should be given at a high frequency (∼ twice a
week), which is inconvenient for the patient. FFP was also given
to PID patients with chronic gastro-intestinal infections as add-
on therapy to their normal IgGRT. Two patients with relapsing
Campylobacter jejuni infection were given FFP for 2 or 4 weeks
(500mL twice weekly), which resulted in complete recovery of
both patients (82). Plasma infusion resulted in detectable serum
IgA levels in two patients and detectable serum IgM levels in 1
patients (82). Although we have not found direct evidence, FFP
might be beneficial as an treatment, next to normal IgGRT, to
eliminate chronic bacterial respiratory tract infections.

Pentaglobin
Pentaglobin is an IgA- and IgM-containing immunoglobulin
preparation collected from Cohn fraction III, consisting of
72% IgG, 12% IgM, and 16% IgA for intravenous use (83).
Pentaglobin is treated with ß-propiolactone, which decreases
immunoglobulin aggregation, but also affects complement

fixation and Fc-binding capacity (84, 85). A clear beneficial
effect of Pentoglobin in comparison to conventional intravenous
IgG is its effective reduction of endotoxin (86, 87). Direct
effects on bacterial killing has also been observed by in vitro
experiments. For instance, Pentaglobin had a greater opsonic
activity against Pseudomonas aeruginosa, Staphylococcus aureus
and Escherichia coli, in comparison to IV-IgGRT (88, 89). In
a S. aureus mouse sepsis model, the number of bacteria in
liver and kidney were significantly lower for animals receiving
Pentaglobin in comparison to animals receiving IV-IgGRT
Intratect (89). Pentaglobin has to our knowledge not been used
as replacement for conventional IgGRT, but, it has successfully
been applied to treat two hypogammaglobulinemia patients with
persistent gastroenteric C. jejuni infections (90). In these two
patients, six dosages of Pentaglobin at 3-week intervals were
well tolerated (90). After the first dose, an increased serum
bactericidal antibody activity against C. jejuni was measured
and treatment resulted in the elimination of the C. jejuni
infections (90). This result is in line with the use of IgA- and
IgM-containing FFP, which was also successfully used to treat
chronic C. jejuni infections (82). We have found a remarkable
increase in complement-mediated killing of C. jejuni (31) by
supplementing purified serum IgM to serum of a patients with
agammaglobulinemia, supporting an important role for IgM in
complement-mediated protection against bacterial pathogens.

Trimodulin
Trimodulin (BT-588, predecessor BT-086) contains twice
the amount of IgA (21%) and IgM (23%) in comparison to
Pentaglobin. Trimodulin is not treated with ß-propiolactone
and showed approximately 10-fold increase in opsonization
of E. coli compared to Pentaglobin (91). In a rabbit model for
endotoxemia, Trimodulin showed an increased elimination of
E. coli from the bloodstream (92). Recently, the results of a phase
II trial, which included 160 patients with severe community-
acquired pneumonia, were published (93). Although no
difference was observed for ventilator-free days between the
placebo and Trimodulin groups, post-hoc analyses supported
improved outcome in patients with elevated CRP, reduced IgM,
or both. In addition, Trimodulin seemed to prevent secondary
bacterial infections because infection-related treatment-
emergent adverse events were significantly decreased from 57%
in the placebo group to 33% in the Trimodulin-treated patients
(93). Since IgA and IgM concentrations present in Trimodulin
are higher compared to Pentaglobin, we would expect an additive
effect on preventing bacterial infections of the respiratory tract,
although this has not been determined to date.

IgAbulin
IgAbulin is an IgA-enriched IgG preparation, which was shown
to prevent necrotizing enterocolitis when administered orally to
babies with low birth weight (94) and has successfully been used
to treat children with chronic diarrhea (95). Oral administration
of IgAbulin daily for 3 weeks decreased the number of stools
per day and improved the consistency of the stools (95). So
far, IgA-enriched IgGRT has not been used to prevent or
treat bacterial respiratory tract infections. Since IgA is the
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most abundant immunoglobulin isotype on the respiratory tract
mucosal surface, with divers functions in preventing bacterial
infections, it might help in preventing and clearing bacterial
infections. A possible limitation of the current IgA-enriched
immunoglobulin preparations is that they are isolated from
plasma, and plasma-derived IgA is mainly IgA1, which is more
sensitive to bacterial IgA proteases (96), in comparison to IgA2,
which is most abundant on the mucosal surface (16). In addition,
the majority of serum-derived IgA is monomeric (17), in contrast
to locally produced IgA, which is mainly dimeric (16). But,
administration of sufficient IgA might potentially be effective in
preventing bacterial respiratory tract infections, especially in PID
patients with concurrent IgA deficiency.

Purified Serum IgA and IgM Linked to
Recombinant Secretory Component
Although not in clinical trials, plasma-derived IgA and IgM
containing recombinant secretory component have been tested
in animal studies with promising results. It has been shown that
plasma-derived IgA and IgM can bind recombinant secretory
component to form sIgA and sIgM (97). Addition of the secretory
component increased resistance to protease activity and showed
to prevent Shigella flexneri-induced intestine epithelial cell
damage in an in vitro cell model (98). sIgA and sIgM preparations
were found to bind and agglutinate Salmonella enterica
Typhimurium (99). Oral administration of sIgA and sIgM
preparations effectively limited S. Typhimurium infection and
systemic dissemination in mice (99). No results were published

regarding the effects on protection of bacterial respiratory
pathogens, but since these sIgA and sIgM preparations are able
to block bacterial adhesion, it is expected to prevent acquisition
of bacteria in the respiratory tract when applied to the airways.
In addition, these sIgA and sIgM preparations are not treated
with ß-propiolactone, preserving natural complement fixating
activity. Future experiments are required to address the efficacy
to prevent bacterial respiratory tract infections.

CONCLUDING REMARKS

Current IgGRT treatment has not shown to prevent bacterial
respiratory tract infections in a selection of PID patients. Based
on the clinical presentation of patients with IgA and IgM
deficiencies, whomainly present with respiratory tract infections,
it is conceivable that IgA- and/or IgM-enriched immunoglobulin
replacement therapy with biologically active IgA and/or IgM
have the potential to prevent these type of infections. In the
near future, pre-clinical in vitro assays, animal experiments
and clinical trials have to be conducted to determine whether
IgA and/or IgM-enriched immunoglobulin replacement therapy
would prevent bacterial respiratory tract infections in patients
with PID.
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An excessive, non-productive host-immune response is detrimental in active, chronic 
tuberculosis (TB) disease as it typically leads to tissue damage. Given their anti- 
inflammatory effect, non-steroidal anti-inflammatory drugs can potentially attenuate 
excessive inflammation in active TB disease. As such, we investigated the prophylactic 
and therapeutic effect of low-dose aspirin (LDA) (3 mg/kg/day), either alone or in com-
bination with common anti-TB treatment or BCG vaccination, on disease outcome in 
an experimental murine model of active TB. Survival rate, bacillary load (BL) in lungs, 
and lung pathology were measured. The possible mechanism of action of LDA on the 
host’s immune response was also evaluated by measuring levels of CD5L/AIM, selected 
cytokines/chemokines and other inflammatory markers in serum and lung tissue. LDA 
increased survival, had anti-inflammatory effects, reduced lung pathology, and decreased 
bacillary load in late-stage TB disease. Moreover, in combination with common anti-TB 
treatment, LDA enhanced survival and reduced lung pathology. Results from the immu-
nological studies suggest the anti-inflammatory action of LDA at both a local and a 
systemic level. Our results showed a systemic decrease in neutrophilic recruitment, 
decreased levels of acute-phase reaction cytokines (IL-6, IL-1β, and TNF-α) at late stage 
and a delay in the decrease in T cell response (in terms of IFN-γ, IL-2, and IL-10 serum 
levels) that occurs during the course of Mycobacterium tuberculosis infection. An anti- 
inflammatory milieu was detected in the lung, with less neutrophil recruitment and lower 
levels of tissue factor. In conclusion, LDA may be beneficial as an adjunct to standard 
anti-TB treatment in the later stage of active TB by reducing excess, non-productive 
inflammation, while enhancing Th1-cell responses for elimination of the bacilli.

Keywords: aspirin, host-directed therapies, non-steroidal anti-inflammatory drugs, tuberculosis, Mycobacterium 
tuberculosis, mouse model

inTrODUcTiOn

Tuberculosis (TB), which is a chronic infectious disease caused by Mycobacterium tuberculosis, 
ranks among the top 10 causes of death worldwide (1). In a clinical context, human TB presents 
with a wide spectrum of disease, ranging from asymptomatic infection to active TB disease (2). 
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Patients can usually be divided into having latent TB infection 
or suffering from active TB disease, depending on whether 
they show clinical signs of the disease or not (2). Patients 
with co-morbidities that induce a pro-inflammatory milieu, 
such as diabetes mellitus and tobacco smoking, an impaired 
immune response, such as the elderly, children, people relying 
on immunosuppressive therapy, such as anti-TNFs (3) or with 
immunodeficiencies, such as those co-infected with HIV (1), are 
particularly at risk of developing active TB disease once infected 
with M. tuberculosis.

The current approach to treating TB entails antimicrobial 
drugs that target the mycobacteria (4). Thus, the standard 
6-month treatment for TB patients consists of a four-drug 
regimen containing rifampicin, isoniazid, pyrazinamide, and 
ethambutol (4). Multi-drug resistant tuberculosis (MDR-TB), 
defined as resistance to at least two first-line drugs isoniazid and 
rifampicin, and extensively-drug resistant tuberculosis, where 
additional resistance to any fluoroquinolone or any of the inject-
able second-line aminoglycosides occurs, is an emerging chal-
lenge in the treatment of TB (1, 5). In 2015, the WHO reported 
an incidence of 450,000 new cases of MDR-TB worldwide, and 
it has been reported in virtually every country (1). One strategy 
that has been suggested to more effectively fight against TB, 
MDR-TB, and TB/HIV involves drugs that target host immune 
functions as adjuvants to classic antimicrobial treatment rather 
than focusing on the bacteria themselves (6). By not targeting 
the infecting microorganisms, these drugs have the potential 
advantage of not selecting TB drug resistance. The majority 
of these so-called host-directed therapies (HDTs) (7), which 
include non-steroidal anti-inflammatory drugs (NSAIDS) (8, 9),  
aim to balance host immune responses in order to decrease 
damage and are potentially able to achieve clinical improvement 
and decreased morbidity and mortality. Pathological immune 
reactions in the host, such as an insufficient or excessive inflam-
matory response, the latter of which leads to severe tissue dam-
age, are considered to be a major cause of failure of current TB 
treatments (7).

Upon infection, M. tuberculosis is phagocytosed by alveolar 
macrophages, where it prevents phagosome–lysosome fusion and 
elimination by the lysosome (10). Infected antigen-presenting 
cells secrete various cytokines and chemokines to activate the 
innate immune response and influx of neutrophils (11, 12). 
Neutrophils usually represent a protective immune response dur-
ing early infection by secreting oxidizing and hydrolytic agents 
that target the bacteria (11). However, although this neutrophil-
dominated inflammation is beneficial in acute infections, where 
a fast and strong immune response can potentially lead to control 
or even clearance of the bacilli, it can be detrimental when non- 
productive and excessive, as described above, in the context of HIV 
co-infection (13), or simply in chronic infection (11). In active, 
chronic TB disease, an early and strong immune response has been 
reported to destroy delicate neighboring host tissues, thus leading 
to necrosis and resulting in cavitation, which facilitates spread 
of the bacilli, rather than containing M. tuberculosis replication 
and the continuous, excessively aggressive immune response 
(14). Attenuating the excessive host inflammatory response in 
active TB disease might thus be vital for treatment and disease 

outcome (11). Given their anti-inflammatory effect, NSAIDS 
can potentially attenuate neutrophil-mediated inflammation in 
TB (9, 8). Similarly, cyclooxygenase (COX) inhibitors have also 
been suggested to have potential therapeutic applications in 
other infections, such as in the control of parasite replication and 
dissemination in Chagas disease (15–17), in Leishmania major 
infection (18) and in pneumonia and pneumococcal-influenza 
co-infection (19).

In this study, we aimed to investigate the effect of low-dose 
aspirin (AAS) (LDA), administered alone or as an adjunct 
to common anti-TB treatment with the standard antibiotic 
treatment-regimen for human patients or with preventative 
BCG vaccination, in a murine model of active TB. Disease 
outcome was quantified in terms of survival rate, bacillary load 
(BL) in lungs, and lung pathology. LDA has previously been 
shown to prolong survival and enhance control of BL in the late 
stages of TB (12) and was, therefore, to confirm this finding. 
AAS is a salicylate that inhibits the two isoforms of COX in 
an irreversible manner, while leaving LOX activity unaffected  
(20, 21). The LOX pathway results in the synthesis of lipoxins 
(LX), which are known to be immunoresolvents with a potent 
anti-inflammatory effect and potential antimicrobial properties 
(22). The resulting synthesis of LX promotes the switching 
from a pro-inflammatory to anti-inflammatory milieu, with 
a decrease in pro-inflammatory cytokines and less neutrophil 
recruitment. Inhibition of the COX pathway also has an impact 
on vascularization and is widely used in the prevention of 
cardiovascular disease and stroke (21).

In light of the above, we decided to explore whether the 
described beneficial effects of LDA on survival rate, pathology, 
and BL in lungs in active TB are mediated by an anti-inflammatory  
effect, as previously found with ibuprofen (23). To assess the 
potential anti-inflammatory effect of LDA, we measured immu-
nological profiles in serum and lungs in a murine model of active 
TB. Our specific objectives were: (1) to provide further evidence 
for the described beneficial effects of LDA on disease outcome 
in a murine model of active TB, when given prophylactically or 
therapeutically, by assessing survival rate, pulmonary BL, and 
lung pathology; (2) to investigate whether the potential benefi-
cial effects are mediated by an anti-inflammatory mechanism of 
action; (3) to draw conclusions regarding the general immune 
responses in TB (as possible target for HDTs) by comparing 
immunological profiles in infected animals and non-infected 
negative control mice.

MaTerials anD MeThODs

experimental Design
A murine model of active TB based on a single intravenous (i.v.) 
infection [4 × 104–2 × 105/mL colony forming units (CFU)/mL  
per mouse] with M. tuberculosis H37Rv Pasteur strain in 
C3HeB/FeJ mice was used, as described previously (15). 
Animals (n  =  164) were divided into five experiments (see 
Table 1):

 (a) To evaluate the prophylactic effect of LDA: Experiments 
1 and 2. AAS was given from 1 week before infection and 
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TaBle 1 | Experimental design of the five experiments included in the study.

experimental design

Experiment 1: 
prophylaxis, survival 
experiment

Group W-1 W1 W3→

Control – Day 0: infection –

AAS AAS 
3 mg/kg/
day

Day 0: infection. 
AAS 3mg/kg/
day

AAS 3 mg/kg/day 
continued until death

Experiment 2: 
prophylaxis, scheduled 
timepoints

Group W-1 W1 W2 W3 W4

Control – Day 0: infection Day 14: euthanasia 
of 6 mice; serum 
collection

Day 21: euthanasia of 6 
mice; serum collection

Day 28: euthanasia 
of 6 mice; serum 
collection

AAS AAS 
3 mg/kg/
day

Day 0: infection. 
AAS 3 mg/kg/
day

Day 14: euthanasia 
of 6 mice; serum 
collection. AAS 3 mg/
kg/day

Day 21: euthanasia of 6 
mice; serum collection. 
AAS 3 mg/kg/day

Day 28: euthanasia 
of 6 mice; serum 
collection. AAS 
3 mg/kg/day

Experiment 3: 
therapeutics, survival 
experiment

Group W-1 W1 W2–W4 W5 W6 W7→

Control Infection – – – –

AAS Infection – AAS 3 mg/kg/day AAS 3 mg/kg/day –

Experiment 4: 
therapeutics, synergy 
with BCG

Group W-1 W1 W2–6 W7 W8 W9→

Sham Vacc. Infection

BCG Vacc. Infection

BCG + AAS Vacc. Infection AAS 3 mg/kg/
day continued 
until death

Experiment 5: 
therapeutics, synergy 
with Rimstar

Group W-1 W1 W2–4 W5 W6 W7→

RIMSTAR Infection RIMSTAR RIMSTAR RIMSTAR 
continued until 
death

RIMSTAR + AAS Infection RIMSTAR + AAS 3 mg/
kg/day

RIMSTAR + AAS 
3 mg/kg/day

RIMSTAR 
continued until 
death

AAS, aspirin; BCG, bacille Calmette–Guerin vaccine; Vacc., vaccination; RIMSTAR, rifampicin 150 mg + isoniazid 75 mg + pyrazinamid 400 mg + ethambutol 275 mg, adjusted to 
mouse weight; W, week; W-1, one week before challenge; W2, 3, 4, 5, 6, etc., means weeks after challenge.
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disease outcome compared in aspirin-treated and non-
treated animals.

 (b) To evaluate the therapeutic effect of LDA: Experiments 3 to 
5. In Experiment 3 (n = 24), disease outcome was compared 
in LDA-treated and non-treated animals. In Experiment 4, 
LDA was evaluated as a coadjuvant with BCG vaccination 
(n = 36). Mice were subcutaneously vaccinated with sham 
(SF) or BCG 106 CFU/animal [ImmunoCyst® BCG, Sanofi 
Pasteur (batch E-5-C4042A)] alone or in combination with 
therapeutical LDA (administered 2  weeks post-challenge). 
The results for the BCG- and BCG  +  AAS-treated groups 
were compared with those obtained for the sham group. 
The endpoint was established at week 18 after the start of 

the experiment as these BCG-vaccinated or BCG-vaccinated 
and AAS-treated mice did not die. Experiment 5 (n = 24) was 
designed to assess the therapeutic effect of LDA in combina-
tion with RIMSTAR, the standard antibiotic combination 
used in human TB treatment.

The Murine Model of acute active TB 
(c3heB/FeJ Mice)
The C3HeB/FeJ murine model of acute active TB disease in 
humans was selected due to its suitability for investigating the 
effect of therapeutical strategies on disease outcome and immune 
mechanisms during active TB disease with excess inflammation 
and granuloma formation (12).
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TaBle 2 | Overview of the experiments and methods employed.

experiment experimental group Treatment no. of mice survival 
assessed

Bl assessed no. of slides for 
histometry

serum samples for 
luminex and elisa

1 Positive control – 12 Yes No 12 No
AAS LDA 12 11 No

2 Positive control – 24 No Yes 18 Yes
AAS LDA 24 13 Yes

3 Positive control – 12 Yes No 12 No
AAS LDA 12 12 No

4 sham sham 12 12 No
BCG BCG 12 12 No
BCG + AAS BCG + LDA 12 12 No

5 Rimstar Rimstar 12 Yes No 12 No
Rimstar + AAS Rimstar + LDA 12 12 No

Negative ct Negative ct – 6 No No No Yes, only Luminex

AAS, aspirin; LDA, low-dose aspirin 3 mg/kg/day; BCG, bacille Calmette–Guerin vaccine; RIMSTAR, rifampicin 150 mg + isoniazid 75 mg + pyrazinamid 400 mg + ethambutol 
275 mg, adjusted to mouse weight; Negative ct, negative control, healthy animals.
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endpoints to assess the impact of lDa on 
Disease Outcome
The effect of LDA on disease outcome was measured in terms of 
survival rate (all experiments except number 2; n = 108), BL in 
lungs at different timepoints (days 14, 21, and 28 post-infection; 
n  =  48) and lung pathology analysis (histometry; n  =  138) 
(Table  2). For the BL assessment, samples of lung lobes from 
animals from experiment 2 were collected, homogenized, and 
several dilutions plated on nutrient Middlebrook 7H11 agar 
(BD Diagnostics, Spark, USA). The number of CFU was counted 
after incubation for 28 days at 37°C and the results expressed as 
CFU/mL.

For the assessment of lung pathology, histological lung 
sections from C3HeB/FeJ mice from all experimental groups 
were analyzed by histometry. Lungs were fixed in 10% buffered 
formalin, embedded in paraffin and 5-µm sections stained with 
hematoxylin-eosin (HE) stain for histometric analysis. All slides 
were scanned at a resolution of 300  dpi (dots per inch), and 
scanned images analyzed using NIS-Elements Documentation 
3.0 Software (by Nikon Instruments; Shinjuku, Tokio, Japan). 
The percentage of affected area in relation to total lung area was 
measured.

Methods to assess the impact of lDa on 
immunological Profiles in serum and lung 
Tissue
The immunological profiles in sera from the experimental groups 
were assessed in Experiment 2 (Table 2). Ten selected cytokines 
and chemokines (G-CSF, KC, MIP-2, IL-1α, IL-1β, IL-6, TNFα, 
IL-2, IFNγ, and IL-17) were measured in serum samples obtained 
at days 14 (week 2), 21 (week 3), and 28 (week 4) post-infection, 
using the Luminex MILLIPLEX® MAP Kit, Mouse Cytokine/
Chemokine Magnetic Bead Panel, 96-Well Plate Assay (EMD 
Millipore). Six non-infected mice were used as negative control in 
the Luminex assay. Circulating CD5L/AIM protein was assessed 
using the CircuLex Mouse AIM/CD5L/Spα ELISA Kit (MBL 
International Corporation, Woburn, USA) and the same sera 

samples. Both kits were used in accordance with their manufac-
turer’s instructions.

Immunohistochemical stains on paraffined sections were 
performed using the ultraView DAB (Ventana Medical Systems) 
in accordance with the manufacturer’s protocol. Monoclonal 
antibodies against TNF-α (rabbit polyclonal ab6671; Abcam, 
dilution 1:100), STAT1 (phospho S727) (rabbit monoclonal 
EPR3146; Abcam, dilution 1:500), myeloperoxidase (MPO) 
(rabbit polyclonal ab45977, Abcam, dilution 1:500), arginase 
1 (rabbit polyclonal ab91279, Abcam, dilution 1:200), iNOS 
(rabbit polyclonal ab15323, Abcam, dilution 1:100), CD5L 
(dilution 1:50), tissue factor (TF) (rabbit monoclonal ab151748, 
Abcam, dilution 1:200) were used. Granulomas were imaged 
with a camera and NIS-Elements Documentation 3.0 Software 
connected to a microscope (Nikon Instruments; Shinjuku,  
Tokyo, Japan). As individual tissue sections from different  
animals with active TB contain multiple granulomas, we decided 
to image regions from five different granulomas with repres-
entative features, and to use them to analyze the IHC sta ining 
(5 per experimental group and timepoint). Images were  
acquired as TIFF-format images and analyzed with ImageJ 
(available at https://imagej.nih.gov/ij/). The median stained 
area for each antibody was graphically represented as square  
pixels.

graphics and statistics
Data are shown as median ± SEM. A non-parametric comparison 
(Mann–Whitney test) was used for comparisons between LDA 
and control groups (GraphPad Software v6.0). Statistically signifi-
cant differences are designated as follows: *p < 0.05; **p < 0.01; 
***p < 0.001.

resUlTs

survival rate
Low-dose aspirin increased the survival rate when compared 
to controls in all experiments in which survival was assessed 
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FigUre 1 | Survival assessment. Curves for the experimental groups achieved in the four experiments in which the impact of treatment on survival was assessed. 
Abbreviations: AAS, aspirin; BCG, bacille Calmette–Guerin vaccine; Vacc., vaccination; RIMSTAR, rifampicin 150 mg + isoniazid 75 mg + pyrazinamid 
400 mg + ethambutol 275 mg, adjusted to mouse weight.
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(experiments 1, 3, 4, and 5) (Figure 1). Both prophylactic and 
therapeutic treatment with LDA (experiments 1 and 3) increased 
survival compared to non-treated controls in a statistically signifi-
cant manner (p < 0.001 and p = 0.0032, respectively). Both BCG 
vaccination alone and in combination with LDA (experiment 4) 
showed a statistically significant increase in survival compared 
to the control group (p < 0.001), although no additional effect of 
LDA was found, at least until termination of the experiment. Two 
weeks of LDA in addition to antibiotic treatment (experiment 5) 
increased survival compared to RIMSTAR-only treated animals, 
although the differences between the survival curves were not 
statistically significant, at least not with the number of animals 
included in each treatment group (n = 12).

Bl in lungs
Prophylactic treatment with LDA (experiment 2) showed a 
statistically significant increase in BL on day 14 post-infection 
(p = 0.0022), but a statistically significant decrease at later stages 
(day 21, p = 0.0050; day 28, p = 0.0152) when compared to con-
trols (Figure 2A).

lung Pathology (histometry)
Histological lung sections obtained from mice from all experi-
ments were stained with HE-stain and analyzed in terms of 
granulomatous area in lungs (%). A statistically significant 
increase in lung pathology in both treatment groups over the 
course of infection was seen in those animals used to evaluate 
the BL at different timepoints (experiment 2). This increase was 

statistically significantly delayed and mitigated by preventive 
treatment with LDA only. As shown in Figure 2B, the % affected 
area was significantly reduced in LDA-treated mice compared 
to controls in late-stage infection (day 21, p  =  0.0286; day 28, 
p = 0.0286).

BCG vaccination was found to prevent excess lung pathology 
compared to sham (p = 0.0169) (Figure 2C), keeping lung pathol-
ogy very low at least until the end of the experiment at 4 months 
post-infection [mean of 39.78%; SD 24.5% (BCG group) and 
72.07%; SD 9.335% (sham group)]. Adjunctive LDA treatment 
had an additional beneficial impact on this effect, although this 
was not statistically significant when compared to BCG alone.

immunological studies
Figure 3 shows the results of the Luminex assay in serum for the 
cytokines. All median serum concentrations (pg/mL, plus 25–75% 
confidence intervals) for all cytokines/chemokines and CD5L meas-
ured by Luminex and ELISA at weeks 2 (day 14), 3 (day 21), and 4 (day 
28) post-challenge are shown in Table S1 in Supplementary Material. 
The IHC values in lungs are shown in Figure 4, and the results of 
CD5L measurements in serum (measured by ELISA, Figure 5A) and 
lungs (assessed by IHC, Figure 5B) are shown in Figure 5.

Neutrophil Recruitment (G-CSF, KC, and MIP-2)
Our findings in serum (Figure 3) underline a general increase in 
the recruitment of granulocytes during TB, as the G-CSF and KC 
(CXCL-1) values for infected groups differed from the negative 
control in a statistically significant manner. As regards G-CSF 

346

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 2 | Impact of AAS on the BL and histometry. AAS, aspirin; BCG, bacille Calmette–Guerin vaccine; BL, bacillary load. Panel (a) shows the impact of AAS on 
the BL with time post-challenge. Panels (B,c) show the impact of AAS on the histometry in terms of affected lung area, both alone [(B): experiment 2] and in 
combination with BCG vaccine [(c): experiment 4].
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serum levels, there were no statistically significant differences 
between treatment groups, although LDA reduced serum levels 
in late-stage disease. For KC, serum levels seemed to reach a 
plateau in week 3 in LDA-treated mice, while in the untreated 
infected animals (positive control) they appeared to keep rising 
through week 4, although the difference was not statistically 
significant. MIP-2 (CXCL2) levels in infected groups remained 
similar to those in healthy mice, except for week 4 (day 28), when 
the levels in the positive control animals increased (difference not 
statistically significant).

Acute-Phase Reaction: IL-1α, IL-1β, IL-6, and TNFα
Our results (Figure  3) suggest an expected systemic (acute-
phase) inflammatory reaction in TB. Thus, IL-1α values in 
infected groups were below the range in healthy animals (not 
statistically significant), and levels in the LDA group were lower 
than those obtained from the positive control group on days 
14 and 28 post-infection. IL-1β levels in both infected groups 
increased over time, showing the greatest differences at week 4 
(day 28) when compared to healthy animals. This rise seemed 
to be less pronounced in the LDA group, although no changes 
were found to be statistically significant. IL-6 and TNFα values 
in infected groups differed with respect to the negative control at 
all timepoints in a statistically significant manner. Indeed, there 
was a statistically significant increase in serum IL-6 levels over the 

course of infection, with this being mitigated in the AAS group 
in later stages. TNFα levels in the LDA group peaked at week 3 
(day 21) post-infection in a statistically significant manner, but 
returned to day 14 levels by week 4 (day 28).

T-Cell Response: IL-2, IFNγ, and IL-17
Animals from both infected groups showed increased IFNγ val-
ues at weeks 2 and 3 (days 14 and 21) when compared to negative 
controls, with these levels decreasing to those of healthy animals 
by day 28 (week 4). AAS significantly delayed this decrease. Thus, 
on day 28 post-infection, the IL-17 values for infected groups 
were statistically significantly higher than those for the negative 
control. No differences were encountered between the control 
and AAS groups. Although serum IL-2 levels were generally low, 
they were elevated in the infected groups with respect to levels 
in healthy mice, dropping back over the course of infection. 
This effect was less evident in the AAS group (not statistically 
significant).

The Anti-Inflammatory Cytokine: IL-10
IL-10 levels in infected groups were higher at week 2 (day 14) post-
challenge when compared to the negative control, subsequently 
decreasing to the level found in healthy animals by day 28. The 
drop in the AAS group in week 3 (day 21) was less pronounced 
(p = 0.01).
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FigUre 3 | Impact of AAS on serum cytokine/chemokine levels. All data are presented in pg/mL. Abbreviations: AAS, aspirin; G-CSF, granulocyte-colony 
stimulating factor; KC, chemokine (C-X-C motif) ligand 1 (CXCL-1); MIP-2, macrophage inflammatory protein 2-alpha [also named chemokine (C-X-C motif) ligand 2 
(CXCL2)]; IL, interleukin; TNFa, tumor necrosis α; IFNg, interferon γ.

Kroesen et al. LDA Effect in TB

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 798

IHC Results
The IHC results (Figure 4) showed differences in terms of stained 
area in pixels when using anti-TNF and anti-STAT1 antibodies. 
These differences were observed at a tissue level both over time 

and when comparing the two experimental groups. The presence 
of TNF was slightly lower in the AAS group, especially at week 3 
post-infection (difference not statistically significant). In contrast, 
STAT1 was found to be elevated at week 3 and decreased at week 
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FigUre 4 | Impact of AAS in lung measured by IHQ. Panel (a) shows some pictures of the staining. The bar represents 100 µm. Panel (B) shows the results of the 
staining quantification by experimental group and timepoint. Abbreviations: AAS, aspirin; TNF, tumor necrosis α; STAT1, signal transducer and activator of 
transcription 1; MPO, myeloperoxidase; INOS, inducible nitric oxide synthase; TF, tissue factor.
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4 in the AAS group with respect to the control group. MPO+ 
cells were statistically significantly decreased in the AAS group 
in late-stage disease (week 4). Differences were encountered for 
both arginase and INOS detection at week 3. Thus, while arginase 
staining increased, INOS staining decreased in the AAS group, 
with the differences being statistically significant in both cases. 
Tissue factor was found to be decreased in the AAS group at both 
weeks 3 and 4 post-infection, although this decrease was more 

important at week 3 and was not statistically significant at either 
timepoint.

CD5L/AIM
Significant changes in serum CD5L/AIM levels were observed in 
both experimental groups over the course of the infection, domi-
nated by a pronounced peak in week 3 post-infection (day 21),  
followed by a decrease. Serum CD5L/AIM levels were lower for 
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FigUre 5 | Impact of AAS on CD5L at a systemic and local level. Panel  
(a) shows serum levels (in pg/mL) for CD5L over time. Panel (B) shows 
CD5L in lung tissue on days 21 (week 3) and 28 (week 4) after challenge. 
Abbreviations: Ct, control; AAS, aspirin; d, day; w, week.
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the LDA group at weeks 2 and 3, although the difference was 
only statistically significant in week 2 (p  =  0.0159) (Figure  5A).  
The IHC study revealed less CD5L/AIM in lung sections from the 
AAS-treated group at week 4 (p = 0.031).

DiscUssiOn

The present study provides information on different LDA admin-
istration regimens (3 mg/kg) and their effect in a murine model 
of active TB.

The effect of AAS obtained in vivo has been classically consi-
dered to depend on the doses used. Thus, while low doses are 
commonly known to have an antithrombotic effect, only inter-
mediate doses (500 mg to 3 g) were classically considered to be 
anti-inflammatory (24). However, the literature on preclinical 
and clinical studies in sepsis (25) shows that LDA triggers lipoxin 
synthesis, thus mediating anti-inflammatory and inflammation-
resolving effects (26). Our results proved that maintained LDA 
also had an anti-inflammatory effect in the active TB model.

In our hands, when given preventatively or therapeutically in 
the absence of any other treatment, LDA statistically significantly 
increased survival in C3HeB/FeJ mice infected with TB, even 
enhancing the effect of RIMSTAR treatment. This is important as 
it stands in contrast with other findings, where AAS was described 
to antagonize the action of isoniazid (27) (which might raise the 
fear of the drug interfering with the standard treatment), and 
thus supporting the feasibility of AAS as an adjunct to TB drug 

therapy. Our findings, therefore, support the feasibility of AAS 
as an adjunct to TB drug therapy and provide evidence for the 
beneficial effects of LDA being mediated by an anti-inflammatory 
and an anti-mycobacterial mechanism, thereby reducing lung 
pathology over the course of the infection and BL in lungs, at 
least in late-stage TB.

As regards lung pathology, preventive treatment with LDA 
alone statistically significantly mitigated and delayed excess 
pulmonary damage in C3HeB/FeJ mice when compared to 
controls. Our results suggest that BCG vaccination can indeed 
prevent or delay terminal pathology due to M. tuberculosis infec-
tion in C3HeB/FeJ mice, and that treatment with LDA given 
therapeutically in addition to BCG vaccination does not provide 
any additional benefit, at least in the 4 months of this study. To 
determine whether LDA, administered therapeutically either 
alone or in combination with RIMSTAR or BCG vaccination, can 
statistically significantly mitigate and delay pulmonary damage 
during the course of infection, further experiments should be car-
ried out using the same model, but with an experimental design 
considering several scheduled timepoints.

Analysis of serum levels for selected cytokines/chemokines 
showed that, as expected, TB itself generates a systemic inflam-
matory reaction with elevated levels of major neutrophil recruit-
ment factors. Indeed, our results showed a significant increase in 
serum G-CSF, KC, IL-6, TNFα, and IL-17 levels when compared 
to negative controls. In contrast, the infection alone showed an 
inadequate drop in IFNγ, IL-2, and IL-10 levels over the course 
of infection. We observed a pronounced increase in serum 
IL-17 levels in late-stage disease, with this increase correlating 
with a decrease in IL-10 and CD5L. CD5L usually limits IL-17 
production in Th17 and enhances IL-10 production in Th17 
(28), and IL-10 has been suggested to play a role in controlling 
the anti-microbial activity and subsequent pulmonary tissue 
caseation (29). The observed late-stage rise in IL-17, therefore, 
probably reflects an increase in pathogenic Th17, thus leading 
to an increase in PMN infiltration and possibly explaining the 
excess late-stage lung pathology.

Overall, and although not reaching statistical significance for all 
measurements, our results suggest a systemic anti-inflammatory 
effect due to AAS treatment, as also described by Marzo et al. and 
Vilaplana et al. for ibuprofen in the same mouse model (12, 23).  
First, our findings point toward a systemic modulating effect 
of LDA on systemic neutrophil recruitment, thus resulting in a 
reduction in serum G-CSF and KC levels in late-stage disease. 
The IHC results confirmed the presence of fewer neutrophils in 
lungs, with a statistically significant decrease in MPO+ staining 
being observed at day 28 (week 4). With regards to the effects 
on neutrophil recruitment, it has been suggested that the anti-
inflammatory mechanism of action of LDA is mitigated by both 
the reduced number (recruitment) of neutrophils and by reduced 
prostaglandin production in monocytes, lymphocytes, and 
neutrophils, which is implicated in the origin and development 
of granulomas (8, 14). These cells possess COX-2 activity and 
produce the prostaglandins (PG) implicated in the inflamma-
tion and lung damage associated with active TB, although in the 
short-term PGE2 might be beneficial (8). Moreover, the results 
for the AAS group showed less acute phase reaction cytokines 
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(IL-6, IL-1β, and TNF-α) in the later stages. It has been observed 
that increased IL-6 levels directly correlate with increased BL 
(30) and X-ray severity in active TB in humans, therefore, this 
could be a valuable marker for predicting response to anti-TB 
treatment, with a pronounced reduction of serum levels being 
observed following treatment (31). Serum IL-1β levels in infected 
mice rose above the levels for healthy mice in late-stage disease.  
It has been described that increased IL-1β levels directly correlate 
with X-ray severity in active pulmonary TB in humans (31), and 
increased lung pathology was also observed in our study over the 
course of infection. Consequently, the lower levels achieved with 
LDA could be a reflection of the reduced lung pathology found 
in late-stage TB in the animals in this group.

Eisen et  al. previously suggested that the beneficial anti-
inflammatory effect of AAS might be mediated by a balancing 
effect on TNFα and that this could only be achieved at high 
dose, commonly known as the anti-inflammatory dose (32). Our 
results suggest that LDA does indeed balance TNF-α in TB in 
C3HeB/FeJ mice, significantly increasing serum levels in earlier 
stages (week 3) and reducing serum levels in the later stages of 
infection compared to non-treated positive controls. However, 
this increase could also be a consequence of the increase in BL at 
week 3 observed in the AAS group. Indeed, according to our IHQ 
results, TNF-α was slightly decreased in lung tissue (especially 
at week 3). However, the TNF-α increase observed at a serum 
level was not associated with worsened lung damage at that 
precise timepoint or subsequently according to the pathology 
results (33). The increase detected in serum levels at week 3 in 
the AAS group might enhance the Th1 response, the macrophage 
response and, consequently, clearance of the mycobacteria, acting 
synergistically with IL-2 and IFNγ. Increased levels of IFNγ and 
IL-2 have been found to be associated with moderate cases of 
human TB rather than more severe cases (34). Indeed, with LDA 
treatment we see a delay in the decrease in T cell response at a 
serum level (IFN-γ, IL-2, and IL-10) observed over the course of 
the infection, which reaches statistical significance at week 3. This 
delay at this precise timepoint might be responsible for control-
ling the tissue damage and BL by week 4, when infected animals 
are usually critically ill because of TB.

Signal transducer and activator of transcription 1 (STAT-1)  
was found to be elevated in lung tissue from LDA-treated 
animals compared to controls at week 3 and decreased at 
week 4, thus mirroring the results obtained in serum. The 
decrease in serum IL-10 levels over the course of the infection 
was also delayed in LDA-treated mice, and although the AAS 
group showed the lowest values in late-stage disease, the anti-
inflammatory effect observed, as represented by higher IL-10 
levels at week 3, could be considered a problem. It has been 
found that high serum IL-10 levels in patients with pulmonary 
TB lead to a slower response to treatment and a lack of bacterial 
control, thereby underlining the importance of a strong pro-
inflammatory response when lung tissues are still intact (30, 
35). In addition, reduced IL-10 (and IL-4) levels are associated 
with more moderate cases of human TB (34). In our study, the 
impact of the anti-inflammatory effect achieved by LDA seems 
to be beneficial rather than detrimental as, overall, AAS man-
ages to decrease the inflammation in late-stage disease without 

impairing the T  cell response in the short term. At a tissue 
level, we were able to demonstrate an increase in arginase-1 
and a decrease in INOS at a lung level by week 3 in animals 
treated with LDA compared to controls. Arginase and INOS 
have been reported to be markers for characterizing and dif-
ferentiating different macrophage functions as pro-healing/
anti-inflammatory (Arginase) or pro-inflammatory (INOS) in 
the context of TB (36). As such, LDA treatment may be tem-
porarily switching the phenotype of lung macrophages toward 
a more pro-healing/anti-inflammatory mode at week 3, which 
could have an important impact on disease outcome.

As regards CD5L measurements, mice from the AAS group 
had lower values than those from the control group at early 
timepoints (weeks 2 and 3) in serum and at later stages (week 4)  
at a lung level. CD5L/AIM is an innate protein that has been 
previously described to peak in plasma at week 3 post-infection, 
which may reflect a strong early innate immune response aimed 
at controlling M. tuberculosis growth. This enhances autophagy 
for elimination of the bacilli and acts in an anti-inflammatory 
(regulatory) manner on macrophages and Th1 (28, 37, 38). 
According to our results, the observations at a serum level may 
not be mirrored at the lung level as we see increased CD5L in lungs  
by IHC in week 4 (less pronounced in AAS-treated animals). This 
could suggest that this protein may play a role both during early 
infection and also in late stages of the disease, a point that should 
be studied in further experiments.

Finally, the measurement of TF by IHQ showed high levels 
at week 3, which was diminished by AAS treatment. TF is the 
principal initiator of the coagulation cascade, which plays a role 
in inflammation (39) and innate immunity and is expressed 
in response to different stimuli, such as infections and inflam-
mation (40). The role of TF in TB is controversial. Thus, while 
some authors have stated that although this factor is increased, 
TF-mediated coagulation does not contribute to the host’s defense 
(41), others have suggested a protective role for TF during  
M. tuberculosis infection by demonstrating, in a mouse model of  
TB, that TF deficiency is associated with increased M. tuberculosis 
replication in lungs (42). LXA4 was found to be able to promote a 
proinflammatory and prothrombotic profile in vitro by inducing 
TF expression (43). However, a tendency toward hypercoagula-
tion is a known problem in TB patients, especially in severe cases, 
therefore, the modulation of this state has been proposed as a 
target for AAS treatment in TB meningitis (9, 44). Indeed, our 
results point in this direction.

Our results are in contrast to some previous in  vitro and 
in vivo studies in the literature, which suggest that inhibition 
of prostaglandin pathways involving a decrease in PGE2 and 
production of LXA4 is detrimental in terms of immunity to 
TB and might impair T cell immunity (45–47). In our opinion, 
the coexistence of contradictory results in the literature in this 
sense is probably due to the important matter of timing in HDT 
administration during TB, as a strong inflammatory response is 
needed at the beginning of the infection for possible control or 
even clearance of the mycobacteria. Our study was performed 
using a murine model based on intravenous infection of C3HeB/
FeJ mice, which consistently develop lesions with liquefactive 
necrosis after infection with M. tuberculosis and die after 

351

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Kroesen et al. LDA Effect in TB

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 798

30 days in the absence of treatment. The characteristics of these 
lesions well mimic active TB in humans at diagnosis (when the 
disease is exacerbated, with an important inflammatory com-
ponent and subsequent host tissue destruction), but not human 
latent infection or disease without a predominant inflammatory 
response. For this reason, we consider that results from studies 
in C3HeB/FeJ mice are not applicable to immune-competent 
humans chronically infected with M. tuberculosis or suffering 
from mild forms of TB. In light of the above, and as a conclusion 
to our work, we propose that LDA should only be considered as 
an adjunct to antibiotic treatment and/or vaccination in patients 
who present with clinical signs of disease (wasting, cough, etc.). 
On the other hand, the finding that preventative treatment with 
LDA increases survival, delays excess granuloma formation in 
lungs, and reduces BL in late-stage TB disease in our model 
suggests LDA could be given to patients at high risk for TB 
as a preventive measure, although further studies should be 
performed to confirm this point.
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