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Editorial on the Research Topic
Immunopathology of Chronic Bacterial and Viral Diseases Prevalent in Latin America

Over the last couple of decades, global burden disease studies have shown a decline in mortality
rate leading to an increase in life expectancy and dynamic temporal patterns. Accordingly, Latin
America has been experiencing an epidemiological transition process, characterized by decreasing
incidences of some infectious and contagious diseases, the improvement in maternal and children
survival parameters, and a growing number of chronic degenerative diseases. Despite this, the life
expectancy of adults does not yet reach that of high-income countries and the epidemiological
transition has been heterogeneous in the region, with some countries exhibiting favorable health
indicators resulting from better-developed economy and good public policies, while other countries
suffering from communicable diseases that relates to poverty, inadequate sanitation, close contact
with infectious vectors and deficient access to health services. Such “neglected infectious diseases”
show a substantial disease burden in Latin America and include Dengue, with increased incidences
in the last decade. Moreover, the emergence of new pathologies related to arboviruses, such as Zika
and Chikungunya, has added to the complexity of the problem and continue to be a center of
scientific discussion with regard to regional immunology.

From May 14-18, 2018, the Latin American Association of Immunology (ALAI) and the
Mexican Society of Immunology (SMI) co-organized their XII Congress and XXIII Congress,
respectively, which featured an outstanding program in basic, translational and clinical
immunology. The complete work, including one pre-congress cytometry meeting, 10 plenary
lectures, 23 symposia, 18 workshops and 484 poster presentations, was published within a Frontiers
Abstract Book (https://www.frontiersin.org/books/Immuno_Mexico_2018_XII_Congress_of_the_
Latin_American_Association_of Immunology_and_XXIII_Congress_/1637). Moreover, with the
support of the International Union of Immunology Societies (IUIS), this Research Topic was
launched, devoted to current and in-progress scientific knowledge on basic immunopathological
aspects of chronic infectious diseases and their control in our region.

“Immunopathology of Chronic Bacterial and Viral Diseases Prevalent in Latin America”
includes 12 Original Research articles, 5 Reviews, 2 Mini-reviews and one Case Report, providing
a comprehensive overview of the advancements in some of the pathogenic agents that have
been the cause of emerging and re-emerging diseases in Latin America, such as bacterial
pathogens: Salmonella enteritidis; Salmonella typhimurium; Salmonella typhi; Brucella abortus; and
Klebsiella pneumoniae, and viral pathogens: human immunodeficiency virus (HIV); dengue; zika;
chikungunya; human papillomavirus (HPV); and Epstein-Barr virus (EBV). As substantial efforts
to assemble the bridge between basic research and clinical applications are presented, we hope this
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Research Topic contributes as one of the multilateral actions that
benefit regional science, education and health.

A series of four publications are dedicated to Brucella spp.,
a zoonoses transmitted to humans through consumption of
contaminated products, representing a health and financial
problem in livestock areas. Given that the infection is mainly
acquired by ingestion or inhalation of bacteria, Lopez-Santiago
et al. review the role of mucosal immune responses. In the
gastrointestinal tract, Brucella spp. are able to neutralize
the effects of gastric juice and bile salts and apparently uses
epithelial M cells to enter the mucosa without inflammation.
In that respect, Pasquevich et al. propose that the Ompl9
outer membrane lipoprotein of Brucella abortus, endowed with
proteolytic activity, may help this microorganism to evade
destruction by the gastrointestinal proteases. Deficiency of
Ompl9 results in a lower infective ability when administered
orally in susceptible mice. Furthermore, using a murine
model of Brucella abortus infection, Gutiérrez-Jiménez
et al. show that polymorphonuclear cells (PMNs) capable
of phagocytizing bacteria, display membrane phosphatidylserine
and are phagocytized by macrophages that secrete high levels
of IL-10 and low levels of TNFo. Bacterial replication is
higher in macrophages that ingest dying-infected PMNs,
suggesting a “Trojan horse” strategy for its dissemination.
Finally, Brucella abortus has the ability to interfere with
protective immune responses through various mechanisms
that include the disruption of pathogen recognition receptor
signaling. Here, Milillo et al. report the contribution of
RNA from Brucella to a specific decrease in MHC class II
molecules, and without interference with interferon-gamma
mediated manifestations.

Among bacterial infectious diseases, typhoid fever is
also a public health concern in Latin America as a leading
cause of invasive infections that show increasing drug
resistance in children. Recent work on Salmonella porins
has resulted in potential diagnostic tools and vaccine candidates.
Valero-Pacheco et al. report a bioinformatical analysis of the
OmpC porin in 8 types of thyphoidal and non-thyphoidal
Salmonella. Their results show several highly conserved amino
acid sequences in the transmembrane B in p-barrel, harboring
MHC-class II restricted epitopes that may function as vaccine
candidates. In an interesting twist, Mateos-Chavez et al.
report an engineered attenuated enteric Salmonella mutant,
capable of delivering antitumor peptides by using its secretion
mechanisms. Notably, the intravenous administration of a
modified Salmonella, harboring a peptide of the pro-apoptotic
protein Bax, reduces the tumor activity in a murine xenograft
model with “Ramos” B lymphoma cells.

Klebsiella pneumoniae SP258 is a hyper-endemic clone
resistant to carbapenem and responsible for common severe
infections in intensive care units. Castillo et al. compare the
capacity of K. pneumoniae SP258 to other K. pneumoniae strains
and Escherichia coli, of affecting PMN responses. Although
both bacteria were similarly phagocytized, K. pneumoniae SP258
does not induce the production of reactive oxygen species
(ROS) or NETosis, while E. coli does. Moreover, LPS from K.
pneumoniae mediates the inhibition of PMNs responses, and

SP258 apparently uses this mechanism to evade the innate
immune response.

A number of viral infections are also discussed from the
immunopathological perspective. An interesting Mini-Review
from Reyes-Sandoval and Ludert, assembles a wealth of
information relevant to the biology of non-structural proteins
of the Dengue and Zika arboviruses and the cross-reaction of
anti-NS1 antibodies with host cells, which potentially weakens
its use as a therapeutic target. In addition, Arévalo Romero et al.
describe the potential transmission of Zika virus through vector-
independent mechanisms. The authors provide an analysis of
the impact and consequences of the sexual transmission of Zika
virus on disease dynamics. Special mention is made on the long
viral persistence in male gonads, a site recognized as immune-
privileged, making men potential reservoirs for infection in
non-endemic areas. Original research from Shrivastava et al.
addresses central mechanisms contributing to pro-inflammatory
immunopathogenesis in dengue viral infection. They show the
capability of DENV-2 NS2A and NS2B proteins of inducing IL-
1P, a process mediated by NLRP3 inflammasome activation in
endothelial cells and directly related to calcium mobilization. Of
note, Fernandes et al. report a case of severe Chikungunya fever
and vesiculobullous lesions treated with immunoglobulin. The 5-
day treatment with intravenous immunoglobulin achieved a total
recovery of the patient’s lesions over 10 days, with no clinical
signs of the disease at discharge. This adjunctive therapy may
ameliorate severe cases of Chikungunya fever.

Junin virus is the etiological agent of Argentine hemorrhagic
fever. Ferrer et al. compare the effect of infection in human
monocyte-derived macrophages with attenuated and virulent
strains of this arenavirus. Their results show that while the
attenuated strain promotes classically activated macrophages, the
virulent strain infection results in alternatively activated cells.
A skew in macrophage polarization induced by Junin virus
infection is explained by the increased expression of MERKT
receptor, SOCS1, and SOCS3, during virulent-strain infection.

HIV is still a challenge, due to a lack of vaccination
strategies, the cumbersome budgetary burden of antiviral
drugs, and the poor prognosis with tuberculosis co-infection.
Here, Perdomo-Celis et al. describe the regenerative effects
of current HIV antiretroviral drugs on the immune system,
emphasizing the promising role of CD8 T cell subpopulations in
the immunological reconstitution during treatment. A number
of strategies to promote CD8T function are suggested to
rapidly transform the burden. Moreover, Alvarez et al. discuss
the role of Vitamin D in HIV infection. Worth noting, the
review provides a comprehensive overview of the many clinical
studies showing the beneficial functions of this hormone in
immune cell regulation and its potential use as a protective
nutritional supplement. Meanwhile, Giacoia-Gripp et al. evaluate
the changes in the profile of circulating innate lymphocytes in
patients coinfected with HIV and tuberculosis (TB), with or
without IRIS during antiretroviral therapy, compared to patients
with only HIV or TB infection and healthy controls. HIV/TB
patients show high numbers of circulating y3 ted 87/V3~ ratio
and increased expression of CD158a, NKp80, and NKG2C on NK
cells in HIV/TB IRIS+ compared to coinfected patients without
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IRIS. Finally, the association of Candida spp. infections with
antiretroviral treatment in clinical periodontitis is controversial.
In their study, Lomeli-Martinez et al. show a potential association
in the abundance and the diversity of Candida spp. with low
numbers of CD4+ T cells and the use of antiretroviral drugs. The
most abundant species was C. albicans, followed by C. glabrata,
C. tropicalis, C. krusei, and C. dubliniensis.

Influenza virus evolves by either antigenic drift that is
responsible for seasonal variability or an antigenic shift that is
responsible for the emergence of new strains. These phenomena
represent tremendous challenges for the development of effective
vaccines and show the importance of a continuous analysis
of the antibody response elicited by emerging viral epitopes.
Padilla-Quirarte et al. extensively review a role of antibodies in
protection against influenza virus. They describe the protective
mechanisms of antibodies against the different parts of the
haemagglutinin and neuramidase molecules present on the lipid
membrane. The authors also address the controversial protective
role of antibodies directed against viral internal antigens. On
the other hand, the family Caliciviridae comprises human
noroviruses and sapoviruses, the main etiological agents of
acute gastroenteritis. Pefiaflor-T¢éllez et al. review the capacity of
Caliciviruses to modulate the immune response. They detail the
evasion mechanisms used by Caliciviruses that include inhibition
of type I and III interferon gene translation and impairment of
antigen presentation, among other evasion mechanisms.

The oncogenic/oncopromotor role of a number of pathogenic
viruses has led to unprecedented advances in medical
oncology. Accordingly, the HPV-cervical cancer etiological
relationship is clear, and in this volume, Artaza-Irigaray et al.
demonstrate overexpression of IL-6 in cervical cancer cell lines
compared to normal keratinocytes and cervical intraepithelial
neoplasia grade 1. Transfection of the normal keratinocyte
line HaCaT with E5, E6, and E7 proteins from high and
low risk HPV show that E6 protein induces expression and
secretion of IL-6 in a p53-independent way. The authors
discuss whether IL-6 contributes to a pro-inflammatory
and highly proliferative leading to
cervical tumorigenesis.

The present collection also includes work characterizing tick
saliva, where components that affect the host's immune response
have been identified. This is an area of study that is gaining
recognition as an important factor in the establishment of
infections. While insects are generally considered only pathogen
vehicles, recent years have witnessed the scientific interest
for several biological molecules within their saliva facilitating
pathogen infections. Maldonado-Ruiz et al. describe the protein
components of tick saliva from native Amblyomma americanum
species compared to the same species grown in the laboratory.
The results show interesting differences in saliva composition,
and their relevance is discussed.

Collectively, manuscripts included in this Research Topic
highlight the ongoing studies on some of the infectious
diseases of health priority in our region. Although far from a

microenvironment

comprehensive analysis of Latin American bio-epidemiological
complexity, this collection illustrates the complementary basic
and applied science that is being conducted by the local
immunology community. We hope this multidisciplinary effort
helps to inspire young scientists to become committed to
deep understanding, prevention and control of regional health
problems, and authorities to support new comprehensive
strategies and science-based public policies. Clearly, Latin
American immunology displays strength and maturity. The
current pandemic of COVID-19 caused by SARS-CoV-2 provides
a dramatic illustration of the importance of local expertise
in the fight against this and future epidemic threats through
international cooperation.
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Antimicrobianos, Instituto Nacional de Enfermedades Infecciosas Dr. Carlos G. Malbran (INEI), Administracion Nacional de
Laboratorios e Institutos de Salud (ANLIS), Buenos Aires, Argentina

The epidemic clone of Klebsiella pneumoniae (Kpn), sequence type 258 (ST258),
carbapenamase producer (KPC), commonly infects hospitalized patients that are
left with scarce therapeutic option since carbapenems are last resort antibiotics for
life-threatening bacterial infections. To improve prevention and treatment, we should
better understand the bioclogy of Kpn KPC ST258 infections. Our hypothesis was that
Kpn KPC ST258 evade the first line of defense of innate immunity, the polymorphonuclear
neutrophil (PMN), by decreasing its functional response. Therefore, our aim was to
evaluate how the ST258 Kpn clone affects PMN responses, focusing on the respiratory
burst, compared to another opportunistic pathogen, Escherichia coli (Eco). We found
that Kpn KPC ST258 was unable to trigger bactericidal responses as reactive oxygen
species (ROS) generation and NETosis, compared to the high induction observed with
Eco, but both bacterial strains were similarly phagocytized and cause increases in cell
size and CD11b expression. The absence of ROS induction was also observed with other
Kpn ST258 strains negative for KPC. These results reflect certain selectivity in terms
of the functions that are triggered in PMN by Kpn, which seems to evade specifically
those responses critical for bacterial survival. In this sense, bactericidal mechanisms
evasion was associated with a higher survival of Kpn KPC ST258 compared to Eco. To
investigate the mechanisms and molecules involved in ROS inhibition, we used bacterial
extracts (BE) and found that BE were able to inhibit ROS generation triggered by the
well-known ROS inducer, fMLP. A sequence of experiments led us to elucidate that the
polysaccharide part of LPS was responsible for this inhibition, whereas lipid A mediated
the other responses that were not affected by bacteria, such as cell size increase and
CD11b up-regulation. In conclusion, we unraveled a mechanism of immune evasion
of Kpn KPC ST258, which may contribute to design more effective strategies for the
treatment of these multi-resistant bacterial infections.

Keywords: immune evasion, Klebsiella pneumoniae, neutrophils, respiratory burst, LPS
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Kpn-KPC-ST258 Subverts Neutrophil-Mediated Respiratory Burst

INTRODUCTION

Klebsiella pneumoniae (Kpn) is a Gram-negative pathogen
causing a wide range of infections from urinary tract infections
to pneumonia. Kpn is a member of the so-called ESKAPE group
of microorganisms, a term that emphasizes the fact that
they effectively “escape” the effects of antibacterial drugs
(1). Antimicrobial resistance is a significant problem for
the treatment of infectious diseases caused by resistant
bacteria worldwide. Specifically, resistance to carbapenems, the
antibiotics of last resort for life-threatening bacterial infections,
has significantly increased mortality and morbidity in patients
hospitalized in intensive care units or in long-term care
facilities (2). As an example, mortality in patients suffering from
bacteriemia or pulmonary infections caused by carbapenem-
resistant Kpn strains ranges between ~30 and 70% (3). A
clinically relevant Kpn clone has been genetically classified as
multilocus sequence type 258 (ST258), which is a hyper-epidemic
clone responsible for the global dispersion of carbapenem
resistance. This resistance is conferred by an enzyme known as
Kpn-Carbapenemase (KPC) (3), and the strains belonging to the
ST258 are also resistant to all B-lactam antibiotics and generally
contain additional resistance genes that confer resistance to
aminoglycosides and quinolones (3). In Argentina, since 2010,
the entry of ST258 into the country has altered our health
system, since today this clone has been detected in most health
institutions of the country (4). Although the ST258 clone is the
most extended Kpn KPC lineage, the basis of its success, outside
of antibiotic resistance, remains unknown.

In this sense, our hypothesis is that evasion strategies of
the ST258 clone could allow it to escape the immune system.
This could favor a rapid transmission and persistence within the
community, and particularly, in the intra-hospital environment.
In fact, some mechanisms of immune evasion in other not-
ST258 not-KPC+ Kpn strains have been described, such as the
resistance and down-regulation of B-defensins in the lung, the
resistance to complement, and a reduction in their phagocytosis.
These strategies have been associated with components of the
polysaccharide capsule of Kpn, and to mucoviscosity phenotypes
(5-8). In particular, the infection biology of Kpn KPC ST258
is poorly understood. The exact consequences of Kpn KPC
ST258-PMN interaction need to be elucidated, in order to
establish the success of KPC and to start delineating new possible
therapeutic approaches.

PMN are the first cell line of antibacterial host defense.
During the first steps of PMN activation, an increment in their
forward scatter (FSC) flow cytometry parameter occurs. This
has been associated with the spreading process itself, but also
to the translocation and fusion of easily mobilized granules with
the cytoplasmatic membrane (exocytosis), exposing the interior
membrane surface of the granules to the exterior, therefore
increasing the total surface area of the cell and, in consequence,
the FSC (9, 10). Additionally, exocytosis causes the up-regulation
in the plasmatic membrane of molecules and receptors involved
in PMN adhesion to endothelial cells, such as CD11b.

Upon encountering bacteria, PMN capture, ingest, and kill
them by the production of reactive oxygen species (ROS)

within intracellular phagosomes (11). ROS are produced by
a multicomponent oxidase complex, named the NADPH
oxidase, which is unassembled and inactive in resting cells but
assembles at the plasma or phagosomal membrane upon PMN
activation. Critical elements of the oxidase components are
segregated in the membrane and cytosol. Upon activation, these
components translocate, in order to interact with the membrane
components of the complex, where a functional oxidase is
assembled and becomes active. Additionally, PMN were shown
to generate web-like extracellular fibers known as neutrophil
extracellular traps (NETs), composed of deoxyribonucleic acid
(DNA), histones, and antimicrobial granule proteins, which are
highly effective at trapping and killing invasive bacteria (12).
NETosis is usually dependent on ROS generation, although ROS-
independent NETosis has also been reported (13). Moreover,
ROS-independent mechanisms are also important in PMN-
mediated killing. These mechanisms include the delivery of
proteolytic enzymes stored in PMN granules into the phagosome.

Considering the clinical relevance and rapid dissemination
of Kpn KPC ST258, it is necessary to better understand the
interaction PMN-bacteria in order to design new strategies
that might contribute in the treatment of infections with this
multi-resistant bacterial strain. Therefore, our aim was to study
whether Kpn KPC ST258 is able to actively evade the first
line of defense of the immune response, the PMN. For this
purpose, we challenged human PMN with Kpn KPC ST258
and measured different PMN responses. For comparison, we
used another Gram-negative opportunistic bacillus, Escherichia
coli (Eco). Moreover, as we found that Kpn KPC ST258 was a
poor inducer of ROS generation, the mechanisms and molecules
involved in this phenomenon were also investigated.

MATERIALS AND METHODS

Ethics Statement

Human normal samples were obtained from voluntary donors.
This study was performed according to institutional guidelines
(National Academy of Medicine, Buenos Aires, Argentina) and
received the approval of the institutional ethics committee (No.
12524/17/X), and written informed consent was provided by all
the subjects.

Blood Samples

Blood samples were obtained from healthy volunteer donors who
had not taken any medication for at least 10 days before the day
of sampling. Blood was obtained by venipuncture of the forearm
vein and was drawn directly into citrated plastic tubes.

Polymorphonuclear Neutrophil (PMN)

Isolation

Neutrophils were isolated by Ficoll-Hypaque gradient
centrifugation (Ficoll Pharmacia, Uppsala; Hypaque, Wintthrop
Products, Buenos Aires, Argentina) and dextran sedimentation,
as previously described (14). Contaminating erythrocytes were
removed by hypotonic lysis. After washing, the cells (96%
neutrophils on May Griinwald/Giemsa-stained Cyto-preps) were
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suspended in RPMI 1640 supplemented with 2% heat-inactivated
fetal calf serum (FCS) and used immediately after.

Bacterial Strains and Cultures

The experiments were performed using two types of Gram-
negative bacteria: E. coli (ATCC® 25922™) and a local clinical
isolate of Klebsiella pneumoniae KPC carbapenemase producer,
belonging to sequence type 258 (Kpn KPC ST258, Strain ID:
M9885. See also Supplementary Material 1). Other bacterial
strains used were: Kpn ATCC 700603 (not-ST258), three Kpn
ST258 KPC negative (M19091, M19216, and M19145), and
three Kpn ST258 KPC positive (M22738, M22810, and M22910)
strains. For details see Supplementary Material 1. Bacteria were
grown in Tryptic Soy Broth (TSB) (Britania) for 18 h at 37°C.
100 pL of the culture was added into 10 mL of fresh TSB, and
grown for another 4 h with agitation, until the organism reached
log phase. Bacteria was pelleted by centrifugation at 9,600 g for
15 min, washed twice in phosphate buffered saline (PBS) 1x, and
resuspended at the desired concentration. Bacteria concentration
was determined by measuring O.D. at 600 nm, and adjusting
to 0.09 absorbance units, that is equivalent to 1 x 10% colony
forming units (CFU)/mL; CFU concentration was confirmed by
counting on Tryptic Soy Agar (TSA).

Recombinant Bacterial Strains Expressing

Green Fluorescent Protein (GFP)

Fifty milliliters of Eco and Kpn KPC ST258 were cultured on
LB until O.D. 600nm = 0.6, harvested by centrifugation at
10,000 g for 10 min and washed four times with one volume
of 10% glycerol and finally resuspended in 500 pl of 10%
glycerol. These bacteria (50 pl) were electroporated with 1 pg of
plasmid pML1335, kindly provided by Dr. Michael Niederweis,
at 200 ohms, 2.5V and 25 pFa. Plasmid pML1335 (15) contains
the GFP gene under mycobacterial promotor (Psmyc). This
vector carries ColE1 for replication and a hygromycin resistance
gene. After electroporation bacteria were cultivated in 1 ml of
SOC medium during 1h and then plated on LB agar with
hygromycin (200 jg/ml). Plates were incubated overnight at
37°C. The presence of GFP in individual colonies was evaluated
by microscopy, irradiating the bacteria with ultraviolet light.
Only colonies containing “green” bacteria were selected and used
in further experiments.

Phagocytosis Studies

Flow Cytometry

PMN (1 x 10°) were incubated with 1 x 107 CFU of GFP-Kpn
KPC ST258 or GFP-Eco for 1h at 37°C (total bacteria-PMN
interaction) or 4°C (for bacterial adhesion) in 5% CO,. After
incubation, GFP4+ PMN were evaluated by flow cytometry and
expressed as the percentage of PMN associated to GFP-bacteria
(37°C) or the percentage of PMN with bacteria attached (4°C).
The percentage of phagocytosis was calculated subtracting the
percentage of adhesion to the total interaction.

Confocal Laser Scanning Microscopy
PMN (3 x 10°) were mixed with 3 x 10° CFU of GFP-
Kpn KPC ST258 or GFP-Eco in cold RPMI with 2% FCS and

seeded gently onto glass coverslips coated with 0.001% poly-
L-lysine in a 24-well plate. Assay plates were centrifuged at
524 g during 5 min at 4°C to synchronize phagocytosis. Samples
were incubated at 37°C in 5% CO, during 1h, fixed with
4% PFA, permeabilized with Triton X-100 0.25%, and stained
with 1 pg/mL TRIT-C Phalloidin (Sigma-Aldrich) in order to
observe PMN actin, and 1pg/mL TOPRO-3 (ThermoFisher
Scientific) for DNA staining, during 1 h. High resolution images
were acquired using a FluoView FV1000 confocal microscope
(Olympus, Tokyo, Japan) equipped with a Plapon 60x/1-42
objective lens and processed using Olympus Flow view software.
First, to perform a random acquisition of images, PMN were
focused on TRIT-C Phalloidin staining only, and 10 fields were
observed, with at least 5 cells/field. The acquisition of each
field was performed in Z-Stack mode, acquiring one frame
every 1.2um from the upper focal plane to the lower plane.
Images were analyzed using the Fiji software with the aid of the
orthogonal view, in order to distinguish between internalized
and adhered bacteria. Phagocytized bacterium were defined as a
GFP+ particle surrounded by PMN actin, observed in both XZ
and YZ planes of the orthogonal view. Values were expressed
as the percentage of PMN with GFP+ bacteria internalized or
adhered. The number of bacteria internalized per PMN was
also quantified.

Bactericidal Activity Assays

Killing of bacteria by PMNs was determined using PMNs (1 x
10°) combined with 1 x 10° of bacteria in 24-well tissue culture
plate. One hour after incubation PMN were lysed with H,O. The
resultant solution was plated on TSA in serial dilutions. CFU
were enumerated the following day, and the relative CFU was
calculated with the following equation: (CFU + PMN/CFU -
PMN) x 100, where CFU 4+ PMN was the number of CFU in
the presence of PMN and CFU - PMN was the number of CFU
in the absence of PMN.

Bacterial Extracts

Mechanical disruption of bacteria was performed using 0.1 mm
Zirconia beads as described previously (16). Briefly, bacterial
strains were cultured in 10 mL of TSB until log phase. Bacteria
was pelleted by centrifugation at 9,600 g for 15min, washed
twice in PBS 1x, resuspended in 500 wL of PBS 1x with 300 mg
of Zirconia beads, and then strongly vortexed during 5min.
The suspension was centrifuged at 9,600 g for 15min and the
supernatant (bacterial extract, BE) was stored.

Protein Quantification

Protein concentration in bacteria or BE was determined using
the Bradford Method (17). A standard curve using bovine serum
albumin ranging from 50 to 250 pg/ml was used.

Polysaccharide Quantification

The amount of polysaccharides was determined using the
phenol-sulfuric method. Briefly, 100 iL of the BE was mixed with
phenol 6% and sulfuric acid 98%, incubated during 1h and the
resultant yellow-gold color was read at 490 nm.
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Assay for Degradation of Hydrogen
Peroxide (H20»)

H,0; degradation was evaluated over time using a DeNovix DS-
11spectrophotometer (DeNovix Inc.), by means of the property
of peroxide to absorb at 240 nm. H,O, 0.036% v/v absorbance
was evaluated during 240s, with or without BE (10 pg/mL of
protein). A decay control was performed by the addition of 10
Units of catalase.

Evaluation of the Importance of Protein

Content in BE

Heat Treatment

BE were treated for 60 min at 60°C for protein denaturalization
and enzyme inactivation.

Trichloroacetic Acid Precipitation (TCA)

In order to precipitate proteins, TCA (15% v/v) was added to
BE. The solution was incubated 30 min at —4°C and centrifuged
at 9,600 g for 15 min. The supernatant was discarded, the pellet
(protein fraction) was resuspended in PBS 1x and precipitated
once again with pure acetone during 2h at —4°C. After that,
suspension was centrifuged and acetone was evaporated by dried
air incubation. Dried protein fraction (PF) was resuspended in
PBS 1x and adjusted to pH = 7.0 with NaOH 0.5 N. Final protein
concentration was measured using the Bradford Method and
adjusted to 100 pg/mL. TCA precipitated 97% of total proteins
measured as stated in section Protein Quantification.

Evaluation of the Importance of

Polysaccharides Content in BE

Concanavalin a (Con A) Precipitation

Depletion of molecules containing mannose was performed by
precipitation with 10 ug/mL Con A (Sigma-Aldrich) in the
presence of 10mM Ca? (Merck) for 30min at 37°C. After
incubation, the solution was centrifuged at 9,600 g for 30 min.
and the supernatant, free of containing mannose molecules,
was reserved. Con A precipitates 75% of total carbohydrates,
measured as stated in Polysaccharide Quantification.

Oxidation With Periodic Acid (PA)

When treated with PA, glycols are oxidized to aldehydes, losing
their biological effect. In this sense, BE were oxidized with PA
(Sigma-Aldrich) at a 0.1% final concentration, and stirred during
1h. After oxidation, the solution was neutralized with NaOH
0.5N until pH = 7.0.

LPS Depletion and Isolation

Depletion of LPS was performed using a Polymyxin B-
Agarose column (Sigma-Aldrich). The column was washed with
endotoxin-free 0.1 M ammonium bicarbonate buffer (pH = 8.0),
in order to remove the glycerol storage solution; then it was
centrifuged at 9,600 g for 5min and resuspended with an equal
volume of BE. The polymyxin B-Agarose-BE suspension was
stirred for 30 min at 37°C, and then it was centrifuged at 9,600 g
for 10 min and the supernatant (BE-LPS) was reserved.

LPS was eluted from the column using 1% sodium
deoxycholate (Sigma-Aldrich) and then the solution was dialyzed
to eliminate the salt and resuspended in endotoxin-free water.

Flow Cytometry Studies

5 x 10° PMN were incubated with a specific mouse anti-human
CD11b antibody conjugated with phycoerythrin (PE) (Dako,
Santa Clara, CA, USA). Debris was excluded by FSC-SSC, and
the increase on FSC or CD11b expression was analyzed within
the gated-viable PMN. Mean fluorescence intensity of the CD11b
was determined on 50.000 events.

Measurement of Fluctuations in

Intracellular Ca?+

Changes in intracellular Ca** were monitored using Fluo-3AM
(Sigma Aldrich), as previously described (18). Briefly, neutrophils
suspended at a concentration of 5 x 10° cells/ml in RPMI
1640 were incubated with 4 mM Fluo-3AM for 20 min at 30°C.
Then loaded cells were washed twice and suspended at 5 x 10°
cells/ml in RPMI 1640 supplemented with 1% FCS. Aliquots of
15 ul of this cell suspension were added to 300 pul of RPMI
1640 medium containing 1% FCS and warmed at 37°C. The
samples were immediately loaded onto the flow cytometer, and
the basal fluorescence (FL-1) was recorded during 15 s. Then cells
were stimulated with fMLP (10~7 M), and the fluorescence was
recorded during an additional 150s. Acquisition of samples was
performed at 37°C. Fluctuations in cytoplasmatic free calcium
concentrations were recognized as alterations in Fluo-3AM
fluorescence intensity over time.

Reactive Oxygen Species (ROS)

Generation

To determine the production of ROS by flow cytometry DHR-
123, a derivative of rhodamine 123, was used following the
protocol described by Leech et al. (19). Briefly, isolated PMN
(5 x 10°) were incubated 15min at 37°C with 1 wM DHR-
123. Subsequently, the cells were incubated with or without the
stimuli for 30 min at 37°C 5% CO, in a humidified atmosphere.
Immediately after, the green fluorescence was determined.

Neutrophil Extracellular Traps (NETs)

Formation

PMN (5 x 10°) were seeded gently onto glass coverslips coated
with 0.001% poly-L-lysine in a 24-well plate in triplicate, allowed
to settle, and incubated in the presence of bacteria (bacteria:PMN
ratio 20:1). Cells were incubated for 3h at 37°C 5% CO,. After the
incubation period, samples were gently fixed with 4% PFA, then
washed with PBS 1x, and stained for DNA with propidium iodide
(Vector Laboratories) and elastase using a specific antibody anti-
PMN elastase (Merk Millipore, Darmstadt, Germany). Images
for NETs evaluation were acquired using a FluoView FV1000
confocal microscope (Olympus, Tokyo, Japan) equipped with a
Plapon 60x/1-42 objective lens and processed using Olympus. At
least 10 different fields were observed in each triplicate (x200).
NETs areas were determined as previously reported (20) in at
least five pictures obtained in x200 using the wand tool of the
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FIJI software (21). The scale for the measurement was obtained
from the data given in the confocal microscope image.

Chemotaxis

Chemotaxis was quantified using a modification of the Boyden
chamber technique (22). A cell suspension (50 pl) containing 2 x
10 cells/ml in RPMI with 2% FCS, was placed in the top wells of
a 48-well micro-chemotaxis chamber. A PVP-free polycarbonate
membrane (3 pm pore size; Neuro Probe Inc. Gaithersburg MD,
USA) separated the cells from lower wells containing either RPMI
or the stimulus. The chamber was incubated for 30 min at 37°C

in a 5% CO, humidified atmosphere. After incubation, the filter
was stained with TINCION-15 (Biopur SRL, Rosario, Argentina),
and the number of PMN on the undersurface of the filter was
counted in a five random high-power fields (HPF) x400 for each
of triplicate filters.

Statistical Analysis

Results were expressed as the mean =+ SEM. Statistical
analysis of the data was performed using the analysis of
variance (ANOVA), applying Tukey’s post-test. P < 0.05 were
considered significant.
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FIGURE 1 | Kpn KPC ST258 is a poor inducer of ROS generation. Kpn KPC ST258 and Eco were incubated with isolated human PMN in different Bacteria:PMN
ratios for 30 min. ROS was measured by flow cytometry using DHR. (A) Percentage (%) of DHR + PMN. Right panel: Representative dot-plots showing the SSC vs.
DHR profiles. n = 10; *p < 0.05 vs. untreated (-); # p < 0.05 vs. Kpn KPC ST258 1:1, +p < 0.05 vs. Kpn KPC ST258 10:1; 6 p < 0.05 vs. Kpn KPC ST258 20:1.
(B) Isolated PMN were incubated with Kpn KPC ST258 and Eco in a Bacteria:PMN ratio of 20:1 for 3h. NETs were stained for DNA and elastase and were visualized
by confocal microscopy. NETs area (um2) was measured using the FIJI software as described in material and methods. n = 10. *p < 0.05 vs. untreated (-) and vs.
Kpn KPC ST258. Right panel: Representative microphotographs of confocal images showing PMN from the untreated (-), Kpn KPC ST258, and Eco groups stained
for DNA or elastase visualization and the merge of the images (x 200). (C) Kpn KPC ST258 or Eco were incubated for 1 h with PMN and the remaining viable colony
forming units (CFU) were evaluated using TSA plates. Relative CFU was calculated as indicated in material and methods. n = 9. “o < 0.05 vs. Kpn KPC ST258. In all
cases, results are expressed as the mean + SEM.
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RESULTS

Kpn KPC ST258 Triggers a Poor
Respiratory Burst in PMN

Considering the clinical importance of the hyper-epidemic
clone of Kpn producer of carbapenemase (KPC) that belongs
to the ST258 (Kpn KPC ST258), we focused our study on
this bacterial clone. We first investigated the respiratory burst,
which plays an important role in innate immunity against

invading microorganisms using different bacteria:PMN ratios.
The fluorogenic dye, dihydrorhodamine 123 (DHR), was used
for detection of reactive oxygen species (ROS). As shown in
Figure 1A, ROS generation was strongly induced after 30 min
when PMN were challenged with Eco. However, Kpn KPC ST258
was not able to induce a respiratory burst in PMN in any of
the ratios assayed. The possibility that Kpn KPC ST258 was a
slower inducer of ROS was ruled out as the percentages of ROS-
producing PMN at 1 and 2h were 8.8 and 10.8%, respectively,
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FIGURE 2 | Kpn KPC ST258 and Eco are similarly phagocytized by PMN. Percentage of phagocytosis and bacterial attachment were evaluated by both flow
cytometry (A) and confocal microscopy (B) techniques. GFP-Kpn KPC ST258 and GFP-Eco were incubated with isolated human PMN as described in material and
methods. (A) Percentage of association and adhesion of GFP-bacteria to PMN were measured at 37°C and 4°C, respectively. Percentage of PMN that have
phagocytized GFP-Bacteria was calculated by subtraction (37°C-4°C). n = 8. Right panel: Representative Dot-Plots. (B) Percentage of PMN with phagocytized or
adhered GFP-Bacteria evaluated by confocal microscopy. n = 5. Right panel: representative Z-Stack merged microphotographs and orthogonal view, showing PMN
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and were not different from the percentage observed at 30 min
(data not shown).

The viability of PMN was measured in parallel by flow
cytometry using propidium iodide, and none of the conditions
assayed induced cell death (Supplementary Material 2). We
decided to use a bacteria:PMN ratio of 20:1 to perform all the
experiments that followed.

We next wanted to address the importance of carrying KPC
in the lack of ROS induction by Kpn. We performed the assay
using other Kpn strains: one ATCC, not ST258, three other
clinical isolates of Kpn ST258 but negative for KPC, and three
other clinical isolates of Kpn ST258 positive for KPC. We found
that all ST258 clinical isolated of Kpn were unable to induce
a respiratory burst in PMN independently of the presence of
KPC (Supplementary Material 3). Moreover, the ATCC strain
was also a poor inducer of ROS in PMN.

As the production of ROS has been associated with the
capacity of PMN to form NETs (23), we also evaluated NETosis
triggered by Kpn KPC ST258. Figure 1B shows that Kpn KPC
ST258 was also a poor inducer of NETosis after 3 h of incubation,
whereas Eco induced a significant amount of NETs.

Next, to evaluate whether the poor induction of ROS and
NETs by Kpn results in increased bacterial survival, PMN were
incubated with Kpn KPC ST258 or Eco for 1h. Then, cells were
lysed and total colony formation units (CFU) were determined
on agar plates. As shown in Figure 1C, the CFU count for Kpn
KPC ST258 was higher compared to Eco.

Altogether, these results indicate that Kpn KPC ST258 is a
poor inducer of important PMN bactericidal mechanisms, and
this is associated with higher bacterial survival.

PMN Are Able to Sense Kpn KPC ST258
Taking into account the results found in the previous section, we
next asked if Kpn KPC ST258 could be sense by PMN. If PMN
recognizes Kpn, the lack of response would not be due to the lack
of interaction/ingestion, and could be associated with some type
of active modulatory mechanism of PMN functionality fulfilled
by the bacterium.

Therefore, in order to investigate bacteria-PMN interaction,
we used GFP-recombinant Kpn KPC ST258 and GFP-Eco and
analyze the percentage of phagocytosis after 1h of incubation
by flow cytometry and confocal microscopy (Figures2A,B).
Using both techniques, attached and internalized bacteria could
be distinguished. Similar results were obtained using the two
different techniques and the percentage of PMN that have
attached or phagocytized GFP-Kpn KPC ST258 or GFP-Eco was
similar. Moreover, using the confocal images we quantified the
number of bacteria internalized per PMN, and again the results
obtained were similar for Kpn KPC ST258 and Eco (No. bacteria
internalized per PMN: Kpn KPC ST258 =1.17 +0.18, Eco = 1.20
+0.04, n=5).

To determine whether this bacteria-PMN interaction leads
to PMN activation, we measured the increase in their FSC,
a rapid and sensitive parameter related to initial sensing of
inflammatory/infectious stimuli. Kpn KPC ST258 was equally
capable of inducing an FSC increase in PMN compared to Eco
(Figure 3A). Moreover, initial steps in PMN activation involve

o “
A 400 i 2 20%
1 »
(&)
2w |
= - .
=]
£ 604 ' + Kpn KPC
£ ST258
% a0 5%
= !
3
E 20 * -
ES s =
0 T ’ Eco
o o
‘;\’\f’ <« 79%
(¢}
& -
o I :
FSC
B
o
=
=
8
w ju
«
® o e
& <& cD11b
0" Isotype
& =
& Kpn KPC ST258
A — Eco
Kpn KPC
c ST258 20:1
i i 9
i J 4.5% 15.0%
z ]
= T ‘
Qo 1 ¥ 3
. {
& }
5 L = =
®*
Eco 20:1/
Eco 20:1 Kpn KPC
) ST258 20:1
" &so,ﬁ BT 28.9%
(o QrIm—— SR S

FIGURE 3 | Kpn KPC ST258 is recognized by PMN. Kpn KPC ST258 and
Eco were incubated with isolated human PMN in a Bacteria:PMN ratio of 20:1
for 30 min. (A) The % of PMN that increased their Forward Size Scatter (FSC)
after stimulation with Kpn KPC ST258 or Eco, or left untreated (-) was
determined by flow cytometry. Results were expressed as the mean + SEM, n
=8."p < 0.05 vs. (-). Right panel: representative dot-plots showing SSC vs.
FSC profiles of PMN with no treatment (-), Kpn KPC ST258 or Eco.

(B) Expression of CD11b. The MFI of the adhesion marker CD11b was
determined by flow cytometry. The horizontal dashed-line represents the
CD11b expression of the control group. Results were expressed as the mean
+ SEM of the relative fluorescence (RF) of the MFI of the different treatments
with respect to untreated PMN. n = 5. *p < 0.05 vs. (-). Right panel:
Representative histogram of the expression of CD11b in the different
experimental groups. (C) % of DHR+ PMN of Kpn KPC ST258-Eco
co-cultures. Results were expressed as the mean +£ SEM. n = 5. *p < 0.05 vs.
untreated (-); # p < 0.05 vs. Kpn KPC ST258 20:1, +p < 0.05 vs. Eco 20:1.
Right panel: representative dot-plots showing SSC vs. DHR profiles.

the mobilization of intracellular granules, resulting in the up-
regulation in the plasma membrane of molecules that were
present in the membrane of intracellular granules. This is the
case of CD11b that was measured on the surface of PMN after
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incubation with the different bacterial strains. As depicted in
Figure 3B, the up-regulation of CD11b in PMN was similar for
Kpn KPC ST258 and Eco. Altogether, these results indicate that
Kpn KPC ST258 was interacting with PMN, and although PMN
was similarly sensing Kpn KPC ST258 and Eco, for Kpn, this
sensing caused dual effects on PMN, modulating some functions
positively, but negatively regulating others.

Moreover, in order to investigate whether Kpn KPC ST258
was able to interfere with ROS induced by other bacteria, we
co-cultured PMN with Kpn KPC ST258 and Eco and found
that Kpn KPC ST258 was able to decrease the respiratory
burst triggered by Eco (Figure 3C). Again, the diminished ROS
generation was not due to PMN death caused by bacterial
mixture (Supplementary Material 2). This result indicates that
Kpn KPC ST258 is delivering a negative signal in PMN that also
affects the response to other stimuli.

A Bacterial Cell Wall Component of Kpn
KPC ST258 Inhibits ROS Generation
Triggered by fMLP

In order to study which component was involved in the
regulation of ROS by Kpn KPC ST258, we performed bacterial
extracts (BE) enriched in bacterial cell wall components and
used these BE in a ROS production assay, triggering ROS with
fMLP, a well-known ROS inducer. The use of strong positive
inducer is critical to evidence an active inhibitory mechanism.
Moreover, we also used Eco BE to determine whether ROS
modulation was exclusive for Kpn. The concentration of BE used
was approximately equivalent to the amount of protein found in 1
x 107 CFU, corresponding to a bacteria:PMN ratio of 20:1. Even
though none of the BE by themselves were able to trigger ROS
in PMN, when we evaluated the modulation of ROS generation
induced with fMLP by BE (Figure 4A), we observed a statistically
significant reduction in the % of ROS-producing PMN by Kpn
KPC ST258 BE, whereas Eco BE did not affect the percentage of
ROS-producing PMN.

As the main components of BE are proteins and
polysaccharides, we quantified both types of molecules in
BE from Kpn KPC ST258 and Eco and performed the ROS
generation measurements normalizing Kpn KPC ST258
and Eco BE according to their protein or polysaccharide
content. The inhibition of ROS generation caused by Kpn
KPC ST258 BE was similar when BE concentrations were
normalized according to their protein or polysaccharide content
(Supplementary Material 4).

In contrast to the inhibition observed for ROS generation,
and similarly to what was observed with the whole bacteria, BE
from Kpn KPC ST258 and Eco were equally able to increase
the FSC of PMN and their CD11b expression (Figures 4B,C).
When incubated together with fMLP, none of the BE negatively
modulated the FSC and CD11b expression increases induced
by fMLP.

Considering the above result, the first issue we wanted
to exclude was that BE from Kpn KPC ST258 may contain
components that were able to scavenge or directly degrade
hydrogen peroxide (H,O3), the product detected in the ROS

generation assay used in this study. For this purpose, we
measured H,O; degradation over time, by means of the property
of HO, to absorb at 240 nm. As shown in Figure4D, the
addition of catalase, used as a positive control, caused a rapid
decrease in the absorbance of H,O;, whereas Kpn KPC ST258
BE did not affect H, O, levels over time. This result indicates that
the component responsible for fMLP-induced ROS inhibition is
not scavenging H,O,.

Mechanisms Involved in Kpn KPC ST258
BE-Mediated Inhibition of fMLP-Induced

ROS

PMN’s fMLP receptor belongs to the family of G-protein-
coupled seven-transmembrane receptors (24). We wanted to
address if Kpn KPC ST258 BE may be also affecting ROS
generation triggered in response to other stimuli that signal by
a different receptor of the same family of seven-transmembrane
receptors. As shown in Figure 5A, leukotriene By (LB4) was
able to induce ROS, and the presence of Kpn KPC ST258 BE
partially abolished this induction. Therefore, the inhibition of
ROS by BE is not specific for fMLP, and it may affect a common
signaling pathway triggered by other G-protein-coupled seven-
transmembrane receptors.

Then, we asked whether Kpn KPC ST258 could also
modulate other PMN functions triggered by fMLP. We evaluated
chemotaxis toward fMLP using a Boyden chamber in the
presence or absence of Kpn KPC ST258 BE and found that,
similarly to what was observed in ROS generation, the presence
of Kpn KPC ST258 BE partially decreased the number of PMN
that migrate toward fMLP (Figure 5B).

We next wanted to study the mechanism involved in the
inhibition of fMLP-induced ROS production mediated by Kpn
KPC ST258. One of the first steps in fMLP signaling is the
mobilization of Calcium (Ca?*) from intracellular stores (24).
In order to evaluate whether the inhibitory component present
in Kpn KPC ST258 BE was affecting Ca** mobilization, we
used a Fluo 3-AM probe and evaluated intracellular variations
in Ca®* levels by flow cytometry measuring the increase in the
fluorescence of this reactive over time, in the presence or absence
of Kpn KPC ST258 BE, using fMLP as the stimulus. As depicted
in Figure 6A, the intracellular Ca?* mobilization induced by
fMLP was not affected by the presence of Kpn KPC ST258 BE.
These results indicate that Kpn KPC ST258 BE is not inhibiting
fMLP-induced ROS by affecting Ca?* mobilization.

Another possibility was that Kpn KPC ST258 BE could be
interfering with the final steps necessary for ROS induction,
that is, NADPH oxidase assembly. PMA is often used to bypass
cell surface receptors and induce a more direct activation of
the NADPH oxidase via a direct protein kinase C-mediated
phosphorylation of p47P#°* (25). Therefore, we evaluated ROS
production using PMA as a stimulus in the presence or absence
of Kpn KPC ST258 BE (Figure 6B). We found that PMA induced
a strong respiratory burst in PMN, and the presence of Kpn
KPC ST258 BE was not able to modulate it, indicating that the
component/s of Kpn KPC ST258 BE that are inhibiting ROS
production are not acting at the NADPH oxidase assembly level.
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FIGURE 4 | (C) CD11b expression. The MFI of the adhesion marker CD11b was determined by flow cytometry and expressed as the relative fluorescence (RF) of the
MFI of the different treatments with respect to untreated PMN. n = 10. Results were expressed as the mean + SEM; *p < 0.05 vs. (-). Right panel: Representative
histograms of CD11b expression. (D) H>O» degradation over time. The absorbance at 240 nm was recorded for HoO» (0.036% Vv/v) in the presence of catalase (10 U)

or Kpn KPC ST258 BE (10 pg/mL of total protein). n = 3.
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FIGURE 5 | BE from Kpn KPC ST258 inhibits ROS mediated by leukotriene
B4 (LB4), and also negatively modulates other functions mediated by fMLP. (A)
ROS was triggered by LB4 (0.1 ng/mL) in the presence or absence of Kpn
KPC ST258 BE and the % of DHR+ PMN was measured by flow cytometry.
Results were expressed as the mean + SEM. Right panel: Representative
dot-plot showing SSC vs. DHR profiles. n = 7; *o < 0.05 vs. untreated (-); # p
< 0.05 vs. LBy4. (B) Chemotactic response using a Boyden chamber. The
number of PMN that have migrated toward fMLP (10~7 M) through a 3
wm-pore membrane in the presence or absence of Kpn KPC ST258 BE is
shown. Results were expressed as the mean + SEM, n = 6; *p < 0.05 vs. (-);
#p < 0.05 vs. fMLP—7.

The Inhibitory Component of Kpn KPC
ST258 BE Is a Polysaccharide

In order to investigate the nature of the component that
mediates the inhibition of fMLP-induced ROS generation, we
first evaluated the possible contribution of proteins in this

phenomenon. We performed a heat treatment of Kpn KPC
ST258 BE (60 min at 60°C) to denature proteins and abolish any
enzymatic activity. As Figure 7A shows, the ability of Kpn KPC
ST258 BE to inhibit ROS generation by fMLP was not modified
by heat treatment. Moreover, to exclude the possible participation
of a structural component of proteins, independently of their
enzymatic activity, protein precipitation was performed, and
this precipitated fraction (PF) was used to evaluate its direct
inhibitory potential. We found that precipitated proteins from BE
were not able to inhibit fMLP-induced ROS production.

Polysaccharides are the other major component of bacterial
cell walls. Taking into account that mannose is a usual
polysaccharide residue found in bacterial walls, and considering
that concanavalin A (Con A) binds mannose residues and
is able to precipitate mannose-containing molecules (26), we
incubate Kpn KPC ST258 BE with Con A, and then centrifuged
this Con A-treated Kpn KPC ST258 BE in order to deplete
mannose-containing molecules from these BE. As depicted in
Figure 7B, Con A treatment abolished the ability of Kpn KPC
ST258 BE to inhibit fMLP-induced ROS generation. Moreover,
polysaccharides can be oxidized by periodic acid (PA) losing
their native conformation (27). Treatment of Kpn KPC ST258
BE with PA also abolished Kpn KPC ST258 BE’s ability to inhibit
fMLP-induced ROS generation (Figure 7C).

Altogether, these results indicate that the inhibitory ability
of Kpn KPC ST258 BE is not dependent on a protein but is
mediated by a mannose-containing molecule. More specifically,
we could identify the direct participation of a polysaccharide in
the inhibitory phenomenon.

The Polysaccharide Part of LPS of Kpn
KPC ST258 Inhibits fMLP-Induced ROS

Lipopolysaccharide (LPS) is a major component of Gram-
negative bacteria membranes. LPS is localized in the outer layer
of the membrane and is, in non-capsulated strains as Kpn
KPC ST258, exposed on the cell surface. LPS is comprised of
a hydrophilic polysaccharide and a hydrophobic component
known as lipid A. The antibiotic Polymyxin B (PMX) interacts
with the lipid A of LPS and it can be used, when conjugated
to agarose beads, to deplete the entire LPS molecule from
solutions. When Kpn KPC ST258 BE were depleted using this
PMX column, and the depleted fraction (-LPS) was used in ROS
production triggered by fMLP, we found that depletion of LPS
completely abolished BE’s ability to inhibit ROS (Figure 8A).
In accordance, when LPS was recovered from the column by
elution with sodium deoxycholate, dialyzed and this purified LPS
was evaluated for its inhibitory properties, we observed a direct
inhibition of LPS on fMLP-induced ROS. Moreover, we used the
PMX ability to neutralize lipid A-mediating effects to confirm the
involvement of the polysaccharide part of LPS in the inhibition of
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ROS generation. For this purpose, soluble PMX was added to BE
and the mixture Kpn KPC ST258 BE+PMX was added to PMN
for evaluation. In this case, the addition of PMX in BE did not
reverse the inhibitory effect mediated by Kpn KPC ST258 BE,
ruling out any role of lipid-A in the inhibitory effect of LPS.

LPS-depleted fractions of Kpn KPC ST258 BE also lost their
PMN stimulating properties, measured by the increase in the %
of FSC and CD11b, whereas Kpn KPC ST258 BE+PMX directly
added to PMN abolished the capacity of BE to induce an increase
in the FSC and CD11b expression (Figures 8B,C).

Altogether, these results account for the polysaccharide part of
LPS as responsible for the inhibition of fMLP-induced ROS.

DISCUSSION

Infections caused by KPC-producing Kpn ST258 are a
major cause of healthcare-associated infections worldwide,
including ventilator-associated pneumonia and catheter-related
bloodstream infections (28, 29), and have been associated
with increased cost and length of stay as well as frequent
treatment failures and death (30-32). KPC producers are
multidrug resistant (especially to all B-lactams), and therapeutic
options for treating KPC-related infections remain limited. In
parallel with their adaptation to antimicrobial exposure, some
studies have demonstrated that these microorganisms have
evolved mechanisms to evade host innate immune clearance.
Evasion strategies are dangerous as persistence and chronic
colonization not only select for more fit organisms, as previously
demonstrated (33), but also increase the potential for invasive
infection and further development of antibiotic resistance,
particularly in vulnerable patient populations. Considering the
clinical relevance of Kpn KPC ST258, in this study, we were
interested in analyzing the interaction of this clone of Kpn with
human PMN, a key cell of the innate immune response, in an
effort to better understand the infection biology of this pathogen,

a necessary aspect for the potential design of new strategies to
treat Kpn infections.

Our results indicate that Kpn KPC ST258 is a poor inducer
of the main bactericidal responses of PMN, ROS generation,
and NETs formation compared to another opportunistic Gram-
negative bacillus, like E. coli. ST258 is the most common sequence
type of antibiotic resistant Kpn in our country and others
(4, 34). However, these bacteria readily undergo recombination
events and have highly variable plasmid content, antimicrobial
resistance patterns, and capsular composition (35). Although
Kpn may be typically considered as a single entity, even among
the ST258 strains very different patterns of infection are elicited
in model systems (36). Therefore, it was important to analyze
local clinical isolates of the ST258 that varied in different aspects
(Supplementary Materials 1, 3). Our results indicate that the
lack of ROS induction was present in all ST258 strains analyzed,
including isolates obtained from distant geographical cities
within our country; this mechanism has been present since the
year 2008, and was not exclusive for KPC producers, indicating
that the absence of ROS represents an advantageous mechanism
for the ST258 independently of the antibiotic resistant. Moreover,
it is possible that our results can be extended to other not-
ST258, as the ATCC clone used in this study showed a similar
evasion strategy.

The lack of ROS induction could be explained if Kpn KPC
ST258 was not being ingested by PMN. However, our results
showed that the percentage of PMN that have phagocytized Kpn
KPC ST258 and the number of Kpn KPC ST258 internalized per
PMN were similar compared to Eco. In this regard, the amount of
bacteria internalized per PMN is in line with the results shown by
Kobayashi et al., who reported similar values for another ST258
strain (37). We have chosen Eco for comparison, as this bacterium
is also a Gram negative bacillus from the Enterobacteriaceae
family, with a similar size as Kpn, and therefore a good reference
for comparison. Even though Kpn is considered as an example of
a poor phagocytized organism, the percentages of phagocytosis
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KPC ST258 BE or in protein-precipitated fractions (PF). Results of the % of DHR+ PMN were expressed as the mean + SEM. Lower panel: representative histogram
showing SSC vs. DHR. n = 7. *p < 0.05 vs. untreated (-); # p < 0.05 vs. fMLP~7. (B) Mannose-containing molecules in KPC ST258 BE were depleted by
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of Kpn throughout the literature are variable and depend on
the particular bacterial strain (38). However, what is consistent
is that the amount of capsule (associated to hyermucoviscocity
phenotypes) is crucial for being phagocytized and is usually
correlated with resistance to complement killing (7). Our local
strain ST258 of Kpn is not resistant to complement killing (our
unpublished results) and is not phenotypically a mucoid strain,
two characteristics that are aligned with a bacterium that is
capable of being phagocytized.

What is important to highlight is that although phagocytosis
was similar for both Kpn and Eco, Eco was able to trigger a
high respiratory burst and Kpn KPC ST258 was not. Moreover,
when we measured the overall result of PMN-Kpn interaction
by measuring the remaining colony formation units (CFU), Kpn
showed a higher survival compared to Eco. These results can
be explained by different possibilities. It is possible, that Kpn
is less sensitive to non-oxidative killing, or may be impairing
mobilization to the phagosome of different NADPH subunits, as

Frontiers in Immunology | www.frontiersin.org

20

April 2019 | Volume 10 | Article 929


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

Castillo et al.

Kpn-KPC-ST258 Subverts Neutrophil-Mediated Respiratory Burst

=z
z )
+ =
['4 Q
I "
=1 w
2 #
- L Kpn KPC
2 = ST250 8E
§ - LR
3 I. 58% 594% NE%
Qo
} }
1 ‘ 2
2
g
J \ a
- = = o
&
Kpn KPC LPS Kpn Kpn KPC
ST28 BE H KPC 81258 F SY258 BE
- “LPS) - - P by - PMX
. P - LP
S\ 613% ) 56% V7%
i |
1\ \ } \

FIGURE 8 | Depletion of LPS in KPC ST258 BE reversed the inhibition of ROS. (A) LPS from KPC ST258 BE was depleted using a polymyxin b (PMX)-agarose
columns. LPS-depleted fractions (-LPS) were used to assay fMLP-induced ROS generation. Additionally, incubation of KPC ST258 BE with soluble PMX was
performed and the mixture KPC ST258 BE+PMX was also used. Results were expressed as the mean 4+ SEM of the % of DHR+ PMN. n = 10. *p < 0.05 vs.
untreated (-); # p < 0.05 vs. fMLP~7. Lower panel: Representative histograms showing SSC vs. DHR. (B) The percentage of PMN that increased their FSC (% FSC
high) was measured by flow cytometry in KPC ST258 BE depleted from LPS (-LPS) and in KPC ST258 BE+PMX. Results were expressed as the mean + SEM. n =
10. *p < 0.05 vs. untreated (-); # p < 0.05 vs. Kpn KPC ST258 BE. Right panel: Representative dot-plots showing SSC vs. FSC profiles. (C) CD11b expression was
measured in the different groups by flow cytometry and results were expressed as the relative fluorescence (RF) of the MFI with respect to untreated PMN. The
horizontal dashed-line represents the CD11b expression of the control group. Results were expressed as the mean + SEM. n = 6. *p < 0.05 vs. untreated (-); # p <
0.05 vs. Kpn KPC ST258 BE. Right panel: Representative histogram showing MFI expression of CD11b for the different experimental groups.

Kon KPC
ST288BE
¥

.

Kpn KPC
i ¢ ST260 BE
+Pax

1230%

coty

Isotype

Kpn KPC ST258 BE
Kpn KPC ST258 BE (-LPS)
Kpn KPC ST258 BE + PMX

reported for other bacteria (39). We are currently investigating
which of these mechanisms could be operating in Kpn KPC
ST258-mediated ROS inhibition.

The widely held belief is that Kpn is a stealth pathogen,
which fails to stimulate innate immune responses (40), shielding
its pathogen-associated molecular patterns from detection by
the immune system, thereby avoiding the interaction with
hematopoietic and non-hematopoietic cells to prevent the
activation of host antimicrobial responses. This belief is in
contrast with our results that have shown that Kpn is being sensed
by PMN, at least similarly to Eco, but for Kpn this leads to a lack
of ROS induction. Additionally, our work described for the first
time that Kpn KPC ST258 was able to modulate ROS triggered
by Eco, indicating that the interaction of Kpn KPC ST258 with
PMN was, in fact, negatively regulating ROS generation. This
may also have clinical implications as the presence of Kpn may
favor the survival and dissemination of other bacteria in cases of
co-infections in hospitalized patients (41, 42).

Using BE we have demonstrated that Kpn was actively
subverting host defenses. To evidence the absence of vs. an
inhibitory phenomenon, a positive inducer, as was fMLP in our
work, had to be used. Using this experimental approach, the

inhibitory effect on ROS production mediated by a structural
bacterial wall component of Kpn KPC ST258 was revealed.
This was not surprising as capsule components or LPS have
been reported as the responsible mediators of several evasion
mechanisms of Kpn (43). In an attempt to elucidate the
intracellular pathway affected by Kpn KPC ST258 in the cascade
of events triggered by the ROS inducer fMLP, we performed
several experiments using BE but, unfortunately, our results were
not conclusive in this way, as Ca?Tmobilization or NADPH
oxidase assembly were not affected by the presence of BE.
However, BE-mediated inhibition of ROS generation was also
found for LBy, another classical ROS inducer that interacts with a
seven-transmembrane receptor, indicating that Kpn KPC ST258
BE may be interfering with a common downstream pathway of
this type of receptors.

LPS is a major component of the bacterial wall of Gram
negative organisms. LPS consists of three different parts, in the
following order, from inside the membrane to the outside: lipid A
(also known as endotoxin), a core sugar consisting of 3-deoxy-D-
manno-oct-2-ulosonic acid (Kdo) moieties, and the O-antigen,
which consists of repeating oligosaccharide units. The lipid A
component of LPS is recognized by Toll-like receptor 4 (TLR4)
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and its co-receptor MD-2 on host cells (44). Carbohydrates
are usually recognized by other type of receptors, e.g., C-type
lectin receptors, sometimes associated to inhibitory functions
(45). Inhibitory receptors play key roles in regulating aspects of
the immune response mainly by blocking activating pathways
(46). Several inhibitory receptors have been described in PMN
and are usually composed of a cytoplasmic tail that contains
at least one immune-receptor tyrosine-based inhibitory motif
(ITIM) (47). Some of these receptors have been shown to bind
a diverse array of glycan ligands of endogenous or microbial
origin. Our experiments using LPS-depleted and purified LPS
clearly demonstrated that ROS inhibition triggered by fMLP was
mediated by the LPS molecule of Kpn KPC ST258, and more
specifically, by the polysaccharide portion. Moreover, LPS seems
to play a dual role in its interaction with PMN. Whereas, the
polysaccharide part of the molecule was found to be involved
in ROS inhibition, neutralization of lipid A by PMX in the
BE annulled the stimulation of cell size increase and CD11b
expression, indicating that these effects were dependent on lipid
A of Kpn’s LPS. This is an interesting observation, as the
same molecule can exert selectivity in its suppressive properties,
avoiding bactericidal functions that are critical for bacterial
survival. A certain functional selectivity was also found with the
entire bacteria, which was able to affect specifically ROS and
NETs generation but did not affect the increase in FSC and
CD11b up-regulation. It should be noted that ROS inhibition
mediated by LPS was partial, although the lack of induction
caused by the whole bacteria was absolute. This indicates either
that the native conformation of LPS could be more efficient
compared to its form adopted after partial purification, or it could
also be possible that more than one evasive molecule/strategy
may be coexisting in Kpn.

Considering all this, it can be speculated that LPS can
be delivering positive signals via TLR4 receptors by the lipid
A portion (48), and, at the same time, negative signals
through its interaction with another yet-unidentified receptor
by the polysaccharide part. Supporting our findings of Kpn
delivering negative signals, other authors have found that LPS
O-polysaccharide of Kpn, although not ST258, abrogates the
activation of inflammatory responses in the human lung alveolar
epithelial A549 cells line by targeting NF-kB and MAPK signaling
pathways (49, 50). We are currently investigating the identity
of the putative inhibitory receptor involved in the phenomenon
described in this work, as we believe that targeting inhibitory
receptors that regulate the threshold activation of PMN would be
beneficial in other clinical scenarios, as for the treatment of some
inflammatory diseases.
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Cristina Gutiérrez-Jiménez', Ricardo Mora-Cartin’, Pamela Altamirano-Silva?,
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Brucella abortus is a stealthy intracellular bacterial pathogen of animals and humans. This
bacterium promotes the premature cell death of neutrophils (PMN) and resists the killing
action of these leukocytes. B. abortus-infected PMNs presented phosphatidylserine (PS)
as “eat me” signal on the cell surface. This signal promoted direct contacts between
PMNs and macrophages (M¢s) and favored the phagocytosis of the infected dying
PMNs. Once inside Més, B. abortus replicated within Ms at significantly higher numbers
than when Mds were infected with bacteria alone. The high levels of the regulatory IL-10
and the lower levels of proinflammatory TNF-a released by the B. abortus-PMN infected
Mdos, at the initial stages of the infection, suggested a non-phlogistic phagocytosis
mechanism. Thereafter, the levels of proinflammatory cytokines increased in the B.
abortus-PMN-infected Més. Still, the efficient bacterial replication proceeded, regardless
of the cytokine levels and M¢ type. Blockage of PS with Annexin V on the surface of B.
abortus-infected PMNs hindered their contact with M¢s and hampered the association,
internalization, and replication of B. abortus within these cells. We propose that B.
abortus infected PMNSs serve as “Trojan horse” vehicles for the efficient dispersion and
replication of the bacterium within the host.

Keywords: Brucella, neutrophils, macrophages, Trojan horse, phosphatidylserine

INTRODUCTION

Polymorphonuclear neutrophils (PMNs) are the first line of defense of the innate immune system
against bacterial pathogens (1-3). Upon contacts with invading bacteria, PMNs activate their killing
mechanisms, release cytokines, and may generate PMN extracellular traps (3-5). Although PMNs
kill most of the microorganisms they interact with, there are some pathogens capable to resist the
microbicidal actions of these leucocytes (6).

Brucella abortus is a Gram-negative bacteria that cause disease in bovines and humans (7).
After host invasion, PMNs are the first immune cells to encounter and phagocytize Brucella
organisms (8, 9). However, Brucella-infected-PMNs release negligible amounts of proinflammatory
cytokines, generate low levels of reactive oxygen species and seldom show degranulation (10-12).
Moreover, Brucella pathogens survive inside PMN's for a protracted period of time (10) and induce
the premature death of these cells (12, 13). Although the dying Brucella-infected PMNs display
phosphatidylserine (PS) on the cell surface, they do not show chromatin condensation or signs
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of necrosis or oncosis (12). Nevertheless, the exposure of PS on
the B. abortus-infected PMNs resembles that of apoptotic PMNs.
As demonstrated (14), non-infected apoptotic PMNs presenting
PS on the surface are removed by macrophages (M¢s) in a non-
phlogistic manner (14). Indeed, the removal of apoptotic PMNs
is first established by the release of “find me” signals required for
recruitment of mononuclear phagocytes. Then, the recognition
of PS on the surface of the apoptotic PMNs constitutes an “eat
me” signal, which in course induces the regulated suppression of
M¢s activating mechanisms (14, 15).

We have proposed that the premature PMN cell death induced
by Brucella organisms may promote the selective non-phlogistic
removal of these infected cells by the mononuclear phagocytic
system (12, 13). In course, Brucella infected PMNs may serve
as “Trojan horse” vehicles for efficient bacterial dispersion,
intracellular replication and establishing chronic infections, as
suggested for other pathogens (16). Here we demonstrate that
Brucella-infected PMNs are readily phagocyted by murine M¢s
in a non-phlogistic manner, and that bacteria delivered through
PMN:s, extensively replicate inside Ms. The experiments shown
here, are a proof of concept for the “Trojan horse” proposal,
which states that Brucella-infected PMNs serve as vehicles for M¢
infection and subsequent dispersion throughout the organism.

MATERIALS AND METHODS

Bacteria and Mouse Strains

B. abortus 2308 expressing constitutive red fluorescent protein
from Discosoma coral (B. abortus-RFP), provided by Jean-
Jacques Letesson (Unité de Recherche en Biologie Moléculaire,
Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium),
was used in all experiments. Female BALB/c mice (18-
21g) were supplied by the Escuela de Medicina Veterinaria,
Universidad Nacional, Costa Rica, and Instituto Clodomiro
Picado, Universidad de Costa Rica, Costa Rica.

Ethics

Bone marrow (BM) was obtained from mice following the
consent and guidelines established by the “Comité Institucional
para el Cuido y Uso de los Animales de la Universidad de Costa
Rica” (CICUA- 47-12) and in accordance with the corresponding
law, Ley de Bienestar de los Animales, of Costa Rica (law 9458
on animal welfare). All animals were kept in cages with food and
water ad libitum under biosafety containment conditions.

Infection Protocols

PMNs were obtained from BM and infected ex vivo in
the presence of anti-Brucella antibodies, following previous
protocols (13, 17). Briefly, BM cells were isolated from tibia and
femur of mice by flushing bones with HBSS (no calcium, no
magnesium) or RPMI medium. Then, BM cells were infected
with B. abortus-RFP (MOI 50) at 37°C for 1.5h, washed
with PBS, suspended in HBSS, and examined by fluorescent
microscopy. The composition and proportion of the infected
BM cells have been determined in previous work (17). Under
the fluorescent microscope, the estimation of infected murine
PMN:s is a straightforward process due to the unique donut shape

of their nuclei. The proportion of infected and non-infected
cells were counted by following a meaningful statistical sampling
method (18). B. abortus PMN infections were confirmed by flow
cytometry using B. abortus-RFP and PE anti-Ly6G (RB6-8C5)
from eBioscience as previously described (17).

Peritoneal M¢s were harvested and cultured as previously
described (19). B. abortus-RFP infection (MOI 50) of 2 x 10°
RAW 264.7 or peritoneal M¢ monolayers was performed by
using the gentamicin protection assay to avoid extracellular
bacteria (20). Additionally, RAW 264.7 or peritoneal M¢s were
infected by co-cultivating with B. abortus-infected PMNs as
follows. B. abortus-infected PMN were washed with PBS to
remove extracellular bacteria. Then, B. abortus-infected PMNs
were suspended in DMEM without gentamicin and added to the
M¢ monolayers at a rate of 1:1 and incubated for one hour at
37°C. After this period, gentamicin was added. Then, cells were
cultivated for up to 48 h and CFU counts determined at 3, 7, 24-,
and 48-h post-infection. Alternatively, B. abortus-infected PMN
were pre-treated with 5 pg/cell of Annexin V (Invitrogen) for
15 min (15) before co-cultivation with RAW 264.7 cells. The CFU
counts within B. abortus-infected PMN added to RAW 264.7
and peritoneal M¢s monolayers were calculated retroactively by
lysing the PMNs and counting bacteria in agar plates. Controls
of co-cultivated non-infected PMN with M¢ monolayers (at rate
1:1) were run in parallel.

Immunofluorescence

The percentage of cell association (direct cell-cell contact)
between B. abortus-infected PMN and non-infected PMNs with
M¢s was estimated by fluorescent microscopy at different
time points. Infected and non-infected PMNs were fixed with
3.5% paraformaldehyde, centrifuged in a Cytospin 2 (Shandon),
mounted with ProLong Gold Antifade reagent with DAPI
(Thermo Fisher Scientific), and observed under the fluorescence
microscope (Nikon ECLIPSE 80i). M¢$ monolayers co-infected
with B. abortus-infected PMN were stained with DAPI and
FITC-phalloidin (Sigma), fixed and mounted with MOWIOL
for analysis as described (12). Controls of non-infected PMNs
were used along with the corresponding assays. At least
200 PMNs were counted per slide. Cells were photographed
under the fluorescence microscope (Nikon ECLIPSE 80i) using
the appropriate color filter channel. Images were cut from
microscope field, contrasted and saturated using Hue tool to
obtain suitable color separation. Images were merged using
Adobe Photoshop 8 software. Internalization of B. abortus-
infected PMN and non-infected PMNs was documented by live-
imaging using Cytation 5 Cell Imaging reader.

Cytokine Determination

For the quantitative determination of TNF-a and IL-10,
the supernatants of the infected Md¢s monolayers were
collected at different time points and the concentration of
cytokines measured by ELISA according to the manufacturer’s
specifications (Invitrogen).
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PMNs Cell Death Determination

For cell death analysis, PMNs were stained with Alexa Flour
488 Annexin V (Invitrogen) and PE anti-Ly6G (RB6-8C5) and
APC Cy7 anti-CD16/32 antibodies (from eBioscience and BD
Bioscience respectively). B. abortus-infected PMN cells were
analyzed by flow cytometry using a Guava easyCyte (Millipore)
and data analyzed using the Flow]Jo software, version 10.0.7 (Tree
Star, Inc.) (13, 21). Evaluation of PMNs cell death assay was
carried out as described before (13). Briefly, aliquots of BM were
mixed with B. abortus-RFP (MOI 50), supplemented with anti-
Brucella murine serum for opsonization, and incubated under
mild agitation at 37°C for up to 4 h. Cells were then suspended in
Annexin-binding buffer (Invitrogen) and Annexin V added and
incubated for 30 min on ice in the dark. Cells were washed with
ice-cold PBS, fixed with 3.2% paraformaldehyde and subjected to
flow cytometry analysis.

Statistics

The Wilcoxon signed-rank test was used to compare the
proportion of association between non-infected PMNs and
Brucella-infected PMNs to Mds. Analysis of covariance
(ANCOVA) was used to determine the effects of time and
treatments on statistical the Logjop CFU. Two-way analysis of
variance (ANOVA) was used to measure the effect of time and
treatments on the percentage of M¢ infection. Shapiro-Wilks test
was applied to assess the normal distribution of data obtained in
each experiment, and the Kolmogorov-Smirnov test was applied
to data that did not adjust to normality. JMP (https://www.jmp.
com) and GraphPad Prism software (https://www.graphpad.
com) was used for statistical analysis. Data were processed in
Microsoft Office Excel 2016 and GraphPad Prism software. For
a meaningful counting number of infected cells, a probability
index was followed, according to the total number of PMNs and
infected PMNs (18).

RESULTS

The limited volume of mouse blood and the low number of
PMNes in this fluid, preclude the isolation of a sizeable number of
these leukocytes for functional studies. In addition, the extensive
manipulation during purification procedures accelerates the cell
death of PMNs. In contrast, the number of PMNs in the BM is
rather high, comprising between 40 and 50% of all nucleated cells
(22). In agreement with previous results (17), close to 94% of
the ex vivo B. abortus BM-infected cells corresponded to PMNs
(Figure 1A). We have previously shown that the remaining
infected cells are monocytes or progenitor stem cells (17). The
distinction between mononuclear infected cells and infected
PMN:ss is straightforward due to the donut shape of the nuclei
of the latter cells. Following this, we then tested if B. abortus
were capable to induce the premature cell death of BM PMNs,
as shown before for blood PMNs (13), up to 47.5% of the
B. abortus-infected PMN were positive for Annexin V at 4h
post-infection (Figure 1B).

Then, we explored the association of Brucella-PMNs to M¢s
by co-cultivating these two cells in vitro. As compared to the

A B
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FIGURE 1 | B. abortus infect PMNs and promote the exposure of
phosphatidylserine. BM cells were incubated with B. abortus-RFP (MOI 50) for
4h. (A) Cells were mounted using Prolong Gold containing DAPI (blue nuclei).
At least 200 PMNs were counted per sample. The percentage of infection and
the number of intracellular bacteria (1-5, 6-25, or >25) per cell was
determined by fluorescence microscopy. Cell infections were confirmed by
flow cytometry. (B) The PMN population analyzed by flow cytometry was
gated using anti-Ly6G as PMNs cell marker and analyzed by Annexin V as a
cell death marker. These experiments were repeated at least three times.

non-infected PMN controls, a higher proportion of Brucella-
infected-PMNs associated with RAW and peritoneal Mds
was detected (Figure 2A). Thereafter, the association between
Brucella-infected-PMNs and M s, led to the infection of the latter
(Figure 2B). This phenomenon was completed before 7h and
was specific since non-infected PMNs were not phagocytized by
M¢s (Figure 3). However, a strict kinetic analysis was precluded,
since M¢ phagocytosis and the concomitant digestion of PMNs
was very fast an uneven event over time.

Then, we tested the rate of bacterial replication after
internalization of M¢s by Brucella-infected-PMNs at 1 and 48 h
post-infection. As shown in Figure 4A, B. abortus organisms
infected M¢s at higher rates through phagocytosis of Brucella-
infected PMNs than when infected with bacteria alone. Moreover,
the higher efficiency of M¢ bacterial infection mediated by
Brucella-infected-PMNs was evident by the different MOIs
delivered in each case. Indeed, in the case of Brucella-infected
PMNs the number of delivered bacteria corresponded to an
MOI of 5; that is, ten times lower than the MOI of 50 used
to infect Mds with bacteria alone. The efficient internalization
process promoted higher kinetics of B. abortus replication in M¢s
incubated with Brucella-infected-PMNs (Figure 4B). In spite
of this, the kinetics between RAW and peritoneal Mds were
different. For instance, RAW M¢s infected with B. abortus alone
displayed an initial decline in CFUs at early times of infection,
a phenomenon that has been reported before (23). However,
after infection of these cells with Brucella-infected-PMNs, the
initial decline was unnoticeable in these Mds; instead, a steady
increase in the number of CFUs was observed. In contrast, the
kinetic profiles were similar in both, the Brucella-PMN infected
peritoneal Ms and in the controls; though, the number of CFU
was always higher in the former infected cells.

The different bacterial replication kinetic observed between
the RAW and the peritoneal M¢s, seemed related to the distinct
profiles of cytokines produced during the infection process
(Figure 5). Except for the regulatory IL-10, which was already
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FIGURE 2 | B. abortus-infection increase the association of PMN with M¢s. (A) Non-infected or B. abortus-RFP-infected PMN were incubated with RAW or
peritoneal M¢s (1:1) at different time points and PMN-M¢ interactions were quantified. Cells were stained (DAPI, for nuclei; phalloidin-FITC for actin filaments), fixed
and mounted with MOWIOL. At least 200 PMNs were counted and the percentage of PMN-M¢ cell association determined. Values of p < 0.01 (**) are indicated in
relation to Més incubated with non-infected PMNSs. (B) RAW M¢ in the process of association and ingestion B. abortus-infected PMN. Infected PMNs are
distinguished from other cells by the “donut” shape of their nuclei. Images were photographed under the microscope using the appropriate color filter channel. These
experiments were repeated at least three times.

high (>100 pg), the quantities of the TNF-a were under = Mos in the replication kinetics. In any case, in both experiments,
background levels, at early times of the Brucella-PMN infected  Brucella-PMN-infected M¢s reached much higher CFU values
RAW cells. It is worth noting that RAW M¢s are TNF-a  than the controls infected with bare bacteria alone.

hyperproducers (24). Therefore, it was expected that at later In agreement with our previous reports (13, 21) Brucella-
times, once bacteria reached high numbers, the TNF-a increased  infected-PMNs displayed PS on the cell surface (Figure 1B).
to very high levels in the Brucella-PMNs infected RAW cells,  Since this phospholipid is commonly recognized as an “eat
as compared to the controls. Still, the higher amounts of TNF-  me” signal (14), we decided to explore the role of PS in the
a at later times of the RAW infected cells did not hamper  uptake of Brucella-infected PMNs by Md¢s. For this, we used
bacterial replication. Likewise, at early times of Brucella-PMN  Annexin V to hinder the PS exposed on the Brucella-PMN
infection of peritoneal M¢s, the production of TNF-a was low  surface. After treatment with Annexin V, the proportion of
with significant high amounts of the regulatory cytokine IL-10.  Brucella-PMNs associated with Md¢s significantly diminished
These differences in cytokine profiles may explain the differences ~ (Figure 6A). Moreover, bacterial replication was reduced in
observed between Brucella-PMN-infected RAW and peritoneal =~ RAW M¢s at all-time points (Figure 6B), displaying the profile
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were repeated at least three times.

FIGURE 3 | Association and uptake of B. abortus-infected PMN by M¢s. PMNs were incubated with B. abortus-RFP (red) (MOI of 50) for 1.5 h; then, cells were
pelleted and washed with PBS to remove extracellular bacteria. Brucella-infected-PMNs were suspended in DMEM without gentamicin and added to RAW Mdés
monolayers (5 x 103) at a rate of 1:1 and incubated for 10 min at 37°C. After this period, the infected M¢ monolayers were washed and suspended in DMEM and
incubated for up to 5 h. Infected PMNs were stained with Hoescht (blue). Cells were photographed and analyzed under Cytation 3 Cell Imaging Multi-Mode Reader
(BioTek) using the appropriate color filter channel. Numbers 1 to 4 correspond to the order in the which images were capture very every 20 min. These experiments

observed after infection with bacteria alone (compare profile
with Figure 4A). Likewise, the proportion of infected M¢s was
significantly reduced in the Brucella-PMNss treated with Annexin
V (Figure 6C). Thus, PS on the Brucella-infected-PMNs surface
acted as an “eat me” signal for Ms.

DISCUSSION

There are various intracellular pathogens, such as Chlamydia
pneumoniae and Leishmania major, capable to survive within
PMNs, kill these cells and use them as vehicles for infecting
and colonizing M¢s (25). This strategy, generally known as the
“Trojan horse,” serves as a mechanism for microbial dispersion
within the host (15). It seems, therefore, that B. abortus also
follows a Trojan horse strategy by using infected PMNs as
vehicles for the dispersion throughout the host mononuclear
phagocytic system. A similar strategy to traverse microvascular
endothelial cells of the central nervous system via B. abortus-
infected-monocytes has been proposed (26).

Infecting naive M¢s monolayers (such as bone marrow)
with bare Brucella grown in a bacteriological medium is highly
inefficient (23). Infection protocols in cultured M¢s require high
bacterial MOIs (>50) to obtain low numbers (<5 bacteria/cell)
of intracellular bacteria. Moreover, a large proportion of these
invading bacteria are killed by M¢s after a few hours (23).
Following this, we propose that the common physiological
infection of the phagocytic mononuclear system primarily occurs
via Brucella-infected-PMNs.

There are at least two other pieces of evidence that support
this proposal. First, it has been demonstrated that mice depleted
of PMNs, eliminate B. abortus more readily than their “normal”
infected counterparts (21). This is commensurate with the fact
that M¢s kill bare “unprotected” Brucella cells more readily
than those hidden within PMNs, as shown here. Second, the
early internalization of Brucella-infected PMNs by M¢s, seems to
occur in a non-phlogistic manner, displaying significant amounts
of regulatory IL-10 and low quantities of proinflammatory
cytokines, such as TNF-a at early stages of the infection.
It is known, that the uptake of apoptotic PMNs by Mds,
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FIGURE 4 | B. abortus-infected PMN promote Brucella infection of M¢s. (A)
RAW M¢s were incubated with B. abortus-RFP alone or with B.
abortus-infected PMN, then cells were stained (DAPI, for nuclei;
phalloidin-FITC for actin filaments), fixed and mounted with MOWIOL, and the
number intracellular bacteria (1-5, 6-25, or >25) per M¢ was determined. The
proportion of infection and the number of intracellular bacteria was determined
by fluorescence microscopy. At least 200 cells were counted per sample.
Values of p < 0.05 () and p < 0.01 (**) are indicated in relation to M¢s
incubated with non-infected PMNSs. (B) RAW and peritoneal M¢s were
infected with B. abortus-RFP alone (MOI 50) or with B. abortus-RFP infected
PMNs (MOI 5) and CFU determined at different time points. These
experiments were repeated at least three times.

increases the secretion of anti-inflammatory IL-10 cytokine
(27). This is relevant since the first 8h after cell invasion
are crucial for pathogenic Brucella to redirect its trafficking
to its replicating niche within non-activated cells (23). Indeed,
previously activated Mds display high brucellicidal activity.
However, if M¢s become activated (e.g., through TNF-a or
lipopolysaccharide) after 8-24h of infection, the intracellular
bacteria are still capable to replicate extensively (11). The obvious
explanation is that at this infection stage, Brucella are hidden
within vacuoles of the early phagocytic compartment and then
protected from Mdgs microbicidal mechanisms. It is worth
noting that the overall activation of the immune system in
neutropenic Brucella infected mice is considerably higher than
in the “normal” infected counterparts indicating that PMNs
dampen the adaptive immunity in brucellosis (21, 28).

During the early stages of physiological cell death, PS
translocates from the cytoplasmic to the extracellular side of

FIGURE 5 | High production of IL-10 and low production of TNF-« in the
supernatant of infected M¢s at initial stages of infection. RAW and peritoneal
M¢s were infected with B. abortus-RFP (MOI 50) alone or with B. abortus-
infected PMNs (MOI 5), and the supernatants collected at different time points.
The level of the cytokines was determined by ELISA in the culture
supernatants of infected M¢s. Values of p < 0.01 (**) are indicated in relation
to M¢s infected with Brucella alone. The backgrounds of the cytokine
production by Més co-cultivated with non-infected PMNSs are indicated by
dashed lines. These experiments were repeated at least three times.

the cell membrane (29). The correct redistribution of PS on the
outer surface of the plasmatic membrane is a key element for
the recognition of dying cells and corresponds a to molecular
“eat me” signal that indicates that these dying cells should be
engulfed (30). But PS is also a “forget me” signal for the regulated
suppression of M¢s activating mechanisms (14, 15, 31). Within
this context, it seems that ingestion of Brucella-infected PMNs by
Ms follows a similar mechanism used to phagocytize apoptotic
PMN:s. In any case, it is becoming clearer that through evolution
Brucella organisms are stealth pathogens that have evolved to
hamper the activation of the first stages of innate immunity and
to establish chronic infections.

In conclusion, the ability of Brucella to circumvent the
immune response and to replicate within M¢s are key elements
for the pathogen survival and for the establishing long-
lasting infections. Here, we showed that Brucella-infected PMNs
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FIGURE 6 | Blockage of PS on the surface of Brucella-infected PMNs
hampers M¢ B. abortus infection. (A) B. abortus infected PMNs were
pre-treated or not with Annexin V before co-incubation with RAW M¢s, and
cell association estimated. The red dashed line corresponds to the mean value
of non-infected PMNs (B) B. abortus infected PMNs (MOI 5) were pre-treated
or not with Annexin V before co-incubation with RAW M¢s and CFU
determined at different time points. (C) B. abortus infected PMNs were
pre-treated or not with Annexin V before co-incubation with RAW M¢s and the
number of infected Més and intracellular bacteria within these cells estimated
at different time points. Cells were stained (DAPI for nuclei; phalloidin-FITC for
actin filaments), fixed and mounted with MOWIOL. At least 200 cells were
counted in each experiment. The percentage of infection and the number of
intracellular bacteria (1-5, 6-25, or >25) per M¢ was determined by
fluorescence microscopy. Values of p < 0.05 (*) and p < 0.01 (**) are indicated
in relation to M¢s incubated with PMNs treated with Annexin V. These
experiments were repeated at least three times.

promoted the internalization and replication of Brucella within
M¢s using a “Trojan horse” strategy. To reinforce or reject our
hypothesis in vivo experiments would be necessary.

In this work our main findings are: (i) Brucella abortus
infected up to 96% of BM-PMNs, inducing a premature death
of these cells; (ii) the Brucella-infected PMNs displayed PS
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Omp19 Enables Brucella abortus to
Evade the Antimicrobial Activity From
Host’s Proteolytic Defense System

Karina A. Pasquevich*', Marianela V. Carabajal’, Francisco F. Guaimas, Laura Bruno,
Mara S. Roset, Lorena M. Coria, Diego A. Rey Serrantes, Diego J. Comerci and
Juliana Cassataro™

Consejo Nacional de Investigaciones Cientificas y Técnicas (UNSAM-CONICET), Instituto de Investigaciones Biotecnoldgicas
Dr. Rodolfo A. Ugalde, Universidad Nacional de San Martin, Buenos Aires, Argentina

Pathogenic microorganisms confront several proteolytic events in the molecular interplay
with their host, highlighting that proteolysis and its regulation play an important role during
infection. Microbial inhibitors, along with their target endogenous/exogenous enzymes,
may directly affect the host’s defense mechanisms and promote infection. Omp19 is a
Brucella spp. conserved lipoprotein anchored by the lipid portion in the Brucella outer
membrane. Previous work demonstrated that purified unlipidated Omp19 (U-Omp19)
has protease inhibitor activity against gastrointestinal and lysosomal proteases. In this
work, we found that a Brucella omp19 deletion mutant is highly attenuated in mice when
infecting by the oral route. This attenuation can be explained by bacterial increased
susceptibility to host proteases met by the bacteria during establishment of infection.
Omp19 deletion mutant has a cell division defect when exposed to pancreatic proteases
that is linked to cell-cycle arrest in G1-phase, Omp25 degradation on the cell envelope
and CtrA accumulation. Moreover, Omp19 deletion mutant is more susceptible to killing
by macrophage derived microsomes than wt strain. Preincubation with gastrointestinal
proteases led to an increased susceptibility of Omp19 deletion mutant to macrophage
intracellular killing. Thus, in this work, we describe for the first time a physiological
function of B. abortus Omp19. This activity enables Brucella to better thrive in the harsh
gastrointestinal tract, where protection from proteolytic degradation can be a matter of life
or death, and afterwards invade the host and bypass intracellular proteases to establish
the chronic infection.

Keywords: bacterial protease inhibitor, Omp19, gastrointestinal route of infection, brucellosis, intracellular
proteases

INTRODUCTION

The intestinal mucosa is the largest interface between the external environment
and the tissues of the human body. The first line of defense in the gastrointestinal

tract is in the lumen, where microorganisms are degraded in a non-specific fashion

by pH and gastric, pancreatic and biliary secretions. Pathogenic microorganisms
confront several proteolytic events in the molecular interplay with their host,
therefore proteolysis and its regulation play an important role during infection.
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Omp19 Protects Brucella From Proteases

Microbes synthetize protease inhibitors to control endogenous
proteases. Some inhibitors can also interact with exogenous
peptidases produced by other species and thus may directly affect
host’s defense mechanisms (1). Few works in the literature show
the importance of bacterial protease inhibitors activity against
host-proteases (2-4). Our hypothesis is that pathogenic bacteria
synthesize protease inhibitors to evade the antimicrobial activity
from host’s proteases.

In our laboratory, we have been working on the use
of a conserved Brucella spp. protein devoid of its lipid
moiety called U-Ompl9 as a vaccine against brucellosis (5-
7). Ompl9 has significant sequence identity with bacterial
protease inhibitors from 138 family. Remarkably, recombinant U-
Omp19 inhibits gastrointestinal and lysosomal proteases (8, 9).
However, the physiological function of Omp19 in Brucella is
still unknown.

Brucellosis is a worldwide re-emerging zoonotic disease that
is transmitted from domestic and wild animals to humans.
The human disease, mostly caused by Brucella abortus and
B. melitensis, represents an important cause of morbidity
worldwide whereas animal brucellosis is associated with serious
economic losses caused mainly by elicited abortions and
infertility (10, 11).

Oral infection is one of the principal ways of brucellosis
transmission. Animals usually lick tissues from abortions
or ingest contaminated pasture and humans acquire often
the disease by consumption of infected, unpasteurized
dairy products (10, 12-16). Few virulence factors required
for food-borne infection by Brucella have been described:
Urease and cholylglycine hydrolase that confer resistance
to gastric acidity and bile salts, respectively (17, 18). Once
inside the host, Brucella disseminate via infected phagocytic
cells to different tissues and organs, developing foci of
infection, surviving intracellularly and leading to a chronic
disease (19).

Digestive enzymes, primarily proteases, contribute to the
non-specific host defense system exerting a toxic action on
microorganisms by destruction of their cell wall (20). Omp19 is
a lipoprotein anchored in the Brucella outer membrane (7). This
location together with its protease inhibitor activity suggest that
it may play a protective role against host proteases.

In this work, we studied if Omp19 enables Brucella to better
thrive in the harsh gastrointestinal tract, where protection from
proteolytic degradation can be a matter of life or death, and thus
promoting host invasion and intracellular infection.

MATERIALS AND METHODS

Ethics Statement

Protocols of this study agreed with international ethical
standards for animal experimentation (Helsinki Declaration
and amendments, Amsterdam Protocol of welfare and

animal protection and NIH guidelines for the Care
and Use of Laboratory Animals). Protocols of this
study were approved by the Institutional Committee

for the Care and Use of Experimentation Animals from
UNSAM (CICUAE-UNSAM_N°04/2014).

Bacterial Strains, Media, and Culture

Conditions

Brucella strains were derived from the wild type (wt) 2308
biovar and were: (i) smooth virulent wt B. abortus; (ii)
unmarked ompl9 deletion mutant (Aompl9); and (iii) ompl9
complemented Aompl9 mutant (Aompl9pBBR4ompl9). All
strains were grown as described in Czibener and Ugalde (21).
When necessary, media were supplemented with the Ampicillin
(100 pg/ml) or Nalidixic acid (5pg/ml). CFU determination
from intestine containing samples were performed in medium
with following antibiotics to inhibit normal flora growth:
Vancomycin (20 pug/ml), Cycloheximide (100 jg/ml), Bacitracin
(10 U/ml), and Nalidixic acid. All work with live Brucella was
performed in BSL3-laboratories and BSL3-animal facility at
UNSAM. Escherichia coli strains were grown at 37°C in LB
with Ampicillin.

Generation of Mutant Strains

(i) Aomp19 Strain

Ompl9 (BAB1_1930) unmarked chromosomal mutant was
generated as described in Herrmann et al. (22). Briefly, two
DNA fragments of ~500 bp containing flanking regions of
BAB1_1930 were amplified from B. abortus 2308 genomic
DNA. Primers used to amplify 0mp19/s upstream regions
were: ompl 9(EcoRI)_Up_Fw_5/ -GAATTCTCGAAGGCT
GTTTCGCTATCG-3" and omp19_Up_Rv_5 - CAGGTTCTCC
ATTTGCGCATTT-3; and  ompl9_Down_Fw_5-CAAAT
GGAGAACCTGTCTGACCCGGAAACGATGAAC-3' and
omp19(BamHI)_Down_Rv_5 -GGATCCTTGTGCGCCTG
ACGATGC-3 for downstream region. Fragments were
ligated by overlapping PCR using ompl9(EcoRI)_Up_Fw
and ompl9(BamHI)_Down_Rv. The resulting fragment was
digested with EcoRI and BamHI, cloned into pK18mobSacB
(23) and conjugated to B. abortus 2308 by biparental mating.
Single recombinants selection, selection with sucrose, excision
of plasmids, and generation of deletion mutants was performed
as described previously described (21). Deletion of BAB1_1930
was confirmed by PCR and sequence analysis and western
blot (Figure S1).

(ii) Complementation of Aomp19 Mutant

A 1000 bp DNA fragment containing the complete gene
(BAB1_1930) and its promotor was amplified using primers
Ompl 9(BamHI)_ATG_5/ -ATGGATCCATGGGAATTTCA
AAAGCAAGTCTGC-3" and Ompl9(Spel)_TGA_5 -GAAC
TAGTTCAGCGCGACAGCGTCA-3, digested with BamHI
and Spel and ligated into pBBR4 to generate the plasmid
pBBR4omp19. This plasmid was electroporated into Aompl9
mutant. The resulting complemented strain was called
Aompl9pBBR4ompl9. Complementation was confirmed
by PCR and western blot (not shown).

Recombinant Proteins, Enzymes, and

Extracts
Mouse intestine- and stomach-extracts were obtained as
previously described (8). Briefly, intestines and stomachs extracts
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were obtained from 6 to 12 weeks old female or male Balb/c mice
(n = 10). Prior to fluid preparation, mice were fasted for 2.5h
(water ad lib.) and euthanized by CO; inhalation. Stomachs and
small intestines were resected, homogenized in PBS, and fluid
separated by centrifugation (10 min, 13,200 x g at 4°C). Pooled
Intestinal or stomach fluids were snap-frozen in liquid nitrogen
and stored at —80°C. Protein concentration and proteolytic
activity were determined as previously described by Ibanez et al.
(8). Microsomes of J774 murine macrophages were obtained as
described previously by Coria et al. (9). Pancreatin, Elastase,
and Trypsin from pig and a-Chymotrypsin from bovine were

from Sigma.

Recombinant U-Ompl9 was produced as previously
described by Pasquevich et al. (5). For Omp25 production,
the complete sequence of B. abortus omp25 gene

(GenBank_X79284.1) (24) was synthetized and subcloned
into pET22(b)+ (Novagen) in frame with 6 x His-tag (genscript).
Expression and purification was performed as described in Goel
and Bhatnagar (25).

Infection of Mice

Six to eight-week-old female BALB/c mice were bred at IIB-
UNSAM. Five mice/group were inoculated (i) wt, (ii) AompI9,
or (iii) AompI9pBBR4ompl19 Brucella strains either by gavage
(i.g.) with 1 x 10° CFU in 0.2ml PBS (18, 26) or with 1 x
10'% CFU directly into the oral cavity as previously described
by von Bargen et al. (27). Infected mice were kept in cages
within a BSL3 facility. At different times post-infection mice
were euthanized by CO; inhalation and organs were aseptically
collected, homogenized, and plated for CFU determination.
Intestinal samples were plated on TSA supplemented with
Vancomycin, Cycloheximide, Bacitracin, and Nalidixic acid. In
some experiments tissue samples from duodenum were obtained
for immunofluorescence analysis.

Intestinal Tissue Immunofluorescence
Duodenum sections from mice infected i.g. either with wt or
Aompl9 B. abortus were excised, fixed (4% paraformaldehyde),
immersed in 30%-sucrose buffer, embedded in OCT-medium
and frozen (-80°C). Cryosections (10 um) were mounted on
positively charged glass-slides (Biogenex), permeabilized with
0.2% Tween20 and blocked with 1% BSA and 5% horse serum
in PBS. Brucella detection was performed as previously described
(21). RNAse A (10 wg/ml) treated samples were counterstained
with Alexa-Fluor555-WGA (ThermoFisher) and TO-PRO® 3
(Invitrogen). Sections were mounted using FluorSave reagent
(Calbiochem) and images obtained on an IX-81 Olympus
microscope with FV-1000 confocal module. A ROI was set
for each treatment, background subtracted and images merged
(RGB) (Image]J software, NIH).

Bacterial Susceptibility to Proteases

(i) Agar Disk-Diffusion Method

Brucella strains (1 x 108 CFU) were spread on TSA plates
supplemented with Vancomycin, Cycloheximide, Bacitracin, and
Nalidixic acid. Five-mm filter disks impregnated with either
PBS, intestine- or stomach-extract were placed on the agar

surface. After 72h of incubation (37°C) zones of inhibition
were determined.

(i) Protease Broth-Susceptibility Test

Brucella strains (1 x 10° CFU/ml) were incubated in 10% TSB
plus buffer, intestine-extract (8.5 mg/ml), pancreatin (2 mg/ml),
a-chymotrypsin (50 wM), trypsin (20 wM), pancreatic elastase
(5 M), or microsomes from J774 macrophages (2 mg/ml) for
the different periods of time at 37°C. Negative control was
buffer supplemented with 10% TSB. Buffer was PBS (intestine
extract or microsomes), 0.5% CINa (pancreatin), 10 mM Tris-
HCI, pH7.8 (a-chymotrypsin and trypsin), or 10 mM Tris-HCl
pHB8.8 (pancreatic elastase). All protease solutions were sterilized
by filtration before to incubation with the bacteria. Live bacteria
(CFU/ml) were determined at different time points by serial
dilutions plating.

Bacterial Growth Analysis

Brucella strains were labeled with TRSE (Invitrogen) as
previously described by Brown et al. (28). Bacteria were spotted
on 1% agarose pads with 10% TSB plus PBS or pancreatin (2
mg/ml). Images were obtained before and after 24 h of culture on
an Olympus IX-81 microscope with FV-1000 confocal module.
Images were subtracted the background and merged using RGB
format (Image] software). Number of total bacteria (N) and
initial number of bacteria (Np, number of labeled or partially
labeled bacteria) were enumerated using Spot Detector plugin
(ICY software, Institute Pasteur). Three to nine images/condition
in duplicates were evaluated (50-150 colonies/condition). Then,
assuming exponential growth, the average number of cell
divisions (n) was calculated:

Average number of cell divisions = n = log, Nﬂo

DNA Content on Individual Bacteria

Brucella in exponential phase (5 x 10’7 CFU/ml) were incubated
with or without pancreatin (2 mg/ml). After 1.5-6h, cells were
washed, fixed, incubated with RNase A and labeled with SYTOX-
Green (Invitrogen). Samples were analyzed in a FACS ARIA
II (BD Biosciences) and analyzed with Flow]o7.6.2 software
(Tree Star).

Western Blot

Brucella strains (5 x 108 CFU/ml) were cultured with 10% TSB
buffer with or without pancreatic elastase (10 .M), washed and
boiled in sample buffer (5min). CFU/ml were determined in a
sample taken prior to stop the reaction and 1 x 107 CFU/lane
were subjected to SDS-PAGE and transferred onto nitrocellulose
membranes. Immunoblotting was performed using mouse
monoclonal antibodies against Omp1, Omp2b, Omp25, Omp10,
Ompl6, and Omp19 (29), rabbit polyclonal anti-CtrA (30) or
mouse anti-GroEL serum, followed by incubation with anti-
mouse-IgG-HRP (Sigma) or anti-mouse-IgG IRDye antibodies
(Li-Cor Biosciences). Images were acquired with Odyssey image-
scanner and band intensities (RFU) were quantified (Image-
Studio-Lite Software). Omp16, Omp10, and GroEL were similar
in all treatments and served as loading control. Percentage of
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digested Omp25 was calculated:

Digested Omp25 RFU /lane

100.
Total Omp25 RFU /lane

percentage of digested Omp25 =

Omp25 Digestion

Purified Omp25 (1 wM) was incubated with pancreatic elastase
(IuM) or buffer (10mM Tris-HCl, pH8.8) with or without
U-Omp19 (45 M). Reactions were stopped by sample buffer
addition and boiling. Omp25 digestion was followed by
western blot.

Cell Culture and Infection Assay

J774 macrophages were maintained in RPMI 1640 supplemented
with 5% fetal bovine serum (FBS) and streptomycin (50 pg/ml)-
penicillin (50 U/ml) (Gibco Life Technologies) in a humidify 5%
CO; atmosphere at 37°C. Cells (5 x 10* per well) were seeded
on 24-well plates in antibiotic-free medium and were kept for
24 h. B. abortus infections were carried out at a multiplicity of
infection (MOI) of 500:1 or 100:1. After a 1 h incubation with the
bacteria, wells were washed three times with PBS and incubated
with fresh medium containing 50 pg/ml of Gentamycin and
100 pg/ml streptomycin to kill non-internalized bacteria. At the
indicated time points, infected cells were washed three times
with PBS and lysed with 500 pl 0.1% Triton X-100 (Sigma-
Aldrich). The intracellular CFU were determined by plating serial
dilutions on TSA. In some experiments, prior to the infection
of cell the bacteria were incubated at 5 x 107 CFU/ml with or
without pancreatin (2 mg/ml) during 2h. Afterwards bacteria
were washed and suspended in medium to infect the cells.

Statistical Analysis

Statistical analysis and plotting were performed using Prism®
7.04 (GraphPad, Inc., USA). CFU data were logarithmically
transformed. Unpaired two-tailed Student ¢-test was used for
pairwise comparisons between means of two groups or one-way
or two-way ANOVA followed by Bonferroni’s posttest was used
for comparing more than two means. Significance level was set
at p < 0.05.

RESULTS

Omp19 Expression Is Needed for Oral

Acquired B. abortus Infection

To investigate the role of Ompl9 in Brucella infection,
a deletion mutant (Aompl9) and its complemented strain
(AompI19pBBR4omp19) were constructed in the B. abortus wild-
type (wt) strain 2308.

Mutant and wt strains had similar growth curves, resistance
to low pH and bile salts. Moreover, membrane permeability to
hydrophobic substances, expression of main outer membrane
proteins (Omps) (Omp1, Omp2b, Omp25, Omp10, and Omp16)
and lipopolysaccharide O-antigen were similar between wt and
Aomp19 strains (Figures S1A-F). The authenticity of the mutant
was verified by PCR and immunoblot analysis on whole-cell
extracts with an anti-Omp19 Mab (Figures S1E,F).

To evaluate the role of Omp19 in the establishment of B.
abortus infection through the digestive tract in vivo, BALB/c
mice were inoculated intragastrically (i.g.) with wt, Aomp19 or
AompIl9pBBR4omp19 and 20 days post-infection bacterial loads
at spleens and cervical lymph nodes (CLNs) were assessed. While
wt and Aompl9pBBR4ompl9 established infection, there were
significant lower numbers of CFUs at spleens and CLNs from
Aomp19 infected mice (p < 0.001 vs. wt) (Figures 1A,B).

Upon gavage administration, initial events of bacterial
invasion and onset of infection in the oral cavity may be bypassed.
Thus, BALB/c mice were administered directly into the oral
cavity as described in von Bargen et al. (27) with wt or AompI9.
Twenty days post-infection B. abortus were isolated from spleens
and CLNs from wt infected mice, whereas almost no CFUs were
found in these organs of Aompl9 infected mice (p < 0.05 and
p < 0.01 vs. wt, respectively) (Figures 1C,D).

Altogether, these results demonstrate that Ompl9 plays a
crucial role in the establishment of infection by Brucella through
the oral route in mice.

Brucella abortus Reaches Intestinal
Tissues Upon Oral Infection and Requires
Omp19 to Evade the Bacteriostatic Action

of Intestinal Content

To evaluate if Aompl9 attenuation after oral infection is due
to higher susceptibility to gastrointestinal content, short-term
gavage infection experiments were performed. BALB/c mice were
i.g. inoculated with wt or Aomp19 strains and at different time
points post-infection the stomach and intestinal sections were
analyzed. After 15 min equal numbers of bacteria were isolated
from the stomachs of both groups (Figure 2A). After 1h both
strains were present in the duodenum at the lumen as well as in
the epithelium (Figure 2B).

Next, B. abortus loads in different sections of the small
intestine: duodenum, jejunum, ileum and Peyer’s patches were
evaluated. Almost no differences in wt and Aompl9 CFUs
were detected at 2h post-infection with a slight but significant
increase in Aompl9 CFUs at Ileum (Figure 2C) that may not
explain the attenuation of this strain when infecting by the
oral route. However, when plated undiluted (direct plating
from each tissue on TSA + Antibiotics) low-density bacterial
growth and small colonies were found in the drops of Aomp19,
indicating that the intestine content impaired AompI9 strain’s
growth. This effect was temporarily and reversible, since upon
dilution it disappeared and both, wt and Aomp19, showed similar
numbers and phenotype of colonies (Figure 2D). These results
indicate that the intestine content exerts a bacteriostatic action
on Aompl9, suggesting that Ompl9 protects Brucella from
intestinal proteases.

Similar results were obtained when bacteria where inoculated
directly at the oral cavity of mice. Both strains, wt and Aomp1I9,
were recovered from intestinal tissues after 1h of infection
(Figure 2E), indicating that Brucella reaches the intestine after
oral infection (by gavage or oral cavity delivery) and there it is
exposed to the intestinal content that exerts a bacteriostatic effect.
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FIGURE 1 | B. abortus Aomp19 is attenuated after oral infection. (A,B)
BALB/c mice were i.g. inoculated with 1 x 10° CFU/mouse of wt, Aomp19 or
Aomp19pBBR4omp19 B. abortus strains. Spleen and CLNs were
homogenized and plated for CFU counting at 20 days post-infection
(**p < 0.001 vs. wt B. abortus). Results are representative of three
independent experiments with 5 mice per group. (C,D) BALB/c mice were
inoculated at the oral cavity with wt or Aomp19 B. abortus (1 x 1010
CFU/mouse). Twenty days after infection the number of CFU at the spleens
and CLNs were quantified ("p < 0.05 and **p < 0.01 vs. wt B. abortus).
Pooled data from two independent experiments are shown. Each point
represents data from an individual mouse. Horizontal lines and error bars
represent the mean + s.e.m. (For some mice, no live bacteria were recovered

from spleens or CLNs. These were arbitrarily assigned with values of 1 CFU).

Omp19 Protects B. abortus Against the

Action of Pancreatic Proteases

To further assess the role of Ompl9 against the action of
gastric and gut content, in vitro bacterial susceptibility assays
were performed.

An agar disk-diffusion test indicated that Aompl9 is more
susceptible to the action of intestine content than the wt strain
(p < 0.01 vs. wt + intestine extract) (Figure3A), whereas
stomach content did not affect bacterial growth.

Incubation with intestine-extract inhibited Aomp19’s growth
and this action was bacteriostatic, since viable bacteria were
recovered by dilution (Figure 3B). Viable bacteria determination
over time indicated that in presence of intestine-extract Aomp19
was unable to grow (p < 0.001 vs. wt + intestine), whereas
the wt and the complemented strains grew exponentially after
13 h of culture (Figure 3C). Similar results were obtained using
pancreatin (a pig pancreatic extract) (Figure 3D), supporting
that B. abortus requires Ompl9 to grow when exposed to
intestinal content.

As purified U-Ompl9 inhibits main gastrointestinal
proteases (8), the effect of individual proteases (pancreatic

elastase, o-chymotrypsin, trypsin) on wt, Aompl9 and
AompI9pBBR4omp19 viability was assessed. Aompl9 was more
susceptible in vitro to pancreatic elastase action than wt and
AompI19pBBR4ompl19 (p < 0.001). In contrast, a-chymotrypsin
and trypsin did not alter bacterial growth (Figure 3E).

These results together demonstrate that B. abortus requires the
expression of Omp19 to resist the action of intestinal proteases.

Aomp19 B. abortus Stops Cell Division and
Cell-Cycle Progression at G1-Phase After

Incubation With Pancreatic Proteases

To evaluate if Aompl9s growth impairment when exposed to
proteases is due to a cell division defect, Brucella’s growth was
studied by microscopy. Brucella Texas-red succinimidyl-ester
(TRSE) labeling allows, after growth, the visualization of an
unlabeled pole and subsequently unlabeled or partially labeled
daughter cells. TRSE-labeled wt and Aomp19 were cultured on
TSB-agarose pads containing buffer or pancreatin. After 24 h wt
and Aompl9 in buffer-pads and wt in pancreatin-pads formed
microcolonies with many unlabeled cells surrounding partially
labeled cells. However, Aompl9 in pancreatin-pads formed no
or small colonies (small chains) with few unlabeled sphere-
shaped bacteria (Figure 4A), indicating a cell division defect.
Quantitative analysis of labeled (or partially labeled) cells and
unlabeled cells in each image revealed a significantly lower
average number of cell divisions for AompI9 in pancreatin-pads
(p < 0.001 vs. wt in pancreatin) (Figure 4B).

Cell division requires critical regulation of the cell-cycle to
coordinate genome replication and segmentation, therefore cell-
cycle progression on individual bacteria was determined. While
incubation of wt with pancreatin did not alter its progression
along the cell-cycle, Aompl9 resulted in cell-cycle arrest at G1
(Figure 4C), that was evident after 3h of incubation by the rate
of cells accumulated in G1-phase (p < 0.001 vs. wt + pancreatin,
Figure 4D). Besides, expression of cell-cycle master regulator
CtrA and chaperonin GroEL were evaluated upon treatment with
pancreatic elastase. Pancreatic elastase treatment increased CtrA
signal in Aomp19, whereas GroEL expression was similar in both
strains exposed or not to proteases (Figure 4E).

Together, these results reveal that Aompl9 exposed to
pancreatic proteases has a cell division defect that is linked to
impaired progression through G1-phase and CtrA accumulation.

Omp19 Protects Omp25 From Pancreatic

Elastase Digestion

As cell envelope constitutes the first contact with host-proteases,
cell envelope proteins were evaluated in wt and Aompl9 upon
protease treatment. No changes between wt and Aompl9 were
detected upon pancreatic elastase treatment in Ompl, Ompl0,
or Omp16. On the contrary, in both strains Omp25 presented a
lower molecular weight band and reduced Omp2b intensity upon
pancreatic elastase incubation that would correspond to digested
Omp25 and Omp2b, respectively (Figure 5A). While no Omp19-
dependent protection of Omp2b digestion was evidenced in
wt strain compared to Aompl9 strain, the percentage of
digested Omp25 was higher in Aomp19 (Figure 5B), highlighting
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FIGURE 2 | Brucella abortus requires Omp19 to evade the bacteriostatic action of intestinal content. BALB/c mice were i.g. inoculated with (1 x 109 CFU) of wt or
Aomp19 B. abortus strains. (A) Total CFUs per stomach in animals sacrificed at 15 min post-infection. Each point represents an individual mouse, horizontal lines, and
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FIGURE 2 | error bars represent the mean + s.e.m. (B) Confocal microscopy images of duodenum of infected mice at 1 h post-infection. The images correspond to
ROI merged signals for Brucella (green channel), mucin (WGA) (red channel) and nuclei (TO-PRO-3, NIR channel). The inset region of middle images (40x) was
magnified and presented in the right, showing individual Brucellae in the epithelium. Scale bars are: 100 um (left panels), 30 um (middle panels) and 5 um (right
panels). (C) Total B. abortus CFUs recovered from duodenum, jejunum, lleum or Peyer’s Patches from infected mice sacrificed at 2 h post-infection. (D) Representative
agar plates showing sequential 1:10 dilutions and drop plating from depicted tissues homogenates from wt or Aomp19 infected mice. UD (undiluted), —1: 1 to 10
dilution; —2: 1 to 100 dilution. Results are representative of two independent experiments. (E) BALB/c mice were inoculated at the oral cavity with wt or Aomp19 B.
abortus (1 x 1010 CFU/mouse). Two hours after infection the number of CFU at CLNs, Stomach, Duodenum, Jejunum, lleum, PPs, and MLNs were quantified. Each
bar represents the mean CFU/organ (logarithmic sctale) and error bars represent the mean =+ s.e.m. (For some mice, no live bacteria were recovered, these were
arbitrarily assigned with values of 1 CFU). (Statistical analysis was performed by unpaired t-test to compare between the indicated groups: "Sp > 0.05; *p < 0.05).
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FIGURE 3 | Omp19 protects B. abortus against the action of pancreatic proteases. (A) 1 x 108 CFU of wt and Aomp19 B. abortus were spread on TSA plates
supplemented with antibiotics. Five-mm filter-disk were impregnated with either PBS, intestine- or stomach-extract and placed on the agar surface. The plates were
incubated at 37°C for 72 h and afterwards the diameter of the zones of inhibition were determined (diameter of no growth zone minus diameter of the disk).

(™p < 0.01 vs. wt B. abortus + intestine extract). (B) Representative picture of a plate with wt and Aomp19 B. abortus treated with buffer or intestine extract. Plated
undiluted (UD) or after serial dilutions: 1/10 (—1) and 1/100 (—2). (C) wt, Aomp19 or Aomp19pBBR4omp19 B. abortus strains (1 x 10° CFU/ml) were incubated with
PBS or intestine extract at 37°C. Live bacteria (CFU/mI) were determined after 12, 16, 20, and 24 h of incubation by serial dilutions plating (“**o < 0.001 vs. wt B.
abortus + intestine extract). (D) wt and Aomp19 B. abortus (1 x 10% CFU/ml) were incubated with buffer (0.5% CINa) or pancreatin (2 mg/ml). Live bacteria (CFU/ml)
were determined after 12, 16, 20, and 24 h of incubation by plating serial dilutions on TSA (**p < 0.001 vs. wt B. abortus + pancreatin at the same time point). (E) wt
and Aomp19 B. abortus (1 x 10° CFU/ml) were incubated with buffer (10 mM Tris-HCI, pH8.8) or pancreatic elastase for 5h or with buffer (10 mM Tris-HCI, pH7.8),
a-chymotrypsin or trypsin for 24 h. Live bacteria (CFU/mI) were determined by plating serial dilutions on TSA (***p < 0.001 vs. wt B. abortus + pancreatic elastase).
Results are representative of two or three independent experiments.
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represent the mean + s.e.m. of pooled results from two independent experiments.

FIGURE 4 | contrast microscopy images (right) from the beginning of incubation (0 h) and after 24 h of incubation are shown. (B) Average number of cell divisions after
24 h of culture obtained by quantification of the number of labeled (or partially labeled) cells and unlabeled cells in each individual colony (*p < 0.05 and ***p < 0.001
vs. wt B. abortus strain in pancreatin). Results are representative of two independent experiments. (C) Flow cytometry analysis of DNA content on individual bacteria.
wt and Aomp19 B. abortus were incubated in buffer or pancreatin for the indicated time periods and the content of DNA was evaluated by Flow cytometry.
Representative histograms are shown. Results are representative of two independent experiments. (D) Bar graphs indicate the percentage of cells in each phase of
cell cycle after 3h of culture. (**p < 0.001 vs. wt B. abortus strain in pancreatin). (E) B. abortus wt and Aomp19 strains were incubated with buffer or pancreatic
elastase. Equal quantities of bacteria were subjected to SDS-page followed by western blot analysis using specific antibodies for CtrA and GroEL. Images are
representative of two independent experiments. The ratio of CtrA and GroEL signals was evaluated by quantitative analysis of western blot images. Bar graph

Omp19’s inhibitory role of pancreatic elastase. Omp19 inhibition
of pancreatic elastase digestion of Omp25 was confirmed in
vitro using recombinant purified proteins. Pancreatic elastase
digestion of rOmp25 was evidenced by a reduced Omp25-specific
signal in western blot compared with the signal of rOmp25
without protease. This reduction was lower when U-Ompl9
was added, indicating that U-Omp19 inhibits Omp25 digestion
by pancreatic elastase (Figure 5C). Differences in the digestion
pattern between Omp25 expressed on the Brucella membrane
and recombinant Omp25, may be due to differential accessibility
of pancreatic elastase cleavage sites, since in membrane associated
Omp25 most cleavage sites are in predicted transmembrane
regions or in loops facing the periplasm, only one cleavage site
would be accessible to the protease when Omp25 is in the context
of the Brucella membrane (Figure 5D).

These results together indicate that when Omp19 is absent,
pancreatic elastase gains access to the membrane following
degradation of Omp25, on the contrary under physiologic
condition where Omp19 is present, Brucella wt can withstand this
protease activity.

Omp19 Impairs Macrophage Microsomal
Proteolytic Killing of B. abortus

Reaching the intracellular replicative niche is the next step for
establishment of infection. Therefore, the ability of Aompl9
mutants to enter cells and replicate intracellularly was studied in
professional phagocytes (Figure 6). In agreement with previous
studies significant lower amounts of Aompl9 were found
after 6, 24, and 48h of infection in comparison to wt
strain (Figure 6A). Moreover, Aompl9 strain was significantly
more susceptible to killing by microsomal content than wt
or Aompl9pBBR4ompl9 (p < 0.01 vs. wt + microsomes or
Aompl9pBBR4ompl9 + microsomes) (Figure 6B), suggesting
that Omp19 may protect the bacteria from lysosomal proteolysis
during intracellular traffic.

When infecting through the oral route Brucella will reach
the intracellular compartment after facing with gastrointestinal
proteases, thus Aompl9 and wt strains were preincubated
with pancreatin or buffer for 2h prior to infection of J774
macrophages and intracellular bacterial counts were determined
after 1, 2, or 4h of infection. Pre-incubation with pancreatin
did not affect bacterial internalization, since similar amounts of
intracellular bacteria of both strains were recovered after 1h of
infection. After 4h of infection, preincubation with pancreatin
led to an increased susceptibility of Aompl9 to intracellular
killing by macrophages, compared to pancreatin pretreated

wt (p < 0.0001) or buffer pretreated Aompl9 (p < 0.0001)
(Figure 6C). These results indicate that the sequential action
of intestinal proteases followed by intracellular microsome
proteolytic killing has an important effect on hampering Aomp19
ability to establish an intracellular niche in macrophages.
Altogether these results may explain the highly attenuated
phenotype of this strain when infection occurs by the oral route.

DISCUSSION

After consumption of infected milk or experimental oral
infection, live Brucella are detected in fecal samples of natural
host like cattle, bison, wolf and marine mammals, indicating
that Brucella transits and pass the harsh environment of
gastrointestinal tract (33).

Our results demonstrate that in mice, after oral infection
(either by gavage or inoculation at the oral cavity) Brucella
reaches the gut. After 1h of infection brucellae were found at
the lumen and epithelium of duodenum. This fast infection
capacity of Brucella was shown in a calf ligated ileal-loop
model, in which Brucella bacteremia was detected 30 min after
intraluminal inoculation without histopathologic traces of lesions
(34). Brucella may spread systemically from the digestive tract by
transepithelial migration in mucosal epithelial barrier or through
M cells (26, 34, 35).

As protease inhibitor activity against main gastrointestinal
proteases was demonstrated for U-Omp19 and because of its
strategic location on the outer membrane for interacting with
host proteases (7-9), we speculated that Ompl9 may allow
Brucella to withstand the gastrointestinal proteolysis and infect
orally. Omp19’s protease inhibitor broad-specificity (8, 9) would
also be advantageous regarding the different proteases that
Brucella may encounter along infection. Like broad-spectrum
serine-protease inhibitor from Tannerella forsythia, that may
protect it from proteases from other bacteria and from the
host (3).

In this work, Omp19’s role in virulence in an oral infection
murine model was examined. Our results showed that Omp19
expression is needed for establishment of oral acquired B. abortus
infection. In contrast to wt, Aompl9 was cleared from the
spleens and CLNs at 20 days post infection. Remarkably after
intraperitoneal infection of mice, ompl9 deletion resulted in
significant loss of virulence but the bacteria were not cleared
(36, 37), this difference highlights the importance of Omp19
for Brucella oral infection, probably due to the huge amounts
of proteases encountered when infecting through this route.
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FIGURE 5 | Omp19 on the B. abortus membrane protects Omp25 from pancreatic elastase digestion. Wt and Aomp19 B. abortus strains were incubated with buffer
(10mM Tris-HCI, pH8.8) or pancreatic elastase. (A) Equal quantities of bacteria were subjected to SDS-page followed by western blot analysis using specific
antibodies for cell envelope proteins: Omp2b, Omp1, Omp16, Omp10, and Omp25. Images are representative from two or three independent experiments. (B)
Percentage of digested Omp25 evaluated by quantitative analysis of western blot images. Data represent pooled results from two independent experiments

(*p < 0.05 vs. wt B. abortus strain in pancreatic elastase). (C) Recombinant purified Omp25 was incubated with pancreatic elastase with or without U-Omp19.
Following incubation, each mixture of reaction was separated on SDS-PAGE followed by western blot analysis with Omp25 specific antibodies. (D) Graphical
representation of BOCTOPUS (31) or PRED-TMBB2 (32) transmembrane B-barrel predicted topology for Omp25 with respect to the lipid bilayer representation of the
B. abortus outer membrane. Scissors indicate predicted pancreatic elastase cleavage sites (AA or AG) on Omp25 sequence. The position of the specific epitope for
the anti-Omp25 mAb used is colored in red.

Attenuation upon systemic infection and intracellularly may be  of this protease by Ompl9 on B. abortus membrane is
due to other host-proteases action, like lysosomal proteases, to  important during the initial steps of infection. Trypsin and a-
which Omp19’s inhibitory activity was demonstrated (9). chymotrypsin have been shown to elicit antibacterial activities

Intestinal content exerted a bacteriostatic action on Aompl9  against E. coli, Proteus vulgaris, Pseudomonas aeruginosa,
in vivo and in vitro, revealing a protective role for Ompl9  S. aureus, Streptococcus pyogenes, and Vibrio cholerae (42,
in Brucella against intestinal proteases. This is the first work  43), but have no effect on B. abortus. This resistance is
demonstrating in vivo a role of a protease inhibitor in acquisition =~ Omp19-independent, indicating that it may be mediated by
of a bacterial disease by the oral route, therefore these findings  other mechanism.

are highly relevant for foodborne infections. Interestingly, Pancreatic proteases induce a cell division defect in
gut microbiota, that survive in this protease-rich medium, Aompl9 that is linked to cell-cycle arrest in GIl-phase.
produce protease inhibitors to protect them self from exogenous  Interestingly, Gl arrest also occurs during intracellular
proteases (38-41). trafficking of B. abortus and on starvation in Sinorhizobium

In vitro experiments with purified proteases shed light  meliloti (44, 45). Therefore, delaying initiation of DNA
into the role of individual proteases in the bacteriostatic  replication could be a common feature used by o-
action of intestinal content. Aompl9s growth is hampered  proteobacteria in response to harsh conditions such as infection
by the action of pancreatic elastase, indicating that inhibition  or starvation.
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FIGURE 6 | Omp19 impairs macrophage microsomal proteolytic killing of B.
abortus. (A) J774 macrophages were infected (MOI 500:1) with the B. abortus
wt or Aomp19 strains. At the indicated time points post-infection intracellular
CFUs of B. abortus wt or Aomp19 strains were determined. (Statistical
analysis was performed by two-way ANOVA followed by Bonferroni posttest to
compare between the indicated groups: "$p > 0.05; *p < 0.05 or *p < 0.01).
(B) wt, Aomp19 or Aomp19pBBR4omp19 B. abortus strains (1 x 10°
CFU/mI) were incubated with PBS or J774 derived microsomes at 37°C. Live
bacteria (CFU/mI) were determined after 8 h by serial dilutions plating
(Statistical analysis was performed by one-way ANOVA followed by Bonferroni
posttest to compare between the indicated groups: "Sp > 0.05, **p < 0.01).
(C) Aomp19 and wt strains were preincubated with buffer or pancreatin for 1 h
prior to infection of J774 macrophages (MOI 100:1). Intracellular CFUs were
determined at 1, 2, or 4 h post-infection. (Statistical analysis was performed by
two-way ANOVA followed by Bonferroni posttest to compare between the
indicated groups: "Sp > 0.05; *p < 0.05, **p < 0.001, ****p < 0.0001).

In Caulobacter crescentus, degradation of the CtrA cell-
cycle master regulator occurs at specific points in the cell-
cycle. Clearance of active CtrA at the G1/S transition allows
the initiation of DNA replication and cell-cycle progression (30,
46). Moreover, expression of a constitutively active stable CtrA
derivative results in dominant G1 arrest (30). In B. abortus, the
essential role of CtrA in cell division was recently confirmed
(47). Thus, accumulation of CtrA in Aompl9 upon pancreatic
protease treatment, agrees with the cell-cycle arrest in G1 induced
in this strain upon treatment with proteases.

Antimicrobial functions of proteases can be due to the attack
of Omps leading to loss of membrane integrity (42, 43, 48, 49).
Since outer membrane proteins are exposed on the bacterial
surface, they could be targets of pancreatic elastase. Among
all Omps evaluated, our results indicate that Omp10, Ompl6,
and Ompl of either wt or Aompl9 were resistant to the
action of pancreatic elastase, whereas, Omp2b and Omp25 were
digested by this protease. This result is consistent with protease
digestion of Omps in E. coli or P. aeruginosa, in which the
major Omps, OmpA, and OmpE respectively, were degraded,
while other Omps remained not affected (48, 49). Although
Brucella. Omp25 does not share identity with E. coli OmpA
(50), topology predictions suggest that both contain similar
secondary structural properties and may play a similar function
(51). Notably, Omp19 expression in Brucella inhibited pancreatic
elastase mediated Omp25 digestion. This role of Ompl9 on
inhibition of pancreatic elastase mediated Omp25 digestion was
confirmed in vitro using recombinant purified proteins. Omp19
inhibition of pancreatic elastase digestion of Omp25 may explain
the resistance of wt strain to the action of this protease. A similar
role was described for the periplasmic protease inhibitor ecotin
from E. coli, which reduces the bactericidal action of neutrophil
elastase by protecting OmpA on the bacterial membrane from
neutrophil elastase mediated digestion (2).

In this work, we found that a Brucella ompl9 deletion
mutant is highly attenuated in mice after oral infection. This
attenuation can be explained by bacterial increased susceptibility
to host proteases met by Brucella during establishment of
infection. Aomp19 has a cell division defect when exposed to
pancreatic proteases that is linked to cell-cycle arrest in G1-phase,
Omp25 degradation on the cell envelope and CtrA accumulation.
Interestingly, a link between these three molecules was found
recently, in which CtrA can bind the promotor of omp25 and
ompl9. The same work demonstrates that CtrA controls the
expression of Omp25 (47), therefore the increment in Omp25
intensity in Aomp19 upon pancreatic elastase treatment may be
explained by the increment in CtrA expression.

Upon entry into mammalian cells, the intracellular
pathogen Brucella abortus resides within a membrane-bound
compartment, the Brucella-containing vacuole (BCV), the
maturation of which is controlled by the bacterium to generate
a replicative organelle derived from the endoplasmic reticulum
(ER). BCVs traffic along the endocytic pathway and fuse with
lysosomes, and such fusion events are required for further
maturation of BCVs into an ER-derived replicative organelle
(52). Thus, the role of Ompl9 for intracellular survival was
studied. In agreement with previous work (36, 37), Aomp19 was
attenuated inside macrophages. This attenuation may be due to
increased susceptibility to intracellular proteases when lacking
Omp19. This hypothesis is reinforced by the fact that Omp19 is
able to inhibit lysosomal proteases (9) and here we demonstrated
that Aompl9 is more susceptible to proteolytic killing by
microsomes from macrophages. This increased susceptibility
may explain the slight attenuation for systemic infections in
mice, in which high persistence of Aompl9 was shown after
4 weeks of infection (36, 37). An additive effect in increasing
susceptibility of Aompl9 was observed when the strains were
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preincubated with pancreatic proteases prior to infection of
macrophages. This increased susceptibility may account for
the high attenuation of Aompl9 after in vivo oral infection.
Therefore, Omp19 would allow Brucella spp. to bypass lysosomal
destruction thus enabling Brucella to survive inside macrophages
and start a chronic infection.

Overall, this study demonstrates that the protease inhibitor
Ompl9 confers B. abortus the ability to resist the action of
proteases. Together with urease that may protect Brucella from
stomach low pH (17) and cholylglycine hydrolase that confers
resistance to bile salts (18), Omp19 by inhibiting intestinal and
intracellular proteases contributes to the establishment of chronic
infection through the oral route.

CONTRIBUTION TO THE FIELD
STATEMENT

Understanding how infectious pathogens spread is critical to
prevent infectious diseases. One of the principal ways in which
human and animal Brucellosis is acquired, is the oral route.
This implies that Brucellae must survive the harsh conditions
along the gastrointestinal tract before reaching the mononuclear
phagocytes to form a replicative niche. In this work, we
demonstrate that Brucella has a lipoprotein, called Omp19, which
is a protease inhibitor, that enables it to survive the proteolytical
action of gut digestive and microsomal derived proteases. The
significance of our research is in identifying a new mechanism
involved in virulence in oral acquired Brucellosis, that will
enhance our understanding of Brucella pathogenesis and would
serve as a model for other food-borne diseases.
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Background: Chronic periodontitis (CP), caused by bacteria and fungi, appears in up
to 66% of HIV-patients. The impact and association of HIV-treatment (HAART) and
Candida itself has not been properly evaluated in the development and progression of CP.
The immunopathogenesis is characterized by CD4* T-cells activation and the balance
between the T-helper 1 (Th1) and T-helper 2 (Th2) or a mixed cytokine profile. Currently,
the associated causes of an immune response in HIV-patients with CP is controversial.
Our aims were the determination of Candida spp. and cytokine profile in oral samples
from HIV-positive patients with CP, considering the CD4™ T cells levels and HAART use.

Methods: From 500 HIV-positive patients evaluated, 228 patients were enrolled.
Patients were separated in groups: (A) n = 53 (<200 CD4* T-cells on HAART); (B)n =57
(<200 CD4™ T-cells without HAART); (C) n = 50 (>200 CD4* T-cells without HAART);
(D) n = 68 (>200 CD4* T-cells on HAART). Candida spp. were isolated from the oral
biofilm and crevicular fluid in CHROMagar and confirmed by endpoint PCR. Cytokine
levels were measured by beads-based immunoassay in saliva by flow cytometry.

Results: 147 patients (64.5%) were positive to Candida spp. and 204 strains were
isolated; 138 (67.6%) were C. albicans and the remaining C. non-albicans species (C.
glabrata>C. tropicalis>C. krusei>C. dubliniensis). In this study, CHROMagar showed
good sensitivity (95%) but poor specificity (68%); since of the 152 samples identified
as C. albicans, only 131 were confirmed by PCR; from the 10 samples identified
as C. glabrata, only six were confirmed. Finally, of the 42 samples detected as C.
tropicalis, only five were confirmed. When evaluating Candida spp. presence, group
A and D had higher isolation, while group B had the highest species diversity.
Whereas, group C had a significant reduction of Candida spp. Despite the presence
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Candida-Associated Chronic Periodontitis in HIV

of Candida and HAART, we found a Th1/Th2 hybrid profile in the saliva of patients with
low CD4* T-cell count (group A).

Conclusion: Abundance and diversity of the Candida spp. detected in HIV-patients with
CP could be related to HAART and low CD4+ T-cells levels. Also, the immunosuppression
might promote a local Th1/Th2 hybrid cytokine profile.

Keywords: Candida spp, chronic periodontitis, HIV, HAART, cytokines

INTRODUCTION

In HIV positive (HIV+) patients, periodontitis represents one
of the first opportunistic pathologies that manifest in the oral
cavity, appearing in up to 66% of these patients (1). Periodontitis
is a disease caused by both Gram-positive and negative bacteria
and oral fungi. It is characterized by inflammation in the gum
and adjacent tissues, which causes the destruction of teeth
structural supports (2, 3). The mechanisms of damage include
both the direct tissue damage caused by the bacterial products
of the dental biofilm and the indirect damage produced by the
bacterial induction of host inflammatory and immune response
(2-5). The immunopathogenesis of periodontitis is orchestrated
by the innate and adaptive immune response, mainly through
the activation of CD4" T cells and the balance between the
T helper 1 (Thl) and T helper 2 (Th2) subtypes or a mixed
cytokine profile (5, 6). Thl signature cytokines are interleukin-
2 (IL-2) and Interferon-gamma (IFN-y), while Th2 cells secrete
their signature cytokine interleukin 4 (IL-4) plus interleukin
5 (IL-5) and interleukin 10 (IL-10). It is well-known, that
oral response against fungi in HIV negative (HIV-) subjects is
orchestrated by a Th17 profile, this cytokine profile promote
inflammation through the induction of a Thl cytokine profile
(inflammatory), recruitment of neutrophils, and production of
reactive oxygen species such as nitrogen oxide (NO). This oral
microenvironment is produced by infiltrating immune cells that
are stimulated by the presence of opportunistic microorganisms
and commensal bacteria that are part of the subgingival biofilm.
This proinflammatory microenvironment (IL-1f, IFN- vy, IL-6,
NO) is associated to bone loss, and the induction of a Th2 profile
is a compensatory mechanism that controls the inflammation
and promotes immune homeostasis (7).

Since HIV infection is characterized by the depletion of CD4™
T cells and several changes in the whole cellular and humoral
immune response that could lead to an immunodeficient
state, which may allow subgingival colonization by different
pathogens, HIV+ patients exhibit more oral manifestations that
HIV- subjects (8). One of such pathogens is Candida, which
can aggregate jointly with other bacteria to the subgingival
biofilm and attach to the epithelial cells of patients with
periodontal disease (8-10). C. albicans is the most frequent
species identified in patients with periodontal disease. However,
other species have also been found like C. tropicalis, C.
glabrata, C. krusei, and C. guilliermondii (8, 10, 11). Also,
it has been suggested that Candida spp. play a role in both
the pathogenesis and the severity of periodontal disease (11-
13). These last aspects gather importance in HIV+ patients.

Both the local and systemic effects of the periodontal disease
and the chronic immune activation associated with a co-
infection are crucial factors in AIDS severity and progression.
Furthermore, periodontal bacteria favor Epstein-Barr virus and
Kaposi’s sarcoma-associated herpesvirus reactivation (14).

It has been reported that CD4™ T cells count >200 cells/pL
increase the probability to acquire oral manifestations such as
oropharyngeal candidiasis (OPC) (15, 16). A possible explanation
to this s