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Editorial on the Research Topic

Innate Immune Cells and Inflammatory Mediators in Mucosal Pathologies

Cells of the innate immune system play an essential role in early protection against pathogens
and tissue damage. They are also in the front line for maintaining the fragile equilibrium
between inflammatory responses and control of host body hemostasis. In this special issue you
will find a number of original, complementary approaches aiming at a better understanding of
how innate cells modulate inflammatory responses. Contributions focus mainly on mediators
produced by these cells as well as mechanisms through which pathogens or allergens could modify
their production.

The study by Jiao and Sun summarizes new advances in the understanding of bacterial
manipulation of autophagic responses. The authors investigate the multiple levels at which
microbial effectors interfere with this pathway to prevent pathogen recognition by the host.
Improving the knowledge of these interactions will be a prerequisite for the development of more
effective, specific therapies against several chronic pathologies.

One of the most frequent triggers of chronic inflammation is the disruption of the epithelial
barrier. In line of evidence, Wei et al. demonstrate that the hybrid peptide cecropin-LL37 can
prevent intestinal infection caused by enterohemorrhagic Escherichia coli by promoting an anti-
inflammatory response, which reduced enterocyte apoptosis more effectively than previously
developed compounds. In a similar perspective, Luo X. et al. propose a model of dextran sulfate
sodium (DSS)-induced inflammatory bowel disease to evaluate the effects of obacunome, a natural
citrus-derived compound. They found a marked suppression of the severe inflammatory response
mediated through interference with toll-like receptor 4 (TLR4)/nuclear factor-kappa B (NF-κB)
signaling. Furthermore, obacunone administration resulted in increased expression of proteins
associated with the enterocytes’ tight junctions and recovery of epithelial homeostasis.

The elegant work by Jang et al. investigates the mechanisms underlying IL-1β production by
neutrophils in response toHelicobacter pylori infection. These gram-negative bacteria, which cause
gastrointestinal diseases in humans, triggers massive production of IL-1β considered a key factor
in inducing gastrointestinal malignancies. The authors report that neutrophils require NLRP3,
ASC and caspase to secrete IL-1β in response to H. pylori suggesting an essential role for the
NLRP3 inflammasome. TLR2, but not TLR4 and Nod2, also contributed to IL-1β secretion. On
the other hand, H. pylori depends on both the bacterial-mediated type IV secretory system (T4SS)
and motility to induce IL-1β production by neutrophils.
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Schulz-Kuhnt et al. addresses the role of CCR6+ILC2 cells in
patients with cystic fibrosis (CF). Having observed a substantial
decrease in this population in patients’ blood, the authors
hypothesized that this might reflect pulmonary recruitment. To
test this assumption, they used a new, sophisticated humanized
mouse model with light-sheet fluorescence microscopic
visualization, which enabled them to assess whether human ILC2
cells had accumulated in the lung following papain-induced
airway inflammation. Upon adoptive transfer, CCR6+ILC2 cells
from healthy donors did effectively infiltrate the lung of these
mice, enhanced local eosinophil and neutrophil accumulation
and up-regulated type-VI collagen expression. These findings
support the notion that in CF patients CCR6+ILC2 cells might
contribute to pulmonary damage once they have entered this
tissue. Further analyses in lung biopsies of CF patients are
required to confirm or infirm this assumption.

In their contribution Kindermann et al. likewise address
the question of the involvement ILC2 cells in pulmonary
infections using a model based on Cryptococcus neoformans
injections. The authors observed an important increase in
ILC2 cell counts in the lung of infected mice, accompanied
by the induction of a type-2 immune response. Conversely,
ILC2-deficient mice displayed increased type-1 immunity,
classical macrophage activation, reduced lung inflammation and
prolonged survival. These observations suggest that ILC2 cells
could act as negative regulators of protective, type-1 anti-
cryptococci immune responses.

Alberca-Custodio et al. propose a novel immunotherapy
strategy against allergens, based on a liposomal formulation
that contains the allergen at low doses associated with a TLR9
antagonist. In allergic asthma models using ovalbumine or mite
extracts, the liposomal formulation containing co-encapsulated
allergen plus CpG-ODN reversed an established allergic lung
inflammation and provided long-term protection. It showed
efficacy in reducing the inflammatory response by interacting
with CD11c+ cells via MyD88 signaling.

In allergies, the central role of mast cells as initiators of the
symptoms associated with hypersensitivity reactions is widely
accepted. However, little is known about the implication of
connective tissue mast cells (MMCs) in allergic inflammatory
responses. Lou Y. et al. offer researchers in this field a novel
means of investigation, having developed genetically modified
mice lacking this particular type of mast cells. Their model,
obtained by crossing α-chymase-Cre transgenic with a strain
bearing a floxed allele of the myeloid cell leukemia sequence
1 (Mcl-1), provides an innovative tool to learn more about

the role of mast cells, especially MMCs, in the development of
allergy and will likely contribute to the development of new
therapeutic strategies.

Finally, the review of Sui and Berzofsky, focuses on the new
concept of trained innate immunity. The authors discuss the
“memory and specificity” of innate immune populations, such as
myeloid and NK cells including the contribution of epigenetics,
metabolism as well as a variety of agents, such as adjuvants, in the
developments of trained immunity. They focus more particularly
on trained innate immunity induced by vectors/adjuvants that
have been used in AIDS vaccine studies and propose new ways
of thinking about these additives.

The contributions to this special topic highlight recent
advances in the understanding of the complex mechanisms
leading to tissue damage following activation of the innate
effectors and/or their mediators. They lend further support to
the importance of this first line of defense to safeguard mucosal
homeostasis, which has been increasingly consolidated during
the last years. By identifying new therapeutic targets they pave the
way for the development of specific strategies for the treatment of
chronic pathologies affecting mucosal tissues.
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Chymase-Cre; Mcl-1fl/fl Mice Exhibit
Reduced Numbers of Mucosal Mast
Cells

Ying Luo 1, Nicole Meyer 2, Qingqing Jiao 1, Jörg Scheffel 1, Carolin Zimmermann 1,
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Mast cells (MCs) are considered as key effector cells in the elicitation of allergic

symptoms, and they are essential players in innate and adaptive immune responses. In

mice, two main types of MCs have been described: connective tissue MCs (CTMCs)

and mucosal MCs (MMCs). However, little is known about the biological functions

of MMCs, which is due to the lack of suitable models to investigate MMCs in vivo.

Here, we aimed to generate a mouse model selectively deficient in MMCs. It has been

previously described that Cre expressed under the control of the baboon α-chymase

promotor is predominantly localized in MMCs. Therefore, we mated α-chymase-Cre

transgenic mice with mice bearing a floxed allele of the myeloid cell leukemia sequence 1

(Mcl-1). Mcl-1 encodes for an intracellular antiapoptotic factor in MCs; hence, a selective

reduction in MMCs was expected. Our results show that this new mouse model contains

markedly reduced numbers of MMCs in mucosal tissues, whereas numbers of CTMCs

are normal. Thus, Chm-Cre; Mcl-1fl/fl mice are a useful tool for the investigation of the

pathophysiological functions of MMCs in vivo.

Keywords: mast cells, mouse model, mucosa, connective tissue, chymase, Cre, Mcl-1

INTRODUCTION

Mast cells (MCs) are potent inflammatory cells that are constitutively present in most tissues. MCs
are key effector cells in the elicitation of allergic symptoms (1–3) and essential players in protective
innate and adaptive immune responses to pathogens and other environmental threats (4–6).

MCs exhibit a diverse hematopoietic origin. As the bone marrow was previously believed the
only site from which MCs can arise (7–9), it has been recently shown that MCs also originate
from the yolk sac and from definite progenitors (10). Unlike other myeloid-derived cells, which
differentiate and mature in the BM before being released to the blood, MCs egress the BM and
circulate as immature progenitor cells (11–14) (generically termed MCps), which give rise to
mature MCs when they migrate to their target tissues (15).

In mice, MCps differentiate into two major types of mature MCs, connective tissue MCs
(CTMCs) andmucosal MCs (MMCs), classified according to their anatomical distribution: CTMCs
are found in skin, peritoneum, and submucosa of the gastrointestinal tract, where they are
predominantly located in close proximity to vessels and sensory nerve endings. In contrast,
MMCs are present in mucosal tissues such as the gastrointestinal and respiratory mucosa as
well as in the uterus where they coexist with CTMCs and an intermediate phenotype (15, 16).

7
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CTMCs and MMCs also differ in their morphology, protease
expression profiles, and biochemical and functional properties
(15). CTMCs represent a robust and long-lived tissue population
(17, 18), whereas MMCs are low in numbers under physiological
conditions but show rapid and marked expansion under
pathological conditions, such as parasitic infections (19–21) or
food allergy (22). In addition, it has been reported that MMCs
can expand during T cell-dependent immune responses (19,
23, 24), whereas CTMCs exhibit little or no T cell-dependent
behavior and appear in athymic nude mice or rats in normal
numbers. CTMCs are relatively well-characterized and studied
as compared to MMCs. This is, in part, because animal models
for the investigation of CTMC functions became available some
decades ago. In contrast, very little is known about MMCs, and
we are lacking suitable models to study their biological functions.

The role of MMCs in health and disease is largely unknown.
In contrast to CTMCs, very little is known about the pathways
of MMC activation, their physiological functions, mechanisms
of proliferation and survival, as well as modulators of MMCs
biology. We, therefore, aimed to generate a new mouse model
that exhibits a specific reduction in MMCs, thus allowing for
the investigation of MMC biology in vivo. To this end, we made
use of the Cre/loxP recombination system for generating tissue-
specific gene inactivation in mice (25, 26). It has been previously
reported that Cre expression driven by the baboon α-chymase
promotor correlates to MC-specific lineages present in colon
and lungs, thereby suggesting an MMC-specific expression (27).
Hence, in the present study, we mated chymase-Cre transgenic
mice with mice bearing a floxed allele of the myeloid cell
leukemia sequence 1 (Mcl-1), which encodes for an intracellular
antiapoptotic factor in MCs (28). We hypothesized that the
genetic inactivation of Mcl-1 under the control of the α-chymase
promotor in this Chm-Cre; Mcl-1fl/fl mouse induces apoptosis
in the target cell population and results in a specific reduction
of MMCs.

RESULT

Chm-Cre; Mcl-1fl/fl Mice Have Markedly

Reduced Numbers of Gastric and

Duodenal MMCs
Chm-Cre; Mcl-1fl/fl mice showed markedly reduced numbers of
MMCs in the glandular stomach as compared to control Chm-
Cre; Mcl-1+/+ mice (Figure 1, 1.6 ± 0.5 MCs/HPF vs. 4.12 ±

0.3/HPF). MMC numbers were also markedly reduced in the
lamina propria of the duodenum of Chm-Cre; Mcl1fl/fl mice
(Chm-Cre;Mcl-1fl/fl: 0.6 ± 0.1 MC/HPF vs. Chm-Cre;Mcl-1+/+:
1.3 ± 0.1 MC/HPF, −54%, P < 0.01). MCs in ileum and colon
generally appear in very low numbers; hence, the reduction of
MMCs in the lamina propria of the ileum and colon of Chm-Cre;
Mcl-1fl/fl mice was detectable but not significant.

Chm-Cre; Mcl-1fl/fl Mice Exhibit Markedly

Reduced Numbers of Uterus MCs and

Decreased Placental Thickness
In consideration of the variation of uterine MC numbers (uMCs)
during the fertile period in the uterus, which contains MMCs
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FIGURE 1 | Chm-Cre; Mcl-1fl/fl mice have markedly reduced numbers of

representative mucosal mast cell (MMC) populations. (A) Alcian blue staining

for stomach MCs of 5-µm-thick paraffin sections showed markedly reduced

MCs numbers (blue) in Chm-Cre; Mcl-1fl/fl mice compared to control

Chm-Cre; Mcl-1+/+ mice. (B) Chloroacetate esterase staining for intestinal

MCs showed decreased number of MCs (red) in duodenum of Chm-Cre;

Mcl-1fl/fl mice compared to control Chm-Cre; Mcl-1+/+ mice. (C) Numbers of

MCs in different gastrointestinal tissues were assessed by quantitative

histomorphometry analysis. (A,B) left: 100× magnification, (A) right: 400×

magnification, (B) right: 200× magnification. Data were pooled from three

independent experiments (n = 5 mice per group) and expressed as mean ±

SEM (*P < 0.05, **P < 0.01, n.s., not significant).
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A

B

FIGURE 2 | Chm-Cre; Mcl-1fl/fl mice exhibit reduced numbers of uterus MCs.

(A) Toluidine blue staining of 5-µm-thick paraffin uteri sections showed

markedly reduced number of uterus MCs (uMCs) at the estrus cycle (arrows) in

Chm-Cre; Mcl-1fl/fl mice compared to control Chm-Cre; Mcl-1+/+ mice.

(Continued)

FIGURE 2 | (B) Representative images of alcian blue (MMCs) and safranin

(CTMCs) staining of uterus from Chm-Cre; Mcl-1+/+ and Chm-Cre; Mcl-1fl/fl at

estrus. Results are presented as individual values and median. Statistical

differences were obtained by using Mann–Whitney (*P < 0.05), 200×

magnification.

and CTMCs, we quantified the number of uMCs/mm2 in the
uterus of virgin Chm-Cre; Mcl-1fl/fl and Chm-Cre; Mcl-1+/+

female mice at the estrus. During the estrus cycle, Chm-Cre;
Mcl-1fl/fl mice presented significantly reduced uMC numbers
as compared to Chm-Cre; Mcl-1+/+ mice (Figure 2A, 3.72
± 1.72/mm2, n = 5 vs. 12.72 ± 2.44/mm2, n = 5, P =

0.017). Histomorphological analyses of uterine sections stained
with alcian blue and safranin, to quantify MMCs and CTMCs,
respectively, identified both CTMCs and MMCs during estrus
in Chm-Cre; Mcl-1+/+ control mice. Interestingly, we observed
some alcian blue/safranin double-positive cells in the uterus of
Chm-Cre;Mcl-1+/+ mice, suggesting for an indistinct potentially
intermediate phenotype. In contrast, Chm-Cre; Mcl-1fl/fl mice
had CTMCs only, but no MMCs (Figure 2B).

To investigate whether the lack of MMCs in the uterus has
an impact on fetal/placental growth, we performed ultrasound
analyses of the gestation period at gd5 and gd10 assessing the
implantation area, placental thickness, and diameter, as well as
the placental diameter/thickness ratio of Balb/c-paired Chm-Cre;
Mcl-1fl/fl mice (n = 5, placentas n = 23) and Chm-Cre; Mcl-
1+/+ mice (n = 4, placentas n = 22) at gd10 (Figures 3A,B).
We observed significantly reduced placental thickness in Chm-
Cre; Mcl-1fl/fl mice (Figure 3B), whereas the implantation area,
placenta weight, as well as implantation and abortion rates
were comparable to the one observed for Chm-Cre; Mcl-1+/+

mice at gd5 and gd10 (Figure 3C and Figures S1A–C). Also, no
differences in spiral artery (SA) parameters were found at gd10
(Figure S1D).

Chm-Cre; Mcl-1fl/fl Mice Exhibit No

Difference in Cell Numbers or Morphology

of Representative CTMC Populations
Chm-Cre; Mcl-1fl/fl mice and Chm-Cre; Mcl-1+/+ mice were
similar in their numbers of CTMCs obtained from the
peritoneum (PMCs), and their PMCs were similar in their
morphology and surface expression of c-kit and FcεRI as
assessed by FACS analysis (Figures 4A,B). Numbers of CTMCs
in the dorsal skin of Chm-Cre; Mcl-1fl/fl and Chm-Cre; Mcl-
1+/+ control mice were similar as assessed by quantitative
histomorphometry (Figures 4C,D; Chm-Cre; Mcl-1fl/fl: 10.1 ±

0.9 MCs/HPF; Chm-Cre; Mcl-1+/+: 10,6 ± 0.8 MCs/HPF).
Both strains also exhibited similar numbers of ear skin CTMCs
(Figure 4D; Chm-Cre;Mcl-1fl/fl: 11.2± 0.7MCs/HPF; Chm-Cre;
Mcl-1+/+: 10.1± 0.9 MCs/HPF).

Bone Marrow-Derived Cultured MCs of

Chm-Cre; Mcl-1fl/fl Mice-Exhibit Normal

Proliferation and Differentiation
It has been previously reported that the α-chymase promotor
is not expressed in bone marrow-derived cultured MCs
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A

B C

FIGURE 3 | Chm-Cre; Mcl-1fl/fl mice presented decreased placental thickness at gd10. (A) Representative ultrasound image of an implantation at gd10 showing the

embryo, the decidua basalis, and the placenta with placenta thickness (T) and diameter (Dia). (B) Placental area, placental thickness, placental diameter, and placental

diameter/thickness ratio from Balb/c-paired Chm-Cre; Mcl-1+/+ (mice n = 4, placentas n = 22) and Chm-Cre; Mcl-1fl/fl mice (mice n = 5, placentas n = 23) at gd10.

(C) Implantation areas in mm2 from Balb/c-paired Chm-Cre; Mcl-1+/+ (mice n = 4, implantations n = 15–32 per day) and Chm-Cre; Mcl-1fl/fl females (mice n = 5,

implantations n = 21–36 per day) at gd5 and gd10. Results are presented as individual values for each single placenta with mean. Statistical differences were

obtained using unpaired t-test (**P < 0.01). gd, gestation day; T, thickness; Dia, diameter.

(BMCMCs). As expected, cytological analyses showed
cytoplasmic Giemsa-positive granules in both, BMCMCs
generated from Chm-Cre; Mcl-1fl/fl and Chm-Cre; Mcl-
1+/+ mice, after 4 weeks of culture. Furthermore, BMCMCs
derived from Chm-Cre; Mcl-1fl/fl and Chm-Cre; Mcl-1+/+

mice were similar in size, granule distribution, and nucleus

formation (Figure 5A). Chm-Cre; Mcl-1fl/fl and Chm-Cre;
Mcl-1+/+ BMCMCs also showed no differences in their rates of
proliferation after 7, 14, 21, or 28 days of culture (Figure 5B). The
differentiation of BMCMCs derived from Chm-Cre; Mcl-1fl/fl

and Chm-Cre; Mcl-1+/+ was also similar as assessed by flow

cytometric analysis of the expression of the MC surface markers
CD117 (c-kit) and FcεRIα at day 7, 14, 21, or 28 of culture.
BMCMCs from both strains, after 28 days of culture, exhibited
more than 95% double-positive cells (Figure 5C).

DISCUSSION

In this study, we developed a new mouse strain Chm-
Cre; Mcl-1fll/fl that was used for the investigation and
characterization of different populations of MCs (CTMCs and
MMCs). Our data support the conclusion that Chm-Cre;
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A

B

D

FIGURE 4 | Chm-Cre; Mcl-1fl/fl mice exhibit no variation of cell number in representative sites of connective tissue mast cell (CTMC) populations as compared to

Chm-Cre; Mcl-1+/+ mice. (A) Cytospins of peritoneal lavage fluid from Chm-Cre; Mcl-1+/+ mice and Chm-Cre; Mcl-1fl/fl mice were stained with Giemsa solution and

MC numbers were assessed by Neubauer Hemocytometry. Mice exhibit comparable numbers of PMCs (right) with similar morphological features. (B) Percentage of

mast cell surface markers expression (left) and representative flow cytometry plots (right) showed comparable expression of c-kit and FcεRI on PMCs isolated from

Chm-Cre; Mcl-1+/+ mice and Chm-Cre; Mcl-1fl/fl mice. (C) Giemsa staining of 5-µm-thick paraffin sections of dorsal skin obtained from Chm-Cre; Mcl-1+/+ and

Chm-Cre; Mcl-1fl/fl mice show comparable numbers of MCs (purple). (D) MCs in dorsal and ear skin tissues show similar amounts of dermal MCs. (A) 400×

magnification, (C) left: 100× magnification, (C) right: 200× magnification. Data were pooled from two (A,B; n = 3 mice per group ± SEM) or five independent

experiment (C,D; n = 5 mice per group ± SEM).

Mcl-1fl/fl mice have markedly reduced numbers of MMCs
in mucosal tissues of the glandular stomach and intestine,
which contain only MMCs, as well as in the uterus, which

contains both subtypes of MCs. In contrast, the numbers of
CTMCs, in the dorsal skin, ear skin, and peritoneal cavity,
are normal.
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C

FIGURE 5 | Comparable proliferation and differentiation rates in bone marrow-derived cultured mast cells (BMCMCs). (A) Representative light micrograph shows

comparable morphology of BMCMCs after 4 weeks of culture in IL-3-supplemented medium from Chm-Cre; Mcl-1+/+ control mice and Chm-Cre; Mcl-1fl/fl mice.

BMCMCs were identified morphologically on cytospin cell preparations stained with Giemsa solution. (B) Representative flow cytometry plots and percentage of c-kit

and FcεRI expression show comparable differentiation rate on BMCMCs isolated from Chm-Cre; Mcl-1+/+ mice and Chm-Cre;Mcl-1fl/fl mice after 7, 14, 21, and 28

days of culture. (C) The proliferation rate of BMCMCs was evaluated by calculating the fold change of cell number over time. Data show similar proliferation rates of

BMCMCs after 7, 14, 21, and 28 days of culture from Chm-Cre; Mcl-1+/+ mice and Chm-Cre; Mcl-1fl/fl mice. (A) 200× magnification. Data are pooled from three

independent experiments (n = 3 mice per group ± SEM).

Frontiers in Immunology | www.frontiersin.org 6 October 2019 | Volume 10 | Article 239912

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


Luo et al. Mucosa Mast Cell-Deficient Mice

MMCs are found at relatively low numbers in most mucosal
tissues, especially in the intestines (29). It was, therefore, not
surprising to find that some of the intestinal tissues analyzed,
such as the ileum and colon, contained barely any detectable
MMCs (Figure 1C). Our data indicate that Chm-Cre; Mcl-
1fl/fl mice exhibited a significantly reduced number of intestinal
MMCs, even when the physiological number of MMCs in wild-
type mice was very low (Figure 1C) as previously described
(9). MMC populations of the gut are known to expand under
inflammatory conditions, such as parasitic infections and allergic
conditions (19–21). Further studies will be needed to characterize
if and how intestinal MMC numbers change in Chm-Cre; Mcl-
1fl/fl mice in these settings. This will help to characterize their role
and relevance for intestinal immune responses against parasites
and allergens.

Interestingly, we observed markedly reduced MMC numbers
in uterine tissue of Chm-Cre; Mcl-1fl/fl mice (Figure 2). Previous
studies have shown that uMCs have a positive influence on
implantation, placentation, and remodeling of spiral arteries
(SAs) as well as placenta size and fetal growth (16, 30,
31). In Chm-Cre; Mcl-1fl/fl mice, the placental and fetal
development was largely normal (Figure S1), but we did find
that placental thickness is decreased (Figure 3). It has been
recently demonstrated that the complete absence of all MCs,
i.e., of both CTMCs and MMCs, in KitW−sh/KitW−sh (sash)
mice is linked to a severe impairment in reproduction. The
selective depletion of Mcpt-5-positive CTMCs also negatively
impacts fetal and placental development (30). Our study suggests
that the selective absence of MMCs has no major impact on
fetal and placental growth. Previous studies have shown that
uterine natural killer cells (uNKs) are able to overcome the
absence of uMCs by counterbalancing their effects at the feto-
maternal interface to promote SA remodeling and placentation
(30). In addition, regulatory T cells (Treg) are known as key
regulators of placental implantation. Tregs transferred into
abortion-prone mice, which present with insufficient numbers
of uMCs, restore SA remodeling and placental development
by promoting the expansion of uMCs (16). Further studies
will help in understanding the functions of uNKs and Tregs
in Chm-Cre; Mcl-1fl/fl mice. uNKs and Tregs may rescue the
phenotype in Chm-Cre; Mcl-1fl/fl mice and thereby secure
normal implantation and placental development.

Interestingly, we also observed alcian blue/safranin double-
positive cells in Chm-Cre; Mcl-1+/+ mice (Figure S1). Alcian
blue staining is used to detectMMCs, and safranin stains CTMCs.
The presence of double-positive MCs in the uterus has previously
been reported (32–34). Whether these MCs are in a premature
state or in a conversion process is yet unclear. It has been
suggested by some authors that uMCsmay be able to change their
phenotype depending on the surrounding milieu (33, 34).

MCs can originate from bone marrow precursor cells, and
they then differentiate into MMCs and CTMCs according to the
local microenvironment. BMCMCs are used as an in vitromodel
for studying MC functions. They are a mucosal-like population
of MCs since they share some characteristics with MMCs,
like their protease composition. The generation of BMCMCs
from Chm-Cre; Mcl-1fl/fl mice, however, revealed no differences

when compared to Chm-Cre; Mcl-1+/+ mice, suggesting that
BMCMCs are immature MCs that are phenotypically distinct
from both MMCs and CTMCs (35). BMCMCs from Chm-Cre;
Mcl-1fl/fl mice were similar in proliferation and maturation as
compared to cells derived from control mice (Figures 5B,C),
indicating that the hematopoietic progenitor cell capacities for
MC differentiation are retained in Chm-Cre; Mcl-1fl/fl mice.
This is in line with previous findings showing that the BMCMC
population derived from Chm:Cre mice exhibit no specific Cre
activity (27), indicating that Cre-expression driven by the baboon
α-chymase promotor is restricted to mature MMCs.

After their egress from the bone marrow or alternate stem
cell reservoirs, MC progenitors undergo differentiation and
maturation in their peripheral target tissues. MC progenitors that
populate the skin or peritoneum become CTMCs, whereas those
that differentiate and mature in mucosal epithelia and the lamina
propria becomeMMCs. The most important finding of our study
is that Chm-Cre; Mcl-1fl/fl mice exhibit a profound reduction of
MMCs in mucosal tissues of the glandular stomach and intestine
without affecting the number of CTMCs in connective tissues like
the skin and the peritoneal cavity.

Although mammalian MCs were first described more than
a century ago, their detailed functions remain to be elucidated.
MCs are considered to be multifunctional immune cells
implicated in several physiological and pathological processes.
However, the knowledge about the biological functions of the
different MC subtypes, especially MMCs, and the plasticity
of MCs is limited due to the lack of suitable models for
their investigation in vivo. Today, one of the most important
challenges for the development of MC-targeting therapeutic
applications is to understand their impact on different MC
subpopulations. Genetic mouse models are an important tool
for this, as well as for the identification and characterization of
physiological and pathological functions of MCs in vivo. Several
MC-deficient models have been described and used in the past:
mice deficient for Kit (KitW /KitW−v mice and KitW−sh/Kit/W−sh

mice), the receptor for stem cell factor (SCF), which is essential
for MC growth and survival, have been used for more than 30
years to analyze MC populations and their functions in vivo.
These mice exhibit a variety of non-MC-related phenotypic
abnormalities, including abnormalities affecting hematopoietic
cells other than MCs that can contribute to innate or adaptive
immune responses, such as neutrophils, basophils, γδ T-cells,
and myeloid suppressor cells (9, 11, 36). In recent years, Kit-
independent models became available including Cpa3-Cre; Mcl-
1fl/fl (28), Cpa3Cre/+ (“Cre-Master”) mice (37), and Mas-TRECK
(38), as well as Mcpt5-Cre iDTR (39), Mcpt5-Cre R-DTA (40),
and RMB mice (41) with an inducible or constitutive deficiency
for either the entire MC compartment, CTMCs only, or both
MCs and basophils. However, genetic mouse models with a
specific focus on MMC populations had not be reported, and
this has been a roadblock for improving our understanding of
the biology of MMCs.

In this study, we report a novel model for studying MMCs,
the Chm-Cre; Mcl-1fl/fl mouse, and we provide a phenotypic
characterization of its MC populations. The selective reduction
of numbers of MMCs in this novel mouse model is a useful tool
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inMC research, especially for investigating the role and relevance
of MMCs in health and disease.

METHODS

Mice
Genetically, Chm-Cre; Mcl-1fl/fl mice and congenic normal
Chm-Cre; Mcl-1+/+ mice (8–12 weeks old) were obtained
from breeding colonies of the animal facilities of Charité-
Universitätsmedizin Berlin. Mice were kept in community cages
at the Animal Care Facilities at light periods of 12 h and were
fed water and mouse chow ad libitum. All animal care and
experimentation was conducted in accordance with current
Institutional Animal Care and Use Committee guidelines at the
Charité-Universitätsmedizin Berlin under official permissions of
the State of Berlin, Germany.

Development of the Mouse Model
C57BL/6 alpha-chymase-Cre transgenic (Chm-Cre) mice
previously described by Müsch et al. (27) were crossed
to C57BL/6 Mcl-1+/fl mice for one generation to obtain
heterozygote Chm-Cre; Mcl-1+/fl mice. The offspring was
identified by PCR genotyping. The heterozygote Chm-Cre; Mcl-
1+/fl mice were bred as breeder to obtain Chm-Cre; Mcl-1+/+,
Chm-Cre; Mcl-1+/fl, and Chm-Cre; Mcl-1fl/fl mice.

Genotyping
Genotyping was performed by PCR. The genotype of transgenic
offspring from Chm-Cre; Mcl-1+/fl mice was detected by ear
biopsies DNA as described before (22). (Primers: Chm-CreFor: 5′

CGG CGC TAA GGA TGA CTC TGG TCA G 3′, Chm-CreRev:
5′ GTC CAA CGT TCC GTT CGC GCG G 3

′
, Mcl-1For: 5′ CGA

TGC AAC GAG TGA TGA GG 3′, Mcl-1Rev: 5′ GCA TTG CTG
TCA CTT GGT CGT 3′). Three reactions are performed during
the genotyping, in brief: one to test for Chm-Cre, one to test for
the wild-type Mcl-1 allele (PCR product: 360 bp), and one to test
for the Mcl-1 flox allele (PCR product: 400 bp).

Cells
Mouse femoral and tibial BM cells from Chm-Cre; Mcl-1 mice
were cultured for 4 weeks in complete IL-3-containing medium
with 1% antibiotics to generate BM-derived cultured mast cells
(BMCMCs). Peritoneal cells (PMCs) were obtained by injecting
Chm-Cre; Mcl-1 mice i.p. with 5ml of PBS for the peritoneal
lavage. Morphological analysis of MCs was assessed by Alkaline-
Giemsa staining of cytospins. MC differentiation was assessed by
flow cytometric analysis for surface expression of CD117 (c-kit)
and FcεRI.

Histology
Mice were euthanized, and samples of back skin, ear pinna,
were fixed in 4% buffered formaldehyde (vendor); stomach,
duodenum, ileum, and colon were fixed in 4% methanol-free
formaldehyde, dehydrated, and embedded in paraffin ensuring a
cross-sectional orientation of all tissues, and 5-µm sections were
stained with alkaline-Giemsa solution for histologic examination
and enumeration of MCs. To examine stomach MMCs, stomach

samples were stained by alcian blue solution. To examine MMCs
of the duodenum, jejunum, ileum, and colon, 5-µm sections of
intestinal tissue were stained for chloroacetate esterase-positive
MMCs, as previously described (35). To examine uMCs, 5-µm
paraffin embedded uterus samples were stained by toluidine blue,
alcian blue, or safranin. At least three random sections per mouse
were analyzed. Ten high-power fields (HPF) per section have
been analyzed.

Determination of MC Numbers
In all histological assessments, cell numbers were enumerated
by a single observer not aware of the identity (mouse group) of
the individual sections. Cell numbers were based on counting 10
medium-power fields (200×) or HPF (400×), and mean values
were calculated. In this study, MCs were classified according to
anatomic location as previously described (42). Skin MCs were
quantified according to horizontal field length of dermis, uterine
MCs were quantified according to area, and gastrointestinal MCs
were quantified according to anatomical structure (per field of
mucosa and submucosa). MCs superficial to the deep border of
the muscular layer, including the epithelium and lamina propria,
were classified as MMCs. Images were captured with a Zeiss
Axioplan 2 Imaging microscope using a Zeiss AxioCam camera
run by AxioVision Rel. 4.8 software.

Ultrasound Imaging
Serial high-frequency ultrasound measurements were performed
with the Vevo R© 2100 Imaging system (FujiFilm VisualSonics
Inc.) by using the transducer MS550D-0421. Isoflurane
(Baxter)-anesthetized mice were placed on the heating platform,
abdominal hair was removed with depilatory cream (Reckitt
Beckiser), and eye protection cream (Bayer) and prowarmed
ultrasound gel (Gello GmbH Geltechnik) were applied. During
measurements, ECG, body temperature, and respiratory
physiology were controlled. B-Mode was used to visualize
anatomical structures in 2D grayscale image. Ultrasound
examinations were performed at gd5 (implantation size) and
gd10 (implantation size, placenta area/thickness/diameter), and
all implantations found within the mothers were imaged. Mice
were never exposed longer than 1 h to gaseous anesthesia.

Statistics
Unless otherwise indicated, all data were tested for statistical
significance using the unpaired Student’s t-test and expressed
as mean ± SEM. A p ≤ 0.05 was considered to reflect
statistical significance.
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Figure S1 | Chm-Cre; Mcl1fl/fl mice exhibit no differences in the analyzed

placental parameters comparing to Chm-Cre; Mcl1+/+ mice. (A) Placental weight

of Chm-Cre; Mcl-1+/+ (mice n = 4, placentas n = 21) and Chm-Cre; Mcl-1fl/fl

(mice n = 5, placentas n = 34) females paired with Balb/c males at gd10. (B)

Number of implantations at gd5 or gd10, abortions, and abortion rate at gd10

from Chm-Cre; Mcl-1+/+ (n = 3–4) and Chm-Cre; Mcl-1fl/fl (n = 3–5) females

paired with Balb/c males at gd10. Results are presented as individual values ±

median. (C) Representative bicorneal uteri of Chm-Cre; Mcl-1+/+ and Chm-Cre;

Mcl-1fl/fl mice at gd5 or gd10. (D) SA wall thickness and SA wall-to-lumen ratio

from 3 to 9 SAs per mice of Balb/c-paired Chm-Cre; Mcl-1+/+ (n = 4) and

Chm-Cre; Mcl-1fl/fl (n = 5) females at gd10. Statistical differences were analyzed

with the Mann–Whitney test. gd, gestation day; SA, spiral artery.
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Eukaryotes have cell-autonomous defenses against environmental stress and

pathogens. Autophagy is one of the main cellular defenses against intracellular

bacteria. In turn, bacteria employ diverse mechanisms to interfere with autophagy

initiation and progression to avoid elimination and even to subvert autophagy for their

benefit. This review aims to discuss recent findings regarding the autophagic responses

regulated by bacterial effectors. Effectors manipulate autophagy at different stages

by using versatile strategies, such as interfering with autophagy-initiating signaling,

preventing the recognition of autophagy-involved proteins, subverting autophagy

component homeostasis, manipulating the autophagy process, and impacting other

biological processes. We describe the barriers for intracellular bacteria in host cells and

highlight the role of autophagy in the host-microbial interactions. Understanding the

mechanisms through which bacterial effectors manipulate host responses will provide

new insights into therapeutic approaches for prevention and treatment of chronic

inflammation and infectious diseases.

Keywords: autophagy, effectors, bacteria, LC-3, innate immunity, microbiome

INTRODUCTION

Autophagy, which literally means “self-eating,” is an intrinsic process of eukaryotes that delivers
cytoplasmic material to lysosomes for degradation. During this process, cytoplasmic material is
enclosed by phagophores. Then, the phagophores elongate to form autophagosomes that fuse
with lysosomes to form autolysosomes where the cargoes are degraded (1). Autophagy is an
important biological process that is involved in immune responses, embryonic development, cell
death, and cellular defense (2). It is important for host responding to nutrient stress as well
as eliminating intracellular pathogens. Better understanding of autophagy mechanism will allow
us to develop therapeutic drugs, vaccines, and host-directed strategies for successful control of
intracellular microorganisms.

There are three forms of autophagy that are commonly described: chaperone-mediated
autophagy (CMA), microautophagy, and macroautophagy. Macroautophagy is then divided into
non-selective and selective autophagy. Various cargoes, such as defective mitochondria, defective
endoplasmic reticulum (ER), lipids, and foreign organisms, are targeted by selective autophagy
for degradation. When autophagy engulfs microorganisms for clearance, this pathway is called
“xenophagy,” which plays a central role in cellular defense (3).

To survive in host cells, bacteria employ multiple mechanisms to protect against cellular
defenses. Effectors, one type of weapons used by bacteria, are proteins translocated from the
bacterial cytoplasm to the host cell cytoplasm by a series of secretion systems (T1SS–T8SS) (4).
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Bacterial effectors have the capacity to influence host cellular
biological processes, including signaling pathways, tight
junctions, phagocytosis, apoptosis, and autophagy (5, 6).

This review will discuss the recent research advancement
(<6 years) in interactions between bacterial effectors and host
autophagic responses. We synoptically describe the barriers for
intracellular bacteria in host cells and highlight the role of
autophagy in these processes. Furthermore, we emphasize the
different strategies used by bacterial effectors from secretion
systems (T3SS, T44SS, T6SS, and T7SS) tomanipulate autophagic
responses in host cells in infection and inflammation.

THE FATE OF INTRACELLULAR BACTERIA

IN AUTOPHAGY

There is a constant battle between bacterial evasion mechanisms
and host cellular defenses, and the fate of intracellular bacteria
is determined by the outcome of this battle. Intracellular
pathogens can be internalized by either phagocytic or non-
phagocytic cells. After entry into host cells, bacteria are
localized to internalization vacuoles, which are designated as
phagosomes (Figure 1). To survive, bacterial effectors have
different strategies to interfere with host, including affecting
autophagy-initiating signaling, modifying LC3 protein, avoiding
autophagosome-lysosome fusion, affecting lysosome function,
deubiquitinating ubiquitinated substrate around intracellular
bacteria, etc. Therefore, intracellular bacteria obtain nutrients to
replicate or hide to wait for opportunities.

Pathogen-containing phagosomes fuse with lysosomes via
phagocytosis to form phagolysosomes, where the bacteria
are eliminated. Notably, recent reports have described a
process called LC3-associated phagocytosis (LAP) that
recruits the autophagy marker protein LC3 to pathogen-
containing phagosomes, and the subsequent fusion of these
phagosomes with lysosomes results in pathogen digestion (7).
To prevent phagocytosis-mediated bacterial killing, bacteria can
either modify the phagosomes to form pathogen-containing
vacuoles, thus avoiding fusion with lysosomes (Mycobacterium
tuberculosis), or disrupt the vacuoles to escape from the
phagosomes (Salmonella Typhimurium) (8). Xenophagy plays
a key role in cell resistance to these crafty bacteria by clearing
pathogen-containing vacuoles, escaped pathogens, damaged
vacuoles and pathogen-containing phagosomes. Pathogens have
many unique ways to escape or subvert host xenophagy. These
mechanisms are complex and fall outside the scope of this
article; readers are referred to more comprehensive reviews of
this subject (9, 10). Here, we focus on the effectors employed by
Gram-negative bacteria to disrupt the autophagic responses of
host cells.

Abbreviations: ATG protein, Autophagy-related protein; CCVs, Coxiella-

containing vacuoles; DCs, Dendritic cells; ER, endoplasmic reticulum; JNK, c-

Jun N-terminal kinase; LAP, LC3-associated phagocytosis; LUBAC, liner ubiquitin

chain assembly complex; RAB proteins, the ras superfamily G-proteins; SCVs,

Salmonella-containing vacuoles; SPI, Salmonella pathogenicity island; T3SS, type

III secretion system; T4SS, type IV secretion system; T6SS, type VI secretion

system; T7SS, type VII secretion system.

THE AUTOPHAGY MANIPULATION

STRATEGIES OF T3SS EFFECTORS

Bacteria can be eliminated by autophagy, thus, Gram-negative
bacteria use T3SS effectors to suppress or subvert this process.
We summarized all related research work in Table 1 and
discussed the recent progress (<6 years) of different strategies
bacteria used, e.g., interference with signaling or ATG proteins,
prevention of recognition by autophagy mechanisms, subversion
of autophagic components for bacterial survival, and escape from
LC3-associated phagocytosis.

Interference With Signaling or ATG

Proteins Involved in Autophagy
Shigella flexneri effector IcsB, was recently found to repress
the early recruitment of LC3 during infection (11). During
early infection (40min), IcsB recruits the host protein Toca-
1 to intracellular S. flexneri to suppress the recruitment of
LC3 and NDP52 around these intracellular bacteria. LC3
is a marker of autophagosomes, it is also present in LC3-
associated phagocytosis. Therefore, this research suggests that
IcsB manipulates Toca-1 to inhibit LC3-associated phagocytosis
and/or LC3 recruitment to vacuolar membrane remnants early
during infection (11). However, this study lacks supporting
morphological observations.

In macrophages, SPI-2 (Salmonella pathogenicity island-
2) T3SS is responsible for suppressing autophagy by actively
manipulating the recruitment of focal adhesion kinase (FAK)
to Salmonella-containing vacuoles (SCVs) and then stimulating
the Akt-mTORC1 signaling pathway. However, the effector(s)
that are responsible for this process remain unclear (12).
Furthermore, the effector AWR5 from the plant pathogen
Ralstonia solanacearum can also affect the mTOR signaling
pathway to activate autophagy (13). Research indicates that
AWR5, which is expressed heterologously in yeast, induces
growth inhibition and autophagic flux. AWR5 may exert its
function by inhibiting TORC1 upstream of PP2A directly or
indirectly and thus promoting autophagy.

The effector SseF and SseG secreted by Salmonella
Typhimurium can inhibit autophagy in host cells by the
same autophagy blockade (14). Mechanistically, SseF and SseG
impair autophagy initiation by directly interacting with the
small GTPase Rab1A in the host cell. And the disruption of
Rab1A signaling blocked the recruitment and activation of Unc-
51–like autophagy-activating kinase 1 (ULK1) and decreased
phosphatidylinositol 3-phosphate biogenesis, which ultimately
suppress autophagosome formation.

Salmonella T3SS effector SopF was found to be a general
xenophagy inhibitor without affecting canonical autophagy.
Using Salmonella Typhimurium 1sopF, the researchers
identified the V-ATPase-ATG16L1 axis that mediates xenophagy
initiation in HeLa cells. And SopF can target ATP6V0C
for ADP-ribosylation on Gln124, thereby blocking bacterial
autophagy and infection-induced recruitment of ATG16L1 by
the V-ATPase (15).
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FIGURE 1 | The fate of intracellular bacteria. After entry into host cells, bacteria are localized to internalization vacuoles, which are designated as phagosomes To

survive, bacteria employ diverse means to escape or subvert host cellular defenses, especially using its secretion systems and effectors. By various ways, some

bacteria (like Salmonella Typhimurium) can damage the phagosomes and then escape to the cytoplasm, where can obtain nutrients to replicate and to diffuse. On the

other hand, to clean up the bacteria remaining in phagosomes, the phagosomes will be mature and fuse with lysosomes to form phagolysosomes where the bacteria

are degraded. This’s the classic phagocytosis. To prevent phagocytosis-mediated bacterial killing, bacteria (such as Mycobacterium tuberculosis) can modify the

phagosomes to form pathogen-containing vacuoles, thus avoiding fusion with lysosomes. These bacteria will lurk to wait for opportunities for their survival. Therefore,

xenophagy plays a key role in cell resistance to these crafty bacteria by clearing pathogen-containing vacuoles, escaped pathogens, damaged vacuoles, and

pathogen-containing phagosomes. During this process, above targets are enclosed by phagophores. Then, the phagophores elongate to form autophagosomes that

fuse with lysosomes to form autolysosomes where the bacteria are eliminated. Notably, LC3-associated phagocytosis (LAP) can recruit the autophagy marker protein

LC3 to pathogen-containing phagosomes, and the subsequent fusion of these phagosomes with lysosomes results in pathogen digestion. Additionally, there are other

unmentioned cross-talk between xenophagy and phagocytosis. Back to our theme, effectors-autophagy interactions. Using effectors delivered by secretion systems,

bacteria are able to interfere with autophagy-initiating signaling, modify LC3 protein, avoid autophagosome-lysosome fusion, affect lysosome function, and

deubiquitinate ubiquitinated substrate around intracellular bacteria, etc. Thus, bacteria can suppress or subvert autophagic responses for their survival. Overall, there

is a constant battle between bacterial evasion mechanisms and host cellular defenses, and the fate of intracellular bacteria is determined by the outcome of this battle.

We recently show that Salmonella Enteritidis effector AvrA
can suppress autophagy (16). The AvrA protein is an effector
that possesses acetyltransferase and deubiquitinase activity and
inhibits the host c-Jun N-terminal kinase (JNK)/AP-1 and NF-
κB signaling pathways; thus, AvrA inhibits host inflammatory
responses and stabilizes intestinal tight junctions to the benefit
of Salmonella survival (31, 32). We found that AvrA can
inhibit autophagic responses by decreasing Beclin-1 protein
levels, and this process occurs via JNK/c-Jun/AP-1 signaling
pathway inhibition.

Prevention of Recognition by Autophagy

Mechanisms
Bacterial T3SS effectors can interfere with autophagy recognition
mechanisms, thus avoiding bacterial killing in the host. IcsB
from S. flexneri is one of the best-known effectors with this

capability. IcsB competes with ATG5 binding to VirG (a bacterial
surface protein), thereby masking the bacteria from recognition
by autophagy mechanisms. Therefore, IcsB mutants are targeted
for autophagy during multiplication in host cells infected with
S. flexneri (18). Taken together, it suggests that the S. flexneri
effector IcsB modulates LC3 recruitment around intracellular
bacteria at the early stage of infection and inhibits autophagy late
during infection (11, 18).

The S. flexneri T3SS effector IpaH1.4 is another example
of preventing recognition by autophagy mechanisms (19). The

E3 ligase LUBAC (liner ubiquitin chain assembly complex)

can generate linear (M1-linked) polyubiquitin patches in the
ubiquitin coat of intracellular bacteria, which recruit Optineurin
and Nemo for xenophagy. In contrast, the effector protein
IpaH1.4, a bacterial secreted E3 ubiquitin ligase 30, antagonizes
the LUBAC-mediated accumulation of M1-linked ubiquitin

Frontiers in Immunology | www.frontiersin.org 3 December 2019 | Volume 10 | Article 282119

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


Jiao and Sun Bacterial Effectors Manipulate Host Autophagy

TABLE 1 | Strategies used by T3SS effectors to manipulate autophagy.

Bacteria Effectors Host model Description Bacterial survival References

Interfering with signaling or proteins involved in autophagy

Shigella flexneri IcsB HeLa cells, 293T

cells and MEFs

Recruits the host protein Toca-1 to

repress the recruitment of LC3

around these intracellular bacteria

The absence of IcsB has no effect on

bacterial survival up to 3 h of infection

(11)

Salmonella

Typhimurium

Unknown Mouse peritoneal

macrophages

Recruits FAK to SCVs and then

stimulates the Akt-mTORC1 signaling

pathway

In FAK-deficient macrophages,

Akt/mTOR signaling is attenuated and

autophagic capture of intracellular

bacteria is enhanced, resulting in

reduced bacterial survival

(12)

Ralstonia

solanacearum

AWR5 Yeast,

N. benthamiana

Suppresses TOR signaling by

inhibiting TORC1 upstream of PP2A

Not applicable (13)

Salmonella

Typhimurium

SseF and

SseG

HeLa cells,

Rab1A−/−

RAW264.7 cell,

Rab1A−/− mouse

Inhibits Rab1A-mediated autophagy SseF or SseG-deficient bacterial

strains exhibit reduced survival and

growth in both mammalian cell lines

and mouse infection models

(14)

Salmonella

Typhimurium

SopF HeLa cells Targets ATP6V0C for

ADP-ribosylation on Gln124, thereby

blocking recruitment of ATG16L1 by

the V-ATPase

1sopF grow less efficiently in HeLa

cells than the WT strain. And this

SopF-dependent replication was

diminished in ATG16L1−/− cells,

which were rescued by ATG16L1

(15)

Salmonella

Enteritidis

AvrA HCT116 cells,

organoids and

mice

Reduces the protein expression of

Beclin-1 by inhibiting the

JNK/c-Jun/AP-1 signaling pathway

AvrA-deficient bacterial strains

colonized human epithelial cells show

a decreased intracellular bacterial

load compared to those colonized

with wild type

(16)

Burkholderia

pseudomallei

TTSS1

ATPase

RAW 264.7 cells Decreases colocalization with LC3

but does not affect autophagy

TTSS1 ATPase-deficient bacterial

strains has diminished survival and

replicative capacity in RAW264.7 cells

(17)

Preventing recognition by autophagy mechanisms

Shigella flexneri IcsB BHK cells, MDCK

cells and atg5−/−

MEFs

Competes with ATG5 binding to the

bacterial surface protein VirG

The absence of IcsB has no effect on

bacterial survival up to 3 h of infection

(18)

Shigella flexneri IpaH1.4 MEFs Antagonizing the LUBAC-mediated

accumulation of M1-linked ubiquitin

chains on bacterial surfaces, as well

as the recruitment of Optineurin and

Nemo

Not applicable (19)

Salmonella

Typhimurium

SseL HeLa cells,

RAW264.7 cells

and BMM

Splits cytosolic aggregates around

SCVs by its deubiquitinating activity

SseL contributes to bacterial

replication in restrictive cellular

environment

(20)

Subverting autophagic components for bacterial survival

Vibrio

parahaemolyticus

VopQ HeLa cells Forms a gated ion channel on

lysosomes

VopQ attenuates phagocytosis of

Vibrio parahaemolyticus during

infection

(21–23)

Salmonella

Typhimurium

SopB HeLa cells Increases the interaction of

Salmonella with autophagosomes

Autophagy facilitates Salmonella

replication in the cytosol of HeLa cells

(24)

Affecting autophagy by subverting host cell homeostasis

Salmonella

Typhimurium

SipB BMDPM Disrupts mitochondria to induce

autophagy

Not applicable (25)

Shigella flexneri IcsB MDAMC cells Interacts with host cholesterol to

evade autophagy

The absence of IcsB has no effect on

bacterial survival up to 3 h of infection

(26)

Burkholderia

pseudomallei

BopA RAW 264.7 cells,

MEFs, MDAMC

cells

Interacts with host cholesterol to

evade autophagy

Not applicable (26, 27)

Manipulating autophagy via unknown mechanisms

Vibrio alginolyticus Unknown Several

mammalian cell

lines

Activates autophagy via unknown

mechanisms

Not applicable (28)

(Continued)
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TABLE 1 | Continued

Bacteria Effectors Host model Description Bacterial survival References

Pseudomonas

aeruginosa

Unknown AEC line (A549

cells)

Unknown Not applicable (29)

Yersinia

enterocolitica

Unknown Murine J774A.1

macrophages

Suppresses autophagy via unknown

mechanisms

Not applicable (30)

Escaping LC3-associated phagocytosis

Shigella flexneri IcsB HeLa cells, 293T

cells and MEFs

Recruits the host protein Toca-1 to

repress LC3 recruitment around these

intracellular bacteria

The absence of IcsB has no effect on

bacterial survival up to 3 h of infection

(11)

Burkholderia

pseudomallei

BopA RAW264.7 cells Represses LC3 and LAMP1

recruitment via an unknown

mechanism

bopA mutant bacteria show reduced

intracellular survival

(7)

chains on bacterial surfaces, as well as the recruitment of
Optineurin and Nemo. Therefore, S. flexneri profoundly cripples
LUBAC-dependent cellular defense mechanisms–xenophagy.

Subversion of Autophagic Components for

Bacterial Survival
T3SS effectors interact with autophagic components to interrupt
autophagy. Vibrio parahaemolyticus VopQ is an effector that
affects lysosomes. VopQ forms a gated ion channel in lysosomes
to cause deacidification, thus disturbing autophagic flux.
Moreover, VopQ binds directly to the V-ATPase Vo domain of
lysosomes to block autophagosome-lysosome fusion (21–23).

It has been reported that Salmonella requires the RAB1
(the ras superfamily G-proteins-1)-mediated autophagy pathway
for its survival (33). Salmonella Typhimurium SopB regulate
this process to increases the interaction of Salmonella with
autophagosomes for replication in HeLa cells. One possible
reason for this finding is that SopB ubiquitination promotes
the association of Salmonella and autophagosomes (24).
Nevertheless, the detailed mechanism is still unclear.

Escape From LC3-Associated

Phagocytosis
LAP is not a member of the autophagy pathway. However,
the autophagy marker LC3 protein participates in this process,
which makes it hard to be ignored. We should distinguish
autophagy from LAP in research work. For instance, effector
IcsB, which may manipulate Toca-1 to inhibit LAP (11). The
T3SS effector BopA also plays a role in preventing bacterial
killing via LAP. Because the BopA mutants showed higher levels
of colocalization with LC3 and the lysosomal marker LAMP1,
suggesting enhanced elimination through LAP (7).

MANIPULATING AUTOPHAGY VIA

BACTERIAL EFFECTORS FROM OTHER

SECRETION SYSTEMS

The effectors from other secretion systems of Gram-negative
bacteria possess approaches for manipulating autophagy, as
summarized in Table 2 and discussed in the following text
(papers within 6 years).

Interference With Signaling or ATG

Proteins Involved in Autophagy
RavZ, is delivered by T4SS from Legionella pneumophila.
RavZ can inhibit autophagy in HEK293 cells infected with
L. pneumophila (34, 35). This protein uses its LIR motifs
to bind to the LC3 protein and then extract LC3-PE
(LC3- phosphatidylethanolamine) from the membrane of
autophagosomes (35). RavZ hydrolyzes the amide bonds between
glycine residues and aromatic residues at the carboxyl-terminal
of the LC3 protein, using a catalytic mechanism similar to that
of the Atg4. Thus, modified LC3 cannot be reconjugated by Atg7
and Atg3 in the process of autophagosome formation.

The protein VgrG2 from VpT6SS2 (T6SS-2 of Vibrio
parahaemolyticus) induces autophagy by targeting the initial
events of autophagic signaling (37). VgrG2 is a translocon of
VpT6SS2. Heterogenous expression of VgrG2 increases LC3-II
lipidation in macrophage cells and increases the accumulation
of LC3-II in RAW264.7 cells treated with chloroquine (an
inhibitor of autophagosome-lysosome fusion). Furthermore,
VgrG2 mutants decrease the level of intracellular cAMP, which
is necessary for the activation of the PRKA-AMPK-SIRT1
signaling pathway to induce autophagy in HUVECs treated
with resveratrol (47). This finding suggests the possible role of
targeting cAMP signaling in the VgrG2-mediated induction of
autophagic responses (37).

A recent report has shown that Ehrlichia chaffeensis acquires
nutrients from host cells by inducing RAB5-regulated autophagy
via its T4SS-delivered effector Etf-1(6). Etf-1 interacts with
RAB5, Beclin-1, VPS34, and autophagy-initiating PtdIns3K and
is targeted to ehrlichial inclusions; through these mechanisms,
Etf-1 induces autophagy to deliver host cytosolic nutrients for its
replication while avoiding autophagic clearance (6).

Prevention of Recognition by Autophagy

Mechanisms
Bartonella quintana T4SS effector BepE was identified to
induce selective autophagy. The researchers found that ectopic
expression of BepE specifically induced punctate structures that
colocalized with LC3-II in host cells. Further study showed that
host cells utilize selective autophagy to confine and degrade BepE
via poly-ubiquitin chain of K63 linkage conjugation (38).
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TABLE 2 | Strategies used by the effectors from T4SS, T6SS, and T7SS to manipulate autophagy.

Bacteria Effectors Host model Description Bacterial survival References

Interfering with signaling or proteins involved in autophagy

Legionella

pneumophila

RavZ

(T4SS)

HEK293 cells and

MCF-7 cells

Cleaving LC3 off the membrane and

modifying LC3 by its de-conjugating

enzyme activity

Not applicable (34, 35)

Anaplasma

phagocytophilum

Ats-1

(T4SS)

THP-1 cells,

RF/6A cells and

Beclin-1+/− mice

Binds host Beclin-1 protein and hijacks

Beclin-1-Atg14L autophagy initiation

Not applicable (36)

Vibrio

parahaemolyticus

VgrG2

(T6SS)

RAW264.7 cells Possibly reduces the level of intracellular

cAMP

Not applicable (37)

Ehrlichia

chaffeensis

Etf-1

(T4SS)

THP-1 cells,

HEK293 cells and

DH82 cells

Targets host RAB5, Beclin-1, VPS34, and

autophagy - initiating PtdIns3K to ehrlichial

inclusions to induce autophagy

Ehrlichia chaffeensis proliferation

requires class III PtdIns3K activation

and BECN1, and is enhanced by

induction of autophagy with

rapamycin

(6)

Preventing recognition by autophagy mechanisms

Bartonella

quintana

BepE

(T4SS)

HeLa cells,

HEK293 cells and

HUVECs

Induces selective autophagy by

conjugation with K63 poly-ubiquitin chain

Not applicable (But cells with

BepE-induced autophagy are about

3-fold more effective at engulfing

Bartonella quintana than cells with

BepE-induced filopodia and

membrane ruffles)

(38)

Subverting autophagic components for bacterial survival

Legionella

pneumophila

DrrA, LidA,

RalF and

LepB

(T4SS)

Primary mouse

macrophages

Interacts with RAB proteins to manipulate

autophagosomal maturation

Not applicable (39)

Coxiella burnetii Cig2

(T4SS)

HeLa cells Promotes the fusion of Coxiella-containing

vacuoles with autophagosomes to

maintain this vacuole in an autolysosomal

stage of maturation

Coxiella burnetii is highly resistant to

environmental stresses and is able to

replicate in acidified lysosome-derived

vacuoles

(40)

Mycobacterium

tuberculosis (Note:

this strain is not

suitable for using

Gram stain)

ESAT-6

(T7SS)

Human primary

DCs

Impairs autophagosome-lysosome fusion Not applicable (41)

Mediating autophagy by subverting host cell homeostasis

Legionella

pneumophila

LpSpl

(T4SS)

HEK-293T cells

and THP-1

macrophages

Inhibits autophagy by disrupting host

sphingolipid biosynthesis

Not applicable (42)

Pseudomonas

aeruginosa

TplE

(T6SS)

HeLa cells and

HEK293T cells

Activates autophagy responses by

subverting ER homeostasis

In intra- and inter-species competition

studies show that the loss of tplE

gave rise to a growth advantage of

the recipient strain

(43)

Manipulating autophagy via unknown mechanisms

Brucella VceA

(T4SS)

HPT-8 cells Suppresses autophagy via unknown

mechanisms

Not applicable (44)

Escaping LC3-associated phagocytosis

Legionella species RavZ

(T4SS)

HEK293 cells and

MCF-7 cells

Cleaving LC3 off the membrane and

modifying LC3 by its de-conjugating

enzyme activity

Not applicable (34, 45)

Legionella

pneumophila

LpSpl

(T4SS)

May be responsible for inhibiting LAP Not applicable (42, 46)

Subversion of Autophagic Components for

Bacterial Survival
The Coxiella burnetii protein Cig2 is a T4SS effector that
hijacks host autophagosomes. Coxiella burnetii is highly resistant
to environmental stresses and is able to replicate in acidified

lysosome-derived vacuoles. Coxiella-containing vacuoles (CCVs)

are highly fusogenic with each other and with other organelles of

the endocytic pathway; therefore, good-sized vacuole formation

is promoted (48). The effector Cig2 can promote the fusion

of CCVs with autophagosomes to maintain these vacuoles in
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an autolysosomal stage of maturation, thus promoting CCV
homotypic fusion and influencing host infection tolerance in a
moth model (40).

Mediating Autophagy by Subverting Host

Cell Homeostasis
A T4SS effector and a T6SS effector have been confirmed to affect
autophagy by regulating other biological processes. The protein
LpSpl is translocated by the T4SS of L. pneumophila. LpSpl has a
high degree of similarity to eukaryotic sphingosine-1 phosphate
lyase. Interestingly, cells infected with LpSpl mutants have
significantly greater LC3 recruitment than WT-infected cells,
suggesting that LpSpl is responsible for suppressing autophagy
during infection. Together, these data indicate that LpSpl
inhibits autophagy by disrupting host sphingolipid biosynthesis.
However, the complete mechanism has not been elucidated (42).

T6SS effector TplE from Pseudomonas aeruginosa is a Tle4
phospholipase family protein that possesses inter-bacterial killing
capacity (49). Noteworthy, TplE targets and disrupts the host ER
(endoplasmic reticulum) via its eukaryotic PGAP1-like domain.
ER homeostasis perturbation can lead to the activation of the
unfolded protein response, which acts as a potent trigger of
autophagy (50). Therefore, TplE activates autophagy responses
by subverting ER homeostasis (43).

Manipulating Autophagy via Unknown

Mechanisms
Effector VceA from Brucella T4SS is involved in host autophagic
responses (44). As The Atg5, LC3-II, and Bcl-2 mRNA expression
were significantly increased in the VceA mutant than the WT
group. However, this study lacks the sufficient determining of
autophagy process and the mechanism is still unclear.

Escape From LC3-Associated

Phagocytosis
T4SS of Legionella species has been reported to play a
role in suppressing LAP (46). The T4SS effector RavZ from
L. pneumophila strains can inhibit LAP via its capability
to irreversibly deconjugate LC3, which has been previously
described (34, 45). However, this LAP escape is not due solely
to the effector RavZ in L. pneumophila; an additional strategy is
likely utilized (46). One possible reason for this proposal is that
the T4SS effector LpSpl may be used to inhibit LAP. Sphingosine-
1 phosphate lyase (LpSpl)can decrease LC3 recruitment around
L. pneumophila strains in macrophage cells (42).

CONCLUSION, LIMITS, AND FUTURE

DIRECTION

From host side, the innate immunity and mucosal barriers play
critical roles to maintain the autophagic responses (51, 52). From
the bacterial side, effectors manipulate autophagy at different
stages by using various strategies, including interfering with
autophagy-initiating signaling, preventing the recognition of
autophagy-involved proteins, subverting autophagy component
homeostasis, manipulating the autophagy process (e.g.,

autophagosome maturation and autophagosome-lysosome
fusion) and impacting other biological processes to affect
autophagy. The research on effectors and autophagy has started
to reveal basic features of autophagy manipulated by bacterial
proteins for the benefit of bacterial survival and replication.

The progress in some field have shown better understanding of
consequent host responses when autophagy is disturbed, such as
killing host cells [SipB (25) and T3SS of Vibrio alginolyticus (28)],
influencing host infection tolerance [Cig2 (40)], and escaping
DC-mediated immune responses [ESAT-6 (41)]. Remarkably,
bacteria could use multiple effectors (Salmonella and Legionella),
and even two secretion systems (Vibrio parahaemolyticus), to
mediate autophagy. Meanwhile, some effectors are versatile in
manipulating autophagy (IcsB). Moreover, in the study of the
effector LpSpl, the author found that the effector RavZ is not
present in all strains of L. pneumophila, suggesting that this
strain employs other effector, namely LpSpl (42), to inhibit
autophagy. Therefore, determining whether one effector (even
the partial function of one effector) is required for altering
autophagic responses will help us to find novel effectors and
better understanding of host-bacterial interactions.

The commonly used methods for exploring the effectors that
are responsible for manipulating autophagy are: (a) deleting
entire secretion systems or single genes and then analyzing
the changes in autophagic responses in host cells infected with
WT/mutant strains; (b) similarity searches to seek effectors
that exhibit similar structures to host proteins, such as RavZ
(35) and LpSpl (42); and (c) investigating effectors that can
interact with autophagy-involved proteins and then exploring
the underlying mechanisms, such as Ats-1 (36) and Etf-1 (6).
Most of these studies were done in vitro and still lack in vivo
models to verify the physiological relevance of the studies. We
would like to advocate the organoid system to study the host-
microbial interactions (53). In vivo, acute and chronic infectious
models will help us to understand into the short-term and
long-term effects of bacterial survival and suppressed autophagy.
When studying the interaction between a target and autophagy,
one single autophagy marker is not sufficient for determining
changes in autophagic responses. Determining multiple related
proteins in autophagy, having morphological observations, and
monitoring autophagic flux will support more information for
judgment and help us to differentiate autophagy from other
biological process, like LAP (54).

Noteworthy, the studies on effectors-autophagy interactions
in host cells is not only to determine the effectors, that can affect
the host autophagic responses, and the underlying molecular
mechanism. Some excellent researches are progressing in the
direction for understanding autophagy and its regulators. Like
the study of effector VopQ, VopQ can bind directly to the
V-ATPase Vo domain, which appears to play a key role in
the regulation of autophagy through amino acid sensing, and
even more directly, autophagosome-lysosome membrane fusion.
Though the details is unclear, this study enlighten us to further
elucidate the role of V-ATPase in autophagosome fusion with
the lysosome (21, 23). Additionally, Xu et al. recently found
Salmonella effector SopF is a xenophagy-specific inhibitor. By
determining the target of sopF, they were able to identify the
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V-ATPase-ATG16L1 axis that mediates xenophagy initiation.
Namely, upon infection, internalized bacteria cause damage to
the residing vacuole, which is sensed by the vacuolar ATPase that
then recruits ATG16L1 to initiate xenophagy. This study provides
mechanistic insight into xenophagy recognition and initiation
(15). It expands our knowledge to autophagic process, especially
the crucial role of V-ATPase.

The causes of autophagy are numerous and complex. The
mechanisms of effectors and autophagy have not been fully
elucidated. Many important pathogenic Gram-negative bacteria
still need to be tested. All the current studies focus on Gram-
negative bacterial effectors, but Gram-positive and non-Gram
stain bacterial effectors have been less attention (55). Moreover,
the bacteria have abundant means/tools, not limited to effectors,
to manipulate host autophagy. Most of these studies were
focusing on uncovering the methods used by bacteria to inhibit
autophagy, while ignoring the compensation of host cellular
defense system. More studies are needed to understand the host
cellular defense system in fighting back bacterial infection.

The physiological role of autophagy and its signaling
mechanisms remain poorly understood. The study of
interactions of bacterial effectors via pattern recognition
receptors modulate the autophagymaybe uncover the underlying
mechanisms. Overall, future directions could be focused on the
following aspects in effectors-autophagy interactions to: (a)
use various methods to determine multiple related proteins
in autophagy, including morphological observations and
monitoring autophagic flux to support accurate information
about autophagic responses. Please refer to a comprehensive
review of this subject (54); (b) understand the relationship

between autophagy and immunological responses, which will
uncover the link between autophagy and life activity. Most
researchers pay attention to the effect of effectors to autophagic
responses and the underlying cellular and molecular mechanism,
but less attention to the immunological consequences of these
affects; (c) study diverse immune and inflammatory signals
modulate autophagy in host cell through pattern recognition
receptors, such as toll-like receptors and nucleotide-binding
oligomerization domain (NOD)-like receptors (56–59).

Studies on effectors-autophagy interactions in host
cells will provide new insights into the pathogenic
mechanisms of infections and inflammation. A better
understanding of the mechanisms used by bacterial
effectors to manipulate autophagy will help the study
of mechanisms in immunity, drug design, and novel
therapeutic approaches for infectious diseases and
chronic inflammation.
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Cryptococcus neoformans is an opportunistic fungal pathogen preferentially causing

disease in immunocompromised individuals such as organ-transplant-recipients,

patients receiving immunosuppressive medications or, in particular, individuals suffering

from HIV infection. Numerous studies clearly indicated that the control of C. neoformans

infections is strongly dependent on a prototypic type 1 immune response and classical

macrophage activation, whereas type 2-biased immunity and alternative activation

of macrophages has been rather implicated in disease progression and detrimental

outcomes. However, little is known about regulatory pathways modulating and balancing

immune responses during early phases of pulmonary cryptococcosis. Here, we analyzed

the role of group 2 innate lymphoid cells (ILC2s) for the control of C. neoformans

infection. Using an intranasal infection model with a highly virulent C. neoformans strain,

we found that ILC2 numbers were strongly increased in C. neoformans-infected lungs

along with induction of a type 2 response. Mice lacking ILC2s due to conditional

deficiency of the transcription factor RAR-related orphan receptor alpha (Rora) displayed

a massive downregulation of features of type 2 immunity as reflected by reduced

levels of the type 2 signature cytokines IL-4, IL-5, and IL-13 at 14 days post-infection.

Moreover, ILC2 deficiency was accompanied with increased type 1 immunity and

classical macrophage activation, while the pulmonary numbers of eosinophils and

alternatively activated macrophages were reduced in these mice. Importantly, this shift

in pulmonary macrophage polarization in ILC2-deficient mice correlated with improved

fungal control and prolonged survival of infected mice. Conversely, adoptive transfer

of ILC2s was associated with a type 2 bias associated with less efficient anti-fungal

immunity in lungs of recipient mice. Collectively, our date indicate a non-redundant role

of ILC2 in orchestrating myeloid anti-cryptococcal immune responses toward a disease

exacerbating phenotype.
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INTRODUCTION

Cryptococcus (C.) neoformans is an opportunistic
fungal pathogen that causes disease predominantly in
immunocompromised individuals, such as organ-transplant-
recipients, patients receiving immunosuppressive medications
or, in particular, individuals suffering from HIV infection
[reviewed in (1, 2)]. In these patients inhalation of the fungus,
either in form of desiccated yeast cells or as spores, typically leads
to a pneumonia-like illness. As a consequence of an exacerbating
disease progression, the fungi have the propensity to pass
the blood-brain-barrier causing life threatening cryptococcal
meningitis [reviewed in (3)]. While C. neoformans exposure
most likely occurs ubiquitously already during childhood, the
vast majority of immunocompetent individuals completely
clear the infection or control the pathogen asymptomatically in
encapsulated cryptococcomas (4). Despite increasing incidence
in immunocompetent patients (5, 6), the highest infection rates
and disease manifestations are found in immunocompromised
patients suffering from AIDS. Noteworthy, for the year 2014
more than 200,000 cases of cryptococcal meningitis, leading to
more than 180,000 deaths (7).

Although a well-balanced regulation of the immune
cell network protects from fatal outcomes in pulmonary
cryptococcosis, the precise immunological mechanisms that
direct the development of protective or detrimental anti-
cryptococcal immunity are not clearly understood. However,
numerous studies in mice clearly indicated that the control and
clearance of C. neoformans is strongly reliant on prototypic
type 1 immune responses, characterized by the production
of inflammatory cytokines such as Interleukin (IL)-2, Tumor
necrosis factor (TNF), and particularly Interferon (IFN)-γ as
well as the activation of classical macrophages [reviewed in
(8)]. Conversely, type 2 biased immune responses have been
implicated in disease progression and detrimental outcomes
(8). At mucosal surfaces, the release of alarmins such as IL-25,
IL-33, and thymic stromal lymphopoietin (TSLP) was identified
as important early trigger of type 2 immunity, which is defined
by production of the cytokines IL-4, IL-5, and IL-13 [reviewed
in (9–11)]. As a result, eosinophils and alternatively activated
macrophages (AAMs) are activated and recruited, while goblet
cell hyperplasia and T helper (TH)2 cell differentiation is induced
(12). Indeed, detrimental Cryptococcus-induced type 2 immunity
is characterized by elevated levels of the cytokines IL-4, IL-5,
and IL-13, which seem to be important modulators of mucus
hyperproduction, eosinophilia and AAM activation in the lungs
of infected mice.

Recently, the immunomodulatory capacity of group 2 innate
lymphoid cells (ILC2s) in the context of various infectious
diseases became evident and ILC2s effector functions were
considered as potentially important for shifting early immune
responses toward a type 2 phenotype. ILC2s were shown to
produce high amounts of type 2 cytokines upon activation
by alarmin stimulation [reviewed in (10, 13, 14)]. It was
recently demonstrated that the alarmin IL-33 is strongly
induced during the development of pulmonary cryptococcosis.
Because proliferation and activation of ILC2s are impaired in

mice lacking the IL-33 receptor T1/ST2 (15, 16) and ILC2
effector cytokines such as IL-4, IL-5, and IL-13 exert critical
effects in anti-cryptococcal immune responses (15–22), it is
tempting to speculate that ILC2s may also play important
roles during disease progression. However, direct effects of
ILC2s during pulmonary C. neoformans infections still remain
to be determined more precisely. Previous studies utilized IL-
4R, T1/ST2, and IL17Rb/ST2 receptor knockout animals (16,
17) to address indirectly the involvement of ILC2s in the
modulation of anti-cryptococcal immunity. However, in this
broad approach, deficiencies of the immunological functions of
AAMs, ST2+/Gata3+ TH2 cells, and ST2+ regulatory T cells
most likely influenced the disease outcome, which essentially
precluded firm conclusions on the role of ILC2s for the course
of pulmonary C. neoformans infection.

In order to verify and substantiate the function of ILC2s
during different phases of pulmonary cryptococcosis, we
comprehensively studied the immune response in ILC2-deficient
animals within the first 14 days of infection. Thereby, ILC2-
deficient animals showed a massive downregulation of type 2
immunity, reflected by reduced levels of the type 2 signature
cytokines IL-4 and IL-13. Importantly, ILC2-deficiency in mice
was associated with an increase in type 1 immunity, increased
pulmonary frequencies of classically activated macrophages,
improved fungal control and prolonged survival. Collectively,
these date corroborate a non-redundant role of ILC2 in
orchestrating anti-cryptococcal immune responses toward a
disease exacerbating phenotype.

RESULTS

ILC2 Deficiency Is Associated With

Decreased Fungal Burden and Reduced

Pulmonary Damage
Recently, the infection-dependent release of the alarmin IL-
33 has been identified as one of the main initial events
for establishment of a type 2 polarized immune response in
murine cryptococcosis (15, 16, 23). Given the importance of
extracellular IL-33 for activation of these cells, we aimed to
address the role of pulmonary ILC2s in a well-established
murine model of acute pulmonary cryptococcosis using the
virulent C. neoformans serotype A strain ATCC 90112 (24).
Therefore, we intranasally infected RoraCretdTomatoflox mice, in
which ILC2s are marked by strong expression of the fluorescent
reporter protein tdTomato due to their strong expression of
the transcription factor rora (25). While only few tdtomato+

cells were detectable at steady state, strongly increased numbers
of labeled cells were present in lungs 2 weeks after infection
as evidenced by confocal microscopy (Figure 1A). In line, flow
cytometric analysis also demonstrated ILC2 accumulation in
lungs of mice upon cryptococcal challenge (Figure 1B). Next,
we analyzed Tie2CreRoraflox mice, which due to deficiency of the
transcription factor rora in hematopoietic cells display an almost
complete deletion of steady state pulmonary IL-5- and IL-13-
producing ILC2s on day 14 pi (Figures 1C,D), but show normal
development of T cell subsets including regulatory and TH17
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FIGURE 1 | Analysis of ILC2s in lungs of C. neoformans infected mice. (A,B,E–G) Mice were infected intranasally with 500 cfu C. neoformans. and analyzed 7 dpi

(E) or (A,B,F,G) 14 dpi. (A) Representative IHC-pictures of lungs of RoraCretdTomatoflox bone marrow chimeric mice and quantification of tdTomato expressing cells in

naïve and Cryptococcus-challenged animals. (B) Pulmonary ILC2 counts of naïve and C. neoformans infected C57BL/6 mice (n = 4–5/group). (C) Representative flow

cytometric plots of lung Lin−/Thy1+/Gata3+/KLRG1+ ILC2, Lin−/Thy1+/Gata3+/IL-5+ ILC2 and Lin−/Thy1+/Gata3+/IL-13+ ILC2 of healthy controls and

Tie2creRoraflox mice. (D) Quantification of naïve lung Lin−/Thy1+/ICOS+/KLRG1+ ILC2 in control (n = 4) and Tie2creRoraflox mice (n = 4). (E,F) Quantification of

Lin−/Thy1+/ICOS+/KLRG1+ ILC2 (n = 4), Lin−/IL-5+ (ctrl. n = 4, Tie2creRoraflox mice n = 6), and Lin−/IL-13+ (ctrl. n = 4, Tie2creRoraflox mice n = 6) populations in

C. neoformans-challenged animals. (G) IL-33 concentration in lung tissue quantified per mg of total protein in control (n = 18) and Tie2creRoraflox mice (n = 26). Data

is shown as mean ± SEM for at least two independent experiments. *P ≤ 0.05; **P ≤ 0.01 and ***P ≤ 0.001 using a Mann-Whitney U-test.

cells in vitro (Supplemental Figures 1A,B) (26). In contrast
to control mice, cryptococcal challenge of Tie2creRoraflox mice
did not result in increased accumulation of pulmonary ILC2s
producing IL-5 and IL-13 on day 7 and 14 pi (Figures 1E,F).
Similar results were obtained in lethally irradiated C57BL/6
mice reconstituted with bone marrow from Tie2creRoraflox mice
(Supplemental Figures 1C,D). Notably, this outcome was not
related to a differential presence of IL-33 protein (Figure 1G), a
key cytokine responsible for directing early immunomodulatory
pathways during the onset of pulmonary cryptococcosis (15).

In the next set of experiments, we analyzed whether ILC2-
deficiency in Tie2creRoraflox mice affected their capacity to
control C. neoformans infection. At 7 dpi, there were no major
differences in pulmonary fungal burdens between Tie2creRoraflox

mice and littermate controls (Supplemental Figures 2A,B).
Strikingly, ILC2-deficient mice displayed significantly reduced
cryptococcal burdens in lung tissues at 14 dpi compared to
controls (Figure 2A). Moreover, the vast majority of the ILC2-
deficient mice survived the infection for more than 40 days,
while the infection-dependent lethality of control mice was
substantially lower [mean survival of 33.5 days (Figure 2B)].
Furthermore, histologic assessment of hematoxylin/eosin (H&E)

or Periodic acid-Schiff (PAS) stained lung tissue sections
demonstrated that cryptococcal loads and the degree of tissue
damage and mucosal inflammation was markedly reduced
in the absence of ILC2s (Figure 2C). In line with this,
magnetic resonance imaging (MRI) of whole lungs revealed a
significantly higher presence of hypointense areas in infected
control mice, which most likely represent local regions with
concentrated fungal burden and strong immune cell infiltration
(Figures 2D,E). Additionally, the volumes of hypointense areas
relative to total lung volumes were significantly reduced in ILC2-
deficient mice (Figure 2F). Further analyses also revealed that
systemic spread and brain dissemination were tentatively lower
in ILC2-deficient mice at 14 dpi as evidenced by analysis of liver
and CNS fungal cultures (Supplemental Figures 2C,D).

To further ascertain the functional impact of ILC2 on the
immune response to cryptococcal infection, we next adoptively
transferred sort-purified and in vitro expanded ILC2s of C57BL/6
mice into C. neoformans infected Tie2creRoraflox mice on a
C57BL/6 background (27). These ILC2s are able to target the
murine lung upon intravenous injection as we have recently
shown in a model of type 2 mediated lung inflammation (27, 28),
albeit rather high numbers of cells are required for effective long
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FIGURE 2 | Improved fungal control in ILC2-deficient mice. (A–F) Control and Tie2creRoraflox mice were intranasally infected with 500 cfu of C. neoformans and

sacrificed after 2 weeks. (A) Pulmonary fungal burden of control (n = 13) and Tie2creRoraflox mice (n = 17) was determined by plating serial dilutions of organ

homogenates on SAB-Agar. (B) Animal fitness was judged over the indicated time course and illustrated as % survival. (C) Representative H&E and PAS stainings of

(Continued)
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FIGURE 2 | paraffin-embedded lung sections. Scale bar 10× magnification = 200µm, scale bar 40× magnification = 50µm. (D) Ex-vivo MRI images of lungs were

used to determine (E) total and (F) relative volumes of T2 weighted hypointense cryptococcal and inflammatory cell accumulations in infected control and

Tie2creRoraflox mice (n = 10/group). Data is expressed as mean ± SEM, and pooled from (B,D–F) two or (A) three independent experiments **P ≤ 0.01 using a

Mann-Whitney U-test.

term studies. Strikingly, reconstitution of the ILC2 compartment
was found to be associated with significantly increased lung
fungal burden at 14 dpi as revealed by cfu determination
(Figure 3A) and histological staining compared to controls
indicating that the immunomodulatory functions of ILC2s are
sufficient to abrogate the protective phenotype in Tie2creRoraflox

mice (Figure 3B).
Collectively, these data suggest a critical and detrimental

role of ILC2s during the pathogenesis of murine
pulmonary cryptococcosis.

C. neoformans-Infected ILC2-Deficient

Mice Display Reduced Pulmonary Type 2

Cytokine Production
The quality of the cytokine response plays a significant role in
protective anti-cryptococcal immunity, and early detection and
control by the immune response is necessary to prevent systemic
dissemination of this fungal pathogen. Indeed, increasing
concentrations of the type 2 cytokines IL-4, IL-5, and IL-13
in lung homogenates positively correlated with cryptococcal
burdens in our experimental settings (Figure 4A). We therefore
next analyzed, to which extent ILC2-deficency in Tie2creRoraflox

mice alters the pulmonary immune response upon cryptococcal
infection. By profiling the expression of 84 TH cell related
genes by PCR array analysis, we found that total lung tissue
homogenates of infected ILC2-deficient mice contained less
transcripts of the type 2 cytokines IL-4, IL-5, and IL-13,
while transcripts for the important TH1-related cytokine IFN-
γ and the cytotoxic factor granzyme B were increased in these
mice (Figure 4B). Accordingly, specific ELISA analysis of lung
homogenates also demonstrated decreased concentrations of
TH2 cytokines and increased presence of IFN-γ on protein
level in lungs of infected Tie2creRoraflox mice. By contrast, the
concentrations of the cytokine IL-17, which at least in some
reports has strongly been implicated in pathways related to
protective anti-fungal immunity (29, 30), were not significantly
altered between the two experimental groups (Figure 4C). On a
cellular level, both IL-13-producing ILC2 and to a lesser extent
TH2 cells were reduced in Tie2creRoraflox mice at 14 dpi as
determined by flow cytometry compared to controls. Conversely,
infected lungs of Tie2creRoraflox mice contained more CD4+

T cells producing IFN-γ, while the numbers of IFN-γ+ ILCs
were comparable between both groups (Figure 4D). Notably, the
analysis of 4get reporter mice, which express enhanced green

fluorescent protein (eGFP) from the 3
′
UTR of the endogenous

Il4 gene, indicated that in addition to T cells, ILC2s could
be readily identified as potential source of IL-4 in infected
lungs (Figure 4E). Collectively, our data supports the importance
of type 2 cytokine expression during the onset of pulmonary
cryptococcosis and indicates that ILC2s critically contribute

to a pathophysiologically relevant local cytokine milieu in the
infected lung.

ILC2-Deficient Mice Display Alterations in

Myeloid Cell Composition and Macrophage

Polarization During C. neoformans

Infection
Among the multiple immune cell subtypes infiltrating C.
neoformans-infected lungs, the myeloid cell lineage and in
particular macrophages are of primary importance for pathogen
control and eventual clearance. Because our data so far were
indicative of strong shifts in the expression patterns of important
cytokines previously reported to regulate the plasticity of
these cells, we next aimed to comprehensively compare the
myeloid compartment in infected ILC2-deficient mice and
control mice by flow cytometry. Multivariate analysis using
non-linear dimensionality reduction with stochastic neighbor-
embedding approach (t-SNE) revealed striking differences in
the pulmonary myeloid cell compartment in Tie2creRoraflox

mice at 14 dpi (Figures 5A,B). Rather expectedly, numbers
of eosinophils (CD11b+/CD64−/Ly6g−/SiglecF+), a cell type
strongly dependent on IL-5 and eotaxin production by ILC2s
(31), were massively reduced in ILC2-deficient mice at 14 dpi
(Figure 5C). However, we did not observe a compensatory
accumulation of CD11b+/Ly6g+/Ly6c+ neutrophils
granulocytes (Figure 5D), which was described previously
(32). Interestingly, mice lacking ILC2s displayed an increased
abundance of SiglecF−/MHCII+ cells compared to controls
(Figure 5E), suggesting changes in the monocyte/macrophage
compartment. Detailed analysis of the monocyte/macrophage
lineage revealed significantly increased frequencies of
SiglecF−/CD64+ interstitial macrophages (Figure 5F) and
SiglecF−/Ly6c+ monocyte-derived cells (Figure 5G) in the
context of ILC2-deficency, while CD11cint/+/CD64+/SiglecF+

alveolar macrophages were seemingly unaffected (Figure 5H).
Conversely, less myeloid cells expressing the mannose
receptor (CD206) were present in lungs of mice lacking
ILC2s indicating that the presence of ILC2s correlates to
Cryptococcus-dependent accumulation of AAMs (Figure 5I).
Notably, we observed no significant changes in myeloid
cell populations at 7 dpi (Supplemental Figures 3A–F).
We also compared the lung frequencies of dendritic cells
(DCs). However, no significant changes were observed in
the different DC subsets, including CD11c+CD103+ DCs,
CD11c+CD11b+ DCs, and CD11c+Ly6C+ plasmacytoid DCs
(Supplemental Figures 3G–I).

Collectively, these data support the notion that the presence
of functional ILC2s is associated with compositional shifts in the
myeloid cell compartment during pulmonary cryptococcosis.
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FIGURE 3 | ILC2 drive detrimental anti-cryptococcal immune responses. (A,B) Control and Tie2creRoraflox mice were challenged with 500 cfu of C.neoformans. and

analyzed 14 dpi. In addition, Tie2creRoraflox mice were reconstituted with sort-purified and in vitro expanded ILC2 on day 1 and 7 of infection as described in the

method section (Tie2creRoraflox + ILC2). (A) Infection loads in affected lungs of ILC2 reconstituted Tie2creRoraflox mice (n = 11) were quantified and compared to

control. (n = 14) and Tie2creRoraflox mice (n = 9). (B) Representative H&E and PAS stainings of control, Tie2creRoraflox and ILC2 reconstituted Tie2creRoraflox mice.

Scale bar 10× magnification = 200µm, scale bar 40× magnification = 50µm. Data is expressed as mean ± SEM, and pooled from (A) three independent

experiments **P ≤ 0.01 using a Mann-Whitney U-test.
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FIGURE 4 | ILC2 orchestrate the local pulmonary cytokine milieu during cryptococcosis. (A–D) Control and (B–D) conditional Rora deficient mice (Tie2creRoraflox)

were subjected to intranasal C. neoformans infection (500 cfu infection dose) for 14 days. (A) Correlation analysis of cytokine concentrations (IL-4, IL-5, and IL-13)

with fungal burden (n = 7). (B) Scatter plot of differentially regulated genes in Tie2creRoraflox compared to control mice. Data was generated by using RT2 Profiler PCR

Array PAMM-074 (Qiagen) and relative gene expression was analyzed in the web-based Qiagen Data Analysis Center. Boundaries mark threshold of 2-fold change (n

= 4, pooled/group). (C) Total lung protein concentrations of IL-4 (ctrl. n = 11; Tie2creRoraflox mice n = 18), IL-5 (ctrl. n = 9; Tie2creRoraflox mice n = 14), IFNγ (ctrl. n =

9; Tie2creRoraflox mice n = 14) and IL-17 (ctrl. n = 11; Tie2creRoraflox mice n = 18) was quantified in response to C. neoformans infection. (D) Lung single cell

preparations were stimulated with PMA/ionomycin in the presence of protein transport inhibitors for 4 h. Cell numbers of Lin−/Gata3+ ILC2, Lin+/Gata3+ cells,

Lin+/CD4+/Gata3+/IL-13+ T cells, CD4+/IFN-γ+ T cells, and Lin−/CD4−/IFN-γ+ ILC1 determined in lung tissue of infected mice (ctrl. n = 8; Tie2creRoraflox mice n =

11). (E) Analysis of naïve or C. neoformans infected (14 dpi) 4get mice. Data is presented as mean ± SEM (A) representative of two experiments, (B) one experiment

or (C–E) pooled from 2 to 3 experiments. *P ≤ 0.05; **P ≤ 0.01 defined by Mann-Whitney U-test.

DISCUSSION

Complex host-pathogen relationships characterize cryptococcal
infections and an intricate balance between tolerance and
resistance is required for effective pathogen control. There is a
substantial body of literature that highlighted the critical role
of T lymphocytes in the pulmonary immune response to C.
neoformans challenge. Indeed, a number of studies have clearly
emphasized the importance of T helper cell-mediated immunity
in controlling cryptococcal infection. Thereby, resistance has
been mainly associated to generation of polarized Th1/Th17
immune responses followed by STAT1-dependent activation
of classical macrophages that ultimately facilitates fungal
clearance (29, 33–35). Conversely, a dominance of type 2
immune responses and the activation of alternatively activated
macrophages has been strongly linked to pathogen survival
and systemic spread (36). However, with the recent description

of ILCs as innate counterparts of T helper cells endowed
with the potential to produce high amounts of important
immunoregulatory cytokines, further research is warranted
to address their relative contribution to anti-cryptococcal
immunity. Here, we analyzed the role of ILC2s during pulmonary
cryptococcosis using mice with specific deficiency in the ILC2
compartment. We observed that the numbers of ILC2 increased
upon infection and that these cells were significant producers
of type 2 signature cytokines. Notably, ILC2-deficiency was
linked to increased pulmonary type 1 immunity and classical
macrophage activation resulting in improved fungal control and
prolonged survival, suggesting a detrimental role of ILC2 effector
functions during C. neoformans infection.

Previous studies in Balb/c mice showed that the alarmin IL-
33 derived from alveolar type 2 epithelial cells is an important
trigger of lung type 2 cytokine production both at early and late
phases of infection with a highly virulent C. neoformans strain

Frontiers in Immunology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 20933

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


Kindermann et al. ILC2 in Cryptococcosis

FIGURE 5 | Altered polarization patterns in the myeloid compartment in the absence of ILC2 mice. (A–I) Control and Tie2creRoraflox mice were challenged intranasally

with 500 cfu of C. neoformans and sacrificed 14 dpi. (A) t-SNE plots of flow cytometric analyzed pulmonary myeloid cell composition (t-SNE 1/t-SNE 2 represents

individual marker expression of CD11b, CD11c, CD64, Ly6c, Ly6g, MHCII, and SiglecF of individual data points) in control and Tie2creRoraflox mice. Color code

depicted is reflecting relative cell density (blue = low, red = high; n = 8/genotype). (B) Representative t-SNE-maps of control and Tie2creRoraflox mice show

localization of respective surface marker positive cell clusters (red area) within t-SNE plots (n = 8). (C–I) Relative abundance of (C) CD11b+/CD64−/Ly6g−/SiglecF+

eosinophil Granulocytes (eos), (D) CD11b+/Ly6g+/Ly6c+ neutrophil Granulocytes (neu), (E) SiglecF−/MHCII+ cells, (F) SiglecF−/CD64+, (G) SiglecF−/Ly6c+ and (H)

CD11bint/+/CD11cint/+/CD64+/SiglecF+ alveolar macrophages (aMφ) referred to total myeloid cells in control (ctrl. n = 8) and Tie2creRoraflox (n = 7) mice.

(I) Quantification of CD11bhi/CD206+ cells in total lung tissue of infected animals (ctrl. n = 4; Tie2creRoraflox mice n = 6). (A,B) t-SNE analysis and (C–I) flow

cytometry shown is representative for two individual experiments. (C,I) Data is expressed as mean ± SEM. *P ≤ 0.05; **P ≤ 0.01 defined by Mann-Whitney U-test.

(15, 16, 23, 37). While deficiency in IL-33 signaling attenuated
infection-induced ILC2 numbers and their production of IL-
13 and IL-5 in these studies, it remained unclear, whether
ILC2s and their cytokine production significantly contributed
to AAM differentiation and the severity of pulmonary disease.
Using mice lacking ILC2s due to conditional deletion of the
transcription factor Rorα in immune cells, we provide direct
evidence that ILC2s functionally contribute to mechanisms of
immune polarization during cryptococcosis. Although Rorα
is not exclusively expressed in ILC2s, our data indicated
that T helper cell subset differentiation was not affected in
Tie2CreRoraflox/sg mice. Similarly, a broadly used strategy to
delete Rorα using IL-7RCre deleter mice in CD127-expressing
cells (e.g., T cells, ILCs, B cells) resulted in effective ILC2
depletion without obvious effects on Th2 cells during infection-
dependent type 2-mediated lung inflammation (38).

Rorα deficiency in mice was reported to result in diminished
Th17 responses in vitro and in vivo (39). However, we did
not observe effects on the in vitro differentiation potential of
naïve T cells toward Rorγt+ and IL-17 producing cells in vitro.
Moreover, improved pathogen clearance in Tie2CreRoraflox/sg

mice was not associated with changes in the frequencies of Th17
cells or IL-17 itself, which has been shown to protect from C.
neoformans-induced lung pathology in some studies (29, 40).

However, the role of IL-17 in cryptococcosis is controversial as
in other studies IL-17 played no or only minor protective roles
compared to IFN-γ-dependent classical macrophage activation
(41, 42). In line with this, we observed no changes in the
frequencies of lung infiltrating neutrophils in the absence of
ILC2s in infected mice. Conversely, ILC2s were, most likely via
the production of IL-5, essential for the pulmonary accumulation
of eosinophils in our model. Notably, this ILC2-dependent
increase in eosinophil numbers occurred in the presence of
adaptive immune cells, while it was previously reported in
Rag2−/− mice that ILCs and NKs can drive eosinophilia
even in the absence of T cells (32). Although eosinophilia
has been associated with cryptococcal disease in mice and
potentially humans (43–45), it remains unclear whether reduced
eosinophil numbers in Tie2CreRoraflox/sg mice are directly linked
to improved pathogen control and survival. Enhanced Th1
and Th17 responses were reported in C. neoformans-infected
eosinophil-deficient 1dblGATA mice, although lung fungal
burdens and brain dissemination were similar to wildtype
control mice (46). In the same study, Piehler et al. identified
eosinophils as important producers of the cytokine IL-4, which is
a key immunoregulatory factor in cryptococcosis (47). However,
IL-4 production by eosinophils and antigen-specific Th2 cells
occurred rather late during infection, suggesting that other
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IL-4 sources may contribute to Th2 polarization at early time
points of the infection process. Using IL-4 reporter mice, we
identified in the present study ILC2s as producers of IL-4 in
infected lung tissue. Moreover, IL-4 transcripts were reduced
in the context of ILC2-deficiency. Thus, IL-4 production by
ILC2s may be positioned at the apex of a cascade leading to the
development of Th2 polarization, while protective Th1 responses
and the activation of classical macrophages are inhibited. Indeed,
ILC2s have been shown to be substantial producers of IL-4
in vivo (26, 48). In addition, activated ILC2 are also well-
known for their capacity to produce high amounts of IL-13,
a cytokine with profound effects on macrophage cell biology
in pathological microenvironments (49, 50). However, whether
ILC2s directly via the production of prototypical cytokines or
indirectly via othermechanisms such as direct cellular interaction
contribute to macrophage polarization during C. neoformans
still remains an open question. Further studies will have to
dissect the individual contribution of ILC2 effector cytokines
to T helper and macrophage polarization patterns in early C.
neoformans infection.

In summary, we identified ILC2s as a critical regulatory
cell lineage during pulmonary C. neoformans infections.
Targeting ILC2s may therefore represent, in combination with
other therapeutic strategies, a method to treat this severe
inflammatory disease.

METHODS

Animals and Husbandry
Tie2creRoraflox/sg (C57BL/6 background) were described
previously (26, 27). RoraCretdTomatoflox mice were generated
by crossbreeding RoraCre mice [kindly provided by Dennis
O’Leary (51)] to ROSA26-LSL-tdTomato mice that contain a
transgene encoding an enhanced tandem dimer tomato red
fluorescent protein (tdTomato) in the ROSA26 locus with a
lox-transcriptional stop-lox cassette inserted between exon 1
and exon 2 (52). 4get mice were kindly provided by David
Vöhringer, Erlangen (53). C57BL/6 mice were purchased from
The Jackson Laboratory. Animal husbandry and experiments
were realized in accordance to the guidelines for “Tierhaltung
Regierung Unterfranken” (accreditation no. 55.2-2532-2-827).
Sterile drinking water and food were provided ad libitum. All
animals were kept in individually ventilated cages (IVC), and
the health status of the colony was assessed periodically for
pathogens in adherence with the guidelines of the Federation of
European Laboratory Animal Science Associations.

Culture of C. neoformans and Infection

Model
C. neoformans var. grubii (ATCC 90112) was thawed from
glycerol stocks and cultured in Sabouraud Dextrose Broth
(SAB-Medium; 2% Dextrose, 1% Peptone; Sigma-Aldrich) at
30◦C overnight. Fungi were harvested and washed twice
in sterile phosphate-buffered saline (PBS) and cell numbers
were determined with the help of a Neubauer-improved
counting chamber. Afterwards, suspensions containing 2.5 ×

104 cryptococci per ml in sterile PBS were prepared. Recipient

mice were anesthetized intraperitoneally with 80 µl/10 g body
weight of a ketamine/xylazine mixture [2.4ml ketamine (50
mg/ml), 0.8ml xylazine (20 mg/ml) in 6.8ml sterile PBS] prior to
intranasal application of a 20 µl inoculum to induce a low dose
infection with 500 colony-forming-units (cfu). C. neoformans
concentrations were verified by plating serial dilutions of the
inoculum on Sabouraud Dextrose Agar (SAB-Agar; 4% dextrose,
1.5% agar, 0.5% casein, 0.5% animal tissue digest; Thermo Fisher
Scientific) followed by incubation for 48 h at 30◦C to determine
the number of cfu. Infected mice were monitored daily with
regard to their health status.

Determination of Lung Fungal Burden
Lung, liver or brain tissue was removed, weighted and covered
with 1ml SAB-Medium per mg of tissue. Lung tissue integrity
was disrupted by processing with a homogenizer (MM400 mixer
mill, Retsch, Germany) with metal beads at a frequency of 25Hz
for 2min. Serial dilutions were plated on SAB-Agar plates and
incubated for 48 h at 30◦C. The numbers of cfu/g tissue were
determined under consideration of the dilution factor.

Preparation of Pulmonary Leukocytes
For the preparation of lung leukocyte single cell suspensions,
lung tissue was removed, rinsed in Hank’s Balanced Salt Solution
(HBSS; Sigma-Aldrich) and cut into small pieces. Subsequently,
the lung tissue was digested in HBSS containing 0.2 mg/ml
LiberaseTM (Roche) and 1µg/ml DNase1 (2,000 U/mg; Roche)
in a final volume of 2.5ml. Digestion was performed with the
help of a gentleMACSTM Octo Dissociator with heaters running
the program 37C_m_LDK_1 (Miltenyi Biotec). Subsequently, the
suspension was passed through a 70µm nylon-mesh (Corning)
and washed in phosphate buffered saline supplemented with
0.5% bovine serum albumin and 2mM EDTA (PEB-Buffer). In
order to remove erythrocytes, the suspension was spun down,
resuspended in 1ml ACK-Lysis-Buffer (155mM ammonium
chloride, 10mM potassium bicarbonate, 0.1mM EDTA) and
incubated for 30 s. Subsequently, cells were washed in PEB-
Buffer and passed to Percoll-centrifugation. In brief, 80% Percoll
(GE Healthcare) was overlayed with 40% Percoll containing
lung leukocytes. After centrifugation at 1,400 rpm for 20min at
room temperature without breaks, interphases were collected and
washed in PEB-Buffer. Finally, cell numbers were determined
in a Neubauer-improved counting chamber and single cell
suspensions were used for further ex vivo phenotyping.

Flow Cytometry
Lung leukocytes were incubated with anti-CD16/CD32
antibodies (anti-Fc-receptor; eBioscience) prior to specific
surfacemarker and intracellular staining. For ILC2 identification,
specific lineage preclusion was applied. In brief, Fc-receptor
blocked cells were incubated with a custom made biotinylated
lineage antibody cocktail (anti-B220, anti-CD3, anti-CD5,
anti-CD11b, anti-GR1, anti-NK1.1, anti-SiglecF, anti-Ter119;
Miltenyi Biotec). After washing, cells were passed to regular
surface staining including streptavidin-Brilliant-Violet 421
(BV421; Biolegend) for labeling of biotinylated antibodies.
Antibodies were purchased fromMiltenyi Biotec if not otherwise
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indicated. APC (Alexa647), BV510, BV650, FITC, PacificBlue
(BV421, eFluor410, VioBlue), PE, PE-Cy7 or PerCP-Cy5.5
(PerCP-efluor710, PerCP-Vio700) conjugated antibodies were
used. For surface staining, cells were incubated with different
combinations of anti-CD4, anti-CD64 (BD Bioscience), anti-
CD11b, anti-CD11c, anti-CD103 (Biolegend), anti-CD206
(Biolegend), anti-ICOS anti-KLRG1, anti-Ly6c (BD Bioscience),
anti-Ly6g (eBioscience), anti-MHCII (eBioscience), anti-SiglecF,
and anti-Thy1.2 antibodies.

In order to enable intracellular cytokine staining cells were
stimulated with the 1× Cell Stimulation Cocktail (plus protein
transport inhibitors) (eBioscience) for 4 h. For subsequent
intracellular staining of transcription factors and/or Interleukins,
cells were fixed and permeabilized with the FoxP3 Transcription
Factor Staining Buffer according to manufacturer’s instructions
(eBioscience). For intracellular staining, antibody combinations
of anti-IL-13-PE (eBioscience), anti-IFNγ-APC (eBioscience),
anti-Gata3-APC, anti-T-bet-PE (eBioscience), anti-RORγt-PE
(eBioscience), and/or anti-FoxP3-PE (eBioscience) were utilized.
Samples were analyzed on a LRSFortessa cell analyzer (BD
Bioscience) and evaluated with Flowjo 10 (Treestar). For
gating strategies of specific immune cell populations see
Supplemental Figure 4.

t-SNE analysis was performed with Flowjo 10 (Treestar).
In brief, FCS files of individual specimens of control and
Tie2creRORαflox mice were down sampled randomly to 50,000
events per specimen and concatenated according to their
originating genotype. t-SNEmaps were generated by running the
t-SNE analysis with following markers: CD11b, CD11c, CD64,
Ly6c, Ly6g, MHCII, and SiglecF. Two dimensional reduction (t-
SNE 1/t-SNE 2) was calculated by using the following parameters:
1,000 iterations, perplexity 30 and a learning rate (eta) of 56,000.
Specific cell populations were defined according to their surface
marker abundance.

ILC2 Isolation and Expansion
For ILC2 induction in vivo, an IL-25 expression vector was
hydrodynamically administered and murine spleen and
mesenteric lymph nodes were isolated 3 days later (54).
To generate single cell suspensions, tissues were digested
in RPMI (Sigma-Aldrich), supplemented with 10% FBS
(Gibco), 1% penicillin-streptomycin (Sigma-Aldrich), 0.25
mg/ml collagenase B (Roche) and 0.05 mg/ml DNase1 (2,000
U/mg; Roche) using the gentleMACSTM Octo Dissociator with
heaters running the program 37C_m_SDK_1 (Miltenyi Biotec)
according to manufacturer’s instructions. After washing and
cell number determination, cell suspensions were passed to
fluorescence-activated cell sorting and ILC2 were identified
using the following panel: CD3 FITC− (17A2, BioLegend),
CD5 FITC− (REA421, Miltenyi Biotec), CD11b APC-Vio770−

(REA592, Miltenyi Biotec), CD11c APC-Vio770− (N418,
Miltenyi Biotec), CD45R FITC− (REA755, Miltenyi Biotec),
CD49b PE-Vio770− (REA981, Miltenyi Biotec), FcεR1a PE-
Cy7− (MAR-1, Invitrogen), NK1.1 PE-Vio770− (PK136,
Miltenyi Biotec), ICOS VioBlue+ (7E.17G9, Miltenyi Biotec) and
KLRG1 PE+ (REA1016, Miltenyi Biotec). FACS was performed

using a MoFlo Astrios EQ (Beckman Coulter) in the Core Unit
Cell Sorting Erlangen.

For ex vivo expansion of sort-purified ILC2, cells were
cultivated in DMEM GlutaMax medium (Sigma-Aldrich)
supplemented with 10% FBS (Gibco), 1% penicillin-streptomycin
(Sigma-Aldrich), 20mM Hepes (Carl Roth), 1mM sodium
pyruvate (Gibco), 50µM mercaptoethanol (Sigma-Aldrich)
together with 20 ng/ml TSLP (Invitrogen) and 50 ng/ml of IL-2
(BioLegend), IL-7 (Immunotools), IL-25 (Immunotools), IL-33
(Immunotools) each.

Adoptive Transfer of ILC2 in Cryptococcus

neoformans-Challenged Mice
ILC2-deficient Tie2creRoraflox mice were adoptively transferred
with 1 × 107 viable in vitro expanded ILC2 on day 1 and 7 of C.
neoformans infection by intravenous administration. Thereafter,
mice were sacrificed 14 dpi.

Bone Marrow Chimeras
In order to generate bone marrow chimeric mice, lethally
irradiated (10 Gray) C57BL/6 mice were reconstituted with 1 ×

107 femoral bone marrow cells of either control, Tie2creRoraflox

or RoraCretdtomatoflox mice. Irradiatedmice were kept in isolator
cages and treated for 2 weeks with antibiotics (150 µl 24%
Borgal R© solution [200mg sulfadoxine and 40mg trimethoprim
ad 1ml aqua ad injectabilia; Virbac] in 300ml drinking water).
After 8 weeks of hematopoietic reconstitution, mice were
challenged with Cryptococcus neoformans.

T Cell Differentiation
Before in vitro T cell differentiation, splenic single cell
suspensions were generated by passing spleens through a 40µm
nylon mesh (Corning), followed by a washing step in R10+
medium (see Table 1). Erythrocytes were removed in 5ml ACK-
Lysis-Buffer (155mM ammonium chloride, 10mM potassium
bicarbonate, 0.1mM EDTA) for 5min. Thereafter, the cell
suspension was washed in R10+ medium and cell number
was determined. Isolation of naïve T cells was performed with
mouse CD4+ T Cell Isolation and CD25 Isolation Kits (Miltenyi
Biotec) according to manufacturer’s instructions. For T cell
differentiation, 1 × 106 CD4+CD25− T cells were seeded in 48-
well plates coated with anti-CD3/anti-CD28 antibodies (BioXcell,
10µg/ml each). The differentiation of the respective T cell
population was induced by stimulating the cells according to
Table 1 for 5 days.

Real-Time PCR
Lung tissue was snap-frozen in liquid nitrogen and stored
at −80◦C until RNA isolation. RNA was isolated using the
RNeasy mini kit (Qiagen, Germany) according to manufacturer’s
instructions. cDNA was synthesized with the Script RT-
PCR kit (Jena Bioscience, Jena Germany). For SYBR-green
based quantitative real-time PCR (qRT-PCR) QuantiTect
Primer assays (Qiagen) were analyzed in a CFX96 real-time
detection system (Biorad). Probe-based assays (TaqMan Gene
Expression Assays, ThermoFisher Scientific) were performed
on a 7900HT Fast Real-Time PCR System (Applied Biosystems,

Frontiers in Immunology | www.frontiersin.org 10 February 2020 | Volume 11 | Article 20936

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


Kindermann et al. ILC2 in Cryptococcosis

TABLE 1 | Stimulation media for T cell differentiation.

Subpopulation Reagent Concentration Medium

TH0 / / R10+ (RPMI 1640 [with

L-Glutamine and sodium

bicarbonate, Sigma-Aldrich], 1%

penicillin/streptomycin

[Sigma-Aldrich], 10% FCS

[Gibco])

TH1 anti-IL-4

rIL-12

5µg/ml

20 ng/ml

R10+

TH2 anti-IFNγ

anti-IL-12

rIL-2

rIL-4

5µg/ml

10µg/ml

20 ng/ml

100 ng/ml

R10+

TH17 (IL-23) anti-IL-4

anti-IFNγ

rIL-6

rIL-23

rIL-1β

5µg/ml

5µg/ml

100 ng/ml

50 ng/ml

20 ng/ml

X-Vivo+ (X-Vivo [Lonza] 1%

penicillin/ streptomycin

[Sigma-Aldrich])

TH17 (TGF-β) anti-IL-4

anti-IFNγ

rIL-6

rTGF-β

5µg/ml

5 ng/ml

100 ng/ml

5 ng/ml

I10+ (IMDM [PAA]), 1% penicillin/

streptomycin [Sigma-Aldrich],

10% FCS [Gibco]

Treg rTGF-β

rIL-2

5 ng/ml

20 ng/ml

R10+

ThermoFisher Scientific). 1CT values were calculated relative to
hprt expression. For the generation of transcriptomic profiles,
0.5 µg RNA of total lung lysates of 4 control or Tie2creRoraflox

mice were pooled, respectively. RT2 Profiler PCR Array PAMM-
074 (Qiagen) was performed according to manufacturer’s
instructions. To calculate relative expression of genes and
to generate scatter-plots the web-based Data analysis center
(Qiagen) was used.

Histological Methods
Lung samples were fixed in Roti R©-Histofix 4.5% (Carl-Roth,
Germany) and embedded in paraffin. Six serial 3µm slices
of each lung sample were transferred on a microscope slide
and subsequently stained either with hematoxylin and eosin
(H&E) to examine immune cell infiltrates, tissue alterations and
cryptococcoma formation or periodic acid Schiff ’s reagent (PAS)
to visualize cryptococcal distribution and mucus production.
Microscopy samples were analyzed on a Leica DMI 6000B.

Magnetic Resonance Imaging (MRI) of

Lungs ex vivo
MRI was performed on a 7 Tesla small animal MRI scanner
(ClinScan 70/30; Bruker) using a whole body mouse volume coil
(Bruker). For preparation of lung tissue for MRI analysis, total
lungs were removed and fixed for 24 h in 4% paraformaldehyde
(PFA; Merck,). Subsequently, fixed tissue was embedded in
50ml Tubes (Sarstedt) containing 1.5% low-melting agarose
(Sea Plaque agarose, FMC BioProducts) to avoid motion
artifacts during MRI. The measurement protocol consisted
of a T2 weighted Turbo-Spin-Echo (TSE) sequence with the
following parameters: Time to repetition (TR): 4,000ms, time

to echo (TE): 74ms, bandwidth (bw): 125 Hz/px, 20 averages,
matrix: 512. For image post processing and data analysis,
a dedicated software package (Chimera GmbH,) was used
to segment hypointense lung nodules on the TSE sequence
to determine the respective volumes in mm3. MRI was
performed with the help of the Preclinical Imaging Platform
Erlangen (PIPE).

Enzyme-Linked Immunosorbent Assays

(ELISA)
In order to determine lung tissue specific concentration
of IL-4, IL-5, IL-13, IL-17, and IFN-γ, snap-frozen tissue
pieces were homogenized in M-PERTM Mammalian Protein
Extraction Reagent (ThermoFisherScientific), supplemented
with PhosSTOPTM (Roche) and cOmpleteTM protease
Inhibitor cocktails (Roche). Protein concentration was
determined with a Roti R©-Quant protein quantification assay
(Carl-Roth). For assessment of cytokine concentrations,
100 mg/ml total protein was used either IL-4
(eBioscience), IL-5 (Biolegend), IL-13 (eBioscience), IL-
17 (Biolegend), or IFN-γ (eBioscience) specific ELISA
assays. ELISA assays were carried out according to
manufacturer’s instructions.

Statistics
Statistical tests were performed using Prism V7 (Graph Pad)
software. If not otherwise indicated, a two-tailed Mann-Whitney
U test with 95% confidence interval was performed for
comparison of two groups (∗P > 0.05; ∗∗P > 0.01; ∗∗∗P > 0.001;
NS= not significant).
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Supplemental Figure 1 | (A,B) In vitro differentiated T cells obtained from control

or Tie2creRoraflox mice. (A) Expression of T cell subpopulation defining

transcription factors in differentiated T cells. (B) Relative abundance of in vitro

differentiated T cell subpopulations. (C,D) Bone marrow chimeric C57BL/6 or

Tie2creRoraflox mice were infected with 2,000 cfu of C. neoformans and analyzed

14 dpi. (C) Representative FACS plots and quantification of

Lin−/Thy1+/ICOS+/KLRG1+ ILC2 in bone marrow chimeric mice (n = 4/group).

(D) Fungal burden in lungs of infected bone marrow chimeric control and

Tie2creRoraflox mice (n = 4/group). Data is expressed as mean ± SEM of (A,B) 3

or (C,D) one single experiment.

Supplemental Figure 2 | (A–D) Control and Tie2creRoraflox mice were challenged

with 500 cfu of C. neoformans and analyzed (A,B) 7 dpi or (F,D) 14 dpi. (A)

Cryptococcal burden in infected lungs 7 dpi of control (n = 18) and

Tie2creRORaflox (n = 20) mice assessed by plating serial dilutions of tissue

homogenate on SAB-agar plates. (B) Representative H&E and PAS stainings of

control and Tie2creRORaflox mice 7 dpi. (C,D) Fungal burden of control (n = 8) and

Tie2creRORaflox (n = 9) mice in (C) brain and (D) liver 14 dpi determined by plating

serial dilutions of tissue homogenates. Data is expressed as mean ± SEM pooled

from (A,C,D) or representative (B) of two experiment.

Supplemental Figure 3 | (A–I) Control and Tie2creRoraflox mice were challenged

intranasally with 500 cfu C. neoformans and sacrificed (A–F) 7 dpi or (G–H) 14

dpi. (A–F) Quantification of pulmonary (A) CD11b+/CD64−/Ly6g−/SiglecF+

eosinophil granulocytes (eos), (B) CD11b+/Ly6g+/Ly6c+ neutrophil granulocytes

(neu), (C) SiglecF−/MHCII+ cells, (D) SiglecF−/CD64+ cells, (E) SiglecF−/Ly6c+

cells and (F) CD11bint/+/CD11cint/+/CD64+/SiglecF+ alveolar macrophages in

control (n = 10) and Tie2creRORaflox (n = 12) mice 7 dpi. (G–I) Quantification of

(G) CD11b+/CD11c+/CD103+, (H) CD11b+/CD11c+/CD24+/Ly6c− cDCs and

(I) CD11c+/CD24+/Ly6c+ pDCs in lungs of infected control (n = 8) and

Tie2creRORaflox (n = 9) mice 14 dpi. Data is expressed as mean ± SEM pooled

from two experiments.

Supplemental Figure 4 | Gating strategies used in flow cytometry. (A) Gating

strategy for Lin−/Thy1+/ICOS+/KLRG1+ ILC2 in C. neoformans infected control

and Tie2creRoraflox mice 14 dpi. (B) Gating strategy for

CD11b+/CD64−/Ly6g−/SiglecF+ eosinophilic granulocytes (eos),

CD11b+/Ly6g+/Ly6c+ neutrophil granulocytes (neu), SiglecF−/MHCII+ cells,

SiglecF−/CD64+, SiglecF−/Ly6c+, and CD11bint/+/CD11cint/+/CD64+/SiglecF+

alveolar macrophages (aMφ) representative shown for control mice 14 dpi after C.

neoformans infection.
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Trained innate immunity has recently emerged as a novel concept of innate immune

cells, such as myeloid cells, exhibiting immune memory, and nonspecific heterologous

immunity to protect against infections. The memory and specificity are mediated by

epigenetic, metabolic, and functional reprogramming of the myeloid cells and myeloid

progenitors (and/or NK cells) in the bone marrow and peripheral tissues such as gut and

lungmucosa. A variety of agents, such as BCG, viruses, and their components, as well as

TLR agonists, and cytokines have been shown to be involved in the induction of trained

immunity. Since these agents have been widely used in AIDS vaccine development as

antigen delivery vectors or adjuvants, myeloid cell mediated trained immunity might also

play an important role in protecting against mucosal AIDS virus transmission or in control

of virus replication in the major gut mucosal reservoir. Here we review the trained innate

immunity induced by these vectors/adjuvants that have been used in AIDS vaccine

studies and discuss their role in mucosal vaccine efficacy and possible utilization in AIDS

vaccine development. Delineating the protective effect of the trained innate immunity

mediated by myeloid cells will guide the design of novel AIDS vaccines.

Keywords: trained innate immunity, vaccinia virus, TLR ligands, IL-1, interferon, hematopoietic stem cell and

progenitor cells

Trained immunity is a novel concept that innate immune cells, such as monocytes/macrophages,
have certain level of immune “memory” properties to respond to second stimulations. Bacterial,
fungal, and viral components, as well as cytokines and TLR agonists have the potential to induce
trained immunity. Innate immune cells, after stimulation with these stimulants, can display
long-term changes in their functional programs. This can be achieved through epigenetic or
metabolic programming of the innate cells (1, 2). When they encounter a second stimulation,
the trained innate cells produced either an increased level of cytokines/chemokines, or decreased
level of immune mediators, which constitutes the two opposite programs of the trained immunity:
namely, training and tolerance programs. Though there are still conflicting opinions on whether
these changes can be accounted as true immune “memory,” nevertheless, these changes can be
maintained for a long period of time and can mediate protection or lead to auto-inflammatory
diseases upon secondary stimulation. In this context, it should be noted that analogous epigenetic
changes are also mediators of memory states in T lymphocytes at an individual cell level (3, 4).
Thus, while innate cells do not have antigen-specific clones as do T and B cells that can undergo
expansion to mediate memory at a population level, they are just as capable of epigenetic and
metabolic changes at the individual cell level as lymphocytes to maintain a memory-cell state
(Figure 1). Therefore, it should not be so surprising to see this type of memory state in innate
cells like monocytes.
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FIGURE 1 | Adaptive vs. innate immune memory.

Epigenetic and metabolic pathways are the substrates of
trained immunity. The fungal product β-glucan, which provided
the first evidence of trained immunity in vertebrates, induced
stable and genome-wide changes in histone methylation by
increasing the trimethylation of H3K4me3 of many genes
including TNFα and IL-6 (5). The induced epigenetic program
could be maintained for a long period of time and led
to enhanced gene transcription upon the second challenges.
Trained immunity was also found linked to metabolic pathways.
Glycolysis, glutaminolysis, and the cholesterol synthesis pathway
are essential for β-glucan-induced trained immunity (6, 7).
Upregulation of glycolysis is required during immune cell
activation (activated T cells and proinflammatory macrophages).
Though less efficient, glycolysis generates faster production of
ATP, which provides energy for cell activation in a timely
fashion. Furthermore, epigenetic and metabolic pathways are
interconnected. After priming with β-glucan, genes that are
involved in glycolysis were epigenetically upregulated (8).

Developing an HIV vaccine is the ultimate solution to curtail
the HIV pandemic. However, this remains a big challenge
as only one out of six phase III HIV vaccine clinical trials
showed efficacy to date (9, 10). Most HIV vaccine platforms
include a complex regimen of viral vectors and adjuvants, which
have the potential to induce trained immunity (Figure 2). Viral
vectors, such as poxviral vectors, induce trained immunity.
Trained immunity memory can also be generated directly by TLR
ligands, or indirectly by IL-1 (promoted by alum adjuvant) and
interferons (induced by TLR ligands or produced by vaccine-
activated cells). Other diet factors or microbiota can affect the
trained innate immunity as well. Trained immunity is especially
important and may be helpful when effective HIV vaccines
are currently not available. Here, we review data on trained
immunity induced by these components in myeloid cells and
discuss their possible involvement in mediating the vaccine
efficacy of the previous published HIV vaccine studies. We also
consider the possible utilization of trained immunity in future
HIV vaccine development.

POXVIRUS-MEDIATED INDUCTION OF

TRAINED IMMUNITY

As attenuated recombinant poxvirus vectors are safe and highly
immunogenic against expressed foreign genes, they constitute

excellent HIV/AIDS vaccine candidates (11). Aventis Pasteur
live recombinant canarypox vector (ALVAC), modified Vaccinia
Ankara (MVA), NYVAC and fowlpox are widely studied HIV
poxvirus vectors (12). In the only HIV vaccine trial (RV144 trial)
that showed efficacy (only 31%), four injections of recombinant
HIV-ALVAC, and two injections of AIDSVAX B/E gp120 in
alum were administrated (9). A later study found that the non-
neutralizing IgG antibody responses against the V1V2 region of
the envelope were correlated inversely with risk (13). However,
several passive adoptive transfer studies with non-neutralizing
anti-envelope antibodies in themacaquemodels failed tomediate
protection (14–17). This raised the question whether there were
other mechanisms involved. Trained immunity is one of the
potential mechanisms.

Epidemiologic and experimental data showed that poxvirus
itself could induce trained immunity. Smallpox vaccine, vaccinia,
used to be a routine immunization until smallpox was
eradicated in 1977. Several observational studies reported
that immunization with vaccinia vaccine reduced the overall
mortality in adults of Guinea-Bissau and Denmark (18–20).
A sex bias was found in one of the studies with a stronger
effect in females (18). Moreover, an inverse association of risk
of non-Hodgkin lymphoma and melanoma was found with
previous vaccinations with smallpox (21, 22). This non-specific
protective effect suggested that vaccinia might induce trained
immunity to mediate protection against other infectious diseases
and cancers. Scherer et al. compared the gene expression pattern
of human peripheral blood mononuclear cells following Aventis
Pasteur smallpox vaccine (23). They found that smallpox vaccine
upregulated genes associated monocytes or macrophages. A
surprising number of genes, including IL-8 and IL-18, exhibited
significant changes even 50–60 days post vaccination, supporting
the induction of trained immunity (23). Similarly, monocyte and
macrophages from vaccinia infected mice produced more TNF
and IL-6 after being re-stimulated in vitro with HSV-infected
cells, further suggesting training programs of trained immunity
might be induced by vaccinia (24).

Recently, we and others found evidence that myeloid cell-
mediated trained immunity might be involved in mediating
protection using similar immunization protocols like RV144
in macaque models (25–27). Vaccari et al. found that hypoxia
and inflammasome activation in CD14+CD16– monocytes are
correlates of decreased risk of SIV acquisition after vaccination
with DNA/ALVAC/gp120 platform in macaques (25, 27). We
demonstrated in the macaques vaccinated with MVA/FLSC (full-
length single chain recombinant gp120 fused with two domains
of CD4 to maintain the CD4-induced conformation) with
complex adjuvants that reduced infection risk was achieved in the
absence of protective antibody responses against HIV envelope
(26). The protection correlated with CD14+DR- monocytes
induced by the vaccine; but not the viral-specific T cell responses
induced by the vaccine. We proved that trained immunity was
induced by re-exposing the monocytes ex vivo with challenge
SHIV virus to mimic the in vivo scenario. The monocytes
from vaccinated animals produced higher amounts of TNFα,
IL-6, and MIP1α than those from the naïve animals upon re-
stimulation with virus. Interestingly, the increased production
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FIGURE 2 | Potential induction of trained innate immunity by complex HIV vaccines. Viral vectors, such as poxviral vectors, induce trained immunity. Trained immunity

memory can also be generated directly by TLR ligands, or indirectly by IL-1 (promoted by alum adjuvant) and interferons (induced by TLR ligands or produced by

vaccine activated cells). Other diet factors or microbiota can affect the trained innate immunity as well.

of cytokines/chemokine also correlated with in vivo challenge
outcome, suggesting that trained immunity mediated protective
efficacy. Since the interval between the last boost and first
challenge was 8 weeks, we believe that trained immunity
was induced and mediated protection in this RV144-like trial.
However, since we have included multiple components in the
vaccine, in this study we cannot dissect the mechanism of
induced trained immunity to attribute it to MVA or TLR 2, 3,
9 agonists, IL-15 and mLT, or the combination. Further study is
required to delineate the mechanisms.

Notably, different poxvirus vectors induced different
innate immune profiles, which makes the interpretation
of HIV vaccine studies difficult. One study found that
after administrating ALVAC, MVA, and NYVAC poxvirus
vaccine vectors to macaques, ALVAC induced a very different
proinflammatory cytokine/chemokine profile from MVA and
NYVAC, characterized by a higher induction of proinflammatory
and IFN-related antiviral cytokines and chemokines at day 1
post vaccination (28). Furthermore, the stimulatory phenotypes
were all reduced when the animals were re-exposed to these
poxvirus vectors (28). Previous reports found that MVA induced
stronger IFN-stimulated genes, while NYVAC promoted
proinflammatory genes after infection in HeLa cells (29, 30).
These differences might lead to potentially different biological
effects, though it remains unknown to what extent these
induced innate immune profiles contributed to vaccine efficacy.
Nevertheless, the different innate immune responses induced by
these vectors can potentially influence adaptive immunity, as well
as trained immunity. Since not all trained immunity contributes
to protection, studies to identify the distinct trained innate
immunity profile which contributes to HIV/SIV vaccine efficacy

are needed. This will facilitate the interpretation of vaccine
results, and the manipulation of the reagents to induce protective
trained immunity in future HIV/AIDS vaccine development.

ADJUVANT-, TOLL-LIKE RECEPTOR (TLR)

AGONIST- AND CYTOKINE-MEDIATED

INDUCTION OF TRAINED IMMUNITY

Both Toll-like receptor (TLR) agonists and cytokines have
been widely used adjuvants in HIV/SIV vaccine development.
Accumulating data from in vivo and in vitro studies support
the notion that these adjuvants not only enhanced the antigen-
specific T cell and B cell responses, but also induced trained
immunity by imprinting the innate immune cells with epigenetic
and metabolic modifications, which resulted in enhanced or
decreased responses upon re-stimulation.

TLRs, type I transmembrane proteins, belonging to the
pattern recognition receptor family, are expressed on the innate
immune cells. Once engaged by their distinct ligands, TLRs
activate innate immune cells, and participate in the initiation
of adaptive immune responses (31). As adjuvants, TLR agonists
enhanced the potency of vaccine-induced adaptive immunity.
Ten TLRs have been identified in humans, and most of
them, such as TLR, 2, 3, 4, 7, 8, and 9 agonists, have been
tested as adjuvants in HIV/SIV vaccine studies (26, 32–36). In
these studies, TLR agonists promoted efficient vaccine antigen
delivery, inducedmore pronounced cell activation, and increased
T follicular helper cell differentiation and germinal center
formation, which led to stronger antigen-specific T cell and
antibody immune responses.
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Recent literature suggested that TLR agonists and
cytokines also modulate the functional programming of
monocytes/macrophages and render them “memory” properties
for protection. One molecular mechanism of retaining the
memory in myeloid cells was shown to be through the
emergence of latent enhancers, which are the genomic regulatory
elements unbound by transcriptional factors and unmarked in
unstimulated cells (37). Upon activation with TLR agonists or
cytokines, latent enhancers were induced, in addition to the
activation or repression of the pre-existing poised enhancers.
Interestingly, after washout of the stimuli, most of the enhancers
returned to normal states, whereas a large fraction of latent
enhancers remained stably epigenetically marked to keep the
“memory” of the first stimulation. Specifically, selective retention
of H3K4mel upon signal termination resulted in a faster and
stronger responses upon re-stimulation (37). The complex
repertoire of latent enhancers induced by various TLR agonists,
including TLR, 2, 4, and 9, and cytokines such as IL-4, IFNγ,
IL-1β, TNFα, and TGFβ have been uncovered (37). Each TLR
agonist and cytokine stimulated a distinct repertoire of latent
enhancers, which was considered as the epigenomic footprint of
the stimulus (37).

Interestingly, the dose of the stimulation also determines
the types of response. In the well-studied lipopolysaccharide
(LPS) stimulation experiments, the concentration of LPS
governed whether tolerance or priming of the monocytes
was induced (38). LPS exposure induced several types of
epigenetic modifications, including two gene-specific chromatin
modifications that associated with silencing of pro-inflammatory
mediators, or priming of antimicrobial effectors, which were the
molecular mechanisms of tolerance and training (39). Similarly,
in vitro exposure to other TLR agonists such as Pam3CSK4,
Flagellin, polyIC, R848, and CpG, as well as NLR agonists TriDAp
or MDP also altered the functional fates of monocytes and
induced two opposing functional programs based on the nature
and concentration of the agonists (40). High concentrations
of the TLR agonists induced tolerance with the exception of
CpG (for which tolerance is inherent at any dose), while low
concentrations of TLR agonists generally abolished the tolerance
and induced training of the monocytes. This led to a diminished
or enhanced production of the cytokine/chemokine upon second
stimulation (40). Mechanistically, the trained immunity in the
monocytes induced by TLR agonists was dependent on histone
methylation and acetylation (40).

Some viral vectors, such as vaccinia virus, have been
demonstrated to be directly sensed by TLRs as well. Some
reported that vaccinia virion was recognized by TLR2 (41–44),
while the others found that TLR2 was not involved at all (45).
Differences in effects may reflect differential pairing of TLR2
with TLR1 or TLR6. Specifically, TLR2/6 has been shown to
mediate the innate immune sensing of MVA in macrophages
to produce chemokines, IFNβ and IL-1β (42). In this respect,
viral vectors can induce trained immunity by indirectly working
through TLRs.

It worth mentioning that TLRs in collaboration with other
innate receptors such as Nod-like receptors (NLRs), and C-type
lectin receptors (CLRs) can shape innate/adaptive and maybe

trained immunity, and some of the effects of adjuvants are not
through TLRs, but through CLRs and NLRs (46–48).

Cytokines participate in the induction of trained immunity
to potentially impact vaccine efficacy in several ways. First,
cytokines can directly induce trained immunity. Cytokines such
as TNFα, IL-4, IFNγ, or TGFβ induced latent enhancers, which
were epigenetically modified after encounter with cytokines
(37). Upon second stimulation, these cytokine-modified latent
enhancers responded either more slowly or more quickly than
the non-modified enhancers, which resulted in enhanced or
decreased production of the gene products (37). Secondly,
cytokines can be induced indirectly by other adjuvants. For
example, alum, an adjuvant widely used in HIV and other
vaccine development, induces the production of IL-1. IL-1 is
one of the key components mediating the induction of trained
immunity (49). As mentioned before, IL-1β induced trained
immunity itself. Human monocytes treated with IL-1β in vitro
had the potential to express high levels of TNFα and IL-6 upon
re-stimulation (49, 50). The training was accomplished by the
epigenetic modification of the promoter regions of TNFα, IL-6,
and IL-1β (50). Furthermore, IL-1 was involved in the induction
of trained immunity through modulation of metabolic pathways.
Cheng et al. demonstrated that a complicated metabolic pathway
shift led to the induction of trained immunity, where IL-1 and
hypoxia-inducible factor 1α (HIF1α) were involved (8). Human
monocytes treated with beta-glucan displayed a core metabolic
shift from oxidative phosphorylation to aerobic glycolysis. This
shift was mediated by the AKT/mTOR/ HIF1α pathway, and
gene knock-out experiments showed that HIF1α is essential
for the process. HIF1 is a heterodimeric transcription factor
composed of HIF1α and HIF1β subunits, which regulate over
70 genes responding to hypoxia (51). HIF1β is constitutively
expressed, while the expression of HIF1α is tightly regulated
by O2 concentration. Since the promoter region of IL-1β
contains several binding sites of HIF1α, HIF1α can directly target
the IL-1β gene (52, 53). Similarly, in the LPS-induced IL-1β
production, LPS-treated macrophages increased the expression
levels of succinate, which acted as a metabolite in innate
immune signaling, and which then stabilized HIF1α. IL-1β,
as a target of HIF1α, was induced after exposure to LPS
(53). On the other hand, IL-1β can induce HIF1α under
normoxic conditions via NF-κB/COX2 pathway (54). Altogether,
accumulating evidence showed that high IL-1β level, possibly
as a inducer or as a mediator of trained immunity, plays an
important role in protecting against bacteria, candida and viral
infections (55–58).

Another group of cytokines, which are widely induced bymost
vaccines, including HIV vaccines, are interferons (IFNs). During
vaccination, IFNα/β are usually induced at the early stages, while
IFNγ, mainly produced by vaccine-activated T cells, NK cells,
and NKT cells, is produced at the later stages. IFNs are classified
into three groups, Type I (IFNα/β), II(IFNγ), and III IFNs (IFN-
λ), based on the structure of their receptors. IFNs, especially
IFNγ, turned out to have much broader effects on both arms
of the immune system than most of the cytokines (59). They
have strong antiviral activity and have been widely used to treat
viral infections (60). Different IFNs, used as adjuvants, have been
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reported to induce distinct pathways to enhance the efficacy of
vaccines (61).

Recent data suggested that exposure of monocytes/
macrophages to IFNs leads to the induction of innate trained
memory. IFNs induce chromatin remodeling, and lead to the
demonstration of an “interferon epigenomic signature” in the
treated monocyte/macrophages, which includes activation of
latent enhancers, modulation of histone markers, regulation
of chromatin accessibility, and alteration of enhancers and
promotors (37, 62–68). For example, IFNβ induced epigenetic
memory in fibroblasts and bone marrow-derived macrophages.
Kamada et al. showed that IFNβ treatment led to faster
and greater transcription of IFN-stimulated genes upon re-
stimulation. This was achieved through accelerated recruitment
of RNA polymerase II and phospho-STAT1 and coincided
with histone H3.3 and H3K36 modifications. On the other
hands, IFNγ was originally identified as “macrophage activating
factor” and can polarize macrophages by modifying chromatin
to reprogram transcriptional landscapes, which confer innate
immunity to macrophages (69).

IFNs also interacted with TLR ligands to modulate immune
responses. After stimulation with IFNγ and TLR ligands,
human macrophages showed strong synergistic activation of
inflammatory cytokine production, which was due to sustained
occupancy of STAT1, IRF-1, and associated histone acetylation at
promoter and enhancer regions of TNF and IL6 loci (63). IFNs
have been observed to abrogate tolerance, which was induced
by previously exposure to TLR ligands in macrophages (62).
Furthermore, type I interferons cooperatively altered chromatin
states of the macrophages with other cytokine such as TNF to
induce transcriptional cascades to prevent the silencing of genes
induced by TLR4 (67).

OTHER ADJUVANTS AND VECTORS:

ADENOVIRUS-VECTORED VACCINE AND

AIDS VIRUSES THEMSELVES

Recombinant attenuated adenovirus vectors, described as ideal
platforms for vaccine delivery vectors, have been widely used
in HIV/SIV clinical and experimental vaccine development.
These vectors are safe, highly immunogenic, and able to express
large amounts of antigens (70). However, two phase IIb clinical
trials to evaluate the Merck human adenovirus serotype-5 vector
expressing HIV gag/pol/nef did not demonstrate a decrease in
HIV acquisition (71–74). To make matters worse, the STEP
trial showed that the vaccination was associated with enhanced
susceptibility to HIV infection in uncircumcised adenovirus
serotype-5 seropositive men (71). The possibility that vaccination
with adenovirus vector increased mucosal T cell activation was
confirmed in some of the macaque studies (75), but not in
others (76). Based on the recent finding that adenovirus can
also induce trained immunity, it is tempting to hypothesize
that trained immunity might affect the efficacy of these clinical
trials. The fact that the enhanced HIV susceptibility occurred
in adenovirus serotype-5 seropositive men indicated that these
persons had been exposed to adenovirus 5 before. Whether

the exposures to adenovirus led to the induction of trained
immunity and/or epigenetic or metabolic modifications of
innate cells such as myeloid cells are open questions, and
worth investigation.

In addition, we recently found that a live attenuated AIDS
virus, SHIV, could protect against intrarectal challenge with SIV
in the absence of anti-envelope antibodies, through a mechanism
involving trained innate immunity (77). The protection was also
independent of CD8T cells induced by the vaccine, as shown
by CD8 T-cell depletion studies. Rather, epigenetic changes were
detected in monocytes that may mediate such trained innate
immunity. Thus, even AIDS viruses themselves can induce
trained innate immunity.

TRAINED IMMUNITY MEMORY

Trained immunity memory has been defined as increased or
decreased responsiveness to a secondary stimulation by innate
immune cells. The short life span of these cells challenged
the notion of long-term maintenance of trained immunity
memory by matured innate cells. For example, in the cases
of Bacillus Calmette-Guérin (BCG) vaccination, the epigenetic
signature of innate cells lasts for up to 1 year (78). Thus,
immune progenitor cells must be involved. Indeed, two recent
studies found that hematopoietic stem cell (HSC) and progenitor
cells (HPC) in the bone marrow were modulated with altered
epigenetic landscapes and transcriptional profiles, which confer
the memory properties for the trained immunity (79, 80).
Kaufman et al. showed that BCG promoted myelopoiesis at
the expense of lymphopoiesis, and altered the transcriptional
profiles of HSC and HPC (79). Mitroulis et al. demonstrated
that administration of fungal cell wall component β-glucan to
mice led to expansion of myeloid progenitor cells, metabolic
adaptions in glycolysis and cholesterol biosynthesis (80). In both
studies, the trained immunity-induced myelopoiesis contributed
to protection against M. tuberculosis infection or chemotherapy-
induced DNA damage and cell death (79, 80). Similarly, Christ
et al. revealed that a cholesterol-rich diet had persistent effects
on the myeloid progenitor cells, which were epigenetically and
transcriptional reprogrammed. The trained myeloid progenitor
cells maintained these phenotypes for a long period of time. The
shift back to normal chow diet did not change the augmented
pro-inflammatory immune responses in macrophages, which
were supposedly the offspring of trained myeloid progenitor
cells (81).

Though it is still not fully understood, the training of
the HSC and HPC could be through the TLRs expressed on
these cells. Long-term HSC and HPC subsets express TLR2
and TLR4, and thus can directly respond to the agonists
to drive their differentiation toward myeloid cells (82). In
vitro and in vivo stimulation of HSC/HPC with Pam3CSK4
or LPS led to myeloid differentiation (82–84). Moreover,
direct exposure of human and mouse HSC/HPC to TLR1/2
agonist Pam3CSK4 led to the generation of macrophages
that produced lower levels of inflammatory cytokines, and
reactive oxygen species (85). Further studies demonstrated
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that the duration and the doses of the stimulation also
played an important role to determine the nature of the
responses. Short-term in vivo treatment with Pam3CSK4
led to a tolerance phenotype of ex vivo HSC/HPC-derived
macrophages, whereas extended stimulation resulted in a
trained phenotype. On the other hand, during the early stage
of candidiasis infection, HSC/HPC differentiated to trained
macrophages, while during the high candidiasis burden stage,
HSC/HPC-derived macrophages was tolerized. Pam3CSK4-
induced protection against candidiasis infection was abolished
after HSC/HPC depletion, suggesting that the trained immunity
memory was induced and maintained in the HSC/HPC
population (86).

To develop a mucosal HIV/SIV vaccine, TLR2/6 agonist FSL-
1 and MVA have been used as an adjuvant/delivery vector
(26, 32). It is interesting to investigate the functionality of
the monocyte/macrophages differentiated from FSL-1-primed
HSC/HPC, especially when the signaling pathways through
TLR1/2 and TLR2/6 had opposite roles to either silence or boost
the immune responses (85).

Some long-lived tissue macrophages can maintain trained
immunity memory. Respiratory viral infection induced
trained immunity in alveolar macrophages, which mediated
protection against bacterial infection with Streptococcus
pneumoniae. The induction and maintenance of the
memory was independent of monocyte or bone marrow
progenitors (87).

Innate-like lymphocytes, which are present mainly in
the mucosal surfaces and skin, also demonstrated immune
memory (88). For example, Aspergillus protease-exposed Innate-
lymphoid cell types 2 (ILC2) had a more vigorous cytokine
production upon the re-challenge with papain (89). Moreover,
NK and NK-like cells, as well as γδT cells from BCG-vaccinated
individuals, produced more IFNγ (90). NKG2C+ NK cells
have been reported to recognize HCMV-encoded UL40 peptides
and to control the expansion and differentiation of adaptive
NKG2C+ NK cells (91). NK cell mediated trained immunity
memory has been recently reviewed (92), and will not be further
discussed here.

Non-hematopoietic cells, like epithelial cells, can have
memory to a previous contact with pathogen compounds (93).
Pre-exposure of respiratory epithelia cells to Pseudomonas
aeruginosa flagellin reduced or exacerbated inflammatory
responses to a second non-related pathogen or LPS stimulation.
By using histone acetyltransferase and methyltransferase
inhibitors, the authors demonstrated that this was through
epigenetic modifications.

OTHER FACTOR-INDUCED TRAINED

IMMUNITY

To add an additional level of the complexity, other factors
such as western diet (81, 94, 95), insulin (96), and microbiome,
which have the potential to induce trained immunity, might also
influence vaccine efficacy. To correctly interpret the immune
correlates of protection for HIV/SIV vaccines, the contribution

of trained immunity induced by these host factors needs to be
taken into consideration.

Western-type diets (WDs) often include high calorically
rich food that is lacking fiber, vitamins, and minerals. Long-
term consumption of WDs can promote the activation of
the immune system. While immune activation is the most
important parameter to predict the susceptibility to HIV
infection, recent studies also showed that WDs can alter in vivo
LPS responses, and thus induce or alter trained innate immunity
in monocyte/macrophages via NLRP3 (81, 95).

It has been known that trained immunity can be induced
by endogenous metabolic products such as oxidized low-density
lipoprotein (oxLDL), glucose glycylation end products, or fatty
acids. For example, brief exposure of human monocytes to
oxidized low-density lipoprotein (oxLDL) resulted in increased
production of proinflammatory cytokines upon re-stimulation
(97). This has been accomplished through trimethylation of
lysine 4 at histone 3 (H3K4me3) in promoter regions of TNFα,
IL-6, IL-18, the Matrix Metalloproteinase genes MMP2, MMP9,
and the scavenger receptor CD36. Further study identified that
ROS production, which was dependent on the AKT/mTOR
signaling pathway, controlled the oxLDL-induced trained innate
immunity phenotype (98).

Similarly, sustained activation of the AKT/mTOR signaling
pathway leads to glycolysis in insulin resistance. Hyperglycemia
facilitated sustained NF-κB gene activity due to increased
H3K4 and reduced H3K9 methylation (99). Basal mTORC1
activity in the insulin-resistant macrophages was high. The
macrophages showed an M2-like phenotype, and reduced their
responses to LPS (100). Dietary changes also impact the gut
microbiome, which has been shown to be associated with
immune activation as well as HIV/SIV vaccine efficacy and
susceptibility to infection (26, 101). In this context, western
diet, or insulin signaling/insulin resistance signals have been
viewed asmodulators of trained immunity (98, 100, 102). Overall,
various populations around the world might have potentially
different responses to vaccines as they have different genetic
backgrounds, diets, and microbiomes, which can affect innate
and trained immunity.

HARNESSING THE POWER OF TRAINED

IMMUNITY FOR AIDS VACCINE

DEVELOPMENT

The delivery modality for HIV vaccines is critical for vaccine
efficacy. A large variety of delivery vectors and adjuvants
have been used in AIDS vaccine development in either
macaque models or human clinical trials. Among them, a
large proportion demonstrated the ability to induce trained
innate immunity, which means that they can impact the
vaccine efficacy in a much longer time frame than we
have thought before. Tables 1, 2 summarize the delivery
vectors and adjuvants that have shown evidence (Table 1)
or have the potential (Table 2) to induce trained immunity
in experimental HIV/AIDS vaccines. Moreover, the hosts
might have pre-induced trained immunity by factors such
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TABLE 1 | The vector/adjuvant combinations found to induce trained immunity in experimental HIV/AIDS vaccines.

Delivery vectors

and adjuvants

Induced

innate/trained

immunity

Target cells

involved

Associations with challenge

outcomes

Minimum

duration

Viral-specific

adaptive immunity

correlated

References

MVA/TLR

agonists/IL-15

APOBEC3G mDC Inverse correlation with set-point

SIVmac251 viral loads

7 weeks T cell-responses (32)

ALVAC/DNA-

SIV/alum

Hypoxia and the

inflammasome

CD14+CD16-

monocytes

Correlation with decreased risk

of SIVmac251 acquisition

4 weeks Anti-env antibody

responses

(25, 27)

MVA/TLR

agonists/IL-

15/mLT

TNFα, IL-6, and

MIP1α

Myeloid cells Correlation with reduced viral

Gag expression and in vivo viral

acquisition

7 weeks No T & antibody

responses

(26)

TABLE 2 | Adjuvants or vectors that have the potential to induce trained immunity in experimental HIV/AIDS vaccines.

Delivery vectors and

adjuvants

Induced innate

immunity

Sample Associations with Measurement

time

References

TLR7/8 and 9 agonists CXCL10 Plasma Peak at 24 h,

return to base level

1 week later

(34)

TLR7/8 agonist:R848 DC Increased T cell responses (35)

TLR4 and TLR7/8

agonists

Transcriptional profiling

similar to live

attenuated yellow fever

vaccine

PBMC/monocyte Anti-env antibody responses 24–96 h post

immunization

(36)

ALVAC/MVA/NYVAC Proinflammatory and

antiviral

cytokine/chemokine

Serum/PBMC 0–14 days post

immunization

(28)

as diet, exposure history to other pathogens, and metabolic
disorders. From these data one can speculate that trained
innate immunity opens a new window for future HIV vaccine
development: to design a novel HIV vaccine that combines
the classical adaptive immunity as well as the protective
trained immunity to mediate better protection than either
one alone.

The concept of incorporation of protective trained immunity
in HIV vaccine development is intriguing; however, it is far from
being fully understood. Trained immunity induced by different
stimuli or vaccinationsmight have these limitations: intermediate
duration, non-specificity, limited local tissue distribution, and
potential adverse effects such as potential enhancement of
HIV/SIV viral acquisition. To harness the power of trained
immunity in HIV/SIV vaccine development, we need to solve
the following problems: (1) Practical assays to measure trained
immunity; (2) Reliable methods/reagents to induce the two
types of trained immunity, namely training and tolerance; (3)
Long-term maintenance of the memory; (4) Identification of the

protective trained immunity associated with HIV/SIV vaccine
efficacy. Further studies to dissect whether sex bias plays any roles
in trained immunity induction are also needed. Overall, long-
lasting protective trained immunity provides new opportunities
for innovative HIV vaccine design.
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Obacunone, a natural limonoid compound abundantly distributed in citrus fruits,
possesses various biological properties, such as antitumor, antioxidant, and antiviral
activities. Recent studies suggested an anti-inflammatory activity of obacunone
in vitro, but its efficacy on intestinal inflammation remains unknown. This study was
designed to evaluate the effects and mechanisms of obacunone in ameliorating
intestinal inflammation in a mouse model of ulcerative colitis (UC). We found that
obacunone efficiently alleviated the severity of dextran sulfate sodium (DSS)-induced
mouse UC by modulating the abnormal composition of the gut microbiota and
attenuating the excessive activation of toll-like receptor 4 (TLR4)/nuclear factor-kappa
B (NF-κB) signaling. The intestinal epithelial barrier was disrupted in DSS colitis mice,
which was associated with activation of inflammatory signaling cascades. However,
obacunone promoted the expression of tight junction proteins (TJP1 and occludin)
and repressed the activation of inflammatory signaling cascades. In summary, our
findings demonstrated that obacunone attenuated the symptoms of experimental UC
in mice through modulation of the gut microbiota, attenuation of TLR4/NF-κB signaling
cascades, and restoration of intestinal epithelial barrier integrity.

Keywords: UC, gut microbiota, TLR4/NF-κB, epithelial barrier, obacunone

INTRODUCTION

Inflammatory bowel diseases (IBDs), consisting mainly of Crohn’s disease and ulcerative colitis
(UC), are common, chronic, and relapsing inflammatory disorders of the digestive tract (Kaplan,
2015). The clinical features of UC include recurrent, chronic, and persistent inflammation in the
gastrointestinal tract. Furthermore, the symptoms of UC frequently include diarrhea, abdominal
pain, weight loss, and malnutrition, which seriously affect the quality of life of UC patients (Rosen
et al., 2015). The possible etiology of UC is complex and multifactorial including genetic, immune,
microbiological, and environmental factors, each of which may lead to the occurrence of UC
(Bernstein, 2017). Although the exact cause of UC remains unclear, accumulating evidence has
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indicated that interaction between mucosal immunity and gut
microbiota plays a key role in the pathogenesis of UC (Yue
et al., 2019). Additionally, clinical studies have indicated that
the composition of three major phyla of bacteria present in the
gut microbiota of UC patients is disturbed, with a decrease in
the proportion of Firmicutes and Bacteroidetes and an increase
in that of Proteobacteria (Matsuoka and Kanai, 2015; Mirsepasi-
Lauridsen et al., 2019). Administration of antibacterial agents and
probiotics in UC patients has suggested that the gut microbiota
does play a role in the onset of UC (Sokol, 2014).

Tight junction proteins (TJPs), localized at the interface
between epithelial cells, are responsible for maintaining the
integrity and function of the intestinal mucosal barrier (Bhat
et al., 2018). Disruption of mucosal barrier in UC patients
can trigger bacterial and endotoxin translocation, resulting in
the loss of innate immunity, as well as aberrant activation of
acquired immunity (Wang et al., 2019). Bacterial or endotoxin
invasion is primarily recognized by toll-like receptor 4 (TLR4), a
typical member of the pattern recognition receptors family. TLR4
recognizes bacterial components, such as lipopolysaccharide
(LPS), which initiates a signaling cascade that results in the
activation of nuclear factor-kappa B (NF-κB); this induces a series
of pro-inflammatory immune responses by the host in an attempt
to destroy the invading pathogens (Stephens and von der Weid,
2019; Yue et al., 2019).

There are various classical therapeutic approaches for UC,
including anti-inflammatory, immunosuppressive, and biological
therapies. However, a considerable number of UC patients have
not benefited from these approaches, owing to insensitivity
to these treatments or the presence of significant therapy-
associated adverse effects (Neurath, 2017). Consequently, novel
therapeutic options are constantly being developed, while
traditional treatment approaches have attracted increasing
attention in recent years. Obacunone is a triterpenoid limonoid
compound isolated primarily from citrus fruits and plants of the
Rutaceae family, such as Phellodendron chinense and Tetradium
ruticarpum (Gao et al., 2018). Obacunone is found to display
various pharmacological activities, including antioxidative, anti-
inflammatory, antitumor, and hypoglycemic effects (Murthy
et al., 2015). However, the effects of obacunone on UC and
the underlying mechanisms have not been reported to date.
In this study, we presented evidence that obacunone could
alleviate UC-associated symptoms in mice, and this effect was
mediated through modulation of the gut microbiota, attenuation
of TLR4/NF-κB signaling cascades, and restoration of intestinal
epithelial barrier integrity.

MATERIALS AND METHODS

Chemicals and Reagents
Obacunone (C26H30O7, MW: 454.516, CAS: 751-03-1, HPLC
purity ≥ 98%) was obtained from Meilun Biological Technology
Co., Ltd. (Dalian, China). RAW264.7 mouse macrophage cells
and NCM460 human colonic epithelial cells were obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
United States). Dulbecco’s modified Eagle’s medium (DMEM),

Roswell Park Memorial Institute (RPMI)-1640, and fetal bovine
serum (FBS) were purchased from Gibco BRL (Grand Island, NY,
United States). DEPC water, LPS, formalin, paraformaldehyde,
and ethanol were from Sigma-Aldrich. Dimethyl sulfoxide
(DMSO) and Tween 20 were obtained from Sangon Biotech
Company (Shanghai, China). Antibodies against p-p65 (#SC-
33039), p-IκBα (#SC-8404), and actin (#SC-47778) were from
Santa Cruz Biotechnology (CA, United States). The anti-TLR4
(ab13556) and inducible nitric oxide (iNOS, ab129372) antibody
were purchased from Abcam (Cambridge, MA, United States),
while the anti-ZO-1 (A11417) and anti-occludin (A2601)
antibodies were purchased from ABclonal Technology (Wuhan,
China). All the other antibodies were from Cell Signaling
Technology (Danvers, MA, United States), as follows: COX-
2 (#12282P), IFN-γ (#3159), TNF-α (#3707S), and MyD88
(#42835). All reagents for quantitative polymerase chain reaction
(qPCR) and the Reverse Transcriptase Kit were from Takara
Biotechnology (Shiga, Japan). The Cell Counting Kit 8 (CCK-
8) was from Meilun Biological Technology Co., Ltd. All other
reagents were obtained from Thermo Fisher Scientific (Waltham,
MA, United States).

Animals and DSS-Induced Colitis
Healthy C57BL/6 mice (8 weeks of age, 20–22 g) were purchased
from the Shanghai Laboratory Animal Center. All mice were
maintained in specific pathogen-free facility and kept under
controlled conditions at a humidity of 60–70% and stationary
temperature of 23–25◦C with a 12 h light/dark cycle and
with access to autoclaved food and drinking water. This study
was carried out in accordance with the principles of the
declaration recommendations of the Animal Experimentation
Ethics Committee at Shanghai University of Traditional Chinese
Medicine (Animal license key: SYXK2014-0008).

All mice were randomly divided into the following six groups
(n = 10 mice per group): vehicle control group, obacunone-
only group (100 mg/kg), dextran sulfate sodium (DSS) group,
and three obacunone-treated groups (low dosage, middle dose,
and high dose, respectively). The dosages of obacunone were
25, 50, and 100 mg/kg/day per body weight, respectively. Acute
experimental colitis was induced in mice by administration of

TABLE 1 | The list of primers used for qPCR.

Gene Primer sequence (5′–3′)

m IL-1α F: ATGACCTGCAACAGGAAGTAAAA

R:TGTGATGAGTTTTGGTGTTTCTG

m IL-1β F: ATTGTGGCTGTGGAGAAG

R: AAGATGAAGGAAAAGAAGGTG

m IL-16 F: GATACCACAGCCGAAGACCCTTGG

R: GTGCTCGCTGGCTAGGCATCTTG

m iNOS F: ATTGTGGCTGTGGAGAAG

R: AAGATGAAGGAAAAGAAGGTG

m COX-2 F: GCCTTCCCTACTTCACAA

R: ACAACTCTTTTCTCATTTCCAC

m β-actin F: GGGAAATCGTGCGTGAC

R: AGGCTGGAAAAGAGCCT
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FIGURE 1 | Obacunone ameliorated body weight loss, bloody diarrhea, and colon shortening in IBD model mice. (A) Body weight was recorded after DSS induction
of colitis. Data were plotted as a percentage of basal body weight. (B) The occurrence of bloody diarrhea. Data were plotted as the percentage of the total number of
mice that had bloody diarrhea at different time points of DSS treatment. Macroscopic observation (C) and assessment of colon shortening (D) at the end of the study.
Data were expressed as the mean ± SD (n = 6 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the DSS-treated group; ###p < 0.001 vs. the control group.
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3.5% DSS (MW: 36,000–50,000 Da, MP Biomedicals, Irvine,
CA, United States) for 7 days as previously described (Yue
et al., 2018). Obacunone was dissolved in 0.5% methylcellulose
and administered by oral gavage once a day, starting from
2 days before DSS treatment and continuing to the end of the
experiment. Body weight and bloody diarrhea were recorded
daily. Mice were euthanized under anesthesia after the last oral
gavage. The entire colon was removed and the total length was
measured. After that, the distal colon tissues were collected for
hematoxylin–eosin (H&E) staining. And the images were taken
by the Olympus DP20 optical digital microscope camera (Tokyo,
Japan). Histological injury was assessed by a combined score of
inflammatory cell infiltration (score 0–3) and epithelial damage
(score 0–3) using a double-blind method as described previously
(Luo et al., 2017).

Cell Culture and Cell Viability Assay
Murine peritoneal macrophage RAW264.7 cells were cultured in
DMEM supplemented with 10% FBS under 5% CO2 at 37◦C.
Cells were treated with different concentrations of obacunone
(0–100 µM) for 24 h. NCM460 human colonic epithelial cells
were cultured in RPMI-1640 supplemented with 10% FBS under
5% CO2 at 37◦C. NCM460 cells were treated with different
concentrations of obacunone (0–100 µM) for 2 h followed by
coincubation with tumor necrosis factor (TNF-α) (20 ng/mL)
for an additional 22 h. A CCK-8 assay was then performed to
measure cell viability. The absorption values were measured at
540 nm using a microplate reader.

Nitric Oxide (NO) Assay
RAW264.7 cells were incubated with different concentrations
of obacunone (0–100 µM) for 2 h before being stimulated by
LPS (1 µg/mL) for an additional 22 h. The supernatant was
then collected and a Griess assay was performed to measure the
relative NO secretion levels in each group. Finally, the absorbance
of each well was measured at 450 nm using a microplate reader as
previously described (Luo et al., 2017).

Immunoblotting and RNA Analysis
Colon segments (∼1.5 cm near the anus) or cultured cells
were homogenized or lysed in lysis buffer (Thermo Fisher
Scientific, Mannheim, MA, United States) containing protease
and phosphatase inhibitor cocktail tablets (Roche Diagnostics
GmbH, Mannheim, GER). The lysate was centrifuged (4◦C,
12,000 × g, 15 min) and the supernatant was collected. The
procedure for immunoblotting was performed as previously
described (Yue et al., 2018). In brief, proteins (30 µg) was
separated by 10% SDS-PAGE and transferred onto a PVDF
membrane. The membrane was blocked in 5% (w/v) skim milk
for 2 h at room temperature and immunoblotted with primary
antibody. Then blots were washed and incubated with HRP-
coupled secondary antibody at room temperature. Finally, the
blots were observed by enhanced chemiluminescence (ECL)
detection reagents. Protein expressions were analyzed by a GS-
700 imaging densitometer (Bio-Rad, CA, United States). β-actin
(Santa Cruz, CA, United States) was used as an internal control.

RAW264.7 cells were treated with different concentrations of
obacunone (0–100 µM) for 2 h before being stimulated by LPS
(1 µg/mL) for an additional 22 h. Total RNA was extracted from
cultured cells using TRIzol reagent. Reverse transcription and
qPCR were carried out using SYBR Premix ExTaq Mix in an ABI
Prism 7900HT Sequence Detection System (Life Technologies,
Carlsbad, CA, United States) as previously described (Dou et al.,
2012). The following thermal cycler parameters were used: 1
cycle of 95◦C for 30 s and 40 cycles of denaturation (95◦C, 5 s)
and combined annealing/extension (60◦C, 30 s). Relative mRNA
expression levels were calculated by the comparative Ct method,
and the values were normalized as the ratio of the optimal density
relative to β-actin. The sequences of the primers were listed
in Table 1.

Microbiota Sequencing Analysis
Mice feces were collected and stored at −80◦C. Genomic
DNA was extracted from the fecal samples using the E.Z.N.A.
Soil DNA Kit (Omega Bio-tek, GA, United States), according
to the manufacturer’s protocol. A NanoDrop 2000 UV-
vis spectrophotometer (Thermo Fisher Scientific, DE,
United States) was used to assess the concentration and
quality of the DNA. The V3–V4 hypervariable regions of

FIGURE 2 | Obacunone ameliorated inflammatory infiltration and
histopathological injury in IBD model mice. Representative hematoxylin–eosin
(H&E)-stained colon sections (A) and histological score (B). Scale bar, 25 µm.
Data were expressed as the mean ± SD (n = 6 mice per group). ***p < 0.001
vs. the DSS-treated group; ###p < 0.001 vs. the control group.
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the bacterial 16S rRNA gene were amplified using primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) in a GeneAmp 9700 ABI
thermocycler PCR system (Carlsbad, CA, United States). PCR
reaction was conducted using the following cycling conditions:
an initial denaturation at 95◦C for 3 min, followed by 27 cycles
of denaturation at 95◦C for 30 s, annealing at 55◦C for 30 s, and
elongation at 72◦C for 45 s, and a final extension at 72◦C for
10 min. Sequencing was performed using the high-throughput
Illumina MiSeq platform (Illumina, CA, United States) according
to standard protocols (Majorbio, Shanghai, China). Raw fastq
files were quality-filtered by Trimmomatic and merged by

FLASH. All the results were based on sequenced reads and
operational taxonomic unit (OTU) clustering was performed
with a 97% similarity cutoff and a 70% confidence threshold.

Statistics
Significance between groups was evaluated by one-way analysis
of variance (ANOVA) using GraphPad Prism 7 software
(GraphPad Software, La Jolla, CA, United States). All data
were presented as the mean ± standard deviation (SD).
p-values < 0.05 (two-sided) were considered significant
(∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). All the 16S rDNA

FIGURE 3 | Obacunone modulated the composition of gut microbiota in DSS-treated mice. (A) Index-group Difference Test of Shannon Value in Sample Hierarchical
Cluster Tree alpha-Diversity. Student’s t-test. Classification level: OTU. (B) Graph of principal component analysis (PCA) at the genus level. (C) The proportion of
dominant communities at the phylum level in each group of samples. Phylum-level communities presenting in less than 5% of the samples were merged into others.
Data = mean (n = 4 mice per group). #p < 0.05 vs. the control group; n.s., no significance.
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FIGURE 4 | Composition and abundance of gut microbiota at the genus level. (A) The proportion of dominant genera in each group of samples. Genus-level
communities presenting in less than 5% of the samples were merged into others. (B) Distribution of Escherichia–Shigella, Bacteroides,
Lachnospiraceae_NK4A136_group, (Eubacterium)_fissicatena_group, Rikenellaceae_RC9_gut_group, and Parabacteroides in each group. Data were expressed as
the mean ± SD (n = 4 mice per group).
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sequencing data were analyzed on the online Majorbio I-Sanger
Cloud Platform1.

RESULTS

Obacunone Exerted Protective Effects
Against DSS-Induced Colitis in Mice
Dextran sulfate sodium-induced colitic mice exhibited body
weight loss, accompanied by diarrhea, and bloody stools,
compared with vehicle- or obacunone only-treated mice.
However, treatment with obacunone (50 or 100 mg/kg)
significantly attenuated disease symptoms in DSS-treated
mice, including weight loss, diarrhea, bloody stool, and
colonic shortening (Figures 1A–D). Moreover, the mice in
the obacunone (100 mg/kg)-only treatment group showed an
almost identical disease hallmark to that of vehicle-treated mice,
indicating that obacunone had no obvious toxic side effects.

Additionally, examination of pathological colon tissue
sections showed that DSS treatment resulted in severe intestinal
epithelial injury, including crypt loss, mucosal ulceration, muscle
thickening, and neutrophil infiltration. Obacunone (25, 50, or
100 mg/kg)-treated mice presented reduced loss of mucosal
architecture, fewer ulcerations, and less cellular infiltration
(Figures 2A,B). Because obacunone treatment at 100 mg/kg
produced the best phenotypes, 100 mg/kg treatment group was
used in the subsequent experimental analyses.

Obacunone Exerted a Modulating Effect
on the Disordered Gut Microbiota of IBD
Mice
Bacterial 16S rRNA gene sequencing was used to evaluate
the effect of obacunone on DSS-induced changes in gut
microbiota composition. Principal component analysis
(PCA) revealed that each group was clustered separately
(Figures 3A,B). The Shannon index was used to characterize
the overall microbial diversity. The results showed that
microbial diversity was significantly decreased in DSS-treated
mice, whereas obacunone treatment mitigated these changes
(Figure 3A), although the difference was not significant.
The major intestinal bacteria at the phylum level included
Firmicutes, Bacteroidetes, Proteobacteria, Deferribacteres,
Cyanobacteria, and Verrucomicrobia (Figure 3C). Moreover,
DSS treatment decreased the relative abundance of Bacteroidetes
and enriched the abundance of Proteobacteria compared
with that of the vehicle-treated group; however, obacunone
treatment mitigated the DSS-induced phylum-level changes
(Supplementary Table 1). At the genus level, the DSS-treated
group exhibited proportional decreases in the abundances of
Lachnospiraceae-NK4A136-group, Rikenellaceae-RC9-gut-group,
and (Eubacterium)-fissicatena-group, but these changes were
attenuated by obacunone administration (Figures 4A,B).
Furthermore, the abundance of some pathogenic bacteria such
as Escherichia–Shigella and Enterococcus, was significantly
increased in DSS-treated group, whereas the abundance of

1www.i-sanger.com

Escherichia–Shigella and Enterococcus was decreased as a result
of obacunone treatment (Figures 4A,B and Supplementary
Table 2). Collectively, our results revealed that DSS treatment
disturbed gut microbiota homeostasis, and this gut microbiota
imbalance could be reversed by obacunone treatment.

Obacunone Exerted a Protective Effect
on the Integrity of the Intestinal Barrier in
Colitic Mice
To assess the integrity of the intestinal barrier in colitic mice,
we determined the expression levels of the tight junction
proteins, TJP1 and occludin, in colonic tissue of DSS-induced
colitic mice. The results showed that the expression levels
of TJP1 and occludin were markedly downregulated in DSS-
treated mice (Figures 5A,B). However, obacunone treatment
significantly rescued the reduced expression of these barrier
proteins, indicating that obacunone might exert a protective
effect against DSS-induced disruption of intestinal epithelial
barrier integrity.

Obacunone Inhibited the TLR4/NF-κB
Signaling Cascade in Colitic Mice
To investigate the mechanisms underlying obacunone-associated
attenuation in DSS-induced intestinal inflammation, we
evaluated the effect of obacunone on the protein expression

FIGURE 5 | Obacunone inhibited the DSS-induced loss of TJP1 and occludin
protein expression. Effect of obacunone on tight junction protein (TJP1 and
occludin) expression in colonic tissues. Representative western blots (A) and
quantitative analysis (B) of the TJP1 and occludin proteins. Data were
expressed as the mean ± SD (n = 3 mice per group). *p < 0.05 vs. the
DSS-treated group; ##p < 0.01 vs. the control group.
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levels of inflammatory mediators. Significant increase in the
expression levels of nitric oxide synthase, cyclooxygenase 2
(COX-2), interferon gamma (IFN-γ), and TNF-α was observed
in the colon of DSS-induced colitic mice (Figures 6A,B).
However, obacunone administration greatly reduced the
expression levels of these inflammatory mediators in the colons
of colitic mice. Moreover, the protein expression levels of TLR4,
myeloid differentiation primary response gene 88 (MyD88),
p-p65 (a subunit of NF-κB), and p-IκBα (an inhibitor of NF-κB)
in colonic tissue was significantly increased after DSS treatment
(Figures 6C,D). However, all these abnormally increased
expression levels were markedly downregulated in colitic mice
with obacunone treatment. Combined, these results indicated
that obacunone exerted a protective effect against DSS-induced
colitis through attenuation of TLR4/NF-κB signaling cascades.

Obacunone Decreased the LPS-Induced
Production of Proinflammatory
Mediators in RAW264.7 Macrophages
RAW264.7 mouse macrophages were used to further evaluate the
anti-inflammatory effects of obacunone. The initial cytotoxicity
evaluation suggested that obacunone was almost non-cytotoxic
at dosages up to 100 µM (Figure 7A). Additionally, we
found that obacunone markedly suppressed LPS-stimulated NO
production in RAW264.7 cells in a concentration-dependent
manner (0–100 µM) (Figure 7B). Meanwhile, the protein

expression levels of the proinflammatory mediators iNOS
and COX-2 were significantly increased in RAW264.7 cells
after exposure to LPS. However, obacunone concentration-
dependently decreased the LPS-induced increase in the levels
of iNOS and COX-2 (Figures 7C,D). We then quantified
the mRNA expression levels of pro-inflammatory mediators.
The results showed that the mRNA levels of IL-1α, IL-
1β, IL-16, COX-2, and iNOS were markedly upregulated in
LPS-stimulated macrophages; however, obacunone treatment
attenuated the LPS-induced increase in the mRNA levels of these
proinflammatory mediators (Figure 7E).

Obacunone Exerted a Protective Effect
on Intestinal Epithelial Barrier Integrity in
Epithelial Cells
The human colonic epithelial cell line NCM460 is commonly
used to investigate the mechanisms of inflammatory
damage and repair in intestinal epithelial barrier (Tsoi
et al., 2017). We found that obacunone markedly increased
NCM460 cell viability in a concentration-dependent manner
(Figure 8A). Further, our study showed that TNF-α treatment
downregulated the expression levels of the tight junction
proteins TJP1 and occludin; however, these decreased
expression levels were significantly reversed by obacunone
treatment (Figure 8B).

FIGURE 6 | Obacunone inhibited TLR4/NF-κB signaling in vivo. After the mice had been euthanized, colon samples were removed and evaluated. (A,B) Effect of
obacunone on the protein expression levels of inflammatory mediators in colon tissue. Western blot analysis of the expression of iNOS, COX-2, IFN-γ, and TNF-α in
each group. A representative blot is shown. The expression levels of all the proteins were normalized to actin. (C,D) Western blot analysis of the expression of TLR4,
MyD88, p-IκBα, and p-p65 in each group. A representative blot is shown. Data were presented as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs.
the DSS-treated group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the control group.
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FIGURE 7 | Obacunone inhibited the expression of pro-inflammatory mediators in vitro. (A,B) Effect of obacunone on the viability and NO secretion levels of
LPS-induced RAW264.7 macrophages. Cells were treated with obacunone (0–100 µM) for 24 h, after which cell viability and NO production were determined. (C,D)
RAW264.7 macrophages were treated as described in section “Materials and Methods.” The protein expression levels of iNOS and COX-2 in RAW264.7 cells were
determined by western blot. Protein expression levels were normalized to that of actin. (E) Effect of obacunone on the mRNA expression of proinflammatory
mediators in LPS-induced cells. RAW264.7 macrophages were treated as described in section “Materials and Methods,” following which the mRNA expression
levels of IL-1α, IL-1β, IL-16, COX-2, and iNOS were determined by qRT-PCR. All mRNA expression levels were normalized to that of actin. Data were presented as
the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the DSS-treated group; ###p < 0.001 vs. the control group.
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FIGURE 8 | Obacunone inhibited TNF-α-induced loss of TJP1 and occludin.
(A) Effect of obacunone on the viability of NCM460 cells. The cells were
treated with obacunone (0–100 µM) for 24 h and cell viability was then
measured. (B) Effect of obacunone on the expression of the tight junction
proteins TJP1 and occludin in TNF-α-stimulated NCM460 cells.
Representative western blots and quantitative analysis of TJP1 and occludin
protein. Data were expressed as the mean ± SD (n = 3 mice per group).
*p < 0.05, **p < 0.01, ***p < 0.001 vs. the DSS-treated group; ##p < 0.01,
###p < 0.001 vs. control group.

DISCUSSION

Ulcerative colitis is a refractory inflammatory condition that
affects the digestive tract, and the lesions are mainly located in

the colon, rectum, or entire colorectal mucosa. Although the
global incidence of UC has shown a gradual increase (Yue et al.,
2018), therapeutic drugs with limited side effects are still not
available for the treatment of UC patients. Consequently, the
pathogenesis of UC and the optimal treatment approaches for
this condition have attracted increasing attention in recent years
(Zhang and Li, 2014).

Animal models with clinical characteristics and pathological
changes similar to those observed in UC patients are important
tools for investigating drug discovery, action mechanisms,
and therapeutic exploration associated with the pathogenesis
of UC (Bamias et al., 2017). As a well-known experimental
UC model, the DSS-induced disease symptoms of disrupted
epithelial barrier function and thereby increased exposure of
innate immune elements in lamina propria to the invasive gut
microbiota, are distinguished and are resemble with that of UC
patients (Eichele and Kharbanda, 2017). In the current study, we
found that mice with DSS treatment exhibited severe intestinal
inflammation, which was accompanied with body weight loss,
bloody diarrhea, the formation of large ulcers, diffuse necrosis,
and neutrophil infiltration. However, obacunone treatment
markedly alleviated these DSS-induced symptoms of colitis.
Moreover, no toxic reaction was observed in the obacunone-
treated mice, suggesting the relative safety for obacunone’s
potential clinical application.

Changes in the composition of gut microbiota were recently
shown to be highly correlated with the incidence of UC.
Severe dysbacteriosis has been reported in patients with UC,
which is reflected in a reduced abundance of the commensal
intestinal bacteria, Firmicutes and Bacteroidetes, and an increased
abundance of pathogenic Proteobacteria (Ni et al., 2017; Sommer
et al., 2017). Through 16S rRNA gene sequencing, we also found
differences in gut bacterial community composition between
DSS-treated group and normal control group, which included a
decrease in the commensal intestinal bacteria (such as Firmicutes
and Bacteroidetes) and an increase in pathogenic bacteria (such
as Proteobacteria). However, after obacunone treatment, there
was a shift in the composition of the bacterial community,
which became more alike that of the vehicle group, indicative
of an improving trend. Furthermore, a new study showed
that there is a greater abundance of Escherichia–Shigella (a
Proteobacteria) in the inflamed mucosae than in non-inflamed
mucosae in UC patients (Baumgart et al., 2007; Xu et al., 2018).
Moreover, Escherichia–Shigella is a Gram-negative bacterium that
invades the human colonic epithelium and induces inflammatory
responses owing to the presence of LPS in its outer membrane
(Gronbach et al., 2014; Stephens and von der Weid, 2019). In our
study, DSS treatment also led to an increase in the abundance of
Escherichia–Shigella; however, this increase was attenuated with
obacunone treatment.

Toll-like receptor 4, as the first identified human toll-like
receptor, has been extensively investigated. TLR4 recognizes the
exogenous bacterial ligand, LPS, and activates a signaling cascade
that leads to pro-inflammatory response to destroy the invading
pathogens (Liu et al., 2014; Holdbrook et al., 2019). Activation of
TLR4 is known to trigger both MyD88-dependent and MyD88-
independent pathways, which in turn lead to the activation
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FIGURE 9 | Obacunone presented an anti-colitis efficacy, at least partially, via the modulation of the gut microbiota and attenuation of TLR4/NF-κB signaling
cascades, as well as protection against disruption of the intestinal epithelial barrier.

of NF-κB and production of inflammatory mediators (O’Neill,
2002). It is widely accepted that TLR4 is a double-edged sword,
as minor activation of TLR4 is essential in the maintenance of
immune homeostasis, while excessive TLR4 activation can lead
to the induction of host inflammatory responses (Steimle et al.,
2019). TLR4 is highly expressed in the colon tissues of UC
patients and DSS-induced colitic mice, and is considered to be a
contributing factor to the initiation and development of intestinal
inflammation in UC (Taniguchi et al., 2009; Murad, 2014; Yue
et al., 2019). We found that the protein expression levels of TLR4,
MyD88, p-p65, and p-IκBα were significantly increased in DSS-
induced colitic mice; however, the expression levels of TLR4 and
its downstream proteins were markedly decreased by obacunone
treatment. Our results were consistent with the previous reports
(Shi et al., 2019).

Furthermore, as the first line of immune defense, the intestinal
epithelial barrier is crucial for the protection of the host
against invasive pathogenic bacteria or viruses. With the loss
of intestinal barrier integrity, bacteria (e.g., Escherichia–Shigella)
and toxic substances (e.g., LPS) can penetrate through the
intestinal wall and trigger the aforementioned feedback cycle
(Chelakkot et al., 2018; Marin et al., 2019). TJPs are vital for

the maintenance of epithelium integrity, and dysregulation of
tight junctions is frequently correlated with the loss of intestinal
barrier integrity (Turner et al., 2014). In our study, we used
a human intestinal epithelial cell line NCM460 to explore the
effects of obacunone on the expression of TJPs. Interestingly, we
found that the protein expression levels of TJP1 and occludin
were increased by obacunone treatment, whereas the levels of
the barrier proteins were decreased in UC mice, as well as in
TNF-α-stimulated NCM460 cells.

CONCLUSION

In summary, for the first time, our study indicated that
obacunone alleviated intestinal damage, bloody stools, and
diarrhea symptoms in DSS-induced colitic mice. Moreover,
the anti-inflammatory effect of obacunone was exerted, at
least partially, via the modulation of the gut microbiota and
attenuation of TLR4/NF-κB signaling cascades, as well as
protection against disruption of the intestinal epithelial barrier
(Figure 9). Importantly, non of mice that received obacunone
alone exhibited apparent clinical lesions or mucosal damage
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throughout the study, indicating the relative safety of obacunone
management. The current results strongly suggest that
obacunone could be a potential therapeutic drug in colitis.
This work allow us to hypothesized the potential application of
obacunone on other bowel diseases such as Crohn’s disease and
colitis associated colorectal cancer. However, the further studies
are required to confirm these hypotheses.
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Changing the immune responses to allergens is the cornerstone of allergen
immunotherapy. Allergen-specific immunotherapy that consists of repeated
administration of increasing doses of allergen extract is potentially curative. The
major inconveniences of allergen-specific immunotherapy include failure to modify
immune responses, long-term treatment leading to non-compliance and the potential
for developing life-threating anaphylaxis. Here we investigated the effect of a novel
liposomal formulation carrying low dose of allergen combined with CpG-ODN, a
synthetic TLR9 agonist, on established allergic lung inflammation. We found that
challenge with allergen (OVA) encapsulated in cationic liposome induced significantly
less severe cutaneous anaphylactic reaction. Notably, short-term treatment (three
doses) with a liposomal formulation containing co-encapsulated allergen plus CpG-
ODN, but not allergen or CpG-ODN alone, reversed an established allergic lung
inflammation and provided long-term protection. This liposomal formulation was also
effective against allergens derived from Blomia tropicalis mite extract. The attenuation
of allergic inflammation was not associated with increased numbers of Foxp3-positive
or IL-10-producing regulatory T cells or with increased levels of IFN-gamma in the
lungs. Instead, the anti-allergic effect of the liposomal formulation was dependent of
the innate immune signal transduction generated in CD11c-positive putative dendritic
cells expressing MyD88 molecule. Therefore, we highlight the pivotal role of dendritic
cells in mediating the attenuation of established allergic lung inflammation following
immunotherapy with a liposomal formulation containing allergen plus CpG-ODN.

Keywords: allergen, immunotherapy, dendritic cell, MyD88, asthma

Frontiers in Immunology | www.frontiersin.org 1 April 2020 | Volume 11 | Article 69263

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00692
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2020.00692
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00692&domain=pdf&date_stamp=2020-04-23
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00692/full
http://loop.frontiersin.org/people/332682/overview
http://loop.frontiersin.org/people/871965/overview
http://loop.frontiersin.org/people/407196/overview
http://loop.frontiersin.org/people/441600/overview
http://loop.frontiersin.org/people/938475/overview
http://loop.frontiersin.org/people/119634/overview
http://loop.frontiersin.org/people/290384/overview
http://loop.frontiersin.org/people/174754/overview
http://loop.frontiersin.org/people/477871/overview
http://loop.frontiersin.org/people/378376/overview
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00692 April 21, 2020 Time: 14:29 # 2

Alberca-Custodio et al. Dendritic Cells and Asthma Immunotherapy

INTRODUCTION

Asthma is a complex chronic respiratory disorder characterized
by episodes of cough and wheezing with increased mucus
secretion that results in variable airflow limitation and airway
hyper-responsiveness (1). Nowadays, it is becoming clear
that asthma is a syndrome that encompasses various clinical
phenotypes generally divided in “Th2 high” and “Th2 low” forms
that correspond respectively to atopic or non-atopic asthma (2),
with a wide variation in prevalence and severity (3). Patients with
a high Th2 endotype show elevated levels of IL-4, IL-5, IL-9,
and IL-13 in the airways (4, 5). These cytokines mediate allergic
eosinophilic inflammation and isotype switching to IgE (6).

It is postulated that asthma can be either prevented or
suppressed by intrinsic and/or extrinsic factors that collectively
modify the immune responses to airborne allergens (7). Among
extrinsic factors, the “hygiene hypothesis” gained special interest
by postulating that early life infections are required for reduced
predisposition to develop allergic diseases (8). However, the
cellular and molecular mechanisms of the immunological switch
against airborne allergens are still elusive. Different mechanisms
such as maturation of the immune system, immune-deviation
toward a Th1 profile, active suppression by different regulatory
cells including Foxp3-expressing regulatory T (Treg) cells, IL-
10-producing T or B regulatory cells, or anergy have been
proposed (9). Whatever the mechanism, the clinical course
of asthma suffers significant influence by life-style, nutrition,
infections and microbial products (10). Indeed, bacteria and
helminths in the digestive tract offer protection against asthma
and allergies (11–14). Moreover, numerous reports have shown
the inhibitory effects of bacterial components on allergic
responses (15). For example, children that live in rural areas
are exposed to higher concentrations of dust muramic acid,
a constituent of peptidoglycan present in gram-negative and
gram-positive bacteria, showed a lower prevalence of asthma
and wheezing compared with children that live in urban
areas (16). Experimentally, the hygiene hypothesis could be
approached using microbial infections or microbial products
that signal through toll-like receptors (TLR). Many bacterial
components have previously been used in experimental asthma
models aiming to improve the treatment effectiveness (17–
20). We have previously shown that among TLR agonists
studied, the TLR9 agonist CpG-oligodeoxynucleotides, hereafter
denominated CpG, was the most effective in preventing allergic
sensitization (21).

Changing the immune responses to allergens is the
golden-standard of allergen-specific immunotherapy since
its introduction in 1911 (22). Allergen specific immunotherapy
consists of repeated and long-term applications of increasing
doses of a particular allergen or group of allergens by
subcutaneous or sublingual routes. However, there are numerous
inconveniences of allergen-specific immunotherapy including
failure to modify the immune system, long-term treatment that
results in non-compliance, allergy exacerbation and the potential
for developing systemic allergic reactions and life-threating
anaphylaxis. Here, we sought to investigate the effect of a novel
immunotherapy formulation in a murine model of asthma

that consisted of short-term treatment (three doses) with low
concentrations of allergen and CpG co-encapsulated in a cationic
liposome composed of N-[1-(2,3-Dioleoyloxy) propyl] -NN,
N, N-trimethylammonium-(DOTAP). The use of liposomal
formulation to encapsulate allergen and CpG was chosen due to
its ability to transport DNA, RNA, and other negatively-charged
molecules into eukaryotic cells (23) and, therefore, with the
potential to limit the contact of the allergen with anaphylactic
antibodies and consequent anaphylaxis while enhancing CpG
signaling through endosomal TLR9 (24).

MATERIALS AND METHODS

Animals
Six-to-eight-week-old female 129S1, C57BL/6 mice (WT),
MyD88-KO were originally purchased from Jackson Laboratories
(Bar Harbor, ME). Mice expressing the recombinase Cre under
the control of Itgax promoter (CD11c-Cre) (25) and Myd88 fl/fl
mice (26) were bred together to generate CD11cMyD88−/− (DC-
MyD88−/−) and proper littermates CD11cMyD88+/+ (DC-
MyD88+/+). Mice were kept in a specific pathogen-free breeding
unit at the Institute of Biomedical Sciences of the University of
São Paulo (ICB IV-USP). 10BiT that report Thy1.1 on the cell
surface under the control of Il10 promoter (27) were crossed
with Foxp3gfp reporter mice (28) to generate 10BiT.Foxp3gfp dual
reporter mice and were kept at specific-pathogen-free conditions
at the animal facility of the Massachusetts General Hospital.
All mice were kept in cages with a ventilated system, at a
maximum of five animals per cage, with temperature-controlled
rooms, food, and water ad libitum, in a 12 h light/dark cycle.
Mice were treated according to animal welfare guidelines of ICB
(Ethic Protocol 009/2015) under National Legislation-11.794 Law
or under a study protocol approved by Massachusetts General
Hospital Subcommittee on Research Animal Care.

Experimental Protocol
Mice were sensitized subcutaneously (s.c.) to OVA (4 µg) or
Blomia tropicalis (Bt) (4 µg) with alum adjuvant gel (1.6 mg)
on days 0 and 7. Mice were intranasally challenged with OVA
(10 µg) or Bt (10 µg) in 40 µL of PBS on days 14, 38 and 45. Mice
were treated on days 17, 24, and 31 according to specifications
in each experiment. The final concentrations or volume of each
reagent in one dose of the liposomal formulation was: 4 µg of
allergen (OVA or Bt), 10 µg of CpG and 70 µL of DOTAP.
More specifically, for the preparation of the immunotherapy
OVA + CpG/DOTAP was: OVA (4 µg) in a volume of 4 µL and
CpG (10 µg) in a volume of 3 µL were slowly mixed, and 70 µL of
DOTAP was added to the mixture and slowly mixed with the aid
of the pipette for 1 min. The liposomal formulation was kept at
room temperature for 15 min followed by the addition of 123 µL
of PBS. Control mice consisted of non-manipulated animals.
All procedures (sensitization, challenges, and treatment) were
done under anesthesia with ketamine (50 mg/kg) and xylazine
(20 mg/kg). On day 46, animals were euthanized with inhaled
halothane and samples were collected.
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Reagents
CpG-ODN 2395 Class C, a TLR9 agonist, was purchased from
Invivogen (San Diego, CA, United States). The allergens used
were OVA (Sigma-Aldrich, United States) and B. tropicalis extract
(BIOCEN, Cuba). The OVA was depleted of endotoxin (LPS)
using four cycles of Triton X-114 extractions. The endotoxin level
of purified OVA was below the limit of detection of Limulus
assay lysate (less than 0.1 Endotoxin Units). DOTAP (DOTAP
Liposomal Transfection Reagent) was purchased from Sigma–
Aldrich (Sigma–Aldrich, St. Louis, MO, United States).

Blood and Bronchoalveolar Lavage (BAL)
Collections
Blood samples were collected by cardiac puncture, centrifuged,
and serum was stored at –20◦C. The BAL fluid was obtained
after lung washing with 1 ml of cold PBS via the trachea. Total
and differential cell counts of BAL fluids were determined by
hemacytometer (Sigma–Aldrich, Sant Louis, United States) and
cytospin (Thermo Fisher Scientific, Waltham, United States)
preparation, stained with H&E (Instant-Prov, Newprov, Brazil),
a stain based on Romanowsky formulation.

ELISA for Cytokines
Cytokines (IL-5 and IFN-γ) levels in BAL were measured by
sandwich kit enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s recommendation (BD
Biosciences, United States). Values were expressed as pg/ml
deduced from a standards curve of recombinant cytokines
ran in parallel.

Lung Harvest and Flow Cytometry
Lungs were digested with 0.52 U/ml Liberase TM (Roche)
and 60 U/ml DNase I (Roche) in RPMI 1640 (Cellgro), at
37◦C for 30 min. Lung leukocyte enrichment was performed
by using a 30% Percoll gradient and the cell suspension
obtained after erythrocyte lysis. Single cells were then incubated
with anti-mouse CD16/32 (93, TruStain fcX, BioLegend) to
block Fc receptors. Staining was performed with Fixable
Viability Dye eF780 (eBioscience), to identify dead cells, and
the following fluorochrome-conjugated anti-mouse monoclonal
antibodies (mAbs): CD45-PerCP/Cy5.5 (30-F11), CD4-BV785
(GK1.5) (all from BioLegend), and CD3e-BUV395 (145-2C11)
(from BD Biosciences). At least 1,000,000 events were recorded
for each sample. Only viable and non-doublet cells were
considered. Flow cytometric analysis was performed using a
LSRFortessa X-20 flow cytometer (BD Biosciences) and FlowJo
software (Tree Star).

Active Cutaneous Anaphylaxis (ACA)
Assay
Mice were sensitized as described above and challenged
intranasally on day 14. On day 16, the dorsal region was
shaved with a trimmer ER389 (Panasonic, Japan) and on
day 17, the animals were anesthetized with ketamine and
xylazine and received an intradermal injection of OVA (10 ug)
or PBS followed by an intravenous injection of 100 µl of

Evans Blue dye (1 mg/mL). Thirty minutes later, the animals
were euthanized and the skin of the dorsal region was
removed for photographic registration. Skin spots were weighted
and dye extraction performed with formamide (8 mL/mg
of dry weight) for 72 h (29) and quantified by measuring
dye absorbance at 620 nm. Results are expressed as µg/mL
determined by a standard curve with known concentrations
of Evans blue dye.

Lung Histopathology
After the BAL collection, 10 mL of cold PBS was perfused
through the right ventricle of the heart, the lungs were fixed
in 10% PBS-formalin for 24 h and then in 70% ethanol
until embedding in paraffin. Sections of five-micrometer were
stained with hematoxylin/eosin for determinations of lung
inflammation or periodic acid-Schiff for mucus quantification.
Lung inflammation score was performed by measurement of
the peribronchial cellular infiltrates divided by the girth of the
bronchial basal membrane. The mucus score was calculated as
the percentage (%) of mucus positive area divided by the girth of
the bronchial basal membrane.

ELISA for Antibody Determinations
Mice were euthanized with overdose of anesthesia and blood
samples were collected by cardiac puncture, centrifuged and
serum was stored at -20◦C. Serum antibodies were determined
by ELISA as described previously (30).

Statistical Analysis
Statistical analyses were performed using the software GraphPad
Prism (V.5; GraphPad Software, United States). One-way
ANOVA followed by Tukey post-test was performed, as
appropriate. Differences were considered statistically significant
when p-value ≤ 0.05. Data represent the mean± SE.

RESULTS

Allergen (OVA) Encapsulation in a
Cationic Liposome Attenuates Active
Cutaneous Anaphylaxis
A major problem of allergen-specific immunotherapy is the
development of life-threating anaphylaxis during treatment
(31, 32). To circumvent this side effect, we postulated that
encapsulation of the allergen (OVA) in a cationic liposome
(DOTAP) would reduce the risks of anaphylaxis by preventing
the allergen from the contact with allergen-specific IgE (33).
To test this, we performed an ACA assay in C57BL/6 mice
sensitized with OVA/Alum s.c. on days 0 and 7 and challenged
with i.n OVA on day 14 (Allergic). ACA was induced with
intradermal injection (i.d.) of OVA at day 17 in the dorsal
region followed by i.v Evans Blue dye injection. Dye extravasation
in the dorsal skin was measured 30 min later. As shown in
Figure 1, challenge with encapsulated OVA (DOTAP + OVA
group) in allergic mice, resulted in a significant decrease of
dye extravasation when compared with non-encapsulated OVA
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FIGURE 1 | Active cutaneous anaphylaxis with free or encapsulated allergen. C57BL/6 wild-type mice were sensitized with OVA/Alum on days 0 and 7 and
challenged with OVA on day 14 to establish airway inflammation. Control group consisted of non-manipulated naive mice. On day 17 (Control and Allergic) groups
received an intradermal injection of PBS or OVA alone or OVA encapsulated in DOTAP liposome in the dorsal region followed by i.v. injection of Evans Blue dye.
(A) Representative pictures of active cutaneous anaphylaxis (ACA) in the dorsal skin 30 min after Evans Blue dye injection in Control or Allergic groups; (B) ACA
scores were determined in Control or Allergic groups after Evans Blue dye extraction with formamide as described in M&M. Each symbol represents one mouse.
Values represent the mean ± SEM and are representative of three independent experiments. One-way ANOVA: ***p < 0.001; n.s. non-significant.

group (Figures 1A,B). As expected, we did not observe any
anaphylactic cutaneous reactions in non-sensitized (Control)
group (Figures 1A,B). Thus, encapsulated OVA in cationic
liposome trigger less severe allergen-induced ACA than non-
encapsulated OVA.

Treatment With Liposomal Formulation
Containing Allergen Plus CpG Reverses
Established Asthma
Since CpG signals through endosomal TLR9 (34), its activity
could be increased after endocytosis of the liposome containing
CpG. Therefore, we investigated whether treatment with a
liposomal formulation containing the allergen plus CpG could
alter the immune response of mice with established asthma
following OVA challenge. For this, we compared mice with
established allergic airway inflammation treated subcutaneously
on days 17, 24, and 31 with PBS (Allergic group) with mice
treated with OVA in liposome alone (OVA/DOTAP), or with
CpG in liposome alone (CpG/DOTAP), or with OVA plus
CpG in liposome (OVA + CpG/DOTAP) and challenged with
OVA on days 38 and 45 as despicted in Figure 2A. Control
group consisted of non-manipulated naive animals. Experiments
were performed 24 h after the last OVA challenge on day
46. Allergic group had increased number of total cells and
eosinophils in the BAL after OVA challenges when compared
with Control group (Figures 2B,C). All groups treated with
liposome in combination with OVA (OVA/DOTAP), CpG
(CpG/DOTAP), or OVA + CpG (OVA + CpG/DOTAP) showed
a significant reduction in the number of eosinophils in the
BAL when compared with the Allergic group (Figure 2C).
However, only the OVA + CpG/DOTAP group had a dramatic
inhibition in the number of total cells and eosinophils, and
a robust reduction in the levels of IL-5, but not IFN-γ levels
in the BAL compared with Allergic group (Figures 2B–E).
No differences were observed in the numbers of neutrophils

or in the levels of IL-12 in BAL (data not shown). Notably,
histopathological analysis of lung sections stained for H&E or
periodic acid-Schiff (PAS) revealed that only animals treated
with the liposomal formulation containing OVA plus CpG had
a significant reduction in peribronchovascular inflammatory
cell infiltrates and mucus formation, respectively (Figures 2F–
H). We also determined the effect of liposomal formulation
containing OVA and CpG on antibody production. We found
that the serum levels of total IgE and OVA-specific IgE and
IgG1 or IgG2c were increased in Allergic group when compared
to Control group (Supplementary Figure S1). Treatment with
the liposomal formulation reduced the total levels of IgE when
compared with non-treated Allergic group (Supplementary
Figure S1A). OVA-specific IgE and IgG1 were similar in
OVA + CpG/DOTAP and Allergic group (Supplementary
Figures S1B,C) while OVA-specific IgG2c antibodies reached
higher levels in OVA + CpG/DOTAP group when compared
to the Allergic group (Supplementary Figure S1D). Altogether,
our results indicate that treatment with allergen plus CpG
encapsulated in cationic liposome attenuates all parameters
of Th2-mediated allergic lung inflammation and total IgE
production, increases IgG2c production and does not affect the
levels of OVA-specific IgE and IgG1 isotypes.

Treatment With Liposomal Formulation Is
Long-Lasting, Not Restricted to C57BL/6
Mouse Strain and Is Extended to
Allergens Derived From House Dust Mite
Allergen-specific immunotherapy aims to provide sustained
inhibition of the disease symptoms (35). Given that T cell
memory is long-lasting in the OVA-induced allergic respiratory
model (36) and that allergen-specific immunotherapy usually
require many weeks or years of treatment (37, 38) we then
next investigated whether our short-term (three-dose) treatment
provides a long-lasting effect. For this, after the treatment, the
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FIGURE 2 | Liposomal formulation containing allergen plus CpG attenuates airway inflammation. C57BL/6 WT mice were sensitized s.c. with OVA/Alum on days 0
and 7 and challenged with i.n. OVA on days 14 to establish airway inflammation. Mice were treated subcutaneously with PBS (Allergic); or with encapsulated OVA in
DOTAP (OVA/DOTAP); or with encapsulated CpG in DOTAP (CpG/DOTAP); or with OVA and CpG co-encapsulated in DOTAP (OVA + CpG/DOTAP) on days 17, 24
and 31 and challenged with i.n. OVA on days 38 and 45. Experiments were performed on day 46. Control group consisted of non-manipulated naive animals.
(A) Schematic protocol of immunotherapy. (B) Total number of cells and (C) eosinophil counts; (D) IL-5 and (E) IFN-gamma levels in BAL. (F) Representative
microphotographs of lung sections stained with periodic acid-Schiff, (G) lung inflammation score and (H) lung mucus score. Each symbol represents one mouse.
Values represent the mean ± SEM and are representative of two independent experiments. One-way ANOVA: *p < 0.05; **p < 0.01; n.s. non-significant.

mice were rested for 60 days and then challenged twice with
i.n. OVA at days 91 and 98 as depicted in Figure 3A. We
found that while the total number of cells and eosinophils
were increased in BAL of allergic mice after OVA challenges
compared to Control group, the treatment with liposomal
formulation containing allergen and CpG significantly reduced
the total cell and eosinophil counts in BAL when compared to
Allergic group (Figures 3B,C). Histological analysis confirmed
that the treatment was also effective in reducing lung allergic
inflammation and mucus formation (Figures 3D–F). It is
important to note that allergen-specific immunotherapy require
several weeks or years of treatment (37, 38) while our treatment
with liposomal formulation containing allergen and CpG was
effective using a short-term treatment and low dose of allergen.
In order to determine whether the efficacy of our short-
term protocol treatment could be effective in other mouse
strain, we tested our liposomal formulation in the 129S1
mice (Figure 3G), a mouse strain that is widely used in
the production of targeted mutations (39). We found that
the treatment with the liposomal formulation significantly
inhibited all analyzed parameters of allergic inflammation such
as airway total cell count and eosinophilia in BAL, peribronchial

inflammatory infiltrates and mucus formation (Figures 3H–
L), indicating that the treatment was also effective in 129S1
mouse strains. Finally, we aimed to determine whether liposomal
formulation with specific allergen plus CpG could also be
effective using allergens extracted from B. tropicalis (Bt) mite,
a clinical relevant respiratory allergen. For this, we used
a model recently described by our group that consists of
subcutaneous sensitization with Bt mite extract adsorbed to
alum adjuvant and a challenge with Bt i.n. to establish airway
inflammation (40), followed by treatment with Bt + CpG
liposomal formulation and challenges with Bt i.n. Allergic
inflammation was determined 24 h after the last Bt i.n.
challenge as depicted in Figure 3M. As in the OVA model,
the treatment with the Bt + CpG liposomal formulation
(Bt + CpG/DOTAP group) significantly inhibited the total
number of cells and eosinophils in the BAL, as well as
diminished the peribronchial inflammatory cell infiltrates and
mucus formation in the lungs when compared with Allergic
group (Figures 3N–R). We conclude that treatment with co-
encapsulated allergen with CpG is effective in attenuating
established asthma induced in a different mouse strains as well
as induced by different allergens.
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FIGURE 3 | Treatment with liposomal formulation is long-lasting, not restricted to C57BL/mice and is extended to allergens derived from Blomia tropicalis. C57BL/6
WT mice were sensitized s.c. with OVA/Alum on days 0 and 7 and challenged with i.n. OVA on days 14 to establish airway inflammation. Mice were treated
subcutaneously with PBS (Allergic) or with co-encapsulated OVA and CpG in DOTAP (OVA + CpG/DOTAP) on days 17, 24 and 31. (A) Schematic representation of
the long-lasting allergen-specific immunotherapy protocol. Mice were challenged with i.n. OVA on days 91 and 98 and experiments were performed on day 99.
Control group consisted of non-manipulated naive animals. (B) Total number of cells and (C) eosinophil counts in the BAL; (D) Lung inflammation score and (E) lung
mucus score. (F) Representative microphotographs of lung sections stained with periodic acid-Schiff. (G) Schematic representation of allergen-specific
immunotherapy protocol. 129S1 mice were sensitized with OVA/Alum s.c. on days 0 and 7 and challenged with OVA i.n. on days 14 to establish airway
inflammation. Mice were treated subcutaneously with PBS (Allergic) or with co-encapsulated OVA and CpG in DOTAP (OVA + CpG/DOTAP) on days 17, 24 and 31
challenged with i.n. OVA on days 38 and 45. Experiments performed on day 46. (H) Total number of cells and (I) eosinophil counts in the BAL. (J) Lung inflammation
score and (K) lung mucus score. (L) Representative microphotographs of lung sections stained with periodic acid-Schiff. (M) Schematic representation of
allergen-specific immunotherapy protocol. C57Bl/6 wild-type (WT) mice were sensitized s.c. with Blomia tropicalis (Bt)/Alum on days 0 and 7 and challenged with i.n.
Bt on day 14 to establish airway inflammation. Mice were treated subcutaneously with PBS (Allergic) or treated with (Bt) and CpG encapsulated in DOTAP
(Bt + CpG/DOTAP) on days 17, 24, and 31 and challenged with i.n. Bt on days 38 and 45. Experiments were performed on day 46. (N) Total number cells and (O)
eosinophil counts in the BAL. (P) Lung inflammation score and (Q) lung mucus score; (R) Representative microphotographs of lung sections stained with periodic
acid-Schiff. Each symbol represents one mouse. Values represent the mean ± SEM and are representative of two independent experiments. One-way ANOVA:
*p < 0.05; **p < 0.01; ***p < 0.001; n.s. non-significant.

Attenuation of Established Asthma by
Liposomal Formulation Is Not
Associated With Increased Number of
Lung Regulatory T Cells
Previous studies indicate that reduced activity of regulatory T
cells, such as IL-10-producing Tr1 cells or Foxp3+ Treg cells
is associated with allergic disease (41, 42) and that allergen-
specific immunotherapy might increase their activity (43). To
investigate the Foxp3+ and IL-10-producing regulatory T cell
response in vivo, we crossed mice that express the Thy1.1 reporter
under the control of Il10 (10BiT) with mice that express the green
fluorescent protein (GFP) under the control of Foxp3 (Foxp3gfp)
to generate 10BiT.Foxp3gfp mice (27). These “dual-reporter” mice
enable simultaneous detection of Il10 and Foxp3 expression in
individual cells. Interestingly, we did not observe any difference
in the percentage and number of Foxp3+ Treg cells, or in
putative IL-10-producing Foxp3+ Treg or Foxp3− Tr1 cells in
the lung of allergic mice treated with the liposomal formulation
OVA/DOTAP or OVA + CpG/DOTAP when compared with
allergic mice treated with PBS (Allergic group) (Figures 4A–D).

Thus, the inhibition of allergic lung inflammation by liposomal
formulation in our OVA-model was not associated with an
expansion of Foxp3+ or IL-10-producing regulatory T cells in the
lung or a cell-based increase in IL-10 production.

MyD88 Adaptor Molecule Is Essential for
the Immunotherapeutic Effect of
Liposomal Formulation
CpG signals through endosomal TLR9 via the MyD88 pathway
(44), although it has been reported that high doses of CpG
could signal through TRIF pathway (45). We have previously
demonstrated that CpG has a prophylactic effect in allergic
asthma that is dependent of MyD88 signaling (21). Here we
sought to determine whether MyD88 signaling is also crucial
for the therapeutic effect our liposomal formulation containing
OVA + CpG. Using MyD88-deficient mice (MyD88KO) and
C57BL/6 wild-type (WT) mice we found that treatment with
liposomal formulation reduced the number of total cells,
eosinophils, and the levels of IL-5 in the BAL in WT but not
in MyD88KO mice when compared with the respective Allergic
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FIGURE 4 | Regulatory T cells in the lung after allergen-specific immunotherapy. 10BiT.Foxp3gfp mice were sensitized with OVA/Alum s.c. on days 0 and 7 and
challenged with OVA i.n. on day 14 to establish airway inflammation. Mice were treated subcutaneously with PBS (Allergic) or with encapsulated OVA in DOTAP
(OVA/DOTAP), or with co-encapsulated OVA and CpG in DOTAP (OVA + CpG/DOTAP) on days 17, 24 and 31 and challenged with i.n. OVA on days 38 and 45.
Experiments were performed on day 46. Control group consisted of non-manipulated naive animals. (A) Flow cytometric analysis showing expression of Foxp3 and
Thy1.1 (IL-10) in lung CD4+ T cells. (B) Total number of Foxp3+ Treg cells, (C) IL-10+Foxp3+ Treg cells, and (D) IL-10+Foxp3-CD4+ T (Tr1) cells. Each symbol
represents one mouse. Values represent the mean ± SEM and are representative of one independent experiment.

groups (Figures 5A–C). Further, histopathological analysis of
lung sections confirmed that WT but not MyD88KO treated
with OVA + CpG/DOTAP showed attenuated lung infiltration
compared with the Allergic group (Figures 5D–E). These results
show that MyD88 signaling is required to the attenuation of the
established allergic lung inflammation induced by treatment with
the liposomal formulation containing allergen and CpG.

Dendritic Cells Expressing MyD88
Molecule Are Necessary and Sufficient
for Reversal of Established Asthma by
Liposomal Formulation
Recently we showed that dendritic cells (DCs) expressing
MyD88 molecule are crucial for CpG-induced inhibition of
IgE production (30). Therefore, we next focused on the role
of Myd88 expression on dendritic cells known to respond to
CpG signaling and are involved in antigen presentation (30, 46,
47). For this, we used mice with specific deletion of Myd88
gene on cells expressing CD11c integrin (DCs-MyD88−/−) and
their littermates’ controls (DCs-MyD88+/+). We found that
DC-MyD88+/+ and DC-MyD88−/− mice do develop allergic
lung inflammation. Importantly, treatment with liposomal
formulation containing co-encapsulated OVA and CpG reduced
the number of total cells and, eosinophils in BAL as well as IL-
5 production in DCs-MyD88+/+, but not in DCs-MyD88−/−

mice when compared with the respective Allergic groups
(Figures 6A–C). DC-MyD88+/+ mice also showed reduced
lung inflammation as revealed by lung histopathology analysis
compared with DC-MyD88−/− mice treated with liposomal

formulation (Figures 6D–E). Thus, our data indicates that the
therapeutic effect of liposomal formulation in established asthma
requires CpG signaling through MyD88 molecule expressed on
CD11c-positive putative DCs.

DISCUSSION

Currently, pharmacological and immunological interventions
are used for asthma control. Pharmacological treatment aims
to control airway inflammation by the use of oral or inhaled
corticosteroids and long-acting bronchodilators and as such the
treatment is essentially symptomatic. Immunological treatment
with monoclonal antibodies against anaphylactic IgE or against
type 2 cytokines such as IL-5 and IL-4/IL-13 is another way
to control asthma symptoms. In contrast, allergen-specific
immunotherapy, a type of therapy that has been used in
humans for more than a century (22, 48), has the potential
of changing definitively the immune responses to specific
allergens and has been indicated for non-responsive patient
to pharmacological treatment (22, 49). Conventional allergen-
specific immunotherapy consists of administration of repeated
and increasing doses of the sensitizing allergen for long periods
of time (35). In the present study, we introduced some
variables to conventional allergen-specific immunotherapy, such
as: (1) Instead of free-allergen we used encapsulated allergen in
cationic liposome in order to avoid interaction with anaphylactic
antibodies; (2) We added CpG to cationic liposome containing
allergen to target directly endosomal TLR9; and (3) We used
short-term (three doses) immunotherapy treatment and a low
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FIGURE 5 | Involvement of MyD88 adaptor molecule in allergen-specific immunotherapy. C57BL/6 wild-type (WT) or MyD88-deficient (MyD88KO) mice were
sensitized s.c. with OVA/Alum on days 0 and 7 and challenged with i.n. OVA on days 14 to establish airway inflammation. Mice were treated subcutaneously with
PBS (Allergic) or with co-encapsulated OVA and CpG in DOTAP (OVA + CpG/DOTAP) on days 17, 24 and 31 and challenged with i.n. OVA on days 38 and 45.
Experiments were performed on day 46. Control group consisted of non-manipulated naive animals. (A) Total number of cells and (B) eosinophil counts in BAL.
(C) IL-5 levels in BAL. (D) Representative microphotographs of lung sections stained with periodic acid-Schiff. (E) Inflammation score. Each symbol represents one
mouse. Values represent the mean ± SEM and are representative of two independent experiments. One-way ANOVA: *p < 0.05; **p < 0.01; ***p < 0.001; n.s.,
non-significant.

dose of allergen. We first found that the encapsulation of
OVA alone (without CpG) in liposome was indeed effective
in attenuating ACA as well as systemic anaphylaxis (data
not shown). However, it is notewhorty that immunotherapy
with encapsulated OVA alone, without CpG, was ineffective
in reversing established allergic lung inflammation. Currently
many variations of immunotherapy are being evaluated such as
peptide immunotherapy (50), sublingual immunotherapy (51),
intranasal (52, 53), oral (54) and subcutaneous (55). The gold
standard for immunotherapy route is the subcutaneous route
due to its efficacy (56), but sublingual treatment is on the rise.
Our finding with encapsulated OVA is of clinical relevance since
one of the major drawbacks of allergen-specific treatment is
the development of life-threating anaphylaxis (57). Although
treatment of allergic mice with encapsulated allergen alone was
effective in attenuating cutaneous anaphylaxis of allergic mice,
this treatment was ineffective, in reversing established allergic

lung inflammation. Also, treatment with encapsulated CpG was
also ineffective in reversing airway eosinophilic inflammation, a
finding that is in line with a previous report (20). However, in
contrast to our findings, allergen-free immunotherapy has been
evaluated previously in a model of house dust mite asthma, using
CpG and unrelated proteins from Mycobacteria tuberculosis
cultures. It was found that the experimental respiratory allergy
was down modulated when mice were treated concomitantly with
CpG and culture proteins from M. tuberculosis. The inhibition of
respiratory allergy was IFNγ-dependent indicating that immune
responses to proteins of M. tuberculosis inhibited Derp1-induced
allergic responses by a bystander mechanism (58). In addition,
it was shown that encapsulation of CpG could improve its
stimulatory effect signaling through endosomal TLR9 (26, 59–
61) without increasing the toxicity of the compound (62–64).
Notably, in our model, treatment with a liposomal formulation
containing both OVA and CpG, but not CpG alone, reversed
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FIGURE 6 | Dendritic cells expressing MyD88 molecule are fundamental for allergen-specific immunotherapy. Mice lacking Myd88 expression on CD11c-positive
dendritic cells (DC-MyD88-/- and littermate controls (DC-MyD88+/+) were sensitized with OVA/Alum s.c. on days 0 and 7 and challenged with i.n OVA on day 14 to
establish airway inflammation. Mice were also treated subcutaneously with PBS (Allergic) or treated with OVA and CpG encapsulated in DOTAP (OVA + CpG/DOTAP)
on days 17, 24, and 31 and challenged with i.n. OVA on days 38 and 45. Experiments were performed on day 46. Control group consisted of non-manipulated naive
animals. (A) Total number of cells and (B) eosinophil counts in BAL. (C) IL-5 levels of in BAL. (D) Representative microphotographs of lung sections stained with
periodic acid-Schiff. (E) Lung inflammation score. Each symbol represents one mouse. Values represent the mean ± SEM and are representative of two independent
experiments. One-way ANOVA: *p < 0.05; ***p < 0.001; n.s., non-significant.

established asthma, attenuating allergic lung inflammation and
decreasing type 2 cytokine production in BAL without increasing
airway IFN-γ production. We showed previously that IFN-γ was
not involved in CpG-induced inhibition of allergic sensitization
(21, 30, 40). In contrast, some reports demonstrate that CpG (65)
or OVA plus CpG or co-encapsulation of OVA and CpG (66)
resulted in increased IFN-γ production. These differences might
be related to different protocols used, the compartment of the
body where IFN-γ was detected and whether the measurements
were performed in vitro or ex vivo. More specifically, our results
are in line with the work of Jain et al. (67) that showed that
mucosal (nasal) administration with CpG and OVA reversed
established allergic inflammation, reducing type 2 cytokines
production in BAL without changing IFN-γ levels in BAL. In
line with Jain et al. (67), we also found that our liposomal
formulation was effective in attenuating established asthma when
administered by the intranasal route without increasing IFN-γ
(data not shown). Besides lung inflammation, allergen-specific
immunotherapy aims to module also anaphylactic antibody
productions. We found that our treatment with liposomal

formulation containing OVA and CpG reduced the serum
levels of total IgE but not the production OVA-specific IgE or
IgG1 while it increased the production of OVA-specific IgG2c
antibodies when compared with allergic group (Supplementary
Figure S1). How these findings are related to the attenuation of
allergic inflammation remain elusive. It is anticipated that either
adaptive memory T cells (immune deviation) or regulatory T
cells might participate in this process. Because we did not find
evidence for IFN-γ-mediated immune deviation, we focused on
the participation of regulatory T cells and IL-10 in the inhibition
of allergic inflammation. Therefore, we investigated whether
inhibition of established allergic lung inflammation could be
associated with increased number of IL-10-producing regulatory
Tr1 cells or with Foxp3-positive Tregs cells in the airways.
Our results with IL-10 and Foxp3 double reporter mice clearly
indicated that reversal of allergic inflammation by treatment
with co-encapsulated OVA and CpG in cationic liposome was
not associated with an increase of IL-10-producing putative
Tr1 cells or with Foxp3-expressing putative Tregs after last
OVA challenge. However, we cannot exclude de participation
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of regulatory T cell in other body compartments outside of
the lung. Since the exact mechanism by which established
adaptive Th2-mediated allergic responses were affected remained
elusive, we focused on the role of MyD88 adaptor molecule in
this process. CpG activates different innate cell types mainly
signaling through MyD88 pathway via TLR9 (68), although it
was reported that at high dose, CpG signaling through the
TRIF pathway inhibited allergic bronchopulmonary aspergillosis
(45). We first verified that MyD88 molecule was essential
for CpG-mediated attenuation of the allergic reaction, ruling
out the participation of TRIF pathway in this process. Since
CpG activates different innate cell types (47, 69, 70) we next
tested the participation of MyD88 molecule on CD11c-positive
dendritic cells. For this, we used mouse engineered via Cre-
lox technology with specific ablation of the mouse Myd88
gene in CD11c-positive putative dendritic cells (25). As a
control we used littermates mice with MyD88-expressing CD11c-
positive cells. We found that DCs expressing MyD88 molecule
were necessary and sufficient for CpG-induced attenuation
of established asthma. Our results with DC-MyD88−/− mice
reinforce the notion that DCs expressing MyD88 molecule
are key target cells for CpG-mediated immunomodulation
(21, 26, 30, 71). Allergen-specific immunotherapy require
long-term treatment and adherence to the treatment (72) to
achieve protection against allergic reactions and symptoms
(73). Usually, successful treatment is long lasting (38), but
there are some conflicting reports as to whether the protective
effect of immunotherapy persist after discontinuation (74,
75). It appears that the optimum duration for long-term
modulation of allergic symptoms in humans by allergen-specific
immunotherapy is approximately three years (76), while in mice
allergen-specific immunotherapy appears to require at least 8-
weeks (77). Here we showed that short-term treatment with
low dose of allergens and CpG efficiently reduced key features
of allergic asthma. In addition, we also evaluated whether
this type of immunotherapy could be applied to a relevant
respiratory allergens obtained from B. tropicalis mite extract,
one of the most prevalent mites in tropical countries (78)
and found that the treatment with co-encapsulated Bt allergens
and CpG reversed the established allergic lung responses.
These results demonstrate the potential applications of our
formulation to different allergens and highlight the importance
of correct diagnosis for developing a specific allergen treatment
(79). Since allergic T cell memory is long-lasting (80), we
investigated whether our immunotherapy protocol had a long
lasting effect by performing experiments 2 months after the
end of the immunotherapy. We found that our allergen-
specific immunotherapy has a long lasting modulation on OVA-
induced allergic responses. Collectively, our work highlights
an improved short-term immunotherapy protocol using co-
encapsulated allergens and CpG that has the advantage to protect
against anaphylaxis during allergen-specific immunotherapy
treatment, which uses low doses of allergens, is effective against
different allergens and is long lasting. Our results suggest that
this type of immunotherapy might be of potential use to
treat eosinophilic (type 2 high) asthma endotype (2, 81) and

indicate the pivotal role of dendritic cell expressing Myd88
in this process.
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Cystic fibrosis patients suffer from a progressive, often fatal lung disease, which is based

on a complex interplay between chronic infections, locally accumulating immune cells

and pulmonary tissue remodeling. Although group-2 innate lymphoid cells (ILC2s) act

as crucial initiators of lung inflammation, our understanding of their involvement in the

pathogenesis of cystic fibrosis remains incomplete. Here we report a marked decrease

of circulating CCR6+ ILC2s in the blood of cystic fibrosis patients, which significantly

correlated with high disease severity and advanced pulmonary failure, strongly implicating

increased ILC2 homing from the peripheral blood to the chronically inflamed lung tissue

in cystic fibrosis patients. On a functional level, the CCR6 ligand CCL20 was identified

as potent promoter of lung-directed ILC2 migration upon inflammatory conditions in

vitro and in vivo using a new humanized mouse model with light-sheet fluorescence

microscopic visualization of lung-accumulated human ILC2s. In the lung, blood-derived

human ILC2s were able to augment local eosinophil and neutrophil accumulation and

induced a marked upregulation of pulmonary type-VI collagen expression. Studies in

primary human lung fibroblasts additionally revealed ILC2-derived IL-4 and IL-13 as

important mediators of this type-VI collagen-inducing effect. Taken together, the here

acquired results suggest that pathologically increased CCL20 levels in cystic fibrosis

airways induce CCR6-mediated lung homing of circulating human ILC2s. Subsequent

ILC2 activation then triggers local production of type-VI collagen and might thereby

drive extracellular matrix remodeling potentially influencing pulmonary tissue destruction

in cystic fibrosis patients. Thus, modulating the lung homing capacity of circulating

ILC2s and their local effector functions opens new therapeutic avenues for cystic

fibrosis treatment.
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INTRODUCTION

Cystic fibrosis (CF) represents the most common inherited
disease in Caucasians and an epidemiological study performed
in 2016 even predicts an increase of about 50% in the overall
number of patients diagnosed for this life-threatening disease
by the year 2025 in Western European countries (1, 2). The
pathophysiology of CF is based on defined mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR)
gene, which cause dysfunction of the CFTR chloride channel and,
subsequently, an impaired epithelial chloride and bicarbonate
transport resulting in viscid mucus production (3, 4). Although
CF pathology involves various organ systems, respiratory failure
as consequence of progressive lung disease appears as the leading
cause of disease-associated morbidity and mortality (3–5).

Fibrosis and bronchiectasis represent key characteristics of
pulmonary CF manifestation (4, 6, 7). It is well-accepted that
the etiology of bronchiectasis depends on a complex interplay
between chronic lung infections, progressive pulmonary tissue
remodeling and an accumulation of pro-inflammatory immune
cells (8). Mainly as consequence of viscid mucus production
and impaired mucociliary clearance, airways of CF patients are
highly susceptible to bacterial colonization and infection. This
permanent crosstalk of microbial pathogens with the CFTR-
dysfunctional airway epithelium triggers a pro-inflammatory but
yet inefficient mucosal immune response (4, 9) dominated by
a marked accumulation of neutrophils (10). Due to a complex
dysregulation of adaptive and innate immune cell function
and interplay (11, 12), the lung tissue, bronchoalveolar lavage
(BAL) and sputum of CF patients are characterized by increased
levels of inflammation-promoting chemokines and cytokines,
including for instance IL-8, GM-CSF, IL-6, CCL2, CCL3, CCL4,
CCL20, TNF-α, IL-1β, IL-17, IL-23, G-CSF, IL-9, and IL-
33 (10, 13–16). Within this inflammatory milieu, neutrophil-
derived elastase and matrix metalloproteinases represent crucial
mediators of extracellular matrix degradation and CF-associated
pulmonary tissue remodeling (17–19). In addition to chronic
airway infections as inflammatory triggers, immune responses
have been suggested to be partly driven by intrinsic alterations
independent from non-self recognition in CF patients (20) and
thus gained new research interest.

During the last decade, innate lymphoid cells (ILCs) emerged
as rare but exceptionally potent representatives of the innate
immune system. They are of particular importance for host
defense at epithelial barrier surfaces (21), but also contribute
to the systemic pool of circulating immune cells (22, 23).
Characterized by a type-2 cytokine profile and the expression
of signature surface molecules (e.g., CD127 and CRTH2) (24,
25) and transcription factors (e.g., GATA3) (26), group-2 ILCs
(ILC2s) represent a predominant helper ILC population in
the lung under steady state conditions (27, 28). There they
are preferentially located in direct proximity to the airway
epithelium or accumulate within infected foci (27, 29). This
predisposes pulmonary ILC2s for sensing epithelial injury and
participating in a first line of immunological defense against
invading pathogens. In case of allergic or infectious lung diseases,
inflammatory mediators like IL-33, IL-25, and thymic stromal

lymphopoetin are locally released by damaged epithelial cells and
potently stimulate ILC2 activity (30–35). Mainly via the secretion
of characteristic cytokines (e.g., IL-5, IL-13, IL-9, and IL-4)
and growth factors, but also based on cell contact-dependent
mechanisms, activated ILC2s promote type-2 immune responses,
support mucosal wound healing and, thereby, crucially impact
on the maintenance and reconstitution of tissue homeostasis
(27, 36–40). Overwhelming ILC2 activation, however, was found
to be involved in chronic inflammation, allergy, and fibrotic
tissue remodeling (24, 41, 42). Although published RNA-seq. data
from bronchial brush samples implicated that the lung pathology
in CF is predominated by Th17 and Th1 gene signatures (43), the
increased pulmonary presence of the ILC2-activating cytokine
IL-33 and augmented levels of the type-2 effector cytokines IL-
5, IL-9, and IL-13 in CF BAL and sputum samples as well as
the upregulation of local Th2 responses upon chronic infections
with Pseudomonas aeruginosa in CF patients strongly argued
for a potential, albeit less elucidated, involvement of ILC2s in
CF pathogenesis (13, 14, 42, 44–46). Accordingly, the risk of
asthma, a prototypical ILC2-initiated allergic disease (47), was
found to be significantly higher in CF patients compared to
non-carriers of a CFTR mutation (48), implicating exaggerated
ILC2 activities in CF. In line with this, Cftr−/− mice showed
elongated ILC2 responses compared to C57Bl/6 wild type mice
upon infection with Aspergillus fumigatus (14). Furthermore,
mainly based on analyses in preclinical murine models with CF-
like pathology, Moretti et al. demonstrated that ILC2-derived
IL-9 triggers an auto-amplifying pro-inflammatory cycle via
activation of mast cells, which in turn supports ILC2 functions
by producing the growth factor IL-2, indicating an orchestrating
role of lung-resident ILC2s in CF-associated inflammation (14).
However, the direct clinical relevance of ILC2 function for
pulmonary manifestation of human CF disease as well as the
origin of activated lung ILC2s remain undefined. Therefore, we
here analyzed the functional significance of circulating human
ILC2s in the peripheral blood (pb) for the development of CF–
associated fibro-inflammatory changes in the lung. To address
this, we examined pb ILC2 function in CF by taking advantage
of human blood samples and in vivo studies in a new humanized
mouse model for ILC2 lung homing. Our results identified the
CCR6 - CCL20 axis as regulator of pulmonary ILC2 migration
and suggest local ILC2 activation as a potential driver of
pulmonary type-VI collagen production in CF patients.

MATERIALS AND METHODS

Human Blood Samples
After informed written consent, peripheral blood was collected
in EDTA-coated tubes from patients with cystic fibrosis (n =

59), inflammatory bowel diseases (n = 19), and rheumatoid
arthritis (n = 17), as well as healthy control subjects (n =

61). Characteristics of all study subjects are summarized in
Table S1. Patient material was obtained from the Department
of Medicine 1 and 3 as well as the Department of Pediatrics
and Adolescent Medicine of the University Hospital of Erlangen,
Germany. Leukocyte cones were derived from the Department
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of Transfusion Medicine and Haemostaseology of the University
Hospital of Erlangen, Germany. Blood donation was approved by
the local ethical committee and the institutional review board of
the University of Erlangen-Nuremberg, Germany.

Primary Human Blood Cell Isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood, leukocyte cones and buffy coat blood via density
gradient centrifugation using Pancoll human (PAN-Biotech)
or Lymphocyte separation media (Anprotec). Where indicated,
PBMCs were further enriched for CD4+ or CRTH2+ cells using
magnetic bead-based isolation according to the manufacturer’s
instructions (Miltenyi Biotec).

Flow Cytometric Characterization of

Human ILCs
To identify human ILC2s, ILC1s, and ILC3s, single cell
suspensions were treated with FcR blocking reagent (Miltenyi
Biotec) before incubation with the following fluorochrome-
conjugated anti-human antibodies: hematopoietic lineage
cocktail [eFlour450, including CD2 (RPA-2), CD3 (OKT3),
CD14 (61D3), CD16 (CB16), CD19 (HIB19), CD56 (CB56), and
CD235a (HIR2), eBioscience], CD11c (VioBlue, MJ4-27G12,
Miltenyi Biotec), CD127 (APC-Vio770, REA614, Miltenyi
Biotec), CD161 (FITC, 191B8, Miltenyi Biotec), CD7 (FITC,
CD7-6B7, BioLegend), CD117 (APC, 104D2, BioLegend), and
CRTH2 (PE, BM16, Miltenyi Biotec). To further analyze human
ILC subgroups, specific antibodies targeting CCR4 (APC,
L291H4, BioLegend), CCR5 (Alexa Flour 647, HEK/1/85a,
BioLegend), CCR6 (PE/Cy7, G034E3, BioLegend), CCR9
(PerCP/Cy5.5, L053E8, BioLegend), CXCR3 (APC, G025H7,
BioLegend), CD4 (PerCP/Cy5.5, OKT4, BioLegend), CD45
(APC, HI30, BioLegend), CD69 (APC, FN50, BioLegend),
CD123 (PerCP/Cy5.5, 6H6, BioLegend), TCRα/β (APC, IP26,
BioLegend), TCRγ/δ (APC, B1, BioLegend), and respective
isotype control antibodies were used. Surface-stained cells were
uniformly fixed in 1x BD CellFix (eBioscience) according to the
manufacturer’s specifications or measured directly after staining.
For intracellular staining, the Foxp3/Transcription Factor
Staining Buffer Set (eBioscience) in combination with a specific
fluorochrome-conjugated antibody targeting human GATA3
(APC, REA174, Miltenyi Biotec) was used. LSR Fortessa (BD
Bioscience) or MACSQuant 10 (Miltenyi Biotec) cell analyzers
allowed data acquisition. For further data processing, the FlowJo
single cell analysis software 7.6.5 and 10.06.1 (Tree Star Inc.)
was used. Samples with <20 acquired ILC2s were excluded from
further ILC2 phenotyping.

Ex vivo Expansion and Stimulation of

Human pb ILC2s
To ex vivo expand human pb ILC2s, they were isolated
from total PBMCs, derived from CF patients or healthy
volunteers, via fluorescence-activated cell sorting (FACS)
as LinnegCD127+CD161+CRTH2+ lymphoid cells using a
FACSAria II (BD Bioscience) or a MoFlo Astrios (Beckman
Coulter) cell sorter. PBMCs from 3 different donors were
γ-irradiated (45 Gray) and pooled to serve as feeder cells.

Sort-purified human ILC2s (100/well) were then co-cultured
with feeder cells (4 × 105/well) in 96 well-round bottom
plates in 200 µl Yssel’s Medium with 1% human serum AB
(BioConnect) and 1% penicillin/streptomycin (P/S) per well.
ILC2 expansion was stimulated with phytohaemagglutinin
(PHA, 1µg/ml, Sigma), rh IL-2 (100 IU/ml, Miltenyi Biotec),
rh IL-25 (50 ng/ml, eBioscience) and rh IL-33 (50 ng/ml,
BioLegend). Medium and cytokines were replenished every 3 to
4 days for 13–15 days. Afterwards, the ILC2 expansion factor
was calculated based on flow cytometric enumeration of Linneg

CD127+CD161+CRTH2+ ILC2s per well. Expanded ILC2s were
then rested in rh IL-2 (20 IU/ml, Miltenyi Biotec) alone for 2
days. For restimulation, expanded and rested cells were re-seeded
at 1 × 105 or 3 × 105 cells/well and stimulated with rh IL-2
(100 IU/ml, Miltenyi Biotec), rh IL-25 (50 ng/ml, eBioscience)
and rh IL-33 (50 ng/ml, BioLegend) for 3 additional days or
overnight, respectively. Supernatants collected between day 11
and 15 of the expansion phase or after 3 days of restimulating
adjusted cell numbers of expanded control subject-derived and
CF-derived ILC2s were used as ILC2 conditioned media in
fibroblast experiments as indicated. Conditioned medium of
stimulated feeder cells alone served as control.

Enzyme Linked Immunosorbent Assay

(ELISA)
Cytokine concentrations in cell culture supernatants derived
from restimulated human ILC2s were quantified via ELISA
analyses of human IL-4 (BioLegend), IL-5 (eBioscience,
Invitrogen), IL-9 (BioLegend) and IL-13 (eBioscience,
Invitrogen). ILC2 conditioned supernatants were used undiluted
or diluted up to 1:1000. The optical density was measured using
a NOVOstar plate reader (BMG Labtech).

In vitro Transmigration Assay
To analyze the migratory capacity of circulating human ILC2s
under defined experimental conditions, freshly isolated CRTH2+

human blood cells were labeled with the hematopoietic lineage
cocktail (eFlour450, eBioscience) and fluorescent antibodies
targeting CD11c (VioBlue, MJ4-27G12, Miltenyi Biotec), CD161
(FITC, 191B8, Miltenyi Biotec) and CRTH2 (PE, BM16, Miltenyi
Biotec). 1.6 × 105 stained CRTH2+ cells were suspended in
80 µl X-Vivo 15 medium (Lonza, 1% P/S) and applied to the
upper insert of a 96 well-plate with 3µm pore size (Corning).
If indicated, a CCR6 blocking antibody (50µg/ml in the insert,
MAB195, R&D) or the respective isotype control antibody
(BioLegend) were added. The bottom well was filled with 235
µl X-Vivo 15 medium and rh CCL20 (10 ng/ml and 100 ng/ml,
Immunotools) as indicated. CCL25 (100 ng/ml, Immunotools)
served as negative control, PGD2 (10 nM, Merck) as positive
control (31). After 4 h at 37◦C the number of migrated ILC2s in
the bottom chamber was determined as LinnegCD161+CRTH2+

lymphoid cells via flow cytometry. The migration index was
defined as relative migration of LinnegCD161+CRTH2+ cells
attracted toward a chemotactic stimulus compared to those
attracted by medium alone.
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FIGURE 1 | Altered ILC2 profile in the peripheral blood of patients with chronic inflammatory diseases. (A) Representative gating scheme for the flow cytometric

identification of human pb ILC2s as LinnegCD127+CD161+CRTH2+ lymphoid cells in total PBMCs. Percent values indicate frequencies of gated cell populations on

(Continued)
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FIGURE 1 | Linneg lymphoid cells. (B) Quantified proportion of pb ILC2s among Linneg lymphoid cells in the peripheral blood from healthy controls (ctrl) and patients

suffering from cystic fibrosis (CF), inflammatory bowel diseases (IBD) and rheumatoid arthritis (RA) (n = 17–50). (C) Quantified percentage of total ILCs (LinnegCD127+

lymphoid cells) on Linneg lymphoid cells (n = 17–49). (D,E) CCR6 (n = 17–49) and CCR4 (n = 14–39) expression on human pb ILC2s in ctrl, CF, IBD and RA subjects;

representative gating and corresponding quantification. (F–H) Quantification of the CCR5 (n = 17–46), CCR9 (n = 17–46) and CXCR3 (n = 14–31) expression on pb

ILC2s. Statistical significance was determined using the Mann–Whitney test. Single outliers across all cohorts were detected via the Grubbs’ test.

*p < 0.05, ***p < 0.001, ****p < 0.0001.

Animals and Papain-Induced Airway

Inflammation
C57BL/6 mice were housed under specific pathogen-free
conditions in individually ventilated cages with a regular day-
night cycle. For the induction of lung inflammation, age-matched
mice were anesthetized by i.p. injection of ketamine/xylazin
and were intranasally treated with 50 µg papain (Merck) for
3 consecutive days. All experiments involving animals were
approved by the Government of Lower Franconia, Germany.

In vivo Lung Homing Assay
To investigate the migratory capacity of human blood cells
under in vivo inflammatory conditions, CD4+ human cells or
expanded, rested and overnight restimulated human ILC2s with
a purity of at least 95% of Linneg cells were used. If necessary,
magnetic bead-based enrichment of Linneg cells was performed
(Miltenyi Biotec). Prior to injection, cells were labeled with the
cell proliferation dye eFlour670 (eBioscience) and resuspended
in 1x phosphate buffered saline (PBS). 1.5 × 105 to 1 × 106

labeled cells were injected intravenously into the tail vein of
C57BL/6 mice with papain-induced lung inflammation. Mice
without cell transfer served as negative control. If indicated, 2
µg of rh CCL20 (Immunotools) was administered intranasally
to anesthetized mice 15min prior to cell transfer. After 24 h
of recirculation, mice were euthanized and the pulmonary
circulation was perfused with 5mMEDTA in 1x PBS via the right
ventricle. For the collection of BAL, lungs were carefully flushed
three times with PBS supplemented with 0.1mM EDTA via the
trachea. Obtained BAL cells were labeled with fluorochrome-
conjugated antibodies targeting CD11c (VioBlue, N418, Miltenyi
Biotec) and SiglecF (PE-Vio770, ES22-10D8, Miltenyi Biotec)
in order to flow cytometrically determine BAL eosinophils. To
inflate the lung tissue to its physiological size prior to removal,
0.75% agarose or 4% paraformaldehyde (PFA) was inserted via
the trachea as demonstrated earlier (49). The lung tissue and
ileum, if indicated, were then harvested and further subjected to
the indicated analyses. During lung perfusion, peripheral blood
was collected and erythrocytes were lysed using ammonium-
chloride-potassium lysis buffer (155mM ammonium chloride;
19mM potassium hydrogen carbonate and 0.68mM EDTA;
pH 7.27) allowing the flow cytometric identification and
characterization of injected labeled cells retained in the blood
circulation. In order to differentiate between live and dead cells,
blood cells were stained with the fixable viability dye eFlour405
(eBioscience) and fixed with the Foxp3/Transcription Factor
Staining Buffer Set (eBioscience) prior to flow cytometry.

Light-Sheet Fluorescence Microscopy
For light-sheet microscopic visualization of lung-accumulated
human blood ILC2s, the lung tissue was prepared as described

elsewhere (50). In short, lung lobes were fixed in 4% PFA for
2 h at 4◦C under constant rotation. Dehydration was performed
in an ascending ethanol series of 50, 70, and 100% (2x) for
at least 4 h each. Dehydrated samples were then cleared with
ethyl cinnamate (Sigma) at room temperature and imaged with
the UltraMicroscope II (LaVision, BioTec). 3D reconstruction
and quantification of accumulated human blood ILC2s within
the pulmonary tissue were performed with the Imaris Image
Analysis software 9.0.2 (Bitplane) as described in detail earlier
(49). Accumulated labeled cells were counted in 2 to 3 lung cubes
with defined volume per lung with a mean cell count of 156
labeled ILC2s per lung cube.

Immunohistochemistry
Cryosections of murine lung tissue were fixed in 4% PFA
followed by blocking with 5% BSA, Roti-ImmunoBlock (Carl
Roth) and donkey serum. Primary antibodies targeting Col VI
(1:250, EPR17072, Abcam), Col I (1:200, polyclonal, Abcam)
or myeloperoxidase (MPO, 1:100, Abcam) were incubated
overnight. Collagens were then stained with the secondary
antibody donkey anti-rabbit Cy3 (1:200, Poly4064, BioLegend)
that was incubated for 1 h at room temperature. Slides treated
with the secondary antibody alone served as control. For
MPO staining, slides were incubated with a donkey anti-rabbit
biotin antibody (1:200, Dianova), followed by Streptavidin-
Cy3 (1:200, BioLegend). Nuclei were counterstained using
Hoechst 33342 (ThermoFisher Scientific). Image acquisition was
performed with the fluorescence microscope DM600B (Leica)
for quantitative images and the confocal microscope SP8 (Leica)
for representative images. Data analysis and quantification were
performed with Fiji (National Institutes of Health). Therefore,
the signal intensity of peribronchial Col VI and Col I relative
to the Hoechst signal was determined. MPO+ cells were
counted manually.

Fibroblast Culture
Primary human lung fibroblasts, fetal (Sigma) were cultured
in DMEM/F12 medium (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 1% P/S, 0.5% L-glutamine
and 0.2% amphotericin B and were maintained at 37◦C in a
humidified incubator containing 5% CO2. Prior to stimulation, 1
× 105 fibroblasts were seeded per well of 6 well-plates and rested
in 0.1% FBS overnight. Fibroblasts were then stimulated for 48 h
with fresh medium supplemented with rh IL-4 (1 pg/ml and 5
pg/ml, Immunotools) and rh IL-13 (10 ng/ml, Immunotools) or
1:5 diluted conditioned ILC2 supernatants derived from ex vivo
stimulated human ILC2s (collected between d11 to d15 or after
3 days of restimulating adjusted numbers of expanded ILC2s).
When indicated, anti-human IL-4 (10 ng/ml, eBioscience), anti-
human IL-13 (20 ng/ml, BioLegend) or combinations of these
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FIGURE 2 | Specific role of CCR6+ pb ILC2s on disease severity in CF patients. (A) Total counts of human pb ILC2s and CCR6+ ILC2s per ml blood donated by

healthy controls (ctrl, n = 40–41) and patients with CF (n = 35), IBD (n = 12–13), or RA (n = 17). Total counts were calculated based on PBMC numbers/ml blood

(determined by Neubauer counting chamber) and the proportion of ILC2s and CCR6+ ILC2s among total PBMCs (determined by flow cytometry). The Mann–Whitney

test was applied. (B–D) Correlation of the percentage of CCR6+ pb ILC2s and disease severity in CF patients based on FEV1% (B; n = 37), CRP (C; n = 41) and IgG

serum levels (D; n = 41). The included raw data on CCR6 expressing pb ILC2s were partly also used in Figure 1D. (E) Correlation of the pb ILC2 frequency and

FEV1% in CF patients (n = 37). (F,G) Correlation of the frequency of CCR6+ pb ILC2s and disease severity in Crohn’s disease patients (F; Harvey-Bradshaw Index -

HBI; n = 11) and RA patients (G; Disease Activity Score 28 - DAS28; n = 16). Spearman’s r and regression lines are indicated. *p < 0.05, **p < 0.01.
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were added. Conditioned supernatant derived from stimulated
feeder cells alone or 1:5 diluted Yssel’s medium (1% human serum
AB, 1% P/S) supplemented with the cytokine cocktails used for
ILC2 expansion (PHA, IL-2, IL-33 and IL-25) or restimulation
(IL-2, IL-33, and IL-25) served as control. Fibroblasts up to
passage eleven were used.

Immunoblotting
Proteins were isolated from tissue or cells by using mammalian
protein extraction reagent (ThermoFisher Scientific) containing
protease and phosphatase inhibitors (Roche Diagnostics).
Protein concentrations were determined via Bradford assay
(Carl Roth) or using the Nanodrop 2000 spectrophotometer
(ThermoFisher Scientific). Proteins were then denatured
at 99◦C in NuPAGEsample Buffer (Life Technologies) and
separated by SDS-PAGE gels. After blotting proteins onto
nitrocellulose membranes, blocking was performed in 5%
non-fat milk. Membranes were incubated overnight at 4◦C
with the following primary antibodies: Col VI (Abcam), Col I
(Cell Signaling Technology), phospho-STAT3 (Cell Signaling
Technology), STAT3 (Cell Signaling Technology), phospho-
STAT6 (Cell Signaling Technology) and STAT6 (Cell Signaling
Technology). β-Actin (Cell Signaling Technology) and tubulin
(Cell Signaling Technology) served as loading controls. If
necessary, a horseradish-peroxidase conjugated secondary
antibody (goat anti-rabbit IgG, Cell Signaling Technology) was
incubated for 1 h at room temperature. Chemiluminescence
was detected using the ECL Western blotting substrate
(ThermoFisher Scientific) by the Amersham Imager 600 (GE
Healthcare Bio-Sciences). Quantification of protein levels
relative to the loading control was performed using Fiji (National
Institutes of Health).

Statistical Analysis
Statistical analyses were performed using the Prism 8 software
(GraphPad). Either the two-tailed Student’s t-test with Welch
correction, if necessary, or the Mann-Whitney test was
performed. Relative data were analyzed using the one-sample t-
test. If indicated, single outliers were detected by the Grubbs’
test (α = 0.05). Results are displayed as bar graphs or scatter
plots indicating mean ± SEM. Correlations were calculated
by the Spearman or Pearson test as indicated. P < 0.05
were considered statistical significant in all tests with asterisks
indicating the following levels of significance: ∗p < 0.05, ∗∗p <

0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

RESULTS

Advanced Respiratory Failure Is

Associated With a Decrease of Circulating

CCR6+ ILC2s in CF Patients
Recent insights into the in vivo behavior of ILC2s implicate
that these cells are present in the systemic circulation and
migrate into tissues dependent on inflammatory triggers (51,
52), thus potentially adapting the pool of tissue-resident ILCs
to local requirements. In accordance with this, we found
a significantly decreased frequency of circulating pb ILC2s

(defined as LinnegCD127+CD161+CRTH2+ lymphoid cells) in
patients suffering from various chronic inflammatory and fibrotic
diseases affecting different organ systems (cystic fibrosis - CF,
inflammatory bowel diseases - IBD and rheumatoid arthritis -
RA) compared to healthy controls (Figures 1A,B). The applied
flow cytometric strategy for the identification of human pb
ILC2s was successfully validated by confirming the absence of
T cells (TCR+, CD4+) and DCs (CD123+) in the indicated
target cell population, which in addition showed positive staining
for the common immune cell marker CD45 and the ILC2-
associated transcription factor GATA3 (Figure S1A). Since the
reduction of ILC2s in the blood of CF, IBD and RA patients
was accompanied by a parallel decrease of total circulating ILCs
(Figure 1C), it is unlikely that the observed effect can fully be
explained by transdifferentiation of pb ILC2s into other ILC
subsets, as described for ILC2s in nasal polyps of CF patients
or COPD-affected lungs (30, 53). To explore the possibility that
reduced systemic ILC2 frequencies in patients diagnosed for
chronic inflammatory diseases (including CF, RA and IBD) are
due to augmented tissue homing instead, we next focused on
the chemokine receptor profile of circulating ILC2s. Examining
a panel of defined chemokine receptors with a well-established
function in inflammation-driven tissue homing of T cells (54, 55),
we observed, in accordance with literature (56), that a high
percentage of human pb ILC2s derived from healthy donors
expressed CCR4 and CCR6. In contrast, the fractions of CCR5+

and especially CCR9+ and CXCR3+ pb ILC2s were markedly
smaller (Figures S1B,C). Interestingly, we noted a significantly
reduced frequency of CCR6+ cells within the circulating ILC2
fraction of CF, IBD and RA patients compared to healthy
controls (Figure 1D), potentially implicating a general relevance
of CCR6 for ILC2 homing into chronically inflamed tissue sites.
In contrast to CCR6, neither the fraction of CCR4+, CCR5+,
CCR9+, nor CXCR3+ pb ILC2s showed an altered frequency in
the considered disorders (Figures 1E–H). And even though sex-
specific differences in the frequency of ILC2s were suggested in
asthmatic patients (57), the here observed phenomenon turned
out to be gender-independent (Figure S1D).

On the level of absolute cell counts per defined blood
volume, the observed ILC2 reduction as well as the decrease in
CCR6+ ILC2s was clearly detectable in CF patients (Figure 2A).
Notably, we found that phases of impaired respiratory function
(determined by low levels of the forced expiratory volume in
1 s - FEV1%) and high inflammatory activity (determined by
high C-reactive protein - CRP, and IgG levels) were associated
with a more pronounced decrease of CCR6+ ILC2 frequencies
(Figures 2B–D), while this phenomenon was not influenced by
the type of the disease-underlying CFTRmutation (Figure S2A).
The inverse correlation with disease severity was only seen in
the subgroup of CCR6+ but not in total ILC2s (Figure 2E).
Moreover, in contrast to CF patients, neither clinical exacerbation
of IBD nor RA was associated with decreasing rates of circulating
CCR6+ ILC2s (Figures 2F,G), indicating a distinct functional
role of CCR6+ pb ILC2s in CF. And despite CF being often
described as a Th17-dominated disorder (58), the disease-
dependent reduction of CCR6+ pb ILCs was restricted to the
ILC2 subset rather than ILC3s or ILC1s (Figures S2B,C). Taken
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FIGURE 3 | CCR6-CCL20-dependent accumulation of human pb ILC2s in the inflamed lung. (A) In vitro migration of CRTH2+ human PBMCs derived from healthy

subjects towards CCL20. Migrated ILC2s (LinnegCD161+CRTH2+ lymphoid cells) were flow cytometrically quantified in the bottom chamber (n = 9). (B) Effect of a

(Continued)

Frontiers in Immunology | www.frontiersin.org 8 May 2020 | Volume 11 | Article 69182

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


Schulz-Kuhnt et al. ILC2 Lung-Homing in Cystic Fibrosis Pathology

FIGURE 3 | CCR6 blocking antibody (50µg/ml) on the in vitro migration of human ILC2s from control subjects toward CCL20 (100 ng/ml) (n = 9, isotype n = 3). (C)

Experimental workflow of the in vivo lung homing assay. (D) Representative 3D-reconstructed LSFM images (≥ 11 independent experiments) of lung-accumulated

human ILC2s (displayed in red). Overview (scale bars: 1,000µm) and detailed images (scale bars: 100µm) are depicted (left panel: surface mode, middle/right panels:

maximum intensity projection - MIP). Mice without cell transfer served as control. (E) Viability of labeled human ILC2s in the murine blood 24 h after transfer;

representative FACS plot and corresponding quantification (pooled data from n = 4 ctrl ILC2s and n = 3 CF ILC2s). The paired t-test was applied. (F) Pulmonary

enrichment of i.v. injected labeled ctrl ILC2s after intranasal administration of CCL20 or PBS. Representative LSFM images (scale bars: 200µm; top panel: MIP;

bottom panel: surface mode) and corresponding quantification of accumulated labeled cells (indicated by arrows) (n = 3). Single outliers were detected by the Grubbs’

test. The Mann-Whitney test was applied, if not indicated otherwise. For relative data the one-sample t-test was used. *p < 0.05, ****p < 0.0001.

together, the here depicted data collectively pointed to a potential
role of CCR6 signaling during inflammation-triggered lung
migration of circulating human ILC2s in CF.

The CCR6 Ligand CCL20 Promotes

Pulmonary Accumulation of Human pb

ILC2s
While CCR6 represents a well-known mediator of T cell
recruitment (59), its potential involvement in the directed
movement of circulating ILC2s remained to be investigated.
This aspect might be of particular relevance in CF, as affected
patients showed increased levels of the CCR6 ligand CCL20
in BAL fluid (15). To study the role of CCL20 for ILC2
migration, we performed chemotaxis assays with primary human
CRTH2+ pb cells. The CRTH2 ligand prostaglandin D2 (PGD2)
and the CCR9 ligand CCL25 served as positive and negative
control, respectively (Figures S3A,B), (31, 60). Performed
analyses revealed a CCL20-induced enrichment of migrated
LinnegCD161+CRTH2+ ILC2s in the bottom compartment of
the transwell (Figure 3A). Of note, the CCL20 concentration
(100 ng/ml), which was found to successfully chemoattract
human ILC2s in our experimental system (Figure 3A), was
comparable to increased CCL20 protein levels reported in the
airway surface liquid of CF patients (15). As the ILC2 migration
in the presence of CCL20 was efficiently inhibited by antibody-
mediated blockade of CCR6 (Figure 3B), our data identified
CCR6 as crucial mediator of human ILC2 chemotaxis.

To gain further insights into the lung homing capacity of
human pb ILC2s under in vivo conditions, we took advantage
of a new humanized mouse model in which fluorescence labeled
human ILC2s were intravenously transferred into recipient
wildtype mice (49). Using light-sheet fluorescence microscopy
(LSFM) imaging, this model allows to visualize the pulmonary
accumulation of human ILC2s in the context of papain-induced
airway inflammation (Figures 3C,D; Movies S1A,B). 24 hours
after cell transfer, LSFM images of the murine lung depicted
a pulmonary enrichment of human ILC2s, while transferred
cells did not accumulate in the intestinal mucosa of recipient
animals (Figure 3D; Figure S3C). Flow cytometric detection of
transferred ILC2s in the blood of recipient mice ensured good
survival of human ILC2s within the murine organism for the
entire period of the experimental procedure (Figure 3E). In
accordance with our in vitro data, intranasal administration of
rh CCL20 prior to the transfer of fully labeled human ILC2s
resulted in a significantly increased pulmonary accumulation
of human ILC2s (Figure 3F; Figure S3D), while comparable
numbers of human ILC2s in the blood of both groups confirmed

equal numbers of initially transferred cells (Figure S3E). Overall,
these data strongly suggest CCR6 signaling as potent chemotactic
trigger for the directed migration of circulating human ILC2s
toward inflammatory tissue sites in the lung.

Pb-Derived Human ILC2s Drive Pulmonary

Type-VI Collagen Production
The capacity of pb human ILC2s for pulmonary migration
together with the observed association between decreased
frequencies of circulating ILC2s and respiratory dysfunction
in CF patients strongly implicated a direct impact of these
cells on local fibro-inflammatory lung pathology. Indeed, ILC2-
transferred recipient mice showed an increased frequency of
eosinophils in the BAL and a significant pulmonary accumulation
of neutrophils (Figures 4A,B). As the induction of airway
eosinophilia represents a well-described consequence of lung
ILC2 activation (61), these data indicated that transferred
human ILC2s stably retained their type-2 immune function
after pulmonary migration. Moreover, excessive neutrophilia as
well as eosinophil activation represent hallmarks of human CF
lung pathology (10, 62), suggesting an orchestrating function
of blood-derived pulmonary ILC2s on local CF-associated lung
inflammation. Besides the impact of ILC2s on inflammatory
cell infiltrates, strikingly, we observed that the inflammation-
driven accumulation of lung ILC2s relevantly influenced the
composition of the extracellular matrix as well. Ex vivo analyses
revealed a significantly upregulated protein expression of non-
fibrillary type-VI collagen (Col VI) in lungs of ILC2-transferred
recipient mice (Figures 4C,D), which could not be observed
in extrapulmonary tissue (Figure S4A) or when human CD4+

T cells instead of ILC2s were administered intravenously
(Figure 4E). This finding was of particular interest, as Col
VI critically affects the pulmonary elasticity and its increased
expression has been suggested to represent an early event
within the pathogenesis of lung fibrosis (63, 64). In contrast,
expression levels of fibril-forming type-I collagen (Col I), which
represents the most abundant collagen type in lung tissue (65),
was not found to be significantly upregulated in the presence of
transferred human ILC2s (Figure 4C). In accordance with this
in vivo observation, analyses of cultured primary human lung
fibroblasts indicated a significant induction of Col VI expression
after exposure to ILC2-conditioned cell culture medium,
suggesting ILC2-secreted soluble factors as key mediators of
this phenomenon (Figure 4F; Figure S4B). Furthermore, as an
indicator of an advanced pro-fibrotic activation status (66), a
marked upregulation of STAT3 phosphorylation was observed
(Figure 4G), while the expression of Col I remained unaffected
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FIGURE 4 | Induction of pulmonary Col VI expression by pb-derived ILC2s in vivo and in vitro. (A) Relative induction of murine BAL eosinophils (flow cytometrically

determined as CD11cneg SiglecF+ granulocytes) after i.v. injection of expanded human ILC2s in papain-treated mice (ctrl and CF ILC2s pooled, n = 13–21). (B)

(Continued)
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FIGURE 4 | Representative images of murine lung tissue stained for MPO 24h after intravenous ILC2 transfer (scale bars: 50µm) and corresponding quantification of

MPO+ cells (ctrl and CF ILC2s pooled, n = 11–15). (C) Representative images of murine lung tissue stained for Col VI (n = 14–21) and Col I (n = 18–24) 24 h after

intravenous transfer of ctrl or CF ILC2s (scale bars: 50µm) and corresponding quantifications of the peribronchial collagen/Hoechst signal intensities. (D,E) Western

blot analysis of Col VI expression in lung tissue 24 h after i.v transfer of human ILC2s (D, ctrl and CF ILC2s pooled, n = 19–30) or CD4+ T cells (E, ctrl CD4+ T cells, n

= 4–7); representative blots and corresponding quantifications. (F,G) Western blot analysis of Col VI (n = 20–26), Col I (n = 8–12) (F) and pSTAT3 (G; n = 8–11)

expression in human lung fibroblasts treated for 48 h with 1:5 diluted ILC2-conditioned supernatants derived from ex vivo expanding human ctrl ILC2s; representative

blots and corresponding quantifications. Fibroblasts stimulated with cytokines used for ILC2 expansion (IL-2, IL-33, IL-25, PHA) served as control. The one-sample

t-test was applied. *p < 0.05, **p < 0.01, ****p < 0.0001.

(Figure 4F). Overall, these findings support the concept that
lung-entering ILC2s do not only orchestrate type-2 immune
responses, but also secrete soluble mediators that activate Col
VI production by pulmonary fibroblasts and induce subsequent
tissue remodeling.

Since the immune response underlying CF pathology has
been suggested to be intrinsically affected by the inherited CFTR
mutation (20), growing attention has been payed to the role
of immune cells in CF. Therefore, we examined the function
of circulating blood ILC2s in CF patients compared to healthy
controls. In general, CF ILC2s showed a normal activation status
and an unaltered capacity for expansion and lung migration after
ex vivo stimulation (Figures 5A–D). Furthermore, all analyzed
type-2 cytokines could clearly be detected in comparable levels in
supernatants of restimulated CF and control ILC2s (Figure 5E),
indicating an unchanged, but potent capacity of CF ILC2s
for inflammatory cytokine production. In line with this, ILC2
conditioned supernatants derived from CF patients strongly
induced Col VI expression in human lung fibroblasts to a similar
extent as supernatants derived from simultaneously stimulated
control ILC2s (Figure 5F). Thus, the inherited CFTR mutation
in CF patients did not seem to influence ILC2 activity, leaving
them functionally competent and with unaltered effector actions
compared to ILC2s derived from healthy subjects.

Additive Effects of ILC2-Derived IL-4 and

IL-13 Induce Col VI Production in

Fibroblasts
As the observed Col VI-inducing capacity of ILC2s appeared
to be driven by their secretome (Figures 4F, 5F), we compared
ILC2-conditioned supernatants derived from different ILC2
donors with regard to the concentrations of specific type-2
cytokines and their Col VI-inducing capacity. The performed
studies indicated that ILC2-conditioned medium, which potently
induced Col VI expression in lung fibroblasts, contained
significantly increased levels of IL-4 and IL-13 compared to
medium, which failed to induce Col VI expression (Figure 6A).
In contrast, IL-5 and IL-9 concentrations did not show a
similar association with induced levels of Col VI (Figure 6A).
In accordance with these findings, exposure of lung fibroblasts
to recombinant IL-4 or IL-13, in concentrations comparable to
those detected in the supernatants of stimulated ILC2s, resulted
in a significant induction of Col VI expression (Figures 6B,C).
Moreover, conditioned ILC2 media substantially induced STAT6
phosphorylation in fibroblasts (Figure 6D), which is known to
be exclusively activated in response to IL-4Rα signaling (67).
Since both, the IL-4 and IL-13 receptor share the IL-4Rα

subunit, this finding further indicated that ILC2-mediated Col
VI induction is conveyed via IL-4 and IL-13 receptor signaling.
Indeed, the extent of STAT6 activation significantly correlated
with the intensity of Col VI induction (Figure 6D). Finally, the
functional involvement of IL-4 and IL-13 in the postulated ILC2
– fibroblast – Col VI axis could be confirmed by the observation
that combined antibody-mediated blockade of both cytokines
was able to significantly dampen the Col VI-inducing capacity
of the ILC2 secretome on pulmonary fibroblasts (Figure 6E).
In the same experimental setting, selective blockade of either
IL-4 or IL-13 alone only resulted in mild and non-significant
effects on Col VI expression (Figure 6E). Hence, these analyses
strongly suggested that additive effects of secreted cytokines,
such as IL-4 and IL-13, on local fibroblast activation and Col VI
production crucially mediate the tissue modulating function of
pulmonary ILC2s.

DISCUSSION

Pulmonary fibrosis and persistent inflammation represent the
key drivers of morbidity and mortality among CF patients. So
far, the molecular mechanisms of CF lung injury are, however,
only incompletely understood. In the present study, using a
new humanized mouse model, we uncovered the capacity of
circulating human ILC2s to follow a CCL20 gradient, accumulate
in inflamed lung tissue and drive local pulmonary Col VI
deposition. Moreover, ILC2-derived cytokines and in particular
additive effects of IL-4 and IL-13 were identified as mediators of
Col VI production by lung fibroblasts. Based on the correlation
of reduced numbers of CCR6+ ILC2s in the blood circulation
of CF patients with enhanced lung inflammation and the
previously described presence of pathologically increased CCL20
levels in CF BAL (15), we postulate the CCR6 - CCL20-driven
ILC2 lung homing mechanism to be important in driving CF
lung pathology.

In addition to the preferential accumulation of ILC2s at
mucosal surfaces, like in the lung, gut and skin (68), it is also
well-established that ILC precursors and even mature ILC2s are
present in the blood stream of healthy individuals and patients
with inflammatory diseases (22, 69–71). However, the question
about the role of these circulating ILCs is still insufficiently
answered, even though local pulmonary inflammation is well-
established to be reflected in altered ILC2 numbers in the
peripheral blood circulation (72–74). So far, there have been
only very few studies on a functional involvement of human
pb ILC2s in systemic immune responses or their capacity to
home to specific tissue sites in order to increase the local pool
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FIGURE 5 | Unaltered potent ex vivo expansion, cytokine production and lung homing capacity of human CF ILC2s. (A) Percentage of CD69+ pb ILC2s in ctrl and CF

subjects (n = 8–9) determined by flow cytometry; representative dot plots and corresponding quantification. (B) Fold proliferation of

(Continued)
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FIGURE 5 | human pb-derived CF and ctrl ILC2s after 13–15 days of stimulation with PHA, IL-2, IL-33, and IL-25 in the presence of feeder cells (n = 17). (C)

Representative LSFM images (3D reconstruction) of murine lung tissue with papain-induced inflammation 24 h after transfer of expanded labeled human CF or ctrl

ILC2s and corresponding quantification of lung accumulated labeled human ILC2s (n = 8). Scale bars represent 1,000µm for the overview image (MIP) and 100µm

for detailed images (top: MIP, bottom: surface mode). Labeled human ILC2s are displayed in red (indicated by arrows). (D) Corresponding quantification of labeled

ILC2s in murine blood 24 h after i.v. transfer (n = 7). (E) Secreted cytokine levels by CF and ctrl ILC2s upon ex vivo stimulation (n = 8–16). Expanded and rested

human ILC2s (adjusted cell numbers) were restimulated for 3 days with IL-2, IL-33, and IL-25; afterwards supernatants were collected for quantification of indicated

cytokines via ELISA. Single outliers were detected by the Grubbs’ test. (F) Western blot analysis of Col VI expression in human lung fibroblasts treated for 48 h with

1:5 diluted ILC2-conditioned supernatant derived from ctrl subjects and CF patients. Supernatants were harvested after 3 days of restimulating adjusted cell numbers

of expanded human ILC2s; representative blot and corresponding quantification (n = 5–7). Fibroblasts stimulated with cytokines used for ILC2 restimulation (IL-2,

IL-33, IL-25) served as control. The one sample t-test was applied. *p < 0.05.

of resident ILC2s (75). Based on the here presented data, we
postulate that in CF, CCR6+ ILC2s are chemotactically attracted
from the peripheral blood into inflamed pulmonary tissue sites,
where they influence local disease progression. Using parabiotic
mouse models, murine ILC2s have initially been described to be
mainly tissue-resident under acute inflammatory states, whereas
their homing capacity has already been indicated under chronic
inflammatory conditions (76). The latter seems to be consistent
with the recently described infection- or inflammation-triggered
inter-organ migration of gut resident ILC2s via S1P-mediated
chemotaxis and the arising idea of a milieu-dependent local
recruitment and tissue-specific ILC-poiesis (51, 69, 75). In
addition to S1P-driven chemotaxis, the CRTH2 ligand PGD2, the
CCR4 ligand CCL22 and IL-33 have been described as potent
mediators of chemotactic ILC2 attraction (31, 60, 77, 78). Our in
vitro and in vivo data now additionally identified the chemotactic
potential of CCL20 on human ILC2s. As IL-33 and CCL20
are both upregulated in the lung of CF patients (15, 44, 79),
these findings suggest a joint chemotactic ILC2 recruitment
into the inflamed lung in states of exacerbated CF. Taking
into account that CCL20 expression can also be upregulated in
other organs under inflammatory conditions (80, 81) it cannot
be completely excluded that CCR6+ ILC2s might partly also
migrate to other CF-affected organs besides the lung. However,
as the described 90-fold induction of CCL20 protein levels in
the BAL of CF patients compared to healthy volunteers nearly
doubled a 47-fold upregulation of CCL20 mRNA expression in
the gut of patients suffering from ulcerative colitis, (15, 80) this
indicates a particular relevance of the CCL20 - CCR6 axis for
lung homing in CF. Moreover, a significant association between
reduced blood CCR6+ ILC2 counts and increased disease activity
was observed in CF patients but in none of the other analyzed
fibro-inflammatory diseases affecting the gut or joints, further
strengthening an organ- and CF-specific role of CCR6+ ILC2s.
Besides the increased presence of chemotactic triggers in CF
airways, the intrinsic lung homing capacity of CF ILC2s appeared
to be independent of the inherited CFTR mutation. Based on
the here identified chemotactic potential of CCL20 on human
ILC2s, we suggest that decreased numbers of CCR6+ ILC2s
in the peripheral blood of CF patients reflect the enhanced
attraction of these cells to the site of inflammation. Of course, the
experimental validation of this concept in humans was limited
to some extend by the fact that we were unable to directly
compare and correlate results from blood-derived circulating
ILC2s with the number and activation profile of ILC2s in lung

tissue of the same patients due to the lack of corresponding
lung tissue or BAL samples. However, in the context of
aspirin-exacerbated respiratory disease as well asMycobacterium
tuberculosis-infected lungs, published data indicated that the
local accumulation of ILC2s in mucosal tissue was associated
with a parallel reduction of blood ILC2 percentages (72, 82). A
similar impact of tissue-migrating immune cells on the number
of their circulating counterparts has also been postulated for T
cells in the context of IBD (83). Moreover, the in vivo ability
of human blood ILC2s to accumulate in the inflamed lung
tissue upon CCL20-mediated chemoattraction was proven in
a newly established humanized mouse model. In the light of
described inter-species differences between murine and human
ILC2s (70, 84, 85) this humanized model of lung inflammation
represented a clear advantage over classic mouse models and
allowed us to directly analyze patient-derived primary human
ILC2s under inflammatory in vivo conditions. Of particular
relevance for the here described findings, there exist, to our
knowledge, no published data on a potential CCR6 expression
of circulating murine ILC2s, while in tissue-infiltrating murine
helper ILCs, CCR6 expression seemed to be mainly restricted
to ILC3s (86). Together with the observation that human and
murine ILC2s differ in the expression profile of the prostaglandin
D2 receptor CRTH2 (84), this potentially implicates that the
migratory behavior of ILC2s is differentially regulated between
both species. Collectively, the results acquired in the humanized
in vivo model together with our human association data pointed
to a relevant CCL20-triggered lung recruitment of systemic
human ILC2s under the distinct pathologic conditions of CF.

Generally, neutrophilia and an IL-17 signature have
been described as common hallmarks of CF-underlying
pathomechanisms (58), although several studied also pointed to
a relevant, but less acknowledged, skewing of immune responses
towards type-2 mediated effects (87). Of particular interest in this
context, a recently published study postulated the preferential
transdifferentiation of ILC2s into IL-17 secreting ILC3-like cells
in nasal polyps of CF patients (53). However, our own in vivo
data demonstrated the retention of important type-2 functions of
pb-derived ILC2s in inflamed lung tissue, indicated by a potent
induction of lung eosinophilia, although we cannot exclude
that transdifferentiation into ILC3-like cells might potentially
occur at a later time point. Regarding the involvement of tissue-
infiltrating neutrophils in the pathogenesis of CF lung disease,
our observation that intravenously transferred human ILC2s
resulted in increased pulmonary neutrophil accumulation in the
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FIGURE 6 | Additive effect of ILC2-derived IL-4 and IL-13 on pulmonary Col VI induction. (A) ILC2 conditioned supernatants were grouped according to their potency

to induce Col VI expression in human lung fibroblasts (based on Western blot analyses) and were analyzed for concentrations of IL-4 (n = 5–32), IL-13 (n = 6–30), IL-5

(Continued)
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FIGURE 6 | (n = 6–31), and IL-9 (n = 4–21) via ELISA. The included raw data were partly also used in Figures 4F, 5E. Single outliers were detected by the Grubbs’

test. The unpaired Student’s t-test with Welch correction was performed. (B) IL-4 (n = 12–33) and IL-13 (n = 7–25) levels secreted by ex vivo expanding human ILC2s

as determined by ELISA. The Mann-Whitney test was applied. (C) Representative Western blot analysis of Col VI expression in human lung fibroblasts stimulated with

rh IL-4 (n = 5) and rh IL-13 (n = 10) and corresponding quantifications. The one-sample t-test was performed. (D) Western blot analysis of Col VI and pSTAT6

expression in human lung fibroblasts stimulated for 48 h with 1:5 diluted conditioned ILC2 supernatants collected from ex vivo expanding human ILC2s (d11–d13)

(representative for n = 12). Fibroblasts stimulated with IL-2, IL-33, IL-25, and PHA in 1:5 diluted Yssel’s medium served as control. Corresponding correlation of

quantified pSTAT6/STAT6 signals and fold Col VI induction. The Pearson correlation coefficient was calculated. (E) Representative Western blot analysis of Col VI

expression in human lung fibroblasts stimulated with conditioned ILC2 supernatants as well as anti-IL-4 (10 ng/ml) and anti-IL-13 (20 ng/ml) as indicated (n = 6–9) and

corresponding quantifications. The paired two-tailed Student’s t-test was applied. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

FIGURE 7 | Suggested model of the CCL20 - ILC2 – IL-4/IL-13 – Col VI axis in lung disease of CF patients. CCR6 expressing ILC2s in the peripheral blood stream

are chemoattracted into the inflamed lung tissue of CF patients in a CCL20-dependent manner. Locally accumulated and activated pb-derived ILC2s likely induce

type-2 mediated lung inflammation, including neutrophils and eosinophil accumulation, but also pulmonary Col VI expression in lung fibroblasts. This is mediated via

the secreted mediators IL-4 and IL-13 in particular which signal via STAT6. This might finally lead to local tissue remodeling potentially driving disease progression in

CF patients. TSLP, thymic stromal lymphopoietin.

humanizedmousemodel, might suggest an active contribution of
ILC2s to the CF-related neutrophil recruitment into chronically
inflamed pulmonary tissues sites. Thus, future studies are needed
to further elucidate the molecular mechanisms underlying the
ILC2-mediated numeric regulation of pulmonary neutrophils

and their potential interference with the classically described
IL-17-driven chemotaxis of neutrophils in CF patients (88).

Again by using the novel humanized mouse model of ILC2
homing to the inflamed lung, we noted that the pulmonary
accumulation of human ILC2s drives Col VI production in
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vivo. Indeed, pulmonary ILC2s are preferentially located in
collagen-rich areas close to the airway epithelium (27, 29)
immediately subjacent to Col VI (63, 89, 90) that functions
as an important anchoring element linked to the basement
membrane. Moreover, expression of Col VI is known to be
increased during lung fibrosis (63), and subepithelial fibrosis
and thickening of the reticular basement membrane have been
described as important morphological alterations in CF lungs
(91, 92). These findings support the pathogenic relevance of
the described interplay between accumulated ILC2s, fibroblasts
and Col VI for pulmonary tissue remodeling in chronic lung
manifestations of CF. In line with the general concept that
the pro-fibrotic function of activated ILC2s is driven by their
capacity to release high amounts of type-2 cytokines (35, 42),
it has recently been postulated that ILC2-derived IL-9 might
support pulmonary inflammation in CF patients via activation
of mast cells and subsequent release of TGF-β (14). However,
we did not observe a significant association of increased IL-9
secretion and the capacity of human ILC2s to induce Col VI
expression in human lung fibroblasts. Thus, our findings strongly
suggest that other cytokines or mediators also contribute to the
ILC2-mediated pathologic lung tissue remodeling in CF patients.
Accordingly, we identified the two closely related cytokines IL-4
and IL-13, that both signal via downstream activation of STAT6
and STAT3 (67, 93), as key mediators of the ILC2-induced Col
VI production. Notably, the here postulated functional relation
between ILC2-triggered pulmonary tissue remodeling and the
quality of CF lung disease is in accordance with the observation
that increased type-2 cytokine levels in the BAL of CF patients
significantly correlated with pathologic lung tissue alterations as
assessed by high-resolution computed tomography (46). Overall,
our data thus provide evidence for a crucial involvement of pb-
derived human ILC2s in the pathogenesis of CF (Figure 7). In
addition, the here described ILC2 – IL-4/IL-13 – Col VI axis
elucidates a new aspect of their tissue modulating capacity, while
our findings on CCL20-driven ILC2 chemotaxis highlight the
relevance of the systemic ILC2 pool for the clinical course of
CF. Although future studies are needed to confirm the strict
CCR6-dependency of CCL20-triggered ILC2 lung homing under
CF-relevant in vivo conditions, our results open new therapeutic
avenues for the treatment of CF or other fibro-inflammatory lung
diseases, potentially allowing a numeric regulation of local ILC2
pools in the inflamed lung tissue.
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Jae-Hun Ahn 1, Tae-Sung Lee 1, Dong-Yeon Kim 1, Bo-Gwon Choi 1, Myoung-Won Seo 1,

Soo-Jin Yang 3, Min-Kyoung Shin 2* and Jong-Hwan Park 1*

1 Laboratory Animal Medicine, College of Veterinary Medicine and Animal Medical Institute, Chonnam National University,

Gwangju, South Korea, 2Department of Microbiology, School of Medicine, Gyeongsang National University, Jinju-si, South

Korea, 3 School of Bioresources and Bioscience, Chung-Ang University, Anseong, South Korea

Helicobacter pylori is a gram-negative, microaerophilic, and spiral-shaped bacterium and

causes gastrointestinal diseases in human. IL-1β is a representative cytokine produced

in innate immune cells and is considered to be a key factor in the development

of gastrointestinal malignancies. However, the mechanism of IL-1β production by

neutrophils during H. pylori infection is still unknown. We designed this study to identify

host and bacterial factors involved in regulation of H. pylori-induced IL-1β production in

neutrophils. We found that H. pylori-induced IL-1β production is abolished in NLRP3-,

ASC-, and caspase-1/11-deficient neutrophils, suggesting essential role for NLRP3

inflammasome in IL-1β response against H. pylori. Host TLR2, but not TLR4 and Nod2,

was also required for transcription of NLRP3 and IL-1β as well as secretion of IL-1β. H.

pylori lacking cagL, a key component of the type IV secretion system (T4SS), induced

less IL-1β production in neutrophils than did its isogenic WT strain, whereas vacA and

ureA were dispensable. Moreover, T4SS was involved in caspase-1 activation and IL-1β

maturation in H. pylori-infected neutrophils. We also found that FlaA is essential for H.

pylori-mediated IL-1β production in neutrophils, but not dendritic cells. TLR5 and NLRC4

were not required for H. pylori-induced IL-1β production in neutrophils. Instead, bacterial

motility is essential for the production of IL-1β in response to H. pylori. In conclusion, our

study shows that host TLR2 and NLRP3 inflammasome and bacterial T4SS and motility

are essential factors for IL-1β production by neutrophils in response to H. pylori.

Keywords: bacterial motility, Helicobacter pylori, IL-1β, neutrophils, type IV secretion system (T4SS)

INTRODUCTION

Helicobacter pylori (H. pylori) is a gram-negative, microaerophilic, and spiral bacterium that
colonizes the human gastric mucosa. More than 50% of the world’s population are infected
with the bacteria and the infection lasts a lifetime. H. pylori is the etiologic agent of
gastrointestinal disorders that cause chronic gastritis, peptic ulcer, gastric adenocarcinoma, and
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gastric mucosa-associated lymphoid tissue (MALT) lymphoma
(1). For this reason, it was classified by the World Health
Organization as a class I carcinogen in 1994 (2).

Interleukin 1β (IL-1β) is considered to be a key factor
correlated with development of gastric malignancies (3).
Recently, polymorphisms of the IL-1B gene and IL-1 receptor
antagonist (IL-1RN) have been revealed to be associated with
H. pylori-related gastric cancer in the Chinese, Italian, and
Indian population (4–6). Moreover, when infected with H.
felis, IL-β-overexpressed transgenic mice display accelerated
gastric inflammation development, metaplasia, and carcinoma
(7). Huang et al. also showed that H. pylori-induced gastric
inflammation and DNA methylation were reduced in IL-1R-
deficient mice or by administration of IL-1 receptor antagonist
(IL-1ra) (8). In addition, infiltration of innate immune cells,
such as neutrophils and macrophages, and a multiplicity of
gastric cancer induced by H. pylori infection were significantly
reduced in IL-1β-deficient mice (9). Increased expression of IL-
8, IL-1β, and COX-2 genes was also observed in patients with
chronic gastritis infected with H. pylori compared with H. pylori
negative patients (10). These findings suggest that IL-1βmay play
a crucial role in the development of H. pylori-induced gastric
inflammation and cancer.

As a cytosolic multiprotein complex, NLRP3 inflammasome
is a major inflammatory pathway that is activated in response
to a variety of signals, including microbial infection and
tissue damage (11). Activation of NLRP3 inflammasome is
composed of two-step signals. First, the priming step is
initiated by transcription of pro-IL-1β and NLRP3 through
the activation of NF-κB and AP-1 by pattern-recognition
receptors (PRRs) in response to microbial stimuli (12, 13). The
second step involves NLRP3 inflammasome oligomerization,
caspase-1 activation, cleavage of pro-IL-1β by caspase-1, and
then secretion of the mature IL-1β. This step is induced
by various molecules, such as ATP, reactive oxygen species
(ROS), and monosodium urate (MSU) (14). Several studies have
demonstrated that H. pylori activates the NLRP3 inflammasome
in innate immune cells, including dendritic cells (DCs) and
neutrophils (15–18).

Neutrophils play an important role in host defense against
bacterial and fungal pathogens (19, 20). Despite the crucial role
in innate immune response, several studies have reported that
neutrophils might be involved in gastric-cancer development
(21, 22). This concept has been supported by the observation that
there was more neutrophils recruitment in gastric-cancer tissue
than in the tissues surrounding gastric cancer (23). Furthermore,
the higher number of neutrophils in gastric cancer is correlated
with increased levels of IL-8 (23). In addition to the potential
role of neutrophils in gastric-cancer development, a recent study
has also shown that H. pylori T4SS induced production of IL-
1β in human neutrophils in a NLRP3 inflammasome-dependent
manner (17). However, the exact molecular mechanisms by
which H. pylori bacterial factors regulate production of IL-
1β in host neutrophils are not well-defined. Thus, in this
study, we sought to identify both bacterial and host factors
associated with IL-1β production in neutrophils in response to
H. pylori infection.

MATERIALS AND METHODS

Mice
We purchased wild type (WT), TLR2-, TLR4-, and NOD2-
deficient mice on C57BL/6 background from the Jackson
Laboratory (Bar Harbor, ME, USA). NLRP3-, Capase-1/11-,
ASC-, and NLRC4- deficient mice were kindly provided by Prof.
Gabriel Núñez (University of Michigan, USA). TLR5-deficient
mice were gifts from Prof. Joon Haeng Rhee (Chonnam National
University, Hwasun, Korea). We conducted all animal studies
using protocols approved by the Institutional Animal Care and
Use Committee of Chonnam National University (Approval No.
CNU IACUC-YB-2018-85).

Bacterial Strains and Culture Conditions
Helicobacter pylori P1WT and its isogenic mutants P11CagL,
P11FlaA, P11UreA, and P11VacA have been described
previously (24). Another mutant with FlaA deficiency was
generated by allelic exchange in H. pylori 26695 strain, and
details are provided in the Supplementary Material. The
following clinical isolates from child patients were provided
from Gyeongsang National University Hospital (GNUH), as the
Branch of National Culture Collection for Pathogens (NCCP,
Jinju, Korea): three motile strains, H. pylori 5356AC, H. pylori
4930AC, H. pylori 5049AC; two non-motile strains, H. pylori
4940A, H. pylori 4980AC. H. pylori 52WT (non-motile) and its
mouse-adapted strain H. pylori 52P6 (six time-passaged) were
also provided from Gyeongsang National University Hospital.
We cultured all H. pylori strains on Brucella broth containing
10% fetal bovine serum (FBS; Corning costar, Corning NY, USA),
1µg/ml nystatin (Sigma-Aldrich, St. Louis, MO, USA, Cat No.
N3503), 5µg/ml trimethoprim (Sigma-Aldrich, Cat No. T7883),
and 10µg/ml vancomycin (Sigma-Aldrich, catalog no. V2002) at
37◦C under microaerobic conditions.

Cell Culture and Bacterial Infection
We isolated thioglycollate-induced peritoneal neutrophils as
previously described (25). Briefly, mouse peritoneal neutrophils
were harvested after intraperitoneal injection of 2ml of 4%
thioglycollate broth (Sigma-Aldrich, Cat No. 70157). Four hours
later, mice were injected intraperitoneally with 5ml of PBS and
peritoneal lavage was obtained twice. Red blood cells (RBCs)
were lysed with cell lysis buffer. These collected peritoneal
neutrophils were cultured in RPMI 1640 (Welgene, Gyeongsan,
Gyeongsangbuk-do, Korea) containing 10% FBS in a 5% CO2

incubator at 37◦C. To obtain of neutrophils derived from
bone marrow, we isolated cells from femurs and tibias using
density gradient cell separation protocol. Total bone marrow
cells were overlaid on a two-layer gradient of HISTOPAQUE-
1119 (density: 1.119 g/ml; Sigma-Aldrich, Cat No. 11191)
and HISTOPAQUE-1077 (density: 1.077 g/ml; Sigma-Aldrich,
Cat No. 10771) and centrifuged (2,000 rpm, 30min) without
braking. The collected cells in the interface were used. Bone-
marrow neutrophils (BMNs) were resuspended in RPMI 1640
(Welgene) containing 10% FBS in a 5% CO2 incubator at 37

◦C.
Purity of isolated neutrophils was confirmed by flow cytometry
(Miltenyi Biotec, Bergisch Gladbach, Germany). Cells showing
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CD11b+ (FITC-conjugated anti-CD11b, BD Biosciences, San
Jose, CA, USA, Cat No. 552850) and Gr-1+ (APC-conjugated
anti-Gr-1, BD Biosciences, Cat No. 553129) were > 90%
(Supplementary Figures 1A,B). Human leukemia cell line HL-
60 was cultured in RPMI 1640 medium (Welgene) containing
10% FBS, 1% Penicillin/Streptomycin (P/S; Gibco, Grand Island,
NY, USA), 2mM L-glutamine (Gibco), and 25mM HEPES
(Gibco). To differentiate into neutrophil-like cells, we stimulated
cells with 1.25% DMSO for 7 days in a 5% CO2 incubator
at 37◦C. These cells were seeded into 6-well or 48-well plates
at a density of 2 × 106 cells or 2 × 105 cells, respectively,
and incubated in a 5% CO2 incubator at 37◦C. Subsequently,
cells were infected with H. pylori at the indicated dose and
time points.

Evaluation of Cytokine Secretion by

Bacteria Motility
To determine whether bacteria motility affected the secretion
of IL-1β in peritoneal neutrophils, mild centrifugation
(1,000 rpm, 10min) was performed immediately after
H. pylori P1WT and P11FlaA (MOI 100) infection. At
24 h after infection, cell supernatant was collected for
cytokine measurement.

Reagent and Inhibitor Assay
To activate the NLRP3 inflammasome, peritoneal neutrophils
and BMNs were treated with 100 ng/ml LPS (InvivoGen, San
Diego, CA, USA, Cat No. tlrl-eblps) for 3 h followed by

treatment with 5mM adenosine 5
′
-triphosphate disodium salt

hydrate (ATP, Sigma-Aldrich, Cat No. A2383) for 45min.
For inhibitor assay, HL-60 cells were infected with H. pylori
P1WT (MOI 100) for 24 h with or without pretreatment with
glyburide (Sigma-Aldrich, Cat No. G2539) and Ac-YVAD-CMK
(Calbiochem, La. Jolla, CA, USA, Cat No. 400012) for 2 h at
indicated concentrations.

Measurement of Cytokines
We measured the concentrations of IL-1β (Cat No. DY401) and
tumor necrosis factor alpha (TNF-α, Cat No. DY410) in culture
supernatants of H. pylori-infected cells by using a commercial
ELISA kit (R&D Systems, Minneapolis, MN, USA). To measure
the levels of IL-18 in culture supernatant from H. pylori-
infected peritoneal neutrophils, anti-mouse IL-18 antibody (MBL
International, MA, USA, Cat No. D047-3) was coated on 384-
well plate overnight at room temperature. The coated plate was
washed three times with PBS containing 0.05% tween 20 (Sigma-
Aldrich). After washed, the plate was incubated with 1% BSA
for blocking for 1 h at room temperature. With three times
washing between each step, the plate was further incubated
with samples of culture supernatants for 2 h, the biotinylated-
anti-mouse-IL-18 (MBL International, Cat No. D048-6) for 2 h,
and the Streptavidin-HRP (R&D Systems) for 20min at room
temperature. Finally, the plate was washed and treated with the
substrate solution (R&D Systems, Cat No. DY999). After the
addition of stop solution, the optical density was measured at
450 nm.

Immunoblotting
Peritoneal neutrophils and BMNs were seeded at density of 2 ×

106 cells/well in sterile 35mm dishes and incubated overnight.
These cells were infected with H. pylori (MOI 100) for 6 h.
Culture supernatants and remaining cells were lysed by 1%
Triton-X 100 (Sigma-Aldrich, Cat No. T9284) and a complete
protease inhibitor cocktail (Roche, Mannheim, Germany, Cat
No. 11-839-170-001). After centrifugation at 3,000 rpm for
5min, we mixed the supernatant with SDS-PAGE sample
loading buffer (5×). To detect target proteins, samples were
separated by 15% SDS-PAGE and transferred to nitrocellulose
(NC) membranes (GE Healthcare, Chicago, IL, USA, Cat No.
10600003). We probed membranes with primary antibodies
against caspase-1 (AdipoGen Life Sciences, San Diego, CA,
USA, Cat No. AG-20B-0042), IL-1β (R&D Systems, Cat No.
AF-401-NA), and β-actin (Santa Cruz Biotechnology, Dallas,
TX, USA, Cat No. sc-47778). After immunoblotting with goat
anti-mouse IgG (H+L) secondary antibody, HRP (Thermo
Fisher Scientific, MA, USA, Cat No. 31430) or goat anti-
rabbit IgG (H+L) secondary antibody, HRP (Thermo Fisher
Scientific, Cat No. 31460), we detected proteins using ClarityTM

Western ECL Substrate (Bio-Rad, Hercules, CA, USA, Cat
No. BR170-5061).

Real-Time Quantitative PCR (qPCR)
RNAs from H. pylori infected cells were extracted using easy-
BLUETM Total RNA Extraction Kit (Intron Biotechnology,
Seongnam, Korea) and cDNA synthesis was done using ReverTra
Ace R© qPCR RT Master Mix (TOYOBO Bio-Technology,
Osaka, Japan) according to the manufacturer’s instructions.
qPCR was performed by the CFX ConnectTM Real-time
PCR Detection System (Bio-Rad, Hercules, CA, USA) using
2x PCRBIO SyGreen Blue Mix Lo-ROS according to the
manufacturer’s instructions (Bio-D Co., Ltd., Hull, UK). GAPDH
was used for normalization. The primers used for qPCR were
as follows:

mNLRP3 forward: 5′-ATGGTATGCCAGGAGGACAG-3′;
mNLRP3 reverse: 5′-ATGCTCCTTGACCAGTTGGA-3′;
mIL-1β forward: 5′-GATCCACACTCTCCAGCTGCA-3′;
mIL-1β reverse: 5′-CAACCAACAAGTGATATTCTC
CATG-3′;
mGAPDHforward: 5′-CGACTTCAACAGCAACTCCCA
CTCTTCC-3′;
mGAPDH reverse: 5′-TGGGTGGTCCAGGGTTTCTTACT
CCTT-3′.

Statistical Analysis
Statistical significance of differences among groups was
found by using two-tailed Student’s t-test or the one-
or two-way analysis of variance (ANOVA) followed by
Bonferroni post-tests. We calculated all statistics using
GraphPad Prism version 5.01 (GraphPad Software, San
Diego, CA, USA). Values of P < 0.05 were considered
statistically significant.
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FIGURE 1 | H. pylori mediates production of IL-1β in NLRP3 inflammasome-dependent manner in neutrophils. WT, and NLRP3-, Caspase1/11-, and ASC-deficient

mouse peritoneal neutrophils were infected with H. pylori P1WT (MOI 100) for 24 h (A,B,F). The concentration of IL-1β, TNF-α, and IL-18 in supernatant was

measured by ELISA. HL-60 cells were pretreated without or with glyburide (C) or Ac-YVAD-CMK (D) at the indicated concentrations for 2 h and subsequently infected

with H. pylori P1WT (MOI 100) for 24 h. The concentration of IL-1β in supernatant was measured by ELISA. We infected peritoneal neutrophils from WT and NLRP3-,

ASC-, and Caspase1/11-deficient mice with H. pylori P1WT (MOI 100) for 6 h (E). We used culture supernatants and cell lysates to detect immature and cleaved

forms of IL-1β by Immunoblotting. Antibody against β-actin was used as a loading control. Results are presented as mean ± SD. **P < 0.01 and ***P < 0.001.

RESULTS

H. pylori Induces IL-1β Production in

Neutrophils by Activating NLRP3

Inflammasome by Stimulating Various

Danger Signals
NLRP3 inflammasome has been known to be required for
caspase-1 activation and IL-1β maturation in DCs in response
to H. pylori (15, 16, 18). Therefore, we first investigated whether
NLRP3 inflammasome is also involved in H. pylori-induced IL-
1β maturation in neutrophils. As shown in Figure 1A, H. pylori
P1WT induced IL-1β secretion in peritoneal neutrophils isolated
from WT mice, whereas the production of IL-1β was abolished
in NLRP3-, caspase-1/11-, and ASC-deficient neutrophils. Unlike
the induction of IL-1β, H. pylori-induced TNF-α production
was not affected by the same genetic deficiencies (Figure 1B).
To confirm these data in a human-cell system, HL-60 cells, a
human promyelocytic leukemia cell line, was differentiated to
neutrophil-like cells at the presence of DMSO as previously
described (26). As expected, H. pylori P1WT could induce IL-
1β production in the differentiated HL-60 cells, which was
reduced by the presence of glyburide (a NLRP3 inflammasome
inhibitor) or Ac-YVAD-CMK (a caspase-1 inhibitor) in a dose-
dependent manner (Figures 1C,D). Next, we did Western-blot
analysis to detect cleaved IL-1β as a mature form. H. pylori
P1WT led to cleavage of IL-1β in WT neutrophils, but not
in cells from NLRP3-, caspase-1/11-, and ASC-deficient mice
(Figure 1E, Supplementary Figure 2). These findings suggest

that the NLRP3/ASC/caspase-1 axis is essential for H. pylori-
induced IL-1β production in neutrophils. Furthermore, we
observed that the NLRP3, caspase-1, and ASC were also
required for IL-18 production in response to H. pylori in
neutrophils (Figure 1F).

Various signals, such as extracellular ATP, K+ efflux, reactive
oxygen species (ROS) generation, and cathepsin B release
from lysosomes, mediates activation of NLRP3 inflammasome
(14). To find out whether these stimuli are involved in H.
pylori-induced IL-1β production in neutrophils, we carried out
inhibitor assays. Oxidized ATP (oxATP) (a P2X7R antagonist)

and extracellular addition of KCl reduced IL-1β production
in H. pylori P1WT-infected neutrophils in a dose-dependent

manner, and the cytokine production was completely abolished

at a high concentration of those inhibitors, whereas TNF-α
level was slightly influenced (Supplementary Figures 3A–D).
We also observed that the detectable level of LDH was released

even in untreated control cells (Supplementary Figure 4). The
LDH release was increased by H. pylori infection, which was

decreased by oxATP (Supplementary Figure 4), suggesting that
dying or dead cells can be a source of extracellular ATP.
A ROS inhibitor NAC reduced both IL-1β and TNF-α at
20mM concentration (Supplementary Figures 3E,F). The IL-1β
production was significantly inhibited by CA074Me, a cathepsin
B inhibitor, even at a low concentration of 5µM, which
did not influence TNF-α level (Supplementary Figures 3G,H).
These findings suggest that various extracellular signals, such as
ATP/P2X7R, potassium efflux, ROS generation, and cathepsin
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FIGURE 2 | TLR2, but not NOD2 and TLR4, is involved in H. pylori recognition in mouse neutrophils. WT and TLR2-, NOD2-, and TLR4-deficient peritoneal

neutrophils (A,B) and BMNs (C,D) from WT and TLR2-deficient mice were infected with P1WT (MOI 100) for 24 h. The concentration of IL-1β (A,C) and TNF-α (B,D)

in the supernatant was measured by ELISA. We infected WT and TLR2-deficient peritoneal neutrophils or BMNs with H. pylori P1WT (MOI 100) at indicated times

(E–H). Gene expressions of NLRP3 (E,F) and IL-1β (G,H) were evaluated by real-time PCR. Results are presented as mean ± SD. **P < 0.01 and ***P < 0.001.

B, may contribute to H. pylori-induced activation of the NLRP3
inflammasome pathway in neutrophils.

TLR2, but Not Nod2 and TLR4, Is Required

for Expression of IL-1β Gene and Secretion

of IL-1β in H. pylori-Infected Neutrophils
Previously, TLR2 and Nod2 have been shown to be involved
in H. pylori-mediated gene expression of NLRP3 and IL-1β
in DCs (15). Moreover, H. pylori upregulates TLR4 expression
in human gastric epithelial cells (27). We therefore explored
whether such patterns of recognition mediate IL-1β production
in neutrophils in response to H. pylori infection. TLR2
deficiency led to impaired production of both TNF-α and IL-
1β in H. pylori P1WT-infected peritoneal neutrophils derived
from mice (Figures 2A,B). In contrast, Nod2 and TLR4-
deficient cells produced a comparable level of IL-1β and TNF-
α (Figures 2A,B). Consistently, H. pylori-induced production
of IL-1β and TNF-α was impaired in TLR2-deficient bone
marrow-derived neutrophils (BMNs) (Figures 2C,D), while the
deficiency of Nod2 and TLR4 did not affect the two cytokines
production (Supplementary Figures 5A,B). To find out whether
TLR2 contributes to priming of NLRP3 and IL-1β (signal 1),
we evaluated their gene expression by RT-PCR. As shown by
the results in Figures 2E–H, we observed increased expression
of genes for NLRP3 and IL-1β in WT peritoneal neutrophils
and BMNs, whereas we observed significantly lower levels of
NLRP3 and IL-1β gene transcription in TLR2-deficient cells
(Figures 2E–H). Collectively, these data indicate that TLR2 is
a central innate receptor for regulating NLRP3 inflammasome
priming (signal) in H. pylori-infected neutrophils.

H. pylori Type IV Secretion System Is

Required for IL-1β Secretion Through

Caspase-1 Activation and IL-1β Processing

in Neutrophils
A previous report suggested that H. pylori uses a type IV
secretion system (T4SS) to induce pro-IL-1β expression in
DCs (15). In contrast, a recent study indicated that the H.
pylori T4SS is dispensable for IL-1β production in human
neutrophils (17). To assess the role of T4SS in production
of IL-1β, we infected peritoneal neutrophils, BMNs, and
the differentiated HL-60 cells with H. pylori P1WT and its
isogenic mutant P11cagL, in which T4SS is non-functional
(28). As expected, we observed impaired production of IL-1β
and IL-18 production in peritoneal neutrophils infected with
P11cagL (Figure 3A, Supplementary Figure 6). Consistently,
cagL deficiency reduced the production of IL-1β in both
BMNs and human neutrophil-like HL-60 cells (Figures 3B,C).
In contrast to the production of IL-1β, the cagL mutant
induced a comparable level of TNF-α in each cell type to its
isogenic WT strain (Figures 3D–F). Western blot analysis
revealed that cleavage of caspase-1 and IL-1β was reduced
in P11cagL-treated neutrophils more than in cells infected
with P1WT (Figures 3G,H, Supplementary Figures 7A,B).
There was no difference in expression level of the pro-form
of IL-1β and casapse-1 between P1WT- and 1cagL-
infected neutrophils (Supplementary Figure 8). In addition,
cagL deficiency did not influence the gene expression of
NLRP3 and IL-1β in either peritoneal neutrophils or BMNs
(Supplementary Figures 9A–D). These findings demonstrated
that bacterial T4SS is involved in regulation of NLRP3
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FIGURE 3 | H. pylori T4SS induces production of IL-1β in neutrophils. Peritoneal neutrophils (A,D), BMNs (B,E), and HL-60 cells (C,F) were infected with H. pylori

P1WT and isogenic mutant deficient in cagL (MOI 10 and 100) for 24 h. The concentration of IL-1β (A–C) and TNF-α (D–F) in supernatant was measured by ELISA.

Results are presented as mean ± SD. **P < 0.01 and ***P < 0.001. Peritoneal neutrophils (G) and BMNs (H) were infected with P1WT and 1cagL (MOI 100) for 6 h.

We used culture supernatants and cell lysates to detect immature and cleaved forms of caspase-1 and IL-1β by Immunoblotting (G,H). Antibody against β-actin was

used as a loading control.

inflammasome activation (signal 2) rather than priming
(signal 1) in host neutrophils in response to H. pylori infection.

Deficiency of FlaA, but Not of UreA and

VacA, Distinctly Leads to Impaired IL-1β

Secretion in H. pylori-Infected Neutrophils
It has been reported that the H. pylori virulence factors, such
as VacA and UreA, are involved in IL-1β production and
NLRP3 inflammasome activation in DCs (16, 18). Bacterial
flagellin has also been proposed to be involved in IL-1β
processing via NLRC4 inflammasome activation (29). Therefore,
we investigated whether such bacterial factors are required for
H. pylori-induced IL-1β production in neutrophils. As shown in
Figures 4A,B, both UreA and VacA mutant strains exhibited a
similar level of IL-1β to the isogenic WT strain in peritoneal
neutrophils, whereas TNF-α induction was slightly decreased
in the two mutant strains (Figures 4A,B). Unexpectedly, IL-
1β production was significantly lower in P11FlaA-treated
neutrophils than in cells infected with the P1WT strain, whereas
levels of TNF-α were comparable between the two strains

(Figures 4A,B). In BMNs, the FlaA deficiency also impaired the
production of IL-1β, but not TNF-α (Figures 4C,D). Neither
UreA nor VacA affected IL-1β and TNF-α production in BMNs
in response to H. pylori (Figures 4C,D). Production of IL-18 was
also impaired in both peritoneal neutrophils and BMNs infected
with FlaA mutant (P11FlaA) as compared with P1WT strain
(Figures 4E,F). To confirm these data in a different H. pylori
genetic background strain, we infected peritoneal neutrophils
withH. pylori 26695WT and its isogenic mutant 266951FlaA. In
agreement with the data generated with the P1WT strain, IL-1β
level was significantly lower in 266951FlaA-treated cells than in
ones treated with the 26695WT strain, whereas the TNF-α level
was not affected by deletion of the FlaA gene (Figures 4G,H).
To find out whether FlaA is required for IL-1β production in
DCs, as DCs are previously known to be able to produce IL-1β
in response to H. pylori (15), we infected BMDCs with H. pylori
P1WT and P11FlaA. As shown in Supplementary Figure 10, the
P1WT and P11FlaA strains displayed comparable levels of IL-
1β secretion in DCs. These results indicated that H. pylori FlaA
distinctly contributes to production of IL-1β in neutrophils, but
not in DCs.
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FIGURE 4 | H. pylori flagellin is important for IL-1β production in mouse neutrophils. Peritoneal neutrophils (A,B,E,G,H) and BMNs (C,D,F) were infected with

indicated bacteria (MOI 100 in A-F) for 24 h. We measured the concentration of IL-1β (A,C,G), TNF-α (B,D,H), and IL-18 (E,F) in the supernatant by ELISA. Results

are presented as mean ± SD. *P < 0.05; **P < 0.01; and ***P < 0.001.

FlaA Contributes to Both Priming and

Inflammasome Activation of NLRP3 in

Neutrophils in Response to H. pylori
We next explored whether FlaA-induced production of IL-1β is
mediated via activation of NLRP3 inflammasome in neutrophils.
H. pylori P1WT induced strong expression of pro-IL-1β protein,
which was slightly reduced in the cells treated with P11FlaA
(Figures 5A,C, Supplementary Figures 11A, 12A,C). P1WT-
infected BMNs also released a significantly higher level of cleaved
IL-1β and caspase-1 (mature form) than did BMNs infected with
the P11FlaA strain (Figure 5A, Supplementary Figure 11A).
These results were also confirmed in the experiment using
peritoneal neutrophils (Supplementary Figures 12A,C).
Similar to the P11FlaA strain, FlaA deficiency in the
26695 background also led to reduced cleavage of IL-1β
and caspase-1 and less pro IL-1β expression (Figures 5B,D,
Supplementary Figures 11B, 12B,D). In addition, expression
of NLRP3 and IL-1β genes was significantly lower in P11FlaA-
treated BMNs P1WT-treated cells (Figures 5E,F). Consistently,
NLRP3 gene expression was reduced in BMNs in response
to FlaA deficiency in the H. pylori 26695 strain (Figure 5G).
Moreover, gene expression of IL-1β was also decreased in
266951FlaA-treated cells at 2 h after infection (Figure 5H).
These data indicate that H. pylori flagellin is involved
in regulation of both priming and activation of NLRP3
inflammasome in neutrophils.

Bacterial Motility, but Not Host TLR5 and

NLRC4, Is Required for H. pylori-Mediated

IL-1β Production in Neutrophils
TLR5 and NLRC4 are dual sensors for bacterial flagellin at the
cell surface and cytosol in host cells (28). Flagellin recognition by

TLR5 leads to NF-κB activation, whereas NLRC4 is responsible
for inflammasome activation. Since H. pylori FlaA was essential
for IL-1β gene expression and maturation in neutrophils, we
tried to find out whether TLR5 and NLRC4 are involved in
H. pylori-mediated IL-1β production. As shown by the results
in Figures 6A,B, WT neutrophils and neutrophils deficient of
TLR5 or NLRC4 produced a comparable level of IL-1β and
TNF-α in response to H. pylori, suggesting that H. pylori
FlaA regulates IL-1β production in neutrophils in a TLR5-

and NLRC4-independent manner. Because bacterial flagella are

essential for motility, we next explored whether motility is
essential for H. pylori-induced IL-1β production in neutrophils.

In our in vitro system, we cultured neutrophils in a floating

state. Therefore, we centrifuged the cells after bacterial infection
to increase the contact between H. pylori and neutrophils. As

shown in Figure 6C, the centrifuging increased IL-1β production
and abolished the difference of IL-1β production by WT and

1FlaA mutant, suggesting that motility may be involved in
H. pylori-induced IL-1β production in neutrophils. We further

investigated whether different levels of motility in clinical isolates

of H. pylori correlate with the amount of IL-1β production in
neutrophils. Five clinical isolates of H. pylori were divided into
two groups based on the results from a bacterial motility assay

(Supplementary Figure 13): a low motility group of two strains

(4940A and 4980AC) and a high motility group with three strains

(4930AC, 5049AC, and 5356AC). H. pylori strains with high
motility induced increased levels of IL-1β in neutrophils vs. the

strains with low motility (Figure 6D), whereas TNF-α level was
not different between the two groups of strains (Figure 6E).

When 5049AC and 4940A strains were used as a representative
one for motile and non-motile strain, the difference of IL-1β
production was also abolished by the centrifugation (Figure 6F).
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FIGURE 5 | H. pylori flagellin induces activation of IL-1β and caspase-1 in response to H. pylori in mouse neutrophils. BMNs were infected with H. pylori P1WT and

1flaA (A,C) or 26695WT and 1flaA (B,D) (MOI 100) for 6 h. We used culture supernatants and cell lysates to detect immature and cleaved forms of caspase-1 and

IL-1β by Immunoblotting (A–D). Antibody against β-actin was used as a loading control. Peritoneal neutrophils (E,F) and BMNs (G,H) were infected with H. pylori

P1WT (MOI 100) at indicated time. We evaluated gene expression of NLRP3 (E,G) and IL-1β (F,H) by real-time PCR. Results are presented as mean ± SD. **P < 0.01

and ***P < 0.001.

Furthermore, H. pylori 52 strain originally displayed a low
motility phenotype, but it obtained high motility phenotype (HP
52 P6) after six passages in mice (data not shown). Interestingly,
the passaged H. pylori strain induced a significantly higher
level of IL-1β in neutrophils than did the original strain with
low motility (Figure 6G). The two strains produced comparable
level of TNF-α (Figure 6H). At last, we tried to confirm the
involvement of cagL and FlaA in the production of IL-1β using
neutrophils purified from human blood. Purity of the isolated
neutrophils were confirmed by Flow cytometry and cytospin
(Supplementary Figures 14A,B). Consistently, cagL and FlaA
deficiencies resulted in lower production of IL-1β, but not TNF-
α, in human neutrophils (Supplementary Figures 14C,D).

DISCUSSION

IL-1β is considered to be a central factor for gastric malignancy,
as is supported by evidence that IL-1B gene polymorphism
increases the risk of gastric cancer (30, 31) and overexpression of
IL-1β leads to gastric inflammation and cancers in mice (7, 9).
It has been known that H. pylori leads to IL-1β production
in DCs through an NLRP3-dependent pathway, although there
were controversies about in vivo role of NLRP3 in the bacterial
clearance in the stomach of mice (15, 16, 18). Neutrophils are

key innate immune cells that are involved in H. pylori-mediated
gastric inflammation (32). Therefore, it is conceivable that both
bacterial and host factors may play crucial roles in the production
of IL-1β in neutrophils. However, only limited information is
available on the precise molecular mechanisms involved in H.
pylori-induced IL-1β production in neutrophils.

Recently, Perez-Figueroa et al. reported that H. pylori
induces IL-1β production in human neutrophils in TLR2- and
TLR4-independent manner (17). They also demonstrated that
H. pylori increases the expression of NLRP3 inflammasome
components and inhibitors for NLRP3 and caspase-1 reduces
the production of IL-1β (17). Moreover, in contrast to the
important role of T4SS in DCs, T4SS was dispensable for H.
pylori-induced IL-1β production in human neutrophils (17).
However, some aspects are inconsistent with our current study.
In this study, we identified that NLRP3 inflammasome is a key
host factor in neutrophils for production of IL-1β in response
to H. pylori by showing that secretion and cleavage of IL-1β
were abolished in NLRP3-, caspase-1/11-, and ASC-deficient
neutrophils. However, unlike the previous report by Perez-
Figueroa et al. (17), our data suggested that TLR2 is required
for H. pylori-induced IL-1β production in both peritoneal
neutrophils and BMNs. Expression of NLRP3 and IL-1β genes
was also reduced in TLR2-deficient neutrophils. In H. pylori-
infected DCs, TLR2 has been known tomediate IL-1β production
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FIGURE 6 | The production of IL-1β is regulated by H. pylori motility of flagellin, but not TLR5 and NLRC4 in mouse neutrophils. WT and TLR5-, and NLRC4-deficient

peritoneal neutrophils were infected with H. pylori P1WT (MOI 100) for 24 h (A,B). To promote the contact between cells and H. pylori, we used mild centrifuging

(1,000 rpm, 10min) (C,F). Clinical isolates of H. pylori with or without motility were infected in peritoneal neutrophils (D–F). H. pylori 52 and mouse-adapted bacteria

(passage 6) were infected in peritoneal neutrophils (G,H). The concentration of IL-1β (A,C,D,F,G) and TNF-α (B,E,H) in supernatant was measured by ELISA. Results

are presented as mean ± SD. **P < 0.01 and ***P < 0.001, two-tailed Student’s t-test.

by regulating NLRP3 and pro IL-1β expression (signal 1) (15,
16). Furthermore, TLR2 contributes to NF-κB activation and
chemokine expression in gastric epithelial cells in response
to H. pylori (33). Nevertheless, a TLR2-independent pathway
should be considered, as detectable levels of IL-1β and TNF-α
were secreted in TLR2-deficient neutrophils. Although TNF-α
is also responsible for a TLR-independent priming of NLRP3
inflammasome (34), its role in TLR2-independent production
of IL-1β is likely limited, since there was already a significant
difference in the gene expression of NLRP3 and IL-1β between
WT and TLR2-deficient neutrophils within 2 h of H. pylori
infection. Signaling of other pattern recognition receptors may
lead to the priming of NLRP3 inflammasome in response to
H. pylori in neutrophils. In addition, it seems to be necessary
to measure the induction levels of NLRP3 or IL-1β expression
in the human neutrophils prepared in the reports by Perez-
Figueroa et al., because TLR2 may be dispensable if the cells are
primed sufficiently.

Several bacterial factors including T4SS, vacuolating toxin,
and urease contribute to IL-1β production in response to H.
pylori in BMDCs (15, 16, 18). Isogenic mutants lacking both ureA
and ureB genes failed to activate caspase-1, whereas transcription
of IL-1β was unaffected (16). The vacA mutant also led to less
production of IL-1β and impaired caspase-1 activation in LPS-
primed BMDCs (18). There is still a controversy on the precise
role of T4SS in regulation of IL-1β production in DCs. Kim
et al. reported that the cagL mutant produced level of IL-1β

similar to that of the isogenic WT strain in LPS-primed DCs,
in which NLRP3 and IL-1β are sufficiently induced, whereas
mRNA expression of IL-1β and its secretion were reduced in cagL
mutant-treated cells in the unprimed condition (15), suggesting
that T4SS is essential for the priming step. In contrast, Semper
et al. showed that a mutant lacking cagE produced less IL-1β in
LPS-primed DCs (18). In the present study, we demonstrated
that T4SS, but not VacA and UreA, is required for H. pylori-
induced IL-1β production in neutrophils. In H. pylori-infected
neutrophils, T4SS seems to regulate signal 2 of inflammasome
activation rather than priming of NLRP3 and pro IL-1β, because
cagL deficiency did not influence protein expression of pro IL-1β
or gene expression of NLRP3 and IL-1β. Our current results are
inconsistent with the previous report that suggested a dispensable
role of T4SS inH. pylori-induced production of IL-1β (17). In the
previous study, the experimental design apparently was flawed
by using the H. pylori 26695 strain as the WT strain and the
virD4 mutant originating from a different genetic background,
H. pylori G27 strain (17). G27 and 26695 strains differ in many
aspects including salt sensitivity, the expression level of Lewis
antigens, and resistance to acyl-lysyl oligomers (35–37). Because
the ability to produce IL-1β can also differ among bacterial
strains, this should be confirmed by using isogenic set ofH. pylori
strains. Furthermore, differences in origin of used cells should be
considered. In most experiments, we used thioglycollate-elicited
neutrophils, BMNs, and HL-60 cells, while in a study by Perez-
Figueroa et al. (17), neutrophils purified from healthy donor
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blood were used. Cellular responses are likely to be different
among these types of cells and, since cells purified from mice or
humans are not entirely pure neutrophils, different compositions
of contaminated cells can also affect results.

It is remarkable that the FlaA mutant led to less production of
IL-1β in response to H. pylori in neutrophils, as was confirmed
by using two sets of H. pylori strains, P1 and 26695. This
seems to be specific in neutrophils, because FlaA deficiency
did not influence IL-1β production in BMDCs. In addition,
we showed that FlaA was required for gene transcription of
NLRP3 and IL-1β and cleavage of caspase-1. TLR5 and NLRC4
are two central host receptors for the recognition of bacterial
flagellin. TLR5 sensing of flagellin triggers NF-κB activation,
followed by the production of pro-inflammatory cytokines (38).
Bacterial flagellin can induce IL-1β production in innate immune
cells through a NAIP-NLRC4-dependent pathway (39). However,
in this study, both TLR5- and NLRC4-deficient neutrophils
could produce a comparable level of IL-1β in response to H.
pylori. In fact, it is known that H. pylori FlaA leads to weak
activation of TLR5, and its purified flagellin fails to induce IL-
8 production and p38 MAPK activation in gastric epithelial
cells (40). Moreover, in contrast to Salmonella typhimurium,
H. pylori flagellin could not induce activation of caspase-1 and
production of IL-18 and LDH in macrophages, although it
induced NLRC4 Ser533 phosphorylation (41). These findings
indicate that H. pylori flagellin may contribute to production
of IL-1β in neutrophils via a TLR5- and NLRC4-independent
pathway. Instead, our results suggested that bacterial motility is
essential for the production of IL-1β in response to H. pylori,
as is supported by evidence that centrifuging that enhances
bacteria to cell contact abolished the difference of IL-1β level
produced by H. pylori P1WT and isogenic FlaA mutants and
that clinical isolates with high motility produced more IL-1β
than those with low motility. Since this phenomenon was seen
only in neutrophils, but not BMDCs, a further study should be
done to clarify the cell-type specific role of H. pylori flagellin in
production of IL-1β. Additionally, our results showed that the
bacterial motility in neutrophils is involved in both priming and
activating NLRP3. It can be suggested as a mechanism, that H.
pylori motility facilitates cell-to-cell contact, which may enhance
NLRP3 priming by activating TLR2 and promote T4SS-mediated
NLRP3 activation.

In conclusion, we shows here that H. pylori T4SS and
flagellin are essential for IL-1β production in neutrophils. TLR2
and NLRP3 inflammasome are central host factors to regulate
neutrophil production of IL-1β in response toH. pylori. Although
not tested in this study, further consideration should be given to
other pathways which regulate IL-1β processing in neutrophils.
A cytosolic DNA sensor AIM2 is highly expressed in human
neutrophils, in addition to NLRP3, and DNA treatment enhances

the production of IL-1β in neutrophils (42). H. pylori DNA
induces activation of TLR9 and secretion of cytokines in DCs
(43). Accordingly, it is necessary to clarify whether AIM2
contributes toH. pylori-induced IL-1β production in neutrophils,
even though it was dispensable in response toH. pylori in DCs for
IL-1β secretion and caspase-1 processing (16). It should also be
considered the involvement of extracellular neutrophil proteases,
as they can lead to IL-1β processing in neutrophils through a
caspase-1-independent pathway (44).
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Intestinal inflammation can cause impaired epithelial barrier function and disrupt immune

homeostasis, which increases the risks of developing many highly fatal diseases.

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 causes intestinal infections

worldwide and is a major pathogen that induces intestinal inflammation. Various

antibacterial peptides have been described as having the potential to suppress and treat

pathogen-induced intestinal inflammation. Cecropin A (1–8)-LL37 (17–30) (C-L), a novel

hybrid peptide designed in our laboratory that combines the active center of C with

the core functional region of L, shows superior antibacterial properties and minimized

cytotoxicity compared to its parental peptides. Herein, to examine whether C-L could

inhibit pathogen-induced intestinal inflammation, we investigated the anti-inflammatory

effects of C-L in EHEC O157:H7-infected mice. C-L treatment improved the microbiota

composition and microbial community balance in mouse intestines. The hybrid peptide

exhibited improved anti-inflammatory effects than did the antibiotic, enrofloxacin. Hybrid

peptide treated infected mice demonstrated reduced clinical signs of inflammation,

reduced weight loss, reduced expression of pro-inflammatory cytokines [tumor necrosis

factor-alpha (TNF-α), interleukin-6 (IL-6), and interferon-gamma (IFN-γ)], reduced

apoptosis, and reduced markers of jejunal epithelial barrier function. The peptide

also affected the MyD88–nuclear factor κB signaling pathway, thereby modulating

inflammatory responses upon EHEC stimulation. Collectively, these findings suggest that

the novel hybrid peptide C-L could be developed into a new anti-inflammatory agent for

use in animals or humans.

Keywords: enrofloxacin, Escherichia coli, hybrid peptide, inflammation, microflora, mucosal barrier, O157:H7
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INTRODUCTION

Commensal microflora in the intestinal mucosal can promote
intestinal stability and prevent pathogens from invading the
intestine. However, when the balance of intestinal microbiota is
disturbed, the intestinal defense function and immunoregulatory
functions dramatically decrease, which can cause intestinal
inflammation (1–5). Intestinal inflammation is a defensive
response to stimulation of the host by microbiological toxins or
pathogens (1–4). Although a controlled inflammatory response
is beneficial, it can become detrimental if the response fails to
eliminate the pathogen or the inflammatory process persists for
an extended period of time (6).

Within the intestinal epithelium, the mucosal barrier plays
an important role in maintaining physiological homeostasis by
physically blocking the passage of harmful foreign antigens,
microbes, and their toxins into the host (5, 7). When this barrier
function breaks down the intestinal contents and bacteria can
diffuse past the mucosal layer, which can initiate host responses
that lead to further break down of the epithelia barrier resulting
in activation of the intestinal inflammatory response (5, 7).
While not all bacteria induce inflammatory diseases, intestinal
pathogens like enterohemorrhagic E. coli (EHEC) O157:H7
induce a particularly acute and potentially fatal infection if left
untreated (8, 9). Even with treatment EHEC O157:H7 infection
can lead to hemolytic-uremic syndrome and permanent kidney
damage, especially in young children (8, 9).

Short-term, appropriate application of antibiotics is an option
to reduce the intestinal bacterial load and intestinal inflammatory
disease severity caused by overgrowth of pathogenic bacteria
(10–14). Historically, the broad-spectrum antibiotic enrofloxacin
(Enro) has been used to treat diseases during previous
decades (10–13). However, antibiotic resistance has become a
serious global issue and is steadily increasing worldwide in
almost every species treated with antibiotics (15, 16). Also of
increasing concern, long-term antibiotic treatment can alter the
microecosystem balance by causing compositional changes in the
intestinal microbiota and may lead to a homeostatic imbalance
by altering the expression of tight junction proteins, mucin,
antimicrobial peptides, and cytokines in intestinal epithelial cells
(17, 18). Thus, it is necessary to explore novel safe antibiotic
alternatives for inflammation therapy.

Recent findings suggest that specific antibacterial peptides
(AMPs) elicit certain anti-inflammatory effects (19–24);
specifically, Cecropin A (C) (19) and LL37 (L) (20). Previously,
we generated a hybrid peptide, Cecropin A (1–8)-LL37 (17–30)
(C-L), by combining the N-terminal cationic hydrophobic
fragment of C with the core functional region of L and examined
its properties (25). As compared to the parental peptides (C
and L), the hybrid C-L peptide exhibited excellent antibacterial
properties and was more effective against gram-positive and
gram-negative bacteria (25). These results demonstrate that
the hybrid C-L peptide may serve as a potential antibacterial
pharmaceutical agent. Hence an important question arises
as to whether the C-L peptide can prevent or attenuate
intestinal inflammation induced by harmful gut bacteria while
killing them.

In this study, we investigated whether the C-L peptide could
provide effective therapy against intestinal inflammation and
impairment of epithelial barrier function induced by EHEC
O157:H7 and explore the underlying mechanisms, using a mouse
model of intestinal inflammation.

MATERIALS AND METHODS

Peptide Synthesis
The C-L peptide (KWKLFKKIFKRIVQRIKDFLRN) was
chemically synthesized (95% purity) by KangLong Biochemistry
(Jiangsu, China). The molecular weight of the C-L peptide
was confirmed using a Thermo Finnigan LCQ ion-trap mass
spectrometer (Thermo Finnigan, CA, USA). The peptide was
then suspended in endotoxin-free water and stored at−80◦C.

Animal Model
Seventy-two C57/BL6 female mice (4 weeks of age) were
purchased from Charles River Laboratories (Beijing, China) and
maintained under standard conditions. The animal experiments
were conducted with the approval of the China Agricultural
University Animal Care and Use Committee (Beijing, China).

All animals had free access to feed and fresh water during
the experimental period. EHEC O157:H7 (ATCC43889) strain
was purchased from China Veterinary Culture Collection Center
(Beijing, China) and cultured in Luria–Bertani (LB) broth. Mice
were randomly divided into the following six groups (n= 12): the
control, EHEC, EHEC+Enro, EHEC+C-LL (EHEC+low dose
of C-L), EHEC+C-LM (EHEC+moderate dose of C-L), and
EHEC+C-LH (EHEC+high dose of C-L) groups. The control
group was orally administered 100 µL sterile phosphate-buffered
saline (PBS); the EHEC group was orally administered 100 µL
sterile PBS containing 1 × 108 colony-forming units (CFUs)
EHECO157:H7; the EHEC+Enro group was orally administered
100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7
and then treated by intraperitoneal (i.p.) injection with 8 mg/kg
Enro once/day for 3 days; the EHEC+C-LL, EHEC+C-LM, and
EHEC+C-LH groups were administered 100 µL sterile PBS
containing 1× 108 CFUs EHECO157:H7 and then treated by i.p.
injection with 4, 8, and 16 mg/kg C-L, respectively, once/day for
3 days. After 3 days, the mice were euthanized, and tissues were
collected for analysis. The method used in this section is similar
to that previously presented by Zhang et al. (26) and Wang et al.
(27). Before and after the study, the body weights of mice were
confirmed and recorded.

Microbial Composition Analysis
Total bacterial DNA was extracted using cecal samples collected
from the control, EHEC, EHEC+Enro, and EHEC+C-LM
groups with the EZNA Stool DNA Kit (Omega Bio-tek,
Norcross, GA, United States) according to the manufacturer’s
protocols. The DNA purity and yield were quantified using a
NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific,
Scoresby, Australia). The V4 region of the bacterial 16S rRNA
gene was amplified from the genome of cecal samples using
the 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R
(5′-XXXXXXGGACTACHVGGGTWTCTAAT-3′) primer pair.
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All samples were sequenced on the Illumina MiSeq platform,
according to standard protocols. Paired-end reads from the
original DNA fragments were analyzed using fast-length
adjustment of short reads (FLASH) software, version 1.2.8
(http://ccb.jhu.edu/software/FLASH). Operational taxonomic
units (OTUs) were clustered using UPARSE (version 7.1,
https://drive5.com/uparse/) at a 97% similarity level. Ribosomal
Database Project (RDP) classifiers were applied to distribute
16S rRNA gene sequences into distinct taxonomic categories
by aligning representative sequences with taxonomically
annotated sequences.

Induction of Intestinal Inflammation and

Assessment of the Disease Activity Index

(DAI)
EHEC-induced intestinal inflammation was assessed by
determining the DAI, as described previously (23, 28). The
DAI was determined as the sum of scores assigned for the
body weight, stool consistency, and occult blood in the stool.
Regarding body weights, the following scores were assigned: 0 for
mice showing no weight loss, 1 for mice with 1–5% weight loss,
2 for mice with for 5–10% weight loss, 3 for mice with 10–20%
weight loss, and four for mice with more than 20% weight loss.
Stool consistency was scored as follows: 0, well-formed pellets;
2, pasty and semi-formed stools that did not adhere to the anus;
and 4, liquid stools that adhered to the anus. For occult blood, a
score of 0 was assigned for no blood, 2 was assigned for occult
blood, and 4 was assigned for gross bleeding. For each mouse,
the sum of these scores was divided by three, resulting in DAIs
ranging from 0 (healthy) to 4 (maximal intestinal inflammation).

Histopathology and Immunohistochemistry
Full-thickness sections of the middle jejunum were
excised, dissected longitudinally, fixed immediately in 4%
paraformaldehyde solution, and embedded in paraffin (26, 27).
Samples were cut into 5-µm-thick sections, mounted on slides,
and stained with hematoxylin and eosin (H&E). The epithelial
morphological characteristics were observed microscopically
(RM2235, Leica, Wetzlar, Germany). Chiu’s scores were
determined under blinded conditions using a histologic injury
scale, as previously described (29, 30).

To prevent nonspecific binding during immunohistochemical
analysis of CD177 expression, samples were blocked with
PBS for 1 h containing 1% w/v bovine serum albumin (BSA)
and incubated overnight at 4◦C with anti-CD177 antibodies
(Santa Cruz Biotechnology, CA, USA) at a dilution of 1:100.
After washing three times with PBS, the samples were treated
with horseradish peroxidase (HRP)-conjugated rabbit anti-goat
IgG (Santa Cruz Biotechnology) at a ratio of 1:100. The
samples were incubated at 4◦C for 1 h and washed three
times with PBS. Subsequently, the sections were treated with
3,3′-diaminobenzidine (DAB) substrate (50–100 µL; DAKO,
Carpinteria, CA, USA) and stained with Harris hematoxylin.
Finally, the samples were dehydrated with an alcohol gradient
(70–100%), and xylene was used to increase the transparency of
the slides. A neutral balsam was applied for mounting.

The apoptotic cells in the jejunal sections were detected
via the terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) method using a TUNEL staining kit
(Roche, Indianapolis, IN, USA) according to the manufacturer’s
instructions. The sections were co-stained with the 4′,6-
diamidino-2-phenylindole (DAPI; Servicebio, Wuhan, China),
and the number of apoptotic cells was counted in 4–6 randomly
selected fields at 200×magnification.

Cytokine and Myeloperoxidase

(MPO)-Activity Assay
Interleukin-6 (IL-6), interferon-gamma (IFN-γ), and tumor
necrosis factor (TNF-α) levels were qualified in the jejunum,
using commercial enzyme-linked immunosorbent assay (ELISA)
kits (eBioscience, San Diego, CA, USA). The MPO activities
in the jejunum were determined using an ELISA kit (Boster,
Wuhan, China). Samples were assessed according to the
manufacturers’ instructions.

Western Blotting
Jejunum tissues were ground and lysed using a Total Protein
Extract Kit (KeyGEN Biotech, Nanjing, China) according to
manufacturer’s instructions. Proteins in each supernatant were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto a nitrocellulose membrane.
Next, the membranes were blocked with 5% (w/v) skim
dried milk proteins in 0.05% (w/v) TBST and immunoblotted
overnight with primary antibodies against nuclear factor-κ-
gene binding (NF-κB; p65), phospho-NF-κB (p-NF-κB; p-p65),
inhibitory subunit of NF-κB (IκB)-α, phosphor-IκB-α (p-IκB-
α), inhibitor of NF-κB kinase (IKK)-β, phosphor-IKK-β (p-IKK-
β), ZO-1, occluding, or β-actin (Santa Cruz, CA, USA) at 4◦C.
After washing with TBST, the proteins of interest were labeled
with HRP-conjugated secondary antibodies (HuaAn, Hangzhou,
China) for 1 h. Bands were detected using the SuperSignal West
Femto maximum sensitivity substrate (Pierce Biotechnology,
Rockford, Illinois, USA).

Electrophysiology Measurements
The transepithelial-electrical resistance (TEER) values of
intestinal membranes were evaluated using an in vitro-diffusion
chamber method and stripped mice jejunal membranes. After
removing the underlyingmuscularis of the intestinal membranes,
the intestinal segments were mounted in a diffusion chamber
(World Precision Instruments; Narco Scientific, Mississauga,
Ontario, Canada) equipped with two pairs of Ag/AgCl electrodes
connected to the chambers via 3M KCl/3.5% agar bridges. This
method was used to identify and quantify the potential difference
(PD), short-circuit current (Isc), and total electrical resistance
(RT). Electrical resistance was calculated according to Ohm’s law
(Equation 1) (31):

RT = PD/Isc (1)
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Immunofluorescence Analysis of Tight

Junction (TJ) Proteins
The expression level of the intercellular TJ protein zonula
occludens-1 (ZO-1) was detected. Nonspecific binding sites
were blocked with PBS containing 1% w/v BSA for 30min at
25◦C. The samples were incubated with an anti-ZO-1 antibody
(Santa Cruz Biotechnology) overnight at 4◦C. The slices were
washed several times with PBS, followed by incubation with
a tetramethylrhodamine isothiocyanate-conjugated secondary
antibody (Santa Cruz Biotechnology) at a ratio of 1:100 for 1 h
at 25◦C in the dark. Nuclei were stained with DAPI. For the
mounting of the samples onto slides, Glycerol was used. Images
were acquired with a fluorescence microscope (BZ-800; Keyence,
Osaka, Japan).

Transmission Electron Microscopy (TEM)
Epithelial cell junctions and microvilli were characterized by
TEM. For TEM processing, jejunum tissues were fixed with 2.5%
glutaraldehyde. After washing, the samples were treated with 2%
osmium tetroxide buffer and then placed in 0.5% aqueous uranyl
acetate. The tissue sections were washed with 50% alcohol and
then dehydrated using a graded ethanol series. Samples were
embedded in eponate. Serial ultrathin sections were cut and
imaged on a TEM (H-7650, Hitachi, Japan).

Bacterial Transfer During EHEC Infection
After the mice were treated as described in section Animal Model
above, 10 mice each from the control, EHEC, EHEC+Enro,
and EHEC+C-LM groups were randomly selected. The mice
were euthanized, and their livers and spleens were collected and
homogenized in cold PBS. The amount of CFUs were quantified
by plating serial dilutions on Luria–Bertani agar plates.

Statistics
The data are presented as mean ± standard deviation from
a minimum of three independent experiments. Statistical
comparisons were carried out using Student’s t-tests and one-way
analysis of variance using GraphPad Prism v6 software (La Jolla,
California). A P ≤ 0.05 was considered as significant. NS: P >

0.05, ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001.

RESULTS

C-L Treatment Improved the Microbiota

Composition and Microbial Community

Balance in Mouse Intestines
We examined the effects of EHEC infection, with and without
C-L and Enro treatment on the microbiota composition in
mouse ceca by Illumina sequencing of the 16S rRNA V4 region.
A Venn diagram was constructed to show the numbers of
common and unique OTUs (Figure 1A) (32). The unique OTUs
in the control, EHEC, EHEC+Enro, and EHEC+C-LM groups
were 42, 23, 19, and 34, respectively; the total number of
OTUs in each sample was 523, 489, 423, and 498, respectively.
Thus, the ratios of unique to total OTUs were 8, 4.7, 4.4,
and 6.8%, respectively (Figure 1A). Firmicutes, Bacteroidetes,
Verrucomicrobia, and Proteobacteria were the four most

abundance bacterial phyla among all groups, and both C-L
and Enro reduced EHEC-dependent Proteobacteria induction
and overcame EHEC-induced Firmicutes and Bacteroidetes
downregulation (Figure 1B). At the genus level, 35 genera
were identified (Figure 1C). Lactobacillus, Prevotellaceae, and
Akkermansia species were the most prominent in the control,
EHEC+Enro, and EHEC+C-LM groups. EHEC infection
lead to a significant increase of Peptoclostridium, Escherichia-
Shigella, Klebsiella, Lachnoclostridium, Coprobacillus, Blautia,
and Lachnospiraceae species, C-L and Enro administration
significantly downregulated these species, and C-L showed
stronger downregulation than Enro (Figure 1C). Additionally,
using nonmetric multidimensional scaling analysis, we found
that samples of the EHEC+Enro group formed a unique cluster
and separated from the other groups (Figure 1D), suggesting that
Enro may adversely affect the microbial composition.

Effect of C-L on the Body Weight and DAI
Based on the body weight and DAI data, we concluded
that the mouse intestinal inflammation model was successfully
established (Figure 2). As expected, Mice in the EHEC-treated
group had significantly more weight loss than did those in the
control group, whereas mice in other groups had less weight loss
compared with mice in the EHEC-treated group (Figure 2A).
Notably, mice in the C-L plus EHEC groups demonstrated less
weight loss as compared to the EHEC group, in the case of
C-LM and C-LH less weight loss than the Enro control. In
addition to body weight loss, EHEC infection induced several
other gross clinical changes. All of these clinical signs (weight
loss, blood in the perianal region, and the presence of diarrhea)
were scored and the scores combined into a DAI to holistically
assess the impact C-L treatment had on EHEC induced disease.
In contrast with the EHEC-treated group, which showed a
significantly higher DAI value than the control group, mice in
the EHEC+C-LM group apparently recovered, as reflected by the
reduced DAI value. Furthermore, the DAI value of the EHEC+C-
LM group was markedly lower than that of the EHEC+Enro
group (Figure 2B).

The Protective Effects of C-L Against

EHEC-Induced Damage in Intestinal Tissue
EHEC infection lead to damage to the jejunal epithelium
and intestinal inflammation (Figure 3). H&E staining of
jejunum tissue revealed EHEC infection caused considerable villi
blunting, thicker serosa, infiltration of lymphocytes, and edema
(Figure 3A). In contrast, tissues sections from mice treated with
peptide or antibiotic were observed to have reduced signs of
damage to the epithelium (Figure 3A).

As shown in Figure 3B, the villus height/crypt depth ratio
(V/C) in the EHEC-infected group decreased markedly as
compared to the control group. In contrast, mice in the
EHEC+Enro, EHEC+C-LM, and EHEC+C-LH groups had
significantly higher V/C values than mice in the EHEC group.
Moreover, the C-L peptide more potently improved the V/C
ratio than did Enro at the same concentration. Additionally,
no differences were detected between the EHEC-infected group
and the EHEC+C-LL group (Figure 3B). Chiu’s score in the
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FIGURE 1 | C-L improved the microbiota composition and microbial community balance in mouse intestines. The cecal microbial communities in mice were

investigated by 16S rRNA gene sequencing, using the Illumina platform (n = 6). (A) Venn diagram showing the unique and common OTUs in the mouse intestine. (B)

Relative abundance of the most abundant bacterial phyla. (C) Heat map constructed with the top 35 genera. (D) Nonmetric multidimensional scaling based on the

OTU levels. The control group was orally administered 100 µL sterile PBS; the EHEC group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs

EHEC O157:H7; the EHEC+Enro and EHEC+C-LM groups were administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p.

injection with 8 mg/kg Enro and C-L, respectively, once/day for 3 days.

C-LM-treated group was also markedly lower than that in the
antibiotic-treated group. Overall, our data indicated that C-
L treatment significantly attenuated EHEC-induced intestinal
damage (Figure 3C).

To evaluate the inhibitory effects of C-L and Enro on the
EHEC-induced inflammatory response, the expression levels
of the pro-inflammatory cytokines TNF-α (Figure 4A), IL-6
(Figure 4B), and IFN-γ (Figure 4C) inmice jejunum tissues were
measured by ELISA. As shown in Figures 4A–C, the TNF-α, IL-6,
and IFN-γ levels in the EHEC+C-LM and EHEC+Enro groups

were significantly lower than those in the EHEC-infected group.
In addition, mice that were infected with EHEC in the presence
of 8mg/kg C-L (C-LM) showedmarkedly lower TNF-α, IL-6, and
IFN-γ expression than Enro-treated mice.

Immunohistochemical analysis demonstrated that mice
treated with C-L (8 or 16 mg/kg) or Enro, the EHEC-infected
group had significantly lower neutrophil infiltration than the
group infected with EHEC alone (Figure 4D). These qualitative
observations were then verified using a quantitative MPO
ELISA to assay for MPO levels in the jejunum. These results
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FIGURE 2 | Effect of C-L on the body weight (A) and DAI (B). The EHEC+C-LL, EHEC+C-LM, EHEC+C-LH, and EHEC+Enro groups were orally administered 100

µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 4, 8 mg/kg, or 16mg C-L/kg body weight C-L, or 8mg Enro/kg body

weight, respectively, once/day for 3 days. The control and EHEC groups were orally administered 100 µL sterile PBS or 100 µL sterile PBS containing 1 × 108 CFUs

EHEC O157:H7, respectively, without any follow-up treatments. The DAI value was derived from scores relating to weight loss, stool consistency, and occult blood.

The data are shown as the mean ± standard deviation (n = 12). NS, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.

demonstrate a clear increased in MPO in EHEC-infected mice
as compared with control mice, with reduced levels of MPO in
conjunction with C-L or Enro treatment, most notably in the
EHEC+C-LM and EHEC+C-LH groups (Figure 4E).

Jejunum tissue sections were analyzed by TUNEL staining to
assay for changes in EHEC induced apoptosis (Figure 5). These
results demonstrate a significant increase in apoptosis (green
signals) in the EHEC-infected group as compared to the control
group (Figure 5). Compared with the EHEC-infected group, C-
L or Enro treated mice had significantly lower apoptotic indices
(Figure 5B). Notably, the apoptosis index in mice treated with
C-LM was similar to that in mice treated with C-LH, which
was significantly lower than those for the mice in the Enro- and
C-LL-treated groups (Figure 5B).

The Effects of C-L on The MyD88–NF-κB

Signaling Pathway in EHEC-Infected Mice
To investigate the mechanism of C-L in modulating intestinal
inflammation in mice stimulated with EHEC, the MyD88–NF-
kB-signaling was examined (Figure 6). MyD88 levels and IKK-
β, NF-κB (p65), and IκB-α phosphorylation in the jejunum
increased significantly after infection with EHEC (Figures 6A,B).
In contrast, the results showed that MyD88 expression and IKK-
β, NF-κB, and IκB-α phosphorylation were suppressed in the
jejunum following C-L treatment.

C-L Prevented EHEC-Induced Disruption

of The Intestinal TJ Structure and Function
To characterize the effects of C-L on the functional integrity
of the mouse intestinal epithelium, TEER values were evaluated
over a 60min period (Figure 7A). EHEC infection reduced
the TEER values remarkably, indicating that permeability had
increased. In contrast, tissues from C-LM or C-LH treated mice

demonstrated TEER values ∼80% of the control, confirming the
role of C-L activation in minimizing EHEC-induced intestinal
epithelial damage (Figure 7A). Tissues from Enro treated mice
also demonstrated higher TEER values than the EHEC alone
group, but its effect was significantly less than C-LM.

The expressions of specific TJ marker proteins (e.g., occluding
and ZO-1) were analyzed by western blotting to further assess the
impact of EHEC-induced damage to epithelial barrier function,
and to what extent C-L treatment might ameliorate that damage
(Figure 7B). TJ marker expression levels were downregulated in
mice infected with EHEC alone, compared with control animals.
Notably, treatment with C-LM and C-LH appeared to prevent
the ZO-1 and occludin change in expression following EHEC-
infection, whereas the expression levels of these TJ markers in the
EHEC+Enro group was significantly lower than the EHEC+C-
LM group (Figure 7B). These protective effects were further
verified by immunofluorescent examination of the jejunum tissue
(Figure 7C). EHEC infection significantly decreased occludin
expression compared with the control group, whereas C-L
treatment (8 mg/kg in particular) markedly increased occludin
protein expression (Figure 7C).

Consistently, the tight junctions between the intestinal
epithelial cells were verified by TEM, and these results confirmed
that C-L protected against EHEC-induced damage in jejunum
tissues (Figure 7D).

C-L Decreased EHEC-Induced Bacterial

Transfer
EHEC infection significantly increased the transfer of bacteria
to the spleen and liver compared to the control group,
which was effectively attenuated by Enro or C-L treatment
(Figure 8). In addition, C-L was more effective than Enro at the
same concentration.
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FIGURE 3 | The protective effects of C-L against EHEC-induced clinical symptoms in the mouse jejunum. Representative H&E-stained sections from mice in the (A-a)

control, (A-b) EHEC, (A-c) EHEC+Enro, (A-d) EHEC+C-LL, (A-e) EHEC+C-LM, and (A-f) EHEC+C-LH groups. Scale bar, 50µm. (B) The effect of C-L on the jejunum

V/C ratio. (C) The effect of C-L on Chiu’s score. The control group was orally administered 100 µL sterile PBS; the EHEC group was orally administered 100 µL sterile

PBS containing 1 × 108 CFUs EHEC O157:H7; the EHEC+Enro group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and

then treated by i.p. injection with 8 mg/kg Enro once/day for 3 days; the EHEC+C-LL, EHEC+C-LM, and EHEC+C-LH groups were administered 100 µL sterile PBS

containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 4, 8, and 16 mg/kg C-L, respectively, once/day for 3 days. The data are shown as the

mean ± standard deviation (n = 8). NS, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.

DISCUSSION

Bacterial infection is responsible for many serious and fatal

diseases. Bacteria can elicit mucosal immune responses,

and if unresolved can lead to a breakdown in mucosal
homeostasis and inflammation (2). Microbial pathogens,
such as EHEC, could induce severe intestinal inflammation
leading to severe systemic complications (3, 8, 9). Antibiotics,
such as Enro (10–13), have been commonly used to treat
inflammation, based on their antibacterial activities (33).
However, as the incidence of antibiotic-resistant increases
worldwide (34, 35), the need to develop new classes of

anti-inflammatory compounds to fight tissue inflammation
also increases.

Previously, it was reported that specific AMPs elicit anti-
inflammatory effects (19–23), such as C (19) and L (20). These
AMPs merit consideration as clinical alternatives against the
rising threat of inflammation. Hybridization is a novel method
for designing new peptides to combine the advantages of different
native peptides. The novel hybrid peptide C-L, designed in our
laboratory, showed significantly increased antimicrobial activity
and minimized cytotoxicity, compared to the parental peptides
(C and L), suggesting that it has tremendous potential for use as
a novel anti-inflammatory agent (25).
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FIGURE 4 | The protective effects of C-L on inflammatory response. The expression levels of TNF-α (A), IL-6 (B), and IFN-γ (C) in mouse jejunum tissues were

measured by ELISA. (D) Representative images of CD177+ cells in the (D-a) control, (D-b) EHEC, (D-c) EHEC+Enro, (D-d) EHEC+C-LL, (D-e) EHEC+C-LM, and

(D-f) EHEC+C-LH groups. Scale bar, 50µm. Enzymatic activities of MPO were measured (E). The control group was orally administered 100 µL sterile PBS; the

EHEC group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7; the EHEC+Enro group was orally administered 100 µL sterile

PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 8 mg/kg Enro once/day for 3 days; the EHEC+C-LL, EHEC+C-LM, and

EHEC+C-LH groups were administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 4, 8, and 16 mg/kg C-L,

respectively, once/day for 3 days. The data are shown as the mean ± standard deviation (n = 8). NS, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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FIGURE 5 | TUNEL staining of jejunum tissues from the panel (A-a) control, (A-b) EHEC, (A-c) EHEC+Enro, (A-d) EHEC+C-LL, (A-e) EHEC+C-LM, and (A-f)

EHEC+C-LH groups. (B) The numbers of apoptotic cells were counted based on the average number of positive (green) cells. Bar, 100µm. The control group was

orally administered 100 µL sterile PBS; the EHEC group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7; the EHEC+Enro

group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 8 mg/kg Enro once/day for 3 days;

the EHEC+C-LL, EHEC+C-LM, and EHEC+C-LH groups were administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p.

injection with 4, 8, and 16 mg/kg C-L, respectively, once/day for 3 days. The data are shown as the mean ± standard deviation (n = 8). NS, P > 0.05; *P ≤ 0.05; **P

≤ 0.01; ***P ≤ 0.001.

Murine models of intestinal inflammation have been
extensively used to investigate the regulatory mechanisms that
relieve inflammation and maintain intestinal homeostasis (36).
In this study, we established an EHEC-induced mouse model to
investigate the anti-inflammatory activity of C-L and its potential
as a new therapeutic to replace or supplement antibiotics.

Intestinal microbes form a symbiotic ecosystem that helps
maintain the homeostatic balance in the gut, and is indispensable
for human and animal health (37). It was reported that
alterations in the bacterial flora of the intestine can cause
intestinal inflammation (38, 39). With Illumina sequencing of
the 16S rRNA gene, we found that the microbial diversity
differed significantly between EHEC-infected mice and non-
infected controls. The microbiota of EHEC-infected mice

displayed reduced levels of two phyla of bacteria, Firmicutes
and Bacteriodetes, compared with non-infected controls. The
ability to increase the levels of Firmicutes and Bacteriodetes
in the gut might enable C-L and Enro to develop anti-
inflammatory activity. This possibility was supported by the
study of Scanlan et al. (40) who speculated that the decrease in
Firmicutes and Bacteriodetes may be related to the occurrence
of intestinal inflammation. A substantial body of evidence has
demonstrated that Peptoclostridium (41, 42), Escherichia-Shigella
(41), Klebsiella (43), Lachnoclostridium (44), Blautia (45, 46),
and Lachnospiraceae (46, 47) species are important drivers
of intestinal inflammation. In this study, treatment with C-L
and Enro effectively inhibited the increase of Peptoclostridium,
Escherichia-Shigella, Klebsiella, Lachnoclostridium, Blautia, and
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FIGURE 6 | C-L inhibited the NF-κB (p65)-signaling pathway in mouse jejunum tissues. The same control image is used in the left (A) and right (B) columns. The

control group was orally administered 100 µL sterile PBS; the EHEC group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7; the

EHEC+Enro group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 8 mg/kg Enro

once/day for 3 days; the EHEC+C-LL, EHEC+C-LM, and EHEC+C-LH groups were administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and

then treated by i.p. injection with 4, 8, and 16 mg/kg C-L, respectively, once/day for 3 days. Data are given as the mean ± standard deviation (n = 5). *P ≤ 0.05; **P

≤ 0.01.

Lachnospiraceae species induced by EHEC infection, suggesting
that C-L has the potential to inhibit EHEC-induced enteritis
by inhibiting the growth of inflammatory pathogens in the
intestine. In addition, the EHEC+Enro and control groups
had significantly different OTU values, and compared to the
EHEC+C-LM group, the OTU values of the group treated with
C-L were better and closer to that of the control group than
the group treated with Enro. Further, after Enro treatment, the
bacterial intestinal flora formed unique clusters that separated
from the other groups, suggesting that antibiotic treatment may
have distinct negative effects on the microbial composition.

We further examined the anti-inflammatory activity of C-L.
We found that both Enro and C-L treatments could result in
efficient protection against EHEC-induced damage, as assessed
by the DAI values, Chiu’s scores, and histological damage to the
intestines. The villus height:crypt depth ratios, which were closely
associated with the hosts’ growth performance and intestinal
absorption, were significantly improved by C-L administration
to EHEC-induced mice. Additionally, administering C-L or
Enro ameliorated EHEC-induced intestinal inflammation and
effectively decreased the infiltration of activated neutrophils,
which can produce superoxide anions and other reactive
species, leading to the formation of highly reactive hydroxyl
radicals that may contribute significantly to tissue necrosis
and mucosal dysfunction (48–50). The MPO activity level is
directly proportional to the concentration of neutrophils in

inflamed tissues and is, thus, an index of inflammation and
neutrophil infiltration (51). Consistently, our findings showed
that treatment with C-L or Enro significantly reduced MPO
activity in jejunum tissues in EHEC-infected mice.

Intestinal inflammation is regulated by release of pro-
inflammatory cytokines, such as TNF-α, IL-6, and IFN-γ (52, 53).
In our study, the expression of these pro-inflammatory cytokines
was significantly suppressed by Enro and C-L. Notably, C-L
inhibited inflammatory cytokine production more potently than
Enro at the same concentration.

Numerous studies have identified important functions for
necroptosis in inflammation and have suggested that it could be
implicated in the pathogenesis of many inflammatory diseases
(54). It was reported apoptosis is one of the ulcerogenic
processes associated with intestinal inflammation (53). In
addition, apoptosis is active in hosts with inflammatory bowel
disease (IBD) and heightens intestinal inflammation (54–56).
In this study, TUNEL staining showed that EHEC stimulation
robustly increased apoptosis in mouse intestinal cells. C-L dose-
dependently inhibited apoptosis in EHEC-infected mice. Enro-
treated mice showed less potent inhibition of EHEC-induced
apoptosis at the same concentrations.

It was reported that the NF-κB signaling is a principal pathway
that regulates cytokines, such as IL-1β, IL-6, and TNF-α, and
cells that participate in inflammatory process (57). Activation
of the MyD88-dependent pathway leads to IKK and NF-κB
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FIGURE 7 | The protective effects of C-L on the intestinal barrier. (A) TEER values in mouse jejunum epithelium were detected using a Ussing chamber. (B) Expression

levels of epithelial barrier function-related proteins (occluding and ZO-1) were determined by western blotting. (C) For immunofluorescence staining of occludin (red

color) in jejunum tissue, stained slides with the (C-a) Control, (C-b) EHEC, (C-c) EHEC+Enro, (C-d) EHEC+C-LL, (C-e) EHEC+C-LM, (C-f) EHEC+C-LH groups were

observed under a fluorescence microscope. Scale bar, 100µm. (D) The protective effects of C-L on intestinal tight junction structures were examined by TEM for the

(D-a) Control, (D-b) EHEC, (D-c) EHEC+Enro, (D-d) EHEC+C-LL, (D-e) EHEC+C-LM, (D-f) EHEC+C-LH groups. Narrower intervals and clearer desmosomes (black

arrows) between the intestinal epithelial cells were found in C-L-treated mice. Scale bar, 2µm. The control group was orally administered 100 µL sterile PBS; the

EHEC group was orally administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7; the EHEC+Enro group was orally administered 100 µL sterile

PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 8 mg/kg Enro once/day for 3 days; the EHEC+C-LL, EHEC+C-LM, and

EHEC+C-LH groups were administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated by i.p. injection with 4, 8, and 16 mg/kg C-L,

respectively, once/day for 3 days. The data are shown as the mean ± standard deviation (n = 5). NS, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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FIGURE 8 | Improvement of host defense against EHEC infection by C-L. The number of bacterial CFUs transferred to the liver (A) and spleen (B) on day 3 after

infection are shown. The control group was orally administered 100 µL sterile PBS; the EHEC group was orally administered 100 µL sterile PBS containing 1 × 108

CFUs EHEC O157:H7; the EHEC+Enro and EHEC+C-LM groups were administered 100 µL sterile PBS containing 1 × 108 CFUs EHEC O157:H7 and then treated

by i.p. injection with 8 mg/kg Enro and C-L, respectively, once/day for 3 days. The data are shown as the mean ± standard deviation (n = 5). NS, P > 0.05; *P ≤

0.05; **P ≤ 0.01; ***P ≤ 0.001.

phosphorylation, eventually contributing to pro-inflammatory
cytokine expression (58). Given this background, we decided to
assess the phosphorylation levels of key factors involved in the
NF-κB-signaling pathway. The results showed that IKK-β, IκB-
α, and p65 phosphorylation was typically increased in the small
intestines of mice after EHEC infection, whereas EHEC+C-L
treatment effectively downregulated the phosphorylation level
of these proteins. In addition, C-L treatment decreased MyD88
expression in the jejunum. Collectively, these findings indicated
that C-L could prevent EHEC-induced intestinal inflammation
by inhibiting the MyD88–NF-κB-signaling pathway.

The gastrointestinal epithelial cells act as a physical
barrier regulating the passive movement of ions, solutes,
macromolecules, and microbes into the host (59). Intestinal
permeability and barrier function are regulated by the expression
of TJ proteins including occludin, claudin, and ZO-1 (59).
Gut inflammation, such as IBD (60), coeliac disease (61), and
ulcerative jejunitis (62) may lead to impaired gut-epithelial
barrier function, thus causing the diffusion of pathogens, toxins,
and allergens from the lumen into the circulatory system. In
this study, we assayed for changes in TEER of the mouse jejunal
epithelium, as an indicator of intestinal epithelial integrity and
permeability (63). Both C-L and Enro were able to reverse
EHEC-dependent changes in TEER, however, Enro had less of an
effect on TEER values than C-L. Our western blot data revealed
that EHEC infection decreased occludin and ZO-1 protein
expression in the jejunum of mice. C-L effectively attenuated
the EHEC-induced disruption of occludin and ZO-1 expression
in the jejunum, whereas Enro only attenuated the disruption of
ZO-1 expression. Collectively, C-L showed a stronger protective
effect on the intestinal epithelial barrier function than Enro,
which may be attributed to the better anti-inflammatory activity
of C-L. In addition, immunofluorescence analysis revealed that
C-L enhanced the abundance of TJ proteins and promoted
ZO-1 localization to the intestinal epithelium. Consistent with
these findings, TEM results also supported the protective effect

of C-L against EHEC-induced impairment in jejunum tissues.
Collectively, these data show that C-L protected barrier integrity
by maintaining the expression of TJ proteins and reducing the
severity of gut inflammation. Given the differential effects of
C-L and Enro on the functions of the intestinal epithelial barrier
and microbiota, we also investigated the defense of Enro- or
C-L-treated mice against EHEC infection. Consistently, more
bacteria were present in the spleen and liver of Enro-treated
group than those of C-L-treated mice, suggesting that C-L-
treated mice mounted a better defense against bacterial infection
than antibiotic-treated mice.

CONCLUSION

The present findings indicate that a novel hybrid peptide, C-
L, designed in our laboratory effectively attenuated intestinal
inflammation in EHEC O157:H7-infected mice. C-L treatment
improved the microbiota composition and microbial community
balance in mouse intestines. The hybrid peptide exhibited
improved anti-inflammatory properties compared to Enro at
the same concentration. Hybrid peptide treated infected mice
demonstrated reduced clinical signs of inflammation, reduced
weight loss, reduced expression of pro-inflammatory cytokines
TNF-α, IL-6, and IFN-γ, reduced apoptosis, and reducedmarkers
of jejunal epithelial barrier function. Our data suggest that
the appropriate level of C-L treatment in animals may be
8–16 mg/kg. The anti-inflammatory potential of C-L could
be exploited in technological and clinical applications, i.e., as
antibacterial agents, healthcare formulas, or therapeutic anti-
inflammatory drugs for animals or even humans.
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