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IL-17A-mediated neutrophil recruitment limits
expansion of segmented filamentous bacteria

KL Flanniganl’z, VL Ngol, D Geem!?, A Harusato'!, SA Hirota?, CA Parkos*, NW Lukacs®, A Nusrat?,
V Gaboriau-Routhiau®®, N Cerf-Bensussan’, AT Gewirtz' and TL Denning1

Specific components of the intestinal microbiota are capable of influencing immune responses such that a mutualistic
relationship is established. In mice, colonization with segmented filamentous bacteria (SFB) induces T-helper-17 (Th17)
cell differentiation in the intestine, yet the effector functions of interleukin (IL)-17A in response to SFB remain
incompletely understood. Here we report that colonization of mice with SFB-containing microbiotainduced IL-17A- and
CXCR2-dependent recruitment of neutrophils to the ileum. This response required adaptive immunity, as Rag-deficient
mice colonized with SFB-containing microbiota failed to induce IL-17A, CXCL1 and CXCL2, and displayed defective
neutrophil recruitment to the ileum. Interestingly, neutrophil depletion in wild-type mice resulted in significantly
augmented Th17 responses and SFB expansion, which correlated with impaired expression of IL-22 and antimicrobial
peptides. These data provide novel insight into a dynamic IL-17A-CXCR2-neutrophil axis during acute SFB colonization

and demonstrate a central role for neutrophils in limiting SFB expansion.

INTRODUCTION

The mammalian intestine is colonized with hundreds of
microbial species that provide many advantages to the host but
must also be properly contained to maintain heath. Achieving
this coexistence requires proper development of mucosal
immune responses and their controlled activation.'” An
important part of this balance is predicated on sensing of
specific bacteria, which triggers responses required for main-
taining homeostasis between host and microbiota.** It is now
well appreciated that individual bacterial species can pro-
foundly influence the development and function of various
immune cells and different arms of the immune response both
in the intestine and systemically.’ In turn, host immune
responses are involved in a number of functions including the
containment of microbes.

Segmented filamentous bacteria (SFB) are Gram-positive,
spore-forming bacteria that primarily colonize the ileum of
mice and rats.” These bacteria form intimate associations with
intestinal epithelial cells, influencing both innate and adaptive
immune responses.® " In particular, SFB promotes the robust

differentiation of T-helper-17 cells (Th17), which are char-
acterized by the production of interleukin (IL)-17-related
cytokines including IL-17A and IL-22. Thl7 responses are
important in the intestine for protection against various
extracellular pathogens, but if left uncontrolled may lead to
pathogenic inflammation.”'*™'> IL-22 appears to be one key
mediator in this process, as it targets the epithelium to support
barrier function through epithelial proliferation, mucus
production and antimicrobial peptide secretion.'® More
recently, IL-22 derived from CD4" T cells was found to
mediate barrier protection and prevent overgrowth of SFB."” In
contrast, the function of IL-17A produced from Th17 cells in
the intestine is less well defined, especially in the context of
controlling SFB expansion.

Evidence from other organ systems implicates IL-17A as an
important activator of innate immune mechanisms, including
the recruitment and survival of neutrophils.'” Neutrophils are
typically the first responders to infection and injury where they
help to contain and destroy invading microbes through a
number of mechanisms.'® Although neutrophils can induce
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bystander tissue destruction and contribute to pathology,
recent evidence has highlighted the protective roles of
neutrophils in suppressing colitis and promoting repair
processes.'”*® For example, neutrophils have been shown to
be a source of IL-22 in response to intestinal injury. The
production of IL-22 by neutrophils was shown to be dependent
on IL-23 and capable of influencing the expression of
antimicrobial peptide expression, including SA100AS,
SA100A9 and ReglIIf, which are believed to contain bacteria
through direct microbicidal effects. Interestingly, IL-22 produ-
cing neutrophils failed to be efficiently recruited to sites of
injury in antibiotic treated mice, suggesting that commensal
bacteria influence this recruitment process."”

Given that genes regulated by IL-17A include neutrophil
chemokines® and that neutrophils are capable of protecting
mucosal barriers,” we examined the contribution of the IL-
17A-CXCR2-neutrophil axis in the control of acute SFB
expansion. Our data presented here show that neutrophil
recruitment into the ileum in response to acute colonization
with SFB-containing microbiota was dependent on adaptive
immune cell-derived IL-17A and CXCR2. Following neutro-
phil depletion in vivo, SFB levels expanded as did intestinal
Th17 cell differentiation and these effects correlated with
impaired IL-22 and antimicrobial peptide expression. These
findings provide novel insight into the dynamic IL-17A-
CXCR2-neutrophil axis during acute SFB colonization and
demonstrate a central role for neutrophils in restricting SFB
expansion and in the regulation of SFB-induced Th17
responses.

RESULTS

Neutrophils are recruited into the ileum of mice in response
to colonization with SFB

SFB colonizes the ileum making direct contact with the
epithelium where it induces the differentiation of Th17
cells.>'** To examine whether neutrophils also respond to
acute colonization with SFB, we first assessed different sections
of the small intestine from SFB-void Jax mice colonized with
SFB-containing cecal contents (SFB ™ CC). Neutrophils were
defined as CD45" MHCII ~ Ly6C™CD11b " Ly6G ™ cells."”
Mice that had been colonized with SFB* CC for 7 days showed
the highest frequency (~ 14%) and number of neutrophils in
the ileum where SFB is known to adhere to the epithelium,
compared with the duodenum and jejunum (~3 and 4%,
respectively) from the same mice (Figure. 1a,b).

We next examined the entry of neutrophils into the ileum
over the course of the first 7 days of SFB colonization. SFB-void
Jax mice (day 0) and SFB-void Jax mice subsequently colonized
with SFB* CC for 1, 3, 5 and 7 days were assessed for the
presence of neutrophils in the ileum. Fluorescence-activated
cell sorting analysis revealed an influx of neutrophils beginning
at days 3-5 and increasing further at day 7 after colonization
with SFB " CC (Figure 1c). Examination of SEB DNA in feces
obtained from these mice showed that SFB levels began to
increase at day 3 and were significantly increased by day 5
(~300-fold increase when compared to feces from SFB-void
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mice) and day 7 (~ 800-fold increase when compared to feces
from SFB-void mice; Figure 1d). The frequency and number of
neutrophils in the ileum correlated with the level of fecal
SEB DNA over the course of 7 days (Figure 1e). This observed
influx of neutrophils was specific to colonization with SFB as
gavage of SFB-void Jax mice with SFB-void microbiota derived
from separate SFB-void Jax mice (SFB"CC) failed to induce
detectable neutrophil recruitment into the ileum (Figure 1£,g).
In addition, gavage of SFB-void Jax mice with fecal contents
obtained from SFB-monoassociated mice resulted in
neutrophil recruitment similar to that observed in Jax mice
7 days after gavage with SFB * CC, thus demonstrating that SFB
was sufficient to induce neutrophil recruitment (Supple-
mentary Figure 1 online). Interestingly, neutrophil accumu-
lation in response to SFB * CC was still detectable 14 days after
initial colonization, indicating that neutrophil entry into the
ileum was somewhat long-lasting (Supplementary Figure 2).
Taken together, these results show that acute colonization with
SFB-containing microbiota induces the durable recruitment of
neutrophils into the ileum of mice.

SFB-containing microbiota-induced neutrophil
recruitment is IL-17A- and CXCR2 dependent

Over the time course of SFB " CC-induced neutrophil influx
into the ileum, we also observed increased expression of IL-17A
mRNA (Figure 2a), which coincided with increased fecal SFB
DNA levels and the frequency and number of neutrophils
(Figure 1c-e). Evidence from lung model systems suggests that
IL-17A can function in the recruitment of neutrophils into
mucosal surfaces;'® therefore, we examined whether daily
antibody-mediated blockade of IL-17A (aIL-17A) was able to
impact the entry of neutrophils into the ileum in response to
acute colonization with SFB ™ CC. Using SFB-void Jax mice that
had been colonized with SFB " CC for 7 days (a time point when
robust numbers of neutrophils are present in the ileum),
fluorescence-activated cell sorting analysis revealed that
oIL-17A antibody treatment completely abolished neutrophil
recruitment when compared with isotype control antibody-
treated mice (Figure 2b). Indeed, the frequency and number of
neutrophils in the SFB ™ CC-colonized ileum at day 7 was not
significantly different than in SFB-void Jax mice, suggesting
an important role for IL-17A in the initial recruitment of
neutrophils in response to SFB-containing microbiota
(Figure 2b-d).

One mechanism via which IL-17A may promote the
recruitment of neutrophils into mucosal surfaces is through
the induction of the neutrophil chemokines CXCLI and
CXCL2.">?* Therefore, we next investigated the expression of
CXCL1 and CXCL2 mRNA over the first 7 days following
colonization of SFB-void Jax mice with SFB * CC. Expression of
CXCLI1 and CXCL2 mRNA increased in parallel to that of
IL-17A mRNA (Figure 3a), correlating with increased SFB
DNA levels and neutrophil numbers. We also found that
oL-17A antibody treatment during colonization with
SFB ™ CC completely prevented the increased expression of
CXCL1 and CXCL2 mRNA (Figure 3b). To directly assess the
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Figure 1 Neutrophils are recruited into the ileum in response to colonization with segmented filamentous bacteria (SFB)-containing microbiota. (a)
Representative fluorescence-activated cell sorting (FACS) plots are shown for CD11b and Ly6G expression with associated (b) frequencies and

numbers representative of neutrophils in the duodenum, jejunum, and ileum of SFB-void Jax mice colonized with SFB-containing cecal contents

(SFB " CC) for 7 days (pre-gated on CD45 "MHC ~Ly6C™ cells). (c) Representative FACS plots of neutrophils in the ileum of SFB-void Jax mice
colonized with SFB ™ CC over the indicated time course. (d) SFB DNA was detected by quantitative PCR (qPCR) in feces from SFB-void Jax mice
colonized with SFB " CC over the indicated time course. (e) The frequencies and number of neutrophils in the ileum of SFB-void Jax mice colonized with
SFB ™" CC over the indicated time course. Data are representative of two independent experiments with four mice per group. (f) Representative FACS
plots and (g) associated frequencies and numbers of neutrophils in the ileum of SFB-void Jax mice (Jax) and SFB-void Jax mice colonized with SFB"CC
or SFB " CC for 7 days. Data are representative of six mice per group. All data presented as mean * s.e.m.; *P<0.05, **P<0.01, and ***P<0.001, one-
way analysis of variance (ANOVA) with Tukey’s multiple comparison test (b,g) or one-way ANOVA with Dunnett’'s multiple comparison test (d,e).

contribution of the CXCL1 and CXCL2 in the recruitment of into the ileum when compared to isotype control-treated mice
neutrophils after colonization with SFB " CC, we blocked the (Figure 3¢,d). Collectively, these data demonstrate that following
receptor for these chemokines, CXCR2, with a neutralizing acute colonization with SFB-containing microbiota, IL-17A is
antibody (0CXCR2). Treatment with oCXCR2 antibody induced and leads to CXCL1 and CXCL2 expression, and
every other day during the first 7 days of colonization with  subsequent recruitment of neutrophils into the ileum where SFB
SFB™ CC significantly diminished the influx of neutrophils  primarily adheres to the epithelium.
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Figure 2 Interleukin (IL)-17A is required for the recruitment of
neutrophils into the ileum following colonization of mice with segmented
filamentous bacteria (SFB)-containing microbiota. (a) Expression of
IL-17A mRNA was examined by quantitative PCR (gPCR) in the ileum
of SFB-void Jax mice colonized with SFB-containing cecal contents
(SFB*CC) over the indicated time course. (b) Representative
fluorescence-activated cell sorting (FACS) plots with associated

(c) frequencies and numbers of neutrophils in the ileum of SFB-void Jax
mice (Jax) and SFB-void Jax mice treated with isotype control antibody or
alL-17A antibody, and colonized with SFB* CC for 7 days. Data are
representative of at least two independent experiments with four mice per
group. All data are presented as mean +s.e.m.; ***P<0.001, one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparison test
(a) or one-way ANOVA with Tukey’s multiple comparison test (c).

Rag-deficient mice colonized with SFB-containing
microbiota fail to induce IL-17A, CXCL1, and CXCL2, and
display defective neutrophil recruitment into the ileum
AsCD4 " Tcellsand y3 T cells are important sources of IL-17A
at mucosal surfaces,'>***® we next examined the expression
of IL-17A, as well as CXCL1 and CXCL2, and neutrophil
recruitment in response to colonization with SFB™ CC in
Ragl ~’~ mice (on the B6 background). Consistent with T cells
being the major source of IL-17A in response to SFB™* CC,
colonization of SFB-void Jax Ragl ~/~ mice with SFB " CC for
7 days failed to stimulate expression of IL-17A mRNA when
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compared with colonization of SEB-void wild-type Jax B6 mice
with SFB* CC for 7 days (Figure 4a). Reduced expression of
IL-17 mRNA in the ileum of Ragl ’~ mice colonized
with SFB™ CC coincided with significantly reduced express-
ion of CXCL1 and CXCL2 mRNA as well (Figure 4b). Further,
7 days after colonizing Ragl ~/~ with SFB " CC, we observed
significantly decreased neutrophil frequencies and numbers in
the ileum when compared with wild-type B6 control mice
colonized with SFB " CC (Figure 4c,d). These data indicate
that adaptive immune cell-derived IL-17A is instrumental in
SFB-containing microbiota-induced IL-17A, CXCL1, and
CXCL2 expression, and neutrophil recruitment.

Neutrophil depletion during colonization with
SFB-containing microbiota results in augmented

SFB levels and Th17 responses

To assess the contribution of neutrophils during acute
colonization of SFB-void Jax mice with SEB CC, we examined
the effect of antibody-mediated neutrophil depletion («Ly6G)
on SFB levels. On confirming the ability of «Ly6G antibody
treatment to deplete neutrophils in the ileum of SFB-void Jax
mice colonized with SFB * CC for 7 days (Figure 5a,b), we next
quantitated the level of bacterial DNA using quantitative PCR
(qPCR) in feces of aLy6G antibody-treated mice versus isotype
control antibody-treated mice that had been colonized for
7 days with SFB * CC. Examination of the main bacterial phyla
in feces of SFB-void Jax mice colonized with SFB " CC for 7 days
revealed that oLy6G antibody treatment did not lead to
detectable changes in the overall composition of microbial
communities when compared with the isotype control
antibody-treated group (Figure 5c). Although analyses
confirmed that the total amount of bacterial DNA (EUB)
as well as the DNA abundance of a number of different
commensal bacteria species in the feces was not affected by
aLy6G antibody treatment, SFB DNA was specifically and
significantly increased (~ 6-fold) in the absence of neutrophils
(Figure 5d). Treatment of SFB-void Jax mice with aLy6G
antibody also resulted in augmented SFB DNA levels ( ~ 4-fold)
in the ileal mucosa when compared with isotype control
antibody-treated mice (Supplementary Figure 3).

Having demonstrated a requirement for IL-17A in neutro-
phil recruitment during acute colonization with SFB (Figures 2
and 3), we next assessed the abundance of SFB DNA in the feces
of SFB-void Jax mice treated with isotype control antibody
or aIL-17A antibody and colonized with SFB ™ CC for 7 days.
Similar to results with aLy6G antibody treatment (Figure 5¢,d),
feces obtained from oJL-17A antibody-treated mice did not
show changes in the overall composition of microbial
communities in the intestine, as no discernable shifts in the
abundance of the common bacterial phyla were observed
(Figure 5e). However, aIL-17A antibody-treated mice that had
been colonized with SFB™ CC for 7 days showed a > 8-fold
increase in SFB DNA levels in their feces when compared with
isotype control antibody-treated mice (Figure 5f). Again, there
was no significant change in the levels of total bacteria or
different commensal bacteria species (Figure 5f). Interestingly,
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Figure 3 CXCL1 and CXCL2 are induced by interleukin (IL)-17A and blocking CXCR2 reduces neutrophil influx in response to colonization with
segmented filamentous bacteria (SFB)-containing microbiota. (a) Expression of CXCL1 and CXCL2 mRNA were examined by quantitative PCR (qPCR)
in the ileum of SFB-void Jax mice colonized with SFB-containing cecal contents (SFB * CC) over the indicated time course. (b) Expression of CXCL1 and
CXCL2 mRNA in the ileum of SFB-void Jax mice (Jax) and SFB-void Jax mice treated with isotype control antibody or «lL-17A antibody, and colonized
with SFB " CC for 7 days. Data are representative of two independent experiments with four mice per group. (c) Representative fluorescence-activated
cell sorting (FACS) plots with associated (d) frequencies and numbers of neutrophils in the ileum of SFB-void Jax mice (Jax) and SFB-void Jax mice
treated with isotype control antibody or «CXCR2 antibody, and colonized with SFB " CC for 7 days. Data are representative of four to six mice per group.
All data are presented as mean £s.e.m.; **P<0.01 and ***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test

(a) or one-way ANOVA with Tukey’s multiple comparison test (b,d).

we also found that feces isolated from Ragl ~/~ mice contained
~ 8-fold more SFB DNA than B6 mice following colonization
with SFB " CC (Supplementary Figure 4), which is consistent
with the inability of Ragl ~/~ mice to induce IL-17A, CXCL1,
and CXCL2, and to recruit neutrophils in response to
colonization with SFB-containing microbiota.

Recent evidence has demonstrated a tight relationship
between levels of SFB colonization, the induction of IL-17A
and Th17 differentiation.'" Therefore, we sought to examine
the impact that neutrophil depletion and subsequent SFB
expansion had on this axis. We found that colonization with
SFB " CC for 7 days induced expression of IL-17A mRNA in the
ileum of SFB-void Jax mice treated with isotype control
antibody, whereas oLy6G antibody treatment led to a
significantly larger increase in the expression of IL-17A
mRNA (Figure 6a). Furthermore, intracellular cytokine
staining showed a >2-fold increase in the frequency and
number of CD4 "IL-17A ™ T cells in aLy6G antibody-treated
mice, when compared with isotype control antibody-treated
mice (Figure 6b,c). Notably, when mice were treated with
aLy6G antibody and colonized with SFB* CC for 7 days, the
resulting increases observed in Th17 responses did not result in
histological evidence of ileal inflammation (Supplementary
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Figure 5). Similar to results with aLy6G antibody treatment, we
also found that oIL-17A antibody treatment of SFB-void Jax
mice during colonization with SFB ™ CC for 7 days resulted in
significantly increased expression of IL-17A mRNA (Supple-
mentary Figure 6a) and increased frequency and numbers of
CD4"IL-17A" T cells in the ileum compared with isotype
control antibody-treated mice (Supplementary Figure 6b,c).
Therefore, control of intestinal SFB most closely correlates with
IL-17A-induced neutrophil recruitment and not IL-17A
expression per se.

Neutrophil depletion during colonization with
SFB-containing microbiota results in decreased IL-22
and antimicrobial peptide expression

IL-22 produced by T cells and type 3 innate lymphoid cells
(ILC3s) has been demonstrated to control the abundance of
SEB.'”*” This prompted us to examine whether the ability of
neutrophils to control SEB loads correlated with the expression
of IL-22 and antimicrobial peptides. Initially, we examined IL-
22 expression in the ileum of SFB-void Jax mice and SFB-void
Jax mice treated with either isotype control antibody, aLy6G
antibody, or aIL-17A antibody, and colonized with SFB™CC
for 7 days. We found that colonization with SFB-containing
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Figure 4 Rag-deficient mice colonized with segmented filamentous bacteria (SFB)-containing microbiota fail to induce interleukin (IL)-17A, CXCL1,
and CXCL2, and display defective neutrophil recruitment into the ileum. Expression of (a) IL-17A, and (b) CXCL1 and CXCL2 mRNA were examined by
quantitative PCR (qQPCRY) in the ileum of SFB-void Jax B6 and Rag?~’~ mice, and SFB-void Jax B6 and Rag?~’~ mice colonized with SFB-containing
cecal contents (SFB * CC) for 7 days. (c) Representative fluorescence-activated cell sorting (FACS) plots with associated (d) frequencies and numbers of
neutrophils isolated from the ileum of SFB-void Jax B6 and Rag?~/~ mice, and SFB-void Jax B6 and Rag?~’~ mice colonized with SFB* CC for 7 days.
Data are representative of two independent experiments with three to four mice per group. All data are presented as mean + s.e.m.; *P<0.05, **P<0.01,
and ***P<0.001, one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test.

microbiota induced the expression of IL-22 mRNA in the ileum
of isotype control-treated mice and this effect was abolished in
the aLy6G antibody- and oIL-17A antibody-treated groups
(Figure 7a). Given that IL-23 receptor signaling is required to
regulate the abundance of SFB'” and that IL-23 is capable of
inducing IL-22 production from colonic neutrophils during
acute mucosal injury and chronic colitis,'*° we investigated
whether the neutrophils that accumulate after colonization of
SFB-void Jax mice with SFB " CC were able to promote IL-22
expression in response to restimulation with recombinant
murine IL-23 (rmIL-23). Examination of IL-22 and IL-23
expression over the time course of colonization with SFB* CC
revealed that the expression of IL-22 mRNA was significantly
increased at day 5 and even more so on day 7 (Figure 7b), a time
point at which neutrophil numbers are robustly increased.
Interestingly, increases in the expression of IL-23 mRNA in
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response to colonization with SFB ™ CC preceded that of IL-22
mRNA (Figure 7b). Increased mRNA expression of the
antimicrobial peptides Reglllo, S100A8, and S100A9 were
also detected as early as day 5 and, to a much greater extent, on
day 7 following colonization with SFB TCC (Figure 7c). These
data indicate that IL-23 produced in response to colonization
with SFB-containing microbiota may regulate neutrophil-
dependent IL-22 production, which is associated with the
induction of antimicrobial peptides and ultimately the control
of SFB expansion.

To further investigate the contribution of neutrophils to IL-
22 production in response to colonization with SFB-containing
microbiota, we used ileal explants from SFB-void Jax mice and
SFB-void Jax mice treated with isotype control antibody or
aLy6G antibody, and colonized with SFB™CC for 7 days.
Following colonization with SFB ™ CC, the expression of IL-22
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Figure 5 Neutrophils and interleukin (IL)-17A are required to control segmented filamentous bacteria (SFB) expansion. (a) Representative

fluorescence-activated cell sorting (FACS) plots with associated (b) frequencies and numbers of neutrophils isolated from the ileum of SFB-void Jax mice
treated with isotype control antibody or «Ly6G antibody and colonized with SFB-containing cecal contents (SFB ™ CC) for 7 days. The relative abundance
of different (c) phyla and different (d) species of commensal bacterial DNA were examined by quantitative PCR (QPCR) in feces from SFB-void Jax mice
treated with isotype control antibody or «Ly6G antibody, and colonized with SFB " CC for 7 days. (e,f) Phyla and species analyses were performed on
feces from SFB-void Jax mice treated with isotype control antibody or «IL-17A antibody, and colonized with SFB " CC for 7 days. Data are representative
of at least two independent experiments with four mice per group. *P<0.05, **P<0.01, and ***P<0.001. Unpaired Student’s t-test, two-tailed (b) or

Mann-Whitney test, two-tailed (c—f).

mRNA and protein were induced upon restimulation with
rmlIL-23 (Figure 7d,e), as well as in the absence of restimu-
lation, albeit to a lesser extent (data not shown). Remarkably,
aLy6G antibody treatment of mice nearly completely abolished
rmIL-23-induced expression of IL-22 mRNA and protein in
ileal explants when compared with isotype control antibody-
treated mice (Figure 7d,e). Similar results were also found
with the ReglII, S100, and defensin families of antimicrobial
peptides; rmIL-23 stimulation of ileal explants from isotype
control antibody-treated mice resulted in augmented mRNA
expression of these antimicrobial peptides, which was signifi-
cantly reduced in explants from aLy6G antibody-treated mice
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(Figure 7f and Supplementary Figure 7a,b). These results
suggest that IL-23 induced by SFB-containing microbiota
enhances neutrophil-dependent IL-22 production, which in
turn augments antimicrobial peptide expression in the ileum
of mice.

DISCUSSION

In the present study, we demonstrate that colonization of mice
with SFB stimulated robust neutrophil influx into the ileum of
the small intestine of mice in a IL-17A- and CXCR2-dependent
manner. In this context, Th17 cells were the most likely a source
of IL-17A production, as this effect was not observed in Rag-
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Figure6 Neutrophil depletion during colonization with SFB-containing microbiota results in augmented T-helper-17 cells (Th17) responses in the ileum.
(a) Expression of interleukin (IL)-17A mRNA in the ileum of segmented filamentous bacteria (SFB)-void Jax mice (Jax) and SFB-void Jax mice treated
with isotype control antibody or «Ly6G antibody, and colonized with SFB-containing cecal contents (SFB " CC) for 7 days. Data are representative of two
independent experiments with four mice per group. (b) Representative fluorescence-activated cell sorting (FACS) plots and cell (c¢) frequency and
number among the indicated groups are shown for expression of IL-17A following restimulation with phorbol 12-myristate 13-acetate (PMA) and
ionomycin (pre-gated on TCRB " CD4 * cells). Data are pooled from two independent experiments with four mice per group. All data are presented as
mean £ s.e.m.; *P<0.05, **P<0.01, and ***P<0.001, one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test.

deficient mice.”'**® IL-17A-CXCR2-mediated neutrophil
recruitment coincided with IL-22 production and the expres-
sion of antimicrobial peptides, and was fundamentally required
to restrain the expansion of SFB. Together, these findings
highlight dynamic interplay between Th17 cells, IL-17A,
CXCR2, and neutrophils that is important for controlling
the expansion of SFB and potentially other bacteria that can
establish intimate contact with the intestinal epithelium.
Previous findings have defined SFB as a potent inducer of
antigen-specific Th17 cells in the small intestine.”'®* The
process of Th17 differentiation can occur in the mesenteric
lymph nodes and/or directly in the small intestine through the
presentation of cognate antigens by MHCII " CD11c ™" anti-
gen-presenting cells.’*>* Ultimately, tight adhesion of SFB to
the intestinal epithelium is capable of promoting the expression
of IL-17A and IL-22. IL-22 has a direct role in barrier protection
through augmenting epithelial proliferation and the generation
of antimicrobial peptides, and thus is capable of limiting
the expansion of SFB.'” However, the function of IL-17A in
controlling SFB expansion is less well understood. Here we
show that IL-17A production in response to SFB colonization
induced the expression of CXCL1 and CXCL2, which
subsequently prompted neutrophil recruitment into the ileum
and control of SFB expansion. Although IL-17A is involved in
the recruitment and activation of neutrophils that prevent
microbial spread in response to other bacteria and fungi,’**
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and IL-22 is known to act on intestinal epithelial cells to
elaborate antimicrobial peptide expression,’®*” our data link
these two processes and provide key new insight into the
control of SFB expansion by IL-17A-dependent neutrophil
recruitment. In addition to the involvement in neutrophil
recruitment, IL-17A may also directly mediate barrier pro-
tective effects by regulating tight junction proteins®®*® and
directly promoting the expression of o-defensin, Nox1, and Pigr
via IL-17R expression on intestinal epithelial cells.** However,
it is important to highlight that under conditions of neutrophil
depletion IL-17A was overexpressed, yet SFB growth was not
effectively controlled. These data suggest that IL-17A and
neutrophils work in concert to afford barrier protection and
control of SFB expansion.

Our observation that SFB-containing microbiota-induced
IL-22 expression is dependent on neutrophils is remarkable.
Several different intestinal immune cell subsets can produce
IL-22 including Th17 cells,*' y& T cells,®® ILCs,*' NKT cells,*?
and, as recently reported, neutrophils.'**° Given the ability of
IL-22 to promote barrier function in numerous models,'*'*'®
the redundancy allotted by different IL-22-producing cells may
be a beneficial adaptation that provides multiple layers of host
defense at barrier surfaces. In this context, the temporal
production of IL-22 appears to be a highly orchestrated process
unique to the specific settings. Interestingly, neutrophils have
been described to package IL-22 in granules,"” which may allow
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Figure 7 Neutrophil depletion during colonization with segmented filamentous bacteria (SFB)-containing microbiota results in decreased interleukin
(IL)-22 and antimicrobial peptide expression in the ileum. (a) Expression of IL-22 mRNA in the ileum of SFB-void Jax mice (Jax) and SFB-void Jax mice
treated with isotype control antibody, aLy6G antibody, or alL-17A antibody, and colonized with SFB-containing cecal contents (SFB * CC) for 7 days. (b)
The expression of IL-22 and IL-23 mRNA were examined in the ileum of SFB-void Jax mice colonized with SFB * CC over the indicated time course. (c)
Expression of Reglllo, S100A8, and S100A9 mRNA in the ileum of SFB-void Jax mice colonized with SFB * CC over the indicated time course. Data are
representative of four to six mice per group. Expression of IL-22 (d) mRNA and (e) protein in ileal explants isolated from indicated groups of mice and
subsequently restimulated in vitro with recombinant murine IL-23 (rmIL-23) for 8 h (for mRNA) or 24 h (protein). (f) Expression of Reglllo, S100A8, and
S100A9 mRNA inileal explantsisolated from indicated groups of mice and subsequently restimulated in vitro with rmIL-23 for 8 h. Data are representative
of at least two independent experiments with three to six mice per group. All data are presented as mean + s.e.m.; *P<0.05, **P<0.01, and ***P<0.001,
one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test (a,d—f) or one-way ANOVA with Dunnett’s multiple comparison test (b,c).

for immediate release upon recruitment to the intestine mediated barrier protection via neutrophils may complement
following injury or microbial challenge. In response to acute  the well-defined contributions of IL-22 production by ILC3s
introduction of adherent bacteria such as SFB, rapid IL-22-  in mediating control of SFB.'" Our current data implicate
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neutrophils as important responders during acute SFB
colonization and show that they augment IL-22 and anti-
microbial peptide production while controlling the abundance
SEB. Therefore, IL-17A and Th17 cells appear to be critical
mediators in controlling SFB levels through the recruitment
and barrier-protective effector functions of neutrophils. In
addition to contributing to IL-22-mediated barrier function,
neutrophils also may have a direct role in killing of SFB via
antimicrobial activities.*’ Indeed, a recent report demonstrated
the requirement for NoxI in controlling SFB growth in the
ileum, although this was not directly linked to neutrophils.*’

Notably, the induction of IL-17A and IL-22 in response to
mucosal challenge or damage appears highly dependent on the
IL-23 pathway.'”'” IL-23 is produced primarily by antigen-
presenting cells in response to activation of pattern-recognition
receptors following barrier damage or pathogenic/adherent
bacterial challenge.** Consistent with this model, IL-23
receptor has been shown to be involved in IL-22 production,
Th17 differentiation, and containment of SFB.'” IL-23R is
expressed by T cells and ILC3s, as well as neutrophils, and their
stimulation with IL-23 can potently enhance IL-22 expres-
sion.'”*® Using Rag-deficient mice, Shih et al.'” demonstrated
that depletion of ILC3s with anti-Thyl antibody resulted in a
marked increase in SFB levels. These data highlight an
important contribution of ILC3s in the control of SFB in
the absence of adaptive immunity. It is notable that Rag-
deficient hosts have an expanded population of ILCs and
antimicrobial peptides,*® and are more reliant on IL-23R-
mediated mechanisms for control of SFB than are Rag-
sufficient hosts.'” As we observed increased SFB levels in Rag-
deficient mice compared with B6 mice when colonized with
SFB-containing microbiota, this suggests that increased ILC
and antimicrobial peptide responses in the absence of adaptive
immunity and efficient neutrophil recruitment are insufficient
to completely control SFB. Thus, innate and adaptive immune
responses to SFB appear to be dynamically linked with at least
some functions shared among distinct cell subsets depending
on the timing and context. Overall, it appears that Th17 cells,
IL-17A, neutrophils, and ILCs collectively contribute to IL-22-
mediated barrier protection in immunologically replete mice.

Recently, SFB was shown to trigger an IL-23R/IL-22 circuit
that in turn promoted intestinal epithelial-derived serum
amyloid A and the generation of IL-17A in Th17 cells.'' These
findings suggest that initial barrier protection is mediated by
ILC3-derived IL-22 production, which is then followed by Th17
differentiation. Our data indicate that IL-22 expression in the
ileum of mice colonized with SFB-containing microbiota
temporally coincides with IL-17A expression and neutrophil
recruitment, and that induction of IL-22 is highly dependent on
IL-17A and neutrophils. Collectively, these data suggest a
model whereby IL-22-producing ILC3s are some of the earliest
responders following SFB colonization and may begin to fortify
the epithelial barrier. This early response may afford the host
time to amplify Th17 cell differentiation and prompt IL-17A-
dependent neutrophil recruitment, which has an important and
complementary role in the overall control of SFB expansion.
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In addition to the expansion of SFB observed in the absence
of neutrophils or IL-17A, we also noted an increase in the
frequency of Th17 cells and IL-17A expression in the ileum.
These data are consistent with a negative feedback loop
whereby neutrophils suppress SFB levels, thus limiting Th17
differentiation, IL-17A expression, and subsequent neutrophil
recruitment via CXCL1, CXCL2, and perhaps granulocyte
colony-stimulating factor.*® Therefore, IL-17A may be a key
harbinger of danger in the intestine that is shut off only when
the danger-triggered signals are effectively extinguished.*” This
concept is consistent with our data demonstrating that
antibody-mediated depletion of neutrophils or IL-17A neu-
tralization, both resulted in augmented levels of SFB and IL-
17A expression. These findings are of interest given that
overactive Th17 responses may be associated with inflamma-
tory diseases including Crohn’s disease.”> SFB has also been
shown to exacerbate Thl7-mediated disease in different
autoimmune conditions.***’ Thus, neutrophils represent
frontline effector cells that may be required for limiting
potentially detrimental Th17 responses induced by SFB and
perhaps other intestinal epithelial cell adherent bacteria.

In summary, we present a model in which neutrophils are a
key and previously unappreciated component of the immune
response to SFB. Although neutrophils are well-acknowledged
as a critical component of innate immunity and host defense
against enteric microbes, little is known about the contribution
of these cells to the control of SFB expansion. The model
presented here links SFB-induced IL-17A expression with
neutrophil recruitment, barrier protection, and ultimately
control of SFB expansion. This mechanism may also be
important in controlling the abundance of other adherent
bacteria such as Citrobacter rodentium and Escherichia coli
0157, which have also recently been shown to potentiate Th17
differentiation.”> Future investigations into the relative and
temporal contributions of specific innate and adaptive immune
cells and components in barrier protection in the intestine may
provide much needed insight into the treatment of intestinal
inflammatory disorders.

METHODS

Mice. Age- and sex-matched C57BL/6 (B6) or B6.129S7-RagltmI-
Mom/] (Ragl ~ /=) mice were purchased from The Jackson Laboratory
(Jax, Bar Harbor, ME) and verified to contain a microbiota free of SFB.
To ensure these mice remained SFB free, all experiments using the
transfer of SFB-containing microbiota were performed within a week
of arrival of mice from Jax and mice were verified to be SFB free by
qPCR before colonization. SFB-positive mice were purchased from
Taconic (Tac, Germantown, NY) and were similarly verified to be SFB
positive by qPCR. Mice were maintained under specific pathogen-free
conditions and animal protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of Georgia State
University.

Preparation and administration of SFB-containing microbiota.
Cecal contents from Tac B6 mice (SFB ¥ CC) or Jax B6 mice (SFB"CC)
were resuspended in 5 ml of sterile phosphate-buffered saline, passed
through a 100 um cell strainer, and 150 pl of the suspension was
gavaged into recipient mice. Mice monoassociated with SFB were
derived as previously described.>® Fecal material was sterilely collected
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from these mice, then processed and administered in the same manner
as cecal contents at 1 ml sterile phosphate-buffered salineper fecal
pellet. Cecal contents and fecal suspensions were verified to contain
SEB before being gavaged via qQPCR. At the time points denoted, feces
were collected from mice and immediately frozen at — 80. Bacterial
DNA was extracted from cecal contents and feces using Qiagen DNA
stool kits (Valencia, CA) as per the manufacturer’s instructions. SFB
loads were determined via qPCR.’

Antibodies and reagents. The following antibodies were purchased
from eBioscience (San Diego, CA): CD11b (M1/70), CD45 (30-F11),
Gr-1 (RB6-8C5), IL-17A (eBiol7B7), IL-22 (IH8PWSR), Ly6G (1A8),
and Ly6C (HK1.4). Antibodies purchased from BD Biosciences
(San Jose, CA) were as follows: TCR (H57-597), CD4 (RM4-5), and
FcyRIII/II (2.4G2). Dead cells were identified using the fixable Aqua
Live/Dead cell staining kit (Invitrogen, Carlsbad, CA). Isolation of LP
cells and flow cytometry were performed as previously described.**

Depleting and neutralizing antibodies. Mice were injected intra-
peritoneally with oIL-17A (17F3), aCXCR2 (polyclonal), aLy6G
(1A8), or corresponding isotype control antibodies («IL-17A: mouse
IgG1, aCXCR2: goat IgG, and aLy6G: rat IgG2a) at a concentration of
200 pg per injection daily («IL-17A and aLy6G) or 1 mg per injection
every other day (¢CXCR2) 12 h before gavage with SFB ™" CC.

Intracellular cytokine staining. For intracellular cytokine analysis,
cells were stimulated with phorbol 12-myristate 13-acetate (50 ngml ')
and ionomycin (500 ngml ') for 4h in the presence of GolgiPlug
(BD Pharmingen, La Jolla, CA), and subsequently incubated with
Live/Dead stain. Samples were then blocked with anti-FcyRIII/II and
stained with «CD4 and oTCR-f. Cells were permeabilized and fixed
using a Foxp3/Transcription Factor Fix/Perm kit (eBioscience) and
stained by using fluorochrome-conjugated antibodies according to the
manufacturer’s protocol.

lleal explants. Sections of the ileum were dissected from mice, opened
longitudinally, and immediately washed of contents. Biopsy punches
(2 mm; Integra Miltex, New York, NY) were used to excise sections of
the ileum, which were then placed in 96-well plates with Hank’s
balanced salt solution (supplemented with 5% fetal bovine serum).
rmIL-23 (Miltenyi Biotec, Auburn, CA) was added to each well at
20ngml ', For qPCR, tissue was collected and processed for
downstream application 8h later. For the detection of IL-22 using
enzyme-linked immunosorbent assay, supernatant from the tissue was
collected 24 h after stimulation.

Real-time PCR. Total RNA was isolated from tissue sections stored in
Qiagen RNAlater using the Qiagen RNeasy Mini Kit according to the
manufacturer’s protocol with on-column DNase digestion using the
Qiagen RNase-Free DNase Set. cDNA was generated using the
Superscript First-Strand Synthesis System for reverse transcriptase-
PCR (Invitrogen) according to the manufacturer’s protocol. cDNA
was used as a template for quantitative real-time PCR using SYBR
Green Master Mix (Bio-Rad, Hercules, CA). PCR and analysis was per-
formed using a StepOne PCR system (Applied Biosystems, Carlsbad,
CA). Gene expression was calculated relative to that of gapdh.

Statistics. All statistical analyses were performed using Prism software
with two-tailed unpaired Student’s t-test or Mann-Whitney test were
appropriate and one-way analysis of variance followed by the
appropriate post-hoc test where indicated. P-values <0.05 were
considered significant (*P<0.05, **P<0.01, and ***P<0.001).

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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