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Abstract

It has been shown recently that neutrophils are able to produce IL-22 and IL-17, which
differentially regulate the pathogenesis of inflammatory bowel disease (IBD). However, it is still
largely unknown how the neutrophil production of IL-22 and IL-17 is regulated, and their role in
the pathogenesis of IBD. In this study, we found that I1L-23 promoted neutrophil production of
IL-17 and IL-22. IL-23 stimulated the neutrophil expression of IL-23 receptor as well as rorcand
ahr. RORyt and AhR differentially regulated IL-23 induction of neutrophil 1L-17 and IL-22.
Additionally, IL-23 induced the activation of mTOR in neutrophils. Blockade of mTOR pathway
inhibited IL-23-induced expression of rorcand afras well as IL-17 and IL-22 production. By
utilizing a microbiota antigen specific T-cell mediated colitis model, we demonstrated that
depletion of neutrophils, as well as blockade of 1L-22, resulted in a significant increase in the
severity of colitis, thereby indicating a protective role of neutrophils and IL-22 in chronic colitis.
Collectively, our data revealed that neutrophils negatively regulate microbiota antigen specific T
cell induction of colitis, and IL-23 induces neutrophil production of IL-22 and IL-17 through
induction of rorcand ahr, which is mediated by mTOR pathway.

Introduction

Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn's
disease (CD), represent chronic or recurring inflammation in the gastrointestinal tract. The
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pathogenesis of IBD is considered multifactorial, involving compromise of the intestinal
epithelial barrier and dysregulation of immune responses to commensal bacteria (1). As an
essential component of the innate immune system, neutrophils are implicated in the
pathogenesis of IBD by virtue of the high neutrophilic influx in the inflamed intestinal tissue
of IBD patients (2). Emerging evidence highlights the greater value of neutrophil-derived
products such as fecal calprotectin (S100A8/S100A9) than the traditional inflammatory
marker C-reactive protein (CRP) in the assessment of disease activity in clinical practice
(3-5). Although intense efforts have been made to elucidate the role of neutrophils in IBD,
conflicting data have been reported in different animal models that mimic IBD. In the
dextran sodium sulfate (DSS)-induced colitis model, the ablation of neutrophils accentuated
colitis, likely indicating a potential beneficial role of neutrophils (4). Furthermore, the mice
with chronic granulomatous disease contain neutrophils with impaired functions, and these
mice showed poor inflammatory resolution and succumbed rapidly during TNBS-induced
colitis (7, 8). This finding has been elaborated as a protective function of neutrophils by
generating the “inflammatory hypoxia” microenvironment in the inflamed tissue as a way to
promote intestinal epithelial healing through HIF-1 induction (6). In contrast, it has also
been reported that specific inhibition of neutrophils by monoclonal antibody attenuates DSS-
induced colitis in rats (7), and the influx of neutrophils into the intestines leads to massive
migration of neutrophils across intestinal epithelium into the intestinal lumen, thereby
weakening the cell-to-cell junctions and increasing epithelial permeability, which results in
subsequent bacteria translocation and water influx that worsens inflammation (10, 11).
Notably, all animal models used in previous reports were acute colitis models, i.e. DSS- or
TNBS-induced colitis, and thus, it is still unclear how neutrophils regulate chronic colitis
with characteristics like those found in human patients with 1BD.

Recently, neutrophils have been identified as an important source of both IL-17 and 1L-22
(9, 10). 1L-22, a member of the IL-10 cytokine family, specifically targets epithelial cells
based on the expression pattern of the IL-22 receptor (IL-22R) (11). IL-22 has been shown
to promote barrier defense and wound healing by inducing intestinal epithelial cell secretion
of antimicrobial proteins, epithelial cell differentiation, and goblet cell activation (12). IL-17
is a critical component of mucosal immune defense (13, 14). Although detrimental effects of
IL-17 have been implied during colitis (15, 16), its protective function has also been
demonstrated recently (17, 18). Notably, IL-22-producing neutrophils are reported protective
during acute colitis, in that colitis was alleviated in DSS-treated 1L-22~/~ mice receiving
neutrophils from wide-type mice, whereas neutrophils from I1L-227~ mice exhibited little
effect on disease progression (10). On the other hand, IL-17-producing neutrophils aid in
bactericidal defense during fungal infection (9, 19, 20). However, it is unclear how
neutrophil production of 1L-22 and IL-17 are regulated and their roles in the pathogenesis of
chronic colitis must yet be clarified. We report here that IL-23 primarily promotes neutrophil
production of IL-17 and IL-22 by regulating RORyt and AhR through activation of mTOR.
Furthermore, neutrophils protect the intestines from chronic intestinal inflammation,
possibly by producing IL-22.
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Materials and Methods

Mice

C57BL/6 (B6) mice and Rag2~/~ mice were obtained from the Jackson Laboratory. CBirl
flagellin-specific TCR transgenic (CBirl-Tg) mice (21) were bred in the Animal Facilities at
University of Texas Medical Branch and maintained there. All animal work was reviewed
and approved by the Institutional Animal Care and Use Committees of the UTMB.

Antibody and reagents

Neutralizing antibodies to Ly6G (1A8), Thyl.2 (30H12), IFNg (XMG1.2), and IL-4
(11B11) were purchased from Bio X Cell (West Lebanon, NH). Neutralizing antibody to
mouse IL-22 (8E11.9) was provided by Genentech (South San Francisco, CA).
Thioglycollate broth was purchased from Sigma-Aldrich (St. Louis, MO). RORyt inhibitor
was provided by Bristol Myers Squibb. AhR inhibitor, CH-223191 was purchased from
Sigma-Aldrich, and mTOR inhibitor rapamycin and AZD8055 from Selleck Chemicals
(Houston TX). PI3K inhibitor LY294002, was purchased from Sigma-Aldrich. STAT3
inhibitor HIC0152 was kindly provided Dr. Jia Zhou at University of Texas Medical Branch.
Antibodies against phosphorylated mTOR (52448), phosphorylated 4E-BP1 (T70),
phosphorylated STAT3 (P65), phosphorylated NF-kB (Y705), B-actin and HRP-conjugated
anti-rabbit secondary antibody were obtained from Cell Signaling Technology (Danvers,
MA\) for western blot analysis. The following antibodies were used for flow cytometry:
PerCP/Cy5.5-1L-17 (TC11-18H10.1), FITC-CD11b (M1/70), PE/Cy7- Ly6G (1A8), were
from Biolegend (San Diego, CA). PE- IL-22 (1H8PWSR), APC- IL-10 (JES5-16E3), from
eBioscience (San Diego, CA). Foxp3 Perm/ Fix Kit for intracellular permeabilization from
eBioscience and Live/Dead Fixable Dead Cell Stain Kit from Life Technologies (Carlsbad,
CA). Golgi Stop was purchased from BD Biosciences (San Diego, CA).

Neutrophil isolation and culture

The neutrophils were prepared from the peritoneal cavity as we previously described (22).
Briefly, C57BL/6 mice were injected with 1ml of 3% thioglycollate broth, and the peritoneal
cavity was washed with cold PBS buffer containing 5% FBS 5 hours later. Neutrophils were
separated from other cell types in the peritoneal exudate by using 50% Percoll (Sigma-
Aldrich). Cell viability (>95%) was validated by trypan blue staining, and flow cytometry
was performed to confirm neutrophil purity (>95%). For bone marrow neutrophil collection,
murine femurs were obtained under aseptic conditions and flushed by cold PBS. Neutrophils
were then isolated from bone marrow cells by using anti-mouse Ly6G-magnetic sorting
(Miltenyi Biotec).

Real-Time Quantitative Reverse Transcription PCR

RNA was extracted with TRIzol (Life Technologies; Carlsbad, CA) and quantified for
cDNA synthesis. Quantitative PCR reactions were performed by using TagMan Gene
Expression Assays (Life Technologies). Predesigned primers and probes for i/17
(MmO00439618_m1), //22(Mm00444241_m1),,rorc (Mm01261022_m1), ahr
(MmO00478932_m1), Hnf4da (Mm01247712_m1) and gapah (Mm99999915 g1) were
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purchased from Applied Biosystems and data were normalized to gapa/h mRNA expression.
Aliquots of PCR products were visualized under UV by electrophoresis on 1.5% agarose
gels.

Induction of colitis

CD4* T cells were isolated from the spleens of CBirl-Tg mice by using anti-mouse CD4-
magnetic beads (BD Biosciences) as previously described (23). To generate Th17 cells,
0.2x106 CD4* CBirl-Tg T cells were cultured with the same number of irradiated
splenocytes in the presence of 10ng/ml TGFB1, 20ng/ml IL-6, 10ug/ml anti-IFNy
(XMGL1.2), and 10ug/ml anti-1L-4 (12B11) for 5 days. The polarized Th17 cells were
validated by FACS staining. Then, 2x108 Th17 cells were transferred i.v. into the recipient
Rag ™/~ mice. Mice were monitored by weight weekly and sacrificed either when body
weight reached 80% of initial weight or at the end of 6 weeks. As previously described (18),
2% DSS (MP Biomedicals) was administrated to Rag™~ mice for seven days, followed by
three days of fresh water. Mice were monitored by weight daily and sacrificed either when
body weight reached 80% of initial weight or at the end of day 10.

Preparation of lamina propria cells

To isolate lamina propria cells, intestines were opened and cleaned of feces. Intestines were
chopped and incubated with 50mM EDTA for 40 minutes. Remaining tissue was incubated
with 0.5g/ml Collagenase IV and 5 ug/ml DNase | (Sigma-Aldrich) for 2 rounds of 30
minutes. Lamina propria cells were isolated from the interface of a 40%/75% Percoll
interface.

Ex vivo colon organ culture and ELISASs

Colons were open and cleaned of fecal matter and contaminates. Then, 3mm biopsies from
the ascending colon were placed into RPMI (10% FBS, HEPES, penicillin—streptomycin, 2-
mecapto- ethanol, and sodium pyruvate) (Invitrogen, Carlsbad, CA, USA) cultured at 37°C
with 5% CO». Supernatants were harvested after one day, and the concentration of cytokine
was determined by ELISA as previously described (18). Mouse IL-6, IL-17(A), IL-22,
TNFa and IFNy ELISA kits (BD Pharmingen; San Diego, CA) were used in the present
study according to the manufacturer's protocols.

Histopathologic assessment

At necropsy, cecum and colon were harvested and washed with PBS. Swiss rolls were
prepared. Tissues were fixed in 10% buffered formalin and embedded in paraffin. Then, 5um
sections were sliced, stained with H&E, and histological scoring was blindly performed by
an experienced pathologist using a modified scoring system reported previously (24). The
scoring includes the following aspects: lesion in intestinal crypts; goblet cell condition; crypt
exudate; inflammatory cell infiltration; and tissue inflammatory condition. The damages
were estimated and scored from 0 to 3, representative of intensity, i.e., absent, mild,
moderate, or severe, respectively. The final colitis severity score was calculated by taking
both intensity and extent of lesion into account.

J Immunol. Author manuscript; available in PMC 2017 May 15.
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Statistical analysis

Results

To assess an effect of a given sample size, power analysis was performed by using
preliminary data sets. For comparison between samples, levels of significance were
determined by appropriate statistical analysis based on whether the data were normally
distributed and the number of tested groups for comparison. All statistical analysis was
performed in Prism 5.0 (Graphpad Software; San Diego, CA). Results are shown as mean +
s.e.m. *p<0.05; **p< 0.01; ***p< 0.001.

1. IL-23 stimulates neutrophil production of IL-17 and IL-22

IL-23 has been consistently shown able to stimulate IL-22 production in yv8 T cells, dendritic
cells (DCs) and type 3 innate lymphoid cells (ILC3s). IL-6, IL-21, TNFa, and IL-1p have
also been able to stimulate 1L-17 and/or IL-22 production at different levels in ILCs and
several CD4* T cell subtypes (9, 25). Although IL-23 itself induces little IL-17 or IL-22 in
CD4* T cells, it can greatly augment IL-17 and 1L-22 production in Th17 cells (26). In a
recent report, colonic neutrophils isolated from mice with DSS-induced colitis mice have
been shown to produce both IL-17 and IL-22 after IL-23 treatment. Colon tissue of
IL-23a~/~ mice revealed a significant decrease in IL-22 levels compared to those in wide-
type mice (10). However, the cytokines, which stimulate neutrophil production of IL-17
and/or IL-22, have not been carefully elucidated. The short half-life of neutrophils makes it
hard to isolate neutrophils from intestines, as it requires a long processing time, and thus
most neutrophils isolated would have died by the end of preparation. We thus use peritoneal
neutrophils as they are ready to be prepared in large quantities in our /7 vitro studies (22).
We stimulated peritoneal neutrophils with IL-23, IL-6, IL-21, TNFa, or IL-1p to assess
which cytokine(s) trigger 1L-17 and IL-22 production in neutrophils. A portion of cells was
stained for CD11b and Ly6G to assure that the purity of neutrophils population
(CD11b*Ly6G™) is higher than 95% (Fig. S1). The levels of IL-17 and IL-22 in the
supernatant were determined via enzyme-linked immunosorbent assay (ELISA). Consistent
with a previous report, treatment with 1L-23 alone markedly enhanced production of IL-17
and IL-22 at levels of both protein and mRNA (Fig. 1A and 1B). In contrast, IL-1f, IL-6,
IL-21, and TNFa had little or no effect on the production of IL-17 and IL-22 when
administered either alone or in combination with IL-23 (Fig. 1A), indicating a critical role of
IL-23 in inducing IL-17 and IL-22 production in neutrophils. As recent evidence indicates
that there are different subsets of neutrophils, to evaluate whether the same or different
neutrophils produce IL-17 or IL-22, we used flow cytometry to identify the subsets of I1L-17-
and IL-22-producing neutrophils after IL-23 stimulation. As shown in Figure 1C, increased
amount of 1L-22-producing CD11b*Ly6G™ neutrophils were found relative to untreated
cells. Interestingly, we found a slight increased number of I1L-10" neutrophils in the presence
of IL-23.

2.1L-23 induces IL-23R expression on neutrophils

IL-23 receptor (IL-23R) mRNA has been recently found to be expressed on naive
neutrophils in bone marrow (BM) (9). Neutrophils also appear to express I1L-23R after
migration into the inflamed colon (10). The isolated neutrophils are more activated than
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those from BM after migrating from blood vessels to peritoneal cavity in response to
thioglycollate, while BM neutrophils are naive. To understand the regulation of neutrophil
IL-23R expression, we examined the expression of IL-23R in peritoneal neutrophils. As
shown in Fig. 2A and B, IL-23R was expressed in the peritoneal neutrophils at a higher level
compared to that in BM cells (Fig. 2A and 2B). The peritoneal neutrophils can further
respond to stimulants and elicit more exaggerated response. Accordingly, we found that
IL-23 further stimulated IL-23R expression in the peritoneal neutrophils (Fig. 2C). Together,
these data suggest that, unlike T cells, naive neutrophils constantly express a basal amount
of IL-23R and the expression of IL-23R increases as the cells become activated.

3. RORyt and AhR differentially regulate IL-17 and IL-22 production in neutrophils

Retinoid-acid Receptor-related Orphan Receptor gamma t (RORyt) is an essential
transcription factor mediating IL-17 production in Th17 cells (27). Moreover, it has been
shown that RORvt is indispensable for IL-22 expression in ILC3 (28). The ligand-dependent
transcription factor Aryl-hydrocarbon Receptor (AhR) also contributes to IL-17 and I1L-22
expression in lymphoid cells (28-30). We then investigated whether RORyt and AhR are
involved in IL-23-driven IL-17 and IL-22 production in neutrophils. As shown in Figure 3A,
addition of IL-23 upregulated expression of transcripts encoding RORyt (rorc) and AhR
(ahn) in neutrophils, indicating that IL-23 is capable of inducing both transcription factors.
To investigate the role of RORyt and AhR in neutrophil IL-17 and IL-22 production, we
treated peritoneal neutrophils with small molecule inhibitors against RORvyt or AhR in the
presence of IL-23. As shown in Figure 3B, inhibition of RORyt compromised both IL-17
and IL-22 production in IL-23-treated neutrophils, indicating that induction of both
cytokines is RORyt-dependent (Fig. 3B). Interestingly, AhR inhibition only decreased IL-22
production with no detectable impact on IL-17 expression. Addition of both RORyt and AhR
inhibitors further reduced IL-17 and IL-22 production, suggesting that RORyt and AhR act
in a synergistic manner. Collectively, the data indicate that RORyt and AhR differentially
regulate neutrophil production of IL-17 and IL-22.

4. mTOR regulates IL-23-driven IL-17 and IL-22 production in neutrophils

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that is crucial for cell
growth and proliferation (31). Previous data indicate that mTOR is expressed in neutrophils
and modulates neutrophil function (32), and therefore we investigated whether mTOR is
involved in IL-23 induction of IL-17 and IL-22 in neutrophils. IL-23 treatment led to the
phosphorylation of mTOR (Fig. 4A). Additionally, 4E-BP1, a major downstream effector
molecule of MTOR complex 1 (mMTORC1) was also activated after the treatment of IL-23,
further confirming that IL-23 activates mTOR pathway. We then applied rapamycin, a well-
established mTORCL1 inhibitor to neutrophils in combination with 1L-23. As expected,
rapamycin greatly attenuated IL-23-induced phosphorylation of 4E-BP1 (Fig. 4B). To
confirm these results, we adopted another mTOR inhibitor (AZD8055), which targets both
MTORC1 and mTORC?2 to neutrophils (33-35). Consistent with rapamycin, AZD8055
inhibited IL-23-induced phosphorylation of 4E-BP1 (Fig. 4B). To determine whether mTOR
regulates 1L-23-driven cytokine production in neutrophils, we first examined IL-17 and
IL-22 gene transcription. The gRT-PCR showed markedly decreased IL-17 and IL-22
MRNA expression after blockade of mTOR signaling by rapamycin. We also demonstrated a
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similar effect of AZD8055 on IL-23-treated neutrophils, in that both IL-17 and IL-22
transcription were dramatically inhibited (Fig. 4C). Additionally, ELISA revealed that
production of IL-17 and IL-22 under IL-23 stimulation was inhibited by both mTOR
inhibitors respectively (Fig. 4D). In order to illustrate the molecular mechanisms as to how
mTOR regulates IL-17 and I1L-22 production, transcription of RORyt and AhR was
examined in the presence of mTOR inhibitors. We found that the induction of both rorcand
ahrby 1L-23 was inhibited by rapamycin (Fig. 4E). Similarly, AZD8055 remarkably
decreased rorcand ahr mRNA expression in IL-23-treated neutrophils. Taken together, these
data demonstrated that IL-23 signals through the mTOR pathway to positively regulate the
production of both IL-17 and IL-22 by upregulating RORyt and AhR expression in
neutrophils.

5. PI3K regulates mTOR pathway to promote IL-17 and IL-22 production in neutrophils

P13K has been shown to positively regulate mTOR activation (36). Based on the data that
mMTOR and its downstream proteins facilitate 1L-23 signaling, we postulated that IL-23
regulates mTOR pathway through induction of PI3K. As shown in Figure 5A, 1L-23
treatment enhanced the phosphorylation of PI3K in neutrophils. Addition of the PI3K
antagonist LY294002 inhibited IL-23-induced PI3K phosphorylation and activation of 4E-
BP1, suggesting that IL-23 activates the mTOR pathway through activation of PI3K.
Moreover, treatment of neutrophils with LY294002 in the presence of IL-23 inhibited 1L-17
and IL-22 production, indicating that stimulation of IL-17 and IL-22 production is mediated
by PI3K pathway (Figs. 5B and 5C). LY294002 treatment also greatly decreased the
transcription level of both rorcand ahr (Fig. 5D). Notably, 1L-23 treatment also led to p38
mitogen-activated protein kinase (MAPK) phosphorylation, which was unaffected by
treatment with either mTOR or PI3K inhibitor, confirming the specific inhibition of the
selected pathways without compromising neutrophil viability (data not shown). Collectively,
these data indicate that IL-23 stimulates neutrophil production of IL-17 and 1L-22 through
the activation of PI3K-mTOR pathway.

Signal transducers and activator of transcription 3 (STAT3) has been implicated as a
transcriptional regulator in T cell IL-17 and IL-22 production (37, 38). Earlier studies
showed that STAT3 regulated neutrophil chemotaxis and migration (39). We then questioned
whether STAT3 could also be involved in IL-23-induced IL-17 and IL-22 production in
neutrophils. We cultured neutrophils with IL-23 in the presence or absence of STAT3
inhibitor HIC0152 (40). As expected, IL-23 was able to induce phosphorylation of STAT3,
which was abrogated by HIC0152 (Fig. 5E). IL-17 and 1L-22 production downstream of
IL-23 signaling were reduced by addition of HIC0152 (Fig. 5F). IL-23 also activated NF-xB
in neutrophils (Fig. 5E), and addition of NF-«B inhibitor inhibited 1L-23-induced IL-17 and
IL-22 (data not shown). Collectively, these data indicated that STAT3-NF-xB pathway also
mediates IL-23 induction of 1L-17 and IL-22 in neutrophils.

6. Neutrophils play a protective role in the pathogenesis of chronic colitis via IL-22

Thus far, our results /n vitro have demonstrated the molecular mechanisms involved in the
regulation of neutrophil cytokine production. We sought to determine the role of neutrophils
in regulating the pathogenesis of chronic colitis. We previously established a microbiota
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antigen-specific model of colitis by adoptive transfer of CD4* T cells from CBirl TCR
transgenic mice, which are specific for an immunodominant microbiota antigen CBirl
flagellin, into Rag™~ mice. The recipient mice developed colitis 4-6 weeks after cell transfer
(41). A neutrophil-specific Ly6G-depleting antibody was administered i.p. twice per week to
deplete neutrophils. Six weeks later, the histopathology was evaluated in large bowel (LB)
and cecum. FACS staining confirmed that neutrophils were almost completely depleted in
the mice administered with anti-Ly6G antibody (Fig. S2). Overall, in the absence of
neutrophils, mice presented much more severe colitis than did the neutrophil-sufficient
control group (Fig. 6A), as evidenced by destroyed colon structure and loss of goblet cells.
This finding corresponded to the higher pathology score of both large bowel (LB) and
cecum in mice with neutrophil depletion (Fig. 6B). The worsened disease was also
associated with significantly decreased expression of hepatocyte nuclear factor 4alpha
(Hnf4a), a critical regulator of tight junction proteins (42) (Fig. 6C) and increased amounts
of pro-inflammatory cytokines in colon organ cultures (Fig. 6D). However, surface and
intracellular staining of lamina propria cells of colitic mice revealed no significant difference
of T cells in percentage and cytokine production (Fig. S3). Collectively, these data
demonstrated that neutrophils protect the intestines from chronic inflammation in response
to microbiota. As IL-22 has been shown to be an important cytokine that contributes to
intestinal protection and tissue repair of the epithelial layer, we then investigated whether
IL-22 protected the intestine in CBirl T cell-mediated colitis. We administered a
neutralizing antibody against IL-22 from the same day of T cell transfer and twice per week
thereafter for 6 weeks. As shown in Figures 6E and 6F, blockade of 1L-22 increased the
severity of colitis in comparison with the mice giving control mAb. T cells and ILCs have
been shown as cell sources of 1L-22, in addition to neutrophils (43, 44). To elucidate the role
of neutrophil-derived IL-22, independently of T cells or ILCs, we induced colitis in Rag™~
mice, which do not have T cells but with intact ILC3 and neutrophils, upon DSS insult. We
then depleted ILCs by giving Rag™~ mice anti-Thy1.2 antibody (Fig. S4), thus, the only
known resource of 1L-22 will be neutrophils. Depletion of ILCs worsened the colitis in
Rag™~ mice after feeding DSS. When treated with anti-1L-22 antibody, those mice
developed even more severe colitis (Figs. 6G and 6H), as well as increased intestinal
permeability as evidenced by FITC-dextran migration into the serum (Fig. 6l),
demonstrating that neutrophil production of IL-22 at least partially protects the mice from
colitis.

Discussion

Neutrophils have been demonstrated recently to produce both IL-17 and IL-22 under various
inflammatory/infectious conditions (9, 10, 19, 45). However, it is still unclear how
neutrophil production of these cytokines is regulated. Also remaining unclarified is the role
of neutrophils and their production of these cytokines in the pathogenesis of chronic colitis.
In the present study, we demonstrated that IL-23 induced neutrophil cytokine production by
upregulating RORyt and AhR, which was mediated by the mTOR pathway. Furthermore,
neutrophils protected the intestines from inflammation, possibly via the production of IL-22.

With more than 1014 commensal microbiota coexisting in the gut, the host immune system
employs multiple strategies to maintain intestinal homeostasis (46). Among them,
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neutrophils are critical components of the mucosal immune defense. The infiltration of
neutrophils in chronically inflamed tissues has long been considered to exacerbate
inflammation and perpetuate disease. However, recent studies have also demonstrated a
beneficial effect by the accumulated neutrophils for limiting inflammation, which may
outweigh their drawbacks during acute colitis (6). Consistent with these findings, we
demonstrated that the depletion of neutrophils leads to more severe inflammation and
exacerbated colitis during chronic intestinal inflammation, indicating a protective role for
neutrophils in chronic colitis (Fig. 6A-D). In a recent GWAS study, the gene encoding
HNF4a has been reported as a susceptibility gene for UC (47). Our finding that decreased
expression of HNF4a in intestines of neutrophil-depleted mice indicates that the absence of
neutrophils is correlated to the enhanced gut epithelial permeability. Since neutrophils share
many features with myeloid-derived suppressor cells (MDSC), Ly6G-depleting antibody
may also abolish the potential suppressive role of MDSCs, although the concept and
functional mechanisms of MDSCs are still not clear. Thus, it is warranted to investigate the
functional relationship between neutrophils and MDSCs, and their relative contributions to
the intestinal homeostasis.

Previous studies elaborated the protective effects of IL-22 on host bactericidal response,
tissue regeneration, and wound healing. 1L-22-producing neutrophils have been reported to
promote antimicrobial peptide production of intestinal epithelial cells (10). Consistently, our
data demonstrated a worsened chronic colitis in mice after blockade of IL-22 (Figs. 6E-F),
indicating that neutrophils produce IL-22 as a possible way to resolve chronic colitis. T cells
and ILCs have been implicated as cell sources for IL-22, in addition to neutrophils. Our data
indicated that neutrophil production of IL-22 at least partially contributes to protection of the
intestines from inflammation. Upon DSS insult, depletion of ILCs partially protected the
Rag ™'~ mice, which do not have T cells, from colitis (Figs. 6G-1). This could be attributed to
their production of IL-22, among other possible mechanisms. Interestingly, blockade of
IL-22 in ILC-depleted Rag™~ mice further worsened the colitis, indicating that neutrophil-
derived IL-22 protected the intestines from inflammation.

Despite the proinflammatory role of IL-17 in the pathogenesis of IBD highlighted in
previous reports (3, 14), recent studies have also demonstrated a protective role of IL-17 in
the maintenance of intestinal homeostasis through induction of intestinal epithelial cell
expression of antimicrobial peptide and promoting intestinal IgA response against
microbiota (18). The ubiquitous expression of IL-17 receptors on a variety of cell types
suggests that neutrophils can also “cross talk” with lymphoid, myeloid, and stromal/
mesenchymal cells, and exhibit effector function (48). Thus, in the intestines, IL-17 may
also contribute to the protective effects of neutrophils (17). In other systems, while the
beneficial role of IL-17-producing neutrophils been demonstrated during Aspergillus
fumigatus infection (9, 19), neutrophil-derived IL-17 were not detectable in certain Candida
albicans infection (20), indicating that neutrophil IL-17 production may be limited to certain
conditions or infections.

In agreement with previous studies (10, 49), our results showed that in response to
stimulation of IL-23, but not IL-6 or other cytokines tested, neutrophils produce 1L-17 and
IL-22. Notably, we found a large subset of 1L-22* neutrophils after stimulation of IL-23
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(Fig. 1C), which corresponds to large amounts of IL-22 and IL-17 in the neutrophil culture
supernatant (Fig. 1A), as well as the increased expression of //22and 7//27 mRNA expression
(Fig. 1B). Also, a small proportion of neutrophils are also 1L-10*. As IL-10 is a well-
established anti-inflammatory cytokine, whether these IL-10* neutrophils function as
regulatory cells to inhibit colitis warrants further investigation. The neutrophils are notable
for their unique secretion of pre-made granules containing cytokines and other molecules.
Indeed, a recent study reported that neutrophils release 1L-17 via a neutrophil extracellular
trap (NET) (50). However, the signal pathways that regulate IL-17 and IL-22 production in
neutrophils remain unknown. We demonstrated that unlike CD4* T cell subtypes and ILC3,
neutrophil production of IL-17 and IL-22 is strictly 1L-23-dependent (Fig. 1A). Interestingly,
IL-23 promotes the expression of its own receptor by neutrophils (Fig. 2), likely indicating a
positive feedback to stabilize the neutrophil phenotype and contributing to constant 1L-17
and IL-22 production. Furthermore, 1L-23 induces the expression of RORyt and AhR (Fig.
3A), which differentially regulate neutrophil production of IL-17 and IL-22. Inhibition of
RORyt inhibited IL-23-induced IL-17 and IL-22 production (Fig. 3B), whereas AhR
inhibitor only elicited effect on 1L-22 production in neutrophils. Blockade of both RORyt
and AhR signaling led to complete abrogation of IL-17 and I1L-22 production. Taken
together, our results indicate that neutrophils utilize pathways similar to that of ILC3, in that
AhR synergizes with RORyt for the induction of IL-22 but not IL-17. In addition, I1L-23
activates STAT3 and NF-kB in neutrophils, which is also contributed to IL-23-induction of
IL-17 and IL-22.

The critical role of the PI3K/mTOR pathway has been implicated in various cellular
functions (51-53). Our data indicated that the mTOR pathway mediates IL-23 induction of
the neutrophil production of IL-17 and 1L-22, in that IL-23 activated mTOR pathway, and
inhibition of mMTOR severely compromised I1L-17 and IL-22 production. It has recently been
shown that mTOR induces NETosis after lipopolysaccharide (LPS) exposure. Thus, mTOR
may facilitate neutrophil cytokine production in multiple aspects.
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Figure 1. IL-23 stimulates neutrophil production of IL-17 and IL-22
(A) Peritoneal neutrophils were treated with IL-18 (20ng/ml), IL-6 (30ng/ml), IL-21 (20ng/

ml), or TNFa (20ng/ml), alone or in combination with IL-23 (20ng/ml) for 24 hours. IL-17
and IL-22 production were measured from the supernatant by ELISA. (B) Neutrophils were
stimulated with 1L-23 for 6 hrs. mRNA for //17and 7//22were determined by qRT-PCR and
normalized against gapah. The relative expression of /L-17 and IL-22 untreated neutrophils
was arbitrarily set to 1.0. IL-17 and IL-22 expression was compared between the IL-23-
treated and untreated neutrophils. *p<0.05. NT, no treatment. Data are representative of 3
independent experiments. (C) Neutrophils were stimulated with 1L-23 (20ng/ml) in the
presence of Golgi Stop for 12 hours. Cytokine expression was measured by flow cytometry.

FACS plots are representative of 3 independent experiments.
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Figure 2. IL-23 induces|L-23R expression on neutrophils
2ug RNA from freshly isolated peritoneal neutrophils and bone marrow cells was used to

analyze IL-23R expression by reverse transcription—-PCR (RT-PCR) (A) and real-time PCR
(B). Gapdhwas used as a housekeeping gene. //23rexpression values were normalized to

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

Gapadh expression. The relative expression of //23r of BM cells was arbitrarily set to 1.0.

i123rexpression was compared between the BM cells and peritoneal neutrophils. **p<0.01.

(C) Neutrophils were treated with 20ng/ml IL-23 for 6 hours. MRNA for //23rwas

determined by gRT-PCR and normalized against gapadh. Data are reflective of 3 independent

experiments. *p<0.05. NT, no treatment.
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Figure 3. RORyt and AhR differentially regulate IL-17 and 1L-22 production in neutrophils
(A) Neutrophils were treated with 1L-23 (20ng/ml) for 6 hours. mRNA for //23rwas

determined by qRT-PCR and normalized against gapah. The relative expression of rorc and
ahrof BM cells was arbitrarily set to 1.0 respectively. rorcand ahrexpression was compared
between the untreated and I1L-23-treated neutrophils. *p<0.05; NT, no treatment. (B)
Neutrophils were treated with I1L-23 (20ng/ml), in addition to a RORyt inhibitor (1pM),
and/or AhR inhibitor (3uM) respectively. IL-17 and 1L-22 production were measured from
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supernatant by ELISA. Data are reflective of 4 independent experiments. *p<0.05,
**p<0.01, ***p<0.001. NT, no treatment.
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Figure4. mTOR regulates|L-23-driven |L-17 and |L-22 production in neutrophils
(A) Peritoneal neutrophils were treated with IL-23 (20ng/ml) for the indicated time points.

mTOR phosphorylation (Ser2448) was determined by Western blot. (B) Neutrophils were
treated with 1L-23 (20ng/ml) for 1 hour, in addition to rapamycin (2uM) or AZD8055 (1uM)
respectively. Phosphorylated 4E-BP1 was detected by western blot, with -actin as a loading
control. (C) Neutrophils were treated with 1L-23 (20ng/ml) for 6 hours. mRNA for //Z7and
if22were determined by gRT-PCR and normalized against gapah. *p<0.05, **p<0.01. (D)
Neutrophils were treated with IL-23 (20ng/ml), in the presence or absence of rapamycin
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(2uM,), or AZD8055 (1uM). IL-17 and IL-22 production were measured from supernatant
by ELISA. *p<0.05, ***p<0.001. (E) mRNA for rorcand ahrwere determined by gRT-PCR
and normalized against gapah. Data are reflective of 4 independent experiments. *p<0.05.
NT, no treatment.
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Figure 5. PI3K regulatesmTOR activation and IL-17 and IL-22 production in neutrophils
(A) Neutrophils were treated with 1L-23 (20ng/ml) for 1 hour with or without Ly294002

(10uM). Phosphorylation of PI3K and 4E-BP1 were detected by western blot, with -actin
as a loading control. (B) Neutrophils were treated with 1L-23 (20ng/ml) for 6 hours. mRNA
for //17and 7//l22were determined by gRT-PCR and normalized against gapadh. *p<0.05. (C)
Neutrophils were treated with I1L-23 (20ng/ml) with or without Ly294002 (10uM) for 24 hrs.
IL-17 and IL-22 production were measured from supernatant by ELISA. *p<0.05, **p<0.01.
(D) mRNA for rorcand ahrwere determined by gRT-PCR and normalized against gapah.
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(E) Neutrophils were treated with IL-23 (20ng/ml) for 1 hour and phosphorylation of STAT3
and NF-kB were detected by western blot, with -actin as a loading control. (F) Neutrophils
were treated with IL-23 (20ng/ml) with or without HIC0152 (5uM) for 24 hrs. IL-17 and
IL-22 production were measured from supernatant by ELISA. *p<0.05. Data are reflective
of 4 independent experiments. *p<0.05. NT, no treatment.
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Figure 6. Neutrophilsand IL-22 protect the intestines from chronic inflammation
2x10° CBirl Th17 cells were i.v. transferred into Rag™~ mice. (A-C) Recipient mice were

treated with anti-Ly-6G depleting antibody (4mg/kg) or control mAb twice per week. At
week 6 post-Th17 cell transfer, (A) H&E staining was performed on colonic histopathology
of control antibody-treated mice (left), and neutrophil-depleted mice (right) for (B) blinded
histological scoring. N=4 mice per group. *p<0.05. (C) Tissue RNA was isolated from large
bowel (LB). mRNA for Hnfd4a was determined by gRT-PCR among two groups of mice and
normalized against gapah. *p<0.05. (D) IL-6, IL-17, TNFa, and IFNy production were
measured from the supernatant of colon tissue cultures from 4 mice per group by ELISA.
Data are one representative of 3 independent experiments with similar results. *p<0.05. (E-
F) CBirl T cell recipient mice were treated with 6mg/kg of anti-IL-22 or control mAb twice
per week. On week 6 post-Th17 cell transfer, H&E staining was performed and colonic
histopathology determined. (E) Histopathology of control antibody-treated mice (left) and
anti-1L-22 antibody-treated mice (right), and (F) histological scores. N=4 mice per group.
Data are one representative of 2 independent experiments with similar results. *p<0.05,
**p<0.01. (G-1) Rag™'~ mice were fed in drinking water with 2% DSS for seven days,
followed by three days of fresh water, and injected IgG control mAb, 20mg/kg anti-Thy1.2
mAb with or without 6mg/kg anti-1L-22 mADb, respectively. (G) Blinded histological scoring
was examined, and (H) H&E staining was performed. (1) FITC-dextran level in plasma was
determined. N=4 mice per group, Data are one representative of 2 independent experiments
with similar results. n.s. indicates no significant difference *p < 0.01. Bars: (A and F) 100
um; (H) 50 um.

J Immunol. Author manuscript; available in PMC 2017 May 15.



	Abstract
	Introduction
	Materials and Methods
	Mice
	Antibody and reagents
	Neutrophil isolation and culture
	Real-Time Quantitative Reverse Transcription PCR
	Induction of colitis
	Preparation of lamina propria cells
	Ex vivo colon organ culture and ELISAs
	Histopathologic assessment
	Statistical analysis

	Results
	1. IL-23 stimulates neutrophil production of IL-17 and IL-22
	2. IL-23 induces IL-23R expression on neutrophils
	3. RORγt and AhR differentially regulate IL-17 and IL-22 production in neutrophils
	4. mTOR regulates IL-23-driven IL-17 and IL-22 production in neutrophils
	5. PI3K regulates mTOR pathway to promote IL-17 and IL-22 production in neutrophils
	6. Neutrophils play a protective role in the pathogenesis of chronic colitis via IL-22

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

