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Abstract

Enterohemorrhagic Escherichia coli and related food and waterborne pathogens pose sig-
nificant threats to human health. These attaching/effacing microbes infect the apical surface
of intestinal epithelial cells (IEC), causing severe diarrheal disease. Colonizing the intestinal
luminal surface helps segregate these microbes from most host inflammatory responses.
Based on studies using Citrobacter rodentium, a related mouse pathogen, we speculate
that hosts rely on immune-mediated changes in IEC, including goblet cells to defend against
these pathogens. These changes include a CD4* T cell-dependent increase in IEC prolifer-
ation to replace infected IEC, as well as altered production of the goblet cell-derived mucin
Muc2. Another goblet cell mediator, REsistin-Like Molecule (RELM)-B is strongly induced
within goblet cells during C. rodentium infection, and was detected in the stool as well as
serum. Despite its dramatic induction, RELM-B’s role in host defense is unclear. Thus, wild-
type and RELM-B gene deficient mice (Retnib”") were orally infected with C. rodentium.
While their C. rodentium burdens were only modestly elevated, infected Retnlb™ mice suf-
fered increased mortality and mucosal ulceration due to deep pathogen penetration of
colonic crypts. Immunostaining for Ki67 and BrDU revealed Retnlb” mice were significantly
impaired in infection-induced IEC hyper-proliferation. Interestingly, exposure to RELM-f did
not directly increase IEC proliferation, rather RELM-B acted as a CD4™ T cell chemoattrac-
tant. Correspondingly, Retnlb™ mice showed impaired CD4* T cell recruitment to their
infected colons, along with reduced production of interleukin (IL)-22, a multifunctional cyto-
kine that directly increased IEC proliferation. Enema delivery of RELM- to Retnlb” mice
restored CD4* T cell recruitment, concurrently increasing IL-22 levels and IEC proliferation,
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while reducing mucosal pathology. These findings demonstrate that RELM-3 and goblet
cells play an unexpected, yet critical role in recruiting CD4™ T cells to the colon to protect
against an enteric pathogen, in part via the induction of increased IEC proliferation.

Author Summary

Food and water-borne bacterial pathogens such as enterohemorrhagic Escherichia coli
(EHEC) target the epithelial cells that line the inner surface of their host’s intestines, caus-
ing inflammation and diarrhea. While professional immune cells including T lympho-
cytes are well known for promoting host defense, we hypothesized that as the cells in
closest contact with these bacterial pathogens, intestinal epithelial cells also play an active
and essential role in protecting the host during infection. Infecting mice with Citrobacter
rodentium, a mouse specific relative of EHEC, we noted a dramatic upregulation in the
expression and secretion of the mediator RELM- by a subset of epithelial cells called
goblet cells. Compared to wildtype mice, mice lacking RELM-B showed less epithelial cell
proliferation and suffered significantly more intestinal damage during infection. Rather
than directly causing epithelial cell proliferation, we found RELM- instead recruited T
lymphocytes to the infected intestine. Upon reaching the intestine, the T lymphocytes
produced the cytokine interleukin-22, which directly increased epithelial cell prolifera-
tion. Taken together, these findings indicate that epithelial/goblet cells play a critical role
in orchestrating the host response to an intestinal pathogen, by recruiting T lymphocytes
and by promoting epithelial proliferation to limit the intestinal damage suffered during
infection.

Introduction

The enteric bacterial pathogens enterohemorrhagic Escherichia coli (EHEC) and enteropatho-
genic E. coli (EPEC) are important causes of infectious diarrhea. These food and waterborne
pathogens infect intestinal epithelial cells (IEC) using a Type III secretion system (T3SS) [1].
Their infection leads to characteristic attaching and effacing (A/E) lesions on IEC, as well as
diarrhea and transient enteritis or colitis in humans [1]. Exactly how the host defends against
these A/E pathogens is poorly understood, largely because their luminal location segregates
and protects them from most inflammatory and immune effector mechanisms. Instead, we
and others have hypothesized that host defense against these microbes relies largely on
immune mediated changes in the intestinal epithelium. In fact, several in vitro studies have
shown that IEC actively promote “host resistance” to A/E pathogens by producing factors that
recruit inflammatory/immune cells to the infected intestine, and by upregulating their expres-
sion of antimicrobial peptides to directly kill A/E bacteria [2-5]. However the efficacy of IEC-
driven responses in clearing these pathogens is unclear, raising the question of whether infected
hosts also promote IEC responses that help the host “tolerate” these infections, by limiting
intestinal tissue damage to ensure the host’s survival.

Unfortunately the human specificity of EPEC and EHEC has limited our ability to study
host responses against these microbes. Citrobacter rodentium, a natural A/E pathogen of mice
has been widely used to model EPEC and EHEC infections, as well as study the host immune
responses that develop against these pathogens [6, 7]. We and others have shown that CD4" T
cells are recruited to the infected intestine, where they drive a mixed Th1/Th17/Th22 immune

PLOS Pathogens | DOI:10.1371/journal.ppat.1005108 August 18,2015 2/27


http://www.child.ca/

@’PLOS | PATHOGENS

RELM-B recruits CD4* T Cells to Protect against Infectious Colitis

response that promotes host defense, by limiting C. rodentium burdens [8-11]. Moreover C.
rodentium infection leads to significant increases in IEC-based expression of antimicrobial pro-
teins and chemokines, as well as dramatic elongation (hyperplasia) of colonic crypts due to
increased IEC proliferation. We recently showed these hyperplastic crypts appear less suscepti-
ble to infection by C. rodentium [12] whereas the highly susceptible Rag! deficient () mice
(lacking T and B cells) are severely impaired in developing infection-induced IEC hyper-prolif-
eration. Notably, reconstitution of Ragl”~ mice with CD4", but not CD8" T cells largely
restored the IEC hyper-proliferative response during infection [13]. While IEC hyper-prolifer-
ation has been primarily seen as a characteristic pathology of C. rodentium infection, it may
also reflect one mechanism by which CD4" T cells promote host defense against A/E patho-
gens, although exactly how this response benefits the infected host remains controversial.

Increased proliferation and shedding of infected IEC are unlikely to clear the intestine of
invading microbes, and also have detrimental effects on the host, such as limiting the matura-
tion and differentiation of IEC including goblet cells, thereby limiting mucin production as
well as ion transport in the colon [12-16]. Even so, increasing IEC turnover likely limits the
potential for lumen dwelling microbes to escape the intestine and go systemic, as well as ensur-
ing the replacement of IEC damaged by the pathogen, or by the host’s own inflammatory
response. Thus the immune-mediated increase in IEC proliferation may fall under the new des-
ignation of “tolerance responses” that limit the pathology suffered by the host during infection
[17]. Other potential tolerance responses described during C. rodentium infection include
TLR2-dependent signaling, which rather than impacting C. rodentium burdens, was shown to
limit mucosal damage as well as protect IEC barrier function during infection [18, 19]. In fact,
tolerance responses may be selected for when dealing with intestinal pathogens since resistance
responses aimed at killing pathogens may inadvertently deplete commensal microbes. We
recently demonstrated this effect in mice lacking the negative regulator of TLR/IL-1R signaling
termed SIGIRR [20]. Sigirr-" mice proved highly susceptible to C. rodentium infection despite
developing an exaggerated antimicrobial response, because rather than killing the pathogen,
their host response caused a rapid depletion of commensal microbes, thus reducing coloniza-
tion resistance against C. rodentium [20].

Aside from undergoing increased proliferation, secretory IEC such as goblet cells can also
release mediators that promote host defense. For example, goblet cells produce and release the
polymeric gel-forming mucin Muc2 into the intestinal lumen, where it hydrates and forms the
protective mucus layer that overlies the IEC [21, 22]. Suspecting that Muc2 would play a pro-
tective role in this model, we previously infected wildtype mice as well as mice lacking intestinal
mucus (Muc2”"). The mucus barrier not only delayed C. rodentium infection, but mucin pro-
duction increased during infection, acting to “flush” loosely adherent pathogens away from the
mucosal surface [23]. Intestinal goblet cells also produce other mediators, including Resistin-
like molecule (RELM)-B [24, 25]. RELM- belongs to a family of cysteine-rich secretory mole-
cules initially described to control insulin resistance in rodents [26, 27]. Interestingly, RELM
proteins have been shown to modulate inflammation and wound healing processes [24, 28,
29]. RELM-B is produced solely by goblet cells, and is induced in the intestines of germfree
mice following their colonization by commensal bacteria [30]. RELM-p expression is also
strongly induced in mouse models of spontaneous ileitis [31] and during dextran-sodium sul-
fate driven colitis [24, 32], where it appears to worsen intestinal inflammation by stimulating
macrophage production of pro-inflammatory cytokines such as TNFa, IL-6, and RANTES.
Moreover, RELM- has been shown to modulate host defense during helminth parasite infec-
tions (Trichuris muris, Nippostrongylus brasiliensis), by impacting on parasite viability and on
CDA4" T cell cytokine responses during infection [33, 34].
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Despite these findings, the actions of RELM-B within the GI tract remain controversial, and
are largely unexplored during enteric bacterial infections. To better define its function, we
tested whether RELM-f contributes to the host response to C. rodentium. Infection dramati-
cally increased RELM-p levels within colonic goblet cells as well as in the stool and sera of
mice. Although mice lacking the RELM-B gene (Retnlb™") carried roughly similar intestinal
and systemic pathogen burdens to wildtype mice, they proved highly susceptible to C. roden-
tium, suffering exaggerated mucosal injury, in concert with impaired proliferation and replace-
ment of infected IEC. Considering that CD4+ T cells are required for the increased IEC
proliferative response during infection [13], we tested if Ragl”~ mice were impaired in RELM-
B production, but instead found it was strongly expressed in their colons during infection.
Instead we determined that RELM-B functions as a chemoattractant for CD4" T cells, and that
infected Retnlb™™ mice suffered a significant delay in CD4" T cell recruitment to the intestine,
along with reduced levels of interleukin (IL)-22, a cytokine that can directly increase IEC prolif-
eration. Moreover, enema delivery of RELM-P to Retnlb”™ mice restored CD4* T cell recruit-
ment, elevating IL-22 levels and IEC proliferation, while reducing mucosal pathology. These
results demonstrate that RELM- and goblet cells play a novel host protective role during infec-
tious colitis, accelerating the recruitment of CD4" T cells and the promotion of IEC prolifera-
tion within the infected intestine, thereby limiting infection-associated tissue pathology.

Results
RELM-[ expression is strongly induced during C. rodentium infection

Recent studies have shown that infection of the murine intestine by C. rodentium induces the
resident goblet cells to strongly express RELM-B [30, 35], however the duration of this response
and whether RELM- was secreted by the goblet cells was not examined. To test this, C57BL/6
mice were infected with C. rodentium and colonic tissues, stool and serum were analyzed.
Between 6 and 10 DPI when bacterial burdens were sustained at CFU levels up to 10*/gram tis-
sue (Fig 1A), we noted a dramatic increase in Retnlb gene transcript levels in the distal colon
that remained elevated until the infection was cleared (21-28 DPI) (Fig 1A and 1B). When
other goblet cell-specific mediators were assessed over this time course, Muc2 gene transcript
levels remained fairly stable whereas trefoil factor (TFF) 3 transcripts decreased at 10 and 14
DPI as described previously [12], returning to near baseline levels by 28 DPI (Fig 1B). We also
assessed RELM-B protein levels, revealing a corresponding increase in RELM-f expression in
colon tissues at 6 DPI (Fig 1C). In addition, significant levels of RELM-J} protein were also
detected in stool samples isolated at 6 and 10 DPI (Fig 1C) as well as in the sera (Fig 1D) indi-
cating that RELM-J is released from the goblet cells during infection. At later time points,
RELM- protein levels decreased from their peak (Fig 1C), likely reflecting increasing inflam-
matory damage in the colon, as well as accelerated IEC/goblet cell turnover rates and immatu-
rity at these later stages of C. rodentium infection [13]. These data thus reveal a highly dynamic
goblet cell response to C. rodentium, with RELM-f showing a distinct induction during
infection.

To ensure the dramatic induction of RELM-f seen during infection was not simply due to
the large oral dose of C. rodentium, we also tested a natural infection model by co-housing pre-
viously unexposed C57BL/6 mice with C. rodentium-infected mice. At day 7 post-exposure
(DPE) when Citrobacter infection is well established in the previously naive mice (S1A Fig), we
noted a significant ((40-fold) P < 0.0001) induction in Retnlb gene expression (S1B Fig). West-
ern blotting of stool samples revealed a major increase in secreted RELM-f protein levels at 7
DPE (Fig 1E), while immunostaining confirmed both RELM-f induction and its specificity to
goblet cells (Fig 1F).
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Fig 1. Dynamics of RELM-B expression during C. rodentium infection. (A) Enumeration of tissue adherent or luminal C. rodentium following oral
gavage. Results show mean values of 3—4 mice/group. (B) gPCR analysis of RELM-$, Muc2, and TFF3 mRNA levels in the distal colons of C57BL/6 mice.
Results show mean values of 3—4 mice/group, **P = 0.0014 vs. uninfected; ***P < 0.0001 vs. uninfected. (C) Western blots of RELM-( protein in colonic
tissues and stool lysates of uninfected or infected mice. Lanes show data from single mice, representative of >4 mice/group. + indicates rRELM-( positive
control. (D) Presence of RELM-§ in the serum as detected by ELISA in uninfected or infected (10 DPI) mice. Each data point represents 1 mouse. Error
bars = SEM. ** P <0.001. (E) Western blot of RELM-B within stool of mice 7 days following their natural exposure to C. rodentium infected mice. Each lane
follows 1 animal over time. (F) Representative immunofluorescent staining of RELM-( in tissues of uninfected or 7 days post exposure (DPE) mice following
natural transmission. n = 4/group. Scale bars = 100 ym. Original magnification = 200X. All results are representative of at least 2 independent experiments.

doi:10.1371/journal.ppat.1005108.9001

RELM-{ deficiency leads to increased mortality and mucosal damage
during infection
We next examined mice genetically deficient in RELM-f (Retnlb-" mice), and consistent with

previous reports [24, 32] found no evidence of overt or spontaneous disease development
under uninfected conditions. Similarly, upon examining the intestinal tissues of uninfected
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C57BL/6 and Retnlb-"~ mice, we noted no overt pathology or other baseline differences between
strains. In contrast, when we infected Retnlb”™ mice, we found they suffered a significant drop
(15-20%) from their initial body weights that lasted until at least 16 DPI, whereas infected
wildtype mice maintained their weight throughout the infection (Fig 2A). Furthermore, during
each round of infections, on average 30-40% of Retnlb” mice exhibited such significant mor-
bidity (became moribund) that they required euthanization (Fig 2B). While infected C57BL/6
mice suffered widespread but modest intestinal macroscopic pathology (as typical for this
strain) at 8 and 10 DPI, infected Retnlb”™ mice displayed grossly swollen colons completely
devoid of stool contents, as well as overt mucosal bleeding and patchy ulceration in both the
cecum and colon (Fig 2C, arrows). Histologic analysis and pathology scoring of the colons of
Retnlb-"" mice revealed marked epithelial disruption as well as significant but patchy influx of
inflammatory cells in the infected mucosa, with some regions also showing significant submu-
cosal edema and altered mucosal architecture (Fig 2D and 2F). The most severe phenotype
seen in the Retnlb”™ mice involved pan-ulceration and massive dropout of crypts, leaving the
entire tissue cross-section severely necrotic (Fig 2D and 2E). The intestinal pathology seen in
Retnlb™ mice at 8 DPI (S2A and S2B Fig) was similar to that seen at 10 DPI (Fig 2D), and exag-
gerated pathology was also observed in the ceca of infected Retnlb”” mice (S2C and S2D Fig).
In contrast, infected C57BL/6 mice suffered significantly (P < 0.0001) less colonic pathology,
characterized by modest but widespread inflammatory cell infiltration and crypt hyperplasia
(Fig 2D and 2F). Notably, the exaggerated pathology scores suffered by infected Retnlb”™ mice
compared to C57BL/6 mice were also observed following their co-housing suggesting their sus-
ceptibility was due to their genotype rather than an aberrant microbiome. These results thus
show that loss of RELM-f renders mice significantly more susceptible to C. rodentium-induced
colitis.

RELM-{ deficiency is associated with deeper penetration of crypts by C.
rodentium

To test whether the severe damage suffered by Retnlb”™ mice reflected heavier pathogen bur-
dens, we quantified C. rodentium within the colons and ceca of Retnlb”” and C57BL/6 mice up
to 10 DPL C. rodentium burdens adherent to the colonic and cecal tissues of Retnlb”” mice
were not significantly different than those recovered from C57BL/6 mice from 2 to 8 DPI, but
were significantly (5 fold) higher at 10 DPI (Fig 3A and S2E Fig). Similarly, pathogen burdens
found in the colonic and cecal stool contents of Retnlb”™ mice were modestly (but significantly)
elevated over those burdens recovered from C57BL/6 mice at 6 and 10 DPI (Fig 3A and S2E
Fig). Considering the exaggerated morbidity and pathology suffered by infected Retnlb”™ mice,
the observed differences in overall pathogen burdens seemed relatively unimpressive, so we
next examined whether C. rodentium localization differed between the mouse strains by stain-
ing tissues for C. rodentium LPS. Strikingly, C. rodentium was found to deeply penetrate the
crypts of Retnlb”” mice at 6 DPI, (Fig 3B). At 10 DPI, C. rodentium filled the lumens of many
Retnlb™ colonic and cecal crypts, from the surface epithelia down to crypt bases (Fig 3B and
3C and S2F Fig) likely representing the source of the modestly increased burdens we recovered
from these mice. In contrast, C. rodentium predominantly localized to surface epithelia in
C57BL/6 mice, and only rarely penetrated their crypts (Fig 3B and 3C and S2F Fig). This differ-
ence in crypt penetration and evidence that C. rodentium directly infected epithelial cells near
the base of Retnlb” colonic crypts was confirmed by immunostaining for the bacterial T3SS
effector Tir (S2G Fig). FISH staining of ulcerated colonic regions revealed clusters of exclu-
sively C. rodentium (yellow) and not commensal bacteria (red) localized in patterns resembling
crypts, suggesting ulcers formed at sites where C. rodentium had been deeply penetrating crypt
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Fig 2. Retnib™~ mice are highly susceptible to C. rodentium-induced colitis. (A) Body weights following infection of C57BL/6 and Retnib™" mice. Error
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bases (Fig 3D). Consistent with this deep tissue invasion and ulceration, significantly higher
pathogen burdens (P < 0.005) were found in the livers of Retnlb”” mice (Fig 3E). Interestingly,
when we infected Retnlb”” mice with a C. rodentium strain lacking EspF (despF), a T3SS effec-
tor linked to IEC damage and barrier disruption, most disease parameters including weight
loss and colonic ulceration were abrogated, showing that the exaggerated tissue damage that
developed in infected Retnlb”" mice required the full pathogenic properties of C. rodentium
(S3A-S3D Fig).

Infection-induced antimicrobial and inflammatory responses are intact in
Retnlb™ mice

The deep penetration of C. rodentium into Retnlb”” mouse tissues led us to test whether
RELM- deficiency caused any defects in antimicrobial responses. Several antimicrobial genes
(iNOS, mCRAMP, and RegllIly) primarily expressed by IEC were assessed. No defects in their
expression were noted, and there was in fact a trend for elevated levels of ReglIly in the
Retnlb” mice (S4A Fig). Moreover no defects were detected in the antimicrobial capacity of
the colonic crypts themselves (S4B Fig). We also tested whether recombinant RELM-f itself
possessed antimicrobial activity, and found that rRELM-f did not exhibit any C. rodentium
killing capacity (S4C Fig).

We next examined whether inflammatory responses were impaired in the Retnlb”™ mice.
Analysis of pro-inflammatory cytokine genes revealed heightened mRNA transcript levels for
TNF-a, IL-1B, and IL-6 in the colons (S4D Fig) and ceca (S2B Fig) of infected Retnlb™ vs
C57BL/6 mice. We also found roughly similar numbers of macrophages and neutrophils infil-
trating the colons of the two mouse strains by F4/80 and myeloperoxidase (MPO) staining
respectively (S4E Fig), aside from areas of ulceration in the infected Retnlb™™ mice where neu-
trophils were found in much greater abundance, even by H&E staining (Fig 2D). Collectively,
these studies indicate that loss of RELM-f} does not cause any overt defects in launching anti-
microbial or inflammatory responses to C. rodentium infection that could explain the deep
crypt penetration seen in Retnlb™™ mice.

Retnib™~ mice exhibit reduced IEC proliferation during infection

While exploring whether other host defenses might be compromised in Retnlb”” mice, we
observed through H&E staining that their colonic crypt structures did not change during infec-
tion in the same manner seen in C57BL/6 mice. This was most notable at 8 and 10 DPI, when
the Retnlb” crypts showed less cellularity, wider lumens, and more mature goblet cells than
those in C57BL/6 mice (Fig 4A). Since C. rodentium infection is known to dramatically
increase IEC proliferation, leading to mature goblet cell depletion [12, 13], we examined IEC
proliferation in the two mouse strains by staining for the proliferation marker Ki-67 [36].
While no baseline differences were noted between strains (S5A and S5B Fig) (9.3 £ 0.4 versus
10.2 + 0.7 Ki67 +ve cells/crypt); at 8 DPI we saw significantly increased numbers of Ki67" IEC
in the colons of C57BL/6 mice (30.8 + 1.5) whereas this IEC hyper-proliferative response was
significantly impaired (16.8 + 1.7, P < 0.005) in the Retnlb” mice (Fig 4B). Over the next six
days, IEC proliferation gradually increased such that by 14 DP], the reduction in IEC prolifera-
tion in Retnlb”” mice that survived to that point (versus C57BL/6 mice) was no longer observed
(both > 70 +ve cells/ crypt) suggesting that while RELM-f was not essential for IEC prolifera-
tion, the absence of RELM- caused a major delay in IEC proliferative responses to C. roden-
tium infection.

Based on this data, we sought to determine whether the induction of IEC hyper-prolifera-
tion was related to the ability of C. rodentium to deeply penetrate colonic crypts. We analyzed
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IEC proliferation using 5-bromodeoxyuridine (BrdU) incorporation, and performed dual
labeling for BrdU and C. rodentium LPS. The immunostaining revealed C. rodentium coloniza-
tion in C57BL/6 mice was limited to the surface epithelium of crypts displaying abundant
BrdU* IEC extending from the crypt base to the surface (Fig 4C). However, in Retnlb”” mice,
C. rodentium deeply invaded many of the colonic crypts showing only sparse numbers of
BrdU™ IEC limited to the crypt bases (Fig 4C). Overall, consistent with Ki67 staining, BrdU
labeling was significantly reduced (P < 0.01) by approximately 4-fold in Retnlb”” mice vs.
C57BL/6 mice at 8 DPI (Fig 4C). As shown in Fig 3B, the number of LPS-filled crypts was
increased 5-fold in Retnlb”” mice, suggesting that their impaired IEC proliferative responses
coincided with their crypts being highly susceptible to deep C. rodentium penetration. Notably,
we previously identified deep C. rodentium colonization of colonic crypts exhibiting limited
IEC proliferation in Ragl™” mice [13].

CD4" T cells are sufficient to induce IEC proliferative responses during
infection

Crypt hyperplasia and increased IEC proliferation are common features of many infectious as
well as non-infectious GI diseases, including tropical enteropathy and celiac disease [37, 38].
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While the underlying mechanisms are unclear, T cell activation has been repeatedly linked to
these pathologies. Moreover, we recently showed that adoptive transfer of CD4" T cells into
Ragl™" mice increases IEC proliferation during C. rodentium infection [13]. Based on our find-
ing of impaired IEC proliferation in Retnlb” mice, we examined whether CD4" T cells might
control IEC proliferation by modulating intestinal RELM-p levels. We therefore tested how
reconstituting CD4" T cells into Ragl”" mice affected both IEC proliferation, as well as RELM-
B expression. At 10 DPI, colon tissues were immunostained for CD4™ cells, proliferative
responses (Ki67) and pathogen colonization (LPS), as well as RELM-. As expected, CD4" cells
were virtually absent in non-reconstituted Ragl” mice, but were abundant in the mucosa of
CD4* T cell-reconstituted Ragl™” mice (Fig 5A), confirming successful reconstitution. Analysis
of IEC proliferation at 10 DPI found that infected CD4+ reconstituted Ragl”~ mice showed a
dramatic increase in Ki67* IEC compared to non-reconstituted Ragl”” mice (Fig 5B and 5B1).
Importantly, LPS staining revealed C. rodentium deeply penetrating the crypts of non-reconsti-
tuted Ragl” mice, whereas it was limited to the surface epithelium of CD4" reconstituted
Ragl”” mice (Fig 5C). When tissues were stained for RELM-B, abundant positively staining
goblet cells were noted in both the non-reconstituted Ragl”" mice as well as the CD4*"
“reconstituted Ragl”” mice (S5C Fig). These results indicate not only that induction of RELM-f
expression does not require CD4" T cells, but more importantly, that RELM- is insufficient,
in the absence of CD4" T cells, to drive IEC hyper-proliferation during C. rodentium infection.

Infected Retnlb™~ mice display reduced numbers of colonic CD4* T cells

The above results suggested that the impaired IEC proliferation seen in Retnlb”” mice might
reflect some defect in their CD4" T cells, however baseline CD4" T cell numbers within the
intestine and spleen are known to be similar in Retnlb”” vs C57BL/6 mice [24, 33]. Alterna-
tively, we hypothesized that Retnlb”” mice might suffer an impaired ability to recruit CD4* T
cells to the colon upon infection, since an inability to recruit these cells could potentially
explain their impaired IEC proliferation during infection. We therefore immunostained
colonic tissues from uninfected and infected C57BL/6 and Retnlb”” mice, for the marker CD4.
While CD4" cells were sparse in both strains under uninfected conditions (Fig 5D), at 10 DPI,
numerous intensely stained CD4" cells with distinct lymphocyte morphology were seen in the
submucosa and mucosa of C57BL/6 mice (Fig 5D). In contrast, CD4" cell numbers were signif-
icantly reduced (P < 0.05) in Retnlb”" mice, at roughly 15-25% the number found in C57BL/6
colons at both 8 and 10 DPI (Fig 5D and 5E). These results were confirmed by FACs analysis
of cells isolated from the colonic lamina propria from the two mouse strains (Fig 5F). Further-
more, FACs analysis of CD8+ve T cell populations showed no significant differences between
C57BL/6 and Retnlb”” mice, indicating that loss of RELM-B did not affect all T cell populations.
These data suggest that the paucity of CD4* T cells in the mucosa of Retnlb”” mice is likely the
basis for their stunted IEC proliferative responses to C. rodentium infection.

Adaptive immune responses to C. rodentium are not compromised in
Retnlb™" mice

While CD4" T cells are sufficient to drive increased IEC proliferation, it was unclear whether
the reduced CD4" T cell numbers found in infected Retnlb”” mice reflected a defect in their
priming, or in their recruitment to the site of infection. However, stimulation with C. roden-
tium antigen revealed similar antigen-specific secretion of IL-17A and IFNy from splenocytes
isolated from infected C57BL/6 and Retnlb”” mice (S6A and S6B Fig). These results suggest
that priming of adaptive immune responses to C. rodentium is not compromised in the absence
of RELM-.
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RELM-B exhibits direct chemotactic activity for CD4™ T-cells in vitro

We next tested whether Retnlb”” mice suffered defects in recruiting CD4" T-cells to the colon,
by measuring colonic gene expression of the T cell chemokines CCL8, CXCL9, and CCL25
[39]. We found significantly enhanced gene expression of CCL8 at 6 DPI, while both CCL8
and CCL25 were increased (but not significantly) at 10 DPI in Retnlb”" mice, compared to that
found in infected C57BL/6 mice (Fig 6A). While CXCL9 expression was mildly impaired at 6
DP], it was not significant, and did not seem at a level that would have such a major effect on
CD4" T-cell recruitment. With no overt defects identified in these key chemokine genes, we
noted previous studies showing that RELM-f could directly chemoattract stromal cells to sites
of lung injury [40]. We therefore examined whether RELM-B could itself recruit CD4" T cells
using a Boyden Chamber assay. Interestingly, rRELM-B caused a dose-dependent increase in
CD4" T cell migration, similar to that seen using the T-cell chemokine CCL4 (Fig 6B), but the
chemoattraction was abrogated when rRELM-B was heat inactivated. Therefore the impaired T
cell recruitment seen in Retnlb”” mice likely reflects the loss of RELM-P and its ability to che-
moattract CD4" T cells to the infected colon.

IL-22 increases |IEC proliferation and is significantly reduced in Retnib™
mice

To determine the mechanism through which CD4+ T cells drive IEC proliferation during
infection, we next examined levels of IL-22; a cytokine produced by CD4+ T cells during
enteric infection that interacts with its receptors expressed by IEC [41]. IL-22 is unique
amongst the interleukins in that its receptors are exclusively expressed on tissue resident non-
hematopoietic cells such as IEC, inducing proliferative and antimicrobial responses in these
cells [9, 41]. In fact, in separate studies, we found that neutralizing IL-22 in mice during C.
rodentium infection caused a major impairment in IEC proliferation. C57BL/6 mice treated
with an anti-IL-22 antibody showed less colonic IEC proliferation (19.1+1.7 Ki67+ve IEC/
crypt) than infected mice receiving PBS alone (30.4 +1.7) (P = 0.009) or mice receiving control
antibodies (32.0 +4.3) (P = 0.058). Interestingly, gene transcript and protein analysis revealed
significantly impaired (P < 0.05) induction of IL-22 in Retnlb”” mice during infection as com-
pared to C57BL/6 mice (Fig 7A and 7B). Further, in vitro application of rIL-22 to the CMT93
colonic epithelial cell line significantly increased (P < 0.005) proliferation (Ki67+ cells) (Fig
7C), confirming the potential for its direct proliferative effects on IECs. In contrast, direct
application of rRELM- to this IEC line did not significantly increase Ki67+ cell numbers (S7A
Fig). Since IL-22 can be produced by several cell types, including T lymphocytes and innate
lymphoid cells, we compared its expression during infection in mice lacking T cells (Tcr-87")
and C57BL/6 mice. We found that II-22 gene transcription, as well as IL-22 protein levels were
dramatically reduced in the colons of Tcr-B”~ mice indicating that CD4* T cells are the primary
source of IL-22 at this time point in the infection (S7B and S7C Fig). These results thus suggest
that IL-22 production by CD4™ T cells recruited to the infected intestine in response to RELM-
B drives the protective IEC proliferative responses seen during infection.

RELM-B enemas restore CD4" T cells, IL-22 levels and IEC proliferation
in infected Retnlb™~ mice

To clarify whether restoring RELM-B could protect Retnlb”~ mice during infection, the effects
of delivering rRELM- into Retnlb”” mice were tested. Repeated intraperitoneal (i.p) injection
of murine rRELM-P had no protective effect on infected Retnlb” mice (S8 Fig). We next tried
enema delivery, with infected Retnlb”” mice given 400 ng doses of rRELM-p in 1% methyl
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doi:10.1371/journal.ppat.1005108.9006

propyl cellulose in PBS, or the vehicle alone (control), by enema each day between 5 to 7 DPI,
and the mice were euthanized at 8 DPI. Once euthanized, the protective effects of rRELM-3
were readily apparent as the macroscopic intestinal injury and bleeding seen in the Retnlb”"
mice was dramatically attenuated following rRELM-f treatment (Fig 8A). Moreover the
colonic pathological scores as well as levels of crypt hyperplasia in the Retnlb”” mice given
rRELM-B enemas were found to be similar to that seen in C57BL/6 mice, and significantly dif-
ferent from those seen in vehicle treated Retnlb”” mice (Fig 8B and 8B1). As assessed by FACs
analysis, rRELM-p treatment led to a marked increase in CD4" T cell numbers populating the
colonic mucosa (Fig 8C). Significantly increased numbers of Ki67" proliferating IEC (P <
0.0001) were also observed in rRELM-p treated mice (Fig 8D and 8E). Moreover significantly
increased IL-22 production (P < 0.05) was observed at both gene transcript and protein levels
in rRELM-B treated mice (Fig 8F). These results thus indicate that luminal delivery of rRELM-
B to Retnlb”” mice recruits CD4" T cells to the infected colon; protecting the host by boosting
IL-22 levels as well as proliferative IEC responses to replace infected and damaged cells.

Discussion

Intestinal goblet cells are considered important contributors to intestinal barrier function,
through the release of the mucin Muc2 and their critical role in the generation of the intestinal
mucus layer. While production of intestinal mucus is generally considered a passive means of
host defense, herein we report that goblet cells can also play an active and critical role in driving
inflammation and intestinal remodeling, through the production of RELM-. In contrast to
other goblet cell mediators (Muc2 and TFF3), RELM-p expression was strongly induced during
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C. rodentium infection. Moreover RELM-f production proved protective, since infected
Retnlb”" mice suffered exaggerated mucosal damage compared to C57BL/6 mice. Loss of
RELM- resulted in deeper pathogen penetration of colonic crypts, patchy ulceration, as well
as heightened morbidity and mortality. The protective actions of RELM- did not appear to
involve modulation of antimicrobial defenses, but rather reflected its role in recruiting CD4" T
cells to the infected colon, where they drove a protective increase in IEC proliferation through
the production of IL-22.

Our previous studies demonstrated that goblet cell-derived Muc2 protected mice during C.
rodentium infection, by limiting the pathogen’s ability to reach the underlying IEC [23]. How-
ever once pathogens successfully cross the intestinal mucus layer, the protective actions of
Muc2 are overshadowed by the host’s immune response. Thus a major impetus for the current
study was to examine whether goblet cells respond to a successful infection by changing the
mediators they release. We focused our attention on RELM-J since it is strongly induced in
several models of colitis, yet its function is poorly defined. In fact, whether RELM- plays a
pro- or anti-inflammatory role during colitis remains controversial. Reports have shown that
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RELM-P aggravates pathology during DSS-induced colitis, by activating macrophages and by
increasing their production of TNF-a. [32]. Another study suggested that RELM-B promotes
the chronicity of T. muris infections as well as the severity of colitis by increasing IFNy produc-
tion by CD4™ T cells [33]. In contrast, in the TNBS colitis mouse model, RELM-p deficiency
was shown to worsen disease via unknown mechanisms and correspondingly, enema delivery
of rRELM-P was shown to ameliorate TNBS colitis [42]. Collectively, these results indicate the
biological function of RELM-f may be context dependent, while our findings suggest its impact
may reflect whether recruitment of CD4" T cells to the intestine provides protection within the
specific model tested, or alternatively, simply worsens colitis.

In our model, we noted a rapid increase in RELM-J expression by intestinal goblet cells in
response to C. rodentium infection. While RELM-J gene transcript levels remained elevated
throughout the course of infection, RELM-B protein levels peaked at 6 DPI and declined by 10
to 14 DPI, in keeping with the increasingly immature state of goblet cells at these later time
points [12]. Aside from goblet cells being strongly immunoreactive for RELM-, the protein
was also detected in large quantities within the stool. This suggests RELM- is released apically
into the intestinal lumen, however consistent with a role for RELM-f in recruiting T cells to
the infected intestine, it was also found elevated within the sera of infected mice. At present it is
unclear whether this reflects basolateral release of RELM-J by the goblet cells, or instead leak-
age of the luminally secreted molecule across a disrupted epithelial barrier. Recent studies have
shown that goblet cells can act as a passageway for luminal antigens to cross the epithelium
and reach underlying immune cells [43]. Presumably such a role would also facilitate the pas-
sage of luminal RELM-B into the underlying lamina propria and beyond.

Consistent with its strong induction in our model, RELM-f played an important protective
role, as mice lacking the protein suffered more severe colitis than WT mice. The exaggerated
tissue damage reflected the deep penetration of Retnlb”” crypts by C. rodentium, resulting in
direct pathogen damage to the epithelium as well as host immune-mediated loss of crypts and
patchy ulceration. Considering that C. rodentium typically colonizes IEC at the surface of
crypts, its presence at the cry