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Abstract

The secreted goblet cell-derived protein resistin-like molecule g (RELMg) has been implicated in
divergent functions, including a direct effector function against parasitic helminths and a pathogenic
function in promoting inflammation in models of colitis and ileitis. However, whether RELMS
influences CD4* T cell responses in the intestine is unknown. Using a natural model of intestinal
inflammation induced by chronic infection with gastrointestinal helminth Trichuris muris, we
identify dual functions for RELMg in augmenting CD4* Th1 cell responses and promoting infection-
induced intestinal inflammation. Following exposure to low-dose Trichuris, wild-type C57BL/6
mice exhibit persistent infection associated with robust IFN-y production and intestinal inflammation.
In contrast, infected RELM '~ mice exhibited a significantly reduced expression of parasite-specific
CD4* T cell-derived IFN-y and TNF-« and failed to develop Trichuris-induced intestinal
inflammation. In in vitro T cell differentiation assays, recombinant RELMp activated macrophages
to express MHC class |1 and secrete 1L-12/23p40 and enhanced their ability to mediate Ag-specific
IFN-y expression in CD4* T cells. Taken together, these data suggest that goblet cell-macrophage
cross-talk, mediated in part by RELM§, can promote adaptive CD4* T cell responses and chronic
inflammation following intestinal helminth infection.

Intestinal epithelial cells (IEC)3 have numerous adaptations that provide a physical barrier
between the host and the external environment, including elaborate tight junctions and a mucin-
rich microvilli brush border (1). Recent reports using IEC-specific knockout mice
demonstrated that IEC also play a fundamental role in intestinal immune homeostasis through
direct regulation of innate and adaptive immune responses (2,3). Intestinal epithelial stem cells
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are pluripotent and can differentiate into at least four distinct cell lineages including
enterocytes, Paneth cells, enteroendocrine cells, and goblet cells (4,5). Goblet cells secrete a
panel of bioactive molecules that include mucins, trefoil peptides, and resistin-like molecule
£ (RELMp) and their differentiation is a hallmark of chronic inflammation in arange of diseases
(6-8).

RELMp belongs to the family of resistin-like molecules, a group of small, cysteine-rich
secreted mammalian proteins (9-12). RELMZ is highly expressed in several disease settings
including murine models of helminth infection, cystic fibrosis, and inflammatory bowel disease
(7,13-16). We previously reported that exposure to the intestinal-dwelling helminth pathogen
Trichuris promotes RELMp expression and that RELMp could disrupt parasite sensory
functions in an in vitro assay, suggesting a potential antiparasite effector function (13). More
recent studies suggested an additional role for RELMg in promoting intestinal inflammation
both in response to chemical-induced colonic injury and in a genetic model of ileitis (7,15,
17). However, whether RELMp is necessary for resistance to Trichuris or can directly influence
innate or adaptive immune cell function following enteric infection remains unknown. To
address this question, we used RELMg '~ mice in both acute and chronic Trichuris infection.
Trichuris is a natural parasite of mice and provides a well-established model where resistance
to infection is critically dependent on the development of an adaptive Th2 cytokine response,
while susceptibility is associated with a Thl cytokine response (18-20). In C57BL/6 mice, the
development of an acute or chronic Trichuris infection is achieved through manipulation of
the infection dose (21). In response to high-dose infection, a parasite-specific protective Th2
cytokine response is generated, allowing efficient parasite expulsion while low-dose infection,
which is more representative of a natural infection in humans, mediates the generation of a
Th1 cytokine-dominated response and chronic parasite establishment (21-25).

In this study, using RELMB '~ mice in acute infection with Trichuris, we demonstrate that
goblet cell-derived RELMZ is not required for the generation of a protective Th2 cytokine
response and the expulsion of Trichuris. However, in low-dose Trichuris infection,
RELMg ™~ mice exhibited reduced expression of parasite-specific IFN-y, failed to develop
infection-induced intestinal inflammation, and did not develop persistent infection. In vitro,
recombinant RELMg augmented Th1 cell differentiation through the direct activation of
macrophages to up-regulate MHC class |1 expression and production of IL-12/23p40.
Collectively, these data identify dual functions for RELMg in enhancing Trichuris-induced
intestinal inflammation and adaptive CD4* Th1 cell responses, and support a role for intestinal
goblet cells in influencing innate and adaptive immune responses through the regulation of
intestinal macrophage function.

Materials and Methods

Animals, parasites, Ags, and infections

RELMS '~ mice were generated as described previously (15). C57BL/6 mice were obtained
from The Jackson Laboratory. Mice transgenic for the OV Asy3_339-specific TCR (OT-II) on
a C57BL/6 background were bred and maintained in a specific pathogen-free environment. All
experiments were performed following the guidelines of the University of Pennsylvania
Institutional Animal Care and Use Committee. Trichuris was maintained in genetically
susceptible animals. Isolation of Trichuris excretory-secretory Ag and eggs was performed as
described previously (26). Mice were infected orally with 30 (low-dose) or 200 (high-dose)
embryonated eggs, and parasite burdens in ceca were determined on various days after
infection. For BrdU incorporation assays, mice were injected i.p. with 0.8 mg of BrdU (Sigma-
Aldrich) in PBS at 1 and 3 days before sacrifice.
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In vitro T cell differentiation assays

Splenocytes were isolated from naive animals, labeled with CFSE (5 ug/ml; Molecular Probes)
and cultured for 4 days with anti-CD3/anti-CD28 (1 xg/ml each, eBioscience) in the presence
or absence of rRELMg (1-10 ug/ml; PeproTech). CD4™ T cells, purified by negative depletion
using homegrown supernatants (cell lines RAE, 2.43, M5114, and 2.4G2) and goat anti-rat
magnetic beads (Qiagen) allowing >90% purity were CFSE labeled and activated with plate-
bound anti-CD3/anti-CD28 in the presence or absence of rRELMS (10 ug/ml). Four days later,
cells were stimulated with PMA (50 ng/ml), ionomycin (500 ng/ml), and brefeldin A (10 ug/
ml) (all from Sigma-Aldrich). Cells were surface stained with CD4, followed by intracellular
staining with IFN-y and IL-4 (all from eBioscience) allowing analysis by flow cytometry. Cell-
free supernatants were harvested and analyzed for cytokine secretion by ELISA. For
macrophage/dendritic cell (DC) coculture assays, BM macrophages and DC were generated
as described previously (3,27). Macrophages or DC were cultured overnight with medium
alone or OVA protein (500 xg/ml; Worthington) in the presence or absence of rRELM (10
1g/ml) followed by two washes with warm medium to remove stimulus and coculture with
CFSE-labeled OTII CD4* T cells, purified by negative depletion as above, at a 4:1 T cell:
macrophage ratio. Four days later, cells were pulsed with PMA, ionomycin, and brefeldin A
as above, followed by cell recovery for flow cytometric analysis, and recovery of supernatants
for cytokine analysis by ELISA.

Macrophage activation assays

For analysis of MAPK signaling, 1 x 10 BM macrophages were pulsed with rRELMS (40
ug/ml), followed by lysis at time points indicated in HNTG buffer (0.1% Triton X-100, 20 mM
HEPES, 10% glycerol, 150 mM NaCl, and 1 mM DTT, pH7.5) supplemented with a mixture
of protease inhibitors (Roche). Whole cell lysates were resolved by SDS-PAGE, followed by
immunoblotting with antiphosphorylated ERK1/2 and S-actin (all from Cell Signaling
Technology). For analysis of surface activation markers and cytokine secretion, 1 x 106
macrophages were cultured overnight in medium alone, treated with rRELMS (10 xg/ml) or
LPS (100 ng/ml) followed by recovery of supernatants for measurement of cytokine secretion
by ELISA and flow cytometric analysis of cells with Abs to F4/80 and MHC class I1 (all from
eBioscience).

Analysis of Trichuris-induced immune responses

Mesenteric lymph node (MLN) or cecal patch cells from naive or infected mice were pulsed
for 4-6 h with PMA, ionomycin, and brefeldin A followed by intracellular cytokine analysis
by flow cytometry. For BrdU incorporation, MLN cells were stained ex vivo according to the
BD Pharmingen BrdU staining protocol. For Ag-specific cytokine responses, MLN cells were
plated in medium alone or in the presence of Trichuris ES Ag (50 «g/ml). Cell-free supernatants
were harvested and analyzed for cytokine secretion by ELISA. Trichuris-specific 1gG1 and
IgG2a were measured by ELISA of serum dilutions from naive and infected mice using
Trichuris Ag-coated plates (5 ug/ml).

RELMB responses and histological analysis

RELMp (Retnlb) gene expression analysis was performed by intestinal tissue RNA isolation
using the Qiagen RNeasy Kit (Qiagen) followed by cDNA generation and real-time PCR using
SYBR Green technology (Applied Biosystems) with RELM§- and $-actin-customized primers
(Qiagen). Reactions were run on the GeneAmp 5700 Sequence Detection System (Applied
Biosystems). Similar to RELMp, expression of 1118, 1112a, Ifng, and 114 in the colons was
measured using customized primers. Western blot analysis was performed as described
previously (13). In brief, 20 ug of protein was isolated from fecal pellets and resolved by SDS-
PAGE followed by immunoblotting for RELMg with a polyclonal rabbit antimurine RELMp
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Ab. For immunofluorescence and histological analysis, paraffin-embedded 4%
paraformaldehyde (PFA)-fixed cecal tissue sections were stained for RELMp as described
previously (13) or with H&E or periodic acid-Schiff (PAS)/Alcian blue.

Statistical analysis

Results, representative of three or more separate experiments, represent the mean £ SEM of
individual animals or conditions. Statistical significance was determined by the two-tailed
Student’s t test. Results were considered significant when p < 0.05.

Results

Expulsion of Trichuris can occur in the absence of RELMB expression

Our previous studies demonstrated that RELMp was expressed following infection with the
gastrointestinal helminth Trichuris and that in vitro RELMJ could bind to the parasite sensory
apparatus and inhibit chemotaxis (13). To investigate a potential antiparasitic effector function
for RELMg in vivo, wild-type (WT) and RELMB 7~ mice were infected with 200 Trichuris
eggs, and the kinetics of parasite clearance were examined. By day 15 after infection, both WT
and RELMg '~ mice exhibited equivalent worm expulsion and sterile immunity was achieved
by day 21 in both genotypes (Fig. 1A). Since RELMp was recently implicated in promoting
mucus secretion (28), an important antiparasitic effector response (29), we examined goblet
cell responses in naive and Trichuris-infected WT and RELMg '~ mice. Histological analysis
of PAS/Alcian blue-stained cecal tissue sections revealed that Trichuris infection induced
equivalent intestinal crypt elongation and mucus production by goblet cells in both WT and
RELMg '~ mice, demonstrating that RELM§ deficiency did not noticeably alter goblet cell
responses. Additionally, worm expulsion was associated with the equivalent expansion of
CD4* T cells from the draining MLN, examined by BrdU incorporation (Fig. 1C), and the
induction of IL-4 mRNA in the colons of infected WT and RELMg '~ mice at day 21
postinfection (Fig. 1D). Consistent with a polarized Th2 cytokine response, infected WT mice
did not exhibit elevated levels of IFN-y mRNA in the intestine compared with naive mice (Fig.
1E). Strikingly, basal levels of IFN-y mRNA were reduced in the colons of infected
RELMg '~ mice (Fig. 1E). Taken together, these findings demonstrate that although goblet
cell-derived RELMp is not essential for the development of infection-induced Th2 cytokine
responses or sterile immunity, it may influence IFN-y responses in the intestinal
microenvironment.

RELMB is expressed during chronic Trichuris infection and promotes expression of
proinflammatory cytokines in vivo

RELMg was recently implicated in influencing host inflammatory responses. Specifically, we
and others showed that RELMB 7~ mice exhibit reduced intestinal inflammation in a murine
model of colitis (7,15). Based on these findings, and the reduced levels of IFN-y mRNA in the
colons of infected RELMg ™~ mice (Fig. 1E), we hypothesized that goblet cell-derived
RELMg may influence infection-induced inflammatory responses during chronic infection.
Infection with a low dose of Trichuris results in the production of IFN-y, which promotes
persistent infection in normally resistant hosts (21,23). Following exposure to Trichuris,
RELMg (Retnlb) mRNA levels in the large intestine were up-regulated 25- and 60-fold over
levels in naive mice at days 22 and 34 postinfection, respectively (Fig. 2A). Western blot
analysis of luminally secreted RELMZ in the feces of infected mice revealed that RELMp
secretion was detectable by day 17 and sustained at day 34 (Fig. 2B, upper panel), and
immunofluorescent microscopy analysis demonstrated that goblet cells were the cellular source
of RELMZ in chronically infected mice (Fig. 2B, lower panel). To test whether RELMp could
influence expression of proinflammatory cytokines and the development of persistent
Trichuris infection, WT and RELM/~/~ mice were infected with low-dose Trichuris. At day

J Immunol. Author manuscript; available in PMC 2010 February 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nair et al.

Page 5

22 after infection, WT and RELM/ '~ mice displayed similar parasite burdens (Fig. 2C). Ex
vivo analysis of CD4* T cells isolated from the cecal patch of naive and infected WT mice
revealed an infection-induced elevation in the frequency of CD4* T cells producing IFN-y and
TNF-a (Fig. 2, D and E, top panels, italics). This included an 8-fold increase in the frequency
of IFN-y -positive CD4* T cells and a 2.5-fold increase in the frequency of TNF-a -positive
CD4* T cells. In addition to increased frequencies of cytokine-positive cells, infected WT mice
exhibited elevated levels of IFN-y and TNF-a produced per cell, as indicated by an elevation
in mean fluorescent intensity (MFI) values (Fig. 2, D and E, top panels, bold). In contrast, the
frequency and MFI of CD4* T cells producing IFN-y and TNF-« were reduced in infected
RELMg '~ mice compared with WT mice (Fig. 2, D and E, bottom panels). This included a 4-
fold reduction in the percentage of IFN-y -positive CD4* T cells and a 2-fold reduction in TNF-
a -positive CD4* T cells compared with CD4* T cells in infected WT mice. Upon Ag-specific
restimulation, the MLN cells from infected RELMg~~ mice also secreted significantly lower
levels of IFN-y and TNF-« than cells isolated from infected WT mice (Fig. 2F). Associated
with the reduction in proinflammatory cytokine expression, infected RELM/ '~ mice also
exhibited significantly reduced Trichuris-specific IgG2a Ab titers but elevated levels of
Trichuris-specific 1gG1 (Fig. 2G), indicative of a switch from a nonprotective type 1 response
to a protective type 2 response in the absence of RELMg. Given that IFN-y and TNF-a can
promote intestinal inflammation (30), we sought to test the hypothesis that RELM/A '~ mice
may exhibit less severe infection-induced intestinal inflammation than WT mice. Histological
analysis of H&E-stained cecal tissue revealed that WT mice developed severe infection-
induced intestinal inflammation characterized by edema, influx of inflammatory cells to the
lamina propria, and thickening of the muscularis (Fig. 2H). In contrast, despite similar levels
of infection (Fig. 2C), infected RELM '~ mice did not exhibit demonstrable intestinal
inflammation in comparison to naive controls. Taken together, these data implicate a role for
RELMg in promoting IFN-y responses and infection-induced intestinal inflammation.

RELMB™~ mice are resistant to chronic Trichuris infection and severe intestinal inflammation

Expression of IFN-y is associated with the establishment of chronic Trichuris infection and
intestinal inflammation (21,23,31). Given the striking reduction in IFN-y levels in infected
RELMg " mice at day 22 after infection, we sought to test the hypothesis that RELMg 7~ mice
may be resistant to establishment of chronic infection. WT and RELMp/~ mice were infected
with low-dose Trichuris and sacrificed at day 34 for measurement of parasite burdens.
Although WT mice harbored persistent infection, 10 of 12 RELMg " mice had cleared
infection (Fig. 3A). Resistance to chronic infection was associated with a significant reduction
in IFN-y mRNA expression in the colon of infected RELMS/~ mice (Fig. 3B). Consistent with
reduced Th1 cell responses, we observed a significant reduction in IL-12p40 protein in the
serum of infected RELM/ '~ mice (Fig. 3C). Ex vivo analysis of the MLN cells from infected
mice revealed that RELMg '~ mice had a significantly reduced frequency of IFN-y * CD4* T
cells in comparison to WT mice (Fig. 3D). Finally, infected RELMg /"~ mice exhibited minimal
infection-induced inflammation in comparison to WT mice (Fig. 3E). Taken together, these
data implicate goblet cell-derived RELMg in the promotion of chronic Trichuris infection,
expression of proinflammatory cytokines, and the development of severe intestinal
inflammation.

RELMB augments IFN-y expression in CD4* T cells

Given the striking reduction in IFN-y expression in Trichuris-infected RELMg 7~ mice, we
sought to test the hypothesis that RELMp could directly influence T cell proliferation or IFN-
y production. CFSE-labeled splenocytes from naive C57BL/6 mice were stimulated with anti-
CD3/anti-CD28 for 4 days in the presence or absence of increasing doses of rRELMp.
rRELMg treatment had no effect on proliferation or cytokine production in un-stimulated
CD4* T cells, demonstrating that rRELMJ could not initiate T cell proliferation or Th1 cell
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differentiation (data not shown). However, following polyclonal stimulation, rRELMp
treatment resulted in a dose-dependent augmentation of IFN-y production by CD4* T cells
(Fig. 4A,; frequency of proliferating cells expressing IFN-y denoted in upper left corner). The
effect of rRELMS on IFN-y expression was independent of any effects on T cell proliferation
(Fig. 4A, frequency of CFSE dim proliferating cells denoted in upper right corner). At maximal
concentration, rRELMg treatment resulted in a 2.2-fold up-regulation in the frequency of
proliferating CD4" T cells that expressed IFN-y (Fig. 4A, upper left italics) and a greater than
2-fold increase in the amount of IFN-y produced per cell as determined by the increase in MFI
(Fig. 4A, bold). Finally, the dose-dependent elevation in IFN-y secretion following treatment
with rRELMS was confirmed by ELISA (Fig. 4B). It is important to note that since the
rRELMP utilized was bacterially derived, the concentrations of protein used in vitro (1-10
#g/ml) may not reflect the concentration of native RELMS in vivo.

In vitro assays with purified CD4" T cells demonstrated that rRELMJ did not directly act on
CD4™* T cells (data not shown). Thus, to test whether RELMp augmented CD4* T cell
production of IFN-y through effects on accessory cells, BM-derived DC and macrophages were
pulsed with OVA protein in the presence or absence of rRELMg, followed by coculture for 4
days with CFSE-labeled OVA-specific CD4* T cells. OVA-pulsed DC and macrophages
promoted CD4* T cell proliferation and IFN-y production, as monitored by CFSE dilution and
IFN-y staining, demonstrating Ag-specific helper T cell differentiation (Fig. 4, C and E, middle
panel). Although rRELMg treatment had no noticeable effect on the ability of DC to drive Ag-
specific T cell proliferation and IFN-y production (Fig. 4, C, right panel, and D), treatment of
OVA-pulsed macrophages with rRELMp augmented their ability to drive Thl cell
differentiation. This included a 1.7-fold increase in the percentage of IFN-y -positive CD4* T
cells (Fig. 4E, italic), a 1.6-fold augmentation in the amount of IFN-y expressed per cell (Fig.
4E, bold), and elevated secretion of IFN-y (Fig. 4F). Taken together, these results identify that
goblet cell-derived RELMg can augment Th1 cell differentiation in vitro through selective
regulatory effects on macrophages. Furthermore, they suggest that one mechanism underlying
reduced Th1 cell responses in RELMB - mice may be through dysregulated macrophage
responses.

RELMB activates macrophages to express MHC class Il and proinflammatory cytokines

To examine the mechanism through which rRELMp-treated macrophages augmented CD4*
Th1 cell responses, BM macrophages were stimulated with rRELMp. rRELMp treatment of
macrophages induced ERK1/2 phosphorylation (Fig. 5A), demonstrating that macrophages are
responsive to RELMp. rRELMg-treated macrophages also exhibited increased surface
expression of MHC class 11 (Fig. 5B) and significant elevation in the secretion of TNF-« (Fig.
5C), IL-6 (Fig. 5D), and 1L-12/23p40 (Fig. 5E). Taken together, these in vitro studies suggest
that one mechanism by which rRELMS augments CD4* Th1 cell responses is through direct
activation of macrophages to up-regulate MHC class Il and 1L-12/23p40 and provide a likely
basis for the reduced Th1 responses and resistance to chronic infection and intestinal
inflammation observed in Trichuris-infected RELMA '~ mice (Fig. 6).

Discussion

Collectively, these studies identify a previously unappreciated role for goblet cell-derived
RELMZ in the regulation of CD4* T cell responses following enteric infection and support the
growing concept that multiple lineages of IEC not only serve as a physical barrier to pathogens,
but play dynamic roles in directly modulating innate and adaptive immune cell function in the
gastrointestinal microenvironment (3,32). Previous studies have reported that alterations in
goblet cell function, in particular altered production of mucus or trefoil factors, are associated
with increased susceptibility to intestinal inflammation (6,33). We and others have also
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previously demonstrated that RELMg promotes intestinal inflammation in chemically induced
colitis (7,15), and one mechanism of action may be through activation of macrophages to
produce proinflammatory cytokines (7,17). Using low dose Trichuris infection as a natural
model of intestinal inflammation, we demonstrate that in addition to promoting innate
inflammatory responses, RELMg has dual functions in augmenting infection-induced
inflammation and parasite-specific CD4" Th1 cell responses. rRELMp promoted expression
of MHC class Il and 1L-12/23p40 in macrophages and enhanced their ability to drive Ag-
specific Thl cell differentiation. Macrophages are a dominant cell type recruited to the
intestinal lamina propria following gastrointestinal helminth infection (34), and if activated by
protective Th2 cytokines can mediate parasite expulsion (35). By augmenting IL-12 secretion
and MHC class Il expression, goblet cell-derived RELMg may enhance the ability of
infiltrating macrophages to promote or maintain Th1 effector cell function, thereby impeding
Th2 cytokine-dependent parasite expulsion. In addition to a role in influencing naive T cell
differentiation, 1L-12 can also act on effector T cells to up-regulate IFN-y production (36), thus
increased 1L-12 levels could influence previously activated T cells recruited into the lamina
propria. As yet, there is no evidence that in addition to luminal secretion, RELM§ is secreted
basolaterally. However, macrophage exposure to RELMg may occur from a breach in the
integrity of the IEC barrier due to colonic injury or through direct macrophage sampling of the
luminal contents in a similar manner to lamina propria DC (37,38).

Most gastrointestinal helminth infections provoke polarized Th2 cytokine responses, and we
and others have previously shown that maximal Th2 cytokine production is associated with
RELMp expression (13,14). In this study, we show that RELMJ expression is also induced
and maintained in a Thl cytokine-biased setting following establishment of chronic
Trichuris infection, where it can act as a susceptibility factor by promoting CD4* Th1 cell
responses, chronic infection, and intestinal inflammation. Sequence analysis of the RELMp
promoter has revealed that in addition to STAT6-responsive elements implicating regulation
by Th2 cytokines, RELMp expression may also be regulated by Cdx2 and NF«B signaling,
broadening the scope of factors that induce RELMp (14,39). Indeed, colonization of the
intestine with commensal bacteria can promote RELMp expression (39). Since Trichuris adult
parasites actively embed within IEC (40), the resulting damage to this barrier may allow
exposure to commensal bacteria and subsequent RELMS expression. Supporting this
hypothesis, LPS treatment of human goblet cell lines up-regulates RELMp expression (39).
Intriguingly, mice deficient in TLR4 and Myd88 signaling exhibit a similar phenotype to
RELMg '~ mice and are resistant to chronic Trichuris infection (22). Our findings implicate
that RELMp expression may be downstream of TLR4 signaling, potentially induced following
exposure to commensal bacteria, and may provide the link between TLR4 signaling and the
establishment of chronic Trichuris infection. Although RELMp expression is detrimental to
the host and promotes both parasite establishment and intestinal inflammation, this goblet cell-
specific gene may have evolved to protect the intestinal barrier from invasion of both
commensal bacteria as well as other intestinal pathogens that may require an adaptive Thl
cytokine response for clearance. Notwithstanding this, these findings support a critical role for
IEC-macrophage interactions in shaping CD4* T cell responses in the gut and suggest that the
manipulation of goblet cell differentiation or RELMg expression may offer therapeutic
prospects for the treatment of infection-induced intestinal inflammation as well as other
mucosal inflammatory diseases associated with dysregulated T cell responses.
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FIGURE 1.

RELMJg is not essential for expulsion of Trichuris. WT and RELM/ '~ mice were infected
orally with 200 eggs and the kinetics of worm expulsion examined by parasite counts in the
infected ceca at days 15, 19, and 21 after infection (A). B, PFA-fixed cecal tissue sections from
naive and day 19-infected WT and RELMg '~ mice were stained with PAS/Alcian blue for
histological analysis. C, Frequency of proliferating CD4* T cells from the draining MLN of
naive (N; o) and day 19-infected (Inf; m) mice was examined by BrdU incorporation. D and
E, Expression of IL-4 (D) and IFN-y (E) in the colons of naive and day 19-infected WT and
RELMg '~ mice was measured by real-time PCR. Results represent fold induction over naive
WT mice = SEM Bar, 50 um.
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FIGURE 2.

RELMg is expressed during chronic Trichuris infection and promotes expression of
proinflammatory cytokines. A, C57BL/6 mice were infected orally with 30 Trichuris eggs and
RELMg (Retnlb) expression in the colon was measured as fold induction over naive by real-
time PCR at days 22 and 34 after infection. Graph represents the mean fold induction over
naive of four infected mice. B, Fecal samples pooled from four infected mice were collected
on the days indicated and analyzed for RELMp protein by Western blot. PFA-fixed cecal tissue
from naive and day 34-infected mice was examined for RELMp expression by
immunofluorescence (green, RELMS; blue, DAPI). C-H, C57BL/6 (WT) and RELMA/~ mice
were infected orally with 30 Trichuris eggs and sacrificed at day 22 for analysis. C, Worm
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counts in the ceca of eight WT and RELMf '~ mice. D and E, Cecal patch cells were isolated
from naive or infected WT or RELMg " mice and the frequency of CD4* T cells expressing
IFN-y (D) or TNF-a (E) was determined. Numbers represent the percentage of cytokine-
positive CD4™ T cells. F, MLN cells isolated from naive or infected mice were cultured for 48
h with medium (o) or Trichuris Ag (m) and production of IFN-y or TNF-a determined by
ELISA. G, Sera from infected WT and RELM/ '~ mice were recovered for measurement of
Ag-specific 19G2a and IgG1 by ELISA. H, PFA-fixed cecal tissue sections from naive and
infected WT and —/— mice were stained with H&E for histological analysis. Bar, 50 zm. Error
bars represent mean + SEM from four mice in each infected group.*, p <0.05 and **, p < 0.01.
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FIGURE 3.

RELMg '~ mice fail to establish chronic Trichuris infection. WT and RELMS ™~ mice were
infected orally with 30 Trichuris eggs and mice were sacrificed at day 34 for analysis. A, Worm
counts in the infected ceca of 12 WT and RELM# '~ mice. B, Real-time PCR analysis as fold
induction over naive of infected colons for Ifng. C, 1L-12p40 levels in naive (N) and day 34-
infected (Inf) WT and RELMg ™~ mice were measured by ELISA. D, MLN cells were isolated
from naive or infected mice, and the frequency of CD4* T cells expressing IFN-y was
determined by flow cytometry. Numbers represent the mean frequency of cytokine-positive
CD4* T cells from four individual mice. E, PFA-fixed cecal tissue sections from infected WT
and RELMg '~ mice were stained with H&E for histological analysis. Bar, 50 um.*, p < 0.05
and ***, p < 0.001.
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FIGURE 4.

RELM§ stimulates CD4* T cell-derived IFN-y production through effects on macrophages.
A, CFSE-labeled splenocytes were stimulated with anti-CD3/anti-CD28 in the presence of
increasing doses of rRELMp, followed by flow cytometric analysis. Numbers represent the
percentage of CFSEYIM CD4* T cells (top right corner), the frequency of proliferated CD4* T
cells expressing IFN-y (italics), and the MFI (bold). B, The dose-dependent effect of
rRELMS on IFN-y secretion by anti-CD3/anti-CD28-stimulated splenocytes was measured by
ELISA. C-E, Untreated or OVA-pulsed control or rRELMp-treated DC (C and D) or
macrophages (E and F) were cultured with CFSE-labeled OV A-specific CD4* T cells.
Numbers represent the percentage of CFSEYMCDA4* T cells (top right corner), the frequency
of proliferated CD4* T cells expressing IFN-y (italics), and the MFI (bold) (C and E).
Supernatants were recovered for measurement of IFN-y secretion by ELISA (D and F). Results
reflect cultures pooled from six to eight replicate wells per condition.
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FIGURE 5.

RELMp activates macrophages to express MHC class 11 and proinflammatory cytokines. A,
BM macrophages were pulsed with rRELMg and analyzed for MAPK activation by Western
blot of cell lysates at the time points indicated for phospho-ERK (p-ERK) and g-actin. B,
Control macrophages (bold) or rRELMp-treated macrophages (shaded histogram) were
recovered 18 h after exposure and surface stained for MHC class Il or isotype controls (dashed).
Numbers represent MFI. C-E, Supernatants from triplicate wells were recovered and analyzed
by ELISA for TNF-a (C), IL-6 (D), and 1L-12/23p40 secretion (E) £ SEM; **, p <0.01; ND,
Not detected.

J Immunol. Author manuscript; available in PMC 2010 February 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nair et al.

Page 17

Trichuris
© ®rewp ©
EC !mbi!h

LP IL-6

og IL-12|— —| IFN-y
MUS: l

FIGURE 6.

Model depicting the proposed role of RELMg in promoting Th1 cytokine production and
intestinal inflammation. Exposure of the intestinal epithelium (IEC) to Trichuris results in the
production of RELMg by goblet cells (GOB; (1)). Infection-induced injury and inflammation
could lead to a breach in the intestinal barrier and consequently leakage of RELMg into the
lamina propria (LP; (2)). Exposure of recruited lamina propria macrophages (MAC) to
RELMPg results in the production of proinflammatory cytokines TNF-a and IL-6, which will
promote intestinal inflammation (3). Additionally, RELM-exposed macrophages up-regulate
MHC class Il (MHC I1) and secrete IL-12 (4), which will promote IFN-y production by effector
Th1 cells recruited to the site of inflammation (5). MUS, Muscularis.

J Immunol. Author manuscript; available in PMC 2010 February 10.



