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The proinflammatory cytokine IL-6 seems to have an important role in the intestinal inflammation that char-
acterizes inflammatory bowel diseases (IBDs) such as Crohn disease and ulcerative colitis. However, little is
known about the molecular mechanisms regulating IL-6 production in IBD. Here, we assessed the role of the
transcriptional regulator IFN regulatory factor-4 (IRF4) in this process. Patients with either Crohn disease or
ulcerative colitis exhibited increased IRF4 expression in lamina propria CD3* T cells as compared with control
patients. Consistent with IRF4 having a regulatory function in T cells, in a mouse model of IBD whereby colitis
is induced in RAG-deficient mice by transplantation with CD4*CD45RB" T cells, adoptive transfer of wild-type
but not IRF4-deficient T cells resulted in severe colitis. Furthermore, IRF4-deficient mice were protected from
T cell-dependent chronic intestinal inflammation in trinitrobenzene sulfonic acid- and oxazolone-induced
colitis. In addition, IRF4-deficient mice with induced colitis had reduced mucosal IL-6 production, and IRF4
was required for IL-6 production by mucosal CD90* T cells, which it protected from apoptosis. Finally, the
protective effect of IRF4 deficiency could be abrogated by systemic administration of either recombinant IL-6
or a combination of soluble IL-6 receptor (sIL-6R) plus IL-6 (hyper-IL-6). Taken together, our data identify
IRF4 as a key regulator of mucosal IL-6 production in T cell-dependent experimental colitis and suggest that

IRF4 might provide a therapeutic target for IBDs.

Introduction

Inflammatory bowel diseases (IBDs) are characterized by chronic
relapsing inflammations of the gastrointestinal tract that are not
caused by specific pathogens. Based on recent studies, the patho-
genesis of IBD seems to involve a complex interplay between cer-
tain genetic, environmental, and immunological factors. In par-
ticular, an unbalanced activation of the mucosal immune system
driven by the commensal flora in a genetically susceptible host
appears to cause intestinal inflammation in IBD patients (1-6).
The activation of the mucosal immune system is characterized
by production of proinflammatory cytokines (7-9). In particular,
IL-6 and IL-6 signaling appear to play a pivotal role in IBDs. IL-6
is produced by both macrophages and T cells in IBD patients and
mediates T cell resistance against apoptosis in chronic intestinal
inflammation. The key functional role of IL-6 signaling was under-
lined by the observation that neutralizing anti-IL-6R antibodies
led to suppression of established intestinal inflammation in ani-
mal models of IBD (10-13). Moreover, treatment of patients with
Crohn disease (CD) with a humanized, neutralizing anti-IL-6R
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antibody resulted in significantly higher response rates than pla-
cebo therapy, suggesting a therapeutic benefit of anti-IL-6 signal-
ing strategies (14). However, the molecular events that drive IL-6
production in IBD are poorly understood.

The IFN regulatory factor-4 (IRF4, also called PIP, LSIRF, and
ICSAT) is a member of the IRF family of transcriptional regulators
(15-19). It was originally discovered as a new IRF protein that acts
as a binding factor to the Ig light chain enhancer in association with
the transcription factor PU.1. IRF4 is expressed in B cells, mature
T cells, dendritic cells, and macrophages, and its expression is
upregulated by IgM or TCR cross-linking as well as costimulation.
As the expression of IRF4 is primarily confined to lymphocytes,
it has been proposed that IRF4 controls lymphocyte responses.
Indeed, IRF4 together with NFATc2 has been shown to induce IL-4
gene transcription (20). In addition, studies in IRF4-deficient mice
have shown profound defects in mature B and T cell function. Sub-
sequent in vivo studies of IRF4 function identified its critical role
in helper T cell differentiation (16): in Leishmania major infection,
lymph node cells from IRF4*~ mice showed significantly higher IL-4
and IFN-y secretion than cells from IRF47/~ mice. Furthermore, in
vitro differentiation studies showed strongly impaired Th1 and Th2
cytokine responses of IRF47/~ T cells. The defect in IL-4-dependent
Th2 differentiation was due to the inability of IRF47~ lymphocytes
to upregulate expression of the master transcription factor GATA-3.
In turn, retroviral overexpression of GATA-3 restored the capacity
to undergo Th2 differentiation.
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Figure 1

IRF4 expression is increased in inflammatory bowel diseases. (A) Immunofluorescence staining of human mucosal cryosections for IRF4.
Cryosections of gut specimens from control patients and IBD patients (n = 10 per group) were stained with antibodies against IRF4 (red). Nuclei
were counterstained with DAPI (blue). Original magnification, x300. (B) Quantitative assessment of IRF4-positive cells. IRF4-positive cells were
counted in 7 HPFs per patient. There was a significantly increased number of IRF4-expressing cells in both CD and UC patients as compared
with control patients. **P < 0.01. (C) Quantitative assessment of IRF4 and IL-6 mRNA in the lamina propria. IRF4 and IL-6 mRNA levels in muco-
sal biopsies were determined by quantitative PCR. A total of 16 IBD patients were analyzed. Values for IRF4 and IL-6 were strongly correlated
(r=0.81) in IBD. (D) Immunofluorescence double staining for IRF4 and CD3. Double-staining analysis was performed (green, IRF4-positive cells;
red, CD3-positive cells). Original magnification, x400 (upper panels); x1000 (lower panels). Cells coexpressing IRF4 and CD3 appeared yellow
(arrow). Staining analysis revealed that a large number of IRF4-positive cells coexpress CD3 on their surface. (E) Immunofluorescence double
staining for IRF4 and CD4, CD8, and CD11c. Cells were stained using anti-IRF4 antibodies, and additional surface staining was performed using
antibodies against either CD11c, CD8, or CD4. The number of positive cells was analyzed in 7 HPFs per patient (n = 6). CD11c, CD8, and CD4

single-positive cells and the number of double-positive cells were counted. Data represent mean values + SD.

Based on the above data, we have analyzed in the present study
the role of IRF4 in experimental colitis in mice. We found that
IRF4 plays a key regulatory role for IL-6 production and consecu-
tive activation of T lymphocytes in experimental colitis.

Results
Increased expression of IRF4 in mucosal T cells in IBD. In an initial series
of studies, we aimed at analyzing the expression of IRF4 in the
mucosa of patients with IBD. To assess expression of IRF4 in CD
and ulcerative colitis (UC), we used colonic mucosa derived from
surgical resections. Cryosections from colonic samples were ana-
lyzed for IRF4 expression by immunofluorescence staining. As
shown in Figure 1A, many IRF4-positive mononuclear cells were
detected in the lamina propria of IBD patients, whereas relatively
few IRF4-positive cells were found in control patients. Quantita-
tive assessment showed a significantly increased number of IRF4-
expressing cells in both CD and UC as compared with controls
(Figure 1B). Furthermore, IRF4 mRNA expression in the mucosa
of IBD patients correlated well with mucosal IL-6 mRNA levels
2416
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(r=0.81) (Figure 1C). Although this finding does not directly prove
that IRF4 regulates IL-6 gene transcription in human lamina pro-
pria T cells, our results thus suggested that IRF4 might play a role
in regulating mucosal inflammation in IBD.

As IRF4 is expressed in APCs and T cells, we next determined
whether CD3-positive lamina propria T cells in IBD would express
IRF4. Indeed, we found by double-staining analysis that a large
number of CD3-bearing cells were also positive for IRF4 (Figure
1D), consistent with a potential regulatory role of IRF4 in muco-
sal T lymphocytes in IBD. Furthermore, double-staining analy-
sis revealed that many CD11c" cells express IRF4 (Figure 1E). To
identify T cell subsets expressing IRF4, we subsequently performed
double-staining analysis for CD4 or CD8 and IRF4 (Figure 1E).
The number of mucosal CD4/IRF4 double-positive cells was on
average about 2-fold higher as compared with CD8/IRF4 double-
positive cells, suggesting that the majority of T cells expressing
IRF4 in IBD are positive for CD4.

Attenuation of inducible, T cell-dependent experimental colitis in
IRF4-knockout mice. To determine the functional role of IRF4 in
Number 7
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Figure 2

Abrogation of oxazolone-induced colitis in IRF4-deficient mice. (A) IRF4 expression was analyzed by immunofluorescence (red) in oxazolone
colitis. IRF4-- mice served as negative control (upper panel). Colitic WT mice had many IRF4-positive cells in the lamina propria (lower panel)
as compared with untreated WT mice (middle panel). Original magnification, x400. *P < 0.05. (B) WT (n = 8) and IRF4-deficient mice (n = 11)
were treated by rectal administration of oxazolone following prior sensitization. WT (/RF4++) mice lost significantly more weight as compared with
oxazolone-treated /RF4-- mice, untreated WT mice (n = 5), or untreated knockout mice (n = 3). **P < 0.01 on days 3 and 4. (C) IRF4-deficient
mice showed a significantly reduced endoscopic score. (D) Representative endoscopic pictures from each group are shown. (E) Histological
scoring revealed a significantly higher degree of inflammation in oxazolone-treated WT mice as compared with /RF4-- mice. Data are given
as mean values + SEM (/RF4+* plus oxazolone, n = 8; IRF4~- plus oxazolone, n = 11; IRF4+*, n = 5; IRF4~-, n = 3). (F) Histological findings
showed moderate to severe inflammation in WT mice, whereas little or no inflammation was noted in /IRF4--mice. (G) In further studies, chronic
oxazolone colitis was evaluated. Mice were treated 3 times by intrarectal application of oxazolone and evaluated on day 21. A more severe colitis
activity was induced in WT mice (n = 5) as compared with /IRF4-- mice (n = 5) (F). This was underlined by differences (**P < 0.01) in the histologic
score between both groups (G). (H) Representative histologic pictures from each group are shown. Original magnification, x100.

gut inflammation, we took advantage of IRF4-deficient mice IRF4-expressing cells were increased in the mucosa of WT mice
(15). In these studies, we subjected IRF4-deficient mice and WT  upon oxazolone treatment as compared with untreated mice
control mice to T cell-dependent, inducible models of experi-  (Figure 2A). The functional relevance of this observation was
mental colitis caused by hapten reagents (oxazolone, trinitro- underlined by the observation that IRF4-knockout mice were
benzene sulfonic acid [TNBS]) that exhibit some similarities to  completely protected from oxazolone-induced colitis, whereas
CD and UC in humans. WT mice showed marked diarrhea and weight loss (Figure 2B).
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Attenuation of TNBS-induced colitis in IRF4-deficient mice. (A) IRF4-deficient mice and WT control mice were treated by intrarectal administra-
tion of the hapten reagent TNBS followed by monitoring of body weight. TNBS-treated /RF4~- mice lost significantly (P < 0.05) less weight as
compared with WT mice. One representative experiment out of 3 is shown. Endoscopic (B and C) and histologic (D and E) analyses showed
significantly reduced inflammation in TNBS-treated /RF4-- mice as compared with TNBS-treated WT mice. *P < 0.05; **P < 0.01. Data are
given as mean values + SEM (/RF4++ plus TNBS, n = 17; IRF4~- plus TNBS, n = 14; IRF4+*, n = 8; IRF4--, n = 11). Data were pooled from 3

independent experiments. Original magnification, x100.

In addition, we performed endoscopic analysis of colitis severity
(Figure 2, C and D). Whereas the colonic mucosa of IRF47/~ mice
was unaffected, WT mice showed severe inflammation of the
mucosa. Consistently, histologic assessment of colitis showed
a significantly higher inflammation score in WT mice than in
IRF4-deficient mice, and the mean score in the latter mice was
similar to that in healthy, untreated control mice (Figure 2, E
and F). To assess the role of IRF4 in a more intense form of oxa-
zolone colitis, WT and IRF4-deficient mice were sensitized to
oxazolone followed by intrarectal application of oxazolone after
7,12, and 17 days and final analysis after 21 days. A severe coli-
tis with erosions and ulcer formations was noted in WT mice,
whereas IRF4-deficient mice were almost completely protected
from colitis. Consistently, histologic scoring revealed a signifi-
cantly higher colitis activity in WT mice as compared with IRF4-
deficient mice (Figure 2, G and H).

In subsequent experiments, we challenged WT and IRF4-
knockout mice with the hapten reagent TNBS. Interestingly,
IRF4~/~ mice lost less body weight than WT mice upon TNBS
administration (Figure 3A). Furthermore, the former had sig-
nificantly attenuated colitis activity as compared with the lat-
ter mice by endoscopic scoring (Figure 3, B and C). In fact, high
resolution mini-endoscopy revealed severe inflammation with
ulcers and contact bleeding in WT mice, whereas TNBS-treated
IRF4~/~ mice exhibited only mild to moderate signs of inflam-
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mation (Figure 3C). Consistently, IRF4-knockout mice showed a
significant reduction of the histologic colitis score as compared
with WT mice (Figure 3, D and E).

IRFA4 controls IL-6 production in T cell-dependent experimental colitis.
To characterize the mechanisms for the observed differences in
inflammatory activity between WT and IRF4-deficient mice, we
next analyzed cytokine expression. Interestingly, whereas equal
mRNA levels of the proinflammatory cytokine TNF were detected
in the colons of WT and knockout mice, IL-6 mRNA levels in the
lamina propria were higher in oxazolone-treated WT mice as com-
pared with oxazolone-treated IRF4~/~ mice (Figure 4A). In TNBS-
treated IRF47/ mice, IL-6 mRNA was also strikingly decreased
compared with WT mice. In contrast, levels of the proinflam-
matory cytokine TNF were similar in both groups (Figure 4B).
IFN-y production was reduced on average in the absence of IRF4,
although this was not statistically significant (Figure 4B).

As T cellsand APCs can produce IL-6, we next determined the abil-
ity of lamina propria mononuclear cells (LPMCs) from untreated
mice to respond to T cell-specific stimulation (Figure SA). Upon T
cell-specific stimulation with anti-CD3/CD28 antibodies, IRF47/~
LPMCs produced significantly lower amounts of IL-6 protein as
compared with WT LPMCs. In contrast, under unstimulated con-
ditions, IL-6 production was comparable between IRF47/~ and WT
LPMCs (Figure SA), suggesting that T cell-dependent IL-6 produc-
tion is reduced in the absence of IRF4. Indeed, IL-6 production
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by T cell-enriched LPMCs and purified CD90* lamina propria
T cells from TNBS-treated IRF4-deficient mice was significantly
reduced as compared with WT mice (Figure 5, B and C). However,
IL-6 production by splenic T cells was not different between WT
and knockout cells (Figure 5D), suggesting that mucosal rather
than systemic IL-6 levels are controlled by IRF4. Consistently, the
number of IL-6-expressing cells in the lamina propria of TNBS-
treated IRF4-deficient mice was significantly lower than in control
mice (Figure 5, E and F).

As mucosal IL-6 production is a key regulator of T cell resistance
against apoptosis in colitis (15), we next determined whether the
reduced mucosal IL-6 levels in IRF4~/~ mice would affect apop-
tosis of lamina propria cells in experimental colitis (Figure 5G).
Interestingly, more apoptotic mononuclear cells were found in the
mucosa of IRF4-knockout mice as compared with WT controls,
suggesting that IRF4 regulates mucosal IL-6 levels and T cell apop-
tosis in TNBS colitis. Indeed, double-staining analysis revealed
that apoptosis was induced in CD3-positive lamina propria T cells
from IRF47/~but not WT mice (Figure SH).

The protective phenotype of IRF4~/~ mice is abrogated by administration
of hyper—IL-6. To assess whether the reduced mucosal IL-6 produc-
tion in IRF47/~ mice was relevant in vivo, we next injected recom-
binant IL-6 or the designer protein hyper-IL-6 (IL-6 plus soluble
IL-6 receptor: IL-6/sIL-6R) intraperitoneally into TNBS-treated

The Journal of Clinical Investigation

htep://www.jci.org

IRF4-knockout mice (Figure 6A). While such treatment had little
or no effects in WT mice, both treatment modalities abrogated
the protective phenotype of IRF4-deficient mice in TNBS colitis,
and such mice developed severe colitis with weight loss and muco-
sal ulcerations as well as histologic evidence of colitis (Supple-
mental Figure 1; available online with this article; doi:10.1172/
JCI33227DS1). As these data suggested that IL-6 signaling is
important to suppressing the protective effects caused by IRF4
deficiency, we next tested the effects of hyper-IL-6 in oxazolone-
treated IRF4~/~ mice (Figure 6B). Administration of hyper-IL-6
completely blocked the protective effect of IRF47/~ deficiency in
oxazolone-induced colitis, and colitis activity was comparable
between oxazolone-treated WT mice and hyper-IL-6-treated
IRF4-knockout mice (Figure 6B). In fact, endoscopic images and
histologic analysis showed severe mucosal inflammation upon
hyper-IL-6 administration (Supplemental Figure 1).

We next evaluated cytokine patterns in hyper-IL-6-treated mice
to clarify proinflammatory mechanisms inducing colitis in the
otherwise protected IRF4 phenotype (Figure 7A). Importantly,
hyper-IL-6 treatment significantly induced mucosal IL-6 mRNA
levels in TNBS-treated IRF4-deficient mice (14-fold induction),
although levels were lower than in TNBS-treated WT mice. In
contrast, no significant changes in expression levels of TNF and
TGEF-f were noted (Figure 7A), suggesting that IRF4 is a key regu-
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Figure 5

Decreased activation of the antiapoptotic IL-6 pathway in IRF4-deficient T cells. (A) LPMCs from WT and IRF4-deficient mice were cultured with
or without anti-CD3/CD28 antibodies. IL-6 production was higher in WT mice as compared with IRF4-deficient mice upon costimulation. (B-D) T
cell—enriched LPMCs (B), CD90+ LP T cells (C), or splenic T cells (D) were isolated from TNBS-treated mice and stimulated for 2 days. LP cells
but not spleen cells from TNBS-treated IRF4-deficient mice produced significantly lower amounts of IL-6 than cells from TNBS-treated WT mice
(n =9-10 mice per group; **P < 0.01) (E) TNBS-treated WT mice exhibited an increased number of IL-6—positive cells (red) in the lamina propria
as compared with controls. Original magnification, x300. (F) IL-6—positive cells were counted in TNBS-treated /IRF4~- and WT mice (5 HPFs).
IL-6—positive cells were increased in TNBS-treated WT mice compared with IRF4-deficient mice. (G) Colonic cryosections were stained using
TUNEL assays. There were more positive cells in the colons of TNBS-treated IRF4-knockout mice than in TNBS-treated WT mice (n = 6 per
group). Positive and negative control samples are shown. Original magnification, x300. (H) Lamina propria cells were isolated from either TNBS-
treated WT or IRF4-- mice (n = 6 per group) and stained for CD3 and annexin V. Lamina propria cells from /RF4-- mice showed more annexin V
and CD3 double-positive cells than those from WT mice (15% versus 3%). No such differences were detected in spleen cells (8% versus 11%).

lator of mucosal IL-6 levels. In addition, induction of IL-6 levels The protective effect of IRF4 deficiency is mediated via T cells. As the
upon hyper-IL-6 administration in IRF4-deficient mice was asso-  above colitis models are mediated by T cells, we next tested the pos-
ciated with a suppression of mucosal mononuclear cell apoptosis  sibility that the protective effect of IRF4 deficiency in experimental
(Figure 7, B-D), indicating that such treatment prevents apopto-  colitis is mediated via T cell-derived IL-6. Accordingly, we chose to
sis in experimental colitis. determine the effects of IRF4 in a transfer colitis model in which
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The protective effect of IRF4 deficiency is abrogated in TNBS and
oxazolone colitis by administration of recombinant IL-6 or hyper—IL-6.
(A) To determine the functional role of IL-6 signaling for the effects of
IRF4 on TNBS colitis activity in vivo, recombinant IL-6 or the designer
fusion protein hyper—IL-6 was intraperitoneally administered to TNBS-
treated IRF4-deficient mice. TNBS-treated /RF4~- mice exhibited
severe inflammation and weight loss upon IL-6 or hyper—IL-6 treat-
ment that was indistinguishable from colitis in WT control mice (TNBS-
treated /RF4~- plus hyper—IL-6 versus TNBS-treated /RF4-- without
hyper—IL-6; *P < 0.05). Data are given as mean values + SEM (IRF4++
plus TNBS, n = 6; IRF4-- plus TNBS, n = 7; IRF4-- plus TNBS and
hyper—IL-6, n = 5; IRF4~- plus TNBS and hyper—IL-6, n = 5; IRF4+/*
plus TNBS and IL-6, n = 4; IRF4-- plus TNBS and hyper—IL-6, n = 5,
in 2 independent experiments). (B) To determine the functional role
of IL-6 signaling for the effects of IRF4 on oxazolone colitis activity
in vivo, hyper—IL-6 was intraperitoneally administered to oxazolone-
treated IRF4-deficient mice. Oxazolone-treated /RF4-- mice exhibited
severe inflammation and weight loss upon hyper—IL-6 treatment that
was indistinguishable from colitis in WT control mice (oxazolone-treat-
ed IRF47- plus hIL6 versus oxazolone-treated /RF4-- without hIL6).
Data are given as mean values + SEM (/RF4++ plus oxazolone [oxa],
n = 12; IRF4-- plus oxazolone, n = 13; IRF4~- plus oxazolone plus
hyper—IL-6, n = 7; IRF4++ plus oxazolone plus hyper—IL-6, n =6, in 3
independent experiments).

CD4*CD4SRBM T cells are adoptively transferred into immuno-
compromised hosts. Splenic CD45RBMCD4* cells were isolated
either from WT or IRF47/~ mice. Cells were then intraperitoneally
injected in immunodeficient RAG mice. Within 15 days, RAG mice
reconstituted with CD4SRBMCD4* T cells from WT mice showed
diarrhea and lost body weight (Figure 8A). In contrast, RAG mice
reconstituted with CD4SRBMCD4* T cells from IRF47/~ mice gained
weight (Figure 8A). Consistently, colonoscopy of mice in the lat-
ter group revealed no signs of mucosal inflammation, whereas
RAG-deficient mice reconstituted with WT CD4SRBMCD4* T cells
exhibited severe mucosal inflammation (Figure 8, B and D). More-
over, the latter mice showed a significantly higher histologic score
of colitis activity than the former mice (Figure 8C).

Reduced IL-6 production in RAG-knockout mice transferred with IRF4~/~
T cells. We next analyzed cytokine expression in RAG-recipient mice
reconstituted with CD45RBMCD4"* cells from WT or IRF47/~ mice.
Whereas the mRNA expression of IL-6 was significantly reduced in
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the latter as compared with the former mice, little or no significant
changes in the expression of TNF and TGF-f§ were noted (Figure
9A). Furthermore, there was a higher induction of mucosal mono-
nuclear cell apoptosis in RAG-knockout mice reconstituted with
IRF4-deficient cells as compared with RAG-knockout mice given
WT cells (Figure 9B), consistent with the idea that IRF4 regulates
survival of mucosal T cells.

Discussion

IRF4 is a lymphoid- and myeloid-restricted member of the IRF
family of transcription factors that binds to IFN sequence response
elements present within the promoters of IRF-regulated genes (15,
18, 21). In the present study, we have identified a key regulatory
role of IRF4 in controlling IL-6 production by mucosal T cells and
subsequently T cell apoptosis. Studies in 3 different models of
chronic intestinal inflammation revealed that IRF4 plays a patho-
genic role in colitis by regulating mucosal IL-6 production. Impor-
tantly, administration of IL-6 or hyper-IL-6 prevented mucosal cell
apoptosis and abrogated the protective effect of IRF4 deficiency,
suggesting that IRF4 exerts its effects by modulating IL-6 produc-
tion. These data provide what we believe are novel insights into the
pathogenesis of IBDs and suggest that targeting of IRF4 may be
beneficial for therapy of intestinal inflammation.

Although an important role of IRF4 in T cell development has
been described (15, 16, 19, 20), its regulatory role in chronic intes-
tinal inflammation was poorly understood. Here, we have analyzed
the role of IRF4 in intestinal inflammation using IRF4-deficient
mice. Our data reveal that IRF4 plays an important role in several
T cell-mediated models of experimental colitis. Specifically, IRF4
deficiency suppressed both oxazolone- and TNBS-induced colitis.
Furthermore, we addressed the role of IRF4 in T cells, as recent
data have shown that IRF4 is also expressed in B cells and APCs
(22-24). Interestingly, we found that IRF4-deficient T cells fail to
induce colitis in adoptive transfer experiments in RAG-knockout
mice, suggesting that the protective capacity of IRF4 deficiency is
at least partially due to effects in T lymphocytes.

In further mechanistic studies, we analyzed the cytokine produc-
tion in experimental colitis. In TNBS-induced colitis, we found
that IL-6 expression was strongly upregulated in the inflamed
colon of WT but not IRF4-deficient mice. Interestingly, IL-6 pro-
duction of splenic cells in colitis was not different between the WT
and IRF47/- groups, suggesting that IRF4 regulates mucosal rather
than systemic IL-6 levels in experimental colitis. Moreover, we
recently found that, similarly to peripheral T cells (25), the muco-
sal production of IL-17 was strikingly reduced in the absence of
IRF4, possibly at least partially due to the reduced expression of
the IL-6 inducible transcription factor RORgammat (J. Mudter
et al., unpublished observations). The latter transcription factor
plays a fundamental role in the development of Th17 cells, a T cell
subset that can be induced by stimulation of T cells with IL-6 plus
TGF-B and activated with IL-23 (26-29). Thus, our data suggest
a model in which IRF4 regulates mucosal IL-6 production, ROR-
gammat levels, and Th17 development. However, IL-17A-defi-
cient mice develop normal TNBS and oxazolone-induced colitis,
and T cells derived from such mice are fully capable of inducing
colitis in reconstituted RAG-knockout mice (B. Weigmann et al.,
unpublished observations). Thus, factors other than IL-17A play
an important role in mediating the effects of IRF4 in T cell-medi-
ated colitis. As Th17 cells are known to produce IL-17F and IL-22
in addition to IL-17A, it is possible that these cytokines rather
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Number7  July 2008



research article

A @ IL-6 TNF TGF-beta
o 700 3 35
® I
o~ 600 25 3
,% 500 i 25
B 400 1 2
o
2 300 1 e 181
2200 17— PR —
% 100 0.5 — 0.5 +—
& 0 ’ =] © H H O : =l
& &e‘b VS e‘?\\\f F N & FN N e‘b,\\\f & ¢ Q’%\V
oW Q‘° > X @@ Vo o ox P F x Q"’
Q\ \Q‘\\)% \Q' \Q‘ \ \Q\ \Q\Q\\)c’ S N \\}c9 \Q‘ Q\ \\)6 \Q‘ AW
B
. IRF4—/— !HF4;/— plus hyper—IL-6 ” 50 Thz00s T+
— 1
& 2 [ ]
o 40
o i* 3” ]
i ; i =30
‘gw‘i 10! q‘ﬁ. W owt W H.'?-!H Wt g. 4
= 20 1
Annexin V € |
D 8101
IRF4-/- TNBS IRF4-/- TNBS < 0

plus hyper-IL-6

Figure 7

Hyper—IL-6 treatment induces IL-6 but not TNF production in /IRF4-- mice. (A) WT and IRF4-knockout mice were treated with TNBS, and some
mice received hyper—IL-6. Relative expression levels of IL-6, TNF, and TGF-$ mRNA were measured by quantitative real-time RT-PCR on
day 4. Values were normalized to -actin expression levels. TNBS-treated /RF4-- mice (n = 8) showed low mucosal expression of IL-6 mRNA.
Hyper—IL-6 application induced a 14-fold increase of IL-6 production in TNBS-treated /RF4-- mice (n = 6) (**P < 0.01). The expression levels of
the proinflammatory cytokine TNF as well as levels of TGF-$ remained unaffected, however. Treatment of WT mice with hyper—IL-6 (n = 5; WT
mice, n = 4) did not lead to a further significant increase of IL-6, TNF, or TGF-f. Data are shown as mean values + SEM from 3 experiments.
(B and C) IRF4-knockout mice and WT mice were treated with TNBS, and the presence of apoptosis in gut mononuclear cells was determined
by propidium iodide and annexin V staining using FACS analysis (n = 6 per group). IRF4-deficient mononuclear cells in the gut showed a sig-
nificantly higher presence of cell apoptosis in TNBS colitis than in WT cells, and this could be abrogated by hyper—IL-6 administration. One
representative experiment is shown. *P < 0.05. (D) Apoptosis of gut mononuclear cells was determined by TUNEL assays. Hyper—IL-6 treatment
prevented the induction of mononuclear cell apoptosis in the colon of IRF4-deficient mice. One representative experiment is shown (n = 4 per

group). Original magnification, x300.

than IL-17A control T cell-dependent colitis. Alternatively, other
proinflammatory cytokines released by mucosal T cells in an IRF4-
dependent fashion might play a key functional role.

The cytokine IL-6 is known to induce STAT-3 expression in T
cells and thereby control T cell resistance against apoptosis in
experimental colitis (11-13). Here, we identified IRF4 as a key
regulator of mucosal IL-6 production and T cell apoptosis in
experimental colitis. The functional relevance of this finding
was highlighted by the observation that treatment of IRF4-defi-
cient mice with IL-6 or IL-6 plus the soluble IL-6R (hyper-IL-6)
(30) abrogates the protective phenotype of these mice. More-
over, hyper-IL-6 treatment induced mucosal IL-6 production in
IRF4-knockout mice and prevented mononuclear cell apoptosis
in experimental colitis. Finally, IRF4-deficient T cells failed to
induce mucosal IL-6 production and colitis in adoptive transfer
systems associated with an induction of mononuclear cell apop-
tosis. These data clearly suggest that the protective effects of
IRF4 deficiency in T cell-dependent experimental colitis are due
2422
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to reduced IL-6 production with subsequent effects on mucosal
cell apoptosis. As IL-6 plays a key role in inducing T cell resis-
tance against apoptosis, thereby causing increased colitis activity
(11), our data suggest that the reduced IL-6 levels produced in
the absence of IRF4 result in reduced T cell-dependent colitis
activity by favoring mucosal T cell apoptosis.

Muramyl dipeptide has recently been shown to protect from dex-
tran sodium sulfate colitis via IRF4 effects in APCs (31). In contrast,
we demonstrate here a pathogenic role of IRF4 in T lymphocytes in
experimental colitis. IRF4 thus has a dual function in experimen-
tal colitis. It should be noted, however, that the complete absence
of IRF4 in both TNBS and oxazolone colitis had a marked pro-
tective function in experimental colitis, strongly suggesting that
the regulatory effects of IRF4 on T cells play a predominant role
in these models in vivo. The relevance of this observation for IBDs
in humans is underlined by our finding that patients with active
mucosal inflammation exhibit numerous IRF4-expressing T cells
in the gut. Interestingly, such T cells in IBD are known to produce
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The protective effects of IRF4 deficiency are mediated via T lymphocytes: studies in the CD45RB" adoptive transfer model of colitis.
CD45RBN"CD4+ T cells from WT or IRF4-- mice were adoptively transferred into immunodeficient RAG2-- mice. Whereas RAG2-- mice recon-
stituted with WT T cells developed severe colitis accompanied by weight loss (A, red curve), mice given IRF4--T cells were completely protected
and even gained body weight (A, blue curve). One representative experiment out of 3 with 4 to 7 mice per group is shown. The differences
between both groups were significant at days 14 and 15. (B) Endoscopy showed an inflamed mucosa in RAG2-knockout mice given WT T cells,
whereas little or no inflammation was noted in RAG2-- mice reconstituted with IRF4-deficient T cells. (C) Consistently, histological scoring (n =8
per group) revealed significantly reduced colitis activity in the latter as compared with the former group of mice (**P < 0.01). Whereas the WT
group showed marked inflammation, only a very mild colitis was noted in the IRF4-deficient group. (D) For each group, representative endoscopic

and histologic pictures are shown. Original magnification, x100.

high amounts of IL-6 and are resistant against T cell apoptosis (11),
consistent with the idea of a regulatory role of IRF4 in T cells in
IBD. This concept is underlined by the observation that mucosal
IRF4 levels in IBD correlate well with local IL-6 mRNA levels. In any
case, our data identify what we believe is a novel role for IRF4 as a
key regulator of mucosal immune homeostasis via T cell-derived
IL-6 and highlight its potential as a therapeutic target in IBDs.

Methods

Human gut tissue. Colon samples were obtained from resection specimens
from patients with CD (n = 10) (colonic disease) and UC (n = 10). Surgery
was performed because of stenoses, fistulas, or therapy-refractory disease.
The CD group consisted of 4 male and 6 female patients between 20 and
50 years. At the time of surgery, patients were treated with either 5-ASA,
corticosteroids, or anti-TNF antibodies. Five patients were receiving
azathioprine. The UC group consisted of 5 male and 5 female patients,
25-60 years of age. At the time of resection, all patients were receiving
corticosteroids and 4 were receiving azathioprine. The control group
consisted of 10 patients (5 male, 5 female; age, 30-60 years) not receiving

corticosteroids or immunosuppressants.
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For real-time PCR, mRNA from endoscopic biopsy specimens of 10
control patients and 16 IBD patients was used. Groups were age matched.
Among the IBD patients, 10 suffered from CD and 6 from UC. Treatment
consisted of systemic corticosteroids, salicylates, and budesonide.

The collection of surgical samples and biopsies was approved by the
ethical committee and the institutional review board of the University of
Mainz, and each patient gave written informed consent.

Immunofluorescence staining. Mucosal samples were snap-frozen and embed-
ded in OCT compound to obtain cryosections. Immunofluorescence was
done on gut cryosections. Tissues were fixed in 4% paraformaldehyde in PBS
and washed in 0.01 M PBS. Samples were then pretreated with 10% serum
in a solution of 0.1% Triton X-100 in PBS and incubated overnight at 4°C
with primary antibody (polyclonal rabbit antibody against IRF4; Santa Cruz
Biotechnology Inc.) in 0.3% bovine serum albumin and 0.1% Triton X-100
in PBS. Samples without primary antibody served as negative control. The
next day, samples were rinsed in PBS and incubated with a biotinylated sec-
ondary IgG antibody (1:100-1:200 dilution; Vector Laboratories) followed
by incubation with streptavidine-conjugated Cy2 or Cy3 (1:500-1:1,000
dilution; all from Dianova). Samples were subjected to a second cycle of
staining by using monoclonal mouse antibodies against human CD3, CD4,
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Analysis of cytokine expression and apoptosis in the colon of reconstituted mice. (A) Expression of cytokine mRNA levels in the colon of RAG2-
knockout mice reconstituted with WT or IRF4-deficient T cells was performed by quantitative PCR. Whereas mucosal IL-6 expression was sig-
nificantly higher (**P < 0.01) in RAG2-knockout mice reconstituted with WT but not IRF4-deficient cells, no significant differences were noted in
TNF and TGF-p levels. One representative experiment out of 3 is shown. (B) In addition, TUNEL assays on colonic cryosections were performed
to detect apoptotic LPMCs. There was a significantly higher number of apoptotic LPMCs in the colons of mice reconstituted with IRF4-deficient
T cells as compared with mice given WT T cells. Original magnification, x200.

CD8, and CD11c as primary antibodies (all obtained from BD Biosciences
— Pharmingen) and streptavidine-conjugated Cy3 as a chromogen. Slides
were mounted with mounting medium for fluorescence (Vector Laborato-
ries) and analyzed with an Olympus microscope. Finally, cells in 7 high-
power fields (HPFs) were counted in all patients for each condition.

To detect IRF4 and IL-6 in murine colon samples, cryosections were
fixed in ice-cold acetone for 10 minutes followed by sequential incubation
with methanol, avidin/biotin (Vector Laboratories), and protein-blocking
reagent (Dako) to eliminate unspecific background staining. Slides were
then incubated overnight with primary antibodies directed against IRF4
and IL-6 (all from Santa Cruz Biotechnology Inc.). Subsequently, the slides
were incubated for 30 minutes at room temperature with biotinylated sec-
ondary antibodies (Dianova). All samples were finally treated with strepta-
vidine-conjugated Cy3. Before examination, the nuclei were counterstained
with Hoechst 3342 (Molecular Probes).

Animals and induction of colitis. The TNBS and oxazolone colitis models
have been well established in the laboratory as previously described (32, 33).
Transfer colitis was performed as described by Morrissey and Powrie (34, 35).
In brief, CD4*CD45RB" T cells were sorted by flow cytometry (FACSCalibur;
BD), and 5 x 10° cells were intraperitoneally transferred into Rag27~ mice.
T cells were obtained either from IRF4~/~ or C57BL/6 donors, as specified
below. For modulation of colitis activity, mice were given 1 ug hyper-IL-6 or
5 ug IL-6 by intraperitoneal injection. Injection was made 7 days after skin
sensitization with TNBS or oxazolone just before intrarectal administration
of the hapten reagents. All animal studies were approved by the Institutional
Animal Care and Use Committee of the University of Mainz.

For chronic oxazolone-induced colitis, 3 intrarectal administrations of
oxazolone were performed at days 7, 12, and 17 after initial sensitization to
oxazolone. Final evaluation was performed 21 days after sensitization.

Preparation of gut tissues. Sections of distal and proximal colon were snap-
frozen and either homogenized or embedded in OCT compound to obtain
cryo sections. Paraffin-embedded sections were stained with H&E for his-
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tological scoring of colitis severity. In transfer colitis, the murine colon was
divided into a proximal and distal segment and 1 piece of each segment
was used to isolate mRNA.

Histologic analysis of colon cross sections and endoscopy. Tissues were removed
from colitic mice, formalin fixed, and embedded in paraffin, and sections
were made and stained with H&E. The degree of inflammation on micro-
scopic cross sections of the colon was graded semiquantitatively on a scale
of 0-6 or alternatively of 0-14 in the case of transfer colitis.

Histological scoring was performed in a blinded fashion by pathologists
(H.A. Lehr and S. Biesterfeld). A combined score ranging from 0 to 6 was
used to screen TNBS and oxazolone colitis. Inflammatory cell infiltration
was scored from 0-3, and tissue damage was scored from 0-3. Occasion-
al or no inflammatory infiltrate in the lamina propria was scored as 0,
increased numbers of inflammatory cells restricted to the lamina propria
were scored as 1, inflammatory infiltrates reaching the submucosa were
scored as 2, and transmural inflammation was scored as 3. The subscore
for tissue damage took into account epithelial lesions: no mucosal damage
was scored as 0, focal crypt lesions were scored as 1, surface mucosal ero-
sions or focal ulcerations were scored as 2, and extensive mucosal damage
affecting the submucosa was scored as 3. The combined inflammatory and
histological score resulted in the overall score ranging from 0 (no changes)
to 6 (severe inflammatory infiltrate and mucosal damage).

To assess the histopathological alterations of the colon in the CD4 T
cell transfer model, a scoring system ranging from 0-14 was used and
the pathologist (C. Mueller) was blinded to sample identity. The follow-
ing parameters were included: (a) mucin depletion/loss of goblet cells
(scores from 0 to 3); (b) crypt abscesses (scores from 0 to 3); (c) epithelial
erosions (scores from 0 to 1); (d) hyperemia (scores from 0 to 2); (e) cellu-
lar infiltration (scores from 0 to 3); and (f) thickness of colonic mucosa
(scores from 0 to 2). These individual scores were added to obtain the
final histopathology score for each sample (score 0, no alterations; score
14, most severe signs of colitis).

Volume 118

Number7  July 2008



To perform experimental endoscopy, mice were anesthetized using
intraperitoneal injection of Avertine (Sigma-Aldrich). Mouse endoscopy was
performed using a miniature endoscope (scope 1.9 mm outer diameter), a
xenon light source, a triple-chip camera, and an air pump (all from Karl Storz),
and MEICS score was used for assessment as previously described (36).

Cell isolation and purification of spleen mononuclear cells. Spleen mononuclear
cells were isolated from freshly obtained spleen specimens from healthy B6
mice. Erythrocytes were removed from spleen cell suspension by hypotonic
lysis in ammonium chloride and potassium chloride (ACK) buffer. The
MACS system (Miltenyi Biotec) was used to isolate CD4* T cells (purity
>95%, as determined by FACS analysis). The cells were cultured at a den-
sity of 1 x 10%/ml in complete RPMI medium in a humidified atmosphere
with 5% CO; in a 37°C incubator in the presence or absence of antibod-
ies against mouse CD3 and CD28 (CD3, clone 145-2C11, 2 ug/ml; CD28,
clone 37.51, 0.5 ug/ml; BD Biosciences — Pharmingen).

Cell isolation and purification of LPMCs. LPMCs were isolated from freshly
obtained murine colon specimens using a modification of the technique
described by van der Heijden and Stok (37). After removal of Peyer patches,
the colon was washed in HBSS free of calcium and magnesium and incu-
bated twice in HBSS containing 5 mM EDTA for 15 minutes at 37°C. After
incubation, the epithelial cell layer and intraepithelial lymphocytes were
removed by intensive vortexing and passing through a 100-um cell strainer;
new EDTA solution was added. Next, the tissue was washed in HBSS, cut
in 1-mm? pieces, and placed in 5 ml digestion solution containing 4% fetal
calf serum, 0.5 mg/ml collagenase D, DNase I grade 2, and 50 U/ml dis-
pase II (all obtained from Roche). Digestion was performed by incubating
the pieces at 37°C for 20 minutes. After the initial 20 minutes, the solu-
tion was passed through a 100-wm cell strainer, and the pieces were col-
lected and placed into fresh digestion solution 3 times. Supernatants were
washed in cold FACS buffer, resuspended in 10 ml of the 40% fraction of a
40:80 Percoll gradient, and overlaid on 5 ml of the 80% fraction in a 15-ml
tube. Lamina propria (LP) cells were collected at the interphase of the Per-
coll gradient, washed once, and resuspended in FACS buffer or cell culture
medium at a density of 10° cells per ml. In some experiments, the MACS
system (Miltenyi Biotec) was subsequently used to isolate CD90* T cells
from the lamina propria (purity >90%, as determined by FACS analysis).

Cytokine measurement. Cytokine concentration was measured in superna-
tants of mononuclear spleen cells or isolated splenic CD4* T cells, LPMCs,
and CD90" lamina propria T cells. Quantification was performed using
multiple cytokine measurement kits and flow cytometry or sandwich-
ELISA according to the manufacturer’s instructions (Bender MedSystems).
Cells were cultured and stimulated for 24 or 48 hours using anti-CD3 and
anti-CD28 antibodies (CD3, clone 145-2C11, 2 ug/ml; CD28, clone 37.51,
0.5 ug/ml; BD Biosciences — Pharmingen).

Detection of apoptosis. Spleen mononuclear cells and LPMCs were isolated
as described above. The cells were cultured at a density of 1 x 10%/ml in
complete RPMI medium in a humidified atmosphere with 5% CO; in a
37°C incubator in the presence of antibodies against mouse CD3 and
CD28 (CD3, clone 145-2C11, 2 ug/ml; CD28, clone 37.51, 0.5 ug/ml; BD
Biosciences — Pharmingen). Cells were cultured in the presence or absence
of hyper-IL-6. For FACS analysis, apoptotic cells were detected by staining
with annexin V and propidium iodide using the Annexin V FITC Apoptosis
Detection Kit I (BD Biosciences — Pharmingen). In addition, double stain-
ing of spleen cells and LPMCs was performed using annexin V (FITC) and
anti-CD3 antibodies (PE conjugated), as previously described (10-13).
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To visualize apoptotic cells on colonic cryosections, TUNEL reaction
was performed using ApoTag Fluorescein Kit (Appligene Oncor), accord-
ing to the manufacturer’s instructions. Following washing, the cells were
counterstained with the DNA binding dye DAPI (1 png/ml) for visualiza-
tion of nuclei and mounted in VECTASHIELD (Vector Laboratories) for
fluorescence microscopy.

Real-time PCR. Total RNA from murine colon specimens was extracted
using RNeasy Mini Kit (QIAGEN). 1 ug of total RNA was reverse tran-
scribed using an oligo-dT primer. Real-time PCR analysis for quantifica-
tion of expression of IL-6, TNF, TGF-, IL-4, IFN-y, and B-actin mRNAs
was performed in duplicate on an iCycler (Bio-Rad Laboratories) using
the ABsolute SYBR Green Fluorescein Kit (Abgene; Thermo Scientific).
QuantiTect primer sets were used for these experiments (QIAGEN).

The relative increase in reporter fluorescent dye emission was moni-
tored. The level of cytokine mRNA relative to actin was calculated
using the following formula: relative cytokine mRNA expression =
2N ci(cytokineconrol) — CH(CYtORINE euted) + Co(ACtNtreated) — CaACtiNcontrol) |, Where
¢ is defined as the number of the cycle in which emission exceeds an
arbitrarily defined threshold.

Total RNA from human colon biopsy was extracted using RNeasy Mini
Kit (QIAGEN). 1 ug of total RNA was reverse transcribed using random
hexamer primer (Amersham). Real-time PCR analysis for quantifica-
tion of expression of IRF4, IL-6, and GAPDH mRNAs was performed in
duplicate on a light cycler (Roche) using a QITAGEN SYBR Green Kit and
QuantiTect primer sets (QIAGEN). Using GAPDH as a reference, the rel-
ative expression level of cytokine mRNA was calculated with the follow-
ing formula: relative cytokine mRNA expression = 2/[¢,(cytokineconcrol)
- c(cytokineyeaced) + c{GAPDH yeated) — c{GAPDH_onirol) |, where ¢, is defined
as the number of the cycle in which emission exceeds an arbitrarily
defined threshold.

Statistics. Statistical significance of evaluated data was tested using Mann-
Whitney U Test and Student’s ¢ test. Results were considered as statistically
significant at P < 0.05. Results are expressed as mean values (+ SD or +
SEM). The error bars in histogram figures represent SD or SEM as indicat-
ed. Relative expression of IRF4 and IL-6 mRNA from each patient was cor-
related by using the linear correlation coefficient » to measure the strength

and the direction of a linear relationship between these 2 variables.
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