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FIGURE 4. Hes1 regulates the transcriptional activity of Hath1 via
5’ promoter region. (A) 5" Hath1 reporter plasmid containing the
1000-bp upstream region of Hathl was transfected into LS174T
Tet-on Hes1 cells and LS174T cells transfected with a mock plas-
mid. The induction of Hes1 by DOX significantly decreased the
transcriptional activity on Hath1, whereas the transcriptional activ-
ity of the mock plasmid did not change. Three regions that
matched the consensus sequence for binding Hes1, the Class C
site, in the 1000-bp upstream region of Hathl are indicated as
square numbers. Reporter activity of a mutant with all regions of
the Hes1 binding site deleted was not suppressed by Hes1 expres-
sion. A mutant construct in which only the second region of
the Hes1 binding site was deleted was also unaffected by Hes1.
(B) Hath1 reporter plasmid containing the 3’ enhancer region of
Hath1 behind the luciferase sequence was inserted into 5 Hath1
reporter plasmid. Hes1 also suppressed Hath1 transcriptional activ-
ity enhanced by 3’ enhancer region. The deletion mutants of the
Hes1 binding site in the 5’ region of Hath1 were also unaffected
by Hes1 expression (B). (**P < 0.01, ***P < 0.001, n = 3).
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including the Hes1 binding sites but not 3’ region of the Hesl
binding sites (Fig. 5B), supporting the idea that Hesl binds
directly to the 5'region of Hathl to suppress the transcriptional
activity in IEC.

Hes1 Does Not Completely Block the
Transcriptional Activity of Hath1
Promoted by CDX2

To clarify the balance between the enhancer and the
repressor in Hathl transcriptional activity, we next assessed
whether CDX2, which promotes Atohl gene transcription
in mice, is affected by Notch signaling on Hathl transcrip-
tion. Treatment with GSI showed slight induction of CDX2
in LS174T cells (Fig. 6A). Moreover, HES1 expression did
not affect the expression of CDX2 (Fig. 6B), suggesting
that the expression of CDX2 may be independent of Notch
signaling. To assess the effect of CDX2 on Hathl tran-
scription regulated by HESI, a reporter assay of Hathl was
performed. Although CDX2 did not promote Hathl tran-
scription via the 5’ promoter region of Hathl (Fig. 6C),
CDX2 cotransfected with the reporter plasmid containing
the 3’ enhancer region of Hathl showed significant increase
of transcriptional activity of Hathl (Fig. 6D). Interestingly,
the transcriptional activity of Hathl promoted by CDX2
was not suppressed by Hesl induction in LS174T tet-HES1
cells. These results suggest that Hesl at the 5’ region of
Hathl could not completely abrogate the transcriptional
activity of Hathl promoted via the 3’ enhancer region by
CDX2, and Hathl gene expression might be regulated by
the balance between HES1 and CDX2.

Hath1 Protein Expression Is Decreased
in the Goblet Cell Depletion of UC

We finally assessed whether Hathl is decreased in
colon mucosa with goblet cell depletion in line with the
former results in vitro. In normal colonic mucosa, Hathl
and CDX2 were expressed in almost all IECs. In contrast,
Hes1 was expressed in IECs situated in the lower half of the
villi (Fig. 7). In UC patients, both Hathl and CDX2 disap-
peared, while Hesl-positive cells were extended at the top
of the villi (Fig. 7), indicating that the suppression of Hathl
in goblet cell depletion might be caused by both the disap-
pearance of CDX2 and the extension of Hesl-positive cells.

DISCUSSION

This study reveals for the first time that Hes1 directly
suppresses Hathl gene expression via the Notch signal,
indicating that downregulation of Hathl is associated with
goblet cell depletion in human UC in combination with the
disappearance of CDX2. Previous reports have suggested that
Notch signaling suppressed the phenotypic gene expression
of goblet cells by suppressing Afohl gene expression,’
although it remains unknown how Notch signaling suppresses
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FIGURE 5. Hes1 binds to 5" Hath1 promoter region. (A) Schematic presentation of Hath1 genome. (B) ChIP assay was performed using
L5174T Tet-on Hes1 cells with or without DOX treatment for 24 hours. Each region indicated by a letter in (A) was amplified from the
immunoprecipitant by each antibody. The amplification of p27 from the immunoprecipitant by Hes1 antibody was confirmed to be
the known region of the Hes1 binding site. Only the 5' region including the Hes1 binding sites of Hath1 (region b) was amplified from the
immunoprecipitant by Hes1 antibody under the induction of Hes1 expression by DOX.

Hathl gene expression. We first found that Hesl, but not
HeyL, was necessary and sufficient for the suppression of
Hathl gene expression by Notch signaling in IEC. Canoni-
cal Notch signaling leads to transcriptional activation of
Hes family and Hey family genes such as Hesl, Hes5,
Hes7, Heyl, Hey2, and HeyL by binding NICD to RBP-
Jk.° Hes and Hey family genes play important roles in the
differentiation of various tissues,”"*> but it has not been
clarified how the function of each gene is assigned via
Notch signaling. While we found that all Hes and Hey
family genes were upregulated by NICD expression in in-
testinal cells, we also noticed that Hesl and HeyL were
exorbitantly expressed by NICD than other Hes and Hey
family genes (data not shown), suggesting that the func-
tional assignment of Notch signaling is regulated by the
quantity of each Hes and Hey family gene expressed.
HeyL has been identified as one of the target genes of
Notch3 receptor, because HeyL is expressed in smooth
muscle cells of the digestive tract and the vasculature fol-
lowing Notch3 expression in later stages of development.?
In this study, we could not identify the function of HeyL in
goblet cell differentiation; rather, its function is expected to

be assessed in future study of the effect of Notch signaling
on IEC.

On the other hand, we found that Hesl is critical for
the differentiation into goblet cells via Notch signaling, since
the binding of HESI to the Hathl 5’ promoter region silen-
ces Hathl gene expression. Although the 3’ region of Atohl
has been characterized as the enhancer and repressor region
to regulate Hathl gene expression by CDX2, Zicl, and
Hicl, the function of the 5’ region of Atohl has not been
clarified. This study revealed that the 5’ region of Hathl is
necessary not only for basic transcription but also for the
regulation by HES1 via Notch signaling to presumably sup-
press the transcriptional activity of the basic transcription
factors. It has been reported that Hes1 binds not only to the
N-box sequence but also to class C sites to suppress the
expression of genes such as P27°P!'® and achaete-scute hom-
olog-1,%* through which it plays a central role in cell prolifer-
ation and differentiation, respectively. In this study we identi-
fied a class C site at position —289 of the 5 region of Hathl,
playing a crucial role in the regulation of Hathl gene expres-
sion by the Notch signal. We therefore suspected that Hesl
might completely shut out the transcriptional activity via the
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FIGURE 6. CDX2 enhances the transcriptional activity of Hath1 independently of Notch signaling. (A) CDX2 gene expression was analyzed
by treatment of LS174T cells with GSI for 72 hours. CDX2 was slightly upregulated by Notch signal inhibition. (B) CDX2 gene expression
was analyzed by the Hes1 expression induced by DOX in LS174T Tet-on Hes1 cells. CDX2 gene expression was not affected by Hes1 expres-
sion. (C) Transcriptional activity of Hath1 via the 5’ region by CDX2 was assessed in LS174T cells for 72 hours after transfection of both the
CDX2 gene and 5' Hath1 reporter plasmid. CDX2 did not affect the transcriptional activity via the 5" promoter region of Hath1. (D) HES1
did not suppress the transcriptional activity via the 3’ region of Hath1 by forced expression of CDX2. The transcriptional activity of Hath1
was assessed for 72 hours after transfection of both the CDX2 gene and 3’ Hath1 reporter plasmid with or without DOX in LS174T Tet-on

HES1 cells. (**P < 0.01, ***P < 0.001, n = 3).

3’ enhancer region, but that forced expression of CDX2 could
induce the transcriptional activity of Hathl even with Hesl
expression. Moreover, the expression of CDX2 was not
affected by Notch signaling, suggesting that CDX2 and
HES1 independently regulate Hathl gene expression. Thus,
regulation by Hesl via Notch signaling is not sufficient to
suppress the gene transcription of Hathl, indicating that the
transcriptional activity of Hathl is regulated by the balance
between CDX2 and HES1 expression.

Importantly, the present study also indicated that
Hath1 is essential to regulate goblet cell formation in UC.
Although the expression of Hathl in inflamed mucosa of
UC has been reported,” the correlation between goblet cell
content and Hathl expression in UC has not been eluci-
dated. We confirmed that Hath1l was expressed in inflamed
mucosa with conserved goblet cell formation in UC (data
not shown), since goblet cell content might correlate with
Hath1 expression in UC. In Atohl-deficient mice, secretory
lineages of IEC including goblet cells are completely
lost,”?® indicating that Hathl might have the function of

8

not only mucus production but also differentiation toward
goblet cells in human intestine.

Moreover, this study suggested that goblet cell deple-
tion in UC caused by the disappearance of Hathl required
not only HESI expression but also CDX2 suppression of
IEC. CDX2 has been reported to be downregulated in UC
mucosa,”’ but it remains unknown how CDX2 expression
is suppressed by colonic inflammation even though CDX2
is upregulated by inflammation in the esophagus and stom-
ach.”®?° One previous report indicated that CDX2 expres-
sion is suppressed by hypoxia inducible factor 1 (HIF 1).%°
Another report found that HIF1 is overexpressed in UC
mucosa,’! suggesting that HIF1 might suppress CDX2
expression in UC. Whatever the case, the regulation of
CDX2 expression of IEC should be assessed to clarify the
mechanism of goblet cell depletion in UC.

In conclusion, we have revealed for the first time that
Hesl is sufficient to suppress Hathl gene transcription via
the Notch signal, but insufficient to suppress Hathl gene
transcription by CDX2. The cooperation between Hesl and
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FIGURE 7. Immunohistochemistry of intestinal mucosa in UC. In normal colonic mucosa, Hath1 and CDX2 were expressed in most IEC. Hes1
was expressed in intestinal epithelial cells in the lower half of villi. In UC mucosa with goblet cell depletion, neither Hath1 nor CDX2 was
expressed, whereas Hes1 was expressed up to the top of the villi. Upper column shows magnified view of the upper villus areas identified
by dashed line in the lower column. Blue staining with Alcian blue represents goblet cells. The examination was performed by using the

sections from three different individuals.

CDX2 is important to regulate Hathl gene expression, which
is involved in goblet cell formation in UC. More detailed anal-
ysis of Hathl expression at various stages of UC or other en-
teritis diseases associated with goblet cell depletion will lead
us understand the regulation of Hathl reduction under the
inflammation state with various cytokines and inflammatory
cells infiltration. Finally, elucidation of the mechanism of gob-
let cell depletion in UC will help us to develop novel therapies
for strengthening the barrier function of colonic mucosa.
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IL-2 is positively involved in the development of
colitogenic CD4 " IL-7Ra™&" memory T cells in
chronic colitis
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IL-2 and IL-7 share a common y-chain receptor and are critical for T-cell homeostasis. We
aimed to clarify the reciprocal roles of IL-2 and IL-7 in the development and persistence of
chronic colitis. We performed a series of adoptive transfers of IL-2/~ CD4*CD45RB"¢&"
T cells into RAG-2~/~ mice and assessed the role of IL-2 in the induction of IL-7Ra on
colitogenic CD4 ™" T cells and the development of chronic colitis. RAG-2~/~ mice transferred
with WT but not with IL-2~/~ CD4"CD45RB"&" T cells developed Th1/Th17-mediated
colitis. Consistently, re-expression of IL-7Ra was severely impaired on IL-2~/~ but not on
WT CD4" T cells from the transferred mice. To exclude a contribution of the preclinical
autoimmunity of IL-2~/“mice, WT Ly5.1" or IL-27/~ Ly5.2" CD4"CD45RB™E" T cells from
GFP mice previously transplanted with the same number of WT and IL-2~/~ BM cells were
transferred into RAG-2~/~ mice. RAG-2/~ mice transferred with IL-27/~-derived CD4"*
CD45RBME" T cells did not develop colitis, but their splenic CD4" T cells changed from
effector-memory to central-memory type. These results show that IL-2 is critically
involved in the establishment and maintenance of IL-7-dependent colitogenic memory
CD4"IL-7Ra™E" T cells.

Key words: Animal models - CD4" T cell - Cytokines - Memory cell - Mucosal immunity

Introduction memory T cells [4-10]. However, how colitogenic CD4" T cells

are generated and maintained in patients with IBD remains

The inflammatory bowel diseases (IBD), Crohn’s disease and
ulcerative colitis, are caused by chronic inflammatory responses
in the gut wall [1-3]. Although the aetiology of IBD is uncertain,
there is much evidence suggesting that the pathogenesis of IBD
involves dysregulated recognition of intestinal bacterial antigens,
resulting in the generation of colitogenic CD4" effector and
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© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

unknown.

During T-cell priming and maintenance of colitogenic CD4 ™"
effector and memory T cells, cytokines may provide critical
signals. IL-2 is produced by activated T cells early after antigenic
stimulation and is essential for proliferation of T cells in the
effector phase, at least in vitro [11, 12]. More recently, it has
been shown that exposure to IL-2 in the effector phase is required
for successful long-term survival of CD4" T cells and their

*These authors contributed equally to this work.
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differentiation into memory T cells [13]. Interestingly, IL-2 does
not seem to be needed for T-cell proliferation in vivo because
IL-27~ and IL-2Ro’/~ mice develop autoimmune diseases,
including chronic colitis, and extensive proliferation of T cells
[14, 15]. Thus, the development of such diseases in vivo is
explained entirely by the lack of CD4"CD25"Foxp3™ Treg cells,
which are dependent on IL-2 for their development and main-
tenance [16-18].

In contrast to IL-2, IL-7 is produced not by lymphocytes but by
stromal cells in the BM and thymus and by epithelial cells
[19-21]. This cytokine is important for supporting the survival of
naive and memory CD4" T cells, but not that of effector CD4™"
T cells [21-23]. Our previous studies on the pathogenesis of IBD
demonstrated that: (i) IL-7 is constitutively produced by intest-
inal goblet epithelial cells [20], (ii) IL-7 transgenic mice devel-
oped chronic colitis [24], (iii) mucosal CD4*IL-7Ra&" T cells in
CD4"CD45RB"" T-cell-transferred colitic mice are colitogenic
[25, 26], and (iv) IL-7 is essential for the persistence of colitis
because IL-7 7~ x RAG-1"/~ mice transferred with colitogenic
CD4™ T cells did not develop colitis [27].

IL-2 and IL-7 share a common y-chain receptor and are critical
cytokines for T-cell homeostasis [21, 22]. To clarify the reciprocal
roles of IL-2 and IL-7 in the development and persistence of
chronic colitis, we performed a series of adoptive transfers of WT
or IL-27/~ CD4"CD45RB"®" T cells into RAG-2"/" mice.

Results

IL-2-/~ mice sustain substantial numbers of naive
CD4" T cells that have reduced levels of IL-7Ra

IL-27/ mice develop spontaneous autoimmune syndrome from
4-6wk of age and develop IBD at 10-12wk of age [14]. We first
analysed the phenotypic characteristics of CD4" T cells of young
(3.5-wk-old) IL-27~ and WT mice. The proportions of CD4"
CD44"8" or CD45RB'" memory T cells and CD4*CD44"°" or
CD45RB"#" naive T cells in the spleen (SP) of IL-2~/~ mice were
reciprocally higher or lower, respectively, than those of the paired
WT mice (Fig. 1A and B). However, it is noteworthy that naive
T cells were detected in the SP of young IL-27/~ mice at this
stage, indicating that continuous generation of naive T cells
occurs in these mice. As IL-2 is essential for the development and
maintenance of CD4"CD25"Foxp3 ™ Treg [17], expression of
CD25 and Foxp3 on/in SP CD4™ T cells in IL-27/~ mice was
markedly impaired compared with that in WT mice (Fig. 1A and
B). In contrast, SP CD4"CD45RB"" populations from IL-27/~
and WT mice did not contain Treg (Fig. 1B). Interestingly, the
positive frequency of IL-7Ro expression on SP CD4" T cells in
IL-2~/ mice significantly reduced, which is in sharp contrast to
that in WT mice (Fig. 1A and C). This suggests that SP CD4™"
T cells in IL-2/~ mice include a substantial number of effector
T cells at a young age despite the absence of clinical manifesta-
tions or impaired naive or memory T cells. Surprisingly, we found
that the positive frequency of IL-7Ra expression on the SP CD4™"

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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CD45RB™ME" naive T cells of IL-27/~ mice was also significantly
reduced compared with that of WT mice (Fig. 1B and D),
suggesting that IL-2 is involved in the development and
maintenance of CD4" naive T cells (Fig. 1B). This was also the
case with the SP CD4"CD45RB'" T cells of IL-2/~ mice, which
may be explained by an increased number of effector T cells and/
or impaired development of memory T cells.

RAG-2~/~ mice transferred with IL-27/~ CD4"
CD45 Rb"&® T cells do not develop colitis

Since the positive frequency of IL-7Ra expression on IL-27/
CD4*CD45RB™&" T donor cells reduced (Fig. 1), the possibility
remained that the impaired naive CD4" T cells themselves were
critically involved in the development of spontaneous colitis in
IL-2~/ mice. To first assess the effect of IL-2 deficiency on the
initial developmental process of colitis, CD4 " CD45RB™2" T cells
from young WT or non-colitic IL-27/~ mice were injected
intraperitoneally into RAG-2~/ mice (Fig. 2A). As a negative
control, RAG-27/~ mice were transferred with WT CD4"
CD45RB"#" T cells and WT CD47CD25% Treg (Fig. 2A).
Consistent with previous report [27], the RAG-2/~ mice
transferred with WT CD4"CD45RB™&" T cells manifested weight
loss from 5wk after transfer (Fig. 2B). Clinical symptoms of
colitis as shown by clinical scores were apparent 7wk after
transfer (Fig. 2D). In contrast, RAG-2~/~ mice transferred with
WT CD4"CD45RBME" T cells and Treg showed no weight loss or
clinical symptoms of colitis (Fig. 2B and D). However, RAG-2 /"
mice transferred with IL-2/~ CD4"CD45RB"#" T cells did not
show wasting (Fig. 2B) or clinical symptoms of colitis throughout
the observation period of 7wk after transfer (Fig. 2D). Overall,
the assessment of colitis according to clinical score showed a clear
difference between RAG-2~/~ mice transferred with IL-2~/~ and
those transferred with WT CD4 " CD45RB™#" T cells (Fig. 2D). At
7wk after transfer, the colon of RAG-2~/~ mice transferred with
WT CD4'CD45RB"&" T cells, but not with IL-2/ CD4"
CD45RB"&" T cells or a combination of WT CD4"CD45RB™&"
and Treg, was enlarged and had a greatly thickened wall
(Fig. 2C). Enlargement of the SP was also present in RAG-2 /"~
mice transferred with WT CD4*CD45RB™#" T cells but not in
other groups (Fig. 2C).

Histological examination showed a massive infiltration of
mononuclear cells in the lamina propria (LP) of the colon of
RAG-2 7 mice transferred with WT CD4*CD45RB™E" T cells
(Fig. 2E). In contrast, the inflammation was mostly abrogated
and only a few mononuclear cells were observed in the LP
of the colon of RAG-2~/~ mice transferred with IL-27/~ CD4"
CD45RBM"" T cells as well as in RAG-2 /" mice transferred with
WT CD4*CD45RB"" T cells and Treg (Fig. 2E). This difference
was confirmed by histological scoring of colon sections (Fig. 2F).
Further quantitative evaluation of LP CD4 " T-cell infiltration was
done using flow cytometry (Fig. 2G). The number of LP CD4"
cells recovered from the colon of RAG-2"~ mice transferred with
WT CD4*CD45RB"&" T cells far exceeded the number originally
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Figure 1. Phenotypic characteristics of IL-2~/~ CD4*CD45RB™E" T cells. (A) Identification and characterization of SP CD4* T cells in young IL-27/~
and WT mice. FACS analysis shows the expression of CD44 and CD62L, IL-7Ra, CD25, or Foxp3 on/in SP CD4" T cells. (B) Characterization of SP
CD4*CD45RB™#" and CD4SRB'®Y T cells in young IL-2/~ and WT mice. (C) The percentage of IL-7Ra* cells in SP CD3*CD4" T cells was determined
using a FACSCalibur. (D) The percentage of IL-7Ra" cells in the CD4"CD45RB"™ or CD45RB"#" T-cell populations was determined using a
FACSCalibur. Data are representative of six mice per group. (A and B) or show mean+SEM (C and D; n = 6 per group). *p = 0.011 (Mann-Whitney U)

and **p =0.011 (Student’s t).

injected, indicating extensive T-cell proliferation and survival in
the inflamed colon, which was mostly abrogated in RAG-2~/~
mice transferred with WT CD4"CD45RB"#" T cells and Treg or
RAG-2"/" mice transferred with IL-2~/~ CD4" CD45RB™" T cells
(Fig. 2G).

As shown in Fig. 1B, however, there were two populations of
IL-27/~CD4"CD45RB™" T cells, IL-7Ra™#" and IL-7Ro". Thus,
it is possible that IL-7Ro'®" cells suppress IL-7Ro™&" cells when
they are transferred into RAG-2~/~ mice as IL-27/~CD4"
CD45RBME" T cells. To rule out this possibility, we performed
another in vivo experiment. CD4*CD45RB™E" T cells from the SP
of 4- to 5-wk-old IL-2/~ mice were divided into two populations,
IL-7Ro™#" and IL-7Ra'*" by cell sorting, and each population was
separately transferred into RAG-2™/~ hosts. As a positive control,
a same number of WT CD4*CD45RB™ME! T cells were again
transferred into RAG-2~/~ mice (Fig. 3A). Mice transferred with
IL-7Ro™E" or IL-7Ra'*" did not develop clinical or histological
aspects of colitis, whereas mice transferred with WT CD4~"
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CD45RB"&" T cells did develop severe colitis (Figs. 3B-D).
However, a proportion of IL-7Ro™®" IL-27/~CD4*CD45RB"sh
T cells converted to IL-7Ra'®" and vice versa (data not shown)
after they were transferred to RAG-2~/~ mice, which shows that
the expression of IL-7Ro. on IL-27/~CD4*CD45RB™M&" T cells is
flexible, rather than fixed on naive cells.

To determine the effect of these transfers on Thl/Th17
development, we next measured IFN-y and IL-17 production by
anti-CD3/CD28-stimulated CD4" LP T cells. As shown in Fig. 4A,
the production of IFN-y and IL-17 by anti-CD3/CD28-stimulated
CD4" LP T cells from RAG-2/ mice transferred with IL-27~
CD4*CD45RB™E" T cells or from RAG-2~ mice transferred with
WT CD4"CD45RB"E" T cells and Treg was significantly lower
than that from RAG-27~ mice transferred with WT CD4"*
CD45RBM&" T cells. To assess the cell surface markers on isolated
SP and LP cells in each group, we then performed flow cytometric
analysis. As shown in Fig. 4B, the transferred IL-27/~ SP and LP
CD4" T cells may differentiate into CD44"#" memory T cells in
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A B 120,
Q SPCD4 _..Q -2+ & e}
CIMERBh REM &
RAG2S 100} ]* H
)| o 3 90.
5 =~ 11-3 REhi
o o WT R B
é sof = WT RBI + Treg
70 e — e
¢ 1 2 3 4 5 6 7
WK after transfer
D N.S.
| #* 4 1
Te T il . 1
£ 6}
& St
% 4
2 3
2 21
S 1l
0
-2 WT WT
RB¥  Rp®  RBY
+
Treg
E , . v
1L-2 RBM WT RBY+TFreg
g

otum

z
@
)
z
»

Histological Score L
w e
&%
L
LPCD3*CD4*
Cell Number {x10%)

-
e 8t8 %2

-2 Wi W ‘ r -2+ WT W
REBY  RBM RB" RBY  RpRw RBH
+ +
Treg Treg

Figure 2. RAG-2/~ mice transferred with IL-2~/~ CD4 " CD45RB™#" T cells do not develop colitis. We performed two independent experiments. (A)
Experimental design. RAG-2~/~ mice were transferred with SP WTor IL-27/~ CD4"CD45RB™E" T cells (3 x 10° cells per mouse) or a mixture of WT CD4"
CD45RBM# T cells (3 x 10°) and WT CD4*CD25" Treg (1 x 10°). (B) The change in body weight over time is expressed as a percentage of the original
weight. *p =0.049 (Welch's t), and **p = 0.049 (Student’s t). (C) Gross appearance of the colon and spleen. (D) Clinical scores. Data are expressed as the
mean + SEM of six mice per group. *p = 0.014 (Mann-Whitney U.) (E) Histological results for the colons of each group. Original magnification, x 40 (upper)
and x 200 (lower). (F) Histological scoring. *p = 0.014 (Mann-Whitney U). (G) The number of CD4*CD3" cells in colenic LP for each group. Cell number
was determined using FACS. *p = 0.0049 (Welch’s t), and **p = 0.014 (Mann-Whitney U). Data are expressed as the mean+ SEM of eight mice per group.
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Figure 3. Either RAG-2~/~ mice transferred with IL-2~/~ CD4*CD45RB™M€"L-7Ra™&" T cells or those transferred with IL-2/~ CD4*CD45SRBM&"
IL-7Ro**¥ T cells do not develop colitis. We performed one independent experiment. (A) Experimental design. RAG-2~/~ mice were transferred with
IL-7R™EPCD4*CD4SRBMER T cells (3 x 10°) or IL-7Ra'*¥CD4* CD4SRBME" T cells (3 x 10°) from the spleen of IL-2~/~ mice. As a positive control, we
transferred the same number of WT CD4*CD45RB™E" T cells into RAG-2~/~ mice. (B) Histological results for the colons of each group. Original
magnification, x 40 (upper) and x 200 (lower). (C) Clinical scores. (D) Histological scoring. Data are expressed as the mean+SEM of six (C) and five
(D) mice per group. N.S., not significant. *p = 0.014 (Mann-Whitney U). N.S., not significant.

MLN (data not shown) IL-27/~ CD4" T cells were significantly
higher than those in the SP and MLN of colitic RAG-2~"~ mice
transferred with WT CD4*CD45RB™M&" T cells or non-colitic
RAG-2~/~ mice transferred with WT CD4*CD45RB™" T cells and
WT Treg. In contrast, LP CD4" T cells in all groups exhibited
characteristics of effector-memory type of CD44"8"CD62L~ (Tgp)
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cells, which is consistent with the non-lymphoid nature of the LP
(Fig. 4B and C, right) [28, 29]. Furthermore, the positive
frequency of IL-7Ro expression on SP and LP IL-27/~ CD4"
T cells also significantly reduced, as compared with the paired
cells from colitic RAG-2"/~ mice transferred with WT CD4*
CD45RB"&" T cells or non-colitic RAG-2~/~ mice transferred with
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Figure 4. [L-7Rx expression of memory CD4" T cells in IL-2 7/~ CD4*CD45RB™E" T-cell-transferred RAG-2~/~ mice was impaired. We performed two

independent experiments. (A) Cytokine production by LP CD4" T cells. LP CD4" T cells were stimulated with plate-coated anti-CD3 mAb and
soluble anti-CD28 mAb for 48 h. Cytokine concentration in the supernatants were measured using ELISA. Data are expressed as the mean + SEM of
eight mice per group. *p = 0.021 (Mann-Whitney U), and **p = 0.014 (Mann-Whitney U). (B) Expression of various cell surface markers on SP and LP
CD3"CD4" T cells was determined by FACS. Representative results from eight mice per group for CD44, CD62L, IL-7Rx, CD25, and Foxp3 are shown.
(C) The percentage of Tcy cells was determined using FACS. Data are expressed as the mean+SEM of eight mice. *p=0.0001 (Student’s t),
**p = 0.047 (Student’s t), and N.S., not significant. (D) The percentage of CD3"CD4 " T cells positive for IL-7Ra" is shown. Data are expressed as the
mean +SEM of eight mice per group. *p = 0.0001 (Student’s t). **p = 0.0009 (Mann-Whitney U), ***p = 0.001 (Mann-Whitney U), ****p = 0.017 (Mann-

Whitney U), and N.S,, not significant.

WT CD4*CD45RBME" T cells and WT Treg (Fig. 4B and D). In
addition, CD4"CD25Foxp3™ Treg did not emerge in the SP or
LP of RAG-2™/~ mice transferred with IL-27/~ CD4"CD45RB"&"
T cells, which is in contrast to RAG-2"/~ mice transferred with
WT CD4"CD45RBM8" T cells, which contained a substantial
number of inducible Treg (Fig. 4B), albeit fewer than RAG-2~/~
mice transferred with WT CD4 " CD45RB"#" T cells and WT Treg,
which contained a mixture of naturally occurring and inducible
Treg (Fig. 4B).

Paracrine IL-2 from WT CD4" T cells enables
IL-27/~ LP CD4" T cells to induce mild colitis
in an IL-7-dependent manner

To further assess the role of IL-2 signalling in the expansion of
CD4" donor cells, we performed in vivo competition experiments.
First, the same number of CD4"CD45RB"¢" donor cells from
Ly5.1" WT and Ly5.2" IL-27/~ mice were co-injected intra-
peritoneally into RAG-2/~ mice (Fig. 5A). As expected, recipient
mice developed severe colitis 6wk after co-transfer (data not
shown), and a significantly lower proportion of Ly5.2" IL-277

CD4™ T cells were observed in the inflamed LP and SP compared
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with the paired Ly5.1" WT CD4™ T cells (Fig. 5B). Furthermore,
the positive frequency of IL-7Ro expression on IL-27~/~ LP CD4*
cells was markedly reduced, as compared with that on WT LP
CD4" cells (Fig. 5C).

We next addressed the question of whether LP IL-27/~ CD4"
T cells sustained in colitic RAG-2™”~ mice transferred with a
mixture of WT and IL-27/~ CD4"CD45RB™E" T cells (Fig. 5A)
have the potential to induce colitis when transferred to new
RAG-1/" mice, because it was considered possible that a small
but substantial number of IL-2 7~ LP CD4™ T cells in those mice
(Fig. 5) would gain colitogenicity by using paracrine IL-2 from
surrounding WT LP CD4" T cells. If they were colitogenic, it
would also be necessary to examine whether IL-7 is also needed
for the development of colitis by those cells to assess whether
they are effector or memory T cells (Fig. 5A), as is the case with
colitic WT LP CD4™ T cells as previously demonstrated by our
group [27]. To this end, we isolated LP WT (Ly5.1") and IL-2 "~
(Ly5.2%) CD4™ T cells from colitic RAG-2~/~ mice previously
transferred with the same number of WT and IL-27/~ CD4"
CD45RB"e" T cells and then separately retransferred them into
new IL-7*/" x RAG-1""~ or IL-7/~ x RAG-1"/ mice (Fig. 5A).
As expected, IL-77/% x RAG-1"/" recipients transferred with WT
CD4" T cells (WT—IL-7"/") developed severe colitis 4-6wk
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Figure 5. IL-7 is essential for the development of colitis in mice transferred with IL-2~/~ LP CD4* T cells obtained from colitic mice previously
transferred with a mixture of WT and IL-2~/~ CD4*CD45RB"¢" T cells. We performed one independent experiment. (A) Experimental design.
RAG-2~/~ mice were co-injected i.p. with a mixture of WT (Ly5.1%) and IL-2~/~ (Ly5.2") CD4"CD45RBMe" T cells. Eight weeks after transfer, WTand
IL-2/~ LP CD4* T cells were isolated and separately retransferred into IL-7*/* x RAG-1~/~ or IL-7/~ x RAG-1"/~ mice. (B) Numbers of WT (Ly5.1")
and IL-27/~ (Ly5.2+) LP CD3*CD4" T cells recovered from colitic RAG-2~/~ donor mice. Data are expressed as the mean + SEM of five mice per group.
*p = 0.049 (Mann-Whitney U). (C) Expression of IL-7Rs on SP WT and IL-27/~ CD4" T cells of colitic RAG-2~/~ donor mice was determined using
FACS. (D) Clinical score after retransfer into new IL-7*/* x RAG-17~ or IL-7~/~ x RAG-1~/~ mice. Data are expressed as the mean + SEM of five mice
per group. *p = 0.025, **p =0.034, ***p = 0.034 (Mann-Whitney U). (E) Gross appearance of the colon, SP, and MLN 8 wk after retransfer.

after transfer, which was characterized by significant weight loss,
diarrhoea, higher total clinical scores (Fig. 5D), and thickening of
the colonic wall with inflammation (Fig. 5E). In contrast,
IL-77/~ x RAG-177" recipients transferred with WT CD4™" T cells
(WT—IL-7/") appeared healthy, exhibited no signs of colitis
until 8wk after transfer (Fig. 5D), and exhibited no apparent
thickening of the colonic wall (Fig. 5E). As expected,
IL-77/~ x RAG-1"/" recipients transferred with IL-27/~ CD4"
T cells (IL-277">IL-777) did not develop colitis. However,
IL-77/" x RAG-1"/" recipients transferred with IL-2~/~ CD4" T
cells (IL-2/~ —»IL-77") exhibited clinical signs of colitis and a
thickened colonic wall (Fig. 5E) 8 wk after transfer, albeit less
severely than WT —IL-7"/* mice (Fig. 5E).

Histological examinations revealed no evident pathological
changes in the colons of WT—IL-7 7~ or IL-2~/~ —IL-7 /" mice

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in contrast to colitic WT—IL-7"/" or IL-27/~-IL-7"/" mice,
which showed prominent epithelial hyperplasia with massive
infiltration of mononuclear cells (Fig. 6A). This was confirmed by
assessing each histological score (Fig. 6B). Furthermore, the
score of IL-27/~ - IL-7*/" mice was significantly less than that of
WT—IL-7"/" mice (Fig. 6B). Consistent with this, the average
number of LP CD4"% T cells recovered from colitic IL-27/~ —
IL-7*/* mice was significantly less than that of WT—IL-7*/*
mice (Fig. 6C). The number of LP CD4™ cells in IL-27/~ —IL-7/~
or WT—IL-7~/~ mice was almost zero (Fig. 6C). Furthermore,
the positive frequency of IL-7Ra expression on SP CD4" T cells
obtained from IL-27/~ CD4" T-cell-transferred mice was mark-
edly reduced in both IL-7*/* and IL-7~/~ recipients, whereas that
from WT CD4" T-cell-transferred mice was not impaired in
IL-7*/* or IL-7~/~ recipients (Fig. 6D).
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Figure 6. IL-7 is absolutely essential for the development of colitis in mice transferred with IL-2~/~ LP CD4" T cells despite down-modulated IL-7Rx
expression. We performed one independent experiment. (A) Histopathology of the distal colon 8 wk after retransfer. Original magnification, x 40
(upper) and x 200 (lower). (B) Histological score 8 wk after retransfer. Data are expressed as the mean+SEM of five mice per group. *p = 0.009,
**p=0.016, ***p=0.009 (Mann-Whitney U). (C) Number of LP CD37CD4" T cells recovered 8wk after retransfer. Data are expressed as the
mean + SEM of five mice per group. *p = 0.049 (Student’s t), **p = 0.033 (Welch’s t), and ***p = 0.014 (Mann-Whitney U). (D) Expression of IL-7Ra on
SP CD3"CD4" T cells was determined using FACS. Representative FACS data of five mice are shown.

IL-2-/- CD4'CD45 RB"8" T cells do not induce colitis,
even if they were developed in IL — 27/~ and WT BM
chimaeric mice

To precisely prepare similar naive WT and IL-27/~ CD4"
CD45RB"E" T cells in the same in vivo setting, we generated
mixed BM chimeras. To this end, irradiated GFP mice were first
transplanted with a mixture of the same number of BM cells
obtained from young WT and IL-2~/~ mice (Fig. 7A). Six weeks
after the BM transplantation, various cell markers were compared
between the transplanted WT and IL-2°/~ BM-derived GFP~
CD4" cells. As shown in Fig. 6B, almost all the cell markers,
including IL-7Ra, were identical in the transplanted WT and
-2/~ BM-derived CD4™ cells. Thus, GFP~ Ly5.1" WT and
Ly5.2" IL-27/~ CD4"CD45RB™" T cells were isolated, and then

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the separated cells or a mixture of the same number of the two
cell types was transferred into RAG-2™/ " mice. Again, we found
that RAG-2"/~ mice transferred with GFP~ Ly5.1% WT CD4"
CD45RB™E" T cells or a mixture of GFP~ Ly5.1% WT and
Ly5.27 IL-27/~ CD4"CD45RB"#" T cells showed similar signs of
wasting disease (Fig. 7B), clinical symptoms (Fig. 7D), and
clinical and histological scores (Fig. 7E and F) 8 wk after transfer,
which differs from the findings for non-colitic RAG-2 /" mice
transferred with GFP~ Ly5.2" IL-27/~ CD4*CD45RB™" T cells
(Fig. 7C-F). The number of LP CD4" T cells recovered from
RAG-2/~ mice transferred with GFP~ Ly5.17 WT
CD4"CD45RB"#" T cells or a mixture of GFP~ Ly5.1" WT and
Ly5.2" IL-27/~ CD4"CD45RB"" T cells was significantly higher
than that recovered from mice transferred with Ly5.2" IL-27/
CD4*CD45RBM&" T cells (Fig. 8A). The production of IFN-y,
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LP (right) Ty cells was determined using FACS. Data are expressed as the mean+SEM of five mice. *p =0.0015, **p =0.0017 (Mann-Whitney U),
and N.S., not significant. (E) Percentage of SP (left) and LP (right) CD3"CD4" T cells positive for IL-7Ra". Data are expressed as the mean+SEM of
five mice per group. *p = 0.0002 (Welch’s t), **p = 0.0065 (Mann-Whitney U), ***p = 0.0027 (Mann-Whitney U), ****p = 0.011 (Mann-Whitney U), and

N.S., not significant.

TNF-o, and IL-17 by anti-CD3/CD28 mAb-stimulated LP CD4™ T
cells obtained from RAG-27/~ mice transferred with WT CD4"
CD45RB"&" T cells or a mixture of WT and IL-27/~ CD4"
CD45RBME" T cells was significantly higher than that produced in
RAG-2~/~ mice transferred with IL-27/~ CD4"CD45RB"&" T cells
(Fig. 8B).

We next examined cell surface markers in terms of Tcy/Tem
and IL-7Ra after transfer. Again, the proportion of Tgy in the SP
of RAG-2™/~ mice transferred with IL-27/~ CD4*CD45RB"#"
T cells was significantly higher than that in RAG-27/~ mice
transferred with WT CD4*CD45RB"&" T cells or a mixture of WT
and IL-2~/~ CD4"CD45RB"#" T cells (Fig. 8C and D). In contrast,
LP CD4™" T cells were exclusively Tgy cells irrespective of the cells
transferred (Fig. 8C and D). It is noteworthy that the positive

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

frequency of IL-7Ro expression on the SP and LP of RAG-2"""
mice transferred with IL-2~7~ CD4"CD45RB™E" T cells signifi-
cantly reduced, as compared with that in the paired cells of other
groups, irrespective of the presence or absence of colitis (Fig. 8C
and E).

Discussion

In the present work, we demonstrated that IL-2 is essential for the
development and perpetuation of chronic colitis. First, IL-2 is
needed for the normal expression of IL-7Ra on naive CD4 ™ T cells
during the development of mature naive CD4™ T cells. Second,
IL-2 is required for retaining IL-7Ro expression on colitogenic
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CD4™" T cells during conversion from effector to memory CD4"
T cells, resulting in the acquisition of IL-7 dependency for the
perpetuation of chronic colitis.

IL-27 mice, as well as IL-2Ra (CD25)~/~, IL-2Rp
(CD122) /", and IL-2Ry (CD132) /™ mice [12], all of which are
severely defective in the IL-2/IL-2R signalling pathway, are
known to spontaneously develop chronic colitis. Thus, it was
considered possible that the abnormal naive CD4™ T cells in
IL-27" mice themselves might be critically involved in the
development of colitis in such colitis models. It was also consid-
ered possible that IL-2 itself may not be needed for the devel-
opment of pathogenic effector and memory CD4" T cells, but is
solely essential for the development and maintenance of Treg, as
was recently emphasized [16-18]. To solve these issues, we used
an adoptive transfer model of colitis using WT or IL-2~/~ CD4™
CD45RBMe" T cells, which are almost all naive T cells, excluding
Treg. Surprisingly, we found that RAG-2 '~ mice transferred
with IL-27/~ CD4 " CD45RB"#" T cells did not develop colitis until
8wk after transfer. Furthermore, IL-2~/~ CD4"CD45RBMs"
T-cell-derived cells differentiated into CD44"8" memory T cells in
the LP and SP, similar to WT T-cell-derived cells (Figs. 2 and 3). It
should be noted that inducible CD4"CD25"Foxp3™ Treg were
present in RAG-2~/~ mice transferred with WT, but not IL-27/",
CD4"CD45RB"#" T cells. These results clearly demonstrate that
IL-2 is positively involved in the development of colitis without
the effect of naturally occurring Treg, although IL-2 supports the
development of inducible Treg, which are generally thought to
suppress the development of colitis. However, an unresolved
discrepancy remains between the present finding that IL-2 is
positively important for the development and perpetuation of
colitis and the previous finding that IL-27/~
develop colitis together with various autoimmune diseases.
Indeed, we showed that adoptive retransfer of IL-2/~ LP CD4"
T cells obtained from colitic RAG-2~/~ mice previously trans-
ferred with a mixture of WT and IL-2~/~ CD4*CD45RB"" T cells
induced colitis, albeit less severely than adoptive retransfer of WT
LP CD4™ T cells, suggesting that IL-2 is not absolutely essential
for the development of colitis, but is a fine tuner for the full
development of colitis. Indeed, we confirmed that RAG-2 /"~ mice
transferred with IL-27/~ CD4*CD45RB"" T cells develop mild
colitis 20 wk after transfer (data not shown). It is also possible
that other cells, such as B cells and NK T cells may affect the
development of colitis in IL-2/~ mice. Further investigation of
this issue is needed.

The positive frequency of IL-7Ro expression on LP IL-2 7/~
CD4"CD44"&" T cells was significantly reduced, as compared
with the paired WT cells, indicating that IL-2 was needed for the
expression of IL-7Ra on some subpopulation of CD4" T cells
during the differentiation of memory CD4*CD44"¢" T cells in all
the adoptive transfer experiments. Importantly, since we
demonstrated that mice transferred with isolated IL-7Ro™&" or
IL-7Ro°" CD4 " CD45RB"E" T cells obtained from young IL-27/~
mice did not develop colitis (Fig. 3), it is not likely that IL-7Ra'*"
cells suppress IL-7Ro™&" cells when they are co-transferred into
RAG-27/~ mice. Rather, IL-2 may be critically involved in the

mice spontaneously
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retainment of IL-7Ro expression on colitogenic CD4™ T cells. In
other words, the lack of IL-2 may induce the exhaustion of coli-
togenic CD4" T cells, resulting in the apoptosis of those cells.
Furthermore, it is a matter of controversy whether IL-2 positively
or negatively controls IL-7Ra expression [13, 30]. One group
demonstrated that IL-2 is a negative regulator of IL-7Ra expres-
sion during in vitro stimulation with anti-CD3/anti-CD28 mAb
[30], whereas another group argued that IL-2 promotes the
generation of CD4 IL-7Re”™ memory T cells based on findings
from a physiologically relevant in vitro and in vivo priming system
with antigen and antigen-presenting cells [15]. Our result from
adoptive transfer in the in vivo colitis model supports the latter
result. In our previous study with the same model of colitis using
IL-2-sufficient CD4*CD45RB™&" T cells [27], we observed that
the expression of IL-7Ra on CD4™ T cells was down-modulated
approximately 1wk after transfer and was then up-regulated
until 4wk after transfer. Thus, our current result suggests that
IL-2 is needed for re-expression of IL-7Ro during the differ-
entiation of functionally colitogenic memory CD4" T cells. In
accordance with this, we showed that IL-7/~ x RAG-2~/~ mice
retransferred with IL-27~~ LP CD4" T cells obtained from colitic
RAG-2/~ mice previously transferred with a mixture of WT and
IL-27/~ CD4*CD45RB"&" T cells did not develop colitis, whereas
IL-77/* x RAG-27/~ mice retransferred with those cells did
develop colitis, albeit to a lesser extent than IL-7"/" x RAG-27/~
mice retransferred with WT CD4*CD45RB"&" T-cell-derived
colitic LP CD4™ T cells. IL-2 may play a crucial role in the re-
expression of IL-7Ra on colitogenic memory CD4™ T cells, which
may be critical for the acquisition of their IL-7 dependency in
chronic colitis. Furthermore, since we showed that mice trans-
ferred with IL-27/~ CD4"CD45RB"" T cells retained IL-7Ro"E"
CD4" T-cell population partly as well as IL-7R«'°" population,
but did not develop colitis, it is possible that non-colitogenic
CD4" memory T cells could re-express IL-7Ro highly in
IL-2-independent manner. Further investigation of this issue is
needed.

Nevertheless, our model is open to criticism concerning the
role of IL-2 in the development of functional memory CD4™
T cells when impaired IL-27/~ CD4*CD45RB™" T cells are used
because their IL-7Ro expression is down-modulated before
transfer. To this end, we next used donor WT and IL-2~/~ CD4"
CD45RB™M&" T cells after preparing a mixed BM chimera that
received a mixture of WT and IL-27/~ BM cells. As mentioned
previously, the phenotypic characteristics of the IL-2/~ CD4"
T cells in the BM chimera mice, including IL-7Ro expression, were
similar to those of WT CD4 ™ T cells, indicating that paracrine IL-2
secretion from WT CD4" T cells supports the normal develop-
ment of naive IL-2~/~ CD4"CD45RB™#" T cells in the BM and/or
thymus and prevents preclinical autoimmunity via Treg that
develop from WT precursor cells. However, we found that
RAG-2~/~ mice transferred with the IL-27/~ CD4*CD45RB"s"
T cells sufficiently expressing IL-7Ra- did not develop colitis along
with the down-modulated expression of IL-7Ra« on both LP and
SP CD4% T cells after the transfer, which is in contrast to
mice transferred with the WT CD4"CD45RB™" T cells, which
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developed severe Th1/Th17-mediated colitis. These results rein-
force our evidence that IL-2 is needed for the development of
colitogenic memory CD4 " T cells.

Finally, it should be noted that our study might not reflect the
pathogenesis of human IBD directly because our colitis model is in
the extreme “lymphopenic” environment for the induction of colitis,
in which IL-7 and IL-2 might be important for rapid proliferation of
T cells. Further studies will be needed to address this point using
other colitis models in non-lymphopenic conditions.

Collectively, our findings indicate that, at least in the
absence of Treg, IL-2 is critically involved in the development
and perpetuation of colitis in three ways: (i) in the normal
development of naive CD4" T cells, (ii) in the re-expression
of IL-7Ra on colitogenic memory CD4" T cells, and (iii)
in the conversion from Tcy to Tgw/effector T cells. Although it
will be necessary to consider the double-edged role of IL-2 in
colitogenic CD4™ T cells and Treg in other models of colitis,
which may affect the balance between these two cell types, the
current study appears to shed light on the positive involvement of
IL-2 in chronic colitis. Thus, it will be necessary to assess when
strategies for blocking and promoting IL-2 for IBD treatment
should begin.

Mice

C57BL/6-Ly5.1 and C57BL/6-Ly5.2-RAG-27/~ mice were
obtained from Taconic Laboratory (Hudson, NY) and the Central
Experimental Animal Institute (Kawasaki, Japan). IL-2/ mice
were obtained from the Jackson Laboratory (Bar Harbor, ME).
C57BL/6-Ly5.2- IL-7 7~ x RAG-1"/~ mice were kindly provided
by Dr. Rosa Zamoyska (National Institute for Medical Research,
London, UK) [31]. GFP transgenic mice were originally generated
by Dr. Masaru Okabe (Osaka University, Japan) [32]. All mice
were maintained under specific pathogen-free conditions at the
Animal Care Facility of Tokyo Medical and Dental University. All
experiments were approved by the regional animal study
committees.

Antibodies

Biotin-conjugated anti-IL-7Ro (A7R34) was obtained from
Immuno-Biological Laboratories (Takasaki, Japan). The follow-
ing mAb were obtained from BD PharMingen (San Diego, CA):
145-2C11, FITC- or PerCP- anti-CD3; RM4-5, FITC-, PE-, PerCP-
or APC- anti-CD4; 16A, FITC- or APC- anti-CD45RB; IM7,
PE-anti-CD44; PC61, PE-anti-CD25; MEL-14, FITC-anti-CD62L;
H1.2F3, FITC-anti-CD69; A20, FITC- or PE-anti-Ly5.1 (CD45.1);
and 104, FITC- or PE-anti-Ly5.2 (CD45.2). Biotinylated
antibodies were detected with PE-streptavidin (BD Phar
Mingen).
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In vivo adoptive transfer experiments

Adoptive transfers of WT or IL-27/~ CD4"CD45RB"" T cells into
RAG-2/~ mice were performed to avoid the effect of CD4"CD25"
Treg. Exp. 1: Ly5.1-derived WT (IL-2™/") or Ly5.2-derived IL-2 ™/~
(n=8) CD4"CD45RB™" T cells (3x10° cells) were injected
intraperitoneally into RAG-2~/~ mice. As a negative control,
RAG-2/~ mice were transferred with CD4*CD45RB™ME" T cells
(3 x 10° cells) and Treg (1 x 10° cells). Exp. 2: CD4"CD45RB™&"
T cells from SP of 4- to 5-wk-old IL-27/~ mice were divided into two
populations, IL-7Re™" or IL-7Ro!", by cell sorting and then each
population was transferred into RAG-2~/" hosts. As a positive control,
we transferred the same number of WT CD4"CD45RB"" T cells into
RAG-2/~ mice. (n="5). Exp. 3: First, SP Ly5.1* and Ly5.2" CD4"
T cells were separately isolated from mice transferred with Ly5.1" WT
and Ly5.2" [L-2~/~ CD4*CD45RB"" T cells using FACSAria. Second,
the isolated Ly5.1" or Ly5.2" T cells were separately transferred into
new IL-7"/* x RAG-2™/~ or IL-7 7~ x RAG-2™/" mice. Exp. 4: First,
preparations from the femurs and tibias of WT or IL-2"/~ mice were
incubated with biotin-conjugated anti-CD3 mAb and anti-biotin
magnetic beads, followed by bead depletion using a MACS separation
system (Miltenyi Biotec, Auburn, CA). Then 5 x 10° T-cell-depleted
BM cells from each mouse were injected intravenously into lethally
irradiated (7.5 Gy) GFP transgenic mice. Second, mice were sacrificed
to isolate SP naive GFP~ Ly5.1" WT and GFP~ Ly5.2" IL-27/~ CD4"
CD45RB™E" T cells 8-12wk post-transplantation. Third, the isolated
Ly5.1" WT or Ly5.2" IL-27/° CD4"CD45RB™" T cells were
transferred into RAG-2/~ mice.

Disease monitoring and histological examination

The recipient mice were weighed immediately after T-cell
transfer and three times per week thereafter. They were observed
for clinical signs of illness as previously described [9]. Histolo-
gical examination was performed as described before [9].

Flow cytometry

To detect the surface expression of a variety of molecules, isolated
splenocytes or LP mononuclear cells were pre-incubated with an
FcyR-blocking mAb (CD16/32; 2.4G2, BD PharMingen) for
20min, followed by incubation with specific antibodies for
30min on ice. Biotinylated antibodies were detected with
PE-streptavidin. Intracellular Foxp3 staining was performed using
a PE-anti-mouse Foxp3 staining set (eBioscience) according to the
manufacturer’s  instructions.

Background fluorescence was

assessed by staining with control-irrelevant isotype-matched mAb.

Cytokine ELISA

To measure cytokine production, 1 x 10° LP CD4™ T cells were
cultured in 200 pL of culture medium at 37°C in a humidified
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atmosphere containing 5% CO, in 96-well plates (Costar,
Cambridge, MA) precoated with 5 ug/mL of hamster anti-mouse
CD3e mADb (145-2C11, BD PharMingen) and 2 pug/mL of hamster
anti-mouse CD28 mAb (37. 51, BD PharMingen) in PBS overnight
at 4°C. Culture supernatants were removed after 48h and
assayed for cytokine production. Cytokine concentrations were
determined by specific ELISA according to the manufacturer’s
recommendations (R&D Systems, Minneapolis, MN).

Statistical analysis

We examined the normality of each group. If either group was
not normally distributed, we assessed the difference between the
two groups using the Mann-Whitney U-test. If both groups were
normally distributed, we assessed the variance of the population
to which each group belonged using the f-test. When homo-
scedasticity of both populations occurred, we assessed the
difference between two groups using Student’s t-test. In the
absence of homoscedasticity, we assessed the difference using
Welch’s t-test. We used Statcell software for all statistical
analyses. Results are expressed as the mean+SEM. Differences
were considered statistically significant when p<0.05.
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Upregulated IL-7 Receptor o Expression on Colitogenic
Memory CD4" T Cells May Participate in the Development
and Persistence of Chronic Colitis

Tamako Shinohara,*' Yasuhiro Nemoto,*"' Takanori Kanai,’ Kaori Kameyama,*
Ryuichi Okamoto,* Kiichiro Tsuchiya,* Tetsuya Nakamura,* Teruji Totsuka,*
Koichi Ikuta,* and Mamoru Watanabe*

We have previously demonstrated that IL-7 is essential for the persistence of colitis as a survival factor of colitogenic IL-7Ra~—
expressing memory CD4" T cells. Because IL-7Ra is broadly expressed on various immune cells, it is possible that the persistence
of colitogenic CD4" T cells is affected by other IL-7Ra—expressing non-T cells. To test this hypothesis, we conducted two adoptive
transfer colitis experiments using IL-7Ra"’~ CD4*CD25~ donor cells and IL-7Ra™’~ x RAG-2""" recipient mice, respectively.
First, IL-7Ra expression on colitic lamina propria (LP) CD4" T cells was significantly higher than on normal LP CD4" T cells,
whereas expression on other colitic LP immune cells, (e.g., NK cells, macrophages, myeloid dendritic cells) was conversely lower
than that of paired LP cells in normal mice, resulting in predominantly higher expression of IL-7Ra on colitogenic LP CD4™ cells,
which allows them to exclusively use IL-7. Furthermore, RAG-2~'~ mice transferred with IL-7Ra ™'~ CD4*CD25 T cells did not
develop colitis, although LP CD4* T cells from mice transferred with IL-7Ra™"~ CD4*CD25™ T cells were differentiated to CD4*
CD44"#"CD62L " effector-memory T cells. Finally, IL-7Ra™"~ X RAG-2"'~ mice transferred with CD4*CD25™ T cells developed
colitis similar to RAG-2~'" mice transferred with CD4*CD25™ T cells. These results suggest that IL-7Ra expression on colitogenic
CD4" T cells, but not on other cells, is essential for the development of chronic colitis. Therefore, therapeutic approaches targeting
the IL-7/IL-7R signaling pathway in colitogenic CD4* T cells may be feasible for the treatment of inflammatory bowel dis-

eases. The Journal of Immunology, 2011, 186: 2623-2632.

pathic chronic intestinal inflammation, which commonly takes

a persistent course with lifelong recurrence (1-4). According
to current understanding, IBD is caused by inappropriate re-
sponses of the activated immune system to intestinal commensal
bacteria in patients with a genetically susceptible background.
Above all, effector CD4* T cells including Th1, Th2, and Th17
are highlighted in the pathogenesis of IBD, because some groups
have reported the association between genes involved in the
Th17/IL-23 pathway and IBD (5, 6). Alternatively, we have

I nflammatory bowel disease (IBD) is characterized by idio-
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investigated the possibility that long-lived memory CD4* T cells
are the main cause of the persistence of IBD and have proved
the importance of IL-7 for the maintenance system of memory
CD4* T cells in chronic colitis (7).

IL-7 is a stromal cell-derived cytokine that is secreted by fetal
liver cells, stromal cells in the bone marrow, and the thymus and
other epithelial cells, including intestinal goblet cells (8, 9). Re-
cently, IL-7 has emerged as a critical key cytokine involved in
controlling the survival of peripheral resting CD4" T cells, in-
cluding naive and memory cells, but not effector cells, and their
homeostatic turnover proliferation (8-15). The effect of IL-7 on
CD4* T cells is controlled by the expression of the specific
receptors for IL-7, the state of differentiation of the T cells, the
available concentration of IL-7, and whether there is concomitant
TCR signaling (16, 17).

In contrast to the role of IL-7 in naive and memory CD4" T cells
in the resting state, the pathologic rofe of IL-7 in chronic immune-
mediated diseases, such as autoimmune diseases and IBD, re-
mains largely unclear. We have previously demonstrated that 1)
1L-7 is constitutively produced by intestinal epithelial cells, espe-
cially by goblet cells (18); 2) IL-7 transgenic mice developed chron-
ic colitis that mimicked histopathologic characteristics of human
IBD (19); 3) colonic lamina propria (LP) CD4*IL-7Ra™" T cells
in RAG-2"/" mice in which colitis was induced by adoptive
transfer of CD4*CD45SRB™&" T cells have characteristics of col-
itogenic memory T cells (20); 4) the selective elimination of
CD4*IL-7Ra™&" T cells by administrating toxin-conjugated anti—
IL-7Ra mAb completely ameliorated ongoing colitis in TCR-a—
deficient mice (21); and 5) IL-7 is essential for the persistence of
colitis by showing that IL-77'~ X RAG-1""" mice transferred
with colitogenic LP CD4* T cells did not develop colitis (22).
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