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stitution into the RAG ™" recipients (Fig. 3). The number of CD4*
T cells in SPL and MLN was significantly increased 5-7 d after
the transfer when NK cells were depleted compared with the
control (Fig. 3A, 3B). Additionally, the significant increase of the
CD44"CDG62L™ Try subset was observed at this point when NK
cells were depleted. CD4"CD44"CD62L" colitogenic Tgy are
suggested to be susceptible to cell death when they are activated.
We therefore analyzed the expression of several markers charac-
teristic of NK cell targets on the CD44"CD62L ™ Tgy, subset, such
as Fas, DRS, and Qa-1, which are the specific receptors or ligand
for Fas ligand, TRAIL, and NKG2A, respectively (Fig. 4). As
expected, this T cell subset expresses high levels of Fas and DRS5,
thereby making them susceptible to apoptosis (20). Additionally,
these T cells also express some but not a significant level of Qa-1,
which induces inhibitory signaling in NK cells via NKG2A. These
data indicate that NK cells may suppress CD4*CD44"CDG62L"~
colitogenic Tgy via apoptosis, and consistent with our previous ob-
servation of downregulated Bcl-2 and upregulated annexin V in
CD4" T cells by the lack of IL-7 in vivo (10).

Furthermore, we also observed an increased unique T cell subset,
CD447CD62L", when NK cells were depleted (Fig. 3C-E). We
were able to observe these cells in the SPL and MLN within 2 wk
after T cell transfer into RAG mice, and subsequently they were
not detectable afterward (Fig. 7B, 7C). The fact that the CD44~
CD62L™ T cell subset was only observed at the beginning of
colitogenic T cell development would suggest that this interesting
population may be associated with the importance of early stage at
the pathogenic T cell development in this chronic colitis model.
This T cell subset, which is distinct from CD44*CD62L™ Tgyy, is
likely to be a second target of NK cells. However, the expressions
of Fas and DR5 are lower on these cells compared with those
of the CD44"CD62L.~ Tgy (Fig. 4). The expression of Qa-1 in
CD447CD62L" is not greatly different from that of the CD44"
CD62L" subset. This phenotype of the CD44 CD62L"~ subset
does not suggest that it is a target of NK cells. However, a recent
report showed that CD44 expression on Thl cells is required
to prevent apoptosis via Fas signaling (35). Thus, the CD44~
CD62L" subset may be susceptible to apoptosis, since these cells
still express some level of Fas on their surface. This may be one of
the reasons why early stage of T cell development in this colitis
model is targeted by NK cells. Additionally, this possibility may
be a potential reason why Thl cells fail to survive when trans-
ferred into IL-7"RAG ™™ mice. It is also possible that NK cells
may regulate CD447CD62L" and CD44 CD62L™ cells by dif-
ferent mechanisms. Analysis of IL-7R expression levels of the
CD447CD62L™ subset revealed two distinct populations: IL-7R™
and IL-7R™ (indicated with an arrow in Fig. 4). The IL-7R
population in this subset could potentially arise due to transient
downregulation of IL-7R expression during differentiation. Un-
fortunately, the scarcity of these cells prohibited their further
analysis and characterization. However, these cells still need to be
further studied.

Our recent studies suggested that IL-77""RAG™™ mice were
able to induce colitis when parabiosed with colitic RAG™™ re-
cipient mice that had received naive T cells 6 wk previously (15).
Moreover, deparabiosed IL-7/"RAG™ “mice, which were sur-
gically separated from T cell-receiving RAG ™/ "-IL-7/"RAG ™/~
parabionts 6 wk after the initial surgery, still maintained chronic
colitis for at least another 12 wk (16). The latter finding is similar
to our present observation that IL-7/"RAG™/~ recipient mice,
which had been depleted of NK cells at an early stage during
induction, showed elicited colitis, even after completion of the
anti-ASGMI1 Ab treatment (Fig. 9). However, the mechanism by
which the colitogenic T cells are maintained in the IL-7 ' "RAG ™~

mice after the establishment of massive colitis is still unclear. One
potential interpretation is that the pathogenic T cells can continue
to proliferate, resulting in induction of colitis when the T cell
number exceeds the capacity of the NK cells to suppress the
T cells. A second possibility is based on the recent report that
IL-17 inhibits NK cell-suppressive ability (36). It has been sug-
gested that the increased IL.-17 production from T cells that occurs
when the severity of the colitis increases may affect NK cell
function. The latter possibility is supported by one of our obser-
vations that NK cell depletion starting at the late stage of colitis
development failed to exacerbate colitis (Supplemental Fig. 1).

We observed that the characteristics of NK cells are not modified
by the lack of IL-7 in RAG™"™ mice (Fig. 5F). This observation is
consistent with a previous report by Vosshenrich et al. (37)
showing that the lack of IL-7 does not affect the growth, pheno-
type, or effector functions of NK cells in vivo, although IL-7 had
been reported to influence NK cell differentiation. Consistent with
this, we also observed that the differentiation of NK cells, which is
characterized by the expression of CD11b and CD27 (31), is not
altered in the same mice (Fig. 5G). Additionally, there is no sig-
nificant difference between NK cells derived from RAG™'™ and
IL-77""RAG™'" mice in terms of their cytotoxic activities against
the target cells such as T cells and YAC-1 cells (Fig. 5D, 5E, 5H)
as well as the production of IFN-y (Fig. 5I). These data indicate
that the dramatic difference in the severity of colitis between IL-
77"RAG™'" and RAG™/~ recipients following NK depletion is
not caused by a difference in NK function between NK cells de-
rived from RAG ™™ and IL-7~/"RAG™" mice.

The IL-77/"RAG™~ recipient mice that received naive T cells
failed to induce colitis even though the cytotoxicity of NK cells
was not altered. One potential explanation of this result is that the
susceptibility of T cells to apoptosis is increased in these mice. It
has been reported by others that the expression of Bcl-2, an anti-
apoptotic molecule, in T cells is downregulated in IL-7~'" mice
(38, 39). We have also reported that Bcl-2 expression is down-
regulated in T cells injected into IL-7"/"RAG ™/~ recipient mice
(10). A second explanation is based on our previous report that
IL-7 contributes to the expansion of colitogenic T cells (39). Thus,
these data suggest that colitogenic T cells are not able to survive in
the mice due to their reduced expansion and increased suscepti-
bility to apoptosis at the early stage of colitis development.

In this study, we demonstrate NK cell-mediated regulation of
T cell development, which is associated with the pathogenesis
of chronic colitis. Although the detailed mechanism still remains
to be elucidated, an insight into such a mechanism is significant
for understanding the regulation of mucosal immune responses.
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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 Sh}inoham,""1 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-TRo~
expressing memory CD4" T cells. Because IL-7R« 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-7Re ™'~ CD4*CD25~ donor cells and IL-7Ra™'™ X RAG-27'" 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-7R« 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-7 Ra™'~ CD4*CD25™ T cells were differentiated to CD4*
CD44M2*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 JL-7Ra expression on colitogenic
CD4" T cells, but not on ether 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 Thi, Th2, and Th17
are highlighted in the pathogenesis of IBD, because some groups
have reported the association between genes involved in the
Th17/1L-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 role 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-7TRa™" T cells
in RAG-2""" mice in which colitis was induced by adoptive
transfer of CD4*CD45RB"&" T cells have characteristics of col-
itogenic memory T cells (20); 4) the selective elimination of
CD4'IL-TRa™E" 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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We hypothesize that the dysregulated IL-7/IL-7Ra pathway is
critically involved in the pathogenesis of animal models of chronic
colitis and human IBD, although IL-7 seems to be strictly regu-
lated at a constant level as a homeostatic cytokine to maintain the
number of CD4™ memory T cells in the body.

IL-7R consists of the a-chain (CD127) and the cytokine re-
ceptor y-chain (IL-2R+y; CD132), which is shared by the common
¥-chain family cytokines (IL-2, IL-4, IL-9, TL-15, and IL-21) (14,
15). Because IL-7Ra is broadly expressed on CD4" T and NK
cells, macrophages, dendritic cells, fibroblasts, and epithelial cells
(14, 15), the persistence of colitogenic memory CD4* T cells may
be affected by those cells in the form of “IL-7 competition”. To
assess this possibility, we attempted to clarify the link between
the expression of IL-7Ra on various cells in the whole body in nor-
mal and colitic conditions and the pathogenesis of chronic colitis.
In this study, we prove that IL-7Ra expression on CD4™ T cells,
but not on other cells (NK cells, granulocytes, macrophages, and
dendritic cells), is essential for the development of colitis by use
of an adoptive transfer colitis model using IL-7Ra™’™ donor cells
and IL-7Ra™/~ X RAG-27"~ recipient mice.

Materials and Methods

Animals

Female C57BL/6 mice were purchased from Japan CLEA (Tokyo, Japan).
C57BL/6-background RAG-2"" mice were obtained from Taconic Farms
(Hudson, NY). C57BL/6-background IL-7Ra™~ mice have been de-
scribed previously (23). IL-7Ra ™'~ mice were intercrossed with RAG-2~"~
mice to generate IL-7Ra™"~ X RAG-2""" mice in the Animal Care Fa-
cility of Tokyo Medical and Dental University. Mice were maintained
under specific pathogen-free conditions in the Animal Care Facility of
Tokyo Medical and Dental University. Female donors and recipients were
used at 6-12 wk of age. All experiments were approved by the regional
animal study committees and were performed according to institutional
guidelines and home office regulations.

Purification of T cell subsets

CD4™ T cells were isolated from spleen cells of IL-7Ra ™~ or CS7BL/6 mice
using the anti-CD4 (L3T4)-MACS system (Miltenyi Biotec, Auburn, CA)
according to the manufacturer’s instructions. Enriched CD4* T cells (96-97%
pure, as estimated by FACSCalibur [Becton Dickinson, Sunnyvale, CA]) were
then labeled with PE-conjugated anti-mouse CD4 (RM4-5; BD Pharmingen,
San Diego, CA) and FITC-conjugated anti-CD25 (7D4; BD Pharmingen).
Subpopulations of CD4" cells were generated by two-color sorting on
a FACSAria (Becton Dickinson). All populations were >97.0% pure on
reanalysis. To isolate LP CD4™ T cells, the entire colon was opened longitu-
dinally, washed with PBS, and cut into small pieces. The dissected mucosa
was incubated with Ca®*, Mg**-free HBSS containing 1 mM DTT (Sigma-
Aldrich) for 45 min to remove mucus, then treated with 3.0 mg/ml collagenase
(Worthington Biomedical, Freehold, NJ) for 2 to 3 h. The cells were subjected
to Ficoll-Hypaque density gradient centrifugation (40%/75%). Enriched LP
CD4* T cells were obtained by positive selection using anti-CD4 (1.3T4)
MACS magnetic beads. The resultant cells when analyzed by FACSCalibur
contained >95% CD4" cells.

In vivo experimental design

The role of IL-7R« in the development and persistence of murine chronic
colitis was investigated through a series of in vivo experiments.
Experiment 1. To assess the necessity of IL-7Ra on donor CD4™ cells in the
development of colitis, we performed cell transfer experiments using wild
type (WT) and IL-7Ra™"" mice as donors. RAG-2""" mice were injected
i.p. with 3 X 10° splenic CD4*CD25™ T cells obtained from normal 8-wk-
old WT and IL-7Ra.™"™ mice. As a negative control, RAG-2~/" mice were
transferred with CD47CD257 T cells (3 X 10°) and CD4*CD25* regula-
tory T cells (Tregs; 1 X 10°).

Experiment 2. To assess the necessity of IL-7Ra expression on cells of re-
cipient mice in the development of colitis, we transferred CD4*CD25™ T cells
3 X ]05) obtained from WT mice into RAG-2~"" mice and IL-7Ra™™ X
RAG-27"" mice as recipients. The recipient mice were weighed immediately
after transfer and then three times per week. They were also observed for
clinical signs such as hunched posture, piloerection, diarrhea, and blood in the
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stool. Mice were sacrificed 11 wk after transfer for experiment 1 and 8 wk after
transfer for experiment 2 and assessed for a clinical score (24) that is the sum
of four parameters as follows: hunching and wasting, 0 or 1; colon thickening,
0-3 (0, no colon thickening; 1, mild thickening; 2, moderate thickening; 3,
extensive thickening); and stool consistency, 0-3 (0, normal beaded stool: 1,
soft stool; 2, diarthea; 3, bloody stool) (24). To monitor the clinical signs
during the observation period, the disease activity index is defined as the sum
(0-5 points) of the parameters other than colon thickening.

Histologic examination

Tissue samples were fixed in PBS containing 10% neutral-buffered for-
malin. Paraffin-embedded sections (5 pwm) were stained with H&E. Two
tissue samples from the proximal and distal parts of the colon were pre-
pared. The sections were analyzed without prior knowledge of the type of
T cell reconstitution or treatment. The area most affected was graded by
the number and severity of lesions. The mean degree of inflammation in
the colon was calculated using a modification of a previously described
scoring system (25) as the sum of three parameters: crypt elongation, 0-3;
mononuclear cell infiltration, 0-3; and frequency of crypt abscesses.

Cytokine ELISA

To measure cytokine production, 1 X 10° LP CD4* T cells were cultured in
200 1 of culture medium at 37°C in a humidified atmosphere containing
5% CO in 96-well plates (Costar, Cambridge, MA) precoated with 5 ne/
ml hamster anti-mouse CD3e mAb (145-2C11; BD Pharmingen) and 2 g/
ml hamster anti-mouse CD28 mAb (37.51; BD Pharmingen) in PBS
overnight at 4°C (24). Culture supernatants were removed after 48 h and
assayed for cytokine production. Cytokine concentrations were determined
by specific ELISA per the manufacturer’s recommendation (R&D Sys-
tems, Minneapolis, MN).

Flow cytometry

To detect the surface expression of various molecules, isolated splenocytes or
LP mononuclear cells were preincubated with an FeyR-blocking mAb (CD16/
32; 2.4G2; BD Pharmingen) for 20 min followed by incubation with specific
FITC-, PE-, PECy5-, or biotin-labeled Abs for 30 min on ice. The following
mAbs, other than biotin-conjugated anti-mouse IL-7Ra (A7R34; Immuno-
Biological Laboratories (Takasaki Japan), were obtained from BD Pharmin-
gen: anti-CD4 mAb (RM4-5), anti-CD25 mAb (7D4), anti-CD45RB mAb
(16A), anti-CD62L (MEL-14), anti-CD44 mAb (IM7), anti-CD69 mAb
(H1.2F3), and anti~Bcl-2 mAb (3F11). Biotinylated Abs were detected with
PE-streptavidin. Standard two- or three-color flow cytometric analyses were
obtained using the FACSCalibur with CellQuest software. Background fluo-
rescence was assessed by staining with control-irrelevant isotype-matched
mAbs. To analyze the TCR VB family repertoire, splenic cells were double-
stained with PE-conjugated anti-CD4 mAb (RM4-5) and the following FITC-
conjugated mAbs: VB2; K25, VB3; KT4, VB4; MR9-4, VB5; RR4-7, VB6;
TR310, VB7; MR5-2, VB8.1/2; B21.14, VB8.3; MR10-2, VBY; B21.5, VB10;
RR3-15, VB11; MR11-1, VB12; INI2.3, VBI3; 142, VB14; and KJ23,
VB17. All Abs were purchased from BD Pharmingen.

For intracellular staining of cytokines, CD4* T cells were cultured for 12
h with ionomycin (500 ng/ml), PMA (50 ng/ml), and BD GolgiPlug (1 pl/
ml BD Pharmingen). After the stimulation, cells were collected and their
surface molecules were stained. Cells were fixed using Cytofix/Cytoperm
Kit (BD Pharmingen) and then stained with PE-conjugated anti-IL-17A
mAb (TC11-18H10; BD Pharmingen) or FITC-conjugated anti—IFN-y
mAb (XMG1.2; BD Pharmingen) for 20 min (26).

Statistical analysis

We examined the normality of each group. If either group was not normally
distributed, we assessed the difference between two groups using the Mann-
Whitney U test. If both groups were normally distributed, we assessed the
variance of population within each group using F test. With homosce-
dasticity of both populations, we assessed the difference between two
groups using the Student ¢ test. Without homoscedasticity, we assessed the
difference using Welch’s  test. We used the program Statcell for all sta-
tistical analysis Differences were considered to be statistically significant
when p < 0.05.

Results
IL-7Ra is expressed on various immune cells in WT and colitic
mice

To first assess the role of the IL-7/IL-7R signaling pathway in
the development of chronic colitis, we analyzed the expression of

—~136—



The Journal of Immunology

IL-7Ra on various immune compartments in colonic LP of normal
C57BL/6 mice (normal mice) and colitic C57BL/6-RAG-27~
mice previously transferred with WT CD4"CD25™ T cells (colitic
mice). First, both normal and colitic LP CD3*CD4™ T cells highly
expressed IL-7Ra, but the mean fluorescence intensity (MFI) of
IL-7R« expression on LP CD3*CD4" T cells from colitic mice was
significantly higher than in normal mice (Fig. 14, 1B). Conversely,
the MFIs of IL-7Ra expression on colitic LP CD37NK1.1¥ NK
cells, CD11b*Gr#® granulocytes, CD11b"Gr'®~ macrophages,
and CD11b*CD1lc* myeloid dendritic cells were significantly
downregulated compared with those from normal mice (Fig. 14,
1B). In addition, there were no differences in the expression of
IL-7Ra on CD3 NKp46* NK22-like cells (27-29) and CD11b~
CD11c* lymphoid dendritic cells (Fig. 1A, 1B). These changes of
IL-7Ra expression in LP cells of colitic mice resulted in the highest
expression of IL-7Ra on CD3*CD4" T cells as compared with that
on other compartments (Fig. 1B), suggesting preferential use of
IL-7 by CD3"CD4™ T cells in colitic conditions.

Naive CD4* T cells are retained in substantial numbers in
spleens of IL-7Ra™" mice

Given the evidence that various immune compartments constitu-
tively express IL-7Ra, we next attempted to assess the role of IL-
7R expression in the development of chronic colitis induced
by adoptive transfer of CD4*CD25™ T cells obtained from age-
matched WT or IL-7Ra™” mice into RAG-27'" mice. It was
particularly interesting that the expression level of IL-7Ra on
colitic LP CD3*CD4" T cells was significantly higher than that of
other compartments in colitic conditions (Fig. 1). Because it is
also known that IL-7/IL-7R signaling is critically involved in
T cell development in thymus and the periphery (9, 10), we first
assessed phenotypic characteristics of splenic CD4" T cells in age-
matched WT and IL-7Re™" mice before starting a series of
adoptive transfer experiments. Consistent with previous reports
(23, 30), the absolute cell number of CD3"CD4" T cells recovered
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obtained from colonic LP of normal and colitic mice. A, Dot plot analysis
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from spleen (SP) of IL-7Ra ™~ mice was significantly lower than
that of WT mice (data not shown). Although the ratio of naive
(CD44"*~CD62LY) versus memory (CD44M8CD62L7) T cells in
SP of IL-7Ra ™'~ mice was markedly decreased compared with that
of WT mice, a substantial number of naive CD4"™ T cells were
retained in SP of IL-7Ra™"" mice (Fig. 24). In addition, we con-
firmed that SP CD4* T cells of IL-7Re™"" mice did not express
IL-7Ra, and no differences in the expression of CD69, Foxp3, and
CD25 were found between two groups (Fig. 24). Of note, Bel-2
expression in SP CD4" T cells of IL-7Ra ™'~ mice was significant-
ly lower than that of WT mice (p < 0.05; Fig. 24), which seemed to
be consistent with previous reports that IL-7 is essential for sur-
vival of CD4" T cells (24). It was also possible that CD4*CD25™
donor T cells in SPs of IL-7Ra ™'~ mice retain restricted clonality
of CD4* T cells because of the dysregulated differentiation of CD4"
T cells in the thymus as compared with that in WT mice. To test this
possibility, we compared TCR V[ repertoires of SP CD4"CD25~
T cells from age-matched IL-7Ra:™~ and WT mice. Flow cyto-
metric analysis of these SP CD4" cells using a panel of 15 anti-V@
mAbs showed that the major VP population was V38.1/8.2 in both
groups, and the only significant difference in V{3 repertoires be-
tween the groups was V38.3 (Fig. 2B).

RAG-2""" mice transferred with IL-7Ra™"™ CD4*CD25~
T cells did not develop mild colitis

To then assess the role of the IL-7R signaling pathway in the
development of chronic colitis, we used a chronic colitis model
induced by adoptive transfer of SP CD4"CD25™ T cells from IL-
7Ra”™"™ or control WT mice into RAG-2"'" recipients (Fig. 3A).
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FIGURE 2. Phenotypic characterization of splenic CD4" T cells obtained
from age-matched WT and IL-7Ro™" mice. A, FACS analysis shows the
expression of CD44/CD62L, IL-7Ra, Foxp3, and Bcl-2 on/in splenic CD4*
T cells. The dotted line in the Bcl-2 histogram shows the baseline of isotype
control. B, Flow cytometric analysis of V@ families on the surface of the
splenic CD4™ T cells. To analyze the TCR V3 family repertoire, splenic cells
were double-stained with PE-conjugated anti-CD4 mAb (RM4-5) and
a panel of 15 FITC-conjugated VB mAbs. The percentage value of each V3
is the frequency pooled from three independent experiments (n = 6). The
data are the mean = SEM. *p < 0.05. N.S., not significant.

—137—



" CDAChas B0 R ooz
e |— ‘m 2 o~ WT CD2
N 120 HAErwropasscpase
HeTRaCD2S 8
sl '%110
Ry
57 o .
i ‘ Wi CH 5 100
: CRACD2E" &
g m’ 90
. Wr 2
{1325 CH2254CD25 1234567891011

Wi after transfer

O
O

;
L6
5 5
@ 4
g 3
& 2
Yoy
O MioRa™ W TTTwWE
Cpzs cp2s Cpis
+CDE
E WTCD25

H-TRa D28 WTCD25+ CD25*

"n
o

6

LPCD3CDY
Celi Number (x10%)

Histological Score

D-TRa™  WT W1
CR2s CpRs Cps
+HOD2E

HL-TRa™ WY Wt
<Ps Cp2s

CD25
+CD25*

!

120 400
E % 300

&0
B S
Pt s 200
£ w z

£

ld B 100

<

IL-7TRe™ WY WT IL-7Re™  WT Wt
Cms o oms omy CRZs Cp2s Cches
+CD25* DA
FIGURE 3. RAG-27'" transferred with IL-7Ra ™~ CD4*CD25™ T cells
did not develop chronic colitis. A, RAG-2""" mice were transferred with
splenic CD4"CD25™ T cells obtained from age-matched WT or IL-7Ra ™/~
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were transferred with splenic WT CD47CD45RB™2" T cells (3 X 10° cells
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in body weight over time is expressed as a percentage of the original
weight. Data are represented as the mean = SEM of nine mice in each
group. *p < 0.05, compared with colitic RAG-2""" mice transferred with
CD4*CD25™ T cells. C, Gross appearance of the colon, SP, and mesenteric
lymph nodes from RAG-2™"" mice transferred with IL-7Ra™~ CD4*
CD257 T cells (top), RAG-27"" mice transferred with WT CD4*CD25~
T cells (middle), and RAG-1""" transferred with WT CD4*CD25™ T cells
and CD4*CD25" Tregs (bottom). D, Clinical scores were determined at 8
wk after the transfer as described in Materials and Methods. Data are
indicated as the mean *+ SEM of seven mice in each group. *p < 0.001. E,
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As a negative control, RAG-2™'" mice were transferred with
a mixture of SP CD4"CD25™ T cells and CD4*CD25" Tregs
obtained from WT mice. As depicted in Fig. 3B, RAG-2™'" mice
transferred with WT CD4*CD25™ T cells manifested progressive
weight loss from 4 wk after transfer (Fig. 3B). In contrast, RAG-
27" mice transferred with IL-7Ra™'~ CD4*CD25™ T cells as
well as RAG-27'" mice transferred with a mixture of CD4*
CD257 T cells and CD4*CD25* Tregs appeared healthy and
showed a gradual increase of body weight (Fig. 3B). To check
the possibility that mice transferred with IL-7Ra™"~ CD4*CD25~
T cells develop colitis with delayed kinetics, we observed all
groups of mice until 11 wk after transfer. Eleven weeks after
transfer, RAG-2"'" mice transferred with WT CD4*CD25~
T cells, but not those transferred with IL-7Ra™~ CD4*CD25~
T cells or WT CD4*CD25™ T cells and CD4*CD25" Tregs, had
enlarged colons with greatly thickened walls (Fig. 3C). The same
mice also showed the enlargement of SP and mesenteric lymph
nodes (Fig. 3C). The assessment of colitis by clinical scores
showed a clear difference between RAG-2"'" mice transferred
with WT CD4*CD25™ T cells and the other two groups (Fig. 3D).

Histologic examination showed prominent epithelial hyperplasia
with glandular elongation and massive infiltration of mononuclear
cells in LP of RAG-27"" mice transferred with WT CD4*CD25~
T cells (Fig. 3E, middle panels). In contrast, these inflammatory
changes were mostly abrogated, and only a few mononuclear cells
were observed in the LP of the colon from RAG-2™"" mice
transferred with IL-7Ra™™ CD4*CD25™ T cells (Fig. 3E, left
panels) or with a mixture of SP CD4*CD25~ T cells and CD4*
CD25" Tregs (Fig. 3E, right panels). This difference was also
confirmed by the histologic scores of multiple colon sections:
5.35 % 0.40 in RAG-2 ™' mice transferred with WT CD4*CD25~
T cells versus 1.65 = 0.57 in RAG-2"" mice transferred with IL-
7Ra™'” CD4*CD25™ T cells and 2.00 + 0.74 in RAG-2~'~ mice
transferred with a mixture of SP CD4*CD25™ T cells and CD4™*
CD25" Tregs (p < 0.001; Fig. 3F). Further quantitative evaluation
of CD4" T cell infiltration was made by calculating the absolute
cell number of LP CD3*CD4™ T cells recovered from the resected
bowels. Significantly fewer CD4" T cells were recovered from the
colonic tissue of RAG-2"'" mice transferred with IL-7Ra '~ CD4*
CD25™ T cells or a mixture of SP CD4"CD25™ T cells and CD4™*
CD25" Tregs as compared with colitic RAG-2™'" mice transferred
with WT CD4"CD25™ T cells (Fig. 3G). We also examined the
cytokine production by LP CD4" T cells. LP CD4" T cells from
RAG-27"" mice transferred with IL-7Ra ™'~ CD4*CD25™ T cells
or a mixture of SP CD4*CD257 T cells and CD4*CD25* Tregs
produced significantly lower amounts of IFN-y and TNF-« than did
colitic RAG-2™"" mice transferred with WT CD4*CD25™ T cells
upon in vitro stimulation (Fig. 3H).

Histologic examination of the colon from RAG-2"" mice transferred with
IL-7Ra™™ CD4*CD25™ T cells (left), RAG-2""" mice transferred with
WT CD4"CD257 T cells (middle), and RAG-1""" transferred with WT
CD4*CD25™ T cells and CD4%CD25" Tregs (right) at 11 wk after the
transfer. Original magnification X40 (upper) and X100 (lower). F, His-
tologic scoring at 11 wk after transfer. Data are indicated as the mean *
SEM of seven mice in each group. *p < 0.05. G, LP CD3*CD4™ T cells
were isolated at 11 wk after transfer, and the number was determined by
flow cytometry. Data are indicated as the mean + SEM of seven mice in
each group. *p < 0.05. H, Cytokine production by LP CD4* T cells. LP
CD4™ T cells were isolated at 11 wk after transfer and stimulated with anti-
CD3 and anti-CD28 mAbs for 48 h. IFN-y and TNF-o concentrations in
culture supernatants were measured by ELISA. Data are indicated as the
mean * SD of seven mice in each group. *p < 0.05.
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Importantly, further flow cytometric analysis revealed that al-
most all the SP and LP CD3*CD4™ T cells isolated from all three
groups of mice at 11 wk after transfer were CD44"E"CDE2L™
CD69" effector-memory T (Tgy) cells (Supplemental Fig. 1),
indicating that the transferred CD47CD25™ T cells could differ-
entiate to activated Tgy cells regardless of the expression of IL-
7R« or the presence or absence of Tregs. These results suggest
that the lack of IL-7Ra prevented the development of colitis
primarily by inhibiting the expansion or survival of colitogenic
CD4" Tgy cells in the colon in accordance with the lower ex-
pression of Bcl-2 (Fig. 24). We found that SP and LP CD4*
T cells isolated from all groups of mice at 11 wk after transfer did
not express IL-15RPB, which is a critical receptor for IL-15 sig-
naling, and thymic stromal lymphopoietin (TSLP) receptor, which
is critical for TSLP signaling via TSLPR/IL-7Ra complex
receptors (Supplemental Fig. 1), indicating that IL-15 and TSLP
may not be involved in this colitis model.

To further assess whether IL-7Ra '~ CD4" T cells are unable
to produce inflammatory cytokines intrinsically or as the result of
a secondary effect from disorder of cell proliferation or mainte-
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nance, we performed the following experiments. First, we ac-
cessed ex vivo cytokine production of IL-7Ra™’~ or WT SP
CD4" T cells under Thl polarizing conditions (Supplemental Fig.
2A). As shown in Supplemental Fig. 2B, IL-7Ra™'™ SP CD4*
T cells expressed lower levels of IFN-y than did WT SP CD4*
T cells under the Thl polarizing ex vivo conditions. This finding
was confirmed by the statistical analysis (Supplemental Fig. 2C).
Next, we examined the ability of the IL-7Ra™~ CD4" T cells to
produce inflammatory cytokines under the same inflammatory
conditions as the WT CD4* T cells. For this purpose, the same
number (3 X 10° cells per mouse) of Ly5.2* IL-7Ra”~'" SP CD4*
CD257 T cells and Ly5.1" WT SP CD4*CD25™ T cells were
cotransferred to RAG-2"" recipients (Fig. 44). The percentage of
Ly5.2*-derived IL-7Ra ™" T cells in peripheral blood was grad-
ually decreased after transfer, while that of Ly5.1"-derived WT
T cells in peripheral blood was conversely increased, and the
difference was significant 2 wk after transfer (Fig. 4B). Six weeks
after transfer, all mice developed colitis (data not shown). Al-
though the recovered cell number of Ly5.2" SP or LP CD4"
T cells derived from IL-7Ra ™~ donors at 6 wk after transfer was
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IL-7Ra ™"~ CD4*CD25™ T cells cotransferred with WT CD4*CD25™ T cells to RAG-2"'" mice could produce IFN-y and IL-17, but could

not survive. A, To discern why [L-7Ra ™'~ CD4*CD25™ T cells could not induce colitis, we cotransferred the same number (3 X 10%) of Ly5.2* IL-7Ra™"™

CD4"CD25™ T cells and Ly5.1* WT CD47CD25™ T cells to Ly5.2* RAG-2""" mice, and we compared the cell number and ability to produce Th1/Th17
cytokines between transferred IL-7Ra ™'~ and WT cells. PBMCs were collected 1, 2, 3, and 4 wk after the transfer. All mice were sacrificed and analyzed 6
wk after the transfer. B, Percentage of Ly5.1" or Ly5.2" cells in peripheral blood CD3CD4” cells at each time point were determined by flow cytometry. C,
Percentage of Ly5.1* or Ly5.2" cells in SP and LP CD3*CD4" cells 6 wk after the transfer. D, IFN-y and IL-17 expression in recovered LP CD4" T cells
from TL-7Ra™" or WT donor mice. LP CD4* T cells were collected from RAG-2"'" recipients 6 wk after the transfer; they were cultured with ionomycin,
PMA, and GolgiPlug for 12 h as mentioned in Materials and Methods. IFN-y and IL-17 expression of them were determined by flow cytometry using
intracellular staining methods. CD3*CD4*Ly5.1* cells were considered as CD4* T cells from WT donor mice, while CD3*CD4"Ly5.17 cells were
considered as CD4™ T cells from IL-7Ra™"™ donor mice. Numerical values on the histograms express the mean percentage of each fraction. E, Percentage
of IFN-y* cells and IL-17" cells in LP CD3*CD4* T cells from IL-7Ra™"™ or WT donor mice. Data are indicated as the mean + SEM of five mice in each
group. *p < 0.05.
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significantly lower than that from Ly5.1" WT donors (Fig. 4C), were transferred with SP CD3*CD4*CD62L"CD44 ™ naive T cells
both WT and IL-7Ra ™~ donor-derived CD4* T cells could sim- obtained from age-matched WT or IL-7Ra™™ mice (Fig. 5A). As
ilarly express IFN-y and IL-17 in the colitic condition (Fig. 4D). a negative control, RAG-2"'" mice were transferred with SP WT
These results indicate that IL-7Ra™"" cells in the absence of the naive T cells and CD4"CD25" Tregs (Fig. 54). As expected,
neighboring WT cells cannot produce Thi or Th17 cytokines as neither mice transferred with IL-7Ra™’™ naive T cells nor mice
aresult of suppression of colitis through a disorder of proliferation transferred with naive T cells and Tregs developed colitis as
or maintenance, rather than intrinsically impaired ability. assessed by gross appearance of the colon (Fig. 5B), clinical (Fig.

As shown in Fig. 24, the ratio of naive T cells in SP of IL- 5C) and histologic scorings (Fig. 5D, 5E), and the absolute cell
7Ra™"" mice was significantly lower than that of WT mice. number of LP CD3*CD4" T cells (Fig. 5F) in sharp contrast to the
Therefore, the possibility remains that this different ratio of naive- diseased mice transferred with WT naive T cells, confirming that
memory phenotypes of transferred cells might influence the IL-7Ra expression on CD4™ T cells is essential for the devel-
strength of colitis. To rule out this possibility, we next performed opment of colitis, regardless of the different ratio of naive and
another transfer experiment using the same number of naive CD4* memory cells in SP of IL-7Ra ™'~ mice and WT mice. We further
T cells (3 X 10° cells per mouse) as donor cells. RAG-2~"" mice performed an apoptosis assay using annexin V/PI staining in this
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cells per mouse). B, Gross appearance of the colon, SP, and mesenteric lymph nodes from RAG-2 /" mice transferred with IL-7Ra ™~ CD3*CD4*CD62L*
CD44™ (top), RAG-2""" mice transferred with WT CD3*CD4*CD62L*CD44™ T cells (middle), and RAG-1""" transferred with WT CD3*CD4*CD62L*
CD44™ T cells and CD4"CD25% Tregs (bottom). C, Clinical scores were determined at 8 wk after the transfer as described in Materials and Methods. Data
are indicated as the mean = SEM of each group. *p < 0.05. D, Histologic examination of the colon from RAG-2""" mice transferred with IL-7Ra ™/~
CD3"CD4*CD62L"CD44™ T cells (lefr), RAG-2™" mice transferred with WT CD3*CD4*CD62LCD44™ T cells (middle), and RAG-1"'" transferred
with WT CD3"CD4*CD62L*CD44™ T cells and CD4*CD25" Tregs (right) at 8 wk after the transfer, Original magnification X40 (upper) and X100
(lower). E, Histologic scoring at 8 wk after transfer. Data are indicated as the mean * SEM of each group. *p < 0.05. F, LP CD3*CD4" T cells were isolated
at 8 wk after transfer, and the number was determined by flow cytometry. Data are indicated as the mean = SEM of each group. *p < 0.05. G, The expression
of propidium iodide (PI) and annexin V in SP CD4" T cells from RAG-2"™" mice transferred with IL-7Ra ™'~ CD3*CD4*CD62L*CD44™ T cells, RAG-2~"~
mice transferred with WT CD3"CD4"CD62L"CD44™ T cells, and RAG-27'~ transferred with WT CD3*CD4*CD62L"CD44™ T cells and CD4"CD25" Tregs
at 8 wk after the transfer. H, The percentage of early apoptotic cells (annexin V*PI™) and late apoptotic cells (annexin V*PI”). /, Intracellular staining of
cytokines (IL-17/IFN-y) in the colonic LP CD4" T cells. Numerical values on the dot plots and histograms express the mean percentage of each fraction,
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setting. IL-7Ra™"~ SP CD4* T cells underwent apoptosis more
frequently than WT SP CD4" T cells (Fig. 5G, 5H), which sup-
ports the hypothesis that expression of IL-7Ra on CD4™ T cells
is important for their survival. Furthermore, the expression of
IL-17 and IEN-y in IL-7Ra ™' LP CD4" T cells was markedly de-
creased compared with that in WT LP CD4™ T cells (Fig. 5D).

IL-7Ra™"" X RAG-2""" mice transferred with CD4*CD25~
T cells developed colitis

To further assess the role of IL-7/IL-7R signaling in the devel-
opment of chronic colitis, we next focused on IL-7Ra expres-
sion on non-T cells, such as APCs and NK cells that reside in
RAG-27"" recipients, because it is possible that IL-7 is compet-
itively used by various IL-7Ro—expressing immune compart-
ments, and the competition may affect the development of chron-
ic colitis. To test this hypothesis, WT CD4*CD25™ T cells were
transferred into RAG-27" or IL-7TRa™™ X RAG-2""" mice (Fig.
6A). As a negative control, a mixture of WT CD4*CD25™ T cells
and CD4"CD25" Tregs was transferred into RAG-2~'" mice (Fig.
6A). When CD4*CD25™ T cells were transferred into the control
RAG-27'" mice, the recipients, as expected, rapidly developed
severe wasting disease associated with clinical signs of severe
colitis, in particular, weight loss, persistent diarrhea and occa-
sionally bloody stool and anal prolapses, in sharp contrast to
healthy RAG-2"'" mice transferred with a mixture of CD4*
CD257 T cells and CD4*CD25* Tregs (Fig. 6B). When CD4*
CD257 T cells were transferred into the IL-7Ra ™~ X RAG-27/~
mice, the recipients also developed severe wasting chronic colitis
(Fig. 6B). These RAG-2"/" and IL-7Ra™"~ X RAG-27"" mice
transferred with CD4*CD25™ T cells, but not RAG-2~"" mice
transferred with a mixture of CD4*CD25 T cells and CD4"
CD25" Tregs, had enlarged colons with significantly thickened
walls accompanied with enlarged SPs and mesenteric lymph
nodes 8 wk after transfer (Fig. 6C). Consistent with this finding,
clinical scores of RAG-2""" and IL-7Ra™'" X RAG-2"'" mice
transferred with CD4*CD25™ T cells were significantly higher
than those of RAG-2~" mice transferred with a mixture of CD4"
CD257 T cells and CD4"CD25" Tregs (Fig. 6D). No significant
difference in clinical scores was found between RAG-2"'" and
IL-7Ra™"" X RAG-2"'" mice transferred with CD4*CD25~
T cells, although the score of IL-7Ra”™~ X RAG-2"'" mice
tended to be higher than that of RAG-2""" mice transferred with
CD4*CD257 T cells (Fig. 6D).

Histologic examination showed that tissue sections from RAG-
277 and IL-7Ra™"™ X RAG-27'" mice transferred with CD4¥
CD257 T cells were characterized by inflammatory infiltrate,
epithelial hyperplasia, crypt cell damage, and goblet cell de-
pletion, in contrast to RAG-2""" mice transferred with a mixture
of CD4"CD25™ T cells and CD4"CD25" Tregs, which showed no
features of colitis (Fig. 6F). This difference was also confirmed by
histologic scoring of multiple colon sections (Fig. 6F). Consistent
with the histologic assessment, the numbers of LP CD4™ T cells
recovered from RAG-2""" and IL-7Ra™’" X RAG-2""" mice
transferred with CD4"CD257 T cells were similar to each other
but significantly higher than that from noncolitic RAG-2"/" mice
transferred with a mixture of CD4"CD25~ T cells and CD4"
CD25" Tregs (Fig. 6G). Cytokine production by LP CD4" T cells
is depicted in Fig. 6H. LP CD4* T cells from RAG-2"'" and IL-
TRo ™/ X RAG-2""" mice transferred with CD4"CD25™ T cells
produced significantly higher levels of IFN-y and TNF-« than did
those from the control mice transferred with a mixture of CD4"
CD257 T cells and CD4*CD25" Tregs (Fig. 6H).

Flow cytometric analysis revealed that the LP CD4™ T cells
isolated from all groups of mice at 8§ wk after transfer were
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CD44™M"CDG2L ™ CD69* Try cells (Supplemental Fig. 34), indi-
cating that the transferred CD47CD25™ T cells could differenti-
ate to activated Tgy cells regardless of the presence or absence of
IL-7Ra on non-T cells in the RAG-2™'" recipient mice. In-
tracellular analysis further showed that almost the same fraction
of LP CD4* T cells from both RAG-2™'" and IL-7Ra™'~ X RAG-
27" mice transferred with CD4*CD25™ T cells had differentiated
to IFN-y—producing Thl or IL-17-producing Th17 (Supplemental
Fig. 3B). In contrast, the expression of IFN-y in LP CD4" T cells
from RAG-2""" mice transferred with a mixture of CD4*CD25*
and CD4"CD25™ T cells was markedly reduced as compared with
the groups with colitis (Supplemental Fig. 3B).

To further clarify whether the lower number of CD4"CD25™
T cells in the transfer experiment makes this difference significant,
RAG-2""" mice and IL-7Ra™’" X RAG-2"'" mice were trans-
ferred with 3 X 10° or 1 X 10° WT SP CD4"CD25™ T cells. As
a negative control, RAG-2~" mice were transferred with splenic
WT CD4"CD25™ T cells (3 X 10° cells per mouse) and CD4*
CD25% Tregs (3 X 10° cells per mouse; Supplemental Fig. 4A).
However, no differences were found in clinical and histologic
colitis scores or the absolute number of LP CD3"CD4" T cells
between IL-7Ra™’" and WT transferred groups, irrespective of
lower or higher number of donor T cells (Supplemental Fig. 48—
E). Although we also checked the expression of MHC class II on
CD11b™CD11c* classical dendritic cells and CD11b*CDI11c*
myeloid dendritic cells in this experiment (Supplemental Fig. 4F),
no differences were detected between any groups. Diminished
expression of MHC class II on dendritic cells in RAG-27' mice,
which is caused by elevated level of IL-7 with lymphopenia, may
recover after transferred CD4" T cells consume IL-7.

Discussion

This study has demonstrated that the high expression of IL-7Ra
on colitic CD4* T cells, but not on non-T cells, is essential for the
development and persistence of colitis. This finding is supported
by the findings that 1) the MFI of IL-7Ra expression of LP CD4*
T cells is significantly higher than that of other non-CD4™ T cells
in colitic conditions, 2) the MFI of IL-7Ra expression of colitic
LP CD4™ T cells is significantly higher than that of normal LP
CD4" T cells, 3) RAG-2™"" mice transferred with IL-7Ra™'~
CD4"CD25™ T cells do not develop colitis, and 4) IL-7Ra™"™ X
RAG-2" mice transferred with WT CD4*CD25 T cells de-
velop colitis similar to that in transferred IL-7Ra™* X RAG-2"""
mice. Collectively, IL-7Ra expression on colitic CD4* T, but not
on other cells, is essential for the development and persistence of
chronic colitis.

It was originally reported that IL-7R« is highly expressed
on lymphocytes such as T cells (16). Consistent with this report,
we have previously reported that the IL-7/IL-7R signaling path-
way is critical for the maintenance of IL-7Ra™&" colitogenic
CD4" memory T cells (18, 20). Furthermore, we showed that
treatment with neutralizing anti-IL-7Ra mAb ameliorated ongo-
ing chronic colitis (18). More recently, several reports have proved
the importance of the IL-7/IL-7R signal in nonlymphocytes.
Guimond et al. (31) have reported that IL-7Ra is expressed on
some types of dendritic cells, and that in the lymphopenic envi-
ronment the IL-7/IL-7R signal of dendritic cells leads to de-
pression of its MHC class II molecule, which results in the
suppression of the proliferation of CD4" T cells. Other recent
reports that IL-7Ra is broadly expressed on NK cells, dendritic
cells, and macrophages in normal conditions (16, 17), suggesting
the need for us to further investigate the importance of the IL-7/
IL-7R signaling pathway in non-T cells for the development and
persistence of chronic colitis. Although IL-7Ra expression on
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FIGURE 6. IL-7Ra™"" X RAG-27'" transferred with WT CD4*CD25™
T cells developed chronic colitis. A, RAG-2""" mice and IL-7Ra™"~ X
RAG-2"'" mice were transferred with splenic WT CD4CD25™ T cells
(3 X 10° cells per mouse). As a negative control, RAG-2™"" mice were
transferred with splenic WT CD4*CD25 ™ T cells (3 X 10° cells per mouse)
and CD4*CD25" Tregs (1 X 10 cells per mouse). B, Disease activity index
during 8 wk after transfer. *p < 0.05. C, Gross appearance of the colon, SP,
and mesenteric lymph nodes from IL-7Re™'™ X RAG-2"'" mice trans-
ferred with CD4*CD25™ T cells (fop), RAG-2"'" mice transferred with
CD4"CD25™ T cells (middle), and RAG-2""" mice transferred with CD4*
CD257 T cells and CD47CD25" Tregs. D, Clinical scores were determined
at 8 wk after the transfer as described in Materials and Methods. Data are
indicated as the mean = SEM of seven mice in each group. *p < 0.001. E,
Histologic examination of the colon from IL-7Ra™™ X RAG-2"/" mice
transferred with CD4*CD25™ T cells (leff), RAG-2™"" mice transferred
with CD4*CD25™ T cells (middle), and RAG-2""" mice transferred with
CD4*CD25™ T cells and CD4"CD25" Tregs (right). Original magnification
X40 (upper) and X100 (lower). F, Histologic scoring 8 wk after transfer.

COLITOGENIC IL-7Ra-EXPRESSING CD4* T CELLS

some LP populations, such as NK cells, granulocytes, macro-
phages, and CD11b"CD11c* myeloid dendritic cells, in colitic
mice was significantly downregulated compared with that in
normal mice, the expression level of IL-7Ra on colitic CD4*
T cells was conversely high, with the result that colitogenic
memory CD4™ T cells sustain the highest expression of IL-7Ra in
inflammatory conditions.

IL-7Ra™’" mice are originally lymphopenic, because of the
loss of IL-7/IL-7R signaling pathway in lymphocytes, which is
a critical factor for their development in the thymus and their
maintenance in the periphery. Comparison of the surface pheno-
types of SP CD4™ T cells in IL-7Ra™"" and WT mice by flow
cytometric analysis revealed no significant differences in the ex-
pression of CD69, CD25, and Foxp3 (Fig. 24). Manifestation of
an antiapoptosis molecule Bcl-2 of CD4™ T cells from IL-7Ra™"™
mice was lower than that of CD4" T cells from WT mice, which
corresponds to the previous reports that the IL-7/IL-7R signal
maintains T cells, upregulating the antiapoptosis molecule. Nev-
ertheless, we detected a substantial number of CD44°¥CD62L*
naive CD4* T cells resident in the SPs of IL-7Ra™~ mice, al-
though their relative number in IL-7Ra™/™ mice was significant-
ly lower than that in WT mice. Because of the scarcity of naive
CD4™ T cells in IL-7Ra ™'~ mice, it was possible that the failure
of some part of naive T cells to develop might occur in the thy-
mus, which would lead to the loss of some TCR repertoires
needed for the onset of colitis. Thus, we compared the TCR VB3
repertoires of SP CD4* T cells in IL-7Ra.™™ mice to those in WT
mice. However, except in the ratio of V8.3, no evidence was
found of skewed development in TCR VB repertoires between
age-matched IL-7Ra ™™ and WT mice.

As expected, RAG2™'™ mice transferred with SP IL-7Ra ™"~
CD4*CD257 T cells did not develop colitis, in sharp contrast to
colitic RAG2™'™ mice transferred with WT CD4*CD25™ T cells.
Nevertheless, flow cytometric analysis revealed that SP and LP
CD4" T cells from RAG2™'" mice transferred with IL-7Ra "/~
CD4*CD25™ T cells differentiated to CD44™&"CD62L ™ Ty cells
as well as those from colitic RAG2™'™ mice transferred with WT
CD47CD257 T cells. This result suggests that IL-7R deficiency in
CD4™ T cells causes the disorder of cell proliferation or mainte-
nance rather than the impaired development of memory CD4*
T cells, in accordance with the downmodulated Bel-2 expression
of IL-7Ra™~ CD4" T cells. As shown in Fig. 3H, production of
Thl cytokines from recovered LP CD4™ T cells of the IL-7Ra™"~
CD25™ group was significantly lower than that of the WT CD25™
group. However, IL-7Ra ™"~ CD4* T cells could express Thl and
Th17 cytokines to an extent similar to that in WT CD4™ T cells in
the colitic condition (Fig. 4). Therefore, we conclude that disorder
of IL-7Ra.™'™ CD4* T cells to proliferate and survive is the main
mechanism underlying their inability to induce colitis, whereas
their reduced inflammatory cytokine production is a secondary
effect. Furthermore, we also analyzed other common y-receptor—
associated receptor IL-15Rp to determine whether it was upreg-
ulated to compensate for the lack of IL-7Rw. However, no dif-

Data are indicated as the mean = SEM of seven mice in each group. *p <
0.05. G, LP CD3"CD4* T cells were isolated at 11 wk after transfer, and the
number was determined by flow cytometry. Data are indicated as the mean *+
SEM of seven mice in each group. *p < 0.05. H, Cytokine production by LP
CD4™ T cells. LP CD4* T cells were isolated at 11 wk after transfer and
stimulated with anti-CD3 and anti-CD28 mAbs for 48 h. IFN-y and TNF-«
concentrations in culture supernatants were measured by ELISA. Data are
indicated as the mean * SD of seven mice in each group. *p < 0.05.
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ference was found in the expression of IL-15R$ on SP or LP
CD4* T cells from each group. These results suggest that IL-7Ra
expression on colitogenic CD4* T cells is essential for the de-
velopment and persistence of colitis.

Next, we used IL-7Ra™™ X RAG2™'~ mice to access the
importance of the IL-7/IL-7Ra signaling pathway in non-T cells.
At the start of this project, we hypothesized that IL-7Ra™" X
RAG-27"" mice transferred with CD4*CD25™ T cells would
develop more severe colitis than the control transferred RAG-27""
recipient mice by considering two points. First, we thought that
the availability of IL-7 for colitogenic CD4™ T cells might in-
crease in IL-7Ra™'™ X RAG2™'™ mice as a result of the loss of
IL-7 consumption by IL-7Ra-lacking non-T cells. Actually, IL-7
concentration in serum from IL-7Ra™" mice is reported to be
higher than that from WT mice (31). Thus, it was possible that the
persistence of colitogenic memory CD4™ T cells is affected by
those cells in the form of IL-7 competition. Second, we had to
consider the presence of newly identified RORyt" IL-22-pro-
ducing NK cells (so called NK-22 cells) (27-29, 32, 33) for the
development of chronic colitis, because it has been shown that
these NK-22 cells constitutively express IL-7Ra. Importantly, it
has been reported recently that IL-22 is protective in murine DSS-
induced colitis model using IL-227'7 X RAG-27'" mice (33),
leading to speculation that these NK-22 cells reside in intestinal
LP of RAG-2"'" mice and may be regulated by the IL-7/IL-7R
signaling pathway. Unexpectedly, we could not detect any sig-
nificant differences regarding the severity of colitis between
RAG-27"" and IL-7Ra ™'~ X RAG-2"'" recipient mice. This find-
ing was also confirmed by the experiment using a smaller num-
ber of CD4"CD25™ T cells as donor cells. Instead, we found that
the expression of IL-7Ra on colitic LP CD4" T cells was sig-
nificantly higher than that on normal LP CD4" T cells (Fig. 1),
suggesting a mechanism for exclusive use of IL-7 by highly IL-
TRa—expressing colitic CD4™ T cells.

Previously, we showed that IL-7Ra expression on LP CD4*
T cells in CD4*CD45RB"" T cell-transferred RAG-2"'" mice is
downmodulated at the early effector phase of colitogenic CD4*
T cell differentiation (1-2 wk after transfer) and is again upreg-
ulated at the memory phase when colitis is established (>4 wk
after transfer) (22). Thus, it is possible that the competition for
IL-7 between colitogenic CD4™ T cells and other non-T cells
occurs during such an early phase of colitis development. Other-
wise, IL-7 competition between T cells versus non-T cells may
occur at more acute immune responses, such as acute bacterial
infections, which is mainly regulated by IL-7Ra—~downmodulating
effector T cells (10).

Finally, it is important to discuss the therapeutic strategies for
the treatment of IBD. Because IL-7 is the most important cytokine
for the maintenance of homeostasis of all the resting memory CD4*
T cells, it seems to be unsafe to adopt the blockade of IL-7/IL7R
signaling pathway for the treatment of IBD. As shown in this
study, however, it should be emphasized that the highest expres-
sion of IL-7R« is found in colitogenic memory LP CD4™ T cells
as compared with non-CD4" T cell compartments and normal
CD4™" T cells. In such a situation, it is possible that a neutralizing
or depleting anti—-IL-7Ra mAb would preferentially target col-
itogenic memory CD4" T cells with the highest expression of IL-
7Ra. Consistent with this notion, a recent report has shown that
targeted depletion of pathogenic Thl and Th17 cells, which ex-
press high levels of lymphotoxin-a, inhibits autoimmune diseases
(34). In addition, it may be necessary to develop a molecular
targeting therapy against the IL-7Ra molecule that is more spe-
cific for the target organ, rather than a systemic therapy, using
effective drug delivery to inflamed mucosa of IBD.

2631

Collectively, we have shown that IL-7Ra expression on CD4*
T cells is essential for the development of colitis in this model.
This finding suggests that IL-7Ro on colitogenic memory LP
CD4" T cells is one of the important targets in IL-7/IL-7R signal
blocking therapy.
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IL-2 is positively involved in the development of
colitogenic CD4" IL-7R«™&" 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-27/~ CD4*CD45RBMeP
T cells into RAG-2~/~ mice and assessed the role of IL-2 in the induction of IL-7R« on
colitogenic CD4* T cells and the development of chronic colitis. RAG-2~/~ mice transferred
with WT but not with IL-2~/~ CD4"CD45RBME" T cells developed Th1/Th17-mediated
colitis. Consistently, re-expression of IL-7Ra was severely impaired on IL-27/~ 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™&" T cells from
GFP mice previously transplanted with the same number of WT and IL-27/~ BM cells were
transferred into RAG-2~/~ mice. RAG-2~/~ mice transferred with IL-2~/~-derived CD4*
CD45RBM8® 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

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

Correspoendence: Dr. Takanori Kanai
e-mail: takagast@sc.itc.keio.ac.jp

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

memory T cells [4-10]. However, how colitogenic CD4" T cells
are generated and maintained in patients with IBD remains
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-2777 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-7Ro™8" T cells in
CD4"CD45RBM#® T-cell-transferred colitic mice are colitogenic
[25, 26], and (iv) IL-7 is essential for the persistence of colitis
because IL-77/~ 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™" or CD45RB'Y memory T cells and CD4CD44"°% 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-2/~ mice was
markedly impaired compared with that in WT mice (Fig. 1A and
B). In contrast, SP CD4"CD45RBM" populations from IL-277~
and WT mice did not contain Treg (Fig. 1B). Interestingly, the
positive frequency of IL-7Ru 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-27/~ 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"=" naive T cells of IL-2~~ 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-27/~ mice transferred with IL-2-/~ 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-27/~ mice. To first assess the effect of -2 deficiency on the
initial developmental process of colitis, CD4"CD45RBM8" T cells
from young WT or non-colitic IL-2™/~ mice were injected
intraperitoneally into RAG-27"mice (Fig. 2A). As a negative
control, RAG-27/~ mice were transferred with WT CD4*
CD45RB™E" T cells and WT CD4*CD25% Treg (Fig. 2A).
Consistent with previous report [27], the RAG-2™/~ mice
transferred with WT CD4*CD45RB™8 T cells manifested weight
loss from Swk 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"CD45RB™#" T cells and Treg showed no weight loss or
clinical symptoms of colitis (Fig. 2B and D). However, RAG-2™/~
mice transferred with IL-27/~ CD4"CD45SRB"E" 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-27/~ mice transferred with IL-2~/~ and
those transferred with WT CD4"CD45RB™ 8" 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"E" T cells or a combination of WT CD4*CD45RBhE
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-27/" mice transferred with WT CD4*CD45RB™&" 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"*
CD45RB"E" T cells as well as in RAG-2™/~ mice transferred with
WT CD4*CD45RBY8" 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
and WT mice. FACS analysis shows the expression of CD44 and CD62
CD4*CD45RB"E" and CD45RB'°¥ T cells in young IL-27/~ and WT mice.

. (A) Identification and characterization of SP CD4" T cells in young IL-27/~
L, IL-7Ra, CD25, or Foxp3 on/in SP CD4™ T cells. (B) Characterization of SP
(C) The percentage of IL-7Ru* cells in SP CD3CD4™ T cells was determined

using a FACSCalibur. (D) The percentage of IL-7Ra* cells in the CD4"CD45RB¥ or CD45RBM8® 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-27/~
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-7Ro™#" and IL-7Ra*". Thus,
it is possible that IL-7Ro!®" cells suppress IL-7Ro™" cells when
they are transferred into RAG-27/7 mice as IL-27/7CD4"
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-7Re™8" and IL-7Ro" by cell sorting, and each population was
separately transferred into RAG-27/" hosts. As a positive control,
a same number of WT CD4"CD45RB™S" T cells were again
transferred into RAG-27/" mice (Fig. 3A). Mice transferred with
IL-7RoME or IL-7Re®" did not develop clinical or histological
aspects of colitis, whereas mice transferred with WT CD4"

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

CD45RBME T cells did develop severe colitis (Figs. 3B-D).
However, a proportion of IL-7Ro™#" IL-27/~CD4*CD45RBMe"
T cells converted to IL-7Re®" and vice versa (data not shown)
after they were transferred to RAG-2~/" mice, which shows that
the expression of IL-7Re on IL-27/~CD4"CD45RB"&" T cells is
flexible, rather than fixed on naive cells.

To determine the effect of these transfers on Th1l/Thl7
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-27/~ mice transferred with I1L-27/~
CD4"CD45RBY8" T cells or from RAG-27~ mice transferred with
WT CD4*CD45RB™M® T cells and Treg was significantly lower
than that from RAG-27~ mice transferred with WT CD4%
CD45RBME! 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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Figure 2. RAG-2"/" mice transferred with IL-2"/~ CD4"CD45RB™S" T cells do not develop colitis. We performed two independent experiments. (A)
Experimental design. RAG-27/~ mice were transferred with SP WT or IL-2~/~ CD4*CD45RE™E" T cells (3 x 10° cells per mouse) or a mixture of WT CD4™
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mean +SEM of six mice per group. *p = 0.014 (Mann-Whitney U.) () Histological results for the colons of each group. Original magnification, x 40 (upper)
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(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™E" T cells or non-colitic
RAG-2"" mice transferred with WT CD4"CD45RB™5" T cells and
WT Treg. In contrast, LP CD4™ T cells in all groups exhibited
characteristics of effector-memory type of CD44MePCD621~ (Ten)

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

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-27/~ mice transferred with WT CD4"
CD45RBM8! T cells or non-colitic RAG-2™/~ mice transferred with
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Figure 4. IL-7Ru expression of memory CD4" T cells in IL-2"/~ CD4*"CD45RBME" 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 ei

ght mice per group for CD44, CD62L, IL-7Ry, CD25, and Foxp3 are shown.

(C) The percentage of Tey cells was determined using FACS. Data are expressed as the mean+SEM of eight mice. *p =0.0001 (Student’s 1),
**p =0.047 (Student’s 1), 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"CD45RB™E" T cells and WT Treg (Fig. 4B and D). In
addition, CD4"CD25*Foxp3 ™ 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"CD45RBM" T cells, which contained a substantial
number of inducible Treg (Fig. 4B), albeit fewer than RAG-277/~
mice transferred with WT CD4*CD45RBM" 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™M" 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-27/~
CD4™ T cells were observed in the inflamed LP and SP compared

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

with the paired Ly5.1" WT CD4" T cells (Fig. 5B). Furthermore,
the positive frequency of IL-7Ro expression on IL-2~/~ 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-27/" mice transferred with a
mixture of WT and IL-2™/~ CD4"CD45RB™M®" 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-27/~ 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%
CD4SRBYME" T cells and then separately retransferred them into
new IL-7*/* x RAG-17/~ or IL-7™/~ x RAG-1"""mice (Fig. 5A).
As expected, IL-7"/" x RAG-17/~ recipients transferred with WT
CD4™ T cells (WT—IL-7"/*) developed severe colitis 4-6 wk
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Figure 5. IL-7 is essential for the development of colitis in mice transferred with IL-27/7 LP CD4" T cells obtained from colitic mice previously
transferred with a mixture of WT and IL-2/~ CD4*CD45RBME" 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-27/~ (Ly5.2") CD4*CD45RB"E" T cells. Eight weeks after transfer, WT and

IL-27/" LP CD4" T cells were isolated and separately retransferred into IL-7 /% x RAG-17" 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-7Rx on SP WT and IL-27/~ CD4™" T cells of colitic RAG-27/~ donor mice was determined using
FACS. (D) Clinical score after retransfer into new IL-7*/* x RAG-17/~ or IL-77/~ 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 8wk 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-1"/" recipients transferred with WT CD4" T cells
until 8wk after transfer (Fig. 5D), and exhibited no apparent
thickening of the colonic wall (Fig. 5E). As expected,
IL-77/" x RAG-17/" recipients transferred with IL-27/~ CD4%
T cells (L-277"—IL-7/7) did not develop colitis. However,
IL-7*% x RAG-1"/" recipients transferred with IL-27/~ CD4" T
cells (IL-277~ —1L-7"/7) exhibited clinical signs of colitis and a
thickened colonic wall (Fig. 5E) 8wk after transfer, albeit less
severely than WT —IL-7"/* mice (Fig. 5E).

Histological examinations revealed no evident pathological
changes in the colons of WT—1L-77/~ or IL-27/~ —1IL-7"/" mice
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in contrast to colitic WI—IL-7*/* or IL-277 —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-77" mice was significantly less than that of WT—IL-77/*
mice (Fig. 6C). The number of LP CD4"* cells in IL-27/ " —1L-77/~
or WT—IL-77/~ mice was almost zero (Fig. 6C). Furthermore,
the positive frequency of IL-7Ro 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-77/" recipients, whereas that
from WT CD4" T-cell-transferred mice was not impaired in
IL-7%/% or IL-77/~ recipients (Fig. 6D).
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