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the product amplified with a sense primer S-El, specific for
LMP7-El, together with the AS-E1/E2 primer (956 bp) was
undetectable (Fig. 1B, bottom). Inability of the primer pair
S-EV/AS-E1/E2 to amplify the corresponding DNA fragment
was excluded, because both LMP7-El and -E2 fragments were
efficiently as well as simultaneously amplified when the mixture
of equal amount of two plasmids encoding LMP7-E1 and -E2,
respectively, was used as templates (Fig. 1B, bottom). Impor-
tantly, both IFN-y-treated parental DLD-1 and DOX-treated
DLD-1/TR-IRF-1-tag cells exhibited significant induction of
the LMP7-E2 expression, whereas the change of the levels of
LMP7-El was not observed. These data indicated that
LMP7 mRNA, induced by either IFN-y or forced expression
of IRF-1 in DLD-1 cells, mainly consists of the transcript
LMP7-E2.

3.3. IRF-1-dependent transcription of the LMP7 gene leads to
expression of the processed form of LMP7 protein

It was shown that, by using HeLa cells, the LMP7-E2 tran-
script gives rise to a precursor protein of 28.5 kDa which is
subsequently processed into an end product of 23 kDa [26].
When the whole cell extracts from DLD-1 cells before and
after IFN-y treatment (24 h) were examined, the protein prod-
uct of approximately 23 kDa became visible upon IFN-y treat-
ment (Fig. 2). The size of this product corresponded to that of
a band observed in extracts from IFN-y-treated Hel.a cells,
indicating that not only sufficient translation but also the fol-
lowing protein processing of LMP7 could be operational in
DLD-1 cells (Fig. 2). Interestingly, the conditional expression
of IRF-1 in DLD-1I/TR/IRF-1-tag cells also resulted in the
induction of the 23-kDa protein, clearly showing that the acti-
vation of IRF-1 alone could be enough for the generation of
the processed form of LMP7 (Fig. 2).

3.4. IFN-y induces the binding of IRF-1 to the region +291/+747
of the human LMP7 gene

The putative binding sites for several transcription factors
were noted on a limited region approximately 800 bp upstream
of the exon 1 of the human LMP7 gene [26]. However, the
functional relevance of the transcriptional regulation to any
specific sequences within or in the proximity of this region
has remained undetermined. Therefore, we next tested whether
IRF-1 directly interacts with the 5’ flanking or intragenic re-
gion of the LMP7 gene by using ChIP assays with chromatin
extracts of DLD-1 cells [24]. We designed six pairs of PCR

DLOD-1/

LD oo’y Hela

" ENy | DOX | IFNy

S I R
LMP7 | - - — |

B-actin 1 S — ]

Fig. 2. IRF-1 induces expression of the processed form of LMP7
protein, Parental DLD-1 (DLD-1) and Hela cells, or DLD-1/TR/
IRF-1-tag (DLD-I/TR/IRF-1) cells were stimulated with IFN-y
(50 ng/ml) or DOX (100 ng/ml), respectively, and were collected before
and after 24 h of stimulation. Eighty micrograms of DLD-1 and DLD-
1/TR/IRF-1 cell extracts or 160 pg of HeLa cell extracts were subjected
to Western blot analysis. Immunoblot was initially performed with an
anti-LMP7 antibody and then followed by reprobing with an anti-$-
actin antibody.
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primers to amplify DNA fragments of ~400 bp each, attempt-
ing to analyze the genomic region of approximately ~2.5 kb in
total that extends both upstream and downstream of the tran-
scription start site of the LMP7-E1 (+1) (Fig. 3A, top). In the
absence of IFN-v, the specific binding of IRF-1 to this region
appeared to be scarce, because anti-IRF-1 antibody precipi-
tated only small amount of any fragment throughout the re-
gion (Fig. 3A, middle). By contrast, when cells were
stimulated with IFN-y, a significant induction of the promoter
occupancy by IRF-1 was observed particularly within the re-
gion +291 to +747 (Fig. 3A, middle). These results suggested
that, upon stimulation with IFN-y, IRF-1 interacts with cer-
tain binding sites within the sequence from +291 to +747
and activates the LMP7 gene transcription. Indeed, a search
for potential binding sequences for the IRF family protein in
the entire region of ~2.5kb revealed a single sequence
GCTTTCGCTTTC at +581/+592, which completely matches
IRF-E consensus sequence, within the region from +291 to
+747. We also found four other potential sequences that
incompletely match the consensus IRF-E within this region;
one having two nucleotide mismatches and a nucleotide dele-
tion at +1417/+1427, and the others having three nucleotide
mismatches at —700/—689, +411/+422 and +513/+524. How-
ever, from our ChIP data, we concluded that these sites do
not serve as critical binding sites for IRF-1 in response to
IFN-vy stimulation.

3.5. Both IFN-y and IRF-I enhance the transcriptional activity
of the LMP7 gene via the IRF-E at +581/+592

To ascertain the functional involvement of the IRF-E at
+581/+592 in the LMP7 gene transcription, we constructed a
reporter plasmid carrying the region —100 to +1601 (LMP7-
wt-Luc). When HeLa cells were transiently transfected with
the plasmid and assayed, the reporter activity was significantly
induced in response to IFN-y (Fig. 3B). When a mutated ver-
sion of the reporter gene (LMP7-mt-Luc), defective in binding
to IRF proteins due to a 4-bp mutation in the IRF-E, was ana-
lyzed in parallel, the IFN-y-dependent induction of reporter
activity was significantly lower than that of the wild-type
LMP7-Luc (Fig. 3B). Interestingly, when assessed by cotrans-
fecting an expression vector encoding IRF-1, the forced
expression of IRF-1 resulted in a significant enhancement of
the transcriptional activity of the LMP7-wt-Luc, while it had
little effect on that of the LMP7-mt-Luc. Similar results were
obtained when the same series of experiments were carried
out by using DLD-1 cells, although the luciferase activities
were extremely lower than those in HeLa cells, probably
reflecting the low efficiency of transfection (data not shown).
Taken together, it was indicated that the IRF-E at +581/
+592 and its interaction with IRF-1 are functionally important
for inducible expression of the human LMP7 gene by IFN-y.

3.6. Silencing IRF-1 results in marked reduction of the
IFN-y-dependent LMP7 protein expression

To address the involvement of IRF-1 in LMP7 expression
more directly, we next performed transient transfection exper-
iments of an IRF-1-specific siRNA oligonucleotide into DLD-
1 and HeLa cells and assessed its influences on LMP7 expres-
sion (Fig. 4). In our experimental system, the expression of
IRF-1 protein was suppressed by its specific sSiRNA to ~20%
of the control in DLD-1 and to undetectable level in Hela
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cells, respectively, even after the stimulation with IFN-v (Fig.
4). Again, the difference in the potency of the siRNA treatment
was assumed to be due to that in the transfection efficiency be-
tween these cell types. As expected, reprobing the same blots
with anti-LMP7 antibodies revealed that the expression of
LMP7 upon IFN-y treatment was decreased below the detec-
tion levels in both cell types (Fig. 4). These data clearly indi-
cated that IRF-1 plays a major role in linking the IFN-y
action to the resultant expression of LMP7 protein.

3.7. IRF-1 functions as a critical mediator for IFN-y-dependent
expression of LMP7, LMP2 and MECLI in vivo
The 5’ part of the human and murine LMP7 genes shows the
approximately 290 bp region containing the IRF-E to be highly
conserved. Based on this notion, we assessed the role of IRF-1
in LMP7 expression in vivo by using IRF-1—/— or wild-type
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Fig. 4. Silencing IRF-1 expression by its specific siRNA results in
marked reduction of LMP7 protein expression. Parental DLD-1 and
HeLla cells were transfected with either siRNA oligonucleotides
targeting IRF-1 (+) or control siRNA (—). After transfection, cells
were cultured under the usual conditions for an additional 12 h and
then cultured in the presence (+) or absence (—) of IFN-y (50 ng/ml).
Cells were lysed after 24 h, and 80 pg of DLD-1 extracts or 160 pg of
HeLa extracts were subjected to Western blot analysis. Immunoblot
was performed with an anti-LMP7 antibody and sequentially followed
by reprobing with an anti-IRF-1 and an anti-B-actin antibody.
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Fig. 5. IRF-1 functions as a critical mediator for IFN-y-dependent
expression of LMP7, LMP2 and MECLI in vivo. IRF-1—/— and wild-
type (IRF-1+/+) mice were injected i.p. with either murine IFN-y
(1x10° U/mouse) or vehicle alone (m =2 per group). After 6h of
injection, total RNAs from colon and liver tissues were isolated and
analyzed by semi-quantitative RT-PCR for LMP7, LMP2, MECLI,
IRF-1, MIG and B-actin. PCR products were electrophoresed and
visualized by ethidium bromide staining. Each lane represents a sample
from an individual mouse.

control mice (Fig. 5). After intraperitoneal injection of mice
with murine IFN-y or sterile vehicle alone, total RNAs ex-
tracted from the colon and liver were subjected to semi-quanti-

<

Fig. 3. IRF-1 binds to the region +291/+747, and the IRF-E at +581/
+592 within this region functions as a critical enhancer element in
human LMP7 gene transcription. (A) The genomic regions analyzed
by the ChIP assays were schematically shown with the 5’ part of the
human LMP7 gene (top). Six pairs of the primers and each PCR-
amplified region were indicated with numbers through 1 to 6.
Nucleotide numbers were given as shown in Fig. 1B. The location of
a consensus sequence for IRF-E is also indicated (top). DLD-1 cells
were treated with IFN-y (50 ng/ml) or left untreated for 6 h and
processed for ChIP assays by using anti-IRF-1 antibody (middle) or
control IgG (bottom). Precipitated DNA was analyzed by quantitative
PCR to amplify each of six regions shown in the top panel. The
amount of immunoprecipitated fragment relative to that present in
total input chromatin (% of total input) was calculated as described in
Section 2. Data are shown as the means * S.D. of three independent
chromatin immunoprecipitations. {(B) Either 5 pg of a pGL3-basic
(control), LMP7-wt-Luc or LMP7-mt-Luc was transiently transfected
into HeLa cells along with 0.03 ug of a Renilla luciferase reporter pRL-
TK-Luc. One hundred nanograms of an expression vector pcDNA3-
IRF-1 was also cotransfected and the total amounts of DNA were
adjusted by adding the same amount of an empty expression vector.
Cells were cultured in the presence or absence of [IFN-y (50 ng/ml) for
24 h, and the cellular lysates were assayed for reporter activities.
Results are the means * S.D. of three independent experiments.
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tative RT-PCR. In both tissues of the wild-type mice treated
with IFN-y, the levels of IRF-1 expression were significantly
higher than those of the mice treated with the vehicle alone
(Fig. 5). Furthermore, expressions of three immunosubunits
of the proteasome, LMP7, LMP2 and MECLI, and also of
MIG, known as an inducible gene by IFN-vy, were significantly
increased in IFN-y-treated wild-type mice in both tissues (Fig.
5). In striking contrast, in IRF-1—/— mice, virtually no induc-
tion of LMP7 and MECLI, or only a little induction of
LMP2 was detected in response to IFN-y (Fig. 5). We could
verify the effects of IFN-y in IRF-1—/— mice, because the
upregulation of MIG in response to IFN-y in IRF-1—/— mice
was comparable to that in wild-type mice, reflecting the depen-
dence of its transcription not on IRF-1 but on other signaling
pathways downstream of the IFN-y action {29,30]. In addition,
it seemed reasonable that the expression of LMP2 was to some
extent upregulated by IFN-y in IRF-1—/~ mice, because its
expression was mediated by both IRF-I-dependent and -inde-
pendent mechanisms, the latter of which involves activation
of signal transducer and activator of transcription (STAT) pro-
teins {19,20]. Taken together, these data demonstrated that
IRF-1 serves as a critical regulator for IFN-y-mediated
LMP7 expression in parallel with its role in the induction of
LMP2 and MECL1 by IFN-y in vivo.

4. Discussion

In this study, we provide the evidence that IRF-1 plays a
central role in the transcriptional regulation of the LMP7 gene
by taking several experimental approaches. It was demon-
strated that, by using siRNA-mediated gene silencing experi-
ments, IRF-1 mediates IFN-y-dependent LMP7 expression
in both DLD-1 and HeLa cells that are derived from different
tissues of human origin. Additionally, we showed essential
roles of IRF-1 in IFN-y-dependent LMP7 gene expression
by analyzing two different murine tissues. Together with the
fact that the genomic region surrounding the IRF-E of the hu-
man LMP7 gene is highly conserved with that of murine one, it
was strongly suggested that the mechanism of LMP7 gene
transcription by IRF-1 might be broadly conserved beyond
the cell types and the species.

Our study also demonstrated that not only mRNA but also
the processed protein product of LMP7 was efficiently induced
by the overexpression of IRF-1, which was irrespective of the
IFN-y action. This suggests that various signaling pathways or
the target molecules that are activated by IFN-y, other than
IRF-1, have little, if any, effect on the following protein pro-
cessing of LMP7. It was previously indicated that the pro-
cessed form of the LMP7 protein could be readily generated
only if an expression plasmid for the LMP7-E2 was transfected
into HelLa cells [26,28]. These collective findings emphasize
that the cleavage of the precursor protein at its N-terminal site
is regulated by a certain yet unidentified mechanism preexist-
ing in most cell types, and that the most critical step for the
expression of functionally matured LMP7 protein may be its
transcriptional regulation by IRF-1.

Early studies analyzing the effect of solely overexpressed
LMP7 in several cell lines yielded somewhat discordant results
with respect to the change of the cleavage specificity of the 20S
proteasome [11,31,32]. However, it has been becoming obvious
that the entire function of LMP7 on antigen processing may
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not be simply accounted for by its own catalytic activity. For
example, recent studies have shown that the assembly of the
immunoproteasome consists of complex processes that require
interdependent incorporation of the three IFN-y-inducible
subunits, and that LMP7 contributes to the maturation of
an intermediate form of the immunoproteasome that contains
LMP2 and MECLI1 {17]. Indeed, such cooperative mechanism
was confirmed by the observation that simultaneous expres-
sion of all these three immunosubunits, even at relatively low
levels, could process certain epitopes with increased efficiency
[33,34]. In addition, the finding that even a catalytically inac-
tive mutant of LMP7 could facilitate a certain epitope genera-
tion when expressed in combination with LMP2 and MECL1
[15], via its effect on induction of structural changes of the
immunoproteasomes, further support the notion that the con-
certed presence of the immunosubunits would be essential for
maximizing the function of the immunoproteasome. Impor-
tantly, recent data have demonstrated that not only IFN-y
but also other factors such as tumor necrosis factor-o. (TNF-
o) could induce coordinated expression of the three immun-
osubunits in certain cell types [35]. Together with the notion
that IRF-1 could be upregulated by a variety of cytokines such
as TNF-a {36] or viral infection [37], we believe the present
data that the expression of LMPT7 is regulated by IRF-1 in tune
with the other two immunosubunits LMP2 and MECL1 would
be of significant importance, because this brings forward the
central role of IRF-1 in the reorganization of the proteao-
somes into immunoproteasomes, serving as a master switch
that enables the proper class I antigen processing and the fol-
lowing immune responses in a variety of situations.
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Naturally arising CD4"CD25" regulatory T (Tg) cells are engaged in the maintenance
of self tolerance and prevention of autoimmune diseases. However, accumulating
evidence suggests that a fraction of peripheral CD4"CD25™ T cells also possesses
regulatory activity. Programmed death-1 (PD-1) is a new member of the CD28/CTLA-4
family, which has been implicated in the maintenance of peripheral self tolerance. Here,
we identified a subpopulation of CD4*CD25PD-1" T cells in the spleen of naive mice
that constitutively expressed CTLA-4 and FoxP3 and was hypoproliferative in response
to anti-CD3 antibody stimulation in vitro. However, the CD4"CD25PD-1" T cells
uniquely produced large amounts of IL-4 and IL-10 in response to anti-CD3 and anti-
CD28 mAb stimulation, unlike the CD4*CD25* Tg cells. The CD4"CD257PD-1* T cells
exhibited a suppressor activity against the proliferation of anti-CD3 antibody-stimulated
CD47CD25PD-1" T cells in vitro, which was partially abrogated by anti-CTLA-4 mAb,
but not by anti-IL-10 or anti-PD-1 mAb. Remarkably, the CD4*CD25PD-1" T cells
inhibited the development of colitis induced by adoptive transfer of CD4*CD45RBM8?
T cells into C.B17-scid/scid mice, albeit to a lesser extent than CD4*CD25" Ty cells, in a
CTLA-4-dependent manner. These results indicate that the CD4YCD25PD-1" T cells
contain substantial amounts of Tr cells that are involved in the maintenance of
peripheral tolerance.

[DOI 10.1002/6ji.200425109]
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Introduction

The intestinal mucosa harbors a large number of
immune cells, which are constantly exposed to abundant
exogenous stimuli such as bacterial flora and dietary
antigens. To avoid an excessive inflammation that can
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damage the tissue, immune responses in the intestinal
mucosa are finely controlled by a balance between pro-
inflammatory helper/effector T cells and anti-inflam-
matory regulatory T (Tg) cells [1]. The pivotal role of Tg
cells in preventing intestinal inflammation has been
substantiated by the development of chronic colitis in
C.B17-scid/scid mice after adoptive transfer of
CD4*CD45RB"#" T cells from normal BALB/c mice,
which can be prevented by co-transfer of CD47"
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CD45RB!°Y T cells containing Tr cells [2]. Recent studies
have characterized several subsets of Ty cells, including
IL-10-producing type-1 Tgr (Trl) cells [3], TGF-B-
producing type-3 helper (Th3) cells [4], and naturally
arising CD4*CD25" Ty cells [5]. Among them, the
CD4*CD25" Ty cells are characterized by constitutive
expression of the inhibitory receptor CTLA-4 [6, 7] and
the forkhead/winged helix transcription factor FoxP3
[81, and mainly constitute the CD4*CD45RB!°% Ty cells
that prevent colitis [6]. Interestingly, CTLA-4 in these
cells plays a critical functional role in their suppressor
activity, since the blockade of CTLA-4 abolishes the
ability of CD4*CD25" Ty cells to prevent colitis [6].

Programmed death-1 (PD-1) is a new member of the
CD28/CTLA-4 family of T cell costimulatory/inhibitory
molecules [9]. PD-1 is expressed on activated T cells and
down-regulates further T cell activation [10], like
CTLA-4. Importantly, PD-1-deficient mice sponta-
neously develop autoimmune diseases [11, 12], suggest-
ing an important role for PD-1 in the maintenance of self
tolerance [13].

In the present study, we identified a subpopulation of
CD4*CD25™ T cells expressing PD-1 in the spleen of
naive mice, which also expressed CTLA-4 and FoxP3.
These cells exhibited suppressor activity in vitro and
prevented the CD4*CD4SRB™" T cell-induced colitis.
We also examined the functional involvement of CTLA-4
and PD-1 in this suppressor activity.

Results

Splenic CD4* T cells from naive mice contain
CD25*PD-17, CD25PD-1* and CD25*PD-1*
subpopulations

In addition to the CD47CD25" Ty cell population,
accumulating evidence has shown that some
CD47CD25 T cell subpopulations also exhibit regula-
tory activity [14-18]. Recent findings that (i) the
CD4"CD25% Ty cells constitutively express CTLA-4,
(ii) PD-1 is a functional homologue of CTLA-4, and
(iii) PD-1-deficient mice spontaneously develop auto-
immune diseases prompted us to examine the expres-
sion and function of PD-1 on splenic CD4* T cells from
naive BALB/c mice. As shown in Fig. 1A, PD-1 was
expressed on a small fraction of CD4*" T cells
(7.7+£0.8%), as was CD25 (7.8-4:0.7%). Three-color
flow cytometry showed that CD4™ T cells consisted of
four fractions: CD25PD-1" (87.940.9%), CD25PD-1*
(5.14£1.4%), CD25*PD-1" (4.3+£0.7%), and CD25*
PD-1" (3.04£0.4%) (Fig. 1B). In addition to CD25,
CD4" Ty cells have been characterized by their
expression of CTLA-4 [6, 7], CD45RB [2], integrin
agfy [16], and glucocorticoid-induced TNFR family-
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Fig. 1. Phenotypic characterization of splenic CD4" T cells
expressing CD25 and/or PD-1. (A) FACS analysis shows the
expression of PD-1 or CD25 on a minor population of splenic
CD4" T cells (7.7+0.8% PD-1* and 7.8+0.7% CD25"; means + SD
from six independent experiments). (B) Correlation of CD25
and PD-1 expression on splenic CD4" T cells. (C) Expression of
various markers in CD25PD-1", CD25PD-1*, CD25*PD-1", and
CD25*PD-1* subpopulations of splenic CD4" T cells. Thick
histograms represent staining with mAb against the indicated
markers. Thin histograms represent staining with isotype-
matched control IgG. (D) Expression of FoxP3 mRNA was
determined by RT-PCR. Samples were normalized to 185 rRNA,
and a relative value of 1.0 was given to the FoxP3/G3PDH ratio of
CD4*CD25PD-1" cells. Data represent the means + SEM of
three independent experiments.
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related protein (GITR) [19]. As reported previously,
CD47CD25™ T cells expressed CTLA-4 at a high level,
irrespective of PD-1 expression (Fig. 1C). Interestingly,
CD4*CD25PD-1" Tcells also expressed CTLA-4 at a
moderate level, while CD4*CD25PD-1" T cells did not.
GITR was  expressed at a high level on both
CD4*CD25*PD-1" and CD47CD25*PD-1"* cells, but
at a moderate level on both CD4"CD25PD-1" and
CD4*CD25PD-1" cells: (Fig. 1C). Integrin agP, was
expressed on substantial parts of CD4*CD25"PD-1%/~
cells and a marginal part of CD4"CD25PD-1" cells, but
not on CD4*CD25PD-1" cells (Fig. 1C). CD45RB was
expressed at low levels on both CD4*CD25"PD-1" and
CD4"CD25*PD-1" cells, but at a high level on
CD4"CD25PD-1" cells. CD4"CD25PD-1" cells showed
a heterogeneous profile, mainly CD45RB!Y (Fig. 1C).
We also examined the expression of naive/memory
markers (CD62L and CD44) and an activation marker
(CD69) on these subpopulations (Fig. 1C). While
CD47CD25PD-1" cells mostly showed a CD62LME?
CD44'°" naive phenotype, the CD4*CD25PD-1* po-
pulation  contained  substantial amounts of
CD62L°"CD44"&" memory cells. It was also notable
that the CD4*CD25"PD-1" population was mainly
composed of CD62L°"CD44™5" memory cells and also
contained recently activated CD69" cells, while the
CD4*CD25*PD-1" population was mostly composed of
CD62LMEhCpggintermediate collg (Big 1C). Furthermore,
both CD4*CD25*PD-1" and CD4*CD25*PD-1* cells
expressed FoxP3 mRNA at high levels (Fig. 1D). Notably,
CD4*CD25PD-1" cells also expressed FoxP3 at a high
level, while CD4*CD25 PD-1" cells did not.

Functional characterization of
CD4"CD257PD-1%, CD4*CD25*PD-17, and
CD4"CD25*PD-1" populations in vitro

To characterize their functions in vitro, we isolated the
CD25PD-17, CD25PD-1*, CD25*PD-1", and CD25%
PD-1% populations from splenic CD4™ T cells by FACS
sorting (Fig. 2A). A non-blocking anti-PD-1 mAb
(RMP1-30) was used to avoid a possible interruption
of PD-1 function. As previously reported on the whole
CD4*CD25" population [5], both CD4*CD25*PD-1~
and CD4*"CD25*PD-1" cells were anergic and did not
proliferate in response to anti-CD3 antibody stimulation
in the presence of CD4~ splenocytes as APC (Fig. 2B).
Notably, CD4*CD25PD-1" cells were also markedly
hypoproliferative, while CD4"CD25PD-1" cells prolif-
erated vigorously. When co-cultured with the
CD4*CD25"PD-1" responder cells, both CD4*CD25™
PD-1" and CD4*CD25"PD-1" cells suppressed their
proliferation with a similar potency (Fig. 2C).
CD4*CD257PD-1"* cells, but not CD4* CD25 PD-1"cells,
also significantly suppressed the proliferation, albeit

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with a lesser potency. When stimulated with anti-CD3
and anti-CD28 mAb, only the CD4*CD25PD-1" popula-
tion produced large amounts of IFN-y and IL-2 (Fig. 2D).
Notably, the CD4*CD25PD-1* population produced
distinctively large amounts of IL-4 and IL-10. To
determine whether IL-4 and IL-10 were produced by
the same cells or by two distinct subpopulations of
CD47CD257PD-1" cells, we next examined intracellular
IL-4 and IL-10 by flow cytometry. As shown in Fig. 2E
and F, the CD25"PD-1" population uniquely contained
substantial frequencies of cells producing either IL-4
or IL-10, but few cells producing both IL-4 and
IL-10, indicating that the CD4*CD25PD-1* popu-
lation is as heterogeneous as the classical CD4*CD25%
Tr cells.

Correlation of the CD4*CD25PD-1* Ty
population with the CD4*CD45RBY Ty
population

We next examined the correlation of the CD4*CD25~
PD-1* Ty population with the known CD4*CD45RB™"
Tgr population [2]. As shown in Fig. 3A, the
CD4*CD45RB"" population contained CD25*PD-1+/~
cells (7.9+1.2%) and CD25PD-17 cells (4.6:£0.9%). We
then isolated CD25%, CD25PD-1%, and CD25PD-1"
subpopulations from CD4"CD45RB"°" cells by FACS
sorting (Fig. 3B). FoxP3 was expressed in the
CD25PD-1"% cells and the CD25% cells, but not in the
CD25PD-1" cells (Fig. 3C). The CD25PD-1* cells
exhibited a significant Ty activity in the in vitro
suppression assay, albeit less potently than the CD25%
cells (Fig. 3D). These results indicate that CD25PD-1*
Tgr cells constitute a substantial part of the
CD4"CD45RB"" Ty cells.

Correlation of the CD4*CD25PD-1* Ty
population with the CD4*CD25 GITR" Ty
population

Since we have previously identified a new CD4*CD25~
Tr population expressing GITR [18], we next examined
the correlation of the CD4"CD25 PD-1" Ty population
with the CD4*CD25 GITR* Ty population. As shown in
Fig. 4A, CD47CD25" cells contained PD-1"GITR* cells
(5.3£1.1%), PD-1"GITR™ cells (3.1+0.8%), and
PD-1*GITR* cells (1.240.4%). We isolated CD25%,
CD25PD-1*GITR", and CD25PD-1"GITR* cells by
FACS sorting (Fig. 4B). In the in vitro suppression
assay, the PD-1" subpopulations exhibited significant Ty
activities, regardless of GITR expression, albeit less
potently than the CD25™ cells (Fig. 4C). These results
indicate that CD25"PD-1" T cells constitute a minor part
of the CD25 GITR* Ty cells, but there is also a
substantial CD25"GITRPD-1* Ty population.
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Fig. 2. Functional characterization of CD25PD-1" subpopulation of splenic CD4* T cells in vitro. (A} CD25PD-1", CD25PD-1%,
CD25*PD-17, and CD25*PD-1" populations were isolated from MACS-purified splenic CD4" T cells by FACS sorting. Typical profiles
of the sorted fractions are shown. (B) Proliferative response. Cells were stimulated with 1 pg/ml anti-CD3 mAb in the presence of
MMC-treated CD4~ splenocytes as APC for 72 h. PHjthymidine (*H-TdR) uptake was determined for the last 9 h. Data are
represented as the means + SD of triplicate samples; *p<0.05. (C) Suppressive activity. The suppressive activity of the indicated
subpopulations was determined by co-culturing with CD4*CD25PD-1" responder cells at the different responder/Ty ratios in the
presence of anti-CD3 mAb and APC for 72 h. As a negative control, CD4*CD25PD-1" cells were also included. [*H]thymidine
(*H-TdR) uptake was determined for the last 9 h. Data are represented as the means + SD of triplicate samples. *p<0.05 compared
to responder cells alone. (D) Cytokine production. Cells were stimulated with plate-bound anti-CD3 mAb and soluble anti-CD28
mADb for 72 h. Cytokines in the supernatants were measured by ELISA. Data are represented as the means + SD of triplicate
samples; *p<0.05. {E) Intracellular cytokine staining. Each population was stained with PE-conjugated anti-IL-4 mAb and FITC-
conjugated anti-1L-10 mAb and analyzed for intracellular IL-4 and IL-10 by flow cytometry. Representative FACS plots show the
expression of IL-4 and IL-10. (F) The frequencies of IL-4- and/or IL-10-producing cells were analyzed in the indicated
subpopulations by flow cytometry. Data are represented as the means + SD of three independent experiments.
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CD25 expression on CD4*CD45RB'™ T cells. (B) CD257PD-1*
and CD25PD-1" subpopulations in CD4*CD45RB°Y T cells were
sorted on a FACS Vantage. (C) Expression of FoxP3 mRNA. in the
indicated subpopulations was determined by RT-PCR as
described in Fig. 1D. (D) Suppressive activity of the indicated
subpopulations was determined as described in Fig. 2C, at a
responder (Res)/Tg ratio of 1:1. *p<0.05.

Functional contribution of CTLA-4, but not
PD-1 or IL-10, to suppressor activity of
CD4*CD25PD-1* Ty cells in vitro

The data showing that CD4*CD25PD-1* Tr cells
produced large amount of IL-4 and IL-10 and expressed
CTLA-4 and PD-1 raised the possibility that these
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and GITRPD-1* subpopulations were sorted on a FACS
Vantage. Each population was >98.0% pure upon reanalysis.
(C) Suppressive activity of the indicated subpopulations was
determined as described in Fig. 3D. *p<0.05.

cytokines and costimulatory molecules might mediate
the suppressor activity of these cells. To address this
possibility, we blocked IL-4 and IL-10 in an in vitro
suppression assay. Addition of a neutralizing mAb
against IL-10 had no effect on the suppression of
proliferation by CD4*CD25PD-1%, CD4*CD25PD-1",
and CD4"CD25*PD-17 cells (Fig. 5A). In contrast, a
neutralizing mAb against IL-4 partially inhibited pro-
liferation of the CD4*CD25PD-1"responder T cells and
mostly abolished the residual proliferation in the
presence of CD4"CD25PD-1* Ty cells. Interestingly,
addition of a blocking anti-CTLA-4 mAb partially but
significantly abolished the suppression by CD4*CD25~
PD-1% Ty cells, but not that by CD4*CD25*PD-1*~ Ty
cells (Fig. 5B). In contrast, either a blocking anti-PD-1
mAb (RMP1-14) or a non-blocking anti-PD-1 mAb
(RMP1-30) did not affect the suppression by all three Tg
subsets (Fig. 5B).
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Fig. 5. Effect of anti-IL-10, anti-IL-4, anti-CTLA-4, or anti-PD-1
mADb on the suppressor activity of CD25PD-1*, CD25"PD-17,
and CD25'PD-1* regulatory CD4" T cell subpopulations in vitro.
CD4"CD25"PD-1" T cells (responder) were co-cultured with the
indicated subpopulations of Ty cells at a 1:1ratio in the
presence of anti-CD3 mAb and MMC-treated CD4" splenocytes
as APC. Control IgG, anti-IL-10 or anti-IL-4 mAb (A), and anti-
CTLA-4 or anti-PD-1 mAb (B) were added at the start of the
culture. [*H]thymidine ®H-TdR) uptake was determined for the
last 9 h of a 72-h culture. Data are represented as the means
+ SD of triplicate samples; *p<0.05.

Tg function of CD4*CD25PD-1* cells in murine
chronic colitis model

We next investigated the suppressor activity of
CD4*CD25PD-1% and CD4%CD25*PD-11/~ Ty cells
in a murine colitis model induced by adoptive transfer of
CD4*CD45RB™EM T cells into severe combined immu-
nodeficiency (SCID) mice [2]. As illustrated in Fig. 6A,
SCID mice were injected with CD4"CD45RBP8® T cells
with or without CD4*CD25PD-1*, CD4*CD25"PD-1",
or CD47CD25"PD-1" Ty cells. As previously reported
with the whole CD4"CD25" Ty population [6], the co-
transfer of either CD4*CD25"PD-1" or CD4"CD25%
PD-17" cells potently ameliorated the CD4*CD45RB™sh
T cell-induced colitis, as estimated by wasting (Fig. 6B)
and clinical score (Fig. 6C). CD4"CD257PD-1" cells also
significantly ameliorated the disease, albeit to a lesser
extent than CD47CD257PD-1*/~ cells. Histological
examination showed prominent epithelial hyperplasia
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with glandular elongation, with a massive infiltration of
mononuclear cells in the lamina propria (LP) of the
colon of mice transferred with CD4 " CD45RB™8" T cells
alone (Fig. 6D). In contrast, the glandular elongation
was mostly abrogated and only few mononuclear cells
were observed in the LP of the colon of mice co-
transferred with CD4*CD257PD-1*, CD4*CD25"PD-1",
or CD4*"CD25*PD-1" cells (Fig. 6D). The differences
were statistically significant as estimated by histological
scoring {(Fig. 6E). At 7 weeks after T cell transfer, all
mice were sacrificed and CD4™" T cells were collected
from spleen and colon. As shown in Fig. 6F, co-transfer
of CD47CD257PD-1" cells inhibited the expansion and/
or infiltration of CD4* CD45RB™&" T cells as potently as
CD4*CD25*PD-17" cells.

To determine the effect on Thl/Th2 development,
we measured IFN-vy, IL-2, IL-4, and IL-10 production by
anti-CD3/CD28 mAb-stimulated CD4* LP T cells.
As shown in Fig. 6G, production of Thl cytokines
(IFN-y and IL-2) was significantly reduced by co-transfer
of CD4*CD25" PD-1%, CD4*CD25*PD-17, or CD4*
CD25*PD-1" cells. In contrast, production of Th2
cytokines (IL-4 and IL-10) was not significantly affected
by these populations.

Suppression of colitis is restricted

to a subpopulation of CD4*CD45RB¥PD-1*
but not CD4*CD45RB°¥PD-1" cells in CD25™ Ty
cells

We further assessed whether in vivo suppression of
colitis is restricted to a subpopulation of CD4"
CD45RB"PD-1* but not CD4*CD45RB"PD-1" cells
in the CD25™ Ty cells. To this end, we isolated CD25,
CD25PD-1", and CD25PD-1" subpopulations from
CD4" CD45RB™" cells by FACS sorting (Fig. 7A); there-
after, we co-injected CD4*CD45RB°“CD25PD-17,
CD4*CD4SRB“CD25PD-1*, or CD4*CD45RB"
CD25* T cells together with CD4*CD45RB"8" cells into
SCID mice (Fig. 7A). The co-transfer of CD4* CD45RB!"
CD25PD-1" or CD4"CD45RB"CD25™ cells, but not
CD4"CD45RB°"¥CD25PD-1" cells, significantly sup-
pressed the CD4*CD45RBM#" T cell-induced colitis, as
estimated by wasting (Fig. 7B) and clinical score
(Fig. 7C). Histological examination showed that the
colitis was mostly abrogated in mice co-transferred with
CD4"CD45RB“CD25PD-1"7  or CD4"CD45RB'°"
CD25% but not CD4*CD45RB'°“CD25PD-1" T cells
(Fig. 7D). The differences were statistically significant
as estimated by histological scoring (Fig. 7E). As shown
in Fig. 7F and G, the co-transfer of CD4"CD45RB!%
CD25PD-1" cells inhibited the expansion and/or
infiltration of CD4"CD45RBPE" T cells at 6 weeks after
the transfer as potently as CD4*CD4SRB“CD25% Tg
cells.

www.eji.de

— 124 —



Eur. J. Immunol. 2005. 35: 1773-1785 Cellular immune response

o8 %
= el L
; X & x
5 oot T
e - + H o &
1 - &4l o]
: i = * L4
e . o 5 i * # %
: & \Q,—‘ 5 g & [L[ & %z rLl .
CCDAERB e Simees ; Y le =y o ! |
- CDERBY CHERHY CRASHBS CISRE CIMBRAY CDURE" CDERB® CIMSRE®
& 3 % + # +
B C cors Cest cose onrE co coest
G PELI #-r 418 i PO P01 PO-1
120 & B
< @ + v, !
= 1100, " s« E | 500
4 a7 2 Do !
g 1000 R " OB e =
H & | ;
T 4 2 - E’m
80 ¢ = 2 A D : -t N
*» Le ©oyloe 2 §s 8 *I , N*w
H H H B e * 7, E4 P
70 0 ¢ A - g 0o = % v eo
CIMBRE C4SRBS CDISKE® CoMTRA™ CIMSHBY COSHR® CIMSRDY CMSRE = 0 N O i |
0 L 7 o
(f)’c (11.5 (1)25 tlwa (*1)25 (u,,s* CDSRAY & O M PASEBY W o e
PInT Py Py L i 0 R (*msnn nuswa (ms;m SRy (.mzrw tm?w uufim
D E epts (ms um s GO Cmst
NI (O T MY PBE
0
= =
£ 7 ‘sﬁxmo E gl
S o S
3 6:’ ] = & ﬁ & i
- Bt 1 ot i
k3 1 o8 H
g 4y T #
%‘; 3 | e :‘.: w m ﬂ) ‘
£ 35l i] ™ [“‘1 . iyl e .
' g 1w ot §s eai o - :
ol o . P umms*- CDARRBY COASRBY CDATABY ' cpumne tmsmv (mum* [« mmw
= M pIE CDE Cs o cos oo
NI 2 ¢ > cms A 1311 N
CHAAR (mfsm Cpasnp L.ux:ua*‘ ¥ P BB O BB PO
cos Cp Co
M1 Pix-1 vyt
& DJSRB"‘ CDISRBE
$
1,.1)25 L9 210

1R 1 P01

Fig. 6. CD4"CD25"PD-1* Ty cells, as well as CD4*CD25*PD-1" and CD4*CD25*PD-1* Ty cells, inhibit the development of colitis
induced by adoptive transfer of CD4*CD45RB™&" T cells into SCID mice. {A) Ten SCID mice in each group were injected i.p. with the
following T cell subpopulations: (1) CD4*CD45RBME" alone (3x10° cells); (2) CD4*CD45RBM8" (3x10° cells) + CD4*CD25PD-1*
(1x10° cells); (3) CD4*CD4SRBM&" (3x10° cells) + CD4*CD25*PD-1" (1x10° cells); or (4) CD4*CD4SRB™E® (3%10° cells) +
CD4*CD25*PD-1* (1x10° cells). (B) Body weight at 7 weeks after transfer. *, p<0.05 compared to CD45RB™M# alone. (C) Clinical
score at 7 weeks after transfer. *, p<0.05 compared to CD45RB™#"® alone. (D) Histopathology of the distal colon at 7 weeks after
transfer. Original magnification, x100. (E) Histological score at 7 weeks after transfer. *, p<0.05 compared to CD45RB™E" alone.
(F) Number of CD4* T cells in the spleen (Sp) and LP at 7 weeks after transfer. Data are indicated as the means + SD of seven mice
in each group. *, p<0.05 compared to CD45RB™&" alone. (G) Cytokine production by LP CD4" T cells. LP CD4* T cells were stimulated
with plate-bound anti-CD3 mAb and soluble anti-CD28 mAb for 72 h. Cytokines in the supernatants were measured by ELISA. Data

are indicated as the means & SD of seven mice in each group.

Critical contribution of CTLA-4 but not PD-1 to
suppressor activity of CD4"CD25PD-1" Ty cells
in vivo

It has been reported that CTLA-4 is functionally involved
in the suppression of CD4*CD45RB™&" T cell-induced
colitis by CD4*CD25™ Tg cells [6]. Given the expression
of CTLA-4 and PD-1 on CD4*CD25PD-1* Ty cells, we
finally examined the functional contribution of CTLA-4
and PD-1 to their suppressor activity in vivo. As
illustrated in Fig. 8A, CD4"CD45RBM&" Tcells and
CD4*CD25PD-1* Ty cells were co-transferred into
SCID mice, and a blocking anti-CTLA-4 mAb, a blocking

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

*, p<0.05 compared to CD45RB™#" alone.

anti-PD-1 mAb (RMP1-14), or a non-blocking anti-PD-1
mAb (RMP1-30) was administrated from the day of
T cell transfer for 6 weeks. Remarkably, anti-CTLA-4
mADb but neither anti-PD-1 mAb totally abrogated the
ameliorating effect of CD4*CD25PD-1* Ty cells on
wasting (Fig. 8B), clinical score (Fig. 8C), histopathol-
ogy (Fig. 8D, E), and CD4* T cell expansion/infiltration
(Fig. 8F). These results suggested that CTLA-4, but not
PD-1, was functionally involved in the suppression of
colitis by CD4+CD25"PD-1" Ty cells.
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Fig. 7. CD4"CD45RB!°¥CD257PD-1* Ty cells inhibit the development of colitis induced by adoptive transfer of CD4*CD45RBMEP
T cells into SCID mice. (A) Five SCID mice in each group were injected ip. with the following T cell subpopulations:
(1) CD4*CD45REBMEP alone (3x10° cells); (2) CD4*CD45RB™ME (3% 10° cells) + CD4*CD45RB°¥CD25* (1x10° cells); (3) CD4*CD45RBME"
(3x10° cells) + CD4*CD45RB'°¥CD25PD-1* (1x10° cells); or {4) CD4*CD45RB™&" (3x10° cells) + CD4'CD45RB¥CD25PD-1"
(1x10° cells). (B) Body weight at 7 weeks after transfer. *, p<0.05 compared to CD45RB™#" alone. (C) Clinical score at 7 weeks
after transfer. *, p<0.05 compared to CD45RBM&" alone. (D) Histopathology of the distal colon at 7 weeks after transfer. Original
magnification, x100. (E) Histological score at 7 weeks after transfer. *, p<0.05 compared to CD45RB"2" alone, (F) Number of CD4*

Discussion

In the present study, we first determined the expression
of PD-1 on splenic CD4* T cells from naive mice (Fig. 1).
PD-1 was expressed on a minor population of
CD4*CD25" Tecells and on about half of the
CD4%CD25" T cells. Among the CD47CD25™ T cells,
the majority of PD-1" cells were characterized by an
effector/memory-like phenotype (CD45RB!°*CD62L°"
CD44"#%) and constitutively expressed CTLA-4, while
the PD-1" cells showed a naive phenotype (CD45RB™&!
CD62LM8"CD44°%) and did not express CTLA-4. Among
the CD47CD25"% T cells, the PD-1" cells were also
characterized by the effector/memory-like phenotype
(CD45RB'°“CD62L°"CD44"8"), while the PD-1" cells

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

showed a naive-like phenotype (CD45RBintermediate
CD62LNECDg4intermediatey " Thege results suggest that
PD-1 expression can be used to discriminate subpopula-
tions of both CD47CD25 and CD4"CD25" T cells,
possibly at distinct differentiation stages. Since PD-1 is
expressed on T cells upon activation [10], the PD-1
expression may reflect a continuous activation of these
cells in vivo by endogenous stimuli such as self antigens
and bacterial flora.

Recent studies have revealed that FoxP3 is a master
regulator of the development and function of
CD4*CD25™ Ty cells [8]. The CD4*CD25PD-1" cells
also expressed FoxP3 (Fig. 1D), which might be
responsible for the CTLA-4 expression, hypoprolifera-
tion, and suppressor activity of these cells. It has been
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Fig. 8. Critical contribution of CTLA-4 but not PD-1 to the suppressor activity of CD4*CD25 PD-1" T cells in vivo. (A) Five SCID mice
in each group were injected i.p. with CD4*CD45RB™ME cells (3x10%) alone or CD4*CD45RBME" (3x10°) + CD4*CD25PD-1* (1x10%)
cells. Some groups of mice were given 200 ug control IgG, blocking anti-PD-1 mAb (RMP1-14), non-blocking anti-PD-1 mAb
(RMP1-30), or anti-CTLA-4 mAD, three times per week for 6 weeks from the day of T cell transfer. (B) Body weight at 7 weeks after
transfer. *, p<0.05 compared to CD45RBM2" alone. (C) Clinical score at 7 weeks after transfer. *, p<0.05 compared to CD45RBhEN
alone. (D) Histopathology of the distal colon at 7 weeks after transfer. Original magnification, x100. (E) Histological score at
7 weeks after transfer. *, p<0.05 compared to CD45RB™E® alone. (F) Number of CD4* T cells in the spleen (Sp) and LP at 7 weeks
after transfer. Data are indicated as the means + SD of five mice in each group. *, p<0.05 compared to CD45RB™E" alone.

demonstrated that the CD4"CD25" Ty cells expressing
FoxP3 develop in the thymus [8]. However, recent
papers have shown that FoxP3 can be induced in
peripheral CD4*CD25™ T cells by in vitro stimulation
{20, 21]. It remains to be determined whether the
CD4*CD25°PD-1" T cells expressing FoxP3 develop in
the thymus or in the periphery.

The in vitro studies showed a unique functional
property of the CD4*CD25PD-1" T cells. They were
hypoproliferative in response to anti-CD3 antibody
stimulation, like the CD4"CD25% Ty cells (Fig. 2B),
and suppressed the proliferative response of
CD4*CD257PD-1" responder cells, albeit less potently
than the classical CD4*CD25% Ty cells (Fig. 2C). Of
note, the CD4*CD25PD-17 cells produced distinctively
large amounts of IL.-4 and IL-10 in response to anti-CD3/
CD28 mAb stimulation (Fig. 2D), suggesting Th2 or Tr1-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

like properties. Intracellular staining revealed that the
CD47CD257PD-1"* cells contained Th2-like cells produ-
cing IL-4 but not IL-10 and Tr1-like cells producing I1.-10
but not IL-4 (Fig. 2E). These two populations may
represent Th2 and Trl cells developed in response to
some endogenous stimulus, such as a self antigens and
bacterial flora. The IL-4 produced by CD4*CD25PD-1"
cells appeared to be responsible for the limited ability of
these cells to suppress the proliferation of
CD4*CD25°PD-1" cells (Fig. 2C), since the residual
proliferation was mostly abrogated by anti-IL.-4 mAb
treatment (Fig. SA). Tr1 cells have been defined to exert
the suppressor activity via IL-10 in vitro and in vivo [3].
In contrast, the suppressor activity of CD4*CD25PD-1*
cells was not abrogated by addition of anti-IL-10 mAb
(Fig. 5A), but was partially abolished by addition of anti-
CTLA-4 mAD (Fig. 5B). These results suggest that the in
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vitro suppressor activity of the CD4*CD25PD-1" cells
might be exerted in a manner dependent on FoxP3™ Ty
cells, but independently of the contaminating Th2 and
Tr1 cells. In addition, it is possible that TGF-f§ produced
by CD4%CD25PD-1* cells (Fig. 2D) might also
contribute to the suppression by these cells. Further-
more, it should be emphasized that our CD4*CD25~
PD-1% cells are a heterogeneous population, which
uniquely consisted of FoxP3™" Ty cells, IL-4-producing
Th2 cells, and IL-10-producing Tr1 cells.

It has been well characterized that the CD4"
CD45RB"" population exhibits T activity in vitro and
prevents the development of CD4*CD45RBM&" T cell-
induced colitis in SCID mice [2]. It has also been
reported that CD4*CD25™ cells constitute the major Ty
population among CD4*CD45RBY" cells [6]. Our
present study showed that the CD25PD-1% cells
constituted a substantial population (4.6+0.9%) of
CD4*CD45RB'Y cells, which expressed FoxP3 and
exerted a significant Ty activity in vitro and in vivo.
These results suggest that the CD25PD-1* population
may also partly contribute to the suppressor activity of
CD4*CD45RB™" cells in vitro and in vivo.

We recently identified a subpopulation of CD4"
CD25 cells expressing GITR, which exhibited Ty activity
in vitro and prevented the development of CD4%
CD45RBM8" T cell-induced colitis in SCID mice [18].
Our present study showed that only 18% of GITR™ cells
expressed PD-1, and 25% of PD-17 cells expressed GITR
among CD4*CD25  cells (Fig. 4A). Moreover, the
CD4*"CD25PD-1% cells exhibited the Ty activity in
vitro, irrespective of GITR expression (Fig. 4C). These
results suggest that the CD4"CD25 GITR™ Ty popula-
tion and the CD4"CD25PD-1* Ty population only
partially overlap and that each population can exert the
Ty activity independently.

The in vivo studies (Figs. 6, 7) demonstrated that
CD4*CD45RBVCD25PD-1" cells, as well as CD4*
CD45RB°"CD25" cells, could suppress the develop-
ment of chronic colitis induced by adoptive transfer of
CD4"CD45RBME™ T cells into SCID mice. In this colitis
model, the CD4*CD45RB™#" T cells contain pathogenic
T cells that differentiate into Th1 cells upon exposure to
bacterial flora {1]. It has been well characterized that co-
transfer of CD4'CD45RB" Tcells suppresses the
development of colitis [2]. Although recent studies
have shown that the CD4*CD25" Ty cells are the major
component of CD4*CD45RB'" suppressor cells (6], our
present results show that CD4"CD25PD-1% cells
constitute a substantial population among CD4"*
CD45RB™" cells (Figs. 3A, 7). The CD4*CD45RB!
CD257PD-1" cells as well as CD4*CD45RB"CD25*
cells, but not CD4TCD45RB°*“CD25PD-1" cells, inhib-
ited the expansion/infiltration of CD4"CD45RBME
T cells (Fig. 7E) and their differentiation into Thl cells

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Fig. 6G). These results suggest that the CD4%
CD45RB™¥CD25PD-1* cells are also a substantial
component of the CD4"CD4SRB" Ty cells.

Interestingly, the suppressive effect of CD4"
CD25"PD-1" cells on CD4*CD45RB™8" T cell-induced
colitis was totally abrogated by administration of a
blocking anti-CTLA-4 mAb (Fig. 8). It has been
demonstrated that CTLA-4 also plays a critical role in
the suppression of colitis by the CD4*CD25" Ty cells
[6]. However, how CTLA-4 mediates this suppression
remains controversial. A previous paper suggested that
CTLA-4-mediated signaling may induce IL-10 or TGF-B
production by the CD4"CD25™ Ty cells [22]. Alterna-
tively, CTLA-4 in the Ty cells may compete with CD28 on
responder T cells for B7 on APC. Moreover, a recent
study has suggested that engagement of B7 on APC by
CTLA-4 in the CD4%7CD25" Tgr cells induces the
production of tryptophan-catabolizing enzymes by
APC, which suppresses responder T cell expansion by
tryptophan depletion and apoptosis [23]. A similar
mechanism may be used by the CD47CD25PD-1* Ty
cells. In contrast, a blocking anti-PD-1 mAb (RMP1-14)
did not affect the suppressor activity of CD4*CD25"
PD-17 cells in vitro or in vivo (Figs. 5, 8). This is not
likely to be due to an inability of RMP1-14 to block PD-1,
since this mAb blocked the PD-L1-dependent induction
of Ty cells by intratracheal delivery of alloantigen [24].
We have also recently observed that RIMP1-14, but not
RMP1-30, exacerbates experimental autoimmune en-
cephalomyelitis (EAE) and graft-versus-host disease
(GVHD) (H.Y., unpublished data), as we previously
reported with a hamster anti-mouse PD-1 mAb (J43)
[25, 26]. Therefore, PD-1 expressed on CD4"CD25"
PD-1" cells may not be functionally involved in their
suppressor activity. This notion is also consistent with
the equivalent suppressor activity of CD4"CD25"PD-1"
and CD4*CD25"PD-1" cellsin vitro (Fig. 2C) and in vivo
(Fig. 6). However, it remains still possible that PD-1 may
be functionally involved in the development of
CD47CD25PD-1* and CD4"CD25*PD-1* Ty cells,
since we recently demonstrated that induction of Ty
cells by intratracheal delivery of alloantigen was
dependent on the PD-1/PD-L1 interaction [24]. In this
context, it is noteworthy that PD-1-deficient mice
spontaneously develop autoimmune diseases [11, 12].
Therefore, PD-1 may be functionally involved in the
development of PD-1" Ty cells that control autoimmune
responses.

In conclusion, the present study has demonstrated
that the CD4"CD25PD-1" cells in the spleen of naive
mice represent a substantial population of Ty cells that
exerts a CTLA-4-dependent suppressor activity in a
chronic colitis model. They may also exert regulatory
activities via IL-4, [L-10, and TGF-B production in other
systems. Further studies are now under way to clarify
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their developmental process and pathophysiological role
in regulating immune responses to endogenous or
£X0genous antigens.

Materials and methods
Mice

Female BALB/c and C.B17-scid/scid (SCID) mice were
purchased from Japan Clea (Tokyo, Japan). Donors and
recipients were sex matched and were used at 6-12 weeks of
age according to the guidelines of the Institutional Committee
on Animal Research in the Tokyo Medical and Dental
University.

Antibodies

The following mAb were used: FcyR (CD16/32)-blocking mAb
(2.4G2), FITC- and CyChrome-conjugated anti-mouse CD4
(RM4-5), FITC-conjugated anti-mouse CD25 (7D4), PE-
conjugated anti-CTLA-4 (UC10-4F10-11), PE-conjugated
anti-mouse CD103 (DATK32), PE-conjugated anti-mouse
CD45RB (16A), PE-conjugated anti-mouse CD44 (IM7), PE-
conjugated anti-mouse CD62L (MEL-14), PE-conjugated anti-
mouse CD69 (H1.2F3), PE-conjugated streptavidin, and
CyChrome-conjugated streptavidin were purchased from BD
PharMingen (San Diego, CA). PE-conjugated anti-GITR anti-
body (108619) was purchased from R&D Systems (Minnea-
polis, MN). Two rat 1gG2a anti-mouse PD-1 mAb (RMP1-14
and RMP1-30) were newly generated against mouse PD-1
transfectants (A.K. and H.Y.; details will be described
elsewhere). RMP1-14, but not RMP1-30, blocks the interac-
tion of PD-1 with its ligands (PD-L1 and PD-L2). These mAb
were purified from ascites and biotinylated by standard
methods. Blocking mAb against CTLA-4 (UC10-4F10) was
prepared from a hybridoma generously provided by J. A.
Bluestone (UCSF). Blocking mAb against IL-4 (11B11) and IL-
10 (JES5-2A5) were prepared from the corresponding
hybridomas from ATCC.

Flow cytometric analysis

To examine the expression of cell surface molecules, cells were
first pre-incubated with FeyR-blocking mAb and then stained
with CyChrome-conjugated anti-CD4 mAb, FITC-conjugated
anti-CD25 mAb, and PE-conjugated anti-gg, anti-CD45RB,
anti-CD62L, anti-CD44, or anti-CD69 mAb or biotinylated anti-
PD-1 mAb, followed by PE-conjugated streptavidin. For
intracellular staining with PE-conjugated anti-CTLA-4 mAb,
the cells were fixed and permeabilized with Cytofix/Cytoperm
(BD PharMingen). Staining and washing were performed in
Perm/Wash Buffer (BD PharMingen). For intracellular staining
for IL-4 and IL-10, cells were stimulated with plate-bound anti-
CD3 mAb (5 pg/ml) + soluble anti-CD28 mAb (2 pg/ml) for
48 h, and 5 ug/ml brefeldin A (GolgiPlug; BD PharMingen)
was added for the last 4 h. The stimulated cells were fixed,
permeabilized, and stained with PE-conjugated anti-IL-4 mADb
(11B11; BD PharMingen) and FITC-conjugated anti-IL-10 mAb
(JE55-16E3; BD PharMingen) as described above.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Gellular immune response

Purification of T cell subsets

CD4" T cells were isolated from BALB/c splenocytes using the
anti-CD4 (L3T4) MACS system (Miltenyi Biotec, Auburn, CA)
according to the manufacturer's instructions. The enriched
CD4* T cells (97-98% pure as estimated by flow cytometry)
were then stained with PE-conjugated anti-mouse CD4 mAb
and FITC-conjugated anti-CD45RB mAb for the isolation of
CD4*CD45RB"# and CD4*CD45RB" T cells; FITC-conju-
gated anti-CD25 mAb and biotinylated anti-PD-1 mAb
(RMP1-30) followed by PE-conjugated streptavidin for the
isolation of CD4"CD25PD-17, CD4*"CD25*PD-17, CD4*
CD25PD-1" and CD4*CD25"PD-1* T cells; CyChrome-con-
jugated anti-CD25 mAb, FITC-conjugated anti-CD45RB mAb
and biotinylated anti-PD-1 mAb followed by PE-conjugated
streptavidin for the isolation of CD4*CD45RB°%CD25PD-1"*
and CD4*CD45RB'°“CD25PD-1" T cells; or CyChrome-con-
jugated anti-CD25 mAb, PE-conjugated anti-GITR mAb and
biotinylated anti-PD-1 mAb followed by CyChrome-conjugated
streptavidin for the isolation of CD4*CD25PD-1*GITR* and
CD4*CD25PD-1"GITR™ T cells. These subpopulations were
isolated by sorting on a FACS Vantage (Becton Dickinson). All
populations were >98.0% pure upon reanalysis.

In vitro Ty functional analysis

As APC, CD4™ cells were prepared from BALB/c splenocytes by
depleting CD4™ cells with anti-CD4 MACS, and treated with
50 ug/ml mitomycin C (MMC) for 45min at 37°C.
CD4%CD25PD-17, CD4*CD25°PD-1%, CD4*"CD25*PD-17,
and CD4+CD25VPD-1" cells (1x10%) were cultured with
MMC-treated CD4™ cells (5x10%) in round-bottom 96-well
plates in RPMI 1640 medium containing 10% FCS, 100 IU/ml
penicillin, 100 pug/ml streptomycin, 2 mM glutamine, 1 mM
sodium pyruvate, 50 uM 2-mercaptoethanol (complete med-
tum), and supplemented with 1 pg/ml anti-CD3 mAb
(145-2C11; BD PharMingen). In co-culture experiments,
CD4*CD25PD-17, CD4"CD25PD-1*, CD4*CD25*PD-17,
and CD4*CD25'PD-1% Tcells (1x10% as Ty cells) were
cultured with CD4*CD257PD-1"T cells (1x10%, as responders)
and MMC-treated CD4~ cells (5x10°, as APC) in the presence
of anti-CD3 mAb (1 pg/ml). In some experiments, CD4"
CD4SRB¥CD25PD-1* and CD4TCD45RB°“CD25PD-1"
T cells, or CD4*CD25PD-1"GITR* and CD4*CD25PD-1*
GITR™ T cells were used as Tg. To determine proliferation rates,
each well was pulsed with 1 pCi of [*H]thymidine (NEN,
Boston, MA) for the last 9h of a 72-h culture. In some
experiments, blocking mAb against IL-4, IL-10, CTLA-4, and
PD-1 were added at 50 pg/ml from the beginning of culture. To
determine cytokine production, freshly isolated CD4*CD25"
PD-17, CD4*CD25PD-1*, CD4"CD25'PD-1", and CD4*
CD257PD-1" Teells (1x10° cells/well) were cultured in
complete medium or a serum-free medium (Nutridoma SP;
Roche Molecular Biochemicals, Indianapolis, IN) for TGF-f in
flat-bottom 96-well plates, and stimulated with 5 pg/ml plate-
bound anti-CD3 mAb + 2 pg/ml soluble anti-CD28 mAb
(37.51; BD PharMingen). Supernatants were collected after
24 h for IL-2, 48 h for IL-4, IL-10, and IFN-y, and 72 h for
TGF-B. Total TGF-B in the acidified supernatants was
determined by using TGF-f1 Emax Immunoassay Kit (Prome-
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ga, Madison, WI). Other cytokines were measured by using
specific ELISA kits (R&D Systems).

RT-PCR

Total cellular RNA was extracted from 5x10° cells using the
RNeasy Mini Kit (Qiagen, Valencia, CA). RNA (150 ng) was
reverse transcribed using the Superscript First-Strand Synth-
esis System (Invitrogen). FoxP3 levels were measured by dual-
labeled probe RT-PCR using a Smart Cycler (Cepheid,
Sunnyvale, CA). The PCR contained 0.3 mM each of the
primers, 0.2 mM probe, 3 mM MgCl, and 0.75 U Platinum Taq
polymerase (Invitrogen). The primer sequences were designed
to contain two exons to avoid amplification of genomic DNA:
FoxP3, 5'-CAG CTG CCT ACA GTG CCC CTA G-3’ and 5-CAT
TTG CCA GCA GTG GGT AG-3' [8]; glyceraldehyde-3-
phosphate dehydrogenase (G3PDH), 5-TGA AGG TCG GTG
TGA ACG GAT TTG GC-3' and 5'-CAT GTA GGC CAT GAG GTC
CAC CAC-3'. PCR cycling conditions consisted of 95°C for
6 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s
and 72°C for 30s. Critical threshold (CT) values were
compared against a standard curve to estimate starting
amounts of mRNA, and the relative expression of FoxP3
mRNA among samples was estimated by normalizing these
values against 18S rRNA CT values generated using a pre-
optimized 18S rRNA primers and probe set (Applied
Biosystems, Foster City, CA). The FoxP3/G3PDH gene
expression ratio of CD4"CD25PD-1" cells was given an
arbitrary value of 1.0 to determine relative expression levels.

In vivo experimentis

Chronic colitis was induced by i.p. injection of CD47"
CD45RBhsh splenic T cells (3%10%) from BALB/c¢ mice into
C.B17-SCID mice as described [27]. To examine the regulatory
function, CD4"CD25PD-17, CD4*CD25PD-1*, CD4*CD25™
PD-17, or CD47CD257PD-1" splenic T cells (1x10%) were co-
injected with CD4*CD45RBM8® cells (3x10° cells). Some
groups were i.p. administrated with 200 pg blocking anti-
CTLA-4 mAb (UC10-4F10), blocking anti-PD-1 mAb
(RMP1-14), non-blocking anti-PD-1 mAb (RMP1-30), or
control IgG, three times per week for 6 weeks from the day
of T cell transfer. The recipient SCID mice after T cell transfer
were weighed initially and then three times per week. They
were also observed for clinical signs such as hunched posture,
piloerection, diarrhea, and blood in the stool. In another set of
experiments, to assess whether suppression of colitis is
restricted to a subpopulation of CD4"CD45RB“PD-1*
CD25  cells but not CD4*CD45RB°“PD-1"CD25 cells,
CD4*CD45RB%CD25PD-17, CD4+CD45RBIOWCD25‘PD-1+,
or CD4*CD25" splenic T cells (1x10° each) were co-injected
with CD4*CD45RB™8! cells (3x10° cells). The mice were
sacrificed 7 weeks after T cell transfer and assessed for a
clinical score 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, diarrhea; 3, bloody stool). Tissue
samples were fixed in 6% neutral-buffered formalin. Paraffin-
embedded sections (5 pm) were stained with hematoxylin and
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eosin. Three tissue samples from the proximal, middle, and
distal parts of the colon were prepared. Histological scores
were evaluated in a blind manner as described [27].

Characterization of LP mononuclear cells

LP mononuclear cells were prepared essentially as described
[27]. To measure cytokine production, LP CD4" T cells
(1x10%) were cultured in flat-bottom 96-well plates with
5 pg/mi plate-bound anti-CD3 mAb and 2 ug/ml soluble anti-
mouse CD28 mAb for 48 h. Cytokines in the supernatants were
measured by ELISA.

Statistical analysis

The results were expressed as the mean + standard deviation
(8D). Groups of data were compared by Mann-Whitney U test.
Differences were considered to be statistically significant when
p<0.05.
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Abnormally Differentiated Subsets of Intestinal Macrophage
Play a Key Role in Thl-Dominant Chronic Colitis through
Excess Production of IL-12 and IL-23 in Response to Bacteria®

Nobuhiko Kamada,* Tadakazu Hisamatsu,* Susumu Okamoto,* Toshiro Sato,*
Katsuyoshi Matsuoka,* Kumiko Arai,* Takaaki Nakai,* Akira Hasegawa,* Nagamu Inoue,*
Noriaki Watanabe,” Kiyoko S. Akagawa,* and Toshifumi Hibi**

Disorders in enteric bacteria recognition by intestinal macrophages (M) are strongly correlated with the pathogenesis of chronic
colitis; however the precise mechanisms remain unclear. The aim of the current study was to elucidate the roles of M¢ in intestinal
inflammation by using an IL-10-deficient (IL-10"/") mouse colitis model. GM-CSF-induced bone marrow-derived Md (GM-M¢)
and M-CSF-induced bone marrow-derived M (M-Md) were generated from bone marrow CD11b™ cells. M-Md from IL-107/~
mice produced abnormally large amounts of IL-12 and IL-23 upon stimulation with heat-killed whole bacteria Ags, whereas
M-M¢ from wild-type (WT) mice produced large amounts of IL-16 but not IL-12 or IL-23. In contrast, IL-12 production by
GM-Md was not significantly different between WT and IL-10'" mice. In ex vivo experiments, cytokine production ability of
colonic lamina propria M¢ (CLPMd¢) but not spienic M¢p from WT mice was similar fo that of M-M¢, and CLPM¢ but not
splenic M from IL-10"'" mice also showed abnormal IL-12p70 hyperproduction upon stimulation with bacteria. Surprisingly,
the abnormal 1L-12p70 hyperproduction from M-M from IL-107/~ mice was improved by IL-10 supplementation during the
differentiation process. These results suggest that CLPM ¢ and M-Md act as anti-inflammatory M and suppress excess inflam-
mation induced by bacteria in WT mice. In IL-10~'~ mice, however, such M¢ subsets differentiated into an abnormal phenotype
under an IL-10-deficient environment, and bacteria recognition by abnormally differentiated subsets of intestinal M¢ may lead
to Thl-dominant colitis via IL-12 and IL-23 hyperproduction. Our data provide new insights into the intestinal M to gut flora

relationship in the development of colitis in IL-10~/~ mice. The Journal of Immunology, 2005, 175: 6900—-6908.

acrophages (M@),” the major population of tissue-res-
M ident monenuclear phagocytes, play key roles in bac-

terial recognition and elimination as well as in polar-
ization of innate and adaptive immunities. M¢ are activated by
microbial pathogen-associated molecular patterns (PAMPs)
through pattern-recognition receptors, such as TLRs (1, 2), and
produce proinflammatory cytokines such as IL-12 and IL-23,
thereby leading to development of Thl immunity (3). Besides
these classical antibacterial immune roles, it has recently become
evident that M¢ also play important roles in homeostasis mainte-
nance, such as inflammation dampening, via production of anti-
inflammatory cytokines such as IL-10 and TGF-3, debris scaveng-
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ing, angiogenesis, and wound repair (4—6). IL-10 and IL-12 are
two key players in these processes, usually acting in opposition,
with IL-10 inhibiting IL.-12 production. Therefore, loss of balance
between IL-12 and IL-10 can lead to disproportionate pathology or
immunosuppression.

Although precise etiologies of inflammatory bowel diseases
(IBDs) including Crohn’s disease and ulcerative colitis remain un-
clear, pathogenic roles of the gut flora in initiation and perpetua-
tion of intestinal inflammation have been proposed (7). Recently,
it has become evident that abnormal innate immune responses to
bacteria are responsible for the pathogenesis of IBD. For instance,
mutations in nucleotide-binding oligomerization domain (NOD)2
highly correlated with disease incidence in a substantial subgroup
of patients with Crohn’s disease (8, 9). NOD2 mutant M¢ were
reported to produce large amounts of IL-12 in response to stimu-
lation with microbial components, compared with wild-type (WT)
cells, and to promote Thl immunity (10). Thus, disorders in bac-
terial recognition by Md¢ strongly correlate with pathogenesis of
IBDs (11-13).

IL-10-deficient (IL-107/7) mice develop spontaneous chronic
colitis and are widely used as a colitis animal model for human
IBDs (14). IL-10""" mice show Thl polarized immunity upon
exposure to bacteria, whereas germfree conditions prevent devel-
opment of intestinal inflammation (15), and treatment with antibi-
otics attenuates intestinal inflammation (16, 17). These facts sug-
gest that enteric bacteria play essential roles in onset and
development of colitis in IL-10™/~ mice, similar to human IBDs.
Recently, the following pathogenic aspects of M¢ in IL-107/~
mice have been reported: APC such as M¢ and dendritic cells
(DC), from IL-10™'" mice were potent activators of Thl responses
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from naive or immune T cells (18, 19); M¢ from IL-10"/" mice
were hyperreactive to microbial components (20); and M¢ deple-
tion prevented chronic colitis in IL-107'" mice (21). Based on
these reports, M¢ and DC are considered to play key roles in the
pathogenesis of colitis in IL-10™/" mice, although mechanisms for
bacterial recognition by APC that induces a Thl bias and devel-
opment of intestinal inflammation remain unclear. Previous studies
suggested that IL-12 was crucial for development of colitis in IL-
107" mice because mice deficient for both IL-10 and IL.-12p40
showed no intestinal inflammation, and treatment with anti-
1L-12p40 Abs markedly reduced intestinal inflammation (22, 23).
Until now, however, how IL-10 deficiency affects IL-12 produc-
tion from Md¢ in mice has not been thoroughly analyzed.

In the present study, we examined whether IL-10-deficient condi-
tions affected differentiation and functions of bone marrow (BM)-
derived M¢ subsets and intestinal M¢, and investigated how bacteria
recognition by M¢ induced a Thl polarization and intestinal in-
flammation in IL-107'" mice. We found that M-CSF-induced
BM-derived M¢ (M-Md¢) and intestinal M ¢, but not GM-CSF-
induced BM-derived M¢ (GM-M¢) or splenic M¢ from
IL-107’~ mice showed abnormal hyperproduction of IL-12 and
IL-23 upon stimulation with bacteria. More importantly, our
results suggested that endogenous IL-10 played an essential role
in differentiation of the anti-inflammatory M¢ subset induced
by M-CSF.

Materials and Methods

Reagents

Recombinant mouse GM-CSF, M-CSF, and IL-10 were purchased from
R&D Systems. Gel filtration grade LPS (Escherichia coli O111:B4), mu-
ramy!-dipeptide (MDP), and Staphylococcus aureus peptidoglycan (PGN)
were obtained from Sigma-Aldrich. Pam;CSK, and E. coli ssDNA were
obtained from InvivoGen.

Bacteria hear-killed Ags

A Gram-negative nonpathogenic strain of E. coli (25922; American Type
Calture Collection (ATCC)) was cultured in Luria-Bertani medium, and a
Gram-positive strain of Enterococcus faecalis (29212; ATCC) was cul-
tured in brain-heart infusion medium. Bacteria were harvested and washed
twice with ice-cold PBS. Then, bacterial suspensions were heated at 80°C
for 30 min, washed, resuspended in PBS, and stored at ~80°C. Complete
killing was confirmed by 72 h incubation at 37°C on plate medium.

Mice

Specific pathogen-free WT C57BL/6J mice were purchased from Charles
River Breeding Laboratories. WT and IL-107/~ (C57BL/6J background)
mice were housed under specific pathogen-free conditions at the animal
center of Kitasato Institute Hospital and Keio University (Tokyo, Japan).
All experiments using mice were approved by and performed acecording to
the guidelines of the animal committee of Keio University and Kitasato
Institute Hospital.

Preparation of BM-derived M

BM cells were isolated from femora of 7- to 12-wk-old mice. After sep-
aration of BM mononuclear cells by gradient centrifugation, CD11b* cells
were purified using a magnetic cell separation system (MACS; Miltenyi
Biotec) with anti-mouse CD11b microbeads. To generate BM-derived
GM-M¢ and M-M¢, CD11b" cells (5 X 10° cells/ml) were cultured for 7
days with GM-CSF (20 ng/ml) and M-CSF (20 ng/ml), respectively. In
some experiments, to determine effects of IL-10 during differentiation of
M-M¢, BM CD11b* cells from IL-10~'" mice were cultured with M-CSF
and various concentrations of exogenous IL-10. After differentiation, cells
were washed three times with HBSS to remove residual IL-10.

Flow cytometry analysis

Day 7 BM-derived GM-Md¢ and M-Md¢ were harvested with EDTA and
washed with ice-cold PBS. Then, cells were preincubated with 1 pg/ml
mAb CD16/CD32 to block FcyR, and stained with mAbs CD11b, Gr-1,
TLR4/MD2, or TLR2 (all from e¢Biosciences), mAbs CD80 or CD86 (both
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from BD Pharmingen) or their isotype control Abs for 20 min at 4°C. After
staining, cells were washed with PBS, stained with propidium iodide, and
analyzed using a FACSCalibur (BD Pharmingen). The CellQuest software
was used for data analysis.

Activation of BM-derived M¢ by PAMPs

Day 7 BM-derived GM-M ¢ and M-M¢ were harvested, plated on 96-well
tissue culture plates (1 X 10° cells/well) in RPMI 1640 medium supple-
mented with 10% FBS, antibiotics, and 20 ng/ml GM-CSF or M-CSF, and
incubated for 12-16 h. Before each experiment, M¢ were washed three
times with HBSS (Sigma-Aldrich) to completely remove secreted or sup-
plemented cytokines from the supernatant, and were stimulated with either
LPS (100 ng/ml), PGN (2 pg/ml), Pam,CSK, (500 ng/ml), E. coli ssDNA
(10 pg/ml), MDP (10 pg/ml), or heat-killed bacteria (multiplicity of in-
fection (MOI) = 100) for 24 h. Culture supernatants were collected, passed
through 0.22-pum pore size filters, and then stored at —80°C until the cy-
tokine assay.

Isolation of colonic lamina propria M¢ (CLPM ) and
splenic M¢

Lamina propria mononuclear cells were isolated using a modified protocol
as previously described (25). Briefly, mice were sacrificed, and colonic
tissues were removed. Isolated colons were washed with HBSS, dissected
into small pieces, and incubated in HBSS containing 2.5% FBS and 1| mM
DTT (Sigma-Aldrich) to remove any mucus. Then, the pieces were incu-
bated in HBSS containing 1 mM EDTA (Sigma-Aldrich) twice for 20 min
each at 37°C, washed three times with HBSS, and incubated in HBSS
containing 1 mM collagenase type IV (Sigma-Aldrich) for 2 h at 37°C.
Digested tissues were filtered and washed twice with HBSS. Isolated cells
were resuspended in 40% Percoll (Pharmacia Biotech), layered onto 75%
Percoll, and centrifuged at 2000 rpm for 20 min. Cells were recovered from
the interphase and washed with PBS. CLPM¢ and splenic M¢ were pu-
rified by positive selection from lamina propria mononuclear cells or un-
fractionated splenocytes using MACS CD!1b microbeads (Miltenyi Bio-
tec) as previously described (24, 26).

Activation of M by whole bacteria Ags

BM-derived M¢, and isolated CLPM¢ and splenic M¢ were plated on
96-well tissue culture plates (1 X 10° cells/well) in RPMI 1640 medium
supplemented with [0% FBS and antibiotics, and stimulated by heat-killed
bacterial Ags (MOI = 100) for 24 h at 37°C. Culture supernatants were
collected, passed through a 0.22-pum pore size filter, and stored at —80°C
until the cytokine assay.

Cytokine assay

A mouse inflammatory cytometric beads array (CBA) kit (BD Pharmingen)
was used for cytokine measurements, according to the manufacturer’s in-
structions. Samples were analyzed using a FACSCalibur (BD
Pharmingen).

Quantitative RT-PCR

After 8 h of stimulation by bacterial Ags, total RNA was isolated from Md¢
using an RNeasy Mini kit (Qiagen). In some experiments, RNA was iso-
lated from colonic tissues and spleen. cDNA was synthesized with Om-
niScript reverse transcriptase (Qiagen). For quantitative RT-PCR, TagMan
Universal PCR Master Mix and TagMan Gene Expression Assays for mu-
rine IL-12p35, IL-12p40, IL-23p19, M-CSF, GM-CSF, and B-actin (Ap-
plied Biosystems) were used. PCR amplifications were conducted in a ther-
mocycler DNA Engine (OPTICONZ; MJ Research). Cycling conditions for
PCR amplification were 50°C for 2 min and 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 1 min.

Statistical analysis

Statistical significance of differences between two groups was tested using
a Student’s ¢ test. For comparison of more than two groups, ANOVA was
used. If the ANOVA was significant, Dunnett’s multiple comparison test or
Scheffe’s test were used as a post hoc test.

Results

GM-Md and M-Md¢ derived from BM CDI11b™ cells from IL-
10~ mice do not differ significantly from those derived from
WT mice in morphology and cell surface Ag expressions

When BM-derived CD11{b™ cells from WT mice were cultured in
M-CSF or GM-CSF for 7 days, they showed morphological
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changes characteristic of M¢ such as increases in size and adher-
ence, and were stained with nonspecific esterase (data not shown).
As shown in Fig. 1A, GM-CSF and M-CSF induced differentiation
of BM CDI11b™ cells into two distinct subsets of adherent Mg,
which corresponded to human GM-M¢ and M-Md¢ (27). GM-Md¢
derived from BM CD11b" cells had a rounded morphology and
possessed dendrites, similar to DCs. In contrast, M-Md¢ derived
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FIGURE 1. In vitro differentiated M¢ from WT and IL-10""" mice do
not differ in morphology and surface marker expressions. A, BM CD11b™
cells from WT and IL-10™" mice were polarized into M¢ with GM-CSF
or M-CSF for 7 days. B, Polarized M¢ from WT and IL-107'" mice (KO)
were stained with the indicated mAbs and analyzed by flow cytometry.
Profiles of specific Ab staining (shaded histograms) and staining with iso-
type controls (open histograms) are shown. Data shown are representative
of five independent experiments.

from BM CD11b" cells had an elongated spindle-like morphol-
ogy. FACS analysis revealed that GM-M¢ expressed higher levels
of MHC class II molecules and costimulatory molecules CD80
compared with M-M¢ (Fig. 1B and Table I). Expression of Gr-1
was also different between them; i.e., GM-M¢ but not M-Md ex-
pressed Gr-1 (Fig. 1B and Table I). However, CDllc, a DC
marker, was not expressed on both M¢ (data not shown).

Next, we compared the two M subsets derived from IL-107/~
BM CD11b* cells with those from WT BM CDI1b* cells. As
shown in Fig. 14, both GM-M¢ and M-M¢ from IL-107'~ BM
CD11b™ cells showed normal morphological characteristics. Flow
cytometric analysis further revealed that these M¢ subsets from
IL-107'" mice did not differ from those in WT mice in their cell
surface Ag expressions (Fig. 1B and Table I). These results suggest
that GM-M ¢ and M-Md from IL-107/" mice are similar to those
in WT mice, at least in terms of morphology and cell surface Ag
expression.

BM-derived M-Md from WT mice show an anti-inflammatory
phenotype in response to PAMPs and whole bacterial Ags

To determine the immunological responses of GM-M¢ and M-M¢
from WT mice to PAMPs stimulation, M¢ were stimulated with
various kinds of PAMPs for 24 h, and production levels of IL-
12p70 and IL-10 in culture supernatant were measured. As shown
in Fig. 2A, none of the stimuli tested induced IL-12p70 production
from both M¢ in WT mice. In contrast, the TLR4 ligand LPS,
TLR2 ligands PGN and Pam,CSK,, and TLRY ligand E. coli
ssDNA induced IL.-10 production by these M, although the
amounts produced were higher in M-M¢ compared with GM-Md.
The NOD2 ligand MDP did not induce either IL-12p70 or IL-10 in
either subset from WT mice.

Next, we examined the effects of whole bacterial Ags on these
Mdo. In contrast to stimulation with PAMPs, stimulation of
GM-M¢ with heat-killed E. coli and E. faecalis induced IL-12p70
production (Fig. 2B). However, M-M¢ from WT mice did not
produce IL-12p70, but did produce large amounts of IL-10 in re-
sponse to the whole bacterial Ags (Fig. 2B). These results sug-
gested that M-M¢, but not GM-Md, in WT mice act as anti-
inflammatory M¢ in the recognition of bacteria.

BM-derived M-Md but not GM-Md from IL-107"" mice reveal
abnormal hyperproduction of IL-12 and IL-23 in response to
whole bacterial Ags

We next examined the effects of PAMPs and whole bacteria Ags
on GM-M¢ and M-M¢ from IL-107'" mice. In contrast to the
results obtained from M¢ in WT mice, IL-107/" M¢ produced
IL-12p70 by stimulation with LPS or Pam;CSK4, although the
amounts were very low, and no significant differences were ob-
served between GM-M¢ and M-M¢ (Fig. 3A). The use of 10-fold
higher concentrations of these PAMPs did not induce higher levels
of IL-12p70 either (data not shown).

Upon whole bacteria stimulation, such as with heat-killed E. coli
and E. faecalis, GM-M¢ from IL-10~'" mice produced similar
levels of IL-12p70 to WT GM-M¢, although they lacked IL-10
production ability (Fig. 3B). Surprisingly, in contrast to WT
M-M¢, M-M¢ from IL-107'" mice produced significantly large
amounts of IL-12p70 upon stimulation with whole bacterial Ags
(Fig. 3B). In addition, a lower dose of the whole bacteria Ag
(MOI = 10) also induced abnormally large IL-12p70 production
(data not shown).

To further confirm this abnormal IL-12p70 hyperproduction by
IL-107'~ M-M¢, gene transcriptions of IL-12p35, p40, and IL-
23p19 were analyzed using real-time quantitative PCR. Results
revealed that basal expressions of these genes before stimulation
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