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The PD-1/B7-H1 pathway regulates immune responses and maintains homeostasis. Here, we identified a unique

expression of B7 homolog 1 (B7-H1) onmasticatorymucosae in the oral cavity. B7-H1wasphysiologically expressed on

the dorsal surface of the tongue, gingiva, and hardpalate. Other squamous epithelia andother structures of the epithelia

did not express B7-H1 in the steady state. Physiological B7-H1 expression on masticatory mucosae was limited on

prickle cells, and its expression on basal keratinocytes (KCs) was strictly regulated. B7-H1 on prickle cells was

upregulated by external topical stimuli, but B7-H1 on basal KCswas induced only by internal stimuli via infiltrating cells.

The blocking of KC-associated B7-H1 or the lack of programmed cell death-1 (PD-1) on tissue effector CD4þ

Tcells in mice lacking B7-H1 on immune cells drastically exacerbated the tissue inflammation induced by topical OVA

painting as an exogenous antigen, indicating direct interactionwith KCs andCD4þ Tcells. Trans-coinhibitory signals by

KCsmay modulate local T-cell/dendritic cell activation, resulting in inhibition of T-cell responses in both peripheral and

secondary lymphoid tissues. Careful control of B7-H1 induction in KCs may play a crucial role in the protection from

CD4þ T cell-mediated tissue inflammation by exogenous antigens delivered from the mucosal surface.

INTRODUCTION

The oral mucosa is the type II mucosa lining the inside of the
mouth and consists of stratified squamous epithelium. It shares
many features with the skin and is remarkably different from
type I mucosa such as the intestinal and respiratory mucosae.1

Oral mucosae are divided into the masticatory and lining
mucosae by their function.2,3 The gingiva, dorsal surface of the
tongue (dorsal tongue), and hard palate are tough masticatory
mucosa covered by keratinized stratified squamous epithelium.
In contrast, the oral floor, buccal mucosa, soft palate, and
ventral surface of the tongue (ventral tongue) are flexible lining
mucosae covered by a nonkeratinized epithelium to accom-
modate chewing, speech, or swallowing. All oral epithelia
function to protect the underlying tissues from environmental
influences, such as mechanical, chemical, and microbial
damage. Skin and keratinized oral epithelium contain four

layers consisting of the stratum basale (basal layer), stratum
spinosum (prickle layer), stratum granulosum (granular layer),
and stratum corneum (keratinized layer), whereas nonkera-
tinized oral mucosae lack stratum granuloma and stratum
corneum. In addition to the differential structured mucosae,
masticatory mucosae may have unique mechanisms for
protection against attacks on the immune system.

Immune checkpoints, such as co-inhibitory molecules and
regulatory T cells, play crucial roles in maintaining self-
tolerance and preventing tissue damage by excessive immune
responses.4–6 Programmed cell death-1 (PD-1; CD279), in
particular, plays an important role in regulating immune
responses at sites of tissue inflammation and in the tumor
microenvironment via the ligand binding expressed on
parenchymal tissue cells.7,8 B7 homolog 1 (B7-H1)/PD-1
ligand 1(PD-L1) (CD274) is one of the ligands for PD-1 and is
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often induced in nonlymphoid tissue cells, such as epithelial
and endothelial cells during an inflammatory episode. B7-H1
binding to PD-1 onT cells negatively regulates T-cell activation,
and blockade of the PD-1:B7-H1 pathway converts resting or
exhausted T cells into functional effector T cells, resulting in
augmentation of T-cell responses. Transgenic expression of B7-
H1 on keratinocytes (KCs) impairs contact hypersensitivity
reactions by the direct regulation of tissue-recruiting effector
CD8þ T cells,9 and the knockdown of KC-associated B7-H1
enhanced activation of CD8þ T cells against self-antigen (Ag)-
expressing KCs.10 These results indicate a contribution of
onsite regulation by KC-associated B7-H1 to endogenous Ag-
specific CD8þ T-cell responses. However, involvement of KC-
associated B7-H1 in CD4þ T-cell responses against exogenous
Ags has not been reported.

In this study, we examined the physiological expression of
B7-H1 in mouse epithelia of multiple organs and identified
uniqueB7-H1expression on themasticatorymucosa.We further
investigated the regulation of B7-H1 expression in each epithelial
stratum and the function of KC-associated B7-H1 in CD4þ

T-cell responses against exogenous Ags on the mucosal surface.

RESULTS

Prickle cells of the masticatory mucosa physiologically
express B7-H1

Although B7-H1 expression has often been observed in
inflammatory tissues, its expression in the steady state has
not been fully analyzed. We performed histological analyses of
B7-H1 expression in the epithelia of multiple organs, including
the oral cavity and skin. Interestingly, B7-H1 was physiolo-
gically expressed in three keratinized masticatory mucosae,
including the dorsal tongue, gingiva, and hard palate in the oral
cavity (Figure 1aA–E). The epithelia of the dorsal tongue and
gingiva in particular expressed B7-H1, and strong signals were
seen in prickle cells, but not in basal KCs. Other oral non-
keratinized lining mucosae, including the ventral tongue,
buccal mucosa, and soft palate, did not express B7-H1
(Figure 1aF–H). We also examined other organs with strati-
fied squamous epithelium, including the esophagus, vagina,
and three types of skin, the single squamous epithelium in the
lung, and the single columnar epithelium of respiratory and
digestivemucosae, including the nasal cavity, trachea, stomach,
and small and large intestines. None of the epithelia expressed
B7-H1 in the steady state (Supplementary Figure S1 online).

As B7-H1 in the oral masticatory mucosa could be induced
by stimuli from everyday life and other environmental stimuli,
we examined the change of B7-H1 expression at three different
ages (3, 15, and 50 weeks). Levels of B7-H1 expression in the
dorsal tongue and gingiva at 3 weeks of age were notably lower
and increased in an age-dependent manner (Figure 1b). In
addition, the lack of B7-H1 expression in basal KCs was
consistently observed, even in the older mice.

The existence of B7-H1þ epithelium may suggest the pre-
sence of its counter-receptor positive cells. Thus, we examined
PD-1 expression in the dorsal tongue and gingiva in parallel
with the detection ofmajor histocompatibility complex (MHC)

class IIþ cells. Despite the clear presence of MHC class IIþ

cells, which were presumed to be Langerhans cells (LCs) and
interstitial dendritic cells (DCs) in the epithelium and
subepithelium of the dorsal tongue and sulcular epithelium
of the gingiva, substantial expression of PD-1 was not observed
(Supplementary Figure S2).

B7-H1 in nonmasticatory mucosa and skin is inducible by
topical stimuli, whereas B7-H1 expression in basal KCs is
impaired

We previously demonstrated that topical painting with 12-O-
tetradecanoylphorbol-13-acetate (TPA) or 2,4-dinitro-1-fluor-
obenzene (DNFB) induced KC proliferation and skin inflam-
mation in a PD-1:B7-H1 pathway-dependent manner.11,12

Therefore, we examined the histological changes and expres-
sions of Ki-67 (a marker of proliferation) and B7-H1 after
topical painting on the abdominal skin and buccal mucosa that
lack physiological B7-H1 expression, as we examined the dorsal
tongue, because they all constitute stratified squamous
epithelium. In the steady state, basal cells of abdominal skin
did not express Ki-67 and B7-H1 (Figure 2a). In contrast, some
basal cells in the buccal mucosa and dorsal tongue expressed
low levels of Ki-67. TPA painting markedly increased the
thickness of the epithelial layers as assessed by hematoxylin and
eosin staining, and proliferation of basal cells, as assessed by
Ki-67 expression, was seen in all three epithelia at 48 h
(Figure 2b). B7-H1 was clearly induced in prickle cells and in
the upper layers but not in basal cells of the skin and buccal
mucosa. B7-H1 expression in the dorsal tongue was further
upregulated by TPA painting, but B7-H1 expression was not
observed in the basal cells. DNFB and ovalbumin (OVA) are
commonly used as a hapten Ag and a protein Ag to induce
contact hypersensitivity and to evaluate Ag-specific T-cell
responses in murine models, respectively. OVA painting alone
induced transient induction of B7-H1 after 6–10 h, but its
expression declined to a similar level as observed in intact
tissues at 48 h (data not shown). We evaluated the data at 24 h
after DNFB alone (Supplementary Figure S3) or OVA/DNFB
(Figure 2c) painting. Similar to TPA painting, DNFB paining
alone strongly enhanced the epithelial thickness and
proliferation of basal cells and induced mononuclear cell
infiltration in the lamina propria. The staining profiles of
DNFB alone were almost comparable to the OVA/DNFB-
painted tissues. B7-H1 was also substantially induced in three
epithelia. It should be noted that DNFB or OVA/DNFB
painting induced B7-H1 expression in some basal cells, but
expression on the basement membrane side was consistently
impaired. Our results suggest that proliferating basal cells to the
external layer induces B7-H1, but B7-H1 was not enriched at
the boundary with the basement membrane.

Blockade of B7-H1 on KCs exacerbates CD4þ

T cell-mediated tissue inflammation

B7-H1 is broadly expressed in most immune cells, making it
difficult to discriminate the contribution of B7-H1 to immune
cells and KCs. We established B7-H1/PD-1 double-knockout
(WKO) bone marrow (BM) chimera mice, in which all
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hematopoietic immune cells lacked B7-H1 and PD-1 and only
nonlymphoid tissue cells could induce B7-H1 and PD-1. After
hematopoietic reconstitution, in vitro activated DO11.10
CD4þ T cells were transferred; 1 day later, this was followed
by topical OVA/DNFB painting onto the dorsal tongue to
induce local T-cell inflammation. To examine the functional
involvement of KC-associated B7-H1, a neutralizing anti-
B7-H1 monoclonal antibody (mAb) was administrated 2 h
before topical painting; 48 h after this, local tissues and the
status of regional lymph node (LN) T cells were analyzed.

OVA/DNFB painting onto the dorsal tongue in the
DO11.10 T cell-transferred BALB/c mice showed infiltration
of some mononuclear cells (Figure 3aA) and CD4þ T cells
(Figure 3aB) at 48 h. These cells were located only in the
subepithelium. Interestingly, high levels of B7-H1 were
present in all layers of the epithelium, including basal KCs
(Figure 3aD), and few cells express low levels of PD-1
(Figure 3aC). In contrast, OVA/DNFB painting in the
DO11.10 T cell-transferred B7-H1/PD-1WKO BM chimera
mice induced abundant infiltration (Figure 3aE). Some lesions
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Figure 1 Prickle cells of masticatory mucosae physiologically express B7 homolog 1 (B7-H1). Sections of the indicated tissues from (a) 12-week-old,
and (b) 3-, 15-, and 50-week-old BALB/c mice were stained with anti-B7-H1 monoclonal antibody (mAb). Representative images from three individuals
are shown. Scale bars¼50 mm. Images of higher magnification are shown in aD and aE and in b. The arrow in aB indicates the sulcular side.
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of basal cell layer were destroyed, and infiltrating cells located
over the basementmembrane. As compared with the results for
BALB/c mice, more mononuclear cells (Figure 3aE), CD4þ

T cells (Figure 3aF), and PD-1þ cells (Figure 3aG) were
present. B7-H1 expression was consistently observed in
all layers after DO11.10 T-cell transfer and OVA/DNFB
painting (Figure 3aH), suggesting that T-cell infiltration
induces B7-H1 in the basal KCs. B7-H1þ cells were undetect-
able in the lamina propria despite the abundant infiltration
of MHC class IIþ DCs and macrophages (Supplementary
Figure S4), suggesting that interstitial DCs and macrophages
have been replaced by donor-derived cells. Treatment with
anti-B7-H1 mAb in the B7-H1/PD-1WKO BM chimera mice
induced an abundant mononuclear cell infiltration and
destruction of epithelial structures (Figure 3aI). Strong and
abundant CD4 signals were seen in the whole field (Figure 3aJ),
suggesting severe T-cell infiltration. PD-1þ cells were located
in the same area as CD4þ T cells (Figure 3aK). These results
indicate that KC-associated B7-H1 confers protection against
epithelial tissue damage induced by CD4þ T-cell infiltration.
Interactions with KC-associated B7-H1 and PD-1 on tissue-
recruiting CD4þ T cells may inhibit T-cell activation at
peripheral sites.

Analysis of regional LN cells revealed that the total cell
number and the percentage of KJ1-26þ DO11.10 CD4þ T cells
were dramatically increased by the anti-B7-H1 mAb treatment
(Figure 4a). Less than half of the violet-labeledDO11.10CD4þ

T cells did not divide in the control group, but the anti-B7-H1
mAb treatment markedly increased the proportion of divided
cells and the division times (Figure 4b), suggesting increased
proliferation of OVA-specific CD4þ T cells by the anti-B7-H1
mAb treatment. The proportion of interferon-g (IFN-g)-
expressing cells in DO11.10 CD4þ T cells was markedly
enhanced by the mAb treatment, and there was a reciprocal
suppression of the proportion of IL-10þ or Foxp3þ cells
(Figure 4a). The profiles of Foxp3 (forkhead box P3)
expression and cell division showed that anti-B7-H1 mAb
treatment inhibited the proliferation of regulatory T cells
(Tregs) (Figure 4c). Simultaneous staining with interleukin-10
(IL-10) and Foxp3 revealed that the anti-B7-H1mAb treatment
selectively reduced the proportions of the IL-10þFoxp3þ

double-positive Treg fraction but not of the Foxp3� IL-10þ

Tr-1 fraction (Figure 4d). These results suggest that blockade of
KC-associated B7-H1 at the local tissues inhibits activation of
Foxp3þ Tregs in the secondary lymphoid tissues. To confirm
whether the percentage of Tregs in the local tissues was also
inhibited, we examined Foxp3 expression in the tissues. The
number of Foxp3þ cells increased in anti-B7-H1 mAb-treated
tissues, although the total number of CD4þ T cells also
increased significantly (Figure 3aL–N). Quantitative analysis
revealed that, despite the significant increase in infiltrating
CD4þ T cells, the ratio of Foxp3þ cells in CD4þ T cells was
significantly decreased by the anti-B7-H1 mAb treatment
(Figure 3b). These results suggest that local blocking of KC-
associated B7-H1 inhibits both the recruitment of Tregs in the
tissues and activation of Tregs in the regional LNs.
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B7-H1

Abdominal skin

a
Buccal mucosa Dorsal tongue

TPA
b

Ki-67

B7-H1
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Abdominal skin Buccal mucosa Dorsal tongue
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B7-H1
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Figure 2 Expression of B7 homolog 1 (B7-H1) and Ki-67 after topical
painting with 12-O-tetradecanoylphorbol-13-acetate (TPA) or ovalbumin/
2,4-dinitro-1-fluorobenzene (OVA/DNFB). Cryostat sections from the
abdominal skin, buccal mucosa, and dorsal tongue of (a) intact and (b)
TPA-painted mice at 48 h, or (c) OVA/DNFB-painted at 24 h mice were
stained with hematoxylin and eosin (HE), anti-Ki-67, and anti-B7-H1
monoclonal antibody (mAb). Representative images from three
individuals are shown. Scale bars¼ 50mm.
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Tissue-recruiting PD-1þ T cells directly contribute to
B7-H1-mediated protection

To examine the direct contribution of PD-1 expressed on
DO11.10 CD4þ T cells to the regulation of local tissue inflam-
mation, we compared the responses of PD-1� /� and PD-1þ /þ

DO11.10 CD4þ T-cell transfer in the B7-H1/PD-1WKO BM

chimera mice. After 7 days, approximately half of the DO11.10
CD4þ T cells expressed PD-1 in the culture from the PD-1þ /þ

DO11.10 mice, but no expression was seen in the PD-1� /�

DO11.10 CD4þ T cells (Figure 5a). PD-1� /� DO11.10 T cells
proliferated much faster than PD-1þ /þ DO11.10 T cells; how-
ever, the percentages of IFN-gþ or Foxp3þ cells in both cultures
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Figure 3 Topical ovalbumin/2,4-dinitro-1-fluorobenzene (OVA/DNFB) painting induces tissue inflammation in B7-H1 /PD-1 double-knockout (WKO)
bonemarrow (BM) chimeramice, and blockade of B7 homolog 1 (B7-H1) pathway further exacerbates this inflammation. B7-H1/PD-1WKOBM chimera
mice were generated as described in the Methods. Violet tracker-labeled activated DO11.10 CD4þ T cells (2�106 cells/mouse) from RAG2� /�

DO11.10mice were adaptively transferred into intact BALB/c or B7-H1/PD-1WKOBMchimeramice at 1 day before topical OVA/DNFB painting onto the
dorsal tongue. Recipient B7-H1/PD-1WKO BM chimera mice received either control rat IgG or anti-B7-H1 monoclonal antibody (mAb) 2 h before topical
painting. After 48 h, tongue tissues were resected and histologically analyzed. (a) Representative images of mAb staining from three individuals are
shown.Scale bars¼ 50mm.Thin dotted lines in (C) and (G) indicate theposition of basementmembrane. (b)Quantitative analysis for Foxp3andCD4was
performed as described in the Methods. The number of CD4þ T cells and the proportion of Foxp3þ Tregs within KJ1-26þCD4þ T cells in three
high-power field (HPF) images are shown. The values are the mean±s.d. from each group of three mice. HE, hematoxylin and eosin. *Significantly
different (Po0.05).
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were comparable to those before transfer. Consistent with the
results of the anti-B7-H1 mAb treatment, PD-1� /� DO11.10
T-cell transfer elicited severe tissue inflammationwith destruction
of the basal cell layer and abundant CD4þ T-cell infiltration
(Figure 5b). In the regional LNs, total cell numbers, the propor-
tions ofDO11.10CD4þ Tcells, and cell division assessed by violet
tracker dilution were markedly increased by the PD-1� /� T-cell
transfer (Figure 5c,d). The lack of PD-1 on DO11.10 T cells
markedly increased the ratio of IFN-gþ cells and decreased the
proportions of Tregs, especially IL-10þ Tregs (Figure 5d). These
results indicate the direct involvement of PD-1 on DO11.10

CD4þ Tcells in the inhibition of local tissue inflammation. Taken
together, our results suggest that KC-associated B7-H1 directly
interacts with PD-1 expressed on tissue-recruiting effector CD4þ

T cells, resulting in the inactivation of effector T cells and the
generation of IL-10-expressing functional Tregs. KC-associated
B7-H1 may play a crucial role in maintaining tissue homeostasis.

KC-associated B7-H1 downregulates Ag-specific CD4þ

T-cell responses in vitro

To demonstrate the functional involvement of KC-associated
B7-H1 in CD4þ T-cell responses against OVA-Ag in vitro, we
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Figure 4 Blockade of keratinocyte (KC)-associated B7 homolog 1 (B7-H1) enhances T-cell activation in the regional lymph nodes (RLNs). Generation
of B7-H1/PD-1 double-knockout (WKO) bone marrow (BM) chimera mice, DO11.10 CD4þ T-cell transfer, and monoclonal antibody (mAb) treatment
were performed as described in Figure 3. Regional LNs were obtained 48 h after topical painting. After counting, the cells were stimulated with phorbol
12-myristate 13-acetate (PMA) and ionomycin in the presence of breferdin A and then stained with FITC-anti-CD4, APC-anti-Foxp3, PE-anti-IL-10,
and biotinylated-anti-KJ1-26, followed by APC-eFlour780-streptavidine, or the appropriate fluorochrome-conjugated control mAbs. (a) The total cell
number and the proportions of DO11.10 (KJ1-26þ ) CD4þ T cells, IFN-gþ , IL-10þ , or Foxp3þ cells within DO11.10CD4þ T cells are shown. Values are
the mean±s.d. from each group of three mice. Data shown are representative of two independent experiments. *Statistically different (Po0.05). (b)
Violet-tracker dilutions of DO11.10 CD4þ T cells in the control Ig-treated (gray histogram) and anti-B7-H1 mAb-treated (open histogram) mice are
displayed as histograms. (c) Dotted plot profiles of Foxp3 expression and violet dilution are shown. (d) Contour plots of interleukin-10 (IL-10) and Foxp3
(forkhead box P3) expression are shown. Data are representative from three individuals; the values in the profiles are the mean±s.d. from three mice.
*Statistically different from the control group (Po0.05).
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generated a KC-mediated coinhibition assay containing
DO11.10 T cells, OVA-pulsed antigen-presenting cells (APCs),
and KCs. Treatment of a murine KC cell line, Pam 212, with
IFN-g for 24 h markedly enhanced B7-H1 expression, but
slightly induced MHC class II (Figure 6a). To negate involve-
ment of B7-H1 and PD-1 on APCs, BM-derived dendritic cells
(BMDCs)were generated fromB7-H1/PD-1WKOmice. OVA-
pulsed BMDCs from B7-H1/PD-1WKO mice induced high

levels of MHC class II and CD86, but completely lacked B7-H1
and PD-1 (Figure 6b). PreactivatedDO11.10CD4þ T cells and
OVA-pulsed B7-H1�PD-1� BMDCs were added to the
IFN-g-treated KC-seeded wells. DO11.10 CD4þ T cells stimu-
lated with OVA-pulsed B7-H1�PD-1� BMDCs exhibited
multiple cell dilution (maximum division 9) for 48 h, whereas
similar cultures containing IFN-g-treated KCs showed clearly
impaired cell divisions (maximum division 6) and IFN-g
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Figure 5 Deficiency of programmed cell death-1 (PD-1) on T cells accelerates tissue inflammation and regional lymph node (LN) T-cell activation. Cells
from PD-1þ /þ DO11.10 and PD-1� /� DO11.10 mice were cultured in the presence of ovalbumin (OVA) for 7 days. DO11.10 CD4þ T-cell transfer and
OVA/2,4-dinitro-1-fluorobenzene (OVA/DNFB) painting onto the dorsal tongue was performed as described above. (a) Cultured cells were stimulated
and stained with FITC-anti-CD4, PE-anti-IFN-g, PE-Cy7-anti-PD-1, and biotinylated-anti-KJ1-26 monoclonal antibodies (mAbs), followed by APC-
eFlour780-streptavidin, or the appropriate fluorochrome-conjugated control Ig. Expression profiles of PD-1, interferon-g (IFN-g), or Foxp3 (forkhead box
P3) and KJ1-26 in the alive cell gate are shown as pseudocolor dotted plots. Representative data from threemice are shown. Values are the percentages
of the indicated fraction. (b) Tongue tissues were obtained at 48 h after topical painting with OVA/DNFB, and sections were stained with hematoxylin and
eosin (HE) and anti-CD4mAb. Scale bars¼ 50mM. (c,d) Regional LN cells were stained and analyzed as described inFigure 4. Violet-tracker dilutions of
PD-1þ /þ (gray histogram) andPD-1� /� (open histogram)DO11.10CD4þ Tcells are displayed as histograms inc. Representative data from threemice
are shown. Data shown in d are representative from two independent experiments; the values in the profiles are the mean±s.d. from three mice.
*Statistically different (Po0.05).
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expression in a KC-cell number-dependent manner
(Figure 6c,e). The addition of anti-B7-H1 mAb in the
culture mostly rescued the impaired proliferative responses
and IFN-g expression induced by KCs to the comparable levels
with DO11.10 T cells and OVA-pulsed B7-H1�PD-1�

BMDCs alone (Figure 6d,e). The addition of anti-B7-H1
mAb in the culture with DO11.10 T and OVA-pulsed
B7-H1�PD-1� BMDCs in the absence of KCs did not
clearly affect cell division (Supplementary Figure S6),
suggesting that B7-H1 pathway is not involved in the T–T
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Figure 6 B7 homolog 1 (B7-H1)-expressing keratinocytes (KCs) inhibit antigen (Ag)-specific CD4þ T-cell responses in vitro. (a) Pam 212 cells were
stimulated in the presence or absence of interferon-g (IFN-g) for 24 h and cell surface expression of B7-H1 and major histocompatibility complex (MHC)
class II was examined. Expression profiles are shown as histograms with control staining (shaded histograms). (b) Immature bone marrow-derived
dendritic cells (BMDCs) from B7-H1/PD-1 double-knockout (WKO) mice were stimulated with tumor necrosis factor-a (TNF-a) and ovalbumin (OVA) for
24 h and cell surface expression of the indicated antigens was examined by flow cytometry. An electronic gate was placed on CD11cþ lymphocytes and
then expression profiles are displayed as histograms with control staining (shaded histograms). (c, d) Activated DO11.10 CD4þ T cells were used as
responder cells and OVA-pulsed mature B7-H1�PD-1� BMDCs were used as antigen-presenting cells (APCs). Responder T cells and APCs were
added to the Pam 212-preseeded 24-well plate and cultured for 48 h. Cells were stained and analyzed as described in Figures 4 and 5. Violet-tracker
dilutions of DO11.10 CD4þ T cells at the indicated conditions are shown as histograms; T and APC-alone culture (black line), T and APC culture with
keratinocyte (KC)numbersat 1.25� 103 (green line), 2.5�103 (blue line), 5� 103 (shadedhistogramswith red line) cells, andTandAPCculturewithKCs
(5� 103 cells) in the presence of anti-B7-H1 monoclonal antibody (mAb; an open histogram with red line). (e) The percentages of proliferating cells
assessed by over 3 times cell divisions and of IFN-gþ cells within DO11.10 (KJ1-26þ ) CD4þ T cells at the indicated conditions are shown. The
percentages of proliferating cells and IFN-g expression in the DO11.10 CD4þ T-cell culture without APCs and KCs are 4.1% and 1.1%, respectively.
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interaction. These results demonstrated the actual interaction
of B7-H1-expressing KCs with PD-1-expressing activated
CD4þ T cells and their regulatory function in CD4þ T-cell
activation in vitro.

DISCUSSION

We identified the unique expression of B7-H1 on masticatory
mucosae in the oral cavity. Other epithelial structure and
squamous epithelium, including the skin, vaginal mucosa, and
nonmasticatory oral mucosae, do not express B7-H1 in the
steady state. More interestingly, physiological B7-H1 expres-
sion on the masticatory mucosae is limited to prickle cells, and
its expression on basal cells is strictly regulated. This regulation
is consistent in even older tissues. B7-H1 on prickle cells in the
steady state appears to be induced by external dietary physical
stimuli, accompanied by the functions of mastication and
swallowing. In addition, microbial stimuli directly enhance
B7-H1 expression in KCs. Microbial-induced Toll-like recep-
tor-mediated signaling induces B7-H1 expression in gingival
KCs and some cancer cells in vitro.13,14 Both the dorsal tongue
and gingiva possess complex anatomical structures that may
receive various microbial stimuli through the mucosal surface,
especially via the gingival sulcus. In fact, the sulcular epithe-
lium expressed higher levels of B7-H1 (Figure 1) and initiated
stronger MHC class II signals on the sulcular side
(Supplementary Figure S2), suggesting activation of LCs
and recruitment of interstitial DCs. This indicates that immune
cell-related action, in addition to external stimuli, further
augments the upregulation of B7-H1 on prickle cells. Induction
of B7-H1 on basal KCs appears to be closely correlated with
infiltrating mononuclear cells under the epithelium. Topical
OVA/DNFB painting with DO11.10 T-cell transfer induced
substantial CD4þ T-cell infiltration, whereas OVA/DNFB
painting alone without T-cell transfer induced minimal
infiltration. We previously demonstrated B7-H1-expressing
KCs near the basement membrane in oral tissues from patients
with oral lichen planus.15 Because IFN-g is a potent cytokine for
B7-H1 induction,8 IFN-g secreted from recruiting effector
CD4þ T cells augments B7-H1 expression in KCs from the
internal side. Even in the physiological status, tissue-recruiting
resident T cells increased age dependently and IFN-g secreted
by such T cells may contribute to upregulation of B7-H1. We
previously demonstrated nonfunctional expression of B7-DC
(another ligand for PD-1) on cultured human KCs in vitro.15 In
this study, substantial B7-DC expression onKCs in vivowas not
detected in both steady and inflammatory states. Although PD-
1 expression has been reported on murine DCs under some
conditions and in human immature LCs,16,17 we could not
detect clear PD-1 expression in LCs and interstitial DCs. In
addition, no B7-H1 expression was seen on the cells with LC-
like morphology in both steady and inflammatory status.
Further studies are required to clarify the roles of prickle
cell-associated B7-H1 in the masticatory mucosae under the
steady state.

Here, we clearly demonstrated the substantial contri-
bution of KC-associated B7-H1 in the regulation of CD4þ

T cell-mediated local tissue inflammation. Recent reports
demonstrated the involvement of KCs in CD4þ T-cell
responses used an endogenous self-Ag system.18,19 Here, we
demonstrate for the first time the direct involvement of KCs in
CD4þ T-cell responses in an exogenous Ag system. In our
experimental setting, PD-1 was inducible only on transferred
OVA-specific effector DO11.10 CD4þ T cells, and host-
derived APCswere unable to express B7-H1. Thus, it is possible
that interaction occurs between the PD-1 on tissue recruiting
effector T cells and B7-H1 on KCs. KCs can induce MHC class
II under inflammatory conditions or pathological change as
nonprofessional APCs in both humans and mice.20,21 Indeed,
we found that some KCs expressed MHC class II in the OVA/
DNFB-painted dorsal tongue, and its expression was further
heightened in tissues from T cell-transferred PD-1/B7-
H1WKOBMchimeramice and the anti-B7-H1mAb treatment
(Supplementary Figure S5). Nevertheless, the Ags in this study
were exogenous protein Ags; therefore, KCs failed to efficiently
present exogenous Ags onMHC class II, although KCs are able
to present endogenous self-Ags.22 A more favorable explana-
tion is that B7-H1-expressing KCs provide trans-coinhibitory
signals to the PD-1-expressing recruiting T cells that receive the
first signals via local professional APCs (LCs and interstitial
DCs). It has been shown that ‘‘cis-costimulation’’ that delivers
the first signal and the second costimulatory signal from one
cell elicits much more efficient T-cell activation than ‘‘trans-
costimulation’’ that delivers the first and second signals from
separate cells.23 However, trans-costimulation functions under
some conditions in vivo (e.g., under high B7 expression or the
weak requirement of the first signal).24–26 Tissue-recruiting
effector T cells are already primed and activated, and therefore
may not require strong T cell receptor (TCR) signals from
professional APCs. Indeed, we could demonstrate KC-
mediated trans-coinhibition by co-culture experiments with
CD4þ T cells, BMDCs, and KCs.

It is notable that blocking of the KC-associated B7-H1 at the
local side enhanced Ag-specific T-cell responses in the regional
LNs, suggesting modulation of Ag-captured DCs at the
peripheral side. Blockade of KC-associated B7-H1 pathway
augmented effector T cells and inhibited Foxp3þ Tregs at both
peripheral and secondary lymphoid tissues. We previously
demonstrated that blockade of the PD-1:B7-H1 pathway
reduced T-cell motility, resulting in prolonged T cell-DC
engagement.27 It is possible that blocking of KC-associated
B7-H1 influences T-cell/DC interaction and that the enhanced
T-cell activation modulates local cytokine profiles, resulting in
further recruitment and activation of DCs at the local site. In
addition, our results showed that blocking of KC-associated
B7-H1 especially inhibited IL-10 expression by Tregs. This was
consistent with previous reports that B7-H1-expressing KCs
induce local immune tolerance by activating IL-10-secreting
T cells.28,29

In summary, we demonstrate the physiological expression of
B7-H1 in the oral masticatory mucosae and the specific
regulation of B7-H1 expression in basal KCs. B7-H1 that is
expressed on KCs protects against excess tissue damage via the
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direct interaction with PD-1-expressing tissue-recruiting
CD4þ T cells that respond to exogenous Ags delivered
through the mucosal surface. Trans-coinhibitory signals by
KCs modulate both local T-cell and DC activation and regulate
T-cell immune responses at the peripheral and the secondary
lymphoid tissues. Fine-tuning the control of B7-H1 induction
in KCs may play a crucial role in mucosal homeostasis and
protection from excess immune responses in disease.

METHODS

Mice. Female 5–7-week-old BALB/c mice were purchased from
Japan SLC (Hamamatsu, Japan). B7-H1� /� mice in the C57BL/6
background (B7-H1KO/B6)30 and PD-1� /� mice in the BALB/c
background (PD-1KO/c)31 were kindly provided by Lieping Chen
from John Hopkins University (Baltimore, MD) and Tasuku Honjo
fromKyotoUniversity (Kyoto, Japan) through RIKENRBC (Tsukuba,
Ibaraki, Japan), respectively. B7-H1KO/B6 was backcrossed at least 10
generations to BALB/c, and B7-H1� /� mice on the BALB/c back-
ground (B7-H1KO/c) were obtained. B7-H1� /� PD-1� /� WKO
mice were generated by breeding B7-H1KO/c to PD-1KO/c mutants.
RAG2� /� DO11.10 TCR transgenic mice32,33 were kindly supplied
by Ko Okumura. RAG2� /� DO11.10 PD-1KO mice were generated
by breeding RAG2� /� DO11.10 TCR to PD-1� /� mutants. Crosses
were confirmed using flow cytometry with KJ1-26 (specific for the
DO11.10 TCR), anti-B7-H1, or anti-PD-1mAb andDNA genotyping.
All mice weremaintained under specific pathogen-free conditions and
used according to institutional guidelines. All procedures were
reviewed and approved by the animal care and use committee of Tokyo
Medical and Dental University.

Topicalapplication tooralmucosaandskin. Under anesthesia with a
ketamine/xylazine mixture, 5 ml each of the following reagents were
applied onto the dried surface of the dorsal tongue or the right side of
the buccal mucosa. For skin painting, 20 ml of each reagent was applied
to the shaved abdominal skin. TPA (400 mgml� 1 for the oral mucosa
and 250 mgml� 1 for the skin, diluted in phosphate-buffered saline,
Sigma-Aldrich, St Louis, MO), DNFB (0.2% dissolved in acetone/olive
oil, 4:1, Sigma-Aldrich), and OVA (100mgml� 1 in phosphate-
buffered saline, Sigma-Aldrich) were used. For topical applicationwith
OVA/DNFB, DNFB was applied first, followed by OVA.

Immunohistochemistry. Skin and mucosal tissues were surgically
dissected, embedded inTissue-Tek (Sakura, Tokyo, Japan), frozen, and
stored at � 80 1C until use. Cryostat sections were fixed in cold
absolute acetone and subjected to enzymatic immunohistochemistry
as described previously.34 Briefly, after blocking with rabbit and rat
serum, sections were incubated with primary mAbs against B7-H1
(MIH6, rat IgG2a), PD-1 (RMPI-14, rat IgG2a), CD4 (RM4-5, rat
IgG2a), Foxp3 (FJK-16s, rat IgG2a), and Ki-67 (SolA15, rat IgG2a), or
isotype control rat Igs; this was followed by biotinylated anti-rat IgG
(Vector Laboratories, Burlingame, CA). For MHC class II staining,
biotinylated anti-MHC class II (M5/114, rat IgG2b) was used. All
incubation steps, except for anti-PD-1 mAb, were performed in a
microwave processor (MI-7, Azumaya, Tokyo, Japan). Antibody
binding was detected using avidin-biotin-peroxidase complex system
(Vectastain; Vector Laboratories), visualized with the substrate
diaminobenzidine, and counterstained with hematoxylin.
Quantitative analysis for Foxp3 and CD4 was performed to select

three continuous high-power field images (� 200) that contained the
basal layer in the center of each section. Positive cell numbers were
counted on the print-out image and verified by two independent
investigators.

Generation of dorsal tongue inflammation by DO11.10 T-cell

transfer and OVA painting. A mixture of splenocytes and LN cells
fromRAG2� /� DO11.10 or RAG2� /� DO11.10 PD-1KOmice were

stimulated with OVA protein (0.5mgml� 1) and recombinant IL-2
(5 ngml� 1 at the final concentration; eBioscience, SanDiego, CA)was
added on day 3. Cultured cells were harvested on day 7 and dead cells
were depleted by density gradient centrifugation. Over 98% of
CD3þCD4þKJ1-26þ DO11.10 T cells were confirmed by flow
cytometry. Cells were labeled with violet tracker (CellTrace Violet Cell
proliferation Kit, Invitrogen, Carlsbad, CA) according to the man-
ufacture’s protocol. Violet-labeled activated DO11.10 CD4þ T cells
(2� 106) were transferred and OVA/DNFB was then topically applied
to the dorsal tongue after 24 h. For the mAb blocking experiments,
each group of mice received an intraperitoneal injection of 500 mg of
control rat IgG (Cappel) or anti-B7-H1mAb (MIH5) 2 h before topical
painting. At 48 h after the topical painting, regional (cervical and
submandibular) LNs and tongue tissues were obtained for the flow
cytometry and histological analyses, respectively.

Generation of BM chimera mice. BALB/c-recipient mice received a
lethal dose of irradiation (7Gy) using a 137Cs g-irradiator (IBL437C,
CIS Bio International, Bangnols sur Ceze, France), and then erythro-
cyte-depleted BM cells (2� 107 cells) from 6-week-old B7-H1/
PD-1WKO mice were intravenously transferred. In a prior experi-
ment, the reconstitution of hematopoietic cells and the recovery of
body weight were confirmed at 4 weeks. At 5 weeks after the irra-
diation, transfer of DO11.10 T cells and topical painting of OVA/
DNFB were performed, as described above.

Multicolor immunofluorescence. Regional LN cells were isolated
using collagenase I, as described previously.34 Cells were stimulated
with phorbol 12-myristate 13-acetate and ionomycin in the presence of
brefeldin A for 4 h, and multicolor staining for cell surface Ags and
intracellular cytokines and transcription factors were performed, as
described previously.35 For cell surface staining, PerCP-Cy5.5-con-
jugated anti-CD4 (RM4-5) and biotinylated-anti-KJ1-26 mAbs,
followed by APC-eFlour780-streptavidin, were used. For intracellular
staining, FITC-conjugated anti-IFN-g (XMG1.2, rat IgG1), PE-anti-
IL-10 (JES5-16E3, rat IgG2b), and APC-anti-Foxp3 (FJK-16s, rat
IgG2a), or appropriate fluorochrome-conjugated isotype control Igs,
were used. The protocol for intracellular staining was followed by the
Foxp3 staining procedure. All mAbs were obtained from Affymetrix/
eBioscience (San Diego, CA) or BD-Pharmingen (San Diego, CA).
Stained cells were analyzed using a FACSVerse (BD Biosciences,
San Jose, CA) with FACSuite software. Data were analyzed using a
FlowJo software (Tree Star, Ashland, OR).

KC-mediated coinhibition assay. Immature BMDCs from B7-H1/
PD-1WKO BM cells were generated in the presence of GM-CSF for 6
days as described previously.36 Collected immature BMDCs were
pulsed with OVA (0.1mgml� 1) in the presence of a maturation
stimulus, tumor necrosis factor-a (10 ngml� 1, eBioscience), for an
additional 24 h. Pam 212 cells (a murine KC cell line, BALB/c origin)
were prestimulated with or without IFN-g (10 ngml� 1, eBioscience)
for 24 h in a 24-well plate. Violet-labeled activated DO11.10 CD4þ T
cells (2.5� 105 cells per well) and OVA-pulsed B7-H1/PD-1WKO
BMDCs were added to the Pam 212-preseeded wells in the presence of
either control rat IgG or anti-B7-H1 mAb (MIH5, 20 mgml� 1), and
cellswere cultured for 48 h.Cultured cellswere stained and analyzed by
flow cytometry as described above.

Statistical analysis. Statistical analyses were performed by Mann–
Whitney U-test. Values of Po0.05 were considered significant.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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