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T-cell tolerance is the central program
that prevents harmful immune responses
against self-antigens, in which inhibitory
PD-1 signal given by B7-H1 interaction
plays an important role. Recent studies
demonstrated that B7-H1 binds CD80 be-
sides PD-1, and B7-H1/CD80 interaction
also delivers inhibitory signals in T cells.
However, a role of B7-H1/CD80 signals in
regulation of T-cell tolerance has yet to be
explored. We report here that attenuation
of B7-H1/CD80 signals by treatment with

anti-B7-H1 monoclonal antibody, which
specifically blocks B7-H1/CD80 but not
B7-H1/PD-1, enhanced T-cell expansion
and prevented T-cell anergy induction. In
addition, B7-H1/CD80 blockade restored
Ag responsiveness in the previously aner-
gized T cells. Experiments using B7-H1 or
CD80-deficient T cells indicated that an
inhibitory signal through CD80, but not
B7-H1, on T cells is responsible in part for
these effects. Consistently, CD80 expres-
sion was detected on anergic T cells and

further up-regulated when they were re-
exposed to the antigen (Ag). Finally, block-
ade of B7-H1/CD80 interaction prevented
oral tolerance induction and restored
T-cell responsiveness to Ag previously
tolerized by oral administration. Taken
together, our findings demonstrate that
the B7-H1/CD80 pathway is a crucial regu-
lator in the induction and maintenance of
T-cell tolerance. (Blood. 2010;116(8):
1291-1298)

Introduction

B7-H1 (CD274, PD-L1), a transmembrane glycoprotein belonging
to immunoglobulin (Ig) superfamily molecule, plays an integral
role in the regulation of immune tolerance and homeostasis.! Mice
deficient of B7-H1 gene or wild-type mice treated with anti-B7-H1
blocking monoclonal antibody (mAb) exhibit exacerbated autoim-
mune phenotypes associated with an activation of self-reactive
CD4" and CD8" T cells.>> Tolerogenic functions of B7-H1 are
dependent on its expression on hematopoietic or parenchymal cells,
and mediated by its interaction with PD-1 receptor.®® PD-1 is inducibly
expressed on T cells after activation and delivers coinhibitory signals via
immunoreceptor tyrosine-based switch motif in the cytoplasmic do-
main.>!? PD-1 signal interferes with phosphatidylinositol-3-kinase (PI3K)
activity and subsequently inhibits interleukin-2 (IL-2) production, which
eventually renders T cells anergic.!" The mice deficient of PD-1 gene
spontaneously develop autoimmune phenotypes, and single nucleotide
polymorphisms of human PD-1 gene are associated with an increased
risk of autoimmune diseases.'>10

Recent studies by Butte et al discovered that B7-H1 interacts with
CD80 (B7-1) in addition to PD-1.1718 In vitro studies using CD4+
T cells deficient of PD-1, CD28, and/or CTLA-4 indicated that
B7-H1/CD80 interaction delivers bidirectional inhibitory signals to
T cells.”” These findings are consistent with previous observations
implicating the presence of non-PD-1 receptor(s) of B7-H1. For
instance, when the B7-H1/PD-1 interaction is blocked in models of
T-cell tolerance, the effects of anti-B7-H1 antagonistic mAb in restoring

T-cell functions were more vigorous than that mediated by anti—PD-1
antagonistic mAb.">?! These results have been observed in multiple
experimental systems using distinct clones of anti-B7-H1 and anti—
PD-1 mAbs. Thus, a potential role of non—PD-1 inhibitory receptor of
B7-H1 has been suggested in T-cell tolerance regulation. However, it
remains unknown whether CD80 interaction with B7-H1 is responsible
for these observations and, if so, how this interaction affects T-cell
tolerance in physiologic or pathologic conditions in vivo.

Potential difficulties of functional studies of the B7-H1/CD80
pathway reside in its complexity of the ligand-receptor interactions.
B7-H1 binds both PD-1 and CD80, while CD80 interacts with
CD28 and CTLA-4 in addition to B7-H1. Thus, genetic ablation of
B7-H1 or CD80 results in a loss of multiple receptor interactions
and hardly addresses selective functions of B7-H1/CD80 pathway.
Because of this, we selected an approach to generate anti-B7-H1
mAb that specifically interferes with B7-H1/CD80 but not B7-H1/
PD-1 interaction. By capitalizing on this mAb, we explored a
crucial role of B7-H1/CD80 pathway in the induction and mainte-
nance of peripheral T-cell tolerance in vivo.

Methods
Mice

Female C57BL/6 (B6) and B6-background CD80-knockout (KO) mice
were purchased from the National Cancer Institute and The Jackson
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Laboratory, respectively. OTA-specific CD8 (OT-I) T-cell receptor (TCR)—
transgenic mice were purchased from Taconic. B6-background B7-H1-KO
mice were originally generated by L.C. B7-H1-KO OT-I mice and
CD80-KO OT-I mice were generated by backcrossing OT-I transgenic mice
with B7-H1-KO and CD80-KO mice, respectively. The genotypes of these
mice were validated by a flow cytometry using H-2KYOVA tetramer and
PCR of genomic DNA. All mice were maintained under specific pathogen-
free conditions and were used at 610 weeks of age. All animal experiments
were approved by the Animal Care and Use Committee at the Johns
Hopkins University and the University of Maryland Baltimore.

Peptide, tetramer, and antibodies

The OVAjs7a64 peptide (SIINFEKL), an H-2Kb’-restricted cytotoxic
T lymphocytes (CTLs) epitope derived from chicken ovalbumin (OVA),
was purchased from GenScript. Anti-mouse B7-H1 mAb clone 43H12 was
generated by immunizing Lewis rats with mouse B7-H1-Ig fusion protein
according to our established method.??> Anti-mouse B7-H1 mAb clone
10B5 was established as described.? Isotype-matched control rat IgG or
hamster IgG were purchased from Rockland. Allophycocyanin-conjugated
anti-mouse CD8 mAb and fluorescein isothiocyanate (FITC)—conjugated
anti-mouse CD80 mAb were purchased from eBioscience. Phycoerythrin
(PE)—conjugated H-2KY/OVA tetramer was purchased from Beckman
Coulter. FITC-conjugated anti-human IgG, anti-rat IgG, and anti-mouse
IgG Abs were purchased from Invitrogen.

Fusion proteins

Recombinant proteins of mouse B7-H1 or PD-1 extracellular domain fused
with human IgG1 Fc region were purchased from R&D Systems. Chimeric
genes of the extracellular domain of mouse CD80 or B7-DC (PD-L2,
CD273) fused with mouse IgG2a Fc were constructed in plasmid containing
mouse IgG2a Fc (pMIgV) vector, as previously reported.”* Proteins were
expressed in CHO cells by gene transfection and isolated by protein A
affinity column. Similarly, fusion proteins of mouse B7-H3 or B7-H4
extracellular domains linked with human IgG1 Fc region were constructed
in plasmid containing human IgGl Fc (pHIgV) vector, followed by
expression and isolation.?* Purity of the isolated proteins was assessed by
enzyme-linked immunosorbent assay (ELISA) and sodium dodecy! sulfate—
polyacrylamide gel electrophoresis. Biotin conjugation of fusion proteins
was performed using EZ-link Sulfo-NHS-Biotin reagents purchased from
Thermo Scientific.

Flow cytometric analysis and ELISA

Specific binding of 43H12 with mouse B7-Hl and its capability of
selectively blocking B7-H1/CD80 interaction was assessed by flow cytomet-
ric analysis and ELISA, according to our previous studies.”> In flow
cytometry, Ab binding was detected by LSR II (BD Biosciences) and
analyzed by FlowJo Version 8.8.6 software (TreeStar). In ELISA, Ab
interaction with fusion proteins immobilized on ELISA plates was visual-
ized by tetramethylbenzidine-based chromogenic assay and optical density
(0.D.) at 450 nm was measured by Biotrak II plate reader (Amersham
Biosciences).

In vitro T-cell proliferation assay

In vitro T-cell costimulatory assay was conducted as previously reported.?
Briefly, 96-well culture plates were first coated with 0.5 pg/mL anti-CD3
mAb and then with 10 pg/mL mouse B7-HI-human Fc fusion or control
human Fc protein. Naive T cells isolated from spleen and lymph nodes (LN)
of CD80-KO mice were cultured in these wells at 1.5 X 10° cells/mL in the
presence of 10 pwg/mL 43H12 or control rat IgG. Proliferative activity of
T cells was assessed by an incorporation of *H-thymidine during the last
6 hours of 2 days of culture.

In vivo anergy model of OVA-reactive OT-I T cells

OT-I T cells were anergized by intravenous injection of OVA peptide,
according to our previous studies with some modifications.?!?” First, CD8*
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T cells were isolated from the spleen and LN of wild-type (WT) OT-I,
B7-H1-KO OT-1, or CD80-KO OT-I mice by negative selection using
MACS (Miltenyi Biotech). Purity of the isolated OT-I CD8* T cells was
confirmed by a flow cytometry, and was constantly more than 85%. The
purified cells were injected intravenously into WT B6 mice or CD80-KO
mice at a dose of 1 X 106 cells/mouse. After 24 hours, the recipient mice
were injected intravenously with 0.5 mg of OVA;s7.64 peptide. For mAb
treatment, mice were given intraperitoneally with 200 pg of 43H12 or
control rat IgG at the indicated time points. Spleen or peripheral blood
mononuclear cells were harvested later, and the percentage of OT-I CD8*
T cells was assessed by flow cytometry.

Assays of in vivo BrdU uptake and annexin V staining

CD8" T cells from OT-I transgenic mice were transferred intravenously
into B6 mice. After 24 hours, mice were given 0.5 mg of OVA;s7.264 peptide
intravenously and treated with 200 pg of 43HI2 or control rat IgG
intraperitoneally on the day of peptide injection and 3 days later. Two or
4 days after peptide injection, the mice were treated with BrdU (100 pg/
mouse; Sigma-Aldrich) intraperitoneally, and spleens was harvested 24 hours
after BrdU injection. BrdU incorporation of OT-I CD8* T cells was
assessed by BrdU flow kit (BD Biosciences) along with staining by
allophycocyanin-conjugated anti-CD8 mAb and PE-conjugated H-2K"/
OVA tetramer, according to the manufacturer’s instructions.

For annexin V staining, 1 X 10° OT-I cells were transferred intrave-
nously into B6 mice, which were then given 0.5 mg of OVAjs7.564 peptide
intravenously and treated with 200 wg of 43HI12 or control rat IgG
intraperitoneally, as described in the previous paragraph. Four days after
peptide administration, spleens were harvested and the percentage of
annexin V—positive cells in OT-I T cells was assessed by flow cytometry
using FITC-conjugated annexin V (BD Biosciences), allophycocyanin-
conjugated anti-CD8 mAb, and PE-conjugated H-2KY/OVA tetramer,
according to the manufacturer’s instructions.

Induction and assessment of oral tolerance

B6 mice were given drinking water supplemented with 0.2 mg/mL OVA
(Grade 5; Sigma-Aldrich) from day O to day 7. OVA-containing drinking
water was replenished every other day. On day 14, the mice were
immunized subcutaneously with 50 g of OVA emulsified in 50 pL of
Complete Freund Adjuvant (CFA) (Sigma-Aldrich). The mice were treated
intraperitoneally with 150 wg of 43H12 or control rat IgG on days 0, 4, 8,
and 12 for prevention model or on days 14 and 17 for recovery model. In
both models, draining axillary and inguinal LNs were harvested on day 21
and cultured in vitro at 2 X 106 cells/mL in the presence of indicated doses
of OVA protein (EndoGrade; Profos AG). The culture supernatants were
harvested at indicated time points, and the concentrations of interferon-y
(IFN-v), IL-2, IL-4, and IL-17 were measured by ELISA Kits (eBioscience).
Proliferative activity of the incubated cells was assessed by H-thymidine
incorporation during the last 10 hours of 3 days of culture.

Statistical analysis

The 2-tailed student ¢ test was used to compare 2 groups. P values less than
.05 were considered significant.

Results

Anti-B7-H1 mAb 43H12 attenuates B7-H1/CD80 but not
B7-H1/PD-1 interaction

To elucidate immunologic functions of B7-H1/CD80 pathway in
vivo, we generated 43H12, a clone of anti-mouse B7-H1 mAb that
selectively interferes with B7-H1/CD80 but not B7-H1/PD-1
interaction. First, staining of B7-H1-expressing cells by 43H12 was
confirmed by a flow cytometric assay (Figure 1A). Specificity of
43H12 was assessed by ELISA, in which 43H12 showed a
dose-dependent interaction with mouse B7-H1 protein but not with

20z aunr || uo3senb Aq jpd'L6Z1000 | #E08UZ/0ZYYEE L/LEZL/8/9L L/4Pd-BloIE/POOIq/ABU  Suolelgndyse//:dny woly papeojumoq



BLOOD, 26 AUGUST 2010 - VOLUME 116, NUMBER 8

A 293T/mock B

0.12
0.1
FC o 0.08
293T/B7-H1 o 006
0.04
0.02
0 4o
; 0 0.06 012 025 05 1 2
109 10! 102 103 10t 43H12 (ug/mL)
43H12 —»
C Binding with E
60
CD80 PD-1
50

Cont Ig

‘ ' 43H12
e
10B5 0
Cont Ig 43H12

W e

CPM (x1000)
w
o

g

d

100
80
60
40
20

Stained cells (%)

0 003 01 03 1 3 10
43H12 (ug/sample)

Figure 1. Selective blockade of B7-H1/CD80 interaction by anti-B7-H1 mAby
clone 43H12. (A) 293T cells transfected with mock or mouse B7-H1-encoding
plasmids were stained with 1 g/mL anti-B7-H1 monoclonal antibody (mAb) clone
43H12 (black histogram) or control ratimmunoglobulin (IgG; gray histogram) followed
by fluorescein isothiocyanate (FITC)—conjugated anti—rat IgG. Binding of 43H12 to
B7-H1 was analyzed by flow cytometry. (B) ELISA plate was coated with 2 pug/mL
mouse B7-H1-Fc (®), mouse CD80-Fc (O), mouse B7-DC-Fc ([J), mouse B7-H3-Fc
(A), or mouse B7-H4-Fc () fusion proteins. Indicated doses of 43H12 were added
into wells and its binding with the coated proteins were detected by horseradish
peroxidase (HRP)—conjugated anti—rat IgG antobody (Ab). Average = SD of optical
density (O.D.) from triplicate wells are shown. (C) 293T cells transfected with
plasmids encoding mock (gray histogram) or B7-H1 (black histogram) were incu-
bated with 2 pg/mL biotin-conjugated CD80-Fc (left panels) or PD-1-Fc (right panels)
fusion proteins in the presence of 2 ug/mL 43H12, 10B5, or control rat IgG. The
staining of fusion proteins were detected by streptavidin-PE in flow cytometry. (D)
293T cells transfected with plasmids encoding B7-H1 were stained with CD80-Fc (O)
or PD-1-Fc (@) fusion proteins in the presence of indicated doses of 43H12.
Percentage of positively stained cells was assessed by flow cytometry. (E) T cells
isolated from CD80-knockout (KO) mice were stimulated with anti-CD3 mAb together
with immobilized B7-H1-Fc (m) or control human Fc (J) in the presence of soluble
43H12 or control rat IgG. Proliferation of the culture cells were assessed by
3H-thymidine incorporation. All experiments were repeated at least 3 times and
representative data are shown.

other B7 family proteins including CD80, B7-DC, B7-H3, and
B7-H4 (Figure 1B). Selective interaction of 43H12 with B7-H1 but not
other B7 family molecules was also confirmed by a flow cytometry
using cell lines expressing CD80 or CD86 (data not shown).

Next, a potential of 43H12 to block interactions between B7-H1
and its receptors was examined by flow cytometry. Inclusion of
43H12 completely abolished staining of mouse B7-Hl-positive
cells with mouse CD80-Fc fusion protein, but not mouse PD-1-Fc
protein (Figure 1C). In contrast, other clones of anti-mouse B7-H1
mAb including 10BS and MIHS, which were previously developed
by our group or others,??% blocked both B7-H1/CD80 and
B7-H1/PD-1 interactions (Figure 1C and data not shown). The
specificity of 43H12 to block B7-H1/CD80 was further tested by
titration assay, in which as low as 0.3 g of 43H12 was sufficient to
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completely attenuate a binding of CDS80-Fc with B7-HI-
expressing cells, while PD-1-Fc binding with the same cells was
not interfered at all even with 10 ng of 43H12 (Figure 1D). In
addition, coinhibitory effect of B7-H1-Fc protein on the prolifera-
tion of CD80-KO T cells was not abrogated in the presence of
43H12 (Figure 1E), further indicating a negligible effect of 43H12
on the functions of B7-H1/PD-1 pathway. Thus, 43H12 is antago-
nistic highly selectively to B7-H1/CD80 interaction, endorsing its
capacity as a means to exploring B7-H1/CD80 functions. Interac-
tion of 43H12 with B7-H1 did not modify expression levels of
B7-H1 on cell surface (supplemental Figure 1, available on the
Blood Web site; see the Supplemental Materials link at the top of
the online article), indicating that the effects of 43H12 are not
caused by nonspecific down-regulation or internalization of B7-H1.

Blockade of B7-H1/CD80 interaction enhances Ag-specific
T-cell expansion

To explore in vivo functions of B7-H1/CD80 interaction, we employed
a model in which OVA-reactive OT-I T cells undergo activation in
response to intravenous injection of high-dose OVAss7.264 peptide. In
this model, OT-I T cells show transient expansion followed by activation-
induced apoptosis (ie, contraction phase), and eventually undergo
anergic status in chronic phase.”” Our recent studies using this model
revealed that treatment with 10B5, anti—-B7-H1 blocking mAb, acceler-
ated expansion of OT-I T cells in early priming phase and resulted in
prevention and recovery from T-cell anergy.?! However, because 10B5
interferes with both B7-H1/PD-1 and B7-H1/CD80 interactions (Figure
1C), a selective role of B7-H1/CD80 in T-cell priming and anergy
induction remains unclear. Therefore, we addressed this question by
applying 43H12 to this model. 43H12 treatment significantly prolonged
the expansion period of OT-I T cells, by which expansion peak shifted
from day 3 to day 5 (Figure 2A). 43H12 treatment induced OT-I T-cell
expansion up to 30% of total CD8" T cells, which was twice as high as
that in control mice. Expansion level of OT-1 T cells by 43H12 treatment
was less drastic compared with the effect of 10B5 in the same model,!
demonstrating distinct features of these mAbs, that is, blockade of
B7-H1/CD80 alone versus dual blockade of B7-H1/CD80 and B7-H1/
PD-1. In 43H12-treated mice, OT-I T cells gradually contracted after
initial expansion, while the numbers of OT-I T cells were constantly
higher than those in control Ig-treated mice (Figure 2A). Thus, our result
demonstrated an enhanced T-cell response in the presence of 43H12,
indicating an inhibitory function of B7-H1/CDS8O0 interaction in T-cell
activation in vivo.

To explore the immunologic mechanisms of the effects of
43H12, we next assessed in vivo proliferation and apoptosis of
OT-IT cells by BrdU uptake and annexin V staining assays. 43H12
treatment did not affect BrdU incorporation in OT-I T cells in the
early expansion phase during day 2 to day 3 after OVA injection
(Figure 2B). In control mice, OT-I T cells contracted its prolifera-
tion after day 3, and only 20% of them showed BrdU positive
during day 4 to day 5. In contrast, OT-1 T cells in 43H12-treated
mice sustained BrdU incorporation in which 55% of cells remained
BrdU-positive in this time. These results were concordant with the
finding that 43H12 treatment had no effects on OT-I T-cell number
until day 3, but it induced continuous expansion of OT-I T cells
until day 5 after OVA injection (Figure 2A). On the other hand,
percentages of annexin V—positive cells in OT-I T cells were
comparable between 43H12- and control Ig-treated mice (Figure
2C), suggesting a negligible role of 43H12 in T-cell apoptosis.
These results together indicate that signals delivered by B7-H1/
CD80 interaction mediate inhibitory effects on late expansion
phase of antigen (Ag)—induced T-cell responses.
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Figure 2. Enhanced expansion of Ag-reactive CD8* T cells by blockade of
B7-H1/CD80 interaction. B6 mice were transferred intravenously with OTA-specific
CD8 (OT-I) T cells and injected intravenously with 0.5 mg of OVAzs7.064 peptide. On
day of peptide injection and 3 days later, the mice were treated intraperitoneally with
200 pg of 43H12 or control rat IgG. (A) PBMCs were harvested at the indicated time
points, and a percentage of OT-I T cells in total CD8-positive cells was assessed in
the 43H12-treated (@) or control IgG-treated (O) mice by flow cytometry. The data are
shown as mean + SEM. (B) Mice were given 100 p.g of BrdU intraperitoneally on day
2 (top panels) or day 4 (bottom panels) after OVA peptide injection. Twenty-four hours
after BrdU injection, spleen cells were harvested and BrdU incorporation in CD8/OVA-
tetramer double-positive OT-I T cells was analyzed by flow cytometry (black
histogram). As background level, OT-I T cells in the mice without BrdU administration
were stained similarly (gray histogram). (C) Spleen cells were harvested 4 days after
OVA peptide injection and annexin V staining in CD8/OVA-tetramer double-positive
OT-I T cells was analyzed by flow cytometry (black histogram). Background level
without annexin V staining is also shown (gray histogram). All experiments were
independently repeated at least 3 times, and the representative data are shown. The
numbers in the histogram indicate the percentage of positively stained cells.

Effects of 43H12 are mediated by blockade of CD80 signal
inTcells

Previous studies indicated that B7-H1 and CD80 delivers inhibi-
tory signals into T cells in bidirectional fashion.!” Therefore, we
next explored which of B7-H1 or CD80, or both, are responsible as
inhibitory receptor(s) on OT-I T cells in our model. First, we
employed CD80-KO mice as hosts of OT-I1 T-cell transfer. In these
conditions, expression of CD80 was ablated in all immune and
nonimmune cells other than donor OT-I T cells. 43H12 treatment
induced profound expansion of OT-I T cells even in CD80-KO
hosts at a level comparable with that observed in WT hosts (Figure
3A). These results suggest that CD80 on non-T cells including
antigen-presenting cells (APC) plays a dispensable role in the
effects of 43H12. Because CD80-KO mice ablate its functions not
only through B7-H1 but also CD28/CTLA-4 interactions, we
further tested the effects of 43H12 in the presence or absence of
anti-CD80 mAb 16-10A1, a clone that blocks CD80 binding to
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Figure 3. A role of T cell-associated CD80 in the inhibitory effects of B7-H1/
CDB80 interaction. (A) WT B6 mice or CD80-KO mice were transferred intravenously
with OT-l T cells. In panel B, B6 mice were transferred intravenously with WT,
B7-H1-KO, or CD80-KO background OT-I T cells. In both settings, the recipient mice
were injected intravenously with 0.5 mg of OVAzs7.064 peptide, and treated intraperito-
neally with 200 pg of 43H12 or control rat IgG on day of peptide injection and 3 days
later. Splenocytes were harvested 5 days after peptide injection, and the percentage
of OT-I T cells in CD8-positive population was assessed by flow cytometry. (C) B6
mice were transferred intravenously with OT-I T cells and injected intravenously with
0.5 mg of OVAzs7.264 peptide. On day 3 and day 5, CD8/OVA-tetramer double-positive
OT-I T cells was stained with anti-CD80 mAb and analyzed by flow cytometry (gray
histogram). Nonstained background levels of the same cells are also shown (open
histogram). All experiments were repeated at least 3 times, and the representative
data are shown. The numbers in the histogram indicate the percentage of positively
stained cells.

CD28/CTLA-4 but not B7-H1.'82 OT-I T-cell expansion induced
by 43H12 treatment was not affected by an coadministration of
16-10A1 (supplemental Figure 2). These results indicate that loss
of CD80-CD28/CTLA-4 interaction does not manipulate the
effects of 43H12, thus validating our findings in the model using
CD80-KO mice. We further attempted to use B7-H1-KO mice as
hosts of OT-I T-cell transfer to explore a role of B7-H1 on APC.
However, OT-I T cells transferred into B7-H1-KO mice profoundly
expanded without any treatments due to a loss of PD-1 signal as we
previously reported.?' Although 43H12 injection in such condition
did not induce further expansion of OT-1 T cells (data not shown),
the high background number of OT-I T cells hindered our
assessment on a role of B7-H1 associated with APC.

Therefore, we next applied distinct approaches, in which OT-I
T cells deficient of B7-H1 or CD80 were transferred as donor cells
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into WT hosts. Treatment with 43H12 induced profound expansion
of transferred B7-H1-KO OT-1 T cells at a level comparable with
WT OT-I donor T cells (Figure 3B). On the other hand, expansion
of CD80-KO OT-I T cells induced by 43HI12 treatment was
significantly lower than that of 43H12-treated WT OT-1 T cells
(27% vs 50%), while it was still higher than control IgG treatment
(27% vs 5.5%). These results together suggest that the effects of
B7-H1/CD80 blockade by 43H12 are dependent, at least in part, on
CD8O0 expressed on donor OT-I T cells, but not B7-H1. To bolster
this notion, we further assessed CD80 expression on OT-1 T cells in
our model. Three and 5 days after OVA injection, CD80 was
detected on approximately 50% of OT-1 T cells (Figure 3C), also
supporting a potential role of CD80 in transmitting inhibitory
signal to Ag-stimulated T cells.

B7-H1/CD80 interaction is required for induction and
maintenance of T-cell anergy

We next explored a regulatory role of B7-H1/CD80 interaction in
T-cell tolerance. We previously reported that OT-I T cells undergo
anergy following initial expansion and subsequent contraction in
response to intravenous injection of OVA peptide in our model.?!-?7
Consistently, OT-I T cells in the host that was injected with OVA on
day O and treated with control Ig on day 0 and day 3 showed no
detectable proliferation upon rechallenge of OVA on day 34 (Figure
4A). In sharp contrast, OT-I T cells in the host that was treated with
43H12 on the day and 3 days after OVA injection expanded
significantly in response to OVA rechallenge. These results indicate
that blockade of B7-H1/CD80 interaction during T-cell priming by
tolerogenic Ag immunization prevents subsequent T-cell anergy
induction.

Next, we explored whether blockade of B7-H1/CDS80 interac-
tion could also reverse pre-established T-cell anergy. Twenty days
after initial OVA peptide injection, the mice harboring anergized
OT-I T cells were rechallenged with OVA and simultaneously
treated with either control Ig or 43H12 treatment. As expected,
OT-I'T cells in control Ig-treated mice did not show proliferative
responses upon OVA rechallenge (Figure 4B). In sharp contrast,
43H12 treatment together with OVA peptide rechallenge resulted in
a profound expansion of OT-I T cells. These results suggest that
blockade of B7-H1/CD80 interaction at the time of Ag re-
encounter is capable of breaking pre-established T-cell anergy. To
further support this conclusion, we examined CD80 expression on
anergic T cells with or without Ag rechallenge. Twenty days after
initial OVA injection, CD80 was expressed on approximately
50% of anergic OT-1 T cells (Figure 4C). This level of expression
was comparable with those observed on day 3 and day 5 after OVA
injection (Figure 3C), implicating that CD80 is continuously
expressed on T cells after priming. When anergic OT-1 T cells were
exposed to OVA peptide rechallenge, CD80 expression was
up-regulated up to 80% within 24 hours (Figure 4C). Taken together,
these results suggest that B7-H1/CD80 interaction plays a crucial role in
induction and maintenance of anergic T cells, and that blockade of this
interaction can prevent and reverse T-cell anergy.

A crucial role of B7-H1/CD80 interaction in induction and
maintenance of oral tolerance

When Ags are given orally, mucosal immune system in gastrointes-
tinal tract does not make productive responses but rather undergo
Ag-specific tolerant condition, a process known as oral tolerance.>
This mechanism is essential for preventing deleterious immune
reactions to self and exogenous dietary and environmental Ags
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Figure 4. Prevention and restoration of CD8* T-cell anergy by blockade of
B7-H1/CD80 interaction. B6 mice were transferred intravenously with OT-I T cells
and injected intravenously with 0.5 mg of OVAzs7.064 peptide. (A) On day of peptide
injection and 3 days later, the mice were treated intraperitoneally with 200 g of
43H12 (@) or control rat IgG (O). Thirty-four days after initial peptide injection, the
mice were rechallenged intravenously with 0.5 mg of OVAgsz.064 peptide, and
percentages of CD8/OVA-tetramer double-positive OT-I T cells in PBMCs were
assessed by flow cytometry at the indicated time points. Fold expansion of OT-I
T cells was calculated by dividing OT-I T-cell percentages after rechallenge by that
before rechallenge in individual mice. (B) Twenty days after the initial OVA peptide
injection, the mice were rechallenged with 0.5 mg of OVAzs7.064 peptide and treated
intraperitoneally with 200 pg of 43H12 (@) or control rat IgG (O) on day of peptide
rechallenge and 3 days later. Fold expansion of OT-I T cells in PBMC was assessed
as in panel A at the indicated time points. (C) Twenty days after the initial OVA peptide
injection, the mice were left untreated (left panel) or rechallenged with 0.5 mg of
OVA2s7-264 peptide (right panel). Twenty-four hours later, CD8/OVA-tetramer double-
positive OT-I T cells in the spleen were stained with anti-CD80 mAb and analyzed by
flow cytometry (gray histogram). Nonstained background levels of the same cells are
also shown (open histogram). All experiments were repeated at least 3 times and the
representative data are shown. The numbers in the histogram indicate the percent-
age of positively stained cells.

such as food proteins. Although numbers of studies have investi-
gated the mechanisms of oral tolerance, molecular checkpoints
necessary for oral tolerance induction and maintenance are largely
unknown. We here examined whether B7-H1/CDS80 interaction has
regulatory function in oral tolerance. As previously reported,3!3?
oral administration of OVA protein significantly diminished T-cell
responses including proliferation and cytokine productions of
IFN-vy, IL-2, IL-4, and IL-17 that were induced by in vivo
OVA/CFA immunization and subsequent in vitro restimulation
with OVA protein (Figure 5A). Treatment of mice with 43H12
during oral OVA administration restored OVA-reactive T-cell
proliferation and IFN-y/IL-2 productions almost completely to the
level without oral tolerance. Production of IL-4 and IL-17 was
partially but significantly restored by 43H12 treatment. These
results indicate that B7-H1/CD80 interaction is essential for the
induction of oral tolerance in our model. Treatment with 43H12 did
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A Figure 5. Prevention and restoration of oral tolerance by blockade of
140 6 B7-H1/CD80 interaction. B6 mice were given drinking water supple-
120 mented with OVA protein (O or @) or without OVA ([J) from day 0 to day
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x 80 2 31 150 p.g of 43H12 (@) or control rat IgG (O) on days 0, 4, 8, and 12 (A) or on
‘E’ 60 i days 14 and 17 (B). On day 21, draining LN cells were harvested from the
(ﬂ_-) 40 i 2 mice and cultured with the indicated doses of OVA protein. After 48 hours,
20 17 production of IFN-v, IL-2, and IL-4 in culture supernatant was measured by
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not affect cellular compartment of intestinal intraepithelial lympho-
cytes (IELs), including CD8aca, TCRyd T cells (supplemental
Figure 3), suggesting that the regulatory functions of B7-H1/CD80
pathway in oral tolerance are unlikely associated with its direct
effects on gut-specific T cells.

Next, we examined whether blockade of B7-H1/CD80 interac-
tion could reverse T-cell responses in the condition of pre-
established oral tolerance. The mice that had been given oral OVA
administration were treated with 43H12 or control Ig at the time of
OVA/CFA immunization. T-cell proliferation and IFN-y produc-
tion by in vitro OVA restimulation was partially but significantly
restored by 43H12 injections (Figure 5B). Taken together, our
findings suggest that B7-H1/CD80 interaction is a crucial regulator
for the induction and maintenance of T-cell tolerance induced by
oral Ag administration, and blockade of this pathway results in
prevention and reversal of oral tolerance.

Discussion

Recent studies revealed that B7-H1 binds CD80 besides PD-1, and
the B7-H1/CD80 interaction delivers bidirectional coinhibitory
signals to T cells.!”-!® However, due to a lack of in vivo studies, a

role of the B7-H1/CD80 interaction in T-cell tolerance in physi-
ologic and pathologic conditions remains unexplored. Our current
studies address this question by applying 43H12, a mAb that
selectively attenuates B7-H1/CD80 but not B7-H1/PD-1 interac-
tion, to in vivo models of T-cell activation and tolerance. Treatment
with 43H12 enhanced T-cell responses and consequently hindered
induction and maintenance of T-cell tolerance related to intrave-
nous or oral administration of Ag. In our model, CD80, but not
B7-H1, on Ag-reactive T cells is responsible at least in part for
transmitting coinhibitory signal. Thus, our findings revealed a
regulatory mechanism of B7-H1/CD80 interaction in T-cell immu-
nity including peripheral tolerance.

Previous studies using chemical cross-linking analysis and
molecular modeling approaches revealed that the binding site of
B7-H1 with CD80 partially overlaps with that of PD-1."7 In
addition, binding affinity of B7-H1/CD80 (Kp ~ 1.7uM) is weaker
than that of B7-H1/PD-1 (Kp ~ 0.5uM).!7 These findings suggest
that biologic reagents or B7-H1 mutants that preferentially abro-
gate B7-H1/CD80 interaction while sparing B7-H1/PD-1 interac-
tion are reasonable approaches to explore B7-H1/CD80 functions.
Indeed, mAbs with such a selective blocking capacity against
B7-H1 has been reported.!” In the present study, we generated a
novel clone of anti-B7-H1 mAb, 43H12, which blocks B7-H1/
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CD80 interaction with at least 30-fold higher specificity than
B7-H1/PD-1 (Figure 1D). In addition, binding of 43H12 does not
induce internalization or down-regulation of cell surface B7-H1
(supplemental Figure 1). In functional levels, 43H12 does not
interfere with T-cell inhibition caused by B7-H1/PD-1 interaction
(Figure 1E), further supporting its credibility as a means to
exploring selective functions of B7-H1/CD80 pathway.

According to our results of B7-H1-KO or CD80-KO mice used
as hosts or the source of donor T cells, inhibitory signals mediated
by B7-H1/CD80 interaction are dependent in part on CDSO0
expressed on Ag-reactive T cells but not on non-T cells such as
APC (Figure 3A-B). Consistently, CD80 expression on the primed
and anergic T cells was detected in our models (Figures 3C, 4C).
A role of CD80 on T cells as an inhibitory receptor to deliver
outside-in signal is concordant with previous findings, including:
(1) increased cytokine productions in CD80-KO T cells, (2) an
enhanced severity of graft-versus-host disease by CD80/CD86-KO
donor T cells, and (3) resistance of CD80-KO T cells to inhibitory
effects of T regulatory cells (Tregs).3*3 In addition, a cross-link of
CD80 by anti-CD80 mAb induces growth retardation and up-
regulated expressions of proapoptotic molecules in lymphoma,3®
providing more direct evidence of inhibitory signal transduction
through CD80. Interestingly, 43H12 treatment induced a partial
stimulation even in CD80-KO OT-I T cells (Figure 3B), implicat-
ing a possibility of currently unknown non-CD80/non—PD-1 inhibi-
tory receptor(s) of which interaction with B7-H1 is susceptible to
blockade by 43H12.

In contrast to CD80, B7-H1 on Ag-reactive T cells plays a
negligible role in our models (Figure 3B). Possible cellular sources
of B7-H1 on non-T cells include APC, Tregs, myeloid-derived
suppressor cells, and nonhematopoietic parenchymal cells. B7-H1
is ubiquitously expressed on these types of cells and recognized to
induce immune tolerance via direct inhibition of T cells or
generation of adaptive/induced Tregs, while it has yet to be fully
explored whether PD-1, CD80, or both receptors play a responsible
role in these effects.®37! In addition, B7-H1 expressed on non-T
cells may also deliver outside-in signal as previously reported.*>*
Taken together, a role of B7-H1/CD80 signals in T-cell tolerance is
likely dependent on both T-cell intrinsic and extrinsic mechanisms.
Although it is currently unclear why T cell-associated B7-H1 is
dispensable in our models in spite of its capability of delivering
T-cell inhibitory signal by CDS80 ligation,!? this discrepancy is
probably due to some crucial differences in experimental systems
(in vitro vs in vivo) and target cells (CD4* vs CD8" T cells)
between these studies.

Presentation of high-dose Ag without adjuvants or tolerogenic
APC leads to transient expansion of Ag-specific T cells and
subsequent contraction, followed by generation of long-term T-cell
anergy. Negative cosignaling molecules including CTLA-4 and
PD-1 play a crucial role in these processes of T-cell tolerance.?!-3
Our current findings suggest that B7-H1/CD80 interaction also
contributes to T-cell tolerance generation, although its physiologic
role and mechanism are distinct from that of B7-H1/PD-1 interac-
tion. First, as previously reported, B7-H1/PD-1 signaling showed
regulatory effects on early phase (~ 48 hours) T-cell responses
after Ag encounter.?®2! In contrast, our findings revealed that
blockade of B7-H1/CD80 interaction has negligible effects on
T-cell responses until 3 days after Ag stimulation, but rather
continuously stimulates T-cell expansion after 3 days (Figure
2A-B). Thus, B7-H1/CD8O0 signal has inhibitory effects on the late
stage of T-cell responses that could regulate phase transition from
T-cell expansion to contraction. Second, CD80 expression is
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maintained on anergic T cells for relatively long period and quickly
up-regulated by Ag re-exposure to the level higher than that on
primed T cells (Figures 3C, 4C). Furthermore, B7-H1/CD80
interaction is prerequisite for maintenance of anergic phenotype of
T cells (Figure 4B). Thus, CD80 expression may serve as a
biomarker and functional checkpoint for T-cell anergy, while
similar features have been suggested with lymphocyte activation
gene-3 (LAG-3) and B and T lymphocyte attenuator (BTLA).*45
On the other hand, B7-H1/PD-1 interaction plays a crucial role in
the induction and maintenance of T-cell exhaustion.!”

Oral tolerance is the physiologic mechanism by which the
mucosal immune system prevents adverse T-cell responses against
self and exogenous dietary Ag.® Among cosignal pathways,
CD80/CD86-CTLA-4 and B7-DC (PD-L2)-PD-1 have been shown
to contribute to oral tolerance regulation.3!46-49 Our current studies
demonstrated that B7-H1/CD80 interaction also plays a crucial role
in the induction and maintenance of oral tolerance (Figure 5). This
notion could be supported by recent reports that B7-H1 is highly
expressed on CD11c* CD8a~ DC in mesenteric LN, which are a
vital mediator for oral tolerance.’!-**3! While various mechanisms
have been reported in oral tolerance of Ag-reactive CD4™ T cells,
one of the primary determinants is quantity of orally administered
Ag. High doses of Ag induce T-cell anergy, while low doses of Ag
favor suppression-type tolerance caused by Tregs or suppressor
T cells that produce inhibitory cytokines such as transforming
growth factor-B, IL-10, and IL-4.3° Because the dose used in our
study falls within low dose range, B7-H1/CD80 interaction may
regulate suppression mechanisms of CD4* T cells.

Blockade of B7-H1 functions is expected to have significant
clinical value as a novel immunotherapy for diseases including
cancer and chronic infection. The current studies give an insight
into the complexity of these approaches that could affect B7-H1/
PD-1, B7-H1/CD80, or both of them according to the reagents to be
employed. For example, while selective attenuation of B7-H1/
CD80 may have weaker effects compared with nonselective B7-H1
blockade, it could be advantageous in terms of minimizing a risk of
autoimmune responses. In addition, our studies implicate that
blockade of B7-H1/CDS80 inhibitory signal could be used as
adjuvant for oral vaccine. In summary, our studies revealed a
crucial role of B7-H1/CD80 pathway in the induction and mainte-
nance of T-cell tolerance and propose a therapeutic potential of
blocking this pathway for prevention and restoration of peripheral
T-cell tolerance.
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