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Induced B7-H1 expression in the tumor microenvironment initiates
adaptive resistance, which impairs immune functions and leads to
tumor escape from immune destruction. Antibody blockade of the
B7-H1/PD-1 interaction overcomes adaptive resistance, leading to
regression of advanced human cancers and survival benefits in a
significant fraction of patients. In addition to cancer cells, B7-H1 is
expressed on dendritic cells (DCs), but its role in DC functions is less
understood. DCs can present multiple antigens (Ags) to stimulate
dominant or subdominant T cell responses. Here, we show that
immunization with multiple tumor Ag-loaded DCs, in the absence of
B7-H1, vastly enhances cytotoxic T lymphocyte (CTL) responses to
dominant Ag. In sharp contrast, CTL responses to subdominant Ag
were paradoxically suppressed, facilitating outgrowth of tumor
variants carrying only subdominant Ag. Suppressed CTL responses
to subdominant Ag are largely due to the loss of B7-H1–mediated
protection of DCs from the lysis of CTL against dominant Ag. There-
fore, B7-H1 expression on DCs may help maintain the diversity of
CTL responses to multiple tumor Ags. Interestingly, a split immuni-
zation approach, which presents dominant and subdominant Ags
with different DCs, promoted CTL responses to all Ags and pre-
vented tumor escape in murine tumor models. These findings have
implications for the design of future combination cancer
immunotherapies.
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Polyclonal T cell responses against a broad spectrum of anti-
gens (Ag) and Ag epitopes are desirable, as they may prevent

the emergence of bacterial and viral/tumor variants. However,
T cell clones do not respond to Ag stimulation equally, and a
hierarchy of T cell responses to diverse antigenic epitopes is
naturally present; only a few T cell clones are favorably activated
and expand during normal T cell responses to multiple Ags, a
phenomenon called “immune dominance.” Epitopes that elicit
strong T cell responses are termed “dominant epitopes,” and
less-favored epitopes are called “subdominant” (1, 2). Multiple
mechanisms generate immune dominance. The affinity of T cell
epitopes to cognate MHC molecules is critical, as high-affinity
epitopes may out-compete MHC binding, leading to preferential
presentation. The life span of MHC–peptide complexes, T cell
competition for dendritic cells (DCs), the availability of T cell
epitopes or repertoires, and the presence of regulatory T cells all
contribute to the dominance of a particular T cell epitope/clone
(1, 2). Costimulation by B7-1/CD28 and 4-1BB promotes stim-
ulatory capabilities of subdominant epitopes and alters the
composition of T cell repertoires (3, 4). Owing to genetic in-
stability and rapid growth, tumor cells display heterogenic tumor
Ags. Therefore, a dominant T cell response may be less favorable
because it eliminates only a portion of tumor cells and allows the
emergence of tumor variants, a potential cause of cancer re-
currence (5, 6).

B7-H1 (PD-L1, CD274) and its counterreceptor PD-1 play an
important role in the control of T cell responses and the
attributes of tumor immunity (7–9). B7-H1 is an inducible cell-
surface protein in the B7-CD28 family (10, 11). Upon interacting
with PD-1, B7-H1 delivers a negative signal and inhibits T cell
responses (10, 12). B7-H1 is mainly induced by IFN-γ, which is
mainly released by infiltrating effector T cells in the tumor mi-
croenvironment and impairs T cell responses to tumors, a
mechanism called “adaptive resistance” (8, 13–16). mAb-medi-
ated blockade of the B7-H1/PD-1 interaction enhances T cell
responses to cancer Ags and suppresses tumor growth in both
mouse models and human T cell–tumor coculture systems (13–
15). In addition to being a ligand, B7-H1 also acts as an anti-
apoptotic receptor on tumor cells and is required for resistance
to CTL-mediated lysis (17). These early findings established the
foundation for the subsequent development of antibody-
mediated B7-H1/PD-1 blockade therapy (anti-PD therapy)
in human cancers. Anti-PD therapy is now FDA-approved
for ≥10 different advanced human cancers, including melanoma,
lung cancer, kidney cancer, bladder cancer, head and neck cancer,
gastric cancer, liver cancer, and Hodgkin’s lymphoma (8, 9).
While the B7-H1/PD-1 interaction suppresses effector T cell

function, its role in activating naive T cells is less understood. As
on other host cells, B7-H1 can be induced on DCs and macro-
phages (10). Myeloid-derived DCs from ovarian cancer pa-
tients stimulate T cells to produce more IFN-γ and IL-2 and
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less IL-10 during B7-H1 blockade (18), and B7-H1 on DCs
also induces and maintains T cell anergy in vitro (19). Al-
though antigen-presenting cells (APCs) from the lymphoid
organs of naive mice express negligible amounts of B7-H1, its
expression can be up-regulated quickly in lymphoid organs
before activated T cells exit, leading to a partial suppression
of T cell responses (20). These studies support a possible negative-
regulatory role for B7-H1 on APCs during the priming of T cell
responses to Ag. During tumor progression, multiple Ags are
continuously released and presented by APCs to multiple T cell
clones. It is unknown whether the B7-H1/PD-1 pathway affects
immunodominance and, if so, what its role is in the emergence of
tumor variants; these are the questions we address in this study.

Results
B7-H1 Has Distinct Effects on CTL in Response to Dominant vs.
Subdominant Ag. We tested the effects of B7-H1 deficiency on
cytotoxic T lymphocyte (CTL) responses to hierarchical Ags
using the chicken ovalbumin (OVA) epitope OVA257–264
(SIINFEKL, H-2Kb), which is dominant over male histocom-
patibility Ag H-Y738–746 (KCSRNRQYL, H-2Db) (21). In this
model, naive OT-1 or H-Y T cell clones were purified from re-
spective transgenic (Tg) mice and transferred into C57BL/6 (B6)
mice. Mice were subsequently immunized with bone marrow
(BM)-derived DCs purified from WT or B7-H1–KO male/OVA-
Tg mice. Five days later, T cells were harvested and enumerated
by OT-1 tetramer and anti–H-Y T cell receptor (TCR) mAb
staining. Immunization with B7-H1–KO/OVA-Tg DCs signifi-
cantly enhanced proliferation of OT-1 CTLs versus WT/OVA-Tg
DCs (KO =10.5% vs. WT = 4.27%). In contrast, immunization
with B7-H1–KO/OVA-Tg DCs significantly reduced H-Y CTLs
(KO =1.83% vs. WT = 6%) (Fig. 1 A and B). We examined
endogenous CTL responses against OVA and H-Y peptides by
immunizing mice with DCs without T cell transfer. Similarly, B7-
H1–KO/OVA-Tg DC immunization produced more IFN-γ+
CD8+ CTLs to OVA peptide but fewer IFN-γ+CD8+ CTLs to H-
Y, as shown via intracellular staining (Fig. S1A) and further
validated using ELISA of IFN-γ (Fig. S1B). Our results suggest
that B7-H1 on DCs has distinct effects on CTL responses to
different Ag by promoting subdominant CTLs while suppressing
dominant CTL responses.
To validate this unexpected finding, we tested an additional Ag

system with a pair of peptides: gp10025–33 (KVPRNQDWL,
H-2Db) and TRP2181–188 (VYDFFVWL, H-2Kb). Previous studies
showed that gp100 peptide is dominant to TRP2 peptide for in-
ducing CTL responses (22–24). B6 mice were immunized with
BM-derived DCs from either WT or B7-H1–KOmice loaded with
equal concentrations of gp100 and TRP2 peptides. Spleen cells
were harvested after 7 d to examine CTL responses. Mice im-
munized with gp100 and TRP2 coloaded with B7-H1–KO DCs
had elevated IFN-γ+CD8+ T cells to gp100 peptide versus WTDC
peptides (from 18.7 to 30.4%), while IFN-γ+CD8+ T cells to
TRP2 peptides had decreased levels (from 13.7 to 9.7%) (Fig.
1C). A similar result was also obtained via IFN-γ ELISA (Fig. 1D).
The effect of B7-H1–blocking mAbs on CTL responses to dif-
ferent Ags upon DC immunization was also tested. Mice were
immunized by WT DCs pulsed with gp100 and TRP2 as described
previously and were treated with a B7-H1 mAb (clone 10B5) (13–
15). The proliferation of T cells in response to gp100 was signif-
icantly enhanced by 10B5, whereas the response to TRP2 was
significantly reduced (Fig. S1C), a result similar to immunization
with B7-H1–KO DCs. Collectively, our findings show that
B7-H1 has distinct effects on CTL responses to dominant vs.
subdominant Ags.

B7-H1 Protects DCs from CTL-Mediated Lysis. To explore the
mechanism underlying this differential effect, we examined
B7-H1 expression on DCs before and after immunization. No

significant changes in B7-H1 expression were found (Fig. S2).
Next, we excluded several possibilities, including differential
expression of H-2 alleles on WT vs. B7-H1–KO DCs, peptide
competition for H-2 alleles, and a possible role for regulatory
T cells. Flow cytometry analysis revealed similar levels of H-2Db

and H-2Kb on WT and B7-H1–KO DCs (Fig. S3). Dominant and
subdominant epitopes were presented in different H-2 alleles, and
therefore peptide competition for access to the same H-2 alleles
could be excluded. The influence of regulatory T cells was also
ruled out, because there was no difference in regulatory T cells
from mice immunized with WT or B7-H1–KO DCs (Fig. S4).
Gene-expression profiling via RNA sequencing showed that WT
and B7-H1–KO DCs did not have major differences in gene ex-
pression (Fig. S5).
Specific CTLs eliminated APCs which presented cognate Ags

after the initial priming event (25). Previously, we reported that
B7-H1 protected tumor cells from lysis using tumor-specific
CD8+ CTLs (17). To test whether B7-H1 protects DCs from
CTL lysis to allow better stimulation of subdominant CTLs, we
first determined the susceptibility of OVA-loaded DCs to OT-1
CTL lysis in a carboxyfluorescein succinimidyl ester (CFSE)-
DAPI killing assay in vitro. WT DCs were consistently 15–25%
less sensitive than B7-H1–KODCs to CTL lysis at various effector
cell-to-target cell (E/T) ratios in many experiments; a represen-
tative result is presented in Fig. 2A. Similar results were also
obtained using gp100-specific CTLs against WT or B7-H1–KO
DCs loaded with gp100 peptides (Fig. S6, Left). B7-H1–mediated
resistance is not restricted to peptide-specific CTLs, because allo-
CTL (H-2Kd) lysed significantly more B7-H1–KO DCs than WT
DCs (H-2Kb) in a CFSE-DAPI killing assay (Fig. S6, Right). The
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Fig. 1. B7-H1 on DCs has an opposite effect on T cell responses to dominant
and subdominant Ags. (A and B) Naive OT-1 and H-Y T cells were transferred
into mice and immunized with DCs purified from WT or B7-H1–KO male/
OVA-Tg mice. After 5 d, spleen cells were analyzed by flow cytometry.
(A and B) Representative plots (A) and absolute number (B) of OT-1 and H-Y
T cells in spleens. (C and D) B6 mice were immunized s.c. with gp100 and
TRP2 coloadedWT or B7-H1–KO DCs. At day 8, spleen cells were restimulated
with the peptide in vitro. (C) IFN-γ+CD8+ T cells were counted. (D) Concen-
trations of IFN-γ in cultured supernatants detected by ELISA. Results repre-
sent at least three experiments unless otherwise stated. *P < 0.05 and **P <
0.01, determined by Student’s t test. Error bars indicate SD.
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inclusion of an anti-murine B7-H1 mAb (clone 10B5) or an anti-
murine PD-1 mAb (clone G4) eliminated the resistance of WT
DCs to CTL lysis while control Ig did not (Fig. 2B). Our results
indicate a role for the B7-H1/PD-1 axis, because both 10B5 and
G4 mAbs block the binding of B7-H1 to PD-1 (14, 15). 43H12, an
anti-murine B7-H1 mAb which blocks B7-H1/B7-1 but not the B7-
H1/PD-1 interaction (26), did not affect CTL lysis, excluding an
effect on this axis. Our findings indicate that B7-H1 expression
could protect DCs from CTL lysis and this protection is dependent
on the B7-H1/PD-1 interaction.
When Ag-loaded WT and B7-H1–KO DCs were mixed to-

gether and exposed to CTLs in vitro, KO DCs were preferen-
tially lysed. OVA peptide-loaded WT and B7-H1 WT DCs were
labeled with or without CFSE, mixed in equal numbers, and
cocultured with activated OT-1 T cells for 4 h in a range of E/T
ratios (1.2–0.3), the number of WT DCs remained significantly
higher than the number of B7-H1–KO DCs (Fig. 2C). The data
for the E/T ratio = 0.6 are shown in Fig. 2D. When DCs without
OVA served as the control, the number of WT DCs was similar
to the number of B7-H1–KO DCs (Fig. 2D, control), indicating
that recognition of Ag is required. Inclusion of 10B5 in the
culture largely decreased the number of WT DCs in the co-
culture (Fig. 2D, OT-1 and 10B5), supporting a role for B7-H1 in
the protection of DCs from CTL lysis. Finally, we examined the
effect of B7-H1 on DC apoptosis after exposure to CTL. Purified
DCs from WT or B7-H1–KO mice were pulsed with
gp100 peptides and cocultured with activated gp100-specific
TCR Tg CTLs for 4 h. As expected, B7-H1–KO DCs had sig-
nificantly more apoptosis than WT DCs as shown by increased
annexin V staining (Fig. S7). These results indicate that a lack of
B7-H1 causes CTL-mediated DC apoptosis.
We next evaluated the role of B7-H1 in DC survival in vivo.

B6 mice were injected with OT-1 cells and subsequently injected
i.p. with an equal mixture of OVA-pulsed WT and B7-H1–KO
DCs. Cells were collected from the peritoneal cavity after 24 h,
and DCs were enumerated by B7-H1 and CD11c mAb staining.
Transfer of 106 OT-1 CTLs significantly decreased B7-H1–KO
DCs (Fig. 2E), as seen by a significant increase in the WT DC/
B7-H1–KO DC ratio (Fig. 2F). Together, our results indicate
that B7-H1 expression confers DC resistance to CTL-mediated
lysis in vitro and in vivo.

Accelerated Elimination of B7-H1–Deficient DCs by Dominant CTLs
Prevents Priming of Subdominant CTLs. Rapid elimination of B7-
H1− DCs by activated CTLs may prevent subsequent priming of
T cell clones which need more time to be stimulated. Thus, it is
possible that dominant T cells may recognize and lyse DCs to
prevent subsequent priming of subdominant T cells, which may
take longer to be activated than dominant T cells (25). There-
fore, a time lag in the priming of dominant vs. subdominant
T cells may explain our observations. To test this possibility, first
we compared the kinetics of OT-1 and H-Y T cell division
in vitro. Naive T cells were labeled with CFSE and stimulated
with OVA or H-Y peptide-pulsed WT DCs, respectively. After
4 h, these T cells were collected using microbeads and trans-
ferred to a second well without DCs. On day 4, all OT-1 T cells
had proliferated and CFSE was diluted, whereas most H-Y
T cells had not yet divided (Fig. S10A, Upper). The H-Y T cells,
however, were not intrinsically defective in proliferation, because
when OT-1 and H-Y T cells were stimulated with anti-
CD3 mAb, both proceeded similarly through six to seven rounds
of division on day 4 (Fig. S10A, Lower). We also tested division
kinetics of dominant vs. subdominant T cells in vivo. Mice were
first injected with CFSE-labeled Thy1.1 naive T cells and sub-
sequently were immunized with gp100- or TRP2-pulsed DC2.4
(27). At different time points, the division of T cells in the draining
lymph nodes (LNs) was analyzed using mAbs to Thy1.1/CD8 and
CFSE dilutions. Thy1.1+CD8+T cells from gp100/DC-immunized
mice had detectable CFSE dilutions on day 2, whereas T cells from
TRP2/DC-immunized mice started proliferation on day 3 with a
1-d lag (Fig. S10B). Our results suggest that subdominant T cells
take longer to become activated than dominant T cells in vitro and
in vivo.
With a time lag for subdominant T cell activation, dominant

T cells may lyse DCs and make Ag unavailable for subdominant
T cells. DCs’ increased susceptibility to CTL lysis in the absence of
B7-H1 would accelerate this process. Then, we examined whether
the presence of activated T cells prevents subsequent priming of
newly arrived T cells in vivo. After activation of gp100-specific T cells
by immunization withWT or B7-H1–KODC-gp100 peptides for 5 d,
mice were injected with CFSE-labeled Thy1.1 naive T cells from
gp100 TCR Tg mice. T cell activation and division from draining
LNs was assayed by detecting CFSE dilutions. As a control, CFSE-
labeled naive gp100 Tg T cells were transferred at the time of DC
immunization. In the B7-H1–KO DC-immunized mice, 66.5% of

Fig. 2. B7-H1–KO DCs are more susceptible to CTL lysis. (A) WT or B7-H1–KO DCs were loaded with 3 μM OVA peptides, CFSE-labeled, and cocultured with
activated OT-1 cells at the indicated E/T ratio for 4 h. Cells were stained with DAPI and analyzed by flow cytometry. (B) WT DCs were cocultured with OT-1 cells
in 10 μg/mL 10B5, G4, 43H12, or control Ig. (C and D) Ratios of WT/B7-H1–KO DCs (C) and representative plots (at E/T = 1:2) (D) after OT-1 cells were incubated
with an equal mixture of OVA peptide-pulsed WT DCs (with CFSE) or B7-H1–KO DCs (without CFSE) with 10B5 or control Ig for 4 h in vitro. (E and F) activated
OT-1 cells were transferred into mice with equal OVA peptide-pulsed WT and B7-H1–KO DCs. Twenty-four hours later, cells were collected, and DCs were
counted by staining with mAbs to CD11c and B7-H1. Results are shown as ratios of WT/B7-H1–KO DCs (E) and representative plots of DCs with the transfer of
1 × 106 OT-1 cells (F) in ascetic fluid.
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transferred T cells underwent division, at a significantly greater rate
than the 50.8% in the WT DC-immunization group. indicating
that the absence of B7-H1 on DCs enhanced the initial T cell
response to gp100 Ag. In contrast, when new, naive T cells were
transferred on day 5, only 33.8% of the T cells divided in the
B7-H1–KO DC-immunized mice, significantly less than the
41.7% in the WT DC-immunized mice (Fig. S10 C and D).
Therefore, our results indicate that immunization with Ag-
pulsed B7-H1–KO DCs, although stimulating a strong initial
T cell response, prevents the activation of newly recruited
T cells due to an accelerated loss of DCs.

B7-H1 Ablation Leads to Accelerated Elimination of Tumors That Carry
Dominant Ag but to the Emergence of Tumors That Carry Subdominant
Ag. Advanced human cancers are highly heterogenic in their Ag
expression due to genetic instability. An unparalleled expansion
of the T cell repertoire in the absence of B7-H1 may shape a
focused T cell response to dominant Ag and spare tumor cells
expressing only subdominant Ag. We developed a tumor model
to monitor emerging tumor variants in the absence of B7-H1.
EL4 tumor cells were transfected to express fusion minigenes
encoding either OVA peptide/EGFP (green fluorescence) or
H-Y peptide/DSRed (red fluorescence) (Fig. 3A). B6 mice in
groups of five were injected with OT-1 and H-Y T cells and
subsequently were immunized with purified DCs from male WT/
OVA-Tg or male B7-H1–KO/OVA-Tg mice as described above.
Seven days after the final immunizations, mice were inoculated
intradermally (i.d.) by an equal mixture of EL4-OVA/EGFP and
EL4-HY/DSRed tumor cells to determine if differential elimina-
tion of these tumors occurs. OVA Tg DCs from WT mice effec-
tively prevented EL4 tumor outgrowth in 80% of mice (8/10) (Fig.
3B, Left); the remaining two mice had significantly smaller tumors
(Fig. 3B, Right). In contrast, immunizing with B7-H1–KO/OVA-Tg
DCs was less effective than with WT DCs; all tumors eventually
grew, albeit tumor growth was delayed compared with PBS-
treated controls (Fig. 3B, Left). Tumors were resected from each
group at day 50; cells were pooled and analyzed for EGFP and
DSRed. In the control, unimmunized mice, the ratio of EL4-
OVA/EGFP and EL4-HY/DSRed tumor cells was comparable
(44.1% vs. 39.9%), indicating an equal growth rate and/or elimi-
nation of EL4-OVA/EGFP and EL4-HY/DSRed tumor cells. In
mice immunized with male WT OVA Tg DCs, 8 of 10 mice did

not develop palpable tumors, indicating both EL4-OVA/EGFP
and EL4-HY/DSRed tumor cells were eliminated. In the
remaining two tumors, EL4-HY/DSRed cells comprised 87.2%,
while EL4-OVA/EGFP cells were 0.4%. This result indicates
that EL4 cells carrying the subdominant H-Y epitope could es-
cape T cell immunity in a small fraction of mice. Importantly,
tumors from mice immunized with male B7-H1–KO/OVA-Tg
DCs were also predominantly comprised of EL4- HY/DSRed
cells (Fig. 3C). In addition to evaluating tumor composition at
day 50, we repeated the experiment and examined tumor com-
position at 12 d and 30 d after inoculation, respectively. In the
control group without DC immunization, EL4-OVA/EGFP and
EL4-HY/DSRed tumor cells stayed comparable at both day
12 and day 30. In mice immunized with WT DCs, the percent of
EL4-HY/DSRed cells increased from 64.8% at day 12 to 76.3%
at day 30. However, tumors from mice immunized with B7-H1–
KO DCs were predominantly comprised of EL4-HY/DSRed
cells from day 12 (Fig. S8). T cells were obtained from spleens at
day 8 and were stained for Fas and granzyme B expression. OT-1
T cells from the B7-H1–KO DC-immunized mice had higher
levels of Fas and granzyme B than OT-1 cells from WT
DC-immunized mice. In contrast, H-Y T cells from B7-H1–KODC-
immunized mice had lower levels of Fas and granzyme B compared
with H-Y T cells from WT DC-immunized mice (Fig. S9).
We validated these findings in another mouse model of

B16 melanoma that naturally expresses both gp100 and TRP2 Ag.
B6 mice were immunized with WT or B7-H1–KO BM-derived DCs
loaded with equal concentrations of gp100 and TRP2 peptides.
Seven days later, mice were challenged by i.d. inoculation of
B16 melanoma cells. As expected, mice without immunization
rapidly developed progressively growing tumors, while those
immunized with WT DC peptides significantly suppressed tumor
growth. Mice immunized with B7-H1–KO DC peptides initially
developed smaller tumor nodules than control but eventually
developed progressively growing tumors (Fig. 3D). Collectively,
our findings indicate that loss of B7-H1 on DCs decreases T cell
responses to subdominant Ag and results in accelerated growth
of tumors with subdominant Ag.

A Split Immunization Strategy to Prevent Tumor Variant Escape. To
prevent “premature” loss of DCs presenting subdominant Ag, we
tested a split immunization strategy in which dominant and

Fig. 3. DC immunization in the absence of B7-H1 eliminated tumors carrying dominant Ag but encouraged the emergence of tumors carrying subdominant
Ag. (A) Schematic representation of vector design for pEGFP-N1 with the insertion of a minigene encoding OVA peptide (Left) and pDSRed-N1 with the
insertion of a minigene encoding H-Y peptide (Right). (B) B6 mice were immunized twice at days −14 and −7 with BM-derived DCs from WT or B7-H1–KO
male/OVA-Tg mice. Mice were challenged i.d. with an equal mixture of 5 × 106 EL4-OVA/EGFP and EL4-HY/DSRed. Tumor growth is presented as a percentage
of incidence (Left) and as mean tumor diameter (Right). (C) Tumors were surgically excised at day 50, and cells were analyzed by flow cytometry for EGFP and
DSRed. (D) B6 mice were immunized s.c. with WT or B7-H1–KO DCs coloaded with gp100 and TRP2 and were inoculated i.d. with B16 cells. Mean tumor
diameters (Left) and the mortality (Right) were recorded.
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subdominant Ags were loaded onto different DCs and mixed
together before immunization. Mice were first injected with OT-
1 and H-Y T cells and immunized by an equal mixture of two
separate sets of DCs, one from female OVA Tg mice (presenting
dominant OVA Ag) and the other from male mice (presenting
subdominant H-Y Ag). DCs from these strains on a B7-H1–KO
background were also compared. As predicted, immunizations
with separately loaded B7-H1–KODCs stimulated the expansion
of both subdominant H-Y T cells and dominant OT-1 T cells
(Fig. 4 A and B). This contrasted with the suppressed H-Y T cell
responses when both OVA and H-Y peptides were presented on
the same B7-H1–KO DCs, as shown in Fig. 1. Similar results
were obtained when mice were immunized by split loading of
gp100 or TRP2 onto two separate sets of DCs and subsequently
were treated with 10B5. In this split immunization setting, both
dominant gp100 and subdominant TRP2 T cell responses were
enhanced by 10B5 treatment, as indicated by CCK8 dye staining
(Fig. 4C).
Finally, we tested this split immunization strategy in the

B16 melanoma model. Mice were immunized with B7-H1–KO
DCs, which were separately loaded with gp100 or TRP2 pep-
tides. B7-H1–KO DCs were also loaded with both gp100 and
TRP2 as the control. Seven days later mice were challenged with

B16, and tumor sizes were monitored regularly. Mice with split
immunization developed significantly smaller tumors than mice
immunized by coloaded DCs (Fig. 4D), indicating that a potent
immunity was generated by this strategy. Our results thus support
the use of the split immunization strategy to enhance immunity
and prevent tumor escape.

Discussion
Here, we present an unexpected finding that blockade of B7-
H1 on DCs impairs T cell responses to subdominant Ag despite
enhanced responses to dominant Ag. This effect impairs long-
term control of tumor variants that carry subdominant Ag in our
model. Exploiting this mechanism, we demonstrate that this par-
adoxical effect is at least partially explained by B7-H1–mediated
protection from APC cytolysis, which uses dominant Ag to rec-
ognize T cells. Dominant T cells generally have faster responses
than subdominant T cells to Ag stimulation; therefore, the
B7-H1 blockade allows rapid expansion and activation of domi-
nant responses, which would subsequently eliminate APCs and
prevent activation of subdominant T cells. Based on these find-
ings, we designed a split immunization strategy where these two
types of Ag were presented by different APCs. In this setting, the
effect of the B7-H1 blockade is maximized due to reinforcement
of CTL responses to both dominant and subdominant Ag which
prevent escape of tumor variants. These findings may explain the
mechanism behind tumor recurrence in anti-PD therapy and
help develop better strategies for future combination cancer
immunotherapies.
Our findings uncover multifaceted physiological roles for B7-

H1 as a controller of polyclonal T cell responses to Ag. First, B7-
H1 on APCs suppresses fast-acting dominant T cells to restrain
their responses to Ag. This effect may act via PD-1 to transmit
inhibitory signals to T cells. While ample evidence indicates that
anti-PD therapy acts largely to prevent interactions of tumor-
associated B7-H1 and PD-1 on effector T cells, it is also evident
that the B7-H1/PD-1 pathway plays a role in APC–T cell inter-
actions which may occur in both lymphoid organs (18, 28) and
the tumor microenvironment. Second, B7-H1 expression on
APCs may facilitate the activation of slow-proliferating sub-
dominant T cells. This effect is likely due to B7-H1 as a surviving
receptor that protects APCs from CTL lysis. Arrays of tumor Ags
are naturally presented by professional APCs to T cells; B7-
H1 on APCs may thus shift the clonal composition of polyclonal
T cell responses to these Ags.
Consistent with our findings, recent clinical studies suggest

that anti-PD therapy may lead to a more focused T cell reper-
toire in cancer patients who respond to this treatment. Naka-
mura and coworkers (29) reported that diversity in the TCR-β
repertoire in melanoma-infiltrating T cells had a tendency to
decrease in responders compared with nonresponders after anti–
PD-1 treatment. Riaz et al. (30) showed that anti–PD-1 mAb
nivolumab treatment led to a more skewed TCR repertoire in
melanoma biopsy specimens from patients who responded to this
therapy. However, we had yet to determine if the focused TCR
repertoire was associated with a loss in TCR recognizing sub-
dominant Ags and subsequent recurrence of tumors, which we
predict from our study. A recent mouse model study using viral
SV40 large T Ag, however, showed that anti-PD therapy could
promote epitope spreading by preventing fratricidal death of
subdominant T cells (31). This finding is different from our re-
sults because we did not observe significant death of T cells
recognizing dominant and subdominant Ags in our models. As
mentioned previously, it is difficult now to identify dominant and
subdominant Ags in cancer patients because multiple factors may
determine the dominance of tumor Ags. Our study also may shed
some light on a clinical observation in a small fraction of cancer
patients that develop hyper-progression of disease after anti-PD
therapy (32). It is tempting to speculate that the emergence of
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Fig. 4. Split immunization with B7-H1 blockade prevents the loss of CTL
responses to subdominant T cells and induces better tumor immunity. (A and
B) Female B6 mice injected with purified naive OT-1 and H-Y cells were
immunized with an equal mix of DCs from OVA Tg and WT male mice or
with a mix of DCs from these strains on a B7-H1–KO background. Absolute
number (A) and representative plots (B) of OT-1 and H-Y in spleens were
analyzed at day 5. (C) Mice were immunized with an equal mix of WT BM
DCs with gp100 or TRP2 peptides. Mice received 10B5 or control Ig i.p.
concurrently with immunization. Spleen cells were obtained 8 d later and
were restimulated with gp100 or TRP2 peptides for 72 h. Cell proliferation
was shown by CCK8 dye staining. (D) Mice were immunized with B7-H1–KO
DCs at day −7 and inoculated i.d. with B16 cells at day 0. DCs were pulsed
with peptides in two ways: (i) DCs were loaded with a mix of 3 μM of
gp100 and 3 μM of TRP2 peptides; (ii) DCs were divided into two tubes and
pulsed separately with gp100 or TRP2 peptides (split DCs). After washing,
DCs were mixed together for immunization. Tumor size is presented as the
mean of tumor diameters.*P < 0.05 and **P < 0.01, determined by Student’s
t test. Error bars indicate SD.
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rapidly growing tumor variants during anti-PD therapy may be
responsible for this observation. However, further analysis of
recurrent tumors should provide valuable information in this
regard. These clinical studies support our findings, and tumor
models will be highly clinically relevant and provide insight for
future studies.
Anti-PD therapy is broadly applied to treat advanced human

cancers with significant survival benefits, but a fraction of patients
who initially respond to anti-PD therapy develop acquired re-
sistance (8, 9, 17, 33). Advanced human cancers are recognized as
highly heterogenic, both genetically and immunologically, due to
genetic instability, immunological selection, and editing (34, 35).
Acquired resistance to anti-PD therapy may develop due to the
emergence of tumor cells that have lost dominant Ags. Impor-
tantly, anti-PD therapy is the basis for combinatorial therapies
with standard care (9). Anti-PD therapy is a new class of immu-
notherapy working mainly by preventing T cell dysfunction at the
tumor site (7–9, 13, 16), and it also could enhance T cell priming
in lymphoid organs (20). Our findings reveal an unexpected role
for anti-PD therapy in modulating the composition of polyclonal
T cell responses, and this unique feature warrants a careful design
of combination therapies with tumor Ag-based immunization.
This study supports a split immunization approach to prevent the
emergence of dominant Ag-loss variants and to avoid cancer re-
currence in the future.

Methods
Mice and Cell Lines. C57BL/6 and BALB/c mice at age 4–6 wk were purchased from
Jackson Laboratories or the Experimental Animal Center of Sun Yat-Sen Uni-
versity (Guangzhou, China). OT-1, H-Y, OVA, gp100 TCR Tg mice, and Thy1.1 and
CD45.1xB6 mice were purchased from Jackson Laboratories (SI Methods). These
strains were maintained in pathogen-free facilities at Sun Yat-Sen University,
Johns Hopkins University, and Fujian Medical University. Experiments were con-
ducted in accordance with NIH guidelines and were approved by the Institutional
Animal Care and Use Committees of the respective universities.

Peptides and Antibodies. OVA257–264, H-Y738–746, human gp10025–33, and
murine TRP2181–188 peptides were synthesized by Life Technologies. For the
mAbs used for analysis, see SI Methods. Fluorescence was detected by flow
cytometry (BD FACSVerse) and analyzed using Cell Quest software
(BD Biosciences).

DC Immunization and T Cell Transfer. DCs were isolated from female or male
(H-Y+) OVA Tg mice for immunization. Alternatively, gp100 and TRP2 or
OVA and H-Y peptides were loaded on DCs in vitro. DCs were injected s.c.,
100 μL per mouse. Antibodies were given i.p. at 200 μg per mouse. For the
T cell transfer, 1 × 106 OT-1 and 5 × 106 H-Y T cells from the spleens and LNs
of Tg mice were i.v. injected at 200 μL per mouse 1 d before the DC im-
munizations (SI Methods).

Murine Tumor Models. Mice were immunized with DCs at weekly intervals.
Seven days after final immunizations, tumor cells received i.d. injections. For
the EL4 model, an equal mixture of 5 × 106 EL4-OVA/EGFP and 5 × 106 EL4-
HY/DSRed cells were injected. For B16 melanoma, 3 × 105 cells (100 μL per
mouse) were injected. Tumor growth was monitored. EL4 tumors were re-
moved at day 12, 30, and 50; single-cell suspensions were analyzed
(SI Methods).

T Cell Activity Assays. T cell activity assays are described in SI Methods.

Statistical Analysis. Statistical analysis is described in SI Methods.
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