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signaling should be investigated as a strategy to improve 
dendritic cell-based anti-tumor immunotherapy.
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Introduction

CD8+ T cell responses are initiated in secondary lymphoid 
tissues by signals that are encountered by naïve CD8+ T 
cells during a brief interaction with dendritic cells. Prim-
ing signals are translated into molecular changes that have 
long-term impacts on the resulting effector and memory 
CD8+ T cell populations, a process known as programming 
[1]. In the case of stimulatory dendritic cells, these prim-
ing signals include antigenic peptide: MHC complexes, 
co-stimulatory molecules, and pro-inflammatory cytokines. 
The outcome of CD8+ T cell programming is dependent on 
the particular combination of priming signals encountered 
by naïve CD8+ T cells [2]. Factors that are integrated into 
programming include the duration and strength of TCR 
signaling, the identity and abundance of cytokines present 
in the local milieu, and the presence of various positive and 
negative co-stimulatory molecules [3–5]. CD80 (B7-1) and 
CD86 (B7-2) are expressed at high levels by activated den-
dritic cells and signal through CD28 expressed by CD8+ 

Abstract A  promising strategy in tumor immunother-
apy is the use of activated dendritic cells as vehicles for 
tumor vaccines with the goal of activating anti-tumor T 
cell responses. Current formulations for dendritic cell-
based immunotherapies have limited effects on patient 
survival, providing motivation for further investigation of 
ways to enhance dendritic cell priming of anti-tumor T cell 
responses. Using a brief in vitro priming model, we have 
found that B7-H1 expressed by activated dendritic cells is 
integrated during priming of naïve CD8+ T cells and func-
tions to limit the differentiation of effector T cell responses. 
CD8+ T cells primed by B7-H1-deficient dendritic cells 
exhibit increased production of IFN-γ, enhanced target 
cell killing, and improved anti-tumor activity. Addition-
ally, enhanced memory populations arise from CD8+ T 
cells primed by B7-H1-deficient dendritic cells. Based on 
these findings, we suggest that early blockade of B7-H1 

Drs. Eugene D. Kwon and Haidong Dong share senior 
authorship.

Electronic supplementary material T he online version of this 
article (doi:10.1007/s00262-014-1563-6) contains supplementary 
material, which is available to authorized users.

R. M. Gibbons 
Biology Discipline, University of Minnesota, Morris, MN, USA

X. Liu · S. M. Harrington · C. J. Krco · E. D. Kwon · 
H. Dong (*) 
Department of Urology, College of Medicine, Mayo Clinic,  
200 First Street SW, Rochester, MN 55905, USA
e-mail: Dong.Haidong@mayo.edu

E. D. Kwon · H. Dong 
Department of Immunology, College of Medicine, Mayo Clinic, 
200 First Street SW, Rochester, MN 55905, USA

http://dx.doi.org/10.1007/s00262-014-1563-6


860	 Cancer Immunol Immunother (2014) 63:859–867

1 3

T cells [6]. Signaling downstream of CD28 ligation leads 
to the recruitment of molecules that enhance TCR signal-
ing [7, 8]. In addition to positive co-stimulatory molecules, 
dendritic cells also express negative co-stimulatory mol-
ecules, such as B7-H1 (PD-L1), in order to fine-tune the 
priming of naïve CD8+ T cells.

B7-H1, originally characterized by our laboratory in 
1998, is a transmembrane protein expressed on the sur-
face of multiple cell types [9]. B7-H1 is known to interact 
with both PD-1 and CD80 on CD8+ T cells, and signaling 
downstream of both receptors for B7-H1 has been shown in 
several models to negatively regulate TCR signaling [10–
13]. Expression of B7-H1 by dendritic cells is up-regulated 
upon TLR-dependent activation, thus tempering the stimu-
latory capability of activated dendritic cells [14]. Much 
is known about the influence of B7-H1 signaling through 
PD-1 during the effector phase of an immune response for 
the induction of an exhausted phenotype in activated CD8+ 
T cells [15]. Relatively, fewer studies have focused on the 
role of B7-H1 signaling during the priming stage of CD8+ 
T cell responses.

The goal of many anti-tumor immunotherapy approaches 
is the generation of tumor antigen-specific effector and 
memory CD8+ T cell responses. Promising advances have 
been made recently in the development of dendritic cell-
based anti-tumor immunotherapies, yet it is necessary to 
continue investigating means to improve patient outcomes 
[16]. In theory, an effective dendritic cell-based anti-tumor 
immunotherapy will be able to prime a robust anti-tumor 
CD8+ T cell response. In the process of conditioning den-
dritic cells to have stimulatory capacities for immunother-
apy, expression of B7-H1 is likely induced, thus limiting 
the immunostimulatory capacity of the therapy. After tak-
ing into consideration the challenges of antigen selection 
and vaccine delivery, the limited success of patient out-
comes in dendritic cell-based immunotherapy trials could 
be attributed in part to high expression of B7-H1 by the 
therapeutic dendritic cells. Thus, we sought to investigate 
B7-H1 signaling encountered during CD8+ T cell priming 
and the impact on resulting CD8+ T cell effector popula-
tions. In this study using a brief in vitro priming model 
for CD8+ T cell programming, we have demonstrated that 
B7-H1 signaling is integrated into priming signals that 
determine CD8+ T cell programming and influence the 
resulting CD8+ effector T cell population.

Materials and methods

Mice, cell lines, and reagents

Female wild-type (WT) CD45.2+ C57BL/6 (B6) mice 
were purchased from Taconic Farms (Germantown, NY, 

USA) and CD45.1+ congenic C57BL/6-Ly5.1 mice were 
purchased from National Cancer Institute. OT-1 TCR 
(Thy 1.1+) transgenic mice were provided by T. Tian 
(Harvard University, Boston, MA, USA). B7-H1 knock-
out (KO) C57BL/6 mice were provided by L. Chen (Yale 
University, New Haven, CT, USA). Act-mOVA transgenic 
mice were purchased from the Jackson Laboratory (Bar 
Harbor, MA, USA). B7-H1 KO mice were used to pro-
duce B7-H1 KO Act-mOVA transgenic mice in our animal 
facility. Mice were maintained under pathogen-free con-
ditions and used at 8–12 weeks of age. B16-OVA murine 
melanoma cells were provided by R. Vile (Mayo Clinic, 
Rochester, MN, USA) and were cultured in RPMI 1640 
medium (Cellgro, Hendon, VA, USA) with 10  % FBS 
(Life Technologies, Carlsbad, CA, USA), 1  U/ml peni-
cillin, 1 μg/ml streptomycin, and 20  mM HEPES buffer 
(all from Mediatech, Manassas, VA, USA). Recombinant 
mouse GM-CSF and IL-4 were purchased from R&D 
Systems (Minneapolis, MN, USA). Hamster anti-mouse 
B7-H1 mAb (10B5) and PD-1 (G4) was obtained from 
hybridoma cells provided by L. Chen. Hamster anti-
mouse B7-H1 mAb (43H12) was provided by K. Tamada 
(John Hopkins University, Baltimore, MD, USA). Stud-
ies were conducted in accordance with the National Insti-
tutes of Health guidelines for the proper use of animals in 
research and with local Institutional Animal Care and Use 
Committee approval.

Flow cytometry analysis

Fluorochrome-conjugated Abs against B7-H1, CXCR3, 
CD8, CD43, CD44, CD45.2, CD62L, CD80, CD86, 
CD90.1 (Thy 1.1), CD90.2 (Thy 1.2), CD107a, CD127, 
IFN-γ, KLRG-1, OVAp/Kb (25-D1.16), and PD-1 were 
purchased from BD Biosciences (Mountain View, CA, 
USA), BioLegend (San Diego, CA, USA), or eBiosciences 
(San Diego, CA, USA). To detect intracellular cytokine lev-
els, cells were incubated with GolgiPlug (BD Biosciences) 
for 4  h prior to analysis. Cells were stained for surface 
antigens and then incubated in fixation buffer (BioLegend) 
for 20  min at room temperature, followed by permeabili-
zation in permeabilization wash buffer (BioLegend). Fixed 
and permeabilized cells were then stained with Abs for 
20  min at room temperature. Abs to Akt, Bim, Blimp-1, 
Eomes, and T-bet and fluorochrome-conjugated secondary 
Abs were purchased from Cell Signaling (Danvers, MA, 
USA). To detect the intracellular levels of Akt, Bim, Blimp-
1, Eomes, and T-bet, T cells were first stained for surface 
antigens, then fixed with 2 % paraformaldehyde for 10 min 
at 37 °C, followed by permeabilization with ice-cold meth-
anol for 30  min. After blocking with 15  % rat serum for 
15 min, cells were stained with Abs for 1 h at room tem-
perature. After staining, cells were washed three times with 
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incubation buffer before analysis. At least 100,000 viable 
cells were live gated on FACScan or FACSCailbur (BD 
Biosciences, USA) instrumentation. Flow cytometry analy-
sis was performed using FlowJo software (Tree Star, Ash-
land, OR, USA).

Bone marrow dendritic cell culture

Bone marrow (BM) was extracted from wild-type (WT) 
Act-mOVA or B7-H1 KO Act-mOVA mice, and red blood 
cells were removed. Cells were cultured in Petri dishes at 
2 × 106/ml containing 10 ng/ml GM-CSF and 1 ng/ml of 
IL-4 (R&D systems) for 5–6 days. The resulting cell pop-
ulations consisted of 50–80  % CD11c+ cells. Poly (I:C) 
(Sigma) was then added at 10 µg/ml for 24 h.

In vitro T cell priming by dendritic cells

CD8+ T cells were purified (EasySep CD8+ T cell nega-
tive selection kit, Stem Cell Technologies, Vancouver, 
British Columbia) from OT-1 mice and incubated with 
activated BM-dendritic cells isolated form WT Act-mOVA 
or B7-H1 KO Act-mOVA mice. After 20 or 4 h of co-cul-
ture, CD11c+ dendritic cells were removed from culture 
by a magnetized MACS column (Miltenyi Biotec). The 
primed CD8+ T cells were cultured in fresh medium in 
a new culture plate for additional 40  h before functional 
assay or transfer.

Analysis of primed CD8+ T cells and in vivo cytotoxic T 
lymphocyte (CTL) assay

Lymphocytes from lung or spleen were incubated in 
digestion buffer (RPMI medium containing 5  % fetal 
bovine serum, 0.02  % collagenase IV, 0.002  % DNase I 
and 10 U/ml of heparin) for 40 min before use in pheno-
typic and functional assays. Primed OT-1 CD8+ T cells 
were isolated and re-stimulated with OVA peptide (SIIN-
FEKL, Sigma, 0.2  µg/ml) in the presence of 1  µl/ml of 
GolgiPlug™ (BD Bioscience) for 4 h ex vivo. Following 
incubation, cell surface staining was performed followed 
by fixation, permeabilization, and intracellular staining. 
For the in vivo CTL assay, OVA peptide-pulsed or control 
peptide-pulsed spleen cells (as target cells) from synge-
neic mice were labeled with a high dose of CFSE (5 μM) 
or low dose of CFSE (0.5 μM), mixed at 1:1 (2.5 × 106 
of each) before injection. Target cells were intravenously 
injected into immunized mice on day 4 after re-challenge 
with cognate antigen protein. The CTL activity was deter-
mined 4 h after target cell transfer. Specific lysis was cal-
culated using the following formulas: ratio =  (% CFSE-
high/% CFSElow), % specific lysis  =  [1  −  (ratio primed/
ratio unprimed)] × 100 %.

Tumor studies

Mice were inoculated intravenously with 5  ×  105 B16-
OVA tumor cells. On day 7 post-tumor injection mice were 
intravenously injected with primed OT-1 CD8+ T cells 
(1 × 105). On day 14 after T cell transfer, mice were sacri-
ficed, and the number of tumor foci on the lung tissue was 
counted.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism software 5.0 (GraphPad Software, Inc., San Diego, 
CA, USA). A two-sided, unpaired or paired Student’s t 
test was used to assess statistical differences in experimen-
tal groups. A p value <0.05 was considered statistically 
significant.

Results

B7‑H1 signaling during the priming phase influences the 
differentiation of effector CD8+ T cells in vitro

In previous studies, our laboratory has demonstrated that 
immunization with B7-H1-deficient dendritic cells or 
immunization with dendritic cells in combination with 
B7-H1 blockade induced strong CD8+ T cell responses 
capable of rejecting established tumors [14]. These results 
suggest that in the absence of B7-H1 signaling, dendritic 
cells are able to prime an enhanced CD8+ T cell response. 
We were interested in further investigating the influence of 
B7-H1 signaling on the priming of naïve CD8+ T cells by 
dendritic cells. Using a brief in vitro T cell priming model 
[17–19], we investigated the influence of B7-H1 expressed 
by dendritic cells on CD8+ T cell proliferation and acqui-
sition of effector functions. CD8+ T cells were isolated 
from spleens of naïve OT-1 mice and co-cultured with poly 
I:C-activated bone marrow-derived dendritic cells from 
WT Act-mOVA or B7-H1 KO Act-mOVA transgenic mice 
(mice that express membrane-bound class I-restricted OVA 
on the surface of all nucleated cells) [20]. After 20 h of co-
culture, the OT-1 CD8+ T cells were re-isolated from the 
Act-mOVA dendritic cells using a CD11c negative selec-
tion protocol, ensuring that all CD11c+ DCs were removed 
from the T cell population. The primed CD8+ T cells were 
then maintained in culture for an additional 40 h, followed 
by a brief re-stimulation with OVA peptide to assay prolif-
eration and effector functions (Fig.  1a). The level of pro-
liferation, as indicated by CFSE dilution, was similar for 
CD8+ T cells primed by WT Act-mOVA or B7-H1 KO 
Act-mOVA dendritic cells (Fig. 1b). However, an increased 
percentage of CD8+ T cells primed by B7-H1 KO dendritic 
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cells produced IFN-γ in response to OVA peptide re-stim-
ulation as compared to CD8+ T cells primed by WT den-
dritic cells (p < 0.05, Fig. 1c, d). CD8+ T cells primed by 
B7-H1 KO dendritic cells also produced more IFN-γ on a 
per-cell level as compared to CD8+ T cells primed by WT 
dendritic cells (p  <  0.01, Fig.  1e). CD8+ T cells cultured 
under these conditions up-regulated surface expression of 
both receptors for B7-H1, PD-1 and CD80, within the 20 h 
time frame that the CD8+ T cells were co-cultured with the 
dendritic cells (Supplementary Fig. 1). We went on to test 
whether a shorter co-culture period would produce similar 
results. As shown in Supplementary Fig. 2B, after a 4 h co-
culture period, OT-1 CD8+ T cells primed by either WT 
Act-mOVA or B7-H1 KO Act-mOVA dendritic cells under-
went similar levels of proliferation, as indicated by CFSE 
dilution. CD8+ T cells primed by B7-H1 KO dendritic cells 
for 4 h produced more IFN-γ as compared to CD8+ T cells 
primed by WT dendritic cells (Supplementary Fig. 2C–E). 

Together, our data indicate that B7-H1 signaling is inte-
grated into the programming of naïve CD8+ T cells by acti-
vated dendritic cells, influencing the acquisition of effector 
functions by primed CD8+ T cells.

We next wanted to confirm that the results obtained 
using B7-H1 KO DC could be recapitulated by using anti-
bodies that block B7-H1 signaling. Using the same brief 
in vitro priming model as described above, we co-cultured 
naïve CD8+ T cells from OT-1 mice with poly I:C-activated 
bone marrow-derived dendritic cells from WT Act-mOVA 
mice for 20 h. The co-culture was done in the presence of 
various blocking antibodies that either inhibit the interac-
tion between B7-H1 and both PD-1 and CD80 (10B5 anti-
body), or selectively inhibit the interaction between B7-H1 
and PD-1 (G4 antibody) or between B7-H1 and CD80 
(43H12 antibody). As shown in Supplementary Fig. 3, there 
was no significant difference in the proliferation of CD8+ T 
cells primed by WT Act-mOVA DC in the presence of the 
various blocking antibodies. This result is in accordance 
with the data obtained by priming CD8+ T cells with WT 
or B7-H1 KO DC. We went on to look at IFN-γ produc-
tion by CD8+ T cells primed by WT DC in the presence of 
the same blocking antibodies. As shown in Supplementary 
Fig.  4, when B7-H1 signaling is blocked during CD8+ T 
cell priming, the resulting CD8+ T cells produce increased 
levels of IFN-γ, in accordance with the data obtained by 
priming with B7-H1 KO DC. We found that IFN-γ pro-
duction is enhanced when the interaction between B7-H1 
and both PD-1 and CD80 is blocked and when the interac-
tion between either B7-H1 and PD-1 or B7-H1 and CD80 
is selectively blocked. We also investigated the expression 
levels of CD80 and CD86 by WT Act-mOVA and B7-H1 
KO Act-mOVA activated DC, as shown in Supplementary 
Fig.  5. There are similar expressions of CD80 and CD86 
as well as antigen presentation (OVAp/Kb, detected by 
25-D1.16 antibody) between B7-H1 KO Act-mOVA DC 
and WT Act-mOVA DC. Thus, we believe that the differ-
ences in T cell priming are due to B7-H1 expressed by 
DCs.

CD8+ T cells primed by B7‑H1 KO dendritic cells have 
increased CTL activity and anti‑tumor function

We next asked whether CD8+ T cells primed in our in vitro 
system could undergo further differentiation into effector 
cells in vivo. To test in vivo CTL function of the in vitro-
primed CD8+ T cells, we transferred into WT B6 hosts 
1 × 105 OT-1 CD8+ T cells that had been primed by WT 
Act-mOVA or B7-H1 KO Act-mOVA dendritic cells for 
20  h in vitro. Five days after T cell transfer, we injected 
OVA peptide-pulsed (labeled with a high dose of CFSE) or 
control peptide-pulsed (labeled with a low dose of CFSE) 
B6 splenocytes into host mice as target cells for an in vivo 

Fig. 1   CD8+ T cells programmed in vitro for 20 h with B7-H1 KO 
dendritic cells produce more IFN-γ. CD8+ T cells were purified from 
the spleens of naïve OT-1 mice and co-cultured for 20  h with acti-
vated dendritic cells derived from the bone marrow of WT or B7-H1 
KO Act-mOVA mice. CD8+ T cells were then re-isolated from the 
dendritic cells and maintained in culture for 40 h. a Experimen-
tal design. b Proliferation (CFSE dilution) and c IFN-γ production 
by primed CD8+ T cells was assayed by flow cytometry after a 4 h 
re-stimulation with OVA peptide. Numbers are percentages. d Bar 
graphs show the average percent of IFN-γ+ CD8+ T cells and e lev-
els (MFI) of IFN-γ production by CD8+ T cells (mean ± SD, n = 3). 
One of three independent experiments is shown
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cytotoxicity assay. Four hours after target cell injection, 
spleens of the host mice were harvested and analyzed for 
remaining CFSE-labeled target cells. As shown in Fig.  2, 
fewer CFSEhigh OVA peptide-pulsed target cells remained 
in the spleens of host mice that had received OT-1 CD8+ 
T cells primed by B7-H1 KO dendritic cells as compared 
to host mice that had received OT-1 CD8+ T cells primed 
by WT dendritic cells, indicating increased cytotoxicity of 
CD8+ T cells primed by B7-H1 KO dendritic cells as com-
pared to WT dendritic cells (p < 0.01). This suggests that 
CD8+ T cells primed in vitro for 20 h, upon transfer into 
host mice, are able to differentiate into effector CTLs, and 
CD8+ T cells primed in vitro by B7-H1 KO dendritic cells 
as compared to those primed by WT dendritic cells differ-
entiate into a more potent effector population.

We went on to investigate whether the more potent effec-
tor population of CD8+ T cells primed by B7-H1 KO den-
dritic cells could mediate enhanced anti-tumor activity. WT 
B6 mice were injected intravenously with 1  ×  106 B16-
OVA tumor cells (engineered to express ovalbumin as a 
surrogate tumor antigen). Seven days after tumor cell injec-
tion, mice were treated with 1 ×  105 OT-1 CD8+ T cells 
that had been primed in vitro for 20 h by WT Act-mOVA 

or B7-H1 KO Act-mOVA dendritic cells. Fourteen days 
after transfer of the primed OT-1 CD8+ T cells, tumor foci 
formation in the lung tissue was compared for mice treated 
with OT-1 CD8+ T cells primed by WT dendritic cells or 
B7-H1 KO dendritic cells. We found that OT-1 CD8+ T 
cells primed by B7-H1 KO dendritic cells were more pro-
tective against tumor foci formation than OT-1 CD8+ T 
cells primed by WT dendritic cells (p < 0.05, Fig. 3).

Enhanced memory population arises from CD8+ T cells 
primed by B7‑H1 KO dendritic cells

We next asked whether the integration of B7-H1 signal-
ing during a brief 20 h priming period has any effect on 
the generation of memory CD8+ T cells. Naïve OT-1 
CD8+ T cells (CD45.2+) were co-cultured in vitro with 
WT Act-mOVA or B7-H1 KO Act-mOVA dendritic cells 
for 20  h, then re-isolated, and transferred into naïve WT 
hosts (CD45.1+). On day 33 after T cell transfer, spleens 
and lungs were harvested and the remaining transferred 
cells were analyzed. In the lung tissue, there were a sig-
nificantly higher number of CD8+ T cells primed by KO 
dendritic cells remaining after transfer as compared to the 
number CD8+ T cells primed by WT dendritic cells that 
were remaining (p < 0.01, Fig. 4a). In contrast, there were 
equivalent numbers of CD8+ T cells primed by WT or KO 
dendritic cells in the spleen on day 33 after cell transfer 

Fig. 2   CD8+ T cells primed in vitro by B7-H1 KO dendritic cells 
have increased CTL function in vivo. Naïve OT-1 CD8+ T cells were 
primed in vitro as described above. After the 20 h co-culture 1 × 105 
primed CD8+ T cells were transferred i.v. into naïve B6 hosts. OVA 
peptide or control peptide-pulsed target cells (syngeneic splenocytes) 
were labeled with high or low dose CFSE (5 μM for OVA peptide-
pulsed cells; 0.5 μM for control peptide-pulsed cells) and mixed 1:1 
(2.5 ×  106 of each) and injected i.v. into host mice on day 5 after 
transfer of primed CD8+ T cells. Histogram plot shows the percent-
age of remaining target cells in the spleen of host mice 4 h after tar-
get cell transfer. Bar graph shows percentage of specific lysis in the 
spleen (mean ± SD, n = 3)

Fig. 3   CD8+ T cells primed in vitro by B7-H1 KO dendritic cells 
have stronger anti-tumor activity. Naïve OT-1 CD8+ T cells were 
primed in vitro as described above. After the 20 h co-culture, 1 × 105 
primed CD8+ T cells were injected into B6 mice that had received 
an i.v. injection of B16-OVA tumor cells (1 × 106) 7 days earlier. On 
day 21 after tumor cell injection or day 14 after T cell transfer, the 
number of tumor foci was determined by counting the surface metas-
tases under a dissecting microscope. Bar graph shows the numbers of 
tumor foci (mean ± SD, n = 3) in the lung on day 21 after tumor i.v. 
injection. *p < 0.01 compared to control (no treatment)
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(p  =  0.136, Fig.  4b). We investigated the phenotype and 
function of the in vitro-primed cells recovered from the 
host spleens by performing a brief ex vivo re-stimulation 

with OVA peptide. CD8+ T cells primed by either WT or 
B7-H1 KO dendritic cells exhibited a central memory phe-
notype (CD62L+, CD44+, CD127+, KLRG1−, Fig.  4c). 
CD8+ T cells primed by B7-H1 KO dendritic cells exhib-
ited a slight increase in effector functions as compared to 
CD8+ T cells primed by WT dendritic cells, as indicated 
by CD107a expression (degranulation) and IFN-γ secretion 
(Fig. 4c). These data indicate that B7-H1 KO dendritic cells 
prime an enhanced memory CD8+ T cell population based 
on the increased number and peripheral tissue localization 
of CD8+ T cells primed by B7-H1 KO dendritic cells.

More memory CD8+ T cells generated in mice immunized 
with B7‑H1 KO dendritic cells

Our results using an in vitro priming model indicate that 
B7-H1 signaling during a brief priming period has long-
term impacts on the resulting memory CD8+ T cell popu-
lation. We wanted to further characterize the impact of 
B7-H1 signaling received during priming on the genera-
tion of durable memory responses. To do so, naïve OT-1 
CD8+ T cells (CD45.2+) were transferred into WT hosts, 

Fig. 4   Enhanced memory population of CD8+ T cells primed in vitro 
by B7-H1 KO dendritic cells. Naïve OT-1 CD8 T cells (CD45.2+) 
were primed in vitro as described above. After the 20 h co-culture 
1  ×  105 primed CD8+ T cells were injected into naïve B6 hosts 
(CD45.1+). Host mice were killed on day 33 after T cell transfer. 
Bar graph shows absolute cell numbers of CD45.2+ cells in lung (a) 
and spleen (b) of host mice, determined by flow cytometry. c Spleno-
cytes were re-stimulated ex vivo for 4 h with OVA peptide, followed 
by flow cytometry analysis of surface phenotype, degranulation 
(CD107a expression), and IFN-γ secretion (mean ± SD, three mice 
per group)

Fig. 5   More memory CD8+ T cells induced by B7-H1 KO dendritic 
cells. Naïve OT-1 CD8+ T cells (CD45.2+) were transferred into naïve 
B6 hosts, followed by immunization of host mice with 1  ×  105 of 
activated WT or B7-H1 KO Act-mOVA dendritic cells. Numbers are 
percentages of functional memory CD45.2+ OT-1 CD8+ T cells in the 
lung (a) and spleen (b) on day 30 after dendritic cell immunization. 
Bar graphs show the numbers of IFN-γ+ CD45.2+ CD8+ T cells in the 
lung (c) and spleen (d) (mean ± SD, three mice per group)
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followed by transfer of WT Act-mOVA or B7-H1 KO 
Act-mOVA-activated dendritic cells to achieve in vivo 
priming of the transferred T cells. On day 30 after trans-
fer of the activated dendritic cells, the CD45.2+ popula-
tion of in vivo primed OT-1 CD8+ T cells was analyzed in 
the lung and spleen of host mice. In both lung and spleen, 
we detected an increased frequency of CD45.2+ CD8+ T 
cells in mice that received B7-H1 KO dendritic cells as 
compared to WT dendritic cells (Fig.  5a, b), correspond-
ing to our in vitro priming data. These memory cells are 
functional as indicated by IFN-γ production and degranula-
tion (CD107a expression) after a 4 h ex vivo re-stimulation 
with OVA peptide (Fig. 5a, b). The absolute cell numbers 
of CD45.2+ CD8+ T cells that produced IFN-γ was sig-
nificantly increased in both lung and spleen of mice that 
received B7-H1 KO dendritic cells as compared to WT 
dendritic cells (Fig. 5c, d), again corresponding with our in 
vitro priming data. The phenotypes of the memory CD8+ T 
cells generated by WT or B7-H1 KO dendritic cells were 

comparable; they were all CD44high and 40–50  % were 
CD62Lhigh (data not shown).

We found that CD8+ T cells primed in vitro by B7-H1 
KO dendritic cells had enhanced anti-tumor activity 
(Fig.  3), so we next investigated the recall response to 
tumor antigen of in vivo primed memory CD8+ T cells. 
Mice were immunized with activated WT Act-mOVA or 
B7-H1 KO Act-mOVA dendritic cells, and on day 30, fol-
lowing immunization was challenged with B16-OVA tumor 
cells (intravenous injection). Four days after tumor cell 
injection, lymphocytes were isolated from lung and spleen 
of immunized mice and re-stimulated ex vivo with OVA 
peptide. As shown in Fig.  6, there was an increase in the 
frequency and number of IFN-γ-producing memory CD8+ 
T cells in the lungs of mice immunized with B7-H1 KO 
dendritic cells compared to WT dendritic cells (p < 0.01). 
We detected a comparable expansion of IFN-γ+ memory 
CD8+ T cells in the spleens of mice immunized with either 
WT or B7-H1 KO dendritic cells (Fig. 6a, b). Altogether, 
indicating that priming by B7-H1 KO dendritic cells leads 
to the generation of memory CD8+ T cells with preferred 
localization to peripheral tissues and enhanced recall 
responses to surrogate tumor antigens.

Discussion

The concept of T cell programming predicts that a brief 
encounter with antigen-presenting cells triggers a cellular 
program leading to autonomous expansion and subsequent 
differentiation of T cells [1]. Our study demonstrates that 
during a brief interaction between dendritic cells and naïve 
CD8+ T cells, regulatory signaling from B7-H1 expressed 
by dendritic cells is integrated into T cell programming to 
restrain the differentiation of effector T cells. When naïve 
CD8+ T cells were primed by B7-H1 KO dendritic cells 
in vitro, they were able to acquire enhanced CTL activity 
and displayed increased anti-tumor activity as compared to 
effector cells primed by WT dendritic cells. In addition, the 
memory population arising from in vitro priming of naïve 
CD8+ T cells by B7-H1 KO dendritic cells was enhanced 
in both frequency and function as compared to the popu-
lation resulting from priming by WT dendritic cells. Mice 
immunized with B7-H1 KO dendritic cells also exhibited 
enhanced anti-tumor memory CD8+ T cell responses as 
compared to mice immunized with WT dendritic cells.

In recent years, a series of studies have investigated the 
influence of B7-H1 on T cell activation. Using an in vitro 
activation model in which T cells and dendritic cells are co-
cultured for 3–5 days, multiple investigators have reported 
that B7-H1 expressed by dendritic cells limits the prolif-
eration and cytokine production of the activated T cells 
[21–23]. Goldberg et  al. [24] demonstrated in vivo that 

Fig. 6   B7-H1 KO dendritic cell immunization leads to an increased 
recall response in the lung. B16-OVA tumor cells were injected (i.v.) 
into mice that have been immunized with poly I:C-activated WT or 
KO Act-mOVA dendritic cells (1 × 106, i.v.) 25 days earlier. On day 
4 post-tumor cell injection, spleen and lung cells were isolated and 
analyzed for IFN-γ production by intracellular staining following a 
brief 4 h re-stimulation with OVA peptide. a Numbers are percent-
ages of IFN-γ+ CD8+ T cells in the lung and spleen. b Bar graphs 
show the numbers of IFN-γ+ CD8+ T cells in the lung and spleen 
(mean ± SD, three mice per group)
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B7-H1/PD-1 interactions regulate early-fate decisions of 
CD8+ T cells during the induction of tolerance by transfer-
ring naïve HA-transgenic CD8+ T cells into HA-expressing 
hosts, then analyzing the resulting CD8+ effector T cells on 
day 4 after transfer. Benedict et al. [25] demonstrated that 
CMV-infected dendritic cells have decreased expression 
of MHC and positive co-stimulatory molecules, but selec-
tively maintain high expression of B7-H1. As a result of 
this phenotype, CMV-infected dendritic cells were unable 
to prime effective CD8+ T cell responses in a 70 h in vitro 
priming model; however, the addition of anti-B7-H1-block-
ing antibody to the co-cultures restored the stimulatory 
capacity of the infected dendritic cells, implicating a role 
for B7-H1 in limiting the priming of T cell responses. Our 
laboratory, using a dendritic cell immunization model, also 
reported a role for B7-H1 expressed by activated dendritic 
cells in limiting the expansion and proliferation of effec-
tor CD8+ T cells [14]. Our findings reported here are novel 
in that we used an in vitro priming model in which naïve 
CD8+ T cells are co-cultured with activated dendritic cells 
for only 20 h (Fig. 1). This model is based on a series of 
publications in which investigators determined that 20 h is 
the optimal time period that is required for CTL priming 
[17, 18]. According to those findings, co-culture periods 
of naïve T cells and activated dendritic cells lasting several 
days are not necessary to achieve full CTL activation. By 
using a brief 20 h in vitro co-culture, we can be confident 
that we are investigating the influence of B7-H1 signal-
ing specifically during the priming phase of a CD8+ T cell 
response.

B7-H1 signaling is generally considered to be most 
important in restraining the effector functions of activated 
T cells in the periphery [13], but as described above, our 
group and others have characterized a role for B7-H1 
signaling in restraining the activation of T cell responses. 
Importantly, we demonstrate here that the binding partners 
for B7-H1, PD-1 and CD80, are both expressed by CD8+ T 
cells within 4 h of initiating the co-culture of naïve CD8+ T 
cells with activated dendritic cells (Supplementary Fig. 1). 
We found that CD8+ T cells primed by B7-H1 KO den-
dritic cells exhibited enhanced effector functions, includ-
ing increased IFN-γ production (Fig.  1), enhanced CTL 
killing (Fig. 2), and improved anti-tumor activity (Fig. 3). 
Thus, we conclude that B7-H1 signaling during a 20-h in 
vitro co-culture period limits the priming of effector CD8+ 
T cell responses. The linear differentiation model of mem-
ory generation proposes that memory CD8+ T cells arise 
from the effector cells that survive the contraction phase 
of an immune response [19]. According to this model, an 
enhanced effector CD8+ T cell population will lead to the 
formation of a superior memory CD8+ T cell population. 
In line with this idea, we found that priming naïve CD8+ T 
cells with B7-H1 KO dendritic cells led to the development 

of an improved memory population as demonstrated by an 
increase in the number and peripheral localization of mem-
ory cells arising from CD8+ T cells primed by B7-H1 KO 
dendritic cells (Figs. 4, 5). In addition, the memory popula-
tion arising from CD8+ T cells primed by B7-H1 KO den-
dritic cells exhibited an enhanced recall response to antigen 
(Fig. 6).

We have yet to determine the mechanism by which 
B7-H1 signaling during priming limits the differentiation 
of effector CD8+ T cells. We found no differences in the 
expression levels of the transcription factors responsible for 
regulating effector and memory cell differentiation (T-bet, 
Eomes, and Blimp-1) in CD8+ T cells primed by WT or 
B7-H1 KO dendritic cells (data not shown). In another 
study, we have characterized a role for B7-H1 in inducing 
apoptosis in effector CD8+ T cells by inducing an increase 
in Bim protein levels [26]. Here, we found that B7-H1 
signaling during the priming phase had no effect on Bim 
protein levels (data not shown). Since CD8+ T cell priming 
is influenced in part by cytokine signaling, we also investi-
gated the cell surface expression levels of various cytokine 
receptors (CD25, CD127, CD122, CD212, and IFNAR) on 
CD8+ T cells primed by WT versus B7-H1 KO dendritic 
cells and found no differences (data not shown). Thus, fur-
ther investigations are warranted to determine the mecha-
nism by which B7-H1 signaling during the priming phase 
regulates CD8+ T cell effector differentiation.

A promising strategy for anti-tumor immunotherapy 
is the use of activated dendritic cells to prime anti-tumor 
CD8+ T cell responses. Clinical trials using this approach 
have proven successful, resulting in recent FDA approval 
for their use in the treatment of late-stage metastatic pros-
tate cancer [16]. Current formulations for dendritic cell-
based immunotherapies are capable of prolonging patient 
survival by only 4 months, providing motivation for further 
investigations of ways to enhance dendritic cell priming of 
anti-tumor immune responses. As B7-H1 is up-regulated 
during dendritic cell activation [14], the activated dendritic 
cells used for therapy likely express high levels of B7-H1. 
According to our data presented here, this B7-H1 expres-
sion could be responsible for limiting the differentiation of 
anti-tumor CD8+ T cells in response to dendritic cell-based 
therapies. Thus, we suggest that early blockade of B7-H1 
signaling should be included in studies investigating the 
development of improved dendritic cell-based vaccination 
formulations.

In summary, our findings suggest that B7-H1 expressed 
by activated dendritic cells signals during the priming of 
naïve CD8+ T cells, resulting in negative regulation of the 
differentiation and acquisition of effector cell function, and 
subsequently limits the generation of effective memory 
CD8+ T cell populations. These results contribute to the 
understanding of how B7-H1 signaling influences various 
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stages of CD8+ T cell responses, information that is clini-
cally relevant in the design of anti-tumor immunotherapies.
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