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Cytomegalovirus-Based Vaccine Expressing
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Tumor-Specific CD8þ T-cell Response and
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Abstract

The presence of tumor-infiltrating CD8þ T cells is associated
with tumor regression and better prognosis. Cytomegalovirus
(CMV) infection elicits a robust and long-lasting CD8þ T-cell
response, which makes CMV a potentially promising vaccine
vector against cancer. In the current study, we used recombi-
nant murine CMV (MCMV) strains as prophylactic and
therapeutic vaccines in an aggressive B16 lung metastatic
melanoma model. Immunization with MCMV-expressing
ovalbumin (OVA) induced a potent OVA-specific CD8þ T-cell
response and was effective in protecting mice from OVA-
expressing B16 melanoma in an antigen-dependent manner.
We engineered MCMV to express a modified B16 melanoma
antigen gp100 (MCMV-gp100KGP). Immunization with

MCMV-gp100KGP was highly effective in overcoming
immune tolerance to self-antigen and induced a strong,
long-lasting gp100-specific CD8þ T-cell response even in the
presence of preexisting anti-CMV immunity. Furthermore,
both prophylactic and therapeutic vaccinations of mice with
MCMV-gp100KGP effectively protected mice from highly
aggressive lung B16-F10 melanoma, and the protection was
mediated by gp100-specific CD8þ T cells. We showed that
MCMV is a superior vaccine vector compared with a com-
monly used vesicular stomatitis virus vector. Collectively,
our studies demonstrate that CMV is a promising vaccine
vector to prevent and treat tumors. Cancer Immunol Res; 3(5);
536–46. �2015 AACR.

Introduction
Spontaneous autologous tumor-reactive T cells are frequent-

ly detected in patients with cancer. Results from numerous
studies on diverse human cancers have suggested that the
infiltration of tumor-reactive T cells, especially CD8þ T cells,
strongly correlates with tumor regression and better prognosis
(1–16). However, endogenous tumor-reactive T cells are usu-
ally present in low numbers and often become anergic, likely
due to the immunosuppressive environment in the tumor
sites. Therefore, efforts have been made to generate a large
number of effective antitumor T cells through various
approaches. One approach is to use different immunization
strategies, such as dendritic cells pulsed with peptides or
peptides with adjuvants, to induce tumor-specific T-cell
responses. In spite of the induction of detectable tumor-spe-
cific T cells by these vaccines, clinical responses have been
largely poor. Among 440 patients with metastatic melanoma

treated with various cancer vaccines at the Surgery Branch of
the NCI between February 1995 and April 2004, the objective
response rate was merely 2.6% (17). The overall ineffectiveness
of the aforementioned strategies was likely due to the poor
expansion of tumor-specific T cells, their low avidity for tumor
recognition, their inability to overcome the immunosuppres-
sive environment or peripheral tolerance, and the lack of
capacity to infiltrate tumors. Another approach that has been
used recently is to perform adoptive T-cell therapy (ACT), in
which tumor-infiltrating lymphocytes (TIL) are isolated from
metastases in patients, massively expanded in vitro, and trans-
ferred back into patients. Clinical trials have revealed great
efficacy of ACT with an objective response rate of about 40%
to 50% and a complete response rate of about 10% to 20%
(18–22). However, the process for generating a large number
of TILs can be complex and time consuming; as a result, a high
percentage of patients have to drop out during TIL preparation.
Moreover, TIL cultures cannot be established for metastatic
tumors from some patients, which further increases the drop-
out rate. Therefore, developing new therapeutic approaches to
generate large numbers of antitumor T cells within a short
period of time remains an attractive goal to enable long-term
protection against cancers.

In the present study, we assessed the potential of using
cytomegalovirus (CMV) as a cancer vaccine vector to generate
large numbers of effective antitumor CD8þ T cells. CMV
belongs to the Herpesviridae family, and the following unique
characteristics make CMV a promising cancer vaccine vector:
(i) CMV establishes a lifelong, asymptomatic infection in
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immunocompetent hosts; (ii) a remarkable characteristic of
CMV infections is that a robust superinfection is observed
despite the presence of preexisting CMV-specific immunity,
and thus individuals who may already harbor latent CMV can
be reimmunized with CMV-based vaccines (23–25); (iii) clon-
ing of the CMV genome as a bacterial artificial chromosome
makes it possible to introduce multiple tumor antigens into
the CMV vector; (iv) CMV infection induces a strong inflam-
matory innate immune response followed by a robust poly-
functional CD8 T-cell expansion, which makes CMV a poten-
tially ideal T-cell–based cancer vaccine vector; (v) in mice and
in humans, a process called memory inflation continues long
after the establishment of latency, in which CMV-specific CD8
T-cell populations proliferate for the life of the host (26–29),
and a large percentage of these "inflationary" CD8 T cells are
functional as exhibited by their ability to secrete multiple
cytokines; and (vi) the CMV-specific CD8þ T cells are distrib-
uted widely in lymphoid and nonlymphoid organs, such as the
lung, liver, and brain; therefore, CMV vaccines could be used to
target metastases in different organs.

Thus, we hypothesized that immunization with a CMV-based
vaccine will induce antitumor CD8 T-cell populations that
would phenotypically and functionally mimic the virus-specific
"inflationary" CD8 T cells. The tumor-specific CD8þ T cells will
likely continue to expand for the life of the host and widely
distribute to lymphoid as well as nonlymphoid tissues. Thus,
we believe that the "inflationary" tumor-specific CD8 T-cell
populations may provide effective prophylactic and therapeutic
protection against tumors. To test this hypothesis, we used
recombinant murine CMV (MCMV) strains that express altered
self or non-self tumor antigens in a highly metastatic lung
melanoma model. Our results show that MCMV vector expres-
sing ovalbumin (MCMV-OVA) or a modified melanoma anti-
gen gp100 (MCMV-gp100KGP) effectively induced a potent
and long-lasting tumor antigen-specific CD8þ T-cell response.
Furthermore, we show that immunization of mice with these
MCMV-based vaccines (MCMV-OVA or MCMV-gp100KGP)
provided both prophylactic and therapeutic protection against
highly metastatic lung B16 melanoma, and the protection was
mediated by tumor-specific CD8þ T cells. Finally, we demon-
strate that MCMV is superior to vesicular stomatitis virus (VSV),
a commonly used vaccine vector.

Materials and Methods
Animals, tumor cell lines, and viruses

Female C57BL/6 mice, 6 to 12 weeks of age, were purchased
fromCharles River–National Cancer Institute (Frederick,MD). All
animal studieswere carriedout in accordancewithNIHguidelines
and were approved by the University of Connecticut Health
Center Animal Care Committee.

The OVA-transfected B16 tumor cells (B16-OVA) and B16-F10
tumor cells were provided by Dr. Leo Lefrançois (University
of Connecticut Health Center, Farmington, CT). B16-OVA and
B16-F10 cells were maintained in DMEMmedium (Life Technol-
ogies) supplemented with 10% heat-inactivated FBS (Life Tech-
nologies), 1% NEAA (Life Technologies), 1 mmol/L sodium
pyruvate (Life Technologies), 100 units/mL penicillin (Life Tech-
nologies), and 100 mg/mL streptomycin (Life Technologies). B16-
OVA cells were also supplemented with 500 mg/mL G418 (Life
Technologies).

MCMV-OVAandMCMV-Smith strainswere kindly providedby
Dr. Carol Wu (University of Connecticut Health Center). All
MCMV viruses including recombinant viruses were propagated
on mouse embryonic fibroblasts (MEF).

Construction of recombinant MCMV
Recombinant MCMV strains were generated from the MCMV

BAC pSM3fr-MCK-2fl provided by Dr. Barbara Adler (Ludwig-
Maximilians-University Munich, Germany) using galK positive/
negative selection (30). The targeted region onMCMVgenomewas
located between two Hpa I restriction sites of Hind III-L fragment.
The targeted recombination cloning was performed in bacterial
strain SW102, which was provided by the Biological Resources
Branch, National Cancer Institute Preclinical Repository (BRB-
NCIPR). The first step was to prepare galK-targeting cassette for the
1st targeting. Primers ie2-galK-F 50-TTTCAGTGCATTTGGCATTA-
AAAACTATTGGTTCTAGTCATAAAACGGGCGGACCTGTTGACA-
ATTAATCATCGGCA-30 and ie2-galK-R 50-AGCCGAGCCCAAT-
GCAACCTTACCCGGCCTGGGGGGCTCCGTTCACCCGCTCT-
CAGCACTGTCCTGCTCCTT-30 were used to amplify the galK-tar-
geting cassette from plasmid pgalK provided by the BRB-NCIPR.
UnderlinedsequencesarehomologoustotheMCMVsequence,and
the rest of the sequences are homologous to the galK sequence. First
targeting was performed using galK-positive selection, which
yielded pSM3fr-MCK-2fl-galK. The second step was to generate
gp100-targeting cassette for the 2nd targeting. Gp100 gene was
amplified from a plasmid encoding gp100 (pcDNA-gp100) provid-
edbyDr.MichaelNishimura (LoyolaUniversity, Chicago, IL)using
primers gp100-F 50-ATTAGCTAGCGCCACCATGGGTGTCCAGA-
GAAGGAG-30 and gp100-R 50-ATTAGTCGACTCAGACCTGCTG-
TCCACTG-30. Homology to the gp100 sequence is underlined,
restriction enzyme site sequences are in bold, and the Kozak
sequence is in italics. Gp100 gene was then cloned into plasmid
pEGFP-C1 (Clontech) to replace theEGFPgeneusingNhe I andSal I
restriction sites, which yielded pgp100. To generate mutant gp100,
mutagenesiswas carriedoutonpgp100using theQuikChange II XL
Site-Directed Mutagenesis Kit (Agilent Technologies) to yield
pgp100KGP. Specifically, primers KGP-F 50-GCTCTGCTGGCTG-
TGGGGGCCCTAAAAGGACCCAGGAATCAGGACTGGCTTGGT-
GTC-30 and KGP-R 50-GACACCAAGCCAGTCCTGATTCCTGG-
GTCCTTTTAGGGCCCCCACAGCCAGCAGAGC-30 were used to
generate pgp100KGP. Gp100-targeting cassettes PHCMV ie1-gp100-
SV40 poly A and PHCMV ie1-gp100KGP-SV40 poly A were generated
from pgp100 and pgp100KGP, respectively, using primers ie2-
gp100-F 50-TTTCAGTGCATTTGGCATTAAAAACTATTGGTTCTA-
GTCATAAAACGGGCGGAATTAATAGTAATCAATTACGGGGTCA-
TTAG-30 and ie2-gp100-R 50-AGCCGAGCCCAATGCAACCTTAC-
CCGGCCTGGGGGGCTCCGTTCACCCGCTCACGCGTTAAGATA-
CATTGATGAGTTTGG-30. Underlined sequences are homologous
to MCMV sequence, and the rest of the sequences are homol-
ogous to the gp100-targeting cassette. Second targeting was
subsequently performed on pSM3fr-MCK-2fl-galK with gp100-
targeting cassettes PHCMV ie1-gp100-SV40 poly A and PHCMV ie1-
gp100KGP-SV40 poly A using galK-negative selection, which
yields pSM3fr-MCK-2fl-gp100 and pSM3fr-MCK-2fl-gp100KGP,
respectively. Sequences of both BAC constructs were verified.
MEFs were then transfected with pSM3fr-MCK-2fl, pSM3fr-
MCK-2fl-gp100, and pSM3fr-MCK-2fl-gp100KGP to reconstitute
wild-type (WT) MCMV, MCMV-gp100, and MCMV-gp100KGP,
respectively. Recombinant viruses were passaged three times in
MEFs before in vivo immunization.
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Construction of recombinant VSV
Gp100KGP sequence (AAAGGACCCAGGAATCAGGACTGG-

CTT) was cloned into pVSV-XN2 (kindly provided by Dr. Leo
Lefrançois) that encodes the VSV genome using restriction sites
Xho I and Nhe I to yield pVSV-XN2-gp100KGP, resulting in an
insertion of gp100KGP into the junction between G/L of VSV
genome (31). Recombinant VSV-gp100KGP was recovered by
transfecting vTF7.3 vaccinia virus (kindly provided by Dr. Leo
Lefrançois)–infected BHK cells with pVSV-XN2-gp100KGP and
helper plasmids pBS-P, pBS-N, and pBS-L (kindly provided byDr.
Leo Lefrançois), and purified by plaque assay.

Virus immunization and tumor model
Virus immunizations were performed i.p. with 1� 104 plaque-

forming unit (pfu) or 1� 105 pfu ofMCMVviruses, or 1� 105 pfu
of VSV virus. A mouse model of lung metastatic melanoma was
used in the study. B16-OVA cells (5� 105), or 5� 104 or 1� 105

B16-F10 cells were inoculated into mice i.v. to seed melanoma
cells directly into the lungs. Three to 4 weeks after tumor inoc-
ulation, mice were sacrificed and lungs were isolated. Pulmonary
nodules were enumerated using dissecting microscope to deter-
mine tumor burden.

Flow cytometry
Anti-CD8a (53–6.7) antibody was purchased from

eBiosciences, and anti-CD11a (2D7) and anti-IFNg (XMG1.2)
were purchased from BioLegend. Anti-TNFa (MP6-XT22) was
purchased from Becton, Dickinson and Company (BD).

OVA-specific CD8þ T cells were identified using the H-2Kb

tetramer containing the OVA peptide (SIINFEKL) generated
in our laboratory as previously described (32). M38-specific
CD8þ T cells were identified using the H-2Kb tetramer containing
theM38peptide (SSPPMFRV; provided by theNIHTetramerCore
Facility at Emory). Gp100-specific CD8þ T cells were identified by
measuring IFNg production after mouse gp100 peptide
(EGSRNQDWL) stimulation. Briefly, splenocytes were stimulated
with 1 mg/mL gp100 peptide (Life Technologies) at 37�C for 5
hours followed by intracellular staining of IFNg . To perform
functional analysis on antigen-specific CD8þ T cells, splenocytes
were stimulated with 1 mg/mL of specific peptide at 37�C for 5
hours followed by intracellular staining of IFNg and TNFa.
Tetramer staining was performed at room temperature for 1 hour.
All other stainingwas carried out at 4�C for 20minutes. Datawere
acquired on an LSR-II (BD) and analyzed with FlowJo software
(Tree Star).

Antibody treatment
Mice were treated i.p. with 250 mg/mouse anti-mCD20 [kindly

provided by Genentech (Roche Inc.)] or isotype control antibody
IgG2a (BioXcell) every 2 weeks starting from 5 days before tumor
injection (33).

Statistical analysis
Statistical analyses were performed in Prism (GraphPad

Software) using the two-tailed Student t test for two groups
and one-way ANOVA with the Bonferroni post test for three
groups. Comparison in the survival of mice was performed
by the log-rank Mantel–Cox test. �, P < 0.05; ��, P < 0.01;
���, P < 0.005.

Results
Immunization with MCMV-OVA induces a potent and
long-lasting polyfunctional CD8þ T-cell response

Human CMV (HCMV) infection induces a high frequency of
polyfunctional CD8þ T cells (34). The magnitude of the HCMV-
specific CD8þ T-cell response increases with age, a phenomenon
called "memory inflation" (29). CMV is highly species specific;
however,MCMVhas a significant amino acid sequence homology
to HCMV (35). MCMV resembles its HCMV counterpart with
respect to cell/organ tropism, pathogenesis, and the natural
infection course, including an acute infection phase followed by
the establishment of latency that is interspersed with reactivation,
all of which makes MCMV a great model to perform preclinical
studies. Therefore, we first evaluated kinetics of the CD8þ T-cell
response after immunization with a recombinant MCMV that
expressed a non-self foreign antigen. Mice were immunized with
1 � 105 pfu of MCMV-OVA i.p., and the kinetics of OVA-specific
CD8þ T cells in the blood were examined. OVA-specific CD8þ

T cells peaked at day 7 with a slow and moderate contraction
followed by a steady inflation (Fig. 1A and B). These OVA-specific
inflationary CD8þ T cells, resembling HCMV-specific cells,
remained polyfunctional during latency (Fig. 1C). Eight months
after infection, 60% of OVA-specific CD8 T cells were still capable
of producing both IFNg and TNFa ex vivo following OVA peptide
stimulation.

Therapeutic immunization with an MCMV vector that
expressed a non-self tumor antigenOVAwas effective for tumor
rejection

Because MCMV elicited a potent polyfunctional CD8þ T-cell
response, we hypothesized that MCMV-based vectors can serve
as promising cancer vaccine vehicles. To test our hypothesis,

Figure 1.
MCMV infection elicits potent and long-lasting polyfunctional CD8þ T-cell
response. C57BL/6 mice were infected with 1 � 105 pfu of MCMV-OVA i.p.
A, identification of OVA-specific CD8þ T cells by OVA-Kb tetramer staining.
B, kinetics of OVA-specific CD8þ T-cell response in the blood (n ¼ 3). C, the
frequency (left) and function (right) of OVA-specific CD8þ T cells in the
spleens 8 months after infection. Flow plots in C were gated on CD8þ T cells.
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we initially employed MCMV-OVA and the B16-OVA lung
metastatic melanoma tumor model. B16-OVA cells were inoc-
ulated into mice i.v. to directly seed melanoma cells into lungs
at day 0 (Fig. 2A). Seven days later, when the tumor was
already established in the lung, mice were immunized i.p. with
PBS, MCMV-OVA, or MCMV-Smith (WT MCMV strain that
does not express OVA). Twenty-eight days after tumor inocu-
lation, mice were sacrificed and tumor burdens were deter-
mined. Compared with immunization with MCMV-Smith
or PBS control, MCMV-OVA immunization was remarkably
effective at eliminating B16-OVA tumors (Fig. 2B and C). The
total number of pulmonary nodules in mice immunized
with MCMV-OVA was significantly reduced when compared
with that of PBS or MCMV-Smith controls. Moreover, these
nodules were substantially smaller than those from the other
two groups. B16-OVA alone did not induce OVA-specific
CD8þ T cells, likely due to the tumor-suppressive environ-
ment, whereas immunization with MCMV-OVA elicited
high frequency of OVA-specific CD8þ T cells that were efficient
in producing IFNg and/or TNFa at the tumor site (Fig. 2D and
E). These data suggested that immunization with MCMV-OVA
was effective at overcoming the tumor-suppressive environ-
ment and inducing a potent CD8þ T-cell response. Because
MCMV-Smith did not express OVA and failed to reject the B16
tumor, we concluded that infection with MCMV virus itself did
not provide any protection, and thus the tumor protection
rendered by MCMV-OVA immunization was mediated in an
antigen-specific manner.

Construction and characterization of recombinant
MCMV-gp100 and MCMV-gp100KGP

Although immunization with MCMV-OVA was effective at
overcoming the immune-suppressive environment induced by
the growth of B16-OVAmelanoma, OVA is nevertheless a foreign
antigen. Because the majority of known tumor antigens are
considered to be self or altered self-antigens, generating a pro-
ductive antitumor CD8þ T-cell immunity in the presence of
immune tolerance mechanisms has been a major impediment
in designing effective tumor vaccines. Thus, to further demon-
strate that immunization with CMV vectors can also overcome
immune tolerance mechanisms directed toward self tumor anti-
gens, we next engineeredMCMV to express amodifiedmelanoma
self-antigen and evaluated whether this recombinant MCMV
vaccine could generate tumor-specific functional CD8þ T cells.
We chose the melanocyte differentiation antigen gp100 that is
expressed by >90% of human metastatic melanoma (36). The
mouse self gp100 gene directed by the HCMV-immediate early
promoter ie1 was cloned in between the two Hpa I sites of the
Hind III-L fragment of theMCMV genome (Fig. 3A). The insertion
site was located directly downstream of the MCMV-immediate
early promoter and enhancer P1/3-E-P2, which is considered an
inflationary promoter/enhancer. Therefore, the expression of the
gp100 genewas also controlled by theMCMVP1/3-E-P2 promoter.
In addition, wemodified the CD8 epitope contained in the gp100
protein (gp10025–33). It was previously shown that an altered
gp10025–33 (KGPRNQDWL) epitope binds to MHC class I mol-
ecule H-2Db with greater affinity than the original gp10025–33

Figure 2.
Immunization with MCMV-OVA
effectively induces tumor rejection in
an antigen-dependent manner.
A, schema of the experimental design.
B, representative lung pictures of each
immunization group. C, tumor burdens
were determined by enumerating
pulmonary nodules (n ¼ 4). D, OVA-
specific CD8þ T-cell response in the
lungs of mice from each immunization
group at the time of tumor burden
analysis. E, functional analysis of
OVA-specific CD8þ T cells in the lungs
of mice from the MCMV-OVA
immunization group at the time of
tumor burden analysis. Flow plots in
D and E were gated on CD8þ T cells.
The data shown are representative
of two independent experiments.
�� , P < 0.01; ��� , P < 0.005.
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(EGSRNQDWL) epitope, and thus is strikingly more immuno-
genic (37). Therefore, we constructed a recombinant MCMV
vector expressing the original gp100 (MCMV-gp100) or gp100
with alteredCD8epitope (MCMV-gp100KGP).Wenext evaluated
whether these two recombinant MCMV vectors could induce
gp100-specific functional CD8þ T cells. Mice were immunized
i.p. with 1 � 104 pfu of MCMV-gp100 or MCMV-gp100KGP.

Seven days later, splenocytes were isolated and stimulated
with gp100 peptide at 37�C for 5 hours followed by intracel-
lular cytokine staining. Gp100-specific CD8þ T cells were
identified by IFNg production after gp100 peptide stimulation.
Mice immunized with MCMV-gp100 were not able to generate
gp100-specific CD8þ T cells; however, mice immunized
with MCMV-gp100KGP overcame the immune tolerance

Figure 3.
Construction and characterization of
recombinant MCMV-gp100 and
MCMV-gp100KGP. A, strategy for
constructing MCMV-gp100 and
MCMV-gp100KGP. B–E, mice
immunized with 1 � 104 pfu of MCMV-
gp100 or MCMV-gp100KGP. B, gp100-
specific CD8þ T-cell response in the
spleens of mice 7 days after infection
was determined by IFNg production
after mouse gp100 peptide
stimulation. Dot plots were gated on
CD8þ T cells. C, functional analysis of
gp100-specific CD8þ T cells in B from
the MCMV-gp100KGP immunization
group. Dot plots were gated on CD8þ

T cells. D, kinetics of antigen-specific
CD8þ T-cell responses in the spleens.
M38-specific CD8þ T cells were
identified by M38-Kb tetramer
staining. Gp100-specific CD8þ T cells
were identified by IFNg production
after mouse gp100 peptide
stimulation (n ¼ 4). E, functional
analysis of gp100-specific CD8þ T cells
in the spleens of mice 10 months after
immunization. Dot plots represent
populations gated on CD8þ T cells.

Figure 4.
Gp100-specific CD8þ T cells can be
elicited after a superinfection with
MCMV-gp100KGP. A, schema of
experimental design. B, Gp100-
specific CD8þ T-cell response in the
spleens after primary infection with
MCMV-gp100KGP was determined by
IFNg production after mouse gp100
peptide stimulation. Dot plots,
populations gated on CD8þ T cells.
C, Gp100-specific CD8þ T-cell
response in the spleens of mice
preinfected with WT MCMV and
superinfected with MCMV-gp100KGP;
antigen-specific T-cell response was
determined by IFNg production after
mouse gp100 peptide stimulation. Dot
plots, populations gated on CD8þ

T cells.
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mechanisms and generated a potent cross-reactive gp100-spe-
cific CD8þ T-cell response (Fig. 3B). The gp100-specific CD8þ

T cells were polyfunctional with regard to producing IFNg
and/or TNFa (Fig. 3C). We next determined whether these
gp100-specific CD8þ T cells inflate over time and maintain
functionality. Mice were immunized with 1 � 104 pfu of
MCMV-gp100KGP, and the kinetics of antigen-specific CD8þ

T-cell responses were determined. Indeed, gp100-specific CD8þ

T cells inflated after an initial contraction, and the inflation
magnitude was similar to that elicited by an MCMV endoge-
nous inflationary epitope M38 (Fig. 3D). In addition, as late as
10 months after immunization, the gp100-specific CD8þ T cells
were still functional and were capable of producing IFNg and
TNFa (Fig. 3E). Taken together, our data clearly demonstrated
the efficacy of using recombinant MCMV vector expressing a
modified tumor antigen (gp100KGP) to elicit a long-lasting
and potent tumor antigen-specific CD8 T-cell response.

Gp100-specific CD8þ T cells can be induced after a
superinfection with MCMV-gp100KGP

CMV infection is ubiquitous, and a majority of the population
already harbors latent CMV. However, superinfection has
been observed in mice, rhesus macaques, and humans
(23–25).Widespreaduse ofCMVvectors as tumor vaccineswould
largely depend on the ability to induce a superinfection in already
infected individuals. Thus, we next investigated whether MCMV-
gp100KGP can induce gp100-specific CD8þ T cells in mice
that were previously infected with WT MCMV. Mice were immu-
nized i.p. with 1� 105 pfu of WTMCMV. After the establishment
of latency, mice were reimmunized with 1 � 105 pfu of MCMV-
gp100KGP (Fig. 4A). Superinfection with MCMV-gp100KGP was
indeed effective at eliciting a potent gp100-specific CD8þ T-cell
response, albeit to a lesser extent when compared with that of
the primary infection (Fig. 4B and C). These data suggested
that immunization with MCMV-gp100KGP induced a robust

Figure 5.
Both prophylactic and therapeutic immunizations with MCMV-gp100KGP protect mice from highly metastatic lung B16-F10 melanoma. A, schemas of experimental
design for B and C. B, representative mouse lung pictures from each immunization group. C, tumor burdens were determined by enumerating pulmonary
nodules (n ¼ 4). The data shown are representative of three independent experiments. D, schemas of experimental design for E and F. E, representative mouse
lung pictures from each immunization group. F, tumor burdens were determined by enumerating pulmonary nodules (n ¼ 5). G, schemas of experimental
design for H and I. H, representative mouse lung pictures from each immunization group. I, tumor burdens were determined by enumerating pulmonary nodules
(n¼4). Thedata shownare representativeofmore than three independent experiments. J,micewere inoculatedwith 1� 105B16-F10 cells i.v. at day0and immunized
with 1 � 104 pfu of MCMV-gp100KGP at day 3. Mice were monitored for mortality for 55 days. � , P < 0.05; �� , P < 0.01; ��� , P < 0.005.
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gp100-specific CD8þ T-cell response even in mice that already
harbored latent CMV.

Both prophylactic and therapeutic immunizationswithMCMV-
gp100KGP protect mice from highly metastatic lung B16-F10
melanoma

We next determined whether MCMV-gp100KGP immuniza-
tion can protect mice from a highly metastatic lung B16-F10
melanoma. We first tested the efficacy of the vaccine in a prophy-
lactic setting.Micewere immunized i.p. with PBS or 1� 104 pfu of
MCMV-gp100KGP (Fig. 5A). Seven days later, mice were inocu-
lated i.v. with 1� 105 B16-F10 cells. Three weeks later, mice were
sacrificed and tumor burdens were determined. Compared with
the PBS control group, mice immunized with MCMV-gp100KGP
had significantly lower tumor burdens (Fig. 5B and C). Because

gp100-specific CD8þ T cells induced by MCMV-gp100KGP could
be detected long after the acute phase of the MCMV infection was
over, we determined whether these CD8þ T cells could still
provide tumor protection. Mice were immunized i.p. with PBS
or 1 � 105 pfu of MCMV-gp100KGP either 7 or 25 days before
tumor inoculation (Fig. 5D). Our data showed that immuniza-
tion with MCMV-gp100KGP 25 days before tumor inoculation
was also effective for tumor rejection, although to a lesser extent
when compared with that of the day –7 immunized group of
mice (Fig. 5E and F). We believe that the inferior protection
observed in mice that were immunized 25 days before tumor
inoculation was because day 25 after MCMV-gp100KGP immu-
nization fell within the time frame when gp100-specific CD8
T cells were still undergoing contraction (Fig. 3D), and thus the
frequency of gp100-specific CD8þ T cells was significantly lower

Figure 6.
MCMV-gp100KGP protects against
melanoma through gp100-specific
CD8þ T cells. A, schemas of
experimental design for B and C.
B, representative mouse lung pictures
from each immunization group.
C, tumor burdens were determined
by enumerating pulmonary nodules
(n ¼ 10). The data shown are
representative of two independent
experiments. D, schemas of
experimental design for E and F.
E, representative mouse lung pictures
from each immunization group.
F, tumor burdens were determined
by enumerating pulmonary nodules
(n ¼ 5). � , P < 0.05; �� , P < 0.01.
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when compared with that of the day �7 immunized group of
mice. Taken together, these data suggested that prophylactic
immunization with MCMV-gp100KGP strongly protected mice
from highly metastatic B16-F10 melanoma.

If melanoma is detected early, the long-term prognosis is
very promising; however, treating metastatic melanoma is diffi-
cult, and the prognosis of patients with metastatic melanoma
is extremely poor, with a median survival duration of about
7 months (38). Thus, we next evaluated the efficacy of the
MCMV-gp100KGP vector in a therapeutic setting, in which the
metastatic melanoma was already established in the lung. Mice
were inoculated with B16-F10 cells, and 3 days later, mice were
immunized with PBS or MCMV-gp100KGP (Fig. 5G). Immuni-
zation of mice with MCMV-gp100KGP 3 days after tumor inoc-
ulation resulted in significant tumor rejection (Fig. 5H and I).
These mice survived significantly longer than nonimmunized
mice (Fig. 5J). Taken together, these data suggested that thera-
peutic immunization with MCMV-gp100KGP effectively pro-
tected mice from highly metastatic B16-F10 melanoma.

MCMV-gp100KGP protects against melanoma through
gp100-specific CD8þ T cells

Thus far, we demonstrated that MCMV-gp100KGP vaccine
induced a potent gp100-specific CD8þ T-cell response and
strongly protected mice from highly metastatic lung melanoma.
We next determined whether the protection is directly mediated
by gp100-specific CD8þ T cells. Mice were inoculated with B16-
F10 cells, and 3 days later, mice were immunized with
PBS, MCMV-gp100, or MCMV-gp100KGP (Fig. 6A). MCMV-
gp100KGP only differs from MCMV-gp100 by two amino acids
on the CD8 T-cell epitope gp10025–33 (Fig. 3A). As a conse-
quence, MCMV-gp100KGP elicited a robust activation of
gp10025–33-specific CD8þ T cells, whereas MCMV-gp100 was
unable to generate gp10025–33-specific CD8þ T cells (Fig. 3B).
Because MCMV-gp100KGP provided strong protection against
melanoma, we reasoned that if MCMV-gp100 failed to provide
similar protection, and thus the protection induced by MCMV-
gp100KGP is in fact mediated by gp10025–33-specific CD8þ T
cells. Our data showed that immunization with MCMV-gp100
indeed failed to protect mice from B16-F10 melanoma (Fig. 6B
and C). Therefore, our data demonstrated that the MCMV-
gp100KGP–induced protection against melanoma was medi-
ated by gp10025–33-specific CD8þ T cells.

A recent study using recombinant MCMV-expressing native
tyrosinase-related protein 2 (MCMV-TRP2) demonstrated that
MCMV-TRP2 elicited very minimal TRP2-specific CD8þ T cells
and induced tumor rejection in an antibody-dependent manner
(39). We also investigated whether B cells play any role in the
MCMV-gp100KGP–mediated protection. Mice were treated i.p.
every 2 weeks (day �5 and day 8) with 250 mg of anti-CD20 to
deplete B cells, which abolished antitumor antibody response
(Fig. 6D). Mice were inoculated with B16-F10 i.v. at day 0 and
immunized with MCMV-gp100KGP i.p. at day 3. Our data
showed that mice treated with anti-CD20 had similar if not less
tumor burden when compared with those treated with control
antibody (Fig. 6E and F), indicating that MCMV-gp100KGP was
able to provide protection in the absence of B cells and antibody
response.

Together, these data demonstrated that MCMV-gp100KGP
protected mice from highly metastatic lung melanoma through
tumor-specific CD8þ T cells, but not B cells or antibody response.

MCMV vaccine vector is superior to a commonly used VSV-
based vaccine

Thus far, we have demonstrated the effectiveness of CMV as a
cancer vaccine vector. We next investigated whether CMV is a
better vaccine vector than other widely used vaccine vectors. We
directly compared the efficacy of CMV and a commonly used
VSV vaccine vector as cancer vaccines. Mice were inoculated with
B16-OVAat day 0 and immunizedwithPBS,MCMV-OVA, or VSV-
OVA at day 7 (Fig. 7A). Tumor burden was analyzed at day 25.
Both MCMV-OVA and VSV-OVA induced robust OVA-specific
CD8þ T cells (data not shown). Immunization with MCMV-OVA
elicited robust tumor rejection (Fig. 7B and C). Immunization
with VSV-OVA also strongly induced protection against B16-OVA
melanoma; however, the protection was less effective than that
following MCMV-OVA immunization, because mice immunized
withVSV-OVAhad about 10-fold higher tumor burden than those
immunized with MCMV-OVA (Fig. 7B and C). These data sug-
gested thatMCMVwas amore effective cancer vaccine vector than
VSV. To further confirm this, we engineered VSV to express the
altered gp100 peptide (VSV-gp100KGP). We compared the effi-
cacy of MCMV-gp100KGP and VSV-gp100KGP to induce protec-
tion against cancer in both prophylactic and therapeutic settings.
In the prophylactic setting, mice were immunized with MCMV-
gp100KGP or VSV-gp100KGP 11 days before tumor inoculation,
and in the therapeutic settings, mice were immunized with
MCMV-gp100KGP or VSV-gp100KGP 3 days after tumor inocu-
lation (Fig. 7D). VSV-inducedCD8þ T cells peak aroundday 7 and
contract by day 11 after infection. These CD8þ T cells do not
inflate. Although MCMV-induced CD8þ T cells also peak around
day 7, these T cells go through a slow and mild contraction. By
day 11, MCMV-induced CD8þ T cells are still detected in high
frequency. Our data showed that although immunization with
MCMV-gp100KGP 11 days before tumor inoculation provided
strong protection against B16-F10 melanoma, immunization
with VSV-gp100KGP failed to provide any protection (Fig. 7E
and F). In the therapeutic setting, compared with MCMV-
gp100KGP, which provided robust protection, VSV-gp100KGP
only rendered moderate protection (Fig. 7E and F). Taken togeth-
er, these data suggest that CMV vaccine vector is superior to VSV.

In conclusion, results from our study suggest that CMV-based
vectors can be used to generate potent antitumor CD8þ T-cell
responses and thus should be explored as vaccine candidates to
target melanoma and other tumors for which T-cell antigens are
known.

Discussion
Cytotoxic CD8 T cells are crucial in the defense against cancer.

However, cancer vaccines aimed at generating potent tumor-
specific CD8þ T cells have performed poorly in clinical trials
(17). Effective T-cell–based cancer vaccines must meet the fol-
lowing criteria (17). First, the cancer vaccine must be able to
overcome the immune tolerance to tumor antigens and elicit large
numbers of tumor-specific CD8þ T cells. Second, tumor-specific
CD8þ T cells elicited by the cancer vaccine must recognize tumor
antigens with high avidity. Third, the responding T cells must
infiltrate into the tumor tissue. Fourth, T cells must overcome the
immunosuppressive environment at the tumor site and remain
activated. Cancer vaccines utilizing recombinant viruses, such as
adenoviruses, vaccinia viruses, and fowlpox viruses that encode
tumor antigens, have been tested in previous studies (40–42).
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However, results have not been encouraging, and these vaccines
failed to induce tumor rejection primarily due to low levels
of tumor-reactive T cells and low functional avidity of these
T cells to tumor antigens. A previous study suggested that
CMV infection was sufficient to break immune tolerance to a
self-antigen (43). In this study, we demonstrated that immuni-
zation with recombinant MCMV vectors that expressed a foreign
antigen (MCMV-OVA) or a modified melanoma antigen gp100
(MCMV-gp100KGP) overcame immune tolerance and the tumor
immunosuppressive milieu and elicited a high frequency of long-
lasting and polyfunctional tumor antigen-specific CD8þ T cells.
We further demonstrated that immunization with the aforemen-
tioned MCMV vectors resulted in effective tumor rejection in
highly metastatic B16 melanoma models in both prophylactic
and therapeutic settings. These data suggested that MCMVwas an
effective cancer vaccine vector. We further demonstrated that
MCMV was superior to VSV, another widely used vaccine vector.

In a recent study, MCMV-TRP2 was tested using the subcuta-
neous B16 melanoma model (39). Interestingly, in this study,

immunization with MCMV-TRP2 elicited very minimal TRP2-
specific CD8þ T cells, and the tumor rejection induced byMCMV-
TRP2 was dependent on antibody responses but not on anti–
TRP2-specific CD8þ T-cell response. However, in our study, we
demonstrated that our vaccine vector MCMV-gp100KGP elicited
robust gp100-specific CD8þ T cells and induced strong tumor
rejection through tumor-specific CD8þ T cells, but not B cells or
antibody response.

Although our results showed that immunization with a CMV
vector that expressed the altered mutant epitope of gp100
(KGP) was more effective than the native gp100 for tumor
rejection, there is evidence that our approach may in fact be an
effective way to achieve antitumor responses. An elegant study
recently demonstrated that as a tumor grows, neoepitopes are
created by random mutations in tumor cells, which are similar
to the synthesized neoepitope that we engineered into our
CMV-based vaccine (gp100KGP; ref. 44). High-throughput
DNA sequencing was used to identify specific individual neo-
epitopes. Furthermore, immunization with these neo-altered

Figure 7.
MCMV is a superior vaccine vector than VSV. A, schemas of experimental design for B and C. B, representative lung pictures of each immunization group. C, tumor
burdens were determined by enumerating pulmonary nodules (n ¼ 6). The data shown are representative of two independent experiments. D, schemas of
experimental design for E and F. E, representative lung pictures of each immunization group. F, tumor burdenswere determined by enumerating pulmonary nodules
(n ¼ 6). �� , P < 0.01; ��� , P < 0.005.
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epitopes provided protection against tumors. Thus, we believe
that our approach is very relevant in the context of generating
effective tumor vaccines that contain slightly altered neoepi-
topes that may cross-react with native epitopes (as in our case)
or that may elicit a non–cross-reactive "new" immune response
against tumors. These newly discovered neoepitopes can be
engineered into CMV-based vectors and tested for antitumor
immunogenicity.

A challenge to the success of any tumor vaccine is that over
time tumor cells often evolve to escape from immune recog-
nition, and thus form tumor escape variants (45). Thus, in our
model, it is likely that not all tumor cells express gp100, and,
furthermore, high mutation rates in tumor cells will likely lead
to the development of melanoma cells that may eventually
evade gp100-specific CD8þ T cells. Hence, we are currently
focusing on engineering CMV vectors to express multiple tumor
antigens to generate a diverse CD8 T-cell repertoire against
several melanoma antigens (i.e., TRP2; refs. 46, 47). In addition
to using immunization strategies to induce tumor-specific
T cells, mAbs targeting immune checkpoint proteins, such as
CTLA-4 and PD-1, have been demonstrated to greatly promote
antitumor responses (48–50). It would be interesting to eval-
uate combined therapies of MCMV-gp100KGP with anti–
CTLA-4 and/or anti–PD-1 in future studies.

The CMV vectors we used in this study were based on the WT
strains. Although CMV infection is mostly asymptomatic in
immune-competent individuals, to ensure the safety of the vac-
cine, future studies would employ less virulent CMV strains (39).
Overall, our study clearly indicates that CMV-based vaccines
hold great promise as effective immunotherapeutic tools against
cancer.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: Z. Qiu, K.M. Khanna
Development of methodology: Z. Qiu, K.M. Khanna
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): Z. Qiu, H. Huang, J.M. Grenier, O.A. Perez,
H.M. Smilowitz
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): Z. Qiu, H. Huang, K.M. Khanna
Writing, review, and/or revision of the manuscript: Z. Qiu, H.M. Smilowitz,
B. Adler, K.M. Khanna
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): Z. Qiu, J.M. Grenier, B. Adler, K.M. Khanna
Study supervision: Z. Qiu, K.M. Khanna

Acknowledgments
The authors thank Dr. Siu-Pok Yee for help with making recombinant

MCMV virus, the Biological Resources Branch, National Cancer Institute
Preclinical Repository for providing the targeted recombination kit, Dr.
Michael I. Nishimura for providing plasmid encoding gp100 (pcDNA-
gp100), Drs. Leo Lefrançois and Carol Wu for providing reagents, Drs. Lynn
Puddington and Adam J. Adler for helpful discussions, and Dr. Mary Jo Turk
for helpful discussions regarding the article.

Grant Support
This work was supported by a grant (W81XWH-13-1-0342) from the

Department of Defense (DOD) to K.M. Khanna.
The costs of publication of this articlewere defrayed inpart by the payment of

page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

ReceivedMarch 17, 2014; revised January 6, 2015; accepted January 20, 2015;
published OnlineFirst January 29, 2015.

References
1. GoodenMJ, de BockGH, LeffersN,Daemen T,NijmanHW. The prognostic

influence of tumour-infiltrating lymphocytes in cancer: a systematic review
with meta-analysis. Br J Cancer 2011;105:93–103.

2. Pages F, Galon J, Dieu-NosjeanMC, Tartour E, Sautes-Fridman C, Fridman
WH. Immune infiltration in human tumors: a prognostic factor that should
not be ignored. Oncogene 2010;29:1093–102.

3. Kawai O, Ishii G, Kubota K, Murata Y, Naito Y, Mizuno T, et al. Predom-
inant infiltration of macrophages and CD8(þ) T Cells in cancer nests is a
significant predictor of survival in stage IV nonsmall cell lung cancer.
Cancer 2008;113:1387–95.

4. Nakano O, Sato M, Naito Y, Suzuki K, Orikasa S, Aizawa M, et al.
Proliferative activity of intratumoral CD8(þ) T-lymphocytes as a prognos-
tic factor in human renal cell carcinoma: clinicopathologic demonstration
of antitumor immunity. Cancer Res 2001;61:5132–6.

5. Prall F, Duhrkop T, Weirich V, Ostwald C, Lenz P, Nizze H, et al.
Prognostic role of CD8þ tumor-infiltrating lymphocytes in stage III
colorectal cancer with and without microsatellite instability. Hum
Pathol 2004;35:808–16.

6. Pages F, Kirilovsky A, Mlecnik B, Asslaber M, Tosolini M, Bindea G, et al. In
situ cytotoxic and memory T cells predict outcome in patients with early-
stage colorectal cancer. J Clin Oncol 2009;27:5944–51.

7. Schumacher K,HaenschW, RoefzaadC, Schlag PM. Prognostic significance
of activated CD8(þ) T cell infiltrations within esophageal carcinomas.
Cancer Res 2001;61:3932–6.

8. Webb JR, Milne K, Nelson BH. Location, location, location: CD103
demarcates intraepithelial, prognostically favorable CD8 tumor-infil-
trating lymphocytes in ovarian cancer. Oncoimmunology 2014;3:
e27668.

9. Sharma P, Shen Y, Wen S, Yamada S, Jungbluth AA, Gnjatic S, et al. CD8
tumor-infiltrating lymphocytes are predictive of survival in muscle-inva-
sive urothelial carcinoma. Proc Natl Acad Sci U S A 2007;104:3967–72.

10. Shibuya TY, Nugyen N, McLaren CE, Li KT, Wei WZ, Kim S, et al. Clinical
significance of poorCD3 response inhead andneck cancer. ClinCancer Res
2002;8:745–51.

11. Schatton T, Scolyer RA, Thompson JF, Mihm MC Jr. Tumor-infiltrating
lymphocytes and their significance in melanoma prognosis. Methods Mol
Biol 2014;1102:287–324.

12. Azimi F, Scolyer RA, Rumcheva P, Moncrieff M, Murali R, McCarthy SW,
et al. Tumor-infiltrating lymphocyte grade is an independent predictor of
sentinel lymph node status and survival in patients with cutaneous
melanoma. J Clin Oncol 2012;30:2678–83.

13. Burton AL, Roach BA, Mays MP, Chen AF, Ginter BA, Vierling AM, et al.
Prognostic significance of tumor infiltrating lymphocytes in melanoma.
Am Surg 2011;77:188–92.

14. van Houdt IS, Sluijter BJ, Moesbergen LM, Vos WM, de Gruijl TD, Molen-
kamp BG, et al. Favorable outcome in clinically stage IImelanoma patients
is associated with the presence of activated tumor infiltrating T-lympho-
cytes and preserved MHC class I antigen expression. Int J Cancer
2008;123:609–15.

15. Clark WH Jr., Elder DE, Guerry D, Braitman LE, Trock BJ, Schultz D, et al.
Model predicting survival in stage I melanoma based on tumor progres-
sion. J Natl Cancer Inst 1989;81:1893–904.

16. Clemente CG, Mihm MC Jr, Bufalino R, Zurrida S, Collini P, Cascinelli
N. Prognostic value of tumor infiltrating lymphocytes in the vertical
growth phase of primary cutaneous melanoma. Cancer 1996;77:
1303–10.

17. Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving
beyond current vaccines. Nat Med 2004;10:909–15.

18. Besser MJ, Shapira-Frommer R, Itzhaki O, Treves AJ, Zippel DB, Levy D,
et al. Adoptive transfer of tumor-infiltrating lymphocytes in patients with
metastatic melanoma: intent-to-treat analysis and efficacy after failure to
prior immunotherapies. Clin Cancer Res 2013;19:4792–800.

www.aacrjournals.org Cancer Immunol Res; 3(5) May 2015 545

CMV-Based T-cell Tumor Vaccines

on July 29, 2015. © 2015 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst January 29, 2015; DOI: 10.1158/2326-6066.CIR-14-0044 

http://cancerimmunolres.aacrjournals.org/


19. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, et al.
Adoptive cell therapy for patients withmetastaticmelanoma: evaluation of
intensive myeloablative chemoradiation preparative regimens. J Clin
Oncol 2008;26:5233–9.

20. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ,
et al. Durable complete responses in heavily pretreated patients with
metastatic melanoma using T-cell transfer immunotherapy. Clin Cancer
Res 2011;17:4550–7.

21. Dudley ME, Gross CA, LanghanMM, Garcia MR, Sherry RM, Yang JC, et al.
CD8þ enriched "young" tumor infiltrating lymphocytes can mediate
regression of metastatic melanoma. Clin Cancer Res 2010;16:6122–31.

22. Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O, Hershkovitz
L, et al. Clinical responses in a phase II study using adoptive transfer of
short-term cultured tumor infiltration lymphocytes in metastatic melano-
ma patients. Clin Cancer Res 2010;16:2646–55.

23. Gorman S, Harvey NL, Moro D, Lloyd ML, Voigt V, Smith LM, et al. Mixed
infectionwithmultiple strainsofmurine cytomegalovirusoccurs following
simultaneous or sequential infection of immunocompetent mice. J Gen
Virol 2006;87:1123–32.

24. Hansen SG, Vieville C,Whizin N, Coyne-Johnson L, Siess DC, Drummond
DD, et al. Effector memory T cell responses are associated with protection
of rhesus monkeys from mucosal simian immunodeficiency virus chal-
lenge. Nat Med 2009;15:293–9.

25. Boppana SB, Rivera LB, Fowler KB, Mach M, Britt WJ. Intrauterine trans-
mission of cytomegalovirus to infants of women with preconceptional
immunity. N Engl J Med 2001;344:1366–71.

26. Karrer U, Sierro S, Wagner M, Oxenius A, Hengel H, Koszinowski UH, et al.
Memory inflation: continuous accumulation of antiviral CD8þ T cells over
time. J Immunol 2003;170:2022–9.

27. MunksMW,ChoKS, Pinto AK, Sierro S, KlenermanP,Hill AB. Four distinct
patterns of memory CD8 T cell responses to chronic murine cytomegalo-
virus infection. J Immunol 2006;177:450–8.

28. Snyder CM, Cho KS, Bonnett EL, van DS, Shellam GR, Hill AB. Memory
inflation during chronic viral infection is maintained by continuous
production of short-lived, functional T cells. Immunity 2008;29:650–9.

29. Khan N, Hislop A, Gudgeon N, Cobbold M, Khanna R, Nayak L, et al.
Herpesvirus-specific CD8 T cell immunity in old age: cytomegalovirus
impairs the response to a coresident EBV infection. J Immunol 2004;
173:7481–9.

30. Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG. Simple
and highly efficient BAC recombineering using galK selection. Nucleic
Acids Res 2005;33:e36.

31. Schnell MJ, Buonocore L, Whitt MA, Rose JK. The minimal conserved
transcription stop-start signal promotes stable expression of a foreign gene
in vesicular stomatitis virus. J Virol 1996;70:2318–23.

32. Masopust D, Vezys V, Marzo AL, Lefrancois L. Preferential localization of
effector memory cells in nonlymphoid tissue. Science 2001;291:2413–7.

33. Ueki I, Abiru N, Kobayashi M, Nakahara M, Ichikawa T, Eguchi K, et al. B
cell-targeted therapy with anti-CD20 monoclonal antibody in a mouse
model of Graves' hyperthyroidism. Clin Exp Immunol 2011;163:309–17.

34. Sylwester AW, Mitchell BL, Edgar JB, Taormina C, Pelte C, Ruchti F, et al.
Broadly targeted human cytomegalovirus-specific CD4þ andCD8þ T cells

dominate the memory compartments of exposed subjects. J Exp Med
2005;202:673–85.

35. Rawlinson WD, Farrell HE, Barrell BG. Analysis of the complete DNA
sequence of murine cytomegalovirus. J Virol 1996;70:8833–49.

36. Boon T, Coulie PG, Van den Eynde BJ, van der Bruggen P. Human T cell
responses against melanoma. Annu Rev Immunol 2006;24:175–208.

37. van StipdonkMJ, Badia-Martinez D, SluijterM,Offringa R, vanHT, Achour
A. Design of agonistic altered peptides for the robust induction of CTL
directed towards H-2Db in complex with the melanoma-associated epi-
tope gp100. Cancer Res 2009;69:7784–92.

38. Dunki-Jacobs EM, Callender GG, McMasters KM. Current management of
melanoma. Curr Probl Surg 2013;50:351–82.

39. Xu G, Smith T, Grey F, Hill AB. Cytomegalovirus-based cancer vaccines
expressing TRP2 induce rejection of melanoma in mice. Biochem Biophys
Res Commun 2013;437:287–91.

40. ChenPW,WangM,BronteV, Zhai Y, Rosenberg SA, RestifoNP. Therapeutic
antitumor response after immunization with a recombinant adenovirus
encoding a model tumor-associated antigen. J Immunol 1996;156:
224–31.

41. Bronte V, Tsung K, Rao JB, Chen PW, Wang M, Rosenberg SA, et al. IL-2
enhances the function of recombinant poxvirus-based vaccines in the
treatment of established pulmonary metastases. J Immunol 1995;154:
5282–92.

42. Rosenberg SA, Zhai Y, Yang JC, Schwartzentruber DJ, Hwu P, Marincola
FM, et al. Immunizing patients with metastatic melanoma using recom-
binant adenoviruses encoding MART-1 or gp100 melanoma antigens.
J Natl Cancer Inst 1998;90:1894–900.

43. Lloyd ML, Shellam GR, Papadimitriou JM, Lawson MA. Immunocon-
traception is induced in BALB/c mice inoculated with murine cytomeg-
alovirus expressing mouse zona pellucida 3. Biol Reprod 2003;
68:2024–32.

44. Duan F, Duitama J, Al SS, Ayres CM, Corcelli SA, Pawashe AP, et al.
Genomic and bioinformatic profiling of mutational neoepitopes reveals
new rules to predict anticancer immunogenicity. J Exp Med 2014;
211:2231–48.

45. Khong HT, Restifo NP. Natural selection of tumor variants in the gener-
ation of "tumor escape" phenotypes. Nat Immunol 2002;3:999–1005.

46. Wang RF, Appella E, Kawakami Y, Kang X, Rosenberg SA. Identification of
TRP-2 as a human tumor antigen recognized by cytotoxic T lymphocytes.
J Exp Med 1996;184:2207–16.

47. Bloom MB, Perry-Lalley D, Robbins PF, Li Y, el-Gamil M, Rosenberg SA,
et al. Identification of tyrosinase-related protein 2 as a tumor rejection
antigen for the B16 melanoma. J Exp Med 1997;185:453–9.

48. Hodi FS,O'Day SJ,McDermott DF,Weber RW, Sosman JA,Haanen JB, et al.
Improved survival with ipilimumab in patientswithmetastaticmelanoma.
N Engl J Med 2010;363:711–23.

49. Robert C, Thomas L, Bondarenko I, O'Day S, JW MD, Garbe C, et al.
Ipilimumab plus dacarbazine for previously untreated metastatic mela-
noma. N Engl J Med 2011;364:2517–26.

50. Hamid O, Robert C, Daud A, Hodi FS, HwuWJ, Kefford R, et al. Safety and
tumor responses with lambrolizumab (anti-PD-1) in melanoma. N Engl J
Med 2013;369:134–44.

Cancer Immunol Res; 3(5) May 2015 Cancer Immunology Research546

Qiu et al.

on July 29, 2015. © 2015 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst January 29, 2015; DOI: 10.1158/2326-6066.CIR-14-0044 

http://cancerimmunolres.aacrjournals.org/


2015;3:536-546. Published OnlineFirst January 29, 2015.Cancer Immunol Res 
  
Zhijuan Qiu, Huakang Huang, Jeremy M. Grenier, et al. 
  
Protects Mice from Melanoma

 T-cell Response and+Antigen Induces Potent Tumor-Specific CD8
Cytomegalovirus-Based Vaccine Expressing a Modified Tumor

  
Updated version

  
 10.1158/2326-6066.CIR-14-0044doi:

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cancerimmunolres.aacrjournals.org/content/3/5/536.full.html#ref-list-1

This article cites 50 articles, 28 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgat

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department

  
Permissions

  
.permissions@aacr.org

To request permission to re-use all or part of this article, contact the AACR Publications Department at

on July 29, 2015. © 2015 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst January 29, 2015; DOI: 10.1158/2326-6066.CIR-14-0044 

http://cancerimmunolres.aacrjournals.org/lookup/doi/10.1158/2326-6066.CIR-14-0044
http://cancerimmunolres.aacrjournals.org/content/3/5/536.full.html#ref-list-1
http://cancerimmunolres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://cancerimmunolres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




