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Novel and enhanced anti-melanoma DNA vaccine targeting
the tyrosinase protein inhibits myeloid-derived suppressor
cells and tumor growth in a syngeneic prophylactic and
therapeutic murine model
J Yan1, C Tingey1, R Lyde1, TC Gorham1, DK Choo1, A Muthumani1,2, D Myles1, LP Weiner3, KA Kraynyak4, EL Reuschel1,
TH Finkel5, JJ Kim4, NY Sardesai4, KE Ugen6, K Muthumani1 and DB Weiner1

Melanoma is the most deadly type of skin cancer, constituting annually ∼ 75% of all cutaneous cancer-related deaths due to
metastatic spread. Currently, because of metastatic spread, there are no effective treatment options for late-stage metastatic
melanoma patients. Studies over the past two decades have provided insight into several complex molecular mechanisms as to
how these malignancies evade immunological control, indicating the importance of immune escape or suppression for
tumor survival. Thus, it is essential to develop innovative cancer strategies and address immune obstacles with the goal of
generating more effective immunotherapies. One important area of study is to further elucidate the role and significance of
myeloid-derived suppressor cells (MDSCs) in the maintenance of the tumor microenvironment. These cells possess a remarkable
ability to suppress immune responses and, as such, facilitate tumor growth. Thus, MDSCs represent an important new target for
preventing tumor progression and escape from immune control. In this study, we investigated the role of MDSCs in immune
suppression of T cells in an antigen-specific B16 melanoma murine system utilizing a novel synthetic tyrosinase (Tyr) DNA
vaccine therapy in both prophylactic and therapeutic models. This Tyr vaccine induced a robust and broad immune response,
including directing CD8 T-cell infiltration into tumor sites. The vaccine also reduced the number of MDSCs in the tumor
microenvironment through the downregulation of monocyte chemoattractant protein 1, interleukin-10, CXCL5 and arginase II,
factors important for MDSC expansion. This novel synthetic DNA vaccine significantly reduced the melanoma tumor burden
and increased survival in vivo, due likely, in part, to the facilitation of a change in the tumor microenvironment through MDSC
suppression.
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INTRODUCTION
Skin cancer is one of the most common types of cancers
diagnosed in the United States, with an estimated 2 million new
cases annually. Melanoma is the most deadly type of skin cancer,
constituting 5% of diagnoses but 475% of all skin-cancer related
deaths because of systemic metastatic spread.1,2 Of the 76 100
new melanoma diagnoses estimated to occur in 2014, ∼ 12% will
progress to stage III or IV melanoma with a 5-year survival
rate of 15%.1 Treatment options for disseminated melanoma
remain limited. Currently, ∼ 17 therapies have been approved for
the treatment of metastatic melanoma.3 These include more
conventional anti-neoplastic agents such as dacarbazine (DTIC) as
well as immunotherapies such as interleukin-2 (IL-2) and the
anti-CTLA-4 human monoclonal antibody ipilimumab (Yervoy).2–5

However, because metastatic melanoma is resistant to native
apoptotic and antigrowth signals, is highly metastatic and deploys
several local immune evasion mechanisms,1,6 these therapies,
overall, have been demonstrated to be only marginally successful.

Consequently, it is essential to develop innovative anticancer
strategies that address such obstacles and induce cytotoxicity
against tumor cells while minimally affecting normal cells.6

Recent developments in cancer research have focused on
using immunotherapies to target specific tumor antigens.7–11 In
the case of melanoma, the tumor-differentiation antigens gp100,
Melan-A/MART1 and tyrosinase (Tyr) have been determined to be
highly expressed in over 75% of all melanoma tumor cells.12–14

Past studies using vaccines against MART1 and gp100 have
reported the induction of antigen-specific T-cell responses, as
measured by interferon-γ (IFN-γ) expression levels.15–17 Even so,
many tumorigenic models demonstrate poor responses to these
vaccines. Despite the induction of a cell-mediated immune
response against tumor cell antigens, there still remains a need
for the development of enhanced and effective immunogenicity
of vaccines as well as more efficient delivery systems and a better
characterization of vaccine-induced mechanisms for immune
activation.18,19
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In this regard, a novel synthetic consensus DNA vaccine against
the tumor antigen Tyr was developed and characterized as to its
in vivo antitumor efficacy in a prophylactic and therapeutic B16
melanoma challenge model. The B16F10 murine tumor model is
particularly useful for these studies as this tumor is highly
aggressive and metastatic, and is also poorly immunogenic.11

Furthermore, this tumor appears to exhibit immunosuppressive
properties, similar to those observed in human cancer. In this
study, a consensus, enhanced Tyr DNA vaccine (designated pTyr)
was developed and delivered by optimized in vivo electroporation
(EP) in order to enhance efficacy. The vaccine induced highly
potent CD8+ T-cell responses as measured by IFN-γ, tumor
necrosis factor-α (TNF-α) and IL-2 production, as well as aug-
mented both CD8+ T-cell effector memory and central memory
populations. In a prophylactic setting, the vaccine significantly
reduced tumor burden in pTyr immunized mice as well as
increased survival in a CD8+ T cell-dependent manner. Mice
immunized with pTyr had reduced frequencies of myeloid-derived
suppressor cells (MDSCs) in tumor tissue, as well as reductions in
levels of IL-10, monocyte chemoattractant protein 1 (MCP-1)/CCL2,
CXCL-5 and arginase II, suggesting possible mechanisms for the
effective reduction in overall tumor burden. Specifically, levels of
IL-10, MCP-1/CCL2, CXCL-5 and arginase II were measured in the
study reported here as the presence and concentrations of these
molecules are indicative of inhibitory activity of MDSCs on T-cell
responses that would normally function in the control of tumor
growth.20–23 Similar responses were also observed using a
therapeutic vaccination model, with significantly reduced tumor
sizes, lower levels of MDSC population and reduced concentra-
tions of MCP-1.

MATERIALS AND METHODS
Tyr DNA vaccine construction
Human tyrosinase gene (Tyr) sequences were collected from GenBank and
the resulting enhanced Tyr DNA immunogens were designed using a
codon- and RNA-optimized approach, and cloned into a pVax1 expression
vector (GenScript, Piscataway, NJ, USA) using BamHI and XhoI under
control of the cytomegalovirus immediate-early promoter, as described
previously.24 As indicated, this human tyrosinase expressing DNA vaccine
is designated pTyr.

Transfection and expression of pTyr DNA vaccine by Western blot
Human Embryonic Kidney (HEK) 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (Life Technologies, Grand Island, NY, USA)
supplemented with 10% heat-inactivated fetal calf serum, 100 IU of
penicillin per ml, 100 μg of streptomycin per ml and 2mM L-glutamine, and
were transfected and harvested as described previously.25 Briefly, cells
were transfected using TurboFectin 8.0 (OriGene, Rockville, MD, USA)
transfection reagent and 10 μg control vector (pVax1) or the pTyr DNA
construct as per the manufacturer’s protocol and then incubated for 48 h.
Cells were harvested with ice-cold phosphate-buffered saline (PBS). After
transfection with pTyr, cells were washed with PBS, harvested and lysed in
RIPA buffer (50mM Tris-HCl (pH 8.0) with 150mM NaCl, 1.0% nonidet P-40,
0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate) containing
protease inhibitor and phosphatase inhibitors (Roche Life Sciences,
Indianapolis, IN, USA). After centrifugation, the supernatant was separated
and stored at − 70 °C until use. The protein concentration in samples was
quantified by using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). Equal amounts of protein were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
to a polyvinylidene difluoride membrane. The membrane was blocked and
incubated overnight in a 1:1000 dilution of an anti-Tyr primary antibody
(Cell Signaling Technology, Danvers, MA, USA) suspended in Tris-buffered
saline buffer containing 0.2% Tween-20 and 2.5% nonfat dry milk or 2.5%
bovine serum albumin. Following three 10- min washes with Tris-buffered
saline containing 0.2% Tween-20, blots were incubated with a horseradish
peroxidase-conjugated secondary antibody (Cell Signaling). The blots were
washed again for three times in Tris-buffered saline containing 0.2%

Tween-20 and visualized with an ECL advance detection system (GE
Healthcare Biosciences, Piscataway, NJ, USA).

Animals, DNA plasmid administration and EP delivery
Female C57/B6 mice (8 weeks of age) were purchased from Taconic
Biosciences (Hudson, NY ,USA). All animals were housed in a temperature-
controlled, light-cycled facility in accordance with the guidelines of the
National Institutes of Health and the University of Pennsylvania Institu-
tional Animal Care and Use Committee. C57BL/6 mice were separated into
five groups (20 μg of pVax1 and 5, 20, 30 or 60 μg of pTyr) to determine the
optimal DNA vaccine dose (n=5 for each group). All groups were
immunized intramuscularly three times at 2-week intervals. Based on the
dose study, subsequent experiments were carried out with 20 μg of
plasmid DNA in 30 μl volume (pVax1 or pTyr) followed by EP (CELLECTRA;
Inovio Pharmaceuticals, Plymouth Meeting, PA, USA). Pulsing parameters
for delivery were: 2 pulses of 0.1 Amp constant current, 4 s apart and 52ms
in length. All animals received administrations of either experimental or
control plasmids by methods described previously.26,27

Measurement of the anti-Tyr humoral response by enzyme-linked
immunosorbent assay (ELISA)
The 96-well microtiter plates (Nunc-Immuno Plate, MaxiSorp, Thermo Fisher
Scientific) were coated with purified Tyr protein (Enzo Life Sciences,
Farmingdale, NY, USA) by incubating plates overnight at 4 °C with 100 μl of
coating buffer (antigen concentration: 2 μgml− 1). The following day, plates
were washed three times with 1× x PBS containing 0.05% Tween 20 (PBS-T,
200 μl per well), blocked for 1 h with 10% fetal bovine serum in PBS (200 μl
per well), washed three times again with PBS-T and incubated for 1 h at 37 °
C with 1:100 dilutions (in PBS-T with 1% fetal bovine serum FBS (100 μl per
well)) of sera from mice immunized with either pTyr or pVax1. Bound IgG
was detected using goat anti-mouse IgG horseradish peroxidase (Research
Diagnostics, Cleveland, OH, USA) in a dilution of 1:5000. Bound enzyme was
detected by the addition of the chromogen substrate solution TMB (R&D
Systems, Minneapolis, MN, USA), and optically measured at an absorbance
of 450 nm using a Biotek EL312e Bio-Kinetics reader (Biotek US, Winooski,
VT, USA). All sera samples were tested in triplicate.28

Measurement of pTyr vaccine induced cellular immune responses
quantitated by an IFN-γ enzyme-linked immunospot (ELISpot)
assay
Mice were killed 1 week following the last immunization with pTyr or
pVax1. Spleens were harvested from each mouse and transferred into R10
media (RPMI-1640) medium, supplemented with 10% fetal bovine serum
and 1% antibiotics. Spleens were pulverized using a stomacher (Seward
Laboratory Systems, Davie, FL, USA) and transferred through a cell strainer.
Erythrocytes were removed by adding ACK lysing buffer (Life Technolo-
gies) and splenocytes were isolated and resuspended in R10 media. High-
protein IP 96-well Mutiscreen ELISpot plates (EMD Millipore, Billerica, MA,
USA) were coated with monoclonal anti-mouse IFN-γ capture antibody
(R&D Systems) and incubated overnight at 4 °C. The following day, plates
were washed three times with PBS and blocked for 2 h with 1% bovine
serum albumin and 5% sucrose in PBS. Isolated splenocytes in R10 medium
were counted and added in triplicate wells at 2 × 105 cells per well. Cells
were then stimulated with R10 (negative control), Concavalin A (positive
control; Sigma-Aldrich, St Louis, MO, USA) or antigenic mouse and human
Tyr peptides consisting of 15-mer peptides, overlapping by 11 amino acids
(GenScript). Epitope mapping studies were performed to determine
dominant epitope within the peptide using the individual peptides pools
that were used to stimulate the splenocytes. These individual peptide
pools were generated from a peptide matrix according to previously
described methodologies.29–31 The criteria for assigning a dominant
epitope designation was based on identification of H2-Db restricted
epitopes from the immune epitope database (http://tools.immuneepitope.
org). After 24 h of stimulation, the plates were washed with 1 × PBS and
incubated overnight with biotinylated anti-mouse IFN-γ antibody (R&D
Systems) at 4 °C followed by washing and incubation with streptavidin-
alkaline phosphatase (R&D Systems) in a 1:1000 dilution for 2 h in the dark
at room temperature. Plates were then washed again three times with PBS
followed by addition of BCIP/NBT (5-bromo-4-chloro-3′-indolylphosphate
p-toluidine salt and nitro blue tetrazolium chloride) (chromogen color
reagent; R&D Systems) for spot development. The plates were incubated
for ∼ 10min in the dark at room temperatures. The plates were then rinsed
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with distilled water, dried overnight followed by counting of the spots with
an automated ELISpot plate reader system using ImmunoSpot4 software
(Cellular Technology Limited, Shaker Heights, OH, USA). Spot-forming
counts were then converted to spot-forming cells per 106 splenocytes, as
described before.28

Tumor challenge: tumor inoculation and monitoring
B16F10LM3 (B16) is a murine pigmented melanoma derived from the
syngeneic C57BL/6 mouse strain that the laboratory has selected from the
B16F10 line because of the aggressive in vivo growth and metastatic
nature of this tumor line. The B16F line was originally provided by one of
the authors, Kenneth E Ugen (University of South Florida, Tampa, FL, USA).
For the prophylactic tumor challenge study, C57BL/6 mice were
subcutaneously inoculated with 5 × 105 B16 cells (in 200 μl RPMI medium)
in the right flank at 7 days after the last immunization and were followed
for tumor development and lesion size. In addition, in vivo CD8+ T-cell
depletion was performed as described previously using an anti-mouse CD8
(designated 2.43) antibody.32 For the therapeutic model, C57BL/6 mice
were subcutaneously inoculated with 5 × 105 B16 cells (in 200 μl RPMI
medium) in the right flank at day 0 followed by three vaccinations with
pTyr or pVax1 at days 7, 21 and 35.
For all challenge studies, tumor mass (that is, volume) was measured

using digital calipers after inoculation and was considered to be significant

when visible or palpable, that is, typically a 2-mm diameter lesion
size. Specifically, tumor size was calculated by multiplying the vertical
length by horizontal length. The survival of the tumor-bearing mice was
monitored daily. Mice were killed when the transplanted tumors reached
3 cm in diameter or when severe lesional or perilesional ulceration
developed.

Flow cytometric analysis
Tissues were prepared into single-cell suspensions and labeled with
appropriate antibodies to assess the level of Gr1+CD11b+-expressing
MDSCs in infiltrating B16 tumor cells at 20 days after inoculation with the
parental melanoma cell line. MDSCs were isolated as described
previously.33 Isolated tumor cells were incubated in minimal essential
media containing 2 mgml− 1 collagenase (Roche) and 0.02mgml− 1 DNase
(Roche) and 10% fetal bovine serum for 1 h at room temperature. Cells
were pulverized using a stomacher (Seward Laboratory Systems) and
transferred through a cell strainer. Isolated cells were counted followed by
plating of 5 × 105 cells per well in quadruplicate, for samples from each
mouse, in a 96-well U-shaped plate. Plates were centrifuged at 1600 r.p.m.
for 5 min and washed with 1 × PBS. After another centrifugation, cells were
resuspended in FACS buffer (PBS/1% fetal bovine serum) and three of the
four wells were incubated with Live/Dead Fixable Aqua Dead Cell Stain
(Life Technologies) for 30min in the dark at room temperature. Following

Figure 1. Construction and expression of pTyr (human tyrosinase expressing DNA vaccine) and generation of cellular immune responses. (a) A
Tyr-expressing construct (pTyr) was generated using the GenBank and National Center for Biotechnology Information (NCBI) databases. The
pTyr construct represents the single sequence that reflects the most conserved amino acids. This synthetic Tyr sequence was then subcloned
into the pVax1 expression vector between BamHI and Xho1 restriction sites. (b) Western blot analysis of expression of pTyr. Human 293T cells
were transiently transfected with 10 μg of either the control (pVax1) or pTyr vectors, as indicated. Cell lysates were extracted 48 h after
transfection and separated by polyacrylamide gel electrophoresis (PAGE), followed by immunoblotting. The immunoblot was incubated with an
anti-Tyr antibody that demonstrated staining in the pTyr but not the pVax-1 lane. Staining of electrophoresced and blotted β-actin was used as
a control. (c) Schematic representation of immunization and immune analysis time points utilized in this study. (d, e) Interferon-γ (IFN-γ)
enzyme-linked immunospot (ELISpot) assay characterization of dominant epitopes analysis: mice were immunized with pVax1 or 20 μg of pTyr
using electroporation (EP)-mediated delivery. Splenocytes from individual mice (n= 5 per group) were isolated 1 week after third
immunization and stimulated with the Tyr peptide matrix mixture pool as indicated. The number of IFN-γ-secreting splenocytes was
calculated as the average number of spots in the triplicate wells. Mice vaccinated with pTyr DNA induced higher IFN-γ levels than in the pVax1
control group. The hatched lines in (d, e) represent background levels for spot-forming cells (SFCs) for the assay (that is, ⩽ 50 IFN-γ SFCs per
106 splenocytes). Dominant epitopes indicated in (d, e) are indicated and described in the Results section.
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live/dead cell staining, wells were subsequently stained for surface
markers, as previously described.24 The following directly conjugated
antibodies were purchased from BD Biosciences (San Jose, CA, USA) or
eBioscience and used for the staining and flow cytometry analysis: AF-488
anti-CD11b (clone M1/70, IgG2b), PE-Cy7 anti-Gr1 (clone RB6-8C5, IgG2b)
and PerCP-Cy5.5-CD45.2 (clone 104) that detect CD11b, Gr1 and CD45 (on
C57BL/6 mouse lymphocytes). Approximately 1 × 105 living tumor cells
were counted per sample in a LSRII flow cytometer machine (BD
Biosciences). Data were analyzed using Tree Star FlowJo software (TreeStar,
Ashland, OR, USA).
For intracellular cytokine staining, cell suspensions (100ml per well) were

transferred into 96-well tissue culture plates and stimulated with Tyr peptide
for 6 h. To each well, 0.2 μg of brefeldin A (B7651; Sigma Aldrich) was added
for 1 h to allow cytokines to accumulate within the cell by blocking protein
transport into post-Golgi compartments. Receptors for antibody Fc were
blocked by adding an Fc blocking reagent (01241D; BD Biosciences).
Aliquots of cells were washed and then subjected to staining for CD3 and
CD8. Cells were then permeabilized by Perm/wash buffer (2091KZ;
Pharmingen) and stained for intracellular IFN-γ, IL-2 and TNF-α. Lymphocytes
were analyzed on a FACScalibur flow cytometer (BD Biosciences). Data were
analyzed using Tree Star FlowJo software (TreeStar).

Measurement of cytokines by ELISA
Samples for cytokine analysis were collected from the tumor microenvir-
onment. Briefly, peritumoral fluid was collected from pTyr or pVax1
vaccinated mice at day 10 after B16 melanoma tumor challenge. Speci-
fically, levels of MCP-1, IL-10, arginase II and CXLC5 in the supernatants
from the tumor microenvironments were measured after the samples
clarified by centrifugation (1000 g, 5 min). Immunoassays for cytokine
quantitation were then performed using ELISA kits according to the
manufacturer’s instructions (R&D Systems).

Immunohistochemical analysis
Immunohistological staining for MDSCs was performed by using
anti-mouse Gr1 (RB6-8C5: eBioscience), as described previously.33 Images
were viewed with Leica DMIRB Inverted Fluorescence Microscope (Buffalo
Grove, IL) and processed with Adobe Photoshop software (Adobe Systems,
San Jose, CA, USA).

Statistical analysis
Statistical analyses for comparison of tumor growth and mouse survival
between pTyr and pVax1 immunization groups were determined using
GraphPad Prism Software (GraphPad Software, La Jolla, CA, USA). Statistical
comparisons among groups were performed using Student’s t-test.
Correlations between the variables in the pVax1 control and pTyr groups
were statistically evaluated using Spearman’s rank correlation test. For all
the tests, a ‘P’-value of o0.05 was considered to be statistically significant.

RESULTS
Generation of and protein expression from the pTyr DNA vaccine
Synthetic full-length human tyrosinase gene (Tyr) sequences were
generated as described previously.34 Figure 1a shows a general
schematic diagrams for pTyr in a mammalian expression vector.
Full-length Tyr genes were successfully synthesized amplified and
cloned. To evaluate the expression of pTyr, western blot analysis
was performed using pTyr-transfected cell lysates. As indicated in
Figure 1b, cell lysates from pTyr-transfected 293T cells revealed
the correct molecular size (70 kDa) corresponding to Tyr protein
expression. Actin expression in the blotted samples was used as a
positive control.

Magnitude of cellular immune responses elicited after pTyr
immunization
The induction of IFN-γ-producing T cells by vaccination was
assessed using spleen cells isolated from pVax1- or pTyr-immu-
nized mice using a standard ELISpot assay.24,35 A schematic
diagram of the immunization strategy/protocol for the vaccine
dosage study is indicated in Figure 1c. C57BL/6 mice (n=5 each)

were grouped and mice in the experimental groups were
immunized with 20 μg of pTyr or pVax1 DNA (the dose was
selected based on data from a pilot study not shown using the
peptide matrix pool). Delivery was enhanced by using EP.
Specifically, splenocytes from pTyr- or pVax1-immunized mice were
isolated and stimulated overnight with either the human or mouse
Tyr matrix peptide pools to characterize the induced cellular
immune responses and epitope mapping assays were conducted to
determine the immunodominant peptide within the Tyr antigen.
Accordingly, based on these results, specific mapping was
performed using 24 individual peptide pools (15-mers, with 11
amino acids overlapping) from the matrix, as stimulators for
splenocytes from pTyr and pVax1 immunized mice, utilizing the
IFN-γ ELISpot assay. The mapping data revealed two dominant Tyr
epitopes ‘DWRDAEKCDICTDEY’ and ‘AKHTISSDYVIPIGT’ in both the
mouse and human sequences. The dominant peptides listed were
confirmed to contain one H2-Db restricted epitope by using
Immune Epitope Database analysis resource IDEP:AR http://tools.
iedb.org consensus tool, suggesting effective processing of this
antigen. These results indicated a breadth and magnitude of
cellular immune responses induced by the optimized pTyr vaccine
(Figures 1d and e).

Enhanced pTyr vaccine increases secretion of immunomodulatory
cytokines
In light of the potent immune responses indicated by the IFN-γ
ELISpot assay, CD3+/CD8+ T-cell responses were next evaluated by
intracellular cytokine staining assays in order to determine the
overall immunomodulatory effects of the enhanced pTyr vaccine.
Splenocytes were isolated 1 week following the third immuniza-
tion and were stimulated with Tyr peptides. Activated IFN-γ, TNF-α
and IL-2 secreting Tyr-specific CD8+ T cells were measured by flow
cytometric analysis after a 6-h incubation using methods
described previously.36 Upon analysis of the polyfunctionality of
the CD8+ T cells, it was observed that mice immunized with pTyr
exhibited a comparable higher frequency of CD8+ T cells secreting
various combinations of TNF-α, IL-2 and IFN-γ. CD8+ T cells from
pTyr-vaccinated mice had triple functionality, capable of produ-
cing IFN-γ, IL-2 and TNF-α (Figure 2a). Hence, central (TCM; CD8

+

CD44hiCD62Lhi) and effector (TEM; CD8
+CD44hiCD62Llo) memory

T-cell responses generated by Tyr peptide-stimulated splenocytes
following pTyr vaccination were evaluated. It was observed that
pTyr-vaccinated mice elicited significantly (P= 0.0001) higher
levels of TCM as well as TEM responses compared with the pVax1
control immunized group (Figures 2b and c).

Humoral immune responses following immunization with pTyr
Humoral immune responses following vaccination was assessed
using an ELISA assay as detailed in the Materials and methods
section. Antigen-specific total IgG antibody levels against Tyr were
evaluated as previously described.24,25 Significantly higher anti-Tyr
total IgG levels were observed in pTyr-vaccinated mice compared
with vector alone for all dilution factors (P= 0.0001; Figure 2d).
Titers estimated at over 500 were routinely observed. Antibody
responses appeared to be long-lived as high levels were
continued to be observed 120 days after immunization
(Figure 2e), indicating robust humoral immune response elicited
by the novel pTyr vaccine.

Enhanced pTyr vaccination protects mice against melanoma
tumor growth and is correlated with the generation of protective
tumor-specific CD8+ T cells
To investigate the prophylactic effects of pTyr immunization on
tumor growth, C57BL/6 mice were immunized three times at
2-week intervals with pVax1 or pTyr followed by challenge with
5 × 105 B16 cells injected subcutaneously into the right flank at
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1 week after the third immunization (Figure 3a). C57BL/6 mice
were separated into three groups (n= 10) as follows: pVax1, pTyr
and pTyr immunized that had the CD8+ T-cell population
depleted. Tumor calipher measurements and Kaplan–Meier
survival curves indicate that mice vaccinated with the pVax1
control construct developed tumors that grew rapidly and
reached maximum (that is, 100 mm3) lesion size by day 7. The
mean tumor volumes (Figure 3b) and survival rates (Figure 3c) are
shown. Immunization with pTyr dramatically slowed tumor
growth in mice as compared with pVax1 control immunization
(P= 0.0049).
Data from this study clearly demonstrated that pTyr vaccination

can generate IFN-γ systemically. As IFN-γ is an effector function of
CD8+ T cells, it is possible that the efficacy of the pTyr vaccine
results mainly from CD8+ T cells. To test this hypothesis, CD8+

T-cell depletion experiments were performed. In vivo monoclonal
antibody treatment-mediated ablation of CD8+ (clone 2.43; BD
Pharmingen) cells was performed by intraperitoneal injection of
100 μg of purified endotoxin-free monoclonal antibody/mouse/
injection on days − 3 and − 1 before tumor inoculation. Depletion
of CD8+ T cells completely abrogated the immune responses
elicited by pTyr, indicating that CD8+ T cells are required for
vaccine-induced immune responses (data not shown). Tumor
volumes in CD8-depleted pTyr-vaccinated mice were similar to

those in pVax1 mice, both significantly greater than in the pTyr-
vaccinated mice without CD8 depletion (P= 0.0008; Figure 3d).
These results confirm the requirement for CD8+ T cells in
generating antitumor immunity elicited by pTyr vaccination.

pTyr vaccination reduces MDSC accumulation in B16 tumor
Previous research has demonstrated that MDSC accumulation
promotes tumor immune evasion and tumor progression. Thus,
the accumulation of MDSCs in the tumor tissues and splenocytes
20 days after inoculation of the C57BL/6 mice with B16 cells was
measured using flow cytometric analysis. As per procedures
outlined in the Materials and methods section, the MDSC
population was determined for Gr-1+CD11b+-expressing cells on
gated CD45.2-expressing cells (Figure 4a). Mice immunized with
pTyr had significantly lower percentages of Gr-1+ and CD11b+-
expressing cells than pVax1-immunized mice in both the pre-
centrifuged tumor microenvironment sample (P= 0.0002;
Figure 4b) and circulating cells (P= 0.0019; Figure 4c), suggesting
that inhibition of CD11b+Gr1+ cell recruitment following pTyr is
important for the control of tumor growth.
Subsequently, immunohistochemistry was performed to visua-

lize MDSC localization in the tumor microenvironment. Images
indicated that MDSCs infiltrated into the tumor most markedly in

Figure 2. Prophylactic pTyr (human tyrosinase expressing DNA vaccine) vaccination stimulates production of interferon-γ (IFN-γ), tumor
necrosis factor-α (TNF-α), interleukin-2 (IL-2) and anti-Tyr humoral immune responses. (a) Single-cell suspensions of splenocytes (1 × 106 cells
per well) were prepared from mice immunized with either pVax1 or pTyr-DNA vaccines as described in the Materials and methods.
Lymphocytes were purified from splenocytes by using a T-cell enrichment kit and stained for cell surface marker CD3/CD8-(PerCP) as well as
for intracellular measurement of IFN-γ-(PE), TNF-α-(FITC) and IL-2-(APC). The frequency of IFN-γ, TNF-α and IL-2 producing CD8+ T cells was
determined within the CD8+ T-cell population. (b, c) Splenocytes from immunized mice were stained with surface markers CD3 (APC), CD8
(PerCP), CD44 (FITC) and CD62L (PE) to measure the percent of (b) central (TCM, CD44

hi+CD62L hi) and (c) effector (TEM, CD44
hi+CD62L lo)

memory CD8+T cells in pTyr- and pVax1-immunized mice. Specifically, cells (5 × 105 ) from mice immunized with pVax1 or pTyr (n= 4) were
stained, gated and analyzed using FlowJo software. Values from individual mice are expressed as means± s.e. (d, e) Detection of tyrosinase-
specific antibodies following prophylactic pTyr vaccination. (d) Production, indicated by OD (450 nm) values, of anti-Tyr total IgG in C57Bl/6
mice (n= 4) after three immunizations (at 2–week intervals) with pTyr (closed circle) or pVax1 (closed square). Of each vaccine, 20 μg was
delivered with electroporation (EP). The sera samples, diluted as indicated below, from immunized mice were collected and anti-Tyr specific
antibody levels were measured by enzyme-linked immunosorbent assay (ELISA) using IgG-specific horseradish peroxidase (HRP)-labeled
secondary antibodies. Significant differences in OD (450 nm) values between sera from the pTyr and pVax1 immunized groups were observed.
(e) Representative anti-Tyr binding levels in sera from pTyr-immunized mice, from three independent experiments, were measured at day 0
(preimmune) as well as days 35, 90 and 120 after vaccination. Sera were serially diluted at 1:20, 1:40, 1:80, 1:160, 1:320 and 1:640 for the ELISA
analysis. Each serum dilution was added in triplicate to individual wells (50 μl per well) coated with Tyr recombinant protein. Peak increases in
anti-Tyr-specific antibody levels (indicated by OD (450 nm)), compared with the preimmune serum, were detected for all immunized groups.
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the pVax1-immunized mice. However, there was no obvious
infiltration of MDSCs in the pTyr vaccinated mice (Figure 4d).

pTyr vaccination reduces intratumoral recruitment of MDSCs
correlated with IL-10, MCP-1, CXCL5 and arginase II levels
MDSCs indirectly affect T-cell activation through the production of
T regulatory cells that typically results in the suppression of
cell-mediated immunity.37,38 Furthermore, within tumors, MDSCs
produce several immunosuppressive molecules that potentially
alter or dampen antitumor immune responses. MDSCs perturb
antitumor immunity by skewing the tumor microenvironment
toward a cancer-promoting Th2 phenotype through the produc-
tion of IL-10. In addition, MDSCs also suppress the production of
the Th1 cytokine IL-12 that further increases MDSC production of
IL-10.37,39–42 Accordingly, we sought to determine whether vaccination
with pTyr is able to overcome this MDSC-mediated immunosuppres-
sive environment. MDSCs isolated from pVax1-immunized animals
were immunosuppressive, as evidenced by significant secretion of
IL-10, whereas MDSCs isolated from the pTyr-immunized group
showed decreased levels of IL-10 (P=0.0003; Figure 5a).
Furthermore, with the observed accumulation of MDSCs in B16

tumors, the role of MCP-1 was examined as it is an important
chemokine for MDSC migration. MCP-1 is a potent angiogenic
factor, promoting vascularization ex vivo and in vivo and affecting

migration of endothelial cells.43,44 An ELISA was used to detect the
expression of MCP-1 in sera from pVax1- or pTyr-vaccinated mice.
A significant increase in MCP-1 levels was observed in serum
samples from pVax1 mice compared with pTyr-vaccinated mice
(P= 0.0034), suggesting that the pTyr vaccine may modulate
MCP-1 levels, resulting in the observed decrease in MDSC
migration to the tumor tissue (Figure 5b).
CXCL5 is a small cytokine in the CXC family that is produced

after cells are stimulated by inflammatory cytokines such as IL-1 or
TNF-α. CXCL5 helps to stimulate chemotaxis of neutrophils and
indirectly promotes angiogenesis by interacting with the chemo-
kine receptor CXCR5. For some patients, CXCL5 has been noted to
reduce sunburn pain and is involved in chemotactic and activating
roles on neutrophils during inflammatory responses.45,46 Because
of these properties, we decided to examine CXCL5 levels in
inducing MDSC migration to the tumor microenvironment. The
results presented demonstrated that pTyr-vaccinated mouse
groups had significantly reduced CXCL5 levels in collected sera
compared with pVax-1 groups (P= 0.0155; Figure 5c), thus
demonstrating a potential role for CXCL5 in MDSC recruitment.
Previous studies have also suggested that tumor-associated

myeloid cells expressed high levels of protein and mRNA for
arginase I and arginase II and that MDSCs are typically
characterized by high levels of arginase expression.47 In this
regard, we screened arginase activity in the tumor

Figure 3. In vivo protection against tumor growth following prophylactic pTyr (human tyrosinase expressing DNA vaccine) vaccination. C57Bl/
6 mice (n= 10) were immunized three times at 2-week intervals with pTyr or pVax1 (20 μg intramuscular injection), delivered with
electroporation (EP). At 1 week after third immunization, mice were subcutaneously challenged with B16 melanoma cells. Half of the mice per
group (n= 5) were killed 20 days after tumor challenge for immune analysis, whereas the remaining mice were monitored up to day 80 for
tumor size and survival rates. (a) The schedule for immunization, tumor challenge as well as immune analysis is indicated. (b) Tumor size (that
is, volume) was measured using digital calipers every other day following B16 melanoma cell challenge for a period of 20 days typically for the
nonvaccinated control groups or until the tumors reached a volume of 1000mm3, at which point killing was necessitated for humane
considerations. Error bars indicate the s.d. values for tumor volumes. Results demonstrate that the pTyr-vaccinated mice (filled circles) had
significantly reduced tumor volumes compared with pVax1-vaccinated mice (filled squares). (c) Kaplan–Meier survival curves after B16-
melanoma cell challenge. Mice immunized with pTyr DNA had improvement in tumor-free survivals compared with pVax1-vaccinated mice or
pTyr-vaccinated and CD8-depleted mice. The data are a representation of three independent experiments on groups of 10 animals each. (d)
CD8+ T-cell depletion experiments were performed using the same prophylactic pTyr immunization and B16 melanoma cell challenge
schedule as indicated in Figure 4a in order to determine the CD8+ T-cell immune-mediated contribution to pTyr vaccine-associated protection
from tumor challenge. Tumor volumes of the pTyr plus CD8+ T cell-depleted vaccinated mice were similar to tumor volumes measured in
pVax1-immunized mice, both of which were significantly higher than the pTyr-vaccinated mice without CD8+ T-cell depletion. These results
confirm the requirement for CD8+ T cells in generating antitumor immunity mediated by the pTyr vaccine.
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microenvironment population in pVax1- and pTyr-vaccinated mice.
Tumor-associated myeloid cell fractions from naive mice demon-
strated an ability to produce arginase II level, whereas a lower level
of arginase II expression was detected in mice receiving the pTyr
vaccine in the tumor-associated myeloid cell fraction compared
with the tumor-associated myeloid cell subpopulation of pVax1-
vaccinated mice (P= 0.0001; Figure 5d). Thus, the data suggest that
tumor-associated myeloid cells (that is, MDSCs) are a unique subset
of cells that produce high levels of arginase II in the tumor
microenvironment. This supports the thesis that the antitumor
effect caused by inhibition of arginase is, in part, dependent on Tyr
vaccine-mediated immune function.

Intramuscular administration of the pTyr vaccine elicits antitumor
immunity against melanoma in a therapeutic mouse vaccination
model
The eradication of existing tumors by active immunization
remains a daunting clinical challenge. On that point the thera-
peutic potential of an enhanced consensus pTyr vaccine was

evaluated in terms of the ability to eradicate or inhibit the growth
of established melanoma tumors. In this study, C57/BL6 mice were
inoculated with 5 × 105 B16F10 melanoma cells (in 200 μl RPMI
medium) by subcutaneously inoculated with in the right flank at
day 0. A schematic diagram of the immunization and challenge
strategies for the therapeutic model is provided in Figure 6a. For
this therapeutic vaccine challenge approach, tumor cells were
inoculated first. When the tumor was palpable (that is, ∼ 7 days
after inoculation), mice were vaccinated intramuscularly 3 times at
1-week intervals with either 20 μg of pTyr DNA or pVax1 mediated
by EP-enhanced delivery.
pTyr vaccination significantly suppressed tumor growth com-

pared with control pVax1-vaccinated group. Interestingly, the
combination of novel optimized pTyr vaccination and EP-
mediated delivery resulted in enhanced antitumor activity in
melanoma-bearing mice compared with control vaccination
(pVax1) groups, as indicated by long-term survival (by 60%) of
the pTyr-vaccinated mice (Figure 6b).
To investigate the immunological mechanism underlying the

therapeutic effect of pTyr vaccination, CD8+ T-cell responses were

Figure 4. Reduced myeloid-derived suppressor cell (MDSC) levels in a prophylactic pTyr (human tyrosinase expressing DNA vaccine)
vaccination model. (a) Flow cytometry was utilized to analyze the accumulation of MDSCs in the tumoral and peritumoral tissues 20 days after
inoculation of B16 melanoma cells into C57BL/6 mice. Gating strategies to separate out MDSCs positive for Gr-1 and CD11b analyses are
indicated and described in detail in the Materials and methods section. (b, c) Samples of tumor cells from pVax1- and pTyr-vaccinated mice
were stained for Gr-1 and CD11b markers to determine the proportion of MDSCs in the tumor microenvironment (b) and among circulating
cells from blood samples (c). This experiment was performed three times. Immunohistochemistry was performed to visualize MDSC
localization in the tumor microenvironment. (d) Images indicated that MDSCs had marked tumor infiltration from the pVax1-immunized mice
but no obvious infiltration in the pTyr DNA-vaccinated mice. Percentages of MDSCs were calculated. Mice vaccinated with pTyr had
significantly lower percentages of CD11b+ cells than did pVax1-vaccinated mice, suggesting that the pTyr vaccine is inhibiting MDSC
migration and infiltration to the tumor with a subsequent reduction in the size and progression of the malignancy.
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Figure 5. Reduced levels of interleukin-10 (IL-10), monocyte chemoattractant protein 1 (MCP-1) and arginase II in pTyr (human tyrosinase
expressing DNA vaccine)-immunized mice. An enzyme-linked immunosorbent assay (ELISA) was used to measure the levels of IL-10, MCP-1,
CXCL5 and arginase II in the tumor microenvironment from both pVax1- and pTyr-vaccinated mice. Samples from mice immunized with the
pTyr DNA vaccine or the control pVax1 plasmid and challenged with B16 tumor were collected at day 10 after challenge and measured for the
level of the markers listed above by ELISA. This experiment was performed two times.

Figure 6. Therapeutic antitumor effects and induced Tyr-specific CD8+ T-cell responses in mice immunized with the pTyr (human tyrosinase
expressing DNA vaccine). (a) Schedule for tumor challenge, pTyr immunization and immune analysis in the therapeutic vaccination model.
Following B16 tumor challenge on day 0, mice were immunized with pTyr on days 7, 14 and day 21. (b) Kaplan–Meir survival curves for mice
immunized with pVax1 or pTyr in the therapeutic vaccination model. (c) Frequencies of Tyr-specific interferon-γ (IFN-γ)-producing CD8+ T cells
in mice challenged with B16 melanoma cells and measured 1 week after third immunization. (d) Inhibition of myeloid-derived suppressor cell
(MDSC) expansion measured by levels of the MDSC markers Gr1 and CD11b in the tumor microenvironment following pTyr vaccination.
Analysis was performed by flow cytometric measurement of Gr-1+CD11b+-expressing MDSCs. (e) Levels of monocyte chemoattractant protein
1 (MCP-1) were measured, by enzyme-linked immunosorbent assay (ELISA), in mice vaccinated with pTyr or pVax-1. The results indicate that
pTyr primed and expanded antigen-specific CD8+ T cells that subsequently inhibit MDSC function and expansion. This experiment was
performed at least three times.
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measured by IFN-γ ELISpot. Splenocytes from immunized mice
were isolated 1 week after third immunization and stimulated with
a Tyr peptide, as described in the Materials and methods section.
The Tyr-specific spot numbers in the assay generated by
splenocytes from mice vaccinated with pTyr DNA groups were
significantly increased compared with that of the pVax1 control
group (Figure 6c; P= 0.0001). The high cytotoxic T-lymphocyte
response in the therapeutic model indicates the potential for the
pTyr vaccine to attenuate melanoma tumor growth or to ideally
result in complete tumor regression. This ability to attenuate
tumor growth further reveals the possible therapeutic applications
of the pTyr vaccine. Furthermore, to investigate further the role of
cellular immunity in pTyr immunotherapy, the MDSC population
as well as MCP-1 production in the tumor microenvironment was
evaluated. A modest but significant decrease in the number of
MDSCs (Figure 6d) as well as a diminution in MCP-1 production in
tumor microenvironment of the mice that were vaccinated with
pTyr (Figure 6e) was observed.

DISCUSSION
The ultimate goal of a cancer vaccine is to prevent or eliminate
tumors effectively while causing minimal collateral damage to
normal cells and tissues.1,2,48,49 Thus far, other than prophylactic
vaccines targeting oncogenic viruses (that is, for hepatitis B and
human papillomavirus), cancer vaccines tested in the clinic to date
have not been very successful in reaching this goal. In addition, the
mechanisms of immunological tolerance against cancers make the
generation of antitumor, biologically effective immune responses
difficult to generate. Therefore, novel and safe strategies, which can
break immune tolerance against tumor antigens, are required in
order to improve the efficacy of current cancer vaccines.50–52 In
order to enhance the capability of a tumor antigen to generate
antigen-specific immunity, many laboratories have described
strategies whereby immune adjuvants, that is, cytokines or other
molecules, are fused to targeted antigens.10,53,54 Previously, our
group has described a strategy for enhancing the immunogenicity
of tumor antigens by administration of naked DNA plasmids
expressing either specific antigen or immunomodulatory molecules
through EP-mediated delivery.48,55–60 Thus far, these vaccines have
been demonstrated to elicit antigen-specific immunity in clinical
studies.56,61

DNA vaccines are able to induce potent antitumor cell-mediated
immune responses against a number of tumor-associated antigens,
including Tyr.12,16,49,62 There are also several tumor-specific antigens
that are uniquely expressed on a lineage of specific tumor cells.18

Tyr, an enzyme that catalyzes the synthesis of melanin, is an antigen
considered to be unique to melanoma, and represents a
prototypical differentiation antigen expressed by cells of the
melanocytic origin.63,64 Importantly, this immune target antigen is
recognized by CD8+ T cells that were derived from some melanoma
patients.15,64 As Tyr is expressed homogeneously in most mela-
noma specimens, it is a logical protein to target for melanoma
vaccination strategies. Various methods for vaccination have been
utilized to immunize against Tyr and, specifically, measurable CD8+

T-cell responses have been induced against a synthetic Tyr peptide
matrix mixture with some anecdotal clinical benefits being reported
in some of these immune therapy studies.65–67

In addition, there has been growing motivation to better
characterize the role of MDSCs in the tumor microenvironment
and the relationship between DNA vaccines and MDSCs in
reducing tumor progression.36,63 In this study, a novel and highly
enhanced synthetic consensus Tyr DNA vaccine was developed
and demonstrated to be highly immunogenic in vivo when
delivered with EP. This Tyr expression plasmid significantly
increased CD8+ T cell-mediated IFN-γ secretion in an antigen-
specific manner in the prophylactic vaccination model. Further-
more, the pTyr vaccine increased survival and attenuated B16

melanoma tumor growth following in vivo tumor challenge in
both prophylactic and therapeutic models.
There has been a strong association between multifunctional

T cells (producing more than one cytokine) elicited by enhanced
DNA immunization and strong and effective antitumor immunity
in mice.4,22 Therefore, in the current study, we characterized the
ability of CD8+ T cells to produce cytokines such as IFN-γ, TNF-α
and IL-2 at a single cell level by flow cytometry. It was
demonstrated that a DNA plasmid-expressing tyrosinase (pTyr)
was able to induce, in immunized mice, a significantly higher
frequency of these cytokines with a prominent production of the
combination of IFN-γ and TNF-α compared with mice immunized
with pVax1. Studies with other systems indicate the importance of
such T cells for protective immunity.68 To be an effective vaccine,
immunization with pTyr should establish long-lasting immunolo-
gical memory and give rise to a strong and robust response upon
challenge with tumor. Higher frequencies of both TCM and TEM in
the animals vaccinated with pTyr compared with the pVax1 group
were noted.
Recent studies report that MDSCs are involved in producing an

immune regulatory cytokine environment that can present
antigens to drive immature T cells to become noneffective in
tumor clearance.69,70 Thus, this study aimed to better elucidate the
role of the pTyr vaccine in obstructing the tumor-promoting
functions of MDSCs. The decrease in the MDSC population
observed in tumors from pTyr-vaccinated mice, coupled with
the observed decrease of IL-10, MCP-1, arginase II and CXCL5
(Figure 5) in the tumor microenvironment, supports the hypoth-
esis that the novel and enhanced pTyr vaccine is able to induce
armed anti-Tyr effector CD8+ T cells to eliminate MDSCs. Together,
all of these activities are hypothesized to contribute to tumor
growth attenuation and regression. Further studies examining the
direct effect of antitumor CD8+ T cells on MDSC populations in the
context of a novel DNA plasmid vaccine are in progress. Of
particular emphasis will be the goal of inducing complete and
durable melanoma tumor regression in a therapeutic vaccine
model. In sum, the findings reported in this study as well as the
results from future investigations will have implications and
applications to other types of malignancies.
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