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Ovarian cancer presents in 80% of patients as a metastatic dis-
ease, which confers it with dismal prognosis despite surgery
and chemotherapy. However, it is an immunogenic disease,
and the presence of intratumoral T cells is a major prognostic
factor for survival. We used a synthetic consensus (SynCon)
approach to generate a novel DNA vaccine that breaks immune
tolerance to follicle-stimulating hormone receptor (FSHR),
present in 50% of ovarian cancers but confined to the ovary
in healthy tissues. SynCon FSHR DNA vaccine generated
robust CD8+ and CD4+ cellular immune responses and
FSHR-redirected antibodies. The SynCon FSHR DNA vaccine
delayed the progression of a highly aggressive ovarian cancer
model with peritoneal carcinomatosis in immunocompetent
mice, and it increased the infiltration of anti-tumor CD8+

T cells in the tumor microenvironment. Anti-tumor activity
of this FSHR vaccine was confirmed in a syngeneic murine
FSHR-expressing prostate cancer model. Furthermore,
adoptive transfer of vaccine-primed CD8+ T cells after ex vivo
expansion delayed ovarian cancer progression. In conclusion,
the SynCon FSHR vaccine was able to break immune tolerance
and elicit an effective anti-tumor response associated with
an increase in tumor-infiltrating T cells. FSHR DNA vaccina-
tion could help current ovarian cancer therapy after first-line
treatment of FSHR+ tumors to prevent tumor recurrence.
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INTRODUCTION
Ovarian cancer is the fifth leading cause of cancer-related death in
women, with around 22,000 new cases diagnosed per year in the
United States.1 Despite important advances in surgery (as complete
cytoreduction)2 and chemotherapy, there is still ample room for
improvement in the prognosis of this disease. Ovarian cancer has
been found to be an immunogenic disease. The presence of intratu-
moral T cell infiltration, in particular of CD8 T cells, has been re-
ported to correlate with disease-free and overall survival.3,4 Therefore,
immunotherapies have the potential to reverse the dismal prognosis.5

The follicle-stimulating hormone receptor (FSHR) is a transmem-
brane tumor-associated antigen expressed in about 50% of ovarian tu-
mors of different histological type and not expressed in extragonadal
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tissues. Expression of FSHR has also been reported in the endothelial
cells of microvasculature of about 70% of tumors, but not in not-can-
cer-related neoangiogenesis,6 and in the endothelium of 79% of
metastasis irrespective of the FSHR expression in the primary tumor.7

Additionally, FSHR overexpression has been reported in 70% of pros-
tate cancer.8 We recently helped to establish that FSHR is an optimal
target for the treatment of ovarian cancer, and we proved the safety
of targeting FSHR in an immunocompetent mouse, showing, as pre-
dicted, no adverse effects.9

Given the immunotherapeutic potential of FSHR, we chose to target it
using a DNA vaccination. Newer designed and optimized DNA vac-
cines have recently shown strong CD8 and CD4 T cell responses in
clinical trials.10–13 These new DNA vaccines, unlike peptide vaccines,
are not human leukocyte antigen (HLA) restricted and can be
robustly presented on major histocompatibility complex (MHC)
class I and MHC class II, and they can be designed to drive class II
responses and break immune tolerance.14,15 In synthetic consensus
(SynCon) DNA vaccines, sequences are compared across species to
identify a consensus sequence with approximately 95% homology
to the native sequence. We have shown that SynCon DNA vaccines
elicit immune responses that allow for class II help, due to the gener-
ation of neoantigens to which there is no central tolerance. SynCon
vaccines can drive anti-tumor responses that delay tumor progres-
sion, targeting self-antigens more efficiently than vaccinating with
native antigens.16,17 We have also shown in a phase II clinical trial
that we can revert cervical intraepithelial neoplasia with a consensus
vaccine targeting HPV.18

In this paper, we describe the study of optimized DNA vaccines
encoding the native or a SynCon sequence for murine FSHR.
We show that vaccination with the SynCon immunogen can break
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immunological tolerance to FSHR and generates potent CD8+ and
CD4+ responses against the FSHR more efficiently than the native
immunogen. To determine the anti-tumor activity of the FSHR
SynCon vaccine, we used a preclinical model of aggressive peritoneal
carcinomatosis in which syngeneic epithelial ovarian tumor cells
(ID8-Defb29/Vegf-a) develop intraperitoneal tumors and ascites
that recapitulate the inflammatory microenvironment of human
ovarian tumors.19–21 In it, we show that vaccination with the FSHR
SynCon vaccine delayed ovarian cancer progression through a
CD8-dependent mechanism.

RESULTS
Design of the Mouse FSHR Vaccine

Two vaccines against murine FSHR (Uniprot: P35378) were gener-
ated using either the native or a SynCon FSHR sequence. The murine
SynCon FSHR was constructed by generating a consensus FSHR
sequence using sequences from mouse and lower animals. Addition-
ally, one mutation to disrupt hormone binding and two mutations to
disrupt G-protein activation were introduced. The resulting SynCon
murine FSHR sequence shares 95.7% homology with native murine
FSHR. A native murine FSHR vaccine was generated using the native
murine FSHR sequence.

To have a higher level of expression, the native leader sequence was
removed from both the native and SynCon antigens, and an upstream
Kozak sequence and immunoglobulin E (IgE) leader sequence were
added to the N terminus22 (Figure 1A). Codon and RNA optimization
was performed, and the final optimized genes were each subcloned
into a modified pVAX1 expression vector (Figure 1B). Expression
of these DNA-encoded FSHR vaccines was detected by immunofluo-
rescence and western blot in transduced 293T cells (Figure 1C;
Figure S1B). The lower signal detected in the FSHR SynCon 293T
cells could be due to a lower number of B cell epitopes in SynCon
due to the sequence changes, as sera from native FSHR-immunized
mice was used for staining.

Mouse FSHR DNA Vaccines Generate Durable and Robust

Cellular and Humoral Responses

To determine the ability to break immunological tolerance and
immunostimulatory capacity of our mouse FSHR DNA vaccines,
we immunized mice with 3 doses of FSHR DNA vaccines (native or
SynCon) or empty vector by using electroporation, as previously
described.16 We administered vaccinations in 2-week intervals, and
we sacrificed the mice a week after the last immunization (Figure 2A).
Both vaccines showed strong cellular responses, as measured by
interferon-g (IFNg) enzyme-linked immunospot (ELISPOT), when
pulsed with 15-mers from the SynCon vaccine-matched protein or
from the native murine FSHR (Figures 2B and 2C). To determine if
a specific part of the vaccine was more immunogenic, we separated
the stimulating peptides into 3 independent peptide pools. We
observed that the T cell IFNg responses were evenly distributed along
the 3 parts of the protein, but the SynCon vaccine was able to increase
the responses against the central part of the FSHR (Figures 2C
and 2D). In all cases, the SynCon FSHR vaccine showed higher re-
sponses than the native vaccine, suggesting a better ability to break
tolerance acquired by its higher degree of diversity from the original
sequence (Figures 2B–2D).

To determine the source of the cellular responses, we harvested the
splenocytes from the vaccinated mice, and we stimulated them with
FSHR-derived overlapping 15-mers for flow cytometric analysis.
We found that both CD4+ and CD8+ T cells were being stimulated
by the mouse FSHR vaccine (Figure 3; Figure S2). CD4+ and CD8+

T cells derived from the SynCon FSHR vaccine resulted in a signifi-
cantly higher expression of IFNg, tumor necrosis factor alpha
(TNF-a), and interleukin-2 (IL-2) when compared to the empty vec-
tor-treated group (Figures 3A and 3C). Both FSHR vaccines showed
an increase in the generation of polyfunctional T cells that were able
to produce all three cytokines (Figure 3B). The CD4+ T cell responses
elicited by our FSHR vaccines were significantly higher than those in
the control group, with the FSHR SynCon vaccine eliciting the highest
responses (Figure 3C). Both vaccines were also able to generate a high
number of polyfunctional CD4+ T cells against FSHR (Figure 3D) but
at different magnitudes.

FSHR is a tumor-associated antigen that has the advantage of being
a transmembrane protein. This allows the immune targeting of this
protein not only through cellular T cell responses but also though
antibody responses. To study if our vaccine could also elicit a humoral
response against FSHR, we analyzed serum from our vaccinated mice
for anti-FSHR antibodies. To do that, we performed a binding ELISA
using the extracellular domain of FSHR. We found 3 immunizations
were able to establish anti-FSHR antibodies in the majority of the
mice (Figure S3).

Murine FSHR DNA Vaccines Generate a Long-Lasting Cellular

Response

The durability of vaccine responses is important for the prevention of
primary tumor development as well as recurrence. To test the ability
of our FSHR vaccine to generate immune memory, we immunized
mice with 3 doses of FSHR native or SynCon vaccines or empty
vector, and we measured responses 3 months after vaccination (Fig-
ure 4A). A significant immune response was present at 3 months, as
measured by IFNg ELISPOT against the FSHR-derived peptides
(Figures 4B and 4C). The frequencies of CD8+ and CD4+ T cells
able to secrete IFNg, TNFa, and IL-2 to peptides derived from
FSHR native protein were similar to the week after the last immuni-
zation. As noted before, SynCon FSHR vaccine responses were higher
than native FSHR (Figures 4D–4I).

As the SynCon FSHR vaccine showed superior immunogenicity
compared to the native FSHR vaccine, we opted to continue further
study of the SynCon FSHR vaccine.

Mouse FSHR SynCon DNA Vaccine Delays Growth of FSHR+

Ovarian Tumors

We recently reported that FSHR is expressed in approximately 50% of
ovarian cancers.9 After the first-line therapy of debulking surgery and
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Figure 1. Design and Expression of Murine FSHR Native and SynCon Vaccines

(A) Depiction of murine FSHR native and consensus vaccines and stretches encompassed by the peptide pools. Mutations for FSHR-signaling ablation are depicted in red,

and mutations for the SynCon sequence are depicted in black. (B) Schematic subcloning strategy into modified pVAX. (C) Immunofluorescence of 293T cells transfected

with murine FSHR consensus vaccine, murine native FSHR vaccine, or modified pVAX empty vector stained with polyclonal anti-mouse FSHR antibody (representative

of 2 independent experiments). *Mutation. Scale bars, 10 mm.
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chemotherapy, 75% of ovarian cancer patients are disease-free for
at least 12 months, after which ovarian cancer recurs. We wanted
to study the ability of the mouse FSHR SynCon vaccine to prevent
316 Molecular Therapy Vol. 27 No 2 February 2019
recurrent disease in FSHR-expressing tumors. We vaccinated groups
of mice with either FSHR SynCon vaccine or empty vector (Fig-
ure 5A). A week after the third immunization, we challenged these



Figure 2. Murine FSHR SynCon Vaccine Generates Robust Interferon Gamma Responses

(A) Schematic of immunization protocol. (B–E) IFNg ELISPOT of splenocytes from mice immunized with murine FSHR SynCon vaccine, native FSHR vaccine, or empty

vector pulsed with (B and D) SynCon vaccine-matched or (C and E) FSHR-derived peptides, shown as total spots per mouse or aggregated per peptide pool (pooled

from 2 independent experiments of n = 5 mice). ANOVA. Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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immunocompetent mice with the syngeneic, highly aggressive
ovarian cancer cell line ID8-Defb29/Vegf-a-Fshr.9 This cell line
mimics a late-stage ovarian tumor, developing as peritoneal carcino-
matosis with multiple microscopic peritoneal nodules and a rapid
accumulation of ascites.

The SynCon FSHR vaccine delayed tumor progression in this ovarian
cancer model, increasing survival by 3-fold in 25% of the mice (Fig-
ure 5B). Using a luciferase system, we measured tumor burden during
the experiments, showing a significant decrease in tumor burden in
the mice treated with the FSHR SynCon vaccine (Figures 5C and
5D; Figure S4A). An increase in T cell responses against the tumor
was detected in the peritoneal wash in vaccinated mice 3 weeks after
tumor inoculation (Figure 5E). This increased T cell compartment in
the tumor microenvironment presented a higher proportion of CD8+

T cells (Figures 5F and 5G). To ensure the anti-tumor specificity of
this T cell-enriched microenvironment, we then performed IFNg
ELISPOTs using the tumor microenvironment-derived cells obtained
by paracentesis, pulsing them with native FSHR peptides. Results
showed a reproducible IFNg response from the tumor microenviron-
ment of FSHR-vaccinated mice, but not from the control pVAX
groups (Figure 5H), suggesting that the normal expression of FSHR
in the tumor cells was not able to break immune tolerance by itself.

Validation of FSHR as a Target Antigen for Tumor Regression in

Prostate Cancer

To test if the FSHR SynCon vaccine would also be useful in the
treatment of other tumor types, we chose the murine prostate cancer
model TRAMPC2. As FSHR is expressed in 70% of prostate cancers,8

we expressed murine FSHR in this cell line to recapitulate the FSHR+

prostate tumors. We then vaccinated a cohort of 10 male mice with
the FSHR vaccine or the empty vector, and, a week after the third
vaccination, we inoculated 2,000,000 TRAMPC2-Fshr cells into their
flank. We then followed tumor progression, and we found that the
murine FSHR SynCon vaccine also delayed tumor progression in
this solid tumor model (Figure 5I).

Importantly, we observed that the immune pressure elicited by
the FSHR SynCon DNA vaccine significantly delayed tumor progres-
sion of different FSHR+ tumor models, doing so by increasing the
compartment of FSHR-specific anti-tumor T cells that were being
recruited into the tumor microenvironment.

Vaccine-Primed Anti-FSHR CD8+ T Cells Are Necessary for the

Effect of the SynCon FSHR Vaccine

Effector CD8+ T cells are considered the main actors in the anti-
tumor immune response.23 As shown above, the FSHR SynCon
vaccine is able to induce potent anti-FSHR CD8+ T cells. We
intended to determine the role of the newly generated CD8+

T cells in the observed anti-tumor effect of the vaccine. To do so,
immunized cohorts of mice with FSHR SynCon vaccine or empty
vector were treated with anti-CD8 or irrelevant immunoglobulin
G (IgG), starting 3 days before tumor challenge and then twice
weekly until the end of the experiment. We challenged all the
mice with ID8-Defb29/Vegf-a-Fshr a week after the final immuniza-
tion and followed survival (Figure 6A; Figure S4B). The survival
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Figure 3. Murine FSHR SynCon Vaccine Generates Strong CD8 and CD4 Responses

(A and C) Percentages of IFNg, TNF-a, and IL-2 produced by (A) CD8+ or (C) CD4+ T cells from the spleen of mice immunized with murine FSHR SynCon vaccine, murine

native FSHR, or pVAX stimulated with native murine FSHR peptides. (B and D) Pie charts representing the cytokines produced by (B) CD8 and (D) CD4 T cells of each of the

groups. The pie size corresponds to the number of responding T cells (n = 5 mice per group). ANOVA. Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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benefit generated by the vaccine was completely abrogated in the
absence of CD8+ T cells, suggesting the importance of CD8+-
mediated immunity in the anti-tumor FSHR vaccine response
(Figure 6B).
318 Molecular Therapy Vol. 27 No 2 February 2019
To study the in vivo anti-tumor relevance of the CD4 responses
elicited by the FSHR SynCon vaccine, we similarly depleted CD4
T cells after immunization starting 3 days before tumor challenge.
Depletion of CD4 T cells also resulted in a loss in vaccine-induced



Figure 4. Murine FSHR SynCon Vaccine Generates a Long-Lasting Cellular Response

(A) Schematic of immunization protocol. IFNg ELISPOT of splenocytes from mice immunized with murine FSHR SynCon vaccine, native FSHR vaccine, or empty vector

pulsed with FSHR-derived peptides is shown as (B) total spots or (C) aggregated per peptide pool. (D–I) Percentages of (D and G) IFNg, (E and H) TNF-a, and (F and I) IL-2

produced by CD8+ and CD4+ T cells from the spleen of mice immunized with mouse FSHR SynCon vaccine, native FSHR vaccine, or empty vector, stimulated with murine

FSHR-derived peptides. (Pool of 2 independent experiments with a total of n = 7–9 mice per group.) ANOVA. Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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survival. However, CD4-depleted vaccinated mice survived signifi-
cantly longer than the controls (Figure S4C). This shows that, despite
CD4 depletion, the vaccine still had some efficacy, supporting the
important role of the CD8 T cells.

FSHR Epitope STYRLKKL Identified as Immunodominant in the

FSHR-Specific Vaccine Response

To determine what epitope may mediate the CD8+ T cell response
following vaccination, we harvested the spleens from vaccinated
mice, and we performed ELISPOT assays using a peptide library en-
coding for the 10 peptides predicted to have the highest affinity in the
MHC class I binding prediction program from the immunoepitope
database (http://tools.iedb.org/mhci/). We found that the FSHR
SynCon vaccine elicited stronger responses than the native FSHR
vaccine, with T cells consistently recognizing more epitopes (Fig-
ure 6C; Figures S5A and S5B).
We expanded the responding FSHR T cells until we obtained en-
riched populations of FSHR-peptide-specific CD8+ clones, which re-
sponded in a dose-dependent manner after being activated with
different doses of peptide (Figure 6D; Figure S5C). We found that
the T cell clones that were being stimulated with the 15-mer that en-
coded for the peptide STYRLKKL were able to respond to doses of
peptide as low as 0.01 mg/mL (Figure 6D; Figure S5C). STYRLKKL
is an octamer predicted to bind to murine MHC-I H2-K(b) molecule
with an affinity of 33 nM, and it has a high score for proteasome
degradation and TAP binding (http://tools.iedb.org/processing/; Fig-
ure S6). To verify the presence of STYRLKKL-specific T cells in vivo
after vaccination, we generated a PE-labeled tetramer through the
NIH Tetramer Core, and we determined the percentage of T cells
that were able to bind to this MHC-peptide complex. We found a sig-
nificant number of STYRLKKL+ CD8+ T cells still circulating in pe-
ripheral blood 3 months after vaccination in naive mice (Figure 6E).
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Figure 5. Murine FSHR SynCon Vaccine Delays Growth of FSHR+ Tumors and Promotes Recruitment of T Cells to the Tumor Microenvironment

(A) Schematic of tumor challenge experiments. (B) Survival curve of ID8-Defb29/Vegf-a-Fshr-bearing mice treated with murine FSHR SynCon vaccine or pVAX empty vector

(pooled from 3 independent experiments of n = 5–10 mice per group). (C and D) Luciferase quantification (C) and image (D) of ID8-Defb29/Vegf-a-Fshr-bearing mice treated

with mouse FSHR vaccine or empty vector on day 42 of tumor progression (representative of 2 independent experiments of n = 5mice per group). (E) Percentage of T cells of

the total CD45+ cells in the tumor microenvironment (n = 10, pool of 2 independent experiments). (F) Pie charts representing the proportion of CD4+ and CD8+ T cells in the

tumor microenviroenment of each of the groups. The pie size corresponds to the percentage of total T cells in the tumor microenvironment. (G) Percentage of CD8+ T cells of

the total T cells in the tumor microenvironment of mice from the different groups (n = 10, pool of 2 independent experiments). (H) Interferon-g ELISPOT of cells from the tumor

microenvironment from mice treated with murine FSHR SynCon vaccine or empty vector pulsed with murine FSHR peptides and ELISPOT representative picture (pool

of 3 independent experiments with n = 5–10 mice per group). (I) Tumor volume of mice bearing TRAMPC2-Fshr treated with mouse FSHR vaccine or empty vector (log rank,

unpaired t test, and linear regression). Error bars represent SEM. **p < 0.01, ***p < 0.001.

Molecular Therapy
FSHRSTYRLKKL-Specific CD8+ T Cells from 3 Months after

Vaccination Are Cytotoxic against Tumor and Can Delay Tumor

Progression upon Adoptive Transfer

Next, we sought to determine if the FSHR-specific T cells that we had
been able to isolate 3 months after vaccinating mice were able to kill
specifically FSHR+ tumor cells. We co-cultured either ID8-Defb29/
Vegf-a or ID8-Defb29/Vegf-a-Fshr cells with FSHRSTYRLKKL-specific
320 Molecular Therapy Vol. 27 No 2 February 2019
T cells from mice vaccinated 3 months earlier. We found that these
T cells were able to kill FSHR+ tumor cells very efficiently, and they
did not kill the non-FSHR-expressing cells (Figure 6F). We then
determined the in vivo anti-tumor effect of these anti-FSHR T cells.
To do so, we challenged naive mice with ID8-Defb29/Vegf-a-Fshr,
and, 24 hr later, we injected 2 million FSHR-specific or non-specif-
ically (anti-CD3 anti-CD28) expanded T cells or vehicle (PBS). We



Figure 6. Vaccine-Primed Anti-FSHR CD8+ T Cells Are Necessary for the Effect of the FSHR SynCon Vaccine and Able to Delay FSHR+ Tumor Progression

(A) Schematic of tumor challenge depletion experiment: we vaccinatedmice and challengedwith ID8-Defb29/Vegf-a-Fshr 1week after the last immunization. At 1 day prior to

the tumor challenge and twice weekly thereafter, we administered either anti-mouse CD8 or rat polyclonal IgG. (B) Survival plot of the FSHR SynCon vaccine or pVAX empty

vector with our without CD8 depletion (single experiment with n = 5mice per group). (C) Interferon-g ELISPOT of splenocytes frommice treated with murine FSHR consensus

vaccine pulsed with murine FSHR peptides (one experiment with n = 4 mice). (D) Percentage of CD8+ T cells producing IFNg upon stimulation with STYRLKKL peptides at

different concentrations (representative of 2 independent experiments). The T cells of this experiment were expanded with KKLRARSTYRLKKLP peptide except for those in

the last column, which were expanded with IFTKNFRRDFFVLMS. (E) Histogram and representative flow cytometry plots of H2-K(b)-STYRLKKL tetramer CD8+ T cells in

peripheral blood of mice vaccinated with FSHR consensus vaccine, native vaccine, or pVAX 90 days after first vaccination. (F) Cytotoxicity of T cells derived frommurine FSHR

SynCon vaccine expanded with KKLRARSTYRLKKLP peptide (5 ng/mL) 4 weeks after starting peptide stimulation of ID8-Defb29/Vegf-a or ID8-Defb29/Vegf-a-Fshr tumor

cells, measured by 7-AAD/Annexin V flow cytometric staining after co-culture of 5 hr (representative of 2 independent experiments). (G) Survival plot of mice challenged with

2 million ID8-Defb29/Vegf-a-Fshr cells and treated a day later with 2 million FSHRSTYRLKKL-specific T cells expanded ex vivo (n = 10 mice), anti-mouse CD3/CD28 bead-

expanded T cells (n = 5 mice), or vehicle (PBS; n = 5 mice) (log rank, one-way ANOVA, and unpaired t test). Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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found that the FSHRSTYRLKKL-specific T cells were able to signifi-
cantly delay tumor progression (Figure 6G).

Together, we observed that the SynCon vaccine-primed anti-FSHR
CD8+ T cells, which were required for the effect of the FSHR
consensus vaccine, and these specific CD8+ T cells are able to prolong
survival in an FSHR+ tumor.

DISCUSSION
In this paper, we describe for the first time the generation of a vaccine
against FSHR. This designed synthetic SynCon DNA vaccine target-
ing FSHRwas able to break immune tolerance, elicit potent CD8+ and
CD4+ long-lasting responses, and delay FSHR+ tumor progression
by enhancing anti-tumor immunity, specifically CD8+ cytotoxic
T lymphocyte (CTL) responses.

FSHR is expressed in approximately 50% of ovarian cancers9 and in
endothelial cells of the microvasculature of about 70% of tumors6

and 79% of metastasis (irrespective of the FSHR expression in the pri-
mary tumor).7 In healthy tissues, we only found FSHR to be expressed
on the ovaries in females, and its levels cycle, reaching high levels only
in the granulosa cells of the selected follicle. As the ovaries are
removed at the time of surgical debulking, which is typically the first
step in the treatment of ovarian cancer, no adverse effects should be
expected from targeting FSHR. Even in the case of irresectable
disease, due to the selective expression of FSHR, we would not expect
significant adverse effects other than infertility. The safety of these
approaches also has been supported by the lack of adverse effects
seen after targeting the FSHR using FSHR-redirected T cells9,24 and
our experience with the FSHR vaccine.

The use of DNA vaccination for cancer provides multiple advantages
over other vaccination strategies. The expression of the full protein
allows a T cell priming that is not restricted to certain HLA (typically
A2) molecules, as is the case for peptide-based vaccines.25,26 DNA
vaccination additionally promotes the generation of both CD8+ and
CD4+ T cells through direct intracellular synthesis of protein for
presentation on MHC class I and class II.27 Dendritic cell vaccines
have also shown promise in ovarian cancer; however, they require
the presence of a tumor to pulse dendritic cells, which prevents their
use in a prophylactic setting, and they require a more complex and
personalized development.28,29

The presence of intratumoral T cells, in particular of CD8 T cells, has
been reported to correlate with disease-free and overall survival.3,4

Mechanistically, priming of cytotoxic CD8 T cells against certain
tumor antigens allows CD8 T cell detection and killing of the tumor
cells.23 However, ovarian and other cancers have multiple mecha-
nisms of immune evasion, such as the recruitment of immunosup-
pressive cell types (T regs or suppressive myeloid cells) and secretion
of immunomodulatory proteins (transforming growth factor b

[TGF-b], IL-10, etc.).30,31 In this paper, we report that a SynCon elec-
troporation-delivered DNA vaccine against FSHR is able to generate
FSHR-specific T cells and to increase the presence of T cells in the
322 Molecular Therapy Vol. 27 No 2 February 2019
tumor microenvironment, resulting in increasing the survival of
ovarian cancer-bearingmice. This approach would be of great interest
in the treatment of ovarian cancer. After the first-line therapy of de-
bulking surgery and chemotherapy, 75% of ovarian cancer patients
are disease-free for at least 12 months, after which ovarian cancer re-
curs, limiting the therapeutic options.32 Currently, there is a great
need to develop therapies that can help prolong this maintenance
setting after competition of first-line or recurrent ovarian cancer
treatment. Similar to recent clinical results with PARP inhibitors in
the case of BRCA-mutated tumors,33–35 an FSHR vaccine would
potentially be of great value in patients with FSHR-positive ovarian
cancers. With vaccine administration following chemotherapy, at a
stage of minimal residual disease, the increased immune pressure
could impact the recurrence of ovarian cancer in the presence of a
more favorable immune environment.

The cytolytic effect of CD8+ T cells is a paradigm of anti-tumor
immunity.23 More recently engineered DNA vaccines delivered by
CELLECTRA electroporation have shown in clinical trials a unique
ability to generate CD8+ T cells both in cancer10,18 and infectious
disease11,36 settings. The ability of the FSHR DNA vaccine to break
immunological tolerance allowed the priming and expansion of
CD8+ T cells that can respond against FSHR-bearing tumors. Here
we show that the anti-FSHR T cells could specifically kill FSHR+

ovarian cell lines in vitro and delay FSHR+ ovarian and prostate can-
cer progression in vivo. These findings could potentially be used to
boost the anti-tumor effect of the vaccine by using adoptive cell trans-
fer. Following vaccination, newly created in vivo primed CD8+ T cells
could be extracted from patients by leukapheresis and further
expanded ex vivo with FSHR-derived peptides for possible reintro-
duction. The benefits of such expansion in vitro to continued expan-
sion in vivo by vaccination could be compared.

In conclusion, an engineered SynCon DNA vaccine targeting FSHR
breaks tolerance and can generate robust and long-lasting anti-
FSHR immunity. This approach can be used as an important and
likely safe approach for the treatment and prevention of ovarian
cancer and multiple other FSHR-expressing tumors.

MATERIALS AND METHODS
Animals and Cell Lines

C57BL/6 and B6(Cg)-Tyrc-2J/J mice were purchased from Jackson
ImmunoResearch Laboratories. Animal experiments were approved
by the Institutional Animal Care and Use Committee at the Wistar
Institute.

ID8-Defb29/Vegf-a-Fshr cells express similar levels of FSHR as
OVCAR3 human ovarian cancer (Figure S1A), and they were
provided by J.R. Conejo-Garcia (Department of Immunology, Moffitt
Cancer Center, FL). We generated intraperitoneal tumors using
ID8-Defb29/Vegf-a-Fshr by injecting 2 million cells intraperitoneally,
and survival was monitored as described previously.9 TRAMP-C2
cells were purchased from ATCC and retrovirally transduced to ex-
press murine FSHR. We generated subcutaneous tumors by injecting
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2 million cells in the axillary flank. Experiments were started when
mice where between 6 and 8 weeks. ID8-Defb29/Vegf-a-Fshr cells
were injected into female mice and TRAMP-C2 cells into male
mice. 293T cells were purchased from ATCC.

Mice were treated by injecting 25 mg DNA resuspended in 30 mL water
into the tibialis anterior muscle followed by electroporation with the
CELLECTRA device (Inovio Pharmaceuticals).

Design of FSHR Vaccine

Murine SynCon FSHR DNA vaccine was designed by using a SynCon
technology. Briefly, a sequence that shares 95.7% homology with mu-
rine FSHR was generated by using FSHR sequences from mouse and
other animal sequences to obtain a phylogenetically conserved
sequence that shared approximately 95% homology with mouse.
Mutations were introduced to ablate function.16,17 A native murine
FSHR was also generated. The native FSHR leader sequence was re-
placed from both the SynCon and native sequences with an IgE leader
sequence. Codon and RNA optimization was performed, and the final
optimized genes were each subcloned into a modified pVAX1 expres-
sion vector (Supplemental Materials and Methods).

In Vivo Antibody Treatment

200 mg anti-mouse CD8 (YTS169.4), anti-mouse CD4 (GK1.5), or
polyclonal rat IgG was administered intraperitoneally 4 days before
tumor inoculation and twice a week until the end of the experiment.

Flow Cytometry

We used a BD LSRII flow cytometer or BD FACSAria cell sorter (BD
Biosciences).

Anti-mouse antibodies used were directly fluorochrome conjugated.
We used CD3e (17A2), CD4 (RM4-5), CD8b (YTS156.7.7), CD45
(30-F11), IFNg (XMG1.2), TNF-a (MP6-XT22), and IL-2 (JES6-
5H4), all from BioLegend. Live-dead exclusion was done with Violet
viability kit (Invitrogen).

For the determination of intracellular cytokines, we cultured 2million
splenocytes in the presence of peptides derived frommurine native or
SynCon FSHR for 4–5 hours in the presence of Golgi-stop protein
transport inhibitor (BD Biosciences), followed by surface and intra-
cellular staining.

We obtained the phycoerythrin (PE)-labeled STYRLKKL-H2K(b)
from the NIH Tetramer Core.

ELISPOT

We harvested splenocytes and coincubated them with FSHR peptide
pools from native or the consensus isoforms of FSHR for 24 hr. We
performed the mouse IFNg ELISPOT according to the manufac-
turer’s instructions (Mabtech).

To test immunogenicity, we generated 15-mers overlapping by
9 amino acids encompassing the whole FSHR proteins (both for
SynCon and native). Each peptide pool was composed of 32 peptides
(total of 96 peptides per protein).

ELISA

We coated NUNC MaxiSorp 96-well plates (Thermo Scientific) with
1 mg/mL murine Fshr extracellular domain (GenScript) in PBS over-
night at 4�C. We washed the plates with PBS-0.5% Tween20 and
blocked with PBS-10% fetal bovine serum (FBS) for 1 hr at room tem-
perature. We incubated with the indicated dilutions of mouse sera for
2 hr at 37�C and followed with Goat Anti-Mouse horseradish perox-
idase (HRP) (IgG H&L) (Abcam, ab6789) for 1 hr at room tempera-
ture. We developed HRP using SIGMAFAST OPD (Sigma).

Immunoblotting

Protein extraction, denaturation, and western blotting were per-
formed as previously described.37 Membranes were blotted with
anti-FSHR (ab75200, Abcam) and anti-b-actin (a5441, Sigma-
Aldrich). Images were captured with ImageQuantLAS 4000 (GE
Healthcare Life Sciences).

T Cell Expansion and Activation

We harvested splenocytes from vaccinated mice and pulsed them
with 10 mg/mL FSHR peptides and 30 UI/mL IL-2. We refreshed
the peptides and IL-2 (PeproTech) with irradiated (4,000 rad) spleno-
cytes from naive mice (1:3–10 T cell:splenocyte ratio) once a week. At
4–6 weeks after initiating the T cell expansion, we negatively selected
the living cells using the dead cell removal kit (EasySep), which
consisted of CD8+ T cells, and we injected 2 million intraperitoneally
into tumor-bearing mice. Alternatively, we sorted CD3+CD8+7-AAD
T cells. As a control for the adoptive T cell transfer, we isolated CD8
T cells from the spleens of naive mice and expanded them using
anti-CD3- anti-CD28-coupled magnetic beads (Invitrogen) and
IL-2 (30 IU/mL). At 5 days after initiating the T cell expansion, we
removed the beads and used them for the adoptive T cell transfer.

In Vitro Cytotoxicity

We plated 5,000 ID8-Defb29/Vegf-a or ID8-Defb29/Vegf-a-Fshr cells
per well in a 96-well plate, and, 18 hr later, we coincubated them for
5 hr with 5–50,000 T cells expanded with the appropriate peptide.
We performed a flow cytometry-based assay as reported previously.9

Briefly, after 5 hr, we collected the supernatant; washed the wells with
PBS; trypsinized the cells; and stained them with anti-mouse CD45,
Annexin V (BioLegend), and 7-AAD (Thermo Fisher Scientific).

Immunofluorescence

200,000 293T cells were transfected with 2 mg murine FSHR, FSHR
consensus DNA vaccine, or pVAX empty vector using Lipofectamine
2000, according to the manufacturer’s instructions, on poly-L-lysine
cover slides in 6-well plates. 48 hr later, cells were washed with
PBS, fixed with 4% paraformaldehyde, permeabilized with Triton
X-100 0.5% in PBS, and stained with sera derived from polyclonal
anti-mouse FSHR antibodies obtained from mice immunized with
native FSHRDNA followed by Alexa Fluor 488-conjugated secondary
anti-mouse IgG antibodies (Invitrogen).
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Slides were viewed using a Leica TCS SP5 Confocal Laser Scanning
Microscope and the LAS AF software (Leica).

Statistical Analysis

Differences between the means of experimental groups were
calculated using a two-tailed unpaired Student’s t test. Comparisons
between more than one group were made with one-way ANOVA
or Kruskal-Wallis in case of nonparametric distribution. Error bars
represent SEM. Survival rates were compared using the log-rank
test. All statistical analyses were done using Graph Pad Prism 7.0.
p < 0.05 was considered statistically significant.
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SUPPLEMENTAL FIGURES  

 

Supplemental Figure 1. Expression of SynCon and native FSHR vaccines. Western blot of protein 

derived from (A) OVCAR3, ID8-Defb29/Vegf-a-Fshr and ID8-Defb29/Vegf-a and (B) murine FSHR 

SynCon vaccine, murine native FSHR vaccine or empty vector transfected 293T cells (10% gel MOPS 

buffer) blotted for FSHR and -actin (representative of 2 experiments) 
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Supplemental Figure 2. Mouse FSHR DNA vaccine generates strong CD8 and CD4 responses when 

pulsed with vaccine matched peptides. Percentage of IFN, TNF and IL-2 produced by (A) CD8+ or 

(B) CD4+ T cells from the spleen of mice immunized with FSHR SynCon vaccine, FSHR native vaccine 

or empty vector stimulated with consensus vaccine matched peptides. ANOVA. *p<0.05, **p<0.01, 

***p<0.001. 

 

Supplemental Figure 3. Mouse FSHR DNA vaccine generates antibodies against FSHR. (A) Binding 

of sera from mice vaccinated with FSHR vaccine, native FSHR or pVAX empty vector to the extracellular 

domain of native murine FSHR in a binding ELISA. Each curve represents one mouse.  
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Supplemental Figure 4. CD8 and CD8 depletion experiment. (A) Correlation between luciferase 

expression and ascites-based survival in luciferase transfected ID8-Defb29/Vegf-a-Fshr tumor challenge. 

(B)We vaccinated mice and challenged with ID8-Defb29/Vegf-a-Fshr one week after the last immunization. 

One day prior to the tumor challenge and twice weekly thereafter we administered either anti-mouse CD8 

or rat polyclonal IgG. Flow plots showing CD4+ and CD8+ T cells in the tumor microenvironment of the 

different groups at day 21 after tumor inoculation. (B) Survival plot of the FSHR SynCon vaccine or pVAX 

empty vector with our without CD8 depletion (n=5 mice per group). Pearson correlation, Log-rank. 

*p<0.05, **p<0.01 
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Supplemental Figure 5. Murine FSHR SynCon vaccine increases the number and intensity of 

immunogenic sequences of FSHR. (A&B) IFN ELISpot of splenocytes from mice immunized with 

murine FSHR SynCon vaccine, native FSHR vaccine or empty vector pulsed with FSHR derived peptides 

predicted to bind with high affinitiy to H2-K(b) or H2-D (b) (n=4 mice per group). (C) Percentage of IFN, 

TNF and IL-2 produced by CD8+ T cells expanded from mice immunized with murine FSHR SynCon 

vaccine expanded with KKLRARSTYRLKKLP peptides and stimulated with the same peptides at different 

doses. 
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Supplemental Figure 6. STYRLKKL is an FSHR derived octamer predicted to be efficiently 

processed and bind H2-K(b) with high affinity. (A) Screenshot showing the binding prediction to MCH-

I of 8-mers derived from murine FHSR to H2-K(b) and H2-D(b) using the immunoepitope database 

(http://tools.iedb.org/mhci/). (B) Screenshot showing the proteasome and TAP processing prediction of all 

potential FSHR-derived peptides and binding to H2-K(b) and H2-D(b) using the immunoepitope database 

(http://tools.iedb.org/processing/). 
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SUPPLEMENTAL METHODS 

Mouse SynCon FSHR DNA sequence 

ATGGACTGGACCTGGATTCTGTTCCTGGTGGCCGCTGCCACAAGGGTGCACTCCTGC

CACCACTGGCTGTGCCACTGTTCTAACAGGGTGTTCCTGTGCCAGGACAGCAAGGTG

ACCGAGATCCCTCCCGATCTGCCCCGGAACGCCATCGAGCTGCGCTTCGTGCTGACA

AAGCTGAGAGTGATCCCTAAGGGCTCCTTCTCTGGCTTTGGAGATCTGGAGAAGATC

GAGATCTCCCAGAACGACGTGCTGGAAGTGATCGAGGCCGACGTGTTCAGCAACCT

GCCTAAGCTGCACGAGATCCGGATCGAGAAGGCCAACAACCTGCTGTACATCAACC

CCGAGGCTTTCCAGAACCTGCCTAGCCTGCGCTACCTGCTGATCTCCAACACCGGCA

TCAAGCACCTGCCAGCCGTGCACAAGATCCAGAGCCTGCAGAAGGTGCTGCTGGAC

ATCCAGGATAACATCAACATCCACATCATCGCTAGAAACTCCTTCATGGGACTGTCT

TTTGAGAGCGTGATCCTGTGGCTGAACAAGAACGGCATCCAGGAGATCCACAACTG

TGCCTTTAACGGAACACAGCTGGACGAGCTGAACCTGTCTGATAACAACAACCTGG

AGGAGCTGCCTAACGACGTGTTCCAGGGCGCCAGCGGACCAGTGATCCTGGATATC

TCCAGGACCAAGGTGCACTCTCTGCCCAACCACGGCCTGGAGAACCTGAAGAAGCT

GAGGGCCAGATCCACATACAGACTGAAGAAGCTGCCTTCTCTGGACAAGTTCGTGA

CCCTGATGGAGGCTTCTCTGACATACCCAAGCCACTGCTGTGCCTTTGCTAACTGGA

GGAGACAGATCAGCGAGCTGCACCCAATCTGTAACAAGTCCATCCTGCGGCAGGAC

ATCGACGATATGACCCAGATCGGAGATCAGCGCGTGAGCCTGATCGACGATGAGCC

CTCCTACGGCAAGGGATCTGACATGATGTACAGCGAGTTCGACTTTGATCTGTGCAA

CGAGGTGGTGGATGTGACATGTTCCCCAAAGCCCGACGCCTTCAACCCCTGCGAGG

ATATCATGGGCTACAACATCCTGCGGGTGCTGATCTGGTTTATCTCCATCCTGGCTAT

CACCGGAAACACCACAGTGCTGGTGGTGCTGACCACATCTCAGTACAAGCTGACAG

TGCCTCGCTTCCTGATGTGCAACCTGGCCTTTGCTGACCTGTGCATCGGCATCTACCT

GCTGCTGATCGCCTCTGTGGATATCCACACCAAGAGCCAGTACCACAACTACGCCAT

CGACTGGCAGACCGGCGCTGGATGTGATGCTGCCGGATTCTTTACAGTGTTCGCCTC

CGAGCTGAGCGTGTACACCCTGACAGCTATCACCCTGGCCAGGGCTCACACCATCAC

ACACGCCATGCAGCTGGAGTGCAAGGTGCAGCTGAGACACGCTGCCTCTATCATGG

TGCTGGGCTGGACATTCGCTTTTGCTGCCGCTCTGTTCCCAATCTTTGGAATCAGCTC

CTACATGAAGGTGTCCATCTGTCTGCCTATGGACATCGATAGCCCACTGTCCCAGCT

GTACGTGATGGCCCTGCTGGTGCTGAACGTGCTGGCCTTCGTGGTCATCTGCGGCTG

TTACACCCACATCTACCTGACAGTGCGGAACCCCAACATCGTGTCTAGCTCCTCTGA

CACCAAGATCGCCAAGCGCATGGCTACCCTGATCTTCACAGATTTTCTGTGCATGGC

CCCAATCAGCTTCTTTGCCATCAGCGCCTCCCTGAAGGTGCCCCTGATCACCGTGAG

CAAGGCTAAGATCCTGCTGGTGCTGTTCTACCCAATCAACTCCTGCGCCAACCCCTT

TCTGTACGCTATCTTCACAAAGAACTTTCGGCGCGACTTCTTTATCCTGATGAGCAA

GTTCGGATGTTACGAGATGCAGGCCCAGATCTACCGGACCGAGACAAGCTCCGCCA

CCCACAACTTTCACGCTAGGAAGTCCCACTGCAGCAGCGCCCCCAGGGTGACAAAC

TCTTACGTGCTGGTGCCTCTGAACCACAGCGTGCAGAACTGATAA 
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