Open access

s
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Lopes A, Bastiancich C,
Bausart M, et al. New
generation of DNA-based
immunotherapy induces a
potent immune response

and increases the survival in
different tumor models. Journal
for ImmunoTherapy of Cancer
2021;9:¢001243. doi:10.1136/
jitc-2020-001243

» Prepublication history and

additional material is published
online only. To view please visit
the journal online (http://dx.doi.

org/10.1136/jitc-2020-001243).

AL and CB contributed equally.
Accepted 02 March 2021

‘ '.) Check for updates

© Author(s) (or their
employer(s)) 2021. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

"Louvain Drug Research
Institute, Advanced Drug
Delivery and Biomaterials,
Université catholique de
Louvain, Brussels, Belgium
2pix-Marseille University, CNRS,
INP, Inst Neurophysiopathol,
Marseille, France

*Louvain Drug Research
Institute, Biomedical Magnetic
Resonance, Université
catholique de Louvain, Brussels,
Belgium

Correspondence to
Professor Véronique Préat;
veronique.preat@uclouvain.be

Original research

New generation of DNA-based
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ABSTRACT

Background Strategies to increase nucleic acid
vaccine immunogenicity are needed to move towards
clinical applications in oncology. In this study, we
designed a new generation of DNA vaccines, encoding
an engineered vesicular stomatitis virus glycoprotein
as a carrier of foreign T cell tumor epitopes (plasmid
to deliver T cell epitopes, pTOP). We hypothesized that
pTOP could activate a more potent response compared
with the traditional DNA-based immunotherapies,

due to both the innate immune properties of the viral
protein and the specific induction of CD4 and CD8 T
cells targeting tumor antigens. This could improve the
outcome in different tumor models, especially when
the DNA-based immunotherapy is combined with a
rational therapeutic strategy.

Methods The ability of pTOP DNA vaccine to activate
a specific CD4 and CD8 response and the antitumor
efficacy were tested in a B16F10-OVA melanoma
(subcutaneous model) and GL261 glioblastoma
(subcutaneous and orthotopic models).

Results In B16F10-0VA melanoma, pTOP promoted
immune recognition by adequate processing of both
MHC-1 and MHC-II epitopes and had a higher antigen-
specific cytotoxic T cell (CTL) killing activity. In a
GL261 orthotopic glioblastoma, pTOP immunization
prior to tumor debulking resulted in 78% durable
remission and long-term survival and induced a
decrease of the number of immunosuppressive

cells and an increase of immunologically active

CTLs in the brain. The combination of pTOP with
immune checkpoint blockade or with tumor resection
improved the survival of mice bearing, a subcutaneous
melanoma or an orthotopic glioblastoma, respectively.
Conclusions In this work, we showed that pTOP
plasmids encoding an engineered vesicular stomatitis
virus glycoprotein, and containing various foreign

T cell tumor epitopes, successfully triggered

innate immunity and effectively promoted immune
recognition by adequate processing of both MHC-I
and MHC-II epitopes. These results highlight the
potential of DNA-based immunotherapies coding for
viral proteins to induce potent and specific antitumor
responses.

1

INTRODUCTION

Immunotherapy is a well-established treat-
ment for many cancers. Until now, many
efforts have been made to identify (neo)
antigen targets' and to develop checkpoint
inhibitors” that are able to circumvent tumor
immunosuppressive mechanisms, opening
the way to novel combined treatments.”
Immune checkpoint inhibitors that initially
received approval for melanoma are now used
and assessed to treat various types of malig-
nancies. However, there are still challenges,
as only a minority of cancer patients responds
to current immunotherapy treatments. The
identification of predictive biomarkers and
the emergence of new treatment modali-
ties could improve both the proportion of
responding patients and the range of tumors
that can be treated.

In the expanding field of cancer immuno-
therapy, the development of vaccines able to
promote potent and specific antitumor T cell
responses remains to be achieved. Among the
technologies developed to enhance tumor
antigen recognition, DNA vaccines are attrac-
tive due to their low cost, easy production,
ability to induce a broad immune response
and stability.4 In recent years, many efforts
have been made to improve the immunoge-
nicity and clinical potential of DNA vaccines’
by relying on the use of electroporation,”’
codon optimization of plasmid constructs’
or co-administration of adjuvants.” An ideal
technology for cancer vaccines should allow
the codelivery of multiple CD8 and CD4
T cell epitopes from several cancer anti-
gens.9 Indeed, cancer vaccine strategies were
initially focused on eliciting CD8 cytotoxic T
cells (CTLs)," but the central role of CD4 T
helper cells in cancer immunity and immu-
notherapy has also been demonstrated over
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the years."" " In addition, targeting epitopes derived
from different tumor antigens may overcome the risk of
selecting tumor cells that have downregulated the vaccine
target."”

The immune system has the ability to provide defense
against both tumors and pathogens, and it has thus been
postulated that elucidating and harnessing the shared
mechanisms of immunity that underlie cancer and infec-
tious disease could lead to new therapeutic developments.'*
Indeed, several components derived from bacteria orviruses
were shown to interact with the cancer vaccine response.
For instance, unmethylated CpG motifs that are present
on bacterial DNA can be used to modulate the immunoge-
nicity of DNA vaccines.” " Coadministration of a plasmid
encoding the HIV-1 Gag viral capsid protein improved
the efficacy of a cancer DNA vaccine,'® and another
plasmid encoding the vesicular stomatitis virus glycopro-
tein (VSV-G) has shown adjuvant properties.'” VSV-G is a
viral fusion glycoprotein that is recognized by the immune
system and activates the innate immune response.'® Some
studies have previously suggested mechanisms by which
VSV-G could modulate the immune response. VSV-G was
shown to induce an immunogenic form of cellular fusion
and necrosis, which could induce immune cell recruit-
ment at the delivery site.'” ' VSV-G was also shown to
enhance cross-presentation of antigens.'” *' # Recently,
VSV-G has been suggested to induce autophagy” and
thus may be involved in modulation of antigen processing
pathways.** Mutants have been constructed by inserting
targeting ligands to alter the tropism of viral vectors,”” and
it was described that this glycoprotein possesses permissive
sites in which several amino acids can be inserted without
altering protein function.*

For efficiently inducing T cell responses and ensuring
therapeutic efficiency against tumor, an ideal vaccine
should combine four key features: (1) it mimics native
pathogen structure for an effective presentation to the
immune system, (2) it has intrinsic adjuvant properties
or incorporates adjuvants to stimulate immunity, (3) it
has the ability to target antigen presenting cells and (4)
it presents several cancer antigens containing both CD4
and CD8 epitopes or neoepitopes.” ” ** Structural viral
(glyco)proteins, such as VSV-G, combine by nature most
of these key features and their flexibility can be harnessed
to design systems that could entirely fill the gaps, resulting
in potent cancer vaccine strategies. Hence, we developed
a new DNA vaccine technology, called ‘pTOP’ (plasmid
to deliver T cell epitopes), which encodes a modified
VSV-G viral protein, engineered by inserting foreign T
cell epitopes, to serve as a vaccine platform to deliver
tumor epitopes. We hypothesized that such modified
DNA vaccine would retain some intrinsic viral immuno-
genicity due to the presence of VSV-G, while promoting
tumor specificity through the induction of antiepitope T
cell responses, due to the antigen epitopes inserted in the
viral protein.

The ability of pTOP DNA vaccine to activate a specific
CD4 and CDS8 response, was tested in a B16F10-OVA

melanoma. B16 melanomas are very aggressive and
highly metastatic tumors, which present different tumor
antigens, such as gp100 and TRP2.**™' In particular, the
B16F10-OVA is a modified B16F10 cell line to express
also the ovalbumin (OVA) antigen. Next, we assessed
the ability of pTOP to cure mice bearing an orthotopic
GL261 glioblastoma (GBM), considered as a poorly
immunogenic tumor.” Immunotherapy has recently
been reconsidered as a promising option for GBM since
the brain is no longer considered an ‘immune privileged’
organ. Indeed, the central nervous system possesses
lymphatic vessels along the dural sinuses and meningeal
arteries,” ** and the blood-brain barrier is compromised
in GBM patients, allowing immune cells to infiltrate from
the peripheral circulation.”® Surgical debulking of the
accessible tumor is the mainstay treatment in all eligible
patients,”® who subsequently undergo radiotherapy and
chemotherapy.”” However, the intrinsic properties of
GBM (ie, high migratory and infiltrative patterns and the
presence of tumor microtubes and glioma cancer stem
cells) promote the formation of recurrences that inevi-
tably lead to patient death.”* We hypothesized that the
combination of the pTOP DNA vaccine and the GBM
resection could improve the outcome, by helping the
immune cells generated by the vaccine to reach the brain.

MATERIAL AND METHODS

Plasmids

Codon-optimized gene sequences of plasmid OVA
(pOVA) and VSV-G (pVSVG) were designed using Gene-
Optimizer and obtained by standard gene synthesis from
GeneArt (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). These sequences were subcloned in the
pVAX2 vector using cohesive-ends cloning. pTOP refers
to the plasmids encoding VSV-G in which the foreign
epitopes were inserted (figure 1B,C). Codon-optimized
gene sequences were designed using GeneOptimizer
and obtained by standard gene synthesis from GeneArt
(Thermo Fisher Scientific, USA). The sequences were
subcloned in the pVAX2 vector using cohesive-end
cloning with BamHI and Notl restriction sites. To allow
easy modifications of the epitopes, several restriction
sites were added. Digestion by BamHI and HindIII or by
Spel and EcoRI allows insertion in position (18) or (191),
respectively. The positions into which the epitopes are
inserted are defined by the amino acid residue directly
after the insertion site. In other words, insertion position
(18) corresponds to the region between amino acid resi-
dues 17and 18. For the epitopes inserted at the N terminus
(ie, position (18), just after the signal peptide), an addi-
tional lysine residue was included.” Overlapping phos-
phorylated oligonucleotides that encoded the restricted
epitope (IDT-DNA, Belgium) were incorporated in the
digested vector using cohesive-end cloning. pEmpty is
an empty pVAX2 vector. The plasmids were prepared
using the EndoFree Plasmid Mega or Giga Kit (Qiagen,
Germany) and diluted in phosphate-buffered saline
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Figure 1 Inflammatory cytokines expressed after

intramuscular electroporation of pEmpty or pVSVG and a
description of the pTOP technology and vaccine constructs.
(A) mRNA expression of IL6, IL12 and CCL2 48 hours after
the injection of 1 ug plasmid. Mice that did not receive any
plasmid (untreated) were used as a control. The error bars
represent the mean+SEM; n=2, n=3-4. Statistical analysis:
One-way ANOVA with Tukey’s multiple comparisons test.
*p<0.05, *p<0.01 and **p<0.001 compared with untreated
or to the specified group. (B) Graphical representation of the
versatile pTOP technology (vesiculovirus picture adapted
from ViralZone:www.expasy.org/viralzone, Sib Swiss
Institute of bioinformatics). (C) pTOP vaccines that were
used throughout the paper. The positions into which the
epitopes were inserted are defined by the amino acid residue
directly after the insertion site. ANOVA, analysis of variance;
IL6, interleukin 6; pTOP, plasmid to deliver T cell epitopes;
pVSVG, plasmid vesicular stomatitis virus glycoprotein.

(PBS). The quality of the purified plasmid was assessed
by the ratio of optical densities and by 1% agarose gel
electrophoresis. Plasmids were sequenced by Sanger DNA
sequencing (Genewiz, UK) and stored at —20°C. A list of
the plasmids used in this study can be found in figure 1C.
Three other plasmids (pTOP4, 5 and 6) have been devel-
oped and used against other cancer models, not shown
in this study.

Immunization

Intramuscular electroporation: After the mouse hair
was removed using a rodent shaver (AgnTho’s, Lidingo,
Sweden), 30 pL of a PBS solution containing 1 pg of
plasmid was injected into the tibial cranial muscle. The

leg was placed between 4 mm spaced plate electrodes,
and 8 square-wave electric pulses (200 V/cm, 20 ms, 2
Hz) were delivered. For therapeutic immunization, the
vaccine was administered 2, 9 and 16 days after subcuta-
neous tumor injection or 16, 23 and 29 days after GL261
orthotopic injection. Immune checkpoint blockade anti-
bodies directed against CTLA4 (clone 9D9) and PDI
(clone 29 F.A12) were purchased from Bioconnect (Neth-
erlands) and mice were injected intraperitoneally with
100 pg of each antibody in 100 pl of PBS 3, 6 and 9 days
after tumor injection.

Ear pinna electroporation: A 30 pL. DNA solution
containing 1 pg of plasmid was injected into the pinna of
both ears (two injections per mouse). The 2 mm spaced
plate electrodes were applied around the ear to deliver
10 square-wave electric pulses (500 V/cm, 20 ms, 1 Hz).

For all electroporation protocols, electric pulses were
generated by a Gemini System generator and delivered
with BTX Caliper Electrodes (BTX; both from VWR
International, Belgium). A conductive gel was used to
ensure electrical contact with the skin (Aquasonic 100;
Parker Laboratories, USA).

Quantification of inflammatory cytokines

To quantify inflammatory cytokines, mice were sacri-
ficed 48 hours after intramuscular electroporation. The
muscles were collected and kept in RNA later solution.
Total RNA was isolated using TRIzol reagent (Thermo
Fisher Scientific). The quality and quantity of RNA
were evaluated using a NanoDrop 2000 (Thermo Fisher
Scientific). RNA (1 pg) was reverse transcribed using a
first standard synthesis system (SuperScript, Thermo
Fisher Scientific) and oligo(dT) primers according to the
supplier’s protocol. Primers were designed using Primer
Blast software based on the consensus of sequences from
GenBank (online supplemental table 1). SYBR green
real-time qPCR (RT-qPCR) (GoTaq qPCR MasterMix Kkit,
Promega, USA) was conducted on a StepOne Plus Real-
Time RT-PCR System (Thermo Fisher Scientific). Anal-
ysis of the melting curves was performed to ensure the
purity of PCR products. The results were analyzed with
the StepOne Software V.2.1. The mRNA expression was
calculated relative to the expression of corresponding
B-actin, according to the delta-delta Ct method.

OT-I and OT-II proliferation

A single-cell suspension was prepared from the spleens
and lymph nodes of transgenic OT-I and OT-I mice
(Ghent University, Ghent, Belgium). T cells were isolated
using a CD8a+ and CD4+ T cell isolation kit for mouse
and an AutoMACS Pro Separator (Miltenyi Biotec,
Germany). Subsequently, the isolated T cells were labeled
with (carboxyfluorescein diacetate succinimidyl ester
(CFSE); Thermo Fisher Scientific) by incubating 50x10°
cells/mL PBS with 5 pM of CFSE for 7 min at 37°C. The
reaction was blocked by adding ice-cold PBS +10% FBS
(Life Technologies). A total of 9x10° OTI or OT-I cells
were injected into the tail vein of C57BL/6 recipient
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mice. The mice were treated 2 days later with plasmid
injection and electroporation to the ear pinna. Mice were
sacrificed 4 days later to collect the draining lymph nodes
for single-cell suspension preparation. Flow cytometric
measurement was performed after staining the cells with
Aqua Live/Dead (Thermo Fisher), CD19 APC-Cy7, CD8
PerCP (for OT proliferation), CD4 eFluor 450 and
Valpha2 TCR PE (for OT-II proliferation) and Fc block
(all BD Biosciences, USA). Dextramer SIINFEKL H-2kb
PE (Immudex, Denmark) was added for OT-I prolifera-
tion measurement. The read out was performed using a
BD FACSVerse (BD Biosciences, USA).

In vivo Killing assay

Mice were prophylactically immunized by intramuscular
DNA electroporation (three plasmid injections one
priming and two boosts, biweekly). Three weeks after the
last vaccine administration, splenocytes (2.5x10° cells/
mL PBS) from naive mice were pulsed with 1 pg/mL PBS
of SIINFEKL or an irrelevant peptide for 1 hour at 37°C.
The splenocytes pulsed with the OVA peptide were stained
with 5 pM (high) CFSE, while the splenocytes pulsed with
the irrelevant peptide were stained with 0.5 pM (low)
CFSE. The two labeled cell populations were mixed at a
1:1 ratio, and a total of 1x10” cells were adoptively trans-
ferred into the immunized mice by intravenous injection.
Two days after the transfer, the host mouse spleens were
isolated and analyzed by flow cytometry after staining with
Aqua Live/Dead (Thermo Fisher), Fc Block and o-F4,/80
(BD Biosciences). The percentage of antigen-specific
killing was determined using the formula: 100-100*((%
CFSEhigh cells/% CFSElow cells)immunized mice/ (%
CFSEhigh cells/% CFSElow cells)non-immunized mice),
where CSFElow cells are cells stimulated with the irrele-
vant peptide.

Orthotopic GL261 GBM syngeneic model and surgical
resection of the GL261 tumor mass

For orthotopic GBM tumor grafting, C57BL/6 mice
were anesthetized and fixed in a stereotactic frame. A
surgical high-speed drill (Vellman, Belgium) was used
to perform a hole in the right frontal lobe and 5x10*
GL261 cells were slowly injected using a Hamilton
syringe fitted with a 26S needle. To obtain cortical
tumors, the injection coordinates were 0.5 mm poste-
rior, 2.1 mm lateral from the bregma and 2.2 mm
deep from the outer border of the cranium. The pres-
ence, volume and location of the tumors were deter-
mined by MRI (online supplemental methods), and
the animals presenting GL261 tumors were randomly
divided into four groups.

Atday 17 post-tumor inoculation, the tumor mass was
surgically removed by using the biopsy-punch resec-
tion technique (online supplemental methods).* All
animals were monitored daily and an MRI follow-up
was performed 27 days after surgery. Eight to nine
animals per group were sacrificed 29 days post-tumor
inoculation for immunological analysis (FACS and

PCR). The spleen and the brain of the animals were
collected for further analysis. The remaining animals
were sacrificed when they reached the previously
mentioned end points.

Flow cytometry analysis of immune cells

Tumor-associated macrophages (TAM), myeloid-
derived suppressor cell (MDSC), CD4 and CD8 T
cell populations in brains and spleens removed 29
days after GL261 orthotopical cell injection were
analyzed by FACS. Cells were passed through a 70 pm
cell strainer (BD Falcon, New Jersey, USA), collected,
counted using an automatic cell counter (Invitrogen,
California) and washed with PBS, before adding the
blocking solution with anti-CD16/CD32 antibody
for 10 min on ice (clone 93, Biolegend, San Diego,
California, USA). Cells were washed and incubated
for 60 min at 4°C with the following antibodies: anti-
CD3-APC-Cy7 (Biolegend, San Diego, California),
anti-CD4-PE (BD bioscience, UK), anti-CD8-BV421
(Biolegend, San Diego, California, USA) for CD4
and CD8 T cell detection; with anti-CD11b-FITC (BD
bioscience, UK), anti-F4/80-AF647 (BD bioscience,
UK), anti-CD206-BV421 (Biolegend,) and anti-Gr1-PE
(BD bioscience) for TAMs and MDSCs; with anti-
CD3-APC-Cy7, anti-CD8-FITC (Proimmune, UK) and
Pentamers-TRP2-PE (Proimmune, UK) for the detec-
tion of TRP-2-specific CD8 T cells. For staining with
antiFoxP3-AF488 (BD bioscience) or anti-interferon
gamma (IFNg)-APC (Biolegend), cells were previ-
ously incubated overnight at 4°C with a permea-
bilization /fixation solution (eBioscience Foxp3/
Transcription Factor Staining Buffer Set, Thermo
Fisher, Waltham, Massachusetts, USA). Cells were
then incubated with anti-CD16/CD32 antibody for 10
min on ice (Biolegend), washed and incubated for 60
min at 4°C with anti-IFNg-APC or antiFoxP3-AF488
diluted in the permeabilization/fixation solution.
Samples were washed with PBS fixed for 10 min with
4% formalin and, then, suspended in PBS. Sample
data were acquired with FACSVerse (BD bioscience)
and analyzed with Flow]Jo software (FlowJo, Ashland,
Oregon, USA).

Enzyme-linked immunospot (ELISpot)

ELISpot was performed according to the manufactur-
er’s instruction (Immunospot, the ELISPOT source,
Germany). Briefly, 3x10° fresh splenocytes diluted
in 100 pL. CTL-Test medium (Immunospot, the
ELISPOT source) were cultured overnight at 37°C
in anti-IFNg-coated 96 well plate. For stimulation, 10
ng/pl of TRP2 . . peptide (SVYDFFVWL) was added
to the splenocytes and incubated for 2 days. As posi-
tive control for splenocyte activation, Cell Stimulation
Cocktail (Invitrogen, California) was used; PBS and
a P815 irrelevant peptide (LPYLGWLVF) were used
as negative control. The development of the ELISpot
plate followed the manufacturer’s instruction and
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pots were counted by using an ELISPOT reader system
(the ELISPOT source).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism V.7 for Windows. P values lower than 0.05 were
considered statistically significant.

RESULTS

The VSV-G promotes the innate immune response

To verify the viral protein-mediated activation of
innate immunity, we evaluated whether innate cyto-
kines were produced after intramuscular electropo-
ration of an empty plasmid (pEmpty) or a plasmid
coding for VSV-G (pVSVG). Mice that did not receive
any plasmid were used as controls. Forty-eight hours
after the electroporation of pVSVG, the expression
levels of interleukin 6 (IL6), IL12 and CCL2 were
increased in the injection site. In particular, the
levels of CCL2 and IL6 were higher in pVSVG-treated
mice compared with mice that received the pEmpty
plasmid (figure 1A). To leverage the intrinsic immu-
nogenicity of VSV-G, several pTOP plasmids were
designed by inserting different tumor epitopes in two
of the permissive insertion sites of the VSV-G protein
(figure 1B,C).

pTOP induces a specific CD8 and CD4 response against OVA
MHC class | and Il epitopes, respectively

To characterize the immunogenic potential of pTOP,
OVA was initially used as a model antigen. pTOPI1
and pTOP2 were constructed by inserting an OVA-
major histocompatibility complex (MHC) class I-re-
stricted epitope (OVA,. ,.,) and an OVA-MHC class
II-restricted epitope (OVA,,,,..), respectively. pTOPI
and pTOP2 were tested for their ability to induce
the proliferation of CFSE-labeled lymphocytes that
were isolated from OT-I and OT-II transgenic mice
and adoptively transferred to recipient mice. The
recipient mice were immunized, and T lymphocytes
were collected from the draining lymph nodes and
analyzed by flow cytometry (figure 2A). As expected,
the OVA-MHC class I-restricted epitope inserted in
pTOP efficiently activated the specific CD8 T cell
proliferation, while the OVA-MHC class Il-restricted
epitope induced division of the specific CD4 T cells
(figure 2B). This response was similar to the prolifer-
ation induced by a classical pOVA vaccine, encoding
the full-length OVA antigen in a pVAX2 vector, for
both CD8 and CD4 T cells (figure 2B). pTOP plasmids
induce a higher CTL killing activity compared with
classical DNA vaccines.

To assess the CTL response triggered by pTOP
compared with the traditional DNA vaccination, an in
vivo killing assay was performed. This experiment eval-
uates the ability of vaccinated mice (one priming and
two boosts) to recognize and eliminate peptide-pulsed
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Figure 2 Evaluation of the OVA-specific cellular

immune response and CTL killing activity. (A) Schematic
representation of OT-I/Il proliferation studies protocol. Purified
CD8 or CD4 T cells from transgenic OTI and OTII mice

were CFSE-labeled and adoptively transferred to C57BL/6
mice. The mice were treated 2 days later with 1 ug pTOP
injection into the ear Pinna, followed by electroporation and
sacrificed 4 days later to collect the draining lymph nodes
for preparation of single-cell suspension and FACS analysis.
(B) Quantification of the divided OTI and OTII cells is shown;
n=5. (C) In vivo OVA-specific cytotoxic CD8 T cell killing
assay protocol. C57BL/6 mice were first vaccinated three
times by intramuscular electroporation of 1 ug pTOP every

2 weeks. Three weeks after the last vaccine administration,
the mice received labeled splenocytes from naive mice that
were pulsed with either SIINFEKL (the OVA peptide) or an
irrelevant peptide (ie, a peptide that should not induce an
immune response). Two days after transfer, splenocytes were
collected and analyzed by FACS to determine the antigen-
specific killing; n=5. (D) Percentage of the CTL killing activity
for the different groups. Statistical analysis: one-way ANOVA
with Tukey’s multiple comparisons test. *p<0.05, **p<0.01,
***p<0.001 compared with untreated or to the specified
group (n=5). ANOVA, analysis of variance; CTL, cytotoxic T
cell; CFSE, carboxyfluorescein diacetate succinimidyl ester;
FSC, forward scatter (cell diameter); SSC, side scatter (cell
granulometry); OVA, ovalbumin; pTOP, plasmid to deliver T
cell epitopes; pOVA, plasmid OVA.

target cells, marked with a high amount of CFSE. A
schematic representation of the CTL killing protocol
is shown in figure 2C, where the irrelevant peptide
is a peptide that should not induce an immune
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response, that is, no Kkilling activity. The absence of
the generation of an immune response following the
stimulation with an irrelevant peptide, underlines the
specificity of the pTOP vaccination. A higher CTL
killing activity was observed in the presence of both
pTOPI and pTOP2, compared with pTOP1 alone or
to the classical pOVA plasmid (figure 2D). This result
indicates: (1) the necessity of a helper T cell response
to improve the CTL activity, (2) an efficient helper T
cell response induced by the codelivery of pTOPI and
pTOP2 and (3) the higher efficacy of the two pTOP
codelivered plasmids, compared with the classical
pOVA DNA vaccination.

Therapeutic vaccination with pTOP outperforms classical DNA
vaccine coding for the full-length antigen

To further demonstrate the efficacy of the pTOP
vaccination over the classical approach, C57Bl/6
mice have been therapeutically vaccinated 2, 9 and 16
days after the injection of 1x10° B16F10-OVA tumor
cells (figure 3A and online supplemental methods).
Only 1 pg of the vaccine has been used for each vacci-
nation. A naive group of mice and a group treated
with the pVSVG plasmid encoding the VSV-G but
without inserted epitopes have been used as a control.
Compared with all the other groups, pTOP1 +pTOP2
was the only treatment that delayed the tumor
growth, even if the difference with the other groups
was not significant (figure 3B). Nevertheless, these
two codelivered plasmids significantly increased the
median survival time of mice (from 19 to 26 days),
as showed in figure 3C. This result confirms that the
delivery of pTOP vaccines confers a better immunity
compared with the pOVA classical DNA vaccine and
allows a more efficient antitumor response.

pTOP synergizes with immune checkpoint inhibitors

pTOP synergizes with immune checkpoint inhibitors
pTOP3 was designed by inserting both OVA, .. (CD8
epitope) and OVA,,, ... (CD4 epitope) in the VSV-G
sequence. To assess the ability of pTOP to promote
therapeutic vaccination, pTOP3 was used to immu-
nize mice that had been previously subcutaneously
injected with 1x10° B16F10-OVA cells (figure 3D).
Therapeutic immunization with 3 weekly administra-
tions of 1 pg pTOP3, starting from 2 days after the
injection of tumor cells, significantly delayed tumor
growth and the median survival time reached 30 days,
compared with 19 days for untreated (naives) mice.
Three administrations at days 3, 6 and 9 of 100 pg
anti-CTLA4 and 100 pg anti-PD1 antibodies alone
(figure 3D) did not increase the survival of the mice
but improved the efficacy of pTOP3. Indeed, the
combination of pTOP3 and the two immune check-
point blockers allowed a significant delay in the tumor
growth, a dramatic increase of the median survival
time and the eradication of the tumor for one out of
six mice (figure 3E,F).
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Figure 3 B16F10-OVA therapeutic vaccination comparing
pTOP vaccines and classical DNA vaccination, and
combination with immune checkpoint blockade. (A)
Schematic protocol of the B16F10-OVA injection and
therapeutic DNA vaccination. C57BL/6 mice were first
injected with B16F10-OVA. The DNA vaccines were
intramuscularly electroporated 2, 9 and 16 days after injection
of the tumor cells. (B) Tumor growth curves for the different
groups. (C) percentage of survival as a function of time. The
error bars represent the mean+SEM; n=6. Statistical analysis:
one-way ANOVA with Tukey’s multiple comparisons test,
two-way ANOVA with Bonferroni post-tests or Mantel-Cox
test for comparison of survival curves. *p<0.05, compared
with naive or to the specified group. (D) schematic protocol
of the B16F10-OVA injection, therapeutic DNA vaccination
and immune checkpoint blockade administration. C57BL/6
mice were first injected with B16F10-OVA. the DNA vaccines
were intramuscularly electroporated 2, 9 and 16 days after
injection of the tumor cells. Immune checkpoint blockade
antibodies against CTLA4 (100 pg) and PD1 (100 ug)
were injected intraperitoneally 3, 6 and 9 days after tumor
injection. (E) tumor growth curves for the different groups. (F)
percentage of survival as a function of time. The error bars
represent the mean+SEM; n=6. Statistical analysis: One-way
ANOVA with Tukey’s multiple comparisons test, two-way
ANOVA with Bonferroni post-tests or Mantel-Cox test for
comparison of survival curves. **p<0.01, compared with naive
or to the specified group. ANOVA, analysis of variance; MST,
median survival time; OVA, ovalbumin; pOVA, plasmid OVA;
pTOP, plasmid to deliver T cell epitopes; pVSVG, plasmid
vesicular stomatitis virus glycoprotein.

Insertion of gp100 and TRP2 epitopes in the pTOP plasmid
allows therapeutic vaccination in multiple cancer models
Next, we assessed whether pTOP could be used for the
delivery of other tumor epitopes and then to evaluate
its efficacy in a different cancer model. In particular,
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Figure 4 Therapeutic immunization with pTOP vaccines

in melanoma and glioblastoma models. (A) Schematic
protocol, the development of tumor volume and the survival
curves are shown for each tumor model. C57BL/6 mice

were first injected with B16F10-OVA (A) or GL261 cells (D).
The tumor growth and the survival curves for melanoma

(C) and for GBM (E, F) are also shown. The pTOP vaccine
was intramuscularly electroporated 2, 9 and 16 days after
injection of the tumor cells. The error bars represent the
mean+SEM; n=6-7. Statistical analysis: two-way ANOVA
with Bonferroni post-tests or Mantel-Cox test for comparison
of survival curves. *p<0.05 compared with naive. ANOVA,
analysis of variance; GBM, glioblastoma; MST, median
survival time; OVA, ovalbumin; pTOP, plasmid to deliver T cell
epitopes.

pTOP7 was obtained by inserting two tumor epitopes
(TRP2,,, ,4» @ CD8 epitope, and gpl00,, .., a CD4
epitope) in the VSV-G sequence and evaluated as a
therapeutic vaccine delivered at days 2, 9 and 16 after
tumor cell injection (figure 4A). First, we investigated
its efficacy in a B16F10-OVA melanoma. We demon-
strated that pTOP7 and pTOP3, which contained
two OVA epitopes, were equally efficient against
B16F10-OVA tumors (figure 4B,C). Then, we evalu-
ated the efficacy of pTOP7, originally designed to treat
BI6F10 tumors, against GL261 GBM tumor model.
Two million of GL261 cells have been injected subcu-
taneously at day 0 (a schematic representation of the
vaccination protocol is shown in figure 4D). Indeed,
TRP-2 and gpl00 antigens are shared between mela-
noma and GBM due to the common prenatal origin
of melanocytes and glial cells from the neural ecto-
derm."" The expression of TRP2 and gp100 in GL261
cells was verified by RT-PCR (online supplemental

figure 1). Tumor growth in vaccinated mice was signifi-
cantly delayed compared with that of the untreated
(naive) group, and six out of seven mice were consid-
ered long-term survivors (figure 4E,F). Furthermore,
long-term survivor vaccinated mice have been rechal-
lenged with B16F10 (on the left flank) and with B16F1
(on the right flank). As expected, these tumors have
been rejected or did not grow at all in the rechal-
lenged mice (data not shown).

In a GL261 orthotopic model, tumor resection and pTOP
vaccination significantly prolong mouse survival

As pTOP7 was highly efficient against the subcutane-
ously implanted GL261 tumors, we checked whether
this DNA vaccine could prevent recurrences in a
murine orthotopic GBM model when administered
just before the surgical resection (figure 5A). Indeed,
we hypothesized that the resection could help the
vaccine-induced immune response to reach the brain,
both by generating a local inflammatory microenvi-
ronment and by further disrupting the blood brain
barrier. Tumorous lesions in GL261-bearing mice were
observed between the cortex and the striatum in all
implanted animals at day 10 postinoculation by MRI,
as showed in figure 5B. Mice were vaccinated with 1
pg of pTOP7, at days 16, 23 and 29, and the tumor was
resected 17 days after GL261 orthotopic inoculation.
In the control groups (naive, resection or pTOP7),
the general state of health started deteriorating from
day 27-30 after the tumor injection, and the median
survival time was less than 40 days. However, when
resection was combined with therapeutic immuni-
zation with pTOP7, 78% of the mice survived for at
least 250 days and thus were considered long-term
survivors (figure 5A). MRI performed 27 days after
tumor inoculation confirmed the presence of infiltra-
tive and aggressive recurrences in the control groups
(figure 5B). Due to the infiltrative patterns of the
GL261 tumors, we were unable to provide adequate
volume estimation of the tumor lesions at the desig-
nated time points, but the presence of the tumors and
the infiltrative nature were confirmed postmortem by
H&E staining (H/E) (online supplemental figure 2).

pTOP induces a systemic antigen-specific immune response
and modulates the number of immune cells in the spleen

We then evaluated systemic immune activity after
resection and/or immunization with pTOP7. Spleno-
cytes were collected 29 days after tumor challenge and
analyzed by flow cytometry and ELISpot. When resec-
tion and the pTOP7 treatments were combined, the
CD8 infiltration was significantly higher compared
with that of the untreated (naive) mice and those that
underwent resection alone (figure 5C). The activation
of TRP2-specific T cells was assessed by IFNy ELISpot.
In the absence of vaccination, only a few spots were
detected, whereas the splenocytes from pTOP7-
treated mice showed a significantly higher number of
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Figure 5 Therapeutic immunization and resection in an
orthotopic glioblastoma model and development of the
systemic immune response. (A) Schematic protocol and
survival curves for the therapeutic immunization. C57BL/6
mice first received an intracranial injection of GL261 cells at
day 0. MRI was used to monitor brain tumors on days 10 and
27. The pTOP vaccine was intramuscularly electroporated
16, 23 and 19 days after the injection of tumor cells, and
resection of the tumor was performed on day 17; n=9-12. (B)
representative axial T2-weighted MRI image of an untreated
(naive) mouse brain before (day 10) and after tumor resection
(day 27). The white arrows indicate the GL261 primary and
recurrent tumors. (C-H) analysis of immune cells in the spleen
29 days after GL261 inoculation. The percentage of CD8

T cells is shown for all the groups (C), and the production

of IFNy by splenocytes stimulated with TRP2 peptide was
assessed by ELISPOT (D, E). The percentage of MDSCs

(F) and the ratio of M1/M2 macrophages (G) are displayed.
The error bars represent the mean+SEM; n=7-9. Statistical
analysis: one-way ANOVA with Tukey’s multiple comparisons
test or Mantel-Cox test for comparison of survival curves.
*p<0.05, **p<0.01 compared with naive or to the specified
group. ANOVA, analysis of variance; IFNy, interferon-vy; ns, not
significant; MDSCs, myeloid-derived suppressor cell; pTOP,
plasmid to deliver T cell epitopes.

spots (figure 5D,E). Furthermore, the cell stimulation
by using an irrelevant peptide (in the current exper-
iment, the P815 peptide) were comparable to the
stimulation with PBS (negative control) and showed
no IFNy production (data not shown). This aspect
demonstrates the specificity of the pTOP7 vaccina-
tion against TRP2 peptide. In addition, the number
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Figure 6 Development of immune cells and
immunosuppressive cells in the brain 29 days after GL261
inoculation. (A, B) Total number of CD8 T cells and the ratio
of IFNy-secreting CD8/total CD8 T cells. (C, D) Total number
of CD4 T cells and the ratio of IFNy-secreting CD4/total CD4
T cells. (E, F) percentage of MDSCs and the ratio of M1/M2
macrophages in the brain. (G) Number of Tregs in the brain.
The error bars represent the mean+SEM; n=7-9. Statistical
analysis: one-way ANOVA with Tukey’s multiple comparisons
test. *p<0.05, **p<0.01, **p<0.001 compared with naive or
to the specified group. (H) Principle of combining resection
and pTOP7 vaccination for preventing GL261 recurrences.
ANOVA, analysis of variance; GBM, glioblastoma; IFNy,
interferon-y; MDSCs, myeloid-derived suppressor cells;
pTOP, plasmid to deliver T cell epitopes.

Death of cancer cells

" Tumor resection cavity No recurrence
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of MDSCs was reduced when mice were treated with
pTOP7 (figure 5F), and a modulation (although not
statistically significant) of the M1/M2 macrophage
ratio was observed in mice treated with pTOP7 with
or without tumor resection (figure 5G).

pTOP and tumor resection enhance the activity of

immune cells and reduced the number of infiltrated
immunosuppressive cells in the brain

To study the mechanism underlying the synergy
between pTOP7 and the resection of GL261 tumors
and their contribution to prolonging mouse survival,
the infiltration of different immune cells was assessed
in the mouse brains 29 days after tumor inoculation.
Decreased infiltration of CD8 T cells was observed
in the treated groups, especially in the combination
group (figure 6A). However, when analyzing the
activity of those cells, we observed that 35% of infil-
trated CD8 T cells in the combination group produced
IFNY compared with only 9%-16% for the other
groups (figure 6B). The same trend was observed for
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the number of CD4 T cells (figure 6C) and IFNy-se-
creting CD4 T cells, but the slight increase observed in
the combination group was not significantly different
from that of the other groups (figure 6D). The flow
cytometry analysis also revealed a significant decrease
in the infiltrated immunosuppressive cells for all the
groups compared with that of the untreated (naive)
group. This effect was seen for MDSCs (figure 6E),
the M1/M2 macrophage ratio (figure 6F) and regu-
latory T cells (Tregs, figure 6G). The greatest effect
on infiltrated immunosuppressive cells was observed
when pTOP7 was used alone or in combination with
resection, and the MI1/M2 macrophage ratio was
significantly higher for mice treated with the combi-
nation compared with that of untreated (naive) mice
or mice with resected tumors.

DISCUSSION

Immunotherapy is emerging as a new therapeutic
option for different tumors, and cancer vaccines repre-
sent a good approach for the induction of a specific
and long-lasting immune response. However, new
strategies are needed to improve the immunogenicity
of the DNA vaccines and to overcome the immuno-
suppressive tumor microenvironment, thus activating
a broad and potent immune response against cancer.

In the current study, we tested the efficacy of pTOP,
a plasmid encoding a modified VSV-G protein with
defined T cell epitopes, in different cancer models. We
hypothesized that pTOP could: (1) activate a potent
innate immune response, due to the presence of the viral
protein; (2) induce a specific T cell immune response
against the encoded antigens, thus potentiating the
global DNA vaccine activity and (3) improve the outcome
in different tumor models, when the vaccine is combined
with a rational therapeutic strategy.

We demonstrated that the electroporation of a plasmid
encoding the VSV-G viral protein induced a higher
expression of IL12, IL6 and CCL2 cytokines and chemo-
kines, compared with the classical pVAX2 empty plasmid
(pEmpty). This suggests a strong activation of the innate
immune system in the presence of VSV-G and, in partic-
ular, of the response linked to the viral recognition.
Indeed, these cytokines and chemokines are involved in
the viral clearance, but play also a key role in the switch
from the innate to the adaptive immunity,”™*® a crucial
aspect for an effective cancer vaccination. Hence, this
innate response must be followed by an adaptive T cell
response specifically directed against cancer antigens. We
showed that the insertion of foreign epitopes in specific
positions of the VSV-G sequence triggered correct antigen
processing and presentation by both types of MHC mole-
cules as well as the CTL response. Furthermore, when
compared with a classical pOVA vaccine, the pTOP
vaccine increased the CTL antigen-specific killing activity
(figure 2D). All these aspects could explain the delay in
the B16F10-OVA tumor growth and the higher median

survival time observed with the pTOP vaccine, compared
with the classical DNA vaccines. Interestingly, pTOP
vaccine was administered after the tumor injection (ther-
apeutic vaccination) and was active at a low dose. Indeed,
only 1 pg of pTOP plasmid was delivered, while previous
DNA vaccination protocols in mice have usually reported
doses between 25 and 100 pg.*” ** Our experiments also
demonstrated the specificity of the pTOP vaccination has
by a killing assay (figure 2) and an ELISpot experiments
(figure 5D).

In the same melanoma model, we demonstrated that the
therapeutic vaccination with pTOP enhanced the efficiency
of anti-CTLA4 and anti-PD1 antibodies. These immune
checkpoint blockers were totally ineffective when used alone,
but drastically increased the survival of mice when combined
with the vaccine. We have already reported that the combi-
nation between pTOP DNA-based immunotherapy and
an oncolytic adenovirus improved the outcome of B16F1
melanoma-bearing mice.* Indeed, the oncolytic virus
enhanced the immune response generated by the vaccine
and drove the immune cells into the tumor site.* Following
these results, we hypothesized that the administration of the
pTOP vaccine in combination with tumor resection could be
effective against an orthotopic model of GBM. Indeed, the
inflammation generated by the tumor removal could drive in
the tumor microenvironment the immune response gener-
ated by the previous vaccination. pTOP was able to generate
a specific and long-lasting immune response against GBM
and to target residual cells in mice that underwent surgical
resection (figure 6H). However, in contrast to melanoma
B16F10 and GBM GL261 implanted subcutaneously, when
the pTOP treatment was used as a single therapy for orthoto-
pically implanted GL261, the survival was not improved. Even
if the GBM disrupts the blood brain barrier, the presence of
this blood brain barrier and the low amounts of lymphatic
vessels regulate the entry of the immune cells. Furthermore,
its high heterogeneity, the presence of glioma stem cells,
immunologically ‘cold” tumor environment with low tumor
mutation burden and few tumor infiltrating lymphocytes as
well as the suppressive TME facilitate immune escape. This
absence of effect of pTOP monotherapy on survival seems
consistent with clinical trials, as several studies reported
that cancer vaccines are able to induce an antigen-specific
immune response but do not have a good impact on the
overall survival of patients.””*" Interestingly, a recent clinical
study evaluated the efficacy of an anti-PD1 therapy delivered
before surgical GBM tumor resection. The tumor-infiltrating
lymphocytes produced an IFNyresponse within the TME and
increased the median survival time.*? Here, we observed that
the ratio of IFNYy-producing CD8/total CD8 T cells was signifi-
cantly higher for the group combining the pTOP treatment
and resection, indicating the presence of active infiltrated
CD8 T cells that, although low in number, seemed not to be
exhausted.” In addition, the immunosuppressive activity was
reduced, as fewer MDSCs, M2 macrophages and Tregs were
observed. To our knowledge, we are the first to report the
combination of GBM surgical resection and vaccine immu-
notherapy being performed before tumor debulking. These
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results confirm our hypothesis that a vaccine administration
prior to surgery might take advantage of the acute inflamma-
tory response induced by GBM resection (ie, induction of an
excessive healing response, production of inflammatory cyto-
kines and recruitment of both M1 and M2 macrophages,”**’
leading to a dramatic improvement in the therapeutic
efficiency.

In the field of cancer immunotherapy, we have entered
into an era of combined trealtments,3 and the development
of potent therapeutic anticancer vaccines may be the missing
element for being able to efficiently treat more patients
and a wider range of tumors. There is a strong rationale
for combining cancer vaccines with other immunotherapy
drugs, such as immune checkpoint inhibitors or oncolytic
viruses. Perhaps more surprisingly, our results indicated
that combining cancer vaccine and tumor resection allowed
the infiltration of activated T cells to the resection site with
a strong impact on mouse survival in an aggressive GBM
preclinical model.

Taken together, this study highlights the potential of pTOP
DNA-based immunotherapy as an innovative and versatile
technology to induce a specific and more potent antitumor
response compared with classical DNA vaccination. Further-
more, for the first time, we demonstrated that the administra-
tion of a DNA vaccine followed by the tumor resection could
improve the outcome in a GBM model. All these strategies
open new perspectives in the treatment of cancer.
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