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standard of cancer care in the future.

Antigens, Neoantigens

The recent developments in immuno-oncology have opened an unprecedented avenue for the emergence of
vaccine strategies. Therapeutic DNA cancer vaccines are now considered a very promising strategy to activate the
immune system against cancer. In the past, several clinical trials using plasmid DNA vaccines demonstrated a good
safety profile and the activation of a broad and specific immune response. However, these vaccines often
demonstrated only modest therapeutic effects in clinical trials due to the immunosuppressive mechanisms
developed by the tumor. To enhance the vaccine-induced immune response and the treatment efficacy, DNA
vaccines could be improved by using two different strategies. The first is to increase their immunogenicity by
selecting and optimizing the best antigen(s) to be inserted into the plasmid DNA. The second strategy is to
combine DNA vaccines with other complementary therapies that could improve their activity by attenuating
immunosuppression in the tumor microenvironment or by increasing the activity/number of immune cells. A
growing number of preclinical and clinical studies are adopting these two strategies to better exploit the potential
of DNA vaccination. In this review, we analyze the last 5-year preclinical studies and 10-year clinical trials using
plasmid DNA vaccines for cancer therapy. We also investigate the strategies that are being developed to overcome
the limitations in cancer DNA vaccination, revisiting the rationale for different combinations of therapy and the
different possibilities in antigen choice. Finally, we highlight the most promising developments and critical points
that need to be addressed to move towards the approval of therapeutic cancer DNA vaccines as part of the
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Background

Over the last few years, immunotherapy has received in-
creasing attention as a strategy for cancer treatment,
and many different approaches are being developed to
improve the clinical outcome in cancer patients [1]. The
main types of immunotherapy now being used to treat
cancer include (i) monoclonal antibodies against specific
antigens [2], (ii) immune checkpoint blockade (ICB) to
release the “breaks” of T cells [3, 4], (iii) chimeric anti-
gen receptor (CAR) T cell therapy, using a patient’s
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autologous cells [5], (iv) oncolytic viruses that selectively
kill cancer cells and (v) cancer vaccines [6—8]. Currently,
a few immunotherapeutic treatments are commercially
available, such as anti-CTLA4, anti-PD1 and anti-PD-L1,
CAR T cells against acute lymphoblastic leukemia and
B-cell lymphoma, among others. Despite their costs and
their immune-related side effects, their success has
aroused interest in cancer immunotherapy as a new
therapeutic option for cancer patients.

Cancer vaccines represent a promising strategy to induce
a specific and long-lasting immune response against tumor
antigens (TAs). TAs are mainly proteins overexpressed in
the tumor tissue that play a central role in tumor
initiation, progression and metastasis [9, 10]. Since the
characterization of the first tumor antigen, the melanoma
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antigen (MAGE) in 1991 [11], a growing number of TAs
have been identified. TAs can be classified into 2 main
types (Table 1):

e Mutational antigens. These are derived from
mutated self-proteins, which should not be present
in normal cells. Some of these genes may be directly
related to cancer development (oncogenes and
tumor suppressor genes, such as Ras and Bcr-Abl)
[12]. In many papers, these antigens are called
“tumor-specific antigens” (TSAs). However, this
specificity is relative because they can potentially be
found in other tumors or even in any altered but
nonmalignant cells [13]. Other unique TAs may have
or not an association with tumor progression and
are the result of the genetic instability of cancer
cells. These are classically called “neoantigens”.

e Tumor-associated antigens (TAAs). These are
nonmutated proteins overexpressed or aberrantly
expressed in cancer cells [13, 14]. They include
products of silent genes, such as oncofetal or cancer/
testis antigens, which are not expressed in postnatal
tissues or are normally expressed only in placenta and
testis; differentiation antigens, which are tissue-specific
proteins overexpressed in cancer cells; and universal
tumor antigens, which are expressed in low amounts
in normal tissues, but overexpressed in cancer [13].

In the category of TAAs, we can include the
oncoviral TAAs, which are non-self TAs and non-
human proteins, expressed only by malignant cells
transformed after an infection by an oncogenic virus.
Examples of oncogenic viruses are human papilloma
virus for cervical cancer and Epstein-Barr virus for
nasopharyngeal carcinoma [15].

In the last few years, different types of cancer vaccines
have been developed, i.e., formulations of TAs able to
elicit an immune response to arrest the progression of
cancer and prevent it from recurring [16]. These include

Table 1 Categories of TAs
TA category

TA subtype Examples

P53, Ras, Bcr-Abl

Products of mutated
oncogenes (TSA)

Mutational antigens

Neoantigens Case-specific mutations

Products of silent
genes

Tumor associated
antigens (TAAs)

Cancer/testis antigens
(a-fetoprotein, MAGE-1,
NY-ESOT1)

Differentiation
antigens

Gp100, tyrosinase, Melan-A,
MART-1, TRP-1/-2

Her2/neu, telomerase,
survivin

HPV E6, E7, EBV-latent
membrane proteins

Universal tumor
antigens

Oncoviral TAAs
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cell-based vaccines, such as dendritic cell vaccines (e.g.,
Sipuleucel) [17] or whole tumor cells, protein/peptide
vaccines [18], viral/bacterial-based vaccines [19, 20]
and gene-based vaccines, including RNA and DNA
vaccines [7, 21] (Fig. 1).

In this context, DNA vaccination represents a promis-
ing strategy for harnessing the immune system. DNA
vaccines are plasmids designed to deliver genes encoding
TAs, eliciting or augmenting the adaptive immune re-
sponse towards TA-bearing tumor cells. Cancer DNA
vaccines can also induce the innate immune response,
acting as powerful “danger signals” that stimulate several
DNA-sensing pathways in the cytosol of transfected cells
due to the presence of CpG motifs and the double
stranded structure itself [22] (Fig. 2).

Until now, only one therapeutic cancer vaccine has
been approved for human use (DC cancer vaccine, Sipu-
leucel T) [7], and most of the other cancer vaccines, in-
cluding DNA vaccines, are still in clinical phase I or IL
New developments in plasmid delivery and optimization
and the combination with other therapies aim to im-
prove the efficacy of DNA vaccines in preclinical and
clinical studies to overcome their low immunogenicity in
humans. In this review, we investigate the last 5-year
preclinical studies and 10-year clinical studies using
non-formulated (naked) DNA vaccines for cancer ther-
apy. We also analyze the strategies that are being devel-
oped to overcome the actual limitations in cancer DNA
vaccination to predict future trends in this field.

Cancer DNA vaccines advantages and limitations

DNA-mediated immunization began in the 1990s, when a
plasmid DNA encoding the influenza A nucleoprotein led
to a protective and specific cytotoxic T lymphocyte (CTL)
response [23]. Since then, DNA vaccines have been devel-
oped to treat a variety of pathologies, including allergies,
infectious diseases, autoimmune diseases and cancer.
DNA vaccines are based on bacterial plasmids that encode
antigens and eventually encoded immunostimulatory mol-
ecules (IL-2, GM-CSE, etc.). They can be delivered by a
variety of different routes, including intramuscular (IM),
intradermal (ID), subcutaneous (SC) and mucosal. The
most commonly used delivery strategies are physical
methods, such as electroporation [24], sonoporation
[25, 26], DNA tattooing [27], or gene gun [28], which
are able to overcome the extra and intracellular barriers
to transport DNA into the nucleus. Once in the nu-
cleus, the antigen encoded by the DNA vaccine needs
to be expressed and presented on major histocompatibility
molecules (MHC) for T cell activation. An important ad-
vantage of DNA vaccines is that the encoded antigen can
be presented by MHC class I and class II, thus activating
both CD4 and CD8 T cells and, indirectly, humoral im-
munity [29]. Furthermore, the intrinsic elements of plasmid
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Fig. 1 The different types of cancer vaccines

DNA can also activate the innate immune response due to
the recognition of the double stranded DNA structure by
cytosolic sensors [30, 31]. The induction of a protective and
specific immune response has been demonstrated in mice
against a variety of antigens, including hepatitis B surface
and core antigens, HIV Env and Gag antigens, as well as
TAs in different cancer models [32—35].

The antigen specificity and the safety of cancer DNA
vaccines confer some advantages compared to other non-
specific and nontargeted therapies, which could have
many side effects and cause extensive damage to normal
tissues [9]. Cancer DNA vaccines promote a systemic im-
mune response and thus are also effective on metastases,
which are not easily removed by surgical intervention. In
addition, unlike antibodies and small molecule inhibitors,
DNA vaccines promote immunological memory [36, 37].

However, despite the improvement in the delivery tech-
niques, DNA vaccines revealed poor immunogenicity in
human trials [38, 39]. Some molecular approaches have

been tested to improve their efficacy, such as codon
optimization. This gene engineering technique permits the
replacement of synonymous codons to increase protein
production and plasmid immunogenicity [37]. Optimized
cancer DNA vaccines demonstrated good efficacy in differ-
ent preclinical models [37], especially in prophylactic
models, and showed a great safety profile in humans. Un-
fortunately, the success in therapeutic vaccination is still
limited even in preclinical models [37, 40]. This limitation
is mostly due to the different mechanisms of resistance
during tumor development, such as a loss or change of
epitopes recognized by immune cells, T cell exhaustion,
antigen tolerance, and the infiltration of immunosuppres-
sive cells (regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), tumor-associated macrophages
(TAMs), etc.), which produce immunosuppressive cyto-
kines (TGF-B, IL-10, etc.) and a deprivation of nutrients
and oxygen [41, 42]. Hence, new strategies are necessary to
completely eradicate tumors.
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The analysis of the last 5-10years of preclinical and
clinical trials revealed two main trends. First, a rational
choice of the encoded antigen(s) can straighten the
DNA vaccine immunogenicity and induce a broad im-
mune response, overcoming the problems linked to anti-
gen loss, modification and tolerance. Second, strategies
that combine different therapies to prevent the infiltra-
tion of immunosuppressive cells and the production of
immunosuppressive cytokines have been implemented
to reduce immunosuppression in the tumor microenvir-
onment (TME).

Enhancement of DNA vaccine immunogenicity

Chimeric DNA vaccines

Chimeric DNA vaccines are vaccines that encode xeno-
geneic antigens. They are proteins or peptides derived
from different species in which the sequence is signifi-
cantly homologous with the self-ortholog [43]. The subtle
differences between the epitopes of the orthologue and
the native protein elicit T and B cell responses against the
xenoantigen [13, 43]. Hence, xenogeneic antigens are rec-
ognized as “non-self-antigens”, thus circumventing im-
mune tolerance while preserving an optimal homology to

allow T cell recognition [13, 44]. During recent years, dif-
ferent studies have demonstrated the higher efficacy of
xenogeneic antigens compared to autologous antigens [44,
45]. A complex DNA vaccine construct that delivers sev-
eral xenogeneic epitopes dramatically increased the CTL
antitumor activity [46]. The efficacy of DNA xenovaccines
was also tested in dogs [47], leading to the approval of the
first xenogeneic DNA vaccine against human tyrosinase,
Oncept, for the treatment of oral malignant melanoma in
dogs [43].

It is also possible to design hybrid plasmids, which
code for chimeric proteins that include both xenogeneic
and homologous antigen domains [13]. In this type of
plasmid, the xenogeneic moiety can circumvent immune
tolerance and induce a more potent cellular response,
while the homologous sequence can stimulate the activa-
tion of a broader immune response [43]. Indeed, the
chimeric protein produced by transfected cells can be
taken up by DCs, thus activating the T cell immune
response but it can also be recognized and internalized
by B cells [43]. Quaglino et al. found that the plasmid
encoding the chimeric neu-Her-2 antigen was superior
to both the fully autologous and the fully xenogeneic
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vaccines in inducing a protective antitumor immune re-
sponse against ErbB2" tumors [48]. Starting from these
results, other DNA vaccines were constructed by shuf-
fling genes from mouse, rat, human and other species,
improving the antigen immunogenicity and vaccine effi-
cacy [49-52]. DNA xenovaccination has also been tested
in the clinic in melanoma patients, with encouraging re-
sults [53, 54], and one clinical study (NCT00096629)
using the human and murine prostate-specific mem-
brane antigen is ongoing (Table 2).

Neoantigen DNA vaccines and personalized vaccination

Most anticancer DNA vaccines, both past and present,
immunize using nonmutated TAs. However, these anti-
gens are often present in normal or germline tissues,
which can prevent a strong immune activation because of
immune tolerance [55]. Several clinical trials using non-
mutated TAs have failed to demonstrate beneficial effects
compared with the standard of care treatment [14]. In
contrast, neoantigens are the result of tumor-specific
DNA alterations that create new epitopes. Due to their
specific expression in cancer tissue and the potential lack
of side effects, they represent ideal targets against cancer
and can be used in the design of cancer vaccines [56, 57].
They can also turn “cold” tumors into “hot” ones and
mediate the upregulation of PD-L1 in the TME, thus
extending the applicability of the anti-PD-1/PD-L1 im-
munotherapy [58]. Neoantigens are presented by APCs to
CD4+ and CD8+ T cells to activate an immune response.
They are highly tumor-specific and, therefore, they repre-
sent an attractive immunotherapy target. It is expected
that they are not affected by T cell tolerance, as they may
be recognized as non-self by the host immune system
and, thus, generate a specific anti-tumor response [59, 60].
Their identification starts with exon sequencing from a
tumor biopsy. Then, mutations are identified compared to
whole exome data from normal tissue. Prediction algo-
rithms select those antigens that are recognized by MHC
class I or II. Finally, in vitro and in vivo studies validate
their ability to stimulate the CD8+ immune response, es-
pecially a CD4 response [61, 62]. However, not all peptides
are immunogenic, and identifying which mutations are
targeted by the immune system is currently a subject of
great interest. Hence, the prediction of the immune re-
sponse to neoantigens needs to be optimized. Assessing
the immunogenicity of each neoepitope is not reasonably
applicable on a large scale. Current computational ap-
proaches are being refined to improve the accuracy of
neoantigen identification and are discussed in detail in
[63]. Integrated pipelines will need to be developed begin-
ning with tumor genomic characterization, variant ana-
lysis, and the accurate prediction of which mutations are
likely to give rise to tumor-specific neoantigens [64].
Other hurdles are associated with the use of personalized
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neoantigens for cancer immunotherapy, such as the
manufacturing time. The median period for the discovery
and production of a personalized vaccine is approximately
4.5 months [65]. In particular, the time from the selection
of mutations to vaccine release ranges from approximately
89-160 days [66]. This amount of time has to be reduced
to cure patients with metastatic disease. Another issue
concerns the genetic heterogeneity of tumors [67]. Thus,
targeting a unique neoantigen would probably lead to the
selection of antigen non-expressing tumor cells. It has
been demonstrated that the use of a poly-epitope neoanti-
gen RNA vaccine encoding up to 10 neoantigens was ef-
fective in 8/13 melanoma patients who were completely
tumor-free after one year [66]. Compared to RNA and
peptide vaccines, DNA vaccines seem to elicit a more po-
tent CD8 response against the encoded neoantigens, mak-
ing them more attractive for cancer vaccination [60, 68].
Hence, once identified, the neoantigen can be cloned into
a DNA vaccine. This personalization permits the design of
cancer vaccines tailored to each patient.

Polyepitope DNA vaccines

An advantage of DNA vaccines is the possibility of deliv-
ering several antigen genes in the same construct, at the
same time and with the same delivery method. The pres-
ence of immunodominant and unconventional epitopes
simultaneously delivered by a polyepitope DNA vaccine
can induce a broad CTL response specific to multiple
antigens [69]. In this way, it is possible to overcome the
antigen mutation or deletion by tumor cells, the vari-
ation or absence of the appropriate T cell repertoire and
the MHC haplotype in patients [69].

When designing a poly-epitope DNA vaccine, many
parameters should be considered. First, the competition
for antigen recognition at the surface of the APC and
the affinity of the selected epitopes for MHC molecules
should be considered [70, 71]. Palmowski et al. demon-
strated that the use of an MHC class I polyepitope vac-
cine leads to the preferential expansion of CTLs with a
single immunodominant specificity [72, 73]. In addition,
the affinity of the selected epitopes for MHC molecules
and transporters could influence the CTL immunodomi-
nance and the consequent immune response [70].

Second, although the CD8 T cell response has been con-
sidered to be the main protagonist in the antitumor im-
mune response resulting from vaccination, the insertion of
an epitope/antigen recognized by CD4 T cells into a DNA
vaccine could activate a broader and stronger immune re-
sponse. Several studies suggest the importance of the CD4
T cell population for cancer immunotherapy [74, 75]. Re-
cently, it has been demonstrated that CD4 T cells recognize
a higher number of neoantigens than previously known
and can generate potent antitumor responses [62, 76].
Hence, a coordinated CD4 and CD8 response is necessary
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for the complete eradication of a tumor [76]. T helper (Th)
peptides have already been used in combination with DNA
vaccines to increase the activation of Th cells, thus further
eliciting the CTL immune response [77-82]. An example
of a Th epitope is the pan DR epitope (PADRE). This syn-
thetic Th epitope, encoded in a DNA vaccine and adminis-
tered with an antigen-encoding plasmid, increased the
number of antigen-specific CD8 T cells, resulting in potent
protective and therapeutic antitumor effects [83]. Other
studies demonstrated that a PADRE-encoding DNA gener-
ated CD4 Th1 cells that play an important role in maintain-
ing long-term memory responses, helping the activity of
CD8 T cells [84].

Many techniques have been developed to find new epi-
topes. These studies led to the identification of NY-ESO-1,
MelanA/MART-1, SSX4, MELOE-1 and TRAG-3 in mel-
anoma, EphA2 and MAGE-6 in renal cell carcinoma, CEA,
MAGE-3 and telomerase in lung carcinoma, TRAG-3 in
breast carcinoma, and NY-ESO-1, p53 and SSX4 in ovarian
cancer, among others [85]. Some of these tumor antigens
recognized by CD4 T cells belong to the same categories as
those recognized by cytotoxic CD8 T cells [75].

Finally, it is important to identify the most immuno-
genic epitopes derived from tumor antigens. New in
silico techniques are being developed to improve the
prediction of epitope immunogenicity to design a
poly-epitope vaccine. They not only consider the binding
affinity to the MHC and the different HLA subtypes but
also the conformation and interaction with the HLA,
immunodominance vs tolerance, etc. [86]

Many recent preclinical studies have investigated the
use of polyepitope DNA vaccines to reach a broad im-
mune response. As a result, an increased IFNg produc-
tion, a higher Th and CTL response [86, 87], and a
general decrease in the tumor growth rate and metasta-
sis formation were observed in different types of cancer
models [88, 89]. Some preclinical studies focus on the
HPV model, using DNA vaccines encoding E6 and E7
molecules [90], or E7 with a helper epitope [88]. Another
example is SCT-KDR2, which encodes the mouse p2mi-
croglobulin + KDR2 (VEGFR2 antigen peptide) + MHC
class I H-2DP, in a B16 melanoma tumor model [89]. A
non-exhaustive list of the most recent preclinical trials (in
the last 5years) can be found in Table 3. Additionally,
many clinical trials are testing the safety and efficacy of
polyepitope DNA vaccines, such as NCT02348320 and
NCT02157051 for breast cancer, NCT02172911 for cer-
vical cancer, and NCT01322802 and NCT03029611 for
ovarian cancer. In particular, in the clinical studies
NCT02348320 and NCT03199040, a personalized polye-
pitope vaccine against breast cancer is being used, as well
as in the NCT03122106 for pancreatic cancer, and the re-
sults will help to establish the relevance of this vaccine
strategy. This would address tumor heterogeneity and the
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loss of immunogenicity associated with TAAs, which ac-
counts for the failure of the current anticancer treatments
[58]. A complete list of the ongoing clinical trials could be
found in Table 2.

A good option to further optimize the efficacy of cancer
DNA vaccination could be the combination of the 3 cited
approaches, designing a poly-epitope chimeric vaccine
containing specific neoantigens. In the clinic, this could
reduce the number of nonresponding patients by develop-
ing a stronger and more complete immune response.

Combination of DNA vaccines with other therapies
In the analyzed preclinical (Table 3) and clinical (Table 2)
studies, DNA vaccines can delay tumor growth and elicit a
strong immune response, especially an antigen-specific
CTL response, but are rarely able to completely reject the
tumor. These modest gains were reached by optimizing
DNA vaccines in several aspects, such as plasmid design
and delivery and administration strategies [1, 9, 37, 91]
However, DNA vaccines alone are not able to overcome
the tumor immune escape caused by the natural selection
of tumor cell clones lacking immunogenic antigens or by
immunosuppressive cells that are recruited to the TME
(MDSCs, Tregs among others), which lead to the exhaus-
tion of T effector cells [7]. Cancer DNA vaccines can
reach their optimum efficacy if combined with other strat-
egies that can not only potentiate the antigen response
but also silence immunosuppression in the TME [92].
There is evidence that combining therapeutic cancer
vaccines with traditional modalities (radiotherapy, chemo-
therapy, surgical removal) may be synergistic. The com-
bination therapies already tested in clinical and preclinical
studies can be summarized as follows:

Cytokines/adjuvants

Immunostimulatory cytokines can increase the effect of
the vaccine on effector T cells. They are generally encoded
by the antigen-encoding vaccine, by another plasmid or
injected as proteins in combination with the vaccine. In
recent studies, the most commonly used cytokines include
IL-2, IL-12 and GM-CSEF. IL-2 is involved in the differenti-
ation of immature T cells into both Tregs and effector T
cells. Its great efficacy against metastatic melanoma and
metastatic renal cell carcinoma led to its approval by the
FDA [7, 93]. IL-12 is another important cytokine involved
in T cell activation and effector function, and its combin-
ation with a vaccine increases the vaccine’s efficacy [94]. A
plasmid encoding IL-12 combined with a DNA vaccine
against cervical cancer promoted mouse survival and de-
creased the number of MDSCs in the TME [95]. GM-CSF
is used in many clinical trials (Table 2) for its activity on
DC maturation and T cell activation and proliferation.
However, this molecule can also attract MDSCs, and it is
not clear how this cytokine balances between immune
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activation and inhibition in vivo. Current clinical studies
are seeking to answer this question [7]. Other cytokines
could be used in combination with DNA vaccines, e.g.,
INFy, IL-15, and IL-7 [7, 9].

The combination with other types of adjuvants could
also be tested, such as TLR-activators. Recently, we dem-
onstrated that the insertion of some CpG immunostimu-
latory motifs inside the antigen gene sequence through
codon optimization could enhance cytokine production,
thus increasing the efficacy of a DNA vaccine against
P815 mastocytoma [37].

Immune checkpoint blockade (ICB)

The signaling mechanism mediated by costimulatory/in-
hibitory molecules plays an important role in T cell-medi-
ated immunity. Many cells in the TME can express ligands
for inhibitory receptors on T cells, leading to their inactiva-
tion [96]. Inhibitory receptors include CTLA-4, PD-1,
TIM-3, LAG-3, etc. [96] In several studies, the in vivo
blockade of CTLA-4 delayed tumor growth in animal
models and resulted in tumor rejection in patients affected
by melanoma [97, 98]. This effect was mainly due to the in-
hibition of TGF-B- and IL-10-secreting Tregs and an in-
creased T effector cell activation [99]. Interestingly, this
also resulted in immunity against the secondary exposure
to tumor cells, suggesting that the memory component of
the immune response can be evoked by anti CTLA-4 anti-
bodies [100]. Antagonist antibodies that target PD-1 and its
ligand PD-L1 have also achieved impressive and durable re-
sults in many solid tumors, leading to their FDA approval
for different cancer types [7]. Recently, a relationship be-
tween ICB administration and the neoantigen burden has
been demonstrated [101]. Snyder et al. sequenced 64 pa-
tients with advanced melanoma and showed that the som-
atic mutation burden was strongly associated with the
clinical response to anti-CTLA4 [102]. Similarly, Rizvi et al.
demonstrated that the mutation burden was a strong pre-
dictor of clinical response in non-small cell lung cancer
(NSCLC) patients treated with anti-PD1 therapy, and that
this therapy enhances neoantigen-specific T cell reactivity
[103]. The higher prevalence of somatic mutations in can-
cer cell genomes was a common feature among cancers
with a higher probability of responding to ICB. Thereafter,
the link between the mutation burden and the clinical
benefit following ICB immunotherapy was validated mul-
tiple times and in multiple tumor types [63]. This is related
to the concept that with an increased tumor mutation bur-
den, the probability of a cognate T cell clonally expanding
against a specific tumor antigen will increase. In other
words, high tumor mutation burden tumors often have
more neoantigens that could be recognized by the pro-
cesses involved in antitumor immunity, making such can-
cers more likely to respond to ICB therapy [59, 104].
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To increase T cell activity in the TME and to broaden
the number of patients responding to ICB, combinations
of ICB with different strategies were tested for a variety
of malignancies in preclinical and clinical studies [96].
Some examples include combination with radiation ther-
apy [105], other antibodies [106], photodynamic therapy
[107], and cancer vaccines [108]. Combination with can-
cer DNA vaccination seems to be promising in coupling
the benefits of ICB with the ability of vaccines to prime
the antigen-specific CTL response [88, 109]. A potent
cancer vaccine that induces a T cell response against
tumor-specific antigens could also increase the number
of responders to ICB [63]. However, only a minority of
patients respond to ICB therapy, suggesting the need for
a rational use of ICB based on biomarkers predictive of
the immune response to avoid nonresponsiveness to
therapy and undesired side effects [110, 111].

Chemotherapy/targeted therapy

In the last few years, it has been reported that
anticancer chemotherapy can play a double role in
tumor eradication. Many chemotherapeutic drugs,
such as gemcitabine [112], paclitaxel [113], cyclo-
phosphamide [114] and others, applied in ultralow
(metronomic) noncytotoxic doses, not only target
tumor cells inducing TA release but also enhance T
cell infiltration/activity in the TME and remove im-
munosuppressive cells. In a preclinical study, the
combination of cyclophosphamide with DNA vac-
cines enhanced mouse survival and decreased the
expression of immunosuppressive cytokines, such as
IL-10 and VEGF [115]. Based on preclinical and
clinical studies, the combination of the appropriate
chemotherapeutic drug and vaccine therapy may play
a substantial role in future cancer treatments, especially
when patients do not respond to ICB [116]. Indeed, it has
been demonstrated that treatment with chemotherapy re-
stored sensitivity to checkpoint blockade through TLR4
simulation [116]. Further clinical studies are necessary
to better define the optimal agents and schedule of
administration.

DNA vaccines could also be combined with targeted
therapies that are able to mediate tumor cell antigen re-
lease and enhance T cell priming. Sunitinib, a multitar-
geted receptor tyrosine kinase inhibitor, was found to
decrease Tregs and MDSCs and increase INFy-producing
T cells in renal cell carcinoma patients [117]. The combin-
ation of sunitinib with a viral vaccine encoding CEA de-
creased the tumor volume in a mouse model [118].
Although not already tested with DNA vaccines, other
tyrosine kinase inhibitors already approved by FDA, such
as pazopanib, axitinib, and cabozantinib, could improve
the patient response to vaccination.
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Combination with other therapies
Other strategies that can be used in combination with DNA
vaccines include endocrine therapy and radiotherapy (RT).

In hormonally driven tumors such as prostate cancer
and breast cancer, endocrine therapy is part of the standard
of care, and the effect of letrozole in decreasing the Tregs
in the TME has already been demonstrated [119]. Further-
more, androgen deprivation in prostate cancer induces
thymic regeneration and increases the number of effector
T cells [7]. In an ongoing clinical trial (NCT02204098,
phase 1), the effect of Mam-A vaccine administration in
combination with anastrozole, letrozole, tamoxifen, exe-
mestane, and goserelin is under investigation.

Preclinical data have demonstrated the additive effect of
RT and vaccines with an enhanced destruction of tumor
cells, the release of TAs, an increase in IFNg production,
and a global decrease of the tumor volume. T cells specific
for other antigens not included in the vaccine were also
generated [120, 121]. Since RT is a part of the standard of
care, many trials using vaccines after radiation try to
evaluate the mutual effects from the 2 therapies (Table 2).

In Fig. 3, the main mechanisms of action of therapies
postulated to mediate synergistic effects in combination
with DNA vaccines are shown.
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Results of completed clinical trials

Many already completed clinical trials tested the efficacy of
DNA vaccines against different tumor types, such as breast,
cervical, pancreatic and prostate cancers, multiple mye-
loma, and melanoma. These trials aimed at principally
evaluating the safety and immunological response of DNA
vaccines. A search for studies with “cancer” and “DNA vac-
cines” in clinicaltrials.gov [122] revealed 48 studies in the
last 10 years with the following criteria: “completed”, “sus-
pended” and “terminated”. Among the trials using DNA
vaccines in a therapeutic approach, only a few of them have
published results to date. Here, a non-exhaustive list of
completed studies using naked DNA vaccines and contain-
ing results is described.

The NCT01304524 phase IIb clinical study tested the
safety and efficacy of VGX-3100, a DNA vaccine target-
ing HPV 16 and 18 E6 and E7 proteins for cervical
intraepithelial neoplasia grade 2/3. Six milligrams of the
vaccine were delivered by IM EP at 0, 4 and 12 weeks
without any severe side effects, but only mild reactions
in the injection site, fatigue, nausea and general malaise
in some of the patients. The vaccine was generally well
tolerated and showed great efficacy against the pathology
in almost 50% of the treated patients, as shown in the

-
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histopathological and immunological analysis. Indeed,
VGX-3100 elicited significantly increased frequencies of
antigen-specific activated CD8+ T cells and a higher
humoral response compared to the placebo, making it
the first therapeutic vaccine to elicit a complete adaptive
immune response in patients with preinvasive cervical
disease caused by HPV-16 and 18 [123]. Two phase III
clinical trials (NCT03185013 and NCT03721978) using
VGX-3100 are ongoing, as shown in Table 2.

Recently, Kim et al. published the results of the clinical
trial NCT01634503 concerning the safety and efficacy of
GX-188E, another plasmid DNA encoding the E6 and
E7 proteins of HPV serotypes 16 and 18. The vaccine
was injected 3 times (weeks 0, 4 and 12) IM to alternating
deltoid muscles, and three different doses were tested (1, 2
or 4mg). Importantly, 8/9 of the patients exhibited an
enhanced polyfunctional HPV-specific CD8 T cell re-
sponse, and 7/9 of the patients displayed a complete re-
gression of their lesions and viral clearance within 36
weeks of follow-up. The vaccine administration did not
elicit serious vaccine-associated adverse events and was
estimated to be safe and well tolerated [124].

Other published results show the properties of
mammaglobin-A (Mam-A) DNA vaccination for patients
with breast cancer. Mam-A is a tumor-specific secretory
protein overexpressed in 80% of human breast cancers.
In a phase I clinical trial (NCT00807781), 4mg of a
pING-Mam-A DNA vaccine was administered at weeks
1, 4 and 8 IM to patients with metastatic breast cancer.
The first results demonstrated the safety of the vaccine,
with no significant side effects. The main observations
about its efficacy were (i) an increase in the generation
of specific Mam-A CD8+ T cells and IFN-y production;
(ii) a decrease in the frequency of Tregs and lower levels
of IL-10; and (iii) an improved progression-free survival
compared to the control group. These encouraging re-
sults suggest that Mam-A DNA vaccination can induce
antitumor immunity in breast cancer patients and in-
crease survival time [125-127].

In another phase I/II study (NCTO00859729), 50—
1600 ug of a pVAXrcPSAv531 plasmid coding for the
full-length PSA protein were ID injected and electropo-
rated in patients with relapsed prostate cancer. The vac-
cine followed radiotherapy and endocrine therapy with
an LH-RH analogue (leuprorelin). No systemic toxicity
was observed, and discomfort from EP did not require
the use of topical anesthetics. A general increase in T
cell reactivity was observed in most patients, although
IM immunization seemed to result in more potent anti-
body responses [128].

A personalized DNA vaccine was tested in patients
with multiple myeloma in a phase I clinical trial. The
DNA encoded a patient-specific single chain variable
fragment linked to fragment C of the tetanus toxin. Six

(2019) 38:146

Page 17 of 24

doses of 1 mg of the vaccine were injected IM after
chemotherapy or autologous stem cell transplant. In
total, 72% of the patients generated a cell-specific im-
mune response, and the overall survival was 64% after a
median follow-up of 85.6 months [129].

A phase II clinical trial (NCT01334060) evaluated the
safety and efficacy of a pDOM-WT1-37 and pDOM-
WT1-126 DNA fusion gene vaccine encoding the Wilms
tumor antigen 1 for leukemia patients. The plasmid was
injected using IM EP, with no severe side effects. However,
combination strategies to expand T cell responses with
immunomodulatory antibodies are in development [130].

Interestingly, Niethammer et al. reported a phase I
clinical trial (NCTO01486329) using an oral vaccine
(VXMO1) against the VEGF-Receptor 2 with Salmonella
typhimurium as a carrier, in addition to chemotherapy
with gemcitabine, in patients with stage IV and locally
advanced pancreatic cancer. The doses consisted of a solu-
tion containing 106, 108, 109, and 1010 colony forming
units of VXMO01. VXMO1 represents a novel strategy by
not targeting a tumor cell-resident antigen but instead tar-
geting a tumor stroma-resident antigen overexpressed by
the nonmalignant endothelial cells of the tumor neovascu-
lature, giving the vaccine the potential to target many can-
cer types [131]. The same vaccine is also being tested in
patients with glioblastoma (NCT02718443).

Another 19 studies were found in PubMed using the
following criteria: “cancer DNA vaccine”, article type
“clinical trial”, starting from 2013 until now. Most of the
studies focus on prophylactic immunization with HPV
DNA vaccines. Two phase I studies show some results
of therapeutic cancer DNA vaccination (NCT00250419
and NCT00647114). Both of them used the HER2/CEA
DNA vaccine V930 and showed the instauration of both
humoral and cellular immune responses with no detect-
able immune response against the vaccine itself. As CEA
and HER2 are expressed by many solid tumors, patients
with different types of cancer were recruited. The vaccin-
ation dose was on the order of a few milligrams every 14
days for 5 injections, and the plasmid was injected by IM
EP. However, in this case, no evidence of an increase of a
HER/2 or CEA-specific response was observed [132].

Overall, vaccination is used after conventional therapies.
Completed, terminated and suspended clinical trials re-
ported only minor discomfort after vaccination, no im-
portant side effects and, generally, an increased number of
CD8+ T cells specific for the antigen encoded by the DNA
vaccine. Most of the trials used DNA vaccines encoding
TAAs, and only a few tested personalized approaches.

Ongoing human clinical trials using therapeutic cancer
DNA vaccinations

In searching all the cancer DNA vaccine interventional
clinical studies in the last 10 years with the criteria “not
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yet recruiting”, “recruiting”, “enrolling by invitation” and
“active nonrecruiting”, we found 56 studies. Among them,
27 studies used DNA vaccines as naked plasmids not en-
capsulated in cells or in virus-like nanoparticles. These
studies are listed in Table 2. They are all in clinical phase I
or I/l or II, and DNA vaccines are generally administered
after the standard of care for each cancer type, including
surgical ablation, radiotherapy and/or chemotherapy. The
results for these trials are not yet available, except for the
trial NCT00849121. This study used a DNA vaccine en-
coding PAP, with GM-CSF as an adjuvant, administered
ID into patients with prostate cancer. Only one of the 17
patients experienced a vaccine-related adverse event of
grade 2 or more, more than half had a great PAP-specific
CTL response, and in 7/17 patients, the PSA doubling
time increased during the treatment period. Twelve of the
17 patients (70%) were metastasis-free after one year of
treatment (clinicaltrials.gov).

Another study with the criteria “DNA electropor-
ation” and “cancer” led to 3 more trials (“not yet

(2019) 38:146
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recruiting”, “recruiting”, “enrolling by invitation” and “ac-
tive nonrecruiting”) in the last 10 years: NCT03499795,
NCTO03491683, and NCT02301754. With the criteria
“plasmid” and “tumor”, we found 2 additional studies:
NCT02531425 and NCT03502785. These are all listed
in Table 2.

Of particular interest are the only 2 studies we found
in phase III (NCT03721978 and NCT03185013) using
VGX-3100 delivered by IM EP against cervical cancer.

Breast, prostate and cervical cancer are the most studied
in the trials (Fig. 4a). Most of the vaccines encode
well-known TAAs (E6/7 HPV protein for cervical cancer,
Mam-A or HER2 for breast cancer, prostatic acid phos-
phatase (PAP) for prostate cancer, etc.). Only 17% of the
clinical trials used personalized/neoantigen vaccines (e.g.,
NCT02348320 and NCT03122106), as shown in Fig. 4b.
This number has increased in recent years: 80% of the tri-
als using neoantigens started in 2018-2019. Generally,
more than one epitope is encoded by the DNA vaccines in
both TAA and neoantigen vaccines (Fig. 4b).
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DNA vaccines are mostly associated with other ther-
apies: immunotherapies (antibodies anti-HER2, anti-
CTLA4, anti-PD1, anti-PD-L1, and cell vaccines),
immune adjuvants (GM-CSEF, hIL-12, etc.) generally
injected with the DNA vaccine or encoded in the vaccine
itself, chemotherapy (carboplatin, paclitaxel, cyclophos-
phamide), and endocrine therapies (anastrozole, letrozole,
tamoxifen, exemestane, and goserelin). In recent years, the
number of studies using other therapies in combination
with DNA vaccines has also increased (Fig. 4c). DNA vac-
cines are usually injected IM or ID, in rare cases SC or in
the lesion/tumor, and electroporated after the injection.
The doses can vary from 100 pg to a few mg. The regimen
of administration depends on the type of vaccine, but in
all trials, vaccines are injected more than once, at 2—4
weeks of intervals, and the therapy lasts for a few months.

Current challenges and future perspectives

Past and ongoing clinical studies investigate DNA vac-
cines that are optimized using various strategies. The
use of a codon-optimized, polyepitopic DNA vaccine en-
coding TAAs or neoantigens and their combination with
other therapies to modulate the immunosuppressive
TME seem to be the most relevant options. However,
many questions still need to be addressed.

Selection of the encoded antigen(s)

The first question concerns the antigen type: TAAs or
neoantigens? Relevant TAAs have been identified for
most tumors, but immune tolerance can limit their effi-
ciency. On the other hand, neoantigen identification is
time consuming and expensive, and neoantigens do not
reflect the tumor heterogeneity in the individual patient
(e.g., in metastasis). Second, how many antigens should
be encoded in the same plasmid? It is still not clear
whether one antigen is superior to another in terms of
frequency of immune response or clinical effect [133]. In
one study, it has been shown that neoantigens with a
predicted high affinity are more immunogenic and that a
poly-specific and poly-functional DNA vaccine encoding
neoantigens was the most efficient solution to prevent
tumor growth in mice [134]. Further studies are needed
to generalize these findings. Most of the clinical trials use
a relevant antigen for the vaccination (e.g., PAP, E6/E7),
but none compare the combination of this antigen with
others or with neoantigens to evaluate their effect on im-
mune activation. This point arouses a last question: is it
worth mixing TAAs and neoantigens in the same vaccine?
Furthermore, should the different antigens be admin-
istered in the same plasmid or is it better to encode
them in different plasmids administered together? To
our knowledge, none of the clinical studies address
this question, which could be a further area of inves-
tigation in the future.
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Selection of the combination therapy and treatment
schedule

An important parameter in the combinatorial approach is
the choice of the right therapies to be combined. This as-
pect depends on the tumor type, its presence, and the pos-
sibility of detecting patient-specific biomarkers, among
others. In addition, the administration schedule of mul-
tiple therapies is crucial. Until now, vaccines have been
used as a last-line therapy. To integrate them as a stand-
ard of care therapy, it is crucial to know when to adminis-
ter them. This decision should consider the time for the
immune system to generate a specific immune response
against the delivered antigen, the need for multiple doses
of administration and the interaction with the combined
therapy. For example, some studies revealed that using
ICB after the peptide/RNA vaccine treatment induced a
sustained remission with no sign of disease recurrence
[66]. However, this should be adapted to the specific ther-
apy and patient. Furthermore, the doses should be conse-
quently adapted to the combination regimen.

Find a good preclinical model

Most of the critical points aroused in cancer DNA vac-
cination can ultimately be addressed only in clinical
practice because translation from animals is extremely
difficult. This is due to the different tumor characteris-
tics and the differences in the immune system between
humans and animals [135]. To try to overcome this
problem, many orthotopic injection models, genetically
engineered mice, xenograph and humanized models
have been developed. However, they all fail to recapitu-
late the chaotic way in which malignant transformation
occurs during cancer development in human patients.
Mouse models provide valuable insight into the mecha-
nisms of action and provide important proof of concept
for human studies, but there remains a need for larger
animal models encompassing a fully competent immune
system. Some researchers suggest the use of canine and
porcine models, especially for skin cancers [135]. How-
ever, housing, ethical regulation, and breeding difficulties
limit the use of big animal models. Furthermore, even
these models have limitations, and the idea of a universal
model for oncoimmunology currently seems unrealistic.

The variability problem: the necessity of biomarkers and
therapy standardization; how far from therapy
personalization?

Immunotherapies have a variable response rate from one
patient to another and are often associated with side
effects. For this reason, it is important to identify bio-
markers that could predict the patient response to a spe-
cific therapy and to standardize the therapy according to
the predicted biomarker. Furthermore, biomarkers may
be useful for monitoring treatment response. However,
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the translation of biological data into predictive or prog-
nostic biomarkers is complicated by the complex inter-
actions between tumors and the immune system and by
host and tumor variability. Many studies are using bio-
informatics tools and new genomic and proteomic tech-
nologies to predict specific tumor signatures, generating
complex datasets that give rise to analytical challenges.
Currently, we can rely on imperfect biomarkers, such as
PD-L1 expression in the tumor or the tumor mutation
burden. This gap in knowledge leaves room for further
studies that will help treatment selection and design the
best combination therapy for each patient.

Conclusions
The analysis of recent preclinical and clinical trials sug-
gests that the current therapeutic cancer vaccines are
unlikely to dramatically impact cancer outcomes as a
single agent. Many combinations with other strategies
have been tested, demonstrating the greater potential of
the combination on improving clinical outcomes com-
pared to the single therapy. The personalized approaches
both in the vaccine design and in the choice of combin-
ation therapy will be crucial for success in the clinic.
Furthermore, since DNA vaccines are well tolerated and
safe, their combination with other therapies could be-
come part of the standard of care in many malignancies.
We anticipate that, in the future, personalization in the
DNA vaccine design will be coupled with personalization
in the choice of the most appropriate combined therapy,
following the analysis of single patient specificity and bio-
markers that can predict the response to a specific agent.
This could represent the best approach to increase the
efficacy of cancer immunotherapy and reduce the adverse
effects linked to a nonspecific treatment.
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