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Oncolytic viruses (OVs) have been shown to induce anti-cancer
immunity and enhance cancer immunotherapies, such as im-
mune checkpoint inhibitor therapies. OV therapies can be
further improved by arming OVs with immunostimulatory
molecules, including various cytokines or chemokines. Here,
we have developed a novel adenovirus encoding two immunos-
timulatory molecules: cluster of differentiation 40 ligand
(CD40L) and tumor necrosis factor receptor superfamily mem-
ber 4 ligand (OX40L). This novel virus, designated VALO-
D102, is designed to activate both innate and adaptive immune
responses against tumors. CD40L affects the innate side by
licensing antigen-presenting cells to drive CD8+ T cell re-
sponses, and OX40L increases clonal expansion and survival
of CD8+ T cells and formation of a larger pool of memory
T cells. VALO-D102 and its murine surrogate VALO-mD901,
expressing murine OX40L and CD40L, were used in our previ-
ously developed PeptiCRAd cancer vaccine platform. Intratu-
moral administration of PeptiCRAd significantly increased tu-
mor-specific T cell responses, reduced tumor growth, and
induced systemic anti-cancer immunity in two mouse models
of melanoma. In addition, PeptiCRAd therapy, in combination
with anti-PD-1 immune checkpoint inhibitor therapy, signifi-
cantly improved tumor growth control as compared to either
monotherapy alone.

INTRODUCTION
Recently, cancer immunotherapies, including antibodies targeting
immune checkpoint molecules, such as PD-1, PD-L1 and CTLA-4,
have emerged as an unprecedented breakthrough for the treatment
of cancer that can induce long-term tumor regression. Unfortunately,
the use of immune checkpoint inhibitor (ICI) antibodies can create
durable responses in only a small minority of cancer patients, the
response rate being 10%–25% in a majority of cancers.1 The common
feature among patients responding to ICI therapy is that they have an
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existing antitumor immune response with immune cell infiltration in
the tumor tissue prior to ICI therapy.2,3 These immune cell-infiltrated
tumors are called “hot” tumors. The remaining 75%–90% of patients
are not responding due to a lack of anti-tumor immune responses or
other immune-suppressive aspects of the tumor microenvironment
(TME). These tumors that have not been recognized by the immune
system or have not provoked a spontaneous immune response are
collectively called “cold” tumors.

Oncolytic viruses (OVs) are naturally occurring or specifically de-
signed viruses that infect and kill cancer cells, leaving healthy cells un-
harmed.4 OVs can induce tumor cell killing through direct lysis of in-
fected tumor cells or through induction of a strong antiviral immune
response, leading to the elimination of OV-infected cells. In addition,
virus-mediated lysis of tumor cells can release tumor-associated anti-
gens and neoantigens that eventually initiate a tumor-specific T cell
response against the released tumor antigens.5 Importantly, OVs
have an intrinsic capacity to turn immunologically cold tumors into
hot ones. This feature has made them highly promising candidates
for combination with ICI therapies for the treatment of nonrespon-
sive or cold tumors.6,7 A major disadvantage of most OVs currently
used in the clinic is that, although they induce a strong antiviral im-
mune response, the OV-induced anti-tumor immune response re-
mains modest and thus reduces the therapeutic potential of these vi-
ruses.8,9 In an attempt to overcome this disadvantage and to increase
the anti-tumor immune response induced by OVs, we developed a
conditionally replicating oncolytic adenovirus (OAd) armed with
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Figure 1. Novel VALO-D102 oncolytic adenovirus produces high levels of

biologically active human CD40 ligand (CD40L) and OX40 ligand (OX40L)

(A) Schematic representation of genetic modifications in VALO-D102. The virus has

a 24-base pair deletion in E1A; the CR1-alpha and gp19K genes in the E3A region

have been replaced with human OX40L and CD40L genes; the 14.7K gene in the

E3B region has been deleted; and finally, the adenovirus 5 knob domain has been

replaced with the knob domain from adenovirus serotype 3. (B) A549 cells were

infected with VALO-D102 at a MOI of 10. 72 h postinfection, supernatant was

collected and added to a culture of Ramos-Blue reporter cells, and CD40 receptor

activation by functional virus-produced CD40L was measured. (C) A549 cells were

infected with VALO-D102 at a MOI of 10. 48 h postinfection, HEK293-OX40/NF-kB

reporter cells were added to the infected A549 cells for 6 h, and OX40 activation by

virus-expressed, functional membrane-bound OX40L was measured.
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two immune-activating ligands: the ligand for cluster of differentia-
tion 40 (CD40L) and the ligand for tumor necrosis factor receptor su-
perfamily member 4 (OX40L). CD40L interaction with CD40 recep-
tors on antigen-presenting cells (APCs) greatly increases their antigen
presentation and costimulatory capacity and allows for efficient CD8+

cytotoxic T lymphocyte (CTL) priming. OX40L interaction with
OX40 receptors has an important role in the survival and homeostasis
of effector and memory T cells, as well as controlling the function and
differentiation of Foxp3+ regulatory T (Treg) cells.10–12 To further
enhance the anti-tumor immune responses elicited by this novel
OX40L/CD40L-armed adenovirus, we used the virus with a recently
460 Molecular Therapy: Oncolytics Vol. 20 March 2021
developed cancer vaccine platform called PeptiCRAd.13–15 Intratu-
moral administration of PeptiCRAd increased tumor-specific T cell
responses, reduced tumor growth, and induced systemic anticancer
immunity in mouse models of melanoma. In addition, PeptiCRAd
therapy sensitized tumors to anti-PD-1 ICI therapy, increasing the
number of mice responding to ICIs. The PeptiCRAd platform can
induce strong tumor-specific T cell responses, directing the OV field
toward personalized cancer immunotherapy. With this platform,
OAds can be quickly coated with a patient’s unique set of tumor-spe-
cific antigens, a prerequisite for personalized cancer immunotherapy.
This novel OX40L/CD40L-armed adenovirus coated with human
melanoma antigen A3 (MAGE-A3(161�180)) and human cancer-testis
antigen (NY-ESO-1(91�110)), designated “PeptiCRAd-1,” will be
tested in combination with anti-PD-1 ICI in a phase I clinical trial
in patients with triple-negative breast cancer (TNBC), melanoma,
non-small cell lung cancer, and sarcoma.

RESULTS
Novel OAd VALO-D102 produces high levels of biologically

active human CD40L and OX40L

VALO-D102 (Ad5/3-D24-OX40L-CD40L) is a serotype 5 oncolytic
human adenovirus where the serotype 5 knob has been replaced by
a serotype 3 knob for enhanced gene delivery into tumor tissue.16 A
24-base pair deletion in the E1A gene in the virus genome prevents
the virus from replicating in nonmalignant cells.17,18 VALO-D102 co-
des for two human immunostimulatory proteins: OX40L and CD40L.
A schematic representation of the VALO-D102 viral genome is
shown in Figure 1A. First, we assessed the expression levels of biolog-
ically active CD40L using a human B cell-derived cell line (Ramos-
Blue) stably expressing a nuclear factor kB (NF-kB)/AP-1-inducible
secreted embryonic alkaline phosphatase (SEAP). The binding of
CD40L to CD40 on the surface of Ramos-Blue cells triggers an intra-
cellular signaling pathway that, via NF-kB activation, leads to the
secretion of SEAP. A549 cells were infected with VALO-D102 or
with the unarmed parental virus Ad5/3-D24 at a multiplicity of infec-
tion (MOI) of 10, and 72 h postinfection, the supernatants were
collected, filtered, and added on Ramos-Blue cells. After 22 h incuba-
tion, CD40L-induced NF-kB activation was measured. In contrast to
the unarmed Ad5/3-D24, VALO-D102 secreted large quantities of
functional CD40L (approximately 150 ng/mL of the soluble form of
CD40L) into the growth medium of infected A549 cells (Figure 1B)
with minimal variation between multiple lots of large-scale virus
preparations. In addition, high levels of functional CD40L activity
produced by VALO-D102 suggest that the A2 self-cleaving peptide
sequence between the OX40L and CD40L genes was able to efficiently
uncouple the translation between the two transgenes (Data S1).

Next, we tested whether VALO-D102 was able to produce functional
OX40L. As OX40L is mainly expressed on the cell surface,19 we devel-
oped an activity assay using the OX40/NF-kB reporter-human em-
bryonic kidney (HEK)293 cell line and allowed these cells to interact
for 6 h with A549 cells infected 48 h earlier with VALO-D102 or with
the unarmed Ad5/3-D24 at a MOI of 10. Binding of OX40L on the
surface of the infected A549 cells to the OX40 receptor on the surface
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of the reporter cells triggers an intracellular signaling pathway that via
NF-kB activation, leads to the expression of the reporter gene. In
contrast to the cells infected with the unarmed Ad5/3-D24, VALO-
D102-infected cells were able to readily trigger NF-kB activation,
leading to high expression of the reporter gene. Thus, VALO-D102
can produce large quantities of OX40L (approximately more than
2 mg/mL of membrane-bound OX40L), leading to high surface
expression in infected cells with minimal variation between multiple
lots of large-scale virus preparations (Figure 1C).

VALO-D102 can be stored at –20�C for an extended period of

time and is genetically stable

Long-term storage stability of VALO-D102 in A195 buffer was as-
sayed after storage in both �20�C and <�60�C for up to 9 months.
All tested parameters, the analysis of viral particle (VP), and infec-
tious unit (IU) titers, as well as nanoparticle tracking analysis
(NTA), showed no signs of degradation, aggregation, or decrease in
VP or IU titers, indicating that VALO-D102 in A195 can be stored
at �20�C or <�60�C for an extended period of time (Figure 2A).
For the assessment of genomic stability, VALO-D102 was put
through 7 cycles of amplification, followed by deep sequencing of
the viral genome. Sequencing confirmed the stability of the transgenes
and other modifications, and no genetic rearrangements were seen
(see Figure S5).

VALO-D102 as a component of the PeptiCRAd-1 cancer vaccine

We then tested VALO-D102 in our previously developed cancer vac-
cine platform, PeptiCRAd. PeptiCRAd is a cancer vaccine platform
combining OAd with polylysine-modified tumor antigens.13–15 Pep-
tiCRAd-1 is a cancer vaccine that consists of VALO-D102 coated with
human leukocyte antigen (HLA)-I epitopes from two known tumor
antigens: the cancer-testis antigen NY-ESO-1 and human melanoma
antigen MAGE-A3. The modified peptides used in PeptiCRAd-1
consist of a 6 lysine residue (6K)-NY-ESO-1(91�110) peptide contain-
ing amino acids 91 to 110 from NY-ESO-1 N-terminally fused to 6Ks
and a 9 lysine residue (9K)-MAGE-A3(161�180) peptide containing
amino acids 161 to 180 from MAGE-A3 N-terminally fused to 9Ks.
First, we assessed whether the polylysine addition to the NY-ESO-1
and MAGE-A3 antigens had any effects on immunogenicity, such
as antigen processing and presentation by APCs. To test this, we per-
formed an interferon gamma (IFN-g) enzyme-linked immune absor-
bent spot (ELISpot) using CD8+ T cells isolated from melanoma pa-
tients NW-3568 and NW-1751. As expected, the addition of
polylysine to the peptides did not affect antigen processing, presenta-
tion, or T cell activation, as both 6K-NY-ESO-1(91�110) and 9K-
MAGE-A3(161�180) peptides activated T cells (as measured by IFN-
g secretion) with similar efficacy as peptides without the polylysine
addition (Figure 2B). In order to assess if coating VALO-D102 with
6K-NY-ESO-1(91�110) or 9K-MAGE-A3(161�180) peptides had an ef-
fect on virus aggregation, we compared both mono-coated viruses
and a mixture of the mono-coated viruses (PeptiCRAd-1) to naked
VALO-D102 using NTA. As expected, the naked VALO-D102
showed insignificant amounts of aggregation with a sharp peak
at 104 nanometers (nm). VALO-D102 mono-coated with 6K-NY-
ESO-1(91�110) displayed an almost identical aggregation profile as
the naked virus. VALO-D102 mono-coated with 9K-MAGE-
A3(161�180) displayed minimal aggregation, presenting a small peak
at 155 nm. PeptiCRAd-1, the mixture of both mono-coated viruses,
displayed an aggregation profile almost identical to VALO-D102
mono-coated with 9K-MAGE-A3(161�180), indicating that the two
mono-coated complexes could be mixed together with no additional
aggregating effects (Figure 2C).

Oncolytic activity of VALO-D102 is not affected by the insertion

of transgenes or coating of the virus with tumor antigens

To study the oncolytic potential of VALO-D102 and PeptiCRAd-1, a
panel of cell lines consisting of lung cancer, melanoma, synovial sar-
coma, and TNBC was infected with VALO-D102, Ad5/3-D24, and
PeptiCRAd-1. The insertion of transgenes or coating VALO-D102
with 6K-NY-ESO-1(91�110) and 9K-MAGE-A3(161�180) did not have
any adverse effects on the oncolytic potential in any of the cell lines
tested, and the efficacy of VALO-D102 and PeptiCRAd-1 was found
to be identical to the parental unarmed Ad5/3-D24 virus (Figures
3A�3E).

To assess the oncolytic potential of VALO-D102 and PeptiCRAd-1 in
in vivo settings, groups of nude mice bearing established subcutane-
ous A549 lung cancer xenografts with initial volumes typically
ranging between 30 mm3 and 60 mm3 were treated intratumorally,
triweekly, starting on day 11 with 1 � 109 VP of VALO-D102, Pepti-
CRAd-1, Ad5/3Luc1 (a nonreplicating control adenovirus), or a cor-
responding volume of saline. Tumor growth was monitored for
36 days following the start of treatment. The groups of mice receiving
saline or the nonreplicating Ad5/3Luc1 showed similar increases in
tumor volumes, and by day 25 after the start of the treatment, the
average volumes of the tumors had reached approximately 10� the
initial volumes. The groups of mice receiving either VALO-D102 or
PeptiCRAd-1 showed identical oncolytic potential and significantly
reduced tumor growth as compared to the mock- or Ad5/3Luc1-
treated group (Figures 3F and S1 for individual tumor growth curves).
Based on these data, we conclude that the oncolytic potency of Pep-
tiCRAd-1 was not reduced compared with the naked VALO-D102.

Virus-encoded OX40L and CD40L improve tumor growth control

of the PeptiCRAd cancer vaccine and induce robust infiltration

of tumor-specific CD8+ effector T cells in a syngeneic mouse

model of B16.OVA melanoma

In order to study the immunological effects of virus-encoded OX40L
and CD40L in a PeptiCRAd cancer vaccine setting, we developed a
murine surrogate version of VALO-D102 encoding murine OX40L
and CD40L (VALO-mD901). As we have previously shown the supe-
rior anti-tumor efficacy of PeptiCRAd using an unarmed adenovirus
within the platform as compared to the unarmed adenovirus alone,13

here, we set up to test whether the combination of virus-encoded
OX40L and CD40L has an effect on the efficacy of PeptiCRAd. To
test this, we used a syngeneic mouse melanomamodel B16 expressing
chicken ovalbumin (OVA) as a model antigen.20 The peptide used for
coating the viruses was a polylysine-modified immunodominant
Molecular Therapy: Oncolytics Vol. 20 March 2021 461
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Figure 2. Characterization of PeptiCRAd-1 components

(A) VALO-D102 stability as measured by infectious titer assay (immunocytochemistry [ICC]), viral particle (VP) titer assay (OD260), and nanoparticle tracking analysis (NTA) of

freshly produced virus and virus stored at �20�C and <�60�C at indicated time points. (B) Immunological characterization of the tumor antigen-containing polylysine-

modified peptides used in the PeptiCRAd-1 cancer vaccine. Purified CD8+ T cells from cancer patients were presensitized with peptide-pulsed (10 mg/mL), irradiated,

autologous PBMCs depleted of CD4+ and CD8+ T cells. Presensitized CD8+ T cells were tested on days 10–12 by IFN-g ELISpot assay for recognition of peptide-pulsed

(1 mg/mL), autologous antigen-presenting cells (APCs). For the NY-ESO-1 assay, CD8+ T cells were presensitized with tumor antigen-containing peptides, with or without

polylysine modification. APCs were pulsed with tumor antigen-containing peptides, with or without the polylysine modification. For the MAGE-A3 assay, CD8+ T cells were

presensitized with tumor antigen-containing peptide MAGE-A3(168�176). APCs were pulsed with tumor antigen-containing peptides, with or without the polylysine modifi-

cation. A confirmatory ELISpot using a MAGE-A3(168�176)-specific CD8+ T cell clone combined was also performed for MAGE-A3 peptides. APCs were pulsed with tumor

antigen-containing peptides, with or without the polylysine modification. Polylysine did not affect the processing or T cell recognition of the modified peptides. (C) Averaged

finite track length adjustment (FTLA) concentration/size graphs from NTA of virus only (VALO-D102), VALO-D102 coated with modified NY-ESO-1 peptide, VALO-D102

coated with modified MAGE-A3 peptide, and VALO-D102 coated individually with both modified peptides followed by mixing the mono-coated complexes together

(PeptiCRAd-1).
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epitope (SIINFEKL) derived from the OVA antigen. Animals were
treated 6, 8, and 20 days post-tumor implantation with PeptiCRAd
Ad5/3-D24-OVA, PeptiCRAd VALO-mD901-OVA, or PBS as a
mock-treated group. Compared to mock-treated animals, we
observed clear tumor growth control in both PeptiCRAd Ad5/3-
D24-OVA- and PeptiCRAd VALO-mD901-OVA-treated animals.
However, PeptiCRAd VALO-mD901-OVA-treated animals showed
462 Molecular Therapy: Oncolytics Vol. 20 March 2021
the most efficient tumor growth control with markedly reduced tu-
mor volumes (Figures 4A and S2 for individual tumor growth curves).
Next, we assessed whether there were any differences in the infiltra-
tion of OVA-specific CD8+ T cells into tumors among the treatment
groups. We saw significantly higher numbers of tumor-infiltrating
lymphocytes in VALO-mD901-OVA-treated tumors compared to
other treatment groups. Also, the number of tumor-infiltrating



Figure 3. Oncolytic potency of VALO-D102 is identical to the parental strain and is not affected by coating the virus with tumor antigens

(A–E) Oncolytic potency of VALO-D102 and PeptiCRAd-1, a cancer vaccine platform consisting of VALO-D102 coated with two modified tumor antigens, was compared to

the Ad5/3-D24 parental strain in a (A) human A375melanoma cell line, (B) human SK-MEL-2 melanoma cell line, (C) human A549 lung carcinoma cell line, (D) human SW982

synovial sarcoma cell line, and (E) human HCC70 triple-negative breast cancer cell line. (F) Oncolytic potency of VALO-D102 and PeptiCRAd-1 was assessed in vivo in A549

tumor-bearing, immunodeficient female athymic nude-Foxn1-nu mice. 1 � 109 VP of each virus was given intratumorally triweekly starting at day 11. Replication-deficient

Ad5/3luc1 was used as a control virus. The numbers of mice in each group were 11�12. Statistical analysis was performed with two-way ANOVA. ***p < 0.001.
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cytotoxic CD8+ T cells was significantly higher in VALO-mD901-
OVA-treated tumors compared to mock- or PeptiCRAd Ad5/3-
D24-OVA-treated tumors. Most importantly, we saw significantly
higher numbers of tumor-infiltrating, OVA-specific cytotoxic CD8+

T cells in PeptiCRAd VALO-mD901-OVA-treated tumors compared
to other treatment groups. In addition, we observed noticeably higher
numbers of OVA-specific CD8+ T cells in pooled tumor-draining
lymph node samples from PeptiCRAd VALO-mD901-OVA-treated
mice compared to mock- or PeptiCRAd Ad5/3-D24-OVA-treated
mice (Figure 4B).
Intratumoral PeptiCRAd treatment improves tumor control and

induces systemic tumor-specific T cell responses in a syngeneic

mouse model of B16.F10.9/K1 melanoma

Next, we tested the PeptiCRAd platform with VALO-mD901 in a
syngeneic mouse model of B16.F10.9/K1 melanoma using a more
relevant, tumor-associated antigen from tyrosinase-related protein
2 (Trp2180–188). B16.F10.9/K1 melanoma is a derivative of a highly
metastatic, low major histocompatibility complex (MHC) class I-ex-
pressing B16.F10.9 melanoma that was transfected with MHC class I
H-2Kb genes to generate H-2Kb-expressing clone K1.21 The
B16.F10.9/K1 clone is considerably more responsive to cancer immu-
notherapies than the highly immunosuppressive parental strain
B16.F10.9. Starting at 6 days post-tumor engraftment, mice were
treated intratumorally with PeptiCRAd VALO-mD901-Trp2,
VALO-mD901 virus alone, or saline as a mock-treated group.
Although the VALO-mD901 virus alone did not show any tumor
growth control, as expected since the human adenovirus 5 cannot
productively replicate in murine cells, PeptiCRAd VALO-mD901-
Trp2-treated mice showed significant tumor growth control as
compared to mock-treated mice (Figures 5A and S3 for individual tu-
mor growth curves).We went on to assess whether there were any dif-
ferences in the Trp2-specific T cell responses among the treatment
groups. The number of tumor-infiltrating, cytotoxic Trp2-specific
CD8+ T cells was higher (although not significantly) in PeptiCRAd
VALO-mD901-Trp2-treated tumors compared to mock- or VALO-
mD901-treated tumors. In addition, we observed slightly higher
numbers of Trp2-specific CD8+ T cells in pooled tumor-draining
lymph node samples from PeptiCRAd VALO-mD901-Trp2-treated
mice compared to mock- or VALO-mD901-treated tumors (Fig-
ure 5B). In striking contrast to VALO-mD901- and mock-treated
mice, a very robust induction of systemic Trp2-specific T cell
response was seen in PeptiCRAd VALO-mD901-Trp2-treated mice
(Figure 5C).
PeptiCRAd treatment increases the number of responders to

anti-PD-1 therapy and improves tumor control and survival in a

syngeneic mouse model of B16.F10.9/K1 melanoma

Finally, we tested the PeptiCRAd platform with VALO-mD901 in a
syngeneic mouse model of B16.F10.9/K1 melanoma in combination
with anti-PD-1 ICI therapy. Starting at 9 days post-tumor engraft-
ment, mice were treated intratumorally with PeptiCRAd VALO-
Molecular Therapy: Oncolytics Vol. 20 March 2021 463
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Figure 4. Virus-encoded OX40L and CD40L improve anti-tumor efficacy and induce robust infiltration of tumor-specific CD8+ T cells into the tumor in a

syngeneic mouse model of B16.OVA melanoma

(A) 1� 109 VP of PeptiCRAd Ad5/3-D24-OVA or PeptiCRAd VALO-mD901-OVA was given intratumorally 6, 8, and 20 days post-tumor implantation. Average tumor growth

curves for all treatment groups are shown. (B) Immunological analysis of tumors and tumor-draining lymph nodes of treated mice. Lymph nodes from all mice from each

treatment group were pooled in order to get enough cells for the flow cytometric analysis. The number of mice in the mock group was 7 and in both PeptiCRAd groups, was

10. Statistical analysis was performed with one-way ANOVA. *p < 0.05, **p < 0.01.
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mD901-Trp2, anti-PD-1 alone, PeptiCRAd VALO-mD901-Trp2 in
combination with anti-PD-1, or saline as a mock-treated group. In
contrast to mock-treated animals, PeptiCRAd VALO-mD901-Trp2,
anti-PD-1 alone, and PeptiCRAd VALO-mD901-Trp2 in combina-
tion with anti-PD-1 ICI-treated groups showed significant tumor
growth control. PeptiCRAd VALO-mD901-Trp2 and anti-PD-1
ICI-treated groups showed similar efficacy in controlling the tumor
growth, whereas the combination therapy group showed the highest
tumor control (Figures 6A and S4 for individual tumor growth
curves), exhibiting the largest number of complete responders, as
well as the highest survival benefit (Figure 6B).

To further evaluate the mechanism of the tumor growth control,
complete responders from each group were rechallenged with 2�
the original dose of the same tumor cells into the contralateral flank.
All naive mice, used as engraftment control, were sacrificed by day 29
due to large tumor masses, whereas all rechallenged mice from each
group showed no signs of tumors at day 29 post rechallenge, indi-
cating an induction of systemic anti-cancer immunity by the different
treatments (Figure 6C).

DISCUSSION
In this study, we have developed a double-transgene-armed adeno-
virus that is expressing biologically active OX40L and CD40L with
levels comparable to other transgene-armed viruses reported
earlier.22–24 The oncolytic potency of VALO-D102 was shown to be
identical to the parental strain Ad5/3-D24. In addition, coating
VALO-D102 with modified peptide antigens from NY-ESO-1 and
MAGE-A3, to obtain the clinical candidate PeptiCRAd-1, did not
decrease the oncolytic potency of the vaccine, as assessed in vitro
and in vivo. These results are in line with our previous studies report-
ing similar oncolytic potency of PeptiCRAd Ad5-D24-OVA as
compared to uncoated Ad5-D24 in a human colorectal adenocarci-
noma cell line and in twomelanoma cell lines.13 The genomic stability
464 Molecular Therapy: Oncolytics Vol. 20 March 2021
of VALO-D102 was assessed after several passages in great detail by
deep sequencing of the viral genome, and no rearrangements were
seen. This was expected, since the replacement of CR1-alpha and
gp19K genes with the two transgenes and concomitant deletion of
the 14.7K gene ensured that the net genome size of VALO-D102
was only 1.08% larger than the wild-type (WT) adenovirus 5 genome.
This is well below the maximum net genome size (3%–5% larger than
WT adenovirus 5 genome) in which the Ad5 virion has the ability to
package efficiently.25

To assess the immunological effects of virally encoded OX40L and
CD40L, we developed a mouse surrogate virus for VALO-D102 ex-
pressing murine OX40L and CD40L under the control of the cyto-
megalovirus (CMV) promoter. PeptiCRAd VALO-mD901-OVA
was shown to induce superior tumor growth control compared to
PeptiCRAd-OVAwith the parental unarmed adenovirus (PeptiCRAd
Ad5/3-D24-OVA). In addition, immunological characterization of
PeptiCRAd-treated tumors revealed significant differences in all key
parameters analyzed; PeptiCRAd VALO-mD901-OVA elicited a gen-
eral increase in tumor infiltration by lymphocytes, as well as increased
the ratio of tumor-infiltrating cytotoxic T cells compared to Pepti-
CRAd Ad5/3-D24-OVA. Furthermore, the expression of murine
OX40L and CD40L from VALO-mD901 significantly increased the
number of OVA antigen-specific T cells in tumors, as well as
increased the number of OVA antigen-specific T cells in tumor-
draining lymph nodes.

After establishing the enhanced immune-activating properties of vir-
ally encoded OX40L and CD40L, we moved on to test the effects of
the PeptiCRAd VALO-mD901 platform on tumor growth and tu-
mor-specific T cell induction in a syngeneic mouse model of
B16.F10.9/K1 melanoma, using a more relevant tumor epitope
from endogenous tumor-associated antigen Trp2(180–188). PeptiCRAd
VALO-mD901-Trp2 was superior to the uncoated virus in



Figure 5. PeptiCRAd improves tumor growth control and induces systemic tumor-specific T cell responses in a syngeneic mouse model of B16.F10.9/K1

(A) 1 � 109 VP of VALO-mD901 or PeptiCRAd VALO-mD901-Trp2 was given intratumorally 6, 7, 8, 9, 10, 22, and 34 days post-tumor implantation. Average tumor growth

curves for all treatment groups are shown. (B) Immunological analysis of tumors and tumor-draining lymph nodes of treated mice. Lymph nodes from all mice from each

treatment group were pooled in order to get enough cells for the flow cytometric analysis. (C) Systemic tumor-specific T cell responses were analyzed with the ELISpot assay

from the spleens of treated mice. The numbers of mice in each group were 8�10. Statistical analysis was performed with two-way ANOVA. ***p < 0.001.
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controlling tumor growth, as well as in inducing systemic tumor-spe-
cific T cell responses. Remarkably, the intratumoral administration of
PeptiCRAd VALO-mD901-Trp2 induced systemic, Trp2-specific
T cell responses of similar magnitude than the T cell responses
induced against the virus itself.

As we and others have recently reported enhanced effects on anti-tu-
mor activity through the combination of OVs with ICIs6,7,26,27, we set
up to test the effect of PeptiCRAd VALO-mD901-Trp2 in combina-
tion with anti-PD-1 ICI on anti-tumor activity. Although bothmono-
therapies were efficient at controlling tumor growth, the combination
therapy of PeptiCRAd VALO-mD901-Trp2 and anti-PD-1 showed a
significantly enhanced effect on tumor growth control with increased
survival. By the time all mock-treated mice had died or been sacrificed
due to the tumors reaching the maximum volume allowed in the Pep-
tiCRAd VALO-mD901-Trp2-treated group and anti-PD-1-treated
group, 3/9 (33.3%) and 5/8 (62.5%) mice were still alive, respectively.
However, in the combination therapy group, 8/9 (88.9%) mice were
still alive at that time point. Complete responders from each group
were rechallenged with another injection of the same tumor cells
into their contralateral flanks to assess if these mice had acquired
treatment-induced systemic anti-tumor T cell immunity against the
cancer cells. All naive mice presented uncontrollable tumor growth
and were sacrificed at day 29 post-tumor implantation, whereas
none of the complete responders from any group showed signs of tu-
mor growth at this time point, indicating an effective systemic immu-
nity against the injected tumor. It is important to note that human
adenovirus 5 is not able to productively replicate in murine cells;
thus, the effect that is seen in these murine models of melanoma is
mostly due to immunological activation induced by the treatments.
The effect of human adenovirus 5 replication-induced lysis of tumor
cells and the release of tumor-associated antigens and neoantigens
cannot be studied in these murine models. As tumor cell infection
and productive replication by OVs in cancer patients lead to an in-
flammatory response and cytokine production, followed by infiltra-
tion of immune cells and subsequent TME repolarization toward a
less immunosuppressive phenotype, these results in mice may be an
underestimate of the effect of PeptiCRAd therapy in a human setting.
In addition, due to the inability of human adenovirus 5 to produc-
tively replicate in murine cells and thus efficiently express viral genes
or transgenes under the control of endogenous viral promoters, we
placed the murine OX40L and CD40L transgenes in VALO-mD901
under the control of a CMV promoter to allow transgene expression
in infected murine cells. A CMV promoter drives transgene expres-
sion in all murine cells infected, whereas VALO-D102 expresses the
transgenes exclusively in cancer cells. This discrepancy in transgene
expression patterns between the two viruses may induce some differ-
ences in immune activation by these viruses.
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Figure 6. PeptiCRAd, in combination with anti-PD1, improves tumor growth control and survival compared to either monotherapy and triggers a systemic

anti-tumor memory response in a syngeneic mouse model of B16.F10.9/K1

(A) Anti-PD-1 immune checkpoint inhibitor alone (200 mg/dose given intraperitoneally), 1� 109 VP of PeptiCRAd VALO-mD901-Trp2 alone, or in combination with anti-PD-1

immune checkpoint inhibitor were given intratumorally 9, 10, 11, 12, 13, and 26 days post-tumor implantation. Average tumor growth curves for all treatment groups are

shown. (B) Kaplan-Meier survival curve for all treatment groups. (C) Individual tumor volumes for rechallenged mice at day 29 after secondary tumor engraftment. The

numbers of mice in each group were 8�9 in (A) and (B) and 3�5 in (C). Statistical analysis was performed with two-way ANOVA for (A) and with log-rank test for (B). *p < 0.05,

**p < 0.01, ****p < 0.0001.
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To summarize, the novel double-transgene-armed adenovirus
VALO-D102 expresses high amounts of biologically active OX40L
and CD40L, was shown to be genetically stable, and can be stored
at �20�C for several months without decreases in viral VP or IU ti-
ters. PeptiCRAd-1 is a clinical oncolytic vaccine candidate comprised
of VALO-D102 and two peptides containing clinically proven epitope
sequences from NY-ESO-1 cancer-testis antigen28 and MAGE-A3
melanoma-associated antigen29 fused to polylysine linkers acting as
positively charged moiety for electrostatic attachment of the peptides
onto the viral capsid. PeptiCRAd-1 was shown to have similar onco-
lytic potency to naked VALO-D102, and a murine surrogate virus
VALO-mD901 showed potent immunostimulatory properties and
tumor growth inhibition in two mouse models of melanoma. In addi-
tion, enhanced anti-tumor activities were observed in animals treated
with PeptiCRAd VALO-mD901-Trp2 and when combined with anti-
PD-1 ICI. These findings warrant the clinical testing of PeptiCRAd-1
in combination with ICIs against the PD-1/PD-L1 pathway for the
treatment of NY-ESO-1- and MAGE-A3-expressing cancers, such
as TNBC, melanoma, non-small cell lung cancer, and sarcoma.
MATERIALS AND METHODS
Cell lines

Human lung carcinoma A549 cell line was purchased from NIH and
was cultured in Optipro, supplemented with 10% fetal bovine serum
(FBS) (Life Technologies), 1% L-glutamine, and 1% penicillin/strep-
tomycin. Human melanoma cell line A375 was cultured in DMEM
high glucose, supplemented with 10%, 1% L-glutamine, and 1% peni-
cillin and streptomycin, and human melanoma cell line SK-MEL-2
was cultured in Eagle’s minimal essential medium (EMEM), supple-
mented with 10% FBS, 1% L-glutamine, and 1% penicillin/strepto-
mycin. Human TNBC HCC70 was cultured in RPMI-1640 high
glucose with 10% FBS, 1% L-glutamine, and 1% penicillin/strepto-
mycin. HEK293 cell line was cultured in MEM, supplemented with
10% FBS, 1% L-glutamine, 1% penicillin/streptomycin, 1% sodium
pyruvate (Gibco), and 1% MEM nonessential amino acid (NEAA;
Gibco). The human synovial sarcoma SW982 cell line was cultured
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in Leibowitz’s L-15 media with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin. A375, SK-MEL-2, HCC70, SW982, and
HEK293 cell lines were purchased from ATCC. B16-OVA, a mouse
melanoma cell line expressing chicken OVA, was kindly provided
by Professor Richard Vile (Mayo Clinic, Rochester, MN, USA).
B16.OVA cells were cultured in DMEM with 10% FBS, 1% L-gluta-
mine, 1% penicillin/streptomycin, and 5 mg/mL Geneticin (Life
Technologies). The B16F10.9/K1 cell line was kindly provided by Lu-
dovic Martinet (Inserm, France) and was cultured in DMEM high
glucose, supplemented with 10% FBS, 1% L-glutamine, and 1% peni-
cillin/streptomycin. Ramos-Blue B-lymphocyte cell line (InvivoGen)
was cultured in Iscove’s modified Dulbecco’s medium (IMDM), sup-
plemented with 10% FBS, 1% L-glutamine, 1% penicillin/strepto-
mycin, 100 mg/mL Normocin (InvivoGen), and 100 mg/mL Zeocin
(InvivoGen) as a selective antibiotic. The reporter cell line
HEK293-OX40/NF-kB (BPS Bioscience) was cultured in MEM, sup-
plemented with 10% FBS, 1% L-glutamine, 1% penicillin/strepto-
mycin, 400 mg/mL Geneticin, and 100 mg/mL Hygromycin B (Life
Technologies). All media were purchased from Gibco, except Leibo-
witz’s L-15, which was from ATCC. The SW982 cell line was culti-
vated at 37�C in 100% air. All other cell lines were cultivated at
37�C in 5% CO2 in a humidified atmosphere. All cell lines were
routinely tested for mycoplasma contamination.
Adenoviruses

The VALO-D102 virus was generated using a novel in vitro recombi-
nation method (submitted elsewhere). Briefly, a plasmid containing
the adenovirus 5 genome with an adenovirus 3 fiber knob modifica-
tion16 and 24-base pair deletion of the gene E1A17 (pAd5/3-D24) was
used as a backbone for the replacement of the CR1-alpha and gp19K
genes in the E3A region with the human OX40L gene, an A2 self-
cleaving peptide sequence, and CD40L gene, as well as for the deletion
of the 14.7K gene of the E3B region from the final genome. A plasmid
with the modified E3 region containing the human OX40L gene, 2A
self-cleaving peptide sequence, and CD40L gene, as well as the 14.7K
deletion (pOX40L/CD40Ldelta14.7K), was synthesized by a
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commercial vendor (Thermo Fisher Scientific). For the assembly of
the full-length E3-modified genome, the OX40L, 2A sequence,
CD40L, and D14.7K-containing linear DNA fragment from
pOX40L/CD40Ldelta14.7K was obtained using a polymerase chain
reaction (PCR), and the viral backbone plasmid pAd5/3-D24 was di-
gested with SrfI and BarI restriction enzymes to release the nonmodi-
fied E3 region. For the insertion of the linear DNA fragment into the
SrfI- and BarI-digested pAd5/3-D24 genome, an isothermal single-re-
action method for in vitro homologous recombination was used for
obtaining the modified circular pVALO-D102 full-length genome.
All phases of the cloning were confirmed with PCR, restriction diges-
tion analysis, and sequencing. To rescue the VALO-D102 virus, the
circular plasmid pVALO-D102 was PacI digested to release the left
and right inverted terminal repeats (ITRs) from the bacterial back-
bone, resulting in a linear viral genome. The linearized VALO-
D102 viral genome was transfected into A549 cells using the Effectene
transfection reagent (QIAGEN), resulting in the production of viable
VPs.

The VALO-mD901 virus, a murine surrogate version of VALO-
D102, was generated similarly to VALO-D102. Briefly, a part of the
E3B region of pAd5/3-D24 was replaced with the human CMV pro-
moter region, murine OX40L, 2A self-cleaving peptide sequence, mu-
rine CD40L gene, and rabbit b-globin polyadenylation signal. Ad5/3-
D24 has been previously described30. Ad5/3luc1 is a serotype 3 recep-
tor-targeted adenovirus containing a firefly luciferase transgene in
place of the E1 region and was used as a replication-deficient con-
trol.31 All viruses were amplified in A549 or HEK293 cells and puri-
fied on double-cesium chloride gradients and stored below �60�C in
an A195 adenoviral storage buffer.32 The VP concentration was
measured at 260 nm, and IUs were determined by immunocytochem-
istry (ICC) by staining the hexon protein on A549 or HEK293-in-
fected cells.

Peptides

The following peptides were used in this study: VFGIELMEVD-
PIGHLYIFAT (human MAGE-A3(161�180)), KKKKKKKKK-VFG
IELMEVDPIGHLYIFAT (9K-MAGE-A3(161�180)), YLAMPFATP
MEAELARRSLA (human cancer-testis antigen, NY-ESO-1(91�110)),
KKKKKK-YLAMPFATPMEAELARRSLA (6K-NY-ESO-1(91�110)),
KKKKKK-SVYDFFVWL and SVYDFFVWL (an MHC class I-
restricted epitope from 6K-Trp2(180–188)), and KKKKKK-SIINFEKL
(an MHC class I-restricted epitope from chicken OVA, 6K-
OVA(257�264)). All peptides were purchased from Pepscan (Lelystad,
the Netherlands).

IFN-g ELISpot with patient-derived CD8+ T cells

CD8+ T cells derived from cancer patients with known NY-ESO-1/
MAGE-A3 tumor antigen expression were purified with a MACS
cell separation column (Miltenyi Biotec, Lund, Sweden) and presen-
sitized with peptide-pulsed (10 mg/mL), irradiated, autologous pe-
ripheral blood mononuclear cells (PBMCs) depleted of CD4+ and
CD8+ T cells. Presensitized CD8+ T cells were tested on days 10–12
by the IFN-g ELISpot assay for recognition of peptide-pulsed
(1 mg/mL), autologous APC dendritic cells (DCs; or Epstein-Barr vi-
rus [EBV]-transformed B cells). The number of cytokine-producing,
antigen-specific T cells was evaluated using the AID ELISpot Reader
Classic ELR 07 (Autoimmun Diagnostika, Strassberg, Germany). The
number of presensitized effector cells was 2.5 � 104 cells per well
(0.5 � 104 for a T cell clone), and ELISpot incubation time was 16 h.
PeptiCRAd complex formation

PeptiCRAd complexes were prepared by mixing VALO-D102,
VALO-mD901, or Ad5/3-D24 adenoviruses (in A195 storage buffer)
and polyK-extended epitopes (in 0.9% saline) at a ratio of 1.8 � 105

peptides per one VP. The mixture was then incubated at room tem-
perature for 15 min. For animal injections, the complexes were
diluted further with 0.9% saline to administration volume.
CD40L functional assay

A549 cells were infected with the VALO-D102 virus at a MOI of 10.
Growth medium was collected and filtrated through a 0.22-mm filter,
72 h postinfection. The filtrated supernatant was added to a culture of
Ramos-Blue cells. The binding of virus produced CD40L to CD40,
constitutively expressed by Ramos-Blue cells, and triggers an intracel-
lular signaling pathway leading to the SEAP enzyme. The substrate in
the Quanti-BLUE (InvivoGen) system turns purple/blue in the pres-
ence of SEAP. The concentration of SEAP was measured using a
multi-well plate reader (Varioskan Flash; Thermo Labsystems) to
determine the relative concentration of functional CD40L. Recombi-
nant human CD40L (InvivoGen) was used as a standard.
OX40L functional assay

A549 cells were infected with the VALO-D102 virus at a MOI of 10.
HEK293-OX40/NF-kB reporter cells were added to infected A549
cells, 2 days postinfection. The binding of OX40L to OX40 triggers
an intracellular signaling pathway in HEK293-OX40/NF-kB cells
that via NK-kB activation, leads to the expression of the firefly lucif-
erase reporter gene. After 6 h incubation at 37�C, the cells were lysed
with Glo Lysis Buffer (Promega), and Luciferase Assay Reagent
(Promega) was added. The luciferase activity was determined with
Varioskan Flash (Thermo Labsystems). Recombinant human
OX40L (BPS Bioscience) was used as a standard.
Virus stability assays and aggregation profiling

The VP concentration and IUs were determined from a freshly made
batch of VALO-D102 and after 1, 4, 6, and 9 months of storage at
�20�C or <�60�C. NTA was performed using a NanoSight NS300
(Malvern) at indicated time points with samples diluted to 1/
500�1/2,000 with 0.9% sodium chloride. The effect of inserted trans-
genes and other modifications on the genomic stability of VALO-
D102 was assessed after 7 rounds of amplification by deep sequencing
using the Illumina MiSeq System (Eurofins Genomics, Germany).
NTAwas also used to assess the aggregation of VALO-D102 and Pep-
tiCRAd-1 particles. NTA was performed using NanoSight NS300
with samples diluted to 1/200�1/500 with 0.9% sodium chloride.
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Cell viability assays

Human melanoma A375 and SK-MEL-2 cells, human lung carci-
noma A549 cells, human synovial sarcoma SW982 cells, and human
TNBC HCC70 cells were infected with various amounts of VALO-
D102 and PeptiCRAd-1 or left uninfected. Cells were analyzed for
their viability 5 days postinfection with the CellTiter 96 AQueous
One Solution MTS Reagent (Promega), according to the manufac-
turer’s instructions, and a multi-well plate reader (Varioskan Flash;
Thermo Labsystems) was used to determine the absorbance of the
samples.

Animal experiments

All animal experiments were reviewed and approved by the Experi-
mental Animal Committee of the University of Helsinki and the Pro-
vincial Government of Southern Finland (license number ESAVI/
6678/2019). Animals were kept in individually ventilated cages under
standard conditions (12-h light:dark, temperature- and humidity-
controlled conditions) and received ad libitum access to water and
food. Animals were monitored daily for symptoms related to distress
and pain, including hunched posture, overall activity/ability to move,
and roughness of the hair coat. Tumor dimensions were measured by
caliper (vertical and lateral dimensions) every second day, starting on
the day tumors were first treated. All injections and tumor measure-
ments were performed under isoflurane anesthesia.

For in vivo assessment of the oncolytic potency of VALO-D102 and
PeptiCRAd-1, 6-week-old immunodeficient female athymic nude-
Foxn1-numice were injected in the right flank with 5� 106 A549 cells
and were treated triweekly starting at day 11 post-tumor implantation
with 1� 109 VPs of VALO-D102, PeptiCRAd-1, Ad5/3luc1, or saline
as a mock-treated group. For the B16-OVAmelanoma experiment, 8-
to 9-week-old immune-competent female C57BL/6JOlaHsd mice
were injected in the right flank with 350,000 B16.OVA melanoma
cells and were treated 6, 8, and 20 days post-tumor implantation
with 1 � 109 VP of PeptiCRAd Ad5/3-D24-OVA, PeptiCRAd
VALO-mD901-OVA, or PBS as a mock-treated group. Animals
were sacrificed at day 24, and tumors and tumor-draining lymph no-
des were harvested for immunological analysis. For the first
B16F10.9/K1 melanoma experiment, 5- to 7-week-old immune-
competent female C57BL/6JOlaHsd mice were injected in the right
flank with 600,000 B16F10.9/K1 cells together with a 1:1 ratio of
the Matrigel Basement Membrane Matrix High Concentration
(Corning, USA) and were treated 6, 7, 8, 9, 10, 22, and 34 days
post-tumor implantation with 1 � 109 VP of VALO-mD901, Pepti-
CRAd VALO-mD901-Trp2, or saline as a mock-treated group. Ani-
mals were sacrificed at day 41, and spleens and tumors were harvested
for immunological analysis. For the B16F10.9/K1 melanoma experi-
ment combining anti-PD-1, 5- to 7-week-old immune-competent fe-
male C57BL/6JOlaHsd mice were injected in the right flank with
300,000 B16F10.9/K1 cells and were treated 9, 10, 11, 12, 13, and
26 days post-tumor implantation with 1 � 109 VP of VALO-
mD901, PeptiCRAd VALO-mD901-Trp2, or saline as a mock-treated
group. Groups receiving anti-PD-1 (InVivoMab, USA; clone RMP1-
14) were injected intraperitoneally triweekly with 200 mg/doses start-
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ing at day 12 until day 40 post-tumor implantation. For rechallenge,
600,000 B16F10.9/K1 cells were injected 70 days after the primary tu-
mor engraftment in the contralateral flank. All mice strains were ob-
tained from Envigo (Venray, the Netherlands).

ELISpot assays from murine splenocytes

The amount of SVYDFFVWL (TRP2(180–188) and adenovirus-spe-
cific, activated, IFN-g-secreting T cells was measured by ELISpot
assay (Cellular Technology, OH, USA), according to the manufac-
turer’s instructions. Briefly, 2 mg of SVYDFFVWL peptide was used
to stimulate the APCs (NB; this peptide contained only the MHC
class I epitope in order to be able to rule out any unspecific stimula-
tion, which could derive from the polylysine sequence used in the
PeptiCRAd platform). After 3 days of stimulation, plates were stained
and sent to Cellular Technology-Europe for counting of the spots.

Flow cytometry

The following antibodies were used in the experiments: TruStain Fc
block anti-mouse and anti-human CD16/32 (101320; BioLegend),
fluorescein isothiocyanate (FITC) anti-mouse CD8 (A502-3B-E;
ProImmune), phycoerythrin (PE) anti-mouse CD3e (550353; BD
Pharmingen), and peridinin-chlorophyll protein (PerCP) anti-mouse
CD19 (115531; BioLegend). SIINFEKL epitope-specific T cells were
studied using an APC-labeled H-2Kb/SIINFEKL pentamer (F093-
84B-E; ProImmune). Flow cytometric analyses were performed using
a BD Accuri 6C Plus Flow Cytometer (BD Biosciences). FlowJo soft-
ware v.10 (FlowJo) was used for the data analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 software
(GraphPad Software, USA). For data analysis, one-way ANOVA was
used. All results are expressed as the mean ± SEM.
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