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ABSTRACT

Background Oncolytic virotherapy has become an
important branch of cancer immunotherapy. This study
investigated the efficacy of an oncolytic adenovirus (0AV),
OncoViron, with synergistic mechanisms in the treatment
of multiple solid tumors.

Methods An OAV, OncoViron, was constructed and
investigated by cytological experiments and implanted
tumor models of multiple solid tumor cell lines to certify its
anticancer efficacy, the synergistic effects of viral oncolysis
and transgene anticancer activity of OncoViron, as well as
oncolytic virotherapy combined with immunotherapy, were
also verified.

Results The selective replication of OncoViron mediated
high expression of anticancer factors, specifically targeted
a variety of solid tumors and significantly inhibited cancer
cell proliferation. On a variety of implanted solid tumor
models in immunodeficient mice, immunocompetent
mice, and humanized mice, OncoViron showed great
anticancer effects on its own and in combination with
programmed death 1 (PD-1) antibody and chimeric
antigen receptor (CAR) T cells. Pathological examination,
single-cell sequencing, and spatial transcriptome analysis
of animal implanted tumor specimens confirmed that
OncoViron significantly altered the gene expression profile
of infected cancer cells, not only recruiting a large number
of lymphocytes, natural killer cells, and mononuclear
macrophages into tumor microenvironment (TME) and
activated immune cells, especially T cells but also inducing
M1 polarization of macrophages and promoting the release
of more immune cytokines, thereby remodeling the TME
for coordinating PD-1 antibody or CAR T therapy.
Conclusions The chimeric OncoViron is a novel broad-
spectrum anticancer product with multiple mechanisms

of synergistic and potentiated immunotherapy, creating

a good opportunity for combined immunotherapy against
solid tumors.

BACKGROUND

Gene therapy-mediated by oncolytic virus
(OV) is an important and emerging ther-
apeutic strategy for cancer.' After Rigvir
was approved in Latvia in 2004, Oncorine
(H101) in China in 2005, the new mile-
stone for oncolytic virotherapy is the Food
and Drug Administration approval of T-VEC

(talimogene laherparepvec) in 2015. T-VEC
is an oncolytic herpes simplex virus (HSV)
and expresses granulocyte-macrophage
colony-stimulating factor." Whereafter, onco-
lytic HSV, Delytact (teserpaturev/G47A), was
approved in June 2021 in Japan. This is the
fourth OV approved worldwide.” In addition
to the approved OVs, there are currently
several OV products that have been tested
in phases I-III clinical trials worldwide, from
various types of adenoviruses, HSV, coxsack-
ievirus, poxvirus, and reovirus. It has been
demonstrated that the cancer cells infected
by OVs secrete a large number of cytokines,
while the lysed tumor cells release a variety
of tumor-associated antigens. Thus, oncolytic
virotherapy not only can trigger immune
responses but also can alter tumor micro-
environment (TME), which enhances the
outcome of chemotherapy and radiotherapy
and improves the curative effect of immune
checkpoint blockade and adoptive cell
immunotherapy.6 In a phase Ib clinical trial
of 21 patients with melanoma, the efficacy of
T-VEC combined with programmed death 1
(PD-1) antibody was 62%, while that of T-VEC
was 40% and that of PD-1 antibody alone
was 35%, suggesting that OVs can effectively
improve the efficacy of immunotherapy.”
The biggest challenge of oncolytic
virotherapy is how to improve the safety
and efficacy of OV products. In contrast to
the natural viral strains that can replicate
preferentially in cancer cells and the viral
strains that are simply genetically modified
to have a certain level of cancerselective
killing specificity, the mechanisms by which
adenovirus can be genetically engineered
to target cancer cells for replication and
killing are greatly varied. For example,
the first-generation oncolytic adenoviruses
(OAVs) had replication capacity specifically
in P53-deficient cancer cells by deleting the
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E1b-55kD gene.”® The following second-generation of
OAVs employed various cancer-specific promoters to
regulate the expression of the adenovirus genes Ela or/
and E1b.” ' In the third-generation of OAVs, the combi-
nation of multiple regulatory elements was developed.'" '
After several generations and diverse modifications, the
increase in the specificity and efficacy of OAVs against
various cancers is the most remarkable among all OVs.
Theoretically, OAVs as vectors carrying anticancer genes
can initiate viral replication strictly within cancer cells,
followed by high copy amplification and efficient expres-
sion of anticancer genes, resulting in a dual cancer-killing
effect of oncolysis by viral replication and tumor suppres-
sion by gene expression, without affecting normal cells.
However, the cancer-targeting specificity and cancer-
killing effect of OVs, including OAYV, have not yet met the
expectation in practice, and the clinical outcome of OVs
alone in treatments remains unsatisfactory.

OncoVironis a chimeric OAV with multiple mechanisms
of synergistic anticancer activity, featuring triple regula-
tion for targeting cancer mechanisms, triple modifica-
tion of viral structural protein genes, triple chimerization
within three serotype adenoviruses, and triple transgene
by loading three anticancer genes. The advantages of
OncoViron lie in the following: (1) the precise regulation
of viral replication targeting cancer cells is implemented
at both the transcriptional and translational levels; (2)
the intrinsic anticancer activity of several viral structural
proteins is activated; (3) the ability to infect cancer cells
is increased, and the virus itself avoiding the intercep-
tion from pre-existing neutralizing antibodies and the
adsorption by hepatocytes is assured; and (4) three types
of anticancer immunomodulatory genes were armed to
enhance the effect of killing cancer cells. OncoViron is,
therefore, a fourth-generation of the OAV product, which
can be used as a stand-alone treatment for a variety of
human solid tumors, as well as the most powerful syner-
gist for cancer immunotherapy or other treatments.

MATERIALS AND METHODS

Construction and amplification of viruses

The survivin promoter (-938 bpto +50bp) was synthe-
sized by referring to the 5-UTR (untranslated region)
of survivin gene (GenBank: U75285) and cloned into
the upstream of Adb Ela. The 12bp of the CR2 region
(cacgaggctgge) was deleted from Ela to form mutant Ela
(mEla), and the oxygen-dependent degradation (ODD)
domain sequence of HIF-lIa. was fused downstream of
mEla as a genetic on/off switch. Meanwhile, the coding
sequences of E1b-55kD and E1b-19kD proteins in the Adb
El region were deleted. The fiber knob sequence of Adb
was replaced by the corresponding fragment of Adll,
and the hypervariable region (HVR) of Adb hexon was
selectively substituted with the corresponding sequence
of rare serotype Ad48. The E3 region was deleted, but the
adenovirus death protein (ADP) was retained, and the
expression cassette of two immunomodulatory cytokines

[interleukin 12 (IL-12) gene and interferon-y (IFN-y)
gene] and one chemokine [chemokine RANTES (CCL5)
gene] were loaded into the E3 region. The 2A peptide
sequence from foot-and-mouth disease virus (F2A) was
used to link the transgenes, and a linker (GTTCCTGG
AGTAGGGGTACCTGGGGTGGGC) was used to fuse
two subunits of IL-12. Finally, a novel OAV, named Onco-
Viron, was generated (figure 1A). We also constructed a
series of control viruses (online supplemental figure S1).
All the viruses were amplified in HEK293 cells and puri-
fied by cesium chloride gradient centrifugation. The viral
titer was determined by the 50% tissue culture infective
dose method.

Cell lines and cell culture

Twenty-four human cancer cell lines, seven human
normal cell lines, and three murine tumor cell lines were
mainly purchased from Cell Bank of Shanghai Zhongqiao
Xinzhou Biotechnology Co. (China) and China Center
(Wuhan) for type culture collection (online supplemental
table S1). All cell lines were authenticated and tested by
the short tandem repeat method within 6 months prior
to use and were cultured according to the instructions
provided by the manufacturers. The culture was carried
out in a three-gas 37°C incubator containing 5% CO,,
21% O, at normoxic condition, and 5% CO,, 2% O, at
hypoxia condition.

Methodology
Detailed methods are provided in the online supple-
mental materials & methods.

RESULTS

OncoViron is endowed with a high cancer-selective replication
activity

In OncoViron genome, the survivin promoter is used to
control viral selective replication targeting cancer cells at
the transcriptional level, and the ODD element as genetic
on/off switch is used to limit viral replication in normal
cells at the translational level (figure 1A). When cells
were infected with OncoViron under normoxia culture,
the virus achieved high copy replication in solid tumor
cell lines. At 96 hours after infection, the maximum repli-
cation activity was 316 979-fold increased in HCCLM3 and
MHCC97H cells of hepatocellular carcinoma, and NOZ
and GBC-SD cells of gallbladder cancer, while the repli-
cation activity was very low in normal cell lines GES-1, BJ,
and L02, the maximum replication activity was only 399-
fold increased in LO2 cells (figure 1B). The Adb/Adl1
fiber chimeric virus Ad5SVPF11 and all generated viruses
carrying single, double, or triple cytokines could also
replicate in various solid tumor cells with high copies.
However, their replication activity was low in normal cells
(online supplemental figure S2A). It was confirmed that
the loading of multiple cytokine genes on Ad5SVPF11
did not affect viral cancer-selective replication activity.
The viral replication and mEla expression of OncoViron
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Figure 1 Cancer-selective replication of OncoViron and its control viruses. (A) The structural schematic diagram of OncoViron.
(B) The replicative activity of OncoViron in multiple cell lines. Cells were seeded in 96-well plates, 1x10*well, and viruses were
added at MOI=5 pfu/cell. Cells were collected at 96 hours, and viral titer was detected by TCID50. (C) Comparison of replication
ability of OncoViron in cancer and normal cells under hypoxia and normoxia. Cells were cultured under 37°C saturated

humidity and 5% CO,, 21% O, normoxic condition, 5% CO,, and 2% O, hypoxic condition, respectively, and infected with
virus at MOI=5 pfu/cell. Viral titer was detected by TCID50 method at 48 and 96 hours after infection. (D) Expression of E1A in
OAV-infected cancer cells under hypoxia and normoxia. (E) OncoViron-mediated E1A expression in A549 cells under hypoxia
detected by Western blotting. B-tubulin was used as a loading control. Parental: A549 parental cells without infection of virus.
(F) comparison of DsRed expression mediated by Ad5SVPF11H48-DsRed in cancer cells and normal cells. bar: 50 um. *P<0.05,
**P<0.01, **P<0.001. vy, adenovirus packaging signal; Ad5F11, chimeric fiber coding sequence of Ad5 and Ad11; Ad5H48
hexon, chimeric hexon coding sequence of Ad5 and Ad48; CCL5, chemokine RANTES gene; F2A, 2A peptide sequence

from foot-and-mouth disease virus; IFN-y, interferon-y; IL-12, interleukin 12; ITR, inverted terminal repeat; mCMV, mouse
cytomegalovirus promoter; mE1a-ODD, mutated E1a gene with C-terminal fusion of oxygen-dependent degradation domain;
MOI, multiplicity of infection; OAV, oncolytic adenovirus; PolyA, SV40 poly(A) sequence; SVP, survivin promoter; TCID50, 50%
tissue culture infective dose.
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were consistent with the survivin levels in various cell
lines. Even in survivin weakly positive cancer cell lines,
the viral replication was higher than that in survivin-
positive normal cells (online supplemental figure S2B,C).
OncoViron still maintained high cancer-selective replica-
tion activity after chimerizing Ad5/Ad48 hexon (online
supplemental figure S2D).

To verify the regulation of the ODD switch, cells were
cultured under hypoxia condition and the hypoxia
significantly promoted OncoViron replication in A549,
SGC996, and NOZ cancer cells. OncoViron replication
also increased in normal cells under hypoxia, but not as
much as in cancer cells (figure 1C). The mEla expres-
sion was generally upregulated under hypoxia in cancer
cells which were infected with OncoViron and its control
viruses (figure 1D). OncoViron-mediated mEla expres-
sion in A549 cells under hypoxia increased compared with
the normoxic condition (figure 1E), suggesting that ODD
played a role in degrading Ela under normoxic condi-
tion. The expression of red fluorescent protein (DsRed)
was observed under fluorescent microscope at 96 hours
after cell infection with the Ad5SVPF11H48-DsRed virus.
Under normoxic condition, the AdbSVPF11H48-DsRed-
infected LO2 cells continuously expressed low levels of
DsRed, whereas DsRed was highly expressed in SGC-996
cells. Under hypoxia, Ad5SVPF11H48-DsRed mediated
slightly enhanced DsRed expression in L02 cells but
significantly was enhanced in SGC-996 cells (figure 1F).

Chimerization of fiber Ad5F11 and hexon Ad5H48 enhances
the infectivity and improves the function of OncoViron
Coxsackievirus—adenovirus receptor (CAR) is the
receptor for Ad5. Adb fiber was chimerized with AdI11-
fiber to form a chimeric fiber Ad5F11 which could also
recognize CD46 as its receptor. Flow cytometry (FCM)
found that the expression levels of CD46 were higher
than CAR in most cancer cell lines (figure 2A), and the
infectivity of the Ad5F11-chimeric virus Ad5SVPF11H48-
DsRed was significantly stronger than that of the Adb-
fiber virus Ad5SVPH48-EGFP in most cancer cell
lines. In cancer cell lines with high expression of both
CAR and CD46 (eg, Huh-7 and MDA-MB-231), both
Ad5SVPF11H48-DsRed and Ad5SVPH48-EGFP had high
infectivity, but AdbSVPF11H48-DsRed was still stronger
than Ad5SVPH48-EGFP. In cancer cell lines with low CAR
expression and high CD46 expression (such as MCF-7
and OSRC-2), the infectivity of Ad5GSVPFI11H48-DsRed
was very strong, whereas the infection of Ad5SVPH48-
EGFP was very low (figure 2B). The results showed that
the chimerization of Ad5F11 significantly enhanced the
infectivity of OAV in most cancer cells.

The Adb-hexon was chimerized with Ad48-hexon
to form a chimeric hexon Ad5H48 which could help
adenovirus evade interception by pre-existing immune-
neutralizing antibodies. BALB/C mice were first injected
into the tail vein of wild Ad5 (wAdb) and then injected
into the tail vein of OncoViron and Ad5SVPF11-C3 at
48hours later, respectively; blood, heart, liver, lung,

kidney, and brain of mice were collected 96hours later.
Peripheral blood mononuclear cells (PBMCs) were
isolated from mouse blood, and the expression of mEla
mRNA in PBMCs was positive in both OncoViron and
Ad5SVPF11-C3 groups. After prior immunization with
wAdb, the expression of wEla was positive in the OncoVi-
ron+wAdband Ad5SVPF11-C3+wAd5 groups. The Onco-
Viron+wAdb group was also positive for mEla, but the
Ad5SVPF11-C3+wAdb group was nearly negative for mEla
(figure 2C). By immunohistochemistry, Ela protein was
negative in heart, lung, kidney, and brain tissues of mice
in all groups but positive in liver tissues in wAdb5 preim-
munization group and nearly negative in other groups
(figure 2D and online supplemental figure S3A). The
results showed that chimerization of Ad5H48 endowed
OncoViron with an ability to effectively resist interception
by neutralizing antibodies produced by wAdb5 precondi-
tioning, and hepatocyte adhesion and infection with
OncoViron were also significantly reduced.

OncoViron mediates high expression of anticancer cytokines
Cells were infected with OncoViron, and a series of
control viruses at a multiplicity of infection (MOI)=b
pfu/cell, the content of IFN-y, IL-12, and CCL5 in the
supernatants of cultured cells, were detected at 24, 48,
and 72hours by ELISA. OncoViron and Ad5SVPF11-C3
were found to mediate high expression of the three
cytokines with a time-dependent manner (figure 3A).
Ad5SVPF11H48-DsRed replicated and expressed DsRed
efficiently in cancer cells, whereas the non-replicating
virus Ad5-EGFP mediated a low level of EGFP (figure 3B).
Ad5SVPF11-IL12, Ad5SVPF11-CCL5, and Ad5SVPF11-C2
that carried single or double cytokines, respectively, also
efficiently expressed high levels of the corresponding
cytokines in experimental cell lines (online supplemental
figure S3B). Ad5SVPF11H48-mC3 carried three murine
cytokine genes, and the transgenes were also highly
expressed in virus-infected HEK293 cells (figure 3C).

OncoViron affects the transcriptional expression profile of
cancer cells

The effect of OncoViron on cell transcriptional expres-
sion profile was analyzed by setting a threshold DESeq2_
EBSeq FDR=0.05 FC=2. Six OAVs, including OncoViron,
Ad5SVPF11H48, Ad5SVPF11, Ad5SVPF11-IL12,
Ad5SVPF11-CCL5, and AdbGSVPFI1-IFNYy, all caused
changes of mRNA expression profiles in HCCLMS3,
MDA-MB-231, SGC-996, and MRC-5 cell lines (online
supplemental table S2), and OncoViron induced more
pronounced changes than the control viruses (figure 3D
and online supplemental figure S3C). The differentially
expressed genes (DEGs) were mainly enriched in the
focal adhesion of cellular process and the function of
phagosome, and in PI3K-Akt, cytokine—cytokine receptor
interaction, and MAPK pathways (figure 3E). Analysis
from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment classification diagram and the
network diagram showed that the number of DEGs in

4

SuY, et al. J Immunother Cancer 2022;10:¢004691. doi:10.1136/jitc-2022-004691


https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691
http://www.baidu.com/link?url=iLf_Ad-r5VdNKRwKupJpH7rNatB2P9Q9I-UfFiL-wO1K_L4Ba3eqw9decJer6g3mAqiYD1EFf7SLB5OJSSqxZvrSsaEEC8e_BRQ0rOiIB3GRMuqnzvmfSWmbWemaR7jw&wd=&eqid=c68f7372000165e800000005623c2865
https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691
https://dx.doi.org/10.1136/jitc-2022-004691

A A549 SGC-996
CAR CD46 CAR CD46
100 LI —— 1007 996 1007 10T 0 )
% 8 x 0| || T2 af m oo | AT e
S w0: <§(50 | I 6o | I =0 /| o [l
5 40 %5 40 o 0] | I G 40 40 I
R 20, ® 20| [ || o ! ® 20 \ 20 [
o 0102 10° 10° 10° o 010> 10° 10* 10° Old’ m‘.tvmz 10° 10* om"‘w‘ 1;12 10° 10* 0 ‘"“11"‘! ;“‘ 10° ¢ 010?10 ';‘ 10°
FITC-A: CAR APC-A: CD46 FITC-A: CAR APC-A: CD46 FITC-A: CAR APC-A: CD46
MDA-MB-231 Du145 L02
CAR CD46 CAR CD46 CAR CD46
1007, 82.0 11007 100 ;| 100, iy 100 | 100 . ]100 100
L — | | 998 | 100 | — ) —00
80 I s | %80 [ “l I x o0l | [[997 sl | i
| { ' " 1 | \
S el |/ 6o || it S 6o || ol | | Seof ||| sof || \‘
540 (1] w0 [ \ 5 40 | | || @l | " 5] | 0] |
R 20! |y | 20 | | I R0/ 1| = 4 R0 S 200 J\
ol.lZ 0. \ 0 - o o 4
0107 10° 10° 10° 0107 16° 10° 10° 1° 10" 102 10® 10 10° 10' 10?2 10* 10* 010> 10° 10* 10° 010 10 10* 10°
FITC-A: CAR APC-A: CD46 FITC-A: CAR APC-A: CD46 FITC-A: CAR APC-A: CD46
] CAR and CD46 expression in cell lines
CAR CD46 2 120 BCAR mCD46
100 X 100{ ! g 100
N 0333 f 98.5 80
x 80 1 03B s0 | e 2w
[ " | 2] -
= 60i | | 60, || N =
5 40 || 0] || | S 2
R 20| | | 20 |\ P
04l 0. # SAF® AP P PP R® GO RSO
0102 10° 10* 10° 0102 10° 10* 10° X Tl “65‘}(3@0:»“@@ & & & L é;)"”\?'c v(:b'\é’ogé'
FITC-A: CAR APC-A: CD46 & M
B MOI=0 MOI=50 MOI=100 2 MOI=0 MOI=50 MOI=100
e 300 5 1004 B . 600 1501 A
9] wol § oz flsom | gl g 73| o | ,ﬂ 0089% | fﬂ\ 581% | 120 6% A
@ S0 || w0l [ el L/ Y § £ oy | 00 |\ % / |
8l /) I\ I B 3 11 | o0
[ i\ sol | e 403 / \ % 200+ | so- |\ \ /
@ 100{ | | / . 20 \ — |8 i i \{ 30, /
w \ |
g ol N LN ] QlE ol N T L
N~ 010 10° 10* 10° 0107 10° 10* 10° 010 10° 10* 10° N 010 10° 10* 10° 0107 10°* 10* 10° 010® 10° 10* 10°
&~ GFP-A GFP-A aQ GFP-A GFP-A GFP-A
213 Z 3
T|g 1000 - 200 < 800 200
% y 0013% W 77.2% ] M 83.2% alg 0.00% 1 89.6% 90.7%
2 Bood oA 0] Ak 5 ool | | 1501 | 150 A
43 ] = " 150 b i
% 5 s00i || 10 ,'[ [N 0ol '\ ﬁ 2 400) H | 100 m//’ \
= 90| | M Ao = S 1004
e 001 | \‘ 50 | \qf/ \ o] / o 2001 | { ,,/"/ 50 por \
g 2001/ | / \ / [ | 50 \
2 I\ 04, 03 2 A
2 010 10° 10* 10° 010? 10> 10* 10° 0107 10° 10* 10° b} 010 10° 10* 10° 0107 10° 10* 10° 010® 10* 10* 10°
PE-A PE-A PE-A < PE-A PE-A PE-A
. Breastcancer&nommal cells . Renal cancer cells
S L1z
120 1 amcrr voamB21 L S0 maem :
MOI=0 MOI=50 MOI=100 il I & BT Al R HEE!
o . 200 200 S 5 %
& o)) 0.045% A 303% Lo 3% & =)
u 1N 1504 [} 1501 [
@ o o300i [} )’\ 1 “ 5 S @
T S 000 ) 1004 [ 1004 | B B 20
g 8 i I I £ £
0 1004 |} soy | 507 | £ g0
2 17\ f = =
[ SV N— [} I A— [ [
N < 010 10° 10* 10° 010* 10° 10* 10° S S
(@) GFP-A FP-A . .
14 __Prostatic cancer cell Lines __ HCC & normal cells
8 E iy | 2007 " L1201 wpus Lo HepGz  WHuHT
7] 1} 1 94.7% i 95.7% = . = e o
3 600 I 0.009% | 1501 . Ih‘\ | 1o . {1 Glio { pcs 3 K Q100 Hep3s  mL02 N
i | 7 i i o WNeaP I iR S H i
I £ 407 | 100 j i | s ® k]
s | 1 1007 / 1 & =]
= | | ] /A 5 © 5
E; 2009 1} 50 V| so \ = c
i \ 8 8
2 L\ 0 Z 2 3
b1 010 10° 10* 10° 010 10° 10* 10° 010 10° 10° 10° e 2
< PE-A PE-A PE-A = £
B B
> >
C E1a levels in mouse PBMCs D
£ 8 %07 e P=0.3640
g S a00 Ela expression
32 300
=0
2-; 20 P=0.0007
o8
N 100
Z® [
BE ° N % P [
v s 4 = o
9 & j(@ & g ENION
S o 5 R G
& S A
a o o
& W

Figure 2 Functional characterization of chimeric fiber Ad5F11 and chimeric Ad5H48 hexon. (A) The expression of CAR and
CD46 in experimental cell lines was detected by FCM. (B) The effect of chimeric fiber Ad5F11 on viral infectivity. Cells were
seeded in six-well plates, 3x10° cells/well, infected with Ad5SVPF11H48-DsRed with Ad5F11-chimerized and Ad5SVPH48-
EGFP without Ad5F11-chimerized at MOI=50and 100 pfu/cell, and collected 24 hours later. The fluorescent intensity was
detected by FCM in each cell line. “P<0.05, **P<0.01, ***P<0.001 compared with Ad5SVPH48-EGFP at the same MOI.

(C) BALB/c mice were injected with Ad5 by tail vein at 1x10® pfu/0.1 mL/mouse, and OncoViron with Ad5H48-chimerized and
Ad5SVPF11-C3 without Ad5H48-chimerized at 1x10° pfu/0.1 mL/mouse were injected 48 hours later. Blood was collected

96 hours later, and the expression of wE1a and mE1a was detected by qRT-PCR in blood PBMCs. (D) E1A protein was detected
by immunohistochemistry in mouse liver tissues. The percentages of positive cells were counted within five microscopic fields
under a x20 objective lens for statistical analysis. *P<0.05, **P<0.01, ***P<0.001. Original magnification: x100, bar: 50 ym.
Ad5F11, chimeric fiber coding sequence of Ad5 and Ad11; Ad5H48 hexon, chimeric hexon coding sequence of Ad5 and
Ad48; CAR, coxsackievirus—adenovirus receptor; FCM, flow cytometry; FITC-A, Fluorescein Isothiocyanate-A; GFP-A, Green
fluorescent protein-A; HCC, hepatocellular carcinoma; MOI, multiplicity of infection; PBMC, peripheral blood mononuclear cell;
PE-A, phycoerythrin-A; gRT-PCR, quantitative reverse transcription PCR; wAd5, wild-type Ad5.
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Figure 3 OncoViron and its control viruses mediated high expression of anticancer cytokines and their effects on cell
transcriptional profile. (A) Cells were seeded in six-well plates, 5x10° cells/well, and cultured for 24 hours. OncoViron and
Ad5SVPF11-C3 were infected at MOI=5 pfu/cell. Supernatants were collected at 24, 48, and 72 hours, respectively. The
contents of IFN-y, IL-12, and CCL5 were determined by ELISA. Bar: 200 pm. See also online supplemental figure S3B.

(B) Fluorescent protein reporter gene expression assay. Huh-7 cells were cultured in 96-well plates, 1x10* cells/well, and
infected with Ad5SVPF11H48-DsRed and Ad5-EGFP at MOI=5 pfu/cell. The expression intensity of DsRed and EGFP was
observed under a microscope 24, 48, and 72 hours later. (C) Ad5SVPF11H48-mC3 carrying three murine cytokines efficiently
expressed mIFN-y, mIL-12 and mCCL5 in HEK293 cells. (D) Cell lines were cultured in six-well plates, 5x10° cells/well. After
24 hours’ culture, OncoViron, Ad5SVPF11H48, Ad5SVPF11, Ad5SVPF11-IL12, Ad5SVPF11-CCL5, and Ad5SVPF11-IFNy
were infected at MOI=5 pfu/cell. The transcriptome sequencing analysis was performed 48 hours later, as well as functional
annotation and enrichment analysis. Venn plots and expression level clustering of OncoViron induced changes in the number
of DEGs in cells compared with the blank control group and blank virus group. (E) KEGG analysis of DEG pathways enriched
cellular processes and environmental information processing between the OncoViron and control groups. CCL5, chemokine
RANTES gene; DEG, differentially expressed gene; ELISA, enzyme linked immunosorbent assay; IFN-y, interferon-v; IL-12,
interleukin 12; KEGG, Kyoto Encyclopedia of Genes and Genomes; MOI, multiplicity of infection.
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HCCLM3, MDA-MB-231, and SGC-996 cells was different
(online supplemental figure S3D), but the changes in cell
function and signaling pathways were very similar among
different cancer types.

After miRNA sequencing and screening, functional anno-
tation and enrichment analysis of differentially expressed
miRNA target genes were carried out by setting a threshold
DESeq2_EBSeq FDR=0.05 FC=2. The results showed that
OncoViron, Ad5SVPF11H48, Ad5SVPF11, Ad5SVPF11-IL12,
Ad5SVPF11-CCL5, and Ad5SVPF11-IFNy all caused changes
of miRNA expression profiles in HCCLM3, MDA-MB-231,
SGCY96, and MRGC-5 cell lines (online supplemental table
S3). The KEGG pathway enrichment analysis of differen-
tially expressed miRNA target genes showed that the related
genes were more enriched in endocytosis (online supple-
mental figure S3E).

OncoViron induces cancer-selective killing activity

Real-time cellular analysis showed that OncoViron,
Ad5SVPF11-C3, Ad5SVPF11H48-DsRed, and Ad5SVPF11-
DsRed had significant cytotoxic effects on various solid
tumor cell lines with dose—effect and time—effect manners
(figure 4A). CCK-8 assay on cell viability further reinforced
that the series of OAVs presented an effective inhibitory
effect on a variety of solid tumor cells. OncoViron chime-
rized with three serotypes of adenoviruses showed greater
oncolytic activity than Ad5SVPF11-C3 chimerized with
two serotypes in most cancer cell lines (figure 4B). These
OAVs had a limited effect on normal BJ cells, requiring an
extremely high MOI to exerta 50% killing effect (figure 4C).
Comparing the IC50 values of the OAVs (Ad5SVPF11-DsRed
and Ad5SVPFI11H48-DsRed) and the replication-deficient
adenovirus Ad5-EGFP, we found the results showed that Ad5-
EGFP needed higher MOIs to exert the inhibitory effect on
cancer cells (online supplemental figure S3F).

OncoViron exerts anticancer activity in animal implanted
tumor models

OncoViron and its OAV counterparts demonstrated good
anticancer activity against a variety of solid tumors (figure 5A
and online supplemental figure S4A). In general, Onco-
Viron was superior to Ad5SVPF11-C3 in nude mouse
models of solid tumors, suggesting Ad5H48 chimerization
enhanced the anticancer efficacy (figure 5Aa,b). Increased
OncoViron dose could improve the efficacy (figure 5Ac,d,f).
Ad5SVPF11-C3 carrying three cytokines was superior to the
viruses carrying single or double cytokines, and even better
than the blank viruses (figure 5Ab,d,e). In the subcutaneous
xenograft model of MDA-MB-231 in NCG-hILI5 humanized
mice transfused with human PBMCs, OncoViron completely
inhibited tumor growth, and the tumor inhibition rate
(TIR) reached 97.57% in the high-dose group (figure 5Ad).
However, the model initially contained six animals in each
group, and at 38 days after treatment, two mice in each of
the OncoViron-treated groups and onemouse in each of
the other groups died, which was most likely associated with
PBMC-derived graftversus-host disease (GVHD). In the
immunocompetent mouse models of CT26 and B16 tumors,

due to the immune-enhancing effects of the three human
cytokines expressed by OncoViron and the three murine
cytokines expressed by Ad5SVPF11H48-mC3, the efficacy
of viral intratumoral injection was phenomenal and even
significantly inhibited the growth of contralateral tumors
that were not directly treated (figure bAf,g). In the SGC-
996 model, the TIRs of the blank virus Ad5SVPH48 group
and three cytokine protein group were 24.03% and 15.26%,
respectively. Compared with the TIR of 49.47% of the Onco-
Viron medium dose group, the statistical Q value of the
drug synergy was 1.39, confirming that OncoViron exerted
synergistic efficacy of viral oncolytic and cytokine anticancer
effects (figure 5Ac). During the observation period, except
for a decrease of body weight and appearance of death in
the MDA-MB-231 model mice transfused with PBMC and
treated with OAVs, the body weight of other model mice
continued to gradually increase with no statistical difference
between any two groups (online supplemental figure S4B),
and there were no abnormal changes in the life status of
mice. The preliminary results showed that OncoViron had
no obvious toxicity and side effects.

Immunohistochemistry showed that large areas of necrosis
appeared after OncoViron treatment in tumor tissues of the
nude mouse SGC996 model. In the control group, survivin
was strongly positive and distributed in the cytoplasm and
nuclei, while survivin was reduced and the positive substances
were mainly distributed in nuclei in the virus-treated groups.
This result was related to OncoViron destroying the survivin-
positive cancer cells and survivin in residual cancer cells
transferred into nuclei (figure 5B). Compared with the
control group, OncoViron-treated cancer cells were posi-
tive for Ela and hIFN-y, and the percentage of Akt and
p-Akt positive cells decreased; especially the p-Akt:Akt ratio
decreased from 0.8908 in the control group to 0.2171 in
the OncoViron group (p<0.0001). These phenomena are
all molecular events that decrease the proliferation activity
and survival of cancer cells, suggesting that the malignancy
of residual cancer cells was reduced. In the B16 immuno-
competent mouse model, OncoViron, Ad5SVPF11-mC3,
and Ad5SVPF11H48-mC3 mediated Ela expression in
cancer cells, and mIFN-y in cancer cells were positive in the
Ad5SVPFI1-mC3 and Ad5SVPFI1H48-mC3 groups. The
number of CD3+, CD4+ and CD8+ T cells in TME increased
significantly in the OncoViron and Ad5SVPF11H48-mC3
groups compared with the control group, but OncoViron
was not as strong at chemotactic immune cells as Ad5SVP-
F11H48-mC3 (figure 5C). These results suggested that after
OncoViron and Ad5SVPF11H48-mC3 treatments, not only
the proliferation activity of cancer cells decreased, but also
the number of infiltrating immune cells increased, demon-
strating the tumor immune microenvironment was signifi-
cantly changed.

OncoViron synergistically inhibits tumor growth when
combined with immunotherapy in animal implanted tumor
models

OncoViron was tested for anticancer activity in a human
pharyngeal squamous cell carcinoma FaDu subcutaneous
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Figure 4 Selective killing activity of OAVs in experimental cell lines. (A) Cells were cultured in 16-well E-plates at 5x10° cells/
well. After 24 hours of culture, viruses were infected at MOI=0, 1, 5, 10, and 20 pfu/cell; cell proliferation was dynamically
observed by RTCA and recorded cell index data. (B) CCK8 assay was used to detect the Killing effect of viruses on cells. Cells
were cultured in 96-well plates, 1x10* cells/well, and infected with viruses at a gradient of MOls. After 7 days of culture, CCK8
solution was added; the light absorption value at 490 nm was measured with a microplate analyzer; cell viability was detected;
and IC50 values were calculated. (C) Comparison of IC50 values of killing effect of OAVs. MOI, multiplicity of infection; OAV,
oncolytic adenovirus; RTCA, real-time cellular analysis.

SuY, et al. J Immunother Cancer 2022;10:¢004691. doi:10.1136/jitc-2022-004691



3

Open access

A a: HCCLM3 xenograft model b: A549 xenograft model c: SGC-996 xenograft model
30009 freatment: 3 X 10%pfu/mouse, i.t., g2d X5, n=8 20007 Treatment: 3X 10%pfu/mouse, it., g2d X5, n=8 3,000 Treatment: (H)5 X 105pfu, (M)3 X 10pfu, (L)2 X 10%pfu/mouse,
= - — 1,800 i =
T 2,500 [~ Control E - Control & 2500 1t biwX5, n=7
£ 4 AdSSVPF11H48-DsRed € 16001 | 5 oncoviron [ e - Control
é 2,0004 ~#~ AdSSVPF11-1L12 ‘g, 1,400 = AdSSVPF11-DsRed é = Ad5SVPF11H48(M)
o ¥ - AdSSVPF11-CCLS @ 1700 | - AdSSVPF11HIE-DsRed 00120 o 4~ OncoViron(M)
g <&~ AdSSVPF11-C3. E ~0- AdSSVPF11-C2 O £ % OncoViron(H) P=0.0048
S 1,5004 | — OncoViron P =0.0001 % 1,000 ~+ AdSSVPF11-C3 %‘ £ ~&- OncoViron(L) TIR=58.74%
z [TIR=65.51% S s00 > ~+ 1L12(200pg)/IFNy(2.5pg)/CCLS(10pg)
E 1,000 g 600 ‘o-
2 500 5 w0 £
200 L
o 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45 50 55 60 65 o 7 1 2 28 35 2
Days Days Days
d: MDA-MB-231 xenograft model .
1200 55} ‘Gallbladdericancerimode f: CT26 tumor model CT26 tumor model
,200 1 (H)LX X109 it, 24X 10, n=6, T 3.5 X 10%f 3
Thestmeniti{H) 15C10m(y; (L2 3¢10% M/ mouse;Lt; 2210} =5 B0 e s idRu/meis 3,000 OncoViron (Untreated): OncoViron(H) contralateral T Treatment: (H)3X 10°pfu, (M)2 X 10%pfu, (L)1 X 10%pfu/mouse, 3,000
T 1000 PEMCtransplanted NCG-hiL15 mice i, q2d X3, _ tmors,ne8 | it, a2X5, n<8
,0001 = -
E == Control > B0 E 2500 — 2,500 g
S 00| = oncovironty) £ T asamriicos £ g [ — g
o 800 E 2000 |~ aessverrinaz o 2,000 TIR=26.61% ieoViroUrkreated) 2000
£ == OncoViron(H) N I — AdssVPFILC2 & g <
R | ——— 3 S £ 3w - peom 150
s g 3 E- = oneawont [ <0 5
5 e
'g' 400 2 5 1000 2 g 1,000 1000 3
@ ! 3 3
= a 2 F s s00 =
200 g 500 g
T T T T T T ! 15 12 9 6 3 0 3 6 9 12 15
0 5 0 15 20 25 30 35 40 Days Days
Days
Ad5SVPF11
9 B16 tumor model Coritiel H4g-mC3
4,000 Treatment: (H)3 X 10¢pfu, (M)2 X 10%pfu, (L)1 X 10%pfu/mouse, i.t., B16 tumor model B16 tumor model
— 35004 92d%5,n=5 4,000 AdSSVPF11H48-mC: (H)group Treatment: 2X 10%pfu/mouse, i.t., G2d X5, n=5 4,000
= 3
=~ 350 = Control i 3,50
E 3,0004 | - Control T P=00032 SConiss)
- ~4- OncoViron(H) £ 3,000 ) > - AdSSVPF11HAS- ~+ AdSF11H48-mC3 3,000
g 25907 L oncoviron(w K metnmested) ||| o passvprithasmes (< P 0001
2 > o e, e
3 20001 | - oncoviron(t) g -
S
5 Lo Peconr T e 1,500
£ 1,000 TIR=9945% € 1,000 1,000
S 2
= s0 1 i 1 500 500
4 g . to
e ' ' ' g . 35 30 25 20 15 10 5 0 5 10 15 20 25 30 35
0 5 10 5 Da 20 25 30 35 Days Days
B  survivin Ela Akt C mIFN-y cD3 CD4 D8

SGC-996 xenograft model

BOrcovion B AdssvPFLLHeS B Contral

iron Ad5SVPF11H48  Control

2364 Z y 4
Figure 5 Anticancer activity of OncoViron and its control virus
cells per mouse according to its tumor-forming ability, or 1 mm?®
of mice. When the tumor was about 3.0-5.0mm in diameter, mi
After treatment, tumor size was measured regularly, and the formula of ‘maximum diameterxminimum diameterxminimum

diameterx0.5’ was used to calculate tumor volume. (A-E) Nude

AdSSVPF11H48  Control

OncoViron

| Ela mifiy CO3 (D4 CD3
=

es in mouse implanted tumor models. (A) 1x10° cells to 1x107
tumor tissues, were injected subcutaneously in the axillary
ce were grouped and treated with different doses of viruses.

mouse xenograft models of the indicated human cancers.

(D) PBMC-humanized NCG-hIL15 mouse model of MDA-MB-231 cell xenografts. (F) Immunocompetent mouse models of
murine CT26 cells. (G) Immunocompetent mouse models of murine B16 cells. (B) Immunohistochemical detection of SGC-

996 xenograft tumor tissues in nude mice. Original magnificatio

murine B16 tumor tissues in immunocompetent mouse models.

n: x40, bar: 200 pm. (C) Immunohistochemical detection of
Original magnification: x100; bar: 50 um. *P<0.05, **P<0.01,

**P<0.001. PBMC, peripheral blood mononuclear cell; TIR, tumor inhibition rate.

tumor model in PBMC-humanized mice. OncoViron at
a low dose was more effective than Keytruda in tumor
suppression, and the efficacy of OncoViron was signifi-
cantly enhanced when in combination with Keytruda
(figure 6A). The PBMC-humanized NCG-hIL15 mice also
died during the observation period, with initially seven
animals in each group, at day 18 after treatment, one
death in each of the blank control group, OncoViron low-
dose group, and Keytruda group, and two deaths in each
of the other three groups. It was predicted that animal
death may be associated with GVHD.

The efficacy of Ad5SVPF11H48-mC3 combined with
PD-1 antibody was tested in the implanted tumor model
of murine colon cancer MC38 in C57-hPD1-humanized

mice. The TIRs of AdbSVPF11H48-mC3 (G2 group),
Keytruda (G3 group),and Ad5SVPF11H48-mC3+Keytruda
(G4 group) were 18.71%, 69.05%, and 88.86%, respec-
tively, at 18 days after the first treatment. The Q value of
drug synergy was 1.19, confirming that the combination
of Ad5SVPF11H48-mC3 and Keytruda had synergistic
effect (figure 6B). Single-cell transcriptome sequencing
was performed for the MC38 tumors, and in total, five
clusters of cell types were identified through clustering
analysis by UMAP (uniform manifold approximation
and projection) dimensional reduction and classical cell
type marker genes. Top25 heat map showed changes in
gene expression profiles (figure 6C). The number and
location of cancer cells in the G4 group were changed,
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Figure 6 Synergistic anticancer effect of OncoViron combined with PD-1 antibody on animal implanted tumor models.

(A) PBMC-humanized NCG mouse model of human pharyngeal squamous cell carcinoma. FaDu cells were injected in the
right axillary of NCG mice at 5x10° cells per mouse. At 8 days after inoculation, PBMCs were intravenously injected into mice
at 2x10° cells per mouse. After tumor formation, mice were intratumorally injected with OncoViron at 5x108 pfu/mouse and
1x108 pfu/mouse in high and low doses of OncoViron, respectively, once every other day, five times. Mice in the Keytruda
group were injected intraperitoneally with Keytruda at 5 mg/kg/mouse, two times a week for 3 weeks. The blank control
group was simultaneously given VPS of 100 uL per mouse each time. Tumor size was measured regularly and tumor volume
was calculated. (B) C57-hPD1-humanized mouse model of murine colon cancer cell MC38 cells. The Ad5SVPF11H48-mC3
group was intratumorally injected with viruses at a dose of 3x10® pfu/mouse, once every other day, five times. Keytruda

was intraperitoneally injected in the Keytruda group and the Ad5SVPF11H48-mC3+Keytruda group, 2.5 mg/kg/mouse, two
times a week for 3 weeks. *P<0.05, **P<0.01. (C) Single-cell transcriptomic profiling was performed for MC38 tumors in the
Ad5SVPF11H48-mC3+Keytruda group (G4) compared with the control group (G1). UMAP plot colored by cluster (left) and
Top25 heatmap of the expression of DEGs (right) between two groups. (D) UMAP and violin map of CNV levels between G1
and G4 groups. (E) UMAP plot of macrophages colored by cluster. (F) M2/M1 polarization score of macrophage clusters.

(G) Representative DEGs in cancer cells (CCL5), T cells (Lag3) and macrophages (CCL5 and Il1b). (H) Spatial transcriptomic
profiling for MC38 tumors in the hPD-1 humanized mouse model. UMAP of changes in the number of eight cell-type

clusters among G1 to G4 groups, and the differentially expression of the representative DEGs (eg, CCL5 highly expressed

in G3 and G4 groups, and CXCL3 and CXCL5 high expression in cluster 6). () UMAP of eight cell-type clusters and spatial
transcriptomic feature plots from representative sections among G1-G4 groups. (J) UMAP plots of CD14+ and CD68+ cells,
spatial transcriptomic feature plots and spot proportion among G1-G4 groups. (K) UMAP plots of CD79b+ and Col1al+ cells,
and spatial transcriptomic feature plots among G1-G4 groups. (L) Enrichment of proinflammatory genes and M1 polarization
levels among the four groups. (M) Spatial colocalization of CD3d+ T cells, CD79b+ B cells and CD68+ macrophagesand

spot proportion among the four groups. (N) Spatial colocalization of CD3d+ T cells, CD79b+ B cells and CD14+ mononuclear
macrophages and spot proportion among the four groups. CCL5, chemokine RANTES gene; CNV, copy number variation; DEG,
differentially expressed gene; ns, no significance; PBMC, peripheral blood mononuclear cell; TIR, tumor inhibition rate; UMAP,
uniform manifold approximation and projection; VPS, virus preservation solution.
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and the increase of fibroblasts was significant (online
supplemental figure S4C). The cell subsets altered
significantly and the copy number variation (CNV) level
of cancer cells in different cell populations was higher
(online supplemental figure S4D,E), and the overall
CNV level in the G4 group was lower than that in the Gl
group (figure 6D). Macrophages in TME were divided
into five clusters, among which cluster 5 was signifi-
cantly increased in the G4 group and expressed CD14
at the highest level, while Lcn2, IIla, Cxcl3, etc, were
upregulated (figure 6E and online supplemental figure
S4F). Cluster 5 in the G4 group also showed obvious M1
characteristics (figure 6F). In the G4 group, except for
the high expression of CCL5 in cancer cells, Lag3 in T
cells was significantly downregulated (figure 6G). The
increased expression of CCL5 and Illa in macrophages,
as well as the changes of transcriptional factor interaction
and HIF-1 signaling pathway regulation (online supple-
mental figure S4G), further indicated the transformation
of macrophages from M2 to M1. The reclustering analysis
of NK&T cells showed that the number of cluster 7 with
natural killer (NK) cell characteristics increased in the
G4 group (online supplemental figure 4H,I). A total of
eightcell clusters were identified by spatial transcriptome
analysis of tumors in the MC38 model. Cluster 2 in each
of the treatment groups decreased compared with the Gl
control group, while cluster 6 significantly increased. In
addition to the high expression of virus-mediated CCL5
in the G3 and G4 groups, CXCL3 and CXCL5 in cluster
6 were significantly upregulated (figure 6H,I, and online
supplemental figure SbA), and Igkc and Saa3 in the
cluster eight were upregulated in all treatment groups
(online supplemental figure S5B). Cluster 2 showed high
activity for hypoxia response, oxidative phosphoryla-
tion process, and HIF-1 signaling pathway, while cluster
6 showed high activity for TNF response, inflammatory
response process, and NF-xB, IL-17, PI3K/Akt, and
TNF signaling pathways (online supplemental figure
S5C). Consistent with the single-cell sequencing results,
spatial transcriptome analysis also found an increase in
the number of CD68+ macrophagesin the treatment
groups, especially focal aggregation of CD14+ mononu-
clear macrophages in the G4 group (figure 6]), and an
increase in CD79b+ B cells accompanied by a decrease
in collagen production in stroma (figure 6K). The G4
sample had high proinflammatory activity and M1 polar-
ization was more obvious (figure 6L). Colocalization of
CD3d+ T cells, CD79b+ B cells, and CD14+ mononuclear
macrophages, as well as colocalization of CD3d+ T cells,
CD79b+B cells, and CD68+ macrophages, showed that
those cells were significantly increased in the two groups
treated with OncoViron (figure 6M,N). Immunohisto-
chemistry showed that in the same region where Onco-
Viron was distributed and expressed mEla, a large area
of cancer tissue necrosis was observed, accompanied by
aggregation of lymphocytes, mononuclear macrophages,
dendritic cells (DGCs), and fibroblasts, forming a third
lymphoid structure in TME (online supplemental figure

S5D), which exerted an in situ synergistic killing effect
on cancer cells, thus enhancing the curative efficacy with
immunotherapy.

We prepared chimeric antigen receptor (CAR) T
cells and demonstrated that neither OncoViron nor
Ad5SVPF11H48-DsRed affected CAR T-cell proliferation
(figure 7A) and cancer killing ability (figure 7B). On the
prostate cancer Dul4b and breast cancer MDA-MB-231
xenograft models in NCG mice, OAVs combined with
CAR T cells showed an enhanced tumor suppression
effect (figure 7C,D). OncoViron had a TIR of 80.19%
(p<0.0001vs control group), and OncoViron+CART
group had a higher TIR of 97.56% (p<0.0001vs control
group) in the Dul45 model, and the MDA-MB-231 model
also showed prolonged survival in all OAV+CART groups
(figure 7E). FCM confirmed that the combination of
Ad5SVPF11-C3 and OncoViron expressing three cytokines
significantly prolonged CAR T survival and increased the
number of CAR T cells in blood (figure 7F,G, and online
supplemental figure S6). By comparison, Ad5SVPF11-C3
promoted CAR T proliferation more strongly than Onco-
Viron. In terms of efficacy, OncoViron was significantly
better than Ad5SVPF11-C3 when they were used alone
(p<0.05), whereas Ad5SVPF11-C3 was slightly better than
OncoViron when combined with CAR T therapy in both
models (p>0.05). The inversion of this result could be
caused by Ad5SVPF11-C3 being more likely to promote
CAR T proliferation and survival than OncoViron. An
increased number of hCD4b5-positive CAR T cells infil-
trated in tumor tissues in the OncoViron+CART group
(figure 7H,I). OncoViron did indeed promote CAR T cell
proliferation and infiltration, forming a synergistic mech-
anism that significantly improved the therapeutic effect.

DISCUSSION

Oncolytic virotherapy has been considered as a branch
of immunotherapy.” Although many types of viruses can
be modified into OVs, adenoviruses are so far the best
choice for development of highly potent OVs with multiple
mechanisms of synergistic anticancer activity due to their
wide range of target cells, no risk of genome integration
mutagenesis, large genome size, and ease to produce in
large quantities.'* One of the mechanisms to achieve OAV-
selective replication within tumor cells is to place adeno-
virus Ela expression under the control of a tumor-specific
promoter. Through previous studies on the specificity of
survivin expression in various cancers’” ™ and the elucida-
tion of the functional role of the HIF-1o. ODD domain,20
we selected the survivin promoter as a regulatory element
for OAV broad-spectrum cancer targeting to enhance viral
specific replication activity at the transcriptional level and
the fusion of ODD within Ela protein as a genetic ON/
OFF switch to ensure that Ela is degraded under normoxia
in normal tissues, which can inhibit viral replication in
normal cells at the translational level. At the same time,
knockdown of Elb-55kD allows OAVs to maintain their
capacity to replicate in tumor cells while sparing normal
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Figure 7 Synergistic anticancer effect of OncoV|ron combined with CAR T cells on animal xenograft tumor models. (A) The
prepared 1x10” CAR T cells were collected and seeded in 24-well plates at 1x10° cells/well. The viruses, OncoViron,
Ad5SVPF11-C3 and Ad5SVPF11H48-DsRed were added at a gradient of MOls, and cells were collected 48 hours later and
stained with CFSE, then fluorescence intensity was detected by FCM and compared with that of the initial CAR T cells.

(B) Kidney cancer OSRC-2 cells were inoculated into RTCA-specific culture plates. After cell adherence, CAR T cells were
added at the effect:target ratio of 1 (CAR T:.OSRC-2=1:1), and the viruses Ad5SVPH48-DsRed and OncoViron were added

at a gradient of MOls, and the killing activity of viruses on OSRC-2 cells was monitored by RTCA. (C) NCG mice were
subcutaneously inoculated with Du145 cells, 3x10° cells per mouse. Mice were divided into groups when tumor formation
reached about 80mm?. In the virus treatment groups, a total dose of 1x10°pfu viruses was intratumorally injected three times,
once every other day. After the second day when finishing virus injections, CAR T cells were injected into the tail vein, 2x10°
cells/200 uL/mouse. The same volume of PBS was simultaneously injected to mice in the blank control group. Tumor size was
measured regularly. (D) MDA-MB-231 model in NCG mice was established and treated with OAVs combined with CAR T cells.
(E) The survival curve of the MDA-MB-231 model. (F) In the Du145 model, peripheral blood of mice was collected at 14 (W2), 21
(W3), 28 (W4), and 35 (W5) days after CAR T infusion, or 33, 40, 47, and 54 days after cancer cell inoculation, and the contents
of CAR T cells were detected by FCM. (G) Histogram of the contents of CAR T cells in blood of Du145 model mice. (H) After the
end of the experiment, Du145 tumor tissues were collected, and the infiltrated hCD45+ CART cells in the tumor tissues were
detected by immunohistochemistry. Original magnification: x40, bar: 50 um. (I) Histogram of the percentages of hCD45+ CART
cells in Du145 tumor tissues. CAR, chimeric antigen receptor; CFSE, carboxyfluorescein diacetate succinimidyl ester; MOI,
multiplicity of infection; OAV, oncolytic adenovirus; PBS, phosphate buffered solution; RTCA, real-time cellular analysis.
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cells.”> OncoViron with the triple-regulatory mechanism
was found to replicate in high copies in many solid tumor
celllines such as liver, breast, gallbladder, and lung cancers,
while their replication activity was generally low in normal
cell lines. On the other hand, the elevated expression of
hypoxia-inducible factor HIF-1a. in solid tumors regulates
the transcription of a range of downstream target genes,
facilitating tumor energy metabolism under hypoxic
conditions, stimulating angiogenesis and tumor growth.
HIF-1o protein has an internal ODD, which controls the
degradation of HIF-1o through the ubiquitin/proteasome
cascade. Under hypoxic environment of tumor tissues, the
HIF-1a protein is protected by ODD and remains stable,
inducing the expression of a series of downstream genes
that promote tumor growth and metastasis.”* Within Onco-
Viron, a fusion of ODD with Ela protein was designed so
as to protect Ela from degradation in TME hypoxic envi-
ronment, thus exerting a viral replicative effect, whereas
Ela was degraded in normal tissue under normoxia to
prevent virus replication. Our cytological experiments
confirmed that the hypoxia-dependent OAVs could initiate
the rigorous, conditional replication within cancer cells
and avoid damaging normal cells. Thus, our designed
cancer-targeting triple-regulation mechanism achieved the
expected safety and efficacy guarantees.

OAV preserves the expression of Ela protein, which
itself has an anticancer effect,23 and Ela mutation can
further release or enhance the anticancer activity.**
Particularly, reasonably deleting part of the E3 region
during OAV construction freed viral loading capacity
and facilitated viral replication and long-lasting gene
expression.”> Among the 52 serotypes of six groups of
human adenovirus family, Ad11 in group B recognizes
a widely expressed complement regulatory protein,
CD46, as its receptor. Replacing Adb fiber knob with
Adl1 fiber knob to construct chimeric Ad5F11 fiber
will enable OAV to also recognize CD46. Theoreti-
cally, this could lead to complete eradication of the
source of tumor recurrence.”” The expression level of
CD46 is higher than CAR in multiple types of cancer
cell lines. The Ad5F11-chimeric OAV had a signifi-
cantly improved infection activity among various types
of cancer cells, especially tumor stem cells with lack
of CAR expression. In addition, Adb is widely found
in nature; most people are already infected and have
a neutralizing antibody that can intercept therapeutic
Adb vectors, therefore diminishing the treatment effi-
cacy. Adenovirus capsid protein hexon is the main
antigen to stimulate neutralizing antibody produc-
tion.”” To help OAVs evade interception of pre-
existing immunity, we selectively chimerized seven
HVRs in Ad5 hexon with the hexon of a rare serotype
Ad48 in group D to form a chimeric hexon Ad5H48;
the Ad5H48-chimeric OAV effectively resisted inter-
ception by neutralizing antibodies produced by wAdb
pre-treatment in mice. Thus, the triple chimeriza-
tion endowed OncoViron with greater infectivity and
viability.

Using OAV as a vector for the transfer of anticancer
genes can facilitate the high copy replication and
efficient expression of anticancer genes specifically
in cancer cells. We loaded three anticancer genes in
the adenovirus E3 region, including two immune-
enhancing cytokine genes (IL-12 and IFN-y) and one
immune cell chemokine gene (CCL5), all of which
have active and direct synergistic mechanisms with
the therapies of immune checkpoint inhibitors and
CAR T/CAR NK cells. During immunotherapy with
PD-1/PD-L1 antibodies, the synthesis and secretion of
IFN-y and IL-12 by DCs trigger T-cell killing activity.*®
However, DCs are often lacking; IFN-y and IL-12 are
not secreted in sufficient amounts in solid tumor
TME. When OAV is loaded with IL-12 and IFN-y and
combines with PD-1 antibody, OAV-mediated cytokine
expression can directly activate killer T cells within
TME, rapidly making PD-1 antibody to exert anti-
cancer efficacy. When in combination with CAR T/
CAR NK therapy, OAV-expressed IL-12 prolongs the
survival of CAR T/CAR NK cells and IFN-y enhances
CAR T/CAR NK Kkilling activity. Of course, 1L-12
and IFN-y themselves have strong anticancer activi-
ties.”” * OAV is loaded with chemokine CCL5, which
can recruit T cells, NK cells, macrophages, and other
immune cells to migrate and accumulate in TME.*" *
When OAYV is combined with PD-1 antibodies, CCLbH
increases the number of tumor-infiltrating leukocytes
(TILs) in TME, synergistically enhancing the killing
effect on cancer cells.”” > When combined with CAR
T/CAR NK, CCL5 not only attracts more CAR T/CAR
NK cells into TME but also promotes the synergistic
enhancement of CAR T/CAR NK function with other
recruited TILs, T cells, NK cells, and macrophages. It
was demonstrated that, along with the selective repli-
cation of OncoViron and the expression of anticancer
cytokines, the specific killing effect of OncoViron on
cancer cells was fully presented and caused a signif-
icant change in gene expression profile in cancer
cells. Thus, the triple-transgene loading in OAV had a
significant killing effect on a variety of solid tumors.

In order to verify the broad-spectrum anticancer
effect and mechanism of OncoViron, we established
implanted tumor models in immunodeficient mice,
immunocompetent mice, and humanized mice, and
the animal experiments confirmed that OncoViron
exhibited better anticancer activity against a variety
of solid tumors. In the C57-hPD1 humanized mouse
model of murine colon cancer MC38 cells, OncoViron
in combination with PD-1 antibody (Keytruda) showed
synergistic anticancer efficacy. In the NCG mouse
model of human prostate cancer Dul4b cells, Onco-
Viron combined with CAR T-cell therapy had highly
significant therapeutic effects; the expressed cytokines
prolonged the survival of CAR T and promoted CAR
T-cell proliferation and infiltration in TME. Single-
cell sequencing and spatial transcriptome analysis of
animal tumor specimens confirmed that OncoViron
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could not only recruit a large number of NK, T cells,
and macrophages to enter into TME but also acti-
vate those immune cells, thus reprogramming TME
and creating favorable conditions for combination
therapy. Although the safety of OncoViron was not
assessed in this study, it has been confirmed by in vitro
assays that OncoViron targets tumor cells strictly and
by in vivo animal studies that OncoViron has no effect
on body weight and life status in mice, providing a
preliminary indication that OncoViron is safe for use
in cancer therapy. Its standardized safety evaluation
study is in progress.

In conclusion, this study developed a novel OAV,
OncoViron, which achieved significant improvement in
both specificity and efficacy. OncoViron can be used as
an immunotherapeutic synergist in combination with
immune checkpointinhibitor therapy and CAR T therapy,
which will improve TME of solid tumors and amplify the
effect of immunotherapy, thus broadening the scope of
OAV application.
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