Molééillar Therapy
Oncolytics
Review

Combining Oncolytic Virotherapy
with P53 Tumor Suppressor Gene Therapy

Christian Bressy,' Eric Hastie,” and Valery Z. Grdzelishvili'

!Department of Biological Sciences, University of North Carolina at Charlotte, Charlotte, NC 28223, USA; 2Department of Biology, Duke University, Durham, NC

27708, USA

Oncolytic virus (OV) therapy utilizes replication-competent
viruses to kill cancer cells, leaving non-malignant cells un-
harmed. With the first U.S. Food and Drug Administration-
approved OV, dozens of clinical trials ongoing, and an abun-
dance of translational research in the field, OV therapy is
poised to be one of the leading treatments for cancer. A number
of recombinant OVs expressing a transgene for p53 (TP53) or
another p53 family member (TP63 or TP73) were engineered
with the goal of generating more potent OVs that function
synergistically with host immunity and/or other therapies to
reduce or eliminate tumor burden. Such transgenes have
proven effective at improving OV therapies, and basic research
has shown mechanisms of p53-mediated enhancement of OV
therapy, provided optimized p53 transgenes, explored drug-
OV combinational treatments, and challenged canonical roles
for p53 in virus-host interactions and tumor suppression.
This review summarizes studies combining p53 gene therapy
with replication-competent OV therapy, reviews preclinical
and clinical studies with replication-deficient gene therapy vec-
tors expressing p53 transgene, examines how wild-type p53 and
P53 modifications affect OV replication and anti-tumor effects
of OV therapy, and explores future directions for rational
design of OV therapy combined with p53 gene therapy.

Oncolytic virus (OV) therapy utilizes replication-competent viruses
to kill cancer cells, leaving non-malignant (“normal”) cells unharmed.
The first correlative observations of tumor regression following viral
infection were reported in the mid-1800s." In the last 20 years, the
development of new genetic techniques has allowed for an explosion
of preclinical and clinical research with almost every major group of
animal virus being tested for OV efficacy against most cancer types.
There are currently at least three OVs approved for clinical use,
including the U.S. Food and Drug Administration-approved” and
The European Commission-approved’ talimogene laherparepvec
(T-VEG; based on herpes simplex virus 1) for inoperable metastatic
melanoma; Riga virus (RIGVIR; based on enteric cytopathic human
orphan virus 7) for melanoma in Latvia, Georgia, and Armenia;*
and Gendicine and Oncorine (both based on adenovirus type 5) for
head and neck squamous cell carcinoma in China.’

Rational OV development aims to generate ideal OVs that are: (1)
highly attenuated in healthy tissues and safe in patients with weak-
ened immune systems (oncoselectivity); (2) highly effective at infect-
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ing and killing cancer cells (oncotoxicity); (3) able to stimulate an
adaptive immune response against cancer cells; and (4) resistant to
premature clearance by the immune system during treatment.
Despite encouraging results, OV monotherapy based exclusively on
virus replication-induced oncolysis often does not demonstrate all
of these desired qualities, especially when tested against virus-resis-
tant malignancies. Today’s hurdles facing OV therapies remain the
same as those described in early®®
methods have been developed to increase the anti-cancer activities
of OVs. Most commonly, OVs are engineered to express an exoge-
nous transgene with anti-tumor activity and/or combined with
standard treatments like radiotherapy or chemotherapy, or with
small-molecule inhibitors of virus-host interactions. Here, we focus
specifically on OVs engineered to encode a transgene for the tumor
protein p53 (TP53). Since its discovery in 1979'" and identification
as a tumor suppressor in 1989,'” p53 has been extensively studied
for its role in suppressing tumorigenesis and explored as a promising
cancer therapeutic.

. 910
and recent reviews. Several

Serving as a tetrameric transcriptional factor,'>'* wild-type (WT) p53
can activate or repress expression of genes involved in DNA damage,
hypoxia, oncogene activation, apoptosis, senescence, cell cycle arrest,
metabolism, necrosis, autophagy, and reactive oxygen species (ROS)
accumulation.'>”"” Importantly, WT p53 can exist in at least 12 iso-
forms, which are generated through different promoters, alternative
splicing, and translation start sites."® Although physical and functional
interactions between these isoforms are not well understood, some of
the them inhibit or stimulate biological activities of WT p53.'® More-
over, to be functional, p53 requires homotetramerization of four sub-
units of p53, and its activities are modified by more than 50 different
posttranslational modifications, including phosphorylation, methyl-
ation, acetylation, glycosylation, ubiquitylation, sumoylation, neddy-
lation, nitration, and poly-ribosylation.'” Additionally, the p53 tumor
suppressor family includes two other members, tumor protein p63
(TP63) and tumor protein p73 (TP73), which share homology with
p53 at the N-terminal transactivation domain, the central core domain
for DNA binding, and the C-terminal oligomerization domain.”
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However, unlike p53, p63 and p73 contain an additional Sterile Alpha
Motif (SAM) domain, which plays a role in protein-protein interac-
tions and in lipid binding.*"** Contrary to p53, the tetramerization
domains of p63 and p73 proteins can lead to the formation of mixed
heterotetramers consisting of p63 and p73, but not p53, subunits.”’
Like p53, p63 and p73 are able to transactivate similar target genes
including p21, BAX, and GADDA45, as well as provoke cell cycle arrest
and apoptosis through various mechanisms.** In addition, p63 and
p73 have the ability to trigger autophagy, senescence, differentiation,
immune system activation, or angiogenesis regulation.”> >’ A better
understanding of the expression, modifications, and tumor suppressor
functions of the known p53 isoforms and p63 and p73 family mem-
bers is essential for the rational development of a p53-based gene
therapy.

WT p53 is a key player in cancer development not only because of its
normal functions as a powerful tumor suppressor, but also through its
devastating roles once mutated, mostly via missense mutations (espe-
cially at hotspots V157, R158, R175, G245, R248, R249, and R273).”
Those mutations have two major consequences: First, they can cause
the loss of function of normal p53 via several mechanisms. In partic-
ular, in the heterozygous form, many mutant p53 proteins show a
dominant-negative effect via heterotetramerization with WT p53,
preventing its normal checkpoint functions.” Second, many p53 mu-
tants acquire gain-of-function oncogenic activities, promoting cell
survival, proliferation, invasion, migration, chemoresistance, tissue
remodeling, chronic inflammation, as well as inactivation of p53 pa-
ralogs p63 and p73, which belong to the same p53 tumor suppressor
2% Not surprisingly,
tumors depleted of the WT p53 gene retain the mutant form of the
protein and thus gain a selective advantage.”* Importantly, although
P53 mutations are present in approximately 50% of cancers, in almost
all cases where WT p53 is retained, its tumor suppressor function is
eliminated via direct binding of two main p53 binding protein groups:
(1) cellular mouse double minute 2 homolog (MDM2) or trans-
formed mouse 3T3 cell double minute 4 (MDM4: also known as
MDMX),”>*¢ or (2) proteins encoded by DNA viruses such as the
E6 protein of high-risk human papillomavirus (HPV).”” Finally, mu-
tations in the conformation-sensitive core domain of p53 induce the
association of p53 with chaperone proteins such as heat shock protein
90 (Hsp90) forming a complex p53-Hsp90-MDM2 and provoking
the MDM2 inhibition leading to the stabilization of p53 mutants.”®

family and are important tumor suppressors.

Various pharmaceutical approaches have been developed to restore
the WT function of p53 mutants (using p53 reactivation and induc-
tion of massive apoptosis [PRIMA-1], SH group-targeting compound
that induces massive apoptosis [STIMA-1], CP-31398, and other
compounds) or to block interactions of WT p53 with MDM2/
MDMX (using nutlin-3a, RG7112, CGM097, SAR405838, and other
compounds).”******® Each of these approaches has its limitations.
For example, it is unclear whether PRIMA-1 and similar compounds
effectively target all mutant p53 variants and whether the tumor sup-
pressor functions of p63 and p73 could be negatively affected by these
drugs. Further, although MDM2/MDMX antagonists may be benefi-

cial in cancers with WT p53 and high MDM2/MDMX expression,
they are unlikely to be effective in tumors with a high prevalence of
p53 mutations, where Hsp90 inhibits MDM2-mediated mutant p53
degradation.38 Moreover, because in the absence of this Hsp90
activity MDM2 is able to inactivate p53,”**"** the use of MDM2/
MDMX antagonists in premalignant lesions may increase the number
of p53 mutant forms and the risk of tumor progression. Indeed, long-
term exposure to nutlin-3a promotes the emergence of p53

. 29,30,40,43
mutations.

Many of these challenges associated with p53 could be more effec-
tively addressed through the development of approaches allowing
successful delivery and expression of the WT p53 transgene in tumor
cells. Unlike the pharmaceutical approaches described above, p53
gene therapy is expected to be effective independently of the p53 tu-
mor status. The history of p53 as a cancer gene therapeutic has been
reviewed.** In brief, in the late 1980s and early 1990s it was known
that treatment of cancer cells with WT p53 resulted in senescence
or apoptosis*® depending on the cancer tested. Dr. Jack Roth (MD
Anderson Cancer Center) was the first to successfully use p53 therapy
in vivo in humans using replication-deficient retroviral vector-driven
expression of human p53 against non-small cell lung carcinoma.*’
The focus of the p53-based cancer gene therapy field then shifted to
replication-deficient adenoviral vectors because of their low risk of
integration into the host genome, the ability of the vectors to inhibit
growth of many malignancies in vitro, and the ability to achieve cost-
effective, large-scale good manufacturing practice (GMP) produc-
tion.** Since then, many clinical trials were conducted using different
p53 expression replication-deficient viral vectors (discussed below),
with thousands of patients receiving the therapies without significant
adverse effects. This approach also had limited success.** To date, no
such therapeutic approach has been approved in the United States.

This review discusses the large number of preclinical studies
combining the benefits of replication-competent OV therapy with
p53 gene therapy in vitro and/or in vivo. First, we highlight how
the expression of WT p53 transgenes improves OV therapy safety
and oncoselectivity, increases oncotoxicity, and augments anti-tumor
effects by promoting the stimulation of anti-cancer immune re-
sponses. We also review strategies to modify and improve p53 activ-
ities to counteract cancer cell resistance to p53 gene therapy. To
facilitate comparisons, we organize OV-p53 viruses (WT or modified
transgenes) (see Table 1) based on their modifications and the issues
they address. Finally, we review preclinical and clinical studies (see
Table 2) that utilized replication-deficient gene therapy vectors ex-
pressing a p53 transgene, with a focus on their prospective use in
the context of OV therapy.

Arming Viruses with WT p53 Transgene to Improve OV Therapy
Improved Safety and Oncoselectivity

An ideal OV must be safe and oncoselective, meaning that the virus
should replicate in cancer cells, but not in normal cells, and that
any negative side effects should be limited. WT p53 endogenous
gene expression was shown to inhibit replication of various viruses
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Table 1. OVs Encoding p53 or p53 Family Members %3
<
Transgene D
Location In Vivo Tumor  Virus Dose 5
Virus Genome in Viral Transgene Cancer Toxicological and Mice (Total) and Therapeutic
OV Name Modifications Genome  Modifications  Targeted Study In Vitro Effects Models Injection Mode In Vivo Effects Combination References
Ela CR2-deleted 1-4 x 10" VP/
24 nt (nt 923- kg (i.v.) for safety
TP53
Adenovirus 946); Ela under between WT gene pharmacology, 1 safety
hTERT under CMV - yes - - 2.5 x 10 VP/kg 1 toleration - >
SG600-p53 Ela and N
promoter; E1b E1b promoter (i.m.) for acute no adverse effects
under HRE cis- toxicity test via one
elements injection
Ela CR2-deleted | tumor growth
24 nt (nt 923— lung s ,g
TP53 . L. 5x10°to2 x 1 necrosis areas
. 946); Ela under WT gene lung, liver, 1 oncoselectivity subcutaneous 9 . i
Adenovirus between ; . 10° PFU (i.t.) 1 p53 level in 168
hTERT under CMV cervical, no 1 p53 expression  xenograft (NCI- )
SG600-p53 Ela and L. via five cancer cells
promoter; E1b promoter pancreas 1 cytotoxicity H1299) BALB/c . . . .
. Elb . injections injected
under HRE cis- nude mice 1 apoptosis
elements pop
Ela CR2-deleted t cell growth
24 nt (nt 923— 1 infectivity ety
. - breast inhibition
946); Ela under TP53 1 viral replication 9 K
A WT gene . subcutaneous 1 x 10° PFU 1 necrosis area
Adenovirus hTERT between T p53 expression . . . 169
under CMV breast no . xenograft (Bcap-  (i.t.) via five 1 viral progeny -
SG635-p53 promoter; E1b Ela and 1 viral progeny N i
. promoter . 37) BALB/c nude injections production
under HRE cis-  Elb production ; .
. mice 1 p53 level in
elements Ad35 1 cytotoxicity cancer cells injected
(shaft + knob) )
t th
1 cytotoxicity gallbladder 1Tnh:!br§ (i)(:ngrow
. Ela under TP53 WT gene 1 oncoselectivity subcutaneous 1 x 10° PFU .
Adenovirus L. gallbladder, . i 1 p53 expression 170
AdSurp-p53 Survivin upstream  under CMV hepatic 1 p53 level xenograft (EH- (i.t.) via five in cancer cells
PP promoter Ela promoter P 1 viral GB1) BALB/c injections .
. . . 1 apoptosis
proliferation nude mice A
1 necrosis area
1 oncoselectivity
1T cytotoxicity
Adenovirus Ela CR1-deleted 1 resistance to
(aa 27-80); Ela  TP53 mutation R HPV E6 94
idgf(o;gm CR2-deleted 24 inE3  (D268N) cervical ne 1 ps3 ND Np ND B
P nt (aa 122-129) transactivation
function in E6-
positive cells
T cytotoxicity
lifting of
Ela CR2-deleted epigenetic
24 nt (nt 923- blockage subcutaneous 3
3 x 10° PFU t th hRNA
Adenovirus 946); shHDAC1 TP73 in WT gene melanoma o 1 apoptosis xenograft (SK- i t><) via three io :::z:rf;t? :gainst 127
OV.shHDAC1.p73 bet E4and fib toph Mel-147) NMRI N
s P etween B2 afl er 1 autophagy ¢ ) injections 1 survival HDAC1

right terminal
repeat

no inhibition

of viral replication
1 viral progeny
production

nude mice
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Table 1 Continued

Virus Genome

OV Name Modifications

Transgene
Location

in Viral Transgene Cancer

Genome  Modifications  Targeted

Toxicological
Study

In Vitro Effects

In Vivo Tumor
and Mice
Models

Virus Dose
(Total) and

Injection Mode In Vivo Effects

Therapeutic
Combination References

Adenovirus

Adps3rc ADP deletion

TP53 in
fiber; E3
deletion

WT gene

lung no

no inhibition of
viral replication
1 viral spread

1 p53 level
exogenous p53 in
the nucleus

1 oncolytic
activity

1 apoptosis

ADP deletion;
E3 deletion

Adenovirus
Adp53W23$

TP53 in
fiber

mutation
(W23S)

lung,

no
colorectal

no inhibition of
viral replication
1 viral spread

1 resistance to
E1b-55kD and
MDM2 nuclear
localization of
P53 no export to
cytosol

1 p53 level

1 p53 half-

life (stability)

1 cytotoxicity
mildly
decreased p53
transactivation

subcutaneous

xenograft (A549)

NCrNU-M nude
mice

1 x 10° PFU
(i.t.) via one
injection

Tumor size
unaffected by p53
expression

1 p53 expression
in cancer cells from
virus-infected areas
P53 nuclear
expression

Ela CR2-deleted
24 nt (aa 122-
129)

Adenovirus
AdA24-p53

TP53
in E3

WT gene

diverse human
cancer cells

1 cytotoxicity

1 early virus
release oncolysis
independent of
Ela binding to
pRb and
independent of
E3 functions

Ela CR2-deleted
24 nt (aa 122-
129)

Adenovirus
AdA24-p53

TP53
in E3

WT gene

neuroblastoma no

1 cytotoxicity
effect
independent of
endogenous p53
cellular status

subcutaneous
xenografts (IGR-
N91, IGR-NB8)
SPF-Swiss
athymic nude
mice

5 x 10° PFU
(i.t.) via five
injections

| tumor growth
1 cell lysis

1 apoptosis

1 fibrous fascicles
1 necrosis areas

(Continued on next page)
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Table 1 Continued

MOINDY

Transgene
Location In Vivo Tumor Virus Dose
Virus Genome in Viral Transgene Cancer Toxicological and Mice (Total) and Therapeutic
OV Name Modifications Genome  Modifications — Targeted Study In Vitro Effects Models Injection Mode In Vivo Effects Combination References
1 cytotoxicity | tumor growth
effect . .
: 1 mice survival
independent of o
subcutaneous no inhibition
endogenous p53 7 . L
Ela CR2-deleted cellular status xenografts 5 x 10" to of viral replication
Adenovirus 24 nt (aa 122 TP53 WT gene glioma, o replication in (IGRGSS, 5 x 10° PFU 1 apoptosis 75
AdA24-p53 n E3 8 glioblastoma P . IGRGI121) SPF-  (i.t.) via five 1 inflammatory
129) normal brain . . N . .
. . Swiss athymic injections cell infiltration
tissue ex vivo, de mice (lymphocyte
but low amount nu ymphocyte,
. macrophage)
of progeny virus .
1 necrosis areas
produced
1 cytotoxicity
with
radiotherapy
no change of viral
replication with | tumor growth
ot s e
Adenovirus Ela CR2-deleted P53 d'itlrl)e . xenograft 1 x 10° PFU detection of
virs 24 nt (aa 122- . WT gene glioma no @ 1 rapy, (U-87MG) (i.t.) via three ctectt radiotherapy '*°
AdA24-p53 in E3 radiotherapy . N exogenous p53
129) SPF-athymic injections .
does not K 1 survival
X nude mice
increase p53 no benefits brought
phosphorylation by exogenous p53
no increase of
p53 on co-
treatment
outcome
1T cytotoxicity
1 resistance to
. MDM2
mutation (2 nt e
substitutions) astric 1 p53 stability
Adenovirus Ela CR2-deleted . 8 ’ 1 p53 half-life
TP53 T > A leading  osteosarcoma, . 172
AdA24- 24 nt (aa 122- . K no mutation - - - -
in E3 to L14Q; lung, ovarian,
p53(14/19) 129) . provokes
T > G leading  astrocytoma
moderate loss
to F19S
of p53
transactivation
function
Ela under
hTERT fused with 11R . b cell growth
i . . 1 x 10° PFU 1 necrotic foci
Adenovirus S7605- promoter; TP53 (polyarginine allbladder o 1 cytotoxicity BALB/c nude (i) via five 1 p53 level %9
11R-p53 absence of EIb  in E3 peptide), CMV 8 1 oncoselectivity mice (EH-GB2) o V v i p
. injections in cells
and its promoter

promoter too

1 apoptosis
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Table 1 Continued

Transgene
Location In Vivo Tumor  Virus Dose
Virus Genome in Viral Transgene Cancer Toxicological and Mice (Total) and Therapeutic
OV Name Modifications Genome  Modifications — Targeted Study In Vitro Effects Models Injection Mode In Vivo Effects Combination References
5% 107 or 5 x 1 virus
‘ TS/A-luc tumor 10® PFU ('i.v.) via iattenuation in
. WT M protein . one injection for immunocompetent
murine blocks host Fells A(mjected toxicity test, mice
VSV-mp53 WT P53 WT gene breast, yes mRNA export LV,‘) in BALB/c increasing doses | cell growth - o
between melanoma . mice and . .
Gand L 1 oncoselectivity BALB/c nude from \ 1 mice s'u'rvwal
1 p53 level mice 1 x 10° to fatal toxicity after
1 x 10° PFU in. injection in
(iv. and in.) nude mice
1 virus
attenuation in
immunocompetent
mice
5% 107 or 5 x L toxicity
TS/A-luc tumor ~ 10% PFU (i.v.) via L ce!l growth
. . M(mut) allows . L 1 mice survival
M (matrix murine host mMRNA cells (injected one injection for 1 anti-tumor
VSV-M(mut)- protein) TP53 breast, iv.) in BALB/c toxicity test, . R 62
. WT gene yes export . . . immunity (IFN, -
mp53 mutations (aa between melanoma 1 oncoselectivity mice and increasing doses CD49b* NK. CD8"
52-54) Gand L 1 ps3 level BALB/c nude from 1 x 10% to T res )’
P mice 1 x 10° PFU (iv. | oponses
and in) | inflammatory
cytokines (IL-6,
IP-10)
fatal toxicity after
i.n. injection in
nude mice
no inhibition of
viral replication
M (matrix TP53 1 oncoselectivity
VSV-p53wt protein) between ~ WT gene pancreas no | IEN response - - - - o7
mutation AM51 G and L (NF-kB inhibition)
nuclear localization
of exogenous p53
no inhibition of
viral replication
1 oncoselectivity
| IEN response
M (matrix P53 o - (NF—KB' inhibition)
VSV-p53CC protein) between ~ Conenic pancreas no counAteract . - - - - o
mutation AM51 G and L p53CC dominant-negative

effects from
endogenous
mutant p53 nuclear
localization of
exogenous p53

(Continued on next page)
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in normal cells in vitro and in vivo via enhanced type I interferon
(IFN) antiviral signaling and apoptosis in infected cells.**">°
example, in contrast with WT mice, p53~'~ mice were highly suscep-
tible to vesicular stomatitis virus (VSV; a rhabdovirus) and suc-
cumbed to VSV infection. Furthermore, a 100-fold increase in VSV
load was observed in the sera of p53~/~ mice compared with WT
mice.*’ Based on these studies, the addition of a p53 transgene to
an OV genome may attenuate the OV in normal cells.

For

The conditionally replicative adenovirus (CRAd) encoding p53
(SG600-p53) has been subjected to a comprehensive safety study by
Su et al.”” The CRAds are replication-competent adenoviruses that
selectively replicate in tumor cells. The restriction of CRAd replica-
tion to tumor cells is generally based on a tumor-specific promoter
controlling the expression of an essential early adenovirus gene or in-
volves mutations in viral genes,***>** allowing CRAds to replicate
in tumor cells, but not in normal cells.®® Su et al.’” investigated
SG600-p53, where the viral Ela gene has a deletion of 24 nt and is
controlled by the promoter of human telomerase reverse transcriptase
(hTERT), the E1b promoter is replaced by a cis-element of five copies
of hypoxia regulatory element (HRE), and the p53 transgene cassette
was inserted between the Ela and E1b genes. Following intravenous
(i.v.) administration of increasing virus doses in mice (1-4 x 10"" vi-
rus particles [VP]/kg) or in cats (2-8 x 10'° VP/kg), no toxic effect
was observed (behavioral, nervous, cardiovascular, and respiratory
systems were examined).”” Further, after the intramuscular (i.m.)
administration of a very large virus dose (2.5 x 10" VP/kg), mice
survived without weight loss or signs of cyanosis, hyperspasmia,
inflammation, or ulceration. Whether SG600-p53 could trigger
anaphylaxis in guinea pigs following several intraperitoneal (i.p.)
and i.v. injections also was tested. No animals died or presented signs
of anaphylaxis. Repeated i.m. injections of SG600-p53 in rats (1-10 X
10" VP/kg) and in cynomolgus monkeys (5-50 x 10'° VP/kg) were
also shown to be safe.”’

Other OVs armed with a p53 transgene were demonstrated to be safe
in animals, including Newcastle disease virus (NDV; a paramyxo-
virus)®' and various recombinant VSVs.” Toxicity studies in mice
showed that after 10 systemic injections of TNDV-p53 (1 x 107
PFU each), the serum from mice showed no changes in serum creat-
inine, aspartate transaminases, alanine transaminases, or blood urea
nitrogen levels, supporting the safety of that virus.”’ However, neither
the CRAd SG600-p53°” nor INDV-p53°" studies investigated specific
contributions of the p53 transgene to the safety of these viruses
because they were not compared with control viruses. This issue
was addressed in a VSV study comparing VSV-M(mut)-mp53 [an
attenuated VSV-M(mut) virus encoding murine p53] against its
parental virus VSV-M(mut).*® The study showed that following i.v.
injection of 10® to 10° plaque-forming units (PFUs), 84% (6/7) of
the mice treated with VSV-M(mut)-mp53 compared with 14% (1/7,
one mouse died unrelated to virus-induced encephalitis) of the
mice treated with VSV-M(mut) survived treatment, indicating that
VSV-M(mut)-mp53 was safer than VSV-M(mut). This study utilized
M(mut), a mutant matrix (M) protein gene of VSV used to improve
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Table 2. Clinical Trials with Replication-Deficient Viruses Encoding p53

Combination with Patients Mode of
Trial ID Phase Cancer Virus Name Treatments/Vaccination (n) Injection Reported Results Dose References
no toxicity (safe) transient gene
adenovirus Zraersifiecr \ifgca?;izteif:e:’focal 1x 107 to 1 x 10" PFU
I lung NSCLC ~ rAd/p53 - 15 it. ‘dﬁ’mw comrzl - ?es o (=75 % 10°t0 7.5 x 102vp) %
(SCH58500) . P . (dose escalation)
untreated tumor sites 2 patients
with SDI 11 patients with PD
advanced no dose-limiting toxicity, safe and
. adenovirus . . efficient four patients with PR two 1 x 10"* VP given four to 173
I solid hyperthermia 15 it . . . . . . .
Ad-p53 patients with CR eight patients with  eight times
cancers . .
SDI one patient with PD
minimal toxicity presence of vector
. aro . .
adenovirus . m 86% OfPauemS apoptosis 1 x 10° PFU to 1 x 10" PFU 174
I NSCLC Ad-p53 - 28 it increased in 11 patients 2 patients iven monthly up to six times
p with PR 16 patients with SDI 7 8 Y P
patients with PD
metastatic adenovirus transient toxicity one patient with 2.5 x 10" VP (four times), or
/1L pancreatic SCH58500 gemcitabine 3 intra-arterial transient SDI one patient with 2.5 x 10" VP (two times), or 129
cancer reduction of tumor burden 7.5 x 10'2 VP (one time)
limited and transient inflammatory
' - ' resp0n§e§ increas‘e of tota}l andA 75 % 10° t0 7.5 x 10> VP for
adenovirus hepatic arterial neutralizing Ab virus delivery in X 1 130
I colorectal - 45 R i i i single dose or 7.5 X 10" to 2.5 x
SCH58500 infusion tumor and liver apoptosis detected 3 .
X i 10" VP for multiples doses
in tumor with an elevated nuclear
expression of p53
mild toxicity transgene expression
adenovirus . . ' fietected lI:A tumor iapoptosm ‘ 1% 105t 1 x 10" VP (dose .
I NSCLC Ad-p53 cisplatin 24 it increased in 11 patients 2 patients escalation)
p with PR 17 patients with SDI 4 on
patients with PD
minimum of toxicity exogenous
. adenovirus ‘ p53t detection inAtun?or c#lls in all 3% 100 3 x 1012 VP (dose o
I glioma Ad-p53 - 15 it patients apoptosis triggering lack of escalation)
(INGN 201) viral widespread no determination
of response to Ad-p53
squamous cell .
carcinoma adenovirus excellent 1-year progression-free 5
I of the oral Ad5CMV-p53 cisplatin + radiotherapy 13 it. survival ratz(92°/) S 2.5 x 10'2 VP (three times) 132
A (INGN 201) 0
cavity
temic toxicity (saf CR
adenovirus docetaxel and . TIO SyS erfuc oxicity (safe) no 2.5 x 102 VP (two times/cycle 176
I breast cancer L. 13 it increase in p53 mRNA local L
Ad5CMV-p53 doxorubicin . during six cycles)
immunomodulator effects
adenovirus ?v?otozitciietr}lltfiv?,itixf:rerjsoiro?edreet:scit:: 1x 10°to 1 x 10" PFU (dose
I HNSCC - 33 it. WO patiens g escalation) 3 x 10'2 PFU/ 77
Ad-p53 six patients with SDI one patient

with CR nine patients with PD

patients (total dose)

(Continued on next page)
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Table 2 Continued

Combination with Patients Mode of
Trial ID Phase  Cancer Virus Name Treatments/Vaccination (n) Injection Reported Results Dose References
. mild toxicity (safe) p53 transgene
adenovirus S . L . 11 13
I bladder SCHS58500 B 2 it, intravesicular  detection in tumor cells high 7.5 x 10 t0 7.5 x 10 VP (one 33
instillation transduction of adenovirus in dose)
(rAd/p53) . .
tumor by intravesical instillation
adenovirus no toxicity (safe) no severe side
. . effects increase of serum adenoviral 7.5 x 10'° to 7.5 x 10" VP 134
/11 ovarian rAd-p53 - 41 ip. i . K i ;
(SCH58500) antibody titers effects virus (single or multiple doses)
tolerated detection of p53 transgene
adenovirus chemotherapy mild toxicity transgene detection in
fit of iral 5 x 10" VP/cycle during th 5
I NSCLC rAd/p53 (carboplatin + paclitaxel 25 it :E:Zr nz:f::io;:ngfe;:gt Z 5c1:s 0 feycle during three 55
(SCH58500) or cisplatin + vinorelbine) Py ¢ ) ) ¥
concerning the survival of patients
tolerated treatment tumor
adenovirus regression at the primary injected
L . tumor increase of BAK gene 3 x 10" to 3 x 102 VP (three 136
I lung Ad-p53 radiation 19 it . . . .
expression 1 patient with CR 11 times)
(INGN 201) . . . .
patients with PR 3 patients with
SDI 2 patients with PD
I lun adenovirus 25 bronchoalveolar  safe low side effects for 5 x 1011 2 x 10° to 2 x 10'2 VP (dose 138
ung Ad-p53 lavage (BAL) VP 16 patients with SDI escalation)
retrovirus no toxic effects increase of
havi 107 CFU (singl Itipl &
I NSCLC aving ps3 - 9 it. apoptosis detection of vector p53 5> 107CFU (single or multiple v
transgene sequence cycles)
(ITRp53A) q
tastati
me las atie adenovirus hepatic artery 1 x 10° to 3 x 10" PFU (dose 178
/11 malignant - 19 . A ND .
i CMV-p53 infusion escalation)
liver tumors
adenovirus no severe toxicities effects virus
. vira . tolerated (no dose limited 3 x 10" to 3 x 10" VP (daily 137
I ovarian Adp53 - 17 ip. s . .
(INGN 201) toxicities) four patients with DS five  for 5 days every 3 weeks)
patients with PD
virus tolerated delay of the disease
NSCLC adenovirus bronchial arterial 58 i.t. or bronchial progression increase patient life 1 x 10" to 4 x 10'> VP (four 179
rAd-p53 infusion (BAI) arterial access quality no benefit on patient times)
survival
57.1% of patients present a
p53-specific T cell response slight
. vaccination with increase of anti-adenovirus
adenovirus . . . S 139
I SCLC Ad-p53 dendritic cells infected 29 intradermal antibodies better response to ND

by Ad-p53

chemotherapy after vaccination one
patient showed a clinical response
to vaccination

(Continued on next page)

MBINSY

Bio Adeseypenosjow mmm



http://www.moleculartherapy.org

62 /10Z8unp G |oA SonAoouQ Adelay] Jenos|oN

Table 2 Continued

Combination with Patients Mode of
Trial ID Phase Cancer Virus Name Treatments/Vaccination (n) Injection Reported Results Dose References
refractory poxvirus Modified virus tolerated no severe adverse
+ 8 8
NCTO01191684 I gastrointestinal ~ Ankara virus vaccination 12 subcutaneous events strons CDS™T cell I x 19 1056 x 107 PFU (dose 1
response against cancer cells escalation)
cancers (p53MVA) R
expressing p53
h 1lul S
NCT00003147 1 cpatocelular 15 CMV-ps3 - - percutancous - ND
carcinoma injection
NCT02418988 1I hepe?tocellular rAd-p53 TACE (trans‘artelr ial - arterial injection  recruiting ND
carcinoma chemoembolization)
oral and
NCT00902083 IV maxillofacial rAd-p53 chemotherapy/surgery - it. - 1 x 10" VP
tumors
. radioactive iodine/ . 12
NCT00902122 IV thyroid rAd-p53 - it. - 1x10°VP
surgery
radio-chemotherapy . 12
NCT02429037 II head and neck  rAd-p53 . . . - it - 2 x 107 VP
(cisplatin/paclitaxel)
malignant intra-chest cavit
NCT02429726 II pleural rAd-p53 cisplatin - R - 2 x 102 vp
R infusion
effusion
poxvirus
recurrent Modified
NCT02275039 1 ovarian . vaccination + gemcitabine - subcutaneous ongoing ND
cancer Ankara virus
(p53MVA)
poxvirus
NCT02432963 1 solid tumors MOdlﬁed, vaccnnat{on + - subcutaneous ongoing ND
Ankara virus pembrolizumab
(p53MVA)
adenovirus vaccination with dendritic
NCT00776295 II SCLC Ad-p53 cells infected by Ad-p53 - unknown - ND
P and T lymphocytes
adenovirus vaccination with dendritic
NCT00049218 I/II SCLC Ad-p53 b cells infected by Ad-p53* - subcutaneous - ND

carboplatin or etoposide

CR, complete response; i.p., intraperitoneal; i.t., intratumoral; mRNA, messenger RNA; NSCLC, non-small cell lung cancer; PD, progressive disease; PR, partial response; SCLC, small cell lung cancer; SDI, stable disease.
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the virus safety profile and maximize activities of the p53 transgene.®*
Several well-studied VSV M mutations [such as a mutation or dele-
tion of the methionine codon at position 51°° ° or mutation of res-
idues 52-54 from DTY to AAA®* in the M(mut)] abrogate M pro-
tein’s ability to inhibit nuclear export of host mRNAs, including
those for antiviral genes induced by VSV infection. Consequently,
VSV recombinants bearing such M mutations cannot inhibit host
gene expression and are highly attenuated in normal cell types, but
they remain very effective in tumors, most of which show various
defects in antiviral responses.”® The utilization of these mutant M
proteins not only improves VSV oncoselectivity, but also allows for
the expression of p53 target genes in cancer cells infected with
VSV-M(mut)-mp53.

Although these studies demonstrated safety of OVs bearing p53
transgenes, over-attenuation of the OVs as a result of the WT p53 ac-
tivities that stimulate antiviral signaling™® °
Indeed, such activities of virus-encoded p53 transgenes in cancer cells
could reduce OV efficacy by decreasing virus oncoselectivity. To
address this important concern, our recent study engineered and
compared VSV recombinants either expressing WT human p53 fused
to near-infrared fluorescent protein (eqFP650, herein called RFP)
(“VSV-p53wt”) or expressing REP only (“VSV”) for the abilities of
these viruses to induce type I IFN signaling in several human pancre-
atic ductal adenocarcinoma (PDAC) cell lines.®” Surprisingly, and in
contrast with the expected enhancement of antiviral signaling by p53,
expression of genes associated with type I IFN signaling pathway was
dramatically attenuated in p53 transgene-expressing cells. For
example, although a 291-fold increase in IFN-P transcripts was de-
tected in cells infected with the VSV recombinant that does not ex-
press p53, only a 25-fold increase in IFN-f transcripts was observed
in cells infected with VSV-p53wt.”” These data suggest that OV-en-
coded p53 can simultaneously produce anti-cancer activities while as-
sisting, rather than inhibiting, virus replication in cancer cells.
Although the exact mechanism of this observation is unknown, our
additional experiments suggested that p53 is likely to inhibit the
type I IEN response via inhibition of nuclear factor kB (NF-«B),
which is usually constitutively expressed in PDAC cancer cells and
is crucial for early IFN-f3 expression and resistance to virus replica-
tion.*® The inhibition of the NF-kB pathway by p53 via several mech-
anisms has been shown, including prevention of NF-kB nuclear
translocation through upregulation of NF-kB inhibitor, IkBao,®’
competition between p53 and NF-kB for common transcription co-
factors,”” or direct binding of p53 to NF-kB (RelA subunit p65) to
prevent its binding to DNA.”' In addition, p53 also can decrease
the IFN response through STATI inhibition, in particular by
increasing the expression of the STAT1 inhibitor suppressor of cyto-
kine signaling 1 (SOCS1).”* Importantly, our study also showed that
recombinant VSVs encoding the p53 transgene were not able to
inhibit antiviral signaling in non-malignant human pancreatic ductal
cells, which retained their resistance to viral infection. The inability of
P53 to inhibit OV replication in cancer cells also was demonstrated
for adenoviruses expressing p53 in vitro.””* One of these studies
compared AdA24 and AdA24-p53 viruses.”* AdA24 carries a 24-bp

remained a concern.
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deletion corresponding to aa 122-129 in the CR2 domain of E1A
necessary for binding to the Rb protein, and it lacks the entire E3 re-
gion, whereas AdA24-p53 also encodes a p53 transgene in place of the
deleted E3 region. In vivo, AdA24-p53 demonstrated the same rate of
replication in subcutaneous xenograft glioma IGRGI21 in athymic
nude mice compared with the parental virus AdA24.”° Similarly,
the inability of p53 to inhibit replication of AdA24-p53 was observed
in IGR-NB8 and IGR-N91 neuroblastoma tumors.”®

Improved Oncotoxicity

One of the major advantages of using p53-armed OVs is their
enhanced oncotoxicity in vitro and in vivo. In this section, we focus
on direct OV-mediated oncotoxicity following virus infection and
replication in cancer cells, with cell death occurring independently
of the activation of adaptive immunity against tumor. Such direct on-
cotoxicity is typically measured in vitro (where immune cells are
naturally absent) or in vivo in athymic mice, typically by testing an
OV against a panel of human cancer cell lines. Most studies exam-
ining the effects of WT p53 transgene expression on OV cytotoxicity
have been conducted using CRAds. The original study analyzing the
effect of human WT p53 on CRAd cytotoxicity was conducted using
AdA24-p53.* The addition of the p53 transgene resulted in virus
cytotoxicity in vitro in 80% of tested cancer cells from different tis-
sues, accelerating cell death by several days and increasing the early
virus progeny release. The CRAd potency was 100-fold higher
when p53 was expressed, regardless of the test cell endogenous p53
status (p53-WT, p53 null, p53-R248Q, or p53-R273H).”*

The same CRAd AdA24-p53, compared with the parental AdA24,
was more potent in killing malignant glioma cell lines”> and neuro-
7% As in the previously described study,”* the in-
crease of viral cytotoxicity was independent of the intracellular p53
status. Interestingly, the glioma xenograft-derived short-term
cultured IGRG121 (primary multiforme glioblastoma) and IGRG88
(malignant oligodendroglioma) cell lines were both sensitive to
CRAds in vitro but responded differently in vivo.”* Indeed, compared
with injections of parental AdA24, intratumoral (i.t.) injections of
AdA24-p53 into IGRG121 xenograft in athymic nude mice led to de-
layed tumor growth, tumor regression, and improved survival.”” Tu-
mor mass showed increased necrosis, lymphatic infiltration, and
apoptosis.”” In contrast, both AdA24-p53 and AdA24 were ineffective
against IGRG88 in vivo. This study highlights certain limitations of
p53-mediated OV therapy.

blastoma cell lines.

WT p53 transgenes also increased cytotoxicity of two other OVs, VSV
and NDV.*¥°%517 1 our recent study, VSV-p53 showed enhanced
killing of the pancreatic cancer cell line SUIT2 compared with VSV
not expressing p53 when these viruses were tested at a low MOL®’
rNDV-p53 encoding a p53 gene provoked stronger suppression of
cell growth in HepG2 human hepatocellular carcinoma cells and
improved early apoptosis by reducing mitochondrial membrane po-
tential, compared with rNDV in vitro.®' In vivo, after i.t. injection,
rNDV-p53 suppressed tumor growth in an H22 murine hepatoma
cell xenograft model in nude mice more efficiently than rNDV,
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notably by stronger apoptosis induction. Importantly, INDV-p53 also
significantly improved the survival of mice.®!

Stimulation of Anti-tumor Immunity

OV therapies aim not only for direct oncolysis of cancer cells
following virus replication, but also stimulation of a host’s anti-cancer
(innate and adaptive) immune responses. Various studies have shown
that beneficial p53 functions include promotion of enhanced anti-tu-
mor immunity, both innate and adaptive.77 Therefore, it was antici-
pated that p53 transgene expression would augment the anti-tumor
immunity to help eliminate the tumor during OV treatment. When
VSV-M(mut)-mp53 was assessed against B16 (F10) melanoma and
TS/A breast cancer cells in vivo,® iv. injections of the virus (5-
50 x 10”7 PFU) protected BALB/c immunocompetent mice from
TS/A tumor by dramatically decreasing tumor burden and improving
survival compared with control VSVs not containing the p53 trans-
gene. Because the in vitro replication levels of VSV-M(mut)-mp53
and VSVs not containing the p53 transgene were similar in cancer
cells, the in vivo tumor burden decrease could be attributed to
VSV-encoded p53-improved anti-tumor immunity. Indeed,
VSV-M(mut)-mp53 increased the number of CD8" cells in the
spleen, as well as the number of T cells secreting IFN-vy. Further,
VSV-M(mut)-mp53 also increased the number of CD49b" natural
killer (NK) cells in the spleen and IFN-f level in the serum. Finally,
VSV-M(mut)-mp53 reduced the production of inflammatory cyto-
kines, such as interleukin (IL)-6 and IFN gamma-induced protein
10 (IP-10; promoters of angiogenesis and cell growth), facilitating tu-
mor clearance.

An enhanced innate immune response against tumor cells was re-
ported for AdA24-p53, which was efficient in vivo against different
neuroblastoma xenografts (IGR-N91 and IGR-NB8) in athymic
nude mice after i.t. injection by provoking the infiltration of inflam-
matory cells such as lymphocytes and macrophages into the tumor
site.”®

Modifying p53 Activities to Improve OV Therapy

OVs Encoding Modified p53 Transgenes

Many strategies have been developed to increase p53 efficacy and
counteract resistance of cancer cells to p53 therapy to improve OV-
p53 therapy. One of the most notable problems of any p53-based can-
cer gene therapy is the ability of many tumors to inhibit virus-en-
coded exogenous p53 activities by cellular proteins such as MDM2
or MDMX,*>”*° or viral proteins such as E6 of HPV.?” Various mod-
ifications of WT p53 have been engineered to prevent such inhibi-
tions. For example, endogenous cellular p53 expression is controlled
by a cellular E3 ubiquitin protein ligase, which regulates p53 expres-
sion through a negative feedback loop. When p53 is expressed,
MDM2 binds to and ubiquitinates p53 to cause its degradation by
the proteasome pathways.®”°*”®”? Such MDM2 activity can inhibit
not only endogenously expressed p53, but also virus-encoded exoge-
nous p53. MDM2 is known to be overexpressed in many cancers like
lung, glioma, myeloma, chronic lymphocytic leukemia, B cell lym-
phoma, and osteosarcomas cancer cells.?* In addition to MDM2,

the adenoviral proteins E1b55K and E4orf6 assemble an E3 ubiquitin
ligase complex together with cellular proteins Cullin 5 and Elongin
B/C, and, similarly to MDM2, induce p53 degradation.®>**%"%>
Thus, cancer cells, via MDM2 overexpression or when infected by
E1b-55Kd-expressing adenoviruses, develop resistance to exogenous
p53, decreasing the efficacy of p53-based gene therapy. To address
this issue, Sauthoff et al.*> engineered an oncolytic adenovirus encod-
ing a p53 transgene with amino acid (aa) 23 mutated from tryptophan
to serine (W23S) (Figure 1). Although p53 interacts with MDM2 via
aa 19, 23, and 26, the W23S change was sufficient to abrogate binding
between both proteins.** Importantly, the same mutation also pre-
vented E1B-55Kd-mediated degradation of p53, but did not decrease
the p53 capacity to transactivate its target genes such as p21, which
is important for the promotion of the anti-tumor effects of p53. In
addition, this mutation did not inhibit the infectivity of the oncolytic
adenovirus.”’ In agreement with the improved qualities of the
p53-W23S protein, the adenovirus Adp53W23S was more efficient
in vitro in several tested cell lines compared with the Adp53 (encodes
WT p53) and Ad-co viruses (a control adenovirus not encoding p53).
However, in an A549 lung tumor xenograft tumor model, tumor size
was unaffected by p53 expression. It is likely that the failure in vivo
was due to a possibility that p53-W23S, although resistant to
MDM?2 and E1B-55Kd, remained sensitive to the activities of two
other adenoviral proteins, E1b-19Kd or Ela, both known to oppose
p53 functions. Indeed, E1b-19Kd is known to be an inhibitor of
p53-dependent apoptosis.”*”>*>*® In addition, two cellular proteins,
p300 or p400/TRAPP, are cofactors of p53 and also can be inhibited
by Ela, leading to a loss of p53 function.*” *" Whether Adp53W23S
was impeded by sensitivity of p53-W23S to those adenoviral proteins
should be addressed in future studies with adenovirus-based OVs.

In addition to p53-W23S, other rationally designed p53 transgenes
have been used in OVs. The AdA24-p53(14/19) encodes a p53
mutant with two aa substitutions (L14Q and F19S), which results
in the resistance of p53 to MDM2-mediated degradation.”® AdA24-
p53(14/19) was tested in different cancer cells known to overexpress
MDM2, such as MNNG-HOS and MG-63 osteosarcoma, A2780
ovary carcinoma, MKN45 gastric adenocarcinoma, and SF763 astro-
cytoma cell lines. Compared with AdA24 and AdA24-p53, AdA24-
p53(14/19) was 10 times more efficient in killing these cell lines,
although p53(14/19) was less effective in transactivation of target
genes, compared with WT p53.

Another challenge to p53-based gene therapy is the expression of p53
targeting viral oncoproteins in many cancer types, originated from
previous viral infections, notably high-risk HPV-encoded E6 onco-
protein. The HPV E6 protein is known to promote cell proliferation
by stimulating degradation of p53 via the formation of a trimeric
complex comprising E6, p53, and the cellular ubiquitination enzyme
E6-AP.”’"” Such E6-expressing tumors are expected to be highly
resistant to p53-based therapy. To prevent E6-mediated p53 inactiva-
tion, Heideman et al.”* used an oncolytic adenovirus AdCB016 en-
coding a mutant of murine p53 (mp53) called mp53(268N), where
an aspartate residue was substituted by asparagine at the position
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Figure 1. Schematic Representation of the p53
Family Members Described in This Review

(A) Modifications of p53 to increase the WT p53 efficacy
and counteract resistance of cancer cells to OV-p53
therapy. The different domains of WT p53 are shown. The
amino acid residues substituted in some p53 mutants are
shown in red, whereas the non-modified residues are
indicated in black. (B) Schematic representation of p63
and p73 proteins, which share some domains with p53,
but also contain the Sterile Alpha Motif (SAM) domain. The
anti-apoptotic isoform of p73 (ATAp73) is overexpressed
in metastatic melanomas, and it can oppose the proapo-
ptotic functions of p53 and full-length p73. To counteract
ATAp73, we used a transcriptionally active form of p73
(isoform TA-p73B). 11R, 11 polyarginine peptide; CC,
coiled-coil; NLS, nuclear localization signal.
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268 of p53 to evade E6. The data indicate that this mutation did not
inhibit transcriptional activity of mp53(268N) but prevented its inter-
action with HPV E6 protein. The mp53(268N) had the same transac-
tivation activities as WT p53 in the HPV-negative SaOs-2 cells,
whereas mp53(268N)-mediated transactivation was 30-fold more
efficient in the HPV-positive cells (SiHa, CaSki, HeLa cells, and
HPV16 E6-expressing Sa0s-2).”* It should be noted that the
AdCB016-mp53(268N) virus, in addition to the successful expression
of functional p53, exhibited preferential replication in HPV E6/E7-
expressing keratinocytes compared with normal keratinocytes. This
is due to two deletions in the adenoviral E1A protein, one in the
CR2 domain to prevent sequestration of cellular retinoblastoma pro-
tein (pRb) from E2F by HPV E7, and another one in the CR1 domain
to abolish E1A binding to p300 histone acetyl transferase (required
for adenoviral replication), which can be functionally complemented
by HPV E6. Therefore, AACBO16 can preferentially replicate in HPV
E6/E7-expressing cells.”

Another challenge for p53 gene therapy is the expression of endoge-
nous p53 dominant-negative mutants in many cancer types. Mutant
p53 proteins show a dominant-negative effect via heterotetrameriza-
tion with WT p53, preventing its normal checkpoint functions.’’
Several approaches may be applicable to address this challenge,
although most are not yet tested in the context of OV therapy. For
example, Okal et al.”® engineered a chimeric p53-CC, which evades
the dominant-negative activities of endogenously expressed mutant
p53. Similarly to the C terminus of WT p53, the CC domain of the
Ber protein allows for formation of antiparallel tetramers, but unlike
the C terminus of WT p53, the CC domain is not a binding site for
endogenous mutant p53.”° As a result, the chimeric p53-CC protein
was shown to evade endogenous dominant-negative p53 and restore
p53 activity better than WT p53 in vitro.”® In our work, we adopted
this p53 design to generate VSV expressing either WT p53 or
p53-CC.%" The VSV-directed p53-CC was tested in several pancreatic
cancer cell lines and demonstrated better transactivation activities
compared with VSV-directed WT p53. Although both WT p53 and
p53-CC inhibited type I IFN response in cancer cells, but not normal
cells (likely via blocking the NF-«kB pathway), the p53-CC transgene
did so more effectively.”’

Finally, an interesting approach was used by Takenobu et al.”” to in-
crease the efficacy of the exogenous p53 by fusing it to a cell-pene-
trating peptide (CPP), 11R (11 polyarginine peptide). CPPs are
used in gene therapy applications to facilitate cellular intake/uptake
of various molecules (from small molecules and large fragments of
DNA or even whole proteins) through endocytosis.”® The engineered
adenovirus virus, SG7605-11R-p53, tested in gallbladder cancer cell
lines in vitro and against EH-GB1 xenografts in vivo in mice, demon-
strated that infection with p53-11R fusion improved the anti-tumor
effect and prolonged survival, compared with control viruses.” The
mechanisms of this improvement are unclear. It is possible that after
successful replication of SG7605-11R-p53 in infected cells, a large
amount of p53-11R was produced, released, and, because of 11R,
was able to enter uninfected cells to improve the bystander effect.

Combination of OV-p53 Transgene with Radiotherapy

Because p53 has been shown to enhance the effects of radiotherapy
(radiosensitization),'®° 1% Idema et al.' tested the combination of
OV with radiotherapy against glioma cancer cells in vitro and in vivo.
Either AdA24 or AdA24-p53 and radiotherapy increased anti-tumor
efficacy compared with each single treatment, both in vitro and
in vivo. In vitro, AdA24-p53 was more effective against glioma cells
than the control AdA24, and the combination of radiotherapy with
AdA24-p53 caused an increase in the percentage of apoptotic cells.
In contrast, although OV and radiotherapy combinations increased
anti-tumor efficacy compared with each single treatment in vivo,
no differences between viruses could be seen. Although this study
highlights that AdA24 or AdA24-p53 combined with radiotherapy
can eradicate tumors, which would otherwise escape OV monother-
apy, the authors concluded that this additive effect was not due to the
p53 transgene expression.'*°

Lessons from Preclinical and Clinical Studies Using Replication-
Deficient p53 Gene Therapy Vectors

Expressing Other p53 Family Members

Although several approaches to overcome the exogenous p53 inacti-
vation in tumors were described above, another approach uses other
members of the TP53 gene family, p63 (TP63/p51/p73L/p40) or p73
(TP73), each presenting unique advantages. For example, p63 and p73
can arrest the cell cycle in G1 phase via upregulation of p21 and p57/
Kip2 transcripts. Moreover, p63 and p73 can trigger intrinsic
apoptosis via the induction of Bax and PUMA proteins, leading to
BAX translocation to the mitochondria, cytochrome c release, and a
decrease in the mitochondrial membrane potential.'””"'*’ Impor-
tantly, p73 and p63 can also induce cell death in a p53-independent
manner through the upregulation of scotin, a trans-membrane pro-
tein that causes endoplasmic reticulum (ER) stress.”®9%10%110 o
the other hand, p63 and p73 also act on the extrinsic apoptosis
pathway by inducing the expression of death receptors like TRAIL-
R1/R2, TNF-R1, and FAS.**%!0010710%11 Thyg, p63 or p73 therapy
could complement the apoptosis triggered by the endogenous p53 or,
in the case of p53-deficient cancer cells, allow the induction of
apoptosis in a p53-independent manner. Kunisaki et al.''* showed
that the overexpression of p53 and p63 by adenoviral transduction
in EBC1 lung cancer cells led not only to an improved suppression
of cell growth in vitro, but also in vivo via apoptosis induction. Unlike
p53 and p73, p63 interacts very weakly with MDM2 and has strong
anti-tumor activities even in cancer cells overexpressing MDM2."!
Also, the oncoproteins E6 and E1B-55Kd are not able to inactivate
the p73 transgene encoded by an adenoviral vector, which is still active
against cervical cancer cells overexpressing HPV E6.""”™'"” Similarly,
Das et al.''*''® demonstrated that a replication-deficient adenovirus
(Ad-p73) bearing a TP73 transgene showed stronger growth inhibi-
tion of HPV 16 E6-expressing cells, but also other human cancer cells
via a cell cycle Gl phase arrest, and increased apoptosis, with an
increased p21 expression noted after infection by Ad-p73.

In contrast with p53, which is often mutated and inactivated in hu-
man cancers, only a few mutations have been reported for p63 or
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p73.%° For example, the N-terminally truncated p73a (ANp73a, lacks
its transactivation domain) is overexpressed in some cancers (e.g.,
breast, lung, neuroblastoma, vulval, and ovarian), and this mutant
is associated with a poor prognosis in patients. Indeed, ANp73a
cellular expression impairs the abilities of p53 and p73 to transacti-
vate target genes, which leads to apoptosis resistance. This truncated
form of the p73 protein has been assessed in immunotherapy to over-
come immune tolerance and to develop an anti-tumor response. Hu
et al.'"” showed that immature dendritic cells transduced by a
ANp73a recombinant adenovirus presented the tumor-associated
antigen ANp73a to lymphocytes, which in vitro provoked a specific
immune cytotoxic T lymphocyte (CTL) response against A549,
K-562, and MCF7 cancer cells expressing high levels of ANp73a.
Moreover, metastatic melanoma cells typically overexpress the p73
isoform ATA-p73, which is associated with impaired apoptosis and
resistance of chemotherapy.'”” To overcome the ATA-p73 effects,
Tuve et al.'*! infected melanoma cells with an adenovirus bearing
the isoform TA-p73f gene capable of producing a transcriptionally
active form of p73, which evaded the effects of the endogenous
ATA-p73 effects in vitro and in vivo, and increased melanoma che-
mosensitivity through the induction of p21.

Combining p53-Based Gene Therapy with Histone Deacetylase
Inhibitors

Histone deacetylase inhibitors (HDAC:I) are classified as chemother-
apeutic agents showing high efficiency against various cancers. For
example, HDACi could enhance gene therapy with transgenes encod-
ing p53 family members. Generally, HDACi induce hyperacetylation
of nucleosome core histones, which results in transcriptional activa-
tion and expression of genes that may inhibit tumor cell growth.'**
Moreover, HDACi have been shown to induce acetylation of non-his-
tone proteins, including p53,'* thus inducing anti-cancer activity in a
histone-independent manner. Sasaki et al.'** investigated the combi-
nation treatment of HDACi FK228 (depsipeptide FR901228) with
Ad-p53, Ad-p63, or Ad-p73 and determined that FK228 provoked
hyperacetylation of the Ad-p53-encoded exogenous p53 protein.
Acetylation of p53 was previously shown to be important for activa-
tion of p53-targeted gene expression and apoptosis induction.
addition, the same study showed that FK228 treatment increased
the expression level of the exogenous p53 in MKN45 cells. The in-
creases in p63 and p73 expression levels were also detected in the
presence of FK228 for Ad-63 and Ad-73 vectors, respectively. Pre-
treatment of MKN45 and SW480 cells with FK228 also greatly
enhanced apoptosis and sensitized the cells to adenoviral infection.
The increase in apoptosis resulted from a combination of FK228
with a recombinant adenovirus, which triggered BAX translocation
from cytosol to the mitochondria. FK228 also increased expression
levels of the coxsackievirus adenovirus receptor (CAR, often downre-
gulated in cancer cells), leading to an enhanced infection. Further-
more, FK228 improved the effects of p53 and p63 transgenes
(Ad-p73 was not tested) in vivo in MKN45 xenografts.'**

125
’In

Another HDACI, suberoylanilide hydroxamic acid (SAHA), also was
shown to ameliorate adenovirus infection by increasing expression of
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CAR.'?® Moreover, SAHA complemented the effects of adenoviral
vectors bearing a p63 or a p73 transgene to kill head and neck squa-
mous cell carcinoma (HNSCC) cell lines via apoptosis by an
enhanced expression of p21 and cleaved-Poly(ADP-Ribose) Polymer-
ase 1. In addition, the effect of SAHA was specific to cancer cells,
showing no toxicity in normal fibroblasts.'*°

The approaches using HDACi described here have been tested mainly
in the context of gene therapy using replication-deficient viral vectors.
However, one study tested a replication-competent OV to genetically
downregulate HDAC. In this study, Schipper et al.'*” made an onco-
lytic adenovirus OV.shHDAC1.p73 encoding both the p73 transgene
and small hairpin RNA (shRNA) against histone deacetylase 1
(shHDACI), and they tested this virus in vitro and in vivo. The study
showed that the presence of shtHDACI and p73 enhances cell cyto-
toxicity by promoting apoptosis via caspase-3 cleavage and triggering
autophagy in infected cells, which led to increased production of virus
progeny in vitro in SK-Mel-147 and SK-Mel-103 cells. In vivo, i.t. in-
jection of OV.shHDAC1.p73 (10® PFU) into subcutaneous tumors es-
tablished from human SK-Mel-147 melanoma cells in nude mice
showed a complete tumor regression within 17 days after treatment
and showed an enhanced anti-tumor efficacy compared with the con-
trol viruses. The treatment with OV.shHDACI1.p73 also prolonged
mouse survival, and no recurrence of tumors was observed within
16 weeks."””

Lessons from Clinical Trials Using Replication-Deficient p53
Vectors

Because numerous studies demonstrated an improved anti-tumor ef-
ficacy of viral vectors encoding a p53 transgene in preclinical models,
different clinical trials were performed in cancer patients (summa-
rized in Table 2). To the best of our knowledge, all clinical trials
used replication-deficient viral vectors. The first phase I clinical trial
was conducted with the retroviral vector (ITRp53A) against lung can-
cer. The retrovirus encoding WT p53 was injected i.t. (5 x 10’ CFU)
and was safe and well tolerated by patients. The p53 transgene expres-
sion directed by the retroviral vector was detectable in tumors and re-
sulted in increased apoptosis.”’” Nine patients were treated: three
showed tumor growth stabilization and three showed minor tumor
regression. Although these results seem promising, the safety limita-
tions of the retroviral vector system shifted the focus of p53-based
gene therapy to other vectors. Most of the subsequent trials used
adenoviral vectors SCH58500 or INGN201 containing a WT p53
transgene.'**"'*” Both SCH58500 (Schering-Plough) and INGN201
(also known as Advexin; Introgen Therapeutics) contain a WT p53
expression cassette in place of the Ad E1 region, with WT p53 gene
under the control of the human cytomegalovirus promoter. These
vectors were tested against various tumors such as lung, glioma, neu-
rinoma, breast, pancreas, colorectal, bladder, ovarian, head and neck,
thyroid, liver, skin, or liposarcoma and were delivered as a single
agent or in combination with chemotherapy and/or radiotherapy
(Table 2). Most of those clinical trials were phase I or II, but two phase
IV trials are ongoing with the adenoviral vector rAd-p53 against oral-
maxillofacial (NCT00902083) and thyroid (NCT00902122) tumors.
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Adenoviral vectors were injected at different doses depending on the
administration route. The i.t. route was most commonly used with an
OV dose ranging from 1 x 10° to 7.5 x 10'* VPs. Other injection
routes were also utilized such as intra-arterial (7.5 x 10° to 7.5 x
10" VPs) or ip. (3 x 10'° to 7.5 x 10> VPs). Regarding bladder
and lung cancer, the adenoviral vectors were transmitted by intrave-
sicular instillation (7.5 x 10 to 7.5 x 10 VPs)"**> and bronchoal-
veolar lavage (2 x 10° to 2 x 10" VPs),"*® respectively. Finally, a
recent clinical trial used percutaneous injections against hepatocellu-
lar carcinoma (NCT00003147). In most cases, the rAd-p53 vector was
safe, well tolerated by patients, and lacked severe toxicities. However,
some transient side effects like fever, leucopenia, nausea, and an in-
crease of bilirubin were observed. Concerning the anti-tumor effects,
the therapeutic vector reached the tumor site despite the presence of
adenoviral neutralizing antibodies and promoted p53 transgene
expression detectable in the nuclei of cancer cells, likely leading to
increased apoptosis. Consequently, the majority of patients who
received OV therapy displayed a regression of tumor mass or a tran-
sient stabilization of their disease.

Another strategy tested in clinical trials was to vaccinate cancer pa-
tients with dendritic cells isolated from the same patients and infected
ex vivo by a recombinant virus encoding WT p53."*” The goal was to
stimulate the adaptive immune system, specifically the CD8" T lym-
phocytes, to provoke a specific anti-tumor response against tumor
cells overexpressing high levels of p53. Indeed, unlike WT p53, which
has a short half-life and is weakly expressed in normal cells, mutant
p53 has a prolonged half-life and is overexpressed in cancer cells.
Many studies show that such immunization of animals with WT
P53 (using viral or non-viral delivery) results in a substantial CTL
response against tumor cells not only expressing WT p53, but also
mutant p53 genes, with no signs of autoimmune reactions to normal
cells."**"'*® Translating this approach to the clinic, we used dendritic
cells infected by rAd-p53 in a phase I trial against small cell lung
cancer (SCLC) via intradermal injections."*” In this trial, 57.1% of pa-
tients developed a p53-specific CTL response, and one patient showed
a clinical response (a 60% decrease in the size of all of her measurable
lesions) after vaccination. In addition, similar clinical trials (phase
I/IT) were recently performed on SCLC by combining vaccination
of dendritic cells infected by rAd-p53 with T lymphocytes
(NCT00776295) or with chemotherapy like carboplatin or etoposide
(NCT00049218) in an attempt to improve the anti-tumor response.

The p53 vaccination strategy also was used in a phase I trial with a
direct administration of a Modified Vaccinia Ankara virus (p53-
MVA). p53-MVA is an attenuated vaccine strain of a poxvirus en-
coding WT p53."* In this trial (NCT01191684), 1 x 10° to 5.6 x
10® PFU was administrated subcutaneously in 12 patients with re-
fractory gastrointestinal cancers. The virus was well tolerated with
no strong side effects, and a high CTL cell response was observed
against tumor cells expressing p53. However, this effect was tran-
sient, suggesting that p53-MVA requires combination with immu-
nomodulatory agents to deliver clinical benefit.'*” Currently, two
other phase I trials are planned for patients having solid tumors

(NCT02432963) and recurrent ovarian cancers (NCT02275039) by
combining p53-MV A vaccination and chemotherapy such as gemci-
tabine or pembrolizumab.

Conclusions

Important advances have been made in combining OV therapy with
p53 gene therapy. Despite some interesting observations in replica-
tion-deficient viral vector clinical trials, the therapeutic effects of
p53 gene therapy have been limited. Some of the failures may be
attributed to the nature of gene therapy (use of replication-deficient
viral vectors, biology of adenovirus-based vectors), rather than limi-
tations of p53. By design, replication-deficient viral vectors are unable
to spread within the tumor, and they exert their effects in proximity of
the injection site. With regard to the adenoviruses (replication-defi-
cient vectors or replication-competent OVs), efficacy is often limited
by virus capture by the reticuloendothelial system (RES), notably by
Kupffer cells (KCs) in the liver'**'** and by pre-existing serum an-
tibodies.'**'**!°>1>* Also, adenovirus infection can be restricted by
the low expression of the CAR in many tumors.">> '®

In our opinion, replicating OV-p53 viruses based on other viruses (or
adenoviruses with a modified tropism) could be more relevant in
future clinical trials, because they may spread within the tumors
amplifying p53 expression and increasing oncolysis. Moreover, repli-
cating OVs could improve the anti-tumor response by the lysis of tu-
mor cells to allow the release of numerous anti-tumor antigens into
the tumor microenvironment. These antigens could be processed
and potentially lead to sustainable adaptive immune responses.
Finally, during in vivo treatment, OV-p53 could infect dendritic
and T cells and could stimulate an adaptive immune response against
cancer cells overexpressing mutant p53, essentially vaccinating
patients. Thus, OV-p53 therapy can simultaneously achieve direct
oncolysis and anti-tumor immunity (against several tumor-specific
antigens, including mutant p53).

We think that several approaches with p53 transgenes successfully
tested with replication-deficient vectors could be tested in the context
of OV therapy. Most of the previous studies tested OV that encode a
major variant of the WT p53. As mentioned above, WT p53 has at
least 12 isoforms, and they could be compared for the anti-tumor
effects as OV-encoded transgenes. Moreover, WT p53 variant se-
quences could be used to generate p53 with posttranslational modifi-
cations that may increase efficacy. We envision a rationally designed
p53 with a modified DNA binding domain to target and turn off
cancer-specific gene regulatory sequences, like vi-Ki-ras2 Kirsten
rat sarcoma viral oncogene homolog (KRAS), such that the therapy
may slow cancer growth and spread. Additionally, p53 fusions with
other proteins or protein domains could be tested.

Although most of the studies used human p53, comparison with an-
imal orthologs likely would yield additional knowledge. Also, further
investigations of OVs encoding p63 and p73 will improve OV-p53
therapy, and it will be useful to test whether their co-expression
from the same OV could provide an additive therapeutic effect.
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Furthermore, it would be ideal if p53 transgene expression could be
controlled with an on and off switch. Niopek et al."*” recently showed
that the activity of p53 fused to a light-inducible nuclear export sys-
tem (LEXY; based on a single, genetically encoded tag) can be
controlled by light. This and other p53 variants could be tested in
the context of OV in a variety of available in vitro and in vivo systems.

We anticipate that more studies will be conducted combining
OV-p53 viruses with chemotherapy or small-molecule inhibitors tar-
geting endogenously expressed mutant p53 and/or MDM2/4. Other
therapeutic strategies could be developed to promote mutant p53
degradation. Indeed, we have already highlighted above that p53 mu-
tants can be stabilized in cells notably via the formation of MDM2-
Hsp90-p53 complex leading to MDM2 inhibition. However, to be
functional this complex requires an interaction with HDAC6.'*
This is why an OV bearing a p53 transgene and a shRNA sequence
against HDAC6 could be useful to impair the complex MDM2-
Hsp90-p53 formation and promote the degradation of p53 mutants
by MDM2 or by other chaperone-associated E3 ubiquitin ligase
such as CHIP."*"'*> OV-p53 also could be combined with other mol-
ecules capable of blocking the pathways regulated by mutant p53. For
example, mutant p53 was shown to be responsible for abnormal ar-
chitecture of breast tumors, and the use of statins demonstrated
that this abnormality was a result of mutant p53-induced upregula-
tion of the mevalonate (cholesterol synthesis) pathway in the tumor
cells.'®® This mechanism may explain why statins, which are well es-
tablished in the clinic to treat hypercholesterolemia, have been shown
to exhibit anti-cancer activities in several studies.’> Also, some studies
demonstrated that p53 mutants can stimulate tumor growth via acti-
vation of several kinases, including epidermal growth factor receptor,
a mesenchymal-epithelial transition kinase, as well as a mitogen-acti-
vated protein kinase.'®*~'%” Therefore, the use of statins or the inhib-
itors of these kinases in combination with OV encoding p53 could
provide additional benefits.

Although speculative, the ideas mentioned above highlight the vast
expanse of preclinical research yet to be explored. What is certain,
however, is that the marriage of OV's and p53-based therapies is pro-
gressing and will lead to important clinical successes.
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