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Abstract

The great hopes raised by the discovery of the
immunoregulatory cytokine interleukin 12
(IL-12) as an anticancer agent were marred
during early clinical experimentation because
of severe adverse effects, which prompted a
search for alternative formulations and routes
of administration. Onco-immunotherapeutic
viruses (OIVs) are wild-type or genetically
engineered viruses that exert antitumor activ-
ity by causing death of the tumor cells they
infect and by overcoming a variety of immu-
nosuppressive mechanisms put in place by the
tumors. OIVs have renewed the interest in
IL-12, as they offer the opportunity to encode
the cytokine transgenically from the viral
genome and to produce it at high concentra-
tions in the tumor bed. A large body of evi-
dence indicates that IL-12 serves as a potent
adjuvant for the immunotherapeutic response
elicited by OIVs in murine tumor models. The
list of OIVs includes onco-immunotherapeutic
herpes simplex, adeno, measles, Newcastle
disease, and Maraba viruses, among others.

The large increase in IL-12-mediated adjuvan-
ticity was invariably observed for all the OIVs
analyzed. Indirect evidence suggests that
locally delivered IL-12 may also increase
tumor antigenicity. Importantly, the OIV/
IL-12 treatment was not accompanied by
adverse effects and elicited a long-lasting
immune response capable of halting the
growth of distant tumors. Thus, OIVs provide
an avenue for reducing the clinical toxicity
associated with systemic IL-12 therapy, by
concentrating the cytokine at the site of dis-
ease. The changes to the tumor microenviron-
ment induced by the IL-12-armed OIVs
primed the tumors to an improved response to
the checkpoint blockade therapy, suggesting
that the triple combination is worth pursuing
in the future. The highly encouraging results
in preclinical models have prompted transla-
tion to the clinic. How well the IL-12-OIV—
checkpoint inhibitors’ combination will
perform in humans remains to be fully
investigated.
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4.1 IL-12, Basic Features

Interleukin 12 (IL-12) is a proinflammatory and
immunoregulatory cytokine discovered indepen-
dently by two laboratories 30 years ago [1-3].
Structurally, IL-12 (p70) is a disulfide-linked het-
erodimer of IL-12A (p35) and IL-12B (p40) sub-
units, shared with two additional members of the
IL-12 family, IL-35 and IL-23, respectively [4].
IL-12 is expressed and secreted by activated mac-
rophages, dendritic cells (DCs), microglia,
monocytes, neutrophils, and B cells in response
to microbial infections and malignancies [5].
IL-12 binds the IL-12 receptor (IL-12R), a betal-
beta2 heterodimer type I cytokine receptor
expressed by a number of cells, including natural
killer (NK), activated T, and natural killer T
(NKT) cells, DCs, B cells, and macrophages [6—
9]. Each of these cells responds to IL-12 through
specific signaling pathways and responses.
Shortly after the IL-12 discovery, it was recog-
nized that IL-12 exerts a strong adjuvant effect
with antipathogens [10] and anticancer vaccines
[11, 12]. This cytokine promotes the secretion of
interferon gamma (IFNy) by NK, T, and B cells
[13] and additional proinflammatory cytokines,
including tumor necrosis factor alpha (TNFo)
and granulocyte-macrophage colony-stimulating
factor (GM-CSF). In turn, these molecules target,
recruit, and activate effector cells of the innate
immune response, and, together, they make I1L-12
a master regulator. Importantly, IL-12 provides a
link between the activation of innate and adaptive
responses by priming Thl cells for activation.
The latter is a key part of the anticancer response,
as it promotes the reactivation of memory CD4+
T cells and their repolarization from tumor-
permissive Th2 to antitumor Th1 cells [14]. IL-12
also triggers NK and CD8+ T-cell activation, pro-
liferation, and differentiation [15], leading to the
generation of cytotoxic T cells (CTLs).
Specifically, the cytokine primes macrophages
for antigen presentation [8] and their M2 to M1

repolarization [16] promotes DC maturation and
activity [17] and induces B-cell proliferation, dif-
ferentiation, and an IgE to IgG1 shift [6].

IL-12 also affects the nonimmune cells of the
tumor microenvironment (TME), including stro-
mal cells and blood vessels that feed the tumor
and sustain carcinogenesis [18]. Mechanistically,
IL-12 downregulates the proangiogenic cyto-
kines CCL2, CCL6, IL-6, VEGF, and other fac-
tors, and upregulates angiostatic  and
antiangiogenic factors, including TNFa, IFNa,
IFNB, IFNy, CXCL9, and CXCL10 [19, 20].
Finally, the cytokine facilitates immune cells’
recruitment and lymphocyte localization to the
tumor through IFNy-dependent cascades and
upregulation of immune-attractants  [21].
Globally, IL-12 reprograms the tumor TME from
a protumoral hospitable alcove to an antitumor
environment.

The potent anticancer effects elicited by sys-
temically administered IL-12 were well docu-
mented in preclinical models (reviewed in [22]).
However, early studies in humans were marred
by limited efficacy and generalized toxicity. The
severe to lethal effects included hematopoietic
suppression and gastrointestinal, muscular, pul-
monary and liver toxicity, and dysfunction [23—
26]. These side effects prompted the search for
novel formulations and for new administration
strategies capable of achieving higher local IL-12
concentrations. A promising approach consisted
in intratumoral delivery by nonreplicating adeno-
viruses (AdVs) [27, 28]. Additional approaches
include subcutaneous injections of the recombi-
nant protein, fine-tunable expression systems
[29], delivery of IL-12-encoding plasmid in the
tumor bed, coupling of the cytokine with a tumor-
targeting antibody (Ab) [30, 31], and transgenic
expression by engineered tumor-specific CAR-T,
autologous immune or cancer cells [32, 33]. The
Clinicaltrials.gov website lists 84 active clinical
trials for the evaluation of IL-12 treatments for a
variety of solid tumors, including pancreatic,
prostatic, colorectal, ovarian, breast, and liver
cancers. IL-12 is administered as a recombinant
protein (38), as a fusion protein with cancer-
specific antibodies (2), is expressed by a plasmid
(23), is vectored by bacteria (1), by viruses (15),
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or by cells, including CAR-Ts (2), or engineered
autologous cells (3).

4.2 From Oncolytic to Onco-
immunotherapeutic Viruses,
a Paradigm Shift

Oncolytic viruses (OVs) are replication-

competent wild-type (wt) or engineered viruses
that selectively replicate in tumor cells and/or in
cells in the TME. The intrinsic properties of
tumors are immune tolerance and immune eva-
sion, which, together with defects in innate
immune responses, greatly favor virus suscepti-
bility and replication. Early preclinical studies on
human cancer cells implanted in nude mice high-
lighted the antitumor efficacy exerted by OVs,
mainly as a consequence of lysis of the infected
cells by immunogenic cell death mechanisms,
including necroptosis [34]. When preclinical
models were shifted to immunocompetent mouse
models, it became apparent that, in addition to
tumor cell lysis, tumor infection by oncolytic
viruses resulted in the tolerance breakdown, the
induction of an innate response to the tumor and,
ultimately, to immune control of tumor growth.
The current resurgence of interest in OVs is the
result of an array of effects, among which are the
secretion of type I and II interferons and other
proinflammatory cytokines, the infiltration of
tumors by NK cells and T-lymphocytes, the acti-
vation of these cells, and an overall reprogram-
ming of the TME that enhances the adaptive
systemic antitumor response. In brief, OVs con-
vert immunologically cold tumors into immuno-
logically hot ones [35]. Through these
modifications, OV-infected tumor cells serve as
antigen agnostic antitumor vaccines [36-38].
These OVs can be renamed as onco-
immunotherapeutic viruses (OIVs).

The OI'V-mediated immunotherapeutic effects
observed in preclinical models were documented
in humans, in particular with talimogene laher-
parepvec (T-Vec), a mildly attenuated oHSV that
expresses GM-CSF to increase macrophage, DC,
and neutrophil responses. In cutaneous mela-
noma patients, the intratumoral administration of

T-Vec in some of the lesions resulted in the
shrinkage of distant untreated lesions, even
though the reduction was not as large as that
observed in the treated lesions [39]. The distant
response is attributed to an abscopal immune
effect, caused by the adaptive immune response
to the tumor.

The immunotherapy of cancer has been
recently revolutionized by checkpoint inhibitors
(CPIs). Unfortunately, their activity is exerted
only toward a subset of cancers and to a fraction
of patients, and is limited by severe adverse
effects. Making tumors immunologically hot by
OIVs confers CPI susceptibility to tumors that
are otherwise resistant [40]. Thus, OIVs repre-
sent the ideal partners for checkpoint blockade
[40-43]. Today, OIVs are considered as most
promising tools to increase the efficacy and
broaden the spectrum of CPIs.

The ability of OIVs to unleash immune sup-
pression and to elicit an innate response to
tumors, even in highly immune suppressive
tumors, renders OIVs the ideal companions for
IL-12. Furthermore, the IL-12 gene can be
expressed transgenically from the viral genome
in the tumor bed, so as to prevent systemic toxic-
ity of the cytokine. By exerting its adjuvant
effect, IL-12 promotes the shift from an innate
response to the virus toward an adaptive long-
term memory response to the tumor [44, 45] (Fig.
4.1).

The list of IL-12-expressing OIVs and the
beneficial effects of OIV-delivered IL-12 in the
tumor bed has been documented by numerous
studies. Here, we review some select examples.

4.3 OoHSVs

In a highly innovative, seminal study, Martuza,
Rabkin, and coworkers recognized the ability of
oHSVs to confer protection not only in the
treated tumor through lysis of the infected can-
cer cells—the dominant paradigm at that time—
but also through elicitation of the host immune
response [46]. They employed the oHSV named
G207 as a helper virus to generate dvIL12/G207,
a defective HSV vector expressing IL-12 [46].
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Fig.4.1 Schematic summary of how IL-12 contributes to
antitumor immunity and main effects elicited by IL-12-
expressing OIVs as compared with those elicited by
unarmed OIVs. The IL-12 cassette is engineered in the
OIV genome so that IL-12 is transgenically expressed by
the OIVs in the infected cells, i.e., the cancerous cells
and — in some cases — cells of the TME. Infection pro-
vokes cell death. When present, IL-12 induces expression
of pro-inflammatory cytokines, IFNy, TNFa, and
GM-CSF, among others. These (1) recruit antitumoral
immune cells to the tumor and activate them, (2) reshape

G207 and its derivatives harbor deletions in
UL39 (ICP6) and both copies of the y,34.5 gene;
hence, they are highly safe yet attenuated.
Remarkably, the intralesionally treated tumors
responded to the therapy and exhibited reduced
growth; 33% of the mice were tumor free (TF).
Moreover, the treatment reduced the growth of
untreated contralateral tumors; i.e., elicited a
long-term in situ vaccination effect [46] depen-
dent on the systemic T-cell response. To improve
the antigen presentation, the IL-12 gene was
engineered in the G207-derived G47A back-
bone, which additionally harbors the US12 (a47)
deletion (G47A-mIL12 virus) [47]. This oHSV
was used against murine glioblastoma and
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the immunosuppressive TME to a proinflammatory and
anticancer setting, (3) contrast tumor angiogenesis by
reducing proangiogenic and increasing antiangiogenic
factors. As a consequent of the combined effects of OIVs
and the IL-12-induced immune modifications to the TME,
treatment with IL-12-expressing OIVs results in higher
inhibition of tumor growth relative to treatment with
unarmed versions of OIVs. The administration of IL-12
expressing OIVs also results in higher abscopal protection
than the administration of unarmed OVs, and primes for
the CP blockade

showed T-cell-dependent reduced tumor growth,
reduced intratumoral Treg levels, and inhibition
of angiogenesis [47].

Fong and coworkers focused on the develop-
ment of an [L-12 oHSV for the treatment of squa-
mous cell carcinoma and colorectal and liver
cancers [48-50]. The NV 1042 viral genome car-
ried multiple deletions, namely, US10, USI11,
and o47 genes and one copy of the y;34.5, a0, a4
genes. Initially, the authors compared the effects
of the transgenic expression of IL-12 to that of
GM-CSF and found that the IL-12 virus was
superior in various models [50-52]. The produc-
tion of the a-promoter-driven IL-12 ranged from
1 to 35 ng/mL at 24-72 h post infection per
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5 x 10* cells infected at one plaque-forming unit
(PFU) per cell [48]. Although the virus was over-
all attenuated, a single injection reduced the
growth of CT26 murine colorectal cancers; a few
mice were completely cured [48]. The local
immune stimulation provided by IL-12 resulted
in the control of hepatic challenge tumors upon
resection of the primary tumor [49]. In a
pulmonary metastatic model, the immunothera-
peutic effect of IL-12 virus was shown to involve
CD4+ and CD8+ T cells [53, 54]. In a model of
squamous cell carcinoma, it was also verified that
treatment with IL-12-expressing NV1042
resulted in anti-angiogenic effects [53, 54]. The
same virus also proved effective upon systemic
administration against the pulmonary metastases
of squamous cell carcinoma [53, 54], liver metas-
tases of colorectal cancer [55], and of poorly
immunogenic prostate adenocarcinoma and met-
astatic prostatic cancers [51, 52, 56].

Markert and coworkers engineered the IL-12
gene in a less attenuated oHSV, named MO002,
initially designed for glioblastoma treatment.
MOO02 carries the replacement of both copies of
the y,34.5 gene with IL-12 and no other virus
genome modification. The two copies of mIL-12
were placed under the murine egr-1 promoter. In
vitro, the extent of IL-12 expression was in the
range of 0.8-3.2 ng/mL per 5 x 107 cells infected
at 1 PFU/cell, at 24 h after infection [57].
Importantly, the M002 treatment resulted in a
significant increase in mouse survival [57]. The
same virus was also effective in preclinical mod-
els of breast cancer metastases to the brain [58],
glioma [59], neuroblastoma [60], rhabdomyosar-
coma [61], undifferentiated sarcoma [62], and in
pediatric high-grade brain tumor and medullo-
blastoma xenografts [63, 64]. M002 and its cog-
nate MO032, an identical recombinant virus
expressing hIL-12 in place of mIL-12, have
undergone detailed safety analyses in mice and in
Aotus primates [65, 66]. A phase 1 clinical trial
for glioblastoma multiforme treatment is recruit-
ing participants [67].

Altogether, the three series of studies high-
light the superior effects of IL-12-armed oHSVs
against murine primary tumors as well as distant
T-cell-based immune protection.

A general notion that permeates the OIV field,
and particularly the oHSV field, is that the initial
safety concerns led to viruses that exhibited a
very high safety profile in mice as well as in
humans and are effective against murine tumor
models but not as effective against human tumors.
These considerations led to calls for “safe-and-
robust” oHSVs that are more effective than those
that are now in clinical practice or trials. To this
end, our laboratory engineered tropism-retargeted
oHSVs whose safety rests on cancer-specific tro-
pisms, rather than on the cancer-selective replica-
tion typical of the oHSVs that are attenuated to
varying degrees. The principle of tropism retar-
geting hinges on two series of modifications,
namely, the ablation of HSV tropism for the natu-
ral receptors nectinl and herpesvirus entry medi-
ator (HVEM), and the readdress of the tropism
(retargeting) to a cancer-specific receptor of
choice. Retargeting was obtained by engineering
a single chain Ab (or a ligand) in the receptor-
binding glycoprotein, gD [68-70]. The cancer
receptor we have chosen is the human epithelial
growth factor receptor 2 (HER2), expressed in a
subset of breast, gastric, gastroesophageal, lung,
and other types of cancers [71, 72]. The HER2-
retargeted R-LM 113 recombinant virus was then
armed with IL-12 to generate R-115 [68, 73].
These viruses carry no deletion or mutation in
any gene other than the glycoprotein D gene;
hence, they are “fully virulent” to their targeted
HER2-positive cancer cells. A direct comparison
showed that the IL-12-expressing R-115 virus
was more efficacious against Lewis lung carci-
noma 1 cells expressing human HER2 (LLC-1-
HER?2) than was the unarmed R-LM113 and
conferred distant long-lasting immune protection
against challenge tumors [73]. To obtain mecha-
nistic insight into how IL-12 expressed in the
tumor bed contributed to the immune therapeutic
effect, we compared the tumor-infiltrating lym-
phocytes and key immune proteins in tumors
from mice treated with IL-12-armed or unarmed
retargeted oHSVs. In the R-115-treated group,
the tumors from responder mice were infiltrated
with CD4+ and CD8+ T cells and their activated
CD69+ subpopulation, with CD335+ NK cells
and their activated CD69+ subpopulation, and
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with CD141+ DC cells. The tumors were addi-
tionally characterized by a decrease in CD11b+
monocytes/macrophages and an increase in the
proinflammatory factors IFNy, IL-2, TNF«, and
t-bet [73]. Intriguingly, in the same tumors (from
R-115-treated responder mice), there was an
increase in anti-inflammatory factors, such as
Tregs, tumor PD-L1, and IL-10. The
R-LM113-treated mice which underwent tumor
reduction recapitulated these responses but to a
lesser extent. Altogether, in the LLC-1 model, the
immune heating of the tumors and the simultane-
ous increase in immune-suppressive factors were
primed for check point blockade. Thus, the co-
administration of R-115 with anti-PD-1 increased
the proportion of cured mice from 20 (virus
alone) to 60%. The further addition of anti-
CTLA-4 cured 100% of the mice (our unpub-
lished results). A notable effect of the treatment
with the IL-12-expressing R-115 was an increase
in the reactivity of splenocytes and antibodies to
tumor cells. The increase was even higher in the
mice treated with the combination of R-115 and
anti-PD-1. The results suggest that IL-12 boosted
not only the adaptive response but also aug-
mented the repertoire of T and B cells that were
reactive to tumor-specific antigens. They raise
the possibility that IL-12 expression in the tumor
bed also increased tumor antigenicity.

These findings were confirmed and extended
in a highly immunosuppressive, transplantable
glioblastoma model that recapitulated human
glioblastoma [74]. A single orthotopic injection
of 10° PFU of the IL-12-armed R-115 adminis-
tered to well-established tumors immediately
before the appearance of symptoms caused tumor
regression and spared approximately 25% of the
mice. The tumor specimens showed CD4+ and
CD8+ lymphocytes deeply infiltrating into tumor
masses [74]. Thus, HER2-retargeted fully viru-
lent oHSVs emerge as professional igniters of
antitumor immunity and IL-12 was their optimal
partner.

To summarize, among all the oHSVs ana-
lyzed—whether attenuated to varying degrees or
not—and in any tumor model tested, IL-12
greatly augmented the OI'V-mediated protection
against the primary tumor, favored conspicuous

immune modifications to the immunosuppressive
microenvironment, and contributed to distant
abscopal protection; i.e., they had an antigen
agnostic vaccination effect. These effects can be
interpreted as the result of increased adjuvantic-
ity and, possibly, of increased antigenicity.

4.4 Adenoviruses

First-generation oncolytic adenoviruses (0AdV)
consisted of replication-incompetent viruses, the
cancer selectivity of which depended on attenua-
tion provided by knocking out the E1 and E3
genes. E1 is an essential gene; its deletion allows
for only one round of replication and prevents
uncontrolled virus replication in host tissues.
Deletion of the nonessential E3 gene abrogates
the major immune-escape mechanisms; the virus
becomes unable to counteract the antiviral
responses of the infected cells, and its replication
is restricted to tumor cells defective in the innate
response [75]. The insertion of transgenes in the
viral backbone enabled their expression in the
infected cancer cells and restricted their accumu-
lation to the tumor bed. Among the engineered
cargos were genes encoding cytokines, antigens,
tumor suppressors, and suicide proteins [76]. In a
comparative study with IL-2 and HSV-1 thymi-
dine kinase (TK), IL-12 emerged clearly as a
superior payload [27]. Specifically, a single intra-
tumoral injection of the IL-12-encoding AdV
into liver metastatic colon carcinoma and breast
cancer cells significantly reduced tumor growth
and improved mouse survival [27, 77]. The
unarmed virus showed no therapeutic effect. The
enhanced efficacy conferred by IL-12 was con-
firmed in a number of tumor models [78]. In mice
bearing CT-26 colon carcinomas, tumor growth
was reduced and most of the mice were tumor-
free after a single intratumoral treatment.
Importantly, a systemic response was elicited,
measured as protection from distant untreated
tumors and reactive antitumor lymphocytes [79].
When employed against poorly immunogenic
tumors, i.e., glioma, prostatic, and thyroid can-
cers, AdV-IL-12 caused a significant reduction in
primary tumor growth; some mice were com-
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pletely cured; CD4+ and CD8+ T-cell infiltrated
tumor masses, and long-lasting protection was
established in an IL-12-dependent fashion
[80-83].

Second-generation 0AdVs consisted of
replication-competent viruses that harbored
smaller deletions in the E1 and E3 genes; hence,
they were still partially attenuated. [84-86].
Because the viral load in the tumor bed increased
over time, the level of IL-12 also increased. In
vitro, the concentrations were on the order of
4-10 pg/10% cells 48 h after infection, i.e.,
80-200-fold higher than those observed with
replication-deficient AdV-IL-12 vectors [81, 87].
Replication-competent AdVs proved highly
effective as antitumor agents and completely pro-
tected 50% of the mice [84]. The reduction in
efficiency upon immune cell depletion implied
that CD4+/CD8+ T cells [79, 88] and NK cells
[81, 87, 89] were the immune populations which
contributed more to the anticancer response.

These encouraging results prompted the
search for numerous improvements. Thus, for
safety and efficacy purposes, a tunable form of
IL-12 was obtained by placing the IL-12 gene
under a conditionally activated promoter
(Ad-RTS-IL-12) [29, 90, 91]. In an alternative
approach, IL-12 was engineered as a nonsecreted
form [92] or as a p35-p40 fusion protein, named
FIL-12 [87, 93]. Both modifications resulted in
higher therapeutic activity. Another approach
was based on the notion that IL-12 synergizes
with a variety of antitumor factors. AdV vectors
for combinatorial expression included the proin-
flammatory factors IL-23, IL-18, GM-CSF,
CD80, and 4-1BBL [86, 88, 94-99]; anti-
immunosuppressive factors, such as shVEGE,
decorin, and anti-PD-L1 [100-103]; and suicidal
genes, such as cytosine deaminase (yCD) and
HSV-1 thymidine kinase (TK) [87]. An example
is  Ad5-yCD/mutTKSR39rep-hIL12,  which
encodes IL-12, yCD, and a mutant form of
TK. The enzymes convert systemically adminis-
tered prodrugs to their active forms, which in turn
inhibit DNA synthesis in infected cells. When
administered to mice bearing TRAMP-C2 pros-
tate adenocarcinoma as monotherapy, the virus
elicited NK and T-cell responses, and cured 40%

of the mice. In combination with the yCD- and
TK-activated prodrugs the virus cured 70-80%
of the mice [87]. In preclinical studies,
replication-competent AdV coexpressing 1L-12/
IL-18, IL-12/1L-23, or 1L-12/4-1BBL caused a
complete response in mice harboring poorly
immunogenic B16-F10 melanoma [86, 94, 95].
In the same model, the combination of IL-12
with GM-CSF or shVEGF led to complete
response in 90 and 60% of the mice, respectively
[88, 100]. The IL-12/decorin combination proved
effective in weakly immunogenic 4 T1 tumors
that are refractory to IL-12 as a consequence of
high intratumoral TGF-f levels and Treg infiltra-
tion [101].

In other developments, 0AdVs were adminis-
tered together with therapies such as radiation,
DC infusion, and CAR-T [96, 99, 102, 103]. All
approaches resulted in effective therapeutic
responses. In head and neck squamous cell carci-
noma (HNSCC), local treatment with AdV coex-
pressing IL-12 and anti-PD-L1 was primed for
systemic CAR-T-cell therapy and significantly
improved mouse survival [102, 103]. Finally, in a
sarcoma model, recombinant AdV was employed
to enable IL-12 expression from DCs with the
aim of enhancing cross-priming of tumor-specific
CD8+ T cells and tumor rejection [104].

A large body of preclinical studies has made
AdV the most frequently investigated OIV in
clinical trials (#200), about one-half of which are
ongoing or recruiting patients. Of these trials, 13
investigated 0AdVs armed with IL-12 and
included Ad-hIL12 (constitutive IL-12) (#6),
Ad-RTS-hIL12 (tunable IL-12) (#6), and Ad5-
yCD/mutTKSR39rep-hlL.12 (combinatorial)
(#1) against pancreatic, breast, prostatic, and
pediatric tumors, glioma, glioblastoma, and mel-
anoma. A completed trial with Ad-IL12 against
liver, colorectal, and pancreatic human cancers
showed a high safety profile, an increase in tumor
infiltration by effector immune cells, yet overall
mild antitumor effects [105]. Preliminary results
of an ongoing trial with Ad-RTS-hIL12/veledi-
mex (the cytokine inducer) against recurrent
high-grade glioma showed the safety and tolera-
bility of the treatment and demonstrated that
0AdV elicited a sustained intratumoral immune
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response. The median overall survival (mOS)
was higher in patients treated with the armed
virus [90].

4.5 oMeV

An interesting example of the benefits provided
by targeted IL-12 delivery through OIVs is
offered by the oncolytic measles virus (oMeV).
Ungerechts, Engeland, and coworkers engineered
a fusion version of murine IL-12 in the virus and
named it FmIL-12 MeVac [106]. The backbone
was a vaccine strain of MeV (MeVac). In vitro,
the infected cells produced large amounts of
FmIL-12, up to 2000 ng/mL. In vivo, FmIL-12
MeVac and unarmed MeVac conferred 90 and
40% protection against MC38CEA tumors,
respectively. The antitumor efficacy of the IL-12
virus was also superior to that of MeVac express-
ing anti-PD-L1. The intratumoral administration
of FmIL-12 MeVac elicited local and systemic
immune responses, documented mainly as intra-
tumoral increases in activated CD8+ T and NK
cells, increases in IFNy and TNFa, splenocyte
reactivity to tumor cells, and immune protection
from a distant challenge tumor. The unarmed ver-
sion conferred less protection from a challenge
tumor and a very modest or negligible capacity to
induce tumor immune-heating. The same authors
carried out an interesting comparison of the ben-
efits offered by FmIL-12 MeVac relative to those
provided by FmIL-15 MeVac, a virus expressing
IL-15 and the sushi-activating portion of its
receptor. The former virus was superior in terms
of efficacy against primary tumors, even though
the two viruses were similar overall with respect
to the increase in intratumoral CD8+ T cells and
NK cells [107].

4.6 NDV

NDV is an oncolytic virus of bird origin. It repli-
cates in human tumor cells and fails to substan-
tially replicate in noncancerous human cells. An
advantage of OI'Vs of animal origin is the absence
of prior immunity in humans, which could neu-

tralize the spread of the OIV, particularly upon
systemic OIV administration. NDVs also infect
dendritic cells [108]. It was initially recognized
that an unarmed version of NDV could overcome
the immunosuppressive nature of the TME, at
least in part, through the induction of IL-12, IFNy
and additional cytokines, and driving a Thl
response [108, 109].

Various groups have independently investi-
gated the benefits of delivering IL-12 intratumor-
ally with the aid of recombinant NDV in murine
tumor models [110-112]. In all cases, the IL.-12-
armed versions were superior to their unarmed
NDV counterparts, as assayed in 4 T1 breast can-
cer, B16 melanoma, and hepatoma models.

Of particular interest is the possibility of
encoding both IL-12 and checkpoint inhibitors
from the genome of an oncolytic virus to limit the
severe adverse effects caused by the systemic
administration of immune modulators. An ele-
gant example of this possibility was recently
shown with recombinant versions of NVD
expressing neutralizing single-chain antibodies
(scFvs) against PD-1, PD-L1, or agonistic scFv
to the costimulatory CD28 as proteins alone or as
fusion proteins with IL-12 (the combination was
named checkpoint inhibitor immunocytokines)
[112]. The recombinant NDVs were adminis-
tered to mice bearing B16 melanoma tumors,
alone or in combination with systemic anti-
CTLA-4. The NDVs expressing the checkpoint
inhibitors fused to IL-12 were invariably more
potent than their counterparts without IL-12. The
IL-12 adjuvant effect converted the highly immu-
nosuppressive and nonresponsive B16 melanoma
tumors into immunologically hot tumors, such
that the checkpoint inhibitor-immune cytokine
synergized with the systemic administration of
anti-CTLA-4. Interestingly, these combinations
elicited a strong immunotherapeutic effect, high-
lighted as an abscopal antitumor effect observed
on a distant untreated challenge tumor. At pres-
ent, the strategy of expressing multiple immune-
modulatory payloads is being pursued for
numerous OIVs [86, 94, 100, 113-116] and by
companies, such as Oncorus, Replimune,
Turnstone Biologics, Immvira and others, are
developing multiply armed OIVs.
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4.7 Maraba Virus

Maraba virus (MRB), an oncolytic thabdovirus
of animal origin, selectively infects human tumor
cells. MG1 is an IFN-sensitive mutant selected
for safety reasons [117]. The major effect of
MRBs consists of their ability to elicit antitumor
immunity and exert abscopal protection, which
makes them among the most effective oncolytic
vectors for antitumor vaccination. MRBs are
being employed in a prime-boost modality with
AdV [118]. Currently, four first-in-human trials
are ongoing or recruiting for patients with
advanced/metastatic solid tumors, including mel-
anoma, squamous cell skin carcinoma, non-
small-cell lung cancer for testing the effect of
MRB as a monotherapy or in combination with
CPI or adenovirus vaccination.

An IL-12-armed version of MRB MG1 was
employed to infect ex vivo autologous tumor
cells, which were subsequently administered
intraperitoneally as an infected cell vaccine
against peritoneal carcinomatosis caused by mel-
anoma B16 or colon carcinoma CT-26 cells in
models of metastatic tumors. The treatment pro-
moted the recruitment and activation of NK cells
to the peritoneal cavity, causing a reduction in
tumor burden and overall improved survival,
including complete protection [119].

4.8 Concluding Remarks. If There
Were No IL-12, Someone

Would Need to Invent it

Compelling evidence indicates that IL-12 serves
as a potent adjuvant of the immunotherapeutic
response elicited by OIVs in murine models of
tumors. The adjuvant effect was invariably
observed for all the OI'Vs analyzed. OIVs offered
the opportunity to encode IL-12 as a transgene
and thus to express the cytokine—be it wt or as
recombinant fusion form—at high concentra-
tions in the tumor bed, without most of the
adverse side effects and toxicities that have ham-
pered the systemic application of IL-12 in past
human trials. In some studies, it was shown that
the changes to the TME induced by the IL-12-

armed OIVs primed the tumor for the checkpoint
blockade therapy, paving the way for the com-
bined IL-12/0OIV/checkpoint blockade treatment.
Some features of the IL-12-mediated response
support the possibility that IL-12 not only quanti-
tatively boosts the immune response but also
increases the antigenic repertoire of B and T
cells; this mechanism remains to be analyzed in
detail. The highly encouraging results in preclini-
cal models have fueled the translation to the
clinic. The extent to which the IL-12/OIV combi-
nation holds promise in humans remains to be
fully investigated.
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