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Unimpeded progression of metastatic cancer
is the principal cause of mortality in cancer
patients. It occurs when every and all thera-
peutic options have been exhausted, necessi-
tating an urgent search for novel therapies to
slow cancer progression and educate the im-
mune system to find and eliminate dissemi-
nated cancer cells. A promising approach
to control disseminated cancer involves the
administration of oncolytic virus, a novel
cancer treatment modality that has proven
efficacious at suppressing tumor growth in
numerous pre-clinical models and in cancer
patients with localized disease. To date, two
oncolytic virus drugs have been approved
for clinical use: Oncorine H101, an oncolytic
adenovirus approved for treating patients
with nasopharyngeal carcinoma by the Chi-
nese Food and Drug Administration,’ and
Imlygic, an oncolytic herpes simplex virus-
1-based drug, approved for treating
advanced melanoma by the US Food and
Drug Administration.” In both cases, thera-
peutic efficacy is observed upon injecting on-
colytic viruses directly into tumors. Clinical
trials have shown that, although direct
intra-tumoral injection of Imlygic is well
tolerated and suppresses the growth of local
melanoma lesions, distant visceral metasta-
ses remain largely refractory to Imlygic.’
Two principal and complementary ap-
proaches are currently being explored to
improve the efficacy of local virotherapy
against disseminated disease. These include
“arming” oncolytic viruses with immune-
transgenes and combining
intra-tumoral virus administration with im-
mune-checkpoint inhibitors® to stimulate
the so-called abscopal effect, whereby distant
metastatic lesions undergo regression due to
virus-mediated activation of systemic anti-
tumor immunity. While both of these ap-
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proaches improved systemic anti-tumor
response after local administration of
oncolytic viruses,” the observation that tu-
mor lesions subjected to direct virus injec-
tion typically undergo strongest regression
(compared to non-injected distant metasta-
tic nodules)” suggests that systemic adminis-
tration of therapeutic viruses (allowing virus
access to all tumor lesions in the body) may
be the most efficacious approach to control-
ling disseminated metastatic disease.

The unique advantage of oncolytic viruses as
cancer therapeutics is that, unlike small
molecule or antibody-based drugs, they
represent a therapeutic platform that can
be iteratively tailored for specific application
though targeted engineering of their struc-
tural and regulatory elements, thus endow-
ing them with ever-improved properties to
reduce side effects and increase efficacy. As
the list of desired properties for potential on-
colytic virus-based drug candidates grows
(Box 1), the complexity of designing onco-
lytic vectors that would be safe and effective
upon systemic administration also becomes
evident. Compared to oncolytic viruses in-
jected directly into tumors, systemic admin-
istration leads to dilution of therapeutic virus
in the blood stream and immediate exposure
to blood components evolved to attack and
inactivate invading pathogens. In addition
to providing access to disseminated tumor
cells, intravenous administration exposes
the virus to the large pool of professional
phagocytic cells of the innate immune sys-
tem, namely tissue resident macrophages in
the liver and macrophages and dendritic cells
in the spleen. These cells specialize in seques-
tering pathogens from the blood and pre-
senting their broken down components to
cells of the adaptive immune system, which

mount potent adaptive immune responses,
further limiting the persistence of therapeu-
tic viruses in the body. Natural immunoglob-
ulin M (IgM) antibodies and complement
components are abundant in the blood, and
their principal function is to find and inacti-
vate intruders, preventing pathogen spread
through the circulation to vital organs.® Nat-
ural IgM binding to the virus triggers
activation of a complement cascade that
leads to virus inactivation in a process
known as complement-mediated lysis
(CML).” Furthermore, IgM and complement
binding to pathogens facilitates their rapid
sequestration in immune phagocytic cells
via interaction with scavenger,8 Fc, and com-
plement receptors.” Shielding virus particles
from blood components by chemical
coupling to polyethylene glycol,'’ depletion
of immune phagocytic cells,'’ and even
loading oncolytic viruses into live carrier
cells that may home to disseminated tumor
nodules'* improve the stability of oncolytic
viruses in the blood and their anti-tumor ac-
tivity in pre-clinical models. However, the
safety and efficacy of these approaches in
clinical settings remain unclear. Therapeutic
viruses are perceived by the immune system
as genuine pathogens due to their highly reg-
ular virion structure (which is distinct from
the typical host cell organization) as well as
disturbance of tissue homeostasis, which oc-
curs upon virus replication and spread. A
consequence of the therapeutic virus recog-
nition by immune phagocytic cells is
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Box 1 Desirable Features of the Oncolytic Virus Platform for Systemic Cancer Therapy

. Resistance to inactivation by humoral factors
. Low toxicity after intravenous administration

. Low sensitivity to IFN
. Capacity for therapeutic transgenes
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activation of local and systemic inflamma-
tion. Whereas the induction of certain
cytokines, e.g., interleukin 12 (IL-12) and
interferon (IFN)-vy, within the tumor micro-
environment is thought to be essential for
promoting potent anti-tumor immunity,
elevated blood levels of IL-6 and tumor ne-
crosis factor alpha (TNF-a) are associated
with systemic toxicities, limiting the thera-
peutic virus dose that can be safely adminis-
tered to patients (Figure 1). Collectively, both
humoral and cellular arms of the innate im-
mune system work in concert to ensure that
little to no pathogen spread occurs via the
bloodstream, a barrier that, thus far, has
proven formidable for oncolytic virus
platforms.

Engineering viruses to modify their interac-
tions with host factors is a major undertaking
due their highly structured assembly. Virions
display only a small number of proteins
(frequently only two or three), which multi-
merize to form the exposed exterior surface
of the virus. The structural proteins of the
virion surface are critical for virus attach-
ment to host cells and mediating virus cell
entry via fusogenic activity of envelope gly-
coproteins (lipid membrane-enveloped vi-
ruses) or by promoting endosome formation
(non-enveloped viruses). As such, the struc-
ture of these multifunctional proteins is
finely tuned to perform these functions and
antibody binding, which interfere with virus
attachment or internalization, blocking virus
infectivity. Furthermore, both natural IgM
and virus-specific antibody (Ab) binding
mediate complement activation and lysis of
viruses with enveloped virions via CML,"
thus inactivating viruses independently of

. Feasibility of virus targeting to tumor cells

. Feasibility of changing unfavorable virus biodistribution

. Effective machinery for immune modulation in human hosts for persistence
. Feasibility of engineering mechanisms for tumor cell-selective cytotoxicity

. High fidelity of replication and stability of the genome

. Mechanistic evidence underlying therapeutic efficacy

preventing their attachment and entry into
cells.

The binding of natural IgM to structurally
repeating virion surface was thought to occur
via “non-specific” low affinity-high avidity
interactions,” which are not amenable to en-
gineering without negatively affecting virus
cell entry. Although widely accepted, the
notion that natural IgM binding to the virion
surface is “non-specific’ may need to be
revised based on evidence that the envelope
glycoproteins within a closely related family
of viruses vary greatly in their sensitivity to
CML. These findings indicate that natural
IgM bind to different envelope glycopro-
teins, even when arranged in a similar
repeated pattern, with different efficacy. Spe-
cifically, whereas exposure of vesicular sto-
matitis virus (VSV) to undiluted human
sera leads to a five-orders-of-magnitude
reduction in virus infectivity, a VSV virus
pseudotyped with glycoprotein from a Mar-
aba virus loses infectivity by only two orders
of magnitude.'* These data suggest that nat-
ural IgM binding to VSV glycoprotein G and
glycoprotein G from a closely-related Mar-
aba virus occurs with different efficacy.
Direct evidence for the feasibility of engi-
neering oncolytic viruses with resistance to
IgM and complement came from a recent
study. Atasheva et al.® found that the large
negatively charged hyper-variable loop 1
(HVR1) in the adenovirus capsid protein
hexon is the principal site mediating natural
IgM binding to adenovirus HAdv-C5. Anal-
ysis of a set of viruses with mutated HVR1
loops of various lengths and charges showed
that removal of all negatively charged amino
acid was necessary to prevent IgM and com-

plement binding to the virus. A mutant virus
with a short HVRI loop that lacked any
negatively charged amino acids avoided in-
teractions with IgM and complement and re-
sisted inactivation in undiluted mouse and
human sera.® In addition to demonstrating
the feasibility of engineering a large virus
that avoids interactions with IgMs, this study
also showed that macrophages
sequester after intravenous
administration via an IgM-dependent
manner, even without a complement-medi-
ated virus inactivation. Therefore, virus
resistance to CML or other forms of comple-
ment-mediated inactivation may not serve as
a surrogate readout for the lack of IgM bind-
ing to the virus surface. This notion is impor-
tant because IgM binding to the virus tags it
for sequestration in immune phagocytic
cells, even without complement-mediated
loss of virus infectivity, limiting the virus
dose that can reach tumor sites after intrave-

liver
adenovirus

nous administration. A reduced accumula-
tion of a virus in immune phagocytic cells
after intravenous administration is an
important goal as it may lead to reduced sys-
temic inflammatory host responses, thus
improving the overall safety of virotherapy

(Figure 1).

Systemic delivery of any oncolytic virus will
undoubtedly trigger generation of neutral-
izing virus-specific IgM and IgG antibodies
and cytotoxic T lymphocytes, which will
limit virus infectivity and intra-tumoral
persistence and reduce the efficacy of
repeated rounds of systemic therapy with
the same virus variant, independent of the vi-
rus’s ability to escape natural IgM recogni-
tion. Because clinical studies show that the
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Figure 1. Interaction of Naturally Occurring, Unmodified Viruses and “Designer” Oncolytic Viruses
with Blood Factors and Cells of Innate Immunity after Intravenous Administration

Engineering the virion surface of oncolytic viruses enables their resistance to inactivation by blood factors, reduces
virus sequestration in phagocytic cells of the innate immune system, and improves their safety profile and ther-

apeutic efficacy after intravenous administration.

most durable anti-tumor responses have
been observed only after repeated rounds of
intra-tumoral virus administration, repeated
rounds of systemic virotherapy may also be
required to achieve control of disseminated
disease. Although virus particle shielding
with polymers or encapsulation of the onco-
Iytic virus genome in liposomes allows for
repeated systemic administration of these
therapeutic platforms, opportunities to
modify their unfavorable bio-distribution,
e.g., to de-target liposomes and polymer-
shielded viruses from liver phagocytes, are
limited. In contrast, oncolytic viruses that
lack lipid envelopes, such as adenovirus, cox-
sackievirus, or reovirus, are more amenable
to modifications to prevent virus neutraliza-
tion by pre-existing humoral immunity. To
this end, targeted engineering of virus sur-
face by swapping surface-localized loops of
human adenovirus HAdv-C5 hexon for sur-
face-localized hexon loops of human adeno-
virus HAdv-D48 was sufficient to avoid
neutralization of HAdv-C5-based vaccines
by pre-existing immunity.'> Based on these
data, it is conceivable that a combination of

targeted mutations preventing natural IgM
and virus-specific IgM and IgG binding to
the virus could be introduced into structural
adenovirus proteins to generate a panel of
oncolytic viruses that resist both innate and
pre-existing adaptive immunity and are suit-
able for sequential rounds of systemic
therapy.

Taken together, new data indicate that natu-
ral IgM binding to viruses with both envel-
oped and non-enveloped virions has a
considerable degree of specificity and one
can identify and mutate the IgM binding
site(s) at the virus surface through well-es-
tablished targeted mutagenesis approaches.
With the understanding that natural IgM
binding to viruses can be avoided via tar-
geted mutagenesis, a new generation of
“designer” oncolytic viruses for systemic
administration can now be developed. These
viruses will have improved safety by avoiding
IgM-dependent sequestration in immune
phagocytic cells and will have improved
therapeutic efficacy through resistance to
complement-mediated inactivation in hu-
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man blood. These “designer” viruses for
systemic administration may be a useful
platform for the development of a panel of
novel oncolytic viruses “armed” with im-
mune-stimulatory or anti-cancer transgenes
and could be used as monotherapy or in
combination with immune-oncology or
other treatment modalities*
host immunity to find and eliminate cancer
cells disseminated throughout the body,
thus addressing an urgent need for patients
with metastatic disease.
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