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One of the major hurdles for cancer immunotherapy is the
host’s innate antiviral defense mechanisms. They include
innate immune cells, such as natural killer (NK) cells and mac-
rophages, which can be recruited within hours to the site of in-
jection to clear the introduced oncolytic viruses. Here, we
report a strategy to redirect these infiltrating innate immune
cells to attack tumor cells instead by arming herpes simplex vi-
rus (HSV)-derived oncolytic viruses with secreted chimeric
molecules that can engage these innate immune cells with tu-
mor cells to kill the latter. These chimeric molecules have, at
their N terminus, a custom-binding moiety for a tumor-associ-
ated antigen (TAA) and at their C terminus, protein L (PL) that
binds to immunoglobulins (Igs). The binding of PL to Igs ex-
poses the Fc to the Fc receptors on the surface of the innate im-
mune cells, trigging them to attack the engaged tumor cells.
In vitro and in vivo evaluation in a murine tumor model with
limited permissiveness to oncolytic HSVs showed that arming
the viruses with these chimeric molecules significantly boosts
the killing effect and therapeutic activity. Moreover, our data
also showed that the combined killing effect from the engaged
innate immune cells and the oncolytic virus resulted in a more
efficient stimulation of neoantigen-specific antitumor immu-
nity than the virotherapy alone. Our data suggest that arming
an oncolytic virus with this strategy represents a unique and
pragmatic way of potentiating the oncolytic and immunother-
apeutic effect of virotherapy.

INTRODUCTION
An oncolytic virus is defined by its ability to selectively replicate in
and destroy tumor cells without harming normal cells. In order for
an oncolytic virus to efficiently infect and lyse tumor cells, it has to
overcome the host’s immune defense mechanisms that can be trig-
gered by the introduced virotherapy. The innate immune system is
the first line of the host’s defense against invading pathogens. It can
be launched instantly as soon as an oncolytic virus is administered.
As such, it presents as a significant barrier to cancer virotherapy.1

The major components of innate antiviral immunity include natural
killer (NK) cells, macrophages, and interferons (IFNs). Indeed,
studies have shown that depletion or functional inhibition of macro-
phages and NK cells during virotherapy can significantly improve the
therapeutic activity from an oncolytic herpes simplex virus (HSV).2–5
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Studies by our own group have shown that arming an oncolytic HSV
with the 18R gene of vaccinia virus, which can antagonize type I IFN
activity, can boost the therapeutic effect of this virotherapy. NK cells
were found to be recruited by oncolytic HSVs to the tumor site within
hours after virus administration, leading to quick clearance of the
introduced viruses and hence, a diminished therapeutic effect in a
murine glioblastoma model.6 These and some other similar reports
underscore the importance and necessity for curbing innate antiviral
immunity during cancer virotherapy.5

The two major cellular components of innate antiviral immunity, NK
cells and macrophages, also have the potential capability to kill malig-
nant cells if properly activated and/or guided. Thus, it is plausible that
a strategy could be developed to guide the infiltrating innate immune
cells toward attacking tumor cells instead of clearing oncolytic vi-
ruses. With the consideration of that, for many patients, lack of a suf-
ficient number of immune cells within tumor tissues is a major
contributing factor to the inefficiency of cancer immunotherapy;7–9

it is particularly appealing to exploit the enhanced infiltration of these
innate immune cells during virotherapy by converting them to tu-
mor-targeted effector cells.

Antibody-dependent cell-mediated cytotoxicity (ADCC) is an impor-
tant actionmechanism of both NK cells andmacrophages.10,11 ADCC
is triggered by the binding of the Fc portion of immunoglobulins
(Igs), which becomes exposed when multiple Ig molecules are in an
aggregated multimeric form (e.g., within an immune complex), to
the Fc receptors (FcRs) on the surface of innate immune cells, such
as NK cells and macrophages. Protein L (PL) is an Ig-binding protein
encoded by Peptococcus magnus.12 Unlike Proteins A and G, which
bind to the Fc region of Ig, PL binds to the variable regions of the
kappa light chain, and as such, it does not interfere with the engage-
ment of the Fc fragment with its receptors.12 PL binds to the entire
classes of Igs, including IgG, IgM, IgA, IgE, and IgD.12 Similar to
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Proteins A and G, PL also possesses multiple copies (up to five) of Ig-
binding domains.13 This allows a single PL molecule to bind multiple
units of Ig simultaneously, creating an aggregated multimeric form of
Ig with the potential to induce FcR oligomerization and hence, the
consequential activation of the innate immune cells though the FcR
engagement.

We hypothesized that the above-mentioned features of PL could be
exploited for the purpose of directing the infiltrating innate immune
cells to attack tumor cells during virotherapy. To test our hypothesis,
we armed both HSV-1- and HSV-2-based oncolytic viruses with a
secreted chimeric molecule that can simultaneously engage innate
immune cells with tumor cells through the incorporation of PL.
The chimeric molecule is composed of an N-terminal binding moiety
for a tumor-associated antigen (TAA) and a C-terminal PL. In vitro
experiments demonstrate that the secreted chimeric molecule can
actively engage NK cells and macrophages with TAA-expressing tu-
mor cells, leading to efficient killing of the latter. In vivo evaluation
in a murine tumor model with limited permissiveness to oncolytic
HSV shows that oncolytic HSVs armed with the chimeric molecule
can significantly enhance the therapeutic activity. Moreover, our
data indicate that the combined killing effect from the engaged innate
immune cells and the oncolytic virus resulted in a more efficient stim-
ulation of the host’s antitumor immunity than the virotherapy alone.
Together, our data suggest that arming an oncolytic virus with this
strategy represents a viable way of potentiating the oncolytic and
immunotherapeutic effect of virotherapy.

RESULTS
Design and Assembly of Chimeric Molecules That Can Guide

Innate Immune Cells to Attack Tumor Cells through a Series of

Intermolecular Engagements

The composition of the chimeric molecules is depicted in Figure 1A.
We initially designed the human epidermal growth factor receptor
(EGFR) type 2 (HER2) affibody-PL construct, which contains a
copy of the HER2 affibody as the TAA-binding moiety.14,15 Affibody
molecules are short peptides of approximately 58 amino acids and are
based on a three-a-helical Z-domain scaffold that can be selected
from combinatorial libraries to bind to a particular protein target
with strong affinity and specificity.16 The EGF-PL was designed sub-
sequently, after positive data were obtained from the HER2 affibody-
PL in both in vitro and in vivo studies. The purpose was to test if the
Figure 1. The Design of the Chimeric Molecules, Their Anticipated Action Mec
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positive results obtained from HER2 affibody-PL could be recapitu-
lated with a similarly designed chimeric molecule that targets a
different TAA and is inserted to a different oncolytic HSV. The
TAA-binding moiety in EGF-PL is EGF, which can bind to the
EGFR with high specificity. Previous studies have shown that a
mutant form of EGF (m123) has a significantly enhanced affinity
and faster binding kinetic than wild-type EGF.17 We thus decided
to use this mutant form of EGF (mEGF) for the chimeric EGF-PL
construct. In both constructs, the coding sequence from the five Ig-
binding domains (B1–B5) was chosen from PL of Peptostreptococcus
magnus.18 HER2 affibody or mEGF and PL sequences were fused
together in frame for the construction of affibody-PL or EGF-PL,
respectively. A signal peptide (Sp) was added to the N terminus to
allow the chimeric molecules to be secreted in a soluble form.

The schematic diagram in Figure 1B illustrates the action mechanism
of the chimeric molecules. Local administration of the armed onco-
lytic viruses will bring all of the components together within the tu-
mor microenvironment. The linchpin to trigger the illustrated chain
intermolecular reaction is the soluble form of the chimeric mole-
cules—affibody-PL or EGF-PL, which can simultaneously bind to
HER2- or EGFR-expressing tumor cells. The PL in the chimeric mol-
ecules can bind to the Igs, which can either be anti-HSV antibodies or
any other Igs. The Fc region of the engaged Igs can then bind to the
FcRs on the surface of NK cells or macrophages, resulting in the acti-
vation of these innate immune cells and the consequential selective
killing of the tumor cells. This strategy is envisaged to potentiate
the overall antitumor effect of an oncolytic virotherapy on two fronts.
First, it produces additional bystander antitumor activity by engaging
innate immune cells with tumor cells. Second, it diverts two of the
major components of antiviral immunity away from clearing the
introduced oncolytic virus—the innate immune cells and the neutral-
izing antibodies—allowing virotherapy to exhibit maximal oncolytic
effects.

The genes encoding the chimeric molecules were inserted into the
genome of oncolytic HSVs through standard homologous recombi-
nation, as we have used in our previous studies.19–23 The EGF-PL
chimeric gene cassette was inserted into the intergenic region of
UL46 and UL47 genes in the genome of Synco-2D, an HSV-1-based
oncolytic virus.24 The affibody-PL chimeric gene cassette was inserted
into the 50 mutated region of the ICP10 gene (mICP10) in the genome
hanism, and Their Insertion into Viral Genomes
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of FusOn-H2, which is a HSV-2-based oncolytic virus and was con-
structed by deleting the N-terminal region of the ICP10 gene in the
HSV-2 genome.20 These newly constructed oncolytic HSV-1 and
HSV-2 are designed Synco-4 and FusOn-PL, respectively. Correct
insertion of the transgene in Synco-4 and FusOn-PL was confirmed
by PCR and DNA sequencing (data not shown).

The replication of Synco-4 and Syco-2D was compared in CT26 and
CT26-EGFR cells, and the replication of FusOn-PL and FusOn-H2
was compared in CT26 and CT26-HER2 cells. Cells were infected
with the viruses at 0.1 and 1 plaque-forming unit (PFU)/cell and har-
vested 24 and 48 h later for titration of the virus yield. The results in
Figure 1D showed that stable transduction of CT26 cells with either
HER2 or EGFR did not alter the replication of the respective virus
pairs, i.e., comparison of Synco-2D and Synco-4 replication in
CT26 and CT26-EGFR cells and FusOn-H2 and FusOn-PL replica-
tion in CT26 and CT26-HER2 cells. However, the new viruses seem
to replicate less efficiently than the respective parental viruses in
both CT26 and HER2- or EGFR-transduced cells. This is particularly
so for FusOn-PL, when cells were infected with the virus at a lower
multiplicity of infection. This observation is in line with our empirical
experience that insertion of an additional genetic payload to a HSV
genome usually impacts the virus replication efficiency.

In Vitro Characterization of the New Oncolytic HSVs and the

Chimeric Molecules They Produced

First, we confirmed transgene expression from both viruses by west-
ern blotting. Both affibody-PL and EGF-PL chimeric molecules were
readily detected in the supernatants (S/Ns) harvested from cells in-
fected with these two viruses (Figure 2A), indicating that they are
readily produced during virus infection and efficiently secreted into
the milieu. Next, we measured the ability of the chimeric molecules
to selectively bind to tumor cells that express the prospective TAAs.
For affibody-PL, we tested the binding of themolecule to three human
tumor cell lines that express different levels of HER2. Among them,
SKOV3 and MCF7 have been shown to express high and medium
levels of HER2, respectively, whereas MDA-MB-231 is a triple-nega-
tive breast cancer cell line that does not express any HER2.25–27 The
results from flow cytometry analyses show that whereas no significant
binding activity was detected in MDA-MB-231 cells (3.34%), affi-
body-PL binds to MCF7 and SKOV3 cells with increasing intensity
(at 49.9% and 71.9%, respectively) (Figure 2B). We also examined
the binding specificity of affibody-PL to a murine colon carcinoma
cell line that was stably transduced with HER2.28 The result showed
that whereas affibody-PL showed no detectable binding to the
parental cell line (CT26), it bound to CT26-HER2 cells with high ef-
ficiency (76.6%) (Figure 2B). We tested binding of EGF-PL to a mu-
rine cell line (CT26) and its derivative, CT26-EGFR, which was estab-
lished in our own laboratory by stably transducing the parental CT26
cells with the human EGFR gene. The graph on the left of Figure 2C
confirmed that CT26-EGFR cells, but not the parental CT26 cells, ex-
press high levels of EGFR. The graph on the right of Figure 2C showed
that the supernatant containing EGF-PL (from Synco-4) strongly
binds to CT26-EGFR. These were in contrast to the control superna-
36 Molecular Therapy: Oncolytics Vol. 19 December 2020
tant (from Synco-2D), which does not show any binding activity to
the EGFR-expressing cells. Together, these results demonstrate that
both chimeric molecules can bind to the prospective TAAs with
strong selectivity and affinity.

Next, we tested one of the two chimeric molecules, affibody-PL, to
determine if it indeed can guide the innate immune cells to kill
TAA-expressing tumor cells. To more closely mimic the actual in vivo
situation, we chose to use peripheral blood mononuclear cells
(PBMCs) as the source of innate immune cells, which contain NK
cells and monocytes at the range of 5%–20% and 10%–30%, respec-
tively.29 We mixed SKOV3 cells with PBMCs in the presence of Igs
and affibody-PL-containing supernatant or the control supernatant.
24 h later, PBMCs were washed away, and the remaining adherent tu-
mor cells were examined by direct visualization under a microscope
after staining with 0.1% crystal violet-ethanol solution (Figure 3A).
The killing effect on tumor cells was further quantitated by lysing
the cells in 2% SDS and measuring the dye release (Figure 3B). The
results showed that the presence of affibody-PL significantly
increased the killing of tumor cells when compared to the mixture
without this chimeric molecule. This effect was particularly obvious
when the effector-to-target (E:T) ratio was relatively low (10:1). At
this E:T ratio, the well with the control supernatants showed very little
tumor cell killing, whereas nearly 60% of cells were killed in the well
with the supernatant that contained the affibody-PL molecule. With
the E:T ratio at 20 to 1, there was a notable increase in background
killing in both wells with the two control supernatants. However,
the tumor cell killing in the well with affibody-PL was further
increased, to over 80 percent. A similar result was obtained from
EGF-PL when it was assessed on CT26-EGFR cells (data not shown).
Together, these results suggest the PL-containing chimeric molecules
possess the anticipated capability to guide immune cells to kill tumor
cells through a series of intermolecular engagements.
Therapeutic Evaluation of the Armed Viruses In Vivo

To evaluate the therapeutic effect of the EGF-PL-armed Synco-4 and
to compare it with that of the parental Synco-2D, we implanted
CT26-EGFR tumor cells subcutaneously into the right flank of im-
mune-competent BALB/c mice. Part of the reason for choosing this
murine colon tumor model is that it is only marginally sensitive to
the therapeutic effect of oncolytic HSV. This would allow the thera-
peutic benefit from the incorporated EGF-PL to be fully appreciated.
Once tumors reached the approximate size of 5 mm in diameter, mice
were grouped to receive intratumoral injection of either the parental
Synco-2D or Synco-4 at the dose of 2� 107 PFU. For the sake of fully
evaluating the therapeutic benefit of the incorporated EGF-PL, only a
single injection with a fixed virus dose was given. Another group
received PBS as a mock control. The results from the periodic mea-
surement of tumor growth showed that the parental Synco-2D had
a negligible effect on the tumor growth, whereas administration of
Synco-4 produced a significantly better therapeutic effect than the
other two groups at days 14 and 21 after the initiation of oncolytic vi-
rus injection (Figure 4A).



Figure 2. In Vitro Characterization of Chimeric Molecules Produced by the Armed Viruses

The supernatants harvested from virus-infected cells were passed through 0.22 mM filters before they were used for the experiments. (A) Western blot detection of transgene

expression, with anti-HA tag IgG as the first antibody. (B and C) Flow cytometry analysis of the selective binding activity of affibody-PL (B) and EGF-PL (C) to tumor cells.

Tumor cells were sequentially incubated with the following: (1) chimeric molecule-containing or control supernatant, (2) anti-HA antibody of mouse origin, and (3) FITC- or PE-

conjugated goat anti-mouse IgG. The cells were then subject to flow cytometry analysis.
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Figure 3. The Ability of Affibody-PL Guides PBMCs to

Kill HER2-Expressing Tumor Cells

PBMCsweremixed with SKOV3 tumor cells at the effector-

to-target (E:T) ratio of either 10 (10:1) or 20 (20:1) in the

presence of 5 mg/mL of IgG and medium, the supernatant

harvested from a control vector (control S/N), or affibody-

PL-containing supernatant (affibody-PL). The remaining

living cells were stained with 0.1% crystal violet-ethanol

solution 24 h later. (A) A representative micrograph from

each well of the three different preparations. (B) Quantifi-

cation of tumor cell killing. The stained tumor cells were

lysed with 2% SDS for measurement of the released dye.

The percentage of tumor cell killing was calculated by

dividing the reading of cells in the well without adding

PBMCs (and others) with the readings from each of the

three wells. *p < 0.05 as compared with medium and

control S/N.
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To evaluate the therapeutic effect of FusOn-PL and to compare it with
that of the parental FusOn-H2, we again chose to use the murine
CT26 colon tumor model. The only difference is that we used a
CT26 cell line that was stably transduced with the HER2 gene for
this experiment.28 Tumor implantation and subsequent treatment
were performed in the same manner as the experiment in Figure 4A.
To monitor NK cell infiltration during virotherapy, two mice from
each group were euthanized at day 3 after treatment to collect tumor
tissues for further analysis by immunohistochemical staining. The re-
maining animals were kept for 4 weeks to evaluate the therapeutic
effect by monitoring tumor size. The results from therapeutic evalu-
ation showed that administration of FusOn-H2 only slightly slowed
down tumor growth when compared with the PBS control. In
contrast, FusOn-PL treatment effectively halted tumor growth for
an extended period of time. The treated tumors were significantly
smaller than those in the FusOn-H2-treated group. By the end of
the experiment, 50% of the mice in the FusOn-PL-treated group
were essentially tumor free, whereas no tumor-free animals were
observed in the other treatment groups. Together, these results
demonstrate that incorporation of these chimeric molecules into on-
colytic HSVs can enhance the antitumor effect of the virotherapy, and
38 Molecular Therapy: Oncolytics Vol. 19 December 2020
this potentiation strategy may be particularly
beneficial to patients with the tumors that are
relatively resistant to the direct oncolytic effect
of the applied virus.

Immunohistochemical staining on the collected
tumor tissues shows that NK cells were only
scarcely detected in the PBS-treated control tu-
mors (Figure 5A), a finding consistent with the
reports in the literature that NK cells were mostly
detected at the low frequency of 1–3 per micro-
scopic intratumoral field.30 However, NK cells
were detected at a much higher frequency in tu-
mors treated with both oncolytic viruses (Fig-
ure 5A), consistent with the reports that HSV
infection can trigger significant infiltration of NK cells to the infection
site.31–33 Moreover, the presence of NK cells in tumor tissues treated
with FusOn-PL was particularly profound, indicating that local
release of the armed chimeric molecule might have led to a further in-
crease of NK cells in the treated tumor. To determine the proliferation
status of NK cells in the collected tumor tissues, we doubly stained the
tumor tissues for both an NK cell marker (NCR1) and Ki67 protein.
The results showed that there was no significant Ki67 staining on NK
cells in tumor tissues treated either with FusOn-H2 or FusOn-PL
(Figure 5B). Thus, the increased presence of NK cells during Fu-
sOn-PL treatment is probably due to a positive feedback loop on their
recruitment, rather than stimulation on NK proliferation.

Tumor Destruction by FusOn-PL Can Stimulate Neoantigen-

Specific Antitumor Immunity

We subsequently challenged the tumor-free mice in the FusOn-PL-
treated group in the experiment presented in Figure 4B with fresh
CT26-HER2 tumor cells by implanting the cells in the left flank. All
mice were completely protected, and no trace of tumor growth was
detected from the challenge for more than 4 weeks. The tumor chal-
lenge was not done to mice in the other two treatment groups, as all of



Figure 4. Therapeutic Evaluation of the Armed Viruses in a Murine Colon

Cancer Model

(A) Therapeutic evaluation of Synco-4 and comparison with parental Synco-2D

against CT26-EGFR tumor. Treatment groups include Synco-2D, Synco-4, and

PBS. (B) Therapeutic evaluation of FusOn-PL and comparison with parental FusOn-

H2 against CT26-HER2 tumor. Treatment groups include FusOn-H2, FusOn-PL,

and PBS. *p < 0.05 as compared with the unarmed virus or PBS.
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the mice had to be euthanized due to large tumor burden. The com-
plete absence of tumor formation from the challenge of fresh tumor
cells indicated that a robust antitumor immunity might have been
generated from FusOn-PL treatment.

Tumor cells contain frequent point mutations that can result in neo-
antigen formation.34,35 The induction of immune responses to these
neoantigens is particularly appealing for cancer immunotherapy, as
theoretically, it is strictly tumor specific. The neoantigen profile of
CT26 cells has recently been reported.36 To determine if FusOn-
PL-mediated tumor cell killing could induce anti-neoantigen immu-
nity, we chose 3 of the mutated peptides that were predicted by
Kreiter et al.36 to contain major histocompatibility complex (MHC)
class I neoantigen epitopes (Figure 6A) and examined if any cytotoxic
T cells specific for these neoantigens could be detected in these pro-
tected mice. The splenocytes collected from these three mice were
stimulated, with or without these peptides. The neoantigen-specific
T cell response was determined by enzyme-linked immune-absorbent
spot (ELISpot) assay, as described in Materials and Methods. The re-
sults show that splenocytes from one mouse reacted to a single pep-
tide from this assay (Figure 6B), indicating that induction of a T cell
response to these MHC class I neoantigen epitopes during FusOn-PL
virotherapy could be detected, albeit infrequently.

To further characterize the neoantigen-specific immune response
during virotherapy, we essentially repeated the in vivo animal exper-
iment shown in Figure 4B. The only difference was that we euthanized
all animals on day 21 after virotherapy, when all animals were still
alive, and collected the spleens from the animals for analysis of neo-
antigen-specific T cell immunity. The therapeutic data collected from
this experiment showed that even with this relatively short treatment
period, FusOn-PL was still significantly more effective than FusOn-
H2 at inhibiting tumor growth at day 21 after the start of virotherapy
(Figure 6C), with 40% of mice shown to be tumor free by the end of
the experiment.

For measurement of neoantigen-specific immunity, we included the
same three MHC class I peptides listed in Figure 6A. We also chose
4 peptides that containMHC class II neoantigen epitopes (Figure 6D),
as previous studies with three different murine tumor models
(including the CT26 tumor model we used in this study) have shown
that the majority of the immunogenic mutanomes could be efficiently
recognized by CD4+ T cells.36 For the three MHC class I peptides, no
significant increase in ELISpot staining was detected for any animals
in this experiment (data not shown). This reinforces the observation
made from the previous experiment shown in Figure 6B that T cell
immunity to MHC class I neoantigens was only infrequently induced
during virotherapy. In contrast, significant increases in ELISpot stain-
ing were detected for all four MHC class II neoantigen peptides in
samples from animals treated with FusOn-PL, although the magni-
tude of the response varies among the individual neoantigen epitopes
(Figure 6E). Detailed ELISpot results for each individual animal from
all three groups can be found in Figure S1. Taken together, these data
demonstrate that tumor destruction by FusOn-PL can induce poly-
neo-epitope T cells against predominately MHC class II neoantigens,
which is in agreement with the report by Kreiter et al.36 for similar
findings in both B16 and CT26 tumor models.

DISCUSSION
The sole oncolytic virus that has been approved by the US Food and
Drug Administration (FDA) for clinical application, Imlygic (T-
VEC), has shown measurable and in some cases, durable therapeutic
efficacy in a relatively small percentage of melanoma patients.37 As
such, it appears that the therapeutic efficacy of this and other onco-
lytic viruses should and can be further improved. One improvement
strategy is to potentiate the ability of virotherapy to induce antitumor
Molecular Therapy: Oncolytics Vol. 19 December 2020 39
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Figure 5. NK Cell Infiltration during Virotherapy

Tumor tissues were collected from two mice from the experiment described in Figure 4B at day 3 after therapeutic injection. (A and B) The tumor tissues were used for either

staining for NCR1 with an HRP polymer kit (A) or immunofluorescent staining for NCR1 and Ki67, either individually or in combination (B). Positively stained NK cells are

indicated with white arrowheads, and cells positively stained for Ki67 are indicated with white arrows. Quantitative enumeration on the positively stained NK cells in (A)

showed that there is a significant difference on NK cell count between FusOn-PL- and FusOn-H2-treated tumor tissues.

Molecular Therapy: Oncolytics
immunity. Several approaches have been reported in this attempt.
One popular approach is to incorporate immune-stimulatory genes
into the viral genome to enhance tumor antigen presentation for in-
duction of T cell-mediated antitumor immunity.38–40 Other ap-
proaches include combining virotherapy with immune-checkpoint
inhibitors41 or with adoptive transfer of tumor-specific T cells.42–44

Here, we report an alternative strategy designed to arm an oncolytic
virus with a chimeric molecule that can guide the infiltrating innate
40 Molecular Therapy: Oncolytics Vol. 19 December 2020
immune cells to destroy tumor cells. One of the unique advantages
of this strategy is that it exploits the extensive infiltration of the innate
immune cells during virotherapy. Thus, this strategy directly ad-
dresses one of the major obstacles facing cancer virotherapy—lack
of sufficient immune cell presence in solid tumors.45,46 Indeed, immu-
nohistochemistry staining on tumor tissues treated with either Fu-
sOn-H2 or FusOn-PL revealed extensive infiltration of NK cells.
Most interestingly, the presence of NK cells was further increased



(legend on next page)
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with FusOn-PL treatment, indicating the existence of a positive feed-
back loop of a chemoattractant effect on NK cells from the affibody-
PL engagement activity. Consequently, our in vivo data from three
separate experiments show that this arming strategy can contribute
to additional and hence, enhanced antitumor activities. Indeed,
over one-half of the tumor-bearing mice treated with FusOn-PL
was completely tumor free by the end of the experiment, whereas
no tumor-free mice were detected in other groups. Moreover, subse-
quent challenge of the tumor-free mice with fresh tumor cells failed to
initiate tumor growth, indicating the possibility that a robust antitu-
moral immunity was generated by the applied virotherapy in these
mice.

There has been increasing interest in recent years in exploring neoan-
tigens for cancer immunotherapy.47 Unlike TAAs, neoantigens are
derived from nonsynonymous mutations in the tumor cell genome
and are thus strictly tumor specific.47–49 However, one of the chal-
lenges facing neoantigen-based immunotherapy is that the neoepi-
topes are usually not shared among cancer patients. The current
approach of first identifying these neoantigens by exome sequencing,
followed by synthesizing and delivering the antigenic epitopes to each
individual patient, is cumbersome and costly and can only be applied
to cancer patients on a case-by-case basis.47,49,50 In principle, onco-
lytic virotherapy would offer a simple means to release these neoan-
tigens in individual patients, ensuring their efficient and timely
presentation to the host’s immune system without the need to identify
and then synthesize them in vitro. However, whether oncolytic viro-
therapy possesses such a capability and how to enable it to have such a
capability have not yet been extensively investigated. We examined
the tumor-free mice from the group treated with FusOn-PL for indi-
cation of T cells specific for potential neoantigen epitopes contained
within CT26 tumor cells. Whereas T cells reacting to MHC class I
neoantigen peptides were only detected sporadically, MHC class II
neoantigen peptides were found to be more frequently recognized
by T cells. These results are consistent with the report by Kreiter
et al.,36 which showed that therapeutic immune responses to cancer
were predominately toward MHC class II neoantigen epitopes
when they were examined in several syngeneic murine tumor models,
including the CT26 tumor.

One conceivable mechanism for the enhanced neoantigen presenta-
tion promoted by the chimeric molecule during FusOn-PL treatment
is through the reported ability of NK cells in releasing C-C motif che-
mokine ligand 5 (CCL5) and XC-chemokine ligand 1 (XCL1), which
can promote recruitment of cDC1 subset of dendritic cells (DCs) to
Figure 6. Detection of T Cells Specific for MHC Class I or II Neoantigen Peptid

(A) The chosen MHC I neoantigen peptides for screening. The table contains information

ELISpot assay on T cells stained positive for anMHC I neoantigen peptide. The splenocyt

had received tumor cell challenge. The photos show representative areas of the wells

Therapeutic effect from an additional in vivo experiment on the CT26-HER2 tumor mode

neoantigen peptides for detection. The peptide information for the chosen MHC II neoan

assays on T cells stained positive for the indicated MHC II neoantigen peptides. The con

323–339]). Mix, all four peptides mixed together. *p < 0.05 as compared with FusOn-H
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the tumor site.51 Tumor-infiltrating NK cells are also found to be
the predominant producers of Fms-related tyrosine kinase 3 ligand
(FLT3L) in the tumor microenvironment,52 which can further pro-
mote the development and proliferation of the recruited cDC1.53

cDC1 is considered to have the unique capability in antigen cross-pre-
sentation and T cell cross-priming in cancer immunology and immu-
notherapy.54,55 Hence, incorporation of affibody-PL or EGF-PL into
an oncolytic HSV forms a tactical combination, as the oncolysis by
the virus can release abundant neoantigens that can be subsequently
cross presented to T cells by the recruited cDC1 through the engage-
ment of the recruited and activated NK cells. Obviously, the limited
data we have collected and presented here on this observation are
exploratory in nature, and clearly more investigation needs to be con-
ducted on this in the near future, including confirmation of the actual
contribution of the induced neoantigen-specific immunity to the
overall efficacy of virotherapy and long-lasting therapeutic benefit.

Affibody-PL was the first chimeric molecule we designed for the in-
tended purpose of diverting the infiltrating NK and other innate im-
mune cells to attack tumor cells. The nature of this molecule, with the
HER2 affibody as the targeting moiety, limits its application to tumor
cells overexpressing HER2. However, this same strategy can be readily
adapted to target other tumors by replacing the HER2 affibody with
another binding moiety, such as a ligand or a single-chain antibody
with binding specificity for other TAAs. To prove this, we subse-
quently designed a second chimeric molecule, EGF-PL, in which
the HER2 affibody was replaced with the binding domain of EGF
to EGFR. We incorporated this molecule into an HSV-1-based onco-
lytic virus. Although the potency of this HSV-1-based oncolytic virus
(Synco-2D) is not quite as high as that of the HSV-2-based FusOn-
H2,20 arming it with the EGF-PL molecule similarly enhanced its
therapeutic effect in a similar manner as seen for the affibody-PL-
armed FusOn-PL. Thus, our data suggest that this arming strategy
can be applied to different designs of the chimeric molecule and to
different backbones of oncolytic viruses, with the potential for treat-
ing a variety of malignant diseases.

One major hurdle facing virotherapy is the host’s innate antiviral im-
mune mechanism that can be instantly triggered when virotherapy is
given. The triggered antiviral innate immunity can severely limit on-
colytic virus replication, which is the tenet of virotherapy. Conse-
quently, it has been reported that ablating the function or directly
depleting innate antiviral immune cells, such as macrophages and
NK cells, can significantly improve the therapeutic activity of onco-
lytic virotherapy.2,4 Antibodies to the oncolytic virus represent
es

on the chosen MHC I neoantigen peptides, as reported by Kreiter et al.36 (B) IFN-g

es were collected from the tumor-freemice in the experiment shown in Figure 4B that

in the ELISpot assay from the neoantigen peptides or the no-peptide control. (C)

l. Treatment groups include FusOn-H2, FusOn-PL, and PBS. (D) The chosen MHC II

tigen peptides is from the report by Kreiter et al.36. (E) Quantification of IFN-g ELISpot

trols include no peptide or an unrelated peptide (the ovalbumin MHC II peptide [OVA

2; +p < 0.01 as compared with PBS.
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another major limiting factor to the full therapeutic effect of virother-
apy, as they can neutralize the oncolytic virus during its spread within
tumor tissues. Our strategy of arming an oncolytic virus with the PL-
containing chimeric molecules engages both the antiviral antibodies
(as well as other Igs) and the innate immune cells and guides them
to attack tumor cells. This action theoretically diverts these two im-
mune components away from clearing the oncolytic virus, thus allow-
ing it to fully replicate and spread within tumor tissues. As such, this
strategy not only improves the killing effect but also potentiates the
oncolytic effect of virotherapy per se.
MATERIALS AND METHODS
Cell Lines

CT26 is a murine colon cancer cell line, and CT26-HER2 was derived
from it by stable transduction of the gene encoding human HER2.28

CT26-EGFR cells were established from CT26 cells by stably trans-
ducing the cells with a lentiviral vector that contains EGFR extracel-
lular and transmembrane domains without the intracellular sequence.
These cells were cultured in in RPMI 1640 (Invitrogen, Carlsbad, CA,
USA), supplemented with 10% fetal bovine serum (FBS; purchased
from Gemini Bioproducts, West Sacramento, CA, USA), 100 units/
mL penicillin, and 100 mg/mL streptomycin (Invitrogen). SKOV3
(HER2-high, ovarian cancer), MCF7 (HER2-medium, breast cancer),
and MDA-MB-231 (HER2-negatve breast cancer), HEK293, and Af-
rican green monkey kidney (Vero) cell lines were obtained from
American Type Culture Collection (Rockville, MD, USA) and
cultured in DMEM containing 10% FBS. All cells were incubated at
37�C in a humidified atmosphere saturated with 5% CO2.
Oncolytic HSV Construction

The composition of the chimeric molecules of HER2 affibody-PL and
EGF-PL is depicted in Figure 1A. The sequence encoding affibody-PL
(including Sp, affibody, linker-hemagglutinin [HA] tag, and PL B1–
B5 domains) was codon optimized for human expression and synthe-
sized by GenScript (Piscataway, NJ, USA). The synthesized affibody-
PL coding sequence was then inserted into pNEB-PKF-4 to replace
the GFP gene in this plasmid. After this cloning, the affibody-PL cod-
ing sequence is driven by the Rous sarcoma virus long terminal repeat
(RSV-LTR) promoter with the simian virus 40 (SV40) polyadenyla-
tion signal at the 30 end, and the entire gene cassette is flanked by
approximately 1 kb of homologous sequences that enable homolo-
gous recombination for the insertion of the transgene into the 50 re-
gion of the mICP10 gene in the genome of FusOn-H2, as indicated
in Figure 1C. The parental FusOn-H2 is an HSV-2-based oncolytic
virus and was constructed by deleting the N-terminal region of the
ICP10 gene in the HSV-2 genome. The details of its construction
were described in our previous publication.20 Synco-4 was con-
structed in a similar fashion, except that the affibody in affibody-PL
was replaced with EGF for the assembly of EGF-PL, and the transgene
cassette was inserted into the intergenic region of the UL46 and UL47
genes in the genome of Synco-2D, which is an HSV-1-based oncolytic
virus.24 The details of its construction have been reported in our pre-
vious publication.24
Western Blot Analysis

Culture supernatants containing the chimeric molecules (from trans-
fection or infection of FusOn-PL, pCR-EGF-PL, or Synco-4) or
without the chimeric molecules (from transfection or infection of Fu-
sOn-H2, empty vector, or Synco-2D) were mixed with an equal
amount (20 mL) of Laemmli 2� buffer before being loaded into the
wells of a 4%–20% SDS-PAGE gel, along with molecular weight
markers after boiling for 5 min. After running for 1 to 2 h at 120 V,
the gel was transferred to a polyvinylidene fluoride (PVDF) mem-
brane at 30 V overnight in a cold room. All of the above materials
were purchased from Bio-Rad (Hercules, CA, USA ). The transferred
membrane was blocked for 1 h at room temperature (RT) using 3%
BSA-Tris-buffered saline 0.1% Tween 20 (TBST) blocking solution
and then incubated with rabbit anti-HA tag antibody (1:1,000 dilu-
tion) (Cell Signaling Technology, Danvers, MA, USA) overnight at
4�C, followed by a 1-h incubation with anti-rabbit horseradish perox-
idase (HRP) antibody (1:2,000 dilution) (Cell Signaling Technology,
Danvers, MA, USA) at RT. HRP activity was visualized by soaking
the membrane in a SuperSignal West Pico chemiluminescence sub-
strate (Thermo Scientific). Afterward, the luminescence signals on
the membrane were quantified with an Amersham Imager 600 (GE,
Pittsburgh, PA, USA).

Flow Cytometry Detection of Chimeric Molecule-Binding

Specificity

Supernatants were collected from cells transfected or infected with
plasmids or oncolytic HSVs that either contained or did not contain
the chimeric genes. The supernatants were collected 48 h after trans-
fection or infection and were filtered to remove cell debris and virus
particles. For affibody-PL-binding detection, supernatants of 100 mL
were incubated for 30 min at 4�C with tumor cells. After washing 3
times with PBS, 1 mL of mouse anti-HA tag IgG (Sigma, St. Louis,
MO, USA) in 2% FBS-PBS was incubated for another 30 min at
4�C, which was followed by incubation with 2 mL of fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-mouse IgG (Sigma, St.
Louis, MO, USA) at 4�C for 30 min. For the EGF-PL binding assay,
tumor cells were incubated with 100 mL of the collected supernatants
for 30min at 4�C and followed by wash and then incubation with 2 mL
of phycoerythrin (PE)-conjugated mouse anti-HA tag IgG (Bio-
Legend, San Diego, CA, USA). The cells were subjected to an analysis
by flow cytometry (BD Biosciences, San Jose, CA, USA).

In Vitro ADCC Assay

Human PBMCs were prepared from white blood cell concentrate
(buffy coat) obtained from a human blood bank (Gulf Coast Regional
Blood Center, Houston, TX, USA). Briefly, the buffy coat was mixed
with an equal amount of 1� PBS before it was loaded onto Lympho-
prep (STEMCELL Technologies, Vancouver, BC, Canada) for
centrifugation for 30 min at 800 � g with the brake off at RT. The
layer containing PBMCs at the plasma:Lymphoprep interface was
collected and washed three times with PBS. The purified PBMCs
were cocultured in 12-well plates with HER2-positive SKOV3 tumor
cells at the ratio of either 10 (E:T = 1:10) or 20 (E:T = 1:20) in the pres-
ence of 5 mg/mL of human IgG and the indicated supernatants. 24 h
Molecular Therapy: Oncolytics Vol. 19 December 2020 43

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
later, PBMCs and the dead cells floating in the medium were
removed, and the remaining living cells were stained with 0.1% crystal
violet-ethanol solution. After micrographs were taken, the stained tu-
mor cells were lysed with 2% SDS, and the released dye was measured
at a 595-nM wavelength with a SpectraMax M5 plate reader (Molec-
ular Devices, San Jose, CA, USA). The percentage of tumor cell killing
was calculated by dividing the reading of cells in the well without add-
ing PBMCs with the readings from each of the other wells.

In Vivo Animal Experiments

Immune-competent female BALB/c mice (4–6 weeks old) were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
All animal experiments were approved by the university’s Institu-
tional Animal Care and Use Committee (IACUC). For evaluation
of the therapeutic efficacy of the affibody-PL-armed FusOn-PL,
freshly harvested CT26-HER2 cells (2 � 105) were injected into the
right flank of BALB/c mice. Mice were then randomly grouped (n =
12 for the experiment presented in Figure 4B, and n = 5 for the exper-
iment presented in Figure 6C). Once tumors reached approximately
5 mm in diameter, mice received an intratumoral injection of either
PBS or 1 � 107 PFU of FusOn-H2 or FusOn-PL in a volume of
100 mL. Two mice from each group were euthanized at day 3 after vi-
rotherapy to collect tumor tissues for measurement of NK cell infiltra-
tion. The rest of the mice were kept for 3 or 4 weeks to monitor tumor
growth by measuring two perpendicular tumor diameters with a
caliper. Tumor volume was calculated by the formula: tumor volume
(cubic millimeter) = (length [millimeter]) � (width [millimeter])2 �
0.52. The tumor growth ratio was calculated by dividing the tumor
volumemeasured at the indicated time with the tumor volume imme-
diately before the start of treatment.

For evaluation of the therapeutic effect of the EGF-PL-armed Synco-
4, CT26-EGFR cells (2 � 105) were implanted into the right flank of
BALB/c mice. The animals were then randomly grouped (n = 5 per
group). When tumors were about 5 mm in size, the mice received
an intratumoral injection of either PBS or 2 � 107 PFU of Synco-
2D or Synco-4 in a volume of 100 mL. The tumor growth in the
mice was monitored for 3 weeks, as described above.

In some experiments, spleens were collected after euthanasia of the
animals for immunologic assays, as described in the following sec-
tions. In one experiment, the tumor-free mice from the FusOn-PL-
treated group were rechallenged on the left flank with 3 � 105

CT26-HER2 tumor cells and were monitored for another 4 weeks
for tumor growth on both flanks.

ELISpot Assays

ELISpot assays were performed with amouse IFN-g ELISPOTReady-
SET-Go! kit (Thermo Fisher Scientific, Waltham, MA, USA), accord-
ing to the manufacturer’s instructions. Briefly, 96-well filter plates
(Millipore, Bedford, MA, USA) were precoated with anti-IFN-g
monoclonal antibody (mAb) and incubated overnight at 4�C. The
plates were blocked with 10% FBS RPMI 1640 for 1 h at RT. Spleno-
cytes were dispensed at 5 � 105 cells into duplicate wells in 10% FBS
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RPMI 1640 and stimulated with medium, nonspecific peptides (oval-
bumin [OVA] 323–329) or neoantigen peptides, respectively. The
peptide concentration was 5 mg/mL. After incubation at 37�C for
48 h, followed by washing, a detection antibody (Ab) was added to
each well, and the plates were incubated for another 2 h at RT. An
Avidin-HRP solution was added to the wells and incubated for
another 45 min. Finally, freshly prepared 3-amino-9-ethylcarbazole
(AEC) substrate solution was added. The color reaction was allowed
to develop at RT for 10–60 min. After washing with tap water and
drying, the spots were counted and imaged with an Olympus SZX7
Stereo Microscope Camera System (Olympus, Waltham, MA, USA).
Tumor Immunochemistry for NK Cell Infiltration

For immunohistochemistry staining of NK cells, paraffin sections
from the collected tumor tissues were deparaffinized in xylene, rehy-
drated through graded alcohol, and processed for antigen retrieval by
boiling in 10 mM citrate buffer (pH 6.0) for 15 min. Sections were
incubated in 0.3% H2O2 in 50%methanol for 30 min at RT to quench
endogenous peroxidase. To block nonspecific binding, sections were
incubated in 3% BSA for 30 min, and then, a biotin-blocking system
(Dako, Carpinteria, CA, USA) was used to block endogenous biotin.
Sections were then incubated with 1:50 rabbit anti-NCR1 antibody
(Abcam, Cambridge, MA, USA) overnight at 4�C. After washing, sec-
tions were incubated with an HRP polymer kit (Biocare Medical, Pa-
checo, CA, USA) for 30min at RT, followed by 3, 3-diaminobenzidine
tetrahydrochloride as the chromogen. The image was photographed
with an Olympus BX41 microscope (Olympus, Waltham, MA, USA).

For immunofluorescence double staining, the sections were incubated
overnight at 4�C with 1:50 rabbit anti-NCR1 and 1:200 mouse anti-
Ki67 (BD Biosciences, San Jose, CA, USA) after blocking nonspecific
binding in 3% BSA. Primary antibodies were detected with 1:400
donkey anti-rabbit Cy3 (Jackson ImmunoResearch, West Grove,
PA) and 1:400 donkey anti-mouse FITC (Santa Cruz Biotechnology,
Dallas, TX, USA). Sections were later counterstained with Vectashield
mounting medium containing 40,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Burlingame, CA, USA) to label nuclei.
The image was photographed with an Olympus BX51 fluorescence
microscope (Olympus, Waltham, MA, USA).
Statistical Analysis

All data were normally distributed, and Student’s t test (two-tailed) or
one-way ANOVA was used to determine the statistical significance
(p < 0.05) of various comparisons. The results are reported as
mean ± standard deviations.
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