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ABSTRACT

Background Although oncolytic virotherapy has shown
substantial promises as a new treatment modality

for many malignancies, further improvement on its
therapeutic efficacy will likely bring more clinical benefits.
One plausible way of enhancing the therapeutic effect of
virotherapy is to enable it with the ability to concurrently
engage the infiltrating immune cells to provide additional
antitumor mechanisms. Here, we report the construction
and evaluation of two novel chimeric molecules (bispecific
chimeric engager proteins, BiCEP and trispecific chimeric
engager protein, TriCEP) that can engage both natural killer
(NK) and T cells with tumor cells for enhanced antitumor
activities.

Methods BiCEP was constructed by linking orthopoxvirus
major histocompatibility complex class I-like protein,
which can selectively bind to NKG2D with a high affinity
to a mutant form of epidermal growth factor (EGF) that
can strongly bind to EGF receptor. TriCEP is similarly
constructed except that it also contains a modified form of
interleukin-2 that can only function as a tethered form. As
NKG2D is expressed on both NK and CD8* T cells, both of
which can thus be engaged by BiCEP and TriCEP.

Results Both BiCEP and TriCEP showed the ability

to engage NK and T cells to kill tumor cells in vitro.
Coadministration of BiCEP and TriCEP with an oncolytic
herpes simplex virus enhanced the overall antitumor
effect. Furthermore, single-cell RNA sequencing analysis
revealed that TriCEP not only engaged NK and T cells to kill
tumor cells, it also promotes the infiltration and activation
of these important immune cells.

Conclusions These novel chimeric molecules exploit

the ability of the oncolytic virotherapy in altering the
tumor microenvironment with increased infiltration of
important immune cells such as NK and T cells for cancer
immunotherapy. The ability of BiCEP and TriCEP to engage
both NK and T cells makes them an ideal choice for arming
an oncolytic virotherapy.

INTRODUCTION

The intrinsic propensity of the oncolytic
viruses (OVs) to selectively infect, repli-
cate in, and kill malignant cells makes them
attractive candidates as emerging anticancer
agents. Considerable progress has been made

in recent years on oncolytic virotherapy
research, which has led to preclinical
and clinical evaluation of a range of OVs,
including those derived from herpes simplex
virus (HSV),' vesicular stomatitis virus,

adenovirus,3 vaccinia virus,4 and measles
virus.” Talimogene laherparepvec (T-VEC or
Imlygic) is a genetically modified type I HSV
(HSV-1) and is the first and only OV therapy
to be approved for the treatment of advanced
melanoma by the US FDA (US Food and Drug
Administration).” However, despite these
exciting developments, it is noticeable that
T-VEC has manifested only moderate benefits
in patients with advanced melanoma. Thus,
there is a need to further improve the efficacy
of oncolytic virotherapy. One plausible way of
achieving this is to combine virotherapy with
other common therapeutic strategies, partic-
ularly with immunotherapy.7 Indeed, recent
clinical studies have shown that the thera-
peutic effect can be significantly improved
by combining virotherapy with checkpoint
inhibitors.” Oncolytic virotherapy interacts
with the host’s immunity in many ways, and
a full understanding of these interactions will
likely lead to the design of new strategies for
synergizing viroimmunotherapy.

One way that OVs interact with the host’s
immune system is to induce immunogenic
death of tumor cells by releasing abun-
dant tumor-associated antigens (TAA’s) and
neoantigens, as well as pathogen-associated
molecular patterns and damage-associated
molecular pathogens.” Additionally,
infection induces local inflammation, which
can stimulate dendritic cell (DC) maturation.
Mature DCs then migrate to the draining
lymph nodes where they present the tumor
antigens to the T cells, and the activated CDh4"
and CD8" effector T cells can potentially kill
both infected and uninfected tumor cells."
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To enhance the antitumor immune responses, OVs have
been armed with a variety of immunostimulatory genes.
For example, GM-CSF has been inserted into several OVs,
including HSV-1-based T-VEC, adenovirus-based CG0070,
Vaccinia virus-based JX-594.""

Studies in recent years from us and others have shown
that virotherapy can also impact the immune cell land-
scape by attracting the migration of immune cells to tumor
microenvironment (TME),'? ' the so-called converting
‘cold tumors’ to hot ones. Other studies have shown that
there is an early influx of innate immune cells, including
macrophages and natural killer (NK) cells, in response to
tumor virotherapy. Several strategies have been developed
to exploit the changes in the immune landscape during
virotherapy by converting the infiltrating immune cells
to attack tumor cells. For example, it was reported that
arming an oncolytic vaccinia virus with a secretory bispe-
cific T-cell engager (BiTE) consisting of two single-chain
variable fragments (scFvs) specific for CD3 and the tumor
cell surface antigen EphA2 can significantly enhance
antitumor therapy.'"* BiTE has since been incorporated
into other OVs such as adenovirus and measles virus." '°
Our recent studies show that arming an oncolytic HSV
with a novel chimeric molecule that can engage NK cells
with tumor cells via Protein L and a TAA ligand can also
enhance the antitumor efficacy of the virotherapy.'”

Here, we report a novel strategy to engage both the
infiltrating T cells and NK cells in TME to kill tumor cells
during virotherapy. The molecule on immune cells that
we chose to engage is NKG2D, an activating receptor that
is abundantly expressed on human NK and CD8" T cells,
murine NK cells and activated murine CD8" T cells."® "
In addition to engaging both NK and T cells, choosing
NKG2D over the traditional CD3 allows the engagement
of mainly CD8" subpopulation of T cells. On the other
hand, the TAA that we chose to engage is epidermal
growth factor receptor (EGFR) that is overexpressed
on many solid tumors.”’ Instead of using the traditional
antibodies scFvs, we chose to use ligands as the targeting
moieties. The reason for such a design is the concern on
the high binding affinity of scFvs used in either BiTE or
CAR-T cells and its potential link to the enhanced release
of cytokines and the consequential cytokine storms.”'
The affinity of ligand binding is usually significantly lower
than that of a scFv. As such, this design mimics ‘affinity
tuning’ that has been applied for increasing the safety
of BiTE.* For engaging the NKG2D molecule, we chose
to use orthopoxvirus major histocompatibility complex
class I-like protein (OMCP), which is a small polypeptide
encoded by monkeypox and cowpox virus that can selec-
tively bind to NKG2D with an affinity equal to, or greater
than, all other known NKG2D ligands.”® For engaging
EGFR, we chose to use a mutant form of EGF (m123)
that has an enhanced binding affinity and dynamic to
both murine and human EGFR.** Another advantage of
the design of this unique chimeric molecule is that it can
be used for evaluating both human and murine immune
settings. We constructed this chimeric molecule in two

different forms. A bispecific chimeric engager proteins
(BiCEP) is composed of OMCP at its N-terminus and
EGF (m123) at the C-terminus with a flexible linker
between these two components. A trispecific chimeric
engager protein (TriCEP) was constructed by incorpo-
rating a mutated interleukin 2 (IL-2) to the N-terminus
of BiCEP so that it may bind to the IL-2 receptor on the
engaged NK or T cells to potentiate their proliferation
and functionality. Both BiCEP and TriCEP showed the
capability of engaging NK or T cells to kill tumor cells
when evaluated in vitro. When codelivered together with
an HSV-based OV in vivo, they enhanced the antitumor
therapeutic activity. Furthermore, our single-cell RNA
sequence (scRNA-seq) data indicate that codelivery of
these chimeric molecules can dramatically change the
immune cell landscape within TME, as evidenced by
increased infiltration of NK/T cells. Together, our data
suggest that coadministration of these uniquely designed
chimeric engagers represents a viable way of potentiating
virotherapy for solid tumors.

RESULTS

Design of a novel engager that can engage both infiltrating NK
cells and CD8" T cells to enhance the antitumor effect of an
HSV-based OV

Previous studies from us and others have shown that
chimeric molecules that engage either T cells (mostly via
a scFv to CD3) or NK cells can enhance the therapeutic
effect of an oncolytic virotherapy.'*"” Here, we report
the design of a novel chimeric molecule that can engage
both NK and T cells. As depicted in figure 1A, the key
components of this chimeric molecule are at the N-ter-
minus is a 152 amino acid OMCP and at the C-terminus
is a mutant form of EGF (m123). OMCP is a small poly-
peptide encoded by monkeypox and cowpox virus that
can selectively bind to NKG2D with an affinity equal to,
or greater than, all other known NKG2D ligands.”® The
mutated EGFo ligand (EGFm123) has an enhanced
binding affinity and dynamic to both murine and human
EGFR.** It is engineered by directed evolution through
yeast surface display for significantly enhanced affinity
for the EGFR. Compared with the wild type EGF, m123
bound 8-fold and 33-fold more tightly to surface EGFR
on NR6WT cells and BJ-ba cells, respectively. m123 also
bounds 18-fold and 8-fold more tightly to human EGFR
and murine EGFR, respectively.® Interestingly, m123
showed stronger binding at low pH, which is beneficial
given that the pH of the TME is universally acidic. Addi-
tionally, the binding of m123 to the EGFR may enhance
its intracellular degradation, thus benefiting the overall
antitumor activity.**

We constructed two versions of this chimeric mole-
cule—the bispecific and trispecific binding engagers. In
the bispecific construct, termed BiCEP, OMCP and the
ml23 are linked via a flexible 20 residue (Gly-Gly-Gly-
Gly-Ser), linker and a Myc-tag for ease of detection. In the
tri-specific construct, termed TriCEP, a mutated form of
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Figure 1 Design of bispecific and trispecific engagers, their anticipated mechanism of action and expression in vitro. (A)
Schematic illustration of BICEP and TriCEP constructs. The composition of the gene cassettes for the chimeric molecules. Each
component in the BiCEP (OMCP-EGFam123) and TriCEP (mutlL-2-OMCP- EGFam123) is labeled accordingly. SS for signal
sequence, (GS), for two copies of GS linker. TriCEP contains the mutant IL-2 (mutlL-2) at the N-terminus. The rest is the same
as BiCEP. The actual length of the coding sequence of each component is not proportional to the size of the drawn box. (B)
Perceived mechanism of action of the chimeric engagers after being expressed in Tme. The chimeric molecules can engage
the NKG2D bearing immune cells, including NK and T cells, with tumor cells through intermolecular binding of EGFom123 (to
EGFR) and OMCP (to NKG2D), and for TriCEP, the flickering action of mutlL-2 on IL-2R to NK or T cell potentiate proliferation
and activation. (C) 3D model of protein structures of BiCEP and TriCEP performed using Robetta, indicating no interdomain
hindrances. BiCEP, bispecific chimeric engager proteins; EGFR, epidermal growth factor receptor; GS, Gly-Ser; IL-2, interleukin
2; NK, natural killer; OMCP, orthopoxvirus major histocompatibility complex class I-like protein; TriCEP, trispecific chimeric
engager protein.
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IL-2 (mutlL-2) that has substitutions of alanine for argi-
nine at the 38 position (R38A) and/or lysine for phenyl-
alanine at the 42 position (F42K) is placed upstream of
OMCP via a (Gly-Ser-Ser), and a His8-tag for detection.
These mutations decrease the affinity of IL-2 for IL-2Ra.
This allows mutlL-2 to selectively activate IL-2-signaling
only as a tethered form without broadly activating
other IL-2R bearing cells and minimizing the unwanted
toxicity.” The hypothesized action mechanisms of BiCEP
and TriCEP are illustrated in figure 1B. The simultaneous
binding of OMCP to NKG2D and mEGFa to EGFR by
the chimeric engagers will efficiently engage the NKG2D
bearing NK and T cells with EGFR-bearing tumor cells,
bringing the two cells in proximity and creating an immu-
nological synapse. The mutlL-2 in TriCEP would flicker
on the IL-2R on the engaged immune cells and enable
the activation and proliferation of the engaged NK or
T cell to further potentiate the immune response and
improve the efficacy.

After the design and construction of BiCEP and TriCEP,
we checked for the presence of steric-imposed confor-
mational constraints on both chimeric molecules, and
for that, we generated the predicted 3D structure using
Robetta protein modeling software.”” The 3D structure
in figure 1C predicts that all the individual components
in both chimeric molecules are spatially separated by an
intermittent linker, such that they can readily bind to their
cognate targets without intradomain steric hindrance.
Next, we examined the expression of both BiCEP and
TriCEP by transfecting the plasmid constructs to mamma-
lian cells (HEK293 and BHK cells), followed by a Western
blot analysis. The results in figure 2A showed that both
chimeric molecules are efficiently expressed and secreted
to the supernatant after the molecules are synthesized.

In vitro characterization of BiCEP and TriCEP

Next, we conducted a series of in vitro experiments to
test the binding specificity of the individual components
in the chimeric molecules to their respective receptors.
First, the binding affinity of OMCP to NKG2D was assessed
by incubating the TALL-104 cells with the supernatants
harvested from HEK293 transfected with the BiCEP and
TriCEP constructs for 1 hour at RT. TALL-104 cells are a
human leukemic cell line that expresses markers charac-
teristic of both NK cells and cytotoxic T-lymphocytes with
high expression of NKG2D.* The binding of OMCP to
NKG2D was determined by measuring the number of cells
positive for both NKG2D and the Myc tag contained in
both BiCEP and TriCEP (NKG2D"'/Myc") via flow cytom-
etry analysis. Over 50%—60% of NKG2D" cells are positive
for Myc, indicating a good binding affinity of OMCP to
NKG2D (figure 2B).

For determining the binding activity of BiCEP and
TriCEP to EGFR, we initially incubated the supernatants
with SKOV3 cells for 30 mins at RT. SKOV3 is a human
ovarian cancer cell line with overexpression of EGFR.?’
The binding of the chimeric molecules to EGFR on the
surface of SKOV3 cells was detected by measuring the

number of cells positive for both EGFR and Myc (EGFR+/
Myc+), again via flow cytometry analysis. The result in
figure 2C showed that over 80% of EGFR expressing
SKOV3 cells are also positive for Myc, indicating that
the mutant form of EGFm123 contained in both BiCEP
and TriCEP can efficiently bind to EGFR. No binding
was observed with the mock-transfected supernatants,
confirming the specificity of this assay. Moreover, from
figure 2C, it can be appreciated that approximately 50%
of SKOV3 are EGFR negative. These EGFR" SKOV3 cells
would serve as an internal control. Importantly, there was
no BiCEP or TriCEP binding to these EGFR cells, indi-
cating the binding specificity of these chimeric molecules
to the targeted EGFR.

To further confirm the binding specificity of OMCP
and EGFm123 in the two chimeric molecules, we also
determined the costaining positivity of EGFR in a murine
colon cancer cell line CT26-EGFR that was established in
our own lab and has been used in our previous studies
in an EGFR-targeted immunotherapy.”® We repeated
the binding assay on this cell line with the cell-free
supernatants collected from the amplicon infected cells
(figure 2D). From the binding assays, assessed using flow
cytometry, there is increased binding of EGF to the trun-
cated human EGFR on the CT26 cell line, evaluated by the
cells positive for both Myc and the EGFR. Over 90% of the
cells are double positives (EGFR'/Myc"), indicating that
the EGFo binding affinity is retained in the supernatants
collected from the amplicon infected cells (figure 2E).
Since the mutIL-2 could only bind weakly to IL-2R, we
did not perform any in vitro binding assays on the TriCEP.
However, as presented in the following sections, the IL-2
dependent activation by TriCEP could be detected from
in vivo studies by the scRNA-seq analysis.

In vitro assay on the ability of BiCEP and TriCEP to engage NK
cell with tumor cells and to induce cytotoxicity

To test whether BiCEP and TriCEP could engage NK
cells (TALL-104) to kill tumor cells, a real-time in vitro
tumor-killing assay was performed.” Target tumor cells
(SKOV3) were incubated with the effector TALL-104 cells
at an increasing effector-to-target (E:T) ratio (1:1, 2:1,
and 5:1) in the presence or absence of BiCEP or TriCEP.
The tumor cell viability was monitored by IncuCyte, a real-
time cell imaging device. Images were taken every 2 hours
and the number of viable cells per well was quantified
with the IncuCyte-FLR-Platform technology (figure 3A).
The cytotoxicity is reported by the percentage of viable
cells/percentage of confluence remaining at the end
of 24hours coculture (online supplemental file 1-Fig.
S1A). The results show that at the lower E:T ratios (1:1
and 2:1), there is a significant increase in the percentage
killing in the presence of BiCEP and TriCEP compared
with the control well with the mock-transfected superna-
tants. However, at the high E:T ratio (5:1), this difference
became insignificant. This is probably due to the high
background killing activity of TALL-104 cells.”’
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Figure 2 Binding specificity of BiCEP and TriCEP to NKG2D and EGFR. (A Western blot detection of transgene expression.
HEK cells were transfected with pcDNAS.1 plasmids containing GFP, BiCEP and TriCEP constructs or mock-transfected.
Supernatant and cell lysate were prepared 48 hours later for Western blot analysis with anti-MYC tag IgG. Lanes 1 and 5,
mock-transfected; lanes 2 and 6, GFP; lanes 3 and 7, BiCEP, and lanes 4 and 8, TriCEP. (B) Flow cytometry analysis of the
selective binding activity of OMCP to NKG2D on TALL-104 cells. TALL-104 cells were incubated with supernatants harvested
from HEK293 cells transfected with mock (NT), BiCEP or TriCEP constructs for one H at room temperature. The cells were then
stained with antibodies against NKG2D and Myc-tag and subjected to flow cytometry analysis. The double-positive NKG2D+/
Myc +cells indicate the specific binding of OMCP in the chimeric molecules to NKG2D on TALL-104 cell surface. (C) Binding

of EGFam123 to EGFR on SKOV3 cells. SKOVS3 cells were incubated with the same supernatants as in a. the cells were then
stained with antibodies against EGFR and Myc-tag and subjected to flow cytometry analysis. The double-positive EGFR+/

Myc +cells indicate the specific binding of EGFam123 within the chimeric molecules to EGFR on the SKOV3 cell surface. (D)
Western-blot analysis to detect the transgene expression. The supernatants collected 48 hours after infection were used for
Western blot analysis using anti-MYC IgG and are subsequently used in the assay in the below panel. (E) binding of EGFam123
to EGFR on CT26-EGFR cells. CT26-EGFR cells were incubated with supernatants harvested from BHK cells infected with
mock, Synco-2D BiCEP or Synco-2D TriCEP, for one H at room temperature. The cells were then stained with antibodies against
EGFR and Myc-tag and subjected to flow cytometry analysis. The double-positive EGFR+/Myc +cells indicate the specific
binding of EGFam123 within the chimeric molecules to EGFR on the CT26-EGFR cell surface. BiCEP, bispecific chimeric
engager proteins; EGFR, epidermal growth factor receptor; NT, non-transfected; OMCP, orthopoxvirus major histocompatibility

complex class I-like protein; TriCEP, trispecific chimeric engager protein.

Moreover, we conducted a highly sensitive FACS  caspase-3 as a readout of cytotoxicity.*® Briefly, the assay
(Fluorescence-activated cell sorting) based cleaved involved labeling of tumor cells (CT26-EGFR cells) with
caspase 3 cytotoxicity assay using the cleavage of  a cell tracker dye, which were then used to coculture
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Figure 3

In vitro cytotoxic activity of TALL-104 cells against EGFR-expressing SKOV3 cells in the presence of chimeric

engagers. (A) TALL-104 were mixed with SKOV3 tumor cells at the effector-to-target (E:T) ratio of 1:1, 2:1, or 5:1 in triplicates, in
a 96 well plate, and in the presence or absence of supernatant harvested from a control vector (NT), or BiCEP and TriCEP. The
plate was incubated in the IncuCyte real-time imaging system to monitor cell viability constantly for 48-72 hours. The graphs
show the real-time drop in the red object confluence (SKOV3 cells expressing RFP in the nuclei) over 20 hours with BiCEP and
TriCEP. One single red object is equivalent to a single viable tumor cell. (B) Quantification of tumor cell killing by FACS based
cleaved caspase-3 cytotoxicity assay. The percentage of cleaved caspase-3 as a measure of cytotoxicity is represented by
measuring the percentage of caspase-3 positive tumor cells at the end of 4 hour coculture with human primary NK cells. The
results are an average of a total of six replicates from two independent assays. *P<0.05 as compared with NT control, sp<0.05
as compared with both nt and BiCEP. BiCEP, bispecific chimeric engager proteins; NT, non-transfected; TriCEP, trispecific

chimeric engager protein.

with primary human NK cells at different E:T ratios (1:1,
3:1 and 5:1). The cells were permeabilized and stained
with an antibody recognizing cleaved caspase 3 and
analyzed by flow cytometry (figure 3B, with the detailed
data in (online supplemental file 1-Fig.S1B). The results
show that at the lowest E:T ratio (1:1), there is a signif-
icant increase on the tumor cell killing (represented as
percentage caspase 3 positive cells) in the presence of
BiCEP compared with the control well (NT). However, at
the high E:T ratios (3:1 and 5:1), this difference became
insignificant, probably due to the significant back-
ground Kkilling in the control well. There was a signifi-
cant increase in the tumor cell killing in the presence of
TriCEP over the control at all the E:T ratios. Moreover,
TriCEP resulted in a better killing than BiCEP at high
ratios (3:1 and 5:1).

Insertion of BiCEP and TriCEP coding sequences into an
amplicon vector for in vivo delivery

An obvious and common approach to codelivering the
chimeric molecules during virotherapy is to insert their
coding sequences into the backbone of the OV. However,
as HSV has a large genome (over 150kb) and recombi-
nation insertion of foreign genes is cumbersome and
time-consuming, thus we chose to use an HSV amplicon
vector to deliver these two transgenes. An HSV amplicon
is a plasmid-like vector that contains a copy of HSV repli-
cation origin (ori-) and packaging signal (pac). In the
presence of a helper HSV (eg, an oncolytic HSV), the
plasmid gets amplified by a rolling-circle mechanism and
the amplified DNA (a total of 150kb) will be subsequently
packaged into a viral particle. Depending on the size
of the amplicon plasmid, many copies of the amplicon
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sequence (and hence multiple copies of the transgene)
can be packaged into each viral particle. So it is an effi-
cient and nimble gene delivery system that we have
successfully used in several of our previous studies.”’ We
inserted the coding sequence of either BiCEP or TriCEP,
together with a copy of the EGFP (Enhanced Green Fluo-
roscent Protein) Fgene into the amplicon construct. The
inclusion of the EGFP gene allows for easy and conve-
nient titration of the amplicon vector.

We examined the un-packaged amplicon (via trans-
fection of the amplicon plasmid into HEK293 cells) and
the packaged amplicon (via infection to BHK cells) for
transgene expression (both GFP and the chimeric mole-
cules). For packaging the amplicon plasmids into HSV
particles, we initially transfected the amplicon plasmids
into BHK cells, which were super-infected 24 hours later
with Synco-2D, which is an HSV-1-based OV that has a
clear fusogenic property.”® It was constructed by deletion
of the ICP34.5. Additionally, it contains two membrane
fusion mechanisms—the syn phenotype through muta-
genesis and insertion of the truncated form of the gibbon
ape leukemia virus envelope fusogenic membrane glyco-
protein into the virus genome.” The generated stock
thus contains the mixture of the OV (Synco-2D) and
the packaged amplicon. The titer of Synco-2D was deter-
mined by the conventional plaque assay and the titer of
the packaged amplicon was determined by GFP positive
cell counts. The results in figure 4A showed efficient
GFP expression from the amplicon plasmids when they
were transfected into BHK cells as they all contain the
EGFP gene. The extensive appearance of GFP" cells after
infection in the bottom panel of figure 4B indicated that
the amplicon plasmid had been efficiently packaged
into viral particles when Synco-2D was used as a helper
virus (as well as the OV for the in vivo studies) in this
unique delivery system, and the estimated amplicon titer
from the GFP" cell counting is 1x10° per milliliter. The
Western blot analysis in figure 2D showed that the BiCEP
and TriCEP molecules were sufficiently produced from
the infection of the packaged amplicons.

Therapeutic impact of BiGEP and TriCEP codelivered by
amplicon during Synco-2D virotherapy

We chose the CT26-EGFR tumor model for the in vivo
studies to evaluate the therapeutic impact of these two
chimeric engagers during Synco-2D virotherapy. The
experiment process is summarized in figure 5A. Initially,
CT26-EGFR tumors were subcutaneously established as
reported.”® Once tumors reached the approximate size
of 5-6mm in diameter, they were treated with intratu-
moral injection of PBS (Phosphate buffered saline),
Synco2D-BiCEP, Synco2D-TriCEP, or the control ampl-
icon expressing GFP alone (Synco-2D -GFP) at 5x10°pfu
of Synco-2D per mice. Tumors were measured every other
day using calipers and tumor volumes were calculated
as described in the Materials and Methods. The results
showed that, while Synco-2D-GFP only showed a margin-
ally therapeutic effect against this murine tumor, both

A Amplicon plasmid transfection
GFP BiCEP TriCEP

B Packaged amplicon infection
TriCEP

GFP BiCEP

Figure 4 Characterization of amplicon plasmids the
chimeric engagers and production of the packaged amplicon.
(A) Transfection efficiency as determined by EGFP expression
in BHK cells transfected with amplicon plasmid constructs:
Amplicon-GFP, Amplicon-BiCEP, or Amplicon-TriCEP (all
contain the EGFP gene). (B) Amplicon packaging efficiency
as determined by EGFP expression in cells infected with the
same packaged amplicons. For amplicon packaging, the
same amplicon plasmids were transfected into BHK cells.
Micrographs were taken at 24 hours (the top panel) before the
cells were super-infected with Synco-2D (one pfu/cell). The
packaged amplicons were harvested 24 hours later and used
to infect fresh BHK cells, and the packaging efficiency was
determined by the GFP expression after infection (the bottom
panel). BiCEP, bispecific chimeric engager proteins; TriCEP,
trispecific chimeric engager protein.

Synco2D-BiCEP and Synco2D-TriCEP produced a signifi-
cantly better therapeutic effect compared with the PBS
control (figure 5B). By the end of the experiment, all mice
were euthanized, and the tumor explanted (figure 5C).
The measurement of explanted tumors confirmed the
enhanced therapeutic efficacy by the codelivery of both
the BiCEP and TriCEP molecules. The transgene expres-
sion by the codelivered amplicons during virotherapy was
confirmed by examining the GFP expression in tumor
sections collected 2 days after virotherapy (figure 5D).

Characterization of immune cell landscape in TME during

virotherapy with or without codelivery of TriCEP by scRNA-seq
The previous studies on characterizing the infiltrating
immune cells during virotherapy are fragmented, as they
were designed to focus on certain populations of immune
cells.”” % Hence, we decided to use scRNA-seq to fully
characterize the immune cell landscape as well as their
activation status during Synco-2D virotherapy with or
without the amplicon-mediated codelivery of TriCEP. We
decided not to include BiCEP in this scRNA-seq analysis as
it was similarly constructed as TriCEP. The scheme for this
scRNA-seq is shown in figure 6A. BALB/c mice bearing
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subcutaneous CT26-EGFR tumors (approx. 8-10mm in (figure 6A). Forty-eighthours later, the tumors were
diameter) were injected intratumorally with either PBS, excised from the mice and dissociated into a single-cell
Synco2D-TriCEP, or Synco-2D-GFP at 5x10°pfu per mice  suspension. Due to the rarity of immune cell filtration in
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Figure 6 scRNA-seq characterization of infiltrating immune cells in TME after different treatment. (A) Experimental setup

of scRNA-seq on tumor samples. Tumors were explanted from three mice from each group 48 hours after receiving the
indicated treatment and pooled into a single tube for each treatment Group. The pool tumors were then digested using a

tissue dissociation kit and gentleMACS tissue dissociator from Milteyni. The dissociated cells were sorted into CD45™ and
CD45* populations and were then mixed at a 3:1 ratio to proceed to scRNA-seq using a 10X genomics pipeline. (B) UMAP
presentation of major cell types classified into tumor cells and six distinct clusters of immune cells are indicated. (C) Violin plots
of representative cluster-specific marker genes (Cd3d and Ncr1 for T and NK cells, respectively). (D) Subclustering of T and

NK cells annotated by mapping the scRNA seq data to Monaco immune database. (E) The relative composition and proportion
of T and NK cell subclusters within each treatment group (PBS, Synco-2D- GFP (GFP), Synco-2D-TriCEP (TriCEP)). DC,
dendritic cell; NK, natural killer; scRNA-seq, single-cell RNA sequence; TME, tumor microenvironment; UMAP, uniform manifold

approximation and projection.

the TME, we initially sorted the single cells into CD45"
and CD45" populations, which were subsequently mixed
at a 3:1 ratio for single cell capture, barcoding, and
sequencing by the 10x Genomics Chromium pipeline.
For characterizing the types of infiltrating immune cells
in the TME of the collected tumor samples after treat-
ment, all cells were initially clustered into unbiased cell-
type classification using the Seurat package,” " as shown
in figure 6A. Tumor cells were clustered by CD45 and

hEGFR" expression. CD45" cells were clustered based on
the assessment of known cell type markers into distinct
lymphoid; monocyte/macrophage, T cells, NK cells,
DCs, and neutrophils (figure 6B). For the purpose of this
study, we restricted our analysis to NK and T cells, which
are the main effector cells targeted by these chimeric
engagers. Cell-type specific gene expression of Cd3d for
T cells and Nerl for NK cells are shown in the violin plots
(figure 6C). The T and NK cells are further subclustered
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into six distinct clusters (NK cells, Vd2 gd T cells, Th2
cells, T regulatory cells, Naive CD8+ T cells and Thl/
Th17 cells) (figure 6D).37 The subclustering was then
stratified by samples to illustrate the relative composition
of each subtype of these infiltrating NK and T cells in the
different groups (figure 6E). The data showed that Synco-
2D-TriCEP treatment increased the proportion of NK cells
in TME. Considering that the proportion of CD45" cells
in tumors treated with Synco-2D-TriCEP was significantly
higher than in the other two groups (data not shown),
the increase in NK cells is quite significant. Moreover,
treatment with Synco-2D-TriCEP generated more favor-
able T cell responses. First, it increased the proportion
of Th1/Th17 cells by approximately twofold and four-
fold compared with PBS and GFP, respectively. Second,
it reduced the relative presence of both Th2 (approx.
twofold and fourfold reduction compared with PBS and
GFP, respectively) and Treg cells (approx. twofold reduc-
tion compared with both control groups). Both of these
changes on T cells in TME are considered desirable for
cancer immunotherapy.

To determine the activation status of the infiltrating NK
and T cells in the TME, we analyzed the expression of
the activation and major cytotoxic effector markers of NK
and T cells, including Kirkl (NKG2D), Cd69 (Cluster of
Differentiation 69), Stat3 (Signal transducer and activator
of transcription 3) Prfl (perforin), and Gzmb (granzyme
B) (figure 7A-E). Among them, Cd69 is an activation
marker for both T and NK cells.”® Although NKG2D is
constitutively expressed on both NK and CD8" T cells,
its expression is enhanced when these cells become acti-
vated.® As such, it is also considered as an activation
marker for both cell types. Stat3 is a transcription factor
that is activated downstream of many key cytokine recep-
tors expressed by lymphocytes. As such, the presence of
Stat3 is indicative of the activated status of immune cells.
Moreover, it plays an important role in regulating NK cell
function and is thus considered as a NK cell activation
marker (figure 7C). Perforin and granzyme B are classical
markers for critical cytolytic enzymes for both NK and T
cells and their expression levels indicate their cytolytic
activity.” The expression of all these genes was signifi-
cantly elevated in the tumors treated by Synco-2D TriCEP
as compared with the other two groups with the p<0.05
(figure 7D,E), indicating that TriCEP directly contributed
to the activation and/or effector function of NK and T
cells.

In addition to the above activation markers, we also
analyzed the expression of key cytokines in the infil-
trated NK and T cells shown in (online supplemental
file 1-Fig.S2), including Icos (online supplemental file 1-
Fig.S2A), Ifng (online supplemental file 1-Fig.S2B) and
Tgfbl (online supplemental file 1-Fig.S2C). The expres-
sion of these cytokines is significantly elevated in NK
cells, whereas significant expression of Icos and Tgfbl is
only observed within the T cell clusters in the TriCEP
treated group (compared to the PBS control. The p
values for the violin plots showing activation genes and

cytokine genes are shown in (online supplemental file
1-Fig. S2D).

DISCUSSION

It is becoming increasingly clear that combining
virotherapy with immunotherapy can bring a synergistic
therapeutic effect against solid tumors. One approach
is to take advantage of the induced change in the land-
scape of the infiltrating immune cells during virotherapy
by codelivering bispecific engagers that can direct T
cells or NK cells to attack tumor cells. Here, we report
the design of a class of novel chimeric engagers—BiCEP
and TriCEP. Unlike the approaches reported in previous
studies that engage either T cells or NK cells separately,
BiCEP and TriCEP can simultaneously engage both types
of these two important immune cells for cancer immu-
notherapy. Additionally, we chose to engage NKG2D on
the immune cells instead of CD3 that is the predominant
target for most of the BiTEs reported in the literature. In
addition to the abundant expression on NK cells, NKG2D
is expressed on CD8" and y8 T cells in humans."” In
contrast, CD3 is expressed on all T cell subsets, including
regulatory T cells. As such, BiCEP and TriCEP may have
the additional advantage of selectively engaging CD8" T
cells and y0 T cells, potentiating their antitumor effect
through co-stimulation to enhance T-cell receptor acti-
vation.?® Our in vitro data, on both human tumor cells
that naturally express EGFR or murine tumor cells that
were transduced with the human EGFR gene, showed that
both BiCEP and TriCEP could guide cells with NK and
T cell property to kill these tumor cells that express the
targeted tumor antigen. Codelivery of BiCEP and TriCEP
in vivo through an amplicon vector has significantly
enhanced the therapeutic effect of an HSV-1-based OV,
Synco-2D, against a murine colon cancer that is other-
wise only moderately permissive to the oncolytic effect
of the virus. Efforts are currently underway to insert one
of these engaging molecules (TriCEP) into the oncolytic
viral genome, which will allow for more efficient trans-
gene expression and hence for a better in vivo thera-
peutic effect. As part of the path for clinical translation of
this armed strategy, the new virus will be tested in more
than one tumor model that will include those expressing
native EGFR.

BiTEs are commonly constructed by linking two scFvs,
with one binding to a key receptor on the immune cells
and the other to a TAA on tumor cells."' ** We chose to
use two ligand-based polypeptides instead. One of them
is OMCP, which can selectively bind to NKG2D of both
human and rodent origin with an affinity similar to or
even higher than its natural ligand.” The other one is
a mutant form of EGF, m123, which can bind to EGFR
of both human and murine origin with an enhanced
affinity.”* Our chimeric engager design on using these
unique ligands instead of scFvs thus theoretically has two
potential advantages. First, both ligands can bind their
receptors from either human or murine origin. This
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allows these chimeric molecules to be tested on immune
cells of both human and murine sources, making the
outcomes more clinically relevant. Second, as ligands
usually have lower binding affinity than scFvs, this may
make these engagers less likely to induce cytokine storms
during clinical application. Indeed, it has been suggested

that tuning down of the binding affinity may be necessary
to increase the safety for both CAR-T cell and BiTE immu-
notherapy for clinical application.”'

Several cell surface-expressed TAAs have been chosen as
the targets for BiTE-mediated cancer immunotherapy.*’
EGFR is overexpressed on many carcinomas and hence
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is a good therapeutic target for an immune engager such
as the BiCEP and TriCEP. However, EGFR is also widely
expressed on many normal tissues,** which poses a risk of
potential on-target off-tumor toxicity. Delivery of BiCEP
and TriCEP by an HSV amplicon vector as reported in our
studies can partly limit such potential toxicity as amplicon
relies on the helper virus (in this case, it is the Synco-2D
OV) for further replication and packaging in vivo.
However, for the best control of the expression of these
engagers to tumor tissues, we may need to insert their
coding sequences into the backbone of the viral genome
of the OV, using a strict late viral promoter. Our previous
studies have shown that a strict late viral promoter such
as the UL38p controls transgene expression strictly to
the tumor tissues in the context of an oncolytic HSV.*
scRNA-seq, owning to its capability at revealing complex
and rare cell populations, uncovering regulatory rela-
tionships between genes, and tracking the trajectories of
distinct cell lineages in development,*® has been widely
used in recent years in many studies where these intricate
characterizations are desirable.’ However, to our knowl-
edge, scRNA-seq has not yet been applied to characterize
the infiltration of immune cells and their activation status
during virotherapy. We thus conducted an scRNA-seq
analysis of tumor samples collected from some of the treat-
ment groups. The data revealed that virotherapy could
increase and/or alter the infiltrating immune cells in a
way that is consistent with the previous report that OVs
can covert cold tumors into hot ones. Co-administration
of the chimeric engagers can further enhance this effect.
Most importantly, the engagers can contribute to the acti-
vation of the infiltrated immune cells, clearly indicating
its role in engaging and potentiating these immune cells
to attack tumor cells. Comprehensive data on scRNA-seq
analysis of immune cell infiltration by comparing several
oncolytic virotherapies will soon be submitted separately
for publication.

MATERIALS AND METHODS

Cell lines and OV

HEK293, SKOV3, CT26, Vero, BHK, TALIL-104 cells
were obtained from ATCC. CT26-EGFR cells were estab-
lished from CT26 cells by stably transducing the cells
with a lentiviral vector that contains EGFR extracel-
lular and transmembrane domains without the intracel-
lular sequence.'” All cells were cultured as described in
online supplemental file 2. Synco-2D is an HSV-1-based
OV. Its construction has been described in our previous

publications.*

Plasmid construction

For building the BiCEP, the coding sequence for OMCP
(1-152) and the mutated form of EGFa (m123), together
a glycine/serine linker and a Myc tag was synthesized by
GenScript (U0596DB120; U0596DB130) is inserted in
the frame for ease of detection. TriCEP coding sequence
was similarly synthesized, except that the coding sequence

for a mutated form of IL-2 was added to the 5 end.
Both synthesized sequences were cloned into pcDNA3.1
plasmid to generate pcDNA3.1-BiCEP and pcDNAS3.1-
TriCEP, respectively.

Amplicon plasmid cloning and amplicon production

For constructing amplicon plasmids containing these
two chimeric engagers, the key components of an HSV
amplicon, the Ori and the Pac signals, together with the
EGFP coding sequence, were cut from pW7-EGFP, which
is an amplicon that our lab had constructed and used
in many of our previous studies.” The cut-out fragment
containing the amplicon components was then cloned
into pcDNA3.1-BiCEP and pcDNA3.1-TriCEP, to generate
Amplicon-BiCEP and Amplicon-TriCEP, respectively. The
procedure for packaging amplicons is described in online
supplemental file 2. The generated stocks of viruses were
labeled as Synco-2D-GFP, Synco-2D-BiCEP, and Synco-2D-
TriCEP, respectively, and stored at —80°C until use.

In vitro detection of transgene expression in mammalian cells
For determining the transgene expression from either
the amplicon plasmids or from the packaged amplicons,
HEK293 cells were transfected with pW7-GFP, Amplicon-
BiCEP and Amplicon-TriCEP, and BHK cells were infected
with the corresponding packaged amplicons. The super-
natants were collected 48 and 72 hours later. The collected
supernatants were either used directly or concentrated
using 10000 MWCO Millipore spin-columns and stored
at —80°C before they were used for Western blot detec-
tion or other quantitative assays. Ponceau staining was
performed on the gels loaded with supernatant samples
to ensure a near equal sample loading.

Binding assays by flow cytometry analysis

The binding of OMCP to NKG2D on immune cells
(TALL-104) and EGFo to EGFR on tumor cells (SKOV3)
were determined by incubating the cells with the super-
natants collected from HEK293 cells transfected with the
amplicon plasmids or BHK cells infected with the pack-
aged amplicon as described above. The experimental
procedure for conducting the assay is detailed in online
supplemental file 2. The binding of OMCP to NKG2D
and EGFa to EGFR on the cells is determined by the
detection of NKG2D"/Myc" and EGFR'/Myc” double-
positive cells by flow cytometry, respectively.

In vitro coculture Killing assay

Ovarian cancer cells (SKOV3) were cocultured with
TALL-104 cells, at a different E:T ratios (1:1, 2:1, and
5:1) for 2-3days. Tumor cell lysis was monitored in real-
time using real-time fluorescent microscopy (IncuCyte;
Essen Biosciences). The cytotoxicity is reported by the
percentage of viable cells/percentage of confluence
remaining at the end of 48-hour coculture.

Caspase 3 assay setup and antibody staining
DDAO-SE (CellTrace Far Red dye- C34564) labeled target
cells (CT26-EGFR) were seeded at 100, 000 cells per well

12

Ravirala D, et al. J Immunother Cancer 2021;9:6002454. doi:10.1136/jitc-2021-002454


https://dx.doi.org/10.1136/jitc-2021-002454
https://dx.doi.org/10.1136/jitc-2021-002454
https://dx.doi.org/10.1136/jitc-2021-002454
https://dx.doi.org/10.1136/jitc-2021-002454
https://dx.doi.org/10.1136/jitc-2021-002454

in a 96-round bottom tissue culture plate and cocultured
with human primary NK cells at E:T ratios of 1:1, 3:1 and
5:1. The cells were incubated O/N at 37°C, 5% CO2 in a
humidified incubator for 3—4hours. The cells were then
washed, trypsinized, fixed and permeabilized with Fix/
Perm solution (BD Biosciences) and stained for cleaved
caspase 3. The stained cells were then prepared for flow
cytometric analysis. The detailed procedure is described
in online supplemental file 2.

0V and amplicon titration

Vero cells in 12-well plates were infected with serially
diluted stocks in triplicates. The titer of Synco-2D is deter-
mined by plaque-forming units counted 24-48hours
later. The amplicon titer is determined by counting the
number of GFP" cells. In most stock preparations, the
Synco-2D to amplicon ratio is approximately 8-10:1.

Western blot

Whole-cell lysates and supernatants from either trans-
fected or infected cells were analyzed by following stan-
dard procedures for western blot. The primary antibody
used for the detection of chimeric proteins is Myc-tag
(1:2000) (Cell Signaling Technology, Danvers, Massachu-
setts, USA) and an HRP-labeled secondary antibody (anti-
rabbit IgG, HRP linked Antibody) at 1:1000 dilution.

Animal studies

Immune-competent female BALB/c mice (4-6 weeks
old) were purchased from Charles River Laboratories.
All animal experiments were approved by the Univer-
sity’s Institutional Animal Care and Use Committee.
3x10° CT26-EGFR cells were injected subcutaneously
to the shaved right flank of the mice. Once the tumor
volumes reached the approximate size of 6 mm in diam-
eter, eight mice were randomized into different groups
to receive either PBS control or Synco-2D treatment with
or without the chimeric molecule-containing amplicons,
at the dose of 5x10°pfu Synco-2D per mouse. Three mice
from groups receiving the treatment of PBS, Synco-2D
GFP and Synco-2D TriCEP were euthanized on day 3
after virotherapy to collect tumor tissues for scRNA-seq or
histology exam and spleens for other immune assays. The
rest of the mice (n=5) were kept for 2-3 weeks to monitor
tumor growth by measuring two perpendicular tumor
diameters with a caliper. Tumor volume was calculated
by the formula: tumor volume (mm?®) = [length (mm)] x
[width (mm)]%x 0.52.

H&E staining and immunohistochemistry

Tumor tissues were fixed and embedded in paraffin and
sections were prepared. H&E staining was performed as
per standard procedures and as detailed in online supple-
mental file 2. The primary antibody used to stain the
sections is GFP (Santa Cruz Biotech, Dallas, Texas, USA).

Tumor dissociation and single-cell processing
For scRNA-seq studies, the freshly collected tumors
were immediately immersed in a tissue storage medium

(Miltenyi, San Diego, California, USA) and kept at 4°C
until ready for dissociation. Within 24 hours, tissues were
processed to single-cell suspensions using the human
tumor dissociation kit from Miltenyi and the gentleMACS
apparatus and this was done by following the manu-
facturer’s protocol. Single-cell suspensions were then
stained with a fluorescently conjugated antibody specific
to CD45 (BioLegend) for 30 min at 4°C. The cells were
washed with cell staining buffer (BioLegend) and CD45"
live cells were sorted on a FACS Melody cell sorter (BD)
into 2%FBS in PBS, which were kept on ice until the cells
were further processed for scRNA-seq (scRNA-seq library
preparation and sequencing, transcriptome analysis
and single-cell data analysis)48_50 are included as online
supplemental file 2.

Statistical analysis

All quantitative results are displayed as the mean=SD.D.
The statistical difference between the two groups was
compared using a Mann-Whitney U test or a Student’s
t-test. If more than two groups were compared, analysis
of variance was used. Statistical analysis was determined
using Prism V.5 software (GraphPad Software, La Jolla,
California, USA). A p <0.05 was considered statistically
significant.
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