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ARTICLE

Expression of anti-VEGF antibody together with anti-EGFR
or anti-FAP enhances tumor regression as a result of vaccinia

virotherapy

Ting Huang', Huigiang Wang? Nanhai G Chen?3, Alexa Frentzen?, Boris Minev?* and Aladar A Szalay'=

The tumor microenvironment plays an important role in tumor growth and progression. Here we demonstrate that vaccinia virus-
mediated, constitutively expressed intratumoral antibodies against vascular endothelial growth factor (VEGF), epidermal growth
factor receptor (EGFR), and fibroblast activation protein (FAP) significantly improved tumor regression and oncolytic virotherapy
through suppression of angiogenesis, cell proliferation, and stromagenesis in virus-colonized tumors. In contrast to the tumor
growth inhibition by the three tumor growth-inhibiting antibodies individually, when two of the three antibodies were expressed
simultaneously by single vaccinia virus strains tumor regression was further enhanced. These findings strongly indicate that inter-
ference with the two tumor growth-stimulating mechanisms did in fact result in enhanced therapeutic efficacy in tumor xenograft

models and may lead to an effective therapy in patients with cancer.
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INTRODUCTION

In spite of great advances in anticancer treatments over the past
30 years, cancer remains the leading cause of death around the
world. Overlooking the important role of tumor microenvironment
(TME) in cancer growth and metastasis may be one of the rea-
sons."? Angiogenesis and hyper-proliferation of cells in the stroma
of tumors not only support the growth of cancer but also contrib-
ute to its development, for example, metastasis. Therefore, com-
bining therapies that target cancer cells and the TME should result
in greater therapeutic benefits than most of the current therapies
that target cancer cells only. Factors within the TME such as vascular
endothelial growth factor (VEGF), epidermal growth factor receptor
(EGFR), and fibroblast activation protein (FAP) play crucial roles in
cancer initiation and development.> The high-level expression of
VEGF or EGFR correlates with poor prognosis in patients with breast,
colon, lung, head and neck, and other cancers.®” The anti-VEGF
monoclonal antibody (mAb), bevacizumab (Avastin), was approved
by the US Food and Drug Administration (FDA) in 2004 for the treat-
ment of metastatic colon cancer and subsequently other metastatic
cancers. In the same year, anti-EGFR mAb, cetuximab (Erbitux), was
also approved by the FDA for the treatment of metastatic colon can-
cer. However, the clinical efficacy of Avastin and Erbitux has been
somewhat limited®'° possibly due to poor tumor penetration and
rapid clearance of the mAbs from the circulation, requiring the
administration of high doses at frequent intervals and extensive
durations, also making the therapies extremely costly."

Improvements in the pharmacodynamic properties of current
mAb therapeutics and identification of additional functionalities
targeting the TME could be greatly beneficial. For example, G6-31
is an improved anti-VEGF antibody derived from a phage display
library with better binding affinity and enhanced therapeutic effi-
cacy in animal models than Avastin.'? To improve tumor penetra-
tion, a single-domain antibody of 15 kDa against EGFR from a llama
has been recently developed (termed anti-EGFRVHH)."* This llama
nanobody was nonimmunogenic in mice and was proven to block
binding of EGF to EGFR, thereby inhibiting EGFR signaling and
showing the specific tumor targeting.’'® Anti-EGFRVHH is used
for molecular imaging and therapeutic applications.'*'”-'° FAP (also
known as seprase), a highly conserved protein, is richly expressed
particularly in the stroma of aggressive cancers.”*>2 The high-level
expression of FAP is correlated with cancer progression.”-2* To
date, no specific molecular inhibitor of FAP has been developed.**
MO036, a species-cross-reactive FAP-specific single-chain antibody
(scAb), was isolated by sequential phage display and was shown to
bind FAP on stromal cells of different human carcinomas and the
murine host stroma in human tumor xenografts.” The therapeutic
potential of M036 has not yet been evaluated.

Combining the TME-targeted antiangiogenic and antiprolif-
erative activities of these antibodies with a potent anticancer
therapeutic in a form that could be simultaneously and efficiently
administered was the goal of this research. The replication-
competent oncolytic vaccinia virus (VACV) GLV-1h68 locates,
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replicates, and lyses tumor cells in human xenograft nude mouse
models after administration of a single dose.?® GLV-1h68 is cur-
rently in phase 1/2 clinical trials for the treatment of solid tumors.
Additionally, recombinant VACVs can be genetically modified to
express functional transgenes, including scAbs. We showed previ-
ously that VACVs expressing the anti-VEGF scAb GLAF-1, designed
according to the sequence of G6-31,' significantly improved anti-
cancer therapeutic efficacy in mice compared with the parental
virus, GLV-1h68.% The therapeutic efficacy was further enhanced
in combination with radiation therapy.*®

Thus, we constructed and tested new recombinant VACVs
expressing novel TME-targeted antiproliferative activities by
encoding a scAb against FAP (GLV-1h282) and a single-domain
antibody against EGFR (GLV-1h442). VACVs expressing these indi-
vidual antibodies significantly suppressed tumor growth in xeno-
graft tumor models, verifying the functionality and therapeutic
activity of the virally expressed antibodies. Lastly, we created
additional recombinant VACVs encoding two antibodies with both
antiproliferative and antiangiogenic activities targeting VEGF and
EGFR (GLV-1h444) or VEGF and FAP (GLV-1h446). The new VACVs
expressing the TME-targeted antibodies, either singly or in combi-
nation, significantly enhanced the antitumor efficacy of oncolytic
virotherapy. Moreover, treatment of tumors in mice with the two
antibody-expressing VACVs, GLV-1h444 or GLV-1h446, was superior
to the concomitant treatment with GLV-1h68 in combination with
continuous administration of Avastin and Erbitux. The antiprolifer-
ative and antiangiogenic effects of the virally expressed antibodies
were also apparent in tumors beyond the areas directly infected by
the virus, demonstrating that the scAbs are capable of tumor per-
meation, while locally expressed. Thus, our results demonstrated
that oncolytic virotherapy with VACV was significantly enhanced
by coexpression of virus-encoded antibodies with antiproliferative
and antiangiogenic activities targeting the TME. Additionally, the
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Figure 1

enhanced treatment effects were achieved by a single administra-
tion of the replication-competent, recombinant VACVs.

RESULTS

Construction of recombinant VACVs encoding individual antibodies
targeting EGFR and FAP

We previously showed that an anti-VEGF scAb (GLAF-1 or GLAF-2)
expressed by VACVs (GLV-1h108 (ref. 29) and GLV-1h164 (ref. 30)) sig-
nificantly reduced tumor growth in several human tumor xenograft
models and exhibited “Avastin-like mode of action” through the
inhibitory effects on vascularity in the TME. EGFR and FAP are other
important factors in the TME that are involved in the regulation of
tumor initiation and development.*” To evaluate the effect of anti-
bodies targeting EGFR and FAP on the therapeutic efficacy of onco-
lytic virotherapy, two new recombinant VACVs were constructed by
replacing the lacZ expression cassette at the J2R locus of GLV-1h68
with an anti-EGFR nanobody (anti-EGFRVHHFLAG) expression cas-
sette or with an anti-FAP scAb (GLAF-5) expression cassette, both
under the control of the VACV synthetic early/late (PSEL) promoter,
resulting in GLV-1h442 and GLV-1h282, respectively (Figure 1a,b).

Virally expressed antibodies targeting VEGF, EGFR, and FAP
significantly enhance virotherapy

The antitumor effect of treatment with VACV strains encoding anti-
VEGF, anti-FAP scAbs, or anti-EGFR nanobody was investigated
in mice. The VACV strains or PBS (phosphate-buffered saline) was
injected retro-orbitally at a single dose of 2x10° plaque-forming
units (PFU)/mouse into mice bearing different human tumor xeno-
grafts. Avastin or Erbitux was administered to mice twice weekly by
intraperitoneal (i.p.) injection for a period of 5 weeks beginning 10
days after virus injection (as indicated by arrows in Figure 2a-c). In
the A549 xenograft model (n > 7) (Figure 2a,b), PBS-treated tumors

A schematic representation of antibodies and the new VACVs. (@) Schematic diagrams of anti-EGFRVHHFLAG, anti-VEGF scAb (GLAF-2), and

anti-FAP scAb (GLAF-5) constructs. (b) Genomic structures of the new recombinant VACVs along with their parental virus. GLV-1h442 and GLV-1h282
were derived from GLV-1h68 by replacing the lacZ expression cassette at the J2R locus with the anti-EGFRVHHFLAG and GLAF-5 cassettes, respectively,
each under the control of the PSEL promoter. GLV-1h164 was derived from GLV-1h68 by replacing the lacZ expression cassette at the J2R locus with the
hNET under the PSE promoter and the gusA expression cassette at A56R locus with the GLAF-2 cassette under the PSL promoter. GLV-1h444 and GLV-
1h446 were derived from GLV-1h164 by replacing the hNET expression cassette at the J2R locus with the anti-EGFRVHHFLAG and the GLAF-5 expression
cassette, respectively, each under the control of the VACV PSEL promoter. All viruses contain the ruc-gfp expression cassette at the F14.5L locus. PSE,
PSEL, PSL, P11, and P7.5 are VACV synthetic early, synthetic early/late, synthetic late, 11K, and 7.5K promoters, respectively.
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showed continuous growth until mice had to be sacrificed due to treatment alone whereas the therapeutic efficacy of GLV-1h164,
excessive tumor burden. The typical three-phase growth pattern of expressing anti-VEGF scAb, was comparable to that of GLV-1h6é8 in
tumors in mice treated with GLV-h168 was observed, as previously combination with Avastin. The treatment with GLV-1h68 in com-
described.?® The tumor volume exceeded the PBS-treated group at bination with Erbitux yielded smaller tumors than the treatment
the beginning, followed by significant tumor growth arrest and then with GLV-1h68 alone during the period of Erbitux administration,
continuous tumor shrinkage. Mice treated with Avastin alone exhib- but tumor volume rebounded transiently after the treatment with
ited a reduction in tumor volume compared with PBS, but tumor Erbitux was ceased (Figure 2b). In contrast, tumor growth in mice
growth was continuous (Figure 2a). The treatment with GLV-1h68 treated with GLV-1h442, expressing anti-EGFR nanobody, was con-
in combination with Avastin yielded improved efficacy over either sistently slower than in mice treated with GLV-1h68, and no rebound
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Figure2 Virally expressed individual therapeutic antibodies targeting the TME significantly enhance virotherapy in A549 and DU145 tumor xenograft
models. (@) Antibody targeting VEGF expressed from GLV-1h164 significantly enhanced virotherapy. Mice bearing A549 xenograft tumors (n > 7) were
treated with virus alone, Avastin alone, PBS alone, or virus in combination with Avastin. A single dose of virus (2 x 10° pfu/mouse) was given intravenously
(i.v.) when tumor volumes reached 450 mm?3. Avastin was administered i.p. at a dose of 5mg/kg, twice per week for 5 weeks, starting at 10 dpi. The arrows
indicate the beginning and end of Avastin treatment. Statistical analysis was performed using one-way ANOVA (***P < 0.001, **P < 0.01, *P <0.05). Stars
indicate the comparison of the GLV-1h68 group with the GLV-1h164 group (black) and with the GLV-1h68+Avastin group (open). aV indicates anti-VEGF.
(b) Antibody targeting EGFR expressed from GLV-1h442 significantly enhanced virotherapy. Mice bearing A549 xenograft tumors (n > 7) were treated with
virus alone, Erbitux alone, PBS alone, or virus in combination with Erbitux. A single dose of virus (2 x 10° pfu/mouse) was given i.v. when tumor volumes
reached 450 mm?3. Erbitux was administered i.p. at a dose of 3 mg/kg, twice per week for 5 weeks, starting at 10 dpi. The arrows indicate the beginning and
end of Erbitux treatment. Statistical analysis was performed using one-way ANOVA (**P < 0.01, *P < 0.05). Stars indicate the comparison of the GLV-1h68
group with the GLV-1h442 group. o.E indicates anti-EGFR. (c) Antibody targeting FAP expressed from GLV-1h282 significantly enhanced virotherapy. Mice
bearing A549 xenograft tumors (n = 7) were injected i.v. with a single dose of GLV-1h68 or GLV-1h282 (2 x 10° pfu/mouse) when tumor volumes reached
450mm?3, Statistical analysis was performed using one-way ANOVA (**P < 0.01, *P < 0.05). Stars indicate the comparison of the GLV-1h68 group with the GLV-
1h282 group. arF indicates anti-FAP. (d) DU145 tumor-bearing mice (n = 5) were injected i.v. with each VACV strain (2 x 10° pfu/mouse) when tumor volumes
reached 450 mm?, and tumor volumes were monitored weekly thereafter. Statistical analysis was performed using one-way ANOVA (***P < 0.001, **P < 0.01,
*P < 0.05). Stars indicate the comparison of the GLV-1h68 group with the GLV-1h164 group (black), GLV-1h282 group (open), and GLV-1h442 group (gray).
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in tumor volume was observed. Additionally, treatment of mice with
GLV-1h282, expressing anti-FAP scAb, also exhibited significantly
smaller tumor volume than treatment with GLV-1h68 (Figure 2c).
Thus, an enhanced therapeutic effect on A549 tumor growth was
observed on treatment of mice with GLV-1h164, GLV-1h442, or
GLV-1h282, each expressing therapeutic antibodies, as compared
with GLV-1h68. Moreover, the effect was superior to treatment
with the therapeutic antibody alone and was either comparable or
superior to the combination treatment of therapeutic antibody and
GLV-1h68. A similar therapeutic effect was also observed in mice
bearing DU145 tumor xenografts (n = 5) (Figure 2d).

Influences of intratumorally expressed antibodies targeting VEGF,
EGFR, and FAP on the TME

The effect of virally expressed anti-VEGF scAb on tumor vasculature
was evaluated in DU145 tumors excised on 36-day post injection
(dpi) of VACV. Immunohistochemistry (IHC) staining of tumor sec-
tions was performed to assess blood vessel density (BVD), deter-
mined by counting CD31* blood vessels within tumor sections.
The VACV infection was indicated by the fluorescence of virally
expressed GFP (Figure 3a). The VACV colonization resulted in a
dramatic reduction in BVD in the infected areas of tumors com-
pared with both PBS-treated tumors and uninfected areas of the
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Figure3 Influences of intratumorally expressed antibodies targeting VEGF, EGFP, and FAP on the TME. (a) Effect of virus treatment on tumor vasculature

in DU145 tumors (n = 3). Sections were stained for CD31 expression (red). GFP expression (green) indicates virus infection. (b) Quantitative analysis of
blood vessels was performed by counting CD31* blood vessels in eight non-overlapping microscopic fields per slide. Statistical analysis was performed
with a two-tailed unpaired Student’s t-test (**P < 0.01, *P < 0.05). (c) Effect of virus treatment on cell proliferation in DU145 tumors (n = 3). Sections
were stained for Ki67 expression (red). GFP expression (green) indicates virus infection. Scale bars represent 1 mm in a, c. (d) Quantitative analysis of
cell proliferation was performed by counting Ki67+ cells in eight non-overlapping microscopic fields per slide. Statistical analysis was performed with a
two-tailed unpaired Student’s t-test (**P < 0.01, *P < 0.05). (e) Immunohistochemical characterization of viral replication and stromagenesis. Formalin-
fixed and paraffin-embedded tumor tissues (n = 4-5 per group) were cut into 5-um sections and H&E staining was performed. Adjacent sections were
stained with anti-A27 for VACV, anti-CD31 for blood vessels and anti-FAP for FAP* stromal cells. (f) Bar graphs show mean numbers of CD31* cells and
FAP* stromal clusters in infected or uninfected areas. CD31* and FAP* stromal clusters in five non-overlapping microscopic fields (100x magnification)
per tumor were counted. Statistical analysis was performed with a two-tailed unpaired Student'’s t-test (**P < 0.01, *P < 0.05).
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same tumors (Figure 3b). This was true for both GLV-1h68- and
GLV-1h164-treated tumors. However, BVD in the uninfected areas
of GLV-1h68-treated tumors was not significantly different from
that in PBS-treated tumors. In contrast, treatment with GLV-1h164
significantly reduced BVD in the infected and uninfected areas of
tumors compared with GLV-1h68-treated tumors. Thus, while VACV
infection alone by GLV-1h68 reduced BVD in tumors, the effect
was localized to the site of infection, whereas, the combination of
VACV infection and expression of anti-VEGF scAb by GLV-1h164 not
only further reduced BVD in the infected areas of tumors but also
extended the effect to uninfected areas.

Itis well known that overexpression of EGFR leads to uncontrolled
cell growth.” IHC staining with anti-Ki67 was performed to assess
whether virally expressed anti-EGFR nanobody suppressed cell pro-
liferation in tumors. As expected, colonization of tumors with either
GLV-1h68 or GLV-1h442, expressing anti-EGFR nanobody, greatly
reduced the number of Ki67+ cells in the infected areas compared
with PBS-treated tumors (Figure 3c). Interestingly, the number of
Ki67* cells in the uninfected areas of GLV-1h442-treated tumors was
also significantly reduced compared with the uninfected areas of
GLV-1h68-treated tumors (Figure 3d). This suggested that the anti-
EGFR nanobody secreted from cells infected with GLV-1h442 also
acted on uninfected cells, reducing their proliferation.

FAP is a mesenchymal stem cell (MSC) marker involved in angio-
genesis.3** The effect of intratumorally expressed anti-FAP scAb
was evaluated by counting the FAP* cells and CD31* cells in FaDu
tumors, which express high levels of FAP3* Although FaDu tumors
did not respond to treatment with GLV-1h68, their growth was
significantly inhibited by GLV-1h282 expressing anti-FAP scAb
(Supplementary Figure S1). In GLV-1h68-colonized tumors, the
numbers of CD31* cells and FAP+ cells were greatly reduced in the
infected areas, whereas no effect was observed in the uninfected
areas compared with PBS-treated tumors (Figure 3e,f). In contrast,
the numbers of CD31* cells and FAP* cells in GLV-1h282-treated
tumors were significantly reduced in both the infected and unin-
fected areas compared with GLV-1h68-treated tumors.

Construction of additional new recombinant VACVs expressing two
antibodies targeting VEGF and EGFR or VEGF and FAP

Based on the positive effects of treatment with VACVs expressing
single antibodies, additional new recombinant VACVs expressing
two antibodies targeting VEGF and EGFR or VEGF and FAP were
constructed. The expression cassette for anti-EGFR nanobody
(anti-EGFRVHHFLAG) or anti-FAP scAb (GLAF-5) was inserted
into the J2R locus of GLV-1h164, which also contained the
anti-VEGF (GLAF-2) expression cassette, to replace the human
norepinephrine transporter (hNET) expression cassette, resulting
in GLV-1h444 and GLV-1h446, respectively (Figure 1b). To verify
the expression of each antibody from the new recombinant
VACVs, A549 cells were infected with the new VACV strains and cell
lysates were analyzed by western blot. The results showed that the
respective antibodies were expressed from each virus as intended
(Supplementary Figure S2).

Virally expressed two antibodies do not show negative effects on
viral replication efficiency

Viral replication assays were performed in A549 cells at a multi-
plicity of infection (MOI) of 0.01 (Supplementary Figure S3). The
recombinant VACVs expressing single or two antibodies showed
significantly higher replication efficiency than GLV-1h68 at 24-hour
postinfection (hpi). However, there was no significant difference
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in the replication efficiency at 48 or 72 hpi. Similar results were
obtained in DU145 cells. Thus, the expression of two antibodies in
VACVs did not show negative effects on their overall replication effi-
ciency in cell culture.

Virally expressed two antibodies targeting the TME further improve
virotherapy

Encouraged by the results from the recombinant VACVs expressing
single antibodies targeting the TME, we evaluated whether two
antibodies expressed from the same VACV would further improve
virotherapy. A single dose of each VACV strain was injected into
mice bearing A549 tumor xenografts (Figure 4a,b). Control animals
were treated with PBS or the combination of Avastin and Erbitux.
The treatment with Avastin and Erbitux twice weekly for 5 weeks
beginning at 10 dpi delayed tumor growth during the period of
antibody treatment, but tumor growth resumed after the termina-
tion of antibody treatment. Interestingly, tumors in mice treated
with GLV-1h444 or GLV-1h446, both expressing two antibodies,
showed only minimal growth over the period of the experiment.
In contrast, tumors in mice treated with VACVs expressing single
antibodies initially grew as fast as or only slightly slower than
tumors treated with PBS before tumor growth slowed signifi-
cantly, followed by tumor shrinkage. Overall, the tumor volumes
in mice treated with GLV-1h444 or GLV-1h446, expressing two
antibodies, were less than the tumor volumes in mice treated with
VACVs expressing single antibodies. The tumor growth curves of
individual mice bearing A549 tumors are shown in Supplementary
Figure S4. Similar patterns of tumor growth were obtained with
DU145 tumors (Figure 4c).

Virally expressed antibodies are detectable in sera of treated mice
After the verification of antibody expression in virus-infected cells
in culture, the presence of antibodies in tumor-bearing mice was
also investigated. The blood samples were collected retro-orbitally
from the same mice at 7, 21, and 35 dpi. All samples were tested
for the presence of anti-FAP scAb with FAP-precoated plates, anti-
EGFR nanobody with EGFR-precoated plates, and anti-VEGF scAb
with VEGF-precoated plates. All of the antibodies were detectable
at all three time points (Figure 4d-f). The expression of GLAF-2 was
lower in mice treated with GLV-1h164 (single antibody) than in mice
treated with GLV-1h444 and GLV-1h446 (two antibodies) at 7 and 21
dpi, consistent with the lower viral titers in tumors at 14 dpi in the
GLV-1h164-treated group (Supplementary Table S1). Nonetheless,
in all cases, the expression of antibodies at the early stages (day 7
and 21) coincided with low tumor volumes and at the later stage
(day 35) preceded tumor shrinkage.

Virally expressed two antibodies do not alter viral distribution and
toxicity in mice

The possible adverse effect of antibody-expressing VACV adminis-
tration in mice was evaluated by assessing the change in net body
weight over the course of treatment. In both A549 and DU145
tumor xenograft models, no significant change in the mean net
body weight was observed for any of the treated or control groups
(Supplementary Figure S5a-c). Also evaluated was the viral bio-
distribution in different organs and tumors in A549 tumor-bear-
ing mice at 14 dpi as determined by standard viral plague assays
(Supplementary Table S1). Significant viral titers were detected
in all treated tumors and no or minimal titers were detected in
other organs. The viral titers in tumors treated with GLV-1h282,
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Figure4 Virally expressed two therapeutic antibodies targeting the TME further improve virotherapy. (a) Enhanced therapeutic effects of GLV-
1h444 in A549 tumor-bearing nude mice. Mice (n > 7) were treated with virus alone, Avastin+Erbitux, PBS alone, or virus in combination with
Avastin and Erbitux. A single dose of virus (2x 10° pfu/mouse) was given i.v. when tumor volumes reached 450 mm?. Avastin and Erbitux
were administered i.p. at doses of 5 mg/kg and 3 mg/kg, respectively, twice per week for 5 weeks, starting at 10 dpi. The arrows indicate the
beginning and end of Avastin and Erbitux treatment. Statistical analysis was performed using one-way ANOVA (***P < 0.001, **P < 0.01,
*P < 0.05). Stars indicate the comparison of the GLV-1h68 group with the GLV-1h444 group (black), the GLV-1h68+Avastin+Erbitux group
(open), and the PBS+Avastin+Erbitux group (gray). (b) Enhanced therapeutic effects of GLV-1h446 compared with its parental viruses in A549
tumor-bearing nude mice. Mice (n > 7) were i.v. injected with each VACV strain alone at a dose of 2 x 10° pfu/mouse when tumor volumes
reached 450 mm?. Statistical analysis was performed using one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05). Stars indicate the comparison
of the GLV-1h68 group with the GLV-1h446 group (black). (c) Enhanced therapeutic effects of GLV-1h444 and GLV-1h446 compared with their
parental viruses in DU145 tumor-bearing mice. Mice (n = 5) were injected i.v. with each VACV strain alone at a dose of 2 x 10° pfu/mouse when
tumor volumes reached 450 mm?. Statistical analysis was performed using one-way ANOVA (¥***P < 0.001, **P < 0.01, *P < 0.05). Stars indicate
the comparison of the GLV-1h68 group with the GLV-1h444 group (black) and with the GLV-1h446 group (open). (d-f) Detection of antibodies
in mice sera and the change of tumor volumes in mice bearing A549 tumors after VACV treatment. Blood samples were collected retro-orbitally
at 7,21, and 35 dpi. The concentration of antibodies in mice sera was determined by ELISA with precoated FAP, EGFR, and VEGF plates. Tumors
were measured with a digital caliper. Statistical analysis was performed with a two-tailed unpaired Student’s t-test (***P < 0.001).

expressing anti-FAP scAb, and GLV-1h442, expressing anti-EGFR GLV-1h164, expressing anti-VEGF scAb, in tumors was significantly
nanobody, were higher than in tumors treated with GLV-1h68, lower than the other virus strains (GLV-1h164 versus GLV-1h68, P =
although not statistically significant, whereas the viral titer of 0.02, and versus GLV-1h446, P = 0.04).
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Effects of intratumorally expressed two antibodies targeting VEGF
and EGFR or VEGF and FAP on the TME

The influence of virally expressed two antibodies on the TME was
evaluated by examining cell proliferation and BVD in DU145 tumor
xenografts by staining tumor sections obtained at 36 dpi with anti-
Ki67 and anti-CD31 antibodies. The VACV infection was confirmed
by GFP fluorescence. The representative images of IHC staining of
proliferating Ki67+ cells are shown in Figure 5a. In the infected areas
of the tumors, Ki67* cells were significantly reduced after treat-
ment with any of the VACV strains, including GLV-1hé8 (Figure 5c).
In the uninfected areas of VACV-treated tumors, Ki67* cells were
significantly reduced only after treatment with the single anti-EGFR
nanobody-expressing VACV, GLV-1h442, and the two antibody-
expressing VACVs, GLV-1h444 and GLV-1h446 (Figure 5b).

The images of DU145 tumor sections stained with anti-CD31 anti-
body showed that the infected areas of tumors were significantly
reduced in BVD compared with the uninfected areas regardless of the
VACV used for treatment (Figure 6a—c). Compared with GLV-1h68, a sig-
nificant further reduction in BVD was observed with VACVs expressing
anti-VEGF antibody (GLAF-2), either singly or in combination with the
other antibody. As expected, BVD in tumors treated with GLV-1h442,
expressing anti-EGFR but not anti-VEGF, was not significantly differ-
ent than that in tumors treated with GLV-1h68, but the infected areas
treated with GLV-1h444 and GLV-1h446 showed a further reduced BVD.
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DISCUSSION

We report here that new recombinant VACVs expressing antibod-
ies targeting VEGF, EGFR, and FAP singly and in combination signifi-
cantly enhanced oncolytic virotherapy in preclinical animal models.
The therapeutic efficacy of GLV-1h164, GLV-1h442, and GLV-1h282,
each expressing a scAb, was significantly better than that of their
parental virus GLV-1h68, indicating that oncolytic virotherapy can
be improved by viral expression of individual antibodies against
VEGF to reduce angiogenesis, EGFR to suppress cell prolifera-
tion, or FAP to reduce angiogenesis and suppress recruitment of
MSCs. Moreover, the therapeutic efficacy was further enhanced by
expressing two antibodies in one VACV strain. The therapeutic effi-
cacy of GLV-1h444 that expresses antibodies targeting both VEGF
and EGFR was significantly better than that of the combination
treatment with Avastin and Erbitux and was also superior to treat-
ment with GLV-1h68 in combination with Avastin and Erbitux.

The high-level expression of VEGF, EGFR, and FAP in tumors is
associated with poor prognosis.6”22>353 Despite promising results
in preclinical trials,** Avastin and Erbitux have shown only limited
clinical efficacy,®° partially owing to the poor penetration and low
tumor targeting of the antibodies as well as rapid clearance from the
circulation after systemic administration."” The oncolytic VACV not
only specifically targets and destroys tumor cells but also mediates
local production of therapeutic proteins in colonized tumors,?? thus

GLV-1h68

GLV-1h282 (aF)

GLV-1h446 (aV, oF)

Virus-infected areas

Figure5 Virally expressed two antibodies by GLV-1h444 and GLV-1h446 contribute to the suppression of cell proliferation in tumors. (a) Suppression
of cell proliferation by VACVs in DU145 tumors (n = 3). GFP expression (green) indicates virus infection. Cell proliferation was examined by staining
with anti-Ki67 antibody (red). Scale bars = Tmm. (b, ¢) Quantitative analysis of cell proliferation in uninfected or infected areas was performed by
counting Ki67* cells in eight non-overlapping microscopic fields per slide. Statistical analysis was performed using a two-tailed unpaired Student'’s

t-test (**P < 0.01,*P < 0.05).

© 2015 The American Society of Gene & Cell Therapy

Molecular Therapy — Oncolytics (2015) 15003

.



Therapeutic antibodies enhance vaccinia virotherapy
THuangetal.

(o]

GLV-1h164 (aV)

CD31 (red)
VACYV (green)

GLV-1h442 (oE)

GLV-1h68

GLV-1h282 (oF)

GLV-1h444 (aV, oE)

Virus-uninfected areas

b
30 1 *
o
Q
£ 20 4
(o]
Ke)
€
>
c
S 10 4
[}
=
0
> X X ()
QQ;O NS &P“l’ ‘33"1’ &P
e o o o o o

GLV-1h446 (aV, oF)

Virus-infected areas
c *%k

*kk

10 *

* %

Mean number/field

> x ™ ©
@ @ &?q’ &3"1/ & &\“‘V
¥ & & &

Figure 6 Virally expressed two antibodies by GLV-1h444 and GLV-1h446 contribute to the suppression of angiogenesis in tumors. (a) Reduced tumor
vasculature by VACVs in DU145 tumors (n = 3). Sections were stained with anti-CD31 antibody (red). GFP expression (green) indicates virus infection.
(b, ) uantitative analysis of blood vessels in uninfected or infected areas was performed by counting CD31* cells in eight non-overlapping microscopic fields
per slide. Statistical analysis was performed using a two-tailed unpaired Student’s t-test (***P < 0.001, **P < 0.01, *P < 0.05). Scale bars indicate Tmm in a.

circumventing the limitations associated with the use of antibody
therapeutics. The continuous presence of antibodies was demon-
strated in the sera of mice treated with VACVs expressing single or
two antibodies. The antibodies were detected in higher amounts
in the early phase (7 and 21 dpi) than in the later phase (35 dpi) fol-
lowing injection of the virus when tumors had already started to
shrink. In addition, anti-FAP (GLAF-5) and anti-EGFRVHHFLAG anti-
bodies occurred in higher amounts in the sera of mice treated with
GLV-1h282 and GLV-1h442, respectively, than was anti-VEGF (GLAF-2)
antibody in the sera of mice treated with GLV-1h164. This was con-
sistent with the higher viral titers of GLV-1h282 and GLV-1h442 than
GLV-1h164 in tumors. Although the viral titer of GLV-1h68 in tumors
was significantly higher than that of GLV-1h164 (P =0.02), GLV-1h164
replicated slightly faster than GLV-1h68 in culture, suggesting that
the expression of GLAF-2 decreased viral replication in tumors. It is
possible that the suppression of blood vessels by anti-VEGF limited
nutrient supply to tumors and changed the TME, which not only
resulted in reduced tumor growth but also decreased viral replica-
tion. The expression of the antibodies targeting EGFR or FAP had no
negative effect on viral replication in tumors.

It is well known that cancer progression is due to uncontrolled
growth of cancer cells. Treatment with GLV-1h68 suppressed cell

Molecular Therapy — Oncolytics (2015) 15003

proliferation in tumors, evident in the dramatic decrease in the num-
ber of Ki67+ cells in the infected areas, consistent with the intrinsic
property of VACV infection. Notably, treatment with GLV-1h442 and
GLV-1h444, expressing anti-EGFR nanobody, significantly reduced
the number of Ki67+ cells not only in the infected areas but also in the
uninfected areas, suggesting that the anti-EGFR nanobody secreted
from the infected cells spread into uninfected areas, suppressing
the proliferation of EGFR* cells. Although treatment with GLV-1h164,
expressing anti-VEGF antibody, or GLV-1h282, expressing anti-FAP
antibody, significantly suppressed proliferation in the infected areas
of the tumor, the effect was only slight, but not significant, in the
uninfected areas. Importantly, treatment with GLV-1h446, expressing
both anti-VEGF and anti-FAP, significantly suppressed proliferation in
both the infected and uninfected areas, demonstrating the added
inhibitory effect of two antibody expressions on cell growth.

Cancer growth and development also require continuous sup-
ply of nutrients through blood vessels.2** A reduction of BVD was
observed in the infected areas, but not in the uninfected areas of
GLV-1h68-colonized tumors, suggesting that VACV infection itself
can lead to the destruction of tumor vasculature.*The expression of
anti-VEGF scAb not only enhanced blood vessel destruction in the
infected areas but also caused a significant decrease in BVD in the

© 2015 The American Society of Gene & Cell Therapy



uninfected areas. Thus, like anti-EGFR nanobody, anti-VEGF scAb
can also spread from infected areas to uninfected areas. Therapies
targeting FAP inhibit tumor growth partially through suppressing
tumor angiogenesis.>**'*? Virally expressed anti-FAP scAb signifi-
cantly decreased BVD in both the infected and uninfected areas
in the FaDu tumor xenograft model, and in the infected areas in
the DU145 tumor xenograft model. Although the expression of
the anti-EGFR nanobody did not significantly affect BVD in either
infected or uninfected areas in the DU145 tumor xenograft model,
it has been reported that EGFR promotes tumor angiogenesis.*®

FAP is one of the markers expressed by cancer-associated fibro-
blasts (CAFs) that support tumor growth. The ablation of FAP+ CAFs
was shown to suppress tumor growth.* Treatment of mice bearing
FaDu tumor xenografts with GLV-1h282, expressing anti-FAP scAb,
resulted in a great reduction in the number of FAP+ cells in both the
infected and uninfected areas of the tumor compared with treat-
ment with GLV-1h68. The enhanced antitumor effects of GLV-1h282
are likely attributed to an effect on CAFs, rather than on the cancer
cells, since FaDu tumor cells do not express FAP3*

In summary, we have shown that oncolytic VACV infection itself
greatly reduced cell proliferation and vascularity of colonized
tumors. These antitumor effects were enhanced significantly by
the expression of scAbs against VEGF, EGFR, and FAP in recombi-
nant VACVs either singly or in combination. The effects of coex-
pression of the antibody or antibodies were either comparable or
superior to the treatment with VACV combined with the clinical
antibodies, with the benefit of single administration and localized
delivery intratumorally. The therapeutic effect combined viral
oncolysis of the infected tumor cells with antitumor alterations
of the TME. To our knowledge, this is the first report demonstrat-
ing that virally expressed antibodies against EGFR and FAP singly
enhanced oncolytic virotherapy and, in combination with anti-
VEGF antibody, further improved antitumor therapeutic efficacy.
Our findings suggest that the expression of antibodies targeting
multiple pathways in the TME is an effective way to improve onco-
lytic virotherapy.

MATERIALS AND METHODS
Cell lines

African green monkey kidney fibroblasts CV-1, human lung carcinoma
A549, hypopharyngeal carcinoma cell line FaDu, and human prostate cancer
cell line DU145 were obtained from the American Type Culture Collection
(Manassas, VA). CV-1 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM); A549 cells were cultured in RPMI 1640; and FaDu and
DU145 were cultured in Eagle’s minimal essential medium. All media were
supplemented with 10% fetal bovine serum (Cellgro, Manassas, VA).

Construction of plasmids and expression of antibodies

The parental triple-mutant VACV GLV-1h68 was constructed as described
previously.?® Briefly, it contains three foreign gene-expression cassettes
encoding Renilla luciferase-Aequorea GFP fusion protein (RUC-GFP),
B-galactosidase, and B-glucuronidase integrated into the F14.5L, J2R, and
A56R loci of the Lister strain from the Institute of Viral Preparations (Moscow,
Russia) viral genome, respectively.?® The sequence of GLAF-5 was designed
as described previously,”® and was synthesized by GENEART-Invitrogen
(Carlsbad, CA). The DYKDDDDK tag (gac tac aag gat gac gac gac aag) was
added into the C-terminal coding region of anti-EGFRVHH, resulting in anti-
EGFRVHHFLAG. The DNA fragments were cloned into plasmids pCR-TK-P,
with the Sal | and Pac | sites, resulting in the plasmids pCR-TK-P_ (GLAF-5
and pCR-TK-P., (anti-EGFRVHHFLAG), which were used for homologous
recombination into the J2R locus in GLV-1h68 through double-reciprocal
crossover, resulting in GLV-1h282 and GLV-1h442, respectively. GLV-1h446
and GLV-1h444 were generated similarly using the same plasmids and
GLV-1h164 as the parental virus.*® The recombinant VACVs were sequence-
confirmed. All VACVs were propagated in CV-1 cells and purified through
sucrose gradients by a standard protocol.*®
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For the detection of expression of antibodies, the cell samples were
harvested at 24 hours after infection with each VACV strain at an MOI
of 1, separated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (Invitrogen). The following antibodies were used: anti-
DDDDK antibody (Abcam, Cambridge, MA) for the detection of FLAG tag,
the custom-made antibody G6 for the detection of scAbs, and anti-A27
antibody (GenScript Corporation, Piscataway, NJ) for the detection of the
membrane protein of VACV.

The concentrations of the antibodies in mice sera were determined in
standard enzyme-linked immunosorbent assay (ELISA) using the commer-
cial recombinant human EGFR (Abnova, Taipei, Taiwan), FAP (R&D Systems,
Minneapolis, MN), and VEGF (Sigma, St. Louis, MO), as previously described.?

Viral replication assay

The cells were infected with VACVs at an MOI of 0.01 and the samples were
harvested in triplicate at each time point after infection.

Animal studies

Five- to six-week-old nude male mice (Hsd:athymic Nude-FoxnTnu mice )
were purchased from Harlan (Livermore, CA) and were cared for and main-
tained under the protocol approved by the Institutional Animal Care and
Use Committee of Explora Biolabs (San Diego Science Center, San Diego, CA).

1x10° of FaDu, 5 x 10° of A549, or 1 x 10’ of DU145 cells were subcutane-
ously implanted into the right hind leg of mice. The tumor volumes were
measured weekly in three dimensions using a digital caliper and were
calculated as ((length x width x (height — 5))/2), and body weights were
measured weekly. The net body weight for each animal was calculated by
subtracting the total body weight at each time point from the weight of the
tumor (assuming a tumor density of 1g/cc). The percent change in net body
weight was the difference between the net body weight of each animal at a
specific time point and its net body weight immediately prior to treatment
divided by the net body weight immediately prior to treatment, expressed
as a percentage. A single dose of 2 x 10° pfu/mouse (unless otherwise speci-
fied) in 100-pl PBS of each VACV strain was administered by retro-orbital
injection when the tumor volume reached ~450 mm?. Hundred microliters
of PBS were injected as a negative control.

For treatment with therapeutic antibodies, mice were intraperitoneally
(i.p.) injected with Avastin (5 mg/kg) and/or Erbitux (3 mg/kg) twice weekly
for 5 weeks starting at 10 dpi.

The tumors and organs were excised and homogenized using a MagNA
Lyser (Roche Diagnostics, Indianapolis, IN). The viral titers were determined
in CV-1 cells by standard plaque assays.

Histological analysis

FaDu tumors were excised and paraffin-embedded, followed by the stan-
dard dehydration process.*’ The tumor samples were cut into 5-pm sections
and stained with hematoxylin and eosin (H&E). The sections were dewaxed
and antigen retrieval was performed in a sodium citrate buffer. The fol-
lowing antibodies were used: anti-FAP (Abcam) and anti-A27 (GenScript
Corporation). Biotinylated secondary antibodies (goat anti-rabbit; Jackson
ImmunoResearch Laboratories, Suffolk, UK) were used and detection was
performed with Vectorstain Elite ABC reagent and Vector ImmPact DAB
Peroxidase substrate (Vector Laboratories, Burlingame, CA).

DU145 tumors were excised at 36 dpi, followed by paraformaldehyde fixa-
tion, and then cut into 100-um sections. The blood vessels and cell prolifera-
tion were detected with anti-CD31 antibody (BD Pharmingen, San Jose, CA)
and anti-Ki67 antibody (BD Pharmingen), respectively.

The examination of tumor sections was conducted with an MZ16 FA fluo-
rescence stereomicroscope (Leica, Buffalo Grove, IL) equipped with a digital
charge-coupled device camera (Leica). Digital images (1,300 to 1,030-pixel
images) were processed using Adobe Photoshop 7.0 software (San Jose, CA).

Statistical analysis

The statistical significance of differences between groups of animals was
analyzed using a two-tailed unpaired Student’s t-test (Excel 2003; Microsoft,
Redmond, WA) or one-way analysis of variance (ANOVA) in STATISTICS.
A P-value <0.05 was considered significant.
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