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We previously reported that the replication-competent vaccinia
virus (VACV) GLV-1h68 shows remarkable oncolytic activity and
efficacy in different animal models as a single treatment modality
and also in combination with chemotherapy [Yu YA, et al. (2009)
Mol Cancer Ther 8:141–151]. Here, we report the construction of 3
VACV strains encoding GLAF-1, a previously undescribed engi-
neered single-chain antibody (scAb). This unique scAb is tran-
scribed from 3 vaccinia promoters (synthetic early, early/late, and
late) and directed against both human and murine VEGFs. The
expression of GLAF-1 was demonstrated in cell cultures. Also, the
replication efficiency of all GLAF-1–expressing VACV strains in cell
culture was similar to that of the parental GLV-1h68 virus. Suc-
cessful tumor-specific delivery and continued production of func-
tional scAb derived from individual VACV strains were obtained in
tumor xenografts following a single intravenous injection of the
virus. The VACV strains expressing the scAb exhibited significantly
enhanced therapeutic efficacy in comparison to treatment of hu-
man tumor xenografts with the parental virus GLV-1h68. This
enhanced efficacy was comparable to the concomitant treatment
of tumors with a one-time i.v. injection of GLV-1h68 and multiple
i.p. injections of Avastin. Taken together, the VACV-mediated
delivery and production of immunotherapeutic anti-VEGF scAb in
colonized tumors may open the way for a unique therapy concept:
tumor-specific, locally amplified drug therapy in humans.

Avastin � GLV-1h68 � tumor colonization � angiogenesis �
amplified drug therapy

Cancer is the leading cause of death following heart disease in
the United States (1). There is a considerable ongoing

research effort to find previously undescribed treatment options
to expand the life expectancy of patients who have cancer or even
to cure cancer completely.

In recent years, immunotherapy has emerged as an option for
the treatment of cancer. Application of monoclonal antibodies
has shown promising results in preclinical settings, and some
have already reached the clinic. Nevertheless, the clinical use of
monoclonal antibodies requires continued improvements. The
generation of humanized monoclonal antibodies is very costly,
and the antibodies’ penetration into solid tumors after i.v.
administration is limited because of high interstitial f luid pres-
sure and limited diffusion (2, 3). Therefore, because of rapid
clearance, high administration doses are needed to achieve high
antibody concentration and local effects at the tumor site (4).

One of the most successful immunotherapeutic proteins is
Avastin, which has been approved by the US Food and Drug
Administration for use in combination with chemotherapy for
treatment of metastatic colorectal cancer (CRC) and most forms
of metastatic non-small cell lung cancer (NSCLC) (www.clini-
caltrials.gov) (5). The mechanism of inhibition of angiogenesis
has been extensively investigated in the past, and it is well
established that Avastin has an inhibitory effect on the formation
or maintenance of the tumor vasculature by binding human
VEGF (6). Liang et al. (7) recently identified an antibody derived

from a phage library that showed binding affinities even better
than Avastin. Compared with Avastin, this G6–31 antibody
showed enhanced efficacy in inhibition of tumor growth in
different tumor models after i.p. administration (7). Further-
more, G6–31 treatment of tumors led to reduced blood vessel
density (BVD) (7). It was suggested that, like Avastin, G6–31
causes inhibition of angiogenesis by sequestration of VEGF from
its receptors on endothelial cells.

We have previously shown that the replication-competent
vaccinia virus (VACV) GLV-1h68 leads to complete regression
of solid tumors in nude mice as a single treatment after systemic
or intratumoral delivery (8, 9). Nevertheless, in certain tumor
types, virotherapy is limited if treatment solely relies on repli-
cation-mediated oncolysis. Recently, GLV-1h68 was also used in
combination with chemotherapy, which enhanced the oncolytic
effect beyond what was achieved using only the virus treatment
(10). VACV exhibits advantages as an oncolytic virus. VACV
has a large genome and a high capacity for recombinant gene
delivery without compromising the oncolytic activity. It has also
been shown to colonize tumor tissues selectively (11). GLV-1h68
is replication competent, which leads to high amplification in
tumor tissue (8). Furthermore, because VACV is a cytoplasmi-
cally replicating DNA virus, integration into the host’s genome
is not possible. VACV was also found to be safe in humans in its
previous application as a vaccine against smallpox (12).

In the current study, we showed that the combination of
Avastin therapy with VACV GLV-1h68 oncolytic virotherapy
led to a significant enhancement of tumor growth inhibition
when compared with treatments with Avastin alone or the
parental virus alone. We also generated a unique set of VACV
strains that carried the single-chain antibody (scAb) sequence for
the GLAF-1 protein, comprising the 2 variable domains of the
therapeutic antibody connected by a linker sequence. The lo-
calized overexpression of the recombinant GLAF-1 protein was
shown in tumor tissue, and the protein was also found in the
circulation of tumorous mice. These previously undescribed VACV
strains significantly enhanced the inhibition of tumor growth when
compared with the parental GLV-1h68. Such growth inhibition
data are comparable to concomitant treatment with separately
injected Avastin and the parental virus GLV-1h68.

Results
Combination of Virotherapy with Avastin Treatment Leads to an
Added Inhibitory Effect on Tumor Growth in Nude Mice. The onco-
lytic potency of GLV-1h68 alone and in combination with
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chemotherapy has been documented previously (8–10, 13, 14).
To find out whether immunotherapy in combination with GLV-
1h68 also leads to an enhanced growth inhibition of solid tumors,
we treated PANC-1 tumor-bearing mice with Avastin alone,
GLV-1h68 alone, or GLV-1h68 in combination with Avastin,
using untreated tumors as controls. We found that Avastin alone

led to slow and insignificant delays in tumor growth in compar-
ison to untreated tumors (Fig. 1). After injection with GLV-
1h68, we observed the characteristic 3-phase growth pattern
described previously (8). In phase I, the tumor volume exceeded
the volume of untreated tumors. Significant growth arrest was
seen in phase II, followed by the continual regression of tumors
over time (phase III). Injection of Avastin during virus treatment
resulted in an added effect on tumor growth inhibition in
comparison to virus-only treatment (Fig. 1). This effect could
also be seen in the xenograft model MIA PaCa-2 [see supporting
information (SI) Fig. S1]. Thus, we showed that the concomitant
application of a single dose of i.v. virotherapy and multiple doses
of i.p. immunotherapy gave better results than each treatment
alone in the xenograft tumor models. Survival rates of mice are
shown in Fig. S2 B and C. Overall survival rates among the
different treatment groups are comparable.

VACV-Encoded Anti-VEGF scAb Protein Expressed in Infected A549
Cells Is Functional. Treatment of tumors with GLV-1h68 in
combination with Avastin showed increased inhibition of tumor
growth in comparison to GLV-1h68 treatment alone. To achieve
intratumoral biosynthesis of proteins with an Avastin-like mode
of action, 3 unique VACV strains were constructed. Each carries
an expression cassette for the scAb GLAF-1, directed against
human and murine VEGF. The expression cassette was inserted
into the J2R locus of vaccinia genome downstream of synthetic
early (SE), synthetic early/late (SEL), and synthetic late (SL)
promoters, resulting in the GLV-1h107, GLV-1h108, and GLV-
1h109 strains, respectively (Fig. 2 A and B). Several human
carcinoma cell lines were infected with each of the individual
recombinant virus strains, and the culture supernatants and cell
lysates were tested for the presence of the GLAF-1 protein by

Fig. 1. Combination therapy of s.c. PANC-1 tumors with GLV-1h68 virus and
Avastin. Tumor-bearing mice (n � 8 per group) were treated with the virus
alone (5 � 106 pfu/mouse), with Avastin alone (5 mg/kg i.p. twice weekly for
5 weeks), with the virus initially (5 � 106 pfu/mouse) followed by Avastin
treatment (5mg/kgtwiceweeklyfor5weeks)13days later,orwithnotreatment.
The up-pointing arrow indicates the time of virus injection. The down-pointing
arrows indicate the beginning and end of Avastin 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 Avastin � GLV-1h68 group.

Fig. 2. Viral replication in A549 cells resulted in over-expression of the GLAF-1 scAb protein. (A) Schematic representation of the GLAF-1 scAb construct. (B)
VACV constructs and marker genes. The LIVP WT virus strain was used for the generation of modified GLV-1h68 according to Zhang et al. (8). The GLV-1h68 virus
was used for the construction of GLV-1h107, GLV-1h108, and GLV-1h109. p11, VACV p11 late promoter; pSEL, VACV SEL promoter; pSE, VACV SE promoter; pSL,
VACV SL promoter; p7.5, VACV 7.5K early/late promoter. (C) Replication efficiency was determined after infection of CV-1 or A549 cells with VACV strains at an
MOI of 0.01. Statistical analysis was performed using one-way ANOVA (**P � 0.01, *P � 0.05). Stars indicate comparison of the GLV-1h68 group with the groups
of the unique viruses. (D) Expression of GLAF-1 in tumor cells in vitro. A549 cells were infected with VACV strains at an MOI of 1, and protein fractions from cell
lysate and culture supernatant were isolated and separated by SDS/PAGE. Western blot analysis was performed using an anti-DDDDK antibody. The line shows
the protein of the expected size of 30 kDa.
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Western blot analysis. A representative example of infected
human lung carcinoma A549 cells is shown (Fig. 2D). GLV-
1h107–, GLV-1h108–, and GLV-1h109–infected A549 cells
showed a specific protein of the expected size of 30 kDa (Fig.
2D). No protein of similar size was detected in uninfected cells
or cells infected with the parental virus GLV-1h68, without the
expression cassette (Fig. 2D). The expression levels of the GLAF-1
proteins in cell lysates and culture supernatants were found to be
lowest in GLV-1h107–infected cells and of comparable strength in
GLV-1h108– and GLV-1h109–infected cells (Fig. 2D) (15).

Overexpression of GLAF-1 Protein in Infected A549 Cells Do Not
Interfere with Efficiency of Virus Replication. To investigate whether
GLAF-1 scAb protein expression altered the replication effi-
ciency in comparison to the parental virus without GLAF-1,
CV-1 or A549 cells were infected with all 3 unique VACV strains
at a multiplicity of infection (MOI) of 0.01, followed by deter-
mination of viral titers at different time points postinfection
(p.i.). In CV-1 cells, no difference in replication efficiency could
be found (Fig. 2C). Unexpectedly, GLV-1h107, GLV-1h108, and
GLV-1h109 showed enhanced replication efficiency in A459
cells 12 h p.i., in comparison to the parental virus GLV-1h68.
After 24 h, only the VACV strains GLV-1h108 and GLV-1h109
showed significantly higher replication efficiency than GLV-
1h68 in this cell line. Taken together, data obtained at all time
points did not show any negative effects on overall replication
efficiency (Fig. 2C).

GLAF-1 scAb Protein Is Present in Colonized Tumor Xenografts and in
Sera of Mice. After demonstration of GLAF-1 scAb protein
expression in cell cultures, the presence of the anti-VEGF scAb

in tumorous mice was also investigated. Mice harboring A549
tumor xenografts of �250 mm3 in size were injected i.v. with
GLV-1h68, GLV-1h108, and GLV-1h109. Seven, 21, and 37 days
p.i., tumor fluid samples were taken along with serum isolation
from blood samples. All samples were analyzed further for
binding of GLAF-1 scAb to human VEGF-precoated microtiter
plates. Fig. 3D shows that GLAF-1 could be readily detected 7
days p.i. in the serum of GLV-1h108– and GLV-1h109–infected
tumor-bearing mice. Corresponding tumor fluid samples showed
that the expression of GLAF-1 in infected areas of tumors was
12 (12 �g/mL) and 15 (20 �g/mL) times higher in GLV-1h108–
and GLV-1h109–infected mice, respectively, in comparison to
sera. There was a negative correlation between the tumor
volume at day 14 and day 21 p.i. and the sera concentration of
GLAF-1 at day 7. These findings suggest that higher GLAF-1
expression at an early stage (day 7) results in a smaller tumor size
at day 14 or day 21 (Fig. 3D, Right). Over time, the concentration
of GLAF-1 in the sera of treated mice gradually decreased (Fig.
3D, Left).

Tumor Regression Is Pronounced in GLAF-1 Overexpressed Xenografts.
To investigate the contribution of the GLAF-1 scAb protein to
tumor progression, DU-145 or A549 tumor-bearing nude mice
were injected i.v. with the VACV strains GLV-1h68 and GLV-
1h108 or with GLV-1h68, GLV-1h107, GLV-1h108, and GLV-
1h109, respectively. Tumorous mice with no virus infection were
used as negative controls. In case of DU-145 tumorous mice, a
group of uninfected and GLV-1h68–infected mice were treated
with Avastin twice weekly for 5 weeks, starting at day 14. In both
models, rapid tumor growth was observed in control mice (Fig.

Fig. 3. GLAF-1 expression in GLV-1h108– and GLV-1h109–colonized tumors leads to enhanced tumor therapy and inhibition of BVD in mouse xenografts. (A)
Therapeutic effect of VACV strains delivering GLAF-1 on tumor growth in DU-145 tumor-bearing nude mice (n � 8). The up-pointing arrow indicates the time
of virus injection. The down-pointing arrows indicate the beginning and end of Avastin treatment. Statistical analysis was performed using one-way ANOVA
(** P� 0.01, *P � 0.05). Stars indicate comparison of the GLV-1h68 group with the Avastin � GLV-1h68 group (gray) and the GLV-1h108 group (black). (B)
Therapeutic effect of VACV strains delivering GLAF-1 on tumor growth in A549 tumor-bearing nude mice (n � 7–8). Statistical analysis was performed using
one-way ANOVA (**P � 0.01, *P � 0.05). Stars indicate comparison of the GLV-1h68 group with the GLV-1h108 group (gray) and the GLV-1h109 group (black).
(C) Quantitative analysis of BVD in DU-145 tumors 21 days after VACV infection. Data are given as means of cell number per high-power field (�200 magnification,
n � 3) (D) Expression of GLAF-1 in sera and correlation of tumor volume changes of VACV-infected A549 tumor-bearing mice. Tumor fluid and retro-orbital blood
samples were taken at days 7, 21, and 37 after virus injection from the same mice. Tumor growth was monitored by caliper measurements. Protein amounts were
quantitatively determined by ELISA with VEGF-precoated plates. Experimental groups contained 4 animals each.
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3 A and B). In GLV-1h68–treated animals, the tumor growth
exhibited the typical 3-phase growth pattern, as described pre-
viously. Fig. 3A shows that the median DU-145 tumor volume
changed following i.v. injection of the different viruses and
Avastin treatment. Treatment with Avastin alone led to stagna-
tion in tumor growth for the period of the Avastin administra-
tions, followed by an increase in tumor volume after the termi-
nation of treatment. The concomitant treatment of GLV-1h68
and Avastin in mice led to an enhanced regression of tumor
growth, in comparison with GLV-1h68 treatment alone, fol-
lowed by complete regression. GLV-1h108–treated tumors
showed an intermediate inhibitory effect between GLV-1h68
and the combination therapy (Fig. 3A). Fig. 3B shows the median
A549 tumor volume changes following i.v. injection of the
different recombinant viruses. Tumorous mice treated with
GLV-1h107 showed an immediate and overall inhibition of
tumor growth when compared with the GLV-1h68 treatment
group (Fig. 3B). Fourteen days after virus injection, the regres-
sion phase had already started, much sooner than in the GLV-
1h68 treatment group. In tumorous mice treated with GLV-
1h108 and GLV-1h109, the inhibition of tumor growth was even
more dramatic than in mice treated with GLV-1h68. In the
GLV-1h108 and GLV-1h109 groups, tumor growth was arrested
very soon after virus injection and did not reach the tumor sizes
observed in GLV-1h68–treated mice during the inhibitory
phase. Over the course of therapy, tumor sizes in GLV-1h108
and GLV-1h109 virus-treated mice remained significantly
smaller than those of GLV-1h107 virus-treated mice. At the end
point of the experiment, median tumor volumes of these mice
were much smaller than those in GLV-1h68–treated animals.
Based on net body weight change data, the toxicity profiles of
GLV-1h107 and GLV-1h109 were comparable to that of GLV-
1h68 throughout the study. GLV-1h108 showed an increased
toxicity in comparison to GLV-1h68 (Fig. S2 A). Experiments
monitoring the biodistribution of VACV in different organs of
mice showed that all 3 unique VACV strains are rapidly cleared
from all organs except tumors, as previously described for
GLV-1h68 (8), and that all 3 unique recombinant VACV strains
exhibited similar tumor specificity (Table S1).

DU-145 and A549 Tumors Colonized by GLAF-1–Expressing Viruses
Exhibit Drastically Reduced BVD. We have shown previously in this
article that the GLAF-1 scAb was detected in tumors colonized
by GLAF-1 highly expressed virus strains. The inhibitory effect
of the expressed GLAF-1 scAb on the tumor vasculature, as
hypothesized, was evaluated in tumor sections by immunohisto-
chemistry (IHC). DU-145 tumors were excised on day 21 p.i., and
BVD was determined by blood vessel counts after staining the
vessels for the presence of PECAM-1 (CD31). Also, the level of
VACV infection was determined by immunohistochemical stain-
ing of a VACV-specific antigen (Fig. 3C and Fig. S3). Fig. 3C
shows the mean BVD in uninfected and infected areas of tumors.
Uninfected areas of virus-treated tumors did not show signifi-
cant differences when compared with untreated tumors. How-
ever, in infected areas of tumors, significant differences in BVD
were observed (Fig. 3C). The concomitant treatment of Avastin
and GLV-1h68 led to a slightly reduced BVD when compared
with GLV-1h68 treatment alone. When treated with GLV-
1h108, a dramatic reduction of BVD was observed in infected
areas, which correlated with more advanced necrosis in these
tumors in comparison to GLV-1h68–treated tumors (Fig. 3C and
Fig. S3). Representative images of the different treatment
groups are shown in Fig. 4, visualized by fluorescence stereomi-
croscopy. In an additional experiment, VACV-treated A549
tumors were excised on day 7 after virus injection and the
CD31-positive tumor vasculature was analyzed in tissue sections
by fluorescence stereomicroscopy (Fig. S4). The results were
similar to data shown in Fig. 4. Thus, we concluded that

colonization of tumors with GLAF-1–expressing VACV strains
resulted in significant inhibition of the development or mainte-
nance of tumor vasculature.

Discussion
It has previously been demonstrated that VACV is a promising
candidate for oncolytic virotherapy of solid tumors in human
tumor xenograft models in mice (8, 9, 16–18). In these ap-
proaches, complete tumor regression was achieved over a period
after a single systemic dose of GLV-1h68 (8). In addition, the
already superior virus GLV-1h68 showed enhanced and accel-
erated efficacy in combination with chemotherapy in pancreatic
cell lines and tumors (10). Here, we report the generation of 3
derivatives of the GLV-1h68 virus by replacing into the J2R locus
an expression cassette encoding the previously undescribed
anti-VEGF scAb GLAF-1 protein, which was designed to bind
both human and murine VEGF. We designed experiments to
study VACV-mediated and scAb-facilitated oncolytic viro-
therapy and immunotherapy in virus-colonized tumors.

We showed that GLAF-1 was expressed in virus-infected
tumor cells in cell culture and in colonized human lung cancer
xenografts in nude mice. The virus-encoded scAb GLAF-1 led
to an enhanced therapeutic effect in different human tumor
xenograft models, compared with oncolytic viral therapy with
GLV-1h68 alone. This enhancement may be caused by the
continuous production of the anti-VEGF scAb in colonized
tumors. The previously undescribed recombinant viruses showed
low toxicity and unaltered replication efficacy. Thus, the inser-
tion of the therapeutic gene cassette into the viral genome did
not negatively affect the previously seen oncolytic virotherapeu-
tic efficacy.

It is well established that continuous tumor progression re-
quires neoangiogenesis (19). High levels of VEGF in patients
who have cancer have been associated with a less favorable
prognosis of treatment outcome (20). Therefore, inhibiting
vascularization of tumors has been extensively studied (21, 22).
Despite very promising preclinical results, Avastin has not shown
the potent clinical success expected in patients when used in
combination with chemotherapy for the treatment of metastatic
CRC and NSCLC (23). The lack of efficacy of Avastin in

Fig. 4. Effect of virus treatment on tumor vasculature in DU-145 tumors.
Tumors were excised at day 21 p.i., fixed, sectioned, and stained for CD31 to
label endothelial cells (red). GFP expression indicates viral infection (green).
All images are representative examples. (Scale bar: 100 �m.)
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combination therapy may be attributable to the poor penetration
of the antibody into the tumor tissue from the blood after
systemic treatment. Therefore, high doses of the antibody pro-
tein were necessary to achieve a more significant effect. Here, we
showed that treatment with GLV-1h68 and Avastin led to
improved oncolytic vibrotherapy, and thus demonstrated that
the combination of oncolytic virotherapy and immunotherapy
may be feasible as a previously undescribed strategy to treat
cancers. We also showed that the unique recombinant VACV
strains harboring the GLAF-1 gene with different promoters
exhibited enhanced tumor inhibition and therapeutic potency,
which was comparable to the results seen in combination therapy
with separately applied Avastin and GLV-1h68. The GLAF-1
protein was designed based on the partial sequence of the
antibody G6–31, which was previously shown to bind both
murine and human VEGF with high affinity (7). The binding to
VEGF from both human and mouse origins is advantageous in
the human tumor xenograft model in mice, because inhibition of
VEGF from a murine stromal origin in the tumor was important
for therapeutic efficacy (24). The efficient binding of the unique
scAb GLAF-1 to VEGF was also confirmed in this system.

We demonstrated infection and replication of the GLAF-1–
encoding recombinant VACV strains at the tumor site and, more
importantly, localized expression of the GLAF-1 scAb protein in
colonized tumors. This localized expression of the GLAF-1 scAb
led to marked inhibition of the tumor growth in mice. The
continuous biosynthesis of the therapeutic scAb was coupled
with successful replication of the virus in tumors. Thus, the
presence of GLAF-1 protein in the circulation may result in a
continuous therapeutic process at previously uninfected sites
without the need for repeated injections of a therapeutic agent.
This continuous delivery system will terminate once the tumor
regression is completed and the colonizing virus particles are
also eliminated from the tumor site by the immune system (8).
Thus, no long-term inhibitory effects would be expected in the
absence of the virus on GLAF-1 expression-mediated oncolytic
virotherapy.

The IHC analysis of the tumors showed a reduction of tumor
BVD in virus-infected areas in tumors at different time points
after treatment with GLV-1h108 in the tumor models examined.
Further, GLAF-1 displayed significant inhibitory effects on
tumor blood vessel development and maintenance, similar to the
previously described protein G6–31 (7). Depending on the
xenograft model, the replication levels of VACV in the tumor
tissue seemed to be altered. Therefore, the inhibitory effect of
GLAF-1 paralleled the extent of replication of VACV over time.
These effects are tumor specific and correlated with the extent
of inhibition of neoangiogenesis. Such inhibition may offer a
therapeutic window of slowed tumor growth that allows the
oncolytic virus to destroy the tumor cells more efficiently. A
direct comparison of the efficacy of the i.v. injected Avastin
(human-specific) with the intratumorally produced GLAF-1
(against both human and murine VEGF) is not appropriate.

Because the inhibition of VEGF may lead to up-regulation of
other growth factors involved in neoangiogenesis mechanisms
(25–27), response mechanisms to antiangiogenic treatment after
anti-VEGF scAb treatment need further investigation. Oncolytic
viral therapy could potentially be used alongside antiangiogenic
treatment, because viral therapy demonstrated long-lasting in-
hibition and regression of tumor growth.

Tumor therapy results indicated that tumor growth inhibition
by the 3 unique recombinant viruses with GLAF-1 expression
was directly proportional to promoter strength driving the
GLAF-1 gene expression (15). Strain GLV-1h107 carries the SE
promoter, whereas GLV-1h108 and GLV-1h109 both harbor the
much stronger SEL and SL promoters, respectively. The pro-
moter strength was verified by direct comparison of the expres-
sion levels of GLAF-1 in cell cultures. Consequently, the best

antitumor effects were obtained with GLV-1h108 and GLV-
1h109 treatment of tumors.

It was also reported that VEGF and other angiogenic factors
are involved in tumor immune evasion (28, 29). VEGF has been
shown to act as an immunosuppressant (30). It is not clear at this
time whether the overexpression of GLAF-1 scAb has an effect
on the immune system. The infection of tumors with VACV
leads to activation of the innate immune system at the tumor site
(8). On infection with VACV, the tumor growth-supporting
microenvironment may shift to an antitumor growth environ-
ment that includes the recruitment of important immune effec-
tor cells (31, 32).

In conclusion, the data presented here clearly show that the
VACV-encoded anti-VEGF scAb GLAF-1 significantly im-
proved tumor therapy in xenografts. This effect is superior to
GLV-1h68 oncolytic therapy alone, which, in turn, was far
superior to Avastin therapy alone in the same model systems. We
also showed that the expression of an anti-VEGF scAb can be
achieved after colonization of tumors with VACV. Therefore,
we propose that tumor colonization in combination with effi-
cient intratumoral replication and VACV-mediated therapeutic
gene overexpression is a previously undescribed continuous
therapeutic system. These findings also establish the concept of
using tumors as drug factories in the fight against cancer.

Materials and Methods
Cell Lines. African green monkey kidney fibroblasts (CV-1), the human pan-
creatic ductal carcinoma cell line PANC-1, the human pancreatic carcinoma
MIA PaCa-2, the human prostate carcinoma DU-145, and the human lung
carcinoma A549 were obtained from the American Type Culture Collection.
CV-1, PANC-1, or MIA PaCa-2 cells were cultured in DMEM supplemented with
1� antibiotic-antimycotic solution (100 U/mL penicillin G, 250 ng/mL ampho-
tericin B, and 100 U/mL streptomycin) and 10% or 12.5% (vol/vol) FBS (Invitro-
gen Corporation), respectively. DU-145 cells were cultured in Eagle’s minimal
essential medium (EMEM) supplemented with 10% (vol/vol) FBS, 1� antibi-
otic-antimycotic solution, 1% sodium pyruvate, and 1% non-essential amino
acids (NEAA). A549 cells were cultured in RPMI 1640 supplemented with 10%
(vol/vol) FBS and antibiotic-antimycotic solution.

Construction of Plasmids and Recombinant VACV Strains. Standard cloning
techniques were used for the construction of plasmids. The plasmid 0608997-
pGA4 was synthesized by GENEART AG and contains a fragment coding for the
single chain anti-VEGF antibody GLAF-1, comprising an Ig� light chain leader
sequence (34), the VH chain sequence of the G6 Fab (7), a (G4S)3 linker
sequence, the VL chain sequence of the G6 Fab (7), and a C-terminal DDDDK
sequence (Fig. 2A). To construct the final plasmids, the VACV DNA homology-
based shuttle plasmids pCR-TK-PSE, pCR-TK-PSEL, and pCR-TK-PSL were used,
which were previously constructed for homologous recombination of foreign
genes into the J2R locus in the VACV genome through double reciprocal
crossover. The GLAF-1 fragment was cloned into the framework plasmids via
the SalI and PacI sites, resulting in the plasmids pCR-TK-PSE-GLAF-1, pCR-TK-
PSEL-GLAF-1, and pCR-TK-PSL-GLAF-1.

The recombinant viruses GLV-1h107, GLV-1h108, and GLV-1h109 contain
the GLAF-1 gene under the control of the VACV SE, SEL, and SL promoters,
respectively. These were inserted at the J2R locus and were constructed from
the parental virus GLV-1h68. The recombinant viruses were constructed as
previously described (34). Recombinant viruses were propagated in CV-1 cells
and purified through sucrose gradients (35). Fig. 2B shows a schematic over-
view of the VACV constructs and marker gene locations in the genome.

The triple-mutant GLV-1h68 virus was constructed and described previously
(8). GLV-1h68 contains 3 expression cassettes (encoding Renilla luciferase-
Aequorea GFP fusion protein, �-galactosidase, and �-glucuronidase) integrated
into the F14.5L, J2R, and A56R loci of the LIVP viral genome, respectively.

Viral Proliferation Assay. Standard plaque assays were used to quantify viral
replication following infection with the different recombinant VACV strains.
CV-1 and A549 lung cancer cells were infected with VACV at an MOI of 0.01,
and cells were harvested after time points 1, 12, 24, 48, 72, and 96 h p.i. Cells
were lysed by applying 3 freeze/thaw cycles followed by sonication. Serial
dilutions cultured on confluent layers of CV-1 cells in 24-well plates and titers
were determined 48 h later.
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GLAF-1 Protein Expression. A549 cells were infected with virus at an MOI of 1.
Both culture supernatants and cell lysates were harvested 24 and 48 h p.i.
Protein fractions were denatured, separated via vertical SDS-PAGE, and trans-
ferred to a PVDF-membrane. The recombinant protein was bound via a rabbit
anti-DDDDK antibody (Abcam) and detected via an HRP-conjugated anti-
rabbit IgG (Jackson Immuno Research) and the chromogenic detection kit
Opti4CN (Bio-Rad).

The expression of the recombinant proteins in tumor fluid and sera in vivo
was tested by ELISA assays. Ninety-six–well plates precoated with recombinant
human VEGF (Sigma) were blocked and incubated with sera and tumor fluid
samples in 1:20 and 1:100 dilutions, respectively. Following a 1.5-h incubation
at room temperature, the wells were washed with PBS/0.05% Tween and
incubated with a rabbit anti-DDDDK antibody (Abcam) and then washed and
incubated with a secondary HRP-conjugated anti-rabbit IgG (Jackson Immuno
Research). Color was developed using 3,3,5,5�-tetramethylbenzidine (Sigma),
and the reaction was stopped by adding 2 M HCl. Absorbance was read in a
microplate reader at 450 nm. The GLAF-1 protein was obtained by infecting
CV-1 cells with GLV-1h108 for 24 h at an MOI of 10. Supernatants were
concentrated by centrifugation with centrifugal filter units (Millipore), fol-
lowed by purification using the FLAG Tagged Protein Immunoprecipitation
Kit (Sigma). Purification was verified using Coomassie gel analysis, and con-
centrations were measured with the Bio-Rad DC Protein Assay (Bio-Rad).

Animal Models and Tumor Therapy in Vivo. Five- to 6-week-old female or male
Hsd:athymic Nude-Foxn1nu mice (Harlan) were implanted s.c. with either 5 �
106 of A549 or PANC-1 cells or with 1 � 107 of DU-145 or MIA PaCa-2 cells into
the lateral right thigh. After tumor growth reached a size of approximately
250 mm3 (450 mm3 for DU-145), mice were injected i.v. with the different
VACV strains at 5 � 106 pfu/mouse (2 � 106 pfu/mouse for DU-145). For the
Avastin treatment, mice were injected i.p. with 5 mg/kg Avastin (Genentech/
Roche) twice weekly for 5 weeks starting at day 13 after virus injection. Tumor
growth was measured over time using a digital caliper to evaluate the ther-
apeutic efficacy. The following formula was used to calculate the tumor
volume: [(height � 5 mm) � width � length]/2. Toxicity of the viruses was
assessed by monitoring relative weight changes of the animals. Samples for
the protein expression analysis in ELISA (see above) were taken at time points
7, 21, and 37 days by poking tumors with a 27-gauge needle and extracting
tumor fluid as well as by drawing blood from the retro-orbital venous plexus.

Mice were cared for and maintained in accordance with animal welfare

regulations under the approved protocol by the Institutional Animal Care and
Use Committee of LAB Research International, Inc. and Explora Biolabs (San
Diego Science Center).

Histology. Histological studies were conducted as previously described (36).
Briefly, tumors were excised 7 days and 21 days p.i., snap-frozen for 5 min in
liquid N2, and embedded in paraffin. Paraformaldehyde-fixed tumors were
cut into 100-�m sections. Specimens were then labeled with anti-CD31 anti-
body (BD PharMingen) for 12 h, followed by incubation with Cy3-conjugated
donkey anti-rat antibody (Jackson ImmunoResearch) for 5 h. The examination
of the tumor sections was conducted with an MZ16 FA fluorescence stereomi-
croscope (Leica) equipped with a digital CCD camera (Leica). GFP expression of
virus-infected cells and CD31 expression in tumor sections were monitored.
Digital images (1,300- � 1,030-pixel images) were processed using Adobe
Photoshop 7.0 software. Paraffin-embedded tissue was cut into 5-�m sections,
and H&E staining was performed. Adjacent slides were stained for the pres-
ence of PECAM-1 and VACV, respectively. Antigen retrieval was performed
with citrate buffer. For PECAM-1 staining, tissue was blocked with normal
rabbit serum, peroxidase treated, incubated with anti-PECAM-1 (Santa Cruz
Biotechnology), and then incubated with a rabbit anti-goat IgG as a secondary
antibody (Vector Laboratories). For the VACV staining, tissue was blocked
with normal goat serum, peroxidase treated, and incubated with an anti-A27L
antibody custom-made against a VACV synthetic peptide (GenScript Corpo-
ration). A goat anti-rabbit IgG was used as a secondary antibody (Vector
Laboratories). Detection was performed with Vectorstain Elite ABC reagent
and Vector ImmPact DAB Peroxidase substrate (Vector Laboratories). Sections
were counterstained with hematoxylin. Quantitative analysis of microvessel
density was made by counting positively stained cells in 10 high-power fields
(�200) according to Weidner et al. (37).

Statistical Analysis. Statistical analyses were performed with SPSS, version 11
(SPSS, Inc.). Comparisons of treatment groups were made by ANOVA, and the
differences between the groups were analyzed with an least significant
difference (LSD) test when the ANOVA showed an overall significance. Values
of P less than 0.05 were considered significant.
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