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An immunocompetent model is required to test ther-
apeutic regimens for clinical trials with the oncolytic
measles virus (MV). Toward developing this model, a
retargeted MV that enters murine colon adenocarcinoma
cells forming tumors in syngeneic C57BL/6 mice was
generated. Since MV infection tends to be less efficient
in murine than in human cells, the targeted virus was
also armed with the prodrug convertase, purine nucleo-
side phosphorylase (PNP), and named MV-PNP-antiCEA.
We have shown before that in cultured cells, infection
with this virus activated the prodrug, 6-methylpurine-
2’-deoxyriboside (MeP-dR), causing extensive cytotoxic-
ity. When injected intratumorally (IT), MV-PNP-antiCEA
inhibited subcutaneous tumor growth marginally, but
subsequent administration of the prodrug enhanced the
oncolytic effect. Systemic delivery of MV-PNP-antiCEA
alone had no substantial oncolytic effects, but in com-
bination with the prodrug it was therapeutic, revealing
synergistic effects between virus and prodrug. Immuno-
suppression with cyclophosphamide (CPA) retarded the
appearance of MV neutralizing antibodies and enhanced
oncolytic efficacy: survival was 100%, with 9 out of 10
animals going into complete remission. This immuno-
competent murine model facilitates the testing of thera-
peutic regimens for clinical trials.
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INTRODUCTION

Oncolytic agents are being developed based on adenoviruses, her-
pes simplex virus 1, poxviruses, reoviruses, vesicular stomatitis
virus and measles virus (MV).!= This biological anti-cancer ther-
apy concept has progressed from mere pre-clinical experiments
to phase III clinical trials in humans,* at present the first oncolytic
therapy regimen is operational.” The efficacy of new oncolytic vec-
tors can be tested in human cancer cell xenografts implanted in
immunodeficient mice. In particular, pre-clinical MV efficacy tri-
als have been based on immunodeficient mouse-human tumor

xenograft models.*® However, this approach does not allow for
analysis of the effects of the immune system.

The therapeutic efficacy of oncolysis can be reduced by pre-
mature viral clearance. Frequent intratumoral (IT) administra-
tions of a reovirus are necessary in immunocompetent mice to
achieve the same levels of tumor regression as in a severe combined
immunodeficient mouse model.’ Immunosuppressive drugs like
cyclophosphamide (CPA) and cyclosporine A, or T-cell depletion
using antibodies against CD4 or CD8, enhance the oncolytic effi-
cacy of many viruses including reovirus,' herpes simplex virus 1'?
and adenovirus;" early viral clearance interferes with adenovirus
efficacy in clinical trials.'*® To study these effects, immunocom-
petent models permissive of oncolytic adenovirus vectors have
been established.'”*®

Conversely, the immune system might increase the efficacy of
tumor killing: the induction of tumor-specific cytotoxic T lym-
phocytes, or antibodies, or cytokines such as the tumor necrosis
factor can enhance the therapeutic outcome.” These observations
promoted the development of virus-based vaccines that induce
specific immune responses for clinical trials in cancer therapy.® In
addition, immunostimulatory cytokines expressed from recombi-
nant oncolytic viruses enhance systemic immune responses that
complement viral cytotoxicity.? >

The development of an immunocompetent model for MV
oncolysis is complicated by the lack of a receptor on mouse
cells.”® However, MV can be retargeted to a designated receptor
by displaying ligands on the viral attachment protein, the hemag-
glutinin (H).?**” Surface proteins that have been successfully tar-
geted by recombinant MV displaying appropriate ligands include
the human carcinoembryonic antigen (CEA).” This protein is
expressed in MC38cea cells, a murine colon adenocarcinoma cell
line that is tumorigenic in syngeneic C57BL/6 mice.*® MC38cea
cells can be infected with MV-antiCEA, but viral replication is
suboptimal, resulting in very low titers.”” This is because post-
entry events contribute to MV tropism being restricted to primate
cells.?-! Thus, the oncolytic efficacy of MV may be low in mouse
models.

To enhance oncolytic efficacy, viruses have been armed with
genes for prodrug converting enzymes.* For this study we armed
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the MV with Escherichia coli purine nucleoside phosphorylase
(PNP), a prodrug convertase. PNP converts 6-methylpurine-2’-
deoxyriboside (MeP-dR) to 6-methylpurine (MeP). This highly
diffusible substance is metabolized to toxic adenosine triphos-
phate analogs, which inhibit DNA, RNA, and/or protein syn-
thesis immediately.” In this study we show that a CEA-targeted
and convertase-armed MV inhibits the growth of syngeneic
MC38cea tumors in C57BL/6 mice after IT, or after intravenous
(IV) injection of the virus with subsequent prodrug administra-
tion. We also show that oncolytic efficacy can be enhanced by
a single administration of an immunosuppressive drug before
treatment.

RESULTS

Generation and characterization of armed

and targeted MV

To enter mouse cells forming tumors in syngeneic animals, we
generated a recombinant MV whose attachment protein hemag-
glutinin (H) is fused to a single-chain antibody, thus mediating
entry through the human protein CEA expressed on these cells
(Figure 1a). In addition, to enhance oncolysis, the E. coli PNP
gene was inserted in the viral genome (Figure 1a). The recom-
binant MV that displays the human CEA single chain antibody,
maintains entry through the human receptors, but this fact is not
relevant in the syngeneic mouse model used here.
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Figure 1 Construction and characterization of carcinoembryonic
antigen (CEA)-targeted and/or purine nucleoside phosphorylase
(PNP)-armed viruses. (a) Schematic drawing of a recombinant mea-
sles virus (MV) genome encoding a hybrid attachment protein (hem-
agglutinin, H) displaying an antiCEA single-chain antibody (scFv). The
amino acid sequence of the linker preceding the scFv is indicated on
the bottom line (one-letter code). An additional transcription unit cod-
ing for the Escherichia coli PNP gene was inserted upstream of the N
gene. (b) Immunoblot analysis of proteins expressed by the unmodi-
fied MV (lane 1), MV-antiCEA (lane 2), and MV-PNP-antiCEA (lane 3).
For detection of H and N, immunoblots of 5,000 infectious particles
were performed. To confirm PNP expression, Vero cells were infected
at multiplicity of infection 0.5, and cells were lysed for immunoblotting
36 hours post infection. Upper and center panel show expression of H
and N viral proteins, respectively. Lower panel, PNP expression.
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A targeted virus, MV-antiCEA,” and an armed and targeted
virus, MV-PNP-antiCEA, were both generated. PNP expres-
sion was confirmed by immunoblotting: a band with an appar-
ent molecular weight of 25kd was detected in cells infected with
MV-PNP-antiCEA (Figure 1b; lane 3). Reduced electrophoretic
mobility of the hybrid H glycoprotein confirmed addition of the
antiCEA scFv (Figure 1b; lanes 2 and 3). The N protein immu-
noblot analysis served as an internal control for viral protein
incorporation (Figure 1b; lanes 1-3). Equivalent incorporation of
the standard and the extended H proteins in viral particles was
observed. The targeted and armed virus reached comparable titer
levels, with equivalent kinetics, to the two other viruses (data not
shown). Thus, targeting and arming were not seen to significantly
compromise viral replication.

Targeted MV infect murine colon adenocarcinoma
cells expressing human CEA

Mouse MC38cea cells expressing human CEA, the parental mouse
cell line MC38, and simian Vero cells were inoculated at a mul-
tiplicity of infection (MOI) of 0.5 with three different MV and
monitored after 36 hours for the appearance of syncytia, which
would denote virus entry and replication (Figure 2). As expected,
only MV-antiCEA and MV-PNP-antiCEA induced syncytia in
MC38cea cells expressing the designated receptor human CEA
(Figure 2; right column, middle and lower panels). The retargeted
viruses did not fuse the parental cell line MC38 (Figure 2; middle
column, middle and lower panels). All the MV showed similar
cytopathic effects including widespread syncytia formation on
Vero cells that express one of the MV receptors® (Figure 2; left

MC38cea
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MV-antiCEA
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Figure 2 Selective infection of cells by recombinant viruses. Cells
were infected with unmodified measles virus (MV) (upper row), MV-
antiCEA (middle row), or MV-PNP-antiCEA (lower row) at multiplicity of
infection 0.5 and photographed 36 hours later. Syncytia formation was
documented on simian Vero cells (left column), murine MC38 (middle
column), and MC38cea cells (right column). CEA, carcinoembryonic
antigen; PNP, purine nucleoside phosphorylase.
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column). MV infection resulted in complete Vero cell lysis after
about 48 hours, whereas fusion and lysis of MC38cea cells was
limited to small syncytia (data not shown). Thus, while targeting
sustained MV entry in murine cells the infection was inefficient
and cytotoxicity limited.

Bystander effect of activated prodrug enhances

MV cytotoxicity

To assess bystander cell killing by the toxified prodrug MeP, Vero
cells were infected with MV-PNP-antiCEA at 0.1 MOIL MeP-dR
(100 pmol/1) was added to the media 36 hours post infection for 12
hours. After heat-inactivation, different dilutions (1:100, 1:10, or
1:2) of conditioned media were transferred to a new sub-confluent
Vero cell monolayer and living cells were counted after 72 hours
(Figure 3a). Toxicity increased in accordance with the concen-
tration of conditioned media (Figure 3a; hatched columns). No
significant impact on viability was observed after incubating cells
with supernatants of mock-infected, MV-infected cells, or with
cells previously incubated with media containing 100 pmol/l
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Figure 3 Cytotoxic efficacy of the activated prodrug. (a) Measurement
of cell toxicity caused by conditioned media. Cells were mock-treated,
infected with MV-PNP only, treated with 6-methylpurine-2’-deoxyriboside
(MeP-dR) only, or infected with MV-PNP-antiCEA and MeP-dR was
added 36 hours post infection for 12 hours. Different dilutions (0.01,
0.1, and 0.5) of conditioned and heat-inactivated media (mock-treated,
dark gray column; MV-PNP infected, light gray column; MeP-dR-treated,
white column; MV-PNP infected and MeP-dR treated, hatched col-
umn) were added to a new Vero cell monolayer. Numbers of living cells
were determined after 72 hours. Columns, mean of three independent
experiments; bars, SE. (b) Viability of mouse cells after infection, with
or without prodrug administration. MC38cea cells were infected in qua-
druplicate with MV-PNP-antiCEA. Left panel, gray squares, triangles, and
dots represent the mean of experiments at multiplicity of infection 1,
0.1, and 0.01, respectively, with 100umol/l MeP-dR (prodrug added
ab initio). Right panel, gray symbols represent experiments without pro-
drug; black squares: mock-treated cells used to define 100% viability.
CEA, carcinoembryonic antigen; MV, measles virus; PNP, purine nucleo-
side phosphorylase.
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MeP-dR (Figure 3a; black, gray, or white columns, respectively).
Thus, MeP is efficiently secreted and even 1:100 media dilutions
are found to be toxic.

We then tested whether arming MV with PNP enhanced
the lysis of murine cells. MC38cea cells were infected with MV-
PNP antiCEA at MOI of 0.01, 0.1, or 1 (Figure 3b). The prodrug
MeP-dR (left panel), or no drug (right panel) were added to the
medium 24 hours post infection, and cell viability was measured
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
cell proliferation assay. The prodrug strongly enhanced the mod-
erate cytotoxic effect of MV-PNP-antiCEA. MeP-dR (up to a con-
centration of 100pumol/l) without concomitant virus infection
had no significant impact on cell growth (cell viability >95% after
120 hours). Therefore, arming MV with PNP allows this human
virus to be highly cytotoxic even for mouse cells after prodrug
administration.

Low-level prodrug convertase expression in tumors
sustains oncolysis

We then tried to assess or characterize tumor targeting, transgene
expression (PNP activity) and the oncolytic efficacy of armed
and retargeted MV in subcutaneous MC38cea tumors grown in
syngeneic C57BL/6 mice. In an experiment designed to quantify
viral transcription and PNP expression at the expected peak of
replication, mice received either four IT or four IV injections
of MV-PNP-antiCEA on days 6, 7, 8, and 9 post MC38cea cells
implantation. On day 11, tumors were harvested and halved, RNA
extracted from one half, and the number of viral N messenger
RNA (mRNA) molecules were measured by quantitative analy-
sis using the reverse transcription polymerase chain reaction
method. On average, 1.7 x 10°MV N mRNA copies per 10° cells,
or about 15-20 copies of N mRNA per average cell were detected
after IT injection, and about 10 times lower levels were detected
after IV administration of MV-PNP-antiCEA (Figure 4a). The
efficiency of PNP expression was assessed on protein extracts
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Figure 4 Tumor targeting and transgene expression of MV-PNP-
antiCEA in vivo. One million MC38cea cells were implanted in the flank
of C57BL/6 mice. Viral treatment was started when tumors reached a
volume of 20-40pul. Mice were injected either intratumorally or intrave-
nously on four consecutive days with a total dose of 8 x 10°¢ plaque form-
ing units of MV-PNP-antiCEA. Measurements were made 2 days after
the last viral application. Each experimental group consisted of eight
mice. (a) Copies of MV N messenger RNA (per microgram total cel-
lular RNA or approximately 10° cells) measured by quantitative reverse
transcription polymerase chain reaction. (b) PNP activity in tumor tis-
sue detected by an enzymatic assay is expressed as purine nucleoside
phosphorylase (PNP) units (1 unit represents 1 nmol MeP-dR-converted/
mg tumor/hour). CEA, carcinoembryonic antigen; IT, intratumorally; 1V,
intravenous; MV, measles virus.
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obtained from the other tumor half: a mean of 59 PNP units was
monitored after IT injection of MV-PNP-antiCEA, and about 20-
25 times lower levels after systemic administration (Figure 4b).
These low activity levels sustain oncolysis (see below).

Prodrug administration after IT injection extends
mouse survival
Next, we assessed the effect of an IT injection of MV-PNP-
antiCEA on tumor growth, with or without subsequent intra-
peritoneal administration of MeP-dR. Mice received the same
treatment as above; control groups were mock-infected or treated
only with prodrug, respectively, and tumor diameters measured
every 3 days. The oncolytic effect of MV-PNP-antiCEA alone was
not statistically significant (Figure 5a; dots; P = 0.2381 by the
two sample f-test). However, prodrug administration in com-
bination with virus infection was seen to produce an oncolytic
effect (Figure 5a; triangles; P = 0.0015 by the two sample ¢-test,
compared to mock treatment). MeP-dR alone showed no effect
(Figure 5a; diamonds). Targeting the human CEA was necessary
too to produce the oncolytic effect: MV that did not display an
antiCEA single chain antibody was not effective in treating estab-
lished subcutaneous MC38cea tumors after IT injection, or even
when the infection preceded cell implantation (data not shown).
The inhibition of tumor growth resulted in survival benefits,
as illustrated using a Kaplan—Meier estimate with a 1,500 pl tumor
volume defined endpoint. Infection with MV-PNP-antiCEA com-
bined with prodrug administration resulted in significant increase
of survival compared to mock therapy or administration of MeP-
dR alone (Figure 5b; P = 0.0005 and 0.002 by the two sample
t-test). In this experimental approach, survival was significantly
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Figure 5 Oncolytic effects of the MV-PNP-antiCEA/prodrug system
in immunocompetent C57BL/6 mice after intratumoral (IT) or intra-
venous (IV) administration. (a and ¢) Tumor volume measurements
starting on day 5 after subcutaneous implantation. The administration
of the virus injection was either IT (a and b) or IV (c and d). MeP-dR was
administered intraperitoneally (60 mg/kg/dose) 24 hours post infection
for three consecutive days. Kaplan-Meier survival curves after (b) IT or
(d) IV injections of MV-PNP-antiCEA in the presence or absence of pro-
drug, compared to mock treatment. The defined endpoint was 1,500 ul
tumor volume. CEA, carcinoembryonic antigen; MV, measles viruses;
PNP, purine nucleoside phosphorylase.
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extended in treatment with the PNP vector combined with MeP-
dR; this was also the case when compared to treatment with the
virus alone (two sample t-test P-value = 0.0183). Thus, prodrug
administration after IT virus infection significantly retarded
tumor growth and extended mouse survival.

Systemic administration of MV-PNP-antiCEA
and prodrug are synergistic
Since local administration of viral vectors is unsuitable for treat-
ment of most cancer types, we tested the efficacy of the armed and
CEA-targeted MV after its systemic administration via tail vein.
Figure 5c¢ shows that treatment with prodrug only (diamonds)
or virus alone (dots) did not have a statistically significant effect
compared to mock treatment (squares; P > 0.5 from two-sample
t-test). However, the combination of MV-PNP-antiCEA and MeP-
dR (triangles) did have a better therapeutic effect than mock, pro-
drug, or virus treatment alone did (P = 0.0016/0.0288/0.009 by
two-sample ¢-test). Importantly, there is seen a tendency for syner-
gism between MV-PNP-antiCEA and MeP-dR (P-value = 0.1477;
interaction test from two factor analysis of variance model).
Again, retardation of tumor growth resulted in extended sur-
vival (Figure 5d; triangles). Prolongation of survival was signifi-
cant only after combining the prodrug and virus as compared to the
mock treatment (squares), MeP-dR treatment alone (diamonds),
or virus treatment alone (dots; log-rank test P-value <0.001 for all
events). Statistical analysis revealed significant synergistic effects
between the virus and drug (P-value = 0.0163; the interaction test
used a two factor analysis of variance model). Thus, this combina-
tion, of infection with an armed virus, along with prodrug admin-
istration, is seen to have synergistic effects.

Infection elicits a strong immune response

that is delayed by CPA application

The next step of this study was to assess the strength of the humoral
immune response against MV-PNP-antiCEA by measuring the
neutralizing antibody titers 14 and 28 days after inoculation. To
assess the impact of immune-suppression on antibody production
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Figure 6 Influence of immune-suppression on measles virus (MV)
neutralization and efficacy of oncolysis. (a) Neutralizing antibodies in
the serum of mice treated with MV-PNP-antiCEA with or without cyclo-
phosphamide (CPA) pre-treatment. Each dot represents one mouse;
the mean of the group is indicated by a horizontal bar. The dotted line
indicates the detection threshold. (b) Kaplan—Meier survival curves doc-
umenting the effects of immune-suppression on intratumoral (IT) treat-
ment efficacy. The defined endpoint was 1,500 ul tumor volume. Each
group consisted of 10 mice. CEA, carcinoembryonic antigen; IV, intrave-
nous; PNP, purine nucleoside phosphorylase.
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we administered CPA (Figure 6a). C57BL/6 mice (n = 5 in the
IV group and n = 7 in the IT group) received either four IV or
four IT injections of MV-PNP-antiCEA with or without CPA pre-
administration (120-150 mg/kg intraperitoneal; 24 hours before
viral treatment). As expected, after IV administration of MV-PNP-
antiCEA without CPA immunosuppression, a robust immune
response was elicited with a mean value of antibody titers around
1:95 on day 14 and 1:170 on day 28. This immune response was
significantly suppressed to an average of around 1:30 on day 14
(P =0.0007 by two-sample #-test) and 1:50 at day 28 (P = 0.0297)
when CPA was pre-administered. The mean value of antibody
titers was lower after IT administration of the virus (on average
around 1:40 after 14 days), and very low (just above the detection
level) when the IT-inoculated mice were immunosuppressed (P =
0.0161). Antibody titers after 28 days were found to be around
1:30 in non-immunosuppressed and around 1:15 in CPA treated
mice (at this point of time the mice needed to be scarified due to
the tumor burden; therefore there is no statistical significance for
these values). The sera of naive mice did not contain neutralizing
antibodies against MV. Thus, we can conclude that CPA applica-
tion delayed the humoral immune response.

Enhancement of oncolytic efficacy by
immunosuppression

Next, we assessed the effect of immunosuppression on MV
oncolysis after systemic as well as local inoculation was done with
MV-PNP-antiCEA. C57BL/6 mice received the same treatment
as above; control groups were mock-infected or treated only with
CPA (120-150mg/kg), respectively, and tumor diameters were
measured every 3 days.

A combination of virotherapy and immunosuppression led
to significantly retarded tumor growth as compared to mock-
infection (data not shown). Strikingly, combination therapy led
to a 100% survival rate, 90 days post IT treatment (Figure 6b).
In 9 of the 10 mice killed after day 90 the tumor mass had
regressed completely. In contrast, MV-PNP-antiCEA adminis-
tered alone, or CPA alone only led to 30% remaining tumor-free
90 days post treatment. Pre-administration of CPA slowed tumor
growth marginally after IV virotherapy, but did not extend the
time of mouse survival (data not shown). We also noted that a
single 120-150 mg/kg CPA dose had a therapeutic effect; in other
murine models for viral oncolysis however, this dose is con-
sidered sufficient for immune-suppression but not for effective
chemotherapy (in mice >400 mg/kg is required for effective che-
motherapy).'>* Thus, immunosuppression in the context of MV
treatment enhances oncolytic efficacy.

DISCUSSION

Oncolytic MV is emerging as effective in the field of experimen-
tal cancer therapeutics,>* but so far an immunocompetent model
possessing antitumoral efficacy has been lacking. In this study we
have developed a colon adenocarcinoma tumor model in fully
immunocompetent mice. These syngeneic tumors express human
CEA, a target for recombinant MV displaying an antiCEA single-
chain antibody on their attachment protein. We have shown here
that arming of this virus with a prodrug convertase, and immu-
nosuppression, amplifies its oncolytic effect. The mechanistic
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insights about MV oncolysis gained from this model will be used
to plan second-generation clinical trials.

We observed that a low-level prodrug convertase expression
sufficed to interfere with tumor progression. Only about two cop-
ies of N mRNA per average tumor cell were detected, whereas in
cultured cells infected at high multiplicity, up to 3 x 10* copies of
N mRNA per cell are produced.* Remarkably, at early points of
time (until day 20 post tumor implantation), IT and IV admin-
istration elicited anti-tumor responses of similar strength; this
was so even though an average PNP activity of 60 units was docu-
mented after IT, and only 2-3 units after IV administration. Thus,
the 20-30 times lower amount of PNP expressed in the tumor
after IV inoculation was as effective in inhibiting tumor growth
as the higher amount expressed after IT inoculation. Similarly,
an IV-injected CD20-targeted and PNP-armed MYV, induced
strong oncolytic effects in a lymphoma xenograft model, while
producing PNP at comparable levels as the CEA-targeted and
PNP-armed virus characterized here (data not shown). In both
systems, a more homogenous virus distribution in the tumor after
IV inoculation may account for this enhanced effect. It is to be
noted that a homogenous mixture of 0.1% PNP expressing cells
and 99.9% cells not expressing PNP in a tumor elicited substantial
anti-tumor effects.” PNP activity in the range of 30 PNP units elic-
ited anti-tumor effects in a subcutaneous glioma model in which
a HSV-PNP vector was administered IT.*”*® Taken together, these
observations suggest that infection of less than 1 in 1,000 cells, if
homogenously distributed in the tumor, sustains PNP expression
levels sufficient to support oncolysis.

Immunosuppression with CPA enhanced the oncolytic effect
of MV-PNP-antiCEA. Combination therapy with CPA led to 100%
mouse survival 90 days post treatment and in 9 out of 10 mice to
a complete regression of the tumor mass. CPA immunosuppres-
sion enhances the oncolytic efficacy of other viruses including
reovirus, herpes simplex virus 1, and adenovirus."-"* At the time
of approaching clinical trials, we are in the position of optimizing
the window of immunosuppression elicited with CPA. It is worth
noting as well, that the recombinant MV currently used in clinical
trials of oncolysis has defects in two immune response evasion
proteins;* studies in immunodeficient mice indicate that MV that
expresses functional immune evasion proteins, is more effective
than currently used vectors.”” The mouse model presented here
will allow us to compare the oncolytic efficacy of MV that retains
a partial or complete immune response evasion protein function,
in a fully immunocompetent host.

To circumvent neutralizing antibodies prevalent in the popu-
lation through vaccination or natural disease, we envisage enclos-
ing the MV replicative unit in the envelope of canine distemper
virus (CDV) since it has marginal cross-reactivity with human
sera. The CDV attachment protein can functionally substitute
that of MV: recombinant MV together with CDV H is fully
replication competent.** Moreover, we have shown before that
both the envelope glycoproteins of MV and CDV are recipro-
cally interchangeable, and that the chimeric viruses have target-
ing competence (data not shown). We expect a MV with a CDV
envelope to maintain some oncolytic efficacy in the presence of
anti-MV immunity, and plan to test this hypothesis in C57BL/6
immunocompetent hosts. In conclusion, we have developed an
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immunocompetent mouse model that allows us to design clinical
protocols based on oncolytic MV that is either targeted, enclosed
in foreign envelopes, or armed with prodrug convertases.

MATERIALS AND METHODS

Cell culture. Vero African green monkey kidney cells were purchased from
American Type Culture Collection (Manassas, VA). MC38cea cells were
kindly provided by Jeffrey Schlom.” Both cell lines were grown at 37°C
in Dulbecco’s modified Eagle’s medium (Mediatech, Herndon, VA) con-
taining 10% fetal calf serum with penicillin/streptomycin in a humidified
atmosphere of 5% CO,.

Construction of recombinant MV. The E. coli PNP gene was amplified
using the polymerase chain reaction method, from pSV-PNP* using prim-
ers providing the appropriate Mlul and AatII restriction sites. The Mlul/
Aatll-digested polymerase chain reaction product was cloned into the full-
length complementary DNA p(+)MV*? using the corresponding restric-
tion sites, resulting in p(+)MV-PNP. The Pacl/Spel-digested fragment
from pCG-HXL? with CEA-retargeted H was exchanged for the corre-
sponding fragment of p(+)MV and p(+)MV-PNP, respectively. The result-
ing full-length complementary DNAs were named p(+)MV-antiCEA and
p(+)MV-PNP-antiCEA. Recombinant viruses were rescued as described
previously.”” To prepare virus stocks, Vero cells were infected at an MOI
of 0.03 and incubated at 37 °C for 36 hours. Viruses were harvested by one
freeze—thaw cycle from their cellular substrate and resuspended in Opti-
MEM (Invitrogen, Carlsbad, CA). Titers were determined by 50% tissue
culture infectious dose (TCID, ) titration on Vero cells.

Immunoblot analysis. Viral samples (5,000 TCID, ) were mixed with an
equal volume of sodium dodecyl sulfate loading buffer [130 mmol/l Tris
(pH 6.8), 20% glycerol, 10% sodium dodecyl sulfate, 0.02% bromophenol
blue, 100 mmol/l dithiothreitol]. These samples were denatured for 5 min-
utes at 95 °C, fractionated on a 10% sodium dodecyl sulfate-polyacrylamide
gel, blotted to polyvinylidene difluoride membranes (Bio-Rad, Hercules,
CA), immunoblotted with anti-N protein antibody (Novus Biologicals,
Littleton, CO) at 1:5,000 dilution, with anti-PNP antibody (a kind gift of
Dr. Jeong S. Hong, University of Alabama) at 1:10,000 dilution and anti-H
proteinantibody*’at 1:10,000 dilution according to BM Chemiluminescence
Blotting Kit (Roche, Indianapolis, IN). After washing the primary anti-
body, the secondary horseradish peroxidase-conjugated goat anti-mouse
IgG antibody (KPL, Gaithersburg, MD) was applied at 1:10,000 dilution
for N protein detection. Horseradish peroxidase-conjugated anti-rabbit
IgG (Calbiochem, San Diego, CA) at 1:5,000 dilution or 1:10,000 dilution,
respectively, was applied for detection of H protein and PNP.

Virus infection. Each cell line (5 x 10° adherent cells/6-well plate) was incu-
bated at an MOI of 0.5 in Opti-MEM for 3 hours at 37 °C. At the end of the
incubation period, free viruses were removed and cells were maintained in
the appropriate medium. At a time of 36 hours after infection, cells were
photographed under phase contrast.

Bystander killing measurement in vitro. Vero cells were seeded (5 X
10° cells/6-well plate), infected with MV-PNP at MOI 0.1 and incubated
for 36 hours. MeP-dR was added to the media in a final concentration of
100 pmol/1 for 12 hours. Supernatants were harvested and heat-inactivated
at 60 °C for 30 minutes. Uninfected Vero cells (10° cells/12-well) were incu-
bated for 72 hours with different dilutions of conditioned media. Living
cells were counted after trypan blue staining. Experiments were done in
triplicate.

Cell viability assay (MTT). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (Cell Proliferation Kit I (MTT); Roche, Indianapolis,
IN) assay was used to measure cell viability. Cells were grown in 96-well
microtiter plates (5 x 10*cells/well) in the recommended culture medium
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in the either the presence or absence of the prodrug. Infections were at
MOI of 0 (mock), 0.01, 0.1, or 1. Cell viability was measured by dye absor-
bency as determined by an optical density measurement of 595nm on
an automated enzyme-linked immunosorbent assay reader. The viability
of cells, treated with or without prodrug, was calculated as the mean of
quadruplicate optical density values, divided by the mean of quadruplicate
optical density values of identically cultured cells in the absence of prodrug
and virus (which served as control cells) and expressed as a percentage of
the control cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay was performed as recommended by the manufacturer.

Measurement of E. coli PNP activity in tumor allografts. Crude cell
extracts were prepared as described previously* from subcutaneously
implanted MC38cea tumors transduced with a total dose of 8 x 10° MV-
PNP-antiCEA, obtained 5 days after first virus administration. The extracts
were incubated with 100 umol/l of MeP-dR, and product formation was
measured by high performance liquid chromatographic analysis of the
reaction mixture. Activity was expressed as PNP units; 1 unit represents
1 nmol MeP-dR-converted/mg tumor/hour.*

Assessment of tumor targeting. Tumors were established by inoculat-
ing MC38cea cells (10°/100 pl per site) into the right flanks of 6-8 weeks
C57BL/6 mice (Harlan, Indianapolis, IN). When tumors reached a volume
of 20-40 ul, mice received either four IT or 4 IV injections of MV-PNP-
antiCEA at 2 X 10° plaque forming units in 100l Opti-MEM (8 x 10°
plaque forming units in total), on days 6, 7, 8, and 9 post implantation. On
day 11 the mice were killed, and tumors were harvested and halved. One
half was dissolved in RNAlater buffer. Levels of MV N mRNA in tumors
harvested from each group (n = 5) were measured by quantitative reverse
transcription polymerase chain reaction analysis, as described previously.*
The other tumor half was used for PNP-activity measurements.

Assessement of oncolytic efficacy. Tumors were established and treated as
described above; MeP-dR (60 mg/kg/dose) was injected intraperitoneally
on days 10, 11, and 12 after implantation. The control animals (mock ther-
apy groups) were injected with equal volumes of Opti-MEM containing
no virus. Tumor diameters were measured every third day and the volume
(product of 0.5 X length X length x width) was calculated as mean + SEM
for each group. The animals were killed when the tumor burden reached a
volume of 1,500 pl (approximately 10% of body weight).

Neutralizing antibody assay. For the neutralization assay, blood was col-
lected from the tail vein. Serum was prepared after clotting at 37°C for
1 hour and centrifugation at 10,000g for 10 minutes. Anti-MV antibodies
were measured as described previously.*’

Statistical analyses. Tumor volume data were analyzed by using the
analysis of variance program suite. A two-sample -test was used to make
pairwise comparisons between the treatment groups. The survival data
was analyzed using the Kaplan-Meier method and the log-rank test was
used to test for significance between the groups. Only mice that reached
a specific level (with a tumor burden >1,500ul) were analyzed and two-
sample t-test was used to make pairwise comparisons between the groups.
P-values < 0.05 were considered statistically significant and the JMP pro-
gram version 6 was used for making all these analyses.
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