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Envelope-chimeric Entry-targeted Measles Virus
Escapes Neutralization and Achieves Oncolysis

Tanner S Miest!, Koon-Chu Yaiw'*, Marie Frenzke', Johanna Lampe'f, Andrew W Hudacek’,
Christoph Springfeld'*, Veronika von Messling'**, Guy Ungerechts'i* and Roberto Cattaneo’

'Department of Molecular Medicine, Virology and Gene Therapy Track, Mayo Clinic College of Medicine, Rochester, Minnesota, USA

Measles virus (MV) is a promising vector for cancer
therapy and multivalent vaccination, but high preva-
lence of pre-existing neutralizing antibodies may reduce
therapeutic efficacy, particularly following systemic
administration. MV has only one serotype, but here we
show that its envelope glycoproteins can be exchanged
with those of the closely related canine distemper virus
(CDV), generating a chimeric virus capable of escaping
neutralization. To target its entry, we displayed on the
CDV attachment protein a single-chain antibody specific
for a designated receptor. To enhance oncolytic efficacy
we armed the virus with a prodrug convertase gene
capable of locally activating chemotherapeutic prod-
rugs. The new virus achieved high titers, was genetically
stable, and was resistant to neutralization by sera from
both MV-immunized mice and MV-immune humans.
The new virus targeted syngeneic murine tumor cells
expressing the designated receptor implanted in immu-
nocompetent mice, and synergized with a chemothera-
peutic prodrug in a model of oncolysis. Importantly, the
chimeric MV remained oncolytic when administered
systemically even in the presence of anti-MV antibod-
ies capable of abrogating the therapeutic efficacy of the
parental, nonshielded MV. This work shows that target-
ing, arming, and shielding can be combined to generate
a tumor-specific, neutralization-resistant virus that can
synergize with chemotherapeutics.
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INTRODUCTION

Oncolytic virotherapy is a promising treatment paradigm that
exploits the preferential replication of viruses within tumor cells,
but not normal tissues, to achieve therapeutic responses.' Viruses
from many different families have been tested preclinically, and
Adeno-, Pox-, Herpes-, Reo- and Paramyxoviridae are in clinical

trials."* Viruses are particularly promising anti-neoplastic agents
because of their potential for cellular tropism restriction through
multiple targeting mechanisms and their ability to deliver and
express therapeutic genes within the tumor microenvironment
for combinatorial therapies. However, the high prevalence of pre-
existing antibodies in human populations against most oncolytic
virotherapy vectors may reduce or eliminate efficacy.

In particular, measles virus (MV), an enveloped negative
strand RNA virus in the genus Morbillivirus, is a promising vector
both for oncolytic virotherapy** and multivalent vaccination.*®
Its cellular tropism can be efficiently retargeted to many different
cell-surface molecules, including tumor-associated antigens such
as the carcinoembryonic antigen (CEA),’ by expressing single-
chain antibodies on the extracellular terminus of its attachment
glycoprotein, hemagglutinin (H).!* MV can also express foreign
transgenes from additional transcription units engineered into its
genome,* including the purine nucleoside phosphorylase (PNP)
therapeutic transgene, which can activate the clinical chemothera-
peutic fludarabine and the experimental purine analogue 6-meth-
ylpurine 2’-deoxyriboside (MeP-dR) into toxic, highly diffusible
metabolites in vitro and in vivo.'"'? Engineered vaccine strain MV
have shown efficacy in multiple preclinical disease models, and
engineered MV therapeutics are being tested in phase 1 clinical
trials against multiple myeloma, ovarian cancer, and glioblastoma
multiforme.”*'* Most importantly, the vaccine strain of MV has
a perfect safety record, with no pathogenic reversion in over 50
years of use.”

Despite the promise of MV as an oncolytic agent, one seri-
ous challenge facing clinical application is pre-existing immunity
from vaccination or natural infection. The ultimate goal of onco-
lytic virotherapy is systemic delivery of vector to all foci of meta-
static disease. In the case of MV, systemic delivery directly exposes
therapeutic viruses to pre-existing neutralizing antibodies, greatly
reducing the number of infectious particles reaching the sites of
disease. Since MV has only one serotype, to overcome humoral
immunity we aimed to generate the equivalent of a new serotype
by exchanging its envelope glycoproteins, fusion (F) and H, with
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those of the closely related but not immunologically cross-reactive
morbillivirus canine distemper virus (CDV).

Simultaneous characterization of the efficacy of virus shielding
and oncolytic competence requires an immunocompetent host in
which a syngeneic cancer cell line can be implanted. Since a syn-
geneic murine colon adenocarcinoma model, expressing human
CEA as the designated receptor, has been previously used to test
efficacy of a retargeted MV,'>"® we displayed a CEA-specificity
domain (single-chain variable fragment) on the CDV H-protein,
which allowed use of the same experimental system. However,
murine cells not only lack MV receptors, but also do not sustain
efficient virus replication. Thus we armed the new virus with the
PNP prodrug convertase'® to enhance bystander killing of unin-
fected cells.

We show here that the new virus is genetically stable, reaches
high titers, and can synergize with fludarabine to enhance tumor
cell clearance by inducing bystander killing. Moreover, in contrast
to a control virus with an unmodified MV envelope, the new virus
remains oncolytic when given intravenously (i.v.) to immuno-
competent mice with neutralizing anti-MV antibodies established
by previous vaccination. Together, these data establish proof-of-
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principle not only for shielding MV-based vectors from neutraliz-
ing antibodies, but also for combining shielding with arming and
targeting for oncolysis.

RESULTS

Generation and characterization

of envelope-chimeric MV

Since neutralizing antibodies against MV recognize epitopes on
the ectodomains of both H and F glycoproteins, we sought to
replace them with the homologous proteins from the closely related
CDYV, as diagrammed in the genome map of Figure 1a. Moreover,
a single-chain antibody against human CEA was added to the
CDV-H carboxy-terminus to promote targeted entry (Figure 1a,
bottom), and the PNP gene was inserted in an additional transcrip-
tion unit upstream of N to allow synergy with chemotherapeu-
tics'? (Figure 1la, top left). This plasmid was transfected in helper
cells” and a replication-competent agent was rescued and named
MVPCDVenv*™i°A, This new virus differs from the MV vaccine
strain in three ways: targeted cell entry, neutralization resistance, and
the ability to activate a chemotherapeutic. In parallel, the previously
described nonchimeric control, MVPNPCEA 'wag also rescued.'
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Figure 1 Generation and characterization of an armed and targeted MV-based vector with a foreign envelope. (a) Schematic diagram of the
genome of a chimeric MV, with gray genome segments representing foreign genes (PNP or F_,, H.,). The CDV-H coding region is continuous with
an antiCEA single-chain antibody (scFv) coding region. Restriction enzymes used for plasmid construction are indicated above the genome. CEA,
carcinoembryonic antigen; F, fusion; H, hemagglutinin; L, large/polymerase; M, matrix; N, nucleocapsid; P, phosphoprotein; PNP, purine nucleoside
phosphorylase; scFV, single-chain antibody. (b) Immunoblot analysis of protein incorporation in ~5,000 infectious particles of MV-NSe (lane 1),
MVPNPanticEA (Jane 2), MVPNPCDVenva"i“t (lane 3), and CDV (lane 4). The H-protein was detected using antibodies against the cytoplasmic tail of either
MV-H (left panel) or CDV-H (right panel). CDV, canine distemper virus; Hcyt, hemagglutinin cytoplasmic tail; MV, measles virus. (¢) Growth kinetics
of MVPNPantiCEA (Jeft panel) and MV™CDVenva"i“t (right panel). Vero cells were infected at an multiplicity of infection (MOI) of 0.1 and cell-associated
or released virus titrated on Vero cells to determine 50% tissue culture infective dose. Data points, mean of three independent experiments; bars, SD.
(d) CEA-dependent cell fusion of MV"N"CDVenvaict, Vero, MC38, or MC38CEA cells were infected at MOI 0.5 with vaccine-lineage MV (upper row),
MVPNPanticEA (middle row), or MVPNCDVenvanti®t (bottom row) and photographed 36 hours later.
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To characterize the envelope-chimeric MV, particles were
purified and analyzed using antibodies against MV-N, MV-H,
and CDV-H. This analysis confirmed the ~ 25 kD shift in H cor-
responding to the appended CEA-single chain variable fragment,
as well as the incorporation of the CDV-H and MV N proteins in
MVPPCDVenv*™i®4 particles (Figure 1b, left panel, compare lanes
1 and 2). In addition, CDV-H was incorporated into the envelope
of MVPN?CDVenv*"i* as efficiently as MV-H into MVPNPentiCEA
as documented by their similar levels on immunoblot (Figure 1b,
compare lane 2 in left panel with lane 3 in right panel).

We then assessed whether MV"™CDVenv*“** had growth
characteristics similar to MV"N<A Tndeed these two viruses
displayed similar growth curves in Vero cells (Figure 1c, compare
left and right panels). Moreover, both viruses showed tight cell
entry specificity, infecting and fusing Vero cells through CD46
and MC38CEA cells through CEA, but not parental MC38 cells,
which do no express natural or targeted MV receptors (Figure 1d).
Finally, MVP**CDVenv*i“4 maintained CDV-glycoprotein and
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Figure 2 MVPNPCDVenvati<EA is oncolytic after intratumoral admin-
istration. MC38CEA tumors were established using one million cells
injected subcutaneously in C57BL/6 mice. (a) average tumor volume
over time; (b) tumor volume for all mice on day 16. Circles: mock-infec-
tions with Opti-minimal essential medium. Triangles: MV"N"CDVenya"tice
treatment. Diamonds: MV"NPenticEA treatment. The defined endpoint was
1,500 pl tumor volume. CDV, canine distemper virus; CEA, carcinoembry-
onic antigen; MV, measles virus; PNP, purine nucleoside phosphorylase.
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PNP expression, as well as CEA-targeted cell entry, for up to
five passages, the maximum number used in our experiments.
Together, these data show that the shielded MV***CDVenv*ict4
retains the replication characteristics of MVPNPnCEA " and that
CDV-H is capable of supporting targeted entry through CEA.

Envelope-chimeric MV retains oncolytic function

We next sought to assess oncolytic efficacy of MV***CDVenv*ict4
in a syngeneic, immunocompetent mouse model using murine
colon adenocarcinoma cells stably expressing human CEA. To
measure efficiency of tumor cell killing, MC38CEA tumors were
implanted subcutaneously in C57BL/6 mice. After growing to
an average volume of 20-40ul, each tumor was treated four
times with either virus, or mock infected. Compared to controls,
MVPYPCDVenv*iEA and MVPNPniCEA both  significantly inhib-
ited tumor growth at 16 days postimplantation, the last day on
which all mice were surviving (Figure 2a,b; triangles/diamonds;
P = 0.0049/0.0045, by Dunnett’s test), with MVP**CDVeny*icta
achieving one complete response. Thus, MV CDVeny™ict4
retains oncolytic efficacy similar to MVPNPiCEA in an animal
model.

PNP-arming promotes oncolytic synergy

with chemotherapeutics

To assess the function of the PNP gene in MV CDVenv*ict4,
we initially measured PNP activity in cells infected with
MVPCDVenv*i®, and PNP-mediated bystander killing in
vitro. Figure 3a is an immunoblot documenting that in two cell
lines, Vero and MC38CEA, MV™CDVenv*icE4 and MV PNPanticEA
expressed PNP at similar levels.

To confirm PNP function, we used MeP-dR, a purine ana-
logue prodrug that is a PNP substrate.' We infected MC38CEA
with MV™CDVenvi°*4 with or without addition of MeP-dR
(Figure 3b). Virus alone achieved limited killing due to minimal
permissivity of these murine cells (gray solid lines), and MeP-dR
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Figure 3 Synergistic cytotoxicity between vector and prodrug. (a) Characterization of PNP expression in infected cells. Cell lysates were col-
lected 36-48 hours postinfection at multiplicity of infection (MOI) of 0.5. Lane 1: mock infection; lane 2: MV-NSe; lane 3: MVMNPanticiA: [ane 4:
MVPNPCDVenvaictA, PNP, purine nucleoside phosphorylase; N, nucleocapsid. (b) Synergistic cytotoxicity between vector and 6-methylpurine 2’-deoxy-
riboside (MeP-dR) in MC38CEA cells. MC38CEA cells were infected with MV"™N?CDVenva"ic® at MOI of 1 (squares) or 0.1 (circles), or no virus (triangles,
dashed lines) and after 24 hours 100 umol/I of MeP-dR was added (black lines) or not (gray lines) to the culture before determining cell viability at
indicated time points using 3-(4, 5-dimethyldiazoyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Mock-treated cells are used to define 100%
viability. (c) Bystander killing by activated prodrug in the supernatant of infected cultures. Cells were mock infected (open bar), treated with MeP-dR
only (vertical hatching), infected with MV"""CDVenvai® only (MOI 1, horizontal hatching), or treated with both virus for 36 hours and MeP-dR for
12 hours (MOI 0.1, diagonal hatching; MOI 1, x-hatching). Supernatant was removed and heat-inactivated to kill free virus, and then incubated
on fresh cultures of MC38CEA cells at 2x (left) or 10x (right) dilutions for 72 hours. Cell viability was determined by MTT assay. Columns, mean of
two independent experiments; bars, SD. CDV, canine distemper virus; CEA, carcinoembryonic antigen; MV, measles virus; PNP, purine nucleoside
phosphorylase.
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when added alone was nontoxic (dotted black line). However,
when MeP-dR was added to infected cells, a pronounced oncolytic
synergy was observed, with multiplicities of infection (MOI) of 1
(solid black line, squares) and 0.1 (solid black line, circles) sustain-
ing complete killing of the culture.

To assess the efficacy of bystander killing, supernatant from
infected cultures with or without prodrug was heat-inactivated
and then added to fresh, uninfected cultures of MC38CEA cells.
Supernatant from cultures infected with virus alone or receiving
MeP-dR alone was not toxic when added to new cells. However,
supernatant from cells infected with MV"™*CDVenv*"i“ in the
presence of MeP-dR killed more than 90% of the cultured cells, even
when diluted 1:10 (Figure 3c). In all assays, MV"**CDVenv*ict4
achieved activity equivalent to MVPNPiCEA (data not shown).
Thus MV CDVenv™ict4 expresses PNP and can synergize with
chemotherapeutics in vitro. We recently showed that synergistic
effects of virus and prodrug can also be observed in vivo, provided
an appropriate sequence of administration."”

PNP-arming is effective in an animal model

Next we sought to test arming in vivo by combining i.v. virus
administration with fludarabine, a clinically relevant chemo-
therapeutic that is also activated by PNP to a highly diffusible
toxic metabolite. MC38CEA tumors were implanted in immu-
nocompetent C57BL/6 mice and grown to 20-40 pl. Mice were
then injected i.v. with virus for four consecutive days, followed
by 3 consecutive days of intraperitoneal fludarabine. This
resulted in significant reduction in tumor volume compared to
control and fludarabine-only groups: on days 11-17 post-tumor
implantation, the average tumor volume in mice treated with
MVPNPCDVenv*™iCEA or MVPNPantiCEA wag Jess than half of the vol-
ume of tumors in control mice (Figure 4a; triangles/diamonds;
P =0.009/0.013, day 14, by Dunnett’s test). In addition, survival
was prolonged to similar extents for both MVP**CDVeny™ticEA
and MVPNPaniCEA compared to control (Figure 4b; 23/23 versus
20 days median survival; P =0.012/0.012, by Log-rank test). Thus
the CDV-shielded virus is as efficient as MV?NPantiCEA gt activating
fludarabine and achieving oncolysis in vivo after i.v. administra-
tion in MV-naive mice.

Shielding protects from pre-existing neutralizing
antibodies

Since pre-existing neutralizing antibodies against MV inter-
fere with efficient systemic therapy, we measured resistance of
MVPPCDVenv*™® to neutralization. We tested this initially
in vitro, using serum obtained from healthy individuals. These
sera completely neutralized the control vaccine-lineage strain
MV-NSe and its targeted and armed derivative MVPNPantiCEA gt
dilutions of 1:32 or greater, whereas only two sera neutralized
MV™PPCDVenv™ i above detection levels, and four sera had no
neutralization capacity (Figure 5a).

We also tested serum from mice immunized with MV.
The neutralization capacity of these murine sera was similar to
immune human sera, with an average reciprocal of neutraliza-
tion titer over 100 against both MV-NSe and MVPNPniCEA "yt no
detectable neutralization capacity against MV"*CDVenv*"tictA
or CDV (Figure 5b). One murine serum had no neutralization
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Figure 4 MVPNPCDVenvartictA synergizes with fludarabine in an animal
model. Subcutaneous MC38CEA tumors were established in C57BL/6
mice with one million cells. Mice received four consecutive intravenous
injections of MV"™NCDVenva it (triangles), MVMNPanicEA (diamonds), or
mock (squares), followed by 3 consecutive days of intraperitoneal injec-
tion of 250 mg/kg of fludarabine (F-araAMP). Control mice received nei-
ther virus nor F-araAMP (circles). (a) Left, average tumor volume over
time; right, tumor volume for all mice on day 14. (b) Survival curves. The
defined endpoint was 1,500l tumor volume. CDV, canine distemper
virus; CEA, carcinoembryonic antigen; MV, measles virus; PNP, purine
nucleoside phosphorylase.

capacity against any tested virus (Figure 5b), which we interpret
as immunization failure.

A second group of mice was immunized with the targeted
virus MVPNPantiCEA Sera from these mice neutralized both MV-NSe
and MVPNPntiCEA byt importantly no neutralization activity was
observed against MVP**CDVenv*™i“® or CDV (Figure 5¢). Thus
the displayed antiCEA single-chain antibody does not elicit neu-
tralizing antibodies in immunocompetent mice.

Envelope-chimeric MV is oncolytic
in MV-immunized hosts
Finally, we sought to determine whether MV*?CDVenv"tict4
remained oncolytic when administered i.v. into MV-immune
mice bearing MC38CEA tumors. Mice were inoculated twice
with a vaccine-lineage MV strain on days 1 and 7. Tumors were
implanted on day 35, and i.v. administration of virus was started
when tumors reached an average volume of 20-40 pl, with each
mouse receiving injections every other day for three total injec-
tions. Tumor volume was analyzed on day 14 after tumor implan-
tation, the last day before tumors began reaching the predefined
endpoint.

Figure 6a displays individual MV neutralization titers on day
34, showing seroconversion for immunized mice and no detect-
able anti-MV humoral immunity in naive mice. After virotherapy,
both immunized and naive mice receiving MV"™CDVenvicEA
had significantly smaller tumors than control mice on day 14
after tumor implantation (Figure 6b; filled/open triangles;
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Figure 5 MVPNPCDVenvati<EA escapes neutralization. Virus infectivity
after mixing with (a) human sera or (b) sera from mice inoculated with
a vaccine-lineage MV, (c) or sera from mice inoculated with a retargeted
MV. Mice were immunized twice (days 1 and 7) with 10¢ plaque form-
ing units of either (b) MV-NSe or (c¢) MV"NFntiCEA_CDV, canine distemper
virus; CEA, carcinoembryonic antigen; MV, measles virus; PNP, purine
nucleoside phosphorylase. Different shapes represent independent
samples.

P =0.0204/0.0142, by Dunnett’s test). In contrast, the response of
mice receiving MV™NPntiCEA wag dependent on immunization sta-
tus: naive mice had nearly significant tumor responses (Figure 6b;
open diamonds; P =0.0594, by Dunnett’s test) whereas immunized
mice had tumor volumes equivalent to controls (Figure 6b; filled
diamonds; P =0.626, by Dunnett’s test). Thus, MV**CDVenv"tictA
remains oncolytic after i.v. therapy even in mice with high titers of
MV-neutralizing antibodies.

DISCUSSION

We established here proof-of-principle for shielding an onco-
lytic enveloped virus from neutralizing antibodies. The envelope
of vaccine-lineage MV contains only two proteins against which
all neutralizing antibodies are directed. However, because MV
has only one serotype, it is not possible to replace immunogenic

Molecular Therapy vol. 19 no. 10 oct. 2011
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epitopes of one serotype with those of another, as has been done
with vesicular stomatitis virus* and adenovirus.”

Instead, we took advantage of the related animal morbillivirus
CDV envelope glycoproteins, which differ from the MV glyco-
proteins in 34% (F) and 63% (H) of their amino acids. This level
of glycoprotein variability is similar to that observed between G
glycoproteins of different serotypes of other enveloped viruses,
for example vesicular stomatitis virus,”> and viable exchange of
H between CDV and MV has previously been shown.” Thus we
postulated, and indeed showed, that both CDV glycoproteins are
structurally similar enough to MV glycoproteins to sustain efficient
particle assembly and virus replication after exchange, but differ-
ent enough to escape neutralization by MV antibodies. We note
that HN and F glycoprotein exchange has been successful between
closely related human parainfluenza viruses type 1 and 3,* whereas
only ectodomain exchange was possible between more distantly
related human parainfluenza viruses types 2 and 3.

Using a syngeneic, immunocompetent mouse model, we
show that CDV-enveloped MV is resistant to pre-existing anti-
MV immunity, remaining oncolytic even when injected i.v. into
MV-vaccinated mice, whereas nonshielded MV was oncolytic
only when injected into MV-naive mice. To our knowledge, this is
the first demonstration of efficacy after systemic oncolytic therapy
in fully immunocompetent, MV-immunized mice, illustrating the
utility of glycoprotein exchange between closely related viruses
that are not immunologically cross-reactive.

We also show here that CDV-H can be retargeted. CDV-H is
only the third viral attachment protein shown to support single-
chain antibody-mediated cell entry, after the MV?®?*?” and Tupaia
paramyxovirus® attachment proteins. Importantly, it was recently
shown that the MV envelope glycoproteins can be used for lentivi-
ral vector pseudotyping.”~*! Pseudotyping and retargeting lentivi-
ral vectors with the CDV envelope glycoproteins has the potential
to expand their utility in the context of pre-established MV immu-
nity, a valuable property for targeted transduction in vivo.

An important extension of this proof-of-principle study is the
generation of more MV chimeras to be used in sequential cycles
of oncolytic virotherapy. Transfer of the Tupaia paramyxovirus
glycoproteins to MV has proven successful, provided that their
cytoplasmic tails are adequately trimmed (A.W. Hudacek and
R. Cattaneo, unpublished results). Multiple shielded vectors, all
supporting targeted cell entry, could be employed sequentially to
ensure prolonged therapy with oncolytic viruses even as humoral
immunity develops against a given vector, much in the same way
that multiple serotypes of adenovirus have been exploited to main-
tain efficacy in immunocompetent mouse models.”> When com-
bined with careful immunosuppression, a collection of shielded
MVs should open a large therapeutic window for systemic onco-
Iytic virotherapy in immunocompetent patients initiating therapy
with pre-existing MV immunity.

Inaddition, CDV-enveloped MV could have utility in multivalent
immunization against pathogens for which a vaccine is not available.
MV is one of the most successful and cost-effective viral vaccines in
history, and is being developed as a divalent vaccine against mul-
tiple pathogens.” Even if vaccination with MV-based vectors can
succeed in the presence of pre-existing immunity, multivalent vac-
cines based on envelope-chimeric MV may be more effective and
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Figure 6 Envelope-chimeric virus remains oncolytic after systemic administration to MV-immune mice. Subcutaneous MC38CEA tumors
were established in C57BL/6 mice with one million cells. Mice received intravenous injections every other day for three days of MV"N'CDVenyantice
(triangles), MVPNPanticE (diamonds), or mock (circles). (a) Neutralizing anti-MV titers on day 34 after immunization. All mice were seronegative for MV
on day 0. (b) Tumor volume for all mice on day 14 post-tumor implantation. CDV, canine distemper virus; CEA, carcinoembryonic antigen; Imm,
MV-immunized (filled symbols); Naive, MV-naive (open symbols); MV, measles virus; PNP, purine nucleoside phosphorylase.

reliable, fully harnessing the efficacy of the live MV vaccine platform
to achieve long term immunization against additional pathogens.

While pre-existing immunity to MV does limit efficacy of
therapeutic virus, it does function as an important component
of safety when replication-competent virus is used in human
patients. However, MV"™**CDVenv*“** may not pose a greater
pathogenic risk than vaccine strain MV used in childhood immu-
nization. Its replicative unit is that of the vaccine strain MV, and
the CDV envelope, derived from a nonpathogenic CDV vaccine
strain, is unlikely to increase pathogenicity because it has lost sig-
naling lymphocyte activation molecule (SLAM)-dependent tar-
geting to immune cells, analogous to the MV vaccine strain.

Remarkably, in human MV infections, the early antibody
response is directed against the nucleoprotein (N).** While it was
suggested that N can be secreted,” it is possible that release of heli-
cal ribonucleocapsids after cell lysis primes this antibody response.
Since MV replication is limited in mouse cells, lysis may not occur
and thus we do not expect our animal system to fully recapitulate
this aspect of the human immune response. We note that anti-
N immunity can protect Lewis rats from encephalitis caused by
intracerebral inoculation of neurotropic MV.** However, anti-N
immunity is not protective in a mouse model of measles encepha-
litis*” or a cotton rat model of MV respiratory infection.’® Since
neutralizing antibodies are never observed after MV-N immuni-
zation, our model is appropriate for testing the resistance of onco-
lytic virus to neutralization.

An alternative approach to circumventing established MV
immunity is infected cell carriers, which serve as “Trojan Horses”
for viral particles.*! This approach relies on viral glycoprotein
expression on the surface of infected cell carriers to achieve het-
erofusion between infected cell carrier and target tumor cell.
While infected cell carriers are largely resistant to passively trans-
ferred MV immunity,* pre-existing MV antibodies recognizing
the exposed ectodomains of F and H may still reduce the efficacy
of this virus delivery system. Cell carrier delivery and CDV-
glycoprotein exchange are complementary technologies for avoid-
ing pre-established anti-MV immunity and may be combined.
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In conclusion, we have generated an oncolytic MV able to syn-
ergize with chemotherapeutics and enter tumor cells through a
targeted receptor, while escaping pre-established MV-neutralizing
antibodies via shielding with CDV glycoproteins. Proof-of-
principle was achieved in an immunocompetent murine model
using murine tumor cells that are poorly supportive of MV repli-
cation. Success in this demanding experimental system motivates
additional preclinical studies of biodistribution and toxicity** to
facilitate progression toward clinical trials.

MATERIALS AND METHODS

Cell culture. Vero African green monkey kidney cells were purchased
from American Type Tissue Culture Collection (Manassas, VA). MC38
and MC38CEA (clone MC38-CEA 2) were both kind gifts from Dr Jeffrey
Schlom.” The Vero, MC38, and MC38CEA were all grown in 10% fetal
calf serum with 5ml of penicillin (10,000 IU/ml) /streptomycin (10,000
pg/ml) (Mediatech, Manassas, VA) in Dulbeccos modified Eagle’s medium
(Mediatech) at 37°C, 5% CO, humidified incubator. Geneticin, G-418
(Invitrogen, Grand Island, NY) was added to a final concentration of
0.5mg/ml in the growth medium for the MC38CEA cells.

Generation of MV"N?CDVenveit4, To generate MV"™ " CDVenv*"i*4, we
first constructed pCG-H_, . We started with the CDV Onderstepoort
vaccine strain H gene (pCG-H, ),” and removed the Spel site from the
open reading frame by introducing a silent mutation by site-directed muta-
genesis (QuikChange site-directed mutagenesis kit, Stratagene). The H
open reading frame was then amplified from this plasmid with Pfu Turbo
polymerase (Stratagene, La Jolla, CA) using forward primer 5'-tccgttaat-
taaaacttagggtgcaagatcatccccaacaatgcetecee-3” and reverse primer 5'-ttcac-
tagttaaataaggccggctgggcccgacggttacatgagaatc-3”. The primers provided
the Pacl, Spel, and Sfil restriction sites (underlined, respectively) needed
for the following cloning steps. To increase fusogenicity, we replaced the
amino-terminal untranslated region of CDV, previously shown to have
negative regulatory function,® with the appropriate sequence from MV
(forward primer, bold sequence).

The Pacl/Spel digested PCR product was cloned into pCG to generate
pCG-H_,. To target the CDV-H to human CEA, the Sfil/Spel fragment
from pCG-HXL’ was cloned into pCG-H_, generating pCG-H_, ",
The Pacl/Spel fragment from pCG-H_,"“** and the Agel/Pacl fragment

Y

from Onderstepoort vaccine strain CDV;* which contains CDV-F (F ),
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were cloned into the full-length p(+)MV-NSe,* generating p(+)MV-NSe-

Fop Hepy ™" We then cloned the Narl/Spel-digested F_  H_ ¢

frca[gmecfl\t into our previously constructed full-length plasmid p(+)
MVPNPaniCEA 12 geperating p(+)M VPP CDVenv*™“*4. The correct sequences
of all constructs were confirmed by sequencing (ABI Prism 377 DNA
sequencer; Perkin-Elmer Applied Biosystem, Foster City, CA).

The recombinant virus was rescued using the MV reverse genetics
system."” The virus stock was propagated by infecting Vero cells at the
MOTI of 0.03 and incubating for 48 hours at 37°C, 5% CO, humidified
incubator. Cells were scraped in Opti-MEM, subjected to two freeze-
thaw cycles in liquid nitrogen, and centrifuged at 1,950¢ for 15 minutes at
4°C. The virus titer was determined by 50% tissue culture infective dose
endpoint method according to Spearman-Karber on Vero cells.**

Virus growth kinetics. Vero cells (5 x 10° Vero cells/six-well plate) were
infected with MVPNPanticEA o MVPNPCDVenv™i*4 at an MOI of 0.1 plaque
forming unit (pfu)/cell in Opti-MEM (Gibco, Invitrogen, Carlsbad, CA)
for 2.5 hours at 37 °C, after which free virus was removed and fresh growth
media added. At the indicated time points (12-hour interval for 3 days),
supernatants were cleared by centrifugation at 2,500g for 10 minutes at 4 °C
and cells were scraped with 1 ml of Opti-MEM and subjected to one freeze-
thaw cycle. The titers of released and cell-associated viruses were then
determined by 50% tissue culture infective dose titration on Vero cells.

Virus purification. A discontinuous sucrose gradient was used to purify
recombinant viruses according to our previously described method.””
Briefly, supernatants were harvested when 80-90% of infected Vero cells
were in syncytia and centrifuged at 8,000rpm for 30 minutes. Clarified
supernatant was centrifuged at 28,000 rpm (Optima L-90K Ultracentrifuge,
Beckman Coulter, Brea, CA) through 20% sucrose and onto a 60% sucrose
cushion. The virus fraction was harvested, diluted in TNE buffer [10 mmol/l
Tris (pH 7.8), 100 mmol/l sodium chloride, 1 mmol/l EDTA], and pelleted
by an additional 2-hour centrifugation at 28,000 rpm. The viruses were dis-
solved in 200 pl of phosphate-buffered saline and titrated for 50% tissue
culture infective dose before being subjected to immunoblot analysis.

Immunoblot analysis. For virus characterization, ~5,000 infectious
particles were analyzed using rabbit anti-MV N protein (1:5,000)* and
either with rabbit anti-MV Hcyt (1:5,000)* or anti-CDV Heyt (MC712;
1:1,500)* as previously described.”? PNP expression was detected using
rabbit anti-PNP (1:10,000; a generous gift from Dr Jeong S. Hong) as
described previously.'?

Cell viability assay. The cell viability assay was based on 3-(4, 5-dimethyl-
diazoyl-2-yl)-2,5-diphenyltetrazolium bromide assay performed in 96-well
microtiter plates using the Cell Proliferation kit I (Roche, Indianapolis, IN).
Cell viability was calculated as the mean of quadruplicate optical density
values, divided by the mean quadruplicate optical density values of identi-
cal cultures without prodrug or virus (mock control cells) and expressed as
a percentage of control, as previously described."

Measurement of bystander effect in vitro. The bystander effects were
determined for both MV PtiCEA and MVPNCDVenv*"i®4 in MC38CEA
cells 36 and 48 hours after infection, respectively, as previously described.'
Mock-infected supernatant without prodrug was used as the reference for
calculating percent viability.

Neutralization assay. C57BL/6 mice were immunized (day 1) and
boosted (day 7) by intraperitoneal injection with 10°pfu of either MV-NSe
or MVPNPaniCEA “and allowed to seroconvert for 35 days. To obtain mouse
plasma, whole blood was withdrawn from the submandibular vein into
heparin/EDTA tubes and centrifuged at 8,600g. Mouse serum was obtained
from the submandibular vein, clotted at 37°C for an hour, and centrifuged
at 10,000¢ for 10 minutes. To obtain human plasma, whole blood was with-
drawn into heparin/EDTA tubes and centrifuged for 10 minutes at 2,600g.
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All plasma/serum was heat-inactivated at 56°C for 30 minutes prior the
neutralization assay. The neutralizing antibody titer was determined as
previously described,” with minor modifications. A serial twofold dilution
of 50 pl of plasma or serum samples was titrated in triplicates, starting from
1:2 or 1:10 dilutions, respectively, by incubating with 50 pfu MV-NSe in
50 ul at 37°C for an hour. After incubation, Vero cells were added directly
to each well (1 x 10* cells/100ul) and incubated at 37°C for 5 days. The
neutralization capacity of each plasma or serum sample was determined
by the presence or absence of syncytia, and reported as the highest dilution
to completely neutralize the virus.

Assessment of oncolytic efficacy. C57BL/6 mice were purchased from
Harlan Laboratories and housed in the Mayo animal facility. All studies were
approved by the Mayo Institutional Animal Care and Use Committee. For
intratumoral efficacy studies, 6-8 week old female C57BL/6 mice received
one million MC38CEA cells injected subcutaneously in the rear right flank.
Tumors were allowed to grow to an average volume of 20-40 yl, at which time
virus (2 x 10°pfu/100 pl Opti-MEM) was injected directly into the tumor for
four consecutive days. Tumor volume was monitored every 3 days.

For systemic virus plus fludarabine experiments, tumor implantation
was conducted as described above. When tumors reached 20-40pl in
volume, each mouse received 4 consecutive days of i.v. injection of virus
(1.2 x 10°pfu in 100 ul Opti-MEM) or mock treatment with 100 pl of Opti-
MEM followed by three consecutive days of intraperitoneal injection of
250mg/kg of fludarabine (F-araAMP). Tumor volume was monitored
every 3 days.

For systemic virus therapy in pre-immunized mice, 4-6 week old
female C57BL/6 mice were immunized with two doses of 10° pfu of MV-
NSe on days 1 and 7. On day 0 and 34, plasma was obtained from each
mouse via cheek vein, and tested for MV-neutralizing antibody titer as
described above. MC38CEA tumors were then established with 1 x 10°
cells/100 plas described above. Virus/mock treatments were initiated when
the tumor reached 20-40 pl, with each mouse receiving three injections of
~1.7 x 10°pfu in 200 ul Opti-MEM every other day (~5 x 10°pfu total per
mouse). Tumor volume was monitored every 3 days. In all in vivo studies,
tumor burden was measured according to the formula V = a?b/2, where
a is the shortest and b is the longest diameter. The defined tumor burden
endpoint is 1,500 pl (~10% of body weight).

Statistical analyses. Tumor volume data were analyzed using one-way
ANOVA. Dunnett’s test was used for multiple pairwise comparisons of
tumor volume between treatment groups and a defined control group.
The survival data was analyzed using the Kaplan-Meier method and the
log-rank test was used to determine the significance between the groups
as described previously.'> Two-tailed P values <0.05 are considered statis-
tically significant; the JMP program version 9 was used for all statistical
analysis.
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