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ARTICLE

Complement inhibition enables tumor delivery of LCMV
glycoprotein pseudotyped viruses in the presence of antiviral

antibodies

Laura Evgin'?, Carolina S llkow', Marie-Claude Bourgeois-Daigneault'?, Christiano Tanese de Souza', Lawton Stubbert', Michael S Huh’,
Victoria A Jennings', Monique Marguerie'?, Sergio A Acuna3, Brian A Keller'?, Charles Lefebvre*, Theresa Falls', Fabrice Le Boeuf',
Rebecca A Auer’, John D Lambiris®, J Andrea McCart*¢, David F StojdI** and John C Bell'?

The systemic delivery of therapeutic viruses, such as oncolytic viruses or vaccines, is limited by the generation of neutralizing
antibodies. While pseudotyping of rhabdoviruses with the lymphocytic choriomeningitis virus glycoprotein has previously allowed
for multiple rounds of delivery in mice, this strategy has not translated to other animal models. For the first time, we provide
experimental evidence that antibodies generated against the lymphocytic choriomeningitis virus glycoprotein mediate robust
complement-dependent viral neutralization via activation of the classical pathway. We show that this phenotype can be capitalized
upon to deliver maraba virus pseudotyped with the lymphocytic choriomeningitis virus glycoprotein in a Fischer rat model in the
face of neutralizing antibody through the use of complement modulators. This finding changes the understanding of the humoral
immune response to arenaviruses, and also describes methodology to deliver viral vectors to their therapeutic sites of action with-

out the interference of neutralizing antibody.
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INTRODUCTION
Rhabdoviruses such as vesicular stomatitis virus (VSV) and maraba
virus (MRB) have been validated preclinically as promising onco-
lytic'? and vaccine vectors®* and their clinical evaluation is under-
way.® However, within the first week following administration,
neutralizing antibodies which limit multiple rounds of dosing are
generated against these highly cytolytic viruses.® In contrast, lym-
phocytic choriomeningitis virus (LCMV) is known for its inability to
generate early neutralizing antibodies.” This property has been con-
ferred to rhabdoviruses via pseudotyping,® and has been used to
deliver multiple therapeutic doses in mice.>'®

The complement system is a first line of defense of innate immu-
nity with diverse contributions in both homeostasis and pathologi-
cal states." The classical pathway is activated through the binding
of C1q to antibody, and leads to the destruction of pathogens via
the membrane attack complex. The neutralizing effect of antibod-
ies against epitopes on viruses such as vaccinia virus is enhanced by
complement,'>* and complement inhibitors improve the delivery
of vaccinia virus to tumors in preimmune hosts.™

Mouse complement inadequately recapitulates human comple-
ment. Low hemolytic activity is observed,’ in part resulting from a

C4 polymorphism'® as well as an unspecified classical pathway inhibi-
tor.”” Rat complement however has higher hemolytic activity' and
provides a better model to understand the systemic delivery of thera-
peutic viruses. Using a Balb/c mouse model, a Fischer rat model, and a
macaque model, we have identified that the LCMV glycoprotein (GP)
elicits early antibodies that mediate neutralization in a complement-
dependent manner. We show that an LCMV GP pseudotyped MRB
vector (MRB LCMV GP), in combination with complement depletion,
evades neutralization, thereby increasing the effective dose delivered.

RESULTS

Anti-LCMV GP antibodies neutralize pseudotyped virus in a
complement-dependent manner

We engineered a MRB virus pseudotyped with the LCMV GP (Figure 1a).
F344 Fischer rats and Balb/c mice were vaccinated with MRB LCMV GP
or the MRB derivative MG1.2 The kinetics of anti-MG1 and MRB LCMV
GP antibody production in mice and rats was assessed ex vivo using
heat inactivated (HI) immune serum collected on days 7, 14, and
21 post-vaccination. Strongly neutralizing antibodies to MG1 were
generated early in both mice and rats, and their neutralizing effect
was enhanced by rat complement but not mouse complement. As
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Figure1 Early antibodies elicited against lymphocytic choriomeningitis virus glycoprotein (LCMV GP) mediate robust complement-dependent
neutralization. (@) Schematic of the genome of maraba (MRB) pseudotyped with the LCMV GP. (b) Mice were vaccinated with 107 pfu of MG1 or MRB
LCMV GP and serum taken at the indicated time points. Neutralization was assessed following incubation (1 hour; 37°C) with heat inactivated (HI)
immune serum combined with dextrose gelatin veronal buffer (GVB++) or with mouse serum or rat serum as a source of complement. Infectious
virus was quantified by plaque assay. n = 3 mice/group; data is expressed as group mean = SD. (c) Rats were vaccinated with 10° pfu and bled at the
indicated time points. Neutralization was assessed following incubation (1 hour; 37°C) with Hl immune serum combined with GVB** or with rat serum
as a source of complement. n = 2 rats/group; data is expressed as group mean = SD. Statistical comparison indicate minimum significance level on days
7,14,and 21. (d) Two cynomolgus macaques received 10'° pfu intravenously (Animal 1) or 10° pfu intracranially (Animal 2). Neutralization was assessed
following incubation (1 hour; 37°C) with Hl immune serum combined with GVB** or with cynomolgus macaque serum as a source of complement. Data
is expressed as the technical replicates + SD. ns P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001
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Figure 2 Neutralization requires classical pathway and terminal pathway activation. Maraba virus (MRB) lymphocytic choriomeningitis virus
glycoprotein (LCMV GP) neutralization was assessed following incubation (1 hour; 37°C) with heat inactivated (HI) rat immune serum collected 18
or 21 days post-vaccination combined with GVB ** or normal human serum (NHS) or C1q immunodepleted NHS (a), C3 immunodepleted NHS (b), or
C5 immunodepleted NHS (c) as a source of complement. Additionally, C1q or C5 was added back at a concentration of 70 or 75 pg/ml, respectively.
Additionally, CP40 was added at a concentration of 25 pumol/l to inhibit human C3 or the C5 monoclonal antibody, eculizumab, was used to inhibit
C5 at a concentration of 100 pg/ml. The immune serum used in the C3 studies was collected from animals treated with 35U cobra venom factor (CVF)
the day prior to blood draw. Infectious virus was quantified by plaque assay. n = 3 or 4 rats/group. Data is expressed as group mean + SD. ns P > 0.05;
*P <0.05;**P < 0.01; ***P < 0.001
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Figure3 Complementinhibition in vivo increases the effective dose of lymphocytic choriomeningitis virus glycoprotein (LCMV GP) pseudotyped
virus that is delivered to tumors. (@) Maraba virus (MRB) LCMV GP (4 x 108 pfu) or MG1 (4 x 107 pfu) was delivered intravenously to Fischer rats
bearing bilateral 13762 MATBIII tumors, according the schedule. As per the treatment groups, rats were vaccinated intravenously with 1x 107
pfu and or depleted of complement with 35 U of cobra venom factor (CVF). Infectious virus in the blood (b,d) and in subcutaneous tumors
(c,e) 10 minutes postvirus-administration was quantified by plaque assay. (f). As per the treatment groups, rats were vaccinated intravenously
with 1x 107 pfu and or depleted of complement with 35 U of CVF. 1 x 107 pfu of MRB LCMV GP (g) or MG1 (h) was delivered intratumorally to
Fischer rats bearing bilateral 13762 MATBIII tumors. Subcutaneous tumor titers are shown for animals sacrificed 24 hours postvirus-administration.
(n=3-4 per group) All tumor titers represent the average of both bilateral tumors. Data are represented as group mean + SD. Each dot represents

arat.ND, not detected (*P < 0.05, ns P> 0.05).

previously shown,® HI MRB LCMV GP mouse immune serum did
not yield detectable neutralization in the absence of complement,
or when mouse complement was reconstituted. Remarkably, in the
presence of rat complement, antibodies to LCMV GP resulted in sig-
nificant neutralization (average 103-fold neutralization with day 14
immune serum; Figure 1b). Similarly, rat anti-MRB LCMV GP antibod-
ies did not induce detectable viral neutralization in the absence of
complement, but in the presence of reconstituted rat complement
led to an average 229-fold neutralization (day 14 immune serum;
Figure 1c). The complement-dependent phenotype of the anti-LCMV
GP antibodies in rats was stable for several weeks (Supplementary
Figure S1a). The same complement-dependent neutralization was
observed with MRB LCMV GP in ex vivo whole rat blood using the anti-
coagulant Relfudan' (Supplementary Figure S1b,c). Moreover, the
phenotype of the antibody was independent of the backbone and
the mutation in the G protein of MG1 (Supplementary Figure S1ef).
Using a cynomolgus macaque model, we demonstrated that this
effect was not specific to rodents (Figure 1b, iii). Two animals were
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given MRB LCMV GP either intravenously or intracranially and viral
neutralization was assessed ex vivo using serum samples collected at
various time points postexposure. As early as 8 days after treatment,
antibody-mediated, complement-dependent neutralization led to a
significant reduction in infectivity and this was maintained in one ani-
mal for 5 weeks (Figure 1c).

The classical and terminal pathways are required for neutralization

In order to determine which complement pathways were
important for neutralization, MRB LCMV GP neutralization was
assessed using HI MRB LCMV GP immune rat serum combined
with normal human serum (NHS), NHS depleted of key comple-
ment components, or NHS treated with complement inhibitors
(Figure 2). Anti-MRB LCMV GP antibodies did not induce viral
neutralization in gelatin veronal buffer (GVB++) alone, how-
ever when combined with NHS, a 78-fold reduction in titer was
observed. When the classical pathway molecule C1q was immu-
nodepleted, neutralization was abrogated. Moreover, addition of
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C1qto physiologic concentration restored the neutralizing effect
(Figure 2a). Immunodepletion of C3 precluded the loss of infec-
tivity and was mirrored by the effect of the C3 inhibitory binding
peptide, CP40'*? (Figure 2b). To assess the terminal pathway, C5
immunodepleted serum and the C5 inhibitory monoclonal anti-
body, Eculizumab, were used. Both depletion and inhibition of
C5 prevented viral neutralization, and this effect was reversed
with the addition of C5 (Figure 2c). Inhibition of the classical
pathway, the hub molecule C3, or the terminal pathway would
therefore be of use to inhibit the functional activity of the anti-
LCMV GP antibody. Finally, the disruption of viral particles by
antibodies and complement was confirmed by electron micros-
copy (Supplementary Figure S19).

Depletion of complement increased delivery of viral vectors
pseudotyped with LCMV GP
In a Fischer rat model, we assessed whether complement deple-
tion would increase the stability of the pseudotyped MRB virus in
the blood, and increase its delivery to tumors. Vaccinated or naive
rats were given a complement depleting dose of cobra venom fac-
tor (CVF) or a sham injection of phosphate buffered saline (PBS)
as shown in Figure 3a. Virus was administered intravenously and
infectious virus in the blood and tumors 10 minutes postinjection
was quantified. We observed an average 97-fold increase in infec-
tious virus recovery from the blood of complement-depleted MRB
LCMV GP immune animals 10 minutes postinjection (Figure 3b). We
also observed a corresponding increase in delivery to the tumors
of complement-depleted immune animals (Figure 3c). In contrast,
we did not observe any benefit from complement depletion on the
stability of MG1 in immune or naive animals (Figure 3d, e).
Complement plays an important role both in the blood stream
and in the tumor microenvironment to limit viral infection.™ Naive
and vaccinated rats were treated with CVF or sham and subse-
quently given an intratumoral dose of MG1 or MRB LCMV GP virus
(Figure 3f). Complement depletion increased the titer of MRB LCMV
GP that was recovered from tumors of immune rats 24 hours after
virus administration (mean 135-fold increase), but not naive rats
(Figure 3g). MG1 replicates more rapidly than MRB LCMV GP in vitro
(Supplementary Figure S2) and this is reflected by the titers recov-
ered 24 hours postintratumoral injection in naive rats. However,
very little infectious MG1 was recovered from the tumors of vac-
cinated rats and complement depletion did not increase recovery
from naive or immune animals (Figure 3h).

DISCUSSION
We show here for the first time that the antibodies generated against
the LCMV GP in three different species induce robust neutraliza-
tion in a complement-dependent manner (Figure 1). Specifically,
antibody binding to virus pseudotyped with LCMV GP mediates
C1q binding and neutralization via the membrane attack complex
(Figure 2). We have demonstrated that we can capitalize on this
phenotype of the LCMV GP by inhibiting complement in previously
vaccinated rats to increase the proportion of the infectious dose
that reaches the tumor (Figure 3). Antibody mediated complement
dependent neutralization was important in both the blood and in
the tumor. We also observed reduced neutralization of MRB LCMV
GP in naive complement depleted animals, and we would speculate
that IgM mediates a significant degree of complement dependent
neutralization.

The complement system of mice inadequately recapitulates that
of humans, and has masked an important phenotype of humoral
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immunity to arenaviruses. This study therefore, underscores the
importance of critical interpretation of translational studies per-
formed solely in mouse models and offers novel insight into the
biology of arenaviruses; a clade of viruses with vast global health
impact. A combination pseudotyping and complement inhibition
strategy enables the delivery of infectious virus to tumors, despite
the presence of antiviral antibody. Importantly, this type of strat-
egy which increases the effective infectious viral dose could enable
the repeated expression of virally encoded therapeutic transgenes,
cytokines, or tumor antigens at the site of the tumor. Further inves-
tigation of LCMV GP pseudotyped vectors in combination with
complement inhibition will elucidate the full breadth of the utility
of unrestricted repeated vector delivery.

MATERIALS AND METHODS
Viruses and cells

Vero and 13762 MAT B lll cells were purchased from the American Type
Culture Collection (Manassas, VA). 13762 MAT B Il cells were maintained
in McCoy's 5A (ATCC) supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT). Vero cells were maintained in Dulbecco’s Modified
Eagle’s medium (DMEM) (HyClone) supplemented with 10% FBS (HyClone).

Maraba and MG1 were used as previously described.? MRB LCMV GP was
constructed as previously described with VSV."® VSVA51 and VSV LCMV GP
were used as previously described."'

In vitro neutralization experiments with serum

Female F344 Fischer rats weighing 100-150g and female Balb/c mice aged
6-8 weeks were purchased from Charles River (Wilmington, MA). All animals
were housed in pathogen-free conditions and all studies conducted were in
accordance with the guidelines of the Animal Care Veterinary Service facility
of the University of Ottawa.

Serum was collected from mice or rats at various time points relative to
vaccination (pre 7, 14, or 21 days post-vaccination) by cardiac puncture.
Blood was allowed to clot at room temperature and serum was collected
following an 800g centrifugation. Mice were vaccinated with 107 pfu of
MRB LCMV GP or MG1 intravenously. Rats were vaccinated with 107 or10®
pfu or MRB LCMV GP, MG1, MRB virus, VSVA51 or VSV LCMV GP intrave-
nously. Serum (25 pl) was HI (56°C for 30 minutes) and used as a source of
antibody. Complement was supplemented with an equal volume (25 pl)
of rat serum (CompTech, Tyler, TX) or Balb/c mouse complement serum
(Innovative Research, Ml). Alternatively, 25 pl of dextrose gelatin veronal
buffer (GVB**; Lonza, Allendale, NJ) was used. Serum was diluted into
GVB** and neutralization was assessed following incubation with virus at
a concentration of 5x 10° pfu per reaction for 1 hour at 37°C. Remaining
infectious virus was titered on Vero cells. Neutralization was also assessed
using rat serum pretreated with 10 U/ml (CVF; Quidel, San Diego, CA) for
1 hour at 37°C.

Two cynomolgus macaques received 10 pfu of MRB LCMV GP intra-
venously (Animal 1) or 10° pfu intracranially (Animal 2) under a protocol
approved by the Animal Resource Center, University Health Network,
Toronto, ON, Canada. Serum was collected at various time points (pre 8, 14,
or 36 days postadministration). As described with rat and mouse immune
serum, neutralization was assessed following incubation of HI immune
serum (1 hour; 37°C) GVB** or with cynomolgus macaque serum (Innovative
Research, Novi, MI).

Neutralization of MRB LCMV GP was assessed with ratimmune serum sup-
plemented with human serum (NHS) or serum immunodepleted of key com-
plement components. C1q depleted, C3 depleted, and C5 depleted serum as
well as NHS (CompTech) or NHS preincubated (15 minutes at 37°C) with the
Compstatin analog, CP40 (25 umol/l) or Eculizumab (100 pg/ml) was com-
bined with 25 ul of HI rat immune serum and 5% 10° pfu for 1 hour at 37°C.
Immune rat serum that was combined with human C3 immuno-depleted
serum originated from animals treated with CVF 2 days prior to blood draw.

In vitro neutralization with whole blood

Rats were vaccinated with 107 pfu of MG1 or MRB LCMV GP intravenously
2 weeks prior to the terminal bleed and select rats depleted of complement
with 35 U CVF the day prior to the bleed. Blood was collected from rats
using serum collection vacutainer tubes and treated immediately with the
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anticoagulant Refludan (50 pg/ml). Blood was spun at 800g for 10 minutes
to obtain plasma. Plasma aliquots were incubated for 30 minutes at 56'C to
inactivate complement. 200 pl of blood or fractions thereof were incubated
for 1 hour at 37°C with 2 x 10 pfu of MRB LCMV GP or MG1. Remaining infec-
tious virus was titered on Vero cells.

In vivo animal studies

F344 Fischer rats were vaccinated with 107 pfu of MG1 or MRB LCMV GP intra-
venously 2 weeks prior to their virus treatment. Tumors were established by
injecting 1x10° 13762 MATBIII cells subcutaneously, unilaterally, or bilater-
ally in the left and right flanks. For the depletion of complement, 35 U of CVF
was administered intraperitoneally 24 hours prior to virus. To examine the
stability of the virus early after administration, animals were treated intra-
venously with MRB LCMV GP (4 x 108 pfu) or MG1 (4x 107 pfu) and animals
killed 10 minutes post-treatment. Blood was collected by cardiac puncture
using ethylenediaminetetraacetate (EDTA) collection vacutainer tubes (BD
Bioscience, San Jose, CA) and tumors resected. Blood was titered on Vero
cells and tumors were flash frozen, homogenized, and then titered on Vero
cells to quantify infectious virus.

Virus naive or vaccinated rats were also treated intratumorally with 107
pfu of MG1 or MRB LCMV GP. Tumors were collected 24 hours postvirus-
treatment and immediately frozen. Infectious virus was quantified by plaque
assay on Vero cells.

Electron microscopy

6x 107 pfu of MRB LCMV GP was combined with either 20 pl PBS (HyClone) or
20 pl of serum from a rat vaccinated with 107 pfu of MRB LCMV GP ~3 weeks
prior to bleed for 0 or 15 minutes at 37°C. An equal volume of 2.5% gluteral-
dehyde was added to fix the virus. 10 pl of the virus suspension was plated on
carbon-coated EM grids and stained with 2% phosphotungstic acid. The grids
were screened using a Hitachi H7100 Transmission Electron Microscope.

Western blotting

CVF treated rat serum (1 pl) was resolved on 4-12% polyacrylamide gels
(BioRad) and transferred to nitrocellulose membranes (Amersham GE
Healthcare Lifesciences, Baie d'Urfe QC). Membranes were incubated for
1 hour at room temperature with the rabbit antirat C3 antibody (Cedarlane,
Burlington, ON) at a dilution of 1:100. Membranes were incubated with
goat antirabbit horseradish peroxidase (HRP)-conjugated IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 1 hour at room tempera-
ture. Proteins were detected using Supersignal West Pico chemiluminescent
substrate (Pierce Biotechnology, Rockford, IL) followed by exposure to X-ray
film (Fuji Photo Film, Tokyo, Japan).

In vitro infections and growth curves
13762 MAT B Ill cells were infected with MRB LCMV GP or MG1-gfp at mul-
tiplicity of infections (MOls) ranging from 0.003 to 3. Fluorescence or bright
field images were captured 48 hours postinfection.

Vero cells were infected with MRB LCMV GP or MG1 at an MOI of 0.01.
Supernatants were collected at 12, 24, 36, and 48 hours postinfection and
the titer was assessed by plaque assay on Vero cells.

Statistics

All statistical analyses were performed in GraphPad Prism. Statistical analy-
ses were performed on log-transformed data. Two way analysis of variances
(ANOVAs) with time as a viable repeated measure function was used for anti-
body kinetics. All other experiments were analyzed using one way ANOVAs
with a Tukey’s post hoc test. Data is expressed as group mean + SD. ns
P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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