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Oncolytic VSV-IFNS-NIS is selectively destructive to tumors. Here, we present the IND enabling pre-
clinical rodent studies in support of clinical testing of vesicular stomatitis virus (VSV) as a systemic
therapy. Efficacy studies showed dose-dependent tumor regression in C57BL/KaLwRij mice bearing
syngeneic 5TGM1 plasmacytomas after systemic VSV administration. In contrast, the virus was effective
at all doses tested against human KAS6/1 xenografts in SCID mice. Intravenous administration of
VSV-mIFNp-NIS is well tolerated in C57BL/6 mice up to 5x 10'° TCID5, (50% tissue culture infective dose)/kg
with no neurovirulence, no cytokine storm, and no abnormalities in tissues. Dose-limiting toxicities in-
cluded elevated transaminases, thrombocytopenia, and lymphopenia. Inactivated viral particles did not
cause hepatic toxicity. Intravenously administered VSV was preferentially sequestered by macrophages in
the spleen and liver. Quantitative RT-PCR analysis for total viral RNA on days 2, 7, 21, and 58 showed
highest VSV RNA in day 2 samples; highest in spleen, liver, lung, lymph node, kidney, gonad, and bone
marrow. No infectious virus was recovered from tissues at any time point. The no observable adverse
event level and maximum tolerated dose of VSV-mIFNS-NIS in C57BL/6 mice are 10'° TCID5y/kg and
5x 10 TCID;y/kg, respectively. Clinical translation of VSV-IFNS-NIS is underway in companion dogs
with cancer and in human patients with relapsed hematological malignancies and endometrial cancer.

INTRODUCTION

THE INDIANA LABORATORY-adapted strain of vesicular
stomatitis virus (VSV) has promising oncolytic
activity and is being developed as an anticancer
agent with enhanced safety and therapeutic use-
fulness.! VSV-IFNS-NIS is a novel recombinant
VSV genetically engineered to express the human
sodium iodide symporter (NIS) as a reporter gene
and human interferon (hIFN)-f to minimize viral
replication in normal cells.? We previously showed
that high doses of VSV encoding murine IFN-f
(VSV-mIFNg-NIS) induced complete remission of
established 5TGM1 plasmacytomas in immuno-
competent mice.? The virus extravasated from
tumor blood vessels and rapidly infected surround-
ing tumor cells, forming multiple intratumoral in-
fectious centers that expand rapidly, coalesce, and
necrose at their centers.? In this permissive 5TGM1

model, the oncolytic tumor debulking phase is rapid
and completed by 72 hr after virus administration.
Immune-mediated clearance of residual tumor cells
protected the mice from tumor challenge and is
most effective in mice treated with VSV-mIFN$-
NIS, which encodes the biologically active murine
IFNB.2* Using high-resolution NIS reporter gene
imaging of tumors in each animal, we showed that
anesthesia resulted in decreased intratumoral in-
fection density, and that exercise increased the
density and uniformity of infectious centers.’ In-
deed, mathematical modeling predicted that small
changes to the density of initially infected cells or to
the average maximum radius of infected centers
would have a major impact on treatment outcome.?

Clinical testing of a recombinant VSV encoding
the canine IFN-f and NIS (VSV-cIFNS-NIS) is on-
going in a National Cancer Institute (NCI, Bethesda,
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MD)-coordinated comparative oncology study in
companion dogs with cancer (study COTC-024).
Safety studies in research beagles before the start
of the canine trial indicated that the maximal toler-
ated dose (MTD) in dogs is 10*° TCID5, (50% tissue
culture infective dose) of VSV-hIFNS-NIS or VSV-
cIFNS-NIS.6 At 10xMTD (10! TCIDj,), the dose-
limiting toxicity is severe hepatotoxicity with eleva-
tions in transaminases and prolongation of partial
thromboplastin time (PTT), requiring euthanasia
of the animal. Intensive pharmacokinetics studies
showed a rapid increase in VSV-nucleocapsid (N)
RNA in the blood from 10 min to 3 hr after virus in-
fusion (end of acute-phase monitoring). Viral RNA
is significantly diminished 24 hr after virus infu-
sion and continues to decline over several days,
and was undetectable by day 10. No infectious vi-
rus was recovered from the blood, urine, or buccal
swabs taken at any time point. Anti-VSV anti-
bodies were rapidly generated and readily detect-
able by day 5 after virus infusion.®

In support of our investigational new drug (IND)
application to the U.S. Food and Drug Adminis-
tration (FDA) for clinical testing of VSV-hIFN-
NIS in humans with disseminated cancer, the
Mayo Clinic Virus and Gene Therapy Toxicology
and Pharmacology Laboratory performed prospec-
tively designed biodistribution (BD) and safety
studies in rodents, with input and guidance from
the Pharmacology and Toxicology Branch of the
Center for Biologics Evaluation and Research
(CBER) of the FDA. Quality assurance (QA) of the
in-life studies was performed by the Mayo Clinic
Regulatory Compliance Unit, and the QA review of
the final reports submitted in the IND package was
performed by an independent external reviewer. In
addition, we also performed research studies in
mice to evaluate the mechanisms underlying the
hepatotoxicity associated with high intravenous
doses of VSV.

RESULTS
VSV-induced elevations in transaminases
require live virus

Pilot studies revealed that liver enzymes were
elevated at 24hr with systemic administration of
10° TCID5, of VSV-mIFNp-NIS but not with lower
(108 or 3x10®) doses of virus into C57BL/6 mice. To
determine whether transient transaminitis is due to
the presence of large amounts of viral particles, 10°
TCIDs5q of infectious virus or equivalent amounts of
heat-inactivated VSV-mIFNS-NIS were given intra-
venously to mice. In mice given infectious VSV, both
aspartate transaminase (AST) and alanine trans-

aminase (ALT) levels were significantly elevated at
24 hr (p=0.002 for ALT, p=0.005 for AST), coupled
with a significant decrease in platelets and lympho-
cytes at 24hr (Fig. la—c). In contrast, inactivated
VSV particles induced only a small increase in AST
at 3hr and returned to normal by 24 hr, confirming
that active viral infection was required for signifi-
cant elevation of transaminase levels (Fig. la—c).
Importantly, transaminitis was transient and en-
zyme levels returned to baseline levels by 48 hr.

VSV is sequestered by cells
of the reticuloendothelial system

To determine the cell types that were infected
with VSV, we injected C57BL/6 mice intravenously
with 8x 108 TCID5, of Dil (1,1’-dioctadecyl-3,3,3’,3'-
tetramethylindocarbocyanine perchlorate)-labeled
VSV and found abundant red fluorescent cells in
the liver and spleen, which had sequestered the
labeled virus (Fig. 1d). Immunohistochemical stain-
ing for the macrophage marker CD68 (green) at 3 hr
showed clear colocalization of red Dil-labeled cells
and CD68" (green) macrophages, revealing that VSV
virions were preferentially sequestered by macro-
phages in the spleen (Fig. le) and liver (data not
shown). Quantitative RT-PCR analysis showed high
levels of VSV-N RNA (viral mRNA and genomes) at
3hr (limit of detection is >1000 copies/ug cellular
RNA). VSV-N RNA declined steadily over 24 and
48 hr in liver and spleen (Fig. 1f). Infectious virus
was not detectable in the liver (limit of detection
is >190 TCID5¢/ml), but a low level of infectious
VSV (10* TCID5y/g tissue) was recovered from the
spleen only at 24 hr (Fig. 1g). In contrast, no live
virus was recovered from tissues of mice given in-
activated VSV.

We previously reported that murine IFN-f, be-
tween 2 and 4ng/ml, is detected in the serum of
5TGM1 tumor-bearing mice treated with VSV-
mIFN-NIS.? A multiplex cytokine assay that mea-
sures interleukin (IL)-1f, IL-10, IL-6, IL-12,
granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-5, IFN-y, tumor necrosis factor
(TNF)-o, IL-2, and IL-4 was performed on plasma
collected at 3 and 24 hr from C57BL/6 mice given
108, 3x10% or 10° TCIDs, of VSV-mIFNS-NIS
(Table 1, n =5 mice per time point). The change in
levels of inflammatory cytokines, TNF-«, IFN-y,
and IL-12 was unremarkable between the three
VSV dose levels or when compared with the saline
controls. The only appreciable increase was of IL-6,
from <5pg/ml in saline controls to 125pg/ml at
24hr in the 10° TCID;, group. In summary, no
cytokine storm is evident in VSV-treated animals
at doses ranging from 10® to 10° TCID3.



SAFETY STUDIES ON ONCOLYTIC VSV-IFNS-NIS

113

Saline 3h 24h 43h 3h 24h
Infecthious Inactive

ns

ALT & AST

Platelet

- ALT
- AST
ns

ns

ns ns

Saline 3h 24h 43h 3h 24h Saline 3n 24h

480

3n

24h

Infectous Inactive

e

Liver

Spleen

VSV-N RNA in Liver

10°= Fokk
%k
g 10° kkk ek
[+ 4
210’4 .
-g S
2 10°4
(=% '.
8 10° e®
z .....
- *
@ 104 .
i
Sali'ne 3;1 24'h 43'h 3'h 24"h
Infectious VSV Inactive VSV
g Infectious virus

10%4 from Liver

10°+
{=2]
=)
2 104
o
-

10°+

saline 3h 24h 48h 3h  24h
Infectious VSV Inactive VSV

Infectious virus  Inactve virus

Lymphocyte

Saline  3h 24n  48h 3n 24n

Infechous virus  Inactive wrus

VSV-N RNA in Spleen

109+ dekeddk
Fkdkdk
2 W ° i .
o
107 W ; £
= ]
w
2 105+ [}
.. -l-—
% [ ] [ ]
o 1054 L ]
Z
B 104
-
L L L LJ L) L)
Saline 23h 24h 48h 3h  24h
Infectious VSV Inactive VSV
Infectious virus
10°+ from Spleen
10°4
ns
=
E @
8 1044
S L ]
= . ..
10°4
1-“.“ ...................... ”””
10 L L] L Ll Ll L)
Saline 3h 24h 48h 3h  24h
Infectious VSV Inactive VSV

Figure 1. Systemic administration of 10° TCIDs, (50% tissue culture infective dose) of infectious but not inactive VSV-mIFNS-NIS is associated with acute but
transient hepatic toxicity, thrombocytopenia, and lymphopenia in C57BL/6 mice. (a) Alanine transaminase (ALT) and aspartate transaminase (AST) levels
increased significantly at 3 and 24 hr but returned to baseline by 48 hr. (b) Platelet and (¢) lymphocyte counts were decreased by 24 hr in VSV-treated mice.
Significance was determined by comparison with saline controls. (d) Sequestration of Dil-labeled VSV by cells in the liver and spleen. (e) Spleen section
showing good colocalization of red Dil-positive cells with CD68 staining (green). (f and g) qRT-PCR for VSV-N (nucleocapsid) RNA (f) and infectious virus
recovery in liver and spleen (g). *p<0.05, **p<0.01, and ***p<0.001; ns, not significant. Dotted line represents limits of detection: 190 TCIDs/g for infectious
virus recovery (IVR), 10° copies/ug RNA for qRT-PCR.
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Table 1. Multiplex cytokine assay of plasma from mice 3 or 24 hours after intravenous VSV-mIFNS-NIS virus administration

Time -1 IL-10 IL-6 IL-12 GM-CSF IL-5 IFN=y TNF-o, -2 -4
Dose (TCIDsg)  point (hr) (pg/mi) (pg/mi) (pg/mi) (pg/mi) (pg/mi) (pg/mi) (pg/mi) (pg/mi) (pg/mi) (pg/mi)
Saline 24 <5 <10 <5 96.6+24 14407 19.1 <5 98+35 <5 <20
VSV (1x10°%) 3 <5 <10 50.7+£30.5 8344452  15+06  239+355 <5 245+134 <5 <20
24 <5 <10 <5 9314852  1.7+06 6.5+12.0 <5 175+159 <5 <20
VSV (3x108) 3 12.0+84 <10 <5 11494256  33+13 119487 <5 54.9+452 85+5.2 <20
24 10.1+57 <10 <5 1346+338  1.7+06 21423 <5 2374177 <5 <20
VSV (1x10°%) 3 82+6.0 <10 285+26.8 923+39.1  27+08 71480 <5 25.3+13.2 6+05 <20
24 16.5+10.2 <10 125.2+99 13724303  45+25  62.3+487 <5 5184317 109450 <20

GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; TCID5q, 50% tissue culture infective dose; TNF, tumor necrosis

factor; VSV, vesicular stomatitis virus.

Depletion of macrophages by clodronate
exacerbates VSV hepatotoxicity

Adenoviral particle-induced hepatotoxicity is as-
sociated with release of cytokines (and subsequent
damage of hepatocytes) from activated macrophages
that had sequestered intravenously administered
viral particles.”® To -understand the role of macro-
phages in VSV-induced hepatotoxicity, mice were
treated intravenously with clodronate-loaded lipo-
somes to deplete macrophages of the reticuloendo-
thelial system. Two days after receiving clodronate
or phosphate-buffered saline (PBS)-loaded lipo-
somes, mice received 3x 108 TCID5, of VSV-mIFNg-
NIS. This lower viral dose was given, as 10° TCID5,
VSV was lethal in clodronate-treated mice (data not
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shown). In clodronate-treated mice, VSV induced a
profound increase in ALT and AST (Fig. 2a).
Quantitative RT-PCR analysis for VSV-N showed
high levels of VSV-N in the liver and blood of
clodronate-treated animals, although it was not
significantly different from the nonclodronate/VSV
animals (p=0.07 for blood, and p=0.08 for liver)
(Fig. 2b and ¢). Low levels of infectious VSV were
recovered from the livers of clodronate-treated
mice depleted of macrophages (Fig. 2d).

Safety and biodistribution of VSV-mIFNg-NIS
in C57BL/6 mice

We next embarked on the IND enabling studies
in support of systemic use of VSV-hIFNf-NIS in
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Figure 2. Depletion of macrophages by clodronate liposomes increased hepatic toxicity and VSV viral load in liver. C57BL/6 mice treated 2 days previously
with saline or clodronate-loaded liposomes received 3x 108 TCIDsq of VSV-mIFN-NIS intravenously. (a) ALT and AST levels, (b) VSV-N RNA in blood, (c) VSV-N
RNA in liver, and (d) infectious virus recovered from liver. **p<0.01, ***p<0.001; ND, not detectable; ns, not significant. Dotted line represents limits of detection:
10° copies/ug RNA for gRT-PCR and 190 TCIDsy/g tissue for infectious virus recovery.
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patients with end-stage cancer. Because human
IFN-$ has minimal biological activity in rodents,
all rodent studies were performed with a VSV en-
coding murine IFN-f. The C57BL/6 mouse (6-7
weeks old) is permissive to VSV replication and is
used as the model to evaluate potential toxicity and
biodistribution of VSV at early (day 2), interim (days
7 and 21), and long-term (day 58) time points after
intravenous administration. All groups included
five mice of each sex. Each time point harvest
consisted of 40 mice (5 males and five females per
group); test articles included saline, VSV-mIFN -
NIS at 10® TCIDjsy/mouse (~5x10° TCID5y/kg),
5x 108 TCID5¢/mouse (~ 1.5 x 10'° TCID;5¢/kg), and
10° TCIDs¢/mouse (~5x 10° TCID5y/kg). Overall,
no dose-limiting toxicities or adverse events were
observed in any treatment groups at any time point.
There was a transient decrease in body weight im-
mediately after dosing of test article (5—10% decline
in VSV-treated mice, and 2% in saline-treated mice,
on days 2—3) but increased thereafter (Fig. 3a).

Differences in complete blood count (CBC) and
chemistries between treatment groups were ana-
lyzed by one-way analysis of variance (ANOVA) on
day 2. There was a trend for decreased platelet
counts in the virus-treated animals as the dose of
VSV increased, although ANOVA showed no sig-
nificant difference (p=0.0514) between the treat-
ment groups (Fig. 3b). Similarly, there was a trend
for decrease in lymphocytes, but it was not signif-
icant (p=0.155; Fig. 3c¢). There was no significant
change in the activated partial thromboplastin
time (aPTT) clotting (p=0.612; Fig. 3d) or PTT
clotting (p=0.972; Fig. 3e) times between treat-
ment groups. There was no significant change in
the liver enzyme levels (AST, p=0.468 and ALT,
p=0.624) in VSV-treated versus saline-treated
animals (Fig. 3f and g). The multiplex cytokine
assay did not show any significant increase in cyto-
kine levels on day 2 (data not shown).

Tissues from animals in the saline-treated and
highest dose (10° TCIDsq or 5x10'° TICD;y/kg)
groups were analyzed by multiplex quantitative
RT-PCR for VSV nucleocapsid (N) RNA (transcripts
and genome). Tissues analyzed included brain, li-
ver, spleen, lungs, spinal cord, gonads, kidney, in-
guinal lymph node, and bone marrow from the
femur. Day 2 samples contained the highest level of
VSV-N RNA in most samples (Fig. 3). Tissues with
the highest copy number per microgram of extracted
RNA are listed in descending order; spleen (highest;
Fig. 3h), followed by liver (Fig. 3i), lung, lymph node,
kidney, gonad, and bone marrow (from femur) (data
not shown). Two mice in the virus-treated group
showed low positivity in brain tissue on day 2, and

four mice showed positivity on day 7, suggesting that
there could be viral replication in the brain (Fig. 3j).
However, replication was self-limiting, and all brain
samples were negative (below the level of detection)
by day 21. Viremia was highest on day 2, and was
negative by day 7 (Fig. 3k). Importantly, no infec-
tious virus was recovered from brain, spinal cord,
spleen, or liver at any time point even in samples
with positive VSV-N RNA (data not shown).

Tissues (brain, liver, spleen, lungs, spinal cord,
gonads, kidney, inguinal lymph node, bone mar-
row, stomach, small intestine, large intestine)
harvested from mice in the saline-treated group
and the 1.5x10'° and 5x10'° TICDsy/kg groups
were processed for hematoxylin—eosin (H&E)
staining, and stained slides were reviewed by R.
Marler, a board-certified veterinary pathologist at
the Mayo Clinic in Scottsdale, Arizona. No signifi-
cant pathology was noted.

Efficacy and safety study in immunocompetent
tumor-bearing mice

There is a possibility that robust intratumoral
viral replication could increase the toxicity of sys-
temic use of VSV. Hence, studies were also per-
formed in immunocompetent C57BL/KaL.wRij mice
bearing subcutaneous syngeneic 5TGM1 plasmacy-
tomas. Female mice were given 105, 10%, 107, or 10®
TCID5o of VSV-mIFNp-NIS intravenously. Tran-
sient weight loss was observed in all virus-treated
groups (Fig. 4a). Maximum weight loss (-8.6%) was
observed on day 1 in mice treated with 10® TCID5,
with recovery of weight by day 5. Tumor regression
was dose dependent; 108 TCID;5,-treated mice expe-
rienced the longest remission time before tumor re-
lapse (Fig. 4b). The p values comparing the survival
curves of VSV-treated mice with those of saline-
treated mice are shown in Fig. 4c. The survival of
mice treated with 107 and 10® TCIDs, VSV was
significantly (p=0.0008) prolonged compared with
the low-dose groups (Fig. 4c). The median survival
for the saline-treated group and the groups treated
with 10°, 10%, 107, or 10® TCID5, of VSV-mIFN$-NIS
were 14, 19, 20, 26, and 30.5 days, respectively. The
majority of mice (42 of 50) were euthanized for tumor
burden, 4 for tumor ulceration of more than 50%, 2
for lethargy/moribund, and 2 were found dead. Im-
portantly, neurotoxicity was not observed in any an-
imals at any time. A separate cohort of mice (n =3 per
dose level) was euthanized for correlative biodis-
tribution studies. Quantitative RT-PCR data for VSV
nucleocapsid (N) RNA performed on tumor, brain,
spinal cord, spleen, liver, and ovary samples showed
highest VSV-N in tumor (>10® copy number/ug
RNA in the 10® TCID;, group) on day 2. Low levels
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Figure 3. Toxicology and biodistribution study after intravenous administration of VSV-mIFNS-NIS in C57BL/6 mice. (a) Body weight of male and female mice
that received saline or 105, 3x 108, or 10° TCIDsp of VSV. (b) Platelet, (c) lymphocyte, (d) aPTT, (e) PTT, (f) AST, and (g) ALT levels in mice on day 2
postadministration of test articles. Biodistribution of VSV-N RNA was analyzed by qRT-PCR of the (h) spleen, (i) liver, (j) brain, and (k) blood of mice given
saline or 10° TCIDs, of VSV on day 2, 7, 21, or 58 postadministration of test articles. Limit of detection: >10° copy/ug RNA. The horizontal bars represent the

mean+ SEM value of the group (b—g) or mean value (h-k). Dotted lines represent the limit of detection: 10° copies/ug RNA for gRT-PCR.
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Figure 4. Efficacy study after intravenous administration of VSV-mIFNp-
NIS into immunocompetent mice with subcutaneous 5TGM1 plasmacyto-
mas. (a) Change in body weight and (b) tumor volume, and (¢) survival
curves of mice treated with one dose of VSV at 10°, 108, 107, or 108 TCIDs,.

were detected in the spleen, increasing in a dose-
dependent manner (Table 2). Infectious virus was
recovered from the tumors (10” TCID5,/g tumor) in
all treatment groups on day 2 (Table 2). For mice
necropsied after day 2, only two mice were positive
for infectious virus: 2.5x10°% TCIDs¢/g tumor on
day 4 and 1.9x10? TCID5y/g brain on day 23. Both

were from the 10° group. It is interesting that the
viral titers recovered from tumors did not correlate
with treatment dose, suggesting that the virus was
able to spread in this permissive tumor after initial
delivery. The dose-dependent increase in mouse
survival after VSV therapy (Fig. 4) could be a result
of higher treatment doses eliciting a stronger an-
titumor T cell immune cellular response. This hy-
pothesis remains to be tested in future studies.

No adverse events seen in tumor-bearing
SCID mice treated systemically
with VSV-mIFNg-NIS

Because patients with myeloma could be immu-
nocompromised, a SCID mouse tumor-bearing model
was also used to evaluate efficacy and potential tox-
icity. Female SCID mice with subcutaneous human
KAS6/1 myeloma xenografts were given 10°, 10%, 107,
or 108 TCIDs, of VSV-mIFN-NIS intravenously.
Imaging of VSV replication based on NIS reporter
gene imaging, using single-photon emission com-
puted tomography/computed tomography (SPECT/
CT) on day 2, showed NIS-mediated uptake of Tc-99m
pertechnetate in mice intravenously treated with
VSV-mIFNf-NIS (Fig. 5a). There was a clear corre-
lation between the SPECT imaging data with actual
dosimetric measurements of radiotracer activity in
the explanted tumors (Fig. 5b). In this SCID model,
tumors were effectively controlled at all dose levels
tested (p <0.0001 by ANOVA; Fig. 5¢). The survival
of VSV-treated mice was significantly extended
compared with saline controls, and VSV was equally
effective at all dose levels tested (Fig. 5d). Quantita-
tive RT-PCR for VSV-N showed high levels of viral
transcript, indicating robust viral replication in the
tumor on day 2 (Fig. 5e), and correlated well with
recovery of infectious virus from the tumors (Fig. 5h).
At necropsy, qRT-PCR was also performed on other
tissues. Whereas qRT-PCR indicated the presence of
viral RNA in the brain (Fig. 5f) and spleen of mice
(Fig. 5g), infectious virus was not typically recovered
in these tissues (Fig. 5h and i). Six mice, one from the
saline-treated group and five from the VSV-treated
groups, were euthanized between days 84 and 118
posttreatment because of hind-limb paralysis, likely
due to dissemination of the myeloma into the bone
marrow.> ! Infectious virus recovery done on the
brain sample with 10° copies of VSV-N/ug of RNA
recovered no detectable virus.

DISCUSSION

Extensive proof-of-concept and IND enabling
preclinical toxicology and pharmacology studies were
performed in non-tumor-bearing and tumor-bearing
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Table 2. Quantitative RT-PCR for VSV-N RNA and infectious virus recovered from major organs in mice bearing
5TGM1 tumors after treatment with one dose of 10, 10°, 107, or 10% TCIDs, of VSV-mIFNB-NIS

Organ Saline 10° TCIDsp 10° TCIDsp 107 TCIDsp 108 TCIDsp
qRT-PCR for VSV-N (copy number/ug RNA) Tumor <10° <10° 2.08x10° 1.07 %10’ 1.92x108
<10° 6.22 %108 2.14%107 2.23%107 5.06x 108
<10° 144108 <10° <10° 2.19%108
Brain <10° <10° <10° <10° <10°
<10° <10° <10° <10° <10°
<10° <10° <10° <10° <10°
Spinal cord <10° <10° <10° 1.69%103 <10°
<10° <10° <10° <10° 463%10°
<10° <10° <10° <10° 1.88x10°
Spleen <10° <10° 5.13%10° 2.2x10* 59x10°
<10° <10° 1.09% 10 1.6x10* 7.37x10°
<10° <10° 7.96x10° 5.49x10° 851x10°
Liver <10° <10° <10° 1.8x10° 4.81%10°
<10° <10° <10° <10° 6.15% 10°
<10° <10° <10° 1x10° 1.27x10%
Ovary <10° <10° <10° 1.8x10° 481%10°
<10° <10° <10° <10° 6.15% 10°
<10° <10° <10° 1x10° 1.27x10*
Infectious virus recovery (TCIDso/g tissue) Tumor <190 3.39%107 <190 356x% 107 431%107
<190 <190 19x%10° <190 1.9x%107
<190 <190 <190 <190 <190
Brain <190 <190 <190 <190 <190
<190 <190 <190 <190 <190
<190 <190 <190 <190 <190
Spleen <190 <190 <190 1.9x10° <190
<190 <190 <190 <190 <190
<190 <190 <190 <190 <190

Note: Limit of detection for gRT-PCR: >10° and >190 for infectious virus recovery. n=3 mice per group.
TCIDs, 50% tissue culture infective dose; VSV-N, vesicular stomatitis virus nucleocapsid.

mice in support of clinical testing of VSV-hIFN$-
NIS as a systemic therapy in patients with cancer.
Systemic administration of wild-type VSV causes
lethal neurotoxicity in SCID mice.'?'® In contrast,
as shown here, no adverse clinical signs were seen
when tumor-bearing SCID mice or immunocompe-
tent C57/BL6 or C57BL/KaLwRij mice were given
the laboratory-adapted Indiana strain of engineered
VSV-mIFNp-NIS at 5x 10'° TCID5y/kg. When high-
er doses of virus were given, the dose-limiting tox-
icity with VSV-IFNS-NIS was not neurovirulence
but hepatic toxicity. The increase in AST and ALT is
coupled with thrombocytopenia and lymphopenia.
Elevation of transaminases was also reported as the
dose-limiting toxicity associated with intravenous
administration of 10*! TCID5, virus into research
canines.® Inactivated viral particles did not cause
hepatic toxicity, indicating that toxicity requires
virus infection. Macrophages in the liver and spleen
sequester the intravenously applied virus. High
copies of VSV-N were detected by qRT-PCR in the
spleen and liver at 3 hr postinfusion. However, the
virus did not amplify in these cells, and the VSV-N
transcript levels declined over the next 2 days. No
infectious viruses were recovered from the normal
tissues at any dose level.

Vector-induced dose-limiting hepatotoxicity
has been most studied with adenovirus (Ad).”14-16
Systemically administered Ads are rapidly cleared
from the circulation due to sequestration by Kupf-
fer and endothelial cells in liver sinusoids and
splenic macrophages.'” Histological analyses re-
vealed that Kupffer cells were apoptotic (TUNEL
[terminal deoxynucleotidyltransferase dUTP nick-
end labeling] positive) 10-30 min after Ad infusion
and necrotic within 1 hr.® Hepatitis could be due to
infiltration of immune cells (e.g., neutrophils) in
response to cytokine production and/or clearance of
Ad-transduced hepatocytes by cytotoxic T cells.'®~
20 Plasma levels of inflammatory cytokines (TNF-x,
IFN-y, IL-6, I1.-12) increased rapidly 2—4 hr after
Ad vector infusion.”'® By using noninfectious ad-
enoviral particles, Wilson and colleagues showed
that these inflammatory responses occur due to Ad
particle interaction with host cells and do not re-
quire viral gene expression.” Because Ad stocks can
have viral particle-to-infectious unit (VP:IU) ratios
that range from 20:1 to 100:1, the MTD of Ad vec-
tors was redefined in 1999 by the death of a patient
who received Ad vector at 6x 10! VP/kg intravas-
cularly and developed coagulopathy, liver damage,
and multiorgan failure with prolonged high levels
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Figure 5. Efficacy study after intravenous administration of VSV-mIFN-NIS into SCID mice with human KAS6/1 myeloma xenografts. (a) Single-photon
emission computed tomography/computed tomography (SPECT/CT) imaging showing sodium iodide symporter (NIS) expression and positive isotope uptake in
tumor (circled) from mice treated with VSV but not saline, (b) corresponding dosimetric measurements of NIS-mediated isotope uptake, (c) tumor volume
(mean £ SEM), and (d) survival curve of treated animals. Viral load was measured by qRT-PCR for VSV-N RNA or infectious virus in (e, h) tumor, (f, i) brain,
and (g, j) spleen of animals at necropsy when the animals were euthanized for tumor burden or at the end of the study. Horizontal bars represent group
medians. Dotted lines represent the limit of detection: 190 TCIDse/g for IVR, 10° copies/ug RNA for qRT-PCR.

of IL-6.” In 2000, the FDA recommended that pa-
tient doses be calculated on the basis of total
number of Ad particles rather than infectious
particles as “a primary toxicity of Ad vectors is
mediated by an innate immune response to the
viral coat proteins largely independent of the
transgene expressed by the vector.”

Similar to Ad particles, systemically adminis-
tered VSV is rapidly sequestered by macrophages
of the reticuloendothelial system. In contrast to Ad
particles, VSV-induced elevation in transaminases
is not due merely to the presence of large amounts
of viral particles, as ultraviolet- or heat-inactivated
noninfectious viral particles did not induce hepatic
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toxicity. Hence, VSV dosing should remain as in-
fectious viral rather than viral particles. The
studies presented here indicate that the no ob-
servable adverse event level (NOAEL) in mice is
1.5x10'° TCID;so/kg, which equates to 1.5x10!
TCID5, per 10-kg canine or 10'? TCID5, per 70-kg
human. It is currently unknown whether allome-
tric scaling of virus dosing between species should
be on the basis of body weight or surface area.?!
The generally accepted view is that it should be
based on weight, which tracks with blood volume
and hence with maximum circulating virus con-
centration after intravenous infusion. Our com-
parative oncology trials testing the safety of dose
escalation and pharmacokinetics of VSV in com-
panion dogs with naturally occurring cancer may
shed some light on this decision. We previously
reported that the severe dose-limiting hepatic
toxicity occurs at 10! TCID5, and that the MTD in
dogs is 10° TCID5/kg, which is significantly lower
than would have been predicted from the mouse
studies based on body weight (1.5x10'® TCID;y/
kg). Clearly, further studies using several species
are required to shed light on allometric scaling
between species for oncolytic virotherapy studies.

In summary, we have demonstrated that intra-
venous administration of VSV-IFNf-NIS is well
tolerated in non-tumor-bearing and tumor-bearing
immunocompetent and SCID mice. No neurotoxicity
was seen at the top dose tested (5x10'° TCID;y/kg,
~10° TCID;, per mouse). Instead, the dose-limiting
toxicity involved transient elevation in transami-
nases, thrombocytopenia, and lymphopenia. The
FDA has approved our IND application to proceed
with clinical evaluation of the safety of intrave-
nous VSV-mIFNS-NIS in patients with recurrent
or relapsed multiple myeloma, lymphoma, acute
myeloid leukemia, and endometrial cancer. The
protocol is currently under review at the Institu-
tional Review Board of the Mayo Clinic, and we
expect the trials to open for accrual in the third
quarter of 2016.

MATERIALS AND METHODS
Cell culture and viruses

The 5TGM1 murine myeloma cell line (gift from
B.O. Oyajobi, University of Texas Health Science
Center at San Antonio, San Antonio, TX) was grown
in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/ml), and streptomycin (100 mg/ml).
Human KAS 6/1 myeloma cells (gift from D. Jelinek,
Mayo Clinic, Phoenix, AZ) were grown in 10% FBS—
RPMI 1640 with IL-6 (1ng/me) and antibiotics.

The cell lines tested negative for mycoplasma con-
tamination. The construction of VSV-mIFNp-NIS
virus has been previously published.? The viral
stock was manufactured by the Mayo Clinic Viral
Vector Production Laboratory using HEK293 sus-
pension cells under serum-free conditions. The cell
culture supernatant was clarified to remove intact
cells and treated with Benzonase to digest contam-
inating nucleic acid. This processed cell culture su-
pernatant was then concentrated and purified by
tangential flow filtration and diafiltration into a fi-
nal buffer of 5% sucrose, 50 mM Tris-HCIl, 2mM
MgCl, (pH 7.4). The purified virus was filtered
through a final 1.5-um (pore size) filter before final
vialing. The titer of the stock (lot 2010-04, passage 4)
was 6.13x10° TCIDj5, (50% tissue culture infective
dose)/ml on Vero cells. Virus was diluted in saline
before use in animals. To label vesicular stomatitis
virus (VSV) with Dil (1,1-dioctadecyl-3,3,3",3'"-
tetramethylindocarbocyanine perchlorate) (Cat.
No. D282; Thermo Fisher Scientific, Waltham,
MA), HEK293 cell was incubated with 5 uM Dil in
phosphate-buffered saline (PBS) for 20 min at 37°C,
before it was infected with VSV.

In vivo experiments in mice, using
VSV-mIFNS-NIS

Human myeloma cells (10° KAS6/1) were im-
planted subcutaneously in the right flank of 70
female CB17 ICR SCID mice (4-5 weeks old;
Harlan Laboratories, Indianapolis, IN). 5TGM1
cells (5x10°) were administered subcutaneously
in the right flank of 65 female C57BL/KaLwRij
mice (7-8 weeks old; Harlan Laboratories). Mice
were randomized into treatment groups accord-
ing to tumor volume when tumors measured
about 5 mm in length or width. VSV-mIFN-NIS
was administered intravenously at 10°, 10%, 107,
or 10® TCIDj;, per mouse per 100-ul injection. For
the toxicology and pharmacology studies, 6- to 7-
week-old (on day 0) C57BL/6 mice were used
(Harlan Laboratories). On day 0, the body weight
range of male and female mice was, respectively,
19.7-23.2 and 17.3-20.3 g. The average body weight
for each sex was used to calculate the virus dilution
needed to generate the required dose. After dosing,
mice were monitored twice per day on days 1-10, due
to potential neurotoxicity, and then three times per
week thereafter for clinical signs. Body weights and
tumor measurements were recorded three times per
week until the end of the study or euthanasia of
the mouse. At necropsy, tissues were collected, di-
vided, and placed into RNAlater (Thermo Fisher Sci-
entific) for RT-PCR, 10% neutral-buffered formalin
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for paraffin embedding and histology, embedded in
Optimal Cutting Temperature (OCT) medium for
immunohistochemistry, or quick frozen in liquid
nitrogen for storage at < —65°C for virus recovery
assays. A separate cohort of mice was harvested on
day 2 posttreatment for correlative assays or im-
aged by single-photon emission computed tomog-
raphy/computed tomography (SPECT/CT) to monitor
viral spread.

SPECT/CT imaging for viral spread, using
sodium iodide symporter (NIS) reporter gene
Imaging was performed by the Mayo Clinic Small
Animal Imaging Core with a U-SPECT-II/CT scan-
ner (MILabs, Utrecht, The Netherlands). Animals
were injected intravenously, 1hr before imaging,
with 0.5 mCi of Tc-99m sodium pertechnetate.
Micro-CT image acquisition was performed in 4 min
for normal resolution (169-um? voxels, 640 slices) at
0.5 mA and 60kV. The image acquisition time was
approximately 20 min for SPECT (24 projections at
50 sec per bed position). Coregistration of the SPECT
and CT images was performed by the application of
precalibrated spatial transformation to the SPECT
images to match the CT images. Data processing and
quantitation of regions of interest were performed by
Imanis Life Sciences (Rochester, MN), using PMOD
software (Zurich, Switzerland).

Analysis for hematological, clinical chemistry,
and biochemical parameters

Blood was obtained by cardiac puncture before
necropsy and collected for clinical chemistry
(200 4l into lithium heparin tubes; Becton Dick-
inson, Franklin Lakes, NJ), for complete blood
count (CBC, 100 ul in EDTA tubes; Becton Dick-
inson), for partial thromboplastin time (PTT) and
activated partial thromboplastin time (APTT)
tests (sodium citrate tubes), and for RNA extrac-
tion (100l in RNAprotect animal blood tubes;
Qiagen, Hilden, Germany); serum was also col-
lected (600 ul in serum separator tubes; Becton
Dickinson). Blood chemistry was analyzed with a
Piccolo Xpress (Abaxis, Union City, CA) and CBCs
were done with VetScan HM5 hematology ma-
chines (Abaxis). Clotting times were determined
with a Coag Dx analyzer and IDEXX VetLab sta-
tion (IDEXX, Westbrook, ME). The mouse inter-
feron (IFN)-f multiplex cytokine assay was
performed with an Invitrogen mouse cytokine
magnetic 10-Plex panel kit (LMC0001M; Thermo
Fisher Scientific) on a Bio-Plex 200 system (Bio-Rad,
Hercules, CA).

Histology, immunofluorescence,
and immunohistochemistry

Tissues embedded in OCT medium were sec-
tioned and used for immunofluorescence staining.
A rabbit antibody against VSV (M2168; Imanis Life
Sciences) was used, coupled with Alexa Fluor 555-
conjugated goat anti-rabbit secondary antibody
(Invitrogen, A21429; Thermo Fisher Scientific). For
histology and immunohistochemistry, paraffin-
embedded tissues were serially sectioned, and were
stained with hematoxylin and eosin (Mayo Histol-
ogy Core Laboratory, Phoenix, AZ), or used for VSV
immunohistochemistry using the rabbit anti-VSV
antibody (diluted 1:4000) (M2168; Imanis Life
Sciences).

Infectious virus recovery from tissues

Frozen samples were weighed and homo-
genized in 4 vol (w/v) of Opti-MEM buffer, the
supernatant was clarified by centrifugation at
12,000 xg for 10 min, and 10-fold serial dilutions
of samples were prepared in Opti-MEM. Aliquots
(50 ul) of each dilution were placed in 96-well
plates containing Vero cells. The cytopathic
effects (CPEs) were recorded on day 3, and calcula-
tion for TCIDs5, titer was performed as previously
described.?*

RNA extraction and q-PCR analysis

RNA from various sources were extracted, using
standard kits according to the manufacturers’ in-
structions: RNeasy Plus universal kit for tissues
(73404, Qiagen) and RNeasy protect animal blood kit
(73224; Qiagen). Quantitative reverse transcription-
PCR was performed according to the manufacturer’s
instructions (LightCycler 480 RNA master hydro-
lysis; Roche, Indianapolis, IN) on the Roche Light-
Cycler 480 real-time PCR thermocycler as previously
described.?

Statistical analysis

The GraphPad Prism 5.0 program was used for
data handling, analysis, and graphic representation.
Kaplan—Meier survival curves were plotted and sur-
vival data were analyzed by log rank test. A Student
t test or analysis of variance was used as indicated.
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