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Abstract

Herpes simplex virus type 1 (HSV-1) mutants lacking the y;34.5 neurovirulence loci are promising agents for
treating malignant glioma. Arming oncolytic HSV-1 to express immunostimulatory genes may potentiate
therapeutic efficacy. We have previously demonstrated improved preclinical efficacy, biodistribution, and
safety of M002, a y;34.5-deleted HSV-1 engineered to express murine IL-12. Herein, we describe the safety and
biodistribution of M032, a y;34.5-deleted HSV-1 virus that expresses human IL-12 after 1ntracerebral ad-
ministration to nonhuman primates, Aofus nancymae. Cohorts were administered vehicle, 10°, or 10® pfu of
MO032 on day 1 and subjected to detailed clinical observations performed serially over a 92- day trial. Animals
were sacrificed on days 3, 31, and 91 for detailed histopathologic assessments of all organs and to isolate and
quantify virus in all organs. With the possible exception of one animal euthanized on day 16, neither adverse
clinical signs nor sex- or dose-related differences were attributed to M032. Elevated white blood cell and
neutrophil counts were observed in virus-injected groups on day 3, but no other significant changes were noted
in clinical chemistry or coagulation parameters. Minimal to mild inflammation and fibrosis detected, primarily
in meningeal tissues, in M032-injected animals on days 3 and 31 had mostly resolved by day 91. The highest
viral DNA levels were detected at the injection site and motor cortex on day 3 but decreased in central nervous
system tissues over time. These data demonstrate the requisite safety of intracerebral M032 administration for
consideration as a therapeutic for treating malignant brain tumors.

Introduction devised as a therapeutic strategy to address this need (Shah

et al., 2003; Parker et al., 2009; Cassady et al., 2010). These

MALIGNANT GLIOMAS REMAIN the most therapeutically
challenging primary brain tumors. Among these,
glioblastoma multiforme (GBM) is the most common and the
most lethal. Despite combined treatment approaches with
surgical resection, chemotherapy, and radiotherapy, the 5-
year survival rate for patients with GBM is less than 10% and
the median survival is ~15 months (Stupp et al., 2009;
Preusser et al., 2011). Thus, more effective therapies for these
malignancies are needed, and oncolytic viruses have been

strategies utilize intrinsic or engineered viral properties to
impart tumor cell-selective infection and/or replication
(Parker et al., 2009).

Oncolytic viruses have been developed to treat a broad
spectrum of malignancies, but those based on herpes sim-
plex virus type 1 (HSV) are particularly suited for malignant
brain tumors. This is primarily because HSV-1 has a natural
tropism for neural tissues, but can be rendered safe by de-
letion of the diploid y;34.5 neurovirulence gene, which
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abrogates replication in nonmalignant cells (Chou et al.,
1990). The y;34.5 gene encodes the neurovirulence factor,
ICP34.5 (Chou et al., 1990). In addition to its multiple roles
in supporting infection, ICP34.5 also acts to suppress host
antiviral responses (He et al., 1997, 1998). Since some of
the host antiviral responses inhibited by ICP34.5 are often
defective in malignant cells (Chou et al., 1990; Farassati
et al., 2001; Smith er al., 2006), they are permissive to
y;34.5-deleted oHSV replication (Markert et al., 1993;
Chambers er al., 1995). Additional safety can be achieved
by inactivating mutations in other viral genes, such as U2
(Pyles et al., 1997), U;23 (Martuza et al., 1991), and U,;39
(Mineta et al., 1995; Kramm et al., 1997) genes.

A number of oncolytic HSV-1 (oHSV) have been eval-
uated and shown efficacious in murine brain tumor models.
Among these, two have been evaluated in clinical trials for
patients with primary brain tumor malignancies. The first,
G207, lacks both copies of y,34.5 and is further attenuated
by lacZ insertion in place of the gene encoding ribonucle-
otide reductase (U;39) (Markert et al., 2000, 2009). In-
tratumoral injection of up to 3 x 10° pfu of G207 was well
tolerated in patients with recurrent malignant glioma. No
dose-limiting toxicities were observed in the trial (Markert
et al., 2009). The second oHSV evaluated, HSV1716, lacks
both copies of y;34.5. HSV1716 was administered to pa-
tients with malignant glioma at doses up to 1x10° pfu,
either by intratumoral injection or into the resected tumor
bed, and no clinical evidence of toxicity attributed to the
virus was reported (Rampling er al., 2000; Papanastassiou
et al., 2002; Harrow et al., 2004).

Attenuating mutations are necessary to ensure safety of
oHSV. However, an additional observation of the y;34.5-
deleted virus is attenuated replication in malignant cells, as
compared with that of parental viruses. Presumed clinical
benefit was observed in some G207- and HSV1716-treated
patients. Except for a single patient in the initial G207 trial
who died from an unrelated stroke, all patients ultimately
succumbed to recurrent disease. These results, as well as the
aggressive nature of the disease, suggest that the therapeutic
potency of attenuated oHSV requires enhancement.

We and others have evaluated oHSV armed with addi-
tional gene-based therapeutics to enhance tumor suppres-
sion. A range of transgene inserts have been evaluated,
including suicide genes (Chase et al., 1998; Aghi et al.,
1999; Nakamura et al., 2001; Guffey et al., 2007), or those
expressing antiangiogenic (Liu et al., 2006; Goodwin et al.,
2012; Yoo et al., 2012), apoptotic (Han et al., 2007; Prab-
hakar et al., 2010), fusogenic (Nakamori et al., 2004;
Simpson et al., 2009; Takaoka et al., 2011), and immuno-
modulatory proteins (Andreansky et al., 1998; Liu et al.,
2003; Parker et al., 2005; Walker et al., 2011). Our group
has focused on oHSV that express immunostimulatory cy-
tokines (Andreansky et al., 1998; Parker et al., 2000; Hel-
lums et al., 2005). This strategy combines oHSV-based
oncolysis with cytokine-mediated induction of antitumor
immunity. In particular, we have evaluated the therapeutic
potential of oHSV that express IL-12, a heterodimeric cy-
tokine composed of the IL-12A (p35) and IL-12B (p40)
gene products. IL-12 suppresses angiogenesis (Voest et al.,
1995; Albini et al., 2009) and mediates antitumor responses
by enhancing the effector function of both innate and
adaptive immune cells (Trinchieri, 2003). In addition to
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stimulating stable production of IFN-y and cytotoxic medi-
ators, IL-12 also acts, directly or synergistically, to enhance
T helper type 1 and cytotoxic T lymphocyte responses
(Manetti et al., 1994; Koch et al., 1996; Wigginton et al.,
2002; Murphy et al., 2003). The IFN-y upregulates class I
and class II MHC molecules and, through induction of
CXCL10, also acts to enhance NK and T cell recruitment
(Koch et al., 1996; Sgadari et al., 1996; Suzuki et al., 1998).
We have previously described a v,34.5-deleted oHSV,
designated M002 that expresses the p35 and p40 subunits of
murine IL-12 from a bicistronic transcript under control of
the murine early growth response-1 (Egr-1) promoter.
Compared with the IL-12-deficient parental virus, R3659,
MO002 administration enhanced survival and tumor growth
inhibition in syngeneic murine models of glioblastoma
(Parker et al., 2000) and glioma (Hellums et al., 2005).
Further, IL-12 activity was demonstrated by increased tumor
infiltration of CD4" and CD8* T cells (Hellums et al.,
2005; Parker et al., 2005). Recently, we reported on the
preclinical evaluation of M002 (Markert et al., 2012).
Compared with the parental oHSV (R3659) and another
attenuated oHSV approved for clinical trial (G207), intra-
cranial administration of M002 resulted in enhanced sur-
vival of mice bearing intracranial brain tumors. This study
also demonstrated a lack of significant neurologic or sys-
temic toxicity after intracerebral administration of 1.2 x 10%—
4.2x10® pfu of M002 into the New World nonhuman pri-
mate (NHP) model, A. nancymae.

Despite the preclinical efficacy and safety demonstrated
for M002, the potential for an undesirable immune response
against murine IL-12 protein existed should this virus be
studied in human clinical trials. Therefore, we constructed
MO032, a y;34.5-deleted oHSV that has an identical config-
uration to that of M002, but expresses the human IL-12 p35
and p40 subunits. The current study was carried out to de-
termine whether M032 is safe for clinical evaluation in
patients with malignant glioma. To this end, NHP were
evaluated after intracerebral injection of saline, 1 X 10° pfu,
or 1x10% pfu of M032 per NHP. This report summarizes
preclinical data obtained after M032 administration. In the
aggregate, no adverse clinical signs were directly attributed
to M032 administration, which supports its consideration for
entry into phase I evaluation.

Results and Discussion
Clinical trial

MO032 is a derivative of HSV-1 strain F. For a detailed
description of its derivation see Supplementary Fig. S1 and
Materials and Methods (Supplementary Data are available
online at www.liebertpub.com/humc). A clinical-grade prep-
aration of M032 (NSC733972) was generated by the NCI
RAID (5MO1RR000032-420636) core at SAIC Frederick for
the IND-directed safety and biodistribution study reported
herein, and for future clinical evaluation. Clinical evaluation
of M032 will entail a standard phase I dose escalation trial.
Patients with recurrent malignant glioma who have failed
standard treatment with biopsy or resection and then frac-
tionated radiation and temozolomide therapy will be candi-
dates for the trial. Patient will undergo stereotactic placement
of 1-4 catheters, depending on tumor size, location, and sur-
geon choice, in the operating room after stereotactic biopsy
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confirms recurrent glioma. On postbiopsy day 1, after con-
firmation of catheter placement, patients will undergo infusion
of virus at an initial total dose of 10° pfu. Patients will be
monitored for side effects, including encephalitis and cytokine
storm, as well as potential tumor response. Three patients will
be enrolled per cohort. If no side effects are reported, dose will
be escalated to the next level. If one patient suffers a severe
adverse event (SAE) felt to be related to M032, the cohort will
be expanded to six at the level. If no further SAEs are noted,
dose escalation will occur as above. If another SAE is re-
corded, the trial will be stopped and the next lower dose level
reported as the maximum tolerated dose.

Objectives and study design

The objective of the current study was to evaluate the
safety and biodistribution of M032 after intracerebral ad-
ministration into the Aotus nancymae NHP model. Aotus
were selected as an appropriate large animal model for this
study because this genus is both permissive to HSV-1 rep-
lication (Katzin et al., 1967; Barahona et al., 1976; Meignier
et al., 1990; Stewart, 2003) and responsive to hIL-12 (HSV-
MO032 Toxicology Report, from SAIC-Frederick, Inc., Fre-
derick, MD, 2008). Only 100 pfu of wild-type HSV-1 is
required to induce systemic infection and acute hemorrhagic
encephalitis (Meignier et al., 1990). Thus, a productive
HSV-1 infection in the Aofus is routinely fatal and this
makes it an excellent NHP model for evaluating the safety
of HSV-based therapeutics. Fifteen male and 15 female 2—7-
year-old NHPs were used in the study. Groups were
assigned using a computer-generated randomization proce-
dure, with equal numbers of males and females assigned to
each group. NHPs were injected on day 1 with one intra-
cerebral dose of vehicle (0.9% saline, cohort 1, n=06),
1x10° pfu (cohort 2, n=12), or 1x10® pfu (cohort 3,
n=12) of M032 per NHP (Table 1). Based on average
body weights, these doses are equivalent to ~5x 10" and
5x10° pfu in humans, respectively. Thus, the high-dose
NHP group utilized a dose-equivalent ~ 150 times higher
than the highest dose planned for potential dose escalation in
the clinical trial.

All monkeys were observed twice daily throughout the
study for signs of morbidity and mortality and for adverse
clinical signs. Cohorts of male and female NHPs within
each group were scheduled for euthanasia on days 3, 31, and
91. Clinical observations and body weights, as well as blood
and cerebrospinal fluid (CSF) sample collections, were
carried out to establish baseline laboratory values before
intracerebral injection on day 1. These studies were subse-
quently repeated at specified time points after injection.
Blood samples were utilized for analyses of hematologic
and biochemical parameters. Quantitative polymerase chain
reaction (PCR)-based detection of the UL27 gene was used
as a measurement of HSV-1 DNA content. In addition to
blood and CSF, tissue samples were also collected for qPCR
and pathology. Tissues collected from the central nervous
system (CNS) included the spinal cord (cervical), CSF, the
injection site, and the pons/medulla and motor cortex re-
gions of the brain (injection side). Lymphatic tissues collected
included the bronchial, mandibular, and mesenteric lymph
nodes, as well as the spleen and right tonsil. Peripheral tissue
samples were obtained from colon, heart, ileum, and right
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kidney (see Materials and Methods for detailed assay de-
scriptions).

Summary of data

Body weights. Animals were weighed 7 days before
injection, on day 1 (just before injection), day 3 (only ani-
mals scheduled for euthanasia), and on days 8, 14, 22, 31,
36, 43, 50, 57, 64, 71, 78, 85, and 91. Values obtained 7
days before administration were used as a baseline to cal-
culate the percent change in body weight over time, which
were averaged for all NHPs in each dose group (Fig. 1A).
Slight body weight loss (£5% for most animals) was ob-
served between day 1 and 3 for all NHPs euthanized on day
3. Since these losses were observed in all groups, they were
attributed to sedation, dosing, and other procedures on day 1
that altered the animals feeding schedules and activity.
Beyond day 3, only minor week-to-week fluctuations in
individual body weights were observed for the saline-treated
NHPs, but overall, their body weights remained essentially
constant or increased slightly between day 1 and the day of
euthanasia. Among M032-administered animals euthanized
after day 3, minimal (=5% to <10%) to moderate (=10%)
body weight loss was observed between day 1 and day 22 or
31 for two or more male and female NHPs in the 1x 10° or
1x10% pfu/NHP dose groups. However, the incidence or
extent of body weight loss did not appear to be related to the
dose of M032 used. Included in this number was the male
NHP (#907) euthanized because of its moribund condition
on day 16. This animal displayed progressive body weight
loss between day 1 and day 14, with a total body weight loss
during this period of 14%. Between days 31 and 91 the
body weight of individual NHPs in each dose group slowly
increased over time. Slightly different trends were ob-
served when the body weight data for male (Fig. 1B) and
female (Fig. 1C) NHPs were plotted separately. In this
regard, saline-treated females exhibited the largest weight
gains during the initial 30 days, whereas the weight
changes for saline-treated males did not significantly
change over the same time period. Although M032 treat-
ment correlated with decreased weights in both male and
female NHP over the first 30 days, a dose correlation was
only suggestive for male NHP treatment groups; weights of
female NHP treated with 1 x 10° M032 trended lower than
that of female NHP treated with 1x10® M032 over the
same time period.

Hematology. Blood samples for hematologic analyses
were collected from each NHP one week before injection on
day 1, for baseline values, and on days 3, 10, 14, 31, and 91.
Samples were measured for total white blood cells (WBC)
(Fig. 2A), red blood cells (Fig. 2B), hematocrit (Fig. 2C),
hemoglobin (Fig. 2D), platelets (Fig. 2E), reticulocytes (Fig.
2F), neutrophils (Fig. 2G), lymphocytes (Fig. 2H), mono-
cytes (Fig. 2I), eosinophils (Fig. 2J), basophils (Fig. 2K),
and large unstained cells (virus-activated lymphocytes or
myeloperoxidase-negative cells; Fig. 2L). Hematologic data
were collected on an ADVIA 120 Hematology Analyzer at
Southern Research Institute. Values obtained for animals
within dose group were averaged at each time point. Values
for the male NHP (#907) in the 1x 10® pfu/NHP dose group
that was euthanized on day 16 are plotted separately for
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TABLE 1. NONHUMAN PRIMATE GROUPS, TIME POINTS, AND ANALYSES

MO032 dose Initial Sacrifice Day

Group Animal no. (pfu/NHP) Gender weight (g) weight (g) of sacrifice
1 930 Saline F 850.6 860.5 3
1 909 Saline M 812.1 762.2 3
1 928 Saline F 887.4 1049 31
1 915 Saline M 952.5 942.1 31
1 929 Saline F 1091.9 1087.4 91
1 917 Saline M 1138.5 1131.3 91
2 921 1x10° F 846.2 801.8 3
2 934 1x10° F 917.7 890 3
2 912 1x10° M 1051 1024.5 3
2 937 1x10° M 1151 1076.5 3
2 919 1x10° F 855.6 789.5 31
2 923 1x10° F 1152.4 1045.9 31
2 910 1x10° M 1011.4 950.8 31
2 916 1x10° M 879.4 876.5 31
2 922 1x10° F 826 885.7 91
2 924 1x10° F 913.1 952.9 91
2 906 1x10° M 1269.2 1165.3 91
2 914 1%x10° M 1064.3 1152.2 91
3 920 1x108 F 888.2 821 3
3 927 1x108 F 983.4 946.1 3
3 903 1x108 M 795.5 761.6 3
3 905 1x108 M 836.1 841.7 3
3 926 1x108 F 1047 942.3 31
3 931 1%x108 F 786.1 734.4 31
3 911 1x10% M 1104.5 1082.3 31
3 918 1x108 M 1023.2 949.3 31
3 925 1x10% F 1002 1050.1 91
3 933 1x108 F 849.8 913.7 91
3 904 1x108 M 1003.8 982.7 91
3 907 1x108 M 945.1 774.8 16*
Observation Days measured or samples collected

Clinical evaluation
Body weights

1, 3, 8, 14, 16, 22, 31, 36, 43, 50, 57, 64, 71, 78, 85, 91
-7, 1,3, 8, 14, 16," 22, 31, 36, 43, 50, 57, 64, 71, 78, 85, 91

Hematology -7, 3, 10, 14, 16,* 31, 91
Clinical chemistry/coagulation -7, 3, 10, 14, 16,* 31, 91
qPCR 3, 16,* 31, 91 (at sacrifice)
Pathology 3,16, 31, 91 (at sacrifice)

Three groups, consisting of both male and female NHPs, were intracerebrally injected with 0, 1 x 10%, or 1 x10% pfu of MO32/NHP on day
1. Clinical observations, body weights, and samples for hematology and clinical chemistry were recorded before intracerebral
administration and throughout the study at the designated time points. Male and female cohorts within each group were sacrificed on days 3,
31, and 91, and samples for macroscopic and microscopic observations and qPCR-based (group 3 only) assessment of viral biodistribution

were obtained at sacrifice.
“NHP #907 was found moribund on day 16 and euthanized early.

NHP, nonhuman primate; qPCR, quantitative polymerase chain reaction.

visual comparison to mean values. Noted changes in he-
matology were based on the percent change from baseline
values and on the absolute counts (as noted with each cell
type assessed, below).

Compared with baseline data, increased WBC counts
(2100% higher than baseline values of 11.0x10*/mm’;
range of 102-370% higher) (Fig. 2A), neutrophil counts
(2100% higher than baseline values of 7.0x10%/mm?;
range of 169-794% higher) (Fig. 2G), and/or decreased
lymphocyte counts (=40% lower than baseline values of
1.5% 10*/mm?; range of 40-85% lower) (Fig. 2H) were
observed for NHPs administered 1x 10° pfu/NHP or 1x 10°
pfu M032/NHP. WBC and neutrophil counts and/or low
lymphocyte counts were observed most frequently on day 3.

Male NHPs in the 1x 10° pfu M032/NHP dose group were
observed to have the fewest changes among M032-injected
cohorts, with only 1 of 6 male NHPs (#910) with low
(0.9x10*/mm?) lymphocyte counts. An M032 dose rela-
tionship was not observed for female NHPs. High neutrophil
counts were observed on both day 10 and 14 in one female
(#923) in the 1x10° pfu/NHP (7.0 and 9.4 x 10*/mm? on
day 10 and 14, respectively) and one female (#931) in the
1x10® pfu/NHP (7.0 and 7.8 x 10°/mm? on day 10 and 14,
respectively) dose groups, compared with baseline values
for the same NHPs (2.5—4.5x103/mm2), or values from
saline-injected controls at the same time points (1.4—
3.0x 103/mm2). However, the average WBC values observed
in all M032-injected animals on day 31 (9£3x 10°/mm?)



20
A 1201
- - _0_
- vehicle MO32 1x10° MO32 1x107
Sa 1104
@ W
==
Eg 100 4
€0
=0
B 90+
8 1
80 U I I T T T T T T T 1
-10 0 10 20 30 40 50 60 70 80 90 10
Day
B 1204
=
= 1104
T —~
=
S 1004
Eh—-
B 90
80 T T T T T T T T T T 1
-10 0 10 20 30 40 50 60 70 80 90 10
Day
C 120+
=
o 1104
o W
|
=
1] -
25 100
L
B 90-
BG I‘ T T T T T T T T T 1
-10 0 10 20 30 40 50 60 70 80 90 100
Day
FIG. 1. Combined and sex-specific NHP weight changes

after intracerebral injection of M032 and saline. NHPs were
weighed 1 week before and just before intracerebral injec-
tion of saline or M032 on day 1. The percent change in body
weights from preinjection weights was averaged for all
NHPs within each group and plotted (A), or plotted sepa-
rately as male (B) and female (C) NHP groups, over the
course of the 91-day study. Arrows indicate days in which
cohorts within each group were sacrificed for additional
endpoints. Error bars represent mean = SEM. For combined
weights: preinjection to day 3; vehicle (n=6), M032 (n=12/
dose). Days 4-31; vehicle (n=4), IE6 M032 (n=38), 1E8
MO032 (n=8 or 7; 1 animal euthanized moribund on day 16).
Days 32-91; vehicle (n=2), 1IE6 M032 (n=4), 1E§ M032
(n=3). NHP, nonhuman primate.

and day 91 (9+3x 10*/mm?) were generally comparable to
baseline values (63 x 10°/mm?). While inflammation ob-
served in histopathologic studies (described below) may
have contributed to the early WBC increases observed in the
periphery of M032-injected NHPs, the pathologist assess-
ment (based on simultaneous low lymphocyte counts and
sporadic low eosinophil counts) was that the peripheral
blood WBC changes were more consistent with an immune
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response to M032 or a stress response to the surgical pro-
cedures, rather than a direct toxic effect of M032. Changes
in WBC counts were observed only in NHPs dosed with
MO032 and not in NHPs given the vehicle control. Since
there was no evidence of viral replication, these differences
are likely reflective of virus- and/or IL-12-induced tissue
inflammation in the brain. However, the use of vehicle as a
control for procedure-related responses precluded our abil-
ity to determine the extent to which either virus activity or
IL-12 expression was involved in the observed immune
responses.

Clinical chemistries and coagulation studies. Blood
samples were collected during week —1 (for baseline val-
ues) and on days 3, 10, 14, 31, and 91 for biochemical
analyses. Blood for coagulation studies was obtained during
week —1 and on the day the animals were scheduled for
euthanasia. Blood samples for NHP #907 were also obtained
before moribund euthanasia on day 16.

Clinical chemistry values were averaged for all NHPs
within each group (Supplementary Fig. S2). As for the he-
matologic values, the clinical chemistry data for NHP #907
euthanized on day 16 are plotted separately for comparison
to the mean values of all other animals in each group. No
clear M032-related clinical chemistry changes were ob-
served for NHPs administered M032 at either 1x10° or
1x10® pfu/NHP. NHP #907 had increased AST (2.7-fold
higher than baseline; Supplementary Fig. S2F), increased
cholesterol (115% higher than baseline; Supplementary Fig.
S2H), and increased triglyceride (108% higher than base-
line; Supplementary Fig. S2I) values on the day of eutha-
nasia. However, these changes were consistent with those
observed in the control NHPs on the same days (days 3, 20,
24, 31, and/or 91). Compared with baseline values, increased
AST and ALT values observed for NHPs (predominantly on
day 3) in both the vehicle- and M032-injected groups were
attributed to tissue damage from the operative and virus
injection procedures on day 1 and/or trauma associated with
blood collection.

Relative to baseline values decreased BUN (Supplemen-
tary Fig. S2M), creatinine (Supplementary Fig. S2N), K
(Supplementary Fig. S2K), and ALP (Supplementary Fig.
S2D) values observed for NHPs in the vehicle control and/or
MO032-injected groups were attributed to variability in body
weight and associated differences in food consumption.
Decreased total protein (Supplementary Fig. S2Q) and/or
albumin (Supplementary Fig. S20) in vehicle control- and/
or M032-injected groups were attributed to protein loss
occurring from blood collection. Increased glucose (Sup-
plementary Fig. S2R), cholesterol (Supplementary Fig.
S2H), and triglycerides (Supplementary Fig. S2I) and vari-
ability in sodium (Supplementary Fig. S2L) and chloride
(Supplementary Fig. S2J) values observed for NHPs in the
vehicle control- and/or M032-injected groups were attrib-
uted to variability in fasting periods before blood collection
(overnight fasting for baseline time point; variable fasting
for other time points).

Significant increases in cholesterol levels were observed
in both M032 treatment groups on days 10 (p<0.01) and
14(p<0.05), compared with saline-treated NHPs. However,
there was no significant difference in the levels between the
two MO32-treated groups. These increases likely reflect
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FIG. 2. Hematology. Blood samples for hematology were ¢
injection of saline or M032. After injection on day 1, sampl

ollected from each NHP during the week before intracerebral
es were collected on days 3, 10, 14, 31, and 91. Among the

measurements carried out (A) white blood cells, (B) red blood cells, (C) hematocrit, (D) hemoglobin, (E) platelets, (F)
reticulocytes, (G) neutrophils, (H) lymphocytes, (I) monocytes, (J) eosinophils, (K) basophils, and (L) large unstained
(myeloperoxidase negative) cell counts are presented. Blood samples obtained from one male NHP before moribund

euthanasia on day 16 are depicted as ““X’’ in each plot. Error

bars represent mean = SD. Preadministration to day 3; vehicle

(n=6), M032 (n=12/dose). Days 4-31; vehicle (n=4), IE6 M032 (n=8), 1E8 M032 (n=7 or 8; 1 animal euthanized

moribund on day 16). Days 32-91; vehicle (n=2), 1E6 M03

variability in fasting periods before blood collection, or
acute phase responses to infection, which are associated
with alterations in the metabolism of lipids and lipoproteins,
including cholesterol (Khovidhunkit et al., 2004; Feingold
et al., 2010). Of note, elevated cholesterol levels were
previously demonstrated in A. nancymae after intraprostatic

2 (n=4), 1IE8 M032 (n=3).

injection of an oHSV (Varghese et al., 2001). Other vari-
ability observed in clinical chemistry values was too spo-
radic in occurrence to be clearly M032 related.

No clear changes in coagulation values were observed for
NHPs administered M032; however, procedure-related in-
creases in fibrinogen values (=50% higher than baseline
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values; range of 51-150% higher) were noted for all 5 male
NHPs and 4/5 female NHPs assessed on day 3 (data not
shown).

Macroscopic evaluation. Although one male NHP (#907)
in the high-dose MO032 group was euthanized ahead of
schedule, because of morbidity on day 16, all other NHPs in
vehicle control and both M032 cohorts were euthanized ac-
cording to schedule on days 3, 31, and 91. A complete gross
necropsy examination was performed on each animal, and a
summary of the macroscopic observations for each dose group
is listed in Supplementary Table S1. Hemorrhage of the brain
meninges was noted in 1 female in the 1x 10° pfu/NHP dose
group and 1 male and 1 female in the 1x 10° pfu/NHP dose
groups, but only among animals euthanized on day 3. The
carcass and thymus of the moribund animal euthanized on day
16 were noted as “‘thin,”” likely because of generalized men-
ingitis, although this was characterized as mild by histologic
criteria. On day 31, the skin of male or female NHPs injected
with M032 at 1x 10° or 1 x 10® pfu/NHP was also observed to
be gelatinous at the surgical site, but these lesions resolved in
the other NHPs by day 91. A number of other macroscopic
findings, including discoloration of the kidney, lung, and small
intestine, or enlarged heart, spleen, or testis, were sporadically
noted among animals on various days of the study, but their
incidence and severity did not follow a dose-related pattern
and were therefore not considered to be related to M032 ad-
ministration.

Microscopic evaluations. Inflammatory changes associ-
ated with the intracerebral administration of M032 (sum-
marized in Supplementary Table S2) were observed in the
motor cortex, pons, and medulla, as well as the skin at the
surgical site. Microscopic findings in the brain, mainly re-
stricted to minimum-mild levels of inflammation, were
greatest on days 3 and 31 in the 1 x 10° and 1 x 10® pfu/NHP
dose groups, with minimal inflammation observed on day
91. Parasagittal sections of the cerebrum from representative
animals in each cohort are depicted in Fig. 3. The inflam-
mation observed consisted of minimum to mild chronic or
mixed acute and chronic inflammation of the meninges,
chronic (lymphoplasmacytic) inflammation and gliosis of
the neuropil, and fibrosis of the meninges. Inflammation in
the meninges and neuropil was also observed on the side of
the brain contralateral to the injection site, suggesting pos-
sible diffusion of M032 and/or IL-12 across the brain after
injection.

Mild to moderate perivascular inflammation was ob-
served in the motor cortex of a single NHP (#920) treated
with 1 x 10® pfu/NHP M032 on day 3 (Fig. 4A), and in both
treatment groups on day 31 (#919 and #911; Fig. 4B and C).
Gliosis was also observed in the motor cortex of two female
NHPs (#919 and #923) in the 1x 10° pfu/NHP M032 dose
group and 1 male NHP (#911) in the 1x 10® pfu/NHP M032
dose group, but only on day 31 (Fig. 4D). Whereas fibrosis
was observed in the meninges of the medulla and pons of
approximately half of the M032-injected animals, fibrosis in
the motor cortex meninges was observed in both M032- and
saline-injected animals. The limited inflammation and fibrosis
noted in the brains on day 91 suggests that they resolve with
time. In a previous study, perivascular inflammation and
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gliosis were reported along the needle track after admin-
istration of G207 to Aotus (Hunter et al., 1999), but not to
the same degree as observed in our study, which is con-
sistent with an inflammatory response mediated by IL-12
expression.

Inflammation, fibrosis, epidermal hyperplasia, hyperker-
atosis, mineralization, and ulceration were also evident in
the surgical sites of male and female NHPs in both M032-
dose groups, but were only observed for animals sacrificed
on day 31. Overall, the microscopic observations between
male and female NHPs in each group were similar, but
a dose-related response to M032 administration was not
detected.

In the NHP euthanized early on day 16 (#907), general-
ized chronic meningitis was observed in the analyzed sec-
tions of the brain (motor cortex, medulla oblongata, and
pons) and spinal cord (cervical, thoracic, and lumbar).
Gliosis and chronic inflammation of the neuropil of the
motor cortex was also observed in NHP #907. Whereas the
pathologist’s general assessment of this animal reported
widespread, but low-level inflammatory changes in the
CNS, the inflammation within individual brain sections was
described as mild, multifocal inflammation, consistent with
meningoencephalitis (Supplementary Fig. S3A-F). No mi-
croglial nodules, neuronophagia, or viral inclusions were
observed, as would be expected in acute herpes simplex
encephalitis in humans (Kennedy et al., 1988) and has been
reported in Aotus (Hunter et al., 1999; Todo et al., 2000).
Compared with animals at day 3, the reduced viral genome
levels and similar biodistribution patterns also suggest a lack
of active M032 replication, which, if present, would have
been lethal to all of the M0O32-treated animals. There was
also no evidence of an acute neutrophil response, as occurs
in a bacterial CNS infection. Instead, the inflammatory in-
filtrate was chronic in nature, consistent with the histopa-
thology findings of the animals scheduled for sacrifice on day
3 and 31, and consisted primarily of lymphocytes and plasma
cells. Thus, the pathology in this NHP may have been M032-
related, associated with a secondary infection acquired during
surgery, or a manifestation of another concurrent illness. In
this regard, A. nancymae are susceptible to a wide variety of
illnesses in captivity and it is not uncommon to have to eu-
thanize control NHPs when undertaking such studies (Gozalo
et al., 1990; Lowenstine, 2003).

qPCR-based detection of M032 levels and distribu-
tion. After intracerebral administration, the biodistribution
of M032 was evaluated in group 1 (vehicle) and group 3
(1x10® pfu M032) NHP tissues obtained on days 3, 16, 31,
and 91 at necropsy. As shown in Fig. 5, HSV DNA was
detectable in multiple tissues obtained from the MO032
treated NHP. The highest levels of HSV DNA were ob-
served on day 3 in tissues obtained from the injection site
(2.76x10° to 7.93x10° copies/ug gDNA), motor cortex
(4.57x10° to 4.40x 10° copies/ug gDNA), pons/medulla of
the brain (1.74x10% to 4.48 x 10* copies/ug gDNA), and
spinal cord (3.72x10% to 9.42 x 10* copies/ug gDNA) (Fig.
5A). Viral DNA was also detected in blood and CSF col-
lected from all 4 M032 treated NHPs euthanized on day 3.
The relative tissue distribution of HSV DNA was similar
among treated animals on each day of scheduled necropsy
(day 3, 31, or 91). With the exception of the spleen, the
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FIG. 3. Parasagittal sections of the
cerebral cortex of representative
animals in each cohort (10X mag-
nification, scale bar =200 um).

FIG. 4. Inflammatory changes in
MO032-treated animals. (A-C) Mild
to moderate perivascular inflam-
mation observed in parasagittal
cerebrum sections of some NHP
treated with (A) 1x10® M032 on
day 3, (B) 1x 10° M032 on day 31,
and (C) 1x10® M032 on day 31.
Minimum to mild gliosis was ob-
served on day 31 in some MO032-
treated NHP. (D) Minimum gliosis
of an NHP treated with Ix10®
MO032 on day 31. Scale bars: 20 %,
100 um (A, B, D); 10x, 200 um (C).

Saline

1x10° M032

1x10% M032
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FIG. 5. Viral biodistribution over time. The biodistribu-
tion of M032 after intracerebral administration was evalu-
ated in NHP groups 1 (vehicle) and 3 (1 X 10® pfu M032).
Plots are organized into (A) central nervous system tissues,
including the injection site, motor cortex, pons/medulla
oblongata (med), cerebral spinal fluid (CSF), and spinal
cord; (B) lymphatic tissues (Bronch LN, bronchial lymph
node; Man LN, mandibular lymph node; Mes LN, mesen-
teric lymph node); and (C) peripheral tissues. PCRs were
monitored for contamination and the ability to amplify DNA
through the use of both negative and positive control primer
and probe sets within each reaction. The quality of samples
was monitored by spiking one replicate of each sample with
50 copies of M032 vDNA and through the use of an internal
amplification control. Data points represent the mean copy
number of two replicates in each tissue per ug of gDNA (or
per 90 ul for CSF). Less than 5 copies per pug gDNA re-
presented the limit of detection. Horizontal bars represent
the mean. Values obtained from the tissues of male NHP
#907 euthanized moribund on day 16* are represented as
“X.” PCRs, polymerase chain reactions.
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levels of HSV DNA decreased over time. Although reduced
on day 91, HSV DNA was still present in the injection site,
pons/medulla, motor cortex, spinal cord, CSF, blood, and
other tissues, including the mandibular lymph nodes and
spleen. These latter findings were indicative of systemic
distribution of HSV DNA, presumably as a consequence of
initial passage into the CSF with subsequent distribution to
tissues.

The presence of HSV DNA in the tissues comprising the
reticuloendothelial system supported the hypothesis that the
hematological changes and histopathological findings in-
duced by M032 were reflective of an immune response to
the virus and/or IL-12. Previous reports of oHSV biodis-
tribution after intracerebral administration to Aofus were
based on nonquantitative PCR measurements (Todo et al.,
2000; Markert et al., 2012), which may lack the sensitivity
needed to detect the low levels of HSV DNA we observed in
non-CNS tissues. Although the total HSV DNA levels de-
tected in the spleen were orders of magnitude less than
levels detected in CNS tissues, there was a trend toward
increasing HSV DNA levels with time. This was consistent
with the presence of HSV DNA in blood on day 91 and the
role of the spleen as the primary ‘“filter” of antigens in
blood. In fact, the HSV DNA load in each animal decreased
with time, as indicated by decreased copy numbers detected
in most tissues.

Conclusions

Despite preclinical studies demonstrating safety and ef-
ficacy of M002, the potential exists for the generation of an
unfavorable immune response using a murine cytokine in
humans and therefore led to the construction of M032, an
oHSV expressing human IL-12. The studies described
demonstrate the safety and biodistribution data for the hu-
manized M032 virus. Compared with saline-injected con-
trols, all animals injected with M032 showed a characteristic
CNS inflammatory change associated with MO032 and/or
MO032-mediated expression of the proinflammatory cyto-
kine, IL-12. There was one untoward event in the 1x 108
pfu/NHP dose group; however, the pathologic findings did
not show evidence of acute HSV-mediated encephalitis in
this animal and did not differ from CNS changes in the other
animals administered M032. Clinical evaluation of M032 is
anticipated to begin as a phase I dose escalation trial in the
near future. These preclinical safety studies have established
that Aotus tolerate 1x 10° pfu/NHP (equivalent to ~5x 10’
pfu in humans) and potentially as high as 1x 10® pfu/NHP
(equivalent to ~5x10° pfu in humans). While one NHP
(#907, day 16) did become moribund at the highest dose
level, no attempt to rescue the animal using antiviral drug
(e.g., acyclovir) administration was attempted. Should such
toxic symptomatology be evident in humans, both viral
replication and further expression of IL-12 could likely be
halted by administration of acyclovir, as M032 is intact for
the HSV thymidine kinase gene and has demonstrated sen-
sitivity to acyclovir comparable to wild-type HSV, as pre-
viously reported (Markert et al., 2012). Further, phase I
clinical trial evaluation of M032 proposes an initial dose of
1x 105, which is 500 times lower than the equivalent dose
established as safe in Aorus. These data support consider-
ation of M032 for entry into phase I evaluation.
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