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Bioavailability, Biodistribution, and CNS Toxicity of
Clinical-Grade Parvovirus H1 after Intravenous and
Intracerebral Injection in Rats

Karsten Geletneky,">” Anne-Laure Leoni,® Gabriele Pohlmeyer-Esch,* Stephanie Loebhard,’ Barbara Leuchs,® Constance Hoefer,®
Karin Jochims,” Michael Dahm,® Bernard Huber,® Jean Rommelaere,® Ottheinz Krebs,® and Jacek Hajda®

The autonomous parvovirus H1 (H1PV) is transmitted in rodent populations. The natural host is the rat, in which H1PV infection
is pathogenic only in fetuses and newborns. HIPV infection of human cancer cells leads to strong oncolytic effects in preclinical
models. In preparation for a clinical trial of HIPV injection in patients with malignant brain tumors, HIPV had to be prepared
to Good Manufacturing Practice standards, including extensive toxicology testing in rats. Because the trial involves direct intra-
cerebral injection of HIPV into the tumor and around the resection cavity, possible toxicity to CNS tissue had to be investigated.
In addition, quantitative blood levels and the tissue distribution of HIPV after single intracerebral or intravenous injection were
measured. Direct injection of HIPV into rat brain at 3 dose levels (maximum, 7.96 X 107 pfu) did not cause any macroscopic or his-
tologic pathology. Furthermore, HIPV infection of the brain did not alter central or autonomous nervous system function. HIPV
DNA was detected in almost all organs at 6 h, 48 h, and 14 d after intravenous and intracerebral injection, with the highest levels
in liver and spleen. H1PV concentrations in most organs were similar after intravenous and intracerebral injection, indicating high
permeability of the blood-brain barrier for this small virus. The current results demonstrate wide organ distribution of HIPV after
intravenous or intracerebral injection, confirm that H1PV is nonpathogenic in adult rats even after direct injection into the brain,
and form the basis for the ongoing ParvOryx01 clinical trial.

Abbreviations: H1PV, parvovirus H1; GMP, good manufacturing practice; LLOQ, lowest limit of quantification; VG, viral genomes.

Parvovirus H1 (H1PV) is a small single-stranded nonenvel-
oped DNA virus of 5.1 kb that belongs to the family Parvoviridae.
The natural host is the rat but, similar to other related parvovirus-
es, HIPV can infect and replicate in cells of various other species,
including humans.* However, a systematic screening of species
susceptible to HIPV infection has not yet been performed.* In its
natural host, HIPV is pathogenic only in newborns and is em-
bryo- and fetotoxic. The detrimental effects on progeny depend
on the age at infection: whereas rats inoculated with HIPV during
the ovular preimplantation period do not reveal any reproductive
impairment, infection of dams in the middle of the gestational
period typically results in fetal death. When infected during late
gestation or within the first few days after birth, the progeny fre-
quently develop the so-called ‘osteolytic syndrome,” character-
ized by dwarfism and various mongoloid-like features.!017182
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Because H1PV is readily transmitted in rodent populations
in the absence of natural immunity, laboratory animals are rou-
tinely tested for the presence of antiH1PV antibodies. Antibodies
to HIPV were found in 10.4% of rats caught from feral popula-
tions.® To our knowledge, there is currently no detailed informa-
tion about the bioavailability and tissue distribution of HIPV
after natural or experimental infection in vivo, although the route
of virus excretion is known to follow fecal and oronasal routes."®

In addition to being a naturally occurring virus in the rodent
population, HIPV has oncosuppressive properties, inhibiting
the formation of spontaneous as well as chemically or virally in-
duced tumors in laboratory animals.**** More recent investiga-
tions demonstrated the direct oncolytic potential of the virus in
a number of cancers."?”?> H1PV infection of tumor cell cultures,
including human tumor cells, and of experimental tumors in vivo
led to efficient cell killing and tumor regression.'* The parvoviral
cytotoxicity is attributed, at least in part, to the viral regulatory
nonstructural protein NS1, and the smaller nonstructural protein
NS2 may modulate NS1 cytotoxicity. One promising tumor entity
in which HIPV showed strong oncolytic effects is malignant brain
tumors (specifically, glioblastoma).”® The encouraging rates of
complete remissions after intratumoral or intravenous HIPV in-
jection of rats bearing large intracranial gliomas provided the ra-
tionale for a clinical trial in patients with recurrent glioblastoma.'?
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For clinical use, an H1 virus stock conforming with the stan-
dards of Good Manufacturing Practice (GMP) had to be avail-
able. To comply with GMP requirements, the purity, infectivity,
and stability of the virus preparation had to be demonstrated
by the manufacturer. Furthermore, prior to injection in patients,
this GMP virus preparation had to undergo extensive nonclini-
cal safety testing. To support the clinical phase I protocol, which
includes intravenous infusions as well as direct injection of HIPV
into brain tumors, both routes of administration were included in
the test protocol. Due to the permissiveness for H1PV infection
and replication, rats were defined as the appropriate and suffi-
cient species in which to investigate the potential toxicity profile
of H1PV. This species selection was approved by the regulatory
authority (Paul-Ehrlich Institut, Langen, Germany).

This report focuses on (1) the tissue availability and biodistri-
bution of H1PV after single intravenous and intracranial injection
and (2) the potential CNS toxicity of HIPV after direct injection
into the rat brain. The results from these studies, along with those
of additional studies after single- and repeated-dose administra-
tion (reported elsewhere),”> were mandatory for the regulatory
approval of the clinical trial (ParvOryx01) that started in October
2011. In addition to providing safety information of direct clinical
relevance, the data offer insights into the biology of HIPV in its
natural host (rats), including organ distribution, relative organ
concentration, penetration of the blood-brain barrier, viral shed-
ding, and infection-associated behavioral changes. Because the
data were generated with purified virus under highly controlled
test conditions, the results add valuable information to the un-
derstanding of HIPV infection in its natural host. In addition,
making these results available may help to reduce the number
of future animal experiments in this or related areas of research.

Materials and Methods

Test material. Replication-competent wild-type HIPV was pro-
duced to GMP grade by IDT Biologika (Dessau, Germany, Batch
no. 0090810). HIPV production was performed according to a
modified standard protocol that was adapted to GMP require-
ments and large-scale production. In brief, HIPV was propagated
in human newborn kidney cells (NB324K) and purified by iodixa-
nol density-gradient centrifugation.” Infective particles were quan-
tified by plaque-forming assay. The virus titer of HIPV in the test
batch used for all animal experiments was 7.96 x 10° pfu/mL.

All test-item formulations were prepared as stock solutions and
stored as aliquots at approximately —80 °C until use. Repeated
freezing and thawing of the aliquots was avoided. HIPV formula-
tions were tested for the concentration of viral genomes (VG) by
PCR and for pfu by plaque assay. All injection doses were fully
infective at the time of injection. The ratio of VG to pfu was ap-
proximately 1x 10° Test item formulations remaining after indi-
vidual in vivo administrations were discarded.

Virus formulation for bioavailability testing. All rats received the
same dose of 7.96 x 107 pfu. For intravenous administrations, 650
uL H1PV stock was diluted with 5850 uL 48% iodixanol in Ringer
solution (batch 290410; refraction index, 1.41 + 0.01). For intracere-
bral administration, aliquots of undiluted virus stock were used.

Virus formulation for investigation of adverse CNS effects. In-
tracerebral H1PV injection was performed at 3 dose levels: 7.96 x
107 pfu (high dose), 7.96 x 10° pfu (intermediate dose), and 7.96 x
10° pfu (low dose). For the high-dose group, aliquots of undiluted
HIPV were prepared. For intermediate-dose group, 40 pL HIPV
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was added to 360 UL 48% iodixanol in Ringer solution. For the
low-dose group, 40 pL of the intermediate-dose H1PV solution
was diluted with 360 uL 48% iodixanol in Ringer solution. The
rats in the control group were injected with vehicle only (48%
iodixanol in Ringer solution).

Preparation of chlorpromazine and p-amphetamine. Chlor-
promazine (60 mg; batch 097K2503, Sigma, Taufkirchen, Germa-
ny) was diluted in a final volume of 30 mL of sterile water (batch
04002D, Delta Select, Munich, Germany). b-Amphetamine (54
mg; batch 058K3350, Sigma) was diluted in a final volume of 27
mL of sterile water (batch 04002D, Delta Select). The final concen-
tration of the active ingredients in the formulation for each sub-
stance was 2 mg/mL. These compounds were used as positive
controls in the modified IRWIN screening procedure.'*"

Animal experiments. For tissue-availability testing, male and
nonpregnant female nulliparous SPF Wistar rats (Crl: WI[Han])
were used. The safety study on potential CNS effects was per-
formed in accordance with ICH Guidance Document M3(R2)° by
using healthy male Wistar rats. All animals were obtained from
a controlled full-barrier breeding system (Charles River, Sulzfeld,
Germany) and tested against viruses, including H1 parvovirus,
bacteria, and parasites (complete list of tested agents available
at http:/ /www.criver.com/HealthData/de/H64W090R.pdf). At
the beginning of the studies, rats were 8 to 12 wk old. All animals
were bred for experimental purposes according to Article 9.2,
Number 7 of the German Act on Animal Welfare.’

The studies were conducted by BSL Bioservice (Munich, Ger-
many). All experiments complied with the German Acts on
Animal Welfare (Tierschutzgesetz, July 2009),° Good Laboratory
Practices,” and Infection Protection (Infektionsschutzgesetz, Jan-
uary 2001).* Licenses to handle parvovirus H1 and to conduct
acute and repeated-dose toxicity studies were granted to BSL Bi-
oservice by the government of Upper Bavaria, Munich, Germany.

Housing and feeding conditions. Rats were housed under
full-barrier conditions in an air-conditioned room (10 air chang-
es hourly) at 22 + 3 °C, relative humidity of 55% *+ 10%, and a
12:12-h photoperiod. Animals had free access to a commercial
maintenance diet for rats and mice (lot number 1020, Altromin
1324, Altromin, Lage, Germany) and to tap water that was sulfur-
acidified to pH 2.8 (approximately). Rats were housed individu-
ally during biodistribution testing but were group-housed for the
CNS safety study, unless an animal’s health status necessitated
individual housing. All rats were kept in individually ventilated
cages (type III H polysulfone cages with sawdust bedding and
polycarbonate tunnels for enrichment) to avoid cross infection
between animals. Cages with fresh bedding were provided every
week. Rats were acclimated for at least 5 d before experiments
began.

Test groups. Biodistribution study. This study population com-
prised 36 female and 36 male Wistar rats, which were divided
into 3 groups according to the time point of terminal euthanasia
(6 h, 48 h, or 14 d after the single dose). Each of the 3 groups was
subdivided in 2 subgroups based on the route of administration
(either intracerebral or intravenous). Prior to the first administra-
tion, a detailed clinical observation was performed on each ani-
mal. The test item was administered either as a single intravenous
(volume, 100 pL) or intracerebral (volume, 10 puL) injection. All
rats received the same dose of 7.96 x 10" pfu HIPV.

Safety study on potential CNS effects. The CNS safety study
involved 48 male rats, which were divided into 6 groups of 8
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animals each. Prior to the first administration, a detailed clinical
examination was performed on each animal. One group each re-
ceived either vehicle only intracerebrally; 7.96 x 107 pfu, 7.96 x 10°
pfw; or 7.96 x 10° pfu H1PV intracerebrally; oral chlorpromazine;
or oral p-amphetamine. For rats in the HIPV and vehicle groups,
the total volume injected was 10 puL. The reference items chlor-
promazine and p-amphetamine each were given as a single oral
dose of 20 mg/kg in water at an application volume of 10 mL/kg.

Modes of administration. Intravenous administration was per-
formed in conscious, restrained rats as a slow bolus injection in
the tail vein.

Intracerebral administration was performed in isoflurane-anes-
thetized rats. Animals were placed on a homeothermic blanket,
with the head placed in the stereotaxic frame (DKI 900, David
Kopf Instruments, Tujunga, CA). The head was shaved and disin-
fected with iodine solution. After midline skin incision, the skull
was punctured with a 20-gauge needle 1 mm anterior to the junc-
tion of the sutura coronalis and the sutura sagittalis and 2 mm
lateral to the right. A 10-uL Hamilton syringe was mounted to
the stereotactic frame and inserted 6 mm below bone level. Prior
to injection, the needle was retracted by 1 mm. The test item was
injected slowly, at a rate of approximately 1 pL/min, for a total
volume of 10 pL. After administration, the needle was left in place
for approximately 2 min to allow for further diffusion of the test
item from the application site. The syringe then was removed
slowly, at approximately 1 mm /min. The incision site was su-
tured, and the rat returned to its cage for recovery. No postopera-
tive analgesics were administered.

Mortality check and clinical observation. Rats were monitored
for 6 h, 48 h, or 14 d after dosing in the biodistribution study and
for 48 h in the CNS toxicity study. The animals were checked
twice daily for clinical symptoms or death. Any signs of illness
before, during, or after administration or reaction to treatment
were recorded.

Body weight. In both studies, body weight was measured be-
fore administration and at time of euthanasia for the HIPV and
vehicle-only groups. Rats in the chlorpromazine and p-amphet-
amine groups were weighed before administration only.

Sampling for qPCR evaluation. For the biodistribution study, 24
rats were placed in metabolic cages the day before HIPV admin-
istration to enable the collection of urine, feces, and saliva. From
72 rats (3 groups of 24 rats; 12 per route of administration, serial
interim blood samples were obtained from subgroups of 3 male
and 3 female rats at each time point for each route of administra-
tion (intravenous and intratumor). Rats in the first group were
sampled at 0 min, 15 min, and 2 h, with all 24 rats sampled at 6 h
(at euthanasia); rats in the second group were sampled at 0 min,
30 min, 12 h, and 24 h (6 rats each time point), with all sampled
before euthanasia at 48 h; and rats in the final group were sam-
pled at 0 min and days 4, 7, 10, and 14 (at euthanasia).

All blood samples (400 pL) were obtained from the jugular vein
of isoflurane anesthetized rats. Blood was collected in heparin
lithium tubes. In addition, feces, saliva, and urine were collected
on the same day as blood-sampling from the rats sampled on
days 4, 7, and 10.

For qPCR quantification of HIPV viral genomes, samples of
blood (treated with heparin), brain, heart, ovaries, lung, liver,
spleen, kidney, mandibular lymph nodes, mesenteric lymph
nodes, pancreas, prostate, mammary, bone marrow, feces, and
urine were collected at euthanasia. Feces were collected by sam-
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pling from the colon, and urine was obtained by cystocentesis.
Saliva was collected by using cotton swabs (Catch-All Sample
Collection Swabs, Epicentre, Madison, WI). All samples were fro-
zen in liquid nitrogen and stored at —80 °C (saliva swabs were
stored below —20 °C) until processing and analysis.

qPCR procedure. After thawing, the required amounts of or-
gans and feces were weighed and cut into small pieces. Saliva
swabs were cut off the applicators. Blood samples were analyzed
as whole blood, without separation of serum and buffy coat.

DNA was extracted by using various kits (Qiagen, Venlo, Lim-
burg, The Netherlands) and Quick Extract DNA Extraction Solu-
tion (Epicentre), with minor modifications; a validation study was
performed.

The reference virus suspension was diluted in 10 mM Tris HCI
pH 7.5 before spiking with virus of the calibration and quality-
control samples as necessary. Each calibration curve consisted of 2
negative-control samples and 7 duplicate samples corresponding
to target concentrations of 5 x 107 (1.25 x 107 for saliva), 5 x 10°, 5 x
10°,5x10% 5% 103, 5 x 10% and 3 x 10* to 5 x 10" VG per PCR reac-
tion, depending on the validated method for each sample type.

The master mix per 20-uL reaction (final volume) contained 3.35
pL PCR-grade H,0; 10 pL LightCycler 480 Probes Master (Roche,
Mannheim, Germany) 2%, 0.55 pL FW-H1 (40x, 10 uM; 5" GCG
CGG CAG AAT TCA AAC T 3’), 0.55 uL Rev-H1 (40%, 10 uM; 5-
CCA CCT GGT TGA GCC ATC AT 3'); and 0.55 puL probe H1 (40x
10 uM; 5-6-FAM-ATG C5*G CC5* G5*C 5*GT TA TAMRA 3’ [*
indicates a ‘locked nucleic acid’]). Aliquots (0.15 pL) of the master
mix were added to each well of a LightCycler multiwall plate, after
which 5 pL of the DNA extract was added. Cycling parameters
were 95 °C for 10 min; followed by 45 cycles of 95 °C for 15 s, 60 °C
for 60 s; and concluding with 40 °C for 10 min.

Assessment of central and autonomic nervous system function
(CNS toxicity study only). In the safety study on potential CNS
effects, neurologic examination according to a modified IRWIN
screening procedure and observation of spontaneous activity in
the open field was performed before and at and 48 h after single
intracerebral administration of HIPV or vehicle.'*** Rats receiving
positive-control compounds (chlorpromazine and D-amphet-
amine) were observed before and at 1 h (except ophthalmoscopy),
2 h, and 24 h after administration.

The examination included a brief homecage observation, rat-
ing of the reactivity to removal from the cage and handling, and
assessment of salivation, lacrimation, exophthalmos, respiration,
piloerection, and changes in skin or mucous membranes.

After a rat acclimated for 2 min in the open field, the arousal
level (alertness), behavior, locomotor activity and gait charac-
teristics were recorded. The numbers of supported (using the
borders of the open field as support) and unsupported (unas-
sisted) rears were counted separately. In addition, fecal boluses
and pools of urine were counted. Any twitches, tremors, sei-
zures, and unusual behavior or stereotypies were noted, if pres-
ent. Reactions to a touch on the head and tail and toe pinches
were noted. Extensor thrust, flexion reflex, equilibrium, posi-
tional passivity, visual placing, grasping reflex (together with
grip strength), righting reflexes, and auditory startle response
were tested. Pupil response to light was tested, and the anterior
eye chamber as well as the fundus of the eye were examined
after topical use of a mydriatic (batch 240051, Atropin-Pos, Ur-
sapharm, Saarbriicken, Germany). Body temperature was mea-
sured after all examinations had been done.
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Pathology (CNS toxicity study only). In the safety study on
potential CNS effects, all rats were euthanized by pentobarbital
overdose (Narcoren, Merial, Hallbergmoos, Germany) at the end
of the observation period (48 h). Rats in the H1PV and vehicle
groups underwent gross necropsy, including examination of the
brain. Subsequently, the brain was preserved in 10% neutral buff-
ered formalin for histopathologic evaluation. The pathologic ex-
amination was performed without blinding of the pathologist to
the treatment groups.

Histopathology (CNS toxicity study only). Histopathologic
evaluation of all euthanized rats in the HIPV and vehicle groups
was done without blinding of the pathologist to the allocation of
animals.

Brains fixed in 10% neutral buffered formalin were sent from the
test facility to Propath UK (Hereford, England, UK) for histologic
processing. Each brain was dissected by using the RBM-4000C
coronal brain matrix (Activational Systems, Mableton, GA). This
matrix has 24 divisions (1 mm each), and each brain was cut at divi-
sions 3, 6,9, 12, 15,18, 21, and 24 to provide 8 coronal sections. After
paraffin embedding, sections of approximately 4 to 5 um thickness
were stained with hematoxylin and eosin. Injection-site—associated
lesions were graded by a board-certified pathologist (GPE).

Results

Bioavailability of H1PV after intravenous or intracerebral injec-
tion. Bioavailability data were obtained until 14 d after single in-
tracerebral or intravenous administration of 7.96 x 107 pfu HIPV
to Wistar rats. Three groups, each consisting of 12 adult male and
12 adult female Wistar rats and differing according to the time
of euthanasia after injection (6 h, 48 h, or 14 d), were evaluated;
each of these groups was subdivided according to the route of
administration.

The highest concentrations of HIPV in blood were observed at
the first sampling time point (that is, 15 min), regardless of route
of administration. The pharmacokinetic profiles for both routes
(intravenous and intracerebral) followed a biphasic decline, with
rapid elimination and distribution phases and a flattened termi-
nal phase (Figures 1 and 2). At 15 min after administration, blood
concentrations of HIPV (in no. of VG/uL) appeared to be higher
after intravenous compared with intracerebral injection. At all
later time points, blood concentrations did not differ between
administration routes. Quantifiable levels of viral DN A were still
detectable in blood at the last sampling time point (14 d after dos-
ing) in 9 of the 12 rats given intracerebral injections and in 7 of the
12 animals dosed intravenously.

The calculation of bioavailability after intracerebral administra-
tion of 7.96 x 107 pfu HIPV yielded the values of 42% for male rats
and 97% for female rats (Table 1). In general, there was high inter-
individual variability in HIPV blood concentration, regardless of
mode of administration. Maximal concentrations were detected
at 0.5 to 2 h after dosing, indicating that HI1PV distributed to the
blood compartment within a relatively short time after adminis-
tration into the brain.

The peak blood levels were slightly higher in female rats, but
overall exposure was comparable between sexes. Given that the
overall blood exposure after intracerebral dosing was similar
between male and female rats, the calculated difference in the
mean bioavailability between both sexes appears to be related to
the determination of the blood concentrations after intravenous
administration and thus most probably owing to the high vari-
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Figure 1. (A) HIPV concentration in blood after a single intravenous
administration of 7.96 x 107 pfu to male and female Wistar rats (1 = 3
at each time point, except 1 = 6 rats of each sex at 6, 48, and 336 h). (B)
H1PV concentration in blood after single intracerebral administration of
7.96 x 107 pfu to male and female Wistar rats (1 = 3 at each time point,
except 1 = 6 rats of each sex at 6, 48, and 336 h).

ability of the individual values. Therefore, despite the calculated
difference, similar intracerebral bioavailablity in both sexes can
reasonably be assumed (Table 1).

Biodistribution of H1PV after a single intracerebral or intrave-
nous dose. Samples of brain, lung, liver, spleen, kidney, mandibu-
lar and mesenteric lymph nodes, pancreas, prostate, mammary
gland area, bone marrow, and myocardial tissue were collected
at 6 h, 48 h, and 14 d after injection from male and female rats
after intracerebral or intravenous administration of 7.96x 107 pfu
HIPV. Viral DNA was detected by qPCR in all tested organs and
tissues analyzed (Table 2). The highest concentrations of viral
DNA were found in liver and spleen at 6 h after HIPV adminis-
tration. The lowest concentrations were in lung, mammary gland,
and prostate samples. In most tissue types, viral DNA (no. of VG)
decreased slightly over time. No decrease over time was detected
in lung samples. In some animals, viral DNA was still detectable
in the entire panel of organs tested 14 d after injection.

The pattern of viral concentration over time depended on the
route of administration in 2 tissues only. As expected, higher
concentrations were present in the brains of rats that received
intracerebral injections of HIPV compared with those exposed
by intravenous administration. This difference was still apparent
even at 14 d after treatment. Moreover, viral DNA concentrations
in mandibular lymph nodes at 6 h were higher after intracerebral
compared with intravenous injection. This difference was not
apparent in mesenteric lymph nodes. There was no overt sex-
associated difference in the organ distribution of HIPV in rats.
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Figure 2. Coronal brain sections (magnification, 4x) showing intracerebral injection channel in rats treated (A) with vehicle only or (B) 7.96 x 10° pfu,
(C) 7.96 x 10° pfu, or (D) 7.96 x 107 pfu H1PV. (E) Parenchymal hemorrhages and focal minimal vasculitis (asterisk) in a rat treated with vehicle only
(magnification, 20x). (F) Mild meningeal inflammatory cell infiltrates (arrows) and a small area of encephalomalacia (asterisk) near the injection chan-
nel in a rat treated with 7.96 x 10° pfu HIPV (magnification, 10x).

Excretion of H1PV after a single intracerebral or intravenous Moderate concentrations of viral DNA were found in feces within
dose. A single intracerebral or intravenous administration of 14 d after injection of HI1PV. Neither the route of administration
HIPV (7.96 x 107 pfu) yielded at most trace amounts of viral DNA nor sex of the rats seemed to affect the amount of HIPV that was
in urine and saliva when evaluated as long as 14 d after dosing. shed (Table 3).
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Table 1. Mean blood pharmacokinetics of HIPV in Wistar rats after a single intracerebral or intravenous administration of 7.96x 107 pfu

Maximal concentration Time at maximal concen- AUC,, Absolute bioavailability
Route (no. VG/pL) tration (h) (no. VG xh/uL) (%)
Male IC 8.78 x 10* 2.00 4.77 x 10° 42
v 1.64 x 10° 0.25 1.13 x 10° not done
Female IC 1.53 x 10° 0.50 5.55 x 10° 97

Mortality and clinical observations. None of the HIPV-treated
rats died during the observation period (6 h to 14 d after adminis-
tration), nor did any demonstrate any clinical findings associated
with the viral preparation.

Body weight. Minimal weight loss (6 g or less) was apparent
without any bias regarding sex, route of administration, or treat-
ment group at the 48-h time point in some rats. At 14 d after in-
tracerebral or intravenous administration, all male and female
rats had gained weight compared with baseline. No relevant dif-
ferences in the increase in body weight were seen between rats
treated via the intravenous compared with the intracerebral route
(data not shown).

Potential adverse effects on CNS after intracerebral injection of
H1PV. Mortality and clinical signs. No mortality was recorded af-
ter intracerebral injection of 10 uL H1PV in vehicle (48% iodixanol
in Ringer solution) containing doses of 0, 7.96 x 107, 7.96 x 10°, or
7.96 x 10° pfu HIPV. During the 48-h observation period, no clini-
cal findings specifically related to either the vehicle or HIPV were
noted at any of the 3 dose levels.

CNS functionality. After single intracerebral injection, no rel-
evant differences in functional or behavioral parameters were
apparent in any of the H1PV-treated rats (all dose groups)
compared with vehicle-injected control animals. Observation
included posture, gait, palpebral closure, lacrimation, pilo-
erection, arousal, and vocalization. No convulsions, tremors,
stereotypy, or bizarre behavior were observed in any of the
control or and H1PV-treated groups. No abnormalities in the
numbers of supported and unsupported rears were detected.
Delayed motor responses to pinching of the tail were recorded
in 4 rats of the vehicle-only group. None of the responses to
reflexes were altered compared with pretreatment evaluations
in H1PV-treated rats. Pupillary responses and ophthalmologic
examinations were normal in all animals in both the vehicle
and H1PV rats.

Body temperature and frequency and amount of urination and
defecation were similar between H1PV- and vehicle-injected ani-
mals and did not differ from values before treatment.

Positive control animals behaved as anticipated. Control rats
showed reduced locomotor activity and attention after treatment
with chlorpromazine as compared with prior to treatment. Af-
ter treatment with p-amphetamine, most rats showed expected
symptoms such as excessive salivation and increased response to
handling, including signs of aggressiveness or vocalization.

Macroscopic findings. In the vehicle- and H1PV-injected rats
that underwent necropsy 48 h after administration, gross pathol-
ogy findings in the brain showed evidence of the surgical ap-
proach used for the administration of the virus preparation or
diluent. The application site on the right frontal lobe of the brain
could be identified in all rats except 3 in the vehicle-only group.

Macroscopic organ changes were very few and were unrelated
to the test item. In all rats (H1IPV and control groups), abdominal
blood vessels were injected with blood, most likely as a result of

the intraperitoneal injection needed during euthanasia and the
lack of exsanguination at necropsy.

Histopathology. Injection site. In most rats, histologic examina-
tion of the intracerebral injection site showed minimal to marked
hemorrhage, minimal to marked necrosis or malacia, minimal or
mild vasculitis and perivasculitis (Figure 2 E), and minimal to
marked meningeal infiltrates (Figure 2 F). Injection-site—associ-
ated histologic lesions were classified by severity and number
of affected animals (Table 4). Comparison of the group inci-
dences and severity grades revealed that the average severity of
injection-site—associated vasculitis—perivasculitis and meningeal
infiltrates appeared to be slightly higher in rats treated with high-
dose H1PV. The difference was minimal only, and, in view of the
interindividual variation, was not considered to be clear evidence
of a test-item-related adverse effect (Figure 2 A through D). How-
ever, relationship to the injected virus preparation could not be
excluded definitively.

Remote brain parenchyma and meninges. Other histologic brain
findings were diffuse meningeal or parenchymal congestion or
hemorrhage, which was present in most brain sections. No rela-
tionship to the test item could be demonstrated. These changes
therefore were considered to result from the technical procedure
of euthanasia and necropsy without exsanguination.

Discussion

These studies were conducted to address the bioavailability,
biodistribution, and potential CNS toxicity of HIPV as part of
the required toxicology testing during preparation for a clinical
trial in brain tumor patients. All tests were performed in rats,
the natural host of the virus, because this model system is per-
missive for virus replication, possibly enhancing relevant side
effects of HIPV infection. All injections were performed with
highly purified HIPV that was produced to GMP standards, as
is mandatory for clinical use in patients, thus guaranteeing virus
infectivity and purity. Bioavailability and biodistribution were
assessed by qPCR quantification of the number of viral genomes
present. Because H1PV is replication-competent and therefore
has the potential to infect and replicate in normal tissues, viral
nucleic acid levels were quantified to be able to detect relevant
changes. However, because the presence of viral genomes is not
equivalent to the presence of infectious virus particles, these
studies are not suited to assess the infectivity of HIPV-injected
animals.

The investigations revealed valuable information on viral
safety after different routes of administration. In addition, these
studies confirmed that HIPV is nonpathogenic in the natural host
even upon direct intracerebral injection, at least over the time
course and within the limitations of the experimental conditions.
Furthermore, the investigations provide new information on the
biologic properties of HIPV in rats, including the passage of the
virus through the blood-brain barrier, main routes of viral elimi-
nation, and viral shedding. However, because rats are the natural
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Table 2. Concentration of HIPV ((log mean * 1 SD; no. of VG/ug genomic DNA) in tissues after single intravenous or intracerebral administration of
Wistar rats with 7.96 x 107 pfu

IC6h IC48h IC14d IVéh IV48h vV 14d
Male Brain 6.64 +0.58 6.26 +1.10 499+1.13 4.50+0.67 3.67+0.31 3.05+0.56
6 (5) 6(5) 6 6 6 6(5)
Heart 4.99 +£0.62 4.17 £ 8.00 3.29 4.99+£0.91 4.29+0.77 3.62+0.11
6 6 (5) 6 (1) 6 6 (5) 6(3)
Lung 5.49 £ 0.86 5.88£1.05 571+£1.15 6.16 +1.30 6.36 £ 1.51 5.88 +£0.86
6(3) 6 (5) 6 6(3) 6 6(5)
Liver 6.90 £0.62 6.25+1.04 4.83+0.53 7.21+0.45 6.50 £ 0.85 5.09 £ 0.99
6 6 6 6 6 6
Spleen 6.79 £ 0.45 6.31+1.02 5.62+£0.70 7.07 £0.46 6.78 £ 0.65 5.66 +0.87
6 6 6 6 6 6
Kidney 5.80+0.53 5.01+0.97 4.44+0.22 6.06 £ 0.66 5.58 £ 0.64 4.48 +0.94
6 6 6 (5) 6 6 6 (5)
Mandibular lymph node 5.82+1.03 5.16 £ 1.36 3.42+1.34 3.96 £ 0.46 4.26 £0.96 2.66 +1.01
6 6 (5) 6 6 6 6(4)
Mesenteric lymph node 4.49 +£0.95 413+1.24 3.74+1.17 5.41+0.39 5.12+0.87 3.79+0.81
6 6 6 6 6 6
Pancreas 5.30+0.53 4.65+0.45 4.88 £0.65 5.38+0.72 4.71£0.54 3.77+0.71
6 6 6 6 6 6
Prostate 4.39+0.52 3.81+0.76 4.05+0.85 447 +043 442 +0.32 3.43+042
6 6 (4) 6 (5) 6 6 (4) 6 (3)
Mammary 5.1+0.15 4274058 5.54 497 £ 045 5.92+0.78 3.83
4(3) 6(4) 6(1) 5 6(2) 5(1)
Bone marrow 4.95+0.56 449+092 2.97 £0.69 5.05+0.74 4.61+£0.71 3.10+0.68
6 6 6 6 6 6
Female Brain 6.78 £ 0.61 592+ 1.12 6.26 +0.48 447 +0.33 3.48+0.35 2.55+0.79
6(5) 6(4) 6 6 6 6(4)
Heart 4.97 +0.60 413+0.54 3.12+£0.19 4.48+0.76 3.61+0.44 LLOQ
6 6 (4) 6 (4) 6 6 6
Lung 4.82+£0.87 491+1.35 493 +£0.64 4201091 4.71+£0.23 410+ 0.64
6(5) 6(5) 6(5) 6(4) 6 6
Liver 7.35%0.49 6.10 £ 1.58 5.70+0.37 7.14+0.71 6.20+£0.25 4.38+0.22
6 6 6 6 6 6
Spleen 7.14£0.60 6.01 £1.56 6.43+0.26 6.76 £ 0.63 6.20+0.27 5.84 +£0.55
6 6 6 6 6 6
Kidney 6.19+0.74 5.75+0.39 4.89+0.16 6.18+0.74 5.04+0.28 3.67+0.28
6 (5) 6 (4) 6 6 6 6 (4)
Mandibular lymph node 6.30+£0.92 4.61+1.57 3.93+1.73 4.26+0.74 3.56 £0.92 4.36 £ 0.45
6 6 6 6 6 6(2)
Mesenteric lymph node 4.99 +0.64 3.73+1.30 4.66 £ 0.80 441+0.78 3.75+0.76 4.20£0.80
6 6 6 6 6 5
Pancreas 5.39+£0.56 4.80+0.46 4.51+0.33 5.26+0.71 5.03+0.93 4.17+1.12
6 6 6 6 6 5
Mammary 4.81+0.66 453+0.73 4.46 5.33 £ 0.40 412+0.70 LLOQ
6 6(2) 6(1) 6(5) 6(2) 6
Bone marrow 5.75+0.41 440+1.24 3.91£0.55 5.28 £ 0.76 4.53+0.42 2.90+0.50
6 6 6 6 6 6

LLOQ, lower limit of quantification; VG, viral genomes
“No, of samples analyzed (no. of results included in calculation of mean values and standard deviations); values below the LLOQ or above the upper
limit of quantification were not included in the calculation.
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Table 3. Excretion (log mean + 1 SD) of HIPV in feces, urine, and saliva of rats after single administration of 7.96 x 107 pfu

Male Female
Urine Saliva Feces Urine Saliva
Time Feces (VG/mg) (VG/uL) (VG/swab) (VG/mg) (VG/uL) (VG/swab)
Intracerebral 0Oh LLOQ LLOQ 5.14 £ 0.60 1.66 £0.68 LLOQ 4.28
6h 3.11£1.69 1.89+0.24 432+0.13 242 +£1.07 2.10+0.14 448
48 h 3.38+0.56 2.02+0.80 LLOQ 3.95+0.38 2.10+0.85 LLOQ
4d 2.84+0.35 2.23+0.89 4.59 £0.61 2.80+£0.35 1.98 £0.79 5.48 +0.49
7d 2.57+0.26 2.19+0.86 LLOQ 2.78 +0.05 1.93+0.74 LLOQ
10d 2.22+0.57 2.01 4.10 2.75+042 2.27 £0.66 4.27
14d 2.38 +£0.48 LLOQ 4.18 2.11+£0.22 LLOQ LLOQ
Intravenous Oh LLOQ LLOQ 446 +£0.35 LLOQ LLOQ LLOQ
6h 3.03+1.24 143 LLOQ 1.50 £ 0.49 2.01+0.55 441+0.24
48 h 3.26 +£0.80 246+ 134 LLOQ 2.81+0.29 2.04+0.19 LLOQ
4d 3.00£0.95 1.62£0.18 5.05 2.21+0.27 2.28 £0.65 LLOQ
7d 2.96 £ 1.06 LLOQ LLOQ 2.59 £0.26 1.93 LLOQ
10d 2.50 +1.00 LLOQ LLOQ 2.07 £0.54 LLOQ 5.05
14d 2.51+0.75 LLOQ LLOQ 2.11+0.36 LLOQ LLOQ

LLOQ, lower limit of quantification; VG, viral genomes

Table 4. No. of injection-site-associated histologic lesions after single intracerebral injection of 8 rats with HIPV at 3 dose levels

Vehicle 7.96 x 10° pfu 7.96 x 10° pfu 7.96 x 107 pfu
(n=5) (n=8y (n=7) (n=7y

Haemorrhage

minimal 2 1 3 2

mild 0 3 3 4

moderate 2 3 0 1

marked 0 1 1 0

total 4 8 7 7
Necrosis or malacia

minimal 3 3 2 4

mild 1 4 4 2

moderate 1 0 1 1

marked 0 1 0 0

total 5 8 7 7
Vasculitis or perivasculitis or both

minimal 2 6 5

mild 1 1 2 6

total 3 7 7 7
Meningeal inflammatory infiltrates

minimal 2 1 4 3

mild 1 1 3 2

moderate 0 1 0 1

marked 0 0 0 1

total 3 3 7 7

“No. of samples with histologically discernable injection site

host of H1PV, virus distribution and elimination in humans will Systemic exposure to HlPY i.nducgd only min(?r differences
most likely differ. Regardless, the information obtained in this bet‘{veen both routes (?f admmlstratlon., suggesting }.ug.h sys-
investigation yielded crucial direction for appropriate planning temic availability after intracerebral administration. This finding
of the first clinical trial in humans. may have important implications for the clinical use of HIPV
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with regard to both efficacy and safety. HIPV is one of the small-
est viruses and can readily pass across the blood-brain barrier,
even in the absence of experimental brain tumors, which are
known to have the ability to compromise the functionality of
this system.?> Because the substantial differences in viral blood
concentrations between both routes of administration occurred
only within the first hour after injection and because the time
to achieve the maximal blood concentration after intracerebral
administration was in the range of 0.5 to 2 h, a high rate of viral
passage through the blood-brain barrier is likely. This attribute
is particularly demonstrated by the presence of HIPV DNA in
brain tissue after intravenous injection. Because the rats were
not perfused after euthanasia, minor contamination of brain
tissue samples with blood containing viral DNA is likely. How-
ever, given that the proportion of blood-containing vessels per
volume of cortical brain tissue is calculated to be less than 2%
and that the concentration of viral genomes was higher in brain
tissue than in blood, the conclusion of virus penetration across
the blood-brain barrier can be made.?' Based on these findings
in conjunction with a range of additional preclinical data, a pro-
portion of patients in the ongoing clinical trial will be treated by
intravenous injection prior to tumor resection. Resected tumor
tissue will be tested for the presence of viral genomes, as an
indicator of virus distribution across the human blood-brain
barrier.

Organ distribution showed no substantial differences after
intravenous compared with intracerebral administration of
H1PV. Only after intracerebral injection did brain tissue and
draining mandibular lymph nodes contain higher levels of
viral genomes than those achieved after intravenous admin-
istration. For brain tissue, this difference could be detected
throughout the 14-d observational period. This result was most
likely due to the initial distribution of virus to all body organs
after intravenous injection, thereby substantially reducing the
amount available for passage through the blood-brain barrier.
In contrast, after intracerebral administration, a higher propor-
tion of the inoculum remained within the brain tissue despite
demonstrated virus distribution from the brain into extraCNS
compartments. In mandibular lymph nodes, the number of
viral genomes, which was higher at the early time points af-
ter intracerebral injection compared with intravenous injec-
tion, had nearly equalized by day 14. Because the lymph of the
brain drains to the cervical (mainly) and adjacent (mandibular)
lymph nodes, the temporal difference in the amount of virus
at these locations is probably related to lymphatic clearance of
the test item from the brain.

Furthermore, a single intravenous or intracerebral injection of
7.96 x 107 pfu H1PV was sufficient to maintain HIPV genomes
in blood even 14 d after administration. HIPV distribution was
widespread, with positive virus signals obtained in all tested
organs, and no relevant sex-specific findings were obtained in
regard to tissue distribution. Virus shedding and excretion oc-
curred mainly via feces, which continued to test positive for viral
genomes 14 d after injection. Urine samples and mouth swabs
showed virus-positive signals primarily during the first 7 d, and
the concentration of viral genomes was lower in urine and saliva
than in feces.

Virus levels declined over time in all tested organs and
blood, so there is no evidence for virus replication, at least
at a higher level under the conditions of this investigation.

44

Because testing for active infectious virus particles, viral
RNA, or viral proteins was beyond the scope of information
required for approval of clinical use of the viral preparations
investigated in this study, the possibility of low-level virus
replication in normal tissue cannot be fully excluded on the
basis of our results. Furthermore, it was not possible to iden-
tify possible organ sites where virus persistence might occur.
The current findings indicate that additional detailed exami-
nations are required to further elucidate how H1PV persists in
rodent populations.

To assess cerebral toxicity, HIPV was injected into the brain at
3 dose levels. Because the volume of injection in the brain was
limited to 10 uL, the highest dose was 7.96x 107 pfu, the maximal
amount of virus particles in the undiluted stock. Histopathologic
investigations showed pronounced changes indicative of inflam-
mation at the injection site as well as at distant sites in the in-
termediate- and high-dose group. Because the injected material
contained viral particles, these findings were expected and were
not considered to be severe enough to be clear evidence for virus-
related, significant pathology after direct injection of H1PV into
the brain. However, it cannot be entirely ruled out that HIPV
might cause local toxicity when given at higher dose levels or
after a longer observation period than 48 h. No treatment-related
macroscopic organ pathology associated with the administra-
tion of either the vehicle or HIPV preparation was seen in this
study, but because histopathology was performed only on brain
tissue, microscopic changes in other tissues cannot be excluded.
To answer this question, a detailed histologic examination of all
sampled organs was performed during a 28-d intravenous re-
peated-dose toxicology study in rats, for which the results are
reported elsewhere.”®

The influence of a single intracerebral administration of H1PV
on central and autonomic nervous system functions was assessed
according to a modified IRWIN screening procedure, which in-
cluded observation of the spontaneous activity in the open field
and a detailed neurologic examination. This extensive testing re-
vealed no clinical or behavioral abnormalities, in line with the
lack of significant pathologic findings in the brain. Because aber-
rant or pathologic behavior can occur in the absence of related
structural changes of the brain architecture, this in-depth analysis
adds valuable functional information to supplement the histo-
logic evidence.

In conclusion, HIPV shows advantageous kinetic character-
istics for possible therapeutic use. Specifically, the virus can
pass rapidly through the blood-brain barrier and spread wide-
ly even after local injection. These features support a favorable
rationale for the treatment of brain tumors by local as well as
systemic administration of this agent. Moreover, no signs of
relevant morphologic or functional pathologies were observed
after cerebral administration of H1PV to Wistar rats. The data
obtained on the tissue distribution and CNS safety of HIPV
in a relevant animal species (that is, rats) support the assump-
tion of a favorable tissue distribution and good tolerability in
humans.
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