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Seprehvir (HSV1716) is an oncolytic herpes simplex virus-1
(HSV-1) previously demonstrated to be well tolerated in pedi-
atric patients when administered intratumorally. To determine
the safety of administering Seprehvir systemically, we con-
ducted the first-in-human phase I trial of intravenous injection
in young patients with relapsed or refractory extra-cranial solid
cancers. We delivered a single dose of 5 � 104 infectious units
(iu)/kg (maximum dose of 2 � 106) or 2.5 � 105 iu/kg
(maximum dose of 1 � 107 iu) of Seprehvir via the peripheral
vein, monitored adverse events, andmeasured tumor responses
by imaging. We monitored HSV-1 serology as well as viremia
and shedding by PCR and culture. We administered a single
dose of Seprehvir to seven patients and multiple doses to two
patients. We did not observe any dose-limiting toxicities. All
five HSV-1 seronegative patients seroconverted by day 28.
Four of nine patients had detectable HSV-1 genomes in periph-
eral blood appearing on day +4 consistent with de novo virus
replication. Two patients had stable disease in response to
Seprehvir. Intravenous Seprehvir is well tolerated without viral
shedding in children and young adults with late-stage cancer.
Viremia consistent with virus replication holds promise for
future Seprehvir studies at higher doses and/or in combination
with other anti-neoplastic therapies.
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INTRODUCTION
Children with recurrent and/or refractory solid tumors urgently need
novel targeted and less toxic therapy to improve survival and limit treat-
ment-related toxicities. Oncolytic viruses offer a new platform for can-
cer therapy because of their large therapeutic index and limited toxic ef-
fects. Themajority of cancer patients entering phase I clinical trials have
metastatic disease. Because preclinical studies of oncolytic viruses given
intratumorally suggest that virus is mostly contained within the tumor
with minimal systemic spread, localized virus injection may be effica-
cious for patients withmetastatic disease only if there is a significant ab-
scopal-like effect. Thus, systemically administered virus is likely to be
the most useful as a cancer therapy for patients with metastases.

Herpes simplex virus-1 (HSV-1) is an attractive oncolytic vector for
multiple reasons. The pathogenesis of natural HSV-1 infections is
well known, and diagnostic assays are commonly available.1,2 In
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particular, clinicians are accustomed to treating HSV-1 infections,
and it is one of the few human viral pathogens for which there are
safe and clinically proven anti-viral therapies. Attenuating mutations
have been well described that render the virus safe yet retain replica-
tion competency in cancer cells, as demonstrated by the clinical expe-
rience with talimogene laherparepvec, which was safe to administer
by intralesional injection in melanoma patients and prolonged sur-
vival in patients with local and regional disease.3

Seprehvir (HSV1716) is genetically altered to replicate in and lyse
dividing tumor cells, but fails to replicate in normal non-cancer cells
by virtue of deletion of the gene encoding ICP34.5.1 This virus addi-
tionallymaintains its expression of thymidine kinase, serving as a safety
net whereby the virus can be stopped with administration of acyclovir.
In our previous study, we demonstrated the safety of Seprehvir, an on-
colytic herpes simplex type 1 virus, delivered by direct intratumoral in-
jection to children andyoung adultswithnon-CNS solid tumors.4 Prior
to our intratumoral trial, no one had prior experience administering
oncolytic HSV to children and young adults. Other oncolytic viruses,
such as Seneca Valley virus, reovirus, and vaccinia virus, have been
studied in children with few toxicities but also little evidence of disease
response.5–7

In younger patients, intratumoral injection has more limitations
because of patient anxiety, need for sedation and/or coordination
with multiple providers, radiation exposure for image-guided injec-
tion, and cost. Intravenous administration eliminates these limita-
tions in addition to potentially exposing more tumor sites to oncolytic
virus than with direct intratumoral injection.

Here we report our single-institution phase 1 clinical trial aiming to
determine the safety of intravenous injection of Seprehvir in children
and young adults with non-CNS solid tumors by recording adverse
thors.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Patient Demographics

Patient No. Diagnosis
Age
(years) Prior Chemotherapy Regimens (n) Previous Radiation Tx Disease at Trial Entry

Time from
Dx to Tx
(months)

Seprehvir
Dose (iu)

HSV01
pleomorphic
rhabdomyosarcoma

30
VCR/Irino/Doxo/CTX/Etop, VCR/
Dactino/CTX, Ifos/Carbo/Etop,
liposomal Doxo/temsirolimus (4)

45 Gy retroperitoneum
multiple pleural and
diaphragmatic nodules,
paraspinal mass, lung mets

19 2 � 106

HSV02 cholangiocarcinoma 18
cisplatin/gemcitabine, bevacizumab/
5-FU/leucovorin/oxaliplatin,
cisplatin/gemcitabine (3)

none
intrahepatic biliary mass,
multiple liver mets,
mediastinal node

18 2 � 106

HSV03
pancreatic
neuroendocrine
tumor

28
Temodar/Xeloda, everolimus,
Doxo (3)

none

mass in bed of pancreatic
head, three liver lesions,
mass near SMA, mesenteric
nodes

27 2 � 106

HSV04 Ewing sarcoma 25
VCR/Doxo/CTX/Ifos/Etop,
Irino/Temodar, VCR/CTX/Topo/
bevacizumab (3)

56 Gy right knee,
18 Gy lung

right tibial mass with two
distal lesions and multiple
pulmonary nodules

50 2 � 106

HSV05 osteosarcoma 17

MTX/Doxo/Cisplat, high-dose
ifosfamide, liposomal Doxo,
gemcitabine/docetaxel, gemcitabine,
and nab-paclitaxel (5)

none
multiple pleural, lung, and
diaphragmatic nodules

26 2 � 106

HSV06 rhabdomyosarcoma 11
VCR/Irino/Doxo/Dactino/
CTX/Etop, vinorelbine/CTX/
temsirolimus (2)

37.5 Gy humeri; 41.4 Gy
cervical, thoracic, and
sacral spine; 37.5 Gy foot

pelvic mass, abdominal and
inguinal nodes, thigh mass,
bilateral lung and hilar nodules,
liver nodules

26 1.6 � 106

HSV07 osteosarcoma 19

Doxo/cisplatin/Zometa/HD-
MTX/Ifos/Etop, high-dose
ifos, gemcitabine/Taxotere,
sorafenib, liposomal doxo (5)

none
right upper lung mass with
satellite nodules and right
subcarinal node

53 1 � 107

HSV08 neuroblastoma 16

CTX/Doxo/VCR/Cisplat/Etop;
Carbo/Etop/Mel, retinoic acid,
Irino/Temodar, CTX/Topo, anti-
GD2 immunotherapy, oral
etoposide, AZD1775/oral Irino (8)

21.6 Gy abdomen and
skull, XRT to thigh
(dose unknown)

entire right hip bone, right
hip mass, left femoral head,
right liver lobe mets, and
L4/S1 vertebral bodies

132 1 � 107

HSV09 chondrosarcoma 29
MTX/Doxo/Cisplat, Doxo,
Ifos/Etop, pazopanib,
Ifos/Etop (5)

proton XRT to thigh
(dose unknown)

large pelvic/sacral mass into
the sacral canal, paraspinal,
and gluteal muscles

54 1 � 107

5-FU, fluorouracil; Carbo, carboplatin; Cisplat, cisplatin; CTX, cyclophosphamide; Dactino, dactinomycin; Doxo, doxorubicin; Dx, diagnosis; Etop, etoposide; HD-MTX, high-dose
methotrexate; Ifos, ifosfamide; Irino, irinotecan; Mel, melphalan; SMA, superior mesenteric artery; Tx, therapy; VCR, vincristine; XRT, radiation therapy.
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events and any dose-limiting toxicities (DLTs) of intravenous Sepreh-
vir at the doses given. We secondarily aimed to measure the antiviral
immune response in patients with relapsed and/or refractory cancers
by serologies, to measure the systemic viremia and viral shedding af-
ter intravenous Seprehvir injection by PCR and viral culture, and to
preliminarily define the antitumor activity of Seprehvir within the
confines of a phase 1 trial (https://clinicaltrials.gov/; ClinicalTrials.
gov: NCT00931931) by modified RECIST (response evaluation
criteria in solid tumors) criteria and metabolic activity on positron
emission tomography (PET) scan. We also compared the findings
of our previous intratumoral trial with the results of administering
Seprehvir systemically.

RESULTS
Patient Characteristics

A total of nine patients aged 11–30 years were enrolled and fully
evaluable for safety and toxicity. Three patients were accrued to
each of two dose levels, and an additional three patients were enrolled
at dose level one after the first patient had a potential serious adverse
event (SAE; see below). The patients had varying pediatric cancer
diagnoses, including osteosarcoma (n = 2), Ewing sarcoma, rhabdo-
myosarcoma (n = 2), neuroblastoma, chondrosarcoma, cholangiocar-
cinoma, and pancreatic neuroendocrine tumor (see Table 1). Most
patients received multiple courses of therapy for relapsed or refrac-
tory disease prior to enrollment in this trial (chemotherapy and/or ra-
diation therapy).

Serologic Responses and Toxicities

All nine patients were serologically negative for anti-HSV-1 anti-
bodies at baseline, and all six patients for whom we had collected
data seroconverted following injection by day 28 (Table 2). Serocon-
version data were not available for HSV03 because the patient became
acutely ill due to disease progression and was admitted to another
institution. Patients HSV05 and HSV06 declined having these labs
Molecular Therapy Vol. 27 No 11 November 2019 1931
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Table 2. Patient Serologic Responses to a Single Dose of Intravenous Seprehvir

Patient No. WBC ANC ALC HSV-1 PCR Blood
HSV-1 Seroconversion
(IgG/IgM)

Day S S S S 0a 1 4 7 14 21 28 S 28

HSV01 9.1 5,600 1,638 � � � + + + NA NA � NA

HSV02 6.2 4,030 1,612 � � � + � � � � � +IgM

HSV03 13.5 9,585 1,620 � � � � ND ND ND ND � ND

HSV04 4.2 2,772 966 � � � � � � � + � +IgM

HSV05 5.4 3,078 864 � � � � � ND ND ND � ND

HSV06 5.8 5,046 348 � � � + + + + � � ND

HSV07 3.5 2,100 910 � � � � � � � � � +IgM

HSV08 8.8 5,280 2,376 � + + + + � + + � +IgM, +IgG

HSV09 4.6 3,634 414 � � � � � � � � � +IgM

HSV09-II 4.7 3,384 705 � +b � � � � � � +IgM +IgM, +IgG

ALC, absolute lymphocyte count; ANC, absolute neutrophil count; NA, not applicable (patient deceased); ND, not done; S, screening; WBC, white blood cell count.
aMeasured at 3, 6, and 18 h after virus injection.
bMeasured only at 3 h after virus injection.
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drawn. Of note, HSV03 was serologically positive for HSV-2 by
immunoglobulin G (IgG) and immunoglobulin M (IgM) prior to Se-
prehvir, but had no evidence of HSV-1 immunity. In addition, HSV08
and HSV09 had evidence of HSV-1 PCR in the blood on day 0 after
injection, and HSV08 had persistent evidence of HSV-1 DNA in the
peripheral blood. HSV08 also was the only patient to seroconvert in
both IgG and IgM by day 28. The seroconversion or detection of
HSV-1 DNA in peripheral blood did not appear to depend on white
blood cell count (WBC), absolute neutrophil count (ANC), or abso-
lute lymphocyte count (ALC).

No dose-limiting toxicities (DLTs) were noted in any of the patients.
One patient had grade 3 hypotension and flu-like symptoms that were
possibly attributed to Seprehvir or its administration. Grade 1 and 2
adverse events possibly or probably attributable to Seprehvir included
laboratory abnormalities such as anemia, leukopenia, lymphopenia,
and mild elevations in liver enzymes (Table 3). One patient had
mild bleeding, and one patient had a pneumothorax after a biopsy
of a lung parenchyma tumor was taken on day 7 as per clinical trial
guidelines. One patient had a grade 5 gastrointestinal (GI) hemor-
rhage (HSV01) that was determined by the data safety monitoring
board and by the US Food and Drug Administration (FDA) to be un-
related to Seprehvir and related to disease progression. However,
because this patient was the first to receive intravenous Seprehvir,
the FDA requested expansion of the first dose level to six patients,
and the remaining doses in those patients were well tolerated.

Three patients met eligibility for part two of the trial (up to three addi-
tional doses of Seprehvir) based on stable disease at days +14 or +28.
Two patients declined further injections because of the treating oncol-
ogist’s preference or concern for significant disease progression.
Patient HSV09 received one additional dose of Seprehvir, with no sig-
nificant adverse events noted, but declined further dosing after a 19%
increase in overall tumor burden. Patient HSV06 had evidence of dis-
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ease progression on day 14 imaging. This patient was removed from
the study and started on oral pazopanib (450 mg/m2/day) on what
would have been day 20 of the trial. Pazopanib is a small-molecule
tyrosine kinase angiogenesis inhibitor shown to have potent activity
against sarcomas.8 Thirty days after Seprehvir and 10 days after start-
ing pazopanib, imaging done at her local institution by computed to-
mography (CT)/MRI revealed stable disease (as well as a clinically
relevant decrease in lymphedema secondary to vascular compression
by the tumor). Although it was unclear whether this lack of further
disease progression was due to pazopanib or Seprehvir, an expanded
access use (EAU) protocol was submitted to and approved by the
FDA on IND 13196 Serial No. 00058 for three doses of weekly Sepreh-
vir at the same dose as previously, in combination with oral pazopa-
nib at 450 mg/m2/day. In screening for the EAU protocol, the PET
scan, obtained 42 days after her initial Seprehvir injection, showed
a significant decrease in metabolic activity of her tumors diffusely
(see Figure 1). HSV06 continued on Seprehvir injections weekly �2
more doses while continuing to take oral pazopanib. She tolerated
the combination therapy well with no dose-limiting toxicities attrib-
utable to either therapy, but unfortunately had further progression of
her disease, which ultimately led to her death 1 month after starting
the EAU protocol.

Viremia and Virus Shedding

No viral shedding was observed in any patient on this trial because all
HSV-1 cultures, including blood, buccal swab, rectal swab, and urine,
at all study visits through day 28 were negative. PCR for HSV-1 ge-
nomes were also negative in all urine samples and all buccal and rectal
swabs. Blood PCRs for HSV-1 genomes were negative at baseline in
all patients, and four of the nine patients had positive HSV-1 PCRs
on day 4. Three of the four patients had persistence of the positive
PCR beyond day 4, and HSV06 and HSV08 had positive PCRs
throughout the remainder of the 28-day evaluation. HSV06 became
PCR-negative during the EAU part of her treatment, and PCRs



Table 3. Adverse Events Possibly, Probably, or Definitely Attributable to

Intravenous Seprehvir or Study Procedures

Adverse Events Grade 1 Grade 2 Grade 3
Attribution
to Seprehvir

Attribution
to Study
Procedure

Blood/Bone Marrow

Anemia 2 1 possibly possibly

Leukopenia 4 2 possibly

Lymphopenia 3 4 possibly

Neutropenia 1 1 possibly

Thrombocytopenia 3 possibly

Cardiac

Hypotension 1 possibly

Constitutional Symptoms

Chills 1 possibly

Fatigue 3 possibly possibly

Gastrointestinal

Anorexia 1 possibly

Dehydration 1 possibly

Nausea 1 1 1 possibly

Injury, Poisoning, and Procedural Complications

Postoperative
hemorrhage

1 definitely

Investigations

Acidosis 1 possibly

ALT increased 2 possibly

AST increased 1 possibly possibly

Hyperbilirubinemia 1 possibly

Serum bicarbonate
decreased

1 possibly possibly

Pain

Neck pain 1 possibly

Headache 1 possibly

Respiratory

Pleural effusion 2 possibly

Pneumothorax 1 1 definitely

Syndromes

Flu-like symptoms 1 possibly

AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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were negative in follow-up for HSV08. We obtained tumor biopsies
on two patients over the age of 18 years (HSV07 and HSV09) but
could not detect any evidence of virus by PCR or immunohistochem-
ical staining within the tumor on day 7 after treatment.

Disease Responses

Two of the seven patients had stable disease; one had stable PET
maximum standardized uptake value (SUVmax; HSV04), and the
other had a slight decrease in PET SUVmax on day 28 (HSV09). As
shown in Table 4, patient survival did not differ significantly by the
dose of Seprehvir given, and a few patients lived more than 6 months.
These patients did go on to receive other therapies such as erlotinib
and bevacizumab in HSV02; liposomal doxorubicin, autologous tu-
mor cell vaccine therapy, gemcitabine and nab-paclitaxel, pazopanib,
and trabectedin and irinotecan in HSV04; tumor embolization in
HSV05; bevacizumab and zoledronic acid in HSV07; and temozolo-
mide, irinotecan, and dinutuximab, ceritinib and ribociclib, alectinib
and oral cyclophosphamide, and 131I-mIBG (meta-iodobenzylguani-
dine) in HSV08. Because this is a very small number of patients and
all were treated with different therapies before and/or after Seprehvir,
we are unable to draw any conclusions about the role Seprehvir might
have played in patient survival.

DISCUSSION
We found that intravenous administration of Seprehvir in children
and young adults with relapsed and/or refractory non-CNS solid tu-
mors is well tolerated. We saw no evidence of neurological toxicities
or any other significant treatment-related toxicities in this clinical
trial. All of the patients enrolled in this trial were HSV-1 seronegative,
suggesting that pediatric and young adult patients may benefit the
most from HSV virotherapy if pre-existing anti-HSV-1 immunity is
ultimately found to diminish anti-tumor efficacy.

Systemic administration of any oncolytic HSV by intravenous injec-
tion has never been used in humans prior to this clinical trial.
However, other types of viruses have been administered systemically
for cancer therapy. Arterial infusion (via the hepatic artery) of the
oncolytic HSV NV1020 was safe in 13 adult subjects in a phase I
dose-escalation study and 22 adult subjects in a subsequent phase II
expanded study (using the highest “optimal biologic dose” deter-
mined from the phase I study of 1 � 108 plaque-forming units
[PFU]/dose � 4 doses).9 Based on similar logic, there are a number
of other virus studies that utilize systemic delivery, including loco-
regional infusion of an oncolytic HSV (rRp450 via hepatic
artery; ClinicalTrials.gov: NCT01071941) and intravenous infusions
of reovirus (pediatric study ClinicalTrials.gov: NCT01240538
and other adult studies), Seneca valley virus (pediatric study
ClinicalTrials.gov: NCT01048892 and other adult studies), Newcastle
disease virus (ClinicalTrials.gov: NCT01174537), and vaccinia virus
(ClinicalTrials.gov: NCT01380600 and others).

Systemic administration of Seprehvir induced an anti-viral immune
response in every patient for whom we had data, as evidenced by
the development of HSV-1 IgM antibodies. In addition, the patients
who were given repeated injections developed PCR+ viremia only af-
ter the first, but not after subsequent injections. These observations
suggest the optimal dosing of systemic virotherapy is likely early,
before anti-viral immunity develops. The anti-viral immunity could
prove beneficial if combined with intratumoral dosing because it
could boost the local immune response within the tumor microenvi-
ronment where the oncolytic virus was being injected. We previously
showed that not all of the patients treated with intratumoral Seprehvir
had seroconversion.4 All of these data together suggest patients may
Molecular Therapy Vol. 27 No 11 November 2019 1933
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Figure 1. Transient Increase in PET Avidity after

Systemic HSV1716 Administration

Patient HSV06 PET scans at baseline, day 13 after a

single intravenous dose of Seprehvir (which showed in-

crease in number, size, and SUV of metastatic lesions),

and on day 42 after coming off Seprehvir study and

starting pazopanib 450 mg/m2/day on day +20 after

Seprehvir infusion (which showed decreased size and

SUV of the pelvic mass and of the chest metastases).

Molecular Therapy
receive maximum benefit from a combination of intravenous and in-
tratumoral virus administration. Further research into the function-
ality of the immune system at various time points in cancer treatment
may be warranted to guide immunotherapeutic clinical trials.

Intravenous Seprehvir resulted in systemic viremia as evidenced by
initially negative and subsequent appearance of HSV-1 by PCR in
the peripheral blood in several patients. The lack of a PCR signal in
the peripheral blood of the other patients may reflect insufficient
dosing for systemic delivery, impaired delivery of virus because of tu-
mor location, inadequate vascular supply of the tumor, or their partic-
ular tumors did not support robust virus replication. HSV08 had early
evidence suggestive of viral replication. Whether or not neuroblas-
toma is particularly susceptible to oncolytic HSV infection is un-
known, but our group and others have published on the anti-tumor
efficacy in vitro and in vivo in human and murine models of neuro-
blastoma preclinically.10–12 Unlike what was reported in our previous
study with intratumoral administration of Seprehvir, the absolute
lymphocyte count (ALC) did not appear to influence virus replication
because two of the three patients with persistent viral DNA had a
normal ALC. We previously hypothesized that the prolonged persis-
tence of HSV detection could be caused by the inhibition of immuno-
suppressor cells within the tumor microenvironment, such as regula-
tory T cells. This idea could still hold true, because we were unable to
examine the tumor microenvironment directly in either study, but
there was a persistence of HSV-1 DNA with low and high ALC
when Seprehvir was delivered by intravenous injection. ANC also
does not appear to impact DNA replication. Due to the small number
of patients accrued, definitive conclusions cannot be drawn.

There are several potential explanations for the negative biopsies at
7 days after HSV1716 intravenous administration. We may have
had a sampling error in geography or time, such that the region of
1934 Molecular Therapy Vol. 27 No 11 November 2019
the large tumors we tested or the time point at
which it was collected were not optimal. It is
also possible that virus was inactivated in the
bloodstream and unable to reach the tumor
site; we think this is less likely because both pa-
tients were negative for pre-existing anti-HSV
antibodies and we were able to detect virus ge-
nomes in the blood at later time points. Another
possibility is that the dose we used might have
been insufficient to reach and intravasate into
the tumor site, because the majority of intravenous HSV is taken
up in the liver (at least in mice).13 To that point, we used a similar
dose of HSV1716 as we used intratumorally because our preclinical
data showed efficacy of systemic delivery at an equivalent dose level
(albeit with two doses given instead of one as in our trial).14 Finally,
it is possible that these particular tumors were not susceptible or
permissive to virus replication, so that the virus particles that did
reach the tumor did not spread and were rapidly cleared. Preclinical
studies demonstrate the ability of HSV1716 to home in to cancer cells.
Braidwood et al.14 treated mice bearing subcutaneous human hepato-
cellular carcinoma (huH7) xenograft tumors with HSV1716 at a dose
of 1� 106 or 1� 107 PFU by tail vein injection on days 1 and 4. Mice
treated with intravenous HSV1716 had significant tumor growth de-
lays and prolonged survival when compared with the controls. No sig-
nificant difference was noted between the two dose levels of
HSV1716. Virus was detected only within the tumors of the mice
(not in any other major organ as determined by titration and
luciferase studies from tissues harvested after animals were sacri-
ficed). HSV1716 was detected within the tumors by virus plaque
assay on days 1 and 4 after injection. In a second experiment, mice
received three doses (days 1, 14, and 29) of HSV1716 at 1 � 105

and 1� 106 PFU by tail vein injection and again had significant tumor
growth delays and prolonged survival when compared with controls.
Once again, no significant difference was noted between these two
dose levels, including the lower dose of virus. Also, virus was detected
within the tumors on days 1, 14, 29, and even up to 35 days after the
initial virus treatment. In addition, Braidwood et al.14 showed evi-
dence of intratumoral virus replication after systemic intravenous
administration.

It is worth noting that other oncolytic viruses have been shown to
reach tumor sites by protein and RNA or DNA detection at various
time points after systemic virus administration. Samson et al.15



Table 4. Disease Response and PET SUV Changes after a Single Dose of Intravenous Seprehvir

Patient No. Day 14 CT/MRI Day 14 PET Day 28 CT/MRI Day 28 PET
Time from Tx to
Death (months)

HSV01 stable disease SUV stable NA NA 0.5

HSV02 PD SUV [ PD SUV [ 11.5

HSV03 stable disease ND PD ND 1

HSV04 stable disease SUV stable stable disease SUV stable 26a

HSV05 PD ND ND ND 3.5

HSV06 PD SUV [ NA NA 2

HSV07 NEb NEb PD PD 7

HSV08 PD SUV [[ PD SUV [ 11

HSV09-I stable disease SUV stable stable disease SUV Y

HSV09-II NA NA PD SUV [ 6a

NA, not applicable; ND, not done; NE, not evaluable; PD, progressive disease; SUV, standardized uptake valuemax; Tx, treatment.
aPatient is still alive so time from treatment to follow-up.
bTumor resected on day 7 for biopsy specimen and was the only site of active disease at the time.
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showed evidence of reovirus within tumors at 3–17 days after intra-
venous virus delivery in patients with brain tumors. The vast majority
of the virus homed to the tumor cells, and 0%–6% of the virus was
detected within the local endothelial cells. Vaccinia virus also is
known to home to tumors and showed evidence of prolonged virus
survival and replication in tumors.16 In that study, two of eight pa-
tients had vaccinia virus genomes (as evaluated by qRT-PCR) present
in their tumors at days 8 and 22 after virus administration. Breitbach
et al.17 demonstrated the presence of JX-594 virus in metastatic
tumors 8–10 days after virus administration by PCR and immunohis-
tochemistry in 87% of patients. They noted patients treated with a JX-
594 dose of less than 1� 109 PFU had no evidence of virus within the
tumors after systemic administration. We are unsure why we did not
detect virus in the two patient tumor samples we analyzed, but we sus-
pect the doses used were not sufficient to achieve readily detectable
virus particles, especially if those particular tumor cells did not sup-
port robust virus replication. We suspect the doses we used were
not sufficient to achieve detectable levels in the two samples we tested,
because those examples used one or more log higher doses (1e+10
median tissue culture infectious dose [TCID50] for reovirus and
>3e+8 PFU for vaccinia virus), and in the study by Breitbach
et al.,17 there was a clear dose-dependent effect. Further studies in pe-
diatric and adult patients could validate Seprehvir’s ability to survive,
replicate, and home to tumors as we have seen in preclinical studies.

Although this study cannot answer the comparative question of
which route is more efficacious, intravenous delivery is more practical
for widespread application because it is less cumbersome than
intratumoral delivery. In comparison with intratumoral delivery,
intravenous Seprehvir was slightly less costly (no anesthesia or radi-
ology-guidance charges), carried fewer risks to the patients (due to
decreased anesthesia exposure), and was better tolerated. Addition-
ally, patients treated with intravenous Seprehvir had a similar overall
disease response to those treated with intratumoral Seprehvir (two
patients with stable disease, one partial response versus three patients
with stable disease, respectively). No difference was noted in time
from treatment to time of death in patients treated with intratumoral
or intravenous Seprehvir. However, intratumoral virus delivery, espe-
cially with more than one dose, would afford pediatric clinical scien-
tists the opportunity to biopsy the tumor at the same time as the dose
is delivered, because it is considered unethical to perform a biopsy on
a child solely for research in the setting of increased risk (as patients
are already undergoing sedation, imaging, and a needle injection, any
additional risk is abrogated). Tumor biopsies are vital to enable an
assessment of the tumor microenvironment, which may be the
most critical aspect of immunotherapy response.

It remains unclear from this study if direct tumor injection is better
than intravenous in light of seroconversion and lack of virus in the
tumors. Seroconversion could be a benefit to viral therapy and could
elicit a greater anti-tumor immune response with direct intratumoral
dosing administered after the intravenous dose. Repeat intravenous
dosing is unlikely to be more successful because the immune system
could inactivate and/or remove any active virus systemically before it
would reach the tumor. There are certainly several benefits (cost, ease
of administration, etc.) to intravenous versus intratumoral dosing, but
it remains to be seen if systemic administration or intratumoral
administration has a benefit over one another, or if they will work
best in synchrony or in interval dosing.

One of the primary reasons we remain enthusiastic about this type of
treatment is the remarkable efficacy seen in animal models, both as a
stand-alone therapeutic and in combination with other agents
including immunotherapies. For example, HSV1716 given in combi-
nation with an aurora kinase inhibitor, a PD1 antibody, or a trans-
forming growth factor b (TGF-b) inhibitor shows significant anti-tu-
mor responses, prolonged survival, and even complete responses in
murine models.11,18,19 Thus, either our dosing strategy is not suffi-
cient to achieve the same effect in humans (hence our proposal for
testing higher doses given that we did not encounter a dose-limiting
Molecular Therapy Vol. 27 No 11 November 2019 1935
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toxicity [DLT]), or themousemodels do not faithfully recapitulate the
interplay between the virus, tumor, and the immune system.
Regarding the latter, itmay be that testing inmicewith humanized im-
mune systems may be better predictors of clinical activity.20 Finally, it
may be that only a subset of patients respond, in which case future
studies would benefit from patient selection with an appropriate
predictive biomarker, which at this point remains elusive. The doses
utilized in this initial clinical trial were limited by manufacturing
constraints, and we hope to test higher doses in future studies.

In conclusion, systemic administration of Seprehvir is well tolerated
and shows promise of anti-cancer efficacy for children and young
adults without evidence of any neurotoxicity. Further studies with
higher doses of virus and/or combination therapies are warranted,
especially in the pediatric and young adult population, where the ma-
jority of patients are seronegative. Additionally, this study in a chal-
lenging pediatric and/or young adult population supports testing of
intravenous Seprehvir in more common adult cancers. Well-designed
studies should also investigate the tumor microenvironment and im-
mune system as a whole to evaluate the optimal timing for intervening
with immune therapy in children with cancer. We posit that the ideal
combination protocol would be designed to optimize the initial on-
colysis followed by the development of anti-tumor immunity for
long-term survivorship.

MATERIALS AND METHODS
This trial received a waiver regarding the need for public discussion
from the NIH Recombinant DNA Advisory Committee. The Nation-
wide Children’s Hospital local Institutional Review Board approved
the trial. It was conducted under FDA Investigational New Drug
BB-13196 and registered on ClinicalTrials.gov: NCT00931931.
Informed consent was obtained from patients 18 years or older
and/or from parents or legal guardians of patients younger than 18
years. Assent was obtained in children 9–18 years of age in accor-
dance with our institutional policies.

Eligibility: Inclusion Criteria

The trial population included patients with recurrent or refractory
incurable non-CNS solid tumors and patients who were aged R7
to%30 years at the time of virus injection. The FDA required the first
three patients to be R18 years old. Patients were required to have a
Karnofsky (age R 16 years) or Lansky (age < 16 years) performance
score of >50%. Organ function requirements included adequate bone
marrow function (absolute neutrophil count R 750/mL in the
absence of granulocyte-colony stimulating factor (G-CSF) for 72 h
or pegylated G-CSF (PEG-GCSF) for 14 days, platelet count >
100,000/mL, and hemoglobin R 9 g/dL), adequate renal function
(serum creatinine % 1.5� upper limit of normal [ULN] for age or
creatinine clearance or radioisotope glomerular filtration rate
(GFR) R 70 mL/min/1.73 m2), adequate hepatic function (total bili-
rubin% 2� ULN for age, alanine transaminase [ALT]% 2.5� ULN
for age, and albumin R 2 g/dL), adequate hemostatic function (pro-
thrombin time [PT]/international normalized ratio [INR] and acti-
vated partial thromboplastin time [aPTT] < 1.5� ULN for age),
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adequate CNS function (baseline CNS conditions grade %2 per Na-
tional Cancer Institute [NCI] Common Toxicity Criteria [CTCAE]
v.3.0), and adequate cardiac function (shortening fraction > 25% by
echocardiogram, no focal wall motion abnormalities, and no evidence
of ischemia or significant arrhythmia on electrocardiogram). Patients
with primary brain malignancies were excluded from the trial, but
asymptomatic patients with previously treated brain metastases
were eligible for enrollment. We required patients to test negative
for hepatitis B surface antigen, hepatitis C antibody, and HIV-1
and HIV-2 antibodies at or within 3 months prior to trial entry. Pa-
tients also must have fully recovered from the acute toxicities of pre-
vious therapies prior to trial enrollment. Patients could not have
received myelosuppressive chemotherapy within 28 days prior to
study entry or non-myelosuppressive therapy within 14 days; could
not have received biologic agents within 7 days prior to trial entry;
no local palliative radiation therapy within 14 days and nomyeloabla-
tive radiation therapy within 42 days prior to trial entry; no immu-
noablative or myeloablative stem cell transplant within 6 months
prior to trial entry; and no investigational agent within 28 days prior
to trial entry.

In addition, patients needed to either be ineligible for intratumoral
dosing, or the intratumoral arm of the study had to be closed prior
to enrolling in the intravenous administration arm. The response of
the target lesion(s) determined whether a patient was eligible for
part two of the trial in which patients could consent to receive up
to three additional monthly doses of Seprehvir. Participation in
part two of the trial required a second consent and/or assent. The
requirement of the 28-day interval between virus doses and between
patients was mandated by the FDA as a safety measure because this
was the first study of an oncolytic herpes virus in children. To be
eligible, all target lesions were required to be characterized as stable
disease or better using a modified version of the RECIST.

Eligibility: Exclusion Criteria

Exclusion criteria included a history of allogeneic stem cell transplant,
currently pregnant or breastfeeding, unable or unwilling to give
voluntary informed consent and/or assent, significant infection or
other severe systemic disease or medical and/or surgical condition
deemed significant by the principal investigator, PEG-GCSF within
14 days or G-CSF within 72 h of trial entry, and planned use of anti-
viral therapy between 2 days prior to Seprehvir administration up to
28 days after Seprehvir administration.

Clinical Trial Design and Treatment

ClinicalTrials.gov: NCT00931931 continued enrollment at Nation-
wide Children’s Hospital (Columbus, OH, USA), affiliated with the
Ohio State University NCI-designed Comprehensive Cancer Center.
The dose-escalation portion of the trial enrolled patients in a 3+3
fashion. Baseline assessments included organ function, HSV serol-
ogies, and relevant imaging studies such as CT and/or MRI and
18
fluorine-deoxyglucose PET/CT imaging. Patients received a single

infusion of Seprehvir through a peripheral intravenous line over
1 h. Patients were monitored in the inpatient unit overnight for any
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adverse events. Peripheral blood was collected for bacterial culture,
HSV-1 PCR, and HSV culture prior to injection on day 0, for
HSV-1 PCR and culture on day 0 at 3, 6, 18, and 24 h after injection,
and again on days 4, 7, 14, 21, and 28. On these same days, patients
had a swab of their oral mucosa, swab of the rectal mucosa, and a
urine sample collected for HSV culture and HSV PCR to detect any
evidence of viral shedding. The HSV-1 PCR assay was our standard
hospital clinical laboratory assay, which utilizes a primer for a
148-bp fragment for the gene encoding glycoprotein B that is present
in both wild-type HSV and Seprehvir. Patients were discharged after
the 24-h laboratory draw and/or when it was medically appropriate to
discharge the patient home. They returned on days 4, 7, 14, 21, and 28
for laboratory tests and physical examinations to monitor adverse
events, organ function, immune response, and virus studies.

We amended the protocol to require patients aged 18 years or older to
have a biopsy of an active tumor on day 7 after intravenous virus
administration to evaluate for the presence of Seprehvir within the tu-
mor. We limited this biopsy to patients over the age of 17 years
because the biopsy carried additional risk without clear benefit and
would be unethical to perform in children. In choosing which site
to biopsy if more than one was available, we planned to target most
actively growing areas based on PET scan imaging. The biological
correlative studies were limited to blood work and tissue studies for
HSV-1 and did not include immunologic analyses.

Dose-Limiting Toxicities

Toxicity was graded according to the NCI Common Toxicity Criteria
(CTCAE) v.3.0. DLT was any grade 3 or 4 toxicity, or grade 2-4
neurologic or allergic toxicity that was possibly, probably, or defi-
nitely attributable to participation in the study (with the exclusion
of grade 3 flu-like symptoms, grade 3 anorexia, and grade 3 pain in
tumors). The highest tested and tolerated dose was predefined as
the highest dose level of Seprehvir administered at which no more
than one out of six patients experienced a DLT.

Evaluation of Clinical Activity

Baseline imaging was obtained within 14 days prior to the first Se-
prehvir dose. After injection, imaging was obtained after 14 days,
28 days, 3 months, 6 months, and then as clinically indicated until
withdrawal from the trial. All measurable lesions were deemed target
lesions and were followed for response as appropriate for cancer type
and location. We evaluated response according to modified RECIST
guidelines at days 14 and 28. The modification varied from RECIST
v.1.0 because we measured the longest diameter instead of the sum
of the longest diameters.

Virus Production, Handling, and Administration

Vials of Seprehvir were manufactured by UK BioReliance and admin-
istered at a dose of 5 � 104 infectious units (iu)/kg or a maximum of
2� 106 iu/kg used in dose level 1, or 2.5� 105 iu/kg or a maximum of
1 � 107 iu used in dose level 2. Infectious units are defined as the
equivalent of PFU per milliliter. Seprehvir was stored in an ultralow
freezer (�80�C) until patient arrival.
Frozen vial(s) of Seprehvir were transported on dry ice to the inves-
tigational drug pharmacy clean room and hand thawed. Vials were
checked immediately for clarity and particulate matter, sprayed,
and wiped down with 70% ethanol. The vials were re-suspended
before the virus was injected into a 250-mL bag of lactated Ringer’s
solution for intravenous infusion. The bag was gently mixed using a
backward and forward rocking motion. Once the label was placed
on the bag containing lactated Ringer’s and Seprehvir, the virus was
administered via a peripheral vein within 3 h of preparation of the Se-
prehvir product.

All vials contained an additional 0.1 mL of Seprehvir for quality
assurance testing. Immediately following injection, vials containing
residual Seprehvir were transported on ice to the laboratory for
post-procedure virus titer assessment using the standard plaque assay
procedure as previously described.21 In parallel, 10 Seprehvir control
vials were thawed and assayed for quality assurance. We followed
standard biosafety level 2 precautions. The acceptable range estab-
lished for 10 control vials at 2 � 106 iu was 6.3 � 105 to 6.3 � 106

iu (2 SDs). All post-injection titers were within the expected range
except for HSV02, whose HSV post-injection titer was 2.4 � 105 iu.
This was the only sample not measured immediately, and the lower
value was likely due to freeze-thaw in lactated Ringer’s solution prior
to testing (Table S1).
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