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Background: The survival rates for pediatric patients with relapsed and refractory
tumors are poor. Successful treatment strategies are currently lacking and there
remains an unmet need for novel therapies for these patients. We report here
the results of a phase 1 study of talimogene laherparepvec (T-VEC) and explore
the safety of this oncolytic immunotherapy for the treatment of pediatric
patients with advanced non–central nervous system tumors.
Methods: T-VEC was delivered by intralesional injection at 106 plaque-forming
units (PFU)/ml on the first day, followed by 108 PFU/ml on the first day of week
4 and every 2 weeks thereafter. The primary objective was to evaluate the safety
and tolerability as assessed by the incidence of dose-limiting toxicities (DLTs).
Secondary objectives included efficacy indicated by response and survival per
modified immune-related response criteria simulating the Response Evaluation
Criteria in Solid Tumors (irRC-RECIST).
Results: Fifteen patients were enrolled into two cohorts based on age: cohort A1 (n=
13) 12 to≤21 yearsold (soft-tissue sarcoma,n=7;bonesarcoma,n=3;neuroblastoma,
n= 1;nasopharyngeal carcinoma,n= 1; andmelanoma,n= 1) andcohortB1 (n=2)2 to
<12 years old (melanoma, n=2). Overall, patients received treatment for a median
(range) of 5.1 (0.1, 39.4) weeks. No DLTs were observed during the evaluation period.
All patients experienced at least one treatment-emergent adverse event (TEAE), and
53.3% of patients reported grade ≥3 TEAEs. Overall, 86.7% of patients reported
treatment-related TEAEs. No complete or partial responses were observed, and three
patients (20%) overall exhibited stable disease as the best response.
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Conclusions: T-VEC was tolerable as assessed by the observation of no DLTs. The safety data
were consistent with the patients’ underlying cancer and the known safety profile of T-VEC
from studies in the adult population. No objective responses were observed.
Trial Registration: ClinicalTrials.gov: NCT02756845. https://clinicaltrials.gov/ct2/show/
NCT02756845.
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Introduction

Childhood cancer represents 5% of all childhood deaths and

15% of all deaths amongst those aged 5 to 14 years (1). Despite

improvements in overall 5-year survival rates, the prognosis of

relapsed and refractory pediatric solid tumors is poor and there

remains an unmet need for novel therapies for such patients (2).

Compared with those in adult patients, solid tumors in pediatric

patients exhibit biological and molecular differences, including

fewer somatic mutations and fewer infiltrating T cells (3, 4).

Recent studies have evaluated immune checkpoint inhibitors in

the pediatric population (nivolumab [ADVL1412; NCT02304458],

pembrolizumab [KEYNOTE-051; NCT02332668], atezolizumab

[iMATRIX; NCT02541604], and avelumab [NCT03451825]), in

which only 3% of patients with solid tumors experienced an

objective response (5). The reason for the lack of efficacy of

checkpoint inhibitor clinical trials in pediatric patients is

speculated to be related to fundamental differences in the

immunobiology of cancers in children compared with adults.

Childhood cancers are generally considered “cold tumors,” with

low mutational burdens and fewer infiltrating T cells. The

continued study of the impact of immunotherapy on pediatric

immunobiology is warranted (5, 6).

Therapies that recruit immune cells into the tumor

microenvironment are attractive therapeutics for immunologically

inert pediatric solid tumors (5). Oncolytic viruses are a class of

immunotherapy that target cancer cells, cause an antitumor

immune response, and are associated with a manageable safety

profile (7). Some clinical trials have assessed the benefit of

oncolytic viruses in a pediatric setting. Recent phase 1 trials with

the Seneca Valley virus (NTX-010), reovirus (Reolysin), vaccinia

virus JX-594 (Pexa-Vec), herpes simplex virus type-1 (HSV-1;

Seprehvir), and Icovir-5 (Celyvir) have shown that these

therapies are well-tolerated in pediatric patients with non–central

nervous system (CNS) tumors; however, no objective responses

were observed (8–12).

Talimogene laherparepvec (T-VEC) is a genetically modified

HSV-1–based oncolytic immunotherapy that is administered by

intralesional injection and is designed to target and kill cancer

cells by direct lysis and stimulation of an adaptive antitumor

immune response (13). The neurovirulence factor ICP34.5 and

the ICP47-encoding genes are functionally deleted in the virus,

while the gene for granulocyte macrophage colony-stimulating

factor (GM-CSF) is inserted. The ICP34.5 functional deletion

allows the virus to replicate selectively in tumors. The role of
02
ICP47 is to block antigen presentation to major

histocompatibility complex class I by blocking the transporter

associated with antigen processing (TAP). This deletion also

allows the increased expression of the US11 gene. This promotes

the growth of the virus in cancer cells without decreasing tumor

selectivity (13).

The efficacy of T-VEC has been demonstrated in the pivotal

phase 3, randomized, open-label OPTiM trial of T-VEC in adult

patients with advanced melanoma, which showed significant

improvement of the durable response rate over subcutaneous

GM-CSF (16.3% vs. 2.1%; P < 0.001) (14). The most frequently

experienced adverse events in the adult population were fatigue,

chills, and pyrexia.

Outside melanoma, T-VEC was tested in mouse xenograft

models of Ewing sarcoma (A-673), neuroblastoma (SK-N-AS),

osteosarcoma (SJSA-1), rhabdoid tumor (G-401), and

rhabdomyosarcoma (SJCRH30). Across these models, 65% to

100% of tumor growth inhibition was observed and 10% to 30%

of the animals showed complete tumor regression (15). These

data are consistent with reports in the literature of the efficacy of

other HSV-1 oncolytic viruses and support the evaluation of

T-VEC in pediatric patients (16). We report the results from the

primary analysis of the phase 1, multicenter, open-label, dose

de-escalation study to determine the safety and tolerability of

T-VEC administration in pediatric patients with advanced non-

CNS tumors at the recommended adult dose.
Patients and methods

Patient characteristics

This study enrolled patients (2 to ≤21 years of age) with

histologically or cytologically confirmed non-CNS solid tumors

that recurred after standard/frontline therapy (or for which no

therapeutic options exist). Patients were enrolled into two

cohorts based on age. Patients aged 12 to≤21 years of age were

eligible for cohort A1 and those aged 2 to <12 years were eligible

for cohort B1. Tumors had to be suitable for intralesional

injection. Visceral or bone lesions were not considered suitable

for injection, with the exception of bone lesions that had a soft

tissue component amenable to injection. Initially, patients had to

have local HSV-1 serostatus available; however, this requirement

to enroll patients according to HSV-1 serostatus was removed

due to a low prevalence of HSV-1 seropositivity in the overall
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pediatric population (17). Patients must have had measurable or

non-measurable disease. Patients in cohorts A1 must have had a

Karnofsky play performance score of ≥70% and those in B1 were

required to have a Lansky play performance score of ≥70%.
Patients must have had a life expectancy of greater than

4 months from the date of enrollment, adequate organ function,

and proven to not be pregnant. Patients with a diagnosis of a

hematological malignancy, primary ocular or mucosal melanoma,

or history of other malignancy within the past 5 years were

excluded. Also excluded were patients with active infections,

those with a history or evidence of active immunosuppression,

and those who had previously been treated with T-VEC or any

other oncolytic virus.
Study design

T-VEC was administered by an intralesional injection into

cutaneous, subcutaneous, nodal, and other non-visceral tumors

to evaluate its safety and efficacy in pediatric patients

(Supplementary Figures S1–2). T-VEC was initially injected at

106 plaque-forming units (PFU)/ml (≤4.0 ml total volume),

followed by 108 PFU/ml (≤4.0 ml total volume) on the first day

of week 4. Subsequent injections of T-VEC were administered at

108 PFU/ml (≤4.0 ml total volume) every 2 weeks. The study

comprised a screening period of ≤8 days, a treatment period, a

safety follow-up period up to 37 days after the last dose of the

study treatment, and a long-term follow-up period during which

patients were followed up to assess survival and the use of

subsequent anticancer therapies every 12 weeks (±28 days) until

death, consent withdrawal, or up to 24 months from the time the

last patient enrolled, whichever occurred first. The study included

a dose-limiting toxicity (DLT) evaluation period, which was

35 days from the initial dose of T-VEC, and a dose de-escalation

phase using a standard “3 + 3” design (18).

T-VEC treatment continued until complete response (CR),

disappearance of all injectable lesions, confirmed progressive

disease (PD) per modified immune-related response criteria

simulating Response Evaluation Criteria in Solid Tumors version

1.1 (irRC-RECIST 1.1) (19), intolerance of study treatment, need

for alternative anticancer therapy, or 24 months from the first

dose of T-VEC, whichever occurred first. Dose reduction within

a cohort for an individual patient who experienced adverse

events was not allowed. If a patient could not tolerate the full

dose during the administration of T-VEC due to an injection-

related adverse event, the total volume given was recorded and

the reason for intolerance was documented as an adverse event.

If treatment-related toxicities occurred (including ≥grade 2

immune-mediated adverse events, ≥grade 2 allergic reactions, or

any other ≥grade 3 hematologic/non-hematologic toxicity),

treatment was delayed until the toxicity was resolved to ≤grade 1

Common Terminology Criteria for Adverse Events (CTCAE)

version 4.0 or baseline level. Treatment was withheld if the

patient required corticosteroid dosing greater than that required

for maintenance physiologic replacement therapy or

demonstrated evidence of new or active CNS metastases. Reasons
Frontiers in Pediatrics 03
for permanent discontinuation of T-VEC included confirmed

disease progression, a DLT during the DLT evaluation period, or

a dose delay for more than 6 weeks as a result of adverse events.

Blood, swabs, and urine samples were tested for T-VEC DNA by

quantitative polymerase chain reaction (qPCR) analysis predose

and/or postdose at cycles 1–4 and at safety follow-up.

The trial was registered as NCT02756845 and EudraCT 2015-

003645-25. The study was conducted in accordance with the

principles of the International Council for Harmonisation Good

Clinical Practice guidelines and the World Health Organization’s

Declaration of Helsinki. The study protocol and subsequent

amendments were reviewed and approved by the institutional

review boards/ethics committees at each participating site (see

Supplementary Table S1 for individual site names and

addresses). All patients or parent/legal guardians provided

written informed consent. The data cutoff for this primary

analysis was January 17, 2022. T-VEC injection procedures and

precautions followed the local approved label guidance (20).

Secondary transmission of T-VEC has not been reported with

proper administration and handling process (21, 22).
Endpoints

The primary endpoint was to determine the safety and

tolerability of T-VEC, as assessed by the incidence of DLTs.

Secondary endpoints included overall response rate (ORR),

duration of response (DOR), time to response (TTR), time to

progression (TTP), progression-free survival (PFS) using modified

irRC-RECIST version 1.1, and overall survival (OS). The

additional safety endpoints were to evaluate the safety and

tolerability of T-VEC through assessment of patient incidence of

treatment-emergent and treatment-related adverse events.

Treatment-emergent adverse events (TEAEs) were defined as any

adverse event occurring after the first dose through 30 days after

the last dose of T-VEC. Treatment-related adverse events were

defined as TEAEs that were considered to be related to the

treatment of T-VEC by the investigator. Planned exploratory

endpoints included the patient incidence of clearance of T-VEC

DNA from blood and urine, rate of detection of T-VEC DNA and

virus (exterior of occlusive dressing, the surface of injected lesions,

the oral mucosa, and in lesions suspected to be herpetic in origin),

and antitumor activity of T-VEC in injected and uninjected lesions.
DLT evaluation

DLTs that occurred within the DLT period of 35 days from the

initial administration of T-VEC were defined as any grade 4 non-

hematologic toxicity, grade 3 non-hematologic toxicity lasting for

more than 3 days, grade≥3 non-hematologic laboratory value

requiring medical intervention/hospitalization or if the

abnormality persisted for more than 1 week, grade 3/4 febrile

neutropenia, thrombocytopenia, serious herpetic event, or grade

5 toxicity (i.e., death), or any intolerable toxicity requiring

permanent discontinuation of T-VEC. Potential or known
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unintended exposure to T-VEC by healthcare providers and

patients’ close contacts and related suspected signs or symptoms

of T-VEC exposure were recorded.
Assessments

Radiographic imaging was done at baseline and at weeks 8 and

16. From then onwards, for patients remaining on treatment,

imaging continued every 12 weeks until confirmed PD per

modified irRC-RECIST or start of a new anticancer treatment.

Radiographic imaging concluded at the safety follow-up visit.

Tumor response was assessed per modified irRC-RECIST and

required response/PD was confirmed by a second consecutive

clinical and radiographic assessment ≥4 weeks after the first

documented response/PD.

Safety was assessed by patient incidence of adverse events and

laboratory abnormalities (including potential hepatoxicity). The

Medical Dictionary for Regulatory Activities version 24.1 was

used to code adverse events to a system organ class (SOC) and a

preferred term within the SOC. The severity of adverse events

was graded using CTCAE version 4.0.
Study oversight

This study was sponsored by Amgen Inc. All procedures

received institutional approval. The trial was designed by

employees of the sponsor in collaboration with the primary

investigators. Data were collected by investigators and analyzed

by statisticians employed by the sponsor. The dose-level review

team (DLRT) reviewed safety and efficacy data once a year

(2018, 2019, and 2021) to ensure no avoidable increased risk of

harm to patients.
Statistical analysis

With both safety and efficacy data of 13 patients available, the

DLRT received endorsement from the European Medicines Agency

to decrease the sample size from 18 to 24 to at least 13 patients due

to the absence of clinical response and enrollment difficulties. The

study closed with 15 patients enrolled, two were not DLT evaluable

due to a treatment period of <35 days.

The primary analysis was conducted 35 days after the last patient

was enrolled and received at least one dose of T-VEC (January

2022). For cohort opening and dose de-escalation, criteria from

“3 + 3” phase 1 design assuming a true DLT incidence rate <33%

was used. A dose level was considered safe for a cohort if <33% of

all DLT-evaluable patients experienced a DLT (a minimum of six

DLT-evaluable patients). The probability of declaring a dose level

safe (unsafe) for a range of true DLT rates based on six DLT-

evaluable patients was 89% (11%), 42% (58%), and 11% (89%) if

the true DLT rate was 10%, 30%, and 50%, respectively.

Patient incidence of DLTs was summarized using the DLT

analysis set, which included DLT-evaluable patients, defined as
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initial dosing and received ≥2 doses of T-VEC (except patients

who had a DLT after the first dose) during the DLT evaluation

period. The safety analysis set, defined as patients who received

≥1 dose of T-VEC, was used for the safety and efficacy analyses.

ORR, DOR, TTR, TTP, PFS, and OS were summarized by cohort

and in the overall population. ORR was summarized with an

associated exact 95% confidence interval (CI). The DOR among

responders, TTP, PFS, and OS were estimated using the Kaplan-

Meier method. Summaries were provided for all safety endpoints

as well as exposure to study treatment, and summary statistics

were estimated for TTR among responders.
Results

Patients

Between August 2017 and January 2022, 15 pediatric patients

across Europe and North America were assigned to receive T-

VEC (Supplementary Table S1). Table 1 summarizes the

patients’ baseline characteristics. Patients were enrolled into two

cohorts based on age: cohort A1 (N = 13) aged 12 to ≤21 (soft-

tissue sarcoma, n = 7; bone tumor, n = 3; neuroblastoma, n = 1;

nasopharyngeal carcinoma, n = 1; and melanoma, n = 1) and

cohort B1 (N = 2) aged 2 to <12 (melanoma, n = 2) (Figure 1

and Table 1). Five patients had visceral disease at baseline in

cohort A1 and one patient had visceral disease in cohort B1.

The sum of the largest diameters of target lesions was less than

200 mm for 12 patients in cohort A1 and for both patients in

cohort B1. The overall median (range) age was 14 (7, 21) years.

Ten patients were male, five were female, and most were White.

Seven patients had HSV-1–positive serostatus at baseline.

Overall, 14 patients had received prior systemic anticancer

therapy (three patients received two lines of prior therapy,

six patients received three lines of prior therapy, one patient

received four lines of prior, and three patients received more

than four lines of prior therapy). Thirteen patients had received

prior surgery for malignancy. Eleven patients had received prior

radiotherapy for malignancy. At the time of data cutoff, one

patient was on treatment and 14 patients had discontinued the

investigational product. Discontinuation was due to death (n =

1), disease progression (n = 10), requirement for alternative

therapy (n = 2), and adverse event (n = 1).

Initially, three patients were enrolled in cohort A1 (patients

aged 12 to ≤21) and treated at 100% of the recommended adult

dose of T-VEC (Supplementary Figures S1–2). After reviewing

the safety data for these initial patients, no DLTs were reported

and the DLRT opened cohort B1 (patients aged 2 to <12) for

enrollment and treatment at the same dose level.
Exposure

Patients received T-VEC for a median (range) of 5.1 (0.1, 39.4)

weeks, shown according to tumor type in Supplementary
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TABLE 1 Baseline patient demographics and characteristics.

Characteristic Cohort A1 Cohort B1 Total

(N = 13) (N = 2) (N = 15)

Sex
Male 8 2 10

Female 5 - 5

Median age, years (range) 14 (12, 21) 9 (7, 11) 14 (7, 21)

Ethnicity
Not Hispanic/Latino 10 1 11

Hispanic/Latino 2 1 3

Unknown 1 - 1

Race
White 9 2 11

American Indian or Alaska Native 1 - 1

Other 3 - 3

Positive HSV-1 status at baseline 7 - 7

Lansky play performance status
NAa 13 - 13

>70% - 2 2

Karnofsky play performance status
>70% 11 - 11

70% 2 - 2

NAb - 2 2

Prior surgery 11 2 13

Prior radiotherapy 10 1 11

Prior anticancer therapy 12c 2 14

Maximum lines of prior therapy
None 1 0 1

1 1 0 1

2 2 1 3

3 6 0 6

4 1 0 1

>4 2 1 3

Sum of the largest diameters of target lesions (mm)
0 to <200 12 2 14

400 to <500 1 - 1

Visceral disease at baseline
Yes 5 1 6

No 8 1 9

Tumor type
Soft tissue sarcoma 7 - 7

Non-rhabdomyosarcoma soft tissue sarcoma 6 - 6

Rhabdomyosarcoma 1 - 1

Bone tumor 3 - 3

Osteosarcoma 2 - 2

Ewing sarcoma 1 - 1

Neuroblastoma 1 - 1

Nasopharyngeal carcinoma 1 - 1

Melanoma 1 2 3

Data represent number of patients, unless otherwise specified; HSV-1, herpes simplex virus type-1; NA, not applicable.
aLansky play performance status is applicable to children aged <12 years.
bKarnofsky play performance status is applicable to patients aged 12 to ≤21 years.
cOne patient had no previous anticancer therapy. This patient had fibromyxoid sarcoma with recurrent metastatic diseases and failed standard-of-care surgery + radiation.

Procedure of complete surgical resection of all gross diseases includes all surgeries that had no residual disease described by the investigator. Patients whose initial disease

stage data were missing were excluded from the summary of initial disease stage.

Moreno et al. 10.3389/fped.2023.1183295
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FIGURE 1

Patient disposition. DLT, dose-limiting toxicity; T-VEC, talimogene
laherparepvec. A total of 15 patients were enrolled into two cohorts
stratified by age: cohort A1 (n= 13), patients aged 12 to ≤21 years of
age; and cohort B1 (n= 2), patients aged 2 to <12 years of age. All
patients received T-VEC during the study. At the time of data cutoff,
14 patients (93.3%) had discontinued the investigational product.
Reasons included disease progression (10 patients), requirement for
alternative therapy (two patients), adverse event (one patient), or
death (one patient). The global end of the study occurred in
November 2022.

Moreno et al. 10.3389/fped.2023.1183295
Figure S3. The mean (standard deviation [SD]) volume for the first

injection was 3.5 (0.8) ml of 106 PFU/ml T-VEC. For all other

doses, the mean (SD) volume of injection was 3.7 (0.6) ml of 108

PFU/ml T-VEC.
Frontiers in Pediatrics 06
Primary endpoint analysis

The DLT analysis set included 13 patients (11 patients from

cohort A1 and two from cohort B1) in whom no DLTs were

observed during the DLT evaluation period.
Safety

No patients had a herpetic event and all 15 patients

experienced at least one TEAE. The most frequently reported

any-grade TEAEs (≥20% of patients) were pyrexia (n = 11),

vomiting (n = 7), and headache (n = 6) (Table 2). Grade≥3
TEAEs occurred in eight patients. The most frequently reported

grade 3 TEAE was anaemia (n = 2). No grade 4 or 5 TEAEs were

reported in any cohort. One patient had a grade 2 TEAE of

wound dehiscence leading to discontinuation of T-VEC. The

event occurred after the third dose of T-VEC, proximal to the

site of the injection, and developed into an ulcer after 1 week. A

lesion swab test of the ulcer was positive for HSV-1. Possible

causes included chronic radiation dermatitis, but T-VEC could

not be excluded as a contributing factor.

Treatment-emergent serious adverse events occurred in four

patients (musculoskeletal chest pain, nausea, pulmonary

embolism, skin ulcer, and vascular device infection; n = 1 each).

Overall, 13 patients experienced treatment-related TEAEs. Three

patients had grade 3 or 4 treatment-related TEAEs (asthenia,

pulmonary embolism, hyponatraemia, and skin ulcer; n = 1 each)

(Table 3). Fatal disease–related adverse events (osteosarcoma

metastatic and hypovolemic shock) were reported in two patients.
Response to therapy

Efficacy results by cohort are summarized in Table 4. The ORR

per modified irRC-RECIST was 0% (95% CI: 0.00, 21.80). All

patients were assessed for best overall responses: no patient had a

complete or partial response, three had stable disease, five had

PD, and seven were either unevaluable (n = 4) or a response

evaluation was missing (n = 3). The three patients with stable

disease received treatment for 16, 38, and 40 weeks. The median

PFS was 1.7 (95% CI: 1.3, 6.9) months in cohort A1 and 6.4

(95% CI: 1.6, not estimable [NE]) months in cohort B1

(Supplementary Figure S4). Overall, the 6- and 9-month PFS

estimates were 31.7 (95% CI: 9.9, 56.5) and 15.9 (95% CI: 2.6,

39.7), respectively.
T-VEC clearance

T-VEC DNA was detected by qPCR analysis in the blood of all

patients (n = 15) throughout the study, with peak detection in the

blood in 14 patients at week 4. Among the 15 patients, 14 had

detectable T-VEC DNA in swab samples taken during the study,

primarily from the surface of injected lesions. Two of seven

patients had detectable T-VEC DNA swab samples taken at the
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TABLE 2 TEAEs by preferred term and grade in the safety analysis set.

Cohort A1 Cohort B1 Total

(N = 13) (N = 2) (N = 15)

TEAE Any grade Grade≥3 Any grade Grade≥3 Any grade Grade≥3
Pyrexia 9 - 2 - 11 -

Vomiting 6 - 1 - 7 -

Headache 5 - 1 - 6 -

Pain in extremity 4 - 1 - 5 -

Fatigue 4 - - - 4 -

Nausea 3 1 1 - 4 1

Anaemia 3 2 - - 3 2

Influenza like illness 3 - - - 3 -

Gamma-glutamyltransferase increased 2 - 1 - 3 -

Arthralgia 2 - - - 2 -

Asthenia 2 1 - - 2 1

Back pain 2 - - - 2 -

Constipation 2 - - - 2 -

Cough 2 - - - 2 -

Diarrhoea 2 - - - 2 -

Influenza 2 - - - 2 -

Injection site pain 2 - - - 2 -

Paraesthesia 2 - - - 2 -

Sinus tachycardia 2 - - - 2 -

Abdominal pain 1 - - - 1 -

Abdominal pain upper 1 - - - 1 -

Autoimmune hypothyroidism 1 - - - 1 -

Chest pain 1 - - - 1 -

Chills 1 - - - 1 -

Coagulopathy 1 - - - 1 -

Decreased appetite 1 - - - 1 -

Deep vein thrombosis 1 - - - 1 -

Dehydration 1 - - - 1 -

Drug hypersensitivity 1 - - - 1 -

Dry mouth 1 - - - 1 -

Dyspnoea exertional 1 - - - 1 -

Embolism 1 - - - 1 -

Erythema 1 - - - 1 -

Face oedema 1 - - - 1 -

Haematuria 1 - - - 1 -

Heat cramps 1 - - - 1 -

Hot flush 1 - - - 1 -

Hypokalaemia 1 1 - - 1 1

Hyponatraemia 1 1 - - 1 1

Injection site inflammation 1 - - - 1 -

Joint contracture 1 - - - 1 -

Malaise 1 - - - 1 -

Mastitis 1 - - - 1 -

Muscle spasms 1 - - - 1 -

Musculoskeletal chest pain 1 1 - - 1 1

Myalgia 1 - - - 1 -

Nail infection 1 1 - - 1 1

Nasal congestion 1 - - - 1 -

Neuralgia 1 - - - 1 -

Oedema peripheral 1 - - - 1 -

Photosensitivity reaction 1 - - - 1 -

Presyncope 1 - - - 1 -

Procedural pain 1 - - - 1 -

Proteinuria 1 - - - 1 -

Pruritus 1 - - - 1 -

Pulmonary embolism 1 1 - - 1 1

(Continued)
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TABLE 2 Continued

Cohort A1 Cohort B1 Total

(N = 13) (N = 2) (N = 15)

TEAE Any grade Grade≥3 Any grade Grade≥3 Any grade Grade≥3
Rhinitis 1 - - - 1 -

Rhinorrhoea 1 - - - 1 -

Skin ulcer 1 1 - - 1 1

Tachycardia 1 - - - 1 -

Upper respiratory tract infection 1 - - - 1 -

Vascular device infection 1 1 - - 1 1

Wheezing 1 - - - 1 -

Wound dehiscence 1 - - - 1 -

Haemorrhage - - 1 - 1 -

Musculoskeletal pain - - 1 - 1 -

Data represent number of patients. Safety analysis set includes all patients who received at least one dose of T-VEC. TEAEs are defined as any event occurring after the first

dose through 30 days after the last dose of T-VEC. Adverse events were coded using MedDRA version 24.1. MedDRA, Medical Dictionary for Regulatory Activities; TEAE,

treatment-emergent adverse event; T-VEC, talimogene laherparepvec.

TABLE 3 Grade 3 or 4 treatment-related TEAEs by preferred term in the
safety analysis set.

Grade 3 or 4
Treatment-Related TEAEs

Cohort A1 Cohort B1 Total

(N = 13) (N = 2) (N = 15)
Asthenia 1 - 1

Hyponatraemia 1 - 1

Pulmonary embolism 1 - 1

Skin ulcer 1 - 1

Data are presented as number of patients. Safety analysis set includes all patients

who received at least one dose of T-VEC. Treatment-related TEAEs are defined

as any event occurring after the first dose through 30 days after the last dose of

T-VEC. Adverse events were coded using MedDRA version 24.1. Severity of each

adverse event was graded using CTCAE version 4.0. CTCAE, Common

Terminology Criteria for Adverse Events; MedDRA, Medical Dictionary for

Regulatory Activities; TEAE, treatment-emergent adverse event; T-VEC,

talimogene laherparepvec.

TABLE 4 Best overall response per modified irRC-RECIST criteria per
investigator in the safety analysis set.

Best Overall Response Cohort A1 Cohort B1 Total

(N = 13) (N = 2) (N = 15)
Complete response - - -

Partial response - - -

Stable disease 2 1 3

Progressive disease 4 1 5

Unevaluablea 4 - 4

Missingb 3 - 3

Objective response rate (CR/PR) - - -

95% CIc (0.00, 24.71) (0.00, 84.19) (0.00, 21.80)

Data are presented as number of patients. Objective response rate is defined as the

incidence of a best overall response of CR or PR per modified irRC-RECIST version

1.1 response criteria in the safety analysis set. Patients who do not have any follow-

up tumor assessments are regarded as non-responders. Safety analysis set includes

all patients who received at least one dose of T-VEC. CR, complete response; irRC-

RECIST, immune-related response criteria simulating the Response Evaluation

Criteria in Solid Tumors; PR, partial response; T-VEC, talimogene laherparepvec.
aBased on a clinical review of the data, four patients had a best overall response of

Moreno et al. 10.3389/fped.2023.1183295
time of safety follow-up (surface of injected lesions). No patients

had detectable T-VEC DNA in the urine.

unevaluable due to incomplete assessment of disease (n= 2), an initial progressive

disease with no confirmation of progressive disease prior to subsequent anticancer

therapy (n= 1), and a partial resection prior to observation of progression or

response (n= 1).
bThree patients had a best overall response of missing due to no post baseline

radiographic disease assessments recorded prior to analysis data cutoff; two of

these patients were reported to have a non-radiographic progression and

received new antitumor therapy prior to the first planned radiographic

assessment time.
cBinomial proportion with exact 95% CI.
Unintended exposure to T-VEC

Unintended T-VEC exposure was monitored throughout the

study treatment as well as up to 37 days after the last dose of

T-VEC. Two patients’ close contacts and two healthcare

providers had signs/symptoms of herpes infection. These

individuals reported a cold sore/fever blister event after a patient

on the study received T-VEC, but no direct T-VEC exposure was

reported. Swab tests were performed for healthcare professionals

and were negative for T-VEC. The symptoms resolved without

complications in all cases.
Discussion

There remains an unmet need for novel therapeutic strategies

to treat pediatric patients with refractory solid tumors. This is

the first study to assess the safety and tolerability of the oncolytic
Frontiers in Pediatrics 08
virus T-VEC in pediatric patients with extracranial solid tumors.

The present study met its primary objective of determining the

safety and tolerability of T-VEC, and we report that treatment

with T-VEC at adult doses and volumes is safe and tolerable in

pediatric patients aged 2 to ≤21 years as assessed by no reported

DLTs. The safety profile and adverse events were consistent with

T-VEC’s mechanism of action and the known safety profile of

T-VEC reported in studies with adult patients. There were no

reported antitumor responses in the different pediatric solid

tumors evaluated. The study was terminated early after

discussion with the EMA.
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Safety results reported in the present study were consistent with

reports from adult clinical trials of T-VEC monotherapy or in

combinations with other targeted agents (23, 24). Amongst the

most common adverse events in adults treated with T-VEC are

flu-related symptoms, such as fatigue (50.3%), chills (48.6%), and

pyrexia (42.8%) (14). Similarly, in our study, the most common

adverse events were also flu-related symptoms, such as pyrexia,

vomiting, and headache, and T-VEC treatment was deemed

tolerable and safe at the standard dose in these pediatric patients.

Furthermore, the rate of HSV-1 seropositivity aligns with that

reported in the literature for this age group and is also lower than

that observed in adults, as is expected (17). Based on previous

studies conducted in adult patients, we did not predict any

impact of the baseline HSV-1 status on the results of this study

except for an increase in flu-like symptoms in patients who were

HSV-1 negative at baseline (14, 23, 24). T-VEC DNA was

detected in the blood of all patients during treatment and not in

the urine, comparable with previous reports that have

demonstrated detectable T-VEC DNA in the blood of adult

patients (98.3%) and at low levels in the urine across treatment (25).

Furthermore, the results of the present study correlate with the

expected T-VEC DNA clearance mechanism and seroconversion

pathway for the adult dose schedule and demonstrate a similar

clearance mechanism in the pediatric population.

The lack of responses in the present study could be related to

the tumor microenvironment and immunological profile of the

diverse tumor types evaluated in this study. There is no

information to suggest that the mechanisms of action of T-VEC

(including viral replication in injected tumors and immune

response against tumor antigens) would differ in children and

adolescents compared with adults, although the efficacy of

T-VEC has been shown to vary amongst tumor types (24, 26).

The OPTiM trial comparing T-VEC and GM-CSF in adult

patients with melanoma demonstrated a durable response rate of

16.3% vs. 2.1% and an ORR of 26.4% vs. 5.7%, respectively (14).

Patients with Merkel cell carcinoma treated with T-VEC showed

a median PFS of greater than 16 months, and patients with

advanced pancreatic tumors have also demonstrated durable

clinical responses (27, 28). Other adult non-melanoma studies

have not demonstrated objective responses and have included

patients with breast cancer, gastrointestinal adenocarcinoma, or

head and neck squamous cell carcinoma (24). No objective

responses were observed in the heavily pretreated population of

the present study, although two patients with soft tissue

carcinoma received treatment beyond 6 months, which may

represent some disease control.

Like T-VEC, other intratumoral oncolytic therapies given as

single agents have not successfully demonstrated objective

responses in pediatric solid tumors, such as HSV1716 (12), NTX-

010 (8), and Reolysin (9). Efforts continue for agents such as

DNX-2401 and HSV-1 G207 that are being explored alone or in

combination with radiotherapy in patients with glioma and have

shown promising phase 1 results (29). This highlights that the

tumor type and its microenvironment may impact the response to

oncolytic viral intervention. Further research is required to assess

the relationship between virus replication, antitumor immunity,
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and the microenvironment. Intralesional injection of T-VEC has

been shown previously to impact the tumor microenvironment by

inducing an oncolytic immune-mediated effect, as shown by

increased circulating CD4+ and CD8+ T cells (30). However, the

objectives of the present study did not include the evaluation of

biomarkers to assess the impact of T-VEC on the immune system.

Both the prevalence and type of cancer differs between

pediatric and adult populations, making it difficult to evaluate if

treatments that are effective in the adult population are also

effective in the pediatric population (31). Critically, the immune

responses in the pediatric and adult populations may differ, and

this could impact the time to treatment response for patients

with relapsed solid tumors (4, 5). Pediatric patients typically

enter phase 1 trials at a later stage of their disease, often with

relapsed solid tumors and high tumor burdens, leading to a

median OS of just 6.3 (95% CI: 5.2, 7.4) months (32). In

comparison, the OPTiM study included adult patients with

advanced melanoma, and despite the advanced stage of their

disease, these patients had a median OS of 23.3 (95% CI: 19.5,

29.6) months with T-VEC (14, 33). The disparity between the

OS of pediatric and adult populations emphasizes that the short

therapeutic window of aggressive pediatric cancers may be a

critical factor affecting pediatric trial outcomes in response to T-

VEC and other immunotherapies.

One limitation of this study was the challenge of patient

recruitment due to the exclusion of pediatric patients with visceral

lesions or CNS tumors. Therefore, only patients with cutaneous/

subcutaneous/soft tissue/lymph tumors, including those located in

the limbs, were eligible. The eligibility criteria of the present study

was revised to include patients with a history of previously treated

brain metastasis with radiographic evidence of improvement or no

evidence of disease progression before screening. Second, the

tumors of eligible patients needed to be amenable to intratumoral

injection, which limited the applicable tumor types. Next, the

present study did not enroll patients younger than 2 years of age

and included only two patients younger than 12 years of age.

Therefore, the results may not apply to this younger age group.

Finally, the sample size of the current study was small (N = 15),

which limits interpretation of the results.

Although no objective responses were observed in these late-

stage/refractory patients, the tolerability of T-VEC as assessed by

no reported DLTs introduces an opportunity for the assessment

of other targeted combination strategies in pediatric patients with

early-stage or advanced non-CNS tumors. Combination therapies

might be more effective and are currently being evaluated in

adult melanoma patients (34).
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SUPPLEMENTARY FIGURE S1

Study Design and Treatment Schema. D, day; DLRT, dose-level review team;
DLT, dose-limiting toxicity; EOS, end of study; EOT, end of treatment; FU,
follow-up; irRC-RECIST, immune-related response criteria simulating Response
Evaluation Criteria in Solid Tumors; PFU, plaque-forming unit; Q2W, once
every 2 weeks; T-VEC, talimogene laherparepvec; y, years of age. 1Enrollment
began with cohort A1. The DLT evaluation period was 35 days from the first
dose of T-VEC. The DLRT reviewed the safety data of the first three patients
in the older cohort A1 to decide if the younger age cohort B1 could be opened
for enrollment. If none of the first three DLT-evaluable patients in cohort A1
experienced a DLT, then cohort B1 was opened for enrollment and treatment
carried out at the same dose level. If a DLT occurred in the first three DLT-
evaluable patients in cohort A1, B1 was not opened until a DLT rate <33% was
observed with at least six DLT-evaluable patients in cohort A1. 2The initial
dose administered (dose level 1) was up to 4.0 ml of 106 PFU/ml, followed by a
dose of up to 4.0 ml of 108 PFU/ml 21 (+3) days later. Subsequent doses of up
to 4.0 ml of 108 PFU/ml were administered every 14 (±3) days thereafter. 3If
the observed DLT rate was ≥33% in a cohort or if the DLRT deemed the dose
intolerable in a cohort in the DLT evaluation period, then dose de-escalation or
discontinuation of treatment with subsequent enrollment stop for that cohort
occurred. 4If dose de-escalation was needed and if permissible based on the
incidence of DLTs, a minimum of six DLT-evaluable patients were enrolled and
treated at a lower dose level (dose level −1). 5Treatment continued until a
complete response, disappearance of all injectable tumors, confirmed
progressive disease per modified irRC-RECIST, intolerance of study treatment,
24 months from the date of the first dose of T-VEC, or need for alternative
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anticancer therapy, whichever occurred first. 6If permissible based on the
incidence of DLTs. 7Patients were followed up for survival and use of
subsequent anticancer therapies every 12 weeks (±28 days) from the safety
follow-up visit until death, consent withdrawal, or up to approximately 24
months after the last patient was enrolled, whichever occurred first.

SUPPLEMENTARY FIGURE S2

Dose De-escalation Rules. DLRT, dose-level review team; DLT, dose-limiting
toxicity; PFU, plaque-forming unit; T-VEC, talimogene laherparepvec; y, years of
age. 1Enrollment began with cohort A1. The DLT evaluation period was 35 days
from the first dose of T-VEC. The DLRT reviewed the safety data of the first three
patients in the older cohort A1 to decide if the younger age cohort B1 could be
opened for enrollment. If none of the first three DLT-evaluable patients in
cohort A1 experienced a DLT, then cohort B1 was opened for enrollment and
treatment carried out at the same dose level. If a DLT occurred in the first
three DLT-evaluable patients in cohort A1, B1 was not opened until a DLT
rate < 33% was observed with at least six DLT-evaluable patients in cohort A1.
2The initial dose administered (dose level 1) was up to 4.0 ml of 106 PFU/ml,
followed by a dose of up to 4.0 ml of 108 PFU/ml 21 (+3) days later.
Subsequent doses of up to 4.0 ml of 108 PFU/ml were administered every 14
(±3) days thereafter. 3If the observed DLT rate was ≥33% in a cohort or if the
DLRT deemed the dose intolerable in a cohort in the DLT evaluation period,
then dose de-escalation or discontinuation of treatment with subsequent
enrollment stop for that cohort occurred. 4If dose de-escalation was needed and
if permissible based on the incidence of DLTs, a minimum of six DLT-
evaluable patients were enrolled and treated at a lower dose level (dose level
−1). 5If permissible based on the incidence of DLTs.
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SUPPLEMENTARY FIGURE S3

Duration of Therapy According to the Primary Tumor Type of Patients in
the Safety Analysis Set. NRSTS, non-rhabdomyosarcoma soft‐tissue sarcoma;
PNET, primitive neuroectodermal tumor; RMS, rhabdomyosarcoma; T-VEC,
talimogene laherparepvec. Median indicates median duration (weeks). Treatment
duration (weeks) = (T-VEC last dose date – T-VEC first dose date + 1)/7, where
the injected volume >0 ml for both the dates. Subgroup of different tumor types
at baseline is distinguished by different colors: osteosarcoma and Ewing sarcoma/
PNET into malignant bone tumor (as one color); neuroblastoma and
ganglioneuroblastoma into neuroblastoma (as one color); nasopharyngeal
carcinoma into other malignant solid tumor (as one color); nodular melanoma
and unclassifiable into skin, melanoma (as one color); and RMS and NRSTS into
soft tissue sarcoma (as one color).

SUPPLEMENTARY FIGURE S4

PFS per irRC-RECIST Criteria Per Investigator. CI, confidence interval; irRC-
RECIST, immune-related response criteria simulating Response Evaluation Criteria
in Solid Tumors; N, number of patients in the safety analysis set; NE, not
estimable; PD, progressive disease; PFS, progression-free survival; T-VEC,
talimogene laherparepvec. PFS per modified irRC-RECIST version 1.1 is
defined as the interval from the first dose to the earlier of PD per modified
irRC-RECIST or death from any cause; otherwise, PFS was censored at the
last evaluable tumor assessment. The initial date of PD was the PFS date
when it was consecutively confirmed. The safety analysis set included all
patients who received at least one dose of T-VEC. Patients with no event
or no evaluable tumor assessments were censored on study day
1. Censoring is indicated by a vertical line.
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