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Abstract: Oncolytic immunotherapeutics (OIs) are viruses designed to preferentially replicate 

in and lyse cancer cells, thereby triggering antitumor immunity. Numerous oncolytic platforms 

are currently in clinical development. Here we review preclinical and clinical experience with 

Pexa-Vec (pexastimogene devacirepvec, JX-594). Pexa-Vec is derived from a vaccinia vaccine 

strain that has been engineered to target cancer cells and express the therapeutic transgene 

granulocyte macrophage colony-stimulating factor (GM-CSF) in order to stimulate antitumor 

immunity. Key to its ability to target metastatic disease is the evolution of unique vaccinia virus 

characteristics that allow for effective systemic dissemination. Multiple mechanisms of action 

(MOA) for Pexa-Vec have been demonstrated in preclinical models and patients: 1) tumor cell 

infection and lysis, 2) antitumor immune response induction, and 3) tumor vascular disruption. 

This review will summarize data on the Pexa-Vec MOA as well as provide an overview of the 

Pexa-Vec clinical development program from multiple Phase I studies, Phase II studies in renal 

cell cancer and colorectal cancer, through Phase IIb clinical testing in patients with advanced 

hepatocellular carcinoma (primary liver cancer).
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Vaccinia biology and selective cancer targeting
Vaccinia viruses are enveloped double-stranded DNA viruses belonging to the family 

of Poxviridae and were utilized as vaccines for the eradication of smallpox.1 Pexa-Vec 

(pexastimogene devacirepvec; JX-594) is a targeted and armed oncolytic and immuno-

therapeutic vaccinia virus with disruption of the viral thymidine kinase gene and expres-

sion of the human granulocyte macrophage colony-stimulating factor (hGM-CSF) and 

β-galactosidase transgenes under control of the synthetic early/late and p7.5 promoters, 

respectively.2–4 Selective targeting of tumor cells by Pexa-Vec is attributed to both engi-

neered mechanisms as well as to inherent vaccinia selectivity for cancers.5 Thymidine 

kinase gene inactivation renders viral replication dependent on the high cellular thymidine 

kinase activity that is a hallmark of cancer cells.6 Vaccinia vaccine strains have been 

shown to be inherently tumor targeting.7,8 This may be attributable to the fact that many 

of the hallmarks of cancer9 (eg, blocks in apoptotic pathways, dysregulation of cell cycle 

control and immune evasion) are also optimal cellular conditions for successful vaccinia 

virus replication. Furthermore, vaccinia replication and spread is dependent on epidermal 

growth factor receptor (EGFR) signaling,10 a pathway that is activated in most cancers.9 

Blocking EGFR signaling inhibits vaccinia replication.11 Indeed, the majority of solid 

tumor cell lines tested were susceptible to vaccinia infection. In contrast, leukemia and 

lymphoma cell lines were the only cancer cell types uniformly refractory to infection.5
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Figure 1 Pexa-Vec mechanisms of action.
Abbreviations: GM-CSF, granulocyte macrophage colony-stimulating factor; TK, tyrosine kinase; VeGF, vascular endothelial growth factor.

Systemic tumor targeting  
and transgene expression
Vaccinia viruses, unlike many other viruses, are stable in blood 

following intravenous (IV) or intratumoral (IT) introduction. 

Vaccinia has evolved to produce an extracellular enveloped 

virus form, which provides an additional membrane coat that 

results in resistance to complement and antibody neutraliza-

tion following exposure to the systemic vasculature.12–14 This 

inherent property results in enhanced effective tumor delivery 

following the systemic application of oncolytic vaccinia 

for the treatment of cancer. This results in highly efficient 

systemic delivery to and spread between tumor cells after 

treatment.8,15,16 Based on these preclinical studies, clinical 

evaluation of oncolytic vaccinia was initiated. IV Pexa-Vec 

infusion was well-tolerated up to a dose of 3×107 plaque form-

ing units per kg (pfu/kg).17 Systemic delivery of Pexa-Vec to 

tumors was tested by collecting tumor biopsies in all patients 

between 7 and 10 days postinfusion. On this trial, reproduc-

ible Pexa-Vec delivery to tumors was established at a dose 

threshold of 1×109 pfu, with tumor biopsies in seven of eight 

patients containing detectable Pexa-Vec.17 The induction of 

humoral immunity to the Pexa-Vec transgene β-galactosidase 

was also used as a surrogate marker of Pexa-Vec replication 

in patients, as high concentrations of the transgene are only 

detected (and, thereby, provoke the induction of antibod-

ies) after productive Pexa-Vec infection. A dose-dependent 

increase in anti-β-galactosidase antibodies was observed in 

patients.17 Detectable concentrations of granulocyte mac-

rophage colony-stimulating factor (GM-CSF) in plasma were 

measured acutely (4–15 days after treatment) in a subset of 

patients receiving IV or IT Pexa-Vec.17,18 Together, these data 

demonstrate that Pexa-Vec leads to successful infection and 

gene expression in metastatic tumors following systemic 

administration.

Pexa-Vec mechanisms of action
Pexa-Vec mechanisms of actions (MOA) have been evalu-

ated in both preclinical and clinical studies (Figure 1 and 

Table 1). Firstly, Pexa-Vec has been shown to selectively 

infect and amplify within tumors (termed oncolysis).2,17,18 

Infection of tumors by viruses results in the release of 

damage-associated molecular patterns (DAMPs)19,20 as 

well as pathogen-associated molecular patterns (PAMPs)21 

originating from components of the virus particle, result-

ing in an acute inflammatory response. The production and 

release of tumor antigens within this highly stimulatory 

context is capable of inducing an adaptive immune response 

against the tumor itself. Protective antitumor immunity has 
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Table 1 Overview of oncolytic vaccinia mechanisms of action

Mechanism  
of action

Preclinical Clinical References

Oncolysis –  Selective infection and killing of tumor cells 
demonstrated in vitro and in vivo

–  Selective infection of tumor cells following 
intratumoral administration or intravenous  
infusion

Breitbach et al;17  

Kim et al;2 Parato et al;5 

Park et al18

Active 
immunotherapy

–  Protective antitumor immunity induced
–  Complement-dependent cytotoxicity 

demonstrated; serum transfer exhibits antitumor 
activity in virus naïve rabbits

–  Inflammatory  response detected in tumors
–  Complement-dependent cytotoxicity 

demonstrated in patient serum from Phase i  
and Phase ii trials

Heo et al;26  
Hwang et al;24  
Kim et al;25 Kirn et al;22 

Mastrangelo et al23

Antivascular –  VeGF and FGF-2 driven infection of endothelial cells
–  infection of tumor-associated vasculature in vivo
–  Functional reduction in tumor blood flow

–  infection of tumor-associated endothelial cells
–  Acute reduction in tumor perfusion detected  

by dynamic magnetic resonance imaging

Breitbach et al27

Abbreviations: FGF-2, fibroblast growth factor 2; VeGF, vascular endothelial growth factor.

been demonstrated following vaccinia infection of murine 

tumors in vivo.22 Inflammation within tumors was detected 

following IT Pexa-Vec administration in patients with 

melanoma.23,24 Furthermore, functional anticancer immunity 

in the context of Pexa-Vec treatment was demonstrated in 

preclinical models and patients by measuring induction of 

antibody-mediated complement-dependent cytotoxicity 

(CDC), utilizing a panel of tumor cell lines of different his-

tologies.25 Low concentrations of sera incubated with tumor 

cell lines ex vivo resulted in a dramatic reduction in tumor 

cell viability; normal cells did not exhibit decreased  viability. 

This activity was shown to be dependent on both active 

complement as well as IgG antibody. Although the testing 

was performed in a Phase I study of patients with diverse 

cancer types and disease burdens at baseline, it was notable 

(hypothesis-generating) that the patients who survived the 

longest had the highest CDC activity. Reproducible CDC 

activity was also observed in a Phase II study in patients with 

advanced hepatocellular carcinoma (HCC).26 Furthermore, 

T cell responses to β-galactosidase peptides were detected in 

HCC patients treated with Pexa-Vec, as shown by Enzyme-

Linked ImmunoSpot (ELISPOT) analysis; this provides 

proof-of-concept that T cell responses can be induced to 

transgenes encoded by oncolytic vaccinia viruses.

Finally, Pexa-Vec has demonstrated acute antivascular 

effects. In vitro, Pexa-Vec was shown to be capable of 

infecting human endothelial cells (human umbilical vein 

endothelial cells [HUVECs] and human dermal microvas-

cular endothelial cells [HDMECs]); this process was both 

vascular endothelial growth factor and fibroblast growth fac-

tor 2 driven.27 Infection of tumor-associated vasculature was 

demonstrated in vivo in murine tumor models.27 A functional 

reduction in tumor perfusion was assessed by ultrasound 

imaging and ex vivo tissue analysis.27,28 These results were 

confirmed in Pexa-Vec–treated patients. Biopsy analysis of 

tumors revealed reproducible infection of tumor-associated 

endothelial cells.27 Furthermore, a subset of HCC patients 

treated with Pexa-Vec by IT injection on a Phase II study 

exhibited an acute reduction in tumor perfusion as measured 

by dynamic magnetic resonance imaging (MRI) 5 days after 

the initial Pexa-Vec injection. Adjacent normal liver tissue 

did not demonstrate reduced perfusion.27

In summary, Pexa-Vec has been shown to target tumors 

by multiple, complementary MOA in preclinical and clini-

cal investigations. Acute debulking of tumors secondary to 

oncolysis and vascular targeting are followed by an adaptive 

antitumor immune response that may impact both existing 

and new tumor development.

Clinical development
Pexa-Vec has been evaluated in 12 completed and ongoing 

clinical trials to date. Over 300 patients have been treated 

by IV infusion and/or IT injection; with .600 IV infusions  

and .500 IT injections. Overall, Pexa-Vec treatment was 

well-tolerated with acute, transient flu-like symptoms being 

the most commonly reported adverse events. Patients at 

higher risk of complication from vaccinia vaccination (eg, 

immunocompromised individuals and those with inflamma-

tory skin conditions) were excluded from enrollment on trials. 

With .1,000 Pexa-Vec treatments, there was no evidence of 

complications stemming from systemic vaccinia infection.

Initial studies investigated the safety of Pexa-Vec 

when administered by IT injection into skin (melanoma)23 

and liver tumors (primary HCC or liver metastases)18 

(Table 2). Antitumor activity was demonstrated in both 

injected and noninjected tumor sites.18,23 After success-

ful IT dose escalation, and demonstration of subsequent 

systemic dissemination following local injection, an IV 

dose- escalation trial in advanced solid tumors was initiated 

to evaluate the tolerability of a single dose of Pexa-Vec 
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delivered via a 60-minute IV infusion.17 Notably, IV Pexa-

Vec was associated with dose-dependent delivery to multiple 

solid tumor types (including colorectal cancer, lung cancer, 

pancreatic cancer, and mesothelioma) and resulted in antitu-

mor activity at high doses. Anticancer activity was suggested 

by the observation that patients were less likely to present 

with new tumors if treated at the Pexa-Vec maximum feasible 

dose and demonstration of a partial response after a single 

IV infusion in a patient with metastatic mesothelioma.17 

Pexa-Vec was well-tolerated up to a dose of 3×107 pfu/kg 

per patient. The most common adverse events reported were 

acute, transient flu-like symptoms, including fever and chills. 

Transient, fluid responsive hypotension was also noted in a 

subset of patients within 12 hours of treatment. Pexa-Vec–

related skin pustules were observed in a minority of patients 

receiving IV infusion. The pustules were self-limited and 

resolved without sequelae within 2–3 weeks of treatment, 

consistent with the timeline for pustule resolution utilizing 

wild-type vaccinia vaccine.

A randomized Phase II dose-ranging study was initi-

ated to evaluate the safety and antitumor efficacy of Pexa-

Vec administered at high dose (maximum tolerable dose; 

1×109 pfu) versus low dose (1×108 pfu) in patients with 

advanced HCC.26 IT injection was well-tolerated at both 

dose levels in this population of patients with HCC and 

concurrent underlying liver disease. Four patients responded 

to treatment based on modified response evaluation criteria 

in solid tumors (RECIST) criteria (one complete response; 

three partial responses). Responses were observed in 

injected and noninjected tumors (Figure 2). Further, over-

all survival (OS) was significantly longer in the high-dose 

arm compared with the low-dose arm (median 14.1 months 

versus 6.7 months; hazard ratio: 0.39; P-value =0.020; 

Gehan–Breslow–Wilcoxon test; one-sided test for superi-

ority of high-dose).26 The median OS was 9.0 months for 

the entire population.

In contrast, a Phase IIb clinical trial in HCC patients who 

failed sorafenib therapy (n=120) was recently completed and 

did not achieve the primary endpoint of prolonging OS in 

Pexa-Vec–treated patients when compared to patients treated 

with best supportive care in this last-line, poor prognosis 

patient population.

Additional Phase II studies evaluating single-agent 

Pexa-Vec treatment administered by multiple IV infusions 

Table 2 Overview of Pexa-Vec clinical trials

Indication Phase Treatment regimen Patients 
enrolled

Key findings

HCC program Phase 1 liver tumor intratumoral dose escalation  
1×108 pfu to 3×109 pfu

14 -  MTD identified (1×109 pfu)
-  Pexa-Vec replication and transgene expression 

confirmed
-  Antitumor activity observed at all dose levels18

Phase ii randomized 
primary liver cancer 
(HCC)

Intratumoral dose finding  
1×108 pfu vs 1×109 pfu

30 -  Pexa-Vec tolerable at both dose levels in HCC 
patients

-  improved survival at high-dose vs low-dose 
control (median 14.1 months vs 6.7 months; 
hazard ratio 0.39; P-value =0.02)26

Phase iib second- 
line HCC (sorafenib 
refractory)

iV + intratumoral Pexa-Vec  
(1×109 pfu) plus BSC versus BSC

129 (86 arm A) -  Pexa-Vec plus BSC did not prolong overall 
survival when compared to BSC alone in 
advanced, poor-prognosis patient population

RCC program Phase ii Multiple iV infusions 1×109 pfu 17 -  Study ongoing
CRC program Phase 1, Phase ii  

studies
Multiple iV infusions alone or in 
combination with irinotecan

60+ patients -  Studies ongoing

Proof-of-  
concept studies

Phase 1 iV dose  
escalation

Single iV Pexa-Vec infusion  
(1×105 pfu/kg to 3×107 pfu/kg)

23 -  IV Pexa-Vec well-tolerated (MFD defined)
-  Dose-dependent intravenous delivery to 

metastatic tumors demonstrated (biopsy-proven)
-  evidence of antitumor activity at high dose17

Phase 1 intratumoral 
dose escalation

Multiple iT Pexa-Vec injections  
in melanoma patients

7 -  First-in-man study of Pexa-Vec
-  Pexa-Vec well-tolerated, MFD defined
-  Inflammation demonstrated in injected tumors
-  evidence of antitumor activity23

Phase 1 mechanism  
of action study

Multiple iT Pexa-Vec injections  
in melanoma patients

10 -  Pexa-Vec replication confirmed after injection of 
superficial tumors24

Abbreviations: BSC, best supportive care; CRC, colorectal cancer; HCC, hepatocellular carcinoma; iV, intravenous; iT, intratumoral; MFD, maximum feasible dose; MTD, 
maximum tolerated dose; RCC, renal cell carcinoma; pfu, plaque-forming unit.
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are currently underway in treatment-refractory patients with 

renal cell carcinoma (RCC), and colorectal cancer.

Combination therapy strategies
Based on the early observations of a tolerable safety profile 

(eg, transient flu-like symptoms generally resolving between 

24 and 48 hours posttreatment) and antitumor activity, Pexa-

Vec appears to be a relevant partner for combination with other 

anticancer therapeutics. Sequential Pexa-Vec dosing with 

sorafenib has been evaluated in patients with HCC29 and an 

ongoing study (NCT01171651). Since sorafenib has effects on 

both tumor cells and their associated vasculature, it is possible 

that Pexa-Vec sensitizes either or both of these tumor com-

ponents to sorafenib. Notably, since sorafenib inhibits virus 

replication, one limitation of this approach is the requirement 

for sequential (ie, not concurrent) administration.

Unlike sorafenib, irinotecan (a topoisomerase inhibitor) 

does not interfere with Pexa-Vec replication. Though vaccinia 

encodes a viral topoisomerase, it is not inhibited by irinotecan 

(unlike other chemotherapeutics that bind DNA directly). 

Combination Pexa-Vec treatment with irinotecan was shown 

to have additive effects in preclinical models (unpublished 

data) and resensitization to irinotecan by Pexa-Vec is cur-

rently being evaluated in patients (NCT01394939).

Finally, given the ability of Pexa-Vec to cause acute 

debulking and release of tumor antigens in the context of a 

proinflammatory environment, Pexa-Vec may lend itself to 

combination therapy with other immunomodulating agents, 

including checkpoint inhibitors. Data thus far with immune-

modulating agents (IMA) demonstrate a high correlation 

of tumor-infiltrating T cells and drug targets (eg, PD-L1), 

with subsequent response to these agents.30 Therefore, acute 

infection, inflammation, and antitumor immune response 

induction triggered by Pexa-Vec have potential to sensitize to 

subsequent treatment with immune checkpoint inhibitors. For 

example, treatment with Pexa-Vec leads to tumor cell death 

Baseline

Baseline

Baseline

C

B

A

Week 8

Week 8

Week 8

Week 20

Week 14

Month 21

Week 38 Week 50

Figure 2 Responses in injected and noninjected tumors.
Notes: (A) Complete response of HCC tumor directly injected with Pexa-Vec. (B) Radiographic evidence of progressive necrosis and peripheral enhancement over time in 
noninjected tumors. (C) Radiographic evidence of progressive necrosis and peripheral enhancement over time in a noninjected tumor.
Abbreviation: HCC, hepatocellular carcinoma.
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in the context of viral infection (immunogenic cell death). 

Furthermore, vaccinia has been shown to ligate toll-like 

receptors (TLRs) 2 and 8,31,32 initiating an acute inflamma-

tory response and promoting immune cell infiltration into 

tumors. Finally, GM-CSF produced by Pexa-Vec infected 

cells boosts white blood cell counts (as shown in patients)17,18 

as well as activates mature dendritic cells, thereby promot-

ing priming and activation of T cells. In an effort to enhance 

response to the IMA, a priming treatment with Pexa-Vec 

may lead to increased T cell infiltration and IMA target 

upregulation in patient tumors. Indeed, combination therapy 

of an oncolytic vaccinia with antibody-promoting costimula-

tion (CD137/41BB agonistic antibody) has been shown to 

have more enhanced antitumor activity than treatment with 

either agent alone in a preclinical model.33

Future directions
Single agent Pexa-Vec has demonstrated a tolerable safety 

profile and activity across multiple tumor types after both IV 

and IT administration. Completion of single agent Phase II 

studies in renal and colon cancers are awaited. Lessons 

learned from the Phase IIb study in HCC patients having 

failed sorafenib therapy point to treatment of more fit, less 

heavily pretreated patients with Pexa-Vec, consistent with 

the ongoing view in general that healthier, more immuno-

competent patients may be the best target population for 

this class of agents. Further investigation of the synergistic 

or complementary activity of Pexa-Vec in combination with 

other agents is highly anticipated, including combination 

with tyrosine-kinase inhibitors (eg, sunitinib plus Pexa-Vec 

in RCC), and IMA (eg, anti-PD1 plus Pexa-Vec). Further, 

exploration of front-line HCC with single agent Pexa-Vec, 

based on earlier results from the randomized Phase II dose-

ranging study, is also warranted. Finally, oncolytic vaccinia 

viruses exhibit a large transgene-encoding capacity,34 which 

allows product engineering for complementary MOA 

through insertion of therapeutic transgenes. Transgene 

expression is highly tumor-selective, and transgenes are 

amplified within the tumor during replication. Therefore, 

next generation vaccinia viruses can be engineered to 

express antibodies targeting checkpoint inhibitors, cytok-

ines/chemokines, as well as tumor antigens to further 

activate antitumor immunity.

Disclosure
CJB, THH, DHK, and JB are employees of SillaJen 

Biotherapeutics, which own the rights to Pexa-Vec. The 

authors have no other conflicts of interest in this work. 
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