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Abstract
Purpose of Review  Oncolytic viruses (OVs) exert their antitumor effect through selective killing of cancer cells and induc-
tion of host anti-tumor immunity. This review aims to summarize the recent and current trials with OVs for the treatment 
of lung cancer.
Recent Findings  Several OVs have been developed for the treatment of lung cancer including adenovirus, coxsackievirus 
B3, reovirus, and vaccinia virus and trials have demonstrated a safe toxicity profile. Early-phase trials in lung cancer with 
OVs have reported antiviral immune responses and evidence of clinical benefit. However, clinical efficacy of OVs in lung 
cancer either as monotherapy or in combination with chemotherapy has not been confirmed in larger phase II or III trials. 
Development of OVs in lung cancer has been limited by difficulty in administering OVs in the tumor directly as well as 
achieving adequate viral load at all tumor sites with systemically administered OVs.
Summary  Developing novel combinations with OVs, especially checkpoint inhibitors and other immunotherapeutics, may 
be a strategy to address the limited success seen thus far. Integrating appropriate biomarker studies and meaningful endpoints 
in future clinical trials will be imperative. Using novel viral delivery systems in addition to increasing tumor specificity 
through improved genetic modifications in the OVs are other strategies to improve efficacy.
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Introduction

Oncolytic viruses (OVs) are a class of cancer therapeutics 
that exert their antitumor activity through selective killing 
of cancer cells and induction of host anti-tumor immunity 
[1•]. OVs are naturally occurring or genetically modified 
viruses that are engineered to replicate selectively in tumor 
cells leading to cell lysis while sparing normal host cells [2]. 
They can also modify the immunosuppressive microenviron-
ment by altering the cytokine milieu and immune cells in 
the tumor microenvironment [3, 4]. The first OV approved 
in 2004 was a ribonucleic acid (RNA) virus derived from 
the native ECHO-7 strain of picornavirus, called Rigvir, for 
melanoma treatment in Latvia [5]. Other approvals since 
then include Oncorine (H101; adenovirus serotype 5) in 

China for head and neck cancer (2005), and Delytact (teser-
paturev; modified Herpes simplex virus) in Japan for brain 
tumors (2021) [6, 7]. The only OV approved in the USA is 
talimogene laherparepvec (T‐VEC) for the local treatment of 
unresectable melanoma recurrent after initial surgery (2015) 
[1•, 8•]. T-VEC is a genetically modified herpes simplex 
type 1 (HSV-1) virus that contains a gene insertion encoding 
GM-CSF which promotes recruitment and activation of anti-
gen presenting cells (APCs) [1•, 8•]. With T-VEC, despite 
the intratumoral injection, even the uninjected lesions and 
visceral metastases showed regression, likely due to the 
immune response elicited by the virus, implying that the 
induction of local antitumor immunity can have systemic 
effects [8•]. While currently none of the OVs have been 
approved for lung cancer, several have been tested in preclin-
ical studies and clinical trials such as adenovirus, coxsacki-
evirus B3, herpes virus, reovirus, and vaccinia virus [9•].

Genetic manipulation of the viral genome is the main 
strategy for OV development with the goals of weakening 
virus pathogenicity, enhancing target selectivity, reducing 
adverse reactions, and/or inserting exogenous therapeutic 
genes into the virus genome [10]. Using attenuated vectors 
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or naturally occurring less virulent variants of viruses pre-
vents acute infection as well as latent or chronic disease 
[1•]. Therefore, severe adverse events with OVs are rare 
and treatment discontinuation rate due to toxicity is low [11]. 
The majority of common treatment-related adverse events 
from OVs were low grade constitutional symptoms and local 
injections site reactions (12). For example, deletion of ICP6 
in the HSV-1 genome weakens the pathogenicity of the virus 
and deletion of the gamma 34.5 gene enhances the neuro-
toxicity of HSV-1 and its selective replication in tumor cells 
[10]. To develop T-VEC, the ICP-34.5 gene in HSV1716 is 
deleted, which is a neurovirulence factor of HSV, attenuating 
the infectivity of HSV in normal neurons [8•, 13]. Mutation 
and deletion of the E1 gene can reduce adenovirus selectiv-
ity of normal cells, and this genetic modification was made 
to the Onyx-015 and H10 viruses [14, 15]. Therefore, nor-
mal cells infected with these viruses undergo p53-mediated 
abortive apoptosis, whereas tumor cells with inactivated p53 
remain susceptible to viral lysis.

A recent review of 97 published OV trials reported that 
most OVs tested have used large deoxyribonucleic acid 
(DNA) viruses such as adenovirus (31%), HSV-1 (24%), 
reovirus (20%), and poxviruses (12%) [12]. Approximately 
two-thirds of trials used modified or recombinant viral 
backbones. GM-CSF, a cytokine that promotes recruitment 
and maturation of dendritic cells, was the most common 
transgene used. DNA viruses have a number of advantages 
including a large genome that can be edited without impair-
ing viral replication. RNA viruses are smaller than DNA 
viruses but can cross the blood–brain barrier, enabling tar-
geting of tumors in the central nervous system [16]. Intratu-
moral injection is the preferred OV delivery choice due to 
safety concerns after intravenous injection, or, to minimize 
the chance that preexisting circulating antibodies might neu-
tralize the virus before it reaches its target [17]. However, 
direct intratumoral injection is a challenge for thoracic can-
cers due to the presence of visceral and/or multisite disease. 
Targeting thoracic tumors using interventional radiology or 
minimally invasive surgical approaches is being explored 
[9•].

Oncolytic Viruses and Tumor Immune 
Response

OVs modify the immunosuppressive microenvironment by 
altering the cytokine milieu and the immune cells in the 
tumor microenvironment [3, 4]. OV-mediated cell killing is 
associated with the release of pathogen-associated molecular 
patterns (PAMPs) and danger-associated molecular pattern 
signals (DAMPs) such as heat shock proteins, ATP, and uric 
acid that are recognized by innate immune cells [1•, 18]. 
PAMPs and DAMPs also mediate the release of cytokines 

including IFNs, TNFα, IFNγ, and IL-12, which promote the 
maturation of APCs such as dendritic cells. These in turn 
activate antigen-specific CD4+ and CD8+ T cell responses 
[1•]. IFN released in response to OVs may also upregulate 
PD-L1 expression in tumor cells [19]. These changes pro-
mote immune-mediated tumor cell recognition and eradica-
tion and can trigger tumor-associated antigen and epitope 
spreading [20, 21]. In a preclinical model of CMT64 lung 
adenocarcinoma cells refractory to PD1 blockade, treat-
ment with an oncolytic adenovirus was associated with oli-
goclonal neoantigen CD8+ T cell responses, whereas PD1 
blockade induced only a monoclonal response [22]. On the 
other hand, neutralizing antibodies from prior viral expo-
sures may block virus replication and ongoing infection of 
tumor cells. The therapeutic outcome, therefore, depends 
on a complex interplay between these opposing processes 
[20, 21].

OVs are still not powerful enough, especially for low 
immunogenic or immunosuppressive solid tumors [23]. A 
recent review of 97 published OV trials reported that the 
average objective response across the studies was 9% with 
an additional 12% of patients achieving stable disease as 
the best response [12]. Considerable work is being done to 
optimize viral vectors by genetic engineering to enhance 
immunogenicity [24]. Some viruses, such as reovirus, have 
inherent selectivity to tumor cells [25]. On the other hand, 
other OVs, such as adenovirus and HSV-1, have been geneti-
cally engineered to function as vectors to boost anti-tumor 
immune responses [26]. One common modification is the 
addition of IFNβ [27, 28]. IFNβ is the key innate mechanism 
to inhibit viral replication in healthy human cells. Gene ther-
apy utilizing a replication-deficient adenovirus engineered 
to express IFNβ was tested in a phase I clinical trial for 
patients with lung cancer and mesothelioma with malignant 
pleural effusion. The viral vector was administered through 
direct instillation into the pleural space. Four of 10 patients 
experienced stable disease, but no responses were observed. 
Evidence of stimulation of antitumor immune responses was 
observed in seven of 10 patients [29•].

The combination of OVs with checkpoint inhibitors is 
thought to be synergistic by creating and then sustaining 
an immunogenic, anti-tumor microenvironment [30]. Com-
bination of oncolytic adenoviruses with anti-PD-L1 and 
anti-CTLA-4 in preclinical studies showed the combination 
synergistically enhanced the antitumor effect by recruit-
ing CD8+ T and T memory cells, reducing the number of 
regulatory T cells and tumor-associated macrophages, and 
promoting the polarization of macrophages from the M2 to 
the M1 phenotype [31]. In a phase Ib trial of patients with 
advanced melanoma, 21 patients were treated with T-VEC 
followed by combination therapy with pembrolizumab [32]. 
This combination therapy was well tolerated and showed no 
dose-limiting toxicities. The objective response rate (ORR) 
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and complete response rate were 62% and 33%, respec-
tively. Patients who responded to combination therapy 
demonstrated increased intratumoral CD8+ T cells, elevated 
PD-L1 expression, and IFN-γ gene expression after T-VEC 
treatment.

Oncolytic Viruses in Development for Lung 
Cancer

Oncolytic virus trials completed for the treatment of lung 
cancer have been listed in Table 1 and ongoing trials are 
listed in Table 2.

Coxsackeivirus

Coxsackievirus, a non-enveloped single-stranded RNA 
enterovirus, is a member of the Picornaviridae family [1•]. 
Coxsackievirus replicates in the cytoplasm without a DNA 
phase, eliminating the possibility of insertional mutagenesis 
during infection. It also does not require complex genetic 
manipulation for safety or oncolytic activity [1•]. Cox-
sackievirus A21 (Cavatak; CVA21) has a natural tropism 

for cancer cells as some tumors such as multiple myeloma, 
melanoma, and breast cancer, overexpress ICAM-1 and/or 
DAF for cell entry [33]. In addition to direct lysis of tumor 
cells, coxsackievirus enhances the immune response by pro-
moting the release of DAMPs such as HMGB-1, calreticulin, 
and ATP [34]. A key factor to support use of coxsackievi-
rus is its efficacy for pretreated non-small cell lung cancer 
(NSCLC). An appreciable antitumor effect has been reported 
with intratumoral coxsackievirus B3 (CVB3) administration 
against A549 lung adenocarcinoma xenografts, which were 
resistant to radiation treatment and EGFR tyrosine kinase 
inhibitor gefitinib [35, 36]. The overexpression of DAF by 
NSCLC cells provides a protective mechanism to counter-
balance complement-mediated cytotoxicity and at the same 
time provide an excellent target for CVB3. Preclinical stud-
ies also report CVB3 induced caspase-mediated apoptosis 
and subsequent oncolysis in human NSCLC cells [34, 37].

Results from the phase 1b STORM trial (NCT02043665; 
KEYNOTE-200) were reported at the annual Ameri-
can Association for Cancer Research (AACR) meeting in 
2017 [38]. Patients received CVA21 in escalating doses 
as monotherapy or in combination therapy with pembroli-
zumab across various advanced solid tumors. CVA21 was 

Table 1   Oncolytic virus trials completed for the treatment of lung cancer

Name of 
oncolytic virus 
therapy

Virus/modification Trial phase Agent in combination Eligibility Outcome Ref

Adp53 Adenovirus vector 
containing wild-type 
p53 complementary 
DNA

II Platinum double First line NSCLC No diff in response 
rate in injected 
lesions

[43]

I Pretreated NSCLC 2/28 PR, 16/24 SD [44]
ADV/HSV-tk Adenovirus (ADV)-

mediated herpes 
simplex virus 
thymidine kinase 
(ADV-TK)

II SBRT Stage IV NSCLC ORR 14% and CBR 
64% in IO-resistant 
group

[45]

Pelareorep Dearing strain of reo-
virus serotype 3

II Docetaxel or pem-
etrexed

Second-line NSCLC No diff in ORR [52]

Reolysin Dearing strain of reo-
virus serotype 3

Platinum doublet First- line NSCLC ORR 31%,
Median PFS 4 months

[53••]

NTX-010 Senecavirus II SCLC after comple-
tion of 4 cycles of 
chemotherapy

No diff in median PFS [47••]

TG4010 Modified vaccinia 
virus expressing 
MUC-1 and IL-2

IIB TG4010 followed by 
TG4010 + platinum 
doublet

First-line NSCLC ORR did not meet 
criteria to move to 
next stage

[58]

IIB TG4010 + platinum 
doublet vs chemo 
alone

First-line NSCLC No diff in 6-month 
PFS and OS

[59]

IIB TG4010 vs placebo 
(+ platinum doublet)

First-line NSCLC Median PFS 
improved, HR 0.74, 
p = 0.02

[60••]

II Platinum doublet and 
nivolumab

First-line NSCLC and 
PDL1 < 50%

Did not meet primary 
endpoint (ORR)

NCT03353675
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administered on days 1, 3, 5, 22, and every three weeks 
for six additional infusions. Pembrolizumab was given to 
patients for up to two years. CVA21 tumor targeting in 
patients was confirmed by detection of CVA21 viral RNA 
in tumor biopsies. All patients displayed active host-antiviral 
immune responses by developing detectable anti-CVA21 
neutralizing antibodies by study Day 22. Of the 13 patients 
eligible for response assessment, one partial response and 
four stable disease were observed. The treatment was gener-
ally well-tolerated with at present no dose-limiting toxici-
ties (DLTs). In the NSCLC expansion cohort [39], ORR in 
evaluable IO-naïve NSCLC patients to date is 23% (7/31, 
2CR + 5PR) and 33% (7/21) in patients without EGFR or 
ALK mutations. Preliminary immunohistochemistry (IHC) 
staining of paired biopsies from evaluable patients with neg-
ative or low baseline PD-L1 expression revealed an increase 
in PD-L1 + tumor cells at Day 15 of 62% following combina-
tion treatment. While efficacy data is still immature at this 
time, the current median overall survival (OS) for patients 
with NSCLC is 9.5 months.

Adenovirus

Adenovirus is a non-enveloped, double-stranded DNA virus 
with a large linear genome (~ 35 Kb) encapsulated by an 
icosahedral capsid [1•]. Due to the large genome, long DNA 
sequences can be incorporated, thus permitting multiple 
engineered modifications. Upon cell entry, an adenovirus 
moves to the nucleus where it expresses adenoviral early 
genes (encoding E1A and E1B), which are necessary for 
viral propagation. E1A and E1B target the tumor suppres-
sors p53 and pRb to promote cell cycle entry. In normal host 
cells, the targeting of host p53 and pRb by the adenoviral 

E1A and E1B proteins results in apoptosis and clearance of 
the virus [40, 41]. As adenoviruses lacking the E1b protein 
may specifically replicate in tumor cells that do not express 
active p53, ONYX-015 and H101 have a deletion in the por-
tion of E1B that inactivates p53.

Wild-type p53 gene can be introduced into human tumor 
cells with a mutant p53 genotype using adenovirus [42]. To 
study the benefit from adenoviral p53 (Adp53) gene ther-
apy in first-line setting [43], 25 patients with unresectable 
NSCLC were enrolled in an open-label, multicenter phase 
II study with three cycles of carboplatin and paclitaxel or 
cisplatin and vinorelbine in combination with intratumoral 
injection of 7.5 × 1012 particles of SCH 58,500 (rAd/p53, 
day 1 of each cycle). No difference was found between 
the response rate of lesions treated with p53 gene therapy 
with chemotherapy (52%) and lesions treated with chemo-
therapy alone (48%). There was also no survival difference 
between the two chemotherapy regimens (1-year survival, 
44%). Transgene expression was confirmed in 68% of the 
tumor samples. Treatment-related adverse events were 
mild to moderate. In a phase I trial [44], adenovirus vector 
containing wild-type p53 complementary DNA (Ad-p53) 
was administered to 28 patients with pretreated refractory 
NSCLC. Patients received up to six, monthly intratumoral 
injections of Ad-p53 by use of computed tomography-
guided percutaneous fine-needle injection (23 patients) or 
bronchoscopy (five patients). Polymerase chain reaction 
(PCR) analysis showed the presence of adenovirus vector 
DNA in 18 (86%) of 21 patients with evaluable post-treat-
ment biopsy specimens; vector-specific p53 messenger RNA 
(mRNA) was detected by real time PCR (RT-PCR) analysis 
in 12 (46%) of 26 patients. Apoptosis was confirmed in post-
treatment biopsy specimens from 11 patients. Treatment was 

Table 2   Oncolytic virus trials ongoing for the treatment of lung cancer

Name of oncolytic virus 
therapy

Virus/modification Trial phase Agent in combination Eligibility Clinicaltrials.gov

Ad-MAGEA3 Adenovirus Vaccine 
Expressing MAGE-A3

I/II Pembrolizumab IO-resistant stage IV 
NSCLC

NCT02879760

Cavatak (CVA21) Coxsackievirus 1b Pembrolizumab IO-naïve stage IV NSCLC NCT02043665
aglatimagene besadenovec 

(Adv-Tk)
Adenovirus-based vector 

expressing the thymidine 
kinase gene

II Checkpoint inhibitor IO-resistant stage IV 
NSCLC

NCT04495153

MEM-288 Conditionally replicative 
adenovirus vector encod-
ing transgenes for human 
IFNβ and a recombinant 
chimeric form of CD40-
ligand

I IO-resistant stage IV 
NSCLC, other solid 
tumors

NCT05076760

VSV-IFNβ-NIS Oncolytic Vesicular stomati-
tis virus (VSV) expressing 
Interferon-beta (IFNβ) 
and the sodium iodide 
symporter (NIS)

I Pembrolizumab IO-resistant stage IV 
NSCLC, neuroendocrine 
cancers

NCT03647163
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well tolerated and two (8%) patients had partial response and 
an additional 16 (64%) patients had stable disease lasting 2 
to 14 months. This trial thus confirmed transgene expres-
sion of wild-type p53, and showed modest antitumor activ-
ity in advanced NSCLC. Despite transgene p53 expression 
in tumor cells, intratumoral adenoviral p53 gene therapy 
appears to provide no additional benefit in patients receiv-
ing first-line chemotherapy for advanced NSCLC.

A phase 2 study investigated the addition of stereotactic 
body radiation therapy (SBRT) and intratumoral injection 
of the oncolytic virus ADV/HSV-tk (adenovirus-mediated 
expression of herpes simplex virus thymidine kinase) to 
PD-1 antibody for the treatment of stage IV NSCLC [45]. 
Patients (both IO-naïve and IO-resistant) received an intra-
tumoral injection of ADV/HSV-tk (5 × 1011 vp) followed by 
SBRT (30 Gy in 5 fractions) to the same tumor. Pembroli-
zumab or Nivolumab (anti-PD-1 agents) was given for up 
to 2 years. The ORR and clinical benefit rate (CBR) were 
28.5% and 61.9% in the immunotherapy-naive group, and 
14.2% and 64.2% in the group that previously received IO, 
respectively. Gene-mediated cytotoxic immunotherapy 
(GMCI) is an immunotherapuetic approach in which ade-
novirus-based vector expressing the thymidine kinase gene 
(aglatimagene besadenovec, AdV-tk) is locally adminis-
tered followed by anti-herpetic prodrug valacyclovir [46]. 
A phase I dose escalation trial of GMCI followed by chem-
otherapy has been completed in patients with malignant 
pleural effusion. AdV-tk was administered intrapleurally in 
three cohorts at a dose of 1 × 1012 to 1013 vector particles. 
Nineteen patients were enrolled: 14 with malignant meso-
thelioma, 4 NSCLC, and 1 breast cancer. There were no 
DLTs. Three patients experienced transient cytokine release 
syndrome. Three of four patients with NSCLC had durable 
stabilization of disease with one patient still in follow up 
29 months after therapy. A phase II study of GMCI in com-
bination with standard of care immune checkpoint inhibitor 
for patients with IO-resistant NSCLC is currently enrolling 
(NCT04495153).

Seneca Valley Virus

Seneca valley virus is an oncolytic, non-enveloped RNA 
virus (picornavirus) with tropism for small cell lung can-
cer (SCLC). It can be delivered intravenously because of its 
natural resistance to hemagglutination, a process that usually 
results in premature viral clearance and reduced delivery to 
the tumor site following intravenous delivery [47••]. Dur-
ing replication, it does not have a DNA phase and cannot 
be incorporated into the host genome. In a phase 1 trial, 30 
patients with advanced solid tumors were treated with Sen-
eca vally virus (SVV-001), including six with SCLC [48]. 
SVV-001 was well tolerated and there were no DLTs. Viral 
clearance was confirmed in all patients and correlated with 

development of antiviral antibodies. Evidence of in vivo 
intratumoral viral replication was observed in patients with 
SCLC, with peak viral titers estimated to be > 103-fold 
higher than the administered dose. One patient with pre-
viously chemo-resistant SCLC remained progression-free 
for 10 months. A phase II double-blind, placebo-controlled 
trial evaluated Seneca valley virus (NTX-010) in patients 
with extensive-stage (ES) SCLC after completion of first-
line chemotherapy [47••]. From 2010 to 2013, 50 patients 
were randomized 1:1 to a single dose of NTX-010 or pla-
cebo within 12 weeks of chemotherapy. The primary end 
point was progression free survival (PFS). At the specified 
interim analysis, the median PFS was 1.7 months for the 
NTX-010 group versus 1.7 months for the placebo group 
(HR 1.03, p = 0.92), and the trial was terminated owing to 
futility. Patients in whom NTX-010 persisted in the blood 
one to two weeks after treatment had a shorter PFS. Rate of 
grade 3 or higher adverse events, regardless of attribution, 
was 34.6% with the common adverse events being flu like 
symptoms, diarrhea, and fatigue.

Reovirus

Reovirus are double-stranded, non-enveloped RNA viruses 
that show natural selectivity for cancer cells with an over-
active RAS signaling pathway. In normal healthy cells, 
reovirus is able to enter the cell and begin producing viral 
RNAs in the cytoplasm, which activates the protein kinase 
to double-stranded RNA (PKR) pathway. Activated PKR, in 
turn, inhibits protein translation, preventing the production 
of viral particles and stopping the spread of the virus [49]. 
However, RAS-transformed cancer cells do not initiate the 
PKR pathway, making these tumor cells permissive to infec-
tion and cell lysis [50]. The drawback is it cannot kill tumor 
cells that do not have an activated RAS pathway. There is 
also preclinical data to support that reovirus is synergistic in 
combination with chemotherapy for patients with NSCLC 
[51].

Pelareorep, a Dearing strain of reovirus serotype 3, was 
tested in a randomized phase II trial through the Canadian 
Cancer Trial group that enrolled patients with advanced or 
metastatic NSCLC after progression on first line chemo-
therapy [52]. Patients were randomized 1:1 to chemother-
apy (pemetrexed or docetaxel based on histology) with or 
without pelareorep (4.5 × 1010 TCID50, days 1 to 3 every 
21 days). The primary outcome was PFS. Between 2012 
and 2015, 166 patients were enrolled. Pelareorep did not 
improve the PFS in the pelareorep arm versus single agent 
chemotherapy (median PFS 3.0 months vs. 2.8 months, HR 
0.90, p = 0.53). Neither the presence of a KRAS nor EGFR 
mutation was associated with improved PFS. The combina-
tion was tolerable, although associated with increased rates 
of neutropenic fever. Another study evaluated Reolysin (type 
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3 dearing reovirus) [53••] combined with paclitaxel and 
carboplatin in patients with metastatic or recurrent KRAS-
mutated or EGFR-mutated/amplified NSCLC in first line 
setting. Thirty-seven patients were treated and Reolysin 
was administered on days 1 to 5 of each 21-day cycle. ORR 
was 31%, median PFS was 4 months, and median OS was 
12 months. The combination therapy was well tolerated but 
the lack of a comparator arm limited interpretation of the 
efficacy data.

Vaccinia Virus

Vaccinia virus, a member of the poxvirus family, has a large 
double stranded DNA (dsDNA) genome (~ 190 kb) [1•]. The 
large genome enables insertion of a large amount of foreign 
DNA without significantly reducing the replication ability of 
the virus [54]. Replication occurs entirely in the cytoplasm 
eliminating concerns about insertional mutagenesis. Vac-
cinia virus is also highly tropic for tumor cells [55]. TG4010 
(MVA-MUC1-IL-2) is a vector-based vaccine targeting the 
tumor associated MUC1 antigen expressed by tumors [56]. 
It consists of a viral suspension of Ankara virus, an attenu-
ated, genetically modified vaccinia virus, to express MUC-1 
and IL-2. In a phase I dose escalation trial [57], 108 PFU per 
injection was determined to be maximal feasible dose. Three 
of the patients in this trial had metastatic NSCLC with one 
experiencing reduction in multiple tumor sites with a two 
months delay after the last vaccination.

A phase IIB randomized, double-blind, placebo-con-
trolled, multicenter phase trial explored two schedules of the 
combination of TG4010 with first-line chemotherapy in 65 
patients with stage IIIB/IV NSCLC [58]. In Arm 1, TG4010 
was combined upfront with cisplatin and vinorelbine. In Arm 
2, patients were treated with TG4010 monotherapy until dis-
ease progression, followed by TG4010 plus the same chemo-
therapy as in Arm 1. In Arm 1, partial response (PR) was 
observed in 13 out of 37 evaluable patients (35.1%). How-
ever, Arm 2 did not meet the criteria for moving forward to 
second stage as there were no responses with TG4010 alone. 
The median OS was 12.7 months in Arm 1 and 14.9 months 
in Arm 2. TG4010 was well tolerated, common adverse 
events were injection site reactions, flu-like symptoms, and 
fatigue. A MUC1-specific cellular immune response was 
observed in lymphocyte samples from responding patients. 
Another phase IIb study assessed TG4010 in combination 
with first-line chemotherapy in 148 patients with advanced 
NSCLC expressing MUC1 by IHC [59]. Patients were ran-
domized to TG4010 in combination with cisplatin and gem-
citabine or to chemotherapy alone. The primary outcome, 
6-month PFS was 43.2% in the combination group compared 
to 35.1% in the chemotherapy alone group (p = 0.31). The 
time to progression and median OS were also not signifi-
cantly different between the two groups.

In the phase IIb part of the phase IIb/III randomized 
TIME trial (NCT01383148) [60••], 222 patients with 
advanced NSCLC were randomized to TG4010 and chemo-
therapy versus placebo and chemotherapy in the first-line 
setting. The primary endpoint was PFS, and the correlative 
endpoint was to validate the baseline value of CD16, CD56, 
and CD69 triple-positive activated lymphocytes (TrPAL) as 
a predictive biomarker. Median PFS was 5.9 months in the 
TG4010 group and 5.1 months in the placebo group (HR 
0.74; one-sided p = 0.019). In patients with TrPAL values 
of less than or equal to the upper limit of normal (ULN), the 
HR for PFS was 0.75 (0.54–1.03), and thus the primary end-
point was met. No serious adverse events were reported as 
related to the combination treatment. Subsequently, a phase 
II trial evaluating TG4010 in combination with chemo-
therapy and nivolumab for first-line treatment of advanced 
NSCLC and PD-L1 < 50% was initiated (NCT03353675). 
However, in 2019, it was reported that the trial did not meet-
ing the primary endpoint (ORR) and further development of 
TG4010 was discontinued.

Challenges to Developing Oncolytic Viruses 
in Lung Cancer

Viral delivery remains a major issue for development of OVs 
for thoracic cancers as many OVs can only be administered 
directly into the tumor. Vaccinia and reovirus are good 
viruses for systemic delivery; however, the doses required 
to achieve systemic tumor replication are high and close to 
the limits of production capacity [61]. One approach to over-
come this challenge is to use carrier cells for the targeted, 
systemic delivery of OVs. By combining OVs with immune 
cell-based carrier systems, the opportunity to improve the 
bioavailability of OVs can be combined with adoptive cell 
transfer for increased effectiveness of the therapy [62]. Vari-
ous agents such as nanoparticles, liposomes, polyethylene 
glycol, and polymeric particles have been used to deliver 
OVs from the systemic circulation to the local tumor bed 
[63, 64]. Magnetic drug targeted systems have also become 
a promising carrier system to effectively deliver viruses to 
tumor cells [65].

Preexisting neutralizing antiviral antibodies are another 
challenge for systemic delivery of free virus to reach the 
tumor bed [66]. Potential strategies to address this are using 
alternative virus serotypes, PEGylation of viral coat, poly-
mer coating to prevent antibody binding, and neutraliza-
tion [1•]. Also, limited efficacy with OVs observed so far 
with lung cancer may be due to variable viral doses reach-
ing the tumor as OVs are live viruses and proliferate only 
after systemic administration [67]. Efforts should focus on 
maximizing the effective viral load in tumor lesions through 
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improved tumor selectivity, thereby improving efficacy, 
which is also based on improved tumor selectivity [68].

New Combinations in Development 
with Oncolytic Viruses

A number of novel approaches are being explored to 
improve the efficacy of OVs. The combination of OVs with 
tumor antigen-targeting vaccines has the potential to acti-
vate and amplify tumor-reactive cytotoxic T-cells (CTLs) 
through OV-mediated immunoadjuvant effects [69]. Mixture 
of a DC1 vaccination and oncolytic vaccinia virus express-
ing CCL5 (vvCCL5; receptors that are expressed on CTLs 
induced by DC1) induced chemotaxis of lymphocyte popula-
tions both in vitro and in vivo, and showed enhanced anti-
tumor effect in tumor-bearing mice vaccinated with DC1 
and treated with vvCCL5 [70]. The concept of pre-infection 
using adenovirus and oncolytic vaccinia virus as a boost 
prior to vaccine delivery to improve vaccine immunogenic-
ity has been confirmed in other preclinical studies as well 
[71, 72]. OVs can also be synergistic with Chimeric antigen 
receptor T (CAR-T) cell therapy. In a mouse neuroblastoma 
model, oncolytic adenovirus with the chemokine RANTES 
and the cytokine IL-15 (Ad5Δ24) enhanced migration and 
proliferation of CAR-T cells [73]. The combination therapy 
of Ad5Δ24 and CAR-T cells also increased the OS of tumor-
bearing mice [73]. Bispecific T cell engagers (BiTEs) are a 
subclass of bispecific antibodies that have specific antibod-
ies for CD3 on one arm and another antibody for a tumor 
antigen on the second arm [74]. Wing et al. generated an 
oncolytic adenovirus armed with an EGFR-targeting BiTE 
(OAd-BiTE) and demonstrated that OAd-BiTE with EGFR-
targeting CAR-T therapy improved anti-tumor efficacy and 
prolonged survival in various mouse cancer models [75].

Conclusion

In conclusion, OVs have to date demonstrated a tolerable 
safety profile as well as ability to modify the tumor micro-
environment and kill tumor cells. However, for lung cancer, 
development of OVs has been limited due to difficulty in 
achieving adequate viral load at all tumor sites and limited 
benefit from OV monotherapy. Combination therapy of OVs 
with chemotherapy showed moderate benefit in early phase 
trials but were not validated in larger, randomized trials. 
Developing novel combinations with OVs, especially with 
checkpoint inhibitors and other immunotherapeutics, may be 
a strategy to address the limited success seen so far. How-
ever, integrating appropriate biomarkers studies as well as 
meaningful endpoints in future clinical trials will be key to 
the future development of OVs for lung cancer. Using novel 

viral delivery systems may be another strategy to improve 
OV efficacy.
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