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Oncolytic Virotherapy Targeting Lung Cancer Drug Resistance 

 

1. INTRODUCTION 

 

Lung cancer is the leading cause of cancer-related death in the US with an overall 5-year survival of 

less than 15 % (1). In addition to surgery and radiotherapy, chemotherapy remains the major 

treatment intervention option. The most widely used drug for lung cancer is cisplatin, often 

administered in combination regiments with other small molecule therapies such as paclitaxel, 

captothecin or gemcitabine (2). Despite initial positive responses to therapy, the majority of patients 

develop resistance to chemotherapy, ultimately leading to relapse of the disease. The heterogenic 

nature of drug-resistant cancers requires multimodal therapies for successful elimination of resistant 

cells. Small molecule-based therapies frequently share common resistance mechanisms, and 

second-line therapies that kill cells through novel mechanisms have a potential to overcome such 

resistance mechanisms (3). Self-replicating biotherapeutics such as oncolytic viruses (OVs) can 

eliminate tumors via both oncolysis and induction of specific tumor-targeted immune responses in the 

host (4). Because viral oncolysis has a potential to induce tumor antigen release and induce 

inflammatory cytokine production, it can adapt the tumor microenvironment to one that facilitates 

tumor antigen uptake and thus the maturation of antigen presenting cells such as dendritic cells (5). 

Direct cytopathic effect of an oncolytic virus can be enhanced via the tumor-specific delivery of 

therapeutic genes or cancer-associated epitopes which, upon infection of tumor, cells, may act as 

adjuvants and prime the host's immune system. Vesicular Stomatitis Virus (VSV), an enveloped, 

negative-sense RNA virus of the family Rhaboviridae, has served as a prototype oncolytic virus – a 

potent, non-human, non-pathogenic, replication competent oncolytic virus (6). In normal cells and 

tissues, VSV multiplication is sensitive to the antiviral effects of type 1 interferons (IFN), and other 

innate immune effectors. Malignant cells on the other hand acquire during their tumorigenic evolution 

diminished responsiveness to IFN action and are specifically infected and killed by VSV (7). When 

VSV was used as a highly immunogenic platform for gene delivery, it cured established prostate 

tumors of the same histological type (8). Suboptimal vaccination, on the other hand, resulted in 

therapy escape variants that were readily treated with a second vector delivery of a cDNA library 

created from tumor tissues that escaped previous therapeutic intervention. Therefore, it is possible to 

target a population of cancer cells that escaped previous therapeutic intervention using viral delivery 

of cDNA from the same cell population. We hypothesize that the delivery of a tumor antigen library 
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derived from a drug resistant population will target that specific tumor cell population for elimination 

by the immune system. 

 

2. KEY WORDS 

Lung cancer, vesicular stomatitis virus, oncolytic virotherapy, apoptosis, autophagy, mouse tumor 

models, drug resistance 

 

3. ACCOMPLISHMENTS 

 

Aim1. Generate and characterize cisplatin-resistant KLN205 and LLC1 cells. 

 Our first goal was to generate and characterize LLC1 and LKN205 cisplatin-resistant cells. 

Drug-resistant cells are typically generated by continuous exposure of tumor cells to sub-lethal doses 

and such dose is increased until cells acquire a resistant phenotype. Because cisplatin is highly 

mutagenic, it has an ability to quickly induce genetic changes in cancer cells usually resulting in 

Darwinian selection and generation of cells that acquire a permanent resistant phenotype (9).  

We initially exposed both KLN205 and LLC1 to increasing concentrations of cisplatin in order 

to generate cisplatin-resistant cells. However, upon subcutaneous injection (above right flank) of 

LLC1 cells in mice, a fast growth of lesions and quick appearance of ulceration (within 7 days of 

tumor injection) were observed, and animals had to be humanely euthanized. Therefore, we 

performed all subsequent experiments using KLN205 cells that, when injected subcutaneously in 

mice, did not form ulcers in vivo in a short time period (2-3 weeks). Four month exposure of KLN205 

cells to the vehicle (K-CP0) or to increasing concentrations of cisplatin, 0.5-3 M for one set of cells 

Figure 1: Characterization of cisplatin-resistant cells. A) KLN205 cells were exposed to cisplatin for 
4 months and assessed for sensitivity to increasing concentrations of the drug. B) KLN205 cells exposed 
to the indicated concentrations of cisplatin were visualized using bright field microscopy and 400X 
objective. 
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(K-CP3), and 1-6 M for the other set (K-CP6), resulted in a maximum of 1.5 log difference in 

sensitivity (at 25 M cisplatin) between K-CP0 and K-CP6 cells  (Figure 1A). Further increase in 

cisplatin concentration did not result in increased resistance. Cells were then continuously passed 

without the drug for 4 months and subsequent cytotoxicity tests confirmed generation of cisplatin-

resistant cell lines that did not revert to their original sensitivity. The two cell lines acquired different 

phenotypes (Figure 1B) and growth rates; K-CP6 cells grow in clumps and have a lower growth rate 

at 72 h – about 40% slower compared to K-CP0 or K-CP3. We first tested oncolytic activity of VSV 

against K-CP3 and K-CP6 cells in vitro by measuring VSV replication and induction of apoptosis. 

Cells were exposed to low multiplicities of infection (MOIs) of VSV expressing green fluorescent 

protein (GFP) and analyzed by flow cytometry and plaque assay for VSV replication and induction of 

Figure 2: VSV replication and induction of apoptosis in cisplatin-resistant cells. A) Annexin V staining 
of K-CP0, K-CP3 or K-CP6 cells exposed to VSV; B) Quantification of VSV-GFP replication by flow 
cytometry in the three cell lines indicated at the bottom; C) Cell survival upon exposure to VSV measured 
as the number of annexin-negative cells at 24 h (left) or 48 h (right) post-infection; White bars indicate 
untreated cells, light shaded MOI=0.0001, dark shaded MOI=0.001 and black bars indicate MOI=0.01; D) 
Three cell lines were exposed to VSV for 72 h and cytotoxicity was measured with the SRB assay.  
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apoptosis (annexin V and 7AAD staining) at 24 and 48 h post-infection (Figure 2). VSV infection 

induced an increase in annexin V positive cells as early as 24 h post-infection (Figure 2A) and VSV-

GFP replication was similar in all three cell lines (Figure 2B). The highest increase in annexin-positive 

cells was observed in K-CP6 cells at 48 h (Figure 2C). Based on the results of SRB assay which 

measures total cell survival, K-CP3 and K-CP6 cells are more sensitive to the cytopathic effect of 

VSV. Taken together, our data indicate that VSV replicates and induces apoptosis in all three cell 

lines, while K-CP3, KLN-CP6 appear to be more sensitive to oncolytic effect of VSV. 

 Our recent work indicated a role of autophagy in potentiating VSV oncolysis (10), so next we 

examined several markers of autophagy, including p-Akt, Beclin- 1 (BECN), and microtubule-

associated light chain protein 1, LC3-I (Figure 3A). Immunoblotting analysis revealed increased levels 

of LC3-I and BECN, and decreased levels of p-Akt in K-CP6 cells (lanes 5-8) compared to K-CP0 

cells (lanes 1-4), and such changes were observed both in cells infected (lanes 3, 4, 7, and 8) or 

(lanes 1, 2, 5, and 6) not with the 

virus. Addition of the autophagy 

inhibitor 3-methyladenine (3MA) 

did not impact increases in levels 

of LC3-I or BECN in K-CP6 cells; 

however, because 3MA inhibits 

PI3K, levels of p-Akt were 

decreased in both cell lines upon 

addition of 3MA. 

We next blocked the 

autophagy pathway in cells by 

pre-treating them with 3MA and 

examined replication expressing 

GFP transgene after exposing 

them to various MOIs of VSV by 

measuring the number of GFP-

positive cells. While only a slight 

decrease in the number of GFP-

positive cells was observed upon 

3MA treatment in K-CP0 cells, 

3MA treatment drastically 

decreased the number of GFP-

Figure 3: Autophagy-mediated VSV replication in cisplatin-

resistant cells. A) K-CP0 and K-CP6 cells were exposed or not to 
VSV alone or in combination with 3MA as indicated on the upper 
panel. Levels of proteins indicated on the right were assessed by 
immunoblotting; B) VSV replication in K-CP0, K-CP3 and K-CP6 
cells was examined by quantifying of GFP-positive cells (flow 
cytometry) that were pre-treated (1 h) with 3MA. 
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positive K-CP3 and K-CP6, indicating that pharmacological inhibition of autophagy in these cell lines 

has an inhibitory effect on VSV replication. 

 

Aim 2. Test antitumor activity of VSV against cisplatin-resistant KLN205 cells in vivo.  

 

 Our next goal was to test VSV as a monotherapy against cisplatin resistant cells using 

syngeneic mouse model that possesses complete immune system and allows for evaluation of 

immune responses. Because of the lack of overlap between resistance mechanisms, we hypothesize 

that VSV will be efficient in inducing apoptosis in cisplatin-resistant lung tumor cells by inducing 

apoptotic cell death, vascular shutdown and inflammation. 

To evaluate the antitumor effect of VSV against cisplatin-resistant cells in vivo, we utilized a 

syngeneic subcutaneous (sc) lung tumor model. DBA/2 mice were injected with either KLN-CP0 or 

KLN-CP6 cells (0.5 x 106 cells) and randomized into four treatment groups: 1) K-CP0 + vehicle, 2) K-

CP0 + VSV, 3) K-CP6 + vehicle, and 4) K-CP6 + VSV. Three weeks after tumor innoculation, VSV (1 

x 108 pfu) was administered three times intratumorally (treatments and procedures are described in 

Figure 4A). We also injected VSV-naïve K-CP0 or K-CP6 tumors (n=3 for each) with VSV 48 h prior 

to animal euthanasia for comparison. Tumor growth was measured three times per week with a 

caliper and is represented as a volume increase relative to day 1 (Figure 4B). The growth rate of K-

CP0 and K-CP6 cells was comparable and a statistically significant difference in tumor growth 

(p<0.05) was observed at day 15 between vehicle- and VSV-injected tumors. Assessment of survival 

based on Kaplan-Meier analysis also revealed increased survival in the VSV-treated groups. No VSV-

associated toxicity was observed and animal weight remained constant throughout the entire 

experiment (data not shown). Altogether, these data indicate that intratumoral injection of VSV leads 

to delayed growth of K-CP0 and K-CP6 cells in vivo. 

 We next examined cross sections of subcutaneously growing K-CP0 and K-CP6 tumors in 

order to assess histopatological changes induced by VSV treatment. Upon termination of experiment, 

tumors were excised and fixed in 4 % paraformaldehyde followed by paraffin embedding and H&E 

staining. Tumors were encapsulated and gross examination of the stomach did not reveal any 

obvious lesions; color and position of major organs were also within normal limits, indicating the 

absence of adverse reactions to VSV injection. Cross sections were further examined for cell shape, 

nuclear shape, mitotic figures, apoptosis, necrosis, and inflammation. In all four groups tumor masses 

were densely cellular; cell borders were indistinct and up to 20 mitotic figures were observed per 400x 

field, about 30-40% of which were irregular. The number of mitotic figures was decreased in the VSV-

injected tumors, and both VSV-injected and vehicle-injected K-CP6 tumors possessed a slightly lower 

number of mitotic figures compared to K-CP0 tumors (Figure 5A). Apoptosis in tumors was assessed 
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by TUNEL staining; K-CP6 tumors appeared to have a slightly higher number of TUNEL-positive 

nuclei and no statistically significant differences were observed between vehicle- and VSV-injected 

tumors (Figure 5B) in tumors that were harvested 2 weeks post-treatment. However, TUNEL staining 

of tumors that were harvested 48 h post-VSV injection revealed ~3-4 fold increase in TUNEL-positive 

nuclei compared to control, indicating induction of apoptosis in both K-CP0 and K-CP6 tumors by 

VSV injection in vivo. Taken together, these data indicate that VSV treatment leads to a reduction of 

mitotic bodies and induction of apoptosis that delays tumor growth in both K-CP0 and K-CP6 tumors. 

Further histological examination revealed almost complete absence of necrotic areas in the 

VSV-injected tumors (Figure 5C). When necrotic regions were present in tumors, they usually 

comprised 30-40% of the total tumor mass and displayed high levels of inflammation (tumor-

infiltrating lymphocytes). (Figure 5C and 5D). Tumors with high necrotic areas were also found to 

contain higher number of blood vessels, based on the number of smaller non-stained areas that were 

Figure 4: Antitumor activity of VSV against cisplatin resistant tumors in vivo. A) Flowchart describing 
the schedule and time points for the animal procedures. B) Oncolytic activity of VSV against K-CP0 or K-CP6 
cells in DBA/2 mice (n=8) injected with respective tumor cells and treated as described in A). C) Estimation of 
survival based on the Kaplan-Meier analysis. Top diagram represents survival of mice injected with K-CP0 
cells and bottom diagram represents mice injected with K-CP6 cells. Respective treatments are indicated next 
to the curves. * p<0.05 
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aligned with the endothelium which we identified as blood vessels. This indicates that VSV treatment 

leads to a decrease in tumor necrosis and vascular shutdown. 

The overall conclusion is that VSV delays tumor growth in cisplatin resistant cells to the same 

extent as in cisplatin sensitive cells. The examined parameters were similar between K-CP0 and K-

CP6 tumors but the difference in parameters examined were observed between VSV- and vehicle-

treated tumors. 

Conclusions: VSV possesses oncolytic activity against cisplatin-resistant cancer cells which is 

facilitated by upregulation of the autophagy pathway in such cells. The in vivo mechanism of VSV 

antitumor activity is likely multimodal and includes direct tumor cell oncolysis, vascular shutdown and 

Figure 5: Histopatological characterization of K-CP0 and K-CP6 tumors injected with VSV. A) 
Quantification of mitotic figures using bright-field microscopy. Respective treatments are indicated at the 
bottom. B) Quantification of the number of TUNEL-positive cells. Two examples of images used for 
TUNEL displayed on the right. Blue color spots are total nuclei while red spots indicate TUNEL-positive 
nuclei. C) H&E staining of K-CP6 tumors treated with the vehicle (left) or VSV (right). White arrows 
indicate necrotic area, black arrows indicate infiltrating lymphocytes and yellow arrows indicate blood 
vessels. The absence of necrotic areas and decrease in blood vessels is visible in the VSV treated tumors 
(right) D) Quantification of necrosis, inflammation and blood vessels in tumors exposed to indicated 
treatments (top). +++ = high, + = low. 
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a decrease in necrotic areas in tumors. Therefore, VSV-based therapeutic approaches could be 

efficient in lung tumor patients that develop resistance to standard-of-care therapies. 

 

4. IMPACT 

 Two new cell lines resistant to cisplatin and sensitive to oncolysis were generated; such cell 

lines can be used in projects that will examine novel therapies against cisplatin resistant lung 

tumor cells. 

 Intratumorally delivered VSV is efficient in inducing apoptosis in such resistant cells in vitro and 

it delays tumor growth in vivo. Oncolytic viruses are inadequately exploited therapeutics and 

our data indicate that VSV can be used in treatments of drug-resistant lung tumors.  

 Autophagy pathway facilitates VSV oncolysis of cisplatin-resistant cells. While it has been 

known that drug-resistant cells occasionally up-regulate autophagy pathway for survival, this is 

a novel role for autophagy pathway in facilitation of VSV replication in drug-resistant cells.  

 

5. CHANGES/PROBLEMS 

We were able to synthesize cDNA library from resistant cells. Unfortunately, due to the low yield 

during the VSV rescue phase, we were unable to obtain sufficient number of VSV clones to generate 

a library of drug-resistant clones. We tried both Maraba virus rescue protocol and Vaccinia virus 

rescue protocol, but in each case we were unable to rescue substantial number of clones. We have 

instead decided to examine whether autophagy contributes to VSV oncolysis in cisplatin-resistant 

cells.  

 

6. PRODUCTS 
 

 Review paper: “The use of oncolytic viruses to overcome lung cancer drug resistance” By 

Beljanski V, Hiscott J. Curr Opin Virol. 2012 Oct;2(5):629-35 

 The concept that autophagy contributes to VSV oncolysis was also a theme of our recent 

publication [Shulak L, Beljanski V, et al. J. Virol. 88(5):2927-40 (2014)] and was used as part of 

preliminary data for NIH R21 grant that was scored top 6% after first submission. 

 
7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
 
Nothing to Report 
 
 
8. SPECIAL REPORTING REQUIREMENTS 
 
Nothing to Report 



12 
 

 

REFERENCES 

 

1. Siegel R, et al. Cancer statistics, 2013. CA Cancer J Clin 63(1):11-30. 2013 

2. Gammoh N, et al. Role of autophagy in histone deacetylase inhibitor-induced apoptotic and 

nonapoptotic cell death. Proc Natl Acad Sci U S A 109(17):6561-5. 2012 

3. Lee YJ, et al. Molecular mechanism of SAHA on regulation of autophagic cell death in 

tamoxifen-resistant MCF-7 breast cancer cells. International journal of medical sciences 9(10):881-

93. 2012 

4. Russell SJ, et al. Oncolytic virotherapy. Nat Biotechnol 30(7):658-70. 2012 

5. Diaz RM, et al. Oncolytic immunovirotherapy for melanoma using vesicular stomatitis virus. 

Cancer Res 67(6):2840-8. 2007 

6. Hastie E, et al. Vesicular stomatitis virus as a flexible platform for oncolytic virotherapy against 

cancer. J Gen Virol 93(Pt 12):2529-45. 2012 

7. Nguyen TL, et al. Oncolytic viruses and histone deacetylase inhibitors--a multi-pronged 

strategy to target tumor cells. Cytokine Growth Factor Rev 21(2-3):153-9. 2010 

8. Kottke T, et al. Broad antigenic coverage induced by vaccination with virus-based cDNA 

libraries cures established tumors. Nat Med 17(7):854-9. 2011 

9. Ohori Y, et al. Growth factor treatment and genetic manipulation stimulate neurogenesis and 

oligodendrogenesis by endogenous neural progenitors in the injured adult spinal cord. J Neurosci 

26(46):11948-60. 2006 

10. Shulak L, et al. Histone deacetylase inhibitors potentiate vesicular stomatitis virus oncolysis in 

prostate cancer cells by modulating NF-kappaB-dependent autophagy. J Virol 88(5):2927-40. 2014 

 

 

 

 



13 
 

 

 
 

 
 

 

 



14 
 

 

 

 



15 
 

 

 



16 
 

 

 



17 
 

 



18 
 

 

 



19 
 

 

 




