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Abstract

Objective: The mainstay of treatment for patients with malignant pleural disease is fluid 

drainage and systemic therapy. A tumor-specific oncolytic virus or T-cell–activating interleukin-2 

immunotherapy may provide an opportunity for local control. We previously developed a vaccinia 

virus–expressing interleukin-2, an oncolytic virus that mediated tumor regression in preclinical 

peritoneal tumor models with expansion of tumor-infiltrating lymphocytes. We evaluated the 

antitumor efficacy and immune modulatory effects of vaccinia virus–expressing interleukin-2 in 

malignant pleural disease.

Methods: A murine model of malignant pleural disease was established with percutaneous 

intrapleural deposition of the Lewis lung carcinoma cell line and monitored with bioluminescent 

imaging. After intrapleural or systemic administration of vaccinia viruses (vaccinia virus yellow 

fluorescent protein control, vaccinia virus–expressing interleukin-2), systemic anti–programmed 

cell death-1 antibody, or combination therapy (vaccinia virus–expressing interleukin-2 and anti–
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programmed cell death-1), tumor mass, immune cell infiltration, T-cell receptor diversity, and 

survival were assessed.

Results: Intrapleural vaccinia virus resulted in significant tumor regression compared with 

phosphate-buffered saline control (P < .05). Inclusion of the interleukin-2 transgene further 

increased intratumoral CD8+ T cells (P < .01) and programmed cell death-1 expression on CD8+ 

tumor-infiltrating lymphocytes (P < .001). Intrapleural vaccinia virus–expressing interleukin-2 was 

superior to systemic vaccinia virus–expressing interleukin-2, with reduced tumor burden (P < 

.0001) and improved survival (P < .05). Intrapleural vaccinia virus–expressing interleukin-2 alone 

or combined treatment with systemic anti–programmed cell death-1 reduced tumor burden (P < 

.01), improved survival (P < .01), and increased intratumoral αβ T-cell receptor diversity (P < .05) 

compared with systemic anti–programmed cell death-1 monotherapy.

Conclusions: Intrapleural vaccinia virus–expressing interleukin-2 reduced tumor burden and 

enhanced survival in a murine malignant pleural disease model. Increased CD8+ tumor-infiltrating 

lymphocytes and αβ T-cell receptor diversity are associated with enhanced response. Clinical trials 

will enable assessment of intrapleural vaccinia virus–expressing interleukin-2 therapy in patients 

with malignant pleural disease.

Graphical Abstract

CENTRAL MESSAGE

Intrapleural VV-IL-2 therapy improves local tumor control and TIL αβ TCR diversity in a murine 

model of MPD.
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The incidence of malignant pleural effusion (MPE) is greater than 150,000 cases per year in 

the United States. A total of 25% of patients with non–small cell lung cancer (NSCLC) will 

develop MPE with a median survival of less than 12 months.1–3 Despite improvements in 

systemic and local therapies for patients with early and intermediate stages of NSCLC, there 

has been limited progress in improving overall survival for those with secondary MPE.1–3

Fortunately, immunotherapy provides an alternative strategy for select patients with 

localized or metastatic disease in many advanced cancers. Oncolytic viruses (OVs) have 

a demonstrable ability to target and destroy malignant cells without damaging normal tissue 

and the potential for genetic manipulation to provide immunomodulatory agents within the 

tumor microenvironment (TME), orchestrating tailored antitumor immunity.4 The first Food 

and Drug Administration–approved OV, Talimogene Laherparepvec, pioneered the way for 

clinically effective virotherapy in patients with metastatic melanoma.5,6 This genetically 

modified herpes simplex virus encodes a human granulocyte macrophage colony-stimulating 

factor gene, promoting immune recruitment and presumed enhanced presentation of tumor 

antigens subsequent to OV-mediated lysis and resultant antitumor immune response.7 Initial 

phase I and II studies demonstrated both local oncolytic and distant antitumor effects 

after intratumoral administration.8,9 Subsequent trials showed partial (16%) and complete 

responses (2%) in patients with advanced melanoma,5 leading to its Food and Drug 

Administration approval.

Metastatic pleural disease has been approached with local administration of recombinant 

cytokines, including interferon gamma, interferon alpha2b, and interleukin-2 (IL-2), 

although with minimal long-term clinical impact.4–7 IL-2 is a T-cell growth factor that 

promotes a cellular immune response, enhances cytolytic activity, and drives increases 

in T-cell number.10 Local administration of IL-2 in the pleura is safe and avoids many 

of the systemic toxic effects.11–14 Since 1998, intrapleural IL-2 in combination with 

cisplatin has been an approved treatment for patients with primary and secondary MPE in 

China.15 Our group recently developed a recombinant vaccinia virus (VV) vector to deliver 

membrane-bound phosphoinositol glycan-linked IL-2 into the tumor microenvironment.16,17 

This permits enhanced local delivery of IL-2 with reduced systemic toxicity.

We hypothesized that local treatment of malignant pleural disease (MPD) with a genetically 

modified OV that expresses membrane-bound IL-2 would result in both an oncolytic and 

T-cell–mediated antitumor response. In a murine model of metastatic pleural NSCLC, we 

evaluated the impact of intrapleural VV-IL-2 in reducing tumor burden and prolonging 

survival. We further assessed its ability to influence the composition and repertoire diversity 

of T cells infiltrating the tumor with and without immune checkpoint (programmed cell 

death-1 [PD-1]) inhibition.
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MATERIALS AND METHODS

Mice

We used 6- to 8-week-old female C57BL/6 mice purchased from The Jackson Laboratory 

(Bar Harbor, Me) and housed in the UPMC Hillman Cancer Center Animal Facility. All 

animal experiments were approved by the University of Pittsburgh Institutional Animal 

Care and Use Committee. The Lewis lung carcinoma (LLC) cell line expressing red-shifted 

firefly luciferase (Bioware Brite Cell) was obtained from Perkin Elmer (Waltham, Mass) and 

cultured in Dubecco’s Modified Eagle Medium with 10% fetal bovine serum, at 37°C, in a 

5% CO2 incubator.

Oncolytic Virus Preparation

Oncolytic VVs derived from the Western Reserve strain expressing yellow fluorescent 

protein (YFP) or membrane-bound IL-2, VV-VV-YFP, and VV-IL-2 were used as previously 

described.16 Briefly, plasmid pCMS1-IRES carrying 2 multiple cloning sites separated with 

an IRES sequence from pLVX-IRES-ZsGreen based on a shuttle plasmid pSEM-1 was 

constructed. DNA fragments containing the rigid linker fused with a phosphoinositol glycan-

linked anchor sequence amplified from human CD16b by polymerase chain reaction were 

inserted into pCMS1-IRES, thus creating plasmid pCMS1-IRES-RG. Murine IL-2 cDNA 

was inserted into pCMS1-IRES-RG to yield pCMS1-IL-2-RG. These shuttle vectors were 

used for homologous recombination of murine IL-2 variants into the tk gene locus of the 

vaccinia viral genome. Recombinant viruses were amplified in HEK293 cells as described.16

VV expressing reporter gene (YFP) or IL-2 (Figure 1, A) viruses were generated. The 

maximum dose (2 × 108 plaque-forming units) of virus delivering IL-2 without inducing 

systemic toxicity had been established in extrathoracic murine tumor models.16 In vitro 

replication and cytotoxicity of VV-IL-2 have been demonstrated by our group.16

Malignant Pleural Disease Murine Model

Mice were anesthetized using inhaled isoflurane and oxygen delivery. Intrapleural 

inoculation with LLC at 5 × 105 cells in 120 μL of phosphate-buffered saline (PBS) 

was delivered percutaneously in the right hemithorax to establish the MPD model.18,19 

After 1 intraperitoneal dose of D-luciferin (150 μg/mL), tumor burden was monitored by 

luciferase expression and light emission with a Xenogen IVIS 200 Optical In Vivo Imaging 

System (Caliper Life Sciences, Hopkinton, Mass). Seven days after tumor inoculation, 

mice were randomly assigned to various treatment groups: intrapleural PBS control, 

intrapleural virus (VV-YFP or VV-IL-2), systemic (intraperitoneal) VV-IL-2, or intrapleural 

viruses in combination with systemic (via peritoneum) anti–PD-1 antibody (clone RMP1–

14; Bio X Cell; 200 μg per injection). Tumor burden was assessed by bioluminescent 

imaging as described next. Mice were killed when moribund. Seven days after treatment, 

bioluminescent imaging was completed and mice were euthanized to harvest spleen tissue 

and intrapleural tumor nodules (Figure 1, B). Of note, parenteral administration was done 

via the peritoneal route for all treatments.20
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Flow Cytometry

Pleural tumor nodules were harvested into cold PBS and mechanically disaggregated 

through 70-μm filters and suspended in PBS. After centrifugation (Thermo-Scientific 

[Waltham, Mass]; 4°C, 2100 rpm), the supernatant was discarded, and residual tumor 

was resuspended in red blood cell lysis buffer (1×, BioLegend [San Diego, Calif]); 1.0 

× 106 cells per mL were blocked with α-CD16/32 Ab (clone 93; BioLegend: 101319; 

1:1000) and stained with antibodies against mouse CD45 (PerCP-Cy5.5; clone 30-F11; 

BD: 550994;1:200), CD3 (APC-Cy7; clone 145–2C11; BioLegend: 100330; 1:200), CD4 

(Alexa700; clone RM4–4; BioLegend: 11,602; 1:200), CD8 (BV785; clone 53–6.7; 

BioLogend: 1:200), and PD-1 (PE; clone 29F.1A12; BioLegend: 135205; 1:200). Similar 

procedures were followed to profile circulating lymphocytes in the spleen. Data were 

collected on a Becton Dickinson (Franklin Lakes, NJ) LSRII Fortessa II (4 and 5 laser) 

cytometer and analyzed using FlowJo software (v10.6.2). Conventional T-cell and PD-1 

gating strategies were completed for all samples and displayed as the percentage positive of 

all live cells (Figure E1).

Histopathologic Assessment

Hematoxylin–eosin staining of paraffin-embedded, paraformaldehyde-fixed samples were 

performed on harvested pleural tumors in some experiments.

Amplification, Sequencing, and Bioinformatic Analysis of T-Cell Receptors

Total RNA was extracted from single cell suspensions of spleen (8.0 × 106 live cells) 

and tumor (all live cells) using the RNeasy mini kit (Qiagen, Hilden, Germany) according 

to the manufacturer’s protocol. The iR-RepSeq-plus 4-Chain dimer avoidance multiplex 

polymerase chain reaction amplification sequence (iRepertoire Inc; Huntsville, Ala) was 

used to generate Next Generation Sequencing libraries covering murine T-cell receptor 

(TCR)-Vα, Vβ, Vγ, and Vδ, chains. A total of 1000 ng of extracted RNA was amplified 

in a single assay incorporating unique molecular identifiers (UMIs) during the reverse 

transcription step by the Biomek-i5 workstation (Beckman Coulter, Brea, Calif) as described 

previously.21–23 Amplified libraries were multiplexed and pooled for sequencing on the 

Illumina NextSeq V2.5 platform with a 300-cycle kit. Each sample was allotted 4 million 

total sequencing reads. Raw data were demultiplexed, and UMI-guided assembly was 

performed using migec v1.2.9, and the resulting consensus fastqs were aligned and 

assembled into clonotypes using mixcr v3.0.14.24–26 The output T-cell receptor sequence 

covers FR2 to FR4, as well as the beginning of the constant region.

Raw data were analyzed using the previously described iRmap program (iRepertoire).21,22 

Total reads were normalized to generated UMIs and unique CDR3s, shared spleen and tumor 

CDR3s, the diversity 50 (D50) or percent of unique CDR3s that account for 50% of the 

“head” TCR repertoire,23 clonality (1-Pielou’s Index),27 and Alpha Index (the percentage of 

reads that the single largest clone occupies within the “head” of the entire TCR repertoire, 

where the “head” is defined as number of reads of clones equal to or greater than the mean 

expression of the total dataset) were compared across the 4 TCR chains between treatment 

groups.
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Statistical Analysis

Results are reported from at least 2 independent experiments performed with at least 

triplicate samples. Statistical analysis was performed using Student 2-tailed t test for 

comparisons of 2 groups or Kruskal–Wallis 1-way analysis of variance for multiple groups 

(GraphPad Prism 8; San Diego, Calif). Survival analyses were conducted from the date of 

tumor inoculation using the Kaplan–Meier method.

RESULTS

Intrapleural Vaccinia Virus Interleukin-2 Reduces Tumor Burden and Improves Survival in 
Malignant Pleural Disease Mice

To evaluate the efficacy of oncolytic virotherapy, mice were administered LLC cells in the 

pleural cavity resulting in MPD 7 days after inoculation as indicated by histopathology 

(Figure 1, C). We first determined whether local intrapleural administration of VV-IL-2 

could induce a superior therapeutic response compared with PBS or the vaccinia viral 

control, VV-YFP. At 7 days postinoculation, mice received a single administration of 

intrapleural PBS, VV-YFP, or VV-IL-2. There were no signs of distant metastasis on gross 

autopsy after tumor inoculation or treatment administration. Median overall survival was 

improved in the MPD mice treated with VV-IL-2 (23 days) when compared with PBS 

(16 days, P < .001) or VV-YFP (17 days) (P < .05; Figure 2, A). The day 14 tumor 

bioluminescence was lower in the VV-IL-2 group compared with PBS (P < .05), but not 

different from the VV-YFP group (Figure 2, B). However, reduction in tumor volume was 

significantly enhanced in mice treated with VV-IL-2 when compared with the VV-YFP (P 
< .05; Figure 2, C). Inclusion of VV-YFP in this study enabled comparison of the IL-2–

mediated treatment effect compared with no treatment (PBS) or OV (VV-YFP) alone.

Intrapleural Vaccinia Virus Interleukin-2 Increases CD8+ T-Cell Tumor Infiltration

We hypothesized that the antitumor efficacy after intrapleural VV-IL-2 resulted from an 

IL-2–mediated increase in tumor infiltrating lymphocytes (TILs). Thus, we analyzed TIL 

populations after treatment by flow cytometry. Despite no absolute difference in CD3+ 

TIL (% of total live cells) when comparing VV-YFP and PBS controls, administration of 

VV-IL-2 resulted in an increased proportion of total CD3+ (P < .05) and CD8+ T cells 

(P < .01), with no significant difference in CD4+ TIL in MPD tumors (Figure 2, D). No 

significant changes in the relative abundance of CD3+, CD4+, or CD8+ T cells were found 

in the spleen with VV-YFP treatment (Figure 2, D). Collectively, our results indicate that 

intrapleural VV-IL-2 results in increased TIL and particularly CD8+ TIL with associated 

reduced tumor burden when compared with the VV-YFP and PBS controls.

Intrapleural Vaccinia Virus Interleukin-2 Decreased Tumor Burden and Improved Survival 
in Malignant Pleural Disease Mice Compared With Systemic Vaccinia Virus Interleukin-2

Having established the relative efficacy of VV-IL-2 in our MPD model, we compared the 

antitumor efficacy of systemic versus intrapleural VV-IL-2 in MPD mice. Median survival 

was improved after intrapleural versus systemic VV-IL-2 (23 vs 18 days; P < .05) (Figure 
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3, A), and although there was no difference in day 14 tumor bioluminescence (Figure 3, B), 

tumor burden was decreased in the intrapleural group (P < .001; Figure 3, C).

Intrapleural and systemic VV-IL-2 resulted in increased CD3+ TIL (P < .05), whereas 

only intrapleural VV-IL-2 increased CD4+ (P < .01) and CD8+ TIL (P < .05) compared 

with intrapleural VV-YFP control (Figure 3, D). No differences in lymphocyte counts were 

observed in the spleen after systemic or intrapleural treatment (Figure 3, D).

Combination Intrapleural Vaccinia Virus Interleukin-2 and Systemic Anti–Programmed Cell 
Death-1 Antibody Results in Decreased Tumor Burden With Increased Immune Infiltration

Combination therapies (eg, checkpoint inhibitors and OVs) have promise in promoting an 

enhanced adaptive immune response.28,29 Given the increase in PD-1 expressing CD8+ 

T cells after intrapleural VV-YFP (P < .05) or VV-IL-2 (P < .001, Figure 2, D), we 

hypothesized that systemic blockade of PD-1 signaling on CD8+ T cells would inhibit local 

immunosuppression in the TME and promote a synergistic antitumor effect after intrapleural 

VV-IL-2 in MPD mice.

Combination therapy resulted in improved survival compared with systemic anti–PD-1 

antibody alone (21 vs 16 days; P < .01), but no difference when compared with VV-IL-2 

alone (Figure 4, A). Reduction in tumor bioluminescence was observed on day 14 after 

combination therapy administration compared with systemic PD-1 blockade (Figure 4, B). 

Tumor mass was similar between combination therapy and intrapleural VV-IL-2, with both 

resulting in reduced tumor burden compared with systemic anti–PD-1 alone (P < .01, 

Figure 4, C). There were a higher number of CD3+, CD4+, and CD8+ TIL (P < .05) but 

no difference in PD-1 expressing CD8+ T cells after combination therapy or intrapleural 

VV-IL-2 when compared with systemic anti–PD-1 alone (Figure 4, D). Additionally, the 

combination or intrapleural VV-IL-2 alone groups had a reduction in splenic CD4+ T cells 

compared with systemic anti–PD-1 (P < .05; Figure 4, D).

Combination Intrapleural Vaccinia Virus Interleukin-2 and Systemic Anti–Programmed Cell 
Death-1 Antibody Increase Intratumoral αβ T-Cell Receptor Diversity

To further classify the effect of combination intrapleural VV-IL-2 and systemic anti–

PD-1 antibody on the infiltrating and systemic immune composition, we completed 

unbiased single reaction pan-TCR amplification and next-generation sequencing to assess 

TCR diversity as previously described.21,22 Each sample was allotted approximately 4 

million total sequencing reads. As expected, the mRNA expression of unique CDR3s was 

considerably elevated in the spleen when compared with tumor, irrespective of treatment 

(Figure E2, A–D).30,31 αβ TCR+ cells expressing the Vα and Vβ transcripts comprised the 

majority of the tumor infiltrating and systemic T lymphocytes, with a paucity of Vγ or Vδ 
expressing cells (Figure E2, A–D). Given the long tail distribution of the T-cell repertoires, 

we calculated the D50, or percent of unique CDR3s that account for 50% of the head of 

the distribution (mean expression or higher), as a measure of TCR diversity.23 Combination 

therapy, but not intrapleural VV-IL-2 alone, increased intratumoral Vα D50 compared with 

systemic anti–PD-1 monotherapy (P < .01) and intrapleural VV-IL-2 alone (P < .05, Figure 

5, A). Both VV-IL-2 and combination therapy also proportionally increased intratumoral 
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Vβ D50 compared with anti–PD-1 monotherapy (P < .05, Figure 5, B and C). Similar 

results were observed when comparing the Shannon diversity index, which encompasses the 

entire TCR distribution (P < .05, Figure E3), as previously profiled in murine repertoire 

studies.30,31

The intratumoral Vβ D50 displayed a negative correlation with resected tumor mass (r = 

−0.607, P = .001, Figure 6, A) and tumor bioluminescence (r = −0.514, P = .012, Figure 6, 

B), and a positive correlation with infiltrating CD3+ T cells (r = 0.413, P = .050, Figure 6, 

C). Similar correlations were observed for intratumoral Vα D50 (Figure 6, A–C).

Altered Spleen-Tumor T-Cell Receptor Vβ Sharing and Clonality With Intrapleural Vaccinia 
Virus Interleukin-2 Therapy

Given the high tumor mutational burden in patients with NSCLC and the critical importance 

of clonal expansion of neoantigen reactive TIL in patients with durable complete responses 

to immunotherapy, we sought to further characterize the T-cell repertoire clonality after 

OV therapy.27,32 Both VV treatments demonstrated reduced systemic (splenic) Vα and 

Vβ D50 compared to anti–PD-1 monotherapy (P < .05, Figure 5, A and B). Combination 

therapy increased the absolute number of shared unique CDR3s between the spleen and 

tumor of an individual mouse compared with anti–PD-1 therapy (P < .05, Figure 7, A). 

VV-IL-2 and combination and treatment increased the proportion of circulating splenic 

CDR3s found within TIL compared with that of anti–PD-1 therapy (P < .05, Figure 7, B). 

TCR clonality was significantly higher among TIL populations with anti–PD-1 treatment 

(P < .01, Figure 7, C), whereas the splenic repertoire was more clonal in mice receiving 

VV-IL-2 or combination therapy (P < .05, Figure 7, C). This finding, along with assessment 

of the Alpha Index, or percentage of CDR3s occupied by the single largest clone within 

the “head” distribution of the repertoire, which was decreased among TILs with both VV 

treatments compared with anti–PD-1 (P < .05, Figure 7, D), supported our previous finding 

that VV-IL-2 treatment elicits enhanced diversity of T cells within the tumor.

DISCUSSION

MPD is a terminal event for many patients with cancer. The mainstay of treatment includes 

systemic cytotoxic, molecularly targeted, or immune therapies with palliative drainage. 

Our study evaluated the antitumor efficacy and resulting TIL immunophenotype in an 

experimental murine model of MPD using intrapleural and systemic delivery of oncolytic 

VV-IL-2, systemic anti–PD-1 antibody, and combination therapy. The key findings were (1) 

intrapleural VV-IL-2 reduces tumor burden, prolongs survival, and promotes CD8+ T-cell 

tumor infiltration; (2) intrapleural VV-IL-2 was superior to systemic delivery; and (3) the 

addition of systemic anti–PD-1 antibody did not improve tumor efficacy, but resulted in 

increased intratumoral TCR diversity and expansion of splenic clones (Figure 8).

Over time, localized therapy in MPD has not garnered enthusiasm because of the generally 

short survival of patients and limited efficacy. In China, intrapleural IL-2 with cisplatin 

has been effective in improving survival for patients with MPE from NSCLC; however, 

the benefits are modest, and it has not become a widely adopted strategy outside 

of China.15 Intrapleural VV-IL-2 therapy, with direct antitumor effects and promoting 
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increased CD8+ T-cell infiltration, renews interest in the potential benefits of such localized 

therapies. Several preclinical and clinical studies evaluating the efficacy of the OVs in 

MPD highlight the translational relevance of this approach in patients with solid tumors. 

Therapeutic efficacy of a measles virus was demonstrated in a breast cancer MPE 

murine model. Intravenously and intrapleurally administered virus resulted in high viral 

replication and syncytia formation in the pleural tumor deposits and improved median 

survival by approximately 80% compared with the PBS control mice.33 A phase I study 

of intrapleural administration of the VV GL-ONC1 in patients with MPEs from malignant 

pleural mesothelioma (n = 11), NSCLC (n = 1), or breast cancer (n = 1) suggested a 

tolerable safety profile with positive infection identified in 6 of 8 evaluated patients.34 

Although treated patients with NSCLC or breast cancer progressed quickly, GL-ONC1 

was best suited for patients with MPM whose disease is limited to the pleural space as 

5 of 9 patients with MPM had time to progression 9 months or more. The safety profile 

of intrapleural administration of the granulocyte macrophage colony-stimulating factor 

expressing Talimogene Laherparepvec OV is being evaluated in conjunction with systemic 

anti–PD-1 inhibition in patients with MPE secondary to NSCLC (NCT03597009). IL-2–

mediated activation and expansion of T cells to elicit a tumor specific response using our OV 

holds promise for use in MPEs that result from a variety of cancer types.

Checkpoint inhibitors (specifically anti–PD-1 antibodies) are a frequently used systemic 

treatment in patients with advanced NSCLC. Our finding that CD8+ TIL in our MPD 

murine model had higher expression of PD-1 after treatment with VV-IL-2 prompted us 

to test a combination of systemic anti–PD-1 antibody with localized OV. Although we 

did not identify measurable differences in tumor burden and survival, the increase in TIL 

TCR diversity and clonal expansion in the spleen are novel findings. The advent of dimer 

avoidance multiplex polymerase chain reaction and next-generation sequencing technologies 

has enabled more comprehensive analysis of the immune repertoire in relation to cancer 

development and treatment.23,35 Response and overall survival after immune checkpoint 

blockade in patients with metastatic NSCLC correlates with pretreatment systemic CD8+ 

PD-1+ Vβ diversity36 and higher TCR productive frequencies.37 A recent report has 

suggested that in patients with early-stage NSCLC demonstrating significant TCR homology 

between TIL and T cells in healthy adjacent lung exhibit worse survival, presumably due 

to a less specific antitumor immune response.27 Our finding that MPD mice treated with 

combination systemic checkpoint and intrapleural OV had increased TIL TCR diversity and 

reduction in the Alpha Index suggests that this combination may enhance the breadth of 

the tumor-specific immune response. The enhanced clonality with PD-1 antibody therapy 

suggests a possible liability of this approach, particularly when used alone and without 

chemotherapy38 or antibodies to CTLA4,39 which have demonstrable greater efficacy in 

patients.

Evaluation of multiple immunotherapies (anti–PD-1, anti–CTLA-4, anti–4–1BB, anti–CD-4) 

in a B16 melanoma model enhanced intratumoral Vβ diversity in all treated animals.30 

In the current study, the increased intratumoral Vα and Vβ diversity was also found with 

VV-IL-2 (Vα only) administration alone and in combination with anti–PD-1. Irrespective of 

treatment, αβ TCR diversity also correlated with decreased tumor burden and increased 

CD3+ immune infiltrate, indicating the critical role of generating a diverse immune 
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repertoire to control tumor growth. Evidence of clonal expansion of tumor reactive TCRs 

after administration of IL-2 expressing VV was also observed with a constant overall 

number of unique CDR3s in spleen and tumor and increased splenic clonality. However, 

tumor specific clonal expansion may have been limited by the immunosuppressive TME and 

limited time course afforded by the used model remains to be investigated. The contribution 

of IL-2 versus VV-mediated enhancement of intratumoral αβ TCR diversity is currently 

under investigation. The improved antitumor efficacy of intrapleural versus systemic 

VV-IL-2 underscores the improved oncolytic effect of local administration. Combination 

systemic and local OV strategies may enhance antitumor effects by facilitating recognition 

and eradication of distant metastases via systemic administration, in conjunction with more 

focused local treatment. Local and systemic VV (VV.mIFNβ and VV.Luc) have been tested 

in subcutaneous murine models of NSCLC with a 40% reduction in tumor burden.40 

Additional studies with VV-IL-2 are planned to evaluate antitumor efficacy alone and in 

combination with adoptive cellular therapy. By increasing infiltration of CD8+ T cells 

and enriching TIL repertoire diversity, our study serves as the basis for using oncolytic 

virotherapy as a potential pre-TIL therapy strategy in this setting.17

Study Limitations

There are limitations to our study that used a highly aggressive and lethal tumor model 

in the pleural space. The tumor was not completely eradicated, which may be due to 

the aggressive nature of the neoplasm and treatment-induced adaptive immune resistance 

based on PD-1 expression and potential regulatory T-cell upregulation after intrapleural 

VV-IL-2 administration.41 Additionally, antiviral antibody and natural killer cells may lead 

to premature virotherapy neutralization, which may explain incomplete tumor eradication 

and nonsignificant differences in tumor infiltration as seen in Figure 3, D. Despite reduced 

regulatory T cells in previously described colon cancer murine models (4% of total 

TIL population in PBS controls to 0.8% in the VV-IL-2 cohort),17 it is worth further 

exploring this cell subset and corresponding checkpoint receptor expression (CTLA-4, 

LAG-3, TIM-3, TIGIT, PDL-1) in the present MPD model as we further improve these 

immunotherapeutic interventions.42 Upregulation of immune checkpoint interaction can 

also promote immunosuppression by enhancing regulatory T-cell function and proliferation 

within the TME, which may contribute to reduced antitumor immunity despite VV-IL-2 

treatment.41

There was limited pleural effusion (bloody, <10 μL) that was poorly reproducible in the 

MPD tumor model. This is not an uncommon finding in other established murine models of 

pleural disease.16,17 Thus, we believe that pleural carcinomatosis is an acceptable alternative 

for advanced spread seen in a subset of patients with secondary MPD. The aggressive nature 

of this MPD model, leading to rapid pleural carcinomatosis and respiratory failure, adds 

to the significance of the observed median 43% survival benefit and reduction in tumor 

burden. Use of a luciferase transfected tumor cell line may have elicited an immune response 

that is noticeable with decreased gross tumor mass but not accounted for during tumor 

bioluminescent imaging quantification.
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CONCLUSIONS

To date, local control of secondary MPE is largely palliative. Our study represents the first 

preclinical study that uses intrapleural OV in an MPD murine model. Our findings suggest 

that VV-IL-2 is an effective IL-2 immunotherapy that should be considered for patients with 

refractory MPD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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D50 diversity 50

IL-2 interleukin 2

LLC Lewis lung carcinoma

MPD malignant pleural disease

MPE malignant pleural effusion

NSCLC non–small cell lung cancer

OV oncolytic virus

PBS phosphate-buffered saline

PD-1 programmed cell death-1

TCR T-cell receptor

TIL tumor infiltrating lymphocyte

TME tumor microenvironment

UMI unique molecular identifier

VV vaccinia virus

YFP yellow fluorescent protein
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PERSPECTIVE

There has been limited progress in improving survival for patients with MPE. 

Immunotherapy is an alternative strategy for patients with metastatic disease in many 

advanced cancers. Our findings suggest that VV-IL-2 is an effective IL-2–enhanced 

virotherapy that has the potential to treat patients with refractory MPD.
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FIGURE 1. 
VV variants and murine model of MPD methodology. A, Doubly deleted VV-YFP 

expressing membrane bound VV-IL-2 constructs. B, Illustrative display of the timing of 

experiments to assess day 14 end points and survival after inoculation with tumor and 

corresponding day 7 treatment. C, Hematoxylin–eosin stain of resected day 7 metastatic 

pleural disease (solid thin arrow), rib (dashed arrow), and intercostal muscle (bolded arrow) 

demonstrating successful tumor implantation in the MPD model (10× magnification).
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FIGURE 2. 
IL-2 VV administration reduces tumor burden and increases PD-1+ CD8+ TIL and survival. 

A, C57BL/6 mice were inoculated with 5 × 105 LLC cells in the intrapleural space and 

treated 7 days later with PBS (n = 18), VV-YFP control (n = 6), or VV-IL-2 (n = 20) at 2 × 

108 plaque-forming units per mouse. Kaplan–Meier survival estimate (with 95% confidence 

interval) demonstrate improved survival in the VV-IL-2 group (4 pooled experiments). B, 

Bioluminescent imaging of MPD mice was completed on days 7 and 14 and cohort mean ± 

standard deviation bioluminescence (photons/s × 108) are reported (3 separate experiments) 

with representative mice from each treatment group. C, MPD mice treated with virus 

showed less tumor burden 7 days after virus treatment (2 separate experiments). D, MPD 

mice were killed 7 days after treatment and tumor and spleen sample were analyzed by 

flow cytometry. Flow cytometry analysis CD3+, CD4+, CD8+, and CD8+ PD-1+ expression 

(percent of all live cells) of immune cells demonstrated an overall increase in CD3+ tumor 

infiltration and specifically CD8+ (but not CD4+) and CD8+ PD-1+ T cell with VV-IL-2 

treatment (3 separate experiments). The same immune populations were not altered in the 

spleen, except for increased CD8+ PD-1+ cells with VV-YFP treatment compared with PBS. 

P values are reported (*P < .05, **P < .01, ***P < .001).

Ekeke et al. Page 17

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2022 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Intrapleural IL-2 expressing VV demonstrates superior antitumor efficacy compared with 

systemic (intraperitoneal) administration. A, Kaplan–Meier survival estimate (with 95% 

confidence interval) for MPD mice treated with systemic VV-IL-2 (n = 5) or intrapleural 

VV-IL-2 (n = 20) at 2 × 108 pfu per mouse 7 days post-tumor inoculation (2 pooled 

experiments) demonstrates survival benefit with intrapleural VV-IL-2 treatment. B, There 

was no difference in tumor bioluminescence (photons/s × 108) between systemic and local 

VV-IL-2 in bioluminescence (3 separate experiments). C, Intrapleural VV-IL-2 resulted in 

less tumor burden (2 pooled experiments). D, Flow cytometry analysis of CD3+, CD4+ 

CD8+, and CD8+ PD-1+ (percent of all live cells) immune populations showed elevated 

intratumoral CD3+ both systemic and local VV-IL-2, but only increased CD4+ and CD8+ 

infiltrate after intrapleural VV-IL-2 versus VV-YFP control (3 separate experiments). The 

same immune populations were not altered in the spleen. P values are reported (*P < .05, 

**P < .01, ***P < .001).
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FIGURE 4. 
PD-1 antibody therapy in combination with intrapleural VV-IL-2 provides comparable 

efficacy and TIL infiltration. A, MPD mice were treated with systemic anti–PD-1 

(n = 9), intrapleural VV-IL-2 (n = 20), or combination therapy (n = 9); (2 pooled 

experiments). Kaplan–Meier survival estimate (with 95% confidence interval) demonstrate 

that combination therapy or VV-IL-2 alone improved survival compared with anti–PD-1 

alone. B, Bioluminescent imaging at days 7 and 14 showed evidence of tumor regression 

at day 14 in the combination and VV-IL-2 cohort compared with anti–PD-1 alone. C, 

Combination therapy or VV-IL2 alone decreased tumor mass compared with anti–PD-1 

only treatment. D, Flow cytometry analysis of the immune infiltrates of the tumor for 

CD3+, CD4+, CD8+, and CD8+ PD-1+ expression (percent of all live cells) demonstrate no 

difference between combination therapy versus VV-IL-2 alone. However, enhanced adaptive 

immunity through increased CD3+, CD4+, and CD8+ immune cell infiltration was evident 

after local VV-IL-2 or combination treatment (compared with systemic anti–PD-1 only). 

Splenocytes demonstrated decreased CD4+ and elevated CD8+ PD-1 expressing T cells after 

combination therapy compared with systemic anti–PD-1 alone. P values are reported (*P < 

.05, **P < .01, ***P < .001).
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FIGURE 5. 
Combination VV-IL-2 and anti–PD-1 Ab therapy increases intratumoral αβ TCR diversity. 

Unbiased pan-TCR dimer avoidance multiplex polymerase chain reaction and next-

generation sequencing were completed on RNA extracted from all live TIL and 8 × 106 live 

spleen cells. A, Vα D50 and (B) Vβ D50 were assessed in tumor and spleen across systemic 

anti–PD-1 alone (n = 7), intrapleural VV-IL-2 alone (n = 9), and combination anti–PD-1 and 

VV-IL-2 (n = 8). Although VV-IL-2 treatment increased TIL TCR Vβ D50, combination 

treatment increased TIL TCR Vα and Vβ D50 compared with anti–PD-1 treatment. C, Vβ 
Intratumoral repertoire diversity is illustrated in tree maps where each rounded rectangle 

represents a unique CDR3, with the size of the rectangle corresponding to the relative 

frequency of the CDR3 clones across the entire distribution. Representative tree maps shown 

for anti–PD-1, VV-IL-2, and combination treatment, with samples with minimum, median, 

and maximum diversity from left to right. P values are reported (*P < .05, **P < .01).

Ekeke et al. Page 20

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2022 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
Intratumoral αβ TCR diversity correlates with tumor burden and T-cell infiltrate. To better 

understand the relationship of intratumoral TCR diversity and murine tumor response, tumor 

mass (A), day 14 bioluminescence (B), and intratumoral CD3+ T cells (C) were correlated 

with both TILVα and Vβ D50. Spearman correlation coefficient and P values are reported 

suggesting a negative correlation between TCRVαβ D50 and tumor burden (tumor mass and 

bioluminescence) and a positive correlation between TCR Vαβ D50 and TIL CD3+ counts.
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FIGURE 7. 
Altered spleen-tumor TCR Vβ sharing and clonality with intrapleural VV-IL-2 therapy To 

identify changes in the splenic and tumor CDR3 migration and expansion, (A) the absolute 

number of shared TCR Vβ unique CDR3s between tumor and spleen was compared across 

systemic anti–PD-1 alone (n = 7), intrapleural VV-IL-2 alone (n = 9), and combination anti–

PD-1 and VV-IL-2 (n = 8) treatment in the MPD mouse model. Compared with mice treated 

with anti–PD-1, combination therapy increased the number of shared TCR Vβ unique 

CDR3s. B, The fraction of spleen TCRVβ CDR3s found in TILTCRs was increased with 

VV-IL-2 treatment compared with anti–PD-1 therapy. C, TCRVβ clonality and the (D) alpha 

index, measures of highly clonal populations, were compared between spleen and tumor 

across treatments. Anti–PD-1 treated TILs exhibited the highest clonality with VV-IL-2 and 

combination therapy increasing spleen-specific clonality. P values are reported (*P < .05, 

**P < .01, ***P < .001).
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FIGURE 8. 
Intrapleural IL-2 expressing oncolytic virotherapy mediates superior antitumor efficacy and 

enhances T-cell receptor diversity in an MPD model. Local administration of an IL-2 

expressing VV reduces tumor burden, which is associated with increased CD4+ and CD8+ 

T-cell infiltrate and αβ T-cell receptor diversity in an MPD model.
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