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Oncolytic virotherapy has been proposed as an ablative and immunostimulatory treatment strategy for solid tumors that
are resistant to immunotherapy alone; however, there is a need to optimize host immune activation using preclinical
immunocompetent models in previously untested common adult tumors. We studied a modified oncolytic myxoma virus
(MYXV) that shows high efficiency for tumor-specific cytotoxicity in small-cell lung cancer (SCLC), a neuroendocrine
carcinoma with high mortality and modest response rates to immune checkpoint inhibitors. Using an immunocompetent
SCLC mouse model, we demonstrated the safety of intrapulmonary MYXV delivery with efficient tumor-specific viral
replication and cytotoxicity associated with induction of immune cell infiltration. We observed increased SCLC survival
following intrapulmonary MYXV that was enhanced by combined low-dose cisplatin. We also tested intratumoral MYXV
delivery and observed immune cell infiltration associated with tumor necrosis and growth inhibition in syngeneic murine
allograft tumors. Freshly collected primary human SCLC tumor cells were permissive to MYXV and intratumoral delivery
into patient-derived xenografts resulted in extensive tumor necrosis. We confirmed MYXV cytotoxicity in classic and
variant SCLC subtypes as well as cisplatin-resistant cells. Data from 26 SCLC human patients showed negligible immune
cell infiltration, supporting testing MYXV as an ablative and immune-enhancing therapy.
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Introduction
Small-cell lung cancer (SCLC) is an aggressive neuroendocrine 
subtype that was recently selected by the National Cancer Insti-
tute, NIH, for a focused strategic plan due to its high incidence in 
the United States (35,000 new cases in 2017), the lack of improve-
ment on 5-year survival rates, and as a direct response to the 
Recalcitrant Cancer Research Act H.R.733 passed by Congress (1, 
2). Despite uncertainty in the cell subtype of origin (3), SCLC has a 
unique genetic and clinical phenotype with concurrent mutational 
inactivation of the RB1 and p53 genes (4, 5) associated with inva-
sive tumor growth and early metastatic dissemination. Although 
SCLC is initially sensitive to standard cytotoxic chemotherapy and 
radiation therapy, tumor responses are short-lived (2). Despite 
recent studies suggesting a role for immune checkpoint inhibi-
tion, clinical investigational trials over the past 4 decades have 
been unable to substantially impact the cure rate of patients who 
present with advanced disease (6–8). Early studies noted mark-
edly reduced expression of HLA-A, -B, -C, and beta2-microglob-
ulin genes in SCLC tumor lines and primary samples, which could 

impact antitumor immunity (9–11). Recent studies show PD-L1 
biomarker staining is low in most SCLC samples compared with 
non-SCLC samples (12–14). Additionally, a longitudinal study of 
lung adenocarcinoma that transformed into SCLC morphology 
was also associated with loss of PD-L1 expression and reduced 
numbers of tumor-infiltrating lymphocytes (15). Since induction of 
host immune cell infiltration is a parameter associated with dura-
ble antitumor efficacy of immune checkpoint inhibition (16–18), 
we were interested in testing the ability of a modified oncolytic  
virus to enhance tumor response and immune cell infiltration 
using immunocompetent genetically engineered mouse SCLC 
and allograft models.

Oncolytic viruses are replication-competent viruses that 
selectively infect and kill tumor cells in vitro and in vivo while 
sparing normal cells and tissues (19, 20). These observations led 
to testing oncolytic virotherapy for treatment of different cancer 
subtypes where standard treatments had otherwise failed. Results 
from early clinical trials were mixed (21, 22), and subsequent  
protocols focused on enhancing efficiency of tumor-specific viral 
replication associated with direct tumor cell cytotoxicity. In addi-
tion, there is growing recognition that oncolytic viruses have the 
potential to generate new antitumor host immune responses (23). 
For example, a conditionally replicative modified herpes viral vec-
tor expressing GM-CSF was the first oncolytic virus approved by 
the FDA, after demonstrating efficacy in a phase III clinical study 
in patients with advanced unresectable melanoma (24, 25). Fur-
ther, recent data using this vector (talimogene laherparepvec)  
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ing (Supplemental Figure 2). Since vMyx-M135KO-GFP lacks the 
TdT reporter, we performed electron microscopy to confirm viral 
replication with detection of mature and immature viral progeny  
formation in human SCLC cells (Figure 1E). To determine if 
MYXV infection elicits an immunogenic cell death, we performed 
an ATP release assay following MYXV infection (42). We observed 
a rapid increase in ATP release 4 hours after exposure to either 
MYXV or the modified vMyx-M135KO-GFP compared with unin-
fected control cells (Figure 1F), consistent with an immunogenic 
cell death mechanism for SCLC cells following MYXV exposure. 
Based on these results, both parental MYXV and modified vMyx-
M135KO-GFP were utilized in subsequent in vivo mouse studies.

While SCLC cell lines usually grow as floating spheroid clus-
ters (classic nonadherent phenotype), a subset exhibit an adher-
ent monolayer (variant) morphology (43, 44). Since Seneca Valley 
picornavirus was previously shown to preferentially infect vari-
ant SCLC cells (45), we tested both floating spheroid (cell lines 
H60, H69, H82) and adherent monolayer (cell lines H372, H446, 
H1048) subtypes. We observed efficient infection and late viral 
replication in all tested human SCLC cell lines independent of cell 
morphology phenotype for both MYXV and the modified vMyx-
M135KO-GFP backbone (Figure 1, Supplemental Figure 2).

SCLC patient biopsy specimens and an optimized genetically engi-
neered murine SCLC model show scant host immune cell infiltration, 
and murine SCLC cell lines show efficient MYXV infection and repli-
cation. Prior studies have noted that the aggressive phenotype of 
human SCLC is associated with reduced expression of immune 
markers and lower PD-L1 biomarker staining compared with non-
SCLC samples (9–14). We performed immunohistochemistry on 
a set of 26 new human SCLC tumor biopsies and observed that 18  
of 26 samples (70%) were negative (0 score) for presence of infil-
trating CD45+ immune cells and only 1 of 26 samples (4%) exhib-
ited a score of 3 or higher (Figure 2A). All samples were scored by 
the same pathologist using previously established cut-off criteria, 
as described in Methods. Tabulated data are included in Supple-
mental Figure 3.

To test the efficiency of MYXV virotherapy as an effective 
immunoablative agent in vivo using an immunocompetent SCLC 
genetically engineered mouse model (GEMM), we first opti-
mized the p53–/–/Rb1–/–/ p130–/– conditional mouse model (46) by 
limiting dilution of intratracheal adenovirus Cre-recombinase 
(Ad-Cre) and determined 1 × 106 focus-forming units (FFU) was 
sufficient to consistently generate fewer SCLC tumorlets per 
lung section, which more closely simulates human disease (Fig-
ure 2B). Undifferentiated neuroendocrine tumorlet foci arising 
after intratracheal Ad-Cre delivery were confirmed by positive 
NCAM-1 (CD56) staining (Figure 2C). To examine end-stage 
advanced disease, we obtained lungs from mice 8–9 months 
after Ad-Cre delivery and observed SCLC tumors occupying 
large regions of the lung (Figure 2D). These end-stage SCLC 
tumors showed scant CD45+ and CD3+ immune cell infiltration 
as determined by IHC (Figure 2D). Representative flow cytom-
etry analysis of whole-lung, single-cell suspensions confirmed a 
marked reduction in CD45+ and CD3+ immune cell populations 
in lungs from advanced SCLC compared with a normal adult 
mouse lung control (Figure 2E). Quantification was performed in 
3 independent mice and showed a statistically significant reduc-

suggested an important role for oncolytic virotherapy in modu-
lating host immune responses where tumor response in patients 
with advanced melanoma was directly correlated with induction 
of T cell infiltration and reexpression of PD-L1 and other IFN-γ 
biomarkers (16, 26).

Myxoma virus (MYXV) is a distinct Leporipoxvirus initially 
identified as the causative agent for myxomatosis, a lethal dis-
ease specific to European rabbit strains (oryctolagus cuniculus) but 
nonpathogenic for other mammals (27, 28). Based on this obser-
vation, MYXV was released in Australia in the 1950s to control 
feral rabbits (29). This is credited as the first biological control 
program of a mammalian pest that also confirmed lack of toxic-
ity to other mammalian species, including humans. Although a 
rabbit-specific poxvirus, MYXV is able to infect and replicate in 
tumor cells derived from diverse species, and oncolytic activity 
has been demonstrated for several human tumor lineages (30, 31). 
There are no unique tumor-specific surface receptors for MYXV, 
and modulation by host DEAD-box helicases (32) combined with 
the inability of tumor cells to induce protective antiviral host cyto-
kine responses are proposed as reasons underlying specificity 
for MYXV replication and cytotoxicity in human tumor cells but 
not normal tissues (32, 33). We selected human SCLC as a solid 
tumor model for preclinical testing for MYXV therapy because 
(a) relapsed SCLC is incurable (8), (b) RB and p53 are targeted 
for mutational inactivation in essentially 100% of SCLC (34) and 
PTEN loss and/or AKT1 activation are concurrently observed in 
a large subset of tumor samples (35, 36), and this somatic muta-
tional pattern is specifically associated with enhanced efficiency 
for MYXV infection and replication in tumor cells (37, 38), and 
(c) the recent demonstration of tumor response rates to immune 
checkpoint inhibition (13, 39) offered an opportunity to explore 
combined immunotherapy with ablative oncolytic treatments 
to increase the immunogenic profile of target tumor tissues and 
improve the outcome of these patients with advanced disease.

Results
Efficient MYXV viral replication in human SCLC floating spher-
oid cell clusters and variant adherent cell lines. To study efficiency 
of MYXV virotherapy against human SCLC cell lines in vitro, we 
used vMyx-GFP-TdT (GFP under control of a poxvirus early/late 
promoter and TdTomato under poxvirus p11 late promoter) to 
score for early and late viral replication phases, respectively. We 
observed GFP expression, indicating infection/early gene expres-
sion, and TdTomato expression, indicating viral replication in 
both adherent and nonadherent human SCLC cell lines (Figure 
1, A and B). In addition, we performed flow cytometry on normal 
lung epithelial cells and 3 human SCLC cell lines and observed 
efficient viral infection for each human SCLC cell line tested, with 
negligible effect on normal cells (Figure 1C; additional quantita-
tion in Supplemental Figure 1, A and B). We also measured viral 
replication efficiency in 2 human SCLC lines at 24 and 48 hours 
after initial (1 hour) viral attachment and detected at least a 1 log 
increase in viral titers (Figure 1D). In addition, we tested a mod-
ified vMyx-M135KO-GFP (viral M135 gene replaced with GFP, 
ref. 40), which exhibits attenuated disease in European rabbits 
but retains enhanced oncolytic properties in cancer cells (41), and 
therefore proposed it as an optimal agent for clinical phase I test-
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Figure 1. MYXV infects and replicates in human SCLC cells. (A) Human SCLC 
cell lines infected with vMyx-GFP-TdT at 10 MOI demonstrating both early (GFP) 
and late (TdTomato) gene expression for viral replication at 48 hours for cell line 
H69 and 24 hours for cell line H1048. Scale bars, 200 μm. (B) Expanded human 
SCLC and control NHBE cell line infected with vMyx-GFP-TdT at 10 MOI. All SCLC 
cell lines demonstrate both early (GFP) and late (TdTomato) gene expression 
for replication at 48 hours whereas control cell lines show negligible permis-
siveness. Scale bars, 50 μm. (C) Quantification of early gene expression 18 
hours after infection (1 MOI). For each cell line, the flow cytometry histograms 
compare vMyx-GFP-TdT–treated cells relative to control cells (no infection). 
(D) Replication of MYXV in human SCLC cell lines illustrated by the formation 
of viral progeny 24 and 48 hours after vMyx-GFP-TdT infection. Results are 
representative of 3 replicates per group, bar showing mean + SD with all data 
points. ****P < 0.0001 by 1-way ANOVA and Tukey’s multiple comparison test. 
(E) Transmission electron microscopy of human SCLC H60 cell line 48 hours 
after infection with vMyx-M135KO-GFP at 10 MOI. Mature virus (MV), immature 
particles (IV), and nucleus (N) are labeled. MV is visualized in several areas of 
the cytoplasm. Inset highlights the indicated region showing MV. Scale bar, 
2 μm. (F) Immunogenic cell death (ICD) assay illustrates the increase in ATP 
release compared with control cells (no infection). Results are representative of 
4 replicates per group and time point. Data represent mean + SEM.
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cells, we quantitated the generation of infectious MYXV progeny 
in murine SCLC tumor lines and observed a statistically signifi-
cant enhancement in viral replication (Figure 3C, Supplemental 
Figure 4). In addition, as observed earlier with human SCLC cell 
lines, we detected similar infection efficiency using the modified 
vMyx-M135KO-GFP in murine SCLC cell lines (Supplemental 
Figure 5). Five of the 6 human SCLC cell lines tested were gen-
erated from patients who had previously received combination 
chemotherapy, whereas the murine SCLC cell lines were chemo
therapy-treatment naive. Since a phase I clinical trial testing 
oncolytic virotherapy would enroll relapsed SCLC patients asso-
ciated with the phenotype of cisplatin resistance, we exposed 
murine SCLC cell line 2.1A to continuous cisplatin with periodic  
high concentration cisplatin pulses to generate the cisplatin- 

tion in immune cell infiltration in endpoint lungs carrying a high 
CD45–/CD56+ SCLC tumor burden compared with lungs from 
control mice (Figure 2F). These data suggest tumorlets advanc-
ing to end-stage SCLC are associated with reduced potential for 
cancer immune surveillance.

We also dissected individual SCLC foci to generate syngeneic  
murine SCLC cell lines that exhibited either adherent (A) or 
floating spheroid (F) phenotypes. We observed efficient MYXV 
infection, with early (GFP) and late (TdTomato) gene expression 
(Figure 3A). Quantification of MYXV infection and early gene 
expression was performed by flow cytometry and demonstrates 
efficient infection observed in murine SCLC with a negligible 
effect on normal murine embryonic fibroblast (MEF) cells (Fig-
ure 3B, Supplemental Figure 1). As tested earlier for human SCLC 

Figure 2. SCLC patient specimens and a genetically engineered mouse model for SCLC show scant immune cell infiltration. (A) Data from 26 SCLC 
patient specimens showing CD45 infiltration score (0–3+) defined by CD45+ immunostaining. (B) Dose-dependent study of Ad-Cre delivered by intratracheal 
injection showing the number of tumor lesions observed at the indicated time points for each Ad-Cre dose. Results are representative of 3 animals per 
group, and data indicate mean + SD. (C) NCAM-1 (CD56) immunohistochemistry 5 months after intratracheal delivery of Ad-Cre compared with PBS-treated 
control. Scale bars, 50 μm. (D) IHC of FFPE sections from a p53–/–/Rb1–/–/p130–/– mouse at survival endpoint; CD45 IHC shows negligible infiltrating immune 
cells and CD3 IHC shows negligible infiltrating T lymphocytes. The advanced SCLC lesion (T) occupies majority of the section with lymph node (LN) upper 
right confirming CD45 and CD3 reactivity. Scale bars, 400 μm. (E) CD45 and CD3 populations from an enzymatically digested whole lung obtained from adult 
normal lung (no Ad-Cre tumor induction) (top) or p53–/–/Rb1–/–/p130–/– mouse at survival endpoint (bottom) that confirms IHC results showing few immune 
cells (CD45+) and T lymphocytes (CD3+) in endpoint SCLC lung. (F) Quantification from whole-lung tissue using control (no Ad-Cre induction; n = 3) and SCLC 
endpoint (n = 3) showing reduction in immune CD45+ or CD3+ cells and presence of CD45–/CD56+ SCLC tumor cells. Bar showing mean + SD with all data 
points. ****P < 0.0001 by unpaired Student’s t test.
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cells, indicating immunogenic cell death following MYXV expo-
sure in murine SCLC (Figure 3F).

Intrapulmonary MYXV delivery to immunocompetent SCLC 
GEMM mice induces prolonged host immune cell infiltration in 
tumor-bearing mice. To test intrapulmonary MYXV delivery, we 
performed intranasal instillation using 5 × 107 FFU vMyx-FLuc 
(Firefly luciferase under control of a poxvirus early/late promoter) 
3 months after intratracheal Ad-Cre delivery. We observed lucif-
erase signals in bilateral lungs at 3 days (n = 3 mice) with intrapul-

resistant cell line 2.1A-CR with greater than 5-fold cisplatin resis-
tance (Figure 3D). We show efficient MYXV infection and late 
viral gene expression/replication in both the cisplatin-resistant 
cell line (2.1A-CR) and its matched parental treatment–naive 
cell line (2.1A) (Figure 3E). To determine if murine SCLC under-
goes immunogenic cell death following MYXV infection, we 
performed an ATP release assay. Similar to data collected from 
human SCLC, we observed a rapid increase in ATP release at 4 
hours when compared with ATP release in uninfected control 

Figure 3. MYXV efficiently infects and replicates in murine SCLC and cisplatin-resistant cell lines derived from an optimized GEMM. (A) Murine SCLC cell 
lines infected with vMyx-GFP-TdT at 10 MOI demonstrating both early (GFP) and late (TdTomato) gene expression for replication at 48 hours. Scale bars, 
250 μm. (B) Quantification of early gene expression 18 hours after infection (1 MOI) for each cell line. The flow cytometry histograms compare vMyx-GFP-
TdT–treated cells relative to control cells (no infection). (C) Replication of MYXV in murine SCLC cells and a permissive RK13 control cell line illustrated by 
the formation of viral progeny 72 hours after vMyx-GFP-TdT infection compared with 1 hour (input viral attachment stage). Results are representative of 
3 replicates per group. Bar shows mean + SD with all data points. ***P < 0.001, ****P < 0.0001, by unpaired Student’s t test. (D) Viability assay showing 
a greater than 5-fold increase in GI50 for the cisplatin-resistant murine SCLC cell line compared with the matched parental murine SCLC cell line. Data 
represent mean + SD for triplicate samples. (E) Cisplatin-resistant murine SCLC cell lines and the matched parental murine SCLC cell line infected with 
vMyx-GFP-TdT at 10 MOI demonstrating both early (GFP) and late (TdTomato) gene expression at 12 and 48 hours. Scale bars, 250 μm. (F) Immunogenic cell 
death (ICD) assay illustrated the increased ATP release compared with control cells (no infection). Results are representative of 4 replicates per group and 
time point. Data represent mean + SEM. A, adherent phenotype; F, floating spheroid phenotype.
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monary vMyx-FLuc clearance in vivo by 7 days  
(n = 3 mice) (Figure 4A). We validated this obser-
vation by timed euthanasia after intrapulmonary 
vMyx-FLuc delivery with detection of luciferase 
signal exclusively in dissected lungs at 3 days after 
infection with subsequent viral clearance by 7 days 
after infection (Figure 4B). We did not detect mea-
surable luciferase in nonpulmonary organs or in 
PBS-treated mice, indicating that normal noncan-
cerous tissues are essentially nonpermissive for 
MYXV replication (Supplemental Figure 6).

To determine whether MYXV treatment 
increases immune cell infiltration in lung tissue and 
whether it can trigger tumor necrosis, we treated  
SCLC GEMM mice with 2 doses 48 hours apart of 
vMyx-GFP-TdT at 5 × 107 FFU by intranasal instil-
lations starting 3 months after intratracheal Ad-Cre 
delivery (scheme in Figure 4C). Mice were euth-
anized 30 days after the second viral treatment 
and subjected to necropsy. H&E stained lung sec-
tions examined by a masked veterinary pathologist 
showed increased frequency of scattered discrete 
foci of necrosis within tumorlets in lung sections 
from mice treated with vMyx-M135KO-GFP com-
pared with PBS-treated controls (Figure 4D). In 
addition, we detected a marked increase in CD45+ 
immune cell infiltration of lung tissue surrounding 
tumorlets only in MYXV-treated mice compared 
with PBS controls, suggesting an enhanced immuno
stimulatory response following MYXV infection 
(Figure 4E).

Intrapulmonary MYXV alone or combined with 
low-dose cisplatin prolongs overall survival of immuno
competent SCLC GEMM mice. To test the efficacy 
of MYXV oncolytic therapy to prolong survival of 
SCLC GEMM mice, we performed a survival study 
(scheme in Figure 5A) testing intrapulmonary 
vMyx-M135KO-GFP alone (2 doses of 5 × 107 FFU 
given 38 hours apart, n = 31) or in combination with 
low-dose cisplatin (2.5 mg/kg, n = 29) compared 
with PBS-alone (n = 31) or cisplatin-alone (n = 30) 
controls. Cisplatin was administered by i.p. injec-
tion in 4 cycles by treating animals once a week for 
3 weeks then allowing 2 weeks rest before starting 
another cycle (Figure 5A). We observed a statisti-
cally significant increase in survival in mice treated  
with vMyx-M135KO-GFP alone compared with 
those treated with PBS (P = 0.0016, median survival  
217 days versus 149 days) (Figure 5B). Although 
high-dose cisplatin is an effective cytotoxic agent for 
neuroendocrine lineage tumors, we selected low-
dose cisplatin treatment cycles and did not observe 
a statistically significant effect on survival used as a 
single agent when compared with PBS control (P = 
0.78, median survival 161.5 days versus 149 days). 
In contrast, we observed that the combination of 
low-dose cisplatin plus MYXV showed a striking 

Figure 4. MYXV localizes to the lungs of tumor bearing mice resulting in a prolonged 
immune response. (A) Bioluminescence imaging of conditional Ad-Cre–treated p53–/–/Rb1–/–/
p130–/– mice before treatment, 3 days after treatment, and 7 days after treatment with 
vMyx-FLuc. vMyx-FLuc was administered by intranasal instillation (5 × 107 FFU in 60 μl PBS). 
(B) Bioluminescent imaging of resected lungs from conditional Ad-Cre–treated p53–/–/Rb1–/–/
p130–/– mice (SCLC positive) at 3 and 7 days after treatment with vMyx-FLuc, compared with 
resected lungs from control mice lacking p53/Rb1/p130 knockouts (SCLC negative) 3 days after 
vMyx-FLuc. (C) Timeline indicating experimental design for examining immune responses  
30 days after vMyx-M135KO-GFP. Three months after Ad-Cre tumor induction, mice were 
treated twice with MYXV (5 × 107 FFU in 60 μl PBS) 48 hours apart via intranasal instillation, 
30 days after MYXV treatment mice were euthanized and the lungs examined. (D) Histological 
analysis of mice 30 days after intranasal instillation of PBS or MYXV showing H&E-stained 
FFPE sections. Higher magnification inset shows effects on individual tumorlets. (E) Anti-
CD45 IHC-stained FFPE serial sections. Scale bars, 500 μm.
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enhanced prolongation of survival compared with MYXV alone  
(P = 0.02, median survival 239 days versus 217 days) and PBS- 
treated controls (P < 0.0001, median survival 149 days) (Figure 5B).

MYXV efficiently infects and replicates in primary human SCLC 
tumor cells and matched patient-derived xenograft tumors. A strat-
egy using intrapulmonary delivery of oncolytic virus may limit 
the ability to achieve a sufficiently high MOI for direct tumor kill-
ing of disseminated disease and would require activation of host 
immune cell response for an effective local and disseminated 
antitumor strategy. To test the ability of MYXV at a higher MOI to 
induce tumor necrosis within SCLC tumor in vivo, we performed 
direct intratumoral injections into human patient–derived SCLC 
xenograft (PDX) models as well as immunocompetent syngeneic  
murine SCLC models. Following informed consent through an 
IRB-approved clinical study (University of Florida College of 
Medicine, IRB26857235), primary SCLC cells were collected  
from medically indicated bronchoscopy from 2 different 
patients and aliquots were incubated with either vMyx-GFP-
TdT or vMyx-M135KO-GFP. At 24 and 48 hours after infection 
with vMyx-GFP-TdT, each patient sample showed markers for 
early and late viral gene expression exclusively within scattered 
SCLC tumor cells admixed within normal epithelial cells that did 
not exhibit viral replication (Figure 6A and Supplemental Fig-
ure 7). In addition, we observed efficient infection with vMyx-
M135KO-GFP at 24 hours with further propagation through the 
sample by 48 hours (Figure 6B). Primary human SCLC cells 
were also injected into the flanks of immunodeficient (NSG) 
mice (passage P0) and the resulting SCLC xenograft tumor was 
excised and reimplanted (passage P1) into additional mice (n = 
6) for testing of intratumoral injection and maintenance of the 
new human SCLC PDX model. Direct intratumoral injections 

of vMyx-FLuc showed the virus was able to replicate within 
the xenograft tumor in vivo. The viral signal was detectable 
at 4 and 7 days after intratumoral injection and subsequently  
at a lower intensity at 10 days (Figure 6C). To determine the 
effect on tumor histology within the first week, we sacrificed 
vMyx-FLuc–treated mice and examined tumor histology at 7 
days after treatment. We observed extensive necrosis within 
sections of MYXV-treated mice whereas control tumors treated 
with intratumoral PBS showed minimal (<5%) necrosis (n = 6 
and representative section using ImageJ analysis for percentage 
of necrosis shown in Figure 6D).

Intratumoral delivery of MYXV to the syngeneic immunocom-
petent murine SCLC model induces extensive tumor necrosis with 
marked host immune cell infiltration. We expanded these findings 
by studying intratumoral MYXV delivery to additional immuno-
deficient animals carrying SCLC PDX tumors to compare the effi-
ciency of viral clearance using an immunocompetent murine SCLC 
allograft model. We first generated SCLC allograft tumors in syn-
geneic immunocompetent mice using independent murine SCLC 
cell lines derived from our GEMM. These subcutaneous allograft 
(SQA) tumors were injected intratumorally with either vMyx-FLuc 
or PBS control (Figure 7A). We observed accelerated clearance of 
the MYXV luciferase signal in immunocompetent mice by 5 days 
(n = 4) compared with either the immunodeficient human PDX  
(n = 3) (Figure 7B) or the immunodeficient murine SCLC xeno-
graft in NSG mice (Supplemental Figure 10), suggesting a role 
for immune cell infiltration in targeting virally infected cells. We 
observed widespread necrosis of SCLC tumor cells within the syn-
geneic tumor allograft 7 days after intratumoral injection of vMyx-
FLuc, which was associated with marked CD45+ immune cell 
infiltration as compared with PBS control intratumoral injections 

Figure 5. MYXV increases overall survival in conditional p53–/–/Rb1–/–/
p130–/– SCLC GEMM. Survival is enhanced when MYXV is combined with low-
dose cisplatin. (A) Timeline for survival experiment indicating time of Ad-Cre 
tumor induction at 6–8 weeks of age, treatment start at 100 days after 
tumor induction, and the indicated time points for the therapeutic interven-
tion. Mice receiving vMyx-M135KO-GFP were given 2 doses (5 × 107 FFU in 60 
μl PBS) 48 hours apart, and cisplatin was administered by i.p. injection (2.5 
mg/kg in 100 μl PBS) at the indicated time points. (B) Kaplan-Meier survival 
analysis of the experiment outlined in Figure 3A. Conditional p53–/–/Rb1–/–/
p130–/– SCLC mice were randomized into 4 treatment groups. PBS control 
mice received intranasal instillation and i.p. injections of PBS. Mice treated 
with MYXV alone received i.p. injections of PBS at the same cisplatin treat-
ment intervals, and the cisplatin-only group received intranasal instillation 
of PBS at the MYXV treatment interval. Survival data represent 31 mice in 
the PBS group, 30 mice in the cisplatin (Cis) group, 27 mice in the MYXV 
group, and 29 mice in the MYXV+Cis group. *P < 0.05, **P < 0.01, ****P 
< 0.0001, NS indicates P > 0.05, by log-rank (Mantel-Cox) test. Median 
survival for each treatment group was as follows: PBS: 149 days (95% CI, 
113–213 days); Cis: 161.5 days (95% CI, 150–175 days); MYXV: 217 days (95% CI, 
169–243 days); MYXV+Cis: 239 (95% CI, 220–254 days).
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Discussion
There have been few oncolytic virotherapies tested for the treat-
ment of lung cancer and these have focused on mesothelioma and  
non-SCLC (47). Since the clinical trial testing of Seneca Valley 
Virus (SSV001) after chemotherapy in patients with advanced 
SCLC was terminated due to lack of efficacy (ClinicalTrials.gov, 
NCT01017601), there have been few studies testing oncolytic 
virotherapy in this important lung cancer subtype. However, this 
negative clinical trial might have been predicted, since SSV001 
has selective tropism for the rare variant SCLC phenotype (45), 
while it is nonpermissive for viral replication and cytotoxicity in 
the more common ASCL1-positive SCLC tumors characterized 
by in vitro growth as tightly packed floating spheroids. We have 
now identified a modified MYXV backbone with a high safety 
index for normal mammalian cells, which shows efficient late 

(Figure 7C). This result suggests that intratumoral MYXV injec-
tion in patients with lung parenchymal or regional chest lymph 
nodes would induce localized tumor necrosis associated with host 
immune cell infiltration. To confirm this observation, we delivered 
intratumoral MYXV or control PBS to a new set of allograft tumor–
bearing mice and observed that MYXV significantly delayed tumor 
growth (Figure 7, D and E). We measured viral clearance from the 
allograft tumors and observed no effect on animal health or body 
weight (Supplemental Figure 8). We also tested ex vivo exposure 
of SCLC tumor cells to either MYXV or PBS control and observed 
complete loss of tumor development following treatment with 
MYXV in the allograft immunocompetent model (Figure 7F). This 
ex vivo exposure to MYXV was also examined in an immuno
deficient NSG mouse model, where a similar inhibition of tumor 
growth was observed (Supplemental Figure 9).

Figure 6. Primary human SCLC specimen is permissive to MYXV, and a direct intratumoral delivery of MYXV to human SCLC PDX tumors shows viral 
replication and extensive tumor necrosis. (A) Primary SCLC patient specimen collected from bronchoscopy was immediately infected with vMyx-GFP-TdT 
at 10 MOI, demonstrating both early (GFP) and late (TdTomato) gene expression for replication at 48 hours. Scale bars, 200 μm. Early infection is evident at 
24 hours and replication propagating through the patient specimen is evident by 48 hours. (B) Primary SCLC patient specimen infected with vMyx-M135KO-
GFP at 10 MOI shows expression of early/late (GFP) gene expression at 48 hours. Scale bars, 200 μm. vMyx-M135KO-GFP lacks a TdTomato reporter gene 
and expression of the GFP reporter gene is under a poxvirus synthetic early/late promoter expressing GFP during both infection and replication stages. (C) 
Patient-derived xenograft (PDX) tumor after direct intratumoral injection (5 × 107 FFU in 50 μl PBS) of vMyx-FLuc expressing Firefly luciferase under poxvirus 
synthetic early/late promoter indicating viral infection and replication. (D) Histological analysis of H&E stained FFPE sections from PDX tumors at 4 and 7 
days after vMyx-FLuc injection (5 × 107 FFU in 50 μl PBS) showing progressively increasing necrosis. vMyx-M135KO-GFP infection illustrates similar necrotic 
effects as vMyx-FLuc at 7 days. Scale bars, 500 μm. Percentage of tissue area showing necrosis is indicated in each micrograph.
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Figure 7. MYXV infection inhibits tumor development and Intratumoral delivery of MYXV to murine syngeneic SCLC allografts show necrosis, immune 
cell infiltration, and tumor growth inhibition. (A) Subcutaneous allograft (SQA) SCLC tumor in an immunocompetent mouse showing replication and 
rapid clearance by 7 days after vMyx-FLuc treatment. (B) Quantification of the fold increase in vMyx-FLuc bioluminescence signal from SQA tumors in 
immunocompetent mice (n = 4) compared with PDX tumors in immunodeficient NSG mice (n = 3) following direct intratumoral injection of MYXV (vMyx-
FLuc, 5 × 107 FFU in 50 μl PBS). Data represent mean + SD. (C) Histological analysis of representative H&E-stained FFPE sections from SQA tumors 7 days 
after intratumoral injection of vMyx-FLuc (5 × 107 FFU in 50 μl PBS) and 7 days after PBS injection (50 μl PBS). Extensive necrosis is observed in representa-
tive MYXV-treated tumor. Higher magnification illustrates the necrotic debris field with select immune cells further enlarged to observe nuclear morphol-
ogy. Anti-CD45 IHC confirms high levels of immune cell infiltration following MYXV treatment. Scale bars, 200 μm. (D and E) Effect of either intratumoral 
injection of MYXV (vMyx-FLuc, 5 × 107 FFU in 50 μl PBS) or PBS (50 μl). (D) Effect on tumor volume over time (n = 4 mice in each group). Data represent 
mean + SEM. (E) Final tumor volume at experimental endpoint (n = 4 mice in each group). Box-and-whisker plot showing the minimum to maximum with 
all data points and the horizontal line representing the median. **P < 0.01, by unpaired Student’s t test. (F) Murine SCLC cell line (737274-A) infected with 
vMyx-M135KO-GFP for 24 hours at 10 MOI (ex vivo infection) was injected into immunocompetent mice (n = 3) and monitored for tumor development then 
compared with control PBS-treated tumor development (n = 4). Data represent mean + SEM.
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in SCLC compared with non-SCLC (52, 54), may limit the poten-
tial therapeutic benefit with immune checkpoint inhibition (7) 
and may correlate with the limited role of PD-L1 as a biomarker 
for immunotherapy in SCLC (13). Our interventional pulmonary 
group has shown that intratumoral delivery of anticancer agents 
to localized lung and regional nodal metastases using endoscopic  
ultrasound is feasible (55, 56). The extensive necrosis observed 
following intratumoral injection of MYXV is predicted to release 
SCLC tumor-associated antigens. In addition, the rapid clear-
ance of MYXV associated with sustained immune cell infiltration 
suggests that MYXV-infected SCLC undergoes immunologic cell 
death in our immunocompetent models. Experiments showing 
the efficacy of MYXV to induce immune cell infiltration and 
prolong survival support the testing of intratumoral MYXV ther-
apy and warrant further investigation of MYXV combined with 
immune checkpoint inhibition in SCLC.

Methods
Genetic mouse models and tumor induction. The p53lox/loxP p130lox2722/lox2722  
RbloxP/loxP mouse strain has been previously described (46) and was pro-
vided by Julien Sage (Stanford Cancer Center, Palo Alto, CA). Presence 
of floxed sequences (loxP and lox2722) in GEMMs was confirmed by 
PCR. Genomic DNA was extracted using the Qiagen Blood & Tissue 
Analysis kit (catalog 69506), and PCR was performed using Illustra 
PuReTaq Ready-to-go PCR beads (GE Healthcare, 27-9557-02) with 
primers previously reported (46, 57–60). Tumors were initiated when 
mice were 6–8 weeks of age by intratracheal injection of adenovirus 
serotype 5 expressing Cre-recombinase fused to enhancer GFP under 
a CMV promoter (Ad5CMVCre-eGFP, University of Iowa Vector Core, 
catalog WC-U of Iowa 1174) as previously described (61). Intranasal 
instillation of MYXV was performed 100 days after Ad-Cre delivery, 
which was the timing previously determined by pilot experiments 
(shown in Figure 2B) to be required for the onset of SCLC tumorlets. 
Survival events were scored when the Body Condition Score (as defined 
by the American Association for Laboratory Animal Science) (62) of 
animals declined or per absolute survival events. Mice were maintained 
within the University of Florida Cancer Genetics Research Center and 
Communicore barrier facilities.

Patient-derived xenograft and murine allograft tumor models. Tis-
sue samples were collected from patients at the time of transbronchial 
biopsy at the University of Florida Health Hospital following informed 
consent under IRB approval. Lesions were located using endobron-
chial ultrasound (EBUS), and patient samples used for PDX studies 
were confirmed to be SCLC by an independent pathologist. Patient 
samples were transported in DMEM lacking FBS on ice and aliquoted 
for in vitro testing as well as immediately implanted subcutaneously 
in an NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ strain) mouse (passage 
P0). Once the PDX tumor reached 1.5 cm in diameter it was excised, 
minced using a scalpel, and implanted subcutaneously in additional 
NSG mice (passage P1). Once tumors reached 8–10 mm in diameter 
they were randomized into treatment groups or passage to maintain 
the tumor in NSG mice. Treatment animals received intratumoral  
injections of vMyx-FLuc (5 × 107 FFU in 50 μl) or PBS (50 μl). To main-
tain the PDX, tumors were excised and either minced using a scalpel 
and cryogenically preserved in freezing medium (70% RPMI-1640, 
20% FBS, 10% DMSO) or minced using a scalpel and implanted 
subcutaneously in additional NSG mice (passage P2). Once passage 

viral replication and cytotoxicity in all human and mouse SCLC 
tumor lines as well as freshly collected human SCLC samples 
and PDX models. In addition, we observed a statistically sig-
nificant prolongation of overall survival (P = 0.0016; PBS con-
trol versus MYXV) in a conditional SCLC GEMM system using 
intrapulmonary delivery with 2 intranasal MYXV instillations 
48 hours apart. Since it is unlikely that intrapulmonary delivery 
would achieve a sufficiently high MOI for the ablative tumor 
cytotoxicity to sustain a meaningful impact on overall SCLC 
GEMM survival, and since we observed that MYXV delivered i.p. 
did not localize to subcutaneous allograft tumors (Supplemental 
Figure 10, A and B), we hypothesized that improvement in sur-
vival would require intratumoral delivery with induction of host 
immune cell defenses. We confirmed this hypothesis by detec-
tion of enhanced infiltration of immune cells in the immuno
competent GEMM and also following direct intratumoral injec-
tions using syngeneic mice carrying allograft SCLC tumors. 
These data support observations from a recent phase I clinical 
trial where the tumor response rate and attainment of durable 
antitumor efficacy using concurrent anti-PD1 immune check-
point inhibition plus a modified herpes viral vaccine (talimogene 
laherparepvec) were dependent on the ability of the virotherapy 
to induce acute host immune cell infiltration (16). These exper-
iments also support reports showing efficacy of proinflamma-
tory intratumoral Maraba virotherapy to activate host immune 
cell infiltration in triple-negative breast cancer prior to surgical 
resection (17). Recent studies using intravenous instead of intra-
tumoral oncolytic reovirus delivery also demonstrated induction 
of cytotoxic T cell infiltration prior to resection of brain tumors 
(48). In addition, other groups have tested the potential of intra-
tumoral immune-enhancing agents to induce a systemic anti-
cancer effect. For example, a recent report observed that multi-
ple intratumoral injection of combined unmethylated (cytidine 
guanine) CG-enriched oligodeoxynucleotides/TLR9 ligand with 
anti–OX40 antibodies triggered an immune response that was 
effective in preventing different tumor subtypes in an animal 
model (49). We also tested the ability of a single intratumoral 
MYXV to induce a systemic antitumor antisera in an immuno-
competent allograft tumor model. We detected tumor reactive 
serum antibodies in 3 of 4 MYXV-treated mice; however, we also 
observed tumor reactive serum antibodies in 2 of 4 control mice, 
perhaps associated with the rapid tumor growth with ulceration 
detected in PBS-treated allografts (Supplemental Figure 8D). 
While there have been numerous studies to quantitate the inci-
dence and prognostic significance of de novo immune cell infil-
tration in non-SCLC (50, 51), there are fewer reports in human 
SCLC since these patients rarely undergo surgical resection. One 
study in patients with advanced SCLC noted that low tumor- 
associated CD45+ counts were the best predictor of poor clinical 
outcome despite good performance status and other favorable 
clinical biomarkers (52). In addition, a large study of patients 
with SCLC noted that anergy toward skin hypersensitivity test-
ing was a strong predictor for shortened survival, especially in 
the subset of otherwise healthy patients with lower tumor bur-
den (53). We tested 26 new human SCLC tumor samples and 
found scant immune cell infiltration. These data, as well as other 
reports showing reduced prevalence of infiltrating lymphocytes 
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grown using RK13 or BSC40 cells and purified by centrifugation on 
a sucrose gradient. Constructions of wild-type MYXV (WT-MYXV) 
expressing different reporter proteins vMyx-GFP-TdT (WT-MYXV 
expressing GFP under a poxvirus synthetic early/late promoter 
and TdTomato under a poxvirus p11 late promoter); vMyx-FLuc 
(WT-MYXV expressing the Firefly luciferase protein [FLuc] under 
a poxvirus synthetic early late promoter) and vMyx-M135KO-GFP 
(a recombinant MYXV with deletion of the M135 gene and by inser-
tion of GFP under a poxvirus synthetic early/late promoter) were 
described previously (64). To examine the production of viral progeny,  
murine SCLC cells were seeded in 24-well plates at 5 × 104 cells per 
well and after overnight attachment were infected with vMyx-GFP-
TdT at a MOI of 1 and harvested at 1 hour (to measure input virus) and 
also either 24, 48, or 72 hours after infection (to measure progeny virus 
formation). MYXV virus production was titered on permissive RK13 
cells. For ATP release assays (42), cells were seeded in opaque-walled 
96-well assay plates (Corning Inc.) at 10,000 cells/well (100 μl). Cells 
were allowed to adhere or normalize for 12–16 hours and then they 
were infected with either vMyx-GFP or vMyx-M135KO-GFP at a MOI 
of 10. Cells were incubated according to their culture condition. At 
the indicated time points, an equal volume (100 μl) of CellTiter-Glo 
reagent (Promega Corporation) was added to each well. The contents 
were mixed for 2 minutes on an orbital shaker for cell lysis. The cells 
were then incubated at room temperature for 10 minutes to stabilize 
luminescence signal. Luminescence signal was recorded using a Vari-
oskan Lux microplate reader (Thermo Fisher Scientific).

Electron microscopy. Human SCLC cell line H60 was infected with 
vMyx-M135KO-GFP at a MOI of 10. After 1 hour of infection, the cells 
were collected by centrifugation at 600 g for 5 minutes and resuspended 
in media. At 48 hours after infection, cells were harvested by centrifuga-
tion at 600 g and resuspended in 4 ml cacodylate buffer (0.1 M cacodyl-
ate pH 7.2, 2 mM MgCl2, 1 mM CaCl2, 43 mM NaCl). Cells were collected 
by centrifugation at 600 g and resuspended in 2 ml of 2% glutaraldehyde 
in cacodylate buffer. The cells were incubated at room temperature for 1 
hour with occasional rocking and kept at 4°C before further processing. 
Cells were then collected by centrifugation and post-fixed in 1% osmi-
um tetroxide water. After dehydration with increasing concentrations of 
ethanol solution, followed by 100% acetone, the cells were embedded 
in Spurr resin mix (Sigma Aldrich). Following thin sectioning, the sam-
ples were post-stained with uranyl acetate and Reynolds lead acetate and 
examined on an FEI Spirit 120kV transmission electron microscope (FEI 
company subsidiary of Thermo Fisher), with the assistance of the Uni-
versity of Florida ICBR Electron Microscopy Core Laboratory.

Bioluminescence imaging. All mice were shaved prior to biolumines-
cence imaging on a Xenogen IVIS Lumina Bioluminescence Imaging 
System (Perkin-Elmer). Mice were anesthetized with 2.5% isoflurane in 
O2 and imaged in a XIC-3 Animal Isolation Chamber (Perkin-Elmer, cat-
alog 123997) at the peak of luciferase activity (10 minutes after injection, 
10-second exposure setting). Mice were injected i.p. with D-luciferin 
(150 mg/kg in PBS). Total photon flux read was analyzed and restricted 
to tumor ROI on Living Image v2.60.1 software (Imaging Systems).

Histology and immunohistochemistry. Tissue specimens were fixed 
in 4% formalin for 24 hours and stored in 70% ethanol prior to paraffin 
processing and embedding. Tissue sections (5 μm) were used for H&E 
staining (Richard Allan Scientific, catalog 7211) or for IHC staining. 
Prior to IHC staining, sections were deparaffinized and the endoge-
nous peroxidase activity was blocked. Antigen retrieval was performed 

P2 tumors reached 8–10 mm in diameter they were randomized into 
treatment groups receiving either vMyx-FLuc (5 × 107 FFU in 50 μl), 
vMyx-M135KO-GFP (5 × 107 FFU in 50 μl), or PBS (50 μl).

Murine subcutaneous allograft tumors were generated using 
murine SCLC cell lines derived from single lung tumor foci in  
p53loxP/loxP p130lox2722/lox2722 RbloxP/loxP mice after treatment with Ad-Cre. 
Cell lines were confirmed by PCR to have the designed conditional 
p53–/–/p130–/–/Rb–/– gene knockouts. Cell lines were then injected  
subcutaneously into 6- to 8-week-old p53loxP/loxP p130lox2722/lox2722 
RbloxP/loxP mice that were not given Ad-Cre, but served as matched 
genetic background recipients for the cell lines. The mouse tumor 
cell lines tested in this model were collected from in-bred genera-
tion number 14 animals and breeding was performed in the Univer-
sity of Florida animal facility. The resulting allograft tumors were 
treated with either vMyx-FLuc (5 × 107 FFU in 50 μl) or PBS (50 μl). 
All intratumoral injections were performed using a 27-gauge needle. 
Murine SCLC subcutaneous tumors generated in NSG mice were 
treated with vMyx-FLuc (5 × 107 FFU in 50 μl) by intratumoral injec-
tion or intraperitoneal injection, and 15 days after MYXV treatment 
the total tumor titer was determined from titering whole-tumor 
homogenates on permissive RK13 cells.

Cell sources, propagation, and imaging. All human SCLC cells 
were obtained from the original NCI-Navy Oncology stock (63), 
validated by genotyping, and grown in RPMI-1640 culture media 
(Sigma-Aldrich, catalog R8758) supplemented with 10% FBS (Invi-
trogen Gibco, catalog 26140-079). Murine GEMM-derived SCLC 
cell lines were generated from p53loxP/loxP p130lox2722/lox2722 RbloxP/loxP 
mice by excision of solitary 1-mm tumor foci arising in lungs and 
established in HITES growth medium (RPMI-1640, 5% FBS, hydro-
cortisone, insulin, transferrin, estrogen, and selenium) then prop-
agated in RPMI-1640 supplemented with 10% FBS (cell lines 1.1A, 
1.5A, 2.1A, 2.2A, 2.4A, 1.3F, 1.4F) or established and propagated in 
only RPMI-1640 supplemented with 10% FBS (cell line 737274-A).  
We studied a total of 6 different human SCLC cell lines and 8 
murine SCLC lines. Normal human bronchial epithelial (NHBE) 
cells were purchased from Lonza. RK13 cell line was purchased 
from ATCC (CCL-37). BSC40 cell line was purchased from ATCC 
(ATCC CRL-2761). NHBE cells were cultured in bronchial epithelial  
growth medium (BEGM) media (Lonza biotech CC-3170). MEF, 
RK13, and BSC40 cell lines were cultured in DMEM supplemented 
with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. 
All cell lines and assay cultures were grown at 37°C with 5% CO2 
and tested to exclude mycoplasma contamination (Venor GeM 
Mycoplasma Detection Kit, MilliporeSigma). A cisplatin-resistant 
murine SCLC cell line (2.1A-CR) was generated by continuous expo-
sure to cisplatin with periodic high concentration cisplatin pulses to 
generate resistant clones, and viability curves performed with the 
cisplatin-resistant cell line (2.1A-CR) were compared with an equal 
passage cisplatin treatment–naive parental cell line (2.1A). Viability 
assays were performed using CellTiter Blue (Promega) following a 
72-hour incubation with increasing cisplatin concentrations. Ex vivo 
MYXV infections were performed at 10 MOI for 24 hours, infection 
was confirmed by fluorescence microscopy, and cells were then col-
lected, counted, and washed once in PBS before 5 × 106 cells were 
injected subcutaneously into the right flank.

Myxoma virus infection, fluorescence imaging, replication of viral 
progeny, immunogenic cell death assay. Stocks of Myxoma viruses were 
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flow cytometer and the associated BD FACSDiva software (BD Bio-
sciences). Compensation was performed using the associated BD  
FACSDiva software at the start of the experiment. Data were analyzed 
using FlowJo software version 10.4.2.

Chemotherapeutics. Cisplatin was obtained from MilliporeSigma 
(catalog 479306) and diluted in PBS at 1.25 mg/ml. Mice received 2 
treatments with cisplatin by i.p. injection of 2.5 mg/kg prior to MYXV 
administration (at 2 weeks and again 1 week prior to MYXV). Follow-
ing MYXV administration, mice were treated for 3 cycles as follows: for 
each cycle cisplatin was administered i.p. weekly times 3, followed by a 
2-week break between cycles (Figure 4A).

Randomization of mouse models to treatment groups. Mice were 
enrolled into alternating treatment groups on a cage-by-cage basis. 
Different cages of mice from the same litter and from the same par-
ents were distributed across treatment groups as evenly as possible. 
Histologic lung sections were reviewed by a veterinary pathologist 
who was masked to the assigned treatment groups.

Statistics. Statistical analyses were performed using the Graph-
Pad Prism 7.0 software. Values are presented as mean ± SD. Data 
were analyzed by 2-tailed Student’s t test for comparisons between 
2 groups, or 1-way ANOVA followed by Tukey’s multiple compari-
sons test to determine significance between multiple groups. Sam-
ple size for in vivo experiments was determined using the software 
G*Power (v3.1.9.3) with experimental data from preliminary stud-
ies to predict the number of animals necessary to give greater than 
80% confidence for a 20% change in the response variable at the 
P < 0.05 significance level. Animals were assigned to treatment 
groups randomly and the number of animals in each treatment 
group is reported in the figures. Kaplan-Meier survival curves were 
analyzed using the log-rank (Mantel-Cox) test to determine signif-
icance. For all studies only P values less than 0.05 were considered 
to have statistical significance.

Study approval. All animal work was conducted under the approval  
of the University of Florida Institutional Animal Care and Use Com-
mittee in accordance with federal, state, and local guidelines. Human 
tumor specimens were obtained in compliance with state and federal 
regulation from the University of Florida through an IRB-approved 
clinical study (IRB26857235) and after obtaining written informed 
consent from the patients.
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using citrate buffer. Antibodies used for staining include anti-CD45 
(BD Biosciences, catalog 550539, clone 30-F11), anti-CD56/NCAM 
(Millipore, catalog AB5032), anti-CD3 (Abcam, catalog ab16669, 
clone SP7). Sections were developed with DAB and counterstained 
with hematoxylin. Automated image acquisition was performed using 
an Aperio Scanscope CS Slide Scanner system with a ×20 objective 
(Aperio Technologies). In addition, a tissue microarray (TMA) was 
constructed with 1.0-mm cores from 26 small-cell cancer specimens 
embedded in formalin-fixed, paraffin-embedded (FFPE) tissue. The 
TMA was constructed utilizing standard equipment (Beecher Instru-
ments). To create the TMA, H&E slides with SCLC were reviewed by a 
pathologist to select FFPE tissue blocks with adequate tumor, and the 
tumor areas were annotated on the slides. A core sample was removed 
from each block in an area corresponding to the specified tumor area 
in the H&E slide. Each core was embedded in a SCLC TMA paraffin 
block according to a map.

The TMA was stained to identify lymphocytes with CD45 IHC. 
IHC was performed in the Moffitt Cancer Center Tissue Core Facility 
using a Ventana Discovery XT automated system (Ventana Medical 
Systems), using a rabbit primary anti-CD45 antibody (Abcam, cata-
log ab10558, 1:200 dilution) as previously described (65). Briefly, the 
slide was deparaffinized on the automated system with EZ Prep solu-
tion (Ventana), heat-induced antigen retrieval was performed, and 
the specimen was incubated with the anti-CD45 antibody diluted in 
Dako antibody diluent for 32 minutes. The Ventana OmniMap Anti- 
Rabbit Secondary Antibody was incubated for 8 minutes and signal 
was detected using the Ventana ChromoMap kit. The slide was then 
counterstained with hematoxylin, dehydrated, and coverslipped.

The CD45-stained SCLC TMA was then evaluated for CD45+ 
lymphocytes by a board-certified pathologist. The SCLC specimens  
were scored using a 4-tier immunoscore with a scale from 0–3 based 
on evaluation of the percentage of lymphocytes in the stroma, as pre-
viously described (66). With this strategy, 0 represents 0–5% lym-
phocytes in the stroma (negative to minimal), 1 represents 6–25% 
(mild), 2 represents 26–50% (marked), and 3 represents greater  
than 50% (severe). 

Flow cytometry. Lung tissue single-cell suspensions were prepared 
immediately following euthanasia by carbon dioxide asphyxiation. 
The lung was excised and inflated with digest solution containing 1.5 
mg/ml collagenase A (Roche) and 50 U/ml DNaseI (MilliporeSigma, 
catalog D4513) in HBSS with 5% FBS, 10 mM HEPES, and a final 
calcium concentration of 5 mM. The increased final calcium concen-
tration was obtained by addition of concentrated CaCl2. Lungs were 
then diced into smaller specimens and transferred to an additional 4 
ml of digest solution and incubated at 37°C with gentle shaking for 45 
minutes and then vortexed for 2–3 seconds every 5 minutes. Following 
enzymatic digestion, 30 ml PBS was added and the sample vortexed 
for 30 seconds before being passed through a 70-μm strainer. Samples 
were then treated with ACK RBC lysis buffer, washed with PBS, count-
ed, and plated at 1 × 106 cells in 100 μl, then stained for flow cytometry. 
Viability staining was performed using LIVE/DEAD Fixable Yellow 
Dead Cell Stain (Thermo Fisher Scientific, catalog L34959) accord-
ing to the manufacturer’s protocol. Antibody staining was performed 
using anti–CD45-PE-Cy7 (Biolegend, catalog 103113, clone 30-F11), 
anti–CD3-V450 (BD Biosciences, catalog 561389, clone 17A2), and 
anti–CD56-APC (R&D Systems, catalog FAB7820A, clone 809220). 
Data were acquired using either a BD LSRII or BD LSRFortessa 
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