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Endogenous retrovirus envelope
as a tumor-associated immunotherapeutic
target in murine osteosarcoma

Mary Frances Wedekind,1,2,6 Katherine E. Miller,3 Chun-Yu Chen,1 Pin-Yi Wang,1 Brian J. Hutzen,1

Mark A. Currier,1 Brooke Nartker,1 Ryan D. Roberts,1,2 Louis Boon,4 Joe Conner,5,7 Stephanie LaHaye,3

Benjamin J. Kelly,3 David Gordon,3 Peter White,3 Elaine R. Mardis,3 and Timothy P. Cripe1,2,8,*

SUMMARY

Osteosarcoma remains one of the deadliest cancers in pediatrics and young
adults. We administered two types of immunotherapies, oncolytic virotherapy
and immune checkpoint inhibition, to two murine osteosarcoma models and
observed divergent results. Mice bearing F420 showed no response, whereas
thosewith K7M2 showed prolonged survival in response to combination therapy.
K7M2 had higher expression of immune-related genes and higher baseline im-
mune cell infiltrates, but therewere no significant differences in tumormutational
burden or predicted MHC class I binding of nonsynonymous mutations. Instead,
we found several mouse endogenous retrovirus sequences highly expressed in
K7M2 compared with F420. T cell tetramer staining for one of them, gp70,
was detected in mice with K7M2 but not F420, suggesting that endogenous
retrovirus proteins are targets for the anti-tumor immune reaction. Given prior
observations of endogenous retrovirus expression in human osteosarcomas,
our findings may be translatable to human disease.

INTRODUCTION

Osteosarcoma is the most common bone cancer in children, adolescents, and young adults. Utilizing cur-

rent standard chemotherapy and surgery, greater than 70% of patients with newly diagnosed, localized

disease can achieve long-term remission (Martin and Leavey, 2015). Unfortunately, the prognosis for pa-

tients with metastatic or relapsed disease is less favorable with overall survival rates <20% despite multi-

modal therapy (Kager et al., 2003).

Cancer immunotherapeutics have shown promise in many cancer types including pediatrics (Wedekind

et al., 2018a), and a variety of trials are underway for patients with osteosarcoma (Wedekind et al.,

2018b). To date, however, robust clinical responses in these patients have been relatively elusive. A major

mechanism by which many cancers evade immunity is by expression of immune checkpoints, such as pro-

grammed cell death ligand 1 (PD-L1) and its receptor PD-1 (Wolchok et al., 2010, 2013; Reck et al., 2016;

Tomita et al., 2017). For osteosarcoma, PD-L1 or PD-1 expression is heterogeneous (Thanindratarn

et al., 2019), with patients showing higher PD-L1 or PD-1 expression having a worse prognosis (Koirala

et al., 2016; Shen et al., 2014; Lussier et al., 2015b). While these data suggest that osteosarcoma cells

may be immunogenic, the exact immunologic targets are unclear, especially given the low tumor muta-

tional burden (<10 mutations/megabase) in osteosarcoma (Chalmers et al., 2017). In a preclinical model

of micrometastatic osteosarcoma, mice treated with PD-L1 inhibition alone showed prolonged survival

(Lussier et al., 2015b) with even more impressive results when combined with anti-CTLA4 (Lussier et al.,

2015a). Unfortunately, in phase 1 clinical trials, no clinical responses were observed in osteosarcoma pa-

tients with monotherapy checkpoint inhibition (Merchant et al., 2016; Tawbi et al., 2017), raising doubts

regarding the clinical predictive utility of murine models.

An increasingly popular combination immunotherapy being tested in preclinical and clinical settings is on-

colytic virotherapy with immune checkpoint inhibition, which results in higher numbers of active cytotoxic

T cells in the tumor microenvironment (Ribas et al., 2018; Chesney et al., 2018; Chen et al., 2018).
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Figure 1. Combination of oHSVwith anti-PD-1 antibody significantly prolongs survival in K7M2 tumormodel but does not prolong survival in F420

tumor model

(A) Schematic illustrates the dosing regimens.

(B) F420 tumor volumes of mice treated with PBS (black line; n = 5), oHSV (red line; n = 5), anti-PD-1 (blue line; n = 5), and combination therapy (green

line; n = 5). Mice were measured twice per week.
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Virotherapy combined with checkpoint inhibition has been shown to broaden the antitumor T cell reper-

toire (Woller et al., 2015), and new virus constructs are being tested that express transgenes encoding

checkpoint inhibitor antibodies (Haines et al., 2020). Several clinical trials of oncolytic viruses are ongoing

enrolling patients with osteosarcoma (Wedekind and Cripe, 2020). We previously showed efficacy of

combining oncolytic herpes simplex virus (oHSV) with anti-PD1 antibody in preclinical models of pediatric

rhabdomyosarcoma (Chen et al., 2017a), although the immunologic targets of such therapies are unclear.

For pediatric cancers, most of which exhibit low tumor mutational burdens (Vogelstein et al., 2013), primary

target candidates are thought to be normal but aberrantly expressed fetal/developmental genes, onco-

genes or cancer testis antigens (Orentas et al., 2012). More recently, expression of repetitive elements

and human endogenous retrovirus (HERVs) genes have also been recognized in some adult cancers as po-

tential immunotherapeutic targets, due to their selective epigenetic upregulation in cancer (Curty et al.,

2020), including in osteosarcoma (Ho et al., 2017).

Herewe report a differential response to immunotherapy in twomurine osteosarcomamodels. Flow cytometry

analysis showed similar T cell infiltrates in response to virotherapy, and genomic analysis showed similar muta-

tional burdens. We found higher NK cells and tumor associated macrophages in the more responsive model,

K7M2, as well as higher baseline expression of immune-related genes, suggesting the presence of an immu-

nostimulatory epitope(s). We determined that three specific murine endogenous retrovirus (MERV) genes

including murine leukemia virus envelope protein gp70 (Scrimieri et al., 2013) were highly overexpressed in

K7M2 but not F420. Immunotherapy stimulated expansion of anti-gp70 T cells only in K7M2, suggesting

that murine endogenous retroviral sequences may be tumor-associated therapeutic targets in this model.

RESULTS

Combination immunotherapy slows tumor growth via T cells in K7M2 but not F420 despite

equal susceptibility to oncolytic virus infection

We first assessed the antitumor effects of combining intratumoral delivery of the oncolytic virus HSV1716

with an anti-PD-1 antibody. HSV1716 was derived from herpes simplex type 1 strain 17 and attenuated by

deletions in both copies of the so-called ‘‘neurovirulence’’ gene (RL1, encoding the g134.5 protein) (Ma-

clean et al., 1991). We initiated treatment in syngeneic tumor-bearing animals once tumors had grown

to a volume of 200-400mm3 (Figure 1A). In the F420model, we did not observe any effects on tumor growth

or survival in any of the treatment groups compared with controls (Figure 1B; 1C). In contrast, although

neither HSV1716 nor anti-PD-1 antibody alone led to tumor growth delays in the K7M2 model, we found

that combination therapy was more efficacious, resulting in statistically significant improvement in overall

survival compared to other groups (Figure 1D; 1E). Of note, PD-1 inhibition using the same single agent

regimen showed mild efficacy in K7M2 in a micrometastatic model following intravenous infusion of cells

(not shown) as previously reported by others (Lussier et al., 2015b).

To determine which T cell population(s) contributed to the efficacy of combination therapy in the K7M2 oste-

osarcomamodel, we used antibodies to specifically depleteCD4+and/orCD8+ T cells in K7M2 tumor-bearing

mice treated with either combination therapy or PBS control (Figure 1F). Consistent with our prior results, we

Figure 1. Continued

(C) F420 tumor model Kaplan-Meier survival curves for each treatment group. Survival data were evaluated for statistical significance with Log rank Mantel-

Cox test and for tumor size in panel f with two-way ANOVA (n = 4 mice per group; *p % 0.05).

(D) K7M2 tumor volumes of mice treated with PBS (black line; n = 5), oHSV (red line; n = 4), anti-PD-1 (blue line; n = 5), and combination therapy (green line;

n = 6). Mice were measured twice per week.

(C) F420 tumor model Kaplan-Meier survival curves for each treatment group.

(E) K7M2 tumor model Kaplan-Meier survival curves for each treatment group demonstrating efficacy of combination therapy. Survival data were evaluated

for statistical significance with Log rank Mantel-Cox test and for tumor size in panel f with two-way ANOVA (n = 4 mice per group; *p % 0.05).

(F) Average tumor growth curves of mice treated as in Figure 1A but with IP administration of CD4 or CD8 T cell depleting or control antibodies every four

days starting at day �1. Error bars represent standard deviation of the mean.

(G) Cell viability assay at varyingMOI of HSV1716 on K7M2 (open triangle) versus F420 (closed square) at Day 3. Error bars represent standard deviation of the

mean.

(H) Viral replication assay of F420 (black) and K7M2 (white) with HSV1716 MOI 0.1 at hr 2, 24, 48, and 72. Samples were run in 3 samples per time period with

each sample run in triplicate for 9 samples per time period. Error bars represent standard deviation of the mean. Survival data were evaluated for statistical

significance with Log rank Mantel-Cox test and for tumor size in panel f with two-way ANOVA (n = 4 mice per group; *p % 0.05). ITu: intratumoral; PBS:

phosphate-buffered solution; IP: intraperitoneal; anti-PD-1: anti-programmed death 1; ab: antibody; MOI: multiplicity of infection (pfu/cell); pfu: plaque-

forming units.
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observed a clear distinction between combination therapy and isotype control antibody, which was lost in the

mice with CD4+ and/or CD8+ depletion. These observations suggest that both populations of CD4+ and

CD8+ T cells are necessary for the enhanced efficacy of combination therapy. Presumably, CD4+ cells are

required to provide T helper cytokines for the CD8+ effector cells. To rule out a trivial explanation for the dif-

ferences in efficacy, we found both tumor types expressMHCClass I and PD-L1 by flow cytometry (not shown).

We next sought to determine the sensitivity and permissivity of both cell lines to HSV1716 infection to

determine if the virolytic effect might be different between the two cell lines. At 72 hr post-infection, we

noted that the HSV1716 had little cytotoxic effect on both murine osteosarcoma cell lines until the concen-

tration of HSV1716 reached a multiplicity of infection (MOI) = 10 (Figure 1G). F420 was slightly more sen-

sitive to HSV1716 compared to K7M2. Next, we determined the permissivity to infection from HSV1716 by

measuring infectious titers recovered from cell lysates over time. Both cell lines displayed equivalent viral

replication kinetics with an approximately 10-fold increase by 24 hr (Figure 1H). These findings are consis-

tent with murine cancer cell lines being less susceptible to human HSV-1 infection compared to human

cancer cell lines (neuroblastoma, malignant peripheral nerve sheath tumor) where we routinely observe

1000-fold lower HSV1716 concentrations induce cell killing and 100-1000-fold higher recovery of infectious

virus (Currier et al., 2017; Wang et al., 2016). Our prior work with a different oncolytic HSV-1 also showed a

similar differential between murine and human cancer cells (rhabdomyosarcoma) (Leddon et al., 2015) and

that a human osteosarcoma line was highly susceptible to oncolytic HSV-1 (Currier et al., 2013).

HSV1716 induces similar immune cell infiltrates in both models

Finding no differences in cancer cell autonomous susceptibility to virus that would explain better results in

K7M2, we measured immune cell recruitment in each model at baseline and following immunotherapy
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Figure 2. oHSV single and oHSV + anti-PD1 combination therapy results in increased CD8+ T cells without an increase in regulatory T cells, similar

in both models.

Mice treated as in Figure 1A and sacrificed 3 days after the final dose of oHSV or PBS with a single dose of anti-PD-1 antibody or control antibody given.

Single-cell suspensions were obtained from isolated tumors, stained, and then analyzed via flow cytometry. Data showmean and standard error of the mean

(SEM, n = 4 per treatment group). Statistical analysis was performed by one-way ANOVA with Tukey-adjusted post hoc tests (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001). NK: Natural killer cells; Treg: T-regulatory cells; TAM: Tumor-associated macrophage; PD-1: Programmed cell death 1; CTLA-4:

Cytotoxic T-lymphocyte associated protein-4; LAG-3: lymphocyte activation gene-3; TIM-3: T cell immunoglobulin and mucin-domain containing-3.
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(Figure 2). We harvested tumors frommice 72 hr after the third and final dose of HSV1716 and the first dose

of anti-PD-1 antibody and compared those to control tumors injected with phosphate buffered saline.

Overall, K7M2 control tumors showed higher levels of immune cell infiltrates with more CD45 + cells, as

well as NK cell and macrophages. However anti-PD1 had very little effects on any cell population in either

model, HSV1716 alone or in combination showed higher CD8+ T, CD8+CD44 + T, and exhausted CD8+

T cells (PD-1+, lymphocyte activation gene (LAG)-3+, T cell immunoglobulin andmucin-domain containing

(TIM)-3+) cells in both models without a corresponding increase in T-regulatory (T-reg) cells (Foxp3+-

CD25 + CD4+). NK cells were higher in K7M2 but did not change significantly with therapy, although

they were higher in F420 after combination therapy. Tumor-associated macrophages (TAMs) were higher

in K7M2 than F420 in the control group and did not change following therapy in F420, whereas they were

increased with virotherapy in K7M2 but not in combination therapy.

Despite similar neoantigen characteristics, K7M2 is more immunoreactive at baseline than

F420

We used RNA-seq data from untreated tumors andmatched germline blood cells to identify mutations that

might be neoantigens present in the tumor only and to characterize gene expression profiles in the two

models. The average sequencing coverage depth for tumor samples was 80X (K7M2) and 99X (F420) and

for blood sampleswas 89X (K7M2) and 107X (F420). After filtering (see STARmethods), the number of coding

somatic variants was 327 in F420 and 380 in K7M2, representing 6.6 and 7.7 mutations per megabase,

respectively, similar to numbers found in human osteosarcomas (Chalmers et al., 2017). We detected no

gene fusions in F420 but found 9 in K7M2 (Figure 3A), the most notable being between YAP1 and

MAML2, which has been shown to activate the hippo signaling pathway and has been described in other

cancer cell lines (32). We used pVAC-Seq to identify any somatic mutations for which the corresponding ex-

pressed epitope would exhibit strong binding to MHC class I. After filtering to keep variants only with a tu-

mor variant allele frequency R20%, a total of 55 unique neoantigens was predicted in F420 tumor and 45

predicted in K7M2 tumor. We considered the best neoepitope candidates as those which had strong bind-

ing affinity (%500 nM) for MHC class I and stronger binding affinity (fold-change > 1) than the counterpart

wild-type epitope. Thirty of the 45 (66.7%) in K7M2 and 38 of the 55 (69.1%) in F420 met these criteria, with a

median binding affinity of 170.47 nM (range: 8.75-497.98) in F420 and 205.07 nM (range: 11.04-466.68 nM) in

K7M2. None of the junctional peptides in the K7M2 fusion genes showed predicted strong binding. Thus,

the two models were similar in their mutational burden and predicted neoantigen binding affinities.

We also mined the RNAseq data to compare characteristics of the immune microenvironment in both tu-

mors. In total, 13,229 protein-coding genes had transcripts assigned. We found that K7M2 had higher

expression of the most common inhibitory immune checkpoints, including PD-L1, TIM3, and CD86 (B7)

compared to expression in F420, whereas CD276 (B7-H3) was high in F420 (Figure 3B). We used a stringent

cutoff for fold-change (absolute value of fold-change > 5) to identify any trends in differential gene expres-

sion in onemouse tumor versus the other. A total of 2,185 genes exhibited fold-change> 5 in K7M2 vs. F420.

Gene ontology analysis revealed these genes were enriched for biological processes associated with im-

mune system and inflammatory response in K7M2, with the top 10 gene ontology enrichment terms with

Figure 3. Comparison of F420 and K7M2 genomic and gene expression landscapes

(A) Circos plots show K7M2 contains 9 gene fusions, absent in F420. Mutations are also represented, including single nucleotide variations and insertions/

deletions (indels). K7M2 has 380 mutations, while F420 has 327 mutations. Missense variants are shown in black, inframe indels are shown in blue, splice site

alterations are shown in green, out of frame indels are shown in red, and nonsense mutations are shown in purple. Mutations considered to be ‘‘high coding

impact’’ have been written along the outside of the plot, across from their associated variation; the K7M2 induced tumor contains 25 high coding impact

mutations, while the F420 induced tumor has 12 high coding impact mutations.

(B) RNA-seq derived expression values of select inhibitory immune checkpoints prior to oHSV + anti-PD-1 treatment. PD-1: programmed cell death-1; PD-L1:

programmed cell death ligand-1; BTLA: B and T lymphocyte associated gene; TIGIT: T cell immunoreceptor with Ig and ITIM domains HAVCR2: hepatitis A

virus cellular receptor 2; LAG-3: lymphocyte activation gene 3 protein; ILDR2: immunoglobulin-like domain containing receptor 2.

(C) Circular visualization of gene ontology enrichment terms and gene expression data. Genes with fold-change > 5 in K7M2 vs. F420 were used as input for

DAVID (N = 2,185). The top 10 enrichment gene ontology results for ‘‘biological processes,’’ based on DAVID FDR p values, are displayed above each

segment of the circle. Dots represent normalized expression values for genes associated with the respective gene ontology ID term. The Z score color for

each term represents overexpression (red) and underexpression (blue) of the biological process relative to K7M2.

(D) Heatmap of top 50 most differentially expressed genes between K7M2 and F420 tumor tissues. K7M2 demonstrates higher granzyme and perforin

expression compared to F420. R-package heatmap was used for figure generation.

(E) Absolute immune cell proportions in K7M2 and F420 tumors. CIBERSORT values were predicted using normalized RNA-seq expression values as input

and the mouse ImmuCC expression matrix as the signature gene file. Treg: T-regulatory cell; NK: Natural killer cell; DC: Dendritic cell
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significant FDR p values fromDAVID output shown in Figure 3C.We then analyzed expression data in K7M2

to identify specific immune-related pathways or processes predicted to be activated. We used the normal-

ized expression values and corresponding fold-changes of K7M2 vs. F420 to identify the top 50 most differ-

entially expressed genes (i.e., largest fold-change differences between the two tumors). Using these 50

genes as input for DAVID gene ontology enrichment analysis, the only significant result returnedwas ‘‘cytol-

ysis.’’Weplotted a heatmapof these 50 genes andobserved that genesmost differentially overexpressed in

K7M2 were associated with cytolysis/apoptosis, specifically the granzyme/perforin pathway (Figure 3D).

We also leveraged the RNAseq data using the CIBERSORT algorithm to deconvolute immune cell popu-

lations. Similar to our flow cytometry data (Figure 2), K7M2 had a higher immune cell infiltration in the tumor

microenvironment, which was primarily composed of activated NK cells andM0 andM1macrophages (Fig-

ure 3E), consistent with our prior findings using flow cytometry. Taken together, these data support the

notion that K7M2 exhibits more immune activation at baseline than F420, suggesting K7M2 harbors one

or more immunogenic epitopes not accounted for by our mutational analysis. Consistent with this hypoth-

esis is our observation that tumor establishment and growth rates are less in syngeneic than in athymic

nude mice hosts for K7M2 (p = 0.0014) but equal for F420 (data not shown).

Endogenous murine retrovirus envelope gp70 is an immunotherapeutic target in gp70 but

not F420

Without an identifiable mutation(s) serving as a neoantigen(s) in K7M2 that might be lacking in F420, we

considered endogenous retrovirus sequences as possible candidates. We mined the RNAseq data for mu-

rine ERVs and found three genes highly over-expressed in K7M2 compared with F420 (Figure 4A). No infor-

mation has been reported about two of them regarding reactivation in cancer, but themurine ERV envelope

A B

C

Figure 4. Identification of mouse endogenous retrovirus envelop gp70 as an immunotherapeutic target in K7M2

but not F420

(A) From the RNAseq data set, mouse retroviral transcripts were filtered to remove non-expressed transcripts in either

sample. Remaining transcripts were log2-transformed and plotted. K7M2 showed 3 transcripts expressed above any in

F420, and those top three highest expressed retroviral transcripts in K7M2 are labeled in both samples. Boxes represent

mean and standard deviation of expression of all expressed retroviral transcripts.

(B) RNA was quantified for murine retrovirus envelope gp70 in both cell lines using real-time quantitative PCR. Error bar is

standard error of the mean.

(C) Tetramer staining of intratumoral T cells following immunotherapy. Little or no staining was seen in F420, whereas all

samples from K7M2 had detectable anti-gp70 T cells in K7M2. Lines are mean with standard error of the mean. The

combination group was statistically higher than the anti-PD1 group (p = 0.028).

RNA: ribonucleic acid; gp70: glycoprotein 70.
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gene, gp70, is well known to be upregulated in murine cancers. We confirmed expression of gp70 mRNA in

K7M2, but we were unable to detect it in F420 (Figure 4B). Using gp70 tetramer staining, we were unable to

detect anti-gp70 T cells in F420 tumors, but theywere readily detectable in all mice in all treatment groups in

K7M2 tumors. Combination therapy with oHSV showed higher numbers than in the anti-PD1 alone treat-

ment group. These data show that gp70 is a tumor-associated immunotherapeutic target in K7M2 but

not F420, and likely explains the differential antitumor efficacy of immunotherapy between the twomodels.

DISCUSSION

The treatment of osteosarcoma has remained unchanged for the last 20 years despite great efforts with cur-

rent standard of care including surgery and chemotherapy. With the emerging era of immunotherapeutics,

there are increasing numbers of therapies being tested for patients with osteosarcoma.Osteosarcomas var-

iably express immune cell checkpoints (Mochizuki et al., 2019; Lussier et al., 2015b; Koirala et al., 2016),

similar to what we found in K7M2 and F420. Unfortunately, PD-L1 or PD-1 expression does not convey

response to checkpoint inhibition therapy alone in clinical trials (Wedekind et al., 2018b). Thus, we com-

bined checkpoint inhibition with oncolytic virotherapy in two mouse models of osteosarcoma to elicit a

more potent immune response. Indeed, we found antitumor efficacy using the combination in K7M2 but

not in F420. In both models, we found higher CD8+ infiltrates following virotherapy alone and in combina-

tion with checkpoint inhibition. After analyzing nonsynonymous mutations and gene expression patterns,

we ascribed the differential response between the models to the selectively aberrant over-expression in

K7M2 of at least one MERV gene, confirmed by tetramer staining of anti-MERV gp70 T cells in K7M2 which

were undetectable in F420.

Endogenous retrovirus sequences have long been known to be expressed in murine cancers (Stocking and

Kozak, 2008) and are being increasingly recognized as drivers of human cancer (Downey et al., 2015; Curty

et al., 2020; Zhang et al., 2019). An analysis of a small number of human osteosarcomas found four HERVs

and two repetitive satellite genes over-expressed compared with normal bone cells (Ho et al., 2017).

Whether or not the expression of these HERV proteins is immunologically analogous to gp70 and other

MERV genes expressed in murine models such as K7M2 is unknown. Nevertheless, gp70 appears to be a

murine example of a normal, albeit aberrantly expressed, tumor-associated antigen in a low mutational

burden cancer. Because a variety of MERVs appear to be expressed at lower levels, even in F420, other

MERVs may be useful in future studies to mimic similar targets at various levels of expression.

Some have suggested the use of viruses as immunoadjuvants to exogenously deliver retrovirus genes to

dendritic cells in order to break tolerance to their endogenous cognate proteins (Bermejo et al., 2020).

While that may be necessary for less immunogenic proteins, our study showed that the simple use of a virus

infection in conjunction with checkpoint inhibition was sufficient in K7M2 to break tolerance in gp70-reac-

tive T cells. Our negative results in F420 also suggest utility in evaluating immunotherapeutic approaches

that target MERVs. With the absence of such highly expressed MERVs but many less-expressed MERVs,

F420might be ideal for testing the effectiveness of strategies designed to work with less immunogenic pro-

teins (or at least lower expressed immunogenic proteins, e.g., gp70 in F420).

How well either of these models represents biology associated with immunotherapies in human disease

remains an open question. The fact that we utilized flank-based PDX models rather than orthotopic

bone or metastatic lung models (sites where disease is commonly found in humans) adds a further element

of uncertainty. That said, neither responded well to checkpoint inhibitors alone in this bulky disease setting,

consistent with the human experience. Also, the models differed markedly with respect to baseline immu-

noreactivity, reminiscent of the range of human osteosarcoma in which some lesions are devoid of T cells

while others show evidence of an immune response. In fact, there is now substantial evidence that human

osteosarcomas vary widely with respect to immunologic characteristics as some but not all cases harbor

significant proportions of immune cells (Wu et al., 2020; Majzner et al., 2017; Koirala et al., 2016), increased

T cell exhaustion markers correlate with the presence of macrophages (Han et al., 2016), the expression of

immune-related genes predicts metastasis and survival (Scott et al., 2018), and low PD-L1 (Koirala et al.,

2016) and high CD8/Treg (Fritzsching et al., 2015) are prognostic.

One limitation of the present study is the fact that, unlike human tumor cells, mouse tumor cells are much

less susceptible to HSV-1 infection (Leddon et al., 2015). Thus, our results may not fully demonstrate the

activity of oHSV via direct oncolysis or tumor immune infiltration that could occur in humans, which may
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affect treatment with anti-PD-1 antibody. Also, our best clinical responses were short-term stable disease,

and all mice eventually showed tumor progression. While we observed an increase in PD1+ CD8+ T cells

after virotherapy, we also found higher levels of TIM3+ CD8+ and LAG-3+ CD8+ cells, as well as high

expression of TIM-3 mRNA in addition to PD-L1 mRNA in K7M2, so it may be necessary to inhibit those im-

mune checkpoints as well to achieve better results. Also, B7-H3 mRNA was higher in F420 than in K7M2,

suggesting it may also be a checkpoint ligand in that model. In K7M2, we also found fewer macrophages

with the combination than with virotherapy alone. Because tumor-associated macrophages are known to

inhibit T cell function, it is possible that the lower macrophages we detected in combination therapy in

K7M2 compared with virotherapy alone contributed to the antitumor efficacy. To fully realize the potential

of such immunotherapy, it may also be necessary to counteract other cellular or cytokine-mediated immu-

nosuppression in the tumor microenvironment, as suggested by the finding of multiple different immuno-

suppressive mechanisms at play in different samples (Wu et al., 2020). In this regard, we previously showed

virotherapy with HSV1716 is more effective in murine models of rhabdomyosarcoma when combined with a

TGFb inhibitor (Hutzen et al., 2017).

oHSVs including HSV1716 (Seprehvir) and anti-PD-1 antibody have been separately shown to be safe in the pe-

diatric population (Streby et al., 2017; Tawbi et al., 2017). Combination therapies involving checkpoint inhibition

are being conducted in the pediatric population with a few trials in different pediatric cancers (see www.

clinicaltrials.gov: NCT03605589, NCT03445858, NCT03837899, NCT03130959, NCT03825367, NCT03907488).

Our data suggest the combination of oHSV with checkpoint inhibition might have some activity in patients

with osteosarcoma, but, analogous to K7M2, likely only in those cases with evidence of baseline immunoreac-

tivity that implies at least a modicum of pre-existing antitumor immunity. In addition, our findings suggest ERV

expression should be explored as a predictive biomarker of immunotherapy response.

Limitations of the study

The study is limited by the use of only two tumor models. In addition, both models were implanted into the

flanks of animals and not orthotopically into the bones, so the microenvironments may not be authentic to

native osteosarcoma, which may affect the response to immunotherapies. Finally, the models were derived

from different mouse strains (C57BL/6 and BALB/c), which may also underlie a differential response to im-

munotherapies due to differential skewing of the immune system toward Th1 versus Th2 responses.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse PD1 (anti-CD279) Bio-X-Cell Clone (RMP1-14); RRID: AB_10949053

Rat IgG2a isotype control antibody Bio-X-Cell 2A3; RRID: AB_1107769

Anti-mCD4 for depletions Bio-X-Cell Clone GK1.5; RRID: AB_1107636

FITC-anti-mCD4 for surface staining BioLegend Clone GK1.5; RRID: AB_312691

APC-anti-CD4 for intracellular staining BioLegend Clone GK1.5; RRID: AB_312697

Anti-mCD8 for depletions Bio-X-Cell Clone YTS169.4; RRID: AB_10950145

PE-CY7-anti-mCD8a for staining BioLegend Clone 53.6-7; RRID: AB_312761

Anti-Phytopthora Ig AFRC MAC 51 control

antibody for depletions

In-house (L.Boon) From hybridoma: https://www.sigmaaldrich.com/US/

en/product/sigma/cb_85060405

PE-anti-CD49b BioLegend Clone DX5; RRID: AB_313414

Violet 421-anti-CD3e BioLegend Clone 145-2C11; RRID: AB_11203705

PerCP/Cy5.5-anti-B220 BioLegend Clone RA3-6B2; RRID: AB_893356

APC-anti-CD44 BioLegend Clone IM7; RRID: AB_312963

PE-anti-LAG3 BioLegend Clone C9B7W; RRID: AB_2133343

APC-anti-Tim3 BioLegend Clone RMT3-23; RRID: AB_2561656

PE-anti-CTLA4 BioLegend Clone UC10-4B9; RRID: AB_313255

APC-anti-PD1 BioLegend Clone 29F.1A12; RRID: AB_2159183

PE-Cy7-anti-F4/80 BioLegend Clone BM8; RRID: AB_893478

Violet 421-anti-CD11b BioLegend Clone M1/70; RRID: AB_2562904

PerCP-anti-CD11b BioLegend Clone M1/70; RRID: AB_2129375

FITC-anti-Foxp3 eBiosciences Clone FJK-16s; RRID: AB_465243

PE-anti-CD25 BD Sciences Clone 7D4; RRID: AB_1645250

PE-anti-PDL1 BioLegend Clone 10F.9G2; RRID: AB_2073556

APC-anti-MHCII BioLegend Clone M5/114.15.2; RRID: AB_313329

PE-anti-H2-Kb eBioscience Clone AF6-88.5.5.3; RRID: AB_10598797

PE-anti-H2-Kd eBioscience Clone SF1-1.1.1; RRID: AB_2043875

APC-anti-H2-Db BioLegend Clone KH95; RRID: AB_2565862

FITC-anti-H2-Ld Invitrogen Clone 30-5-7S; RRID: AB_2539390

Bacterial and virus strains

Oncolytic herpes simplex virus Sorrento Therapeutics (San Diego, CA) HSV1716

Chemicals, peptides, and Recombinant proteins

RPMI 1640 Thermo Fisher Scientific A1049101

DMEM Thermo Fisher Scientific 12430112

Fetal bovine serum (FBS) Thermo Fisher Scientific 26,140

ACK red cell lysis buffer Lonza 10-548e

Mouse Fc blocking reagent BD Biosciences Clone 2.4G2; RRID: AB_394656

Streptavidin-APC Molecular Probes SA1005

Biotinylated H2-Ld mouse MuLV gp70 SPSYVYHQF NIH Tetramer Core Facility (NTCF) AH1 GP70 peptide

Biotinylated H2-Kb mouse MuLV gp70 KSPWFTTL NIH Tetramer Core Facility (NTCF) p15E GP70 peptide

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial assays

SureSelectXT mouse all exon library kit Agilent Technologies G7550

TruSeq Stranded total RNA library kit Illumina, Inc. 20020596

MycoAlert mycoplasma detection kit Lonza LT07-318

Cell titer 96 Aqueous non-Radioactive cell

Proliferation assay

Promega G5421

RNeasy plus Mini kit Qiagen 74,134

SuperScript II reverse Transcriptase Life Technologies 18064022

iTaq universal SYBR green supermix kit Bio-Rad 1725120

Cell fixation and permeabilization kit Invitrogen GAS001S100 and GAS002S100

Experimental models: Cell lines

F420 osteosarcoma cell line Kind gift from Jason Yustein Cells were derived from genetically engineered

mouse model reported in Zhao et al. (2015)

K7M2 osteosarcoma cell line ATCC ATCC Cat# CRL-2836, RRID:CVCL_V455

Experimental models: Organisms

C57BL/6 female mice Envigo C57BL/6NHsd

BALB/c female mice Envigo Balb/cAnNHsd

Deposited data

Raw and analyzed RNA-seq data This paper Gene expression omnibus: GSE166282

Raw tumor exome sequencing data This paper Sequence read archive: PRJNA698961

RNA-seq data This paper Mendeley: https://doi.org/10.17632/cgswh7x24z.1

Software and algorithms

bcl2fastq conversion software (version

2.20.0.422)

Illumina, Inc. https://support.illumina.com/sequencing/

sequencing_software/bcl2fastq-conversion-

software/downloads.html

HaplotypeCaller Genome Analysis Toolkit (GATK) https://gatk.broadinstitute.org/hc/en-us/articles/

360037225632-HaplotypeCaller

Mutect2 GATK https://gatk.broadinstitute.org/hc/en-us/articles/

360037593851-Mutect2

CHURCHILL Kelly et al., (2015) Email lead contact for more information

pVACseq Hundal et al., (2016) https://github.com/griffithlab/pVACtools

Salmon (version 0.9.1) (Patro et al., 2017) https://github.com/COMBINE-lab/salmon

Mus musculus reference genome National Center for Biotechnology

Information RefSeq

GRCm38.p4_rna.fna

Mus musculus endogenous retroviral

reference sequences

GEVE Mmus38.geve.nt_v1.fa

gp70 sequence GenBank DQ359272.1

DAVID (version 6.8) (Dennis et al., 2003) https://david.ncifcrf.gov

CIBERSORT (Newman et al., 2015) https://cibersort.stanford.edu

DESeq2 (version 1.26.0) (Love et al., 2014) http://bioconductor.org/packages/release/

bioc/html/DESeq2.html

GraphPad Prism version 7.0a GraphPad Software https://www.graphpad.com/scientific-

software/prism/

FlowJo version 10.0.3 Tree Star https://www.flowjo.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Timothy P. Cripe (timothy.cripe@nationwidechildrens.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Section 1: Data. The RNA-sequencing data presented in this publication has been deposited in NCBI’s

Gene Expression Omnibus (GEO) and is available through accession number GSE166282. The tumor

exome sequencing data presented in this publication has been deposited in NCBI’s Sequence Read

Archive (SRA) and is available through accession number PRJNA698961. RNA-seq expression values

for endogenous retroviruses and mouse genes are available through Mendeley at https://doi.org/10.

17632/cgswh7x24z.1

Section 2: Code. This paper does not report original code.

Section 3. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODELS AND DETAILS

Cell lines and viruses

We utilized murine osteosarcoma cell lines F420 and K7M2 (Ek et al., 2006; Zhao et al., 2015). F420 was orig-

inally derived from a female C57BL/6 mouse transgenic for a mutant p53 under control of a bone-selective

promoter (Zhao et al., 2015). K7M2 was derived from a spontaneous metastatic lesion in a female BALB/c

background (Ek et al., 2006) (ATCC Cat# CRL-2836, RRID:CVCL_V455). All murine osteosarcoma cell lines

were maintained in Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher Scientific) supplemented

with 15% heat-inactivated fetal bovine serum (FBS), 1% L-glutamine, 1% nonessential amino acids,

50 mM 2-mercaptoethanol, 100 IU/mL penicillin, and 100 mg/mL streptomycin. Vero cells were obtained

from the American Type Culture Collection (Manassas, VA) and cultured in DMEM supplemented with

10% FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin. All cell lines used in this study were verified

to be free of mycoplasma contamination by the MycoAlert Mycoplasma Detection Kit (LT07-318; Lonza, Al-

lendale, NJ, USA). The HSV1716 oncolytic herpes virus was provided by Virttu Biologics (Glasgow, UK; later

acquired by Sorrento Therapeutics, San Diego, CA) and maintained/propagated as previously described

(Leddon et al., 2015). HSV1716 is an oncolytic herpes virus derived from HSV-1 strain 17 and attenuated

by mutation in the RL1 genes encoding ICP34.5, which confers neurovirulence (11).

Animal studies

All animal studies were approved by Nationwide Children’s Hospital Institutional Animal Care and Use

Committee (protocol AR12-00074).

Survival studies. F420 osteosarcoma tumors were established by subcutaneously injecting 5 x 106 oste-

osarcoma cells into the flanks of 6-week-old C57BL/6 mice (Envigo, Frederick, MD). K7M2 tumors were es-

tablished by transplanting small pieces of sectioned tumor (�2mm3) into the flanks of 6-week-old BALB/c

mice (Envigo). Both sets of mice were all female because both tumors were derived from females. The

numbers of animals used in each experiment are shown in the figure legends. Mice were randomized

into the different treatment groups, but groups were not blinded. Tumor sizes were measured every other

day, and volumes were calculated using length x width2 x p/6, as described previously (Leddon et al., 2015).

When tumors reached �200-400 mm3 in size, mice were pooled and divided into treatment groups to

ensure comparable average tumor burdens. Animals with tumor burdens that exceeded 400 mm3 in

size, or who did not reach this threshold within a week of their cohorts, were excluded from further study.

Mice were given fractionated doses of HSV1716 (1 3 108 PFU in 100 mL) or PBS intratumorally every other

day for a total of 3 injections. Subsets of mice were given 250 mg of anti-PD-1 (clone RMP1-14) or control

antibody (2A3) intraperitoneally twice a week for four weeks, beginning with the last dose of HSV1716
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injection (Figure 1A). Tumor sizes were measured twice weekly, unblended, until they reached a volume of

2000 mm3 or a diameter of 2 cm upon which the animal was euthanized.

Immunogenicity studies. Tumors were established by subcutaneously implanting 5 x 106 F420 osteosar-

coma cells or K7M2 osteosarcoma cells into the flanks of 6-week-old C57BL/6 or BALB/c mice, respectively.

To compare tumor growth without treatment, tumors as above were established in the flanks of 6-week-old

nude mice (Envigo).

METHOD DETAILS

PD-1 blockade in vivo

Anti-PD-1 antibody, RMP1-14, and isotype control antibody 2A3, purchased from Bio-X-Cell (West

Lebanon, NH), were used in tumor-bearing mice for in vivo PD-1 blockade.

Cell viability (MTS) assay

F420 and K7M2 osteosarcoma cells were plated in 96-well dishes at a density of 3,000 cells/well and incu-

bated at 37�C overnight prior to HSV1716 infection. Viability assays were conducted 96 hr post-treatment

using the Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation Assay (G5421; Promega, Madison, WI,

USA). Samples were run in triplicate and the data shown are representative of three independent experi-

ments. Results are presented as percent cell survival relative to uninfected control. Error bars represent

standard deviation.

In vitro virus replication assays

F420 and K7M2 osteosarcoma cells were plated in 6-well dishes at 2 x 106 cells per well and infected the

following day with HSV1716 at a multiplicity of infection of 0.01 infectious virus particles per cell. The in-

fected cells were then collected at 2, 24, 48, and 72 hr postinfection. Samples were freeze-thawed three

times and serial dilutions were titrated on Vero cells by standard plaque assay (Leddon et al., 2015).

Each sample was run in triplicate and the data shown are representative of three independent experiments.

Results are presented as plaque-forming units (pfu) per mL.

Quantitative reverse transcription PCR

Total RNA was isolated from cultured F420 and K7M2 osteosarcoma cells using the RNeasy Plus Mini Kit

(Qiagen, Germantown, MD, USA) according to manufacturer instructions. RNA quantity and purity were

determined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Charlotte, NC). 5 mg

of total RNA was used to synthesize cDNA using SuperScript II Reverse Transcriptase (Life Technologies,

Carlsbad, CA, USA) according to manufacturer instructions. Quantitative real-time PCR was performed us-

ing iTaq universal SYBR green supermix kit (Bio-Rad, Hercules, CA) with the Applied Biosystems 7900HT

Fast Real-Time PCR System (Beverly Hills, CA). Cycling conditions included the initial step of 2 min of

50�C and 5min denaturation at 95�C, followed by 40 thermal cycles of denaturation at 95�C for 15 s, anneal-

ing at 58�C for 30 s, and elongation at 72�C for 30 s. The comparative quantitation method was used, and

the results are represented as fold gene expression relative to gapdh: 2-(Ct
target gene – C

t
Gapdh). Primer

sequence for gp70: 50-AAAGTGACACATGCCCACAA-30 (forward) and 50-CCCCAAGAGGCACAATAG

AA-30 (reverse).

Exome sequencing and neoantigen prediction

Exome sequencing. DNA from tumor and blood (normal comparator) were prepared for exome

sequencing using Agilent SureSelectXT Mouse All Exon library kit (Santa Clara, CA) and sequenced on

an Illumina HiSeq 4000 Sequencing System (San Diego, CA). Reads were aligned to Mus musculus genome

reference sequence, build GRCm38 (mm10), and evaluated using a custom in-house pipeline (Kelly et al.,

2015). Germline variants were called using theGenome Analysis Toolkit’s Haplotypecaller, and somatic var-

iants were called using MuTect2 (Cibulskis et al., 2013). All somatic variants were further filtered for the

following: a) variant absent in blood comparator, b) minimum coverage depth in normal and tumor

R10X, c) number of supporting alternate reads in tumorR4, and d) MuTect2 filter = PASS. Somatic variants

passing all filters were then annotated using Variant Effect Predictor tool and further filtered to keep only

those within exons or within 3 base pairs of a canonical splice site. CIRCOS software package was used to

generate circular genome mapping figures (Krzywinski et al., 2009).
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pVAC-seq. Personalized variant antigens by cancer sequencing (pVAC-Seq) was used to predict somatic

neoantigens (Hundal et al., 2016). Mouse-specific MHC genotypes and a list of non-synonymous somatic

mutations annotated with amino acid and transcript sequences for each tumor sample was used as input

for the pVAC-Seq pipeline. Binding affinities of all predicted normal and tumor epitopes were predicted

with NetMHC and PickPocket (Lundegaard et al., 2008; Zhang et al., 2009). The strongest predicted binding

affinity (lowest nM value) from both tools was used to calculate corresponding fold-change compared to

predicted binding affinity of the normal, wildtype epitope. All predicted tumor neoantigens were filtered

to keep only variants with: tumor variant DNA allele frequency R20%.

RNA sequencing and gene expression analysis of tumor tissue

RNA-seq. Total RNA was extracted from tumor tissue without treatment and treated with DNAse and

RiboZero capture beads (Illumina, San Diego, CA) to deplete DNA and ribosomal contaminants, respec-

tively. RNA was then used as input for Illumina TruSeq Stranded Total RNA library preparation kit and

sequenced on HiSeq 4000. Sequencing reads were processed using STAR-Fusion (https://github.com/

STAR-Fusion) to detect putatively expressed gene fusions. Normalization and transcript abundance deter-

mination was performed using DESeq packages and a custom in-house pipeline (Kelly et al., 2015).

Gene ontology analysis. Gene Ontology enrichment analysis was performed using DAVID online func-

tional annotation tool (https://david.ncifcrf.gov/), and R-package GOplot was used for data visualization of

the results (Walter et al., 2015).

CIBERSORT. The CIBERSORT online tool (https://cibersort.stanford.edu) was used to predict abun-

dance of immune cell types using our RNA-seq gene expression normalized values as input mixture file

(Newman et al., 2015). For the signature gene file, we used ImmuCC, a published matrix of microarray

expression values for 25 immune cell types from mouse tissue (Chen et al., 2017b).

Cell depletion studies

T cell depletion studies were conducted as previously described (Hutzen et al., 2017). In short, BALB/c mice

bearing biflank K7M2 tumors were given intraperitoneal injection of 500 mg of anti-CD4 (GK1.5) and/or anti-

CD8 (YTS169.4) antibody every 96 hr. Isotype control mice were similarly injected with 500 mg of anti-Phy-

topthora Ig AFRC MAC 51 antibody. Specific depletion of the respective T cell subtypes was confirmed by

flow cytometry analysis.

Flow cytometry analysis

Single tumor cell preparation and flow cytometric analyses were conducted as described previously

(Chen et al., 2017a). In brief, single-cell suspensions from tumors were prepared and lysed with ACK

red cell lysis buffer (Lonza) and blocked with 5% mouse Fc blocking reagent (2.4G2; BD Biosciences,

San Jose, CA) in FACS buffer (1% FBS and 1 mM EDTA in PBS). Cells were labeled on ice for 30 min

with one of the following antibody staining panels. For T and NK cell analysis: CD4-fluorescein isothio-

cyanate (FITC) (GK1.5), CD49b-phycoerythrin (PE) (DX5), CD8a-PE-Cy7 (53-6.7), CD3e-Violet 421 (145-

2C11), B220-PerCP/Cy5.5 (RA3-6B2) and CD44-allophycocyanin (APC) (IM7). For T cell exhaustion

markers: CD4-FITC, CD8a-PE-Cy7, CD3e-Violet 421 and B220-PerCP/Cy5.5 with LAG3-PE (C9B7W)

and Tim3-APC (RMT3-23) or CTLA4-PE (UC10-4B9) and PD-1-APC (29F.1A12). For tumor associated

macrophages: F4/80-PE-Cy7 (BM8) and CD11b-Violet 421 (M1/70). These cells were washed one time

with FACS buffer after labeling and fixed in 1% paraformaldehyde. For Foxp3 intracellular staining,

mononuclear cells were enriched by Percoll (GE Healthcare Bio-Sciences, Pittsburgh, PA) density

gradient centrifugation and stained with cell surface markers including CD4-APC, CD8-PE-Cy7,

CD25-PE (7D4), CD11b-PerCP and CD3e-Violet 421 followed by Foxp3-FITC (FJK-16 s) intracellular

staining using a cell fixation and permeabilization kit (Invitrogen GAS001S100 and GAS002S100;

Thermo Fischer Scientific). BALB/c MuLV GP70 biotinylated monomer (H2-Ld-SPSYVYHQF) and

C57B6 MuLV GP70 biotinylated monomer (H2-Kb-KSPWFTTL) were obtained from the NIH tetramer

core facility (http://tetramer.yerkes.emory.edu/, human B2M). To produce APC-conjugated GP70

tetramer, each monomer was tetramerized using streptavidin-APC (SA1005, Molecular Probes, Eugene,

OR) at a ratio of 1:3 monomer to streptavidin-APC. 10% of the total volume of streptavidin-APC was

added to the monomer every 15 min up to 2 hr on ice.
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Stained cells were washed one time with FACS buffer and fixed in 0.5% paraformaldehyde. A minimum of

100,000 events were collected and analyzed on a BD FACS LSR II (BD Biosciences). Analysis was carried out

using FlowJo software, version 10.0.3 (Tree Star, Ashland, OR).

For surface staining on two murine osteosarcoma tumor cells, adherent tumor cells were trypsinized and

washed one time with FACS buffer. Tumor cells were stained with PD-L1-PE (10F.9G2), MHC II-APC (M5/

114.15.2), H2-Kb-PE (AF6-88.5.5.3), H2-Kd-PE (SF1-1.1.1), H2-Db-APC (KH95) or H2-Ld-FITC (30-5-7S) individu-

ally on ice for 30 min. Stained cells were wash one time with FACS buffer and fixed with 1% paraformaldehyde

but otherwise collectedandanalyzedasdescribed above. All the staining antibodieswerepurchased fromBio-

Legend (SanDiego,CA,USA)except for anti-Foxp3 (eBioscience, SanDiego,CA,USA), anti-H2-Ld (Invitrogen),

anti-H2-Kb (eBioscience), anti-H2-Kd (eBioscience) and anti-CD25 (BD Sciences).

Retroviral transcript quantification

We generated normalized expression transcript per million (TPM) values as follows: RNA-seq FASTQ files

from K7M2 and F420 tumors were used as input for Salmon (version 0.9.1) in mapping-based mode (Patro

et al., 2017). For the salmon reference transcriptome, we downloaded the mouse retroviral FASTA

Mmus38.geve.nt_v1.fa from the genome-based endogenous viral element database (gEVE) and then

manually appended the gp70 (GenBank: DQ359272.1) sequence to the retroviral FASTA before indexing

for Salmon use (Nakagawa and Takahashi, 2016). We used standard Salmon parameters with bootstrap-

ping set to 100. TPM values were transformed using log2(TPM +1) calculation.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using the GraphPad Prism software 7.0a for Mac OS x (GraphPad Soft-

ware, La Jolla, CA, USA). Kaplan-Meier curves and corresponding log rank Mantel-Cox tests were used to

evaluate the statistical differences between groups in survival studies. One-way ANOVA was utilized to

assess the statistical difference between groups in the flow cytometry analysis. The T cell depletion studies

were analyzed for statistical significance utilizing two-way ANOVA.
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