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Abstract

Oncolytic virus therapy has shown activity against primary melanomas; however, its efficacy in 

brain metastases remains challenging, mainly because of the delivery and immunosuppressive 

nature of tumors in the brain. To address this challenge, we first established PTEN-deficient 

melanoma brain metastasis mouse models and characterized them to be more immunosuppressive 

compared with primary melanoma, mimicking the clinical settings. Next, we developed an 

allogeneic twin stem cell (TSC) system composed of two tumor-targeting stem cell (SC) 

populations. One SC was loaded with oncolytic herpes simplex virus (oHSV), and the other SC 

was CRISPR-Cas9 gene-edited to knock out nectin 1 (N1) receptor (N1KO) to acquire resistance to 

oHSV and release immunomodulators, such as granulocyte-macrophage colony-stimulating factor 

(GM-CSF). Using mouse models of brain metastatic BRAFV600E/PTEN−/− and BRAFV600E/wt/

PTEN−/− mutant melanomas, we show that locoregional delivery of TSCs releasing oHSV and 

GM-CSF (TSC-G) activated dendritic cell– and T cell–mediated immune responses. In addition, 

our strategy exhibited greater therapeutic efficacy when compared with the existing oncolytic 

viral therapeutic approaches. Moreover, the TSCs composed of SC-oHSV and SCN1KO–releasing 

GM-CSF and single-chain variable fragment anti–PD-1 (TSC-G/P) had therapeutic efficacy in 

both syngeneic and patient-derived humanized mouse models of leptomeningeal metastasis. Our 

findings provide a promising allogeneic SC-based immunotherapeutic strategy against melanomas 

in the CNS and a road map toward clinical translation.

INTRODUCTION

Despite recent improvements in therapeutic approaches, patients with advanced melanoma 

still have limited survival prognosis, with brain metastases contributing to half of all 

melanoma-related deaths (1). Advanced-stage melanomas have a high propensity to 

metastasize to the brain, with 60% of patients developing brain metastases at some point 

(2, 3). Although multidisciplinary therapies such as radiotherapy, targeted therapy, and 

surgeries have been used to treat melanoma brain metastasis (MBM), the overall survival 

is only 4 to 6 months (4). Immunotherapy has revolutionized treatment for melanoma. 

Immune checkpoint inhibitors (ICIs) are one of the major advances in recent cancer therapy, 

especially for the treatment of metastatic melanoma (5). However, clinical studies with 

systemic administration of ICIs have revealed poorer intracranial responses than extracranial 

responses due partially to the limited penetration of ICI antibodies (Abs) into the brain and 

cerebrospinal fluid (CSF) (6–9). Therefore, alternative therapeutic agents and strategies are 

urgently needed.

Oncolytic virotherapy represents a newer form of immunotherapy, in which oncolytic 

viruses (OVs) are used to selectively replicate in and kill neoplastic cells (10, 11) and 

are among the latest therapies that have progressed to the clinic (12–16). The lytic activity 

of OVs promotes the release of tumor antigens and supports the development of antitumor 

immune responses (17). Intralesional injection of Food and Drug Administration (FDA)–

approved talimogene laherparepvec (T-VEC; recombinant oncolytic herpes simplex virus, 

oHSV) (18) has been shown to induce antitumor immune responses for distant uninjected 

tumor lesions but has not improved overall patient survival of stage IV disease that has 

metastatic lesions (17). Systemic delivery of oHSV has been hampered by issues such 
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as virus neutralization, sequestration, and inefficient extravasation (19). To counter these 

problems, we have previously shown that oHSV-loaded mesenchymal stem cells (SCs) home 

extensively to multiple metastatic tumor deposits in the brain, deliver oHSV locally, and 

have therapeutic efficacy in imageable mouse models of MBM (20). Although promising, 

the immunosuppressive tumor microenvironment of MBM (21), which prevents efficient 

antitumor immune responses, is yet to be explored. Phosphatase and tensin homolog (PTEN) 

loss is associated with shorter time to MBM and correlates with shorter overall survival (22). 

In this study, we first developed syngeneic mouse models of PTEN-deficient MBMs and 

profiled their unique tumor immune microenvironment to create a new platform to test the 

efficacy of immunotherapy.

Cytokines are potent immunomodulatory molecules and have been successfully used 

as adjuvants in OV therapy for cancer. Numerous preclinical and clinical studies have 

investigated the therapeutic efficacy of cytokine-expressing OVs, such as oHSV (18), 

adenovirus (23), and vaccinia virus (24) in different cancer types. ICIs can be rationally 

combined with oHSV therapy, because virally infected dying tumor cells release tumor 

antigens to the tumor microenvironment to attract innate and adaptive immune cells, 

offering the potential to achieve a more durable response and outcome (25–27). Similarly 

to cytokines, ICI genes can be incorporated into OVs to minimize toxicities associated 

with systemic treatment with ICIs. However, OV-mediated cytokine and ICI expression is 

dependent on OV infection of cancer cells, and infected cells are expected to die, making the 

abundance and duration of cytokine and ICI expression in the tumor microenvironment 

unpredictable (28, 29). SCs genetically engineered with immunomodulators have the 

potential of prolonging therapeutic molecule delivery at the tumor site. However, given 

the susceptibility of SCs to oHSV-mediated oncolysis (30), codelivery of oHSV and 

immunomodulators from the same SCs is not feasible. We have previously shown that both 

mouse and human SCs highly express nectin-1 (CD111), the most efficient entry receptor 

for oHSV (31). In this study, we overcame the limitation of the SC codelivery system by 

knocking out the nectin-1 receptor in SCs (SCN1KO) using CRISPR-Cas-9 technology and 

further engineered SCN1KO to release various immunomodulators, including granulocyte-

macrophage colony-stimulating factor (GM-CSF) and single-chain variable fragment anti–

programmed death receptor-1 (PD-1) (scFvPD-1). The major goal of this study was to assess 

the mechanism-based efficacy of locoregional delivery of an engineered twin SC (TSC) 

platform releasing oHSV and immunomodulators in the immunosuppressive syngeneic and 

humanized MBM mouse models.

RESULTS

PTEN deficiency is associated with MBM and immune suppression

PTEN is a phosphatase that is involved in the negative regulation of cell survival signaling 

through the phosphoinositide 3-kinase (PI3K)/AKT pathway (32). First, we explored the 

correlation between advanced melanoma and PTEN expression. Overall, TCGA data showed 

that 20% of melanomas express PTEN (Fig. 1A). Patients with melanoma with higher 

PTEN expression showed longer overall survival compared with patients with lower PTEN 

expression (Fig. 1B, P < 0.05). PTEN expression was significantly lost in late-stage 
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metastatic melanoma compared with other genes, including BRAF and TP53 (Fig. 1C, P 
< 0.05, and fig. S1A). A high proportion of clinical MBM cases were characterized by the 

loss of PTEN expression in metastatic melanoma cells (Fig. 1C, P < 0.05). Another RNA 

dataset of patients with metastatic melanoma also demonstrated that MBM had lower gene 

expression of PTEN than other metastatic melanomas (Fig. 1D, P < 0.05) (33). To further 

explore this, we analyzed immune cell infiltration in melanoma. PTEN-low melanoma had 

significantly fewer CD3+ T cells (Fig. 1E, P < 0.05). Furthermore, patients with higher 

PI3K/AKT pathway expression had fewer CD3+ T cells, CD4+ T cells, and activated 

dendritic cells (DCs) and more regulatory T cells and macrophages (fig. S1B). Comparing 

primary melanoma with metastatic melanoma, the latter had fewer CD4+ T cells and DCs 

(fig. S1C). These results suggest that PTEN loss is associated with MBM and poor prognosis 

through immunosuppressive mechanisms. Therefore, it is critical to evaluate immunotherapy 

against advanced PTEN-deficient melanoma.

Development and characterization of primary and metastatic mouse tumor models of 
PTEN-deficient melanoma

We examined the expression of PTEN in different murine melanoma cell lines that were 

previously generated (34, 35). Western blot analysis revealed that several murine cell lines, 

YUMM1.1 (Y1.1), YUMM2.1 (Y2.1), D4MUV2 (UV2), and D4MUV3 (UV3) cells, did not 

express PTEN (Fig. 1F). In previous studies, Y1.1 and Y2.1 cells have been used as models 

of BRAFV600E/wt/PTEN−/− melanomas, whereas UV2 and UV3 cells represent BRAFV600E/
PTEN−/− melanomas (34, 35, 36). On the other hand, YUMM3.3 (Y3.3) and B16F10 (B16) 

cells simulate BRAFV600E/wt/PTEN+/+ and BRAFwt/PTEN+/+ melanomas, respectively (34, 

36). We selected Y1.1 and UV2 to generate mouse PTEN-deficient melanoma cell lines 

expressing a bimodal green fluorescent protein (GFP)–firefly luciferase (Fluc) fusion protein 

(fig. S2) and used these cells to develop C57BL/6 mouse models of both primary tumors 

and leptomeningeal metastasis (LM) tumors (Fig. 1, G to I). UV2-GFP-Fluc (UV2-GFI) 

cells grew efficiently as an LM mouse model, whereas Y1.1-GFP-Fluc (Y1.1-GFI) cells 

often grew as extracranial tumors after intrathecal injection of tumor cells. To assess the 

composition of immune cells in the tumor microenvironment of primary melanoma and 

LM in these UV2-GFI–bearing mouse tumor models, we performed immunofluorescence 

(IF) analysis for DCs (CD11c), T cells (CD3, CD4, and CD8), and macrophages (CD68 

and IBA1). IF analysis showed that the LM mouse model had fewer CD11c-, CD3-, CD4-, 

and CD8-positive cells than the primary tumor mouse model (Fig. 1, J and K). There was 

no difference in CD68+ cells between primary and LM mouse models. Comparison of 

IBA1+ microglial concentrations in the LM mouse model and PTEN-deficient glioblastoma 

(CT2A) mouse model found no significant difference (Fig. 1K, P = 0.7326). Furthermore, 

flow cytometry (FCM) analysis revealed that the LM mouse model had significantly fewer 

DCs, CD4+, and CD8+ T cells than the primary melanoma mouse model (Fig. 1L; DCs, 

P < 0.05; CD4+ T cells, P < 0.05; CD8+ T cells, P < 0.05). Moreover, transcriptome 

analysis also showed that two of three UV2-GFI–derived LM samples had down-regulation 

of these immune cells compared with primary melanoma (Fig. 1M). Furthermore, several 

immunological pathways, including cytokine-related pathways, were down-regulated in LM 

samples (Fig. 1N). These results suggested that LM represents more immunosuppressive 

tumors compared with primary melanoma in the mouse models tested.
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SC-loaded oHSVs have therapeutic effects in vitro and in vivo

We explored the efficacy of recombinant oHSVs using G47Δ, a third-generation oHSV 

type 1, in melanoma cells. To characterize the oncolytic activity of oHSV, we studied its 

cytopathic effects in human melanoma cell lines, Mewo and M12 (fig. S3A), as well as 

the previously used murine melanoma (Y1.1, Y2.1, UV2, UV3, and B16) cells in vitro 

(Fig. 2A). Cell viability assay revealed that Y1.1, Y2.1, UV2, and UV3 cells were more 

sensitive to oHSV, whereas B16 and Y3.3 cells were more resistant (Fig. 2A). On the other 

hand, temozolomide, one of the standard chemotherapies for melanoma, did not induce cell 

death in any of the cell lines (fig. S3B). Therefore, we chose Y1.1, Y2.1, and UV2 cells 

as oHSV-sensitive, PTEN-deficient melanoma cells in this study. The clinically approved 

oHSV, T-VEC, expresses GM-CSF, so we also created oHSV that encodes mouse GM-CSF 

cDNA (oHSV-GM-CSF). oHSV-GM-CSF also induced cell death in Y1.1, Y2.1, and UV2 

cells (fig. S3C). Next, we tested the effect of oHSV on the PI3K/AKT pathway in melanoma 

cells. Western blot analysis showed that oHSV increased p-AKT, p-mTOR, and PI3K in 

Y1.1, Y2.1, and UV2 cells (fig. S3D). We confirmed that oHSV-mediated tumor cell death 

was associated with induction of apoptosis, whereas it was not associated with necroptosis, 

as indicated by up-regulation of cleaved poly(adenosine diphosphate–ribose) polymerase 

(PARP)/PARP, but no change in pRIP3 expression (fig. S3E). Next, we determined whether 

oHSV could induce immunogenic cell death (ICD) through the release of damage-associated 

molecular patterns, such as adenosine triphosphate (ATP) and high-mobility group box 1 

protein (HMGB1). oHSV significantly induced ATP release from Y1.1, Y2.1, and UV2 cells 

24 and 48 hours after oHSV infection (Fig. 2B; Y1.1, P < 0.05; Y2.1, P < 0.0001; UV2, P 
< 0.0001). Further, Western blot analysis also showed that oHSV increased HMGB1 from 

Y1.1 and UV2 cells 24 hours after oHSV infection (fig. S3E). To explore the induction 

of ICD with oHSV in vivo, oHSV-infected UV2-GFI cells were used as a vaccine in mice 

receiving UV2-GFI cells (Fig. 2C). Compared with phosphate-buffered saline (PBS)–treated 

mice, tumor growth was significantly suppressed in mice vaccinated with oHSV-infected 

cells (Fig. 2D, P < 0.01). These results show that oHSV induced immunogenic oncolytic cell 

death in our melanoma models.

We explored the use of adipose-derived mesenchymal SCs as delivery carriers for oHSV 

(fig. S2F). SCs were incubated with oHSV at different multiplicities of infection [MOIs: 

plaque-forming unit (PFU) per cell], and their survival was measured in vitro. SCs infected 

at 1, 2, 5, 10, and 20 MOI survived for 24 hours, followed by a rapid decrease in viable 

populations by 48 hours after infection (fig. S2G). SCs infected at 1 and 2 MOI retained 

~50% of the original population at 48 hours, whereas SCs infected at MOIs of 5 or higher 

retained 25% or fewer of the original population at the same time point. Furthermore, 

fluorescence microscopy showed that almost all SCs infected at 2 and 5 MOI expressed 

reporter mCherry 24 hours after infection (fig. S3H). Infection with 5 MOI led to a higher 

infection rate but a larger decline in SC viability at the 24-hour time point, posing a 

challenge for their use in in vivo treatment. When cocultured with murine melanoma cells, 

SC-oHSV at 2 and 5 MOI comparably decreased the viability of Y1.1-GFl cells (fig. 

S3I). Therefore, oHSV at 2 MOI was chosen for treatment studies. SC-oHSV (2 MOI) 

effectivity killed Y1.1, Y2.1, and UV2-GFl in a dose-dependent manner (Fig. 2E). Imaging 
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of coculture with melanoma cells and SC-oHSV-FmC showed the spread of oHSV infection 

and subsequent killing of melanoma cells (Fig. 2F).

In vivo, in the primary tumor mouse models of Y1.1-GFI or UV2-GFl, intratumoral 

administration of SC-oHSV led to a significant decrease in Y1.1-GFI tumor growth 

compared with oHSV alone (Fig. 2, G, H, and I, H; P < 0.05). In addition, in vitro 

multicytokine and chemokine assays showed that SC-oHSV induced the release of several 

chemokines, such as C-C motif chemokine ligand 5, C-X-C motif chemokine ligand 

10/interferon gamma–induced protein 10 (IP-10), interferon gamma, and tumor necrosis 

factor–α (TNF-α), which are known to play important roles in recruiting tumor-infiltrating 

lymphocytes (TILs) (fig. S3I) (37, 38). One of the clinical limitations of oHSV is that it 

cannot be given systemically because of neutralizing Abs–mediated immune elimination of 

the viruses (39). We, thus, examined the production of anti-oHSV Abs after intravenous 

injections of SC-oHSV-FmC or oHSV-FmC in C57BL/6 mice. Vero cells were infected 

with oHSV-FmC in vitro for 2 days in the presence of serum collected from the mice (Fig. 

2J). The sera collected from the mice treated systemically twice with SC-oHSV-FmC did 

not impede oHSV infection, whereas the sera collected from the mice treated twice with 

oHSV-FmC significantly reduced infection (Fig. 2K, P < 0.01), indicating that SC loading 

of oHSV reduced the production of anti-oHSV Abs in immune-competent mice. These 

results suggested that SC-oHSV has the potential to induce ICD through the active release of 

immunogenic molecules and chemokines, leading to activation of the host immune response 

against tumors while minimizing the clearance of the oHSV by the host’s immune system. 

Together, these data show that SCs are suitable oHSV carriers for virotherapy.

Establishment of oHSV-resistant SCs secreting immunomodulators

The cell surface adhesion molecule nectin-1 (CD111) is known as the most efficient entry 

receptor for oHSV (31), and we have previously shown that both mouse and human SCs 

highly express this protein (20). To allow prolonged secretion of immunomodulators in the 

presence of oHSV and to enhance the therapeutic efficacy of SC-oHSV for PTEN-deficient 

melanoma, we created oHSV-resistant SCs by CRISPR-Cas9–mediated knockout of nectin-1 

(SCN1KO) (Fig. 3A). FCM and Western blot analyses confirmed the knockout of nectin-1 in 

SCs (Fig. 3B), and cell viability assay after treatment with oHSV confirmed the resistance 

of SCN1KO to oHSV as compared with unmodified SCs (Fig. 3C). SCN1KO were further 

engineered to secrete interleukin-12 (IL-12), IL-15, GM-CSF, or 4–1BB ligand (Fig. 3D). 

To determine which immunomodulator synergically suppressed PTEN-deficient melanoma 

when combined with SC-oHSV, a mixture composed of Y1.1-GFl cells, SC-oHSV, and 

SCN1KO immunomodulator was inoculated into the flanks of C57BL/6 mice, and tumor 

growth was monitored for 7 days. In this screening test, a combination therapy of SCN1KO-

GM-CSF (SCN1KO-G) and SC-oHSV [TSCs releasing oHSV and GM-CSF (TSC-G)] 

showed the most potent therapeutic efficacy compared with the other combination therapies 

and SC-oHSV-GM-CSF on its own (Fig. 3E). Therefore, we focused on investigating TSC-G 

therapy for PTEN-deficient melanoma. SCN1KO-G retained the oHSV-resistant phenotype 

of SCN1KO (fig. S4A). FCM analysis demonstrated the presence of cell surface expression 

of the GM-CSF receptor in a murine macrophage cell line, RAW264.7 cells, but not in 

Y1.1-GFl, Y2.1-GFl, and UV2-GFl cells (fig. S4B). Furthermore, conditioned medium 
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(CM) derived from SCN1KO-G induced higher growth of RAW264.7 compared with CM 

from control SCs, SC-Rluc-mCherry (RmC), whereas no significant difference in cell 

growth was observed for Y1.1-GFl, Y2.1-GFl, and UV2-GFl cells in vitro (Fig. 3F and 

fig. S4C). Intratumoral administration of SCN1KO-G did not significantly change the growth 

of Y1.1-GFl flank tumors in vivo (fig. S4D, P = 0.7945).

Next, we performed functional assays using RAW264.7 and bone marrow cells to examine 

the activity of SCN1KO-G–secreted GM-CSF on the differentiation and activation of 

macrophages and DCs. FCM showed that CM of SCN1KO-GM-CSF significantly induced 

more TNF-α–producing RAW264.7 cells than control medium or CM of SC-RmC (Fig. 3G 

and fig. S4E; P < 0.0001). To explore the ability of the CM to differentiate mouse bone 

marrow cells to M1 (CD11b+F4/80+CD86+) or M2 (CD11b+F4/80+CD206+) macrophages, 

we incubated mouse bone marrow cells with SCN1KO-G CM for 3 days ex vivo. FCM 

analysis of macrophage populations showed that SCN1KO-G CM significantly induced 

differentiation of macrophages to M1 and activated M1 (CD80+) and M2 macrophages 

(fig. S4, F and G; M1, P < 0.001; activated M1, P < 0.001; M2, P < 0.01). We also 

found that mouse bone marrow cells’ exposure to SCN1KO-G CM for 4 days significantly 

increased populations of DCs (CD45+CD11b+CD11c+, P < 0.0001) and mature DCs 

[CD45+CD11b+CD11c+ major histocompatibility complex (MHC) II I-A/I-E+, P < 0.01] 

(Fig. 3H and fig. S4H). These results confirmed the biological functions of SCN1KO-G–

secreted GM-CSF.

When cocultured with Y1.1-GFI cells, SCN1KO-G and oHSV-GM-CSF–infected SC-RmC 

induced similar concentrations of GM-CSF in supernatant at 24 hours (fig. S4I). However, at 

48 hours, GM-CSF concentrations decreased with oHSV-GM-CSF compared with SCN1KO-

G, reflecting cell death of oHSV-GM-CSF–infected SCs. Intratumoral injection of TSC-G 

therapy significantly suppressed tumor growth compared with SC-RmC, oHSV-GM-CSF, or 

SC-oHSV-GM-CSF in the UV2-GFl primary tumor mouse model (Fig. 3I, P < 0.05), which 

was consistent with the Y1.1-GFl mouse model (Fig. 3E). IF images showed that TSC-G 

therapy led to the recruitment of more CD3-positive TILs compared to controls 25 days after 

therapy (Fig. 3, J and K). TSC-G therapy released more GM-CSF than oHSV-GM-CSF or 

SC-oHSV-GM-CSF 2 days after intratumoral injection, whereas the secretion of GM-CSF 

by TSC-G or oHSV-GM-CSF on its own was reduced 5 days after intratumoral injection 

(Fig. 3L, P < 0.05). Thus, the efficacy of TSC-G therapy in PTEN-deficient melanoma 

mouse models was superior to oHSV-GM-CSF or SC-oHSV-GM-CSF and was associated 

with rapid, robust secretion of GM-CSF from SCN1KO-G.

Abscopal effects of TSC-G in a bilateral subcutaneous tumor model

The abscopal effect is an interesting phenomenon in which tumor shrinkage at metastatic 

or distant sites is achieved after local therapy of the primary tumor. We next assessed the 

antitumor effects, including abscopal effects, of TSC-G therapy in two different bilateral 

subcutaneous melanoma mouse models, Y1.1-GFl and UV2-GFl (Fig. 4A). In the Y1.1-GFl 

tumor mouse model, TSC-G therapy showed significantly increased therapeutic effects 

compared with SC-RmC, oHSV-GM-CSF, or SC-oHSV alone in directly treated tumors 

(Fig. 4B and fig. S5A; P < 0.001). Furthermore, the suppression of tumor growth by TSC-G 
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therapy was better than SC-RmC at the nontreatment site (P < 0.05), whereas oHSV-GM-

CSF or SC-oHSV alone did not show efficacy. Similarly, TSC-G therapy decreased tumor 

growth in injected tumors and mediated abscopal effects in the UV2-GFl tumor mouse 

model (Fig. 4C and fig. S5B; treatment site: P < 0.05; nontreatment site: P < 0.05). When 

these mice with Y1.1-GFl tumors were rechallenged with Y1.1-GFI cells in the brain after 

each treatment, all the mice receiving TSC-G therapy (n = 4) remained tumor free (Fig. 4D). 

To understand the mechanism underlying the therapeutic efficacy, we performed cytotoxic 

T lymphocyte (CTL) assays using splenocytes after treatment. The splenocytes (effector) 

collected from the spleen of treated mice showed significant cytotoxicity against Y1.1-GFl 

cells (target) as compared with control SC-RmC treatment, whereas no cytotoxicity was 

observed against murine lung TC-1-GFl cells ex vivo (Fig. 4E and fig. S4C; P < 0.05). These 

results suggested that the TSC-G therapy induced tumor-specific and systemic immune 

responses in the treated mice.

We next profiled tumor-infiltrating immune cells after treatment in the UV2-GFl mouse 

model. IF analysis demonstrated an increase in CD3-positive cells at the treatment site and 

the nontreatment site in the TSC-G group (Fig. 4, F and G, P < 0.01). TSC-G therapy 

increased granzyme B and T-Bet–positive cells as well as CD4-, CD8-, and CD11c-positive 

cells at the treatment site, suggesting the activation of CTLs and type 1 T helper (TH1) 

cells (Fig. 4, H and I). FCM analysis also revealed that TSC-G increased TH1 cells 

(CD45+ CD3+CD4+T-Bet+), CTLs (CD45+CD3+CD8+), and effector memory CD8 T cells 

(CD45+CD3+CD8+CD62L-CD44+) (Fig. 4J). Further, we characterized memory T cells in 

the spleen 30 days after treatment (fig. S5D). The TSC-G therapy significantly induced 

effector memory CD8 T cells (CD45+CD3+CD8+CD62L−CD44+) and central memory CD8 

T cells (CD45+CD3+CD8+CD62L+CD44+) when compared with SC-RmC treatment (Fig. 4, 

K and L, P < 0.05). Immunotherapies such as ICIs have been associated with severe adverse 

effects in several major organs, such as the lung and pancreas (40). No body weight loss was 

noted, and no detectable toxicity was observed in major organs after TSC-G therapy (fig. 

S5, E and F). These results indicated that our TSC-G therapy drives efficacy through the 

activation of systemic antitumor T cell immunity.

TSC-G/P therapy has therapeutic efficacy in immunosuppressive LM

LM is one of the severe disease types in brain metastasis (BM) (41), and patients with 

LM have a very poor prognosis due to lack of therapeutic options (42). To address 

the immunosuppressive nature of LM that we created with UV2-GFl cells, we further 

transduced SCN1KO-G cells with an scFv against PD-1 (Fig. 5A). FCM showed programmed 

cell death-1 ligand 1 (PD-L1) expression on PTEN-deficient melanoma cell lines (Y1.1, 

Y2.1, and UV2) (fig. S6A). Western blot assay confirmed that SCN1KO-GM-CSF/scFvPD-1 

(SCN1KO-G/P) cells expressed both scFvPD-1 and GM-CSF (Fig. 5B). FCM showed that 

scFvPD-1 blocked anti–PD-1 Ab binding to PD-1 on splenocytes, confirming the function 

of scFvPD-1 (fig. S6B). In vivo, we confirmed that intrathecally (IT; delivered through 

cisterna magna) injected SCN1KO-G/P cells survived in the CSF space for 7 days and 

were cleared out afterward (Fig. 5C). The utility of SCs as carriers for oHSV in LM 

is unknown. To determine the influence of loading oHSV in SCs on the persistence of 

oHSV in vivo, SC-oHSV-FmC or oHSV-FmC was IT-injected 5 days after inoculation in 
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the UV2-GFP-Rluc–bearing LM mouse model. IT injection of SC-oHSV-FmC resulted in 

longer oHSV persistence than IT injection with oHSV-FmC, peaking around day 12 in mice 

bearing LM tumors (Fig. 5D). To explore the efficacy of SC delivery of oHSV, GM-CSF, 

and scFvPD-1 for LM, we tested IT injection of TSC-G/P (TSCs releasing oHSV, GM-CSF, 

and scFvPD-1) in the mouse model of LM (Fig. 5E). A significant suppression of tumor 

growth was observed when tumors were treated with TSC-G/P or TSC-G compared with 

control SC-RmC (Fig. 5F, P < 0.05), which also translated into a significantly prolonged 

overall survival (Fig. 5G, P < 0.001). On the other hand, treatment with SC-oHSV with and 

without SCN1KO-scFvPD-1 did not reduce tumor growth indicated by luciferase activity or 

prolong overall survival compared with SC-RmC alone in this LM mouse model (fig. S6, 

C and D). The therapeutic efficacy of TSC-G/P or TSC-G was diminished in nonobese 

diabetic severe combined immunodeficient (NOD/SCID) mice (Fig. 5H and fig. S6E), 

suggesting the critical role of the immune system in the efficacy of TSC-G/P or TSC-G 

therapies. To further investigate the mechanism underlying these therapies, FCM immune 

profiling was performed 7 days after treatment (Fig. 5I and fig. S6F). Both TSC-G/P 

and TSC-G therapies significantly increased CD45+ cells compared with control SC-RmC 

(Fig. 5I; TSC-G/P, P < 0.01; TSC-G, P < 0.05). In addition, TSC-G/P therapy increased 

DCs (CD45+ CD11b+CD11c+; P < 0.05), mature DCs (CD45+CD11b+CD11c+ MHC II 

I-A/I-E+; P < 0.05), CD3+ T cells (P < 0.01), CD4+ T cells (P < 0.05), and CD8+ 

(P < 0.05) T cells compared with SC-RmC alone (Fig. 5I). We also performed RNA 

sequencing (RNA-seq) analysis on tumors to study the immune profile and understand 

the mechanism of action of GM-CSF. The TSC-G/P or TSC-G therapies up-regulated 

expression of immune cell–associated genes, including T cells (cytotoxic, helper, TH1, 

and TH2), macrophages, and DCs (Fig. 5J). The TSC-G/P–treated group had higher ICD-

related gene expression than the control group, suggesting TSC-G/P–induced ICD (Fig. 

5K). Further, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that 

treatment with TSC-G/P or TSC-G activated necroptosis signaling, apoptosis signaling, and 

cytokine-cytokine receptor interaction signaling (table S1). Gene Ontology (GO) analysis 

also indicated activation of the immune system after IT injection with TSC-G/P or TSC-

G (fig. S6G). GO and KEGG analysis also revealed that these therapies down-regulated 

Janus kinase–signal transducer and activator of transcription (JAK-STAT) and PI3K-AKT 

pathways (fig. S6, H and I). Further, the IT injection with TSC-G/P also suppressed tumor 

growth and improved overall survival in Y2.1-GFl–bearing LM mouse model (fig. S6, J 

and K). Last, we also confirmed that TSC-G and TSC-G/P treatment did not induce any 

toxicity measured by unremarkable histology in major organs and the central nervous system 

(CNS) and lack of body weight loss (fig. S7, A to C). These results revealed that IT injection 

with TSC-G/P or TSC-G induced anti-LM activity through the activation of the antitumor 

immune system, including DCs and T cells, and down-regulated JAK-STAT and PI3K-Akt 

pathways in immunosuppressive PTEN-deficient LM mouse model.

Human allogeneic stem cells releasing oHSV, GM-CSF, and scFvPD-1 have therapeutic 
efficacy in patient-derived PTEN-deficient MBM

To explore the human immune system in preclinical studies of OV therapy, humanized 

mouse models have been tested (43), with most studies using flank tumor humanized 

mouse models (44, 45). Therefore, we first implanted patient-derived PTEN-deficient brain 
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metastatic melanoma M12 cells expressing GFP-Fluc (M12-GFl) intracranially in NOD-

SCID mice and confirmed that M12-GFl cells grew well in the brain (fig. S8A). Next, 

to establish the M12-GFl–bearing humanized mouse model, we implanted M12-GFl cells 

intracranially in bone marrow–liver–thymic (BLT) humanized mice (Fig. 6A) and confirmed 

that M12-GFl cells grew well in the brain of this mouse model, too (Fig. 6B, left). IF 

of tumor-infiltrating immune cells indicated the presence of human immune cells such as 

CD11c- and CD3-positive cells (Fig. 6C). Immune profiling of melanoma brain tumors 

and splenocytes, mandibular and cervical lymph nodes, and bone marrow cells showed the 

presence of human DCs and T cells (CD4+ and CD8+ cells) (Fig. 6D, and fig. S8, B and C).

In parallel, we also created an M12-GFl LM mouse model using BLT humanized mice (Fig. 

6, A and B, right), in which the immune profiling analysis showed human DCs and T cells 

in LM tumors as well as in splenocytes, mandibular and cervical lymph nodes, and bone 

marrow cells (Fig. 6D, and fig. S8, B and C). Thus, we successfully established BM and LM 

melanoma humanized mouse models that allowed us to investigate the interaction between 

the human immune system and human melanoma cells during immunotherapy.

To advance the clinical translation of our murine studies, we also created human allogeneic 

mesenchymal stem cells (hSCs) by CRISPR-Cas9 (hSCN1KO) (fig. S8D). The hSCN1KO 

were resistant to oHSV compared with hSCs (fig. S8E). Next, we created hSCN1KO 

secreting human GM-CSF and scFvPD-1 (hSCN1KO-hG/P) and confirmed that these cells 

were also resistant to oHSV when compared with hSCs (Fig. 6E). Western blot assay 

showed that hSCN1KO-hG/P cells expressed both scFvPD-1 and GM-CSF (Fig. 6F). We 

also incorporated an HSV thymidine kinase (HSV-TK) gene into hSCN1KO-hG/P as a 

safety switch and confirmed that ganciclovir killed hSCsN1KO-hG/P-TK in a dose-dependent 

manner in vitro (Fig. 6G). On the other hand, hSC-oHSV (2 MOI) was able to kill 

cocultured M12-GFl cells in vitro (Fig. 6H). Then, we tested IT injection of hSC-oHSV and 

hSCN1KO-hG/P-TK (hTSC-G/P-TK) to test the efficacy of SC delivery of oHSV, GM-CSF, 

and scFvPD-1 for LM (Fig. 6I). IT injection of hTSC-G/P-TK significantly suppressed 

tumor growth and resulted in longer overall survival (Fig. 6, J and K, P < 0.05). Last, 

immune profiling analysis of the tumors showed that hTSC-G/P-TK therapy significantly 

increased CD45+ cells, T cells (CD4+CD3+, and CD8+CD3+ cells), and DCs (CD11c+ cells) 

compared with control hSCs (Fig. 6L, and fig. S8, F to H; P < 0.05). hTSC-G/P-TK therapy 

significantly induced an increased ratio of conventional DC1 (cDC1) to total CD45+ cells 

(Fig. 6M, P < 0.05), indicating that hGM-CSF and oHSV successfully activated human DCs. 

In addition, we confirmed that the hTSC-G/P-TK therapy did not cause body weight loss 

(fig. S8I). These results showed that IT injection of hTSC-G/P-TK is a safe and effective 

approach that activated DCs and T cells in a humanized patient-derived melanoma LM 

mouse model (fig. S9).

DISCUSSION

In this study, we created and characterized immunosuppressive syngeneic LM mouse models 

and explored SC-mediated delivery of oHSV in combination with immunomodulators to 

treat primary and metastatic melanomas. Using CRISPR-Cas-9 technology, we created 

oHSV-resistant nectin-1 receptor knockout SCs (SCN1KO) and showed that SCN1KO can be 
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efficiently used to codeliver immunomodulators with SC-oHSV. We showed that SCN1KO-G 

augmented the therapeutic efficacy of SC-oHSV in orthotopic mouse models of primary 

and brain metastatic PTEN-deficient melanomas in vivo through activation of the immune 

system. Furthermore, SCN1KO releasing both GM-SCF and scFvPD-1 effectively boosted 

SC-oHSV immunotherapy for immunosuppressive PTEN-deficient BM with both human 

and mouse immune systems.

PTEN-deficient melanoma is associated with developing BM and poor overall survival in 

patients with melanoma (46). Activation of the PI3K pathway through loss of PTEN results 

in resistance to ICIs (47). We examined the correlation between PTEN expression and BM 

using TCGA and clinical samples. In accordance with previous reports (22, 48, 49), our 

analysis showed that patients with BM had lower PTEN expression than patients without 

BM, suggesting further investigation of PTEN status as a potential biomarker that predicts 

the development of BM. Moreover, we found that activation of the PI3K/AKT pathway in 

patients with low PTEN expression was correlated with an immunosuppressive phenotype 

in melanoma. Some clinical studies showed PTEN-deficient melanoma to be resistant to 

immunotherapy (47). Therefore, developing strategies for PTEN-deficient MBM is crucial.

BM still has high mortality, although advances in chemotherapy, targeted therapies, and 

immunotherapies have improved survival (50). Further, melanoma LM has the poorest 

prognosis in BM despite the use of BRAF inhibitors or ICIs (42). The lack of understanding 

of the tumor microenvironment of LM has limited the development of therapies. However, 

there are no reports of the establishment of syngeneic LM mouse models. In a previous 

study, RNA-seq analysis of CSF from patients with LM identified the activation of the 

PI3K/AKT pathway (51). Here, we created and characterized LM and primary melanoma 

models using PTEN-deficient melanoma cells and reported immune profiles in mouse 

melanoma LM models. Our immune profiling of UV2-based models revealed major 

differences in the tumor microenvironment because the LM model was immunosuppressive 

compared with the flank model, suggesting that the immunosuppressive LM model might 

be resistant to immunotherapy, as was shown in patients (47). This LM mouse model 

recapitulates the LM disease in clinical settings, offers a platform to test existing and new 

therapeutic agents, and serves as a bridge for rapid translation to the clinic.

T-VEC, an oHSV expressing GM-CSF, was approved by the U.S. FDA for the local 

treatment of unresectable melanoma and nodule lesions. GM-CSF is recognized as an 

inflammatory cytokine, which modulates DC differentiation and macrophage activation (52). 

Although T-VEC mediated oncolytic cell death and enhanced antitumor immune responses 

(53), it failed to show an improvement in the overall survival of patients with brain, liver, 

and lung metastasis (18). To overcome the limitation of T-VEC, we created oHSV-resistant 

SCs by knocking out nectin-1 receptor using CRISPR-Cas9 and engineered them to secrete 

immunomodulators to further enhance the activation of antitumor immunity. Our findings 

revealed that SCN1KO-G boosted oHSV efficacy by releasing higher concentrations of GM-

CSF immediately after implantation compared with oHSV-GM-CSF or SC-oHSV-GM-CSF. 

Early robust expression of GM-CSF from SCN1KO-G compared with oHSV-GM-CSF or 

SC-oHSV-GM-CSF might underlie the enhanced T cell activation and therapeutic efficacy of 

SCN1KO-G–facilitated SC-oHSV therapy against primary melanoma and skin metastasis.
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Recently, a phase 2 clinical trial of pembrolizumab in patients with LM (NCT02886585) 

(54) revealed safety and limited neurological toxicity. Pembrolizumab increased the 

abundance of CD8+ T cells in the CSF compared with pretreatment in a small fraction 

of patients (55). In addition, a phase 2 study of ipilimumab and nivolumab (NCT02939300) 

revealed an acceptable safety profile and promising efficacy in patients with LM (56). 

However, clinical benefits, such as longer survival, were limited to patients with LM derived 

from breast cancer. We previously established LM mouse models using patient-derived 

breast cancer cells and showed that SC delivery of targeted therapeutics is a promising 

approach for LM (57). In this study, we engineered SCN1KO secreting GM-CSF and 

scFvPD-1 to treat immunosuppressive PTEN-deficient melanoma LM mouse models and 

investigated the immune profile and therapeutic efficacy after IT injection of TSC-G/P. Our 

findings indicate that the IT injection of TSC-G/P prolonged overall survival through the 

activation of cytokine-cytokine receptor interaction signaling and expression of immune 

cell–associated genes, including T cells (cytotoxic, helper, TH1, and TH2), macrophages, 

and DCs. To the best of our knowledge, our findings are the first to develop IT injection 

of SC-based OVs and immune profile post-treatment LM tumors. Moreover, our data 

suggested a role for immunomodulation by TSC-G/P or TSC-G in contributing to the 

modulation of oncologic pathways and anti-melanoma activities such as JAK-STAT and 

PI3K-AKT. Further research is needed to understand the mechanism of down-regulation of 

these pathways.

The presence of an adaptive immune system in syngeneic mice provides an excellent 

platform for studies of treatments modulating antitumor immune responses. However, the 

lack of a wide range of tumor models carrying clinically relevant oncogenic molecular 

alterations limits a thorough investigation of therapeutics in such models. Furthermore, 

the discrepancy in immune system activation and responses in human and animals might 

preclude preclinical studies from accurately predicting clinical trial results. To overcome this 

gap, humanized mouse models represent a next-generation preclinical oncology platform 

that enables us to study how human immune cells respond to human tumors in vivo 

(58, 59). Surgical transplantation of human fetal liver and thymus tissue fragments into 

immunodeficient mice generates a BLT humanized mouse model that portrays a more robust 

and closer representation of the human immune system and response. Recent studies used 

humanized xenografted mice to demonstrate the infiltration of human T, B, and natural 

killer cells within the tumor after the treatment with oncolytic vaccinia virus (44). Most 

previous reports on humanized mouse model used flank tumors to study immunotherapy for 

cancers (45, 60). In this study, we first confirmed that patient-derived melanoma cells could 

grow in the brain of a BLT model. Tumor infiltration of DCs and T cells was observed in 

our melanoma brain tumor humanized model. Furthermore, we successfully established a 

patient-derived PTEN-deficient melanoma LM BLT mouse model and performed immune 

profiling analysis to show human DCs and T cells in LM tumors and in the spleen, 

mandibular and cervical lymph nodes, and bone marrow. This is the first report to date 

that describes an approach to establish BM and LM BLT mouse models. To translate our 

findings from syngeneic mice to clinical settings, we created oHSV-resistant human SCs 

and transduced them with human GM-CSF and scFvPD-1. In addition, SCN1KO-human GM-

CSF/scFvPD-1 was armed with HSV-TK, which has shown promise as a safety switch in 
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patients with cell-based therapies (61). Our findings reveal that hTSC-G/P therapy increased 

overall survival in our patient-derived PTEN-deficient melanoma LM BLT mouse model, 

suggesting that IT injection of two populations of allogeneic SCs has a therapeutic benefit in 

the context of a human immune system.

Allogeneic mesenchymal SCs can be easily obtained and banked and, following the good 

manufacturing practice (GMP) standards (62), offer “off-the-shelf” cellular therapy options 

for tumors. Our previous study with allogeneic human GMP grade SCs was performed 

to support an Investigational New Drug application, presented to the FDA to start a first-in-

human (FIH) study (63). This FIH study of engineered SCs will assess safety and tolerability 

in patients with primary and recurrent glioblastoma after surgical resection. More recently, 

SC delivery of OVs was confirmed to be feasible and safe in clinical trials in patients with 

brain tumors (NCT03072134) (64). Furthermore, there are several ongoing phase 1/2 clinical 

trials testing OV-loaded SCs for different cancer types (NCT02068794, NCT01844661, and 

NCT03896568). To improve the therapeutic efficacy for distant metastasis, our findings 

reveal that SCs are rationale carriers of oHSV because they protect oHSV from the humoral 

immune system. IT injection for patients with LM is feasible because the IT technique is 

common and clinically used for pain control after surgery (65). This is supported by the 

previous studies in which IT-delivered chemotherapy was tested in patients with LM and 

CNS lymphoma (66, 67). Our results support that allogeneic SC–based OV immunotherapy 

is widely applicable to varying forms of clinical metastases, including LM.

Our study has some limitations. Although we show that TSC-G/P therapy induced antitumor 

immunity through activation of DCs and T cells in both mouse and human PTEN–deficient 

LM mouse models, the molecular mechanism behind this activity has not been fully 

elucidated. We speculate that treatment-induced down-regulation of the JAK-STAT and 

PI3K-AKT pathways could play a role in stimulating tumor-specific T cell immune 

responses, but this will need to be validated. The current work focused on PTEN-deficient 

melanomas, and characterizing the therapeutic potential of TSC-G/P therapy for MBM 

tumors that are driven by other oncogenes such as KRAS and BRAF will be necessary. 

In addition, the therapeutic efficacy of the TSC-G/P platform should be explored for 

other metastatic lesions and other cancer types to broaden its the therapeutic applications. 

However, we anticipate that optimization of immunomodulators and delivery routes will be 

required for different disease conditions.

In summary, we have established human and murine immunocompetent leptomeningeal 

preclinical platforms to test therapeutic agents and serve as a bridge for rapid translation 

of new therapies. Using these platforms, our study reveals that locoregional delivery of 

oHSV and immunomodulators from two SC populations successfully induces activation of 

DCs and CD4+ and CD8+ cells in the human and the mouse immune system. These results 

support translation of our TSC-G/P strategy to a phase 1 clinical trial for patients with 

LM to confirm the safety of IT injection of these therapeutic SCs and to ultimately help 

improve overall survival and quality of life. Toward this end, we are performing preclinical 

toxicological assessments testing TSCs created under GMP conditions.
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MATERIALS AND METHODS

Study design

The purpose of this study was to develop a translational therapeutic strategy that can 

simultaneously induce a direct killing of tumor cells and induce antitumor immune 

responses to combat the immunosuppressive microenvironment. First, we developed and 

characterized preclinical immune-component LM mouse models, mimicking the clinical 

settings. Next, we hypothesized that genetically engineered SCs can be used as cellular 

vehicles for treating local and disseminated cancers. All experiments performed in this 

study have been replicated to demonstrate biological reproducibility and to ensure adequate 

statistical methods for comparisons. All animals were randomly assigned to each group with 

comparable tumor sizes. The study was not blinded, and no statistical methods were used to 

predetermine the sample size. The methods for in vivo experiments and statistical tests are 

described below in Materials and Methods and in the figure legends.

Cell lines and cell cultures

YUMM1.1 (Y1.1), YUMM2.1 (Y2.1), YUMM3.3 (Y3.3), D3UV2 (UV2), D3UV3 (UV3), 

and B16F10 (B16), murine melanoma cells and M12 patient–derived MBM lines (provided 

by J. Sarkaria, Mayo Clinic, Rochester) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin. Mouse adipose tissue–derived mesenchymal SCs were cultured in low-glucose 

DMEM supplemented with 15% (v/v) FBS, 1% (v/v) L-glutamine, 1% (v/v) non-essential 

amino acid solution, and 1% (vol/vol) penicillin-streptomycin. Human adipose tissue–

derived mesenchymal SCs were grown in DMEM/F-12 supplemented with 10% (v/v) FBS, 

1% (v/v) L-glutamine, 1% (v/v) penicillin-streptomycin, and recombinant human fibroblast 

growth factor (40 ng/ml; R & D Systems). Neither cell line was cultured for more than 2 

months after resuscitation. Cell authentication was not performed by the authors.

Lentiviral transduction and engineering of stable cell lines

Lentiviral packaging (LV-mouse GM-CSF-GFP, LV-scFvPD-1-GFP, and LV-human GM-

CSF/scFvPD-1-mCherry) was performed by transfection of 293T cells, and cells were 

transduced with lentiviral vectors in medium containing protamine sulfate (2 μg/ml). For 

bioluminescence imaging (BLI), cells were transduced with LV-Pico2-GFP-Fluc or LV-GFP-

Fluc. They are selected by fluorescence-activated cell sorting using a BD FACS Aria 

Fusion cell sorter or by puromycin selection in culture. GFP expression was visualized 

by fluorescence microscopy.

CRISPR knockout of nectin-1

To establish human and mouse nectin-1 knockout lines using CRISPR-Cas9, SCs 

were transduced with lentiviral Cas9 expression vectors coding for constitutively 

expressed Cas9 protein and lentiviral single-guide RNA (sgRNA) expression vector 

pLKO.DEST.hygro containing the sgRNA target sequences described above for nectin-1. 

For targeting of mouse nectin-1, CCTTCATCGACGGCACCATCCGCCTCTCCGGTC or 

CTGGAGGACGAGGGCATGTACATCTGTGA sgRNA was used. For human nectin-1 
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knockout, top and bottom strands of sgRNA oligos were aligned as previously described 

(68), followed by cloning strategy into a lentiCRISPRv2GFP plasmid (Addgene, plasmid 

82416) using the restriction enzyme Bsm BI. All destination sgRNA expression vectors were 

sequenced to confirm correct U6-sgRNA inserts before proceeding with third-generation 

lentiviral packaging. For targeting of human nectin-1, TGGCTTCATCGGCACAGACG 

sgRNA was used. Both mouse and human SCN1KO were selected on hygromycin (50 to 

200 μg/ml) and by GFP+ cell sorting using a BD FACS Aria Fusion cell sort in culture, 

respectively.

Oncolytic HSV

The G47Δ bacterial artificial chromosome (BAC) contains the genome of G47Δ (γ34.5-, 

ICP6-, and ICP47-). G47Δ-mouse GM-CSF (oHSV-GM-CSF) is also a BAC-based 

recombinant oHSV vector with the genomic backbone of G47Δ (γ34.5-, ICP6-, and 

ICP47-). Briefly, the respective shuttle plasmid carrying mouse GM-CSF was integrated 

into G47ΔBAC using Cre-mediated recombination in DH10B Escherichia coli and proper 

recombination confirmed by restriction analysis of BAC clones. Next, the resulting BAC and 

an Flpe-expressing plasmid were cotransfected into Vero cells to remove the BAC-derived 

sequences and the enhanced green fluorescent encoding sequences and allow virus to be 

produced. Recombinant virus oHSV-GM-CSF was plaque-purified and expanded. oHSV-

GM-CSF express E. coli lacZ driven by endogenous ICP6 promoter and GM-CSF driven by 

the HSV immediate early 4/5 promoter. GM-CSF secretion from oHSV-GM-CSF–infected 

Vero cells was confirmed by enzyme-linked immunosorbent assay. MOI and PFUs were 

used as virus units in vitro and in vivo, respectively. Titers of infectious oHSV were 

determined by plaque assay on Vero cells (American Type Culture Collection).

In vivo mouse experiments

All in vivo experiments were approved by the Subcommittee on Research Animal Care 

at Brigham and Women’s Hospital. Mice that died or were euthanized for ethical reasons 

before defined experimental end points were excluded. Animals were randomly allocated to 

cages and experimental groups.

Bilateral primary melanoma model—Y1.1-GFl cells (2 × 106 cells per mouse) or 

UV2-GFl (1 × 106 cells per mouse) were subcutaneously implanted into the bilateral flanks 

of 6- to 8-week-old female C57BL/6 mice (Charles River Laboratories). Treatment was 

initiated 7 days after implantation. One side was treated with SC-RmC (4 × 105 cells), 

SC-oHSV (2 MOI, 6 hours) + SC-RmC (2 × 105 cells), oHSV-GM-CSF (2 × 105 PFU) 

+ SC-RmC (4 × 105 cells), and combination therapy with SC-oHSV (2 × 105 cells) and 

SCN1KO-G (2 × 105 cells) intratumorally on days 7 and 11. The perpendicular diameter of 

each tumor was then measured every 3 to 5 days, and tumor volume was calculated using 

the following formula: tumor volume (mm3) = a × b2 × 0.5, where a represents the longest 

diameter, b represents the shortest diameter, and 0.5 is a constant used to calculate the 

volume of an ellipsoid. In the Y1.1-GFl melanoma mouse model, these mice were further 

rechallenged intracranially Y1.1-GFl cells (2 × 105 cells per mouse) on day 40, and the 

tumor growth was monitored by In Vivo Imaging System (IVIS).
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LM model—To inject tumor cells intrathecally, female C57BL/6 or NOD/SCID mice 

(6 to 10 weeks of age) were immobilized on a surgical platform after anesthesia with 

ketamine-xylazine. Midline skin incision was made behind the neck, and occipital muscles 

were dissected. The dura mater between skull and atlas vertebra was exposed. Under the 

observation of cerebellum and brainstem through the dura mater, a catheter connected to 

a microsyringe (Hamilton) was inserted into the cisterna magna. UV2-GFl (5 × 104 cells 

per mouse) in 4 μl was injected slowly through the catheter. The hole in the dura mater 

was closed with a small muscle piece immediately after removing the catheter. On day 5, 

SC-RmC (4 × 105 cells per mouse), SC-oHSV (2MOI, 6 hours per mouse) + SC-RmC 

(2 × 105 cells per mouse), combination therapy with SC-oHSV (2 × 105 cells per mouse) 

+ SCN1KO-G (2 × 105 cells per mouse), and combination therapy with SC-oHSV (2 × 

105 cells per mouse) + SCN1KO-G/P (2 × 105 cells per mouse) were injected in a similar 

manner through the same opening from the previous injection. Then, the tumor growth was 

monitored by IVIS.

Patient-derived melanoma humanized BLT mouse model—BLT mice were 

generated as previously described (69). Briefly, NOD/SCID mice or NOD/SCID/c/mice 

at 6 to 8 weeks of age were conditioned with sublethal (2 Gy) whole-body irradiation. 

They were anesthetized the same day, and fragments of human fetal thymus and liver were 

implanted under the recipient kidney capsules bilaterally. Then, CD34+ cells were injected 

intravenously. After 8 weeks, the human immune cell engraftment was monitored by FCM 

by determining the percentages of human CD45+ cells in peripheral blood. Then, BLT 

mice with over 25% of human CD45/human and mouse CD45 ratio (mean, 60%) were 

used in this study. To establish a patient-derived melanoma humanized BLT mouse model, 

M12-GFl cells were intracranially implanted into the brain. Next, M12-GFl cells (5 × 104 

cells per mouse) were intrathecally implanted as the patient-derived melanoma LM model. 

To explore the therapeutic efficacy of IT injection of hSCs, hSCs (4 × 105 cells per mouse) 

or hSC-oHSV (2 × 105 cells per mouse) and hSCN1KO-hG/P-TK (2 × 105 cells per mouse) 

were intrathecally injected on day 5. Then, the tumor growth was monitored by IVIS. 

Further, brain tumors, splenocytes, mandibular and cervical lymph nodes, and bone marrow 

cells were collected to ensure the immune profiling by FCM.

Bone marrow–derived DCs—Femurs and tibias were collected from C57BL/6 mice (6 

to 10 weeks of age). Bone marrows were harvested by flashing DMEM (DMEM containing 

10% FBS and 1% penicillin-streptomycin) using a 23G needle. Bone marrow cells were 

centrifuged, resuspended in the DMEM, and seeded in a six-well plate. They were incubated 

with SC-RmC or SCN1KO-G condition medium for 4 days. Then, the population of DCs 

(CD45+CD11b+CD11c+ cells) and mature DCs (CD45+CD11b+CD11c+MHC II+ cells) was 

determined by FCM.

CTL assay

Mice were sacrificed about 60 days after initiation of treatment (n = 4). Splenocytes, 

collected by homogenization of the spleen, were treated by red blood cell (RBC) lysis 

buffer (BioLegend). Then, splenocytes were coincubated with Y1.1-GFl, and TC-1-GFl cells 

(target) were incubated with splenocytes for 24 hours at 37°C at different effector:target 
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ratios (0:1, 1:1, 2:1, 4:1, and 8:1). Cell viability assay was performed by measuring the in 

vitro Fluc bioluminescence.

Immune profile experiments

C57BL/6 mice or BLT mice were intrathecally implanted with UV2-GFl (5 × 104 cells per 

mouse) or M12-GFl (5 × 104 cells per mouse), respectively, and treated with intrathecal 

injection of SC-based therapy on day 5. On day 12 or 15, mice were euthanized, and tumors 

were collected. Tumor tissues or spleens were harvested from mice and mashed through a 

100-μm strainer. For splenocytes, RBCs were lysed using mouse RBC lysis buffer (Boston 

BioProducts, IBB-198). Live/dead cell discrimination was performed using the Zombie 

UV Fixable Viability Kit (BioLegend). Cells were incubated with FcR blocking reagent 

(Miltenyi Biotec) or Human TruStain FcX (Fc receptor blocking solution) (BioLegend), 

followed by cell surface staining with fluorochrome-conjugated anti-mouse Abs or anti-

human Abs. Stained cells were fixed with 4% paraformaldehyde before running them on BD 

Fortessa. FCS files were analyzed on FlowJo (version 10.3.1).

Statistical analysis

Statistical analysis was performed using JMP software (SAS Institute, Cary, NC, USA). 

Student’s t test was used to assess the significance of differences in most continuous 

variables. The log-rank test was used for Kaplan-Meier survival analyses. Differences were 

considered significant at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PTEN deficiency is correlated with MBM and immune suppression.
(A) Heatmap of mRNA expression of PTEN, BRAF, TP53, and KRAS in patient samples 

of metastatic stage from the TCGA database (n = 337). M0, no distant metastasis; M1, 

distant metastasis (unknown lesions); M1A, distant skin metastasis; M1B, lung metastasis; 

M1C, other distant metastasis including brain mRNA expression z scores relative to all 

samples (≧1.5) was defined as positive expression. (B) Kaplan-Meier curves of overall 

survival for high PTEN melanoma and low PTEN melanoma of patients from TCGA (the 

threshold cutoff was median). *P < 0.05. (C) Comparison of PTEN expression between 

metastatic stages from the TCGA database. *P < 0.05. (D) Comparison of PTEN expression 

in BM and other metastasis (n = 144) from the dbGaP study (phs000452.v3.p1). *P < 
0.05. (E) Immune profile analysis of high–PTEN expression melanoma and low–PTEN 

expression melanoma from the TCGA database. *P < 0.05. (F) Western blotting of PTEN 

and tubulin in six murine melanoma cell lines. (G) Schematic of primary melanoma mouse 
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models. BLI signal curve of primary UV2-GFl (n = 4)– or Y1.1-GFl (n = 3)–bearing 

mice. Data are presented as means + SEM. BLI, bioluminescence imaging. (H) Schematic 

of leptomeningeal metastasis (LM) mouse models (left). BLI signal curve of flank and 

IT-injected UV2-GFl (n = 3)– or Y1.1-GFl (n = 3)–bearing mice (right). Data are presented 

as means + SEM. (I) Representative hematoxylin and eosin (H&E) staining of primary 

melanoma (edge and central area) and LM mouse model (lateral ventricle and cerebellum 

area). Scale bar, 100 μm. (J) IF analysis of CD11c, CD3, CD4, CD8, and CD68 in UV2-GFl 

primary (n = 4) and LM (n = 3) mouse models. Scale bar, 6 mm. (K) Mean number of 

TILs expressing CD11c, CD3, CD4, CD8, CD68, and IBA1 was statistically assessed from 

three selected fields. IBA1 was compared with UV2-GFl LM– and glioblastoma (GBM) 

(CT2A-mCherry-Fluc)–bearing mice (n = 3 per group). Data are presented as means + 

SD. *P < 0.05. (L) Flow cytometry showing the difference of immune profiles between 

UV2-GFI primary (n = 4) and LM (n = 3) mouse models. Data are presented as means + SD. 

*P < 0.05 and **P < 0.01. (M) Heatmap of differential expression of genes associated with 

immune cell types in UV2-GFI flank and LM melanoma plotted as z score of normalized 

gene expression for each gene. (N) GO analysis for down-regulated immune-related pathway 

enrichment [UV2-GFI primary (n = 3) versus LM (n = 3) mouse models].

Kanaya et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2024 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Stem cells are efficient carriers of oHSV.
(A) Cell viability assay of six melanoma cells was assessed 3 days after oHSV treatment 

at the indicated doses (MOI) (n = 5 per group, technical replicates). Data are presented as 

means ± SD. (B) Extracellular ATP secreted from Y1.1, Y2.1, and UV2 cells was measured 

using a luminescence assay 24 and 48 hours after oHSV treatment (0, 2, and 5 MOI, n = 4 

per group). Data are presented as means + SD. *P < 0.05. **P < 0.01, ***P < 0.001, ****P 
< 0.0001. (C) In the vaccination study, UV2-GFI cells treated with oHSV (5 MOI) for 2 

days were administered subcutaneously into the flanks of C57/BL6 mice on days −7 and −3 

for vaccination, and UV2-GFI cells (1 × 106 cells) were inoculated subcutaneously on day 

0. (D) Tumor volume was monitored and compared between PBS (n = 5) and vaccinated 

mice (n = 5). Data are presented as means ± SEM. **P < 0.01. (E) PTEN mutant melanoma 

cells were investigated by cell viability assay 3 days after SC-oHSV treatment in vitro 

(n = 5 per group, technical replicates). Data are presented as means ± SD. (F) Coculture 

showing killing of melanoma cells (green) infected with oHSV-FmC (red) released from 

SCs for 12, 24, 48, and 72 hours, respectively. Scale bar, 100 μm. (G) Experimental design. 

Y1.1-GFI or UV2-GFl subcutaneous melanoma tumors were treated with oHSV (4 × 105 

PFU per mouse) or SC-oHSV (4 × 105 cells per mouse) intratumorally 7 and 11 days after 

tumor inoculation. Tumor volumes were measured every 3 to 4 days after implantation. (H) 
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Plots showing subcutaneous Y1.1-GFI tumor growth in mice treated with oHSV (n = 8) 

or SC-oHSV (n = 8). Data are presented as means ± SEM. *P < 0.05. (I) Plots showing 

subcutaneous UV2-GFI tumor growth in mice treated with oHSV (n = 5) or SC-oHSV (n 
= 5). Data are presented as means ± SEM. (J) Stealth effect (reduction of antiviral Ab) of 

SC-oHSV providing protection from the immune system in vivo. Experimental design: PBS, 

SC-oHSV-FmC, or oHSV-FmC was systemically injected in C57BL/6 mice twice every 

week (days 1 and 8), and the blood was collected from each mouse at day 14. Vero cells 

were infected with oHSV-FmC for 2 days with the serum collected from the mice. (K) 

mCherry spots observed on fluorescence microscopy and the intensity of mCherry spots 

measured by ImageJ (n = 3 per group). Data are represented as means + SD. Scale bar, 100 

μm. **P < 0.01 and ***P < 0.001.
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Fig. 3. oHSV-resistant stem cells secreting GM-CSF target DCs and macrophages.
(A) Scheme showing the creation of SCN1KO-expressing immunomodulators. To establish 

oHSV-resistant SC-GM-CSF, nectin-1 on SCs was deleted by CRISPR-Cas9 gene editing, 

and SCN1KO was subsequently transduced with GM-CSF. (B) Flow cytometry (FCM, top) 

and Western blotting (bottom) showing expression of nectin-1 in SCs. (C) Cell viability 

assays showing SCN1KO resistance to oHSV compared with SCs. Data are presented as 

means ± SD (n = 5 per group). (D) Expression of immunomodulators in SCN1KO by 

Western blotting). (E) In vivo screening showing the antitumor activity of SCN1KO-secreting 

immunomodulators combined with SCs loaded with oHSV in Y1.1-GFI–bearing primary 

melanoma mouse tumors. Data are presented as means + SEM. (n = 5 per group). (F) 

Cell viability assays showing the influence of SCN1KO-G and SC-Rluc-mCherry (RmC) on 

murine macrophages (RAW264.7) and melanoma (Y1.1-GFl, Y2.1-GFl, and UV2-GFl). (n 
= 5 per group, technical replicates). Data are presented as means + SD. *P < 0.05. (G) Plot 
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showing the effect of SCN1KO-G conditioned medium (CM) on TNF-α–positive RAW264.7 

cells by FCM after incubation for 4 days. Data are presented as means + SD (n = 3 per 

group). ****P < 0.0001. (H) Plot showing the effect of SCN1KO-G CM on differentiation 

to dendritic cells (DCs) and mature DCs from murine bone marrow cells (CD45+ cells) by 

FCM after incubation for 4 days (n = 3 or 4 per group). Data are presented as means + SD. 

Scale bar, 100 μm. *P < 0.05. **P < 0.01, and ****P < 0.0001. (I) Experimental design 

(top). In brief, in the UV2-GFl subcutaneous melanoma mouse model, the tumor was treated 

with SC-oHSV and SCN1KO-G intratumorally 5 and 9 days after tumor cell inoculation. 

Then, tumor volumes were measured every 3 to 4 days after implantation. Plots showing 

subcutaneous UV2-GFl tumor growth in mice (bottom) treated with control SC-RmC (n 
= 6), oHSV-GM-CSF (n = 6), SC-oHSV-GM-CSF (n = 7), or SC-oHSV and SCN1KO-G 

(n = 7). Data are presented as means ± SEM. *P < 0.05. (J) Representative images of 

immunofluorescence (IF) analysis for CD3+ TILs in tumor tissues harvested 30 days after 

UV2-GFl tumor cell inoculation. Scale bar, 6 μm. (K) Mean number of TILs expressing 

CD3 was statistically assessed from three selected fields as represented in (J) (n = 5 per 

group). Data are presented as means + SD. **P < 0.01 and ***P < 0.001. (L) In vivo 

concentrations of GM-CSF after treatment with SC-RmC (n = 3), oHSV-GM-CSF (n = 3 

or 4), SC-oHSV-GM-CSF (n = 3), or SC-oHSV and SCN1KO-G (n = 4). The tumors were 

collected on days 2 and 5 after treatment. Data are presented as means + SD. *P < 0.05.
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Fig. 4. TSC-G therapy generates systemic immunity against bilateral flank PTEN-deficient 
melanoma in vivo.
(A) Experimental design. In brief, in the bilateral Y1.1-GFl and UV2-GFl subcutaneous 

melanoma mouse model, one tumor was treated with SC-oHSV and SCN1KO-GM-CSF 

(TSC-G) intratumorally twice starting 5 days after inoculation, and the other tumor was left 

untreated. Tumor volumes were measured every 3 to 5 days after implantation. (B) Plots 

showing subcutaneous Y1.1-GFl tumor growth in mice treated with control RmC (n = 7), 

oHSV-GM-CSF (n = 7), SC-oHSV (n = 8), or TSC-G (n = 8). (Left) Subcutaneous tumor 

growth in treated tumors. (Right) Subcutaneous tumor growth in untreated tumors. Data 

are represented as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. (C) Plots 

showing subcutaneous UV2-GFl tumor growth in mice treated with control SC-RmC (n = 

7), oHSV-GM-CSF (n = 7), SC-oHSV (n = 8), or TSC-G (n = 8). (Left) Subcutaneous 

tumor growth in treated tumors. (Right) Subcutaneous tumor growth in untreated tumors. 

Data are represented as means ± SEM. *P < 0.05. (D) Y1.1-GFl–bearing mice after 
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treatment (n = 4 per group) were rechallenged with Y1.1-GFI cells on day 90 into the brain. 

Plot showing brain metastatic tumor growth measured by in vivo Fluc bioluminescence 

(representative images shown right). Data are represented as means ± SEM. (E) Splenocytes 

from mice on day 90 after treatment (n = 3 per group) were incubated at 37°C with either 

Y1.1-GFl melanoma cells or TC-1-GFl lung at effector cell:target cell ratios (8:1). Data are 

represented as means + SD. *P < 0.05. n.s., not significant. (F) Representative images of 

IF analysis of CD3 in UV2-GFl tumors 14 days after the indicated treatment (n = 4 or 5 

per group). Scale bar, 6 μm. (G) Quantified mean number of TILs expressing CD3 was 

statistically assessed from three selected fields as represented in (F). Data are represented 

as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001. (H) Representative images of IF 

analysis of CD11c, CD8, granzyme B, CD4, T-Bet, and Foxp3 in UV2-GFl tumors 14 days 

after indicated treatment (n = 4 or 5 per group). Scale bar, 6 μm. (I) Quantified mean number 

of CD11c, CD8, granzyme B, CD4, T-Bet, and Foxp3. Data are represented as means + SD. 

*P < 0.05. **P < 0.01, ***P < 0.001, and ****P < 0.0001. (J) Flow cytometric analysis of 

immune cells collected from UV2-GFl–bearing subcutaneous tumor 7 days after treatment. 

Data are represented as means + SD (n = 4 to 6 per group). *P < 0.05. **P < 0.01, ***P < 
0.001, and ****P < 0.0001. (K) Representative FCM plots of central memory (CM) CD8+ 

T cells and effector memory (EM) CD8+ T cells on splenocytes after treatment. (L) FCM 

analysis of CM and EM CD8+ T cells on splenocytes after treatment (n = 3 or 5 per group). 

Data are represented as means + SD. *P < 0.05.
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Fig. 5. SCs secreting dual immunomodulators with SC-oHSV (TSC) have therapeutic efficacy in 
immunosuppressive LM mouse models.
(A) Scheme showing creation of SCN1KO-GM-CSF/scFvPD-1 (G/P). SCN1KO-GM-

CSF were transduced with scFvPD-1 for codelivery of GM-CSF and scFvPD-1 to 

immunosuppressive LM tumors. (B) Expression of GM-CSF and scFvPD-1 in supernatant 

from SCN1KO-G/P by Western blotting. (C) BLI signal and photographs of IT-injected 

SCN1KO-G/P-Fluc–bearing mice (n = 3). Data are represented as means ± SEM. (D) A 

representative bioluminescence plot (top) showing changes in Fluc activity as a measure of 

virally infected cells after IT injection of oHSV-Fluc (1 × 105 PFU) and SC-oHSV-Fluc 

(2 × 105 cells) (n = 4 per group) in a UV2-GFP-Rluc–bearing LM mouse model was 

quantified (bottom). Data are represented as means + SEM. (E) Experimental design. In 

brief, in the UV2-GFl LM mouse model, SCs were IT administrated one time 5 days after 

implantation of tumors. Tumor volumes were measured every 2 to 3 days by BLI. FCM 

and RNA sequencing (RNA-seq) analysis were performed day 12 after treatment. (F) Fluc 

signal curves (left) and representative BLI images (right) of mice bearing UV2-GFl tumors 

treated with SC-RmC (n = 6), SC-oHSV (n = 6), TSC-G, or TSC-G/P (n = 7). Data are 

represented as means ± SEM. *P < 0.05. (G) Kaplan-Meier curves of overall survival of 

mice. (H) Kaplan-Meier curves of overall survival of UV2-GFI–bearing NOD/SCID mice 
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after treatment with SC-RmC (n = 4), TSC-G (n = 4), or TSC-G/P (n = 4). P < 0.001. (I) 

Flow cytometric analysis of TILs collected from UV2-GFl–bearing LM tumor 7 days after 

treatment. Data are represented as means + SD (n = 4 to 7 per group). *P < 0.05 and **P < 
0.01. (J) Heatmap of differential expression of genes associated with immune cell types after 

treatment in LM mouse tumors by RNA-seq. (n = 3 per group). (K) Heatmap of differential 

expression of genes associated with ICD after treatment in an LM mouse model.
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Fig. 6. Allogeneic SCs releasing human GM-CSF/scFvPD-1-TK and SC-oHSV (hTSC-G/P-TK) 
have therapeutic efficacy in humanized patient-derived PTEN-deficient MBM mice.
(A) Scheme showing intracranial injection (IC) and intrathecal injection as LM with patient-

derived MBM (M12-GFl) cells. M12 cells were isolated from a patient with melanoma 

metastasized to the brain, expanded in culture, and engineered to introduce an in vivo 

imaging marker, GFP-Luciferase (GFI). (B) BLI signal curve of intracranially (let) or 

intrathecally (right) injected M12-GFl–bearing BLT humanized mice (n = 3 or 4 per each 

group). Data are represented as means ± SEM. (C) Representative H&E staining of the brain 

M12-GFl mouse model (top). IF analysis of CD11c and CD3 in the brain M12-GFl tumor 

BLT humanized model (bottom). Scale bar, 6 μm. (D) Flow cytometric (FCM) analysis of 

immune profiling of the brain M12-GFI mouse tumor model (IC) and the LM mouse tumor 

model (LM) (n = 4 per group). Data are represented as means + SD. (E) Cell viability assays 

showing hSCN1KO-hG/P-TK resistance to oHSV compared with human SCs (hSC) in vitro 

(n = 5 per group). Data are represented as means ± SD. (F) Expression of human GM-CSF 

and scFvPD-1 in supernatant from hSCN1KO-G/P-TK by Western blotting. (G) Cell viability 

assay of SCN1KO-hG/P-TK in the absence or presence of ganciclovir (GCV) for 2 days (n 
= 5 per group, technical replicates). Data are represented as means ± SD. (H) M12-GFI 

cells were investigated by cell viability assay 3 days after hSC-oHSV treatment in vitro (n 
= 5 per group). Data are represented as means ± SD. (I) Experimental design. In brief, in 

the M12-GFl LM mouse model, SCs were intrathecally administrated one time 5 days after 

implantation of M12-GFl cells. Tumor volumes were measured every 2 to 4 days by BLI. (J) 

Fluc signal curves and representative BLI images of BLT humanized mice bearing M12-GFl 
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tumors treated with hSCs (n = 4) or hTSC-G/P-TK (n = 4). Data are represented as means ± 

SEM. *P < 0.05. (K) Kaplan-Meier curves of overall survival of mice. *P < 0.05. (L) FCM 

analysis of immune cells collected from M12-GFl LM tumor 10 days after treatment (n = 3 

per group). *P < 0.05. (M) FCM analysis of conventional (c) DC1 and cDC2 collected from 

M12-GFl LM tumor 10 days after treatment (n = 3 per group). *P < 0.05.

Kanaya et al. Page 34

Sci Transl Med. Author manuscript; available in PMC 2024 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	PTEN deficiency is associated with MBM and immune suppression
	Development and characterization of primary and metastatic mouse tumor models of PTEN-deficient melanoma
	SC-loaded oHSVs have therapeutic effects in vitro and in vivo
	Establishment of oHSV-resistant SCs secreting immunomodulators
	Abscopal effects of TSC-G in a bilateral subcutaneous tumor model
	TSC-G/P therapy has therapeutic efficacy in immunosuppressive LM
	Human allogeneic stem cells releasing oHSV, GM-CSF, and scFvPD-1 have therapeutic efficacy in patient-derived PTEN-deficient MBM

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Cell lines and cell cultures
	Lentiviral transduction and engineering of stable cell lines
	CRISPR knockout of nectin-1
	Oncolytic HSV
	In vivo mouse experiments
	Bilateral primary melanoma model
	LM model
	Patient-derived melanoma humanized BLT mouse model
	Bone marrow–derived DCs

	CTL assay
	Immune profile experiments
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

