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Abstract

Immune checkpoint therapy (ICT) has the potential to treat cancer by removing the 

immunosuppressive brakes on T cell activity. However, ICT benefits only a subset of patients 

because most tumors are “cold”, with limited pre-infiltration of effector T cells, poor 

immunogenicity, and low-level expression of checkpoint regulators. It has been previously 

reported that Cowpea mosaic virus (CPMV) promotes the activation of multiple innate immune 

cells and the secretion of pro-inflammatory cytokines to induce T cell cytotoxicity, suggesting that 

immunostimulatory CPMV could potentiate ICT. Here it is shown that in situ vaccination with 

CPMV increases the expression of checkpoint regulators on Foxp3−CD4+ effector T cells in the 

tumor microenvironment. It is shown that combined treatment with CPMV and selected 

checkpoint-targeting antibodies, specifically anti-PD-1 antibodies, or agonistic OX40-specific 

antibodies, reduced tumor burden, prolonged survival, and induced tumor antigen-specific 

immunologic memory to prevent relapse in three immunocompetent syngeneic mouse tumor 

models. This study therefore reveals new design principles for plant virus nanoparticles as novel 

immunotherapeutic adjuvants to elicit robust immune responses against cancer.
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1. Introduction

Immune checkpoint therapy (ICT) involves the administration of drugs that either inhibit 

negative regulators of the immune response against cancer cells, such as programmed cell 

death protein 1 (PD-1), or act as agonists for positive regulators such as tumor necrosis 

factor receptor superfamily, member 4 (TNFRSF4 or OX40). However, the objective 

response rate to single-agent ICT is only ≈30% for most types of cancer.[1–3] Patients with 

immunogenic tumors are more likely to respond to ICT because their tumors are 

characterized by a high antigen burden, the pre-infiltration of effector T cells, and high-level 

expression of negative checkpoint regulators such as cytotoxic-T-lymphocyte-associated 

protein 4 (CTLA-4) and PD-1.[4,5] To pre-sensitize the immune system and generate 

abundant effector T cells against tumors, conventional adjuvants and complementary 

approaches, such as adoptive T cell therapy, radiation therapy, and chemotherapy, have been 

combined with ICT.[6–9] However, these approaches did not achieve the expected synergistic 

benefits and long-lasting systemic protection in preclinical/clinical tumor models.

We previously reported that in situ vaccination with Cowpea mosaic virus (CPMV), a plant 

virus that does not infect mammalian cells, promotes the activation of multiple innate 

immune cells and triggers their repolarization from pro-tumor to antitumor phenotypes. This 

immunostimulation within the tumor leads to the secretion of cytokines in the tumor 

microenvironment and the induction of CD8+ cytotoxic T lymphocyte (CTL) responses in 

multiple murine tumor models.[10–12] CPMV is particularly useful as an adjuvant because it 

remodels the suppressive tumor microenvironment by increasing the number of tumor-

infiltrating lymphocytes (TILs), inducing the killing of tumor cells, which thus release a full 

range of tumor-associated and neo- antigens. We therefore hypothesized that CPMV in situ 

vaccination combined with ICT could improve the objective response rate by increasing the 

number of tumor antigen-specific TILs and thereby achieving a stronger response to lower 

systemic doses of ICT, thus improving antitumor efficacy while mitigating the impact of 

adverse events associated with ICT.

To identify checkpoint-targeting drugs suitable for combination therapy with CPMV, we 

characterized the expression of different immune checkpoint regulators after CPMV 

treatment, focusing on PD-1 and OX40 as representative negative and positive regulators, 

respectively. PD-1 is expressed on the surface of immune cells, especially activated T cells,
[13] and interacts with programmed death ligand 1 (PD-L1), which is abundantly expressed 

on multiple tumor cells. The engagement of PD-1 by PD-L1 causes the inhibition or 

exhaustion of activated immune cells and thus suppresses the antitumor response.[14] 

Antibodies that block PD-1/PD-L1 interactions allow the differentiation of CD8+ T cells into 

CTLs that help to eradicate the tumor. In contrast, OX40 is a costimulatory molecule that 

augments antitumor responses.[15] OX40 is a member of the TNF receptor superfamily and 

is expressed on CD4+ and CD8+ effector T cells as well as regulatory T cells. When engaged 

by its ligand OX40L, it triggers the NF-κB signaling pathway, leading to T cell clonal 

expansion and activation.[16,17] Therefore, agonistic OX40-specific antibodies can promote 

T cell activation and elicit a stronger antitumor immune response. Although inhibitory anti-

PD-1 antibodies and agonistic OX40-specific antibodies can mediate tumor suppression in 

several tumor models, their efficacy is poor in tumors with low immunogenicity.[18] In this 
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study, we characterized the expression of PD-1 and OX40 in response to CPMV treatment in 

order to increase the immunogenicity of tumors, and then assessed the effectiveness of 

combination therapy using mouse models of ovarian cancer, colon cancer, and melanoma.

2. Results

2.1. In Situ Vaccination with CPMV Upregulates the Expression of PD-1 and OX40 on 
Tumor Infiltrated Effector T Cells In Vivo

To explore the expression of PD-1 and OX40 after CPMV treatment, luciferase-labeled ID8-

Defb29/Vegf-A (ID8-Defb29/Vegf-A-luc) ovarian tumor cells were implanted into C57BL/6 

mice via the intraperitoneal (i.p.) route, which resulted in formation of peritoneal tumors and 

ascetic fluid. The presence of ascites correlates with the peritoneal spread and metastasis of 

ovarian cancer and indicated advanced stages of ovarian cancer.[19–21] The establishment of 

ascites/tumors was confirmed by luminescence detection 35 days post inoculation (dpi). At 

this point the mice were injected (i.p.) with 100 μg CPMV in PBS and peritoneal lavage was 

carried out 24 h later to collect T cells. A single dose of CPMV significantly increased the 

expression of PD-1 and OX40 in the total CD4+ T cell population from the tumor 

microenvironment. However, the upregulation of PD-1 was mostly restricted to 

Foxp3−CD4+ effector T cells whereas the upregulation of OX40 was mostly restricted to 

Foxp3+CD4+ regulatory T cells (Figure S1, Supporting Information). Multiple CPMV 

treatments (five doses, weekly injection starting from 7 dpi) were also carried out, and the 

expression of both checkpoint proteins was measured 48 h after the last treatment. As 

described for the single treatment, the upregulation of PD-1 on CD4+ T cells was mostly 

observed among the effector T cell population, whereas the upregulation of OX40 mostly 

observed among the regulatory T cells (Figure 1a,b). We also found that PD-1 expression 

was significantly upregulated in the total CD8+ T cell population (p < 0.0001) and 

specifically among CD44+CD8+ effector T cells (p < 0.005). OX40 showed a similar profile 

among CD8+ T cells but with much weaker expression than PD-1 (Figure 1c,d). These 

results indicate that in situ vaccination with CPMV can sensitize the tumor to both OX40 

agonists and PD-1 inhibitors. In this tumor model, we found that PD-1 was potentially a 

better target for combination therapy than OX40 because CPMV increased the expression of 

PD-1 on both CD4+ and CD8+ effector T cells to a greater extent than OX40.

2.2. Combined CPMV and PD-1 Inhibitor Treatment Synergistically Prevents Ovarian 
Tumor Growth in the Peritoneal Cavity Following Re-Challenge

Given the ability of CPMV to induce the expression of PD-1 and (to a lesser extent) OX40 in 

the microenvironment of ovarian tumors, we hypothesized that the antitumor responses to 

CPMV could be augmented by combining CPMV treatment with a PD-1 inhibitor or OX40 

agonist antibody. As above, we implanted 2 × 106 ID8-Defb29/Vegf-A ovarian cancer cells 

into C57BL/6 mice and administered 100 μg of CPMV in PBS 7 dpi, this time with or 

without 50 μg of the antagonistic (PD-1) or agonistic (OX40) antibody (Figure 2a). Control 

mice were injected with PBS alone. Six doses were injected at weekly intervals, and tumor 

growth was monitored by measuring body weight which reflected tumor-associated ascites 

accumulation in this model (Figure 2b). There was no difference in tumor growth between 

the solo ICT groups and PBS controls, indicating that neither the rat anti-mouse PD-1 IgG2a 
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(clone RMP1–14, BioXCell) nor the rat anti-mouse OX40 IgG1 (clone OX86, BioXCell) 

alone were sufficient to suppress tumor growth. As expected, ≈20% of the mice treated with 

CPMV alone survived compared to none of the control mice at 100 dpi, which is consistent 

with our previous studies.[10] Tumor growth was suppressed in both combination therapy 

groups, with ≥80% of the mice surviving until 100 dpi, whereas all mice in the control and 

solo ICT groups died by 70 dpi (Figure 2c). However, only mice treated with CPMV and the 

PD-1 inhibitor achieved 100% survival when re-challenged with the initial dose of 2 × 106 

ID8-Defb29/Vegf-A tumor cells (Figure 2d).

2.3. Combined CPMV and PD-1 Inhibitor Treatment Promotes the Repolarization of 
Myeloid Cells and the Activation of Cytotoxic Lymphocytes

To evaluate how the combination of CPMV in situ vaccination and PD-1 inhibition affects 

the behavior of immune cells, we injected mice with two doses (21 and 28 dpi) of the PD-1 

inhibitor alone (100 μg), CPMV alone (100 μg), the combined reagents, or PBS as a control, 

and collected peritoneal wash/ascites from mice 2 days after the second treatment. The solo 

CPMV treatment and combination therapy significantly (p < 0.0001) increased the total 

number of TILs compared to the control and solo PD-1 inhibitor groups (Figure S2b, 

Supporting Information). However, the TILs isolated from mice treated with CPMV alone 

contained a significantly higher proportion of granulocytic myeloid-derived suppressive cells 

(G-MDSCs: CD11b+Ly6G+MHCII−CD86−) and monocytic myeloid-derived suppressive 

cells (M-MDSCs: CD11b+Ly6G−Ly6C+MHCII−SSClow) compared to the control group, as 

well as higher proportions of type 1 neutrophils (N1/TINs: CD11b+Ly6G+MHCII+CD86+), 

type 1 macrophages (M1: CD11b+F4/80+MHCII+CD86+), and dendritic cells (DCs: CD11b
+CD11c+). The combination therapy also resulted in a high proportion of N1, M1, and DCs, 

but the proportion of MDSCs and type 2 macrophages (M2: CD11b+F4/80+MH CII−CD86−) 

was lower compared to the solo CPMV group (Figure S2c–h, Supporting Information). 

Further subset analysis revealed that the combination treatment increased the total number of 

CD4+ and CD8+ T cells and their effector memory subsets (CD44+CD62L−) in the 

peritoneal wash/ascites, as well as the CD8+/regulatory T cell ratio and proportion of natural 

killer (NK) cells, compared to the other groups (Figure 2e–j). The level of secreted 

interferon γ (IFNγ) was significantly higher in the peritoneal wash supernatant following 

combination therapy, and intracellular staining indicated that both CD4+ and CD8+ T cells in 

this group secreted more IFNγ (Figure 2k–m). The combination therapy therefore appeared 

to recruit multiple antitumor immune cell types while depleting the immunosuppressive cell 

populations.

To determine whether the CPMV plus PD-1 inhibitor combination could induce a systemic 

immune response to prevent metastasis, we collected splenocytes from the different 

treatment groups and pulsed them with fresh medium, a CPMV suspension, or ID8-Defb29/

Vegf-A tumor cell lysates (Figure 2n and Figure S3, Supporting Information). After 24 h, we 

observed a marked increase in the number of tumor-specific IFNγ-secreting CD8+ effector 

T cells in the spleens of mice from the combination therapy group compared to the control, 

CPMV monotherapy and solo ICT groups. These results showed that the CPMV plus PD-1 

inhibitor combination elicited long-term immune system activation by generating systemic 

tumor-specific T cells targeting the ID8-Defb29/Vegf-A tumor cells.
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Finally, we observed the depletion of CD45− tumor cells in the peritoneal wash/ascites of the 

combination therapy group, reduced by 23-fold compared to the control group, 10-fold 

compared to the solo ICT group, and 4-fold compared to the CPMV monotherapy group 

(Figure S2i, Supporting Information). We also found that the expression of PD-L1 in tumor 

cells was significantly increased by CPMV treatment alone compared to the PBS control 

(Figure S2j, Supporting Information), suggesting the antitumor effect of CPMV may be 

hindered by the interaction between PD-1 on cytotoxic T cells and PD-L1 on tumor cells.[22] 

PD-1 blocking antibodies therefore appear to compensate for the limitation of CPMV.

2.4. CPMV Upregulates OX40 Expression on Foxp3−CD4+ T Cells and Combination 
Therapy with an OX40 Agonist is Efficacious in a Model of Colon Cancer

Next we used a CT26 solid tumor model of peritoneal colon carcinomatosis to determine the 

immunomodulatory potential of CPMV in situ vaccination as described above. Accordingly, 

BALB/c mice were inoculated (i.p.) with luciferase-labeled CT26 (CT26-luc) tumor cells 

and injected (i.p.) with CPMV. Analysis of the peritoneal wash revealed that CPMV 

significantly (p < 0.0005) increased the expression of OX40 on Foxp3−CD4+ effector T 

cells, whereas the level of PD-1 significantly (p < 0.01) declined (Figure S4a,b, Supporting 

Information). We also found that CPMV induced the expression of PD-1 and OX40 on 

CD44+CD8+ effector T cells to a similar degree (Figure S4c,d, Supporting Information). As 

described above for the ovarian tumor model, we sought to demonstrate the synergistic 

antitumor efficacy of the combination of CPMV and ICT in colon tumors derived from 

CT26-luc cells. We therefore i.p. treated CT26-luc tumor-bearing mice with two doses (7 

and 14 dpi) of CPMV combined with either the inhibitory anti-PD-1 antibody or the 

agonistic OX40-specific antibody, as well as setting up the corresponding monotherapy and 

PBS control groups (Figure 3a). In the control group, the tumor burden increased rapidly and 

all mice were euthanized by 19 dpi. Mice treated with either antibody alone had smaller 

tumors than the control group when assessed at 17 dpi (p < 0.05) but they did not survive 

any longer than the control group (Figure 3b–d). Treatment with CPMV alone or CPMV 

plus the PD-1 inhibitor achieved a comparable benefit, extending survival by approximately 

1 week compared to controls (p < 0.05). However, the CPMV plus OX40 agonist achieved 

significantly more potent antitumor effects than other groups and prevented tumor growth in 

animals for up to 50 days (p = 0.0067 versus PBS; Figure 3d). These results indicated that 

the expression of immune checkpoint molecules on Foxp3−CD4+ effector T cells can help to 

predict the potency of specific combination therapies.

Flow cytometry revealed that the CPMV plus OX40 agonist combination recruited the 

highest proportion of TILs, antitumor innate immune cell types, and T cells in the peritoneal 

wash of CT26 tumor-bearing mice, while depleting the populations of immunosuppressive 

cells (Figures S5 and S6, Supporting Information). Intriguingly, the OX40 agonist 

monotherapy exclusively increased the total CD4+ and effector memory CD4+ T cell counts 

and the expression of IFNγ in CD4+ T cells, whereas CPMV monotherapy exclusively 

increased those factors in CD8+ T cells. In contrast, both CD4+ and CD8+ T cells were 

activated by the CPMV plus OX40 agonist combination therapy (Figure S6, Supporting 

Information). To determine which components of the immune system are responsible for the 

therapeutic efficacy of the combination therapy, we examined the effect on CT26-luc tumor-
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bearing mice pre-treated with neutralizing antibodies against CD4 and CD8 to remove 

specific subpopulations (Figure 3e–g and Figure S7, Supporting Information). Notably, the 

depletion of either CD8+ or CD4+ T cells significantly (p < 0.01) abrogated the tumor 

suppression achieved by the combination therapy, indicating that the combination of CPMV 

plus OX40 agonist induced the priming of both CD8+ and CD4+ T cells, resulting in potent 

antitumor efficacy (Figure 3g).

2.5. Combined CPMV and OX40 Agonist Treatment Induces Profound Tumor Regression 
and Achieves Long-Term Survival in a B16F10 Melanoma Model

To challenge our combination immunotherapy and selection strategy in an aggressive and 

immunosuppressive solid tumor model, we implanted 2.5 × 105 B16F10 melanoma cells 

intradermally (i.d.) in the flanks of syngeneic C57BL/6 mice, and administered CPMV 

monotherapy, antibody monotherapy (PD-1 inhibitor or OX40 agonist), combination 

therapy, or PBS as a control, with two doses injected directly into the tumor 10 and 17 dpi 

(Figure 4a). We collected tumors from the mice on day 18 and phenotyped the T cells. We 

found that T cells from the PBS and CPMV monotherapy groups expressed similar levels of 

PD-1 and OX40 on effector CD8+ T cells, but Foxp3–CD4+ T cells from the CPMV 

monotherapy group were significantly more abundant compared to the PBS control (Figure 

S8, Supporting Information). Both antibody monotherapies delayed tumor growth and 

prolonged the survival of the animals to 31 dpi, whereas CPMV monotherapy and the 

combination of CPMV plus PD-1 inhibitor prolonged survival to 43 dpi. However, the 

combination of CPMV plus OX40 agonist prolonged survival to day 80. Notably, two of 

three treated mice in the latter group achieved complete tumor regression (Figure 4b,c and 

Figure S9, Supporting Information) and these animals were fully protected against re-

challenge with the same initial dose of B16F10 tumor cells (Figure 4d).

The total number of infiltrating leukocytes and lymphocytes in the tumors of the 

combination therapy groups were significantly higher than in the control group (15.8-fold 

for the CPMV plus OX40 agonist combination and 2.35-fold for the CPMV plus PD-1 

inhibitor combination, Figure 4e). Furthermore, tumor infiltration by CD4+ and CD8+ T 

cells (and their effector memory subsets) was significantly higher in the combination therapy 

groups compared to any monotherapy (Figure 4e and Figure S10, Supporting Information). 

These results suggested that the CPMV plus OX40 agonist combination elicits a robust 

antitumor response and establishes effective long-term immunity in the B16F10 melanoma 

model by amplifying the CD4+ and CD8+ TIL populations.

Finally, we conducted T cell depletion experiments to determine the functions of the 

infiltrated CD4+ and CD8+ T cells (Figure 4f). Tumor growth was significantly faster in 

mice injected with a CD8-specific antibody than in mice receiving the combination 

treatment. However, two of the five mice injected with the CD4-specific antibody survived 

the tumor challenge (Figure 4g). These results showed that the systemic antitumor response 

caused by CPMV and the OX40 agonist in the B16F10 melanoma model mainly required 

the presence of CD8+ T cells, with CD4+ T cells playing a lesser role. The B16F10 

melanoma model therefore demonstrated that in situ vaccination with CPMV upregulated 

OX40 but not PD-1 expression on Foxp3−CD4+ effector T cells and the combination of 
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CPMV and an OX40 agonist restored T-cell activation and achieved more potent antitumor 

effects than either ICT or CPMV alone.

3. Discussion and Conclusion

We previously reported that in situ vaccination with CPMV triggers a broad antitumor 

response, including the recruitment and repolarization of immune cells and the secretion of 

cytokines.[10–12] Here, we found that CPMV enhances the expression of immune checkpoint 

regulators on Foxp3−CD4+ effector T cells in three tumor models. Specifically, CPMV 

induced the expression of PD-1 in the ID8-Defb29/Vegf-A ovarian tumor model, and OX40 

in the CT26 colon carcinomatosis and B16F10 melanoma models. Combination therapy 

comprising CPMV and antibodies targeting the induced checkpoint regulators increased 

tumor immunogenicity and suppressed the proliferation of immunosuppressive cell types, 

resulting in prolonged survival benefits and long-lasting CTL memory against tumor re-

challenge. The combination of CPMV and ICT generated a synergistic antitumor effect that 

significantly prolonged survival compared with solo CPMV or ICT treatment groups in all 

three tumor models.

ICT has been used for the successful treatment of multiple solid tumors, but many patients 

do not respond to therapy or subsequently relapse.[23] Several factors may limit the efficacy 

of ICT, including insufficient tumor immunogenicity, inability to overcome the 

immunosuppressive microenvironment, and inability to modulate immune checkpoint 

signaling.[24,25] The promise of in situ CPMV immunotherapy lies in its ability to remodel 

the immunosuppressive tumor microenvironment into a pro-inflammatory state, suggesting 

that in situ CPMV vaccination combined with ICT should achieve a targeted antitumor 

response. We hypothesized that the upregulation of PD-1 and OX40 expression on CD4+ and 

CD8+ effector T cells following in situ CPMV vaccination would help to determine the most 

suitable ICT strategy, allowing different checkpoint-modulating drugs to be combined with 

CPMV for the treatment of different types of tumor.[26] The in vivo therapeutic efficacy of 

the combination treatments we tested in the current study appeared to confirm this 

hypothesis.

In the ID8-Defb29/Vegf-A ovarian tumor model, single doses of CPMV upregulated PD-1 

expression on Foxp3−CD4+ effector T cells whereas multiple doses upregulated both PD-1 

and OX40. Combination therapy comprising CPMV plus a PD-1 inhibitor or OX40 agonist 

showed greater therapeutic efficacy than any monotherapy, but only the CMPV plus PD-1 

inhibitor combination ensured 100% survival following a tumor re-challenge. The PD-1 

inhibitor alone increased the population of IFNγ-secreting CD4+ T cells in peritoneal wash/

ascites while depleting the population of pro-tumor M2 macrophages, whereas CPMV 

monotherapy promoted the accumulation of both immunostimulatory and 

immunosuppressive cell types. In contrast, CPMV plus the PD-1 inhibitor not only limited 

the infiltration of immunosuppressive cell types,[27,28] but also led to the accumulation of 

antitumor immune cells in peritoneal wash/ascites, increasing the immunogenicity of the 

tumor microenvironment and boosting the therapeutic response.[25,29] We previously showed 

that repeated doses of CPMV upregulated IFNγ secretion in the peritoneal cavity of ID8-

Defb29/Vegf-A ovarian tumor-bearing mice,[10] and this Th1 cytokine may increase PD-L1 
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expression on cancer cells.[30,31] We therefore evaluated the levels of PD-L1 on tumor cells 

(CD45−) in the ID8-Defb29/Vegf-A ovarian tumor microenvironment and showed CPMV 

alone significantly upregulated PD-L1 expression in cancer cells whereas CPMV plus the 

PD-1 inhibitor reduced PD-L1 expression by at least 50% compared to other groups. These 

results suggest that a PD-1-blocking antibody combined with CPMV could effectively 

counteract the immunosuppression elicited by solo CPMV treatments.

CPMV upregulated OX40 but not PD-1 expression on Foxp3−CD4+ effector T cells in the 

CT26 colon carcinomatosis and B16F10 melanoma models. The in vivo efficacy studies in 

both models confirmed that only the combination of CPMV plus the OX40 agonist 

significantly reduced the tumor burden and achieved better survival compared to 

monotherapy. This combination was also the only treatment that promoted the recruitment of 

antigen presenting cells (such as DCs, M1, and N1 cells) that subsequently triggered a T cell 

response.[32,33] In addition, we observed that CPMV monotherapy exclusively increased the 

infiltration of CD8+ T cells but had a negligible effect on CD4+ T cells in both tumor 

models. In contrast, the OX40 agonist monotherapy promoted the infiltration of total CD4+ 

T cells and the level of IFNγ secreted by these cells was higher compared to other treatment 

groups. CD8+ cytotoxic T cells are thought to be critical for antitumor immunity, but CD4+ 

T cells are required to induce antitumor effects by supporting the activation and recruitment 

of CD8+ T cells.[34,35] The combination therapy therefore incorporates the ability of OX40 

activation to drive the proliferation of CD4+ T cells, including cytokine production and 

immune memory formation,[36] and the ability of CPMV to convert the tumor 

microenvironment from a cold to a hot state, thus significantly enhancing the infiltration and 

activation of both CD4+ and CD8+ effector T cells and the attenuation of 

immunosuppressive cells. The synergistic effects of these processes lead to profound 

antitumor immunity.

Oncolytic virus immunotherapy is an attractive concept because oncolytic viruses replicate 

selectively within cancer cells, ultimately causing lysis and the release of tumor-associated 

antigens that induce antitumor immunity.[37,38] In contrast, CPMV does not replicate within 

and kill cancer cells directly, and thus forms the basis of a novel class of immunostimulatory 

adjuvants. We previously demonstrated that both RNA-containing wild-type CPMV and 

RNA-free virus-like particle (VLP or eCPMV) are potent in situ vaccines in treating various 

tumor models.[10–12] The potential immunomodulation mainly relies on the multivalent 

(nucleo)capsid architecture of CPMV/eCPMV, which can be recognized by pattern 

recognizing receptors (PRRs) and Toll-like-receptors (TLRs) on various immune cells.[39,40] 

CPMV/eCPMV primes innate immune responses to kill tumor cells and release tumor 

associated antigens in the tumor microenvironment and then initiate tumor-specific adaptive 

immunity. We demonstrated that CPMV is more potent than eCPMV. The encapsidated viral 

RNA of CPMV acts as a TLR7/8 agonist and therefore further enhances the 

immunomodulatory behavior, such as enhancement of antigen-processing capacity of APCs; 

and therefore CPMV showed stronger immunogenicity and can further promote tumor 

regression compared to eCPMV.[41,42] Meanwhile, the lack of genomic RNA makes eCPMV 

more bio-safe and potential to add functional secondary payload. The common and unique 

properties of CPMV and eCPMV platforms provide us high flexibility and selectivity in 

developing different biomedical applications.
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In summary, our study shows that in situ CPMV vaccination upregulates the expression of at 

least two immune checkpoint regulators on CD4+ effector T cells in different tumor models. 

By selecting these checkpoint regulators as targets for ICT in combination with CPMV, the 

combined treatment recruits CD4+ and CD8+ immune cells and promotes their activation 

and antitumor potential. Furthermore, the combination therapy leads to tumor-specific 

immune responses against different cancers and induces long-lasting protection against 

tumor re-challenge. These findings suggest that the therapeutic effects achieved by in situ 

vaccination with CPMV can be harnessed to drive systemic antitumor immunity, providing a 

strong rationale for the clinical testing of CPMV, or other plant viruses combined with 

specific checkpoint-targeting drugs.

4. Experimental Section

CPMV Preparation and Therapeutic Antibodies:

Wild-type CPMV was produced in house as previously described.[43] Briefly, black-eyed pea 

plants (Vigna unguiculata) were inoculated with CPMV (0.1 mg mL−1) in 10 mm potassium 

phosphate buffer (pH 7.0) and propagated for 3 weeks. The virus concentration in plant 

extracts was determined by UV/vis spectroscopy (ε260 nm = 8.1 mg−1 mL cm−1), and virus 

integrity was determined by size exclusion chromatography. Monoclonal rat antibodies 

against the mouse proteins OX40/CD134 (clone OX86; rat IgG1) and PD-1/CD279 (clone 

RMP1–14; rat IgG2a) were purchased from BioXCell.

Cell lines and Cell Culture:

B16F10 cells (American Type Culture Collection) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Thermo Fisher Scientific), supplemented with 10% (v/v) fetal 

bovine serum (FBS, Atlanta Biologicals) and 1% (v/v) penicillin-streptomycin (Thermo 

Fisher Scientific). CT26-luc cells (a gift from Dr. Jeremy Rich, UCSD) were cultured in 

complete medium (RPMI 1640 containing 10% (v/v) FBS and 1% (v/v) penicillin-

streptomycin). ID8-Defb29/Vegf-A cells were transfected with luciferase as previously 

described,[42] and maintained in RPMI 1640 medium supplemented with 10% (v/v) FBS and 

1% (v/v) Pen/Strep, 2 mm l-glutamine, 1 mm sodium pyruvate, and 0.05 mm 2-

mercaptoethanol. Both cell lines were maintained at 37 °C, 5% CO2, below 50% confluence, 

and early-passage cultures were used in the experiments.

Tumor Inoculation and Animal Studies:

All experiments were conducted in accordance with UCSD’s Institutional Animal Care and 

Use Committee and involved female C57BL/6 or BALB/c mice (The Jackson Laboratory) 

6–8 weeks of age. For the dermal melanoma tumor model, 2.5 × 105 B16F10 cells were 

suspended in 50 μL PBS and were injected (i.d.) into the right flank of C57BL/6 mice on 

day 0. CPMV (100 μg), antibody (50 μg), or both reagents were administered by 

intratumoral injection in 30 μL PBS. Tumor volumes were measured using a digital caliper. 

The tumor volume (mm3) was calculated as follows: (long diameter × short diameter2)/2. 

Animals were euthanized when the tumor volume exceeded 1500 mm3. For the ovarian 

tumor model, 2 × 106 ID8-Defb29/Vegf-A cells per 200 μL PBS were injected (i.p.) into 

C57BL/6 mice. The mice were monitored weekly for signs of tumor progression, including 

Wang and Steinmetz Page 9

Adv Funct Mater. Author manuscript; available in PMC 2021 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



abdominal distension, weight, circumference, and other morbidity indicators. CPMV (100 

μg), antibody (50 μg), or both reagents were administered weekly by injection (i.p.) in 200 

μL PBS for six treatments in total. Mice were euthanized when their weight reached 35 g or 

when moribund. For the colon tumor model, 5 × 105 CT26-luc cells per 200 μL PBS were 

injected (i.p.) into BALB/c mice. CPMV (50 μg), antibody (50 μg), or both reagents were 

administered on days 7 and 14 by injection (i.p.) in 200 μL PBS (it should be noted that 100 

μg CPMV alone was effective in the treatment of CT26 tumors; we lowered the dose to 

investigate the combination therapy). Tumor growth was monitored by body weight and total 

bioluminescence imaging, based on the i.p. injection of 100 mg kg−1 luciferin (Thermo 

Fisher Scientific) followed by analysis in an IVIS Spectrum Imaging System (PerkinElmer). 

Total bioluminescence was determined using Living Image software (PerkinElmer). Regions 

of interest were quantified as average radiance (photons s−1). Mice were euthanized when 

their weight reached 24 g or when moribund.

Quantification of IFNγ:

Peritoneal cavity washes or cell culture supernatants were tested by enzyme-linked 

immunosorbent assay (ELISA) to detect IFNγ (BioLegend) according to the manufacturer’s 

instructions.

Flow Cytometry:

Fresh tumor cells were excised from mice, processed into single-cell suspensions and 

washed in cold PBS containing 1 mm EDTA, and then resuspended in staining buffer (PBS 

containing 2% (v/v) FBS, 1 mm EDTA, 0.1% (w/v) sodium azide). Fc receptors were 

blocked using anti-mouse CD16/CD32 (Biolegend) for 15 min and then tested with the 

following fluorescence-labeled antibodies (BioLegend) for 30 min at 4 °C: CD45 (30-F11), 

CD11b (M1/70), CD86 (GL-1), major histocompatibility complex class II (MHCII, 

M5/114.15.2), Ly6G (1A8), CD11c (N418 A), F4/80 (BM8), Ly6C (HK1.4), NK1.1 

(PK136), CD4 (GK1.5), CD3ε (145–2V11 A), CD8α (53–6.7), CD44 (IM7), CD62L 

(MEL-14), and isotype controls. For intracellular cytokine staining, single-cell suspensions 

were made from the spleens or tumors of treated mice. Splenocytes (106 cells mL−1) were 

co-cultured with freeze–thaw tumor lysates (106 cells mL−1) or CPMV (0.1 mg mL−1) for 

48 h and treated with brefeldin A (10 mg mL−1) for the last 5 h at 37 °C. Following staining 

for surface antibodies as described above, the cells were fixed in 3% paraformaldehyde, 

permeabilized with 0.1% (w/v) saponin, and incubated with anti-Foxp3 (MF-14, BioLegend) 

or anti-IFNγ (XMG1.2, BioLegend) for 30 min in 0.1% (w/v) saponin. Cells were washed 

twice and resuspended in staining buffer for data acquisition. Flow cytometry was carried 

out using a BD LSRII cytometer (BD Biosciences), and the data were analyzed using 

FlowJo software (Tree Star). OneComp eBeads (eBiosciences) were used as compensation 

controls.

Depletion of CD4+ and CD8+ T Cells:

For the CT26-luc colon tumor model, monoclonal antibodies (BioXCell) specific for CD4 

(clone GK1.5, rat IgG2b), and CD8 (clone 53–6.7, rat IgG2a) were injected on the first day 

after treatment, and on days 2, 5, 8, and 10 thereafter, each at a dose of 0.1 mg per injection. 
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For the B16F10 melanoma tumor model, the same antibodies at the same dose were injected 

on days 1, 3, 6, and 10 after the first treatment.[26,44]

Statistical Analysis:

All results are expressed as means ± SEM (n = 3 – 5) as indicated. Student’s t-test was used 

to compare the statistical difference between two groups, and one-way or two-way analysis 

of variance (ANOVA) with Sidak’s or Tukey’s multiple comparison tests were used to 

compare three or more groups (*p < 0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001). 

Survival rates were analyzed using the log-rank (Mantel–Cox) test (**p < 0.01). All 

statistical tests were performed using GraphPad Prism v7.0 (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Repetitive administration of CPMV induces the expression of OX40 and PD-1 on CD4+ and 

CD8+ T cells. C57BL/6 mice were inoculated (i.p.) with 2 × 106 ID8-Defb29/Vegf-A-luc 

cells followed by five weekly injections (i.p.) of 100 μg CPMV. Cells collected from 

peritoneal washes carried out 48 h after the last treatment were analyzed by flow cytometry. 

a) Percentages and representative FACS plots of OX40+CD4+ and PD-1+CD4+ T cells gated 

on CD3+ T cells. b) Percentages and representative FACS plots showing PD-1 and OX40 

expression on Foxp3− effector T cells and Foxp3+ regulatory T cells gated on CD3+CD4+ T 

cells. c) Percentages and representative FACS plots of OX40+CD8+ and PD-1+CD8+ T cells 

gated on CD3+ T cells. d) Percentages and representative FACS plots of CD44+OX40+ and 

CD44+PD-1+ subsets gated on CD3+CD8+ T cells. Data are means ± SEM (n = 3). 

Statistical significance was calculated using a paired t-test (*p < 0.05, **p < 0.01, ***p < 

0.0005, ****p < 0.0001).
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Figure 2. 
Combined CPMV and PD-1 inhibitor treatment synergistically enhances immunotherapeutic 

efficacy in a model of ovarian cancer. a) Schematic of the treatment strategy and dosing 

regimen. C57BL/6 mice were inoculated (i.p.) with 2 × 106 ID8-Defb29/Vegf-A cells 

followed by six weekly injections (i.p.) of 50 μg antibody (PD-1 antagonist or OX40 

agonist), 100 μg CPMV, the combination, or PBS as a control (n = 5). b) Body weight was 

measured to monitor tumor growth. c) Survival curves of the treatment groups. d) Survival 

curves of the combination therapy groups following tumor re-challenge at 100 dpi. e–n) 

C57BL/6 mice were inoculated (i.p.) with 2 × 106 ID8-Defb29/Vegf-A-luc cells followed by 

two i.p. doses (21 and 28 dpi) of the PD-1 inhibitor antibody (100 μg), CPMV (100 μg), or 

the combination, and spleens and peritoneal wash/ascites were collected 2 days after the 

second dose. e–j) Percentages of CD4+ and CD8+ infiltrated T cells (and their subsets) and 

NK cells among CD45+ cells determined by flow cytometry. k) IFNγ levels in the 

supernatant of peritoneal wash/ascites. l–m) Percentages of total CD4+ and CD8+ infiltrated 

T cells staining positive for IFNγ. n) Splenocytes were cultured in fresh medium, CPMV 

suspensions, or ID8-Defb29/Vegf-A cell lysates for 24 h. Percentage of intracellular IFNγ 
was measured in CD8+ T cells by flow cytometry. Data are means ± SEM (n = 3). Statistical 

significance was calculated by one-way ANOVA: * versus PBS; # versus CPMV 

monotherapy; $ versus antibody monotherapy (*p < 0.05; **p < 0.01; ***p < 0.0005; ****p 
< 0.0001).
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Figure 3. 
Combined CPMV and OX40 agonist treatment induces systemic antitumor effects in a CT26 

colon tumor model. a) Schematic of the treatment strategy and dosing regimen. BALB/c 

mice were inoculated (i.p.) with 5 × 105 CT26-luc cells followed by two weekly injections 

(i.p.) of 50 μg antibody (PD-1 antagonist or OX40 agonist), 50 μg CPMV, the combination, 

or PBS as a control (n = 5). b) IVIS images showing the growth of luc+ CT26 tumors in the 

different treatment groups. c) The average luciferase expression of tumor cells 17 dpi in the 

different treatment groups. Data are means ± SEM (n = 3–5). Statistical significance was 

calculated by one-way ANOVA: * versus PBS; *p < 0.05; ***p < 0.0005; ****p < 0.0001. 

d) Survival curves of the treatment groups. Statistical significance was calculated using a 

log-rank Mantel-Cox test: *p < 0.05, **p < 0.01. e) Schematic of the T cell depletion 
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strategy using a CT26-luc colon tumor model. f) The average luciferase expression of tumor 

cells from different treatment groups in the T cell depletion study: PBS (blue), CPMV

+OX40 agonist (red), CD4-specific antibody (100 μg, green), CD8-specific antibody (100 

μg, purple). Data are means ± SEM (n = 4–5). g) Survival rate of each treatment group in the 

T cell depletion study. Statistical significance was calculated using a log-rank Mantel-Cox 

test: **p < 0.01.
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Figure 4. 
Combined CPMV and OX40 agonist treatment induces systemic antitumor effects in a 

B16F10 dermal melanoma model. a) Schematic of treatment strategy and dosing regimen. 

C57BL/6 mice were inoculated intradermally (i.d.) with 2.5 × 105 B16F10 cells on the right 

flank and followed by two doses (directly into the resulting tumor) of 100 μg antibody (PD-1 

antagonist or OX40 agonist), 100 μg CPMV, the combination, or PBS as a control. b) 

Average tumor growth curve of mice receiving PBS (blue), PD-1 inhibitor (100 μg, red), 

OX40 agonist (100 μg, green), CPMV (100 μg, purple), CPMV+PD-1 inhibitor (orange), or 

CPMV+OX40 agonist (black). Data are means ± SEM (n = 3). c) Survival rate of each 

treatment group. d) Survival curves of combination therapy groups following tumor re-

challenge. Data are means ± SEM (n = 5 for control, n = 2 for CPMV+OX40 agonist). e) 
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Percentage of CD45+ leukocytes among total cells, the percentages of CD3+, CD4+, and 

CD8+ T cells among CD45+ cells, and the percentage of CD44+CD62L− effector memory T 

cells among CD45+ cells. Data are means ± SEM (n = 3). Statistical significance was 

calculated by one-way ANOVA: * versus PBS; # versus CPMV; $ versus ICT (*p < 0.05; 

**p < 0.01; ***p < 0.0005; ****p < 0.0001). f) Schematic of the T cell depletion strategy 

using a B16 dermal melanoma tumor model. g) Survival rate of each treatment group in the 

T cell depletion study. Data are means ± SEM (n = 4–5). Statistical significance was 

calculated using a log-rank Mantel–Cox test. **p < 0.01. ns: no significant difference.

Wang and Steinmetz Page 19

Adv Funct Mater. Author manuscript; available in PMC 2021 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results
	In Situ Vaccination with CPMV Upregulates the Expression of PD-1 and OX40 on Tumor Infiltrated Effector T Cells In Vivo
	Combined CPMV and PD-1 Inhibitor Treatment Synergistically Prevents Ovarian Tumor Growth in the Peritoneal Cavity Following Re-Challenge
	Combined CPMV and PD-1 Inhibitor Treatment Promotes the Repolarization of Myeloid Cells and the Activation of Cytotoxic Lymphocytes
	CPMV Upregulates OX40 Expression on Foxp3−CD4+ T Cells and Combination Therapy with an OX40 Agonist is Efficacious in a Model of Colon Cancer
	Combined CPMV and OX40 Agonist Treatment Induces Profound Tumor Regression and Achieves Long-Term Survival in a B16F10 Melanoma Model

	Discussion and Conclusion
	Experimental Section
	CPMV Preparation and Therapeutic Antibodies:
	Cell lines and Cell Culture:
	Tumor Inoculation and Animal Studies:
	Quantification of IFNγ:
	Flow Cytometry:
	Depletion of CD4+ and CD8+ T Cells:
	Statistical Analysis:

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

