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Abstract

Substantial evidence indicates that immunotherapy is a feasible and effective approach for the 

treatment of numerous types of cancer. Among various immunotherapy options, peptide vaccines 

to generate antitumor T cells appear as promising candidates, because of their cost effectiveness 

and ease of implementation. Nevertheless, most peptide vaccines are notorious for being weekly 

immunogenic and, thus, optimization of the vaccination strategy is essential to achieve therapeutic 

effectiveness. In addition, effective peptide vaccines must stimulate both CD8 cytotoxic and CD4 

helper T lymphocytes. Our group has been successful in designing effective peptide vaccination 

strategies for inducing CD8 T-cell responses in mouse tumor models. Here we describe a 

somewhat similar, but distinct, peptide vaccination strategy capable of generating vast CD4 T-cell 

responses by combining synthetic peptides with TLR agonists and OX40/CD40 costimulation. 

This vaccination strategy was efficient in overcoming immune tolerance to a self tumor-associated 

antigen and generated significant antitumor effects in a mouse model of malignant melanoma. The 

optimized peptide vaccine also allowed the expansion of adoptively transferred CD4 T cells 

without the need for lymphodepletion and IL2 administration, generating effective anti-melanoma 

responses through the enhancement of proliferative and anti-apoptotic activities of CD4 T cells. 
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These results have practical implications in the design of more effective T-cell based 

immunotherapies.
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Introduction

Research in cancer immunology has provided clear evidence that antigen-specific T cells 

can eliminate tumor and extend survival. Patients treated with genetically engineered T cells 

in which NY-ESO-1–reactive T-cell receptor (TCR) or anti-CD19 chimeric antigen receptor 

(CAR) have demonstrated objective clinical responses, including complete remissions (1,2). 

In addition to the artificially modified T cells, adoptive cell transfer (ACT) of tumor-

infiltrating T cells (TILs) has resulted in long-lasting clinical responses, indicating that the 

natural T-cell repertoire contains effector cells capable of eliciting antitumor responses (3). 

Although adoptive T cell–based immunotherapy has shown dramatic results, several hurdles 

limit its practical use in clinic. Because of the complex methodology and the high cost of 

ACT, at the present time it is not practical to deliver this therapy to the general patient 

population. Although in some instances TILs are relatively easy to obtain, patients with 

inoperable tumors or those that have tumors devoid of T cells are not eligible for this 

treatment. TILs and genetically modified T cells also need to be expanded ex vivo in 

specialized Good Laboratory Practice facilities, further limiting the accessibility of this 

therapy. In view of this, development of alternative and cost effective antigen-specific 

immunotherapies, such as active immunizations, that can be more readily implemented in 

the clinic, is urgently needed.

A main goal of most therapeutic anticancer vaccines is to generate antigen-specific, tumor 

reactive T-cell responses. Although CD8 cytotoxic T lymphocytes (CTLs) have been the 

main focus of antitumor vaccines, accumulating evidence suggests that vaccines targeting 

CD4 helper T lymphocytes (HTLs) can also be effective in generating antitumor responses. 

Dual activation of tumor-associated antigen (TAA)-specific CTLs and HTLs by dendritic 

cell (DC) vaccines induced superior clinical responses than the single CTL vaccine in cancer 

patients (4). Moreover, tumor suppression by gp100-transfected DC vaccines depended on 

HTLs, but not on CTLs, in a murine melanoma model (5). Most immunogenic mutation-

derived neoepitopes that eradicated tumors were recognized by HTLs (6). Not only do HTLs 

support CTLs by inhibiting activation-induced cell death and promoting T-cell memory (7), 

but in many instances HTLs can directly kill tumor cells (8,9). Thus, HTLs-targeted 

immunotherapy is a feasible strategy to confront malignant diseases. Unfortunately, most 

research studies and clinical trials have used peptide vaccines administered using strategies 

developed for generating antibodies, injecting them via a subcutaneous route with 

inappropriate adjuvants such as complete and incomplete Freund’s adjuvant (CFA, IFA), 

precluding the generation of substantial responses and limiting the establishment of memory 

T cells (10). Thus, optimization of peptide vaccination strategies to elicit antitumor T-cell 

responses is indispensable to ensure clinical efficacy.
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The systemic (i.v.) administration of foreign proteins (ovalbumin) or derived synthetic 

peptides with TLR ligands and agonistic CD40 mAbs can generate large numbers of CD8 T 

cells in mice (11). Subsequently, although this vaccination approach using a peptide from 

tyrosinase-related protein 2 (TRP2) generates melanoma-specific T cells, it is inefficient in 

mediating antitumor effects (12). However, the antitumor effect of TLR ligand/CD40 mAb 

vaccination was restored by using a modified TRP2 mimetope (13), and the use of 

neoantigen epitopes has also produced good antitumor responses (14). We helped to refine 

this potent peptide vaccination strategy (that we called TriVax), which in our hands was 

successful in eliciting huge numbers of antitumor CD8 T cells capable of eliminating 

established melanoma tumors in mice (15,16). The purpose of the present study was to 

develop a comparable vaccination strategy for generating substantial numbers of antigen-

specific CD4 HTLs.

The combination of TLR ligands and agonistic CD40 mAb has been reported to expand 

CTLs, but this strategy has not functioned well with antitumor HTL responses (17,18). 

Although a TLR3 ligand (poly-IC) is the best adjuvant for CTLs (16), the most suitable TLR 

ligand for CD4-targeted peptide vaccines remains to be elucidated. We describe here an 

optimized peptide vaccination strategy for the rapid generation of large numbers of antigen-

specific CD4 T cells that displayed substantial antitumor effects in a mouse melanoma 

model. The results from these studies may pave the way to an effective vaccine strategy to 

treat human malignant and infectious diseases.

Materials and Methods

Mice and cell lines

Female 6 to 8 weeks old C57BL/6 mice (B6) and B6-Ly5.1 (CD45.1) mice were obtained 

through the National Cancer Institute/Charles River program. IFNγ deficient (GKO) mice 

and mice with transgenic T-cell receptor that recognize MHC class II–restricted Trp1 

peptide113-127 (TRP1-TCR) were purchased from The Jackson Laboratory. TRP1-TCR mice 

are deficient for Trp1 and RAG1 (19). IFNαβ receptor–deficient (IFNαβR-KO) on a B6 

background were kindly provided by Dr. P. Marrack (National Jewish Medical and Research 

Center, Denver, CO) and were bred on site. Trp1-KO B6 mice were generated in our facility 

by crossing TRP1-TCR with B6 mice, subsequently breeding F1 mice with each other and 

selecting for Trp1− (brown), RAG1+TRP1-TCR−mice. All experimental procedures 

followed guidelines of the Committee on the Care of Laboratory Animals Resources, 

Commission of Life Sciences, and National Research Council. The animal facility at 

Georgia Cancer Center is fully accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care. Mouse lymphoma LB27.4, which expresses MHC 

class II (I-Ab), and mouse melanoma B16F10 (B16) cells were purchased from the 

American Type Culture Collection on 2015 and maintained as recommended by the vendor 

for no more than 8 weeks before performing the experiments. The cell lines were banked 

and have not been tested since their purchase.
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Synthetic peptides and reagents

The peptides were purchased from A&A labs and dissolved in DMSO with 0.1% 

trifluoroacetic acid. The purity (>80%) and identity of peptides were determined by high-

performance liquid chromatography and mass spectrometry analysis. The following peptides 

were used in the present study: TEWTSSNVMEERKIKV (Ova265-280), 

EAWGALANWAVDSA (2W1S), GVMYAFTTPLISFF (VV H3L273-286), 

CRPGWRGAACNQKIL (Trp1113-127), TAPDNLGYM (Trp1455-463M), and KVPRNQDWL 

(hgp10025-33). Monoclonal antibodies (mAbs) for in vivo injections: CD40 (FGK4.5), GITR 

(DTA-1), 4-1BB (2A), and OX40 (OX86) were purchased from Bio X Cell. TLR ligands 

used in this study were LPS, CpG (ODN-1826), Gardiquimod (GDQ) and poly-IC (hmw), 

were all obtained from InvivoGen.

Immunizations

Mice were immunized on day 0 (prime) and on day 12–14 (boost). TriVax consisted of the 

peptide (200 μg), CD40 mAb (prime: 100 μg; boost: 50 μg), TLR ligands (LPS, 5 μg or 30 

μg; CpG, 100 μg; poly-IC, 50 μg; or GDQ, 100 μg), which were mixed and administered 

intravenously. In the indicated groups, 200 μg of GITR mAb, 4-1BB mAb, or OX40 mAb 

were administered intraperitoneally. For CFA-IFA protocol, mice were immunized 

subcutaneously with 200 μg of peptide mixed in PBS and CFA (Sigma; 50% v/v) for prime 

and in PBS and IFA (Sigma; 50% v/v) for boost. In some experiments, mice were 

immunized with 200 μg of peptide emulsified in TiterMax® (Sigma; 10 μl) and PBS (90 μl) 

subcutaneously. In ACT experiments, TRP1-TCR splenocytes (1 x 105 cells/mouse) were 

injected one day before vaccination. Seven days after each vaccination, blood samples or 

splenocytes were examined in immunological analysis.

Immunological analysis

The IFNγ EliSpot assays were performed as previously described (20). Briefly, T cells were 

separated from splenocytes of vaccinated mice using magnetic antibody-coated microbeads 

(Miltenyi Biotec). The purity of T cells was verified by flow cytometry (> 98%). Effector 

cells were incubated at different concentrations per well, together with 1 x 105 target cells 

(LB27.4, LB27.4 pulsed with peptides, DCs, DCs with B16F10 lysate, or B16F10 cells). 

B16F10 cells were treated with IFNγ (100 ng/ml) overnight to induce MHC class II 

expression. DCs were established from bone marrow cells cultured with IL4 (10 ng/ml) and 

murine GM-CSF (10 ng/ml, Peprotech) for seven days. B16F10 lysate was prepared by five 

freeze and thaw cycles of tumor cells (1 x 106/ml) and 100 μl of lysate was added. After 

overnight culture, IFNγ–positive spots were developed by using AEC substrate (BD 

Pharmingen) and spots were counted with ImmunoSpot System (Cellular Technology Ltd, 

Cleveland, OH). To detect intracellular cytokine production, freshly isolated splenocytes (1 x 

106) were left untreated or stimulated with a corresponding peptide (10 μg/ml) overnight at 

37 °C in 5% CO2. GolgiPlug (BD Pharmingen) was added during culture period to facilitate 

intracellular cytokine accumulation. Cell surface staining was performed followed by 

intracellular staining using the Cytofix/Cytoperm kit (BD Pharmingen) in accordance with 

the manufacturer’s protocol. PE-conjugated-I-Ab 2W1S tetramer was kindly provided by Dr. 

M. Jenkins (University of Minnesota) (21). PerCP-conjugated CD4 mAb, Alexa Fluor700-
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conjugated CD44 mAb, FITC-conjugated CD62L mAb, APC-conjugated CD45.2 mAb, PE-

conjugated CD122 mAb, FITC-conjugated MHC class II mAb (I-Ab), APC-conjugated 

KLRG1 mAb, APC-conjugated PD-1 mAb, APC-conjugated LAG-3 mAb, APC-conjugated 

Tim-3 mAb, PE-conjugated IFNγ mAb, APC-conjugated TNFα mAb, FITC-conjugated 

Granzyme B mAb, APC-conjugated IL2 mAb, Af488-conjugated IL10 mAb PE-conjugated 

IL13 mAb, APC-conjugated IL17 mAb, PE-conjugated Ki-67 mAb, PE-Cy7-conjugated 

Eomes mAb, FITC-conjugated Annexin V, and 7-AAD viability staining solution were 

purchased from eBioscience; FITC-conjugated TCR Vβ14 mAb was purchased from BD 

Biosciences; PE-conjugated IL4 mAb, PE-conjugated IL9 mAb, and PE-Cy7-conjugated T-

bet mAb were purchased from Biolegend; and PE-conjugated Bcl-xL mAb was purchased 

from abcam. The splenocytes from the mice, which received TRP1-TCR ACT and vaccine, 

were cultured with IL7 (10 ng/ml) for 5 days. After the culture, the surviving TRP1-TCR 

cells (CD4+Vβ14+7-AAD−Annexin-V−) were calculated. Flow cytometry was performed 

using an LSRII Cytometer (BD Biosciences). Data analysis was performed using FlowJo 

software (ver. 8.5, Tree Star).

Cytotoxicity assay

A cytotoxicity assay was performed using fluorescent beads to quantify the number of live 

tumor cells as previously described (22). Briefly, B16F10 cells were resuspended at 1 x 106 

cells/ml and labeled with 1 μM CFSE (Life Technologies) for 10 min at 37 °C. Then, target 

cells were incubated at 1 x 105 cells/ml with several different concentrations of HTLs in flat-

bottom 96-well plates at 37 °C for 18 hours. After culture, cells were harvested and stained 

with 7-AAD (BD Pharmingen) to exclude dead cells. Flow-Count fluorospheres beads 

(Coulter Corporation) were added to each sample to calculate the numbers of surviving 

target cells (CFSE-positive and 7-AAD-negative cells). B16F10 killing rate = (1-Live target 

cells with HTLs/Live target cells alone) x 100.

Antitumor experiments

Mice (10 mice/group) were injected subcutaneously with 3 x 105 B16F10 cells in a rear 

flank and 3 or 10 days later, mice received the vaccine. Boost vaccine was administrated 12 

days after the first vaccine. In the ACT experiment, TRP1-TCR splenocytes (1 x 105 cells/

mouse) were injected one day before vaccination. In the indicated group, 200 μg of PD-L1 

mAb (10F.9G2, Bio X cell) or 500 μg of CD8 mAb (2.43, Bio X cell) was injected 

intraperitoneally. Depletion of CTLs was confirmed by flow cytometry. Tumor growth was 

monitored every 2 to 4 days by measuring two opposing diameters with a pair of calipers 

until the termination of the experiment. Mice were euthanized when one of the tumor 

diameters reached 20 mm.

Statistical analysis

Student t-test was applied at 95% confidence interval to determine the statistical significance 

of differences between groups (P < 0.05 being considered significant). Mice survival was 

assessed using log-rank test. All graphics and analysis were done using GraphPad Prism, 

version 5.0f for Mac OS X (GraphPad Software).
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Results

TriVax induced more robust antigen-specific CD4 T-cell responses than conventional 
adjuvants

The TriVax vaccine (peptide, TLR ligand, and CD40 mAb, administered i.v.) induces potent 

CTL responses (15,16,20,22), so to develop an efficient immunization protocol for CD4 T 

cell responses, we compared this vaccination strategy with two commonly used peptide 

vaccines formulated as water:oil emulsions (Freund’s and TiterMax) in a prime-boost 

schedule (14 days apart). TriVax induced substantially higher responses (> 10-fold) to 

Ova265-280 a well-characterized CD4 T-cell epitope (23), as compared to the two water-in-oil 

adjuvants (Fig. 1A). The adjuvant activity of TriVax required both poly-IC and CD40 mAb, 

which contributed to the response in a synergistic manner (Fig. 1B). The magnitude of the T-

cell responses highly correlated with the peptide dose, suggesting that a large amount of 

antigen is necessary to obtain robust T-cell expansions (Fig. 1C). Based on these results, 

mice were immunized with 200 μg of peptide in all further experiments. To determine that 

TriVax can be applied to a variety of antigens, we examined the responses to the 2W1S CD4 

T-cell epitope, derived from the murine MHC I-Ed α chain (19). TriVax was compared with 

peptide+LPS, because the latter was reported to function as a strong adjuvant for 2W1S. 

Nevertheless, TriVax was far more potent than peptide+LPS at eliciting CD4 T-cell 

responses to 2W1S as measured by tetramer analysis and cytokine release assays (Fig. 1D 

and E). Moreover, large numbers of antigen-specific HTLs in TriVax immunized mice were 

observed in the bone marrow (BM) in addition to the spleen (SP), indicating that TriVax is 

effective at inducing memory T cells, which tend to accumulate in the BM.

Enhancement of T-cell responses by OX40 agonist

Because recall T cells responses can be further increased by costimulatory molecule 

activation (24), we examined whether the use of agonistic mAbs to OX40, 4-1BB, and GITR 

could further augment the Ova265-280–specific CD4 T-cell responses induced by TriVax. The 

addition of OX40 mAb, but not 4-1BB or GITR mAbs, enhanced the responses generated by 

TriVax (Fig. 2A and B). OX40 mAb also increased CD4 T-cell responses to TriVax using a 

vaccinia virus (VV) epitope (25) (Supplementary Fig. S1A and B). To determine whether the 

main enhancing effect of OX40 stimulation took place during the recall (booster) response 

as previously reported (24), mice received OX40 mAb either during the boost, or both at the 

time of prime and booster TriVax immunizations. Although no substantial differences were 

observed when measuring percentages of antigen-specific CD4 T cells in blood and spleens 

(Fig. 2C), the total numbers of antigen-specific cells significantly increased (~2-fold) in the 

mice that received the OX40 mAb both in prime and boost, compared to those animals that 

received the antibody solely during the boost (Fig. 2D).

Role of TLR ligands and interferons in antigen-specific CD4 responses to TriVax/OX40

TLR5 and TLR7 ligands stimulate HTL responses more effectively than a TLR3 ligand (26). 

Thus, we evaluated the use of four TLR agonists, LPS (for TLR4), CpG (TLR9), poly-IC 

(TLR3) and gardiquimod (TLR7) for their adjuvant effect in TriVax/OX40 immunizations 

using the VV CD4 T-cell epitope. Under these experimental conditions, gardiquimod (GDQ) 

induced the strongest CD4 T-cell response, followed by poly-IC and LPS (Fig. 3A). A third 
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immunization of the mice subsequently increased the numbers of antigen-specific T cells in 

blood, indicating that these vaccines allowed the induction of memory T cells. The TLR9 

agonist CpG was not effective as an adjuvant. When the adjuvant activity of GDQ and poly-

IC were compared using the strong 2W1S epitope, both TLR ligands were comparably 

effective when OX40 mAb was included in the vaccination protocol (Fig. 3B). CTL 

expansions by TriVax rely greatly on type-I interferon (IFN-I), but not in interferon-γ 
(IFNγ) (16,20), thus we investigated whether this would also apply to TriVax/OX-40–

induced CD4 T-cell responses. Wild-type C57BL/6 (WT-B6), IFNαβ receptor–deficient 

(IFNαβR-KO), or IFNγ-deficient (GKO) mice were immunized with the VV CD4 T-cell 

epitope using TriVax/OX40. IFNγ or TNFα intracellular staining were used as readout for 

antigen reactivity in IFNαβR-KO or GKO mice, respectively. Antigen-specific responses 

induced by TriVax/OX40 were dramatically reduced in IFNαβR-KO mice, but not in GKO 

mice (Fig. 3C, D), underlining the importance of IFN-I signaling in CD4 T-cell expansion to 

TriVax/OX40.

TriVax/OX40 can overcome CD4 T-cell immune tolerance to a self-antigen

Our goal is to develop peptide vaccines against defined peptide epitopes from TAAs that are 

recognized by human HTLs (9,27). To test the feasibility of TriVax using a TAA CD4 T-cell 

epitope, we selected a tyrosinase-related protein-1 (Trp1) peptide (Trp1113-127) that was 

reported to elicit B16 melanoma antitumor responses in mice (19). However, CD4 T-cell 

responses to Trp1113-127 generated by recombinant Trp1 vaccinia virus-based immunizations 

could only be observed in Trp1 deficient (Trp1-KO) mice and not in WT-B6, suggesting the 

presence of immune tolerance to this epitope (19). Nevertheless, no substantial differences 

in the CD4 T-cell responses to Trp1113-127 were observed in WT-B6 and Trp1-KO mice 

receiving TriVax/OX40 (Fig. 4A). Thus, tolerance to this epitope, if it exists, could be 

overcome by this particular peptide vaccination strategy. More importantly, the HTLs from 

both WT-B6 and Trp1-KO mice that were generated with TriVax/OX40 using Trp1113-127 

produced IFNγ in an antigen-specific manner to peptide-pulsed MHC-II expressing APCs 

and were also capable of directly recognizing B16 melanoma cells (Fig. 4B). However, B16 

recognition by the HTLs necessitated that the tumor cells be previously treated with IFNγ to 

induce MHC-II expression (Supplementary Fig. S2). Intracellular cytokine staining assays 

indicated that in addition to IFNγ production, the CD4 T cells also produced granzyme B as 

the result of antigen-stimulation (Fig. 4A), suggesting the possibility of these cells 

exhibiting cytotoxic activity. Indeed, the CD4 T cells isolated from both the WT-B6 and 

Trp1-KO immunized mice exhibited comparably high cytotoxicity against IFNγ-treated B16 

cells (Fig. 4C). In addition to producing IFNγ, a large proportion of the HTLs from TriVax/

OX40 immunized WT-B6 mice also produced TNFα (Fig. 4D). Comparison of TriVax/

OX40 containing poly-IC or GDQ in WT-B6 mice revealed that both TLR agonists 

generated similar numbers of antigen-specific HTLs, but GDQ produced HTLs that 

recognized and killed B16 cells slightly better than poly-IC (Supplementary Fig. S3A–C). In 

addition to directly recognizing IFNγ-treated B16 cells, the CD4 T cells generated with 

TriVax/OX40 were effective in recognizing dendritic cells (DCs) that were pulsed with B16 

cell lysates (non-treated with IFNγ) indicating that these professional APCs could process 

the Trp1 protein and present the Trp1113-127 epitope (Supplementary Fig. S3D). Collectively, 

these results demonstrate that TriVax/OX40 was effective in generating cytotoxic HTLs that 
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recognize a self-antigen and effectively kill tumor cells, and that immune tolerance, at least 

to the Trp1113-127 epitope, was not an obstacle for the induction of these responses.

Antitumor therapeutic effect of TriVax/OX40

Next, TriVax/OX40 with Trp1113-127 was evaluated for its antitumor activity in WT-B6 mice 

bearing 3-day established B16 subcutaneous tumors. This vaccine displayed significant 

antitumor effects (Fig. 5A and B). A control TriVax/OX40 vaccine (mock Vac, without 

peptide) delayed tumor growth, suggesting that the adjuvant and costimulatory antibodies 

could mediate antitumor responses, perhaps by activating endogenous T cells in a similar 

manner as we observed with the combination of poly-IC and PD-L1 blockade (28). 

Depletion of CD8 CTLs reduced, but did not eliminate, the antitumor effect of TriVax/OX40 

(Fig. 5C and D), suggesting that this vaccine may promote epitope spreading that enhances 

its effectiveness.

Use of TriVax/OX40 to enhance the effectiveness of adoptive CD4 T-cell therapy

Adoptive T-cell therapy (ACT) can be very effective against tumors because very large 

numbers of tumor-reactive T cells that are expanded in vitro are administered into 

lymphodepleted patients. The use of TriVax for generating CD8 T-cell responses in the 

setting of ACT results in huge T-cell expansions and substantial antitumor effects in mice 

without the need for lymphodepletion and high-dose IL2 therapy (29). ACT combined with 

a potent vaccine can be more effective than vaccinations that rely on the endogenous T-cell 

repertoire, because the antigen-specific T-cell precursor frequency is substantially increased, 

allowing treatment of more advanced tumors. Thus, we investigated whether ACT of 

Trp1113-127 reactive HTLs from TRP1 T-cell receptor (TCR) transgenic mice would increase 

the antitumor effects of TriVax/OX40.

First we compared the effectiveness of TriVax with or without OX40 mAb, using either 

poly-IC or GDQ adjuvant after ACT of 1 x 105 TRP1-TCR splenocytes (Fig. 6A). Mice that 

received TriVax/OX40 with GDQ had responses > 80% Trp1113-127 reactive HTLs 7 days 

after a single immunization (Group 3). On the other hand, TriVax/OX40 with poly-IC 

generated a weaker response (Group 1). TriVax without OX40 mAb was effective only when 

GDQ was used as adjuvant, but was approximately 50% less potent that TriVax/OX40 

(Group 5 versus Group 3). Peptide administered with GDQ and OX40 mAb generated one 

tenth of the response compared to peptide plus CD40 mAb and GDQ (Group 4 versus Group 

5), indicating that CD40 costimulation is more critical than OX40 costimulation. However, 

CD40 costimulation alone was completely ineffective when poly-IC was used as the 

adjuvant (Group 2). The HTLs generated by TriVax/OX40 after ACT produced TNFα and 

IFNγ but not IL2, IL4, IL10, or IL17 as the result of peptide stimulation (Fig. 6B) and were 

capable of recognizing IFNγ-treated B16 cells (Fig. 6C).

Next, we examined how OX40 stimulation supported the expansion of CD4 T cells. The 

addition of OX40 agonist augmented the proliferative capacity (Ki-67) and anti-apoptotic 

activity (Bcl-xL) of Trp1113-127 reactive CD4 T cells (Fig. 6D). The expression of CD122, 

CD127, KLRG1, T-bet, or Eomes was not affected by the addition of OX40 stimulation 

(Supplementary Fig. S4A). In addition, most of Trp1113-127 reactive CD4 T cells became 
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effector memory T cells after vaccination regardless of OX40 stimulation (Supplementary 

Fig. S4B). In accordance with Ki-67 and Bcl-xL expression, TriVax/OX40 endowed 

Trp1113-127 reactive CD4 T cells with a clear survival advantage (Supplementary Fig. S4C).

To investigate whether ACT with TriVax/OX40 results in epitope spreading, we examined 

CD8 T-cell responses to unrelated tumor antigens/epitopes after vaccination. Epitope 

spreading to induce a new CD8 T cell response would enhance the therapeutic effects of a 

CD4 vaccine. CD8 T-cell responses were observed to 2 immunodominant MHC-I epitopes 

(gp10025-33 and Trp1455-463) and against B16 tumor cells (not treated with IFNγ) in mice 

receiving Trp1-TCR cells, followed by TriVax/OX40 (Fig. 6E). On the other hand, CD8 T-

cell responses of this type were not observed in mice receiving TriVax/OX40 without ACT 

(E. Celis, unpublished observations). Comparing the magnitude of the responses obtained 

with ACT to those observed without ACT, where only ~1–2% antigen-specific CD4 T cells 

could be generated (Fig. 4A), it suggests that the precursor frequency of T cells for this 

epitope in WT-B6 and Trp1-KO mice may be very low and therefore one would predict that 

ACT should dramatically increase the antitumor efficacy of TriVax/OX40. Thus, we tested 

the therapeutic effect of ACT followed by TriVax/OX40 (with GDQ adjuvant) against more 

established B16 tumors (day 10 versus day 3 used w/o ACT, Fig. 5A–D). Because 

Trp1113-127 reactive HTLs expressed PD-1 (in addition to Tim-3 and LAG-3) after 

vaccination (Supplementary Fig. S4D), one group of mice received concurrent PD-L1 

blockade with the prospect of further increasing the therapeutic efficacy. The combination of 

ACT with TriVax/OX40 resulted in the control of tumor growth for approximately 7–10 

days, and the administration of αPD-L1 mAb slightly prolonged the median survival 

resulting from this therapy (Fig. 7A and B). Because we were not able to detect Trp1113-127 

reactive HTLs in blood 7 days post-immunization (E. Celis, unpublished observations), we 

assumed that disease progression observed after day 20 was the result of a short-lived T-cell 

response. It is possible that the continuous presence of the self-antigen Trp1 in melanocytes 

and in B16 could contribute to the disappearance of the antigen-reactive T cells. Indeed, 

TRP1-TCR cells disappeared 2 weeks after TriVax/OX40 in WT-B6 mice, whereas ~50% of 

the cells remained in Trp1-KO mice (Fig. 7C), indicating that the presence of self-antigen 

has a deleterious effect in the persistence of the Trp1113-127 reactive CD4 T cells, reducing 

the antitumor efficacy.

Discussion

Our group has been involved in the identification of tumor-specific CD4 epitopes and in the 

enhancement of T-cell immune responses over a decade (8,27). Although HTLs have a 

strong antitumor ability (19,30) and peptide vaccines could be a promising way of 

generating these cells, the use of suboptimal adjuvants has hindered the development of 

effective HTLs-targeted therapeutic peptide vaccines. Taking advantages of our prior 

knowledge on how to induce huge antitumor CTL responses by combining synthetic 

peptides, TLR ligands, and costimulatory molecules (11–16), we have demonstrated here 

that the use of some TLR ligands (GDQ or poly-IC), together with CD40 and OX40 agonists 

were effective in inducing robust and long-lasting memory HTLs responses with various 

synthetic peptides. Since vaccination using tumor-derived or virus-derived epitopes was 

successful, TriVax/OX40 has the potential to treat both tumor and infectious diseases.
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Whereas the mechanism of how to develop memory CTLs has been extensively 

demonstrated, the factors involved in the generation of memory HTLs are not yet fully 

understood. Here, we showed that TriVax/OX40 successfully induced recall responses of 

HTLs reactive with non-self antigen, but that HTL responses to self-antigens may be short-

lived. In accordance with the previous finding that OX40 signaling is essential in boosting 

the HTLs responses (31), we found that OX40 signaling is indeed important for recall 

responses, but including OX40 costimulation in the priming vaccination doubled the yield of 

antigen-specific CD4 T cells generated by TriVax. Although OX40 signaling was known to 

be important in the activation of HTLs (32), we also show that OX40 stimulation has a 

synergistic effect with TLR and CD40 stimulation in the expansion of tumor-reactive HTLs. 

TriVax alone could induce HTLs that react to exogenous antigens, but this strategy was not 

sufficient to elicit tumor-reactive HTLs (17,18), suggesting that the additional OX40 

stimulation is necessary to expand rare tumor-reactive HTLs. Involvement of the Bcl-2 

family, which inhibits the apoptosis of HTLs, or IL12/STAT4 activation could be reasons for 

the increased survival of HTLs after the booster vaccine (33,34), but the exact downstream 

factors underlying the OX40 pathway in the recall responses remain to be elucidated. We 

found that the effect of OX40 at least relies on the enhanced survival and anti-apoptotic 

activity of CD4 T cells, but not on the increase of Th1 lineage commitment/cytotoxicity (T-

bet, Eomes, KLRG1), on memory phenotypes, or on the reduction of inhibitory checkpoints. 

Because OX40-dependent proliferation of memory HTLs requires MHC class II, but the 

expansion of expanding memory HTLs by IL7 is antigen-independent (35), OX40 and IL7 

may use different mechanisms for expanding HTLs (36).

It is also interesting to clarify why only OX40, but not other tumor necrosis factor receptor 

superfamily members, like 4-1BB or GITR agonists, was effective in the induction of 

peptide-specific HTLs. One possible explanation might be that 4-1BB signaling mainly 

affects CTLs, whereas OX40 stimulation is superior in HTLs (24). Although 4-1BB or GITR 

agonists reprogram regulatory CD4 T cells (Treg) to cytotoxic HTLs (37), our results show 

that TriVax/OX40 was effective in generating Th1 and cytotoxic CD4 T-cell responses. The 

effect of TriVax/OX40 to polarize Th1 might be partly due to GDQ, which induces IL12 

production from macrophages and DCs that strongly skews HTLs to a Th1 subset (38). 

Accordingly, although the influence of OX40 over the Treg development is still a matter of 

debate (39–41), the induction of Treg responses may not occur in the context of TriVax/

OX40. Because only activated HTLs express OX40 (34), the proper timing of OX40 agonist 

administration might be a critical issue to expand T cells. OX40 is also known to enhance 

CD8 responses (42). Therefore, it would be of interest to test TriVax/OX40 with CD8 

epitopes and indeed, we have observed that the combination of αOX40 mAb with TriVax 

increased the expansion of Trp1-specific CTLs (T. Kumai, unpublished) suggesting that 

TriVax/OX40 can be a potent vaccine strategy for both HTLs and CTLs.

Comparing several TLR ligands, we previously found that the TLR3 ligand poly-IC is an 

ideal adjuvant for CTLs. Although poly-IC is a prominent inducer of IFN-I that we found 

was required for the expansions of both CTLs and HTLs by peptide vaccines (16,20), we 

were surprised to find that TLR7 ligand GDQ performed better than other TLR ligands, 

including TLR3 ligand, in stimulating HTL responses. One potential reason for this 

difference is the direct stimulation of HTLs by TLR ligands. TLR7 ligand stimulates HTLs 
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better than poly-IC, at least in humans (26). Although TLR7 agonists are as good as poly-IC 

at increasing expression of CD40, CD80, and CD86 on APCs, downstream chemokine or 

cytokine production from APCs differs between TLR3 and TLR7 stimulation: poly-IC 

induces RANTES and TLR7 ligand resiquimod induces IL6 from DCs (43). Because 

RANTES upregulates CTL responses, whereas IL6 is an anti-apoptotic factor for HTLs 

(44,45), it is plausible that poly-IC or GDQ acts as a CTL- or an HTL-preferential adjuvant, 

respectively. Although IL6 has been considered a Th2-skewing cytokine, this effect may be 

countered by IL12 signaling via CD40 agonist or GDQ (38).

Our results revealed that a HTL-targeted peptide vaccine had a therapeutic impact with ACT 

therapy. Since Th1 responses are required to obtain antitumor effects with ACT therapy 

using HTLs (18), the advantage of TriVax/OX40 for ACT therapy is that we can induce Th1 

HTLs in vivo, thereby bypassing the time-consuming and complicated process of in vitro 
cultures. Although in vitro-polarized Th17 HTLs have a longer half-life than do in vitro-

polarized Th1 HTLs, the antitumor effects of Th17 HTLs still depend on Th1 cytokine IFNγ 
(19). Thus, the enormous expansion of IFNγ-producing Th1 HTLs by TriVax/OX40 may be 

sufficient to inhibit tumor growth. Even though we here found that TriVax/OX40 in the 

context of ACT could generate huge CD4 T-cell responses, the antitumor effect was short-

lived. The absence of antigen-specific HTLs in blood in tumor-bearing mice 7 days after 

TriVax/OX40 (E. Celis, unpublished observations) suggests that either these cells rapidly 

disappear or that the vaccine is less efficient in the presence of tumor. We favor the first 

explanation because: (i) there was a clear antitumor effect that lasted ~2 weeks and (ii) even 

in tumor-free mice the presence of self-antigen impaired the long-term survival of the 

Trp1113-127 reactive HTLs. Thus, it is possible that the antitumor effect of ACT TriVax/

OX40 therapy could be substantially improved by repeating the therapy for more than one 

cycle.

One important aspect of the combination of ACT therapy and peptide vaccines is that the 

patients do not need to receive lymphoablative therapies, such as irradiation or 

chemotherapy, to reduce the competition between the transferred tumor-reactive T cells and 

irrelevant endogenous T cells (46). CTL elimination by lymphodepletion could decrease the 

benefit of ACT therapy with HTLs because these helper cells could promote CD8 priming 

by epitope spreading and may also upregulate the antitumor activity of heterospecific CTLs 

through CD27/CD70 signaling (47,48). Indeed, we observed here that CTL depletion 

reduced the therapeutic effect of TriVax/OX40 and that CD8 responses to several MHC-I 

epitopes and to B16 cells were generated with ACT followed by Trivax/OX40. Collectively, 

TriVax/OX40 is a promising alternative to lymphoablative therapies to potentiate the 

antitumor activity of adoptive transferred HTLs by preserving CTLs that have potential to 

acquire the antitumor activity.

CD4 T cells that react to self-antigens are supposedly depleted during thymic education to 

prevent autoimmunity. It has been suggested that the self-reactive T cells that egress to 

periphery are low avidity cells that are difficult to expand in periphery and may not be able 

to recognize tumor cells that express low density of peptide/MHC complexes (49). Because 

most TAA are expressed in healthy tissues as well as in the tumor, the disruption of immune 

tolerance to these self-antigens is a crucial step to induce antitumor T cells. Although the use 
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of Trp1-KO mice was a prerequisite to obtain Trp1-specific immune responses with a 

recombinant VV vaccine (19,50), we found that TriVax/OX40 was effective in generating 

endogenous HTL responses to the same epitope in WT-B6 mice, and these responses were 

similar as those observed in Trp1-KO mice. More importantly, the ability of the HTLs from 

WT-B6 mice to recognize IFNγ-treated B16 cells was comparable with the response of the 

HTLs from Trp1-KO mice. Our results suggest that either TriVax/OX40 was capable of 

breaking the immune tolerance to this self-antigen or that there is no central tolerance to the 

Trp1113-127 epitope. Thus, it is possible that recombinant VV Trp1 vaccines could induce 

CD4 T-cell responses in WT-B6 mice but were difficult to detect, because the presence of 

self-antigen in the periphery resulted in a rapid disappearance of the vaccine activated T 

cells, as we observed here.

It has become evident that immune checkpoint inhibitors are quite powerful weapons to fight 

cancer. Several studies have demonstrated that the effect of these therapies may rely on the 

activation of already existing tumor-reactive HTLs (51). Because we and others (52) have 

found that TCR signaling or cytokine induces PD-1 expression on HTLs, it was reasonable 

to combine PD-L1/PD-1 blockade with TriVax/OX40. Our findings that PD-L1 mAb 

increased the therapeutic effects of TriVax/OX40 support the rationale for the combination 

of a checkpoint inhibitor and a peptide vaccine for HTLs. It could be of interest to assess 

whether a more sustained administration of the PD-L1 mAb or a combination with Tim-3 

and LAG-3 mAbs would delay disease progression by preventing the rapid disappearance of 

the vaccine generated T cells.

Supplementary Material
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Figure 1. Combination of poly-IC and CD40 agonist with peptide vaccine induces robust CD4 T-
cell responses
(A) Mice were immunized with Ova265-280 peptide on days 0 and 14. TriVax (poly-IC and 

CD40 mAb), TiterMax®, or CFA-IFA were used as adjuvants. TriVax was administered i.v. 

and TiterMax and CFA-IFA were injected s.c. EliSpot assay was done on day 21 using 

purified CD4 T cells from spleens (APCs: Ova265-280 peptide-pulsed LB27.4 cells). Less 

than 100 spots were observed using unpulsed APCs (E. Celis, unpublished observations). 

(B) Mice were vaccinated i.v. with Ova265-280 peptide with or w/o CD40 mAb, poly-IC, or 

with the combination of CD40 mAb and poly-IC (TriVax) on days 0 and 14. Mice were 

sacrificed on day 21, and the responses were measured as described in Fig. 1A. (C) Different 

doses of Ova265-280 peptide (10 μg, 50 μg, 100 μg, and 200 μg) were injected i.v. with 

TriVax protocol. EliSpot assay was done on day 21. (D) Mice were injected i.v. with peptide 

2W1S (50 μg or 200 μg) combined with LPS or TriVax on days 0 and 14. Mice were 

sacrificed on day 6 after the boost and splenocytes (SP) and bone marrow cells (BM) were 

isolated for 2W1S/I-Ab tetramer staining. Splenocytes were incubated with peptide (1 

μg/ml) (pep) in an intracellular IFNγ staining assay. Data shown are representative of three 

experiments with similar results. (E) Purified HTLs from splenocytes were cocultured with 

2W1S peptide-pulsed LB27.4 cells for the EliSpot assay. Data represents the average of 
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three experiments including 3–5 mice/experiment. Results are presented as mean ± SD. (*P 
< 0.05)
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Figure 2. OX40 agonist synergizes with TriVax to further expand CD4 T cells
(A) Mice received TriVax (Ova265-280 peptide, poly-IC: 50 μg, and CD40 mAb) on days 0 

and 14 and mice also received α4-1BB, αGITR, or αOX40 mAbs on days 0, 2, 12, and 14. 

Mice were sacrificed on day 21 and splenocytes were incubated with 1 μg/ml Ova265-280 

peptide (+pep) or w/o peptide (−) in an intracellular cytokine-staining assay. The 

percentages of IFNγ+ CD4 T cells are shown in the upper right quadrants. The dot plots 

represent the results from one of the three separate experiments with similar results. (B) The 

number of IFNγ+ spots by CD4 T cells cocultured with Ova265-280 peptide-pulsed LB27.4 

cells. Less than 100 spots were observed in the absence of peptide (E. Celis, unpublished 

observations). (C) Mice were vaccinated with TriVax (2W1S peptide, poly-IC, and CD40 

mAb) combined with or w/o OX40 mAb (“prime & boost”: Day 0 and day 12, “boost”: day 

12). The percentage of 2W1S tetramer+ cells in CD4 T cells was examined in blood or 

spleen. (D) The total number of 2W1S tetramer+ CD4 T cells in spleen. (*P < 0.05, n.s.: not 

significant). These experiments were repeated at least 2 times with similar results.
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Figure 3. TLR7 agonist is a suitable adjuvant for CD4-targeted peptide vaccine, which requires 
type 1 IFN
(A) Mice were immunized on days 0, 14, and 65 (arrows) with TriVax (VV H3L273-286 

peptide, CD40 mAb, and indicated TLR agonists; LPS, CpG, poly-IC, GDQ or no TLR 

agonist) combined with OX40 mAb. Antigen-specific CD4 T-cell responses were evaluated 

in blood using intracellular cytokine staining. (B) Mice received TriVax (2W1S peptide, 

CD40 mAb, and poly-IC or GDQ), with or w/o OX40 mAb on days 0 and 12. The 

percentages of 2W1S tetramer + CD4 T cells in blood on days 7 and 19 were examined by 

flow cytometry. (C) IFNαβ-KO and WT-B6 mice were vaccinated with TriVax (VV 

H3L273-286 peptide, Gardiquimod, CD40 mAb) and OX40 mAb on days 0 and 14, and 

responses were measured in blood on day 21. (D) IFNγ KO (GKO) mice and WT-B6 mice 

were vaccinated on day 0 and 14, and responses were measured in blood on day 21. (*P < 

0.05, n.s.: not significant). These results represent example of three independent 

experiments.
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Figure 4. CD4 T-cell responses to a non-immunogenic melanosomal antigen in wild-type or Trp1 
KO mice
WT-B6 or Trp1-KO mice received TriVax (Trp1113-127 peptide, GDQ, and αCD40 mAb) 

and αOX40 mAb on days 0 and 12. (A) Splenocytes were harvested on day 19 and were 

stimulated with Trp1113-127 peptide (1 μg/ml) in intracellular cytokine staining assay. (B) 

EliSpot assay and (C) flow cytometry-based cytotoxicity assays were performed using 

purified CD4 T cells from splenocytes. (D) WT-B6 mice received TriVax and αOX40 mAb 

on days 0 and 12, mice were sacrificed on day 31 and splenocytes were used in intracellular 

cytokine staining assays; (*P < 0.05). These experiments were repeated 3 times with similar 

results.
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Figure 5. Endogenous CD4 T cells induced by TriVax/OX40 have direct antitumor activity
(A and B) WT-B6 mice (10 per group) were inoculated subcutaneously on day 0 with 3 x 

105 B16F10 melanoma cells. Mice were untreated (No Vac), received a control vaccine 

(mock Vac: GDQ and CD40 mAb) or TriVax with Trp1113-127 peptide, GDQ and CD40 

mAb and OX40 mAb on days 3 and 15 (Vac). Tumor size (A) and the percent survival (time 

to euthanasia) of mice (B) are shown. Results are presented as mean ± SD. Individual tumor 

growth curves for each group are also presented. (C and D) WT-B6 mice (10 per group) 

were inoculated subcutaneously on day 0 with 3 x 105 B16F10 melanoma cells. Mice were 

untreated, received TriVax with Trp1113-127 peptide, GDQ, and CD40 mAb and OX40 mAb 

on days 3 and 15 (Vac). One group of vaccinated mice received αCD8 mAb on days 3, 5, 

15, and 17 (Vac+CD8). The tumor size (C) and the percent survival of mice (D) are shown. 

Results are presented as mean ± SD. Arrows denote times of vaccination. These experiments 

were repeated 2 independent times and similar results were obtained
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Figure 6. TriVax/OX40 expands adoptively transferred CD4 T cells without need of 
lymphodepletion
(A) B6 CD45.1 mice received 1 x 105 TRP1-TCR (CD45.2) splenocytes (~3 x 104 CD4 T 

cells) one day before the vaccination. The components of the vaccine (Trp1113-127 peptide 

with adjuvants) are indicated in the figure. The percentages of TRP1-TCR cells T cells 

(CD45.2+/CD4+) were measured in blood on day 7 after vaccination. Images of the 

representative results are shown. (B) Peptide-induced intracellular cytokine profiles of Trp1-

TCR cells after vaccination. (C) Splenocytes were harvested from mice, which received 1 x 

105 Trp1-TCR cells ACT (1 day before vaccination) and TriVax (Trp1113-127 peptide, GDQ, 

and CD40 mAb) and OX40 mAb on day 7 after vaccination. CD4 T cells were purified from 

the splenocytes and used in EliSpot assay with various target cells. (D) B6 mice received 1 x 

105 TRP1-TCR (CD45.2) splenocytes (~3 x 104 CD4 T cells) one day before the TriVax 

with or without OX40 mAb agonist. Seven days later, the expression of Bcl-xL or Ki-67 in 

TRP1-TCR CD4 T cells from naïve TRP1-TCR or vaccinated mice were examined. (E) 

Splenocytes were harvested from mice, which received 1 x 105 Trp1-TCR cells ACT (1 day 

before vaccination) and TriVax (Trp1113-127 peptide, GDQ, and CD40 mAb) and OX40 mAb 

on day 7 after vaccination. CD4 T cells were purified from the splenocytes and used in 

EliSpot assay with various target cells; (*P < 0.05).
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Figure 7. TriVax/OX40 potentiates the therapeutic antitumor effect of adoptively transferred 
CD4 T cells
(A and B) WT-B6 mice (10 per group) were inoculated subcutaneously on day 0 with 3 x 

105 B16F10 melanoma cells. Mice received 1 x 105 TRP1-TCR cells on day 10 and TriVax 

(Trp1113-127 peptide, GDQ, and CD40 mAb) and OX40 mAb on day 11 (red arrows). Some 

mice received 2 injections of αPD-L1 following vaccination (black arrows). The size of 

tumor (A) and the percent survival of mice (B) are shown. Individual tumor growth curves 

for each group are also presented. (C) The percentages of TRP1-TCR cells TCR 

Vβ14+/CD4+) in blood after vaccine were measured in WT-B6 and Trp1-KO mice. The 

dotted line indicates the normal percentage of Vβ14+ CD4 T cells in WT-B6 mice. The 

blood was withdrawn on days 7, 12, and 14 after vaccination. Results are presented as mean 

± SD; (*P < 0.05).
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