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Abstract

Introduction: Breakthroughs in cancer immunotherapy have spurred interest in the development 

of vaccines to mediate prophylactic protection and therapeutic efficacy against primary tumors or 

to prevent relapse. However, immunosuppressive mechanisms employed by cancer cells to 

generate effective resistance has hampered clinical translation of therapeutic cancer vaccines. To 

enhance vaccine efficacy, the immunomodulatory properties of cytoreductive therapies such as 

chemotherapy and radiation could amplify a cancer-specific immune response.

Areas covered: Herein, the authors discuss therapeutic cancer vaccines that harness whole cells 

and antigen targeted vaccines. First, recent advancements in both autologous and allogenic whole 

cell vaccines and combinations with checkpoint blockade and chemotherapy are reviewed. Next, 

tumor antigen targeted vaccines using peptide-based vaccines and DNA-vaccines are discussed. 

Finally, combination therapies using antigen targeted vaccines are reviewed.

Expert opinion: A deeper understanding of the immunostimulatory properties of cytoreductive 

therapies has supported their utility in combination therapies involving cancer vaccines as a 

potential strategy to induce a durable anti-tumor immune response for multiple types of cancers. 

Based on current evidence, combination therapies may have synergies which depend on the 

identity of the cytotoxic agent, vaccine target, dosing schedule, and cancer type. Together, these 

observations suggest that combining cancer vaccines with immunomodulatory cytoreductive 

therapy is a promising strategy for cancer therapy.
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1| Introduction

Harnessing the immune system for cancer therapy has long been the goal in oncology and is 

now being realized in clinical practice with cancer immunotherapy [1]. Recent clinical 

successes have transformed the treatment of aggressive and difficult-to-treat cancers, such as 

melanoma and lymphoma [2]. Most notable has been the ability of the checkpoint inhibitors 

to achieve a significant increase in survival for patients with metastatic cancer, for which 

conventional therapies have failed [3]. In the context of advances towards understanding 

how tolerance, immunity and immunosuppression regulate antitumor immune responses, 

alongside the advent of targeted therapies, these successes suggest that active 

immunotherapy represents a path to obtain a robust and long-lasting response in cancer 

patients [4].

The discovery of CD8+ and CD4+ T cells specific for cancer-testis or differentiation antigens 

expressed in patient tumor samples was the harbinger of systematic efforts to characterize 

tumor-specific or tumor-associated antigens to broaden the effectiveness of immunotherapies 

using cancer vaccines [5–7]. These efforts focused on actively helping educate the immune 

system to identify and eliminate cancer cells. Histopathological evaluations of tumor 

sections have indicated a strong positive association between patient survival, the presence 

of intratumoral T cells and production of the cytotoxic molecule interferon-γ (IFN-γ) [8–

10]. Vaccination might reasonably be expected to amplify the frequency and strength of 

these pre-existing responses or perhaps induce de novo reactions. Similar to conventional 

vaccines for preventing infectious disease, some cancer vaccines have been developed as 

effective prophylactic (or preventative) agents. This strategy has been deployed with 

considerable success in the clinic for the prevention of cancers of viral origin, such as 

hepatitis B virus and human papillomavirus (HPV), where the etiological agent is known, 

and is now part of the recommended vaccination schedule in children and young adults [11–

13].

In contrast, the development of therapeutic vaccines as a monoagent to treat existing disease 

has proved elusive. Unlike prophylactic cancer vaccines, which confer protection against a 

known agent, therapeutic vaccines seek to activate an immune response against tumor 

antigens expressed selectively or exclusively by cancer cells [14]. In designing therapeutic 

cancer vaccines, the greatest difficulty has been in identifying the combinations of tumor 

antigens that might be incorporated in a vaccine formulation as expression on cancer cells 

alone may be inadequate for predicting the ability of a vaccine to generate a protective T cell 

response [15]. Even when an antigen is identified, it may not be sufficiently immunogenic or 

uniformly expressed on the tumor to generate a potent and durable immune response [16]. 

Beyond expression of checkpoint molecules and the mutational burden in cells comprising 

the tumor, the determinants of an immune response are not well understood [17]. 

Additionally, the optimal adjuvant that can be used safely and effectively in a cancer vaccine 

formulation in humans is not yet clear [18]. The desired adjuvant (or adjuvant combination) 

will be one capable of triggering the maturation of dendritic cells to a state where they can 

facilitate the generation of tumor-reactive, cytotoxic T cells [19]. Finally, although it is likely 

that formulations for human immunization will eventually be optimized, the effectiveness of 
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a tumor-specific T cell may still be limited by the immunosuppression mechanisms deployed 

by tumors to escape immune cells [20].

Despite the current limitations, conferring immunity against cancer relapse in patients that 

are in remission can be lifesaving. Therefore, oncologists are employing the strategy of 

using two or more therapeutic agents to target multiple cancer cell survival pathways, which 

has been successfully employed as a standard treatment regimen for multiple types of 

cancers for decades [21]. For example, in advanced non-small cell lung cancer (NSCLC) 

patients, 42% of patients with programmed death ligand 1 (PD-L1) expressing tumors fail to 

respond to anti PD-L1, Pembrolizumab [22,23]. However, checkpoint inhibitor in 

combination with chemotherapy is associated with significantly longer overall survival and 

progression-free survival as compared to chemotherapy or PD-1 inhibition alone in NSCLC 

patients [24]. Similarly, in a recent phase III clinical trial (NCT00861614), patients with 

castration-resistant prostate cancer that had metastasized to the bone marrow after 

unsuccessful docetaxel treatment, received a combination administration of a single dose of 

bone directed radiotherapy with anti-cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4), Ipilimumab, or placebo every 3 weeks for up to 4 doses [25]. Patients that were 

co-administered Ipilimumab exhibited a survival benefit as compared to the placebo arm 

[26]. Furthermore, the effect of cytotoxic chemotherapy and radiation on the cells of the 

immune system or in modifying the tumor microenvironment to enhance the immune 

clearance of tumor cells is only now being characterized [27]. Although conventional 

wisdom might suggest that non-specific cytotoxic chemotherapy might have deleterious 

effect on immune mechanisms, such effects may be more nuanced than previously believed 

and strongly drug-, dose- and/or schedule-dependent [28,29]. The use of combinations of 

these therapies, in a scientifically guided manner has proved to broaden the anti-tumor 

response.

To stimulate a durable immune response, the combination of therapeutic cancer vaccines 

with traditional cancer treatments including radiation and chemotherapy, or targeted 

immunotherapies is a promising strategy. Towards the goal of enhancing immune responses 

as potentially curative therapies, a number of cancer vaccine platforms including irradiated 

whole cancer-cell vaccines, peptide-based vaccines, and virus-vector vaccines, in 

combination with immunotherapies, are in various phases of clinical and pre-clinical 

development. Combination strategies with radiation and chemotherapy have been 

demonstrated to induce tumor cell death and enhance breadth of tumor-specific T cell 

response and those with immune checkpoint blockade act to accentuate the vaccine mediated 

cytotoxic T cell response. As the same agent may prove inhibitory, benign or even 

stimulatory depending on the stage of immune response being targeted and the dose/

schedule being used, great care must be exercised when designing strategies and suboptimal 

dosing schedules. In this review, we examine existing cancer vaccine approaches and 

highlight the enhanced therapeutic potential of combination cancer vaccine strategies. We 

first discuss existing cancer vaccine approaches including those that failed to show efficacy 

in clinical trials. We then discuss various combination approaches involving both pre-clinical 

cancer vaccine platforms and existing vaccines platforms. Lastly, we conclude with some 

thoughts on the future directions for both cancer vaccines as monotherapies and cancer 

vaccine combinations.
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2| Engineered cell-based combination cancer vaccines

Dendritic cells (DC) are specialized immune cells that play a vital role in promoting an 

antigen-specific immune response [30–33]. Cancer vaccines that harness DCs have been 

developed to initiate and shape the tumor-specific immune response and/or boost existing 

spontaneous antitumor T cell responses. The common strategy for cancer vaccination is to 

harness the DC function of priming naïve T cells and boost a memory T cell response 

against tumor associated antigens (TAAs) that are expressed by cancer cells. While there are 

a variety of different DC vaccine formulations, common elements include – (i) a source of 

TAAs such as tumor cell lysate or irradiated tumor cells and (ii) a pro-inflammatory 

chemoattractant, such as granulocyte-macrophage colony stimulating factor (GM-CSF), to 

recruit and activate DCs.

2.1 | Autologous DC vaccines

Autologous DC vaccines, derived from patient-specific immune cells, are currently the only 

type of FDA approved cell-based cancer vaccine. An example of this approach is Provenge, 

which is approved for the treatment of castration-resistant metastatic prostate cancer 

(mCRPC) [34]. It is a patient-specific cell therapy in which the patient’s peripheral blood 

mononuclear cells (PBMCs) are cultured with a recombinant fusion protein comprised of 

prostatic acid phosphatase (PAP) and GM-CSF, which induces dendritic cell (DC) 

differentiation and presentation of PAP-derived epitopes. These PAP-epitope derived DCs 

are administered to patients and induce a PAP-specific cytotoxic T cell response [34–36]. 

Using autologous DCs mitigates concerns of off-target immune responses and reduces the 

risk of the development of autoimmune-like disorders, which is observed with PD-1/PD-L1 

or CTLA-4 checkpoint blockade therapy [37,38]. While this approach has been shown to 

improve overall survival as compared to chemotherapy alone, the therapy has limited 

scalability, since PBMCs must first be isolated from the patient and differentiated into DCs 

in vitro.

For hematological malignancies, such as acute myeloid leukemia (AML), AML-DCs have 

the advantage of expressing the full spectrum of antigens [39]. In this approach, hybridomas 

of AML cells and autologous patient derived DCs have been developed as a potential cell-

based cancer vaccine. Notably, among 17 patients vaccinated in complete remission after 

chemotherapy, 12 (71%) remain in remission at a median follow-up of 57 months. 

Vaccination was associated with expansion of TAA-specific T cells that lasted more than 6 

months [40]. The multicenter study testing this approach is ongoing (NCT01096602) and is 

estimated to be completed in 2024.

Tumor biopsies are often used to assess the histopathology of the tumor. In addition to 

characterizing the cytological composition of the tumor, such biopsies may also be used as a 

source for collecting tumor cells for a cell-based vaccine. The subsequent formulation may 

be deployed via an injection or implantation [41–43]. One of the major benefits of this 

approach is that it eschews the need for defined TAAs and could promote a cytotoxic T cell 

response against multiple TAAs. To manufacture autologous DC vaccines at scale, Ali et al. 

developed a macroporous poly(lactic-co-glycolic acid) (PLG) scaffold, designed to mediate 

sustained release of GM-CSF to recruit DCs [44]. Cytosine-guanosine oligonucleotide 
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(CpG-ODN) was incorporated onto the PLG matrix to enhance the fraction of plasmacytoid 

DCs (pDCs) and promoted local production of tumor necrosis factor α (TNF- α) nd IFN-γ. 

Tumor cell lysates from freeze-thawing murine B16 melanoma cells were loaded into these 

scaffolds and resulted in systemic cytotoxic T cell response against melanoma antigens. This 

scaffold was able to mediate prophylactic protection against B16 melanoma if administered 

before B16 melanoma inoculation and provide therapeutic protection against B16 melanoma 

if administered after inoculation [45]. This platform, termed WDVAX, in now in phase I 

clinical trials (NCT01753089) for metastatic melanoma.

2.2 | Allogeneic DC vaccines

Allogenic DC vaccines are an alternative approach to autologous vaccines. The main 

advantage of this approach is that it precludes the need for isolation and transformation of 

PBMCs into DCs prior to each administration, allowing for less patient-to-patient variability 

and enhanced scalability. However, they differ from autologous vaccines in that they do not 

necessarily contain patient specific TAAs. Thus, even if they can induce an immune 

response, they may not be able to mediate effective tumor lysis. Commonly used allogenic 

cells are established cancer cell lines known to express specific TAAs. These allogenic cells 

are generally transfected to express chemoattractant molecules, such as GM-CSF, prior to 

administration. The first GM-CSF transfected allogenic pancreatic cancer vaccine, termed 

GVAX was studied in a 2001 phase I clinical trial. In this dose escalation study, patients with 

pancreatic cancer were administered irradiated GM-CSF expressing pancreatic cancer cell 

doses ranging from 1 × 107 to 5 × 108 cells. The highest dose was determined to increase 

eosinophil and macrophage infiltration into tumors and did not cause any significant adverse 

effects [46]. As a result of this successful phase I clinical trial, a phase II clinical trial was 

initiated in which patients with pancreatic cancer received 5 × 108 irradiated GM-CSF 

secreting allogenic pancreatic cancer cells administered to 3 different lymph node regions. 

Patients were administered 5 doses over the course of a year. The overall survival (OS) of 

patients administered the allogeneic cancer vaccine was 15 to 20 months which is 

comparable to standard tumor resection. Further, it was found that the vaccine lead to 

increased induction and maintenance of mesothelin specific T cells which was correlated 

with longer disease-free survival [47]. However, despite promising phase II clinical data, two 

phase III clinical trials (Identifiers: NCT00089856, NCT00133224) did not demonstrate 

therapeutic efficacy and were halted early.

Cancer vaccines against hematological cancers are an attractive therapeutic option, 

especially for older patients who have fewer treatment options available and are at a higher 

risk of treatment-related mortality from allogenic hematopoietic stem cell transplantation. 

For the treatment of acute myeloid leukemia (AML), an allogeneic DC cancer vaccine, 

DCP-001, was developed by differentiating CD34+ acute myeloid leukemia (AML) cells 

into DCs. These AML-derived DCs are morphologically and phenotypically identical to 

myeloid derived-DCs and induced a strong antigen-specific immune response against AML-

associated antigens [48]. A phase I clinical trial (NCT01373515) initiated to determine the 

safety profile of this vaccine when administered intradermally to AML patients within 2 

months after having achieved complete remission or patients who have stable disease for at 

least two months. Patients received 4 bi-weekly vaccinations of DCP-001 cells and T cell 
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reactivity to AML-related antigens WT-1, PRAME, NY-ESO-1, and MAGE-A3 were 

accessed by IFNγ ELISpot analysis. WT-1 and PRAME are both expressed by DCP-001, 

and NY-ESO-1 and MAGE-A3 were included to access epitope spreading. Four of eight 

patients showed DCP-001 induced or enhanced T cell response to at least one of the AML-

associated antigens. Further, antibody responses against blast antigens were evaluated in ten 

patients, five of whom showed vaccination-induced humoral responses. Overall, patients 

whose immune-monitoring data demonstrated positive response to the vaccine showed 

statistically significant improvement in survival over patients who did not respond favorably 

[49]. As a result of these promising phase I clinical trial results, a phase II clinical trial 

(NCT03697707) was initiated in 2018.

2.3| Combination DC cancer vaccines and approved chemo/immune therapies

Promoting tumor-specific immunity with a vaccine and subsequent amplification of tumor-

specific T cells with checkpoint blockade therapy is an attractive hypothesis. The 

effectiveness of such an approach has been tested using clinically approved PD-1/PD-L1 and 

CTLA4 blockade using Pembrolizumab or Ipilimumab respectively with cell-based vaccines 

in preclinical mouse studies and early stage clinical trials [50–53]. In pre-clinical studies, 

anti-CTLA-4 checkpoint therapy in combination with cancer vaccines (e.g. GVAX) 

demonstrated synergistic reduction in tumor size and increase in the antitumor immune 

response in a mouse model of melanoma and prostate cancer. The timing of the combination 

of anti-CTLA-4/GVAX vaccine has been identified as an important parameter in cancer 

vaccines. For example, in the prostate cancer model Pro-TRAMP, it has been demonstrated 

that anti-CTLA-4 mAbs should be administered after vaccination for an additive effect. The 

effect of timing on treatment efficacy is likely due to higher anti CTLA-4 mAb 

concentrations in sites of high CTLA-4 expression, such as the gut, since the expression of 

CTLA-4 on TAA-specific T cells is not upregulated until after vaccination. Therefore, if anti 

CTLA-4 is administered before or concurrent to vaccination, the anti CTLA-4 mAbs may be 

unavailable to bind to TAA-specific T cells. Furthermore, the addition of low-dose 

cyclophosphamide depletes immune cells, including regulatory T cells (Tregs), and thereby 

augments the anti-tumor efficacy of GVAX + anti-CTLA-4 combination therapy [51]. In the 

CT26 murine model of colorectal cancer, dual PD-1 and CTLA-4 checkpoint blockade in 

combination with GVAX lead to tumor rejection of 100% of mice. This same combination 

leads to rejection of ID8-VEGF ovarian carcinoma in 75% of mice [52]. Results from mouse 

studies suggests that anti-CTLA-4 and anti-PD-1 mAbs increase the frequency of activated 

T cells and the effector T cell/Treg ratio in vaccinated tumors. While studies have focused on 

the scheduling of anti-CTLA-4 mAbs with vaccination, this variable has been less studied 

for the combination of anti-PD-1 mAbs and vaccine [54]. The pre-clinical studies with 

combination checkpoint blockade and GVAX supported clinical trials for patients with 

metastatic pancreatic cancer (NCT01417000, NCT02243371, NCT02004262) with several 

that are still ongoing (NCT03161379, NCT03190265, NCT03153410, NCT03006302, 

NCT02648282, NCT02451982) in which GVAX was combined with cyclophosphamide 

and/or nivolumab seem promising.

There are also a number of clinical trials in which Provenge is used in combination with 

cytoreductive therapies including chemotherapy, radiation, immune checkpoint blockade and 
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secondary hormone therapy to better treat mCRPC (NCT00779402, NCT02793765, 

NCT01807065). Cytoreductive strategies provide a transient decrease in tumor size whereas 

the Provenge cancer vaccine decreases tumor growth rate. The combination of these 

approaches could allow for better therapeutic outcomes than a monotherapy. However, many 

cytoreductive therapies impair immune cell number and function. Therefore the timing and 

dose of combination therapies will be an important factor to consider when designing 

clinical studies [55].

3| Cancer-antigen specific subunit cancer vaccines

While whole-cancer cell vaccines are promising, their manufacturing process is labor-

intensive and has limited scalability. For example, Provenge is administered intravenously in 

a three-dose schedule at two-week intervals. Each dose requires leukapheresis three days 

prior to administration to allow time to differentiate peripheral blood monocytes into DCs. 

This manufacturing process is not only time consuming and expensive, but also 

operationally prohibitive in many clinical settings, especially in low-resource settings. As an 

alternative, peptide and DNA-based cancer vaccines are a potentially cheaper, and more 

accessible treatment option than whole cell-based vaccines. These vaccines operate in a 

manner similar to cell-based cancer vaccines, that is, by recruiting DCs and facilitating the 

expansion of cytotoxic T cells against TAAs. In contrast to whole cell-based vaccines, 

antigen targeted cancer vaccines are defined and might be manufactured at scale for off-the-

shelf use, without the need for cell collection from the patient. However, antigen targeted 

cancer vaccines require that patient tumors express specific TAAs, which in most types of 

cancers limits their utility to a subset of patients. Further, the initial cytotoxic T cell response 

from an antigen targeted vaccine is more restricted than that from whole cell-lysate. Most 

TAA targets for antigen-targeted cancer vaccines can be grouped into the categories: 

oncofetal mutations, germline/cancer testis mutations, and lineage differentiation antigens 

[56].

3.1 | Oncofetal mutations

Oncofetal antigens are primarily expressed during fetal development but may be mutated 

and/or over-expressed by cancer cells and is associated with head-and-neck [57], 

hepatocellular [58], colorectal [59], squamous esophageal [60], and breast carcinoma [61]. 

Oncofetal TAA targets for vaccine development include carcinoembryonic antigen (CEA), 

insulin-like growth factor II mRNA-binding protein 3 (IMP-3) [62] and alpha-fetoprotein 

(AFP) [63]. In a recent pre-clinical study, Hirayama et al. generated IMP3 derived long 

peptides (IMP-3-LPs) capable of eliciting both TAA specific effector and helper T cells. 

IMP-3-LPs-specific Th-cells responded to autologous DCs loaded with the recombinant 

IMP-3 proteins in vitro, suggesting that these IMP-3-LPs can be successfully processed by 

DCs. Co-culturing IMP-3 specific Th-cells with IMP-3 effector T cells on autologous DCs 

pulsed with both short peptides derived from IMP-3 and IMP-3-LPs augmented the 

expansion of IMP-3 effector T cells. Further, IMP-3-LPs were able to induce IMP-3 specific 

Th-cells from PBMCs isolated from head-and-neck cancer patients [62]. Together, these 

results highlight the potential for IMP-3 derived peptide-based cancer vaccines in the 

treatment of head-and-neck cancer. In a separate study, Hensel et al. developed a 
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recombinant adeno-associated virus vector encoding CEA (rAAV-CEA) to mediate 

prophylactic protection against CEA syngeneic MC38-CEA colon adenocarcinoma model. 

The rAAV-CEA was administered intramuscularly, followed by multiple administrations of 

GM-CSF encoding plasmid to the same intramuscular site. Subsequent MC38-CEA tumor 

challenge in mice resulted in tumor free survival. Notably, tumor challenge in mice with 

MC38 cells which did not express CEA did not result in enhancement in survival, indicating 

CEA specific immunity [64].

3.2 | Germline/cancer testis mutations

Similar to oncofetal mutations, germline/cancer testis mutations may be upregulated by 

cancer cells and is generally restricted to immune privileged germline cells. Common 

therapeutic vaccine target mutations include Wilms tumor 1 (WT1) protein, melanoma-

associated antigen (MAGE) superfamily, and cancer/testis antigen 1 (NY-ESO-1). A 

National Cancer Institute consensus study on prioritization of cancer antigens ranked the 

WT1 protein as the top immunotherapy target in cancer, which is overexpressed on multiple 

tumor types, including acute myeloid leukemia [65,66]. A multivalent WT1 peptide vaccine 

(galinpepimut-S) has been developed and tested in acute myeloid leukemia (AML) patients 

in phase 1 and 2 clinical trials [67]. In the most recent phase 2 trial (NCT01266083), 

patients in complete remission received 6 vaccinations administered over 10 weeks with the 

potential to receive 6 additional monthly doses if they remained in remission. Immune 

responses (IRs) were evaluated after the 6th and 12th vaccinations by CD4+ T cell 

proliferation, CD8+ T cell IFN-γ secretion, or the CD8-relevant WT1 peptide major 

histocompatibility complex tetramer assay. In terms of compliance, 14 patients (64%) 

completed ≥6 vaccinations, and only 9 (41%) received all 12 vaccine doses. Fifteen patients 

(68%) relapsed, and 10 (46%) died. The vaccine was well tolerated, with the most common 

toxicities being grade 1/2 injection site reactions (46%), fatigue (32%), and skin induration 

(32%). Median disease-free survival from first complete remission was 16.9 months, 

whereas the overall survival from diagnosis was estimated to be ≥ 5 years. Nine of 14 tested 

patients (64%) had an IR in ≥1 assay (CD4 or CD8) [67].

There has been extensive pre-clinical research showing efficacy of MAGE-based therapeutic 

peptide cancer vaccines in the treatment of cancers including melanoma [68–70], NSCLC 

[71], and breast cancer [72,73]. Deuperret et al. developed a MAGE-A immunogen with 

cross-reactivity for multiple MAGE-A isoforms. The general domain structure of MAGE-A 

family is conserved between mice and humans; however, the sequence homology is poor. As 

a result, separate consensus vaccines were developed for proof-of-concept murine cancer 

models and for human pre-clinical studies. Mice were vaccinated with the murine MAGE-A 

consensus vaccine, and the vaccine induced robust CD8+ IFNγ responses to all 6 isoforms 

predicted to cross-react with this vaccine. To test the antitumoral response, melanoma was 

induced in Tyr::CreER;BrafCA/þ;Ptenlox/lox mice by administration of topical 4-OHT 

(tamoxifen). In this melanoma model, the murine MAGE-A consensus vaccine was able to 

extend survival by 50 days as compared to control cohort [74]. Similar to targeting MAGE 

epitopes, pre-clinical studies with NY-ESO-1 derived peptides have been conducted in 

combination with an adjuvant [75–78]. In one study, Albershardt et al. engineered a 

lentiviral vector, LV305, to deliver NY-ESO-1 to dendritic cells in vivo. Mice immunized 
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with LV305 developed NY-ESO-1 specific cytotoxic T cells within 2 weeks post-

immunization, which conferred protection against NY-ESO-1 expressing CT26 lung 

metastasis. Further, adoptive cell transfer of NY-ESO-1 cytotoxic T cells conferred 

protection in tumor-bearing recipient mice, confirming transferable immunity [78]. Notably, 

in 2014 a phase I clinical trial (NCT02122861) to determine the safety profile of LV305 

therapeutic cancer vaccine was initiated. There were no significant side effects noted in any 

of the 30 patients as a result of the cancer vaccine. Anti-NY-ESO-1 specific Th-cells and 

cytotoxic T cells were induced in 57% of evaluable sarcoma patients and one patient with 

synovial sarcoma achieved a partial response lasting more than 3 years. Further, the 

induction of anti-NY-ESO-1 immune response was found to improve 1-year survival over 

patients in which vaccination failed to elicit a T cell response [79].

3.3 | Cell lineage differentiation antigens

Cell lineage differentiation antigens are among the first identified cancer antigens. These 

include MART-1, gp100, prostate-specific antigen (PSA), and tyrosinase (Tyr). Expression 

of MART-1 and gp100 is most associated with melanoma. It was first recognized in 1994 

that HLA-A*02 restricted cytotoxic T cells derived from tumor infiltrating lymphocytes 

(TILs) of melanoma patients recognized nonmutated proteins expressed by most melanoma 

cells. The most frequently recognized proteins were MART-1 and gp100, which was 

recognized by TILs from 90% and 40% patients, respectively [80,81]. As a result of these 

early investigations, the MART-127–35 peptide, AAGIGLTV, was among the first to be 

employed in humans in 1999. In a phase I clinical trial, 23 HLA-A*0201 patients with 

metastatic melanoma received subcutaneous administration of the MART-127–35 peptide, 

doses ranging from 0.1 to 10mg, emulsified in incomplete Freund’s adjuvant (IFA). Dosing 

schedule consisted of 4 doses separated by 3-week intervals. While the phase I clinical trial 

did not induce any clinically significant toxicities, it also failed to demonstrate any 

therapeutic efficacy at all doses. Furthermore, an analysis of PBMCs from the peripheral 

blood indicated that there was no correlation between MART-1 specific T cell activation and 

vaccine dose [82]. Given current understanding of tolerogenic immune cells, in particular 

the role of myeloid derived suppressor cells (MDSCs) and the role of regulatory T cells in 

the maintenance of the immunosuppressive tumor microenvironment, the lack of clinical 

efficacy might not be surprising.

Despite these suboptimal initial results, the development of cell lineage differentiation 

targeted vaccines has persisted due to their expression on a variety of cancers. In melanoma, 

recent studies have focused on developing vaccine strategies which both expand cancer 

antigen-specific T cells while also suppressing MDSCs. In a pre-clinical study, Yan et al. 

developed a novel synthetic consensus DNA vaccine against Tyr and tested its efficacy in the 

highly metastatic and poorly immunogenic B16-F10 murine melanoma model. The DNA 

vaccine was administered three times at 2-week intervals either in a prophylactic setting 7 

days prior B16-F10 inoculation or in a therapeutic setting 7 days after B16-F10 inoculation. 

The induction of IFN-γ producing T cells by vaccination was assessed by ELISpot assay 

with T cells isolated from spleen of transfected mice. These studies confirmed the vaccine 

was able to illicit expansion of Tyr-specific T cells, with Tyr epitopes 

‘DWRDAEKCDICTDEY’ and ‘AKHTISSDYVIPIGT’ being dominant. In a prophylactic 
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setting, the vaccine slowed the recruitment of MDSCs to the tumor and was associated with 

a reduction in the concentration of immunosuppressive IL-10, and MDSC chemoattractant 

molecules MCP-1 and CXCL5, and decreased tumor growth rate. In a therapeutic setting, 

similar effects contributed to improving overall survival [83].

3.4| Co-administration of cancer antigen vaccines with immunomodulators

TAA targeted cancer vaccines have been shown to induce antigen specific T cell and 

antibody responses in pre-clinical studies and in clinical trials. Recent efforts have focused 

on characterizing the effects of combining TAA targeted cancer vaccines with existing 

cancer therapeutics which can modulate the immunosuppressive tumor microenvironment 

and further improve outcomes.

The presence of TILs is correlated with favorable outcomes with checkpoint blockade 

therapy, which is a logical prelude for combination with TAA targeted cancer vaccines [84]. 

Conniot et al. combined a nanoparticle-based cancer vaccine with PD-1 blockade and OX40 

co-stimulation. The nanoparticle delivered the Melan-A/MART-126–35 MHC I-restricted 

peptide and Melan-A/MART-151–73 MHC II-restricted peptide to DCs in the draining lymph 

nodes, which were shown to potentiate cytotoxic and helper T cell responses, respectively. 

OX40 is a co-stimulatory receptor member of the TNF family, expressed on activated T 

cells. Once activated, OX40 induces expansion, trafficking, and pro-inflammatory cytokine 

production by effector T cells. In mice inoculated with Ret-melanoma cells, this 

combination therapy restricted melanoma growth and prolonged survival when administered 

as a prophylactic. When administered as a therapeutic, it was found that the infiltration of 

MDSCs compromises the effect of the combination therapy. To overcome this limitation, 

ibrutinib, a small molecule inhibitor which has been shown to limit the generation and 

migration of MDSCs, was utilized to enhance the effect of the combination therapy. The 

combination of nanoparticle vaccine, anti-PD-1, OX-40 stimulation, and ibrutinib was able 

to greatly extend survival in both the ret-melanoma and B16-F10 models of murine 

melanoma as compared to the combination therapy without ibrutinib [85]. In another study, 

Sahin et al. developed a personalized melanoma vaccine by developing a computational 

model to predict cancer neo-epitopes in melanoma patients. First, non-synonymous 

mutations were identified by comparative exome and RNA sequencing of tumor biopsies 

and healthy blood cells. The mutations were ranked according to expression level of 

mutation-encoding RNA and predicted high binding affinity to autologous HLA class I / 

class II. 10 mutations were selected per patient and engineered into synthetic RNAs and 

used as the basis of an RNA vaccine to be administered to DCs in draining lymph nodes, 

which in mouse studies, showed efficient uptake by DCs and antigenicity [86]. In clinical 

trials, the vaccine was well tolerated in all patients, with each patient developing T cells 

against at least 3 mutations and pre-existing weak responses against 1/3 of immunogenic 

neo-epitopes were augmented upon vaccination. One patient experienced multiple relapses 

and progressing metastases at the start of vaccination despite a strong T cell response against 

six neo-antigens. For this patient, a compassionate pembrolizumab treatment program was 

initiated which, strikingly, lead to an 80% decrease in size of multiple melanoma lesions 

and, eventually, complete response. Notably, neo-epitope specific T cell subsets were PD-1+ 

and post-vaccine lesions were shown to upregulate PD-L1 [87].
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Combination therapies involving chemotherapeutics have also shown promise in treating 

various types of cancers. For example, numerous clinical studies have shown that checkpoint 

inhibitors in combination with chemotherapy are associated with significantly longer overall 

survival and progression-free survival as compared to chemotherapy alone in patients with 

advanced non-small cell lung carcinoma [24]. This is not entirely unexpected as many 

chemotherapeutics increase the number of tumor infiltrating cytotoxic T cells or reduce the 

number of Tregs [88–90]. Therefore, combining chemotherapeutics and TAA-targeted cancer 

vaccines may have a synergistic effect which is corroborated by the results of recent pre-

clinical studies [91–93]. In one such study, Shah et al. developed an AML-vaccine 

comprised of a macroporous PEG-alginate-based scaffold and incorporation of GM-CSF, 

CpG-ODN, and AML-associated antigens in the form of either freeze-thaw lysates derived 

from bone marrow of AML-infected mice or WT1 peptide [93]. Both vaccine formulations 

were associated with expansion of WT1 tetramer specific cytotoxic T cells in the peripheral 

blood within a week of vaccination. Notably, both vaccine formulations provided 

prophylactic protection against MLL-AF9 AML in 100% of mice when administered 10 

days prior to AML inoculation and mice survived an AML re-challenge approximately 3 

months later. Next, the WT1 AML-vaccine was tested in a therapeutic model of established 

AML in combination with standard induction chemotherapy (iCt) regimen of cytarabine 

(Ara-C) and doxorubicin [94]. Leukemia burden was reduced in mice after iCt treatment, but 

AML relapsed between day 25 and 35. The WT1 AML-vaccine alone provided prolonged 

survival, but ultimately did not improve overall survival. However, the iCt and WT1 AML-

vaccine combination therapy was effective in mediating therapeutic protection in 100% of 

mice. Interestingly, combining iCt with an antigen-free vaccine durably depleted leukemia in 

all mice, dependent on both encapsulation and release of GM-CSF and CpG-ODN, and in 

which immunogenic cell death of AML cells recruited to the cryogel scaffold may have 

contributed to the efficacy of this strategy.

In a study to stimulate the endogenous immune response to overcome established advanced 

tumors, Moynihan et. al. used combination cancer vaccine and immunotherapy to potentiate 

an immune response [95]. The study was motivated by the development of a strategy to 

efficiently target peptide vaccines to lymph nodes, and the clinical success with checkpoint 

blockade therapy [96]. The combinations consisted of A (tumor-antigen-specific antibody), I 

(MSA–IL-2), P (anti-PD-1) and V (amphiphile–vaccine). Component V was a potent lymph-

node (LN)-targeted vaccine composed of peptide antigens and CpG DNA conjugated to 

albumin-binding lipids that reversibly bind to interstitial albumin and efficiently traffic to 

LNs, leading to robust T cell responses. In multiple syngeneic tumor models, this quaternary 

combination immunotherapy cured a majority of mice with established tumors and elicited 

long-lived protective T cell memory responses. Notably, all four components incorporated in 

AIPV were required for treatment of several difficult-to-treat tumor models. The results 

from the multiple tumor models revealed distinct hierarchies of importance for the four 

components. For example, the monoclonal antibody component was a critical contributor to 

efficacy in the B16F10 model, but it was the least important component in the DD-Her2/neu 

model. A key aspect of AIPV treatment was that this set of four agents collectively mounted 

an integrated response that overcomes tumor resistance mechanisms in all of the models 
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evaluated here, suggesting that the appropriate combination of immune effectors can 

overcome a range of obstacles present in tumor microenvironments.

4| Conclusions

The studies reviewed here highlight advances in the development of cancer vaccines and 

synergies afforded by combining cancer vaccines with chemotherapy and immune 

checkpoint blockade. Therapeutic cancer vaccinations strategies can be broadly categorized 

by their delivery vehicle and antigen target, each with their own distinct properties.

DC vaccines induce expansion of T cells with a broad T cell receptor repertoire, allowing for 

a more sustained and robust immune response. Thus far, the only FDA approved DC vaccine 

formulation is Provenge [34]. While this is an attractive personalized cancer vaccine cell 

therapy, the labor-intensive manufacturing process and a modest improvement in overall 

survival has hindered its applicability. Vaccines such as WDVAX and allogenic DC vaccines 

such as GVAX and DCP-001 are attractive alternatives as they avoid the need for 

personalized cell-manufacturing, and are scalable therapies [44–46]. Further, new DC 

vaccine formulations preclude identification of specific cancer antigens, which may broaden 

their applicability to a larger number of cancer patients.

DNA- or peptide-based cancer antigen targeted vaccines act on DCs in the lymph nodes. The 

vaccines expand antigen specific T cells which mediate cancer cell lysis, which in turn 

allows for DC priming of tumor-associated antigens in a manner analogous to DC vaccines. 

While these therapies are generally scalable, their scope is limited by variability in 

expression levels of antigen targets and are therefore available to a subset of cancer patients. 

In addition, since distribution of expressed cancer antigens is dependent on the cancer type, 

different formulations must be designed and tested to treat different cancers. To allow 

antigen targeted vaccines to reach more patients, the development of personalized cancer 

vaccine strategies is an important research area [87,97]. Beyond reaching more patients, 

personalized vaccines incorporate multiple antigen targets, thus enhancing T cell receptor 

repertoire of initial immune response. However, since the antigen targets of these vaccines 

would likely differ between patients, the regulatory approval of such an approach may 

require a new mechanism.

In many of the clinical studies, cancer vaccines elicited a robust T cell response but were 

unable to mediate sustained tumor regression, in part, due to the immunosuppressive tumor 

microenvironment. Thus, combining cancer vaccines with immunomodulators such as 

chemotherapy or checkpoint blockade was thought to enhance their efficacy. Indeed, pre-

clinical and early clinical data suggests that combining therapeutic cancer vaccines with 

either chemotherapy or checkpoint blockade allows for enhanced synergy when compared to 

a monotherapy. Based on existing research, the combination of cancer vaccines with 

chemotherapy or immune checkpoint blockade represent the most probable path towards 

clinical translation of therapeutic cancer vaccines.
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5| Expert Opinion

Vaccination as a means to prevent cancer or cancer relapse has been a long-sought goal of 

cancer therapy, supported by decades of research in preclinical models and in patients that T 

cells can be educated to target tumor cells. For cancers with a microbial etiology, 

vaccination has been highly effective in reducing the incidence of disease [98]. However, 

vaccination against established malignancy has been largely disappointing [99]. Until 

recently, it was generally believed that when used in combination with a cancer vaccine, 

cytoreductive therapy would invariably have a negative effect on vaccine-mediated immune 

responses and antitumor activity. However, a greater depth of understanding has suggested 

that the immunomodulatory properties of cytoreductive regimens might be exploited to 

enhance vaccine-mediated antitumor effects [100]. This synergy can be mediated by 

multiple mechanisms, depending on the type of cytotoxic agent and the specific vaccine 

employed, as well as the dosing schedule of each modality. Therefore, an increasing amount 

of clinical and pre-clinical data supports the use of a combination approach involving 

immunotherapy and front-line chemotherapy drugs as the standard method to effectively 

treat multiple types of cancers [101]. Therapeutic cancer vaccines have been shown to be 

immunogenic in clinical trials, and many of them have demonstrated efficacy in at least 

small numbers of patients [102]. Dendritic cell-based therapeutic cancer vaccines have been 

approved for clinical use, and their combination with checkpoint inhibitors is highly 

developed for clinical applications. Cancer-specific subunit cancer vaccines offer the 

possibility of an off-the-shelf approach for therapeutic cancer vaccines. Cancer vaccines are 

an effective means to address ‘immune ignorant’ tumors, which have a poor prognosis 

regardless of any current intervention. The efficient delivery of vaccine components will 

support the successful development of methods to activate tumor specific immune responses 

[103].

Given the complex interactions between cancer cells and the many components of their 

environment, it is reasonable to postulate that the future of immunotherapy lies in the 

combination of complementary immunotherapeutic strategies with chemotherapeutics or 

other oncogenic pathway inhibitors. The optimal approach will likely vary substantially 

between tumor types and may even be patient specific. This is a particularly important 

consideration as the rate of progress in the understanding of tumor immunology and clinical 

application of immunomodulatory agents has varied substantially between different types of 

cancers [104]. Tumors may be heterogeneous and develop clinical resistance to 

monotherapies and efficient antitumor strategies must focus on hitting different targets 

concurrently. In general, greater host and disease heterogeneity are associated with fewer 

options and poorer outcomes. Combination strategies will need to account for the unique 

genetic, epigenetic, and complexity of the cancer. By modulating inhibitory molecules, 

regulatory immune cells, and the metabolic resources and demands of T cells, vaccine-

stimulated T cells might be induced to be fully functional within the immunosuppressive 

tumor microenvironment. In making therapy decisions identifying reliable biomarkers to 

improve patient selection, standardizing metrics for monitoring toxicities and comprehensive 

knowledge about the timing and dose of combination therapies will be important factors for 

successful development. The process will likely be iterative, as new cancer vaccine 
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technologies are developed and more targeted immunotherapies are available which may 

lower toxicities while providing durable protection against cancer relapse.
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Fig. 1|. Targets of Cancer Immunotherapies
To generate a sustained T cell response against tumors, dendritic cells (DCs) uptake and 

present cancer antigens to T cells. Subsequently, T cells migrate to the tumor site and seek to 

induce cancer cell death. (1) Cancer vaccines aim to facilitate the process of antigen 

presentation of DCs by providing an initial source of cancer antigens. T cells that recognize 

these cancer antigens are activated and migrate to the tumor site to initiate cancer-cell lysis. 

(2) Many cancer cells upregulate immunosuppressive checkpoint blockade ligands to 

inactivate T cells. Thus, combining therapeutic cancer vaccines with checkpoint blockade 

therapy may enhance anti-tumoral efficacy and allow for better clinical outcomes. (3) 

Chemotherapies are generally cytoreductive and may enhance the effect of cancer vaccines 

by reducing concentration of immunosuppressive regulatory T cells within the tumor 

microenvironment thereby accentuating the vaccine mediated cytotoxic T cell response.
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Table 1|

Selected Pre-Clinical Cancer Vaccine Results

Components Cancer Type Key Takeaways Reference 
Number

PLG scaffold loaded with tumor 
lysis, GM-CSF, and CpG-ODN Melanoma (B16-F10) Vaccine formulation provided both prophylactic and 

therapeutic protection in mice. 45

GVAX cancer vaccine and anti-
CTLA-4 combination

Prostate cancer (Pro-
TRAMP)

Timing of checkpoint blockade and cancer vaccine 
administration are important. Administration of anti-CTLA-4 

before or concurrent to GVAX showed no enhancement in 
anti-tumoral response whereas administration after GVAX 

showed improved survival.

51

Viral vector encoding CEA and 
GM-CSF plasmid

Colon adenocarcinoma 
(MC38-CEA)

Viral vector encoding CEA administered in combination with 
GM-CSF plasmid provided prophylactic protection against 

MC38-CEA colon adenocarcinoma model.
64

Lentiviral vector encoding NY-
ESO-1

Lung Cancer (CT26 
expressing NY-ESO-1)

Viral vaccine generated NY-ESO-1 specific T-cells and 
provided prophylactic protection against NY-ESO-1 

expressing lung cancer model.
78

DNA vaccine against tyrosinase Melanoma (B16-F10) DNA vaccine was effective in both prophylactic and 
therapeutic setting against B16-F10 melanoma. 83

PEG-alginate-based scaffold 
loaded with GM-CSF, CpG-
ODN, and cancer antigen in 

combination with cytarabine and 
doxorubicin

Acute myeloid leukemia

Vaccine provides prophylactic protection against leukemia. 
In a therapeutic setting, when administered alongside 

standard induction chemotherapy regimen of cytarabine and 
doxorubicin, the therapy provided long-lasting protection 

against leukemia.

94

PLG, poly(lactic-co-glycolic acid); GM-CSF, granulocyte-macrophage colony stimulating factor; CpG-ODN, Cytosine-guanosine oligonucleotide; 
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; CEA, carcinoembryonic antigen; NY-ESO-1, cancer/testis antigen 1; WT1, Wilms tumor 1
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