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Introduction

The concept of immunization, in which previous exposure 
to some segment or form of a pathogenic substance 
provides protection against the full course of a disease 
caused by the pathogen, has been known for centuries. 
The use of immunization is best defined in the setting 
of infectious disease prevention. Eastern civilizations 
were reported to have scratched active pox lesions onto 
normal individuals as a method of preventing smallpox. 
The modern era of vaccination is largely credited to 
Edward Jenner who made the seminal observation that in 
many households devastated by smallpox outbreaks, the 
milkmaids often survived the epidemic. Jenner identified 
a minor illness attributed to cowpox in these individuals 
and eventually isolated the virus known as vaccinia virus, 
thought to be a hybrid between cowpox and smallpox, as 

the vaccine used in the smallpox eradication campaign. 
The success of smallpox vaccinations is clearly evident, as 
the disease has been essentially eliminated from the planet. 
The discovery that tumor cells encode a number of highly 
expressed differentiation proteins, cancer-testis antigens 
or neoantigens due to emerging mutations characteristic 
of malignant cells, suggested that cancer might also be 
amenable to vaccination.

The general approach to cancer vaccination has been 
to identify a putative antigen or antigenic epitope(s) and 
present them to patients through a variety of platforms, 
including MHC-specific peptides, whole or partial proteins, 
encoded in RNA or DNA, in recombinant viral or bacterial 
vectors and expressed in dendritic cells or as whole tumor 
cell preparations. In many protocols, additional vaccine 
adjuvants were added to help boost the host immune 
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response against the tumor antigen(s). Historically, cancer 
vaccines for the treatment of metastatic cancer have not 
met with much success. Despite a significant effort in 
translational research, clinical trial results with tumor 
vaccines were largely disappointing. In 2004, Rosenberg  
et al. reported an overall objective response rate of only 2.6% 
from several highly selected cancer vaccine clinical trials, 
including cell-, peptide- and viral-based approaches (1). 
These results led to considerable pessimism in the field, but 
also provoked a search for why vaccines were not effective in 
cancer. Several factors could have led to these unsuccessful 
results. While the reasons are likely multifactorial, a major 
difference between cancer and infectious disease vaccine 
development is the use of vaccines in normal individuals 
prior to exposure to a pathogen in infectious disease clinical 
development compared to testing cancer vaccines in 
patients who have very advanced disease and typically have 
already failed standard therapy. This is particularly relevant 
as emerging data in the early part of the 21st Century 
strongly supported the notion that established cancers have 
evolved a variety of mechanisms designed to suppress the 
host immune responses. Could it be possible that the failure 
of vaccination was related to tumor-mediated immune 
suppression? If so, overcoming the suppressive mechanisms 
utilized by cancer might need to be addressed prior to 
considering a vaccine.

Cancer mediates immune suppression through several 
mechanisms, and these have become better defined in 
recent years. For example, many types of suppressor host 
and immune cells exist within the tumor microenvironment, 
such as CD4+FoxP3+ regulatory T cells, tumor-associated 
macrophages, fibroblasts, adipocytes and myeloid-derived 
suppressor cells, which can inhibit tumor-specific, cytotoxic 
CD8+ T cells and tumor-reactive natural killer (NK) cells. 
Soluble factors, such as tumor growth factor-β (TGF-β), 
interleukin-10 (IL-10), vascular endothelial growth factor A 
(VEGF-A), and other can also block effector T cell function 
within the tumor microenvironment. The most important 
finding, however, may be the role of CD8+ T cell intrinsic 
factors that promote T cell exhaustion and inhibit T cell 
function. This includes the cytotoxic T lymphocyte antigen 
4 (CTLA-4) receptor that is mobilized to the surface of T 
cells following recognition of peptide-MHC complexes 
by the cognate T cell receptor (referred to as Signal 1 in 
T cell activation) and engagement of T cell surface CD28 
(signal 2) by the B7.1 or B7.2 complexes on antigen-
presenting cells. This two-signal system promoted T cell 
proliferation, cytokine production and blocks apoptosis. 

CTLA-4 is mobilized to the cell surface after CD28 
signaling and competes with CD28 for binding to the B7 
ligands. CTLA-4 then inhibits T cell proliferation, blocks 
cytokine production and promotes T cell anergy thereby 
acting as a T cell checkpoint, likely a normal homeostatic 
mechanism to prevent overactive T cell stimulation and 
autoimmunity. In 2011, the first randomized clinical trial 
of an anti-CTLA-4 monoclonal antibody demonstrated 
an overall survival (OS) benefit in patients with metastatic 
melanoma resulting in FDA approval of ipilimumab for the 
treatment of melanoma (2). Similarly, the programmed cell 
death 1 (PD-1) receptor on T cells is a maker of early T cell 
activation and at higher levels indicates T cell exhaustion. 
When PD-1 binds to its ligand, PD-L1, the T cell is 
eliminated. Many tumors express PD-L1, which may serve 
as an important mechanism for eradicating tumor-reactive 
T cells within the tumor microenvironment. Monoclonal 
antibodies targeting PD-1 and PD-L1 are demonstrating 
significant therapeutic activity against many cancers, 
including melanoma, non-small cell lung cancer, renal 
cell carcinoma, head and neck cancer, bladder cancer and 
Hodgkin’s lymphoma (3).

The success of T-cell checkpoint inhibitors has allowed 
for further studies to identify the most important patient 
and tumor factors that play a role in the anti-tumor 
clinical response. In an analysis of tumor genomic data 
from melanoma patients treated with CTLA-4-targeted 
checkpoint inhibitors, Snyder et al. characterized the 
somatic mutation burden and emergence of neoantigens 
generated from those mutations as highly associated with 
clinical benefit. An important observation in this trial was 
that certain somatic neoepitopes were shared by patients 
who benefited from treatment and were absent in patients 
who did not demonstrated therapeutic benefit, suggesting 
that neoantigens may be appropriate targets for immune 
recognition (4). Other groups have also reported that the 
recognition of neoantigens by T cells plays a substantial 
role in T cell checkpoint therapy (5). These findings have 
important implications for cancer vaccines. First, the 
ability to therapeutically block T cell exhaustion provides a 
powerful new strategy to limit T cell suppression and could 
be envisioned as an adjuvant to tumor vaccination. Second, 
the identification of tumor cell neoantigen emergence 
provides potentially new targets for vaccine development. 

In this review, we will discuss the central role of antigens 
in mediating anti-tumor immune responses, describe the 
emerging concept of neoantigens and personalized vaccine 
development, detail other strategies for vaccination, such 
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as oncolytic viruses, and provide our opinion on the most 
promising future approaches for tumor vaccines. The 
progress in immunotherapy has been exciting over the 
last decade and renewed interest in tumor vaccines for the 
treatment of cancer is appropriate given our improved 
understanding of how the immune system recognizes 
and mediates tumor regression. Further studies in using 
vaccines in the setting of cancer prevention may be 
especially interesting given the ability to rapidly interrogate 
the cancer genome and develop precision vaccines for 
clinical delivery. Finally, it is tempting to hypothesize that 
combination approaches in which tumor vaccines are used 
to direct a T cell response, and checkpoint inhibitors are 
used to prevent T cell suppression, will be especially useful 
in the treatment of advanced cancers. Further clinical and 
translational investigation will be needed to confirm this 
hypothesis. The application of validates biomarkers will 
also become a high priority to fully realize the promise of 
precision immunology and cancer vaccines.

The central role of antigen in mediating anti-
tumor immunity

The steps in immune-mediated recognition and eradication 
of tumor cells have been nicely summarized by Chen and 
Mellman in what they described as the “cancer-immunity 
cycle” (6). In this cycle, immune responses begin when 
professional antigen-presenting cells, such as dendritic 
cells, engulf soluble tumor-associated antigens or whole, 
necrotic tumor cells. This likely occurs within the tumor 
microenvironment, and following antigen exposure, 
the dendritic cells mature and likely traffic to secondary 
lymphoid organs where they present tumor antigens to their 
cognate T cells as processed peptides bound to the major 
histocompatibility complex 1 (MHC-1) for CD8+ T cells or 
MHC-II for CD4+ T cells. The activated T cells must then 
circulate back to the tumor microenvironment, likely guided 
by chemokine gradients and other inflammatory cues. The 
antigen-specific T cells must then interact with MHC-I-
peptide complexes on the surface of tumor cells and then 
they release cytotoxic granules in which enzymes, such as 
granzyme B and perforin, mediate tumor cell lysis. The 
lytic effect on tumor cells results in release of more antigens 
to begin the cycle again, and may release other antigens 
causing an expanded response, which has been referred to 
as antigen spreading (6). This process is complicated and, 
while many steps can be targeted for immunotherapy drug 
development, cancers may also evolve various mechanisms 

for thwarting the process at each step. Nonetheless, the 
importance of antigen in initiating the cycle is clear since 
immunotherapy does not elicit therapeutic responses in the 
absence of T cells.

The central role of T cells is well established through 
murine studies in which T cell deficient mice are unable 
to eradicate established tumors, and in human clinical 
trials where a strong association between T cell rich 
tumors and clinical responses to immunotherapy has been  
documented (7). The magnitude of immune response 
during the cycle further depends on the balance between the 
activation of effector cells versus the activation of regulatory 
cells. A major barrier to successful immunotherapy has been 
the absence of tumor antigen-specific T cell responses. 
This may occur because the antigens are self-proteins and 
clonal selection may delete the cognate T cell, peripheral 
tolerance may prevent T cell activation, or some antigens 
may elicit regulatory T cell responses. The balance between 
effector and regulatory T cells may also be affected by 
soluble factors, such as local cytokines and chemokines, as 
well as T cell intrinsic factors, such as T cell co-stimulatory 
and co-inhibitory molecules, often referred to as T cell 
checkpoints. The finding that many cancers express PD-L1 
provides yet another mechanism in which tumor cells may 
eliminate PD-1 + antigen-specific effector T cells. Thus, 
overall cancer immunotherapy seeks to initiate and amplify 
the cancer-immunity cycle while blocking the suppressive 
effects often regulated by cancer cells or other features of 
the tumor microenvironment. 

The role of vaccines may be especially important since 
vaccination can initiate and/or expand an antigen-specific 
T cell response when the tumor has not been able to do so. 
While earlier work suggested that there might be different 
classes of antigens, the optimal antigen for tumor vaccines 
has been elusive. In general, antigens can be categorized 
as normal self-proteins that are overexpressed in cancer 
cells [e.g., prostate-specific antigen (PSA)], differentiation 
antigens (e.g., gp100, tyrosinase), cancer-testis antigens 
which are normally expressed only in immune privileged 
sites (e.g.,  NY-ESO-1) or mutated antigens (e.g., 
neoantigens). To date, all such antigens have been targeted 
through a variety of delivery platforms, including peptides 
or protein in emulsified vehicles, direct targeting to 
dendritic cells, RNA and DNA plasmids, recombinant viral 
and bacterial vectors and use of whole tumor cells. Vaccine 
adjuvants have also been used to help enhance antigen 
recognition and T cell activation. Commonly used adjuvants 
have included Freund’s incomplete adjuvant, BCG, 
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granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-2, toll-like receptor agonists, and others. Although 
antigen-directed vaccines have shown limited promise to 
date, it is important to remember that most vaccines have 
been tested in advanced, metastatic cancer patients who 
have already failed standard therapy and this may not be the 
ideal patient population for vaccination alone. Furthermore, 
little is known about the optimal dosing, route, schedule, 
and booster strategies needed to develop the most effective 
induction of T cell responses. 

To date, the only vaccine that has achieved regulatory 
approval  for the treatment of advanced cancer is 
Sipuleucel-T, which was approved by the FDA in 2010 
for treatment of asymptomatic or minimally symptomatic 
hormone-refractory prostate cancer (HRPC). Sipuleucel-T 
therapy consists of dendritic cells derived from autologous 
per ipheral  b lood mononuclear  ce l l s  obta ined by 
leukapheresis and loaded with recombinant human fusion 
protein encoding the prostatic acid phosphatase (PAP) 
antigen and GM-CSF, a cytokine that helps mature dendritic 
cells and prime T cell responses. In a double blind, placebo 
controlled, prospective phase III clinical trial in 512 patients  
with minimally symptomatic HRPC, Sipuleucel-T 
treatment was associated with a relative reduction of 22% 
in the risk of death when compared to patients treated with 
placebo (8). Overall, the median survival was 25.8 months 
in the Sipuleucel-T group and 21.7 months in the placebo 
group, with an overall of 4.1 months improvement in 
median OS in the Sipuleucel-T group. Adverse events that 
were reported more frequently in the Sipuleucel-T group 
included fevers, chills, headaches, influenza-like illness, 
myalgia, hypertension, hyperhidrosis, and groin pain. The 
most common adverse events within one day after infusion 
were chills (51.2%), fevers (22.5%), fatigue (16.0%), nausea 
(14.2%), and headache (10.7%). Only 0.9% of patients in 
the Sipuleucel-T group were not able to receive all three 
infusions secondary to infusion-related adverse events (8). 
While the therapeutic impact was modest, the approval 
represents a landmark in cancer vaccine development and 
Sipuleucel-T is now being evaluated in various combination 
clinical trials.

Another recent prostate cancer vaccine strategy with 
promising early clinical data is the PROSTVAC-VF 
vaccine. PROSTVAC-VF is a prime-boost regimen that 
uses a priming dose of recombinant vaccinia virus encoding 
PSA and a triad T cell co-stimulatory molecules (B7.1, 
ICAM-1, and LFA-3) followed by booster immunizations 
with a non-replicating fowlpox virus encoding PSA and the 

co-stimulatory molecules. The PROSTVAC-VF vaccine 
is currently being tested in a phase III clinical trial for 
treatment of metastatic castration-resistant prostate cancer. 
In a previous phase II clinical trial, PROSTVAC-VF was 
tested in 125 men with minimally symptomatic castration-
resistant metastatic prostate cancer (mCRPC) (9). In this 
trial, 82 patients received PROSTVAC-VF and 40 received 
control vectors. The primary endpoint was progression-
free survival (PFS), which was found to be similar in both 
groups. However, patients who received PROSTVAC-VF 
had a better OS with 30% being alive at 3 years compared 
to 17% of the control patients. Overall, there was a median 
OS improvement of 47% or 8.5 months in the treatment 
group compared to the control group (25.1 vs. 16.6 months 
respectively). PROSTVAC-VF was well tolerated with 
a subset of patients experiencing injection site reaction, 
fever, fatigue and nausea (9). In addition to the phase III 
randomized trial; PROSTVAC-VF is also being evaluated 
in several combination clinical trials with T cell checkpoint 
inhibitors (i.e., ipilimumab), androgen deprivation therapy 
(i.e., enzalutamide) and radiation therapy. 

The results with Sipuleucel-T and PROSTVAC-VF 
demonstrate how defined tumor antigens can be utilized in 
vaccine therapy. The advantage of this approach is that the 
vaccine vectors can be mass-produced, immune responses 
can be easily monitored for antigen-specific T cell expansion 
and the tolerable safety profile allows for combination trials. 
The recent advances in genomic profiling, however, have 
illuminated the frequency of mutations that can give rise to 
neoantigens and an emerging T cell repertoire that might 
represent a better target for vaccine development.

Personalized vaccines for cancer therapy

As mentioned, clinical studies of T cell checkpoint 
inhibitors have suggested an association between therapeutic 
responses and the emergence of neoantigens presumably 
arising from new mutations within the cancer cell genome. 
If substantiated, this might indicate that the better antigens 
for vaccine targeting are neoantigens. This is perhaps 
logical since widely expressed tumor antigens may undergo 
immune editing resulting in antigen-specific suppression 
in established cancers. The new epitopes appear due to the 
genetic instability inherent in tumor progression, and these 
would not have time for editing and T cell suppression (4).  
This possibi l i ty  is  a lso supported by recent data 
demonstrating effective T cell targeting with adoptively 
transferred T cells recognizing neoantigens in patients with 
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cancer (1). The real challenge is whether information about 
new antigenic epitopes can be incorporated into a vaccine in 
a feasible timeframe that will allow for clinical development. 
The advent of high-throughput screening techniques and 
computerized algorhythms that predict epitope-MHC 
binding characteristics may allow for such personalized 
vaccine approaches. Several studies are in development to 
test this strategy. 

A phase I open-label study was recently initiated to 
evaluate the safety and immunogenicity of a personalized 
polyepitope DNA vaccine strategy in persistent triple-
negative breast cancer patients following neoadjuvant 
chemotherapy. The hypothesis of this trial is that 
personalized polyepitope DNA vaccines will be safe and 
effective in generating measurable CD8+ T cell responses 
to tumor-specific neoantigens (10). In this study, resected 
tumor prior to neoadjuvant therapy is being assessed for 
genomic mutations. Each mutation is being evaluated 
for HLA-A2 binding affinity and several epitopes will 
be selected for synthesis based on mutation status and 
high affinity for MHC binding. The vaccine will be 
given following definitive tumor resection in a high-risk 
population for tumor recurrence. Although ambitious, 
this trial will help establish the clinical feasibility of such 
an approach and improvements in all steps will likely be 
required before this can be more broadly developed as a 
cancer therapeutic approach. 

Oncolytic virus immunotherapy

Oncolytic viruses are native or genetically modified viruses 
that preferentially infect and/or replicated in tumor cells 
causing them to lyse and leading to in situ tumor antigen 
release. Thus, oncolytic viruses differ from standard 
vaccines in having a dual mechanism of action in which 
tumor cells are directly killed by virus and immune 
responses are initiated using a multitude of tumor-specific 
antigens. Oncolytic viruses likely further promote anti-
tumor immunity by release of other cell-associated danger 
factors and through interferon signaling, which orchestrate 
potent T cell responses (11).

A first-in-class oncolytic virus based on an attenuated 
herpes simplex virus, type 1 (HSV-1) encoding GM-CSF, 
and designated as Talimogene laherparepvec (T-VEC) 
demonstrated an improved durable and objective response 
rate in patients with metastatic melanoma leading to 
regulatory approval in the United States and Europe (11).  
T-VEC was studied in a prospective phase III trial where 

436 unresectable stage IIIB, IIIC, and IV melanoma patients 
were randomized in a 2:1 manner to treatment with T-VEC 
or recombinant GM-CSF. The durable response rate, which 
was defined as an objective response beginning within 
12 months of treatment and lasting for at least 6 months,  
was found to be 16.3% in patients treated with T-VEC 
compared to 2.1% in patients given GM-CSF. The 
objective response rate was 26.4% for the T-VEC group 
compared to 5.7% for the GM-CSF group. Overall, 10.9% 
patients had a complete response to T-VEC treatment 
and responses were observed in both injected and un-
injected tumors. Overall, T-VEC was well tolerated with 
major adverse events being low-grade fevers, chills, nausea, 
fatigue, and local injection site reactions (12). T-VEC is 
now being studied in combination with T cell checkpoint 
inhibitors, including ipilimumab and pembrolizumb for 
treatment of melanoma, and plans are in development 
to test T-VEC in other types of cancer. While early data 
suggests that T-VEC treatment is associated with detection 
of MART-1-specific CD8+ T cells, further research is 
needed to better understand if neoantigen responses may 
also be emerging following T-VEC therapy. 

Another oncolytic therapy known as H101 was recently 
approved when used in combination with chemotherapy for 
treatment of nasopharyngeal carcinoma in China. H101 is a 
genetically modified oncolytic adenovirus that was evaluated 
in a randomized phase III clinical trial with 160 patients with 
advanced squamous cell carcinoma of the head and neck 
or esophagus. Patients were randomized to chemotherapy 
only or chemotherapy + H101 treatment. Chemotherapy 
consisted of cisplatin and 5-FU for chemotherapy-naïve 
patients or Adriamycin and 5-FU for patients who received 
previous platinum-based chemotherapy. The chemotherapy 
with or without H101 was given for 5 consecutive days 
every 3 weeks. 123 of the patients completed the treatment 
and went through evaluation for response. Patients treated 
with H101 and cisplatin/5-FU had a response rate of 78.8% 
compared to a response rate of 39.6% in the cisplatin/5-FU  
alone group. For patients assigned to Adriamycin/5-FU 
with or without H101, a comparable 50% response rate 
was seen but the overall sample size was small with only  
18 participants in this cohort. The major adverse effects were  
fever, injection site reactions, and flu-like symptoms (13). 

The use of an oncolytic, native coxsackievirus A 
(CVA21) is also in clinical trials for treatment of melanoma. 
Coxsackievirus is a non-enveloped single-stranded RNA 
enterovirus that has been shown to promote the infiltration 
of immune effector cells such as NK cells and CD8+ 



Patel et al. Tumor vaccines

© Chinese Clinical Oncology. All rights reserved.   Chin Clin Oncol 2017;6(2):19cco.amegroups.com

Page 6 of 12

T cells. CVA21 also activates dendritic cells leading to 
increased antigen presentation and has demonstrated lysis 
of multiple tumor cell types in vitro. (14,15). CVA21 was 
recently evaluated in a phase II study for safety and efficacy 
of CVA21 in patients with advanced melanoma. The trial 
involved 57 patients with treated and untreated unresectable 
stage III-IVM1c melanoma. Primary end-point of the 
study was to achieve more than 9 of 54 evaluable patients 
with immune-related progression-free survival (irPFS) 
at 6 months. The primary endpoint was achieved with 
21 evaluable patients showing irPFS at 6 months. The 
secondary endpoint of overall response rate (irRECIST) was 
28.1% with durable response rate of >6 months in 19.3% (11 
of 57 patients). Overall, CVA21 was well tolerated with the 
most common adverse event of grade 1 fatigue, fever, chills, 
and local injection site reactions (16).

Future priorities for oncolytic viruses will include an 
assessment of tumor cell neoantigen repertoires following 
treatment, determining if expression of tumor antigen in 
the virus might improve therapeutic responses, and studies 
of combination strategies in melanoma and other cancers. 
The potential immune adjuvant effects of oncolytic viruses, 
such as release of danger-associated molecular factors and 
stimulation of local interferon signaling pathways, must be 
confirmed in clinical trials. 

Bacterial and yeast vectors for tumor vaccine 
development

The presentation of tumor antigens to the immune system 
can also be enhanced by expression in bacterial vectors, 
and several have advanced into clinical trials, including 
Listeria monocytogenes, Escherichia coli, shigella, and salmonella. 
Bacterial vectors have several benefits including low cost of 
production as well as the ability to generate more diverse 
immune responses by activating both innate and adaptive 
immune responses. 

Listeria monocytogenes is a gram-positive bacterium that 
upon infection gets engulfed by phagocytic cells, such 
as macrophages and dendritic cells. Most of the bacteria 
get degraded within phagolysosomes; however, about 
10% of bacteria escape the phagosomal compartment and 
enter the cytosol of the cell. The bacteria in the cytosol 
polymerize host cell actin filaments allowing bacteria to 
spread from one cell to another. Since Listeria goes through 
degradation in both cytosol and the phagolysosome, it 
makes it a unique vector for expressing antigens that are 
degraded by phagolysosomes and presented on the antigen-

presenting cell preferentially by MHC II molecules, and 
antigens that are processed in the cytosol are preferentially 
expressed by MHC I molecules, thus promoting both 
CD4+ and CD8+ T cell responses. In addition, Listeria 
can activate the innate immune system by engaging toll-
like receptor dependent mechanisms through bacterial 
ligands, such as peptidoglycan, lipoprotein, lipoteichoic 
acid, and nucleotide-binding oligomerization domain. 
Listeria degraded by phagolysosomes can induce an IFN-
β-mediated transcription response that eventually leads 
to IL-8 production and NFκB activation. The ability of 
Listeria to activate the immune system through several 
different pathways makes it a unique and effective vector for 
vaccine development (17).

A live-attenuated Listeria monocytogenes vaccine, Lm-
LLO-HPV E7, was studied in a phase I safety trial in 
patients with advanced carcinoma of the cervix. Lm-LLO-
HPV E7 secreted HPV-16 E7 antigen that was fused with 
a non-hemolytic fragment of Lm protein listeriolysin O 
(LLO) to enhance immune responses. The study involved 
15 patients who were previously treated with metastatic, 
refractory, or recurrent invasive carcinoma of the cervix 
with historical median survival of 180 days and a one year 
survival rate of approximately 5%. Patients were equally 
divided into 3 groups (5 patients per group) with each 
group getting a different dose of vaccine (1×109, 3.3×109, 
or 1×1010 colony forming units) with a total of 2 doses 
at 3 weeks intervals. All patients developed a flu-like 
syndrome but responded to non-prescription symptomatic 
treatment. No grade 4 adverse events were observed. No 
patients required antibiotic treatment suggesting that the 
side effects were most likely secondary to cytokine release 
rather than bacterial infection. At the high dose of 1×1010 
CFU, patients did have severe fever and dose limiting 
hypotension. Two patients died during the study. From 
the evaluable patients, 5 had progressive disease, 7 had 
stable disease, and 1 had a partial response. For the treated 
patients, median survival was reported to be 347 days. Based 
on the efficacy and safety of the treatment, Lm-LLO-E7 
is now being studied in a phase II trial in patients with 
advanced cervical cancer (18). Other antigens are also being 
used in Listeria for vaccination, including PSA for prostate 
cancer and mesothelin for pancreatic cancer with intriguing 
preliminary results in early phase clinical trials.

In a group of patients with previously treated metastatic 
pancreatic cancer, patients were randomly assigned at a 2:1 
ratio to treatment with a priming doe of GVAX, a whole cell 
cancer vaccine encoding GM-CSF with cyclophosphamide 
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for two doses followed by Listeria monocytogenes encoding 
mesothelin for four doses, or six GVAX/cyclophosphamide 
vaccines alone. In this study, 61 patients received the prime/
boost regimen and 29 patients received only G-VAX (19). 
97% of the patients had received prior chemotherapy with 
over half having two or more prior regimens for treatment 
of metastatic disease. The study found an OS benefit 
for patients in the prime/boost arm (6.1 vs. 3.9 months; 
HR 0.59; P=0.02). The most common grade 3 or greater 
treatment-related adverse events were transient fever, 
lymphopenia, increase in hepatic transaminases and fatigue. 
The trial also saw a correlation between survival and an 
increase in mesothelin-specific CD8+ T cells. 

Yeast derived vaccines are also currently being studied 
as potential cancer immunotherapy. Using yeast as a 
vector has several advantages, including easy engineering 
of tumor antigens and simple storage and transportation 
of the vector since heat-killed yeast are very stable. Yeast-
CEA (GI-6207) is a genetically modified vaccine that 
expresses carcinoembryonic antigen (CEA) protein using 
heat-killed yeast Saccharomyces cervisiae as a vector to target 
against CEA expressing tumors. In vitro studies have shown 
that yeast-CEA can increase surface expression of MHC 
class I and II molecules, increases cytokine release, and 
upregulates expression of genes involved in antigen uptake, 
antigen presentation, and chemokine/cytokine production. 
In a phase I study, yeast-CEA was evaluated for safety, 
tolerability, and clinical response in patients with metastatic 
CEA-expressing carcinoma who failed standard treatment. 
Twenty-five patients were enrolled in the study, of which 20 
had colon adenocarcinoma, 2 had rectal adenocarcinoma, 
one had pancreatic adenocarcinoma, one had NSCLC, 
and one had medullary thyroid cancer. Patients who 
were eligible required serum CEA >5 ng/mL or >20% 
CEA+ tumor block, ECOG PS 0 to 2, and no history 
of autoimmune disease. Median baseline CEA was 107. 
Patients received subcutaneous vaccines every 2 weeks for 
3 months and then one dose monthly. The vaccine was well 
tolerated with the most common adverse effects being grade 
1 or grade 2 injection-site reactions. Only three grade 3 
toxicities were reported which were injection-site reaction, 
vigorous immune response in one patient that resolved with 
high dose corticosteroids, and pain (possibly confounded by 
progressing disease). The median survival after enrollment 
was 7 months. In 24 evaluable patients, 7 patients had 
declines in their serum CEA levels. Five patients had stable 
disease beyond 3 months, and each of these 5 patients had a 
decrease in CEA levels. In some patients, post-vaccination 

results showed increased in CD4+ and CD8+ T cells with 
decrease in regulatory T cells (20).

Combination of tumor vaccines and T cell 
checkpoint inhibitors

Given the success of T cell checkpoint inhibitors alone, and 
in combination, as well as the emergence of neoantigens 
following T cell checkpoint blockade, support the concept 
of combining tumor vaccines with T cell checkpoint 
inhibitors (21). While perhaps logical, there have been 
relatively few studies completed to date. Although the 
original clinical trial of ipilimumab used a gp100 peptide 
vaccine arm alone as a control, and also included a 
combination arm, no significant impact of the vaccine 
was demonstrated (2). This may be due to the limited 
strength of gp100 peptide vaccine and new trials with more 
contemporary antigens, such as neoantigens and better 
vectors regimens, should be considered. To date, most of 
the encouraging data with combination studies using T cell 
checkpoint inhibitors have come from studies with oncolytic 
viruses. 

In a small phase Ib clinical trial, 18 patients with 
stage IIIB-IV melanoma were treated with T-VEC and 
ipilimumab (22). In this study, 9 of the 18 patients treated 
with the combination had an objective response with 
4 having a complete response (22%). Treatment was 
well tolerated with no treatment-related dose-limiting 
toxicities reported but 32% of patients did have grade 
3−4 adverse events. A single grade 5 event related to CNS 
disease progression was also seen. A larger 200 patient 
randomized trial comparing the combination to ipilimumab 
alone has now been completed and results are pending. A 
large, randomized phase III clinical trial of T-VEC and 
pembrolizumab versus pembrolizumab alone is also under 
way in patients with advanced melanoma.

Combination of the coxsackievirus CVAA21 and 
ipilimumab is currently being studied in a phase 1b trial in 
patients with advanced melanoma. The primary objective 
of this study will be to evaluate the safety and tolerability of 
multiple intratumoral injections of the combination, which 
will be assessed by incidence of dose-limiting toxicities 
in treatment. The secondary objective of the study is to 
investigate the objective response rate to the combination in 
patients with advanced melanoma (23). A single-arm phase 
II trial of CVA21 and pembrolizumab is also underway in 
patients with advanced melanoma. 
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Combination of vaccines and cytokines

Other interesting combination trials would include vaccines 
and other T cell stimulants, such as cytokines. Using a 
similar HLA-A2-resricted gp100 peptide vaccine as used 
in the ipilimumab trial, Schwartzentruber and colleagues 
evaluated the vaccine in combination with high-dose 
interleukin-2 (IL-2) in patients with advanced melanoma. 
In this prospective, randomized, phase III clinical trial, 
185 patients with stage IV or locally advanced stage III 
cutaneous melanoma, expressing HLA*A0201, an absence 
of brain metastases, and suitability for high-dose IL-2 
therapy, were randomized to treatment with combination 
vaccine and IL-2 or IL-2 alone. The combination showed a 
significant improvement in objective response rate and PFS. 
Combination treated patients had a significant improvement 
in objective response rate by central review compared to 
patients treated with IL-2 alone (16% vs. 6%, P=0.03). 
PFS was 2.2 months in the combination group compared 
to 1.6 months in IL-2 group alone (P=0.008). The median 
OS was 17.8 months in patients in the combination group 
compared to 11.1 months in IL-2 therapy group (P=0.06). 
The adverse effects were similar in both groups with most 
toxicity attributed to expected IL-2-related effects (24).

Other T cell agonists, such as interleukin-15 (IL-15), 
4-1BB and OX40 agonists, would be expected to be of 
high interest with vaccines that can elicit antigen-specific 
T cell responses. While such combinations have shown 
therapeutic benefit in animal models, clinical trials have not 
been conducted to date.

Combinations of vaccines and adoptive cell 
transfer therapy (ACT) therapy

An emerging and promising therapy for cancer is ACT. 
In ACT, genetically engineered or tumor-reactive T cells, 
which may be collected from peripheral blood or tumor-
infiltrating lymphocytes, are used to treat patients. ACT 
therapy requires selection of an appropriate antigen for T 
cell targeting, optimizing the T cell phenotype for transfer, 
inclusion of non-myeloablative conditioning regimens, and 
post-transfer T cell support with IL-2 or related immune 
stimulating factors. The use of chimeric antigen receptors 
(CARs) utilize single chain antibody Fab fragments with 
associated TCR signaling elements have shown significant 
promise in hematologic malignancies. 

The use of CAR-modified T cells targeting the B cell-
specific antigen CD19 have shown remarkable success 

in treatment of acute lymphoblastic leukemia. Complete 
remission rates as high as 90% have been reported in 
patients including children and adults with relapsed and 
refractory ALL (25). A recent abstract by Grupp et al. at 
the ASH conference showed 90% complete response in 
30 children with CD19+ relapsed, refractory ALL. At the 
median follow up of 8 months, 16 patients still had ongoing 
complete response showing the possibility of a long-term 
response rate (26). The most common toxicity associated 
with CAR-modified T cell therapy is cytokine release 
syndrome (CRS), which is an inflammatory process that 
can lead to a range of clinical presentations from flu-like 
constitutional symptoms to multisystem organ failure (25). 
Neurologic toxicity has also been reported.

The use of vaccines encoding similar antigens to 
stimulate adoptively transferred or CAR T cells have 
been suggested by combination studies in animal models. 
Further, T cell persistence has been a hallmark of 
therapeutic response in small clinical trials, and thus the 
use of vaccines to boost T cell responses and maintain an 
expanded population of tumor-antigen specific T cells 
is a logical strategy. To date, these studies have not yet  
been done.

Combination of vaccines and radiation therapy

Strategies to combine radiation therapy and immunotherapy 
are also currently being developed based on observations of 
an abscopal effect when radiation was used in combination 
with T cell checkpoint inhibitors (27). Although the 
mechanisms are not completely understood, it is possible 
that radiation increases release of tumor-associated antigens, 
which results in enhanced antigen presentation and 
induction of T cell immune responses (28). Furthermore, 
radiation may enhance the expression of MCH class I 
molecules that may allow for increased exposure of antigens 
to cytotoxic T cells through peptide-MHC complexes. Also 
in response to radiation, there is an increased degradation 
of proteins and generation of new peptides that enables new 
peptides to be presented on MHC class 1 molecule (29). 
In addition to these mechanisms, radiation can damage 
cancer cells leading to the release of immunostimulatory 
molecules, such as the high mobility group box 1 (HMGB1) 
protein. HMGB1 molecules interact with toll-like receptor 
4 (TLR4) antigen presenting dendritic cells leading 
to a more enhanced presentation of dying tumor cell  
antigens (30,31).
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The effects of radiation may be synergistic when used 
in combination with immunotherapy. For example, PD-1 
blockade in combination with localized radiation therapy 
resulted in significantly longer median survival in mice 
with intracranial gliomas compared to animals treated with 
either monotherapy (32). In breast cancer mouse models, 
radiation and CTLA-4 blockade was found to have a greater 
abscopal effect against secondary sites than either treatment  
alone (33). Combination of radiation and immunotherapy 
is being explored in clinical trials as well. Gulley et al. 
conducted a randomized Phase II clinical trial using a 
combination of radiation therapy and the PROSTVAC-
VF vaccine in 30 patients with prostate cancer who were 
randomized in a 2:1 ratio to combination treatment 
or radiotherapy alone. Seventeen of 19 patients in 
the combination group completed their full course of 
treatment. Thirteen of 17 patients were reported to have 
a 3-fold increase in PSA-specific CD8+ T cells while 
there was no detectable increase in the radiotherapy alone 
group (34). Chi et al. conducted an open-label, single arm 
phase I study of a dendritic cell vaccine and radiotherapy 
combination in patients with advanced hepatoma not 
suitable for surgery or transarterial embolization. Patients 
were injected with autologous immature dendritic 
cells into the tumor along with radiotherapy. Twelve 
of 14 patients finished the vaccinations. The treatment 
was well tolerated with no evidence of autoimmune 
disease. Two partial responses and four minor responses 
were reported, and a decrease of AFP of more than 
50% was found in three patients. Ten patients showed 
complete responses 2 weeks after receiving the vaccine. 
An AFP-specific T cell response was seen in 8 patients  
analyzed by cytokine release assay and in 7 patients when 
analyzed by ELISPOT assay. Six patients showed increased 
NK cell cytotoxic activity (35). 

Combination of vaccines and cytotoxic 
chemotherapy

Similar to radiation, chemotherapy can also help induce 
an immune response against cancer by promoting antigen 
release among other mechanisms. Cyclophosphamide has 
been known for years to potentially help promote anti-
tumor immunity by targeting regulatory T cells. For 
example, Lutsiak et al. have reported that administration 
of cyclophosphamide not only decreases the number of 
regulatory CD4+ T cells but also decreased the suppressive 
capability of regulatory T cells. This effect might be 

mediated by down-regulation of GITR and FoxP3 
expression (36). Furthermore, cyclophosphamide may have 
the ability to enhance higher avidity T cell responses against 
specific tumors, although inclusion of cyclophosphamide in 
vaccine regimens has not been associated with prolonged 
survival in vaccine studies (37).

Lutz et al. have demonstrated that in patients with 
pancreatic ductal adenocarcinoma (PDAC), combination 
of cyclophosphamide and the allogenic PDAC vaccine 
(GVAX) can alter the tumor microenvironment by allowing 
formation of vaccine-induced intratumoral tertiary 
lymphoid aggregates. These results were particularly 
impressive since PDAC is considered a non-immunogenic” 
on-immunogenic gates. These immunotherapies have not 
been able to induce any significant immune activity. The 
study provided the first example of converting a Pnon-
immunogenic “on-immunogenic have immunogenic” 
neoplasm (38). It is important to note, however, that the 
cyclophosphamide could not be directly linked to the 
formation of the tertiary aggregates in this trial. The role 
of cyclophosphamide remains controversial and there 
is the theoretical risk that it may be deleterious due to 
the non-specific mechanism of action and potential for 
depletion of effector T cells in addition to regulatory  
T cells. 

In a dose-ranging study, Emens et al. established that 
allogeneic, HER2-positive, GM-CSF-secreting breast 
tumor vaccine alone or with cyclophosphamide and 
doxorubicin is safe and can induce a HER2 specific immune 
response in patients with metastatic breast cancer (39). 
Based on preclinical and clinical studies, the combination 
of chemotherapy and vaccine therapy may play a substantial 
role in future cancer treatments. This general concept has 
also been demonstrated in the setting of T cell checkpoint 
blockade resistance, in which tumor cells expressing 
oncogenic Kras and lacking p53 were not sensitive to 
checkpoint inhibition (40). In this study, treatment with 
chemotherapy restored sensitivity to checkpoint blockade 
through TLR4 simulation and therapeutic responses 
were dependent on CD8+ T cell responses. These studies 
support a possible role for chemotherapy in enhancing host 
anti-tumor immunity, but further clinical studies will be 
required to confirm the efficacy of the approach and better 
define the optimal agents and schedule of administration. 

Other chemotherapy agents, as well as targeted therapies, 
may also mediate tumor cell antigen release and enhance 
T cell priming. Interestingly, in some studies of melanoma 
tumors following exposure to BRAF inhibitor drugs, an 
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increase in infiltrating CD4+ and CD8+ T cells was seen (41).  
These findings suggest that cytotoxic drugs might be able 
to enhance T cell infiltration into established tumors and 
support the hypothetical strategy of combining cytotoxic 
agents with vaccines that can help prime and expand such T 
cell responses. Further studies of individual cytotoxic drugs 
with vaccines may be a fruitful avenue for future research.

Vaccines for cancer prevention

Since infectious disease vaccination is more effective in 
prophylaxis against disease, one approach to consider is 
to use cancer vaccines in the preventive setting prior to 
tumor-induced immune suppression. Historically, most 
tumor vaccines have been used to try to suppress already 
established and growing tumors. Few clinical trials have 
been done with tumor vaccines prior to cancer progression. 
Early prophylactic treatment may show better outcomes 
since it can potentially prepare the immune system to 
detect tumor cells before tumors cells have the chance to 
activate immune suppression mechanisms. Vaccines against 
viruses such as the hepatitis B virus (HBV) and human 
papillomavirus (HPV) have shown significant success in 
liver cancer and cervical cancer prevention, respectively 
(42,43). In spite of the success of viral antigen based 
vaccines, the use of non-viral antigens against cancers 
has not made similar successful leaps to the prevention 
setting despite preliminary evidence of T cell priming and 
an acceptable safety profile. This may relate to concerns 
over regulatory pathways to approval, the large samples 
sizes and follow-up times needed to conduct such studies 
or the economic costs associated with prevention studies 
in oncology. Nevertheless, several murine cancer models 
have demonstrated significant benefit in tumor prevention 
with specific vaccine approaches, whereas vaccination with 
the same vaccine against metastatic cancer had negligible 
therapeutic impact (44,45).

Kimura et al. conducted a clinical trial using a MUC1 
peptide vaccine in patients with recent diagnosis and 
removal of colorectal adenomas. In the trial, 44% of 
patients developed a MUC-1-specific T cell response 
with evidence of a memory phenotype. The authors 
hypothesized that the T cell responders may have already 
had some degree of immune memory against MUC-1 at 
baseline and vaccination served as a booster expanding the 
MUC-1 T cell population (46). The authors also reported 
that there were few adverse events but some patients did 

have evidence of high myeloid-derived suppressor cells 
suggesting that even in patients with advanced adenomas, 
the immune system may already be compromised. Although 
the number of patients treated was small (n=39), the authors 
concluded that the safety and induction of MUC-1-specific 
T cell responses supported further studies in high-risk 
populations. An emphasis on defining appropriate high-
risk populations and methods for limiting samples sizes 
and financially supporting prevention trials may be an 
appropriate path forward for tumor vaccines.

Conclusions

Great progress has been made in the clinical implementation 
of tumor immunotherapy for the treatment of cancer. 
Antigens likely play an important role in most forms of 
immunotherapy, and recent discovery of a correlation 
between neoantigen emergence and therapeutic response 
with T cell checkpoint inhibitors has provided renewed 
interest in the development of vaccines for cancer therapy. 
Although the optimal antigen, dose, delivery vector, route, 
schedule, and adjuvant approaches are not established, the 
ability to rapidly screen the cancer genome in individual 
patients and development of personalized vaccines based 
on the results are being actively investigated for feasibility 
and effectiveness. A variety of new and more potent vectors, 
such as oncolytic viruses, bacteria and yeast are leading to 
new strategies for vaccine development. The concept of 
combination immunotherapy has also gained enthusiasm 
and the use of vaccines to generate antigen-specific 
immunity while adding other forms of immunotherapy 
to boos T cell responses or limit T cell exhaustion are 
especially exciting. Insights from infectious disease studies 
suggest that the use of vaccines in prevention approaches 
may be more meaningful, and the availability of many 
vaccine regimens with an acceptable safety profile, suggests 
that the time is right to reconsider vaccines in cancer 
prevention studies. The next generation of vaccines is likely 
to become increasingly important in the management of 
patients with and at risk for cancer. 
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