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ABSTRACT
Immunotherapies, such as immune checkpoint inhibitors, 
cellular therapies, and T-cell engagers, have fundamentally 
changed our approach to treating cancer. However, 
successes with cancer vaccines have been more difficult 
to realize. While vaccines against specific viruses have 
been widely adopted to prevent the development of cancer, 
only two vaccines can improve survival in advanced 
disease: sipuleucel-T and talimogene laherparepvec. 
These represent the two approaches that have the 
most traction: vaccinating against cognate antigen and 
priming responses using tumors in situ. Here, we review 
the challenges and opportunities researchers face in 
developing therapeutic vaccines for cancer.

INTRODUCTION
Cancer immunotherapy has significantly 
improved outcomes for a wide range of 
cancers. It is an important new development 
in our therapeutic approach to treating 
both hematological and solid malignancies. 
One of the most noteworthy milestones that 
prompted a decade of progress in cancer 
immunotherapy was the US Food and Drug 
Administration’s (FDA) approval in 2011 of 
ipilimumab, an anti-CTLA-4 monoclonal 
antibody, for the treatment of unresectable 
or metastatic melanoma. Subsequently, anti-
PD-1/L1 antibodies emerged and trans-
formed the oncological landscape, leading 
to FDA approvals in over 20 unique tissue-
specific cancer indications between 2014 
and 2022.1 Pembrolizumab was also granted 
tissue-agnostic approval in 2020 for any 
tumors with high mutational burden and for 
any mismatch repair-deficient solid cancers 
in 2021. Currently, multiple anti-PD-1/L1 
antibodies, each developed by a different 
manufacturer, have been approved by the 
FDA for the treatment of various cancers. In 
addition to checkpoint inhibitors, many kinds 
of T cell-based immunotherapy have demon-
strated clinically significant benefit. Cellular 
therapy, most notably adoptively transferred 
CD19-targeting CAR-T cells, was approved in 
2017 for the treatment of B-cell lymphoma 
and acute lymphoblastic leukemia, while in 
2021 anti-BMCA-targeting CAR-T cells were 

approved for relapsed/refractory multiple 
myeloma. CD3-targeted bispecific antibodies 
were approved in 2017 for the treatment of 
pediatric B-cell acute lymphoblastic leukemia. 
Besides T cell-directed therapies that target 
the adaptive immune system, innovations in 
immunomodulatory agents, oncolytic viruses, 
and cancer vaccines that activate immunity 
have also received FDA approval. These crit-
ical therapeutic modalities have high poten-
tial for combination with chemotherapy, 
radiotherapy, and other immunotherapies.

Therapeutic cancer vaccines have a long 
history. The FDA approved the first immuno-
therapy for cancer more than 20 years before 
the first checkpoint inhibitor was approved. 
In 1990, intravesical BCG was approved for 
the treatment and prophylaxis of urothelial 
carcinoma in situ of the urinary bladder and 
for prophylaxis of primary or recurrent stage 
Ta and/or T1 urothelial carcinoma following 
transurethral resection.2 The approval was 
based on various open-label studies that 
demonstrated 50% complete histological 
response in patients with bladder carcinoma 
in situ treated with intravesical BCG. The use 
of prophylactic intravesical BCG for stage Ta/
T1 urothelial carcinoma was supported by 
two open-label, randomized, phase 3 studies 
that demonstrated favorable 2-year event-free 
survival.2 3 Although the precise antitumor 
mechanism of BCG is unclear, some have 
proposed that BCG is internalized by bladder 
cancer cells, which then activates tumor-cell 
antigen presentation and cytokine release. 
This leads to recruitment of immune cells, 
including T lymphocytes, natural killer (NK) 
cells, and macrophages to the tumor bed and, 
together with cytokine production, elicits 
immune cell-mediated tumor cytotoxicity.4

Vaccine approaches can correct or salvage 
critical dysfunctions in T-cell antitumor 
immunity such as defective antigen presen-
tation, inadequate priming, biased immu-
nity toward non-relevant truncal mutations, 
immunosuppression in the tumor micro-
environment, or permanent exhaustion of 
antigen-primed T cells. These defects can 
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lead to tumor equilibrium, partial tumor killing, and 
eventual tumor growth escape (figure 1A). Therapeutic 
cancer vaccines deserve particular attention. These treat-
ments elicit antitumor immune responses by delivering 
immune adjuvants and frequently, but not necessarily, 
codelivering tumor antigens. Proper vaccination can 
lead to improved antitumor immunity through better 
antigen presentation, robust priming, forced presenta-
tion of tumor-relevant antigens, and generation of non-
exhausted cytotoxic T cells (figure 1B).

Tumor-associated antigen vaccines
Tumor-associated antigens (TAAs) can be self-antigens 
that are preferentially overexpressed on tumor cells but 

can also be displayed by normal healthy cells or cancer 
testes antigens that are only expressed by tumor cells and 
adult reproductive tissues. Examples of TAAs include CEA, 
CA-125, MUC-1, PSA, PAP, PSMA, TERT, WT1, NY-ESO1, 
Her-2/neu, mesothelin, survivin, MAGE-A1, MAGE-A3, 
and gp100. T and B cells with high affinity toward these 
self-antigens are often removed from the immune reper-
toire by central and peripheral tolerance. Thus, a potent 
vaccine must break tolerance by stimulating lower affinity 
and rare TAA-reactive T cells.5–7 These types of antigens 
may be specifically incorporated into a vaccine to elicit 
a TAA-specific antitumor immune response in treated 
subjects.

Figure 1  Therapeutic cancer vaccines correct defective antitumor immunity. (A) Defective antigen presentation or biased 
endogenous immunity toward non-relevant truncal mutations compromises the activation of naïve T cells by dendritic cells (DC). 
Inadequate priming results in suppressed T-cell activation. Activated T cells differentiate into memory T cells and eventually 
effector T cells which encounter an immunosuppressive tumor microenvironment that leads only to partial tumor killing or 
equilibrium of tumor mass. Activated T cells also lead to the differentiation of terminally exhausted T cells which express high 
exhaustion markers, low proliferative potential, and low cytotoxicity. Permanent exhaustion of antigen-primed T cells leads to 
tumor escape. (B) Cancer vaccines can elicit more effective antigen presentation and force presentation or more relevant truncal 
mutations or differentiation antigens by DCs. Immune agonistic properties of vaccines lead to more robust T-cell priming and 
activation. The regeneration of non-exhausted cytotoxic effector T cells leads to more effective tumor killing.
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In 2010, the FDA approved sipuleucel-T, an autologous 
cellular immunotherapy, for the treatment of asymp-
tomatic or minimally symptomatic metastatic castration-
resistant prostate cancer (mCRPC). Sipuleucel-T is 
a dendritic cell (DC) vaccine that elicits an immune 
response against prostatic acid phosphatase (PAP), which 
is expressed on most prostate cancers.8 Sipuleucel-T was 
the first autologous cell therapy for cancer approved by 
the FDA based on results from three phase 3 trials. In 
the pivotal randomized phase 3 IMPACT study, sipuleu-
cel-T reduced the risk of death by 22.5% compared with 
control and improved survival by 4.1 months, demon-
strating a median overall survival (OS) of 25.8 months 
compared with 21.7 months in the control arm. Similar 
results were also reported from 2 randomized phase 
3 D9901 and D9902A trials which showed that patients 
treated with sipuleucel-T had a 33% reduction in risk of 
death compared with patients in the control group. In 
an integrated analysis, patients treated with sipuleucel-T 
achieved a 23.2-month OS compared with 18.9 months 
in the control group.8–10 As would be expected with a 
vaccine, this treatment has been shown to not only induce 
T-cell and B-cell responses to PAP, but to other antigens 
as well in a phenomenon known as antigen spreading.11 
This treatment also elicits significant changes in the T-cell 
repertoire, with treatment-induced clonotypes migrating 
to the tumor microenvironment.12 13 Sipuleucel-T also 
alters the B-cell repertoire, with treatment-induced 
clones persisting for years.14 Multiple combination trials 
of sipuleucel-T with IL-7, anti-CTLA-4, and anti-PD-1 have 
been performed.15 16 While these treatments can induce 
changes in T-cell responses, these combinations have not 
resulted in significant objective response rates. Sipuleu-
cel-T has also been combined with radium-223, another 
FDA-approved treatment for prostate cancer that targets 
bone metastases.17 This trial demonstrated improved effi-
cacy with the combination, suggesting that altering the 
microenvironment in bone metastases could help sensi-
tize prostate cancer to an immunotherapy.

Several other studies of TAA vaccines have demon-
strated immunological and clinical activity. A folate 
receptor-alpha (FRα) peptide vaccine with Granulocyte-
macrophage colony-stimulating factor (GM-CSF) adju-
vant generated durable T-cell immunity against FRα 
antigen. In one study, all 22 treated patients (8 with breast 
cancer; 14 with ovarian cancer) were alive 2 years postim-
munization.18 GP2 is a peptide derived from the trans-
membrane domain of HER2/neu. When coadministered 
with GM-CSF to disease-free patients with breast cancer, 
GP2 peptide vaccines induced GP2-specific CD8+T cell 
responses.19 Galinpepimut-S, a multivalent WT1 peptide 
vaccine, was studied in 22 patients with acute myeloid 
leukemia. Most patients (68%) relapsed; however, 
patients who achieved an immune response experienced 
improved disease-free survival from time of complete 
response (CR) and OS from time of diagnosis compared 
with those who did not achieve an immune response.20 
In a randomized phase 2 study (n=190) of VX-001, a 

cancer vaccine targeting telomerase reverse transcrip-
tase, demonstrated no improvement in OS in stage IV 
non-small cell lung cancer (NSCLC). Similarly, post hoc 
analysis showed that patients who experienced an immu-
nological response had longer OS than those who did 
not.21 Endogenous viral elements have been shown to be 
a source of targetable immunogenic tumor antigens. In a 
case of renal cell carcinoma (RCC) regression following 
allogeneic stem cell transplantation, researchers detected 
RCC-reactive donor-derived CD8+ T cells that target a 
10-mer peptide called CR-RCC-1. This antigen was found 
to be derived from human endogenous retrovirus group 
E. It selectively overexpresses unique transcripts in clear 
cell RCC that elicit T cell-mediated antitumor immu-
nity.22 These early-stage studies highlight a correlation 
between antigen-specific T-cell immunological response 
and clinical efficacy. The heterogeneous and unpredict-
able immune activation are practical challenges that need 
to be overcome.

PROSTVAC-VF is a prostate cancer vaccine regimen 
consisting of a recombinant vaccinia vector as a prime, 
followed by multiple boosts with a recombinant fowlpox 
vector. Each vector contains the transgenes for prostate-
specific antigen (PSA) and multiple T-cell costimulatory 
molecules. PROSTVAC promotes the expression of PSA 
on antigen-presenting cells and subsequently elicits a T 
cell-mediated antitumor response.23 24 Studies of PROS-
TVAC-VF have demonstrated that humoral response 
to the viral glycan Forssman disaccharide (GalNAcα1-
3GalNAcβ) correlates with improved survival.25 Although 
early-stage clinical studies showed the vaccine was safe 
and effective in generating an immune response, a phase 
3 study evaluating PROSTVAC in mCRPC was terminated 
early due to futility and concern for treatment-related 
cardiac arrhythmias.26–29 Trials of neoadjuvant PROS-
TVAC and PROSTVAC in combination with other immu-
notherapies are currently underway.30 31 The minimal 
clinical benefit of TAA vaccines demonstrated to date 
may be explained by the challenge of achieving a potent 
threshold of high-affinity antigen-specific T-cell activation 
and expansion while avoiding collateral toxicities stem-
ming from TAAs expressed on normal cells.

Tumor-specific antigen vaccines
Tumor-specific antigens (TSAs) are de novo epitopes 
expressed by oncoviruses and shared, or private neoanti-
gens encoded by somatic mutations. TSAs are truly tumor-
specific with no central tolerance. Therefore, high-affinity 
TSA-specific T cells may be more prevalent in patients 
with cancer. Discovering effective neoantigens is highly 
complex and typically involves sophisticated genetic 
sequencing and bioinformatics technologies that add to 
the cost and time required to manufacture these individ-
ualized vaccines.32 Here, we discuss both cognate TSA 
vaccines and non-cognate tumor-neoantigen vaccines.

A prime/boost vaccine containing a heterologous chim-
panzee adenovirus and self-amplifying RNA vector that 
encodes shared KRAS neoantigens has also been studied 
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in combination with checkpoint blockade in patients with 
tumors harboring KRAS mutations. Although several of 
the 18 evaluable patients achieved a molecular response 
as measured by reduction in KRAS ctDNA variant allele 
frequency, and some patients had reductions in serum 
tumor markers, no confirmed radiographic responses 
were observed. A trend toward improved survival in 
patients with NSCLC treated with the KRAS vaccines was 
observed in those patients who had achieved a molecular 
response compared with those who did not.33

VGX-3100 is a DNA plasmid vaccine encoding the E6 
and E7 genes of human papillomavirus (HPV)-16 and 
HPV-18. It is delivered by intramuscular injection followed 
by electroporation for the treatment of cervical intraepi-
thelial neoplasia (CIN) 2/3. The vaccine induced robust 
HPV-16 and HPV-18 E6, E7 antigen-specific adaptive 
T-cell and humoral responses. Furthermore, promising 
data from a mid-stage trial showed that patients treated 
with VGX-3100 experienced higher rates of histopatho-
logical regression and clearance of CIN 2/3.34 Vaccina-
tion with an HPV DNA vaccine also resulted in enhanced 
specific immunity to virus-derived TSAs in patients previ-
ously treated for HPV-associated head and neck cancer.35

NOUS-209 is based on a heterologous prime/boost 
regimen composed of the great ape adenovirus GAd20-
209-FSP used for priming and modified vaccinia virus 
Ankara MVA-209-FSP used for boosting. It encodes 209 
shared tumor-specific frameshift peptides, which are 
tumor-specific neoantigens shared across patients with 
mismatch repair (MMR)-deficient cancer.36 NOUS-209 
was studied in combination with pembrolizumab as first-
line or second-line treatment in patients with tumors with 
deficiency in MMR or microsatellite instability (dMMR/
MSI) in a phase 1 trial. Of 12 evaluable patients with 
dMMR/MSI, seven partial responses (PRs) were achieved, 
and there was dose responsiveness in vaccine immunoge-
nicity as measured by ex vivo interferon-gamma ELISpot 
assay across the two dose cohorts.37

Neon Therapeutics (Cambridge, Massachusetts, USA) 
has reported results of a trial of NeoVax, which contains 
up to 20 neoantigen peptides personalized to patients 
based on target selection by whole exome sequencing 
and RNA-seq prediction of HLA binders, TLR3, and poly-
ICLC in treatment-naïve patients with stage IIIB/C and 
IVM1a/b melanoma after surgical resection with cura-
tive intent. Of 10 enrolled patients, 6 were vaccinated. 
After a median follow-up of 25 months postvaccination, 
four of six vaccinated patients had no disease recur-
rence; the other two patients received pembrolizumab 
after disease recurrence and both subsequently experi-
enced CRs. Vaccination with the personalized peptide 
vaccine induced strong multifunctional CD4 and CD8 
T-cell responses in which T cells were shown to be tumor 
neoantigen-reactive.38 Based on a similar technology, 
phase I/Ib studies personalized neoantigen vaccines for 
patients with newly diagnosed methylguanine methyl-
transferase (MGMT)-unmethylated glioblastoma, from 
whom surgically resected tumors and matched normal 

cells were analyzed to identify neoantigens. Patients 
in each study received vaccines that contained up to 
20 peptides split into 4 pools of 3–5 distinct peptides 
admixed with poly-ICLC. Vaccination induced circu-
lating neoantigen-specific memory T-cell responses as 
well as increased T-cell infiltration. However, there were 
no tumor responders. All eight study participants experi-
enced disease progression and subsequently died.39

Rosenberg et al reported a novel mRNA vaccine 
encoding up to 20 neoantigens selected based on expres-
sion on autologous cancer cells and validated as recog-
nized by patients’ own tumor-infiltrating lymphocytes. 
The vaccine backbone contains any mutation in TP53, 
KRAS, or PIK3CA identified by exome sequencing of the 
autologous tumor and up to 15 HLA class I candidate 
neoantigens that were predicted to bind to a patient’s 
MHC alleles. Only 15.7% of potential neoantigens were 
immunogenic, and vaccinated patients (n=4) exhibited 
inconsistent neoantigen-specific CD4 and CD8 T-cell 
responses. Interestingly, KRASG12D mutation-specific 
T-cell receptors were isolated in circulation after vacci-
nation, but no objective responses were observed in the 
four vaccinated patients with metastatic gastrointestinal 
tumors.40

In a collaboration between BioNTech (Germany) 
and Immatics (Germany), TSA vaccines were personal-
ized based on mutations and analyses of the transcrip-
tomes and immunopeptidomes of individual tumors. 
In a phase 1 study, 15 HLA-A*02:01– or HLA-A*24:02-
restricted patients with glioblastoma multiforme (GBM) 
were treated with a vaccine (APVAC1) derived from a 
premanufactured library of non-mutated GBM-associated 
antigens followed by treatment with APVAC2, which 
contains preferentially targeted personalized neoepi-
topes. Each personalized vaccine contained up to 84 non-
synonymous mutations along with poly-ICLC and GM-CSF 
as adjuvants. Vaccine safety was favorable, and vaccination 
induced sustained responses of central memory CD8 T 
cells and type 1 T helper CD4 T-cell responses in 80% of 
treated patients. The median OS was 29 months with a 
progression-free survival (PFS) of 14.2 months, including 
one patient who had an OS>38.9 months.41

Patients with cancer treated with both cognate and non-
cognate TSA vaccines exhibited minimal tumor response. 
This may be explained by the inherent challenges of iden-
tifying tumor-relevant antigens and inducing a robust 
tumor neoantigen T-cell response in patients who have 
compromised endogenous immunity from being heavily 
pretreated with cytotoxic systemic therapy or due to 
advanced-stage disease. Administering cancer vaccines 
to patients with earlier-stage disease who have relatively 
more intact immune systems may yield better clinical 
outcomes.

Moderna and Merck announced promising results of 
a personalized mRNA cancer vaccine in combination 
with a checkpoint inhibitor in KEYNOTE-942, a random-
ized, prospective, open-label phase 2b study. mRNA-
4157/V970 is a novel mRNA-based personalized cancer 
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vaccine consisting of a synthetic mRNA encoding up to 
34 neoantigens that is designed and produced based on 
the unique mutational signature of the DNA sequence of 
the patient’s tumor. Following complete surgical resec-
tion of high-risk stage III/IV melanoma, patients received 
adjuvant mRNA-4157/V940 combined with pembroli-
zumab versus adjuvant pembrolizumab alone for 1 year 
until disease recurrence or unacceptable toxicity. The 
primary endpoint of recurrence-free survival was statisti-
cally significant with an HR of 0.56 (p=0.0266) favoring 
mRNA-4157/V940 combined with pembrolizumab.42 
This is the first prospective randomized study of a cancer 
neoantigen vaccine that has demonstrated statistically 
significant clinical efficacy.

Oncolytic virus vaccines
Talimogene laherparepvec (T-VEC), a first-in-class onco-
lytic virus therapy, was FDA approved in 2015 for the local 
treatment of unresectable cutaneous, subcutaneous, and 
nodal lesions in patients with melanoma recurrent after 
initial surgery. T-VEC is a herpes simplex virus genetically 
engineered to incorporate GM-CSF and delete ICP34.5 
and ICP47. It is designed to preferentially replicate 
in tumors, produce GM-CSF, and stimulate antitumor 
immune responses.43 Intratumoral injection of T-VEC is 
thought to trigger both local and systemic immunological 
responses leading to cell lysis, the release of TAAs, and 
subsequent activation of innate and adaptive immune 
systems to induce tumor antigen-specific effector T-cell 
antitumor immunity. T-VEC’s approval was based on 
the pivotal phase 3 OPTiM study, which showed signifi-
cant improvements in durable response rate (16.3% vs 
2.1%), overall response rate (ORR) (26.4% vs 5.7%), 
and CR rate (11% vs 1%) compared with GM-CSF-treated 
patients. Patients treated with T-VEC experienced an OS 
of 23.3 months compared with 18.9 months in GM-CSF-
treated patients. Clinical benefit in both responder rate 
and OS was observed in treatment-naïve, advanced-stage 
melanoma.44–46

In December 2022, the FDA approved nadofaragene 
firadenovec, the first oncolytic virus therapy, for treatment 
of high-risk, BCG-refractory non-muscle-invasive bladder 
cancer (NMIBC) carcinoma in situ with or without papil-
lary tumors. Nadofaragene firadenovec, a non-replicating 
adenovirus delivered intravesically, was evaluated in a 
multicenter clinical study where it achieved a CR rate of 
51% with a 9.7-month median duration of response in 
patients with high-risk BCG-refractory NMIBC.47 48

Other viruses have been studied as systemically or intra-
tumorally administered in situ vaccines. Coxsackievirus 
A21 (CAVATAK) oncolytic virus administered intratumor-
ally into melanoma lesions elicited abscopal responses 
in non-injected metastatic lesions, suggesting induction 
of systemic antitumor immunity. However, melanoma 
patients treated with CAVATAK as monotherapy had a 
confirmed ORR of only 28.1% and a 75.4% 12-month OS, 
which appear to be lower than rates in historical T-VEC 
studies.49 50

Reolysin is an intravenously administered reovirus 
serotype 3-Dearing strain, a double-stranded, 
replication-competent RNA non-enveloped icosahedral 
virus that induces antitumor activity by activating Ras 
through inhibition of dsRNA-activated protein kinase. 
Clinical benefit has been limited to date. Overall, 1 of 8 
patients had a PR in a single-center, monotherapy, dose-
escalation trial, while in another trial 3/19 patients 
had an objective response in intralesionally treated 
tumors.51 52 No responses were seen in a metastatic 
melanoma trial (n=21) and a pediatric solid tumor 
study (n=29), which may be explained by the fact that 
many patients had pre-existing neutralizing antireovirus 
antibodies.53 54 Reolysin in combination with check-
point inhibition or chemotherapy also failed to demon-
strate meaningful improvement in clinical outcomes 
in settings of melanoma, lung, pancreatic, breast, and 
ovarian cancers.55–61

JX-594 is a re-engineered vaccinia virus that disrupts 
thymidine kinase genes and inserts GM-CSF and beta-
galactosidase transgenes. It is designed to induce viral 
replication-dependent oncolysis and antitumor immu-
nity in hepatocellular carcinoma and melanoma.62–65 In 
a phase 2 study, 30 patients had either high-dose or low-
dose JX-594 infused into liver tumors. A statistically signif-
icant improvement in median survival of 14.1 months 
compared with 6.7 months was seen with the high and low 
dose, respectively. Evidence of induction of humoral and 
cellular antitumoral immunity was seen in ex vivo assays.66

PV701, a replication-competent strain of Newcastle 
disease virus, has been studied across multiple tumor 
types. In a phase 1 study, intravenous administration of 
PV701 achieved one CR and one PR out of 62 evaluable 
patients across multiple tumor types. Post-treatment 
tumor biopsies showed histological evidence of increased 
inflammation within the tumor microenvironment.67 
In another phase 1/2 study, an oncolytic HUJ strain of 
Newcastle disease virus was studied as an intravenous 
monotherapy in patients with recurrent glioblastoma. Of 
11 treated patients, only 1 had a CR.68

Overall, oncolytic virus monotherapy has yielded very 
limited clinical benefit. Combinations of oncolytic viruses 
with checkpoint inhibitors are proving to be more prom-
ising. Multiple studies combining T-VEC with checkpoint 
inhibitors have been performed to try to improve anti-
tumor efficacy. In an open-label phase 1b study of T-VEC 
combined with ipilimumab in the front-line treatment 
of unresectable stage IIIB–IV melanoma, 50% of treated 
patients had an objective response, with most patients 
experiencing a durable 18-month PFS and OS of 50% 
and 67%, respectively.69 Similarly, in an open-label phase 
2 study, T-VEC combined with ipilimumab in early treat-
ment of unresectable melanoma demonstrated a 39% 
objective response compared with 18% in the ipilimumab-
only arm. Notably, an abscopal effect was observed in 
non-injected visceral lesions in 52% of patients receiving 
T-VEC combined with ipilimumab compared with 23% in 
the ipilimumab-only arm.70



6 Chang R, et al. J Immunother Cancer 2023;11:e006628. doi:10.1136/jitc-2022-006628

Open access�

T-VEC has also been combined with pembrolizumab. 
In a phase 1b study, recurrent or metastatic squamous 
cell carcinoma of the head and neck treated with T-VEC 
and pembrolizumab had a 13.9% ORR. Yet there were 
significant adverse events, including fatal arterial hemor-
rhage related to T-VEC, and the ORR was not better than 
pembrolizumab monotherapy in historical studies.71 In 
another study involving 20 patients with locally advanced 
or metastatic sarcoma treated with T-VEC and pembroli-
zumab, the ORR was 35% with a tolerable safety profile.72 
Pembrolizumab combined with T-VEC in 21 melanoma 
patients resulted in an ORR of 62% and a CR rate of 
33%.73 However, in a phase 3 study (n=692) in patients 
with stage IIIB-IVM1c unresectable melanoma naïve to 
PD-1, T-VEC combined with pembrolizumab failed to 
significantly improve PFS or OS compared with placebo 
combined with pembrolizumab.74 T-VEC appears to have 
activity in the neoadjuvant setting for surgically resect-
able melanoma. Neoadjuvant T-VEC showed a 2-year 
recurrence-free survival rate of 29.5% vs 16.5% and a 
2-year OS rate of 88.9% vs 77.4% compared with surgery 
only. Interestingly, increased tumor infiltration by CD8 T 
cells was associated with improved clinical outcomes.73 75

CG0070 is a replication-competent oncolytic adenovirus 
genetically modified to express GM-CSF under control of 
the human E2F-1 promoter. The virus is being developed 
for bladder cancer due to loss of retinoblastoma tumor 
suppressor activity commonly seen in that disease, which 
leads to upregulation of the E2F-1 transcription factor. 
Promising results were reported in an early phase 1/2 
trial of intravesical CG0070 in patients with recurrent T1, 
Ta, and Tcis bladder cancer after BCG treatment. The CR 
rate was 23% and 64% in the single-dose and multidose 
cohorts, respectively. Durable responses of up to 38.2 
months were observed in some patients in the multidose 
cohort. In subsequent studies, CG0070 monotherapy in 
45 patients with BCG-refractory high-grade NMIBC led 
to a 58% 6-month CR rate in pure CIS patients and an 
overall 6-month CR rate of 47% with good tolerability. 
More recently, CG0070 in combination with pembroli-
zumab was studied in BCG-refractory NMIBC. Of 24 
treated patients, 22 achieved a 3-month CR that persisted 
up to 12 months; 6/8 evaluable patients remain in CR.76

Vusolimogene oderparepvec (RP1) is a novel engi-
neered HSV-1 oncolytic virus that expresses GM-CSF 
and GALV-GP R–. Intratumoral RP1 has been studied 
in combination with systemic nivolumab in patients 
with melanoma. ORR was 36.1% (13/36) in melanoma 
patients and, notably, 37.5% (6/16) in patients who 
had failed treatment with anti-PD1/anti-PDL-1+anti-
CTLA-4.77 Intratumoral RP1 plus nivolumab was studied 
in a larger phase 2 clinical trial (IGNYTE; NCT03767348) 
in patients with cutaneous melanoma who failed previous 
anti-PD-1 therapy. At a median follow-up of 9.96 months, 
the first 75 patients enrolled on the trial achieved an ORR 
of 36%, including a CR rate of 20%.78

To date, clinical studies have shown that oncolytic 
viruses are most effective when delivered in combination 

with a checkpoint inhibitor. However, intralesional or 
local administration is necessary due to the prevalence 
of circulating neutralizing antibodies.79 This drastically 
limits the types of tumors that may be treated by oncolytic 
viruses because most cancers are not easily accessible cuta-
neously or by minimally invasive procedures. Innovations 
in viral capsid engineering and viral drug delivery tech-
nologies may enable systemic delivery to a wider range of 
tumor types. While oncolytic viruses elicit immunological 
responses against a heterogeneous set of de novo tumor 
and non-tumor antigens released by replication-induced 
tumor-cell lysis, autologous-cell vaccines have the benefit 
of inducing a more focused immune response against 
defined antigens.

AUTOLOGOUS-CELL VACCINES
Autologous-cell vaccines that use either killed cancer cells 
or cancer antigen-primed antigen-presenting cells have 
been studied clinically. While sipuleucel-T is engineered 
to react to one specific antigen, DCs can be primed 
with different or multiple antigens to treat additional 
types of cancers. GVAX vaccines are GM-CSF-secreting 
cell vaccines prepared with different vectors and vector 
targets, including autologous tumor cells, allogeneic 
tumor-cell lines, and bystander third-party tumor-cell 
lines. They promote DC antigen presentation, activation, 
and survival. Studies testing GVAX in melanoma, glioma, 
prostate, and lung cancer have demonstrated limited effi-
cacy despite being able to stimulate an immune response; 
a phase 3 study of GVAX for prostate cancer failed to show 
benefit.80–85 Below we discuss autologous-cell vaccine 
results from early phase 1 studies.

Hirschowitz et al reported that a minority of patients 
with lung cancer receiving an autologous DC vaccine 
pulsed with Her2, CEA, WT1, MAGE2, and survivin-
expressing apoptotic bodies of an allogeneic lung cancer 
cell line induced antigen-specific immune responses.86 
Indeed, the heterogeneity of patient baseline immune 
profiles makes it challenging to control the quality of 
autologous DC vaccines and even harder to optimize 
their immunological impact in response to the infusion 
of such a bespoke vaccine product.

Autologous DCs may also be pulsed with tumor lysates 
to prime them for a broader array of TSAs and neoanti-
gens. This type of DC vaccine was studied in combination 
with IL-2 and IL-alpha2a for the treatment of metastatic 
RCC. Of 18 treated patients, 50% achieved a confirmed 
response, including 3 who experienced a CR, while 
median survival was not reached after a follow-up of more 
than 37 months. When investigators analyzed responding 
patients’ immunological profiles, NK cells and Th2 T cells 
were significantly increased, and T-regulatory cells were 
markedly reduced compared with non-responders.87 In a 
further effort to induce activation of innate immune cells, 
eight patients with high-risk surgically resected stages II–
IV melanoma were treated with autologous DCs loaded 
with the NKT-cell agonist α-GalCer and peptides derived 
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from NY-ESO-1. Vaccination induced NKT-cell activation 
and peptide-specific T-cell response. However, the study 
did not report on any clinical outcomes.88 In a similar 
approach, autologous tumor lysate-pulsed DC vaccines 
in combination with cytokine-induced NK cells admin-
istered after surgery with or without chemoradiotherapy 
in gastric and colorectal cancer reduced the risk of post-
operative disease progression and improved OS. Vacci-
nated patients also had measurably higher levels of IFN-γ 
and IL-12 proinflammatory cytokines.89 Another group 
administered Wilms’ tumor antigen 1 (WT1)-expressing 
artificial adjuvant vector cells into nine patients with 
relapsed/refractory acute myelogenous leukemia. Immu-
nological activation of iNKT and/or NK cells was observed 
in all treated patients. Five of the patients who generated 
WT1-specific T-cell responses also experienced leukemic 
regression.90

A DC vaccine targeting cancer stem cells (CSCs) for the 
treatment of glioblastoma was studied in seven patients 
in combination with postoperative chemoradiotherapy. 
This individualized vaccine was produced by dissoci-
ating brain tumor biopsies into single-cell suspensions, 
followed by in vitro expansion of autologous CSCs into 
tumor spheres and, finally, amplification and transfection 
of CSC-mRNA into monocyte-derived autologous DCs. A 
vaccine-induced immune response was identified in all 
seven treated patients. Compared with matched historical 
controls, PFS was statistically longer in vaccinated patients 
(median 694 vs 236 days; p=0.0018).91

Other autologous-cell vaccines have been studied in 
larger randomized phase 2 trials with some promising 
results in multiple tumor types. DC vaccines loaded with 
tumor lysates were studied for their ability to delay disease 
relapse in patients with colon cancer liver metastasis. 
All 19 randomized patients were treated surgically with 
neoadjuvant and/or adjuvant chemotherapy. Patients 
treated with DC vaccines had longer disease-free survival 
compared with patients in the observation-only arm. 
Like other reported studies of tumor lysate-pulsed DC 
vaccines, serum IL-12 levels in patients were higher after 
vaccination.92 A phase 2 study compared autologous DC 
vaccines to autologous tumor-cell vaccines in metastatic 
melanoma. Patients treated with a DC vaccine (n=42) 
demonstrated a longer median OS than patients receiving 
a tumor-cell vaccine (43.4 vs 20.5 months, respectively), 
with a statistically significant HR of 0.304.93

In a study by Levy et al, patients with mantle cell 
lymphoma in remission postimmunochemotherapy were 
vaccinated with irradiated CpG-activated tumor cells. 
Vaccine-primed lymphocytes were collected and rein-
fused after standard autologous stem cell transplanta-
tion. Vaccinated patients who generated a memory CD8 
T-cell response experienced a significantly longer PFS 
after autologous stem cell transplantation. Higher PD-L1 
expression in tumor cells following CpG induction was 
associated with poor outcomes but not with failure to 
elicit vaccine-induced memory CD8 T-cell response.94

Another report studied gemogenovatucel-T (Vigil), 
a vaccine manufactured from harvested tumor tissue 
and transfected with hGM-CSF and a bifunctional short-
hairpin RNA construct targeting furin and TGF-β1 and 
TGF-β2. The vaccine was administered as maintenance 
therapy in patients with stage III/IV ovarian cancer who 
achieved a clinical CR after surgery and chemotherapy. 
Patients vaccinated with Vigil had a recurrence-free 
survival of 11.5 months compared with 8.4 months for 
patients treated with placebo. Patients with BRCA wild-
type tumors had better outcomes, which may be explained 
by a more concentrated clonal neoantigen exposure 
compared with BRCA-mutated tumors. Vaccine-induced 
GM-CSF increases and TGF-β1 knockdown levels did 
not correlate with improved outcomes as expected and 
may require further investigation.95 Follow-on studies are 
now investigating Vigil in combination with checkpoint 
inhibitors.96

In a larger double-blind, placebo-controlled phase 2 
trial, patients newly diagnosed with glioblastoma were 
randomized 2:1 to receive adjuvant ICT-107, a DC vaccine 
pulsed with six synthetic peptide epitopes targeting the 
GBM tumor/stem cell-associated antigens MAGE-1, 
HER-2, AIM-2, TRP-2, gp100, and IL13Rα2, or a matching 
unpulsed DC control after radiotherapy with concurrent 
temozolomide. Patients receiving the adjuvant DC vaccine 
demonstrated a trend toward improved median OS in 
the intent-to-treat population while posting a 2.2-month 
statistically significant improvement in PFS. In particular, 
PFS for HLA-A2+ patients with MGMT promoter methyla-
tion was significantly increased in the ICT-107 group (24.1 
months) compared with the control group (8.5 months). 
IFN-γ ELISpot was used to detect immune responders. 
HLA-A2+ patients vaccinated with ICT-107 had a much 
higher rate of immune response compared with control 
(86% vs 33%, respectively). Importantly, immune 
responders experienced improved OS compared with 
non-responders. Investigators suggested that unpulsed 
DCs may not have been an appropriate negative control 
since they may have processed free tumor antigen in 
tumor-draining lymph nodes to prime T cells.97 Overall, 
autologous-cell vaccines have demonstrated promising 
clinical outcomes and predictive biomarkers in phase 2 
studies and warrant further investigation.

Innate immune agonists
Immunophenotyping assays from therapeutic cancer 
vaccines have shed light on the importance of the innate 
immune system in orchestrating potent adaptive immu-
nity. Innate immune cells such as DCs are involved in the 
presentation of TAAs or TSAs and may be further acti-
vated through sensing of pathogen-associated or damage-
associated molecular patterns followed by the release of 
proinflammatory cytokines, while engaging with adaptive 
immunity by priming and activating antigen-specific T 
cells within the tumor microenvironment. Furthermore, 
innate immune cells such as NK cells and macrophages 
also play a pivotal role in antigen-independent phagocytic 
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tumor lysis and processing of antigens.98 Thus, thera-
peutic strategies aimed at invigorating innate immunity 
using STimulator of INterferon Genes (STING), toll-
like-receptors (TLRs), and retinoic acid-inducible gene-I 
(RIG-I)-like receptors are being investigated for their 
potential to augment cancer vaccines and other immuno-
therapeutic modalities.

MK-1454 and ADU-S100 are intratumorally delivered 
STING agonists that have been studied as monotherapy 
or in combination with checkpoint inhibitors. In a phase 
1 study, MK-1454 combined with pembrolizumab induced 
PRs in multiple tumor types, with observed elevations in 
serum cytokines IL-6 and IP-10 and STING-induced gene 
expressions.99 ADU-S100 also induced confirmed tumor 
responses when combined with checkpoint inhibitors but 
not as monotherapy in early-stage trials.100–102 Numerous 
other STING-agonistic agents are currently under clinical 
investigation.103

PF-3512676, a synthetic cytosine-phosphate-guanine 
oligodeoxynucleotide TLR9 agonist, has been well 
studied. In two open-label phase 1 studies, objective 
responses including CR were observed in basal-cell carci-
noma and melanoma with PF-3512676 as monotherapy 
and in lung cancer when PF-3512676 was combined 
with carboplatin and paclitaxel.104 105 A subsequent 
phase 2 study of PF-3512676 in combination with first-
line chemotherapy for advanced NSCLC showed signifi-
cantly improved objective responses and a trend toward 
improved OS compared with chemotherapy only.106 
Despite the promising results, a confirmatory phase 3 
study was terminated prematurely due to futility as the 
combination therapy failed to show improvement in 
median PFS or OS.107 SD-101, another TLR9 agonist, 
showed promising antitumor efficacy when combined 
with pembrolizumab. Patients with advanced melanoma 
and head and neck cancer had confirmed response rates 
of 78% and 30.4%, respectively. As expected, lower activity 
was observed in patients who had received prior anti-PD-1 
therapy. RNA profiling of tumor biopsies demonstrated 
increased immune activation within the tumor microen-
vironment.108–110 One patient with gastric cancer treated 
with the RIG-I agonist MK-4621 plus bevacizumab had a 
durable CR of >560 days.111

The promising activity of innate immune agonists in 
early-stage phase 1 studies has generally failed to trans-
late into later-stage trials. Many of these agents are 
restricted to intratumoral injections, which may make it 
more difficult to achieve consistent activity in later-stage 
trials involving multiple tumor sites. Optimal therapeutic 
sequencing, combination, formulation, and tumor indi-
cation all warrant further investigation.

Cytotoxic therapy as priming therapy
Conventional cytotoxic therapy, including chemotherapy 
and radiotherapy, has an important role in cytoreduction 
and release of tumor antigens, which may be an effective 
priming therapy for cancer vaccines. Patients who were 
pretreated with a PSA-expressing recombinant vaccinia 

virus vaccine had higher PSA-specific T-cell responses 
and longer PFS when subsequently treated with docetaxel 
than patients in a historical control who received 
docetaxel alone.112 In another study, a vaccine composed 
of a plasmid DNA of CYP1B1 encapsulated in biode-
gradable poly-DL-lactide-coglycolide microparticles was 
administered to patients with advanced cancer, which led 
to meaningful durable clinical responses to subsequent 
salvage chemotherapy.113 Radiation therapy has been 
shown to induce type 1 interferon in the treated tumor 
and promote activation of antitumor T-cell immunity and 
abscopal tumor responses by augmenting exposure to 
immunogenic mutations.114–116 In chemorefractory meta-
static NSCLC, radiation therapy and CTLA-4 blockade 
induced systemic antitumor T cells and led to an 18% 
ORR and a 31% disease control rate.117 Intriguingly, func-
tional analysis in one of the responders demonstrated in 
vivo expansion of KPNA2-reactive CD8 T cells that recog-
nize a neoantigen derived from a gene that is upregulated 
by radiation therapy.118

DISCUSSION
The field of therapeutic cancer vaccines has seen 
vibrant innovation in the last decade, as evidenced by 
the diverse therapeutic vaccines undergoing clinical 
studies (table  1). However, after earlier FDA approvals 
in autologous-cell vaccines and oncolytic viruses, we have 
yet to see any follow-on agents in this class demonstrate 
compelling clinical benefit in late-stage trials. That said, 
the wealth of clinical lessons derived from these studies, 
along with new insights into immunophenotyping, have 
laid fertile groundwork for investigators to produce the 
next breakthrough. Designing a cancer vaccine involves 
careful planning and starts with selection of an antigen, 
followed by choosing a method of antigen encoding, and 
finally deciding on how the antigen can best be deliv-
ered. mRNA encoding of antigen would necessitate use 
of specific delivery modalities, such as nanoparticles, for 
example. An effective vaccine should promote immu-
nological properties which include relevant antigen 
selection, effective priming, antigenic spreading, T-cell 
activation, and durable immunity (figure 2). We have seen 
that checkpoint blockade combinations with personal-
ized cancer vaccines have not yielded compelling clinical 
responses to date, which may support the hypothesis of 
inadequate or defective antigenic priming as one reason 
for failure.119–121 A diverse T-cell repertoire appears to 
be an important common factor among various cancer 
vaccines. Immunophenotyping data have revealed clono-
typic diversification of intraprostatic T cells following 
treatment with sipuleucel-T, suggesting that T cells are 
being recruited into the tumor microenvironment.13 Simi-
larly, in melanoma patients treated postresection with an 
autologous IL-12p70-producing DC vaccine, vaccination 
promoted a diverse neoantigen-specific T-cell receptor 
repertoire in terms of both T-cell receptor-β usage and 
clonal composition.122 Novel combination approaches 
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Figure 2  Stepwise design of cancer vaccines. Step 1: Selection of antigens which may be cognate tumor-associated antigens 
or tumor-specific antigens such as oncoviral-associated antigens, non-cognate tumor-specific antigens, or personalized 
neoantigens. Step 2: Encoding tumor antigens using either DNA, RNA, or peptides. Step 3: Packaging tumor antigens into 
delivery systems such as nanoparticles, autologous immune cells, oncolytic viruses, viral vectors, or tumor-cell lysates. 
Downstream immunological efficacy is measured by accurate antigen selection, effective immune priming, antigenic spreading, 
antigen-specific T-cell activation, and durable immunity.

Figure 3  Cancer vaccine combination strategies for early-stage cancer. Conventional modalities (chemotherapy, surgery, 
radiotherapy (RT), tyrosine kinase inhibitors (TKI), cell therapy) of treatment according to tumor volume are illustrated by the red 
graph (top half). Introducing tumor vaccines combined with other modalities in the adjuvant, neoadjuvant, and prevention stages 
of cancer is illustrated in the green graph (bottom half). IO, immune modulators; MRD, minimal residual disease; ACT, adoptive 
cell therapy; dMMR, deficiency in mismatch repair; MSI, microsatellite instability.
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such as a CLND6-encoding mRNA vaccine combined with 
CLD6 CAR-T cells has shown clinical responses in 45% of 
11 treated patients with treatment-refractory ovarian and 
testicular cancers.123 These findings, along with the excel-
lent safety profile of cancer vaccines, pave the way for 
studies of more complex combinations of chemotherapy, 
radiotherapy, immunotherapy, cell therapy, or surgery 
to augment antitumor immunity. Finally, we need to 
consider whether certain cancer vaccines could demon-
strate greater clinical benefit if used as upfront interven-
tions in the neoadjuvant/adjuvant setting (figure 3).
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