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Immunotherapy including immune checkpoint inhibitors and CAR-T cell therapy has transformed the treatment of certain
cancers in the past decade. Therapeutic cancer vaccines are emerging as the next significant advance in cancer immunotherapy,
as they offer a precise and personalized approach by training one’s own immune system to attack cancer cells by recognizing
tumor-specific neoantigens. Improved understanding of tumor biology coupled with recent advancements in multi-omics,
artificial intelligence/machine learning, and vaccine delivery technologies, are helping overcome many of the past barriers to
the development of effective cancer vaccines. This paper reviews the state-of-art on therapeutic cancer vaccines, including the
underlying science, challenges to their development, and the recent technological advances that help overcome these challenges.
Finally, it describes a recent successful clinical trial to illustrate the promise of this exciting new treatment modality for cancer
patients.
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Introduction

Cancer treatment has made huge strides in the last decade or
so, esp. with the advent of immunotherapy, which harnesses
the body’s own immune system to fight cancer. Numerous im-
munotherapeutic agents spanning from monoclonal antibodies
including immune checkpoint inhibitors (ICI), to adoptive cell
transfer (ACT) therapies including chimeric antigen receptor
modified T (CAR-T) cell therapy, are currently approved by the
US-FDA, and have proved transformative for the management
of certain cancers1.

Despite these advances, an unmet treatment need remains.
Not all patients, and not all cancers, respond to ICIs. Some
cancers like pancreatic and prostate cancer often exhibit primary
resistance to ICIs, while others like melanoma and non-small
cell lung cancer (NSCLC) may develop acquired resistance
following an initial response2. The success of CAR-T cell ther-
apies remains confined mainly to hematological malignancies1.
Hence there is a need for new treatment modalities with dif-
ferent mechanisms of actions, that may overcome some of the
limitations of the currently approved therapies and add to the
list of tractable cancers.

Cancer vaccines are also a type of immunotherapeutic agents
that can potentially be used to treat cancers. While they are
still largely in the research and development space, they are
generating a lot of scientific interest owing to their potential to
transform cancer treatment in the coming years. The objective of
this scientific review is to understand the state of art, as well as

the challenges and opportunities that lie ahead of us, as we strive
to realize the promise of this new modality of cancer treatment.

Methodology

We conducted our literature search in 4 steps as described below.
We used two databases – NCBI PubMed and clinicaltrials.gov,
and confined our search to English language publications.

Cancer vaccine landscape

We began with a search for existing literature reviews on this
topic, to help us define the scope of our review, using the fol-
lowing search strategy:

Database: NCBI PubMed

Key words: Therapeutic AND cancer AND vaccines

Filters: Article type – Review; Publication date – 2023/01/01 to
2024/12/31; Article language – English; Species – Human

This search retrieved 983 abstracts. We excluded reviews
restricted to a particular cancer type or vaccine technology,
to identify 5 most recent broad-based reviews that critically
analyzed the totality of the information, including the concepts,
reasons for the failure of first-generation vaccines, and the recent
technological advances enabling the current generation.
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Completed cancer vaccine trials

Then, we searched for randomized controlled trials that have
assessed and reported on the efficacy of therapeutic cancer vac-
cines, using the following search strategy:

Database: NCBI PubMed

Key words: Therapeutic AND cancer AND vaccines

Filter: Article type – Clinical trial, Phase III

This search retrieved 164 abstracts. We reviewed each of
these abstracts, and excluded the ones that did not meet the
following inclusion/exclusion criteria for our review:

Inclusion Criteria: Randomized controlled trial assessing
Disease-free survival (DFS)/Relapse- or Recurrence-free
survival (RFS)/Progression-free survival (PFS)/Overall sur-
vival (OS) as the primary endpoint.

Exclusion Criteria: Study intervention does not target tumor-
associated antigen/s, e.g., studies assessing use of antimi-
crobial vaccines (HPV, COVID-19, Influenza, BCG, etc.)
in cancer patients.

Application of the above inclusion/exclusion criteria yielded
24 high-quality trials that reported a definitive assessment of the
clinical benefit and risk of a cancer vaccine versus a comparator.

Ongoing cancer vaccine trials

Next, we searched for currently ongoing clinical trials on cancer
vaccines using the following search strategy:

Database: clinicaltrials.gov

Condition/disease: Cancer OR Carcinoma OR malignant

Other terms: Vaccine

Study type: Interventional

Study status: Looking for participants (Recruiting/Not yet re-
cruiting)

This search retrieved 342 ongoing studies. We then narrowed
down our search by applying the following inclusion/exclusion
criteria, which yielded 17 ongoing Phase II/III RCTs assessing
long-term outcomes.

Inclusion Criteria: Study Phase – Phase II/Phase III;
Allocation – Randomized; Outcome Measures –
DFS/RFS/PFS/OS

Exclusion Criteria: 1. Study intervention does not target
tumor-associated antigen/s, e.g., studies assessing use of
antimicrobial vaccines (HPV, COVID-19, Influenza, BCG,
etc.) in cancer patients. 2. Trial does not have a standard-
of-care comparator arm.

Ongoing trials on mRNA-4157/V940/Intismeran autogene
vaccine

Finally, we searched for currently ongoing Phase II/III clini-
cal trials on mRNA-4157/V940/Intismeran autogene using the
following search strategy:

Database: clinicaltrials.gov

Intervention/treatment: mRNA-4157 OR V940 OR In-
tismeran autogene

Study type: Interventional

Study phase: Phase II and Phase III

This search yielded 8 ongoing Phase III studies on this promis-
ing cancer vaccine.

We intentionally restricted our searches for completed and on-
going trials to randomized controlled trials assessing a long-term
outcome measure, because these provide a definitive assessment
of whether the vaccine in question provides a clinically mean-
ingful benefit compared to placebo or standard of care. The
field of cancer vaccines is unfortunately littered with numerous
examples of vaccines that showed some benefit in small trials
assessing immunological or clinical response, but failed subse-
quently in the larger trials assessing long-term outcomes. We
did not want to base our conclusions on findings from such trials,
that may not be confirmed subsequently.

What are cancer vaccines?

Cancer vaccines are similar to the more commonly used vaccines
against infectious diseases, in that they prime the body’s own
immune system to mount an attack on cells bearing antigens
of interest. In case of anti-infective vaccines, the antigen of
interest is a viral or bacterial protein, while in case of cancer
vaccines, it is a protein present on cancer cells, also referred to
as tumor-specific antigen.

Cancer cells bear unique antigens that are not present on
the body’s normal cells. These unique antigens, also referred
to as ‘neoantigens’, arise as a result of genetic mutations that
transform normal body cells into cancerous cells. In addition
to conferring hallmark functional capabilities that are character-
istic of cancer cells, these mutations may also code for altered
or new proteins that are not recognized by the immune system
as ‘self’. Thus, cancer cells produce ‘neoantigens’ that are anti-
genically novel for the host, and can therefore be targeted by
cancer vaccines to target those cells3. Some cancer vaccines
may target tumor associated antigens (TAA), which are autoanti-
gens expressed in normal tissues, but overexpressed in various
cancers4.

When a cancer vaccine containing the selected tumor-specific
antigen is administered to a patient, the antigen is taken up by the
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circulating antigen presenting cells (APCs; typically, dendritic
cells) to be processed and bound to major histocompatibility
complex (MHC) molecules. The dendritic cells circulate to the
lymph nodes to present the MHC-bound antigen to T lympho-
cytes, leading to the activation of T helper and T cytotoxic cells.
The activated T cells then circulate back through the blood to
the tumor, where they attack and destroy the tumor cells4.

Off-the-shelf vs personalized vaccines

Off-the-shelf vaccines

As the term suggests, these vaccines are manufactured and kept
ready for use whenever patients require them. They use ‘shared
antigens’ that arise from mutations in genes like tumor protein
53 (TP53) and Kirsten rat sarcoma (KRAS), which are common
across different cancer types. Since these mutations are common,
shared antigens are likely to be expressed in tumors across many
patients. Vaccines directed against these mutations can be used
in any patient who has the mutation in question1.

Personalized vaccines

These vaccines use unique neoantigens that are produced by
unique genetic mutations in an individual patient tumor. Each
vaccine is bespoke, produced for a given patient following ge-
netic sequencing of his/her tumor1 (Fig. 1).

Fig. 1 Formulation and use of personalized neoantigen vaccines

Vaccine delivery platforms

mRNA vaccines
mRNA encoding tumor-specific antigens is delivered to cell

cytoplasm using various methods including viral vectors and
nanocarriers. The mRNA instructs the ribosomes to produce
the neoantigens, which are presented to the immune system to
trigger an immune response. These vaccines have numerous
advantages including1:

1. Ease, rapidity and low cost of mRNA production

2. Single stand of mRNA can target multiple neoantigens

3. Efficient delivery to cell cytoplasm by encapsulating in lipid
nanoparticles

4. Lower risk of insertional mutagenesis and undesired immune
responses

5. Rapid degradation limits sustained exposure

6. Robust and enduring immune response

A number of different routes of administration have been
explored for mRNA vaccines, but intramuscular and intravenous
routes remain the most widely used5.

This is a relatively new technology that came of age during
the Covid pandemic. Our literature search did not yield any com-
pleted Phase III studies with mRNA cancer vaccines. However,
two mRNA vaccines have recently demonstrated promising re-
sults in early phase trials. In a Phase I trial, adjuvant therapy
of pancreatic ductal adenocarcinoma (PDAC) with autogene
cevumeran (personalized mRNA vaccine) in combination ate-
zolizumab (checkpoint inhibitor) led to impressive recurrence-
free survival rates in responding patients6. mRNA-4157 is the
other mRNA vaccine that has produced impressive results in the
Phase II KEYNOTE-942 trial. We have reviewed this trial in
detail in the following sections.

While the experience with these vaccines for cancer treatment
is still limited, the early phase trials have not generated any
platform-specific safety signals. There is also extensive expe-
rience from the use of mRNA vaccines for mass vaccination
against COVID-19. In June 2025, the US-FDA added a safety
warning to the COVID-19 mRNA vaccine labels for an esti-
mated unadjusted incidence of myocarditis and/or pericarditis
of approximately 8 cases per million doses in general popula-
tion, and a higher incidence of 27 cases per million doses in
young males7. The rapid and cost-effective manufacturing pro-
cess with a potential for short turn-around time from biopsy to
vaccine delivery (needle-to-needle time) lends mRNA vaccines
well to the personalized vaccine paradigm. At least three mRNA
vaccines, mRNA-4157, BNT-111 and autogene cevumeran, are
currently in Phase II/III trials.

Dendritic cell vaccines
Patient’s dendritic cells are harvested, loaded with neoanti-

gens, and transfused back into the patient’s body. Neoantigen
could be loaded into the cells in the form of peptides, DNA or
mRNA, using a variety of methods like pulsing with peptides
or cell lysates, fusing with whole tumor cells, or transfection
with viral vectors. These vaccines are mainly administered as in-
travenous infusions or subcutaneous injections. Since dendritic
cells are specialized antigen presenting cells with ability to initi-
ate and modulate immune response, these vaccines tend to have
high and durable immunogenicity, and specificity1. Cytokines
like interleukin-2 (IL-2), interferon-alpha (IFN-α), etc. may be
added to the vaccine to further enhance the immune response8.

A number of dendritic cell vaccines have been studied in
clinical trials, and while there is some indication of clinical
activity, there haven’t been any particular safety concerns to date.
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Sipuleucel-T, which is approved in the US for prostate cancer,
is a dendritic cell vaccine. Patient’s dendritic cells are activated
ex vivo by recombinant fusion protein consisting of a prostate
antigen (prostatic acid phosphatase) fused to an immune-cell
activator (GM-CSF), and then infused back into the patient9.
However, optimizing the vaccine regimen for individual patients
is a challenge, as is the complexity and cost of manufacture1.
Indeed, even though Sipuleucel-T is approved, it is not available
in the US, owing to high price, modest clinical benefit, complex
manufacturing and administration, and lack of reimbursement.
Nevertheless, we found at least 4 ongoing randomized controlled
trials of dendritic vaccine, indicating continued interest in this
platform.

Peptide vaccines
Amino acid (AA) chains corresponding to peptide sequences

of tumor-specific neoantigens are presented to the immune sys-
tem to elicit a response8. These include 8-12 AA-long MHC
I-binding short peptides, which have the advantage of a simple
manufacturing process and highly targeted immune response.
Challenges specific to peptide vaccines include limited immuno-
genicity, a short half-life, and potential development of immune
tolerance1. They are generally administered subcutaneously or
intradermally, often with adjuvants such as granulocyte mono-
cyte colony stimulating factor (GM-CSF) to enhance the im-
mune response10.

Synthetic long peptide (SLP) vaccines are typically 25-35
AA-long, encompassing multiple epitopes or larger portions
of the target protein. SLP vaccines have an advantage over
the short peptide ones in terms of broader and more diverse
immune responses, enhanced peptide stability, and efficient
antigen delivery. However, they still have challenges in terms of
complex preparation, rapid degradation, and potential for HLA
restriction4.

Peptide vaccines are generally considered to be safe. Our
literature search retrieved one RCT in which a peptide vaccine
showed a modest benefit, but otherwise the clinical outcomes
haven’t shown much promise yet11. Nevertheless, peptide vac-
cines were the ones that came up most frequently in our searches
for completed and ongoing randomized controlled studies, in-
dicting that this is a popular platform for cancer vaccine devel-
opment.

DNA vaccines
Synthetic DNA fragments encoding tumor-specific antigens

are introduced into cellular DNA using plasmid- or viral vector-
based delivery systems. The cell then starts producing the tumor-
specific antigens, which are presented to the immune system to
trigger an immune response. These vaccines are primarily ad-
ministered as intramuscular injections. They can simultaneously
deliver multiple neoepitopes coding for multiple neoantigens,
but the need to deliver DNA into the cell nucleus is a challenge.
Physical methods such as electroporation, gene gun, and sono-

poration have been used, but these will be difficult to implement
in clinical practice4.

While these vaccines have shown promise in preclinical stud-
ies, clinical efficacy has thus far been generally limited due to
weak and short-lived immune response. Concerns regarding the
potential for immune reactions to viral vector and integration
of the DNA into host genome will have to be addressed be-
fore these vaccines become mainstream1. Indeed, our literature
search did not retrieve a single completed Phase III RCT with
a DNA vaccine, and just one RCT is currently ongoing with a
DNA vaccine.

Anti-idiotypic vaccines
These vaccines use anti-idiotypic antibodies, which mimic the

structure of tumor antigens and elicit antigen-specific immune
responses. They can be used to elicit immune responses against
carbohydrate and lipid antigens, which are less immunogenic
than protein antigens12.

Racotumumab, which is approved in Cuba and Argentina for
advanced or recurrent NSCLC, is an anti-idiotypic antibody
against Neu-glycolyl-containing gangliosides, sulfatides, and
other antigens expressed in tumors12.

Whole tumor cell and cell lysate vaccines
Some of the earlier vaccines used killed tumor cells or tumor
cell lysates to stimulate anti-cancer immune responses. They
have the advantage of inducing immune response to multiple
tumor antigens, without the need to prospectively identify the
antigens12.

Tumor cells that are genetically engineered to secret im-
munomodulatory cytokines, such as GM-CSF, in order to pro-
mote DC activation and enhance antigen presentation and im-
mune activation, are also being studied12.

Route of administration

The route of administration for a cancer vaccine may depend
upon the delivery platform used, as well as several other factors.
Each route has its own advantages and disadvantages.

Intravenous
Intravenous route allows for easy administration of large
volumes. Nucleic acids undergo rapid degradation in the
blood, but packaging in lipid nanoparticles allows for DNA and
mRNA vaccines also to be administered intravenously. There
is a risk of toxicity from systemic distribution. For instance,
predominant homing of mRNA vaccines to the liver leading
to liver toxicity has been observed following IV administration5.

Intramuscular
Intramuscular route is convenient to administer, and is
associated with minimal side effects at injection site. Since
the skeletal muscle contains few immune cells, intramuscular
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injections require adjuvants to induce an inflammatory response
at the injection site, to draw in the antigen presenting cells4.
Another challenge is the specific requirement for particle size
and charge5.

Subcutaneous
Subcutaneous route is also convenient, and relatively large
volumes can be injected. However, this route is limited by
relatively few antigen presenting cells in the subcutaneous
tissue, and low absorption rates5.

Intra-dermal
Intra-dermal injections facilitate efficient antigen uptake
and presentation by the skin’s resident dendritic cells, the
Langerhans cells in the epidermis, and mesenchymal dendritic
cells in the dermis4. However, the amount of vaccine that can
be injected in the skin is limited5.

Intra-nodal and intra-tumoral
These routes have also been explored, and have an advantage
in terms of targeted delivery to the site of action, but are more
complicated to administer5.

Development of cancer vaccines: Challenges, op-
portunities, and trends

Historical context

The earliest form of vaccination to treat cancer can be traced
back to Coley’s toxins, which were unfiltered bacterial mixtures
used by Dr. William Coley in the late 19th century to treat inop-
erable tumors. Coley started using these mixtures in his patients
following an observation that cancer patients who experienced
severe post-operative infections sometimes experienced long-
lasting remissions. It is now known that the bacterial infections
activated the patients’ immune systems, which in turn destroyed
the tumors8. Thus, Coley’s toxins were in a way, doing exactly
what vaccines do – stimulate the immune system to eradicate
cancer cells and protect from recurrence.

In 1988, Mitchell, et al successfully induced anti-melanoma
immune response with allogeneic melanoma lysate. The first
cancer vaccine to be approved by the US-FDA was Sipuleucel-T.
It was approved in April 2010 for treatment of advanced prostate
cancer13. In a double-blind, randomized, placebo-controlled
trial, Sipuleucel-T significantly reduced the odds of death (over-
all survival) by 22%, representing an increase of 4.1 months
in median survival9. Thus, while statistically significant, the
clinical benefit was modest. Several other cancer vaccines de-
veloped during the same period managed to elicit an immune
response in early phase trials, but that failed to translate into
a clinical benefit on disease-free or overall survival in subse-
quent randomized controlled trials14–32. For the few that did

demonstrate a statistically significant benefit, the clinical ben-
efit remained modest11,33–37. Most of these were off-the-shelf
vaccines delivering protein/s known to be associated with the
tumor.

Notably, the early vaccines failed primarily due to lack of
efficacy, and none of these trials have generated any safety
signals11,14–37. In most trials, across the different vaccine plat-
forms, the safety profile of the vaccine in terms of type, fre-
quency and severity of the AEs was comparable to that of the
placebo or standard of care comparator. Commonly reported
adverse events in the vaccine arm included mainly local injec-
tion site reactions and manageable constitutional symptoms like
headache, pain, fatigue and weakness. It is important to ac-
knowledge that most patients studied were followed up for short
durations owing to lack of efficacy, and long-term effects of
these vaccines have therefore not been studied. Hence the risks
associated with chronic immune stimulation, including cross-
reactivity with self-antigens having structurally similar epitopes
leading to autoimmune conditions, or chronic low-grade in-
flammation leading to tissue injury, fibrosis, and theoretically
even secondary malignancies, or T cell exhaustion and tolerance
leading to loss of efficacy, are yet to be discharged38–40.

Challenges

Several challenges have hampered the development of an ef-
fective cancer vaccine in the past (Table 2). Some of these
stem from the hallmark characteristics of cancer cells, and are
common to all cancer therapeutics. For e.g., the genomic in-
stability of cancer cells results in the evolution of numerous
distinct clones of cells within the tumor. Several researchers
have demonstrated genetic and epigenetic heterogeneity within
tumors by performing multi-region genomic and epigenomic
profiling using techniques like next generation sequencing, sin-
gle cell transcriptomics, and DNA methylation analysis41–46.
Thus, most tumors are heterogenous at genetic, epigenetic, phe-
notypic and functional levels. It follows that a single therapeutic
may not be able to hit all the clones and subclones, allowing the
resistant ones to persist and continue to grow, undermining the
treatment efficacy47. Secondly, tumors can evolve mechanisms
to evade detection and destruction by the immune system. Mech-
anisms of immune evasion include loss of immunogenic anti-
gens, disruption of antigen presentation, expression of inhibitory
surface molecules, secretion of inhibitory cytokines, inhibition
of immune cells, recruitment of inhibitory cells, etc.48–52. The
inhibitory surface molecules that prevent T cell activation are
also referred to as immune checkpoints, and include Cytotoxic T
Lymphocyte Antigen 4 (CTLA-4), Programmed death 1 (PD-1)
and Lymphocyte Activation Gene 3 (LAG-3). These mecha-
nisms create a tumor micro-environment (TME) that suppresses
the anti-tumor immune cells, thereby protecting the tumor from
the immune system47. Some tumors are particularly notorious
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Table 1 Completed randomized controlled trials with immune-therapeutic cancer vaccines
Publication Cancer type Target antigen Vaccine type Study Design Primary End-

point
# Efficacy Outcomes

Kantoff PV. N Engl J
Med 2010; 363: 411.

Prostate – Metastatic
castration-resistant

PA2024 fusion
antigen

Personalized DC Double-blind
RCT Sipuleucel T
vs Placebo

Overall Survival
OS

512 Sipuleucel-T improved OS (25.8 vs
21.7 months; HR 0.78 (0.61-0.98);
p=0.03)

Jocham D. Lancet
2004; 363: 594.

RCC – Resected Tumor cell Personalized
tumor cell

RCT Adjuvant
treatment with
vaccine vs No ad-
juvant treatment

Progression rate 379 Reduced progression (0.26 vs 0.39;
HR 1.58 (1.05-2.37); p=0.02 )

Wood C. Lancet 2008;
372: 145.

RCC – Localized HSP gp96 Personalized pep-
tide

Observer-blind
RCT Vitespen vs
Observation

Recurrence-
free survival
(RFS)

818 No difference in RFS (P=0.126)

Freeman AJ. J Clin
Oncol 2009; 27: 3036.

Follicular Lym-
phoma – Post-
rituximab

Tumor idiotype Personalized Anti-
idiotype

Mitumprotimut-T
+ GM-CSF vs
Placebo + GM-
CSF

Time to progres-
sion (TTP)

364 Worse TTP (9 vs 12.6 months; HR
1.38 (1.05-1.82); p-0.55)

Schulze T. Cancer
Immunol Immunother
2009; 58: 61.

Colorectal – Liver
metastases

Irradiated tumor
cell

Personalized
tumor cell

Placebo-
controlled RCT
ATV-NDV vs.
Placebo

OS 51 No difference in OS (P=0.597)

Amato RJ. Clin Can-
cer Res 2010; 16;
5539.

RCC-Metastatic
clear-cell

5T4 antigen Off-the-shelf pep-
tide

Double-blind
RCT (MVA-5T4
vs Placebo)

OS 733 No difference (20.1 vs 19.2 months;
HR 1.07 (0.86-1.32) P=0.55)

Schuster SJ. J Clin On-
col 2011; 29: 2787.

Follicular Lym-
phoma – Post-
chemo

Tumor-specific id-
iotype

Personalized
Hybridoma-
derived Anti-
idiotype

DDouble-blind
RCT Id-KLH +
GM-CSF vs KLH
+ GM-CSF

Disease-Free
Survival (DFS)

234 Longer DFS but not significant (23
vs 20.6 months; HR 0.81 (0.56-
1.16); P=0.256)

Schwartzentruber DJ.
N Engl J Med 2011;
364: 2119

Melanoma – Ad-
vanced

Glycoprotein
100:209-
217(210M)

Off-the-shelf Pep-
tide

Observer-blind
RCT (gp100:209-
217(210M) vs
IL-2)

Clinical Re-
sponse Rate

479 Higher response rate & longer PFS
in vaccine arm [Response Rate: 16%
vs 6%; P=0.03; PFS: 2.2 vs 1.6
months; P=0.008]

Miles D. Oncologist
2011; 16: 1092

Breast – Metastatic sialyl-Tn (STn)
glycoprotein

Off-the-shelf Pep-
tide

Double-blind
RCT (STn-KLH
vs KLH)

TTP OS 1028 No difference between arms [Me-
dian TTP: 3.4 vs 3.0 months;
P=0.353; Median OS: 23.1 vs 22.3
months; P=0.916]

Dillman RO. J Im-
munother 2012; 35:
641

Melanoma –
Metastatic

Tumor cells Personalized Tu-
mor cell / Den-
dritic cell

Phase II RCT (TC
vaccine vs DC
vaccine)

OS 42 Survival benefit in DC arm [OS DC
vs TC: NR vs 15.9 months; HR 0.27
(0.1-0.73); P=0.007]

Lancet Oncol
2014;15:829

Pancreatic – Lo-
cally advanced or
metastatic

Human telom-
erase reverse
transcriptase
catalytic subunit
(hTERT) class II
16mer

Off-the-shelf Pep-
tide

Open-label RCT
Chemotherapy
(CT) vs Se-
quential CT +
GV1001 (Seq) vs
Concurrent CT +
GV1001 (Con)

OS 1062 No difference between arms [Me-
dian OS CT vs Seq: 7.99 vs 6.94;
HR 1.19 (0.97-1.48); P=0.05; CT vs
Con: 7.99 vs 8.36; HR 1.05 (0.85-
1.29); P=0.64]

Alfonso S. Clin Can-
cer Res 2014; 20:
3660

NSCLC – Advanced,
post-chemotherapy

NeuGcGM3
tumor-associated
ganglioside

Off-the-shelf
Anti-idiotype

Double-blind
Phase I/II RCT
(Racotumomab
vs Placebo)

OS 176 Survival benefit in Racotumomab
arm [Median OS: 8.23 vs 6.8
months; HR 0.63 (0.46-0.87);
P=0.004]

Butts C. Lancet Oncol
2014; 15: 59

NSCLC – Unre-
sectable

MUC1 glycopro-
tein

Off-the-shelf Pep-
tide

Double-blind
RCT (Tecemotide
vs Placebo)

OS 1513 No difference between arms [Me-
dian OS: 25.6 vs 22.3 months; HR
0.88 (0.75-1.03); P=0.123]
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Publication Cancer type Target antigen Vaccine type Study Design Primary Endpoint # Efficacy Outcomes
Levy R. J Clin Oncol 2014;
32: 1797

Follicular Lymphoma
– Advanced

Tumor-specific idio-
type

Personalized Anti-
idiotype

Double-blind RCT
(Id-KLH (MyVax) vs
KLH)

PFS 287 No difference between arms [PFS (MyVax vs
Placebo): HR 0.98 (0.72-1.33); P=0.89]

Giaccone G. Eur J Cancer
2015; 51: 2321

NSCLC – Stage III/IV Whole tumor cells Off-the-shelf Tu-
mor cell

Double-blind RCT
(Belagenpumatucel-L
vs Placebo)

OS 532 No difference between arms [Median OS:
20.3 vs 17.8 mths; HR 0.94 (0.73-1.20);
P=0.594]

Lawson DH. J Clin Oncol
2015; 33: 4066

Melanoma – Resected
high-risk

Multi-epitope peptides Off-the-shelf Pep-
tide

RCT (Peptide vac-
cine +/- GM-CSF vs
Placebo)

RFS / OS 456 No difference between arms [Median RFS:
11.5 vs 9.8 mths; HR 0.96 (0.74-1.23);
P=0.708; Median OS: 68.6 vs 63.3 mths; HR
0.93 (0.71-1.21); P=0.598]

Vansteenkiste JN. Lancet
Oncol 2016; 17: 822

NSCLC – Resected MAGE-A3 Off-the-shelf Pep-
tide

Double-blind RCT
(MAGE-A3 im-
munotherapeutic vs
Placebo)

DFS 2312 No difference between arms [Median DFS:
60.5 vs 57.9 mths; HR 1.02 (0.89-1.18);
P=0.74]

Quoix E. Lancet Oncol
2016; 17: 212

NSCLC – Advanced,
1st line therapy

MUC1 Off-the-shelf Viral Double-blind Phase
2b RCT (TG4010 vs
Placebo)

PFS 222 TG4010 improved PFS [Median PFS: 5.9 vs
5.1 mths; HR 0.74 (0.55-0.98); P=0.019]

Lancet Oncol
2016;17:1699

RCC – Advanced or
metastatic, 1st line
therapy

10 different tumor-
associated peptides

Off-the-shelf Pep-
tide

Open-label RCT
(IMA901 + Sunitinib
vs Sunitinib)

OS 339 No difference between arms [Median OS:
33.17 mths vs NR; HR 1.34 (0.96-1.86);
P=0.087]

Faries MB. Ann Surg On-
col 2017; 24: 3991

Melanoma – Resected
Stage IV

Whole tumor cells Off-the-shelf Tu-
mor cell

RCT (Canvaxin +
BCG vs Canvaxin +
Placebo)

OS 496 No difference between arms [Median OS:
38.6 vs 34.9 mths; HR 1.04 (0.8-1.35);
P=0.773]

Weller M. Lancet Oncol
2017; 18: 1373

Glioblastoma – Newly
diagnosed

EGFRvIII Off-the-shelf Pep-
tide

Double-blind RCT
(Rindopepimut +
Temozolomide vs
Control + Temozolo-
mide)

OS 745 No difference between arms [Median OS:
17.4 vs 17.4 mths; HR 0.89 (0.75-1.07);
P=0.22]

Narita Y. Neuro-Oncol
2019; 21: 348

Glioblastoma – Recur-
rent

Tumor-associated pep-
tides

Personalized Pep-
tide

Double-blind RCT
(PPV + BSC vs
Placebo + BSC)

OS 88 No difference between arms [Median OS: 8.4
vs 8.0 mths; HR 1.13 (0.6-1.9); P=0.621]

Mittendorf EA. Clin Can-
cer Res 2019; 25: 4248

Breast – Resected HER-2 Off-the-shelf Pep-
tide

Double-blind RCT
(Nelipepimut-S +
GM-CSF vs Placebo +
GM-CSF)

DFS 758 No difference between arms [DFS: HR 1.564
(0.96-2.55); P=0.07]

Noguchi M. Oncol Rep
2021; 45: 159

Prostate – Castration-
resistant

Tumor-associated pep-
tides

Personalized Pep-
tide

Double-blind RCT OS 310 No difference between arms [Median OS:
16.1 vs 16.9 mths; HR 1.04 (0.8-1.37);
P=0.77]

Vreeland TJ. Ann Surg On-
col 2021; 28: 6126

Melanoma – Resected
Stage III/IV

Tumor lysate Personalized Den-
dritic cell

Double-blind RCT
(TDPLDC vaccine vs
Placebo)

DFS / OS 144 No difference between arms [36-mth DFS:
34.2% vs 21.6%; P=0.889; 36-mth OS: 67.8%
vs 49.3%; P=0.16]

Hewitt DB. Ann Surg
2022; 275: 45

PDAC – Locally Ad-
vanced Unresectable

Genetically modified
allogenic tumor cells

Off-the-shelf Tu-
mor cell

Open-label RCT
(Algenpantucel-L vs
SoC)

OS 303 No difference between arms [Median OS:
14.3 vs 14.9 mths; HR 1.02 (0.66-1.58);
P=0.98]

for low levels of immune cell infiltration in the TME, and are
referred to as ‘cold tumors’, in contrast to highly infiltrated and
inflamed ‘hot tumors’53. Immunotherapies including cancer
vaccines may be expected to have limited efficacy against cold
tumors. Any of these mechanisms may lead to either primary or
acquired resistance to an immunotherapeutic agent like a cancer
vaccine. Finally, continuous antigenic stimulation of T cells
results in T cell exhaustion and acquired resistance, character-
ized by reduced effector function associated with expression of
immune checkpoints and reduced production of inflammatory
proteins54–58.

Then there are challenges that are unique to the neoantigen
vaccine platform. For instance, identifying neoantigens capable
of inducing adequate T cell response, while critical to the clin-
ical success of the vaccine, is not straightforward. It includes
predicting the ability of the antigen presenting cells to process
the neoantigen into peptides that can bind to the MHC molecules
to be presented to the T cells as MHC-peptide complex, and
further, the ability of T cell receptors to recognize and bind
to the peptide presented on MHC molecules4. Developing the
vaccines that can deliver the active component, whether DNA

or RNA or peptide, to its respective site of action within the
cell is another challenge. Finally, manufacturing the vaccines at
scale adds another layer of complexity, particularly so for the
personalized neoantigen vaccines.

Opportunities

A variety of wide-ranging breakthrough technological advances
in the past decade are now making it possible to overcome at
least some of the challenges. Several ICIs are now available
to block the immune checkpoints, esp. CTLA-4, PD-1 and
Programmed Death-Ligand 1 (PD-L1). CTLA-4 and PD-1 are
expressed on T cells, while PD-L1 is the ligand expressed on
tissue cells for binding to PD-147. These ICIs enhance the
anti-tumor immune responses, leading to a durable anti-tumor
activity and improved survival. These are approved for use
in numerous cancers including melanoma, lung cancer, breast
cancer, and renal cancer to name just a few, often in combination
with conventional chemotherapy, and have greatly improved the
prognosis of these cancers2. Cancer vaccines are now being
tested in combination with ICIs, as the two have complementary
mechanisms – cancer vaccines activate the immune system,
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while ICIs help to avoid or overcome TME-induced suppression
of the immune system.

The development of personalized vaccines has received a
boost from the advances in multi-omics techniques that enable
rapid and precise profiling of a tumor by generating DNA se-
quencing, RNA sequencing, and protein expression data. Arti-
ficial intelligence (AI) techniques including machine learning
(ML) help to analyze and interpret this data by applying statisti-
cal models and algorithms1,3. The end-result is rapid identifi-
cation of unique immunogenic neoantigens associated with the
tumor, in time to produce a bespoke vaccine to treat the patient.
Rapid development of mRNA vaccine technology during the
COVID-19 pandemic has given us a suitable delivery platform
to administer the immunogenic neoantigens.

For off-the-shelf vaccines targeting shared antigens, predic-
tive biomarkers will be used to assess the level of antigen expres-
sion (e.g., KRAS mutational status) before making a treatment
decision59. This will improve success rates by helping to iden-
tify and treat only those patients who are likely to respond to
the cancer vaccine. Additionally, given that cancer vaccines like
other immunotherapies, are less effective against cold tumors,
an assessment of the composition and density of immune cells
within the tumor microenvironment using tumor biopsy samples
may also help select the right patients60. Assessment of immune
checkpoint expression levels will help determine the need for
combining a vaccine with ICI.

Liquid biopsies can now be used to monitor the tumors for re-
sponse to the vaccine as well as for emergence of resistance and
recurrence, by longitudinally analyzing non-invasive biomarkers
like circulating tumor cells (CTC) and circulating tumor DNA
(ctDNA). They employ technologies such as digital PCR (dPCR)
for identifying new mutations in pre-defined cancer genes, and
next generation sequencing (NGS) for whole exome or genome
sequencing. Single cell RNA sequencing can help generate
transcriptomics data from CTCs. Machine learning approaches
can help analyze the vast amounts of sequencing data generated
over time to track the genetic evolution of the tumor61. This
information could potentially be used to change the composition
of the vaccine in response to the changes in the tumor mutational
burden.

These advances in our understanding of the interaction be-
tween the cancer cells and immune cells in TME coupled with
technological breakthroughs in multi-omics techniques, mRNA
and other vaccine platforms, and AI/ML tools, have given us the
means to overcome some of the roadblocks that precluded the
development, manufacture and delivery of efficacious cancer
vaccines in the past (Table 2)1–4,8,53,61.

Trends

One of the first indications that these technological advances
may finally help us translate the scientific promise of therapeu-

tic cancer vaccines into clinical medicines, came in the form of
KEYNOTE-942 trial. This head-to-head randomized controlled
trial demonstrated that addition of a vaccine (mRNA-4157) to
standard treatment with a checkpoint inhibitor can meaning-
fully improve patient outcomes compared to standard treatment
alone62. This trial is described in detail in the following section.

A renewed interest in the promise of therapeutic cancer vac-
cines is also borne out by the number of ongoing clinical trials
with different vaccine candidates. A search on clinicaltrials.gov
per search strategy described in the Methodology section re-
vealed 342 ongoing clinical trials testing different types of ther-
apeutic cancer vaccines (mRNA, dendritic cell, peptide, etc.)
in various phases of clinical development (Phase I/II/III) for
solid and hematological malignancies affecting a wide range of
organs (brain, blood, breast, pancreas, lungs, colon, liver, etc.).
Application of inclusion/exclusion criteria as described in the
Methodology section narrowed down our search to 17 ongoing
Phase II/III randomized controlled trials assessing long-term
outcomes compared to standard of care (Table 3).

mRNA-4157 vaccine for melanoma: A potential
breakthrough in the endeavor to develop a success-
ful cancer vaccine

mRNA-4157 (also referred to as V-940 or intismeran autogene)
is an individualized neoantigen mRNA vaccine that can encode
up to 34 neoantigens in a single synthetic mRNA molecule
encapsulated in lipid nanoparticles62. This vaccine was granted
a ‘breakthrough therapy’ designation by the US-FDA following
a successful outcome in a randomized controlled clinical trial in
melanoma, which compared mRNA-4157 given in combination
with a checkpoint inhibitor, pembrolizumab to pembrolizumab
monotherapy only63.

The trial was conducted in patients with high-risk, stage IIIb-
IV cutaneous melanoma, a type of skin cancer. Following the
complete surgical resection of the melanoma, the patients re-
ceived 3-weekly doses of either mRNA-4157 in combination
with pembrolizumab, or pembrolizumab alone62. (Fig 2). Pem-
brolizumab inhibits the checkpoint PD-1, thereby disrupting
a pathway that suppresses immune cells, and allowing the im-
mune cells activated by the vaccine to attack cancer cells2. It is
currently the standard treatment given to such patients.

The mRNA sequence to be used for the vaccine was indi-
vidually determined for each patient following an analysis of
the resected melanoma tissue as well as blood samples. This
involved assessment of the patient’s mutanome (all somatic
mutations in the tumor) by whole exome sequencing (WES),
transcriptome by RNA sequencing, and HLA type by next gener-
ation sequencing. The patient-specific data was then fed into an
automated bioinformatics system to obtain the optimal mRNA
sequence for the given patient. The vaccine was manufactured
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Table 2 Cancer vaccine development challenges and technological advances that help overcome the challenges
Challenge Technological advances to help overcome the challenge
Identification & characterization of immunogenic neoantigens
Since only a minority of neoantigens have the ca-
pacity to elicit an immune response, selection of the
right (most immunogenic) neoantigen is critical for
the clinical success of the vaccine

1. Integration of genomic, transcriptomic and proteomic data to increase the
efficiency of immunogenic neoantigen identification: Use of novel multi-omics
techniques like high throughput DNA sequencing, single cell sequencing, and
spatial transcriptomics, accompanied by advanced bioinformatic algorithms
and prediction pipelines, enhances the precision of potential target identifica-
tion, ultimately leading to improved clinical outcomes
2. Computational prediction of neoantigen immunogenicity: Immunogenicity
of the neoantigen depends upon its ability to engage with the T cell receptors
(TCR). This can now be investigated using deep sequencing of TCR genes and
prediction algorithms to identify neoantigens that complement the patient’s
TCR sequences.
3. In vitro validation of immunogenic neoantigens: Patient-derived organoids
(PDOs) are three-dimensional cell culture models that closely recreate the
architecture, characteristics, and functionality of original tumors and mimic the
tumor microenvironment (TME). These have recently emerged as a valuable
tool for validating and screening neoantigens.

Optimization of scalable vaccine manufacturing & delivery platform
The process for production of neoantigen vaccines
is intricate and expensive.

1. Rapid development of mRNA vaccine technology during the COVID-19
pandemic: Technological advances have optimized the stability, backbone
structure, delivery methods, and cost-effectiveness of mRNA-based vaccines,
solving at least one problem associated with cancer vaccine development.

T cell suppression by tumor microenvironment
Even if the vaccine elicits a T cell response, several
factors within the tumor microenvironment (TME)
can impair their function. These include accumula-
tion of immune suppressive cells as well as tumor

1. Combination with immune checkpoint inhibitors (ICI): Administration of
ICIs concomitantly with vaccination blocks the checkpoint-mediated inhibition
of T cells, which in turn may help them avoid or overcome TME-induced
suppression.

cells themselves, which can suppress the functioning
and proliferation of T cells, either through direct
contact or via secretion of soluble inhibitors.

2. Use of adjuvants: Adjuvants are substances that are added to the vaccine to
promote, expedite or lengthen the immune response to the vaccine. They are
required for certain types of vaccines like the peptide vaccines.

T cell exhaustion
Even when a therapeutic cancer vaccine activates T
cells, these T cells will eventually become dysfunc-
tional and exhausted in face of high tumor burden
and persistent TCR stimulation by the antigen. T
cell exhaustion is characterized by loss of function,
reduced proliferative capacity, increased inhibitory
receptor expression, and propensity to undergo cell
death

1. Combination with immune checkpoint inhibitors: As above, administra-
tion of ICIs concomitantly or after vaccination may help reinvigorate T cells
rendered exhausted by TME due to the blockade of checkpoint-mediated in-
hibitory signals on T cells.

Emergence of resistant clones
Tumors can acquire resistance to immunotherapies
by adapting to evade immune system through various
mechanisms

1. Liquid biopsies: Sequencing data from non-invasive biomarkers like ctDNA
and single cell sequencing of CTCs can be used to monitor for emergence of
clones resistant to the vaccine, and modify vaccine composition in response to
changes in the tumor mutational burden.

using Moderna’s mRNA platform62.

A total of 157 patients were enrolled in this study, of which
107 were randomized to mRNA-4157 + pembrolizumab group,
and 50 were randomized to pembrolizumab group (2:1 random-
ization). The primary endpoint was recurrence-free survival
(RFS), which is the time from the first dose of pembrolizumab
till the first date of melanoma recurrence, or new melanoma, or
death from any cause.

At the end of 2 years, RFS events (recurrent or new melanoma,
or death) occurred in 22% of patients who received the vaccine
in combination with pembrolizumab, compared to 40% in pa-
tients who received pembrolizumab only. The hazard ratio (HR),
which is the ratio of the probability of experiencing an RFS event
in the two groups, was 0.56. A HR<1 indicates a reduction in
the probability of experiencing the event; the HR of 0.56 in this
case indicates that the addition of vaccine to pembrolizumab cut
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Table 3 Ongoing randomized controlled trials with immune-therapeutic cancer vaccines
NCT Number / Trial
Name

Cancer type Phase Vaccine type Treatment Interventions Estimated
enrolment

Estimated / Ac-
tual Start Date

NCT06749925 Glioblastoma – Post-
standard treatment

III Dendritic cell DC vaccine + Pembrolizumab vs. DC vaccine
vs. Placebo

186 Jan 2026

NCT06790966 Head & Neck – Recurrent /
Metastatic Squamous Cell
Carcinoma

III Peptide PDS0101 + Pembrolizumab vs. Pem-
brolizumab

351 05/30/2025

NCT04534205 Head & Neck – Recurrent /
Metastatic – HPV16+ SCC

II/III mRNA BNT111 + Pembrolizumab vs. Pem-
brolizumab

350 01/07/2021

NCT06472245 /
ATALANTE-1

NSCLC – Metastatic III Peptide OSE2101 vaccine vs. Docetaxel 363 03/12/2024

NCT06314087 / iNATURE Solid tumors – Advanced II Peptide Individualized neoantigen vaccine + Radio-
therapy vs. Placebo + Radiotherapy

154 01/31/2024

NCT06675201 Esophageal – Locally ad-
vanced, unresectable SCC

II Dendritic cell NeoDC-Vac + ICI vs. ICI 165 10/01/2024

NCT05344209 / LUNG-
VAC

NSCLC – Stage
IIIB/IIIC/IV

II Peptide UV1 vaccine + anti-PD-1/PD-L1 vs. Anti-
PD-1/PD-L1

138 08/12/2022

NCT06157151 Cervical cancer – Recur-
rent or metastatic

II Peptide PRGN-2009 + Pembrolizumab vs. Pem-
brolizumab

46 03/21/2025

NCT05968326 PDAC - Resected II mRNA Autogene cevumeran + Atezolizumab +
mFOLFIRINOX vs. mFOLFIRINOX

260 18/10/2023

NCT06534983 Urothelial – High-Risk
MIUC

II mRNA Autogene cevumeran + Nivolumab vs.
Nivolumab

362 09/12/2024

NCT06636682 Prostate – Post-
prostatectomy

II Tumor cell FK-PC101 vs. Follow-up 100 10/14/2024

NCT06805305 Glioblastoma – Newly di-
agnosed

II Dendritic cell DOC1021 + peg-IFN + SoC vs. SoC 180 03/17/2025

NCT05794659 Ovarian – Post debulking
surgery

II DNA AST-201 + GM-CSF + CT vs. Placebo + GM-
CSF + CT

98 11/15/2023

NCT06639074 / FAROUT Ovarian/Fallopian
tube/Primary peritoneal –
Stage III/IV

II Dendritic cell FRαDC vs. Placebo 78 11/08/2024

NCT03606967 Breast – Triple negative
metastatic

II Peptide SLP Vaccine + nab-paclitaxel + durvalumab +
tremelimumab vs. nab-paclitaxel + durval-
umab + tremelimumab

70 04/13/2021

NCT05528952 Hepatocellular carcinoma –
Unresectable

II Peptide UCPVax + Atezoliumab + Bevacizumab vs.
Atezoliumab + Bevacizumab

105 09/27/2022

NCT06223568 Head & Neck – HPV-
associated SCC

II Viral PRGN-2009 + Docetaxel + Cisplatin vs. Do-
cetaxel + Cisplatin

70 06/10/2024

Fig. 2 KEYNOTE-942 trial design

the probability of melanoma recurrence or death by 44%. This
magnitude of reduction is highly clinically meaningful, though
it narrowly missed achieving statistical significance. The 95%
confidence interval (95% CI), which is the interval within which
the value of HR will lie for 95% of the times the study is re-
peated with different samples from the whole population, ranged
from 0.3 to 1.01. The outcome is not considered statistically
significant since the outer bound of confidence interval for HR

crosses 1, and the p value, which denotes the probability that
the observed outcome could be due to chance, is 0.053 (5.3%);
p<0.05 (5%) is generally considered as statistically significant
in medical research (Table 4). The side effect profile of the
vaccine was unremarkable62.

In summary, the KEYNOTE-942 trial provides the proof of
concept (PoC) for addition of mRNA-4157 cancer vaccine to cur-
rent standard treatment to provide added benefit over and above
the current treatment. A larger Phase III trial is now required
to confirm this finding. In order to approve any new treatment
for general use in patients, the US-FDA and other regulatory
agencies across the world require that the benefit of the new
treatment be shown to be clinically meaningful and statistically
significant compared to current standard of care treatment in an
adequately powered Phase III randomized controlled trial. The
V940-001 trial is currently underway to generate this confirma-
tory evidence to pave the way for the approval of mRNA-4157
cancer vaccine for melanoma patients64. The breakthrough ther-
apy designation granted by the FDA may help accelerate this
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Table 4 Keynote-942 trial results
Endpoint Pembro mRNA-4157 +

pembro
n=50 N=107

Median Follow-up,
months

24 23

Recurrence-Free Survival (RFS)
Events, n (%) 20 (40) 24 (22)
Hazard Ratio (95CI) 0.56 (0.3-1.01)
P value 0.053
12-month RFS, % 77 83
18-month RFS, % 62 79
Safety
Any Adverse Event
(AE), n (%)

47 (94) 104 (100)

Severe* AE, n (%) 18 (36) 36 (35)
∗ Graded as Grade 3 or worse on National Cancer Institute (NCI)

Common Toxicity Criteria Adverse Event (CTCAE) scale

process, by allowing for a closer interaction between the FDA
and the vaccine manufacturer, as well as the potential for an
accelerated approval based on a surrogate endpoint like RFS,
without having to wait for demonstration of survival benefit.

Importantly, the clinically meaningful benefit seen in
KEYNOTE-942 demonstrates that with modern technology, it
is possible to personalize cancer treatment by using the unique
mutational signature of a patient’s tumor to stimulate a targeted
immune response against the tumor. mRNA-4157 vaccine is
also being tested for treatment of other cancers. Current ongo-
ing Phase II/III RCTs for mRNA-4157, retrieved using search
strategy as described in the Methodology section, are listed in
Table 5.

Regulatory considerations

Personalized cancer vaccines are manufactured as bespoke prod-
ucts for each patient. Scaling up of this technology for routine
treatment of cancer patients in the real-world will pose peculiar
challenges in terms of development of robust manufacturing
and quality assurance processes that maintain standardization
and quality control across the individually manufactured prod-
ucts. Whether these medicines should have different preclinical
testing requirements, and whether the clinical testing could be
performed in smaller than usual patient samples are the other
questions for regulatory agencies to consider65. Ultimately this
will involve development of analytical assays, process control
measures, clinical trial designs, and a fit-for-purpose regulatory
framework.

Currently however, personalized therapies in the field of on-
cology are using conventional drug development pathways. The
CAR-T cell therapies are highly personalized therapies that

require bespoke manufacturing just like cancer vaccines, and
their experience has shown that the current clinical develop-
ment paradigm of moving from proof-of-concept in smaller
early-phase clinical studies to confirmation of benefit-vs-risk
in large, phase III randomized controlled trials can be applied
to personalized medicines as well. As of today, at least six
CAR-T cell therapies are FDA-approved using the conventional
regulatory pathway and are commercially available (Tisagenle-
cleucel, Axicabtagene Ciloleucel, Brexucabtagene Autoleucel,
Lisocabtagene Maraleucel, Idecabtagene Vicleucel, Ciltacabta-
gene Autoleucel). Indeed, personalized cancer vaccines develop-
ment is also following this same established drug development
paradigm, and results from ongoing clinical programs will indi-
cate whether this established pathway will work for personalized
vaccines as well.

Comparison with currently available immunother-
apeutic agents

Finally, it will be pertinent to assess how cancer vaccines com-
pare with currently available immunotherapeutic agents. Differ-
ent immunotherapies act with different mechanisms, and have
their unique strengths and limitations. We believe that if suc-
cessful, cancer vaccines will have a place in the therapeutic
armamentarium alongside other immunotherapies like ICI and
CAR-T cell therapies.

Conclusion

An increased understanding of the interaction between cancer
cells and tumor microenvironment, availability of checkpoint
inhibitors, and simultaneous advances in diverse technologies
such as multi-omics, bioinformatics, artificial intelligence, and
vaccine delivery platforms, have created a perfect melting pot
that should hopefully lead to the development of individualized
cancer vaccines as the next frontier of cancer immunotherapy. A
literature search reveals frenetic research activity on this topic,
both in preclinical space as well as in terms of ongoing clinical
trials in actual cancer patients. It is hoped that this novel ap-
proach of training the body’s own immune system to attack and
destroy cancer will mark a significant advance in humankind’s
conquest against the emperor of all maladies.
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Table 5 Ongoing Phase II/III Randomized Controlled Trials with V-940/mRNA-4157 cancer vaccine
NCT Number / Trial
Name

Condition Study
Phase

Treatment Interventions Estimated
enrolment

Start Date Estimated
Primary
Comple-
tion Date

NCT05933577 /
V940-001

Melanoma – High-
Risk Stage II-IV,
Adjuvant treatment

III V940 + Pembrolizumab vs
Placebo + Pembrolizumab

1089 7/19/2023 10/26/2029

NCT06961006
/ V940-012 /
INTerpath-012

Melanoma – Ad-
vanced, First-line
treatment

II V940 + Pembrolizumab vs
Placebo + Pembrolizumab

160 5/29/2025 7/22/2028

NCT06077760 /
INTerpath-002

NSCLC – Resected
Stage II-IIIB (N2)

III V940 + Pembrolizumab vs
Placebo + Pembrolizumab

868 12/6/2023 6/25/2030

NCT06623422 /
INTerpath-009

NSCLC – Resected
Stage II-IIIb (N2)

III V940 + Pembrolizumab vs
Placebo + Pembrolizumab

680 10/21/2024 5/16/2033

NCT07221474 /
INTerpath-13

NSCLC –
Metastatic

II V940 + Pembrolizumab +
Chemotherapy vs Placebo
+ Pembrolizumab +
Chemotherapy

180 12/2/2025 7/2/2029

NCT06295809 /
INTerpath-007

Cutaneous SCC
–Locally Advanced
Resectable

II/III V940 + Pembrolizumab +
SoC vs Pembrolizumab +
SoC vs SoC

1012 4/18/2024 3/5/2026

NCT06307431 /
INTerpath-004

RCC – Post-
resection

II V940 + Pembrolizumab vs
Placebo + Pembrolizumab

272 10/4/2024 8/1/2028

NCT06833073
/ V940-011 /
INTerpath-011

Bladder cancer
- High-risk non-
muscle invasive
(HR-NMIBC)

II V940 + BCG vs V940 308 3/11/2025 3/9/2031
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Table 6 Comparative analysis of cancer vaccines vis-à-vis currently available immunotherapeutic modalities
ICI CAR-T cell therapy Cancer Vaccine

Mechanism of Action Cancer cells evade immune surveillance by
increasing the expression of surface recep-
tors that dampen immune activation within
the tumor microenvironment. ICIs inhibit
these inhibitory checkpoints, thereby allow-
ing the immune system to attack cancer cells.
They are off-the-shelf monoclonal antibodies
targeting immune checkpoints like CTLA-4,
PD-L1 and PD-1. 2,47

T cells are genetically engineered to express
receptors that recognize and bind to the anti-
gen of interest expressed on cancer cells, lead-
ing to activation of the T cell and destruction
of the cancer cell. Currently available CAR-T
cell therapies are mostly autologous, meaning
that the patient’s own T cells are used. The
patient undergoes leukapheresis to obtain the
T cells, which are then modified in the lab to
CAR-T cells. The CAR-T cells are expanded
ex vivo in the lab, and infused back in the
patient. 2

Cancer vaccines present tumor-specific anti-
gens to the patient’s immune system, trig-
gering a T cell mediated immune response
against cancer cells. 4

Usage & impact
• Have revolutionized the treatment of sev-

eral cancers by demonstrating durable re-
sponses.

• At least 15 different ICIs are currently ap-
proved for a broad range of tumors.

• These are off-the-shelf therapies, hence
easier to manufacture, supply, and use.

• Have revolutionized the treatment of cer-
tain B cell malignancies, but haven’t yet
been successful in solid tumors.

• Six different CAR-T cell therapies are cur-
rently approved for B cell malignancies
including multiple myeloma and certain
lymphomas.

• Autologous CAR-T cell therapy is person-
alized, and requires lead time for manufac-
turing, which is complex and costly. Re-
search is currently ongoing to produce al-
logenic CAR T cell therapies, which may
be used off-the-shelf.

• Have shown promising efficacy in
early phase studies in solid tumors like
melanoma and pancreatic cancer, but
a meaningful impact on patients in
real-world remains to be seen.

• The only FDA-approved cancer vaccine is
currently not available in the US.

• Personalized cancer vaccines also require
lead time for manufacturing, which can
be complex and costly depending on the
vaccine platform. Off-the-shelf vaccines
targeting common antigens are also being
researched.

Potential to develop resis-
tance • These are off-the-shelf therapies targeting

a single checkpoint or its ligand.

• Once a tumor develops mutations that con-
fer resistance, they lose effectiveness.

• ICIs can be combined to target 2 antigens
at once to reduce the chances of immune
escape.

• Currently available CAR-Ts target a single
antigen (e.g., CD19, BCMA).

• Once the tumor develops mutations that
confer resistance to the CAR construct
(e.g., loss of target antigen), the therapy
loses effectiveness.

• Research is ongoing to produce dual-
targeting CAR-T therapies to reduce the
chances of immune escape.

• Since it is one-time treatment, failure to
develop immunological memory can also
lead to loss of effectiveness.

• Can be designed to target multiple antigens
at once. Theoretically, this may help ad-
dress tumor heterogeneity and reduce the
probability of immune escape.

• It may be possible to monitor the tumor mu-
tational burden longitudinally and change
the vaccine composition accordingly, to
preempt the development of resistance.

Safety profile The release of inhibition on immune system
can lead to immune-related adverse events af-
fecting various organ systems including skin,
gastrointestinal, endocrine, lungs, liver, heart,
etc. These are generally managed by early
recognition and prompt glucocorticoid ther-
apy. 2,47

Potential for severe adverse events like cy-
tokine release syndrome (CRS), immune ef-
fector cell associated neurotoxicity syndrome
(ICANS), delayed neurotoxicity (e.g., parkin-
sonism), etc. 66

Reported safety profile appears to be benign,
with injection-site reactions being the main
side effect. Long-term risks of chronic im-
mune stimulation with these vaccines hasn’t
been assessed yet.

Impact on Health-
Related Quality of Life
(HR-QoL)

Require regular administration in treatment
cycles. This means that the patient is at risk
of adverse events during each cycle, which
could impact HR-QoL.

May induce long-term immunological mem-
ory leading to long term remission with a sin-
gle infusion, such that some patients may not
need further treatment. Long treatment-free
intervals can positively impact HR-QoL 67,68.

Require regular administration in treatment
cycles. The patient is at risk of AEs during
each cycle impacting HR-QoL, though AE
profile appears to be generally favorable.
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