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ABSTRACT
Even though studies on mRNA vaccines have been performed since the 1990s, the first clinical trials of their 

usage were conducted in the late 2010s. The COVID-19 pandemic created an urgent need for effective vaccine 

development and prompted large-scale research on mRNA vaccines. Large studies enabled the improvement 

of mRNA vaccine structure and optimization of their delivery platforms, which contributed to a rise in both their 

efficacy and safety. Currently, mRNA vaccines are used not only in infectious diseases but also are being tested 

in research on cancer patients. Using next-generation sequencing (NGS) in mRNA vaccine manufacture seems to 

be beneficial because it enables preparation of personalized vaccines encoding tumor-specific antigens (TSAs). 

Tumor-specific antigens-based vaccines are associated with a stronger immune response and lower toxicity 

compared to non-personalized vaccines. Currently, clinical trials on mRNA vaccines are performed in patients 

with various types of cancer: pancreatic, non-small-cell lung, prostate cancers as well as melanomas. Due to 

the benefits of mRNA cancer vaccine administration in monotherapy, their combination with chemotherapy, 

radiotherapy, or immune checkpoint inhibitors (ICIs) have been suggested. In this review, we highlight the latest 

findings on mRNA vaccine development, including the advantages of using NGS during their production. We 

also summarize the current Food and Drug Administration (FDA) indications, results of completed clinical trials, 

and future possibilities of using mRNA vaccines in treatment of cancer patients.
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Introduction

mRNA vaccines use a messenger ribonucleic acid 
(mRNA) sequence encoding cancer antigen proteins 
[1]. mRNA vaccines are administered by using viral 
vectors (RNA viruses, e.g. retroviruses) [2] or, more 
often, lipid nanoparticles [3]. It is also possible to inject 
naked mRNA, however, it is usually unstable [4, 5]. Non-
personalized vaccines contain mRNA with the coding se-
quence for the most common tumor-associated antigens 
(TAAs) [6, 7]. However, personalized vaccines contain 
mRNA encoding cancer neoantigens (tumor-specific 
antigens, TSAs) present in a specific patient. Therefore, 
in this case, it is necessary to know the nucleotide se-
quences in DNA and RNA encoding neoantigens in 
tumor cells [8]. Non-personalized mRNA vaccines usu-
ally induce poor T-cell response and immune tolerance 

due to the wide distribution of TAAs [9]. However, 
neoantigens, arising from genetic abnormalities, are 
not present in normal cells and the use of personalized 
mRNA vaccines usually induces a strong specific im-
mune response [7, 10].

Vaccines containing mRNA are often used with 
immunotherapy targeting immune checkpoints [11, 12]. 
Immune checkpoint inhibitors (ICIs), such as antibodies 
against programmed death 1 (PD-1), programmed death 
ligand 1 (PD-L1), or cytotoxic T lymphocytes antigen 4  
(CTLA-4), restore the activity of lymphocytes that 
were inhibited by cancer cells. Therefore, lymphocytes 
which are specific to neoantigens due to mRNA vac-
cine usage, may perform their action [12]. Moreover, 
the effect of non-personalized mRNA vaccines can be 
enhanced by combining them with chemotherapy or 
radiotherapy [13, 14].
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The mRNA vaccines are a relatively safe form of 
immunotherapy. During their use, genetic material is 
not incorporated into cell nuclei [4, 15]. Translation 
takes place in the cytoplasm of antigen-presenting 
cells (APCs), which protects the cells against genetic 
modification and cancer transformation [1]. However, 
the mRNA vaccines are unstable (mRNA requires 
modification of the 5’ end) [1], and their use is prone to 
embolisms as well as excessive immune reactions and au-
toimmune disorders (TAAs also occur on normal cells, 
which may lead to their damage when non-personalized 
mRNA vaccines are used) [16].

The mRNA vaccines induce an adaptive immune 
response, humoral and cytotoxic, against cancer cells 
[2]. Lipid nanoparticles containing mRNA enter the cy-
toplasm of APCs as a result of endocytosis. In the cyto-
plasm, translation occurs and proteins containing neo-
antigens are produced [2, 3]. Polyubiquitinated proteins 
are degraded in the proteasome, where small peptides, 
including neoantigens, are formed [5]. Neoantigens in 
the endoplasmic reticulum attach to major histocompat-
ibility complex (MHC) class I and II molecules. Major 
histocompatibility complex molecules with antigens are 
transported through the secretory vesicle to the cell 
surface, where they present the antigens to cytotoxic T 
lymphocytes (MHC class I) and helper T lymphocytes 

(MHC class II) [2, 5]. Lymphocytes T recognize anti-
gens through T-cell receptors. An “immune synapse” is 
formed by connecting numerous immune checkpoints 
on the surface of lymphocytes and APCs. Activation of 
co-stimulatory immune checkpoints leads to the activa-
tion of antigen-specific T-cells, which can kill cancer 
cells. Moreover, B lymphocytes are stimulated to 
produce specific, anti-cancer antibodies (Fig. 1) [1, 5].

mRNA vaccines development

Studies on mRNA vaccines have been performed 
since the 1990s [4, 17]. However, due to better stability 
and longer half-life, wider research has been focused on 
DNA-based and antigen-based vaccines [18]. Therefore, 
the first clinical trials with mRNA vaccines occurred 
only in the late 2010s [17]. Currently, mRNA vaccines 
are known as safe (since mRNA cannot be integrated 
into the host genome) and convenient to produce. 
Moreover, they make it possible to encode multiple 
specific antigens simultaneously [4, 18]. Problems with 
mRNA stability are being solved with the addition of 
a poly(A) tail at the 3’ end [4] and a cap at the 5’ end 
[19]. The use of novel delivery technologies, such as lipid 
nanoparticles, is also beneficial [18, 20].
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Figure 1. Mechanisms behind mRNA vaccines. Before a personalized vaccine is created, next generation sequencing (NGS) analysis 
reveals genetic abnormalities specific to the patient [mRNA encoding tumor-specific antigens (TSA)] (1A). Non-personalized 
vaccines contain mRNA encoding tumor-associated antigens (TAA) (1B). mRNA is encapsulated in lipid nanoparticles (LNP) 
(2) and transfected into antigen-presenting cells (APC) by endocytosis (3). After endosomal escape, ribosomes could translate 
mRNA to protein (4) Protein is further processed (5) by a ubiquitin-proteasome system that degrades intracellular antigens 
into peptides to be presented by major histocompatibility complex (MHC) class I to T cytotoxic cells (Tc) lymphocytes (6A). The 
proteins can also be secreted to extracellular space, degraded after endocytosis, and presented by MHC class II to T helper cells 
(Th) lymphocytes as an exogenous protein (6B). This initiates humoral and cell-mediated anti-cancer immune response (7). Figure 
created by the authors; ER — endoplasmic reticulum
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mRNA synthesis

The mRNA used to prepare the vaccine is tran-
scribed in vitro on a linear DNA template, usually 
plasmid DNA (pDNA) [6, 21, 22] in the presence of 
RNA polymerase (T3, T7, or SP6) and using nucleoside 
triphosphates [5]. This step of mRNA preparation is pre-
ceded by template DNA synthesis. To achieve satisfac-
tory stability of in vitro transcribed (IVT) mRNA, it has 
to be capped. Capping may be performed simultaneously 
with transcription (i.e. as co-transcriptional capping) 
or enzymatically after transcription. Co-transcriptional 
capping requires adding a cap analog into a transcrip-
tional mixture. Subsequently, capping is performed using 
the Vaccinia capping enzyme (VCE). The poly(A) tail 
may be manufactured on the basis of a DNA template or 
added after transcription [6, 21]. Afterward, purification 
may be necessary. Size exclusion columns and methods 
based on chromatography are used for this purpose. 
Additionally, DNase may be used to remove residuals 
of mRNA templates [21, 23, 24].

Optimization of mRNA structure

Five structures are crucial for mRNA: 5’ cap, 5’ un-
translated region (5’UTR), coding sequence, 3’ untrans-
lated region (3’UTR), and poly(A) tail [17]. Vaccine op-
timization with structural and chemical modifications of 
those components may improve their properties [25, 26].  
For instance, modifications of the 5’cap and poly(A) 
tail at the 3’end are crucial to achieving high stability 
of the mRNA structure [27].

Currently, the majority of studies are focused 
on 5’ cap optimization as it is essential to provide 
resistance to enzymatic degradation of mRNA. The 
most common approach in mRNA vaccines is to use 
cap-0 [27]. Cap-0 consists of 7-methylguanosine linked 
by a 5′,5′-triphosphate chain with the first nucleotide of 
an RNA chain [19, 28]. Appropriate 5’ cap construction 
prevents mRNA degradation with scavenger decap-
ping enzymes (DcpS): Dcp1 and Dcp2 [19]. Despite 
cap-0 usage, different caps are being proposed, includ-
ing cap-1 (possessing a 2’O-methyl group in the first 
cap-proximal nucleotide) and cap-2 (possessing two 
2’O-methyl groups in two first cap-proximal nucleo-
tides) [27, 29]. Wojtaczak et al. proposed the inclusion 
of 5′-phosphorothiolate (5′-PSL) moiety into the cap 
structure. The incorporation of 5’-PSL is associated 
with reduced susceptibility for decapping and improved 
translational properties of mRNA [28].

The poly(A) tail is involved in transporting mRNA 
to the cytoplasm. Its association with poly(A)-binding 
protein (PABP) begins mRNA translation. However, 
the significance of poly(A) tail modifications during 
mRNA vaccine manufacture is not as widely researched 
as 5’ cap refinement [19]. Nevertheless, it was suggested 

that elongation of the poly(A) tail may be advantageous 
for either mRNA stability or the efficacy of its transla-
tion [25, 30].

Despite the abovementioned possibilities regarding 
the 5’ cap and the poly(A) tail, different modifications of 
mRNA structure are being proposed, including reduc-
tion of UU (uracil, uracil) and UA (uracil, adenosine) 
dinucleotides in the coding region as protection from 
decapping [26] and to avoid highly stable secondary 
structures as it may disrupt mRNA transport to ribo-
somes and elongation [25]. Moreover, purification with 
HPLC (high-performance liquid chromatography) of 
manufactured mRNA may be beneficial as it increases 
the production of encoded protein [25, 31].

mRNA delivery platforms

Various strategies for mRNA delivery have been 
developed. Viruses and, especially, lipid nanoparticles 
(LNPs) are most commonly used in mRNA vaccines as 
vectors. However, delivery may be based on different 
platforms, such as polymers, peptides, dendritic cells, 
or cationic nanoemulsions. Apart from those possibili-
ties, naked mRNA may be injected directly. However, 
it should be borne in mind that naked mRNA admin-
istration is associated with its susceptibility to RNase 
degradation [23].

Viral-based vectors

The use of viral vectors, among others retroviral 
and adenoviral vectors, for mRNA administration im-
proves both its in vivo delivery and transfection efficacy 
compared to naked mRNA injections. However, the ap-
plication of non-viral vectors instead of viruses seems 
to be safer due to reduced pathogenicity and lower 
capacity for mutagenesis [32]. Moreover, the use of 
viral vectors may be associated with excessive inflam-
matory response [33] as they are highly lymphotropic 
[34]. Another issue limiting the possibility of using 
those vectors is a problematic large-scale production 
of viral replicon particles [34]. One of the innovative 
approaches is the construction of vaccines containing 
self-amplifying mRNA (SAM). SAM vaccines are based 
on the alphavirus genome, which encodes 4 genes. One 
of them, nsP4, encodes RNA replication machinery. 
In the SAM vaccine, nsP4 is left intact while structural 
genes are replaced with sequences encoding antigens 
of interest. DNA prepared in this way is used as a tem-
plate for transcription into mRNA [35, 36]. Afterward, 
mRNA may be encapsulated into viral-based vectors 
(e.g. alphavirus replicon particles) [36] or other selected 
vectors, such as LNPs [35, 37]. Unlike various other 
mRNA vaccines, SAM vaccines are intended to be 
administered in one dose only [38].
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Lipid nanoparticles

Lipid nanoparticles are delivery platforms con-
sisting of ionizable amino lipids, polyethylene glycol 
(PEG), phospholipids, and cholesterol. Ionizable 
amino lipids enable mRNA release from the endo-
some to the cytoplasm, PEG prolongs the time of LNP 
circulation, while phospholipids and cholesterol are 
essential to stabilize the LNP structure [23, 39, 40]. 
Encapsulation of nucleic acid in LNP protects it from 
enzymatic degradation and decreases its clearance 
during renal filtration. Moreover, it is possible to 
modify the structure of LNP, for example, by adding 
coating antibodies to direct mRNA delivery into de-
sirable cells or tissues [41]. One of the crucial issues 
associated with mRNA-LNP vaccines is their ap-
propriate dosage. LNP application is associated with 
toxicity that increases with concentration; therefore, 
the application should be optimized to achieve both 
good efficacy and low toxicity [41, 42]. Moreover, it 
was suggested that mRNA-LNP application may cause 
allergic reactions due to PEG content [42]. Choosing 
the optimal route of mRNA-LNP vaccine administra-
tion seems to be essential [41]. The most commonly 
used routes are intramuscular and intradermal injec-
tions; however, vaccines may be also administrated 
intravenously [40, 43].

Direct mRNA injection

Naked mRNA can be injected directly into an or-
ganism, without a carrier, and formulated in a proper 
buffer. The uptake of mRNA may be improved by its 
administration in buffer containing calcium [23]. Direct 
mRNA injection is more cost-effective compared to 
using a delivery platform. Moreover, since mRNA 
translation starts immediately when it is present in 
the cytoplasm, the vaccine rapidly induces an im-
mune response [23, 40]. However, the most significant 
disadvantage of this approach is mRNA sensitivity to 
degradation with RNases present in vivo [40, 44], which 
generates a problem with the proper effective vaccine 
dosage [45]. Delivery of intradermal, intranodal, or 
intramuscular mRNA directly to an optimal place is 
beneficial for its stability [40].

Approaches to encoding antigen 
selection

Cancer vaccines aim to stimulate patients’ immune 
system to enhance its activity against cancer cells. Cancer 
vaccine manufacturing may be based on three approaches 
i.e. encoding tumor-associated antigens, tumor-specific 
antigens, or immunostimulators [6, 7]. 

Tumor-associated antigens

Tumor-associated antigens show higher expression in 
tumor tissues compared to normal tissues. Among oth-
ers, prostate-specific antigen (PSA), human epidermal 
growth factor receptor 2 (HER2), carcinoembryonic an-
tigen (CEA), and alpha-fetoprotein (AFP) are included 
in this category [6, 7]. Since TAAs are also expressed on 
normal cells, the response of T-cells to immunization may 
be poor [9]. As a result, the administration of stratified 
drugs (i.e. drugs targeting the most common TAAs in 
a specific tumor type) may be ineffective in a significant 
proportion of patients. Therefore, to achieve appropriate 
vaccine effectiveness, it may be necessary to stimulate 
patients’ immune response by administering adjuvants or 
co-stimulators [9, 46]. Moreover, it is worth noting that 
introducing TAAs into therapy may be associated with 
toxicity. Such problmes occurred during a clinical trial 
on retrovirus encoding CEA-reactive T-cell receptors in 
a metastatic colorectal cancer cohort. In that study, part 
of patients experienced grade 3 diarrhea due to colitis, 
resulting in their exclusion from this trial [16].

Tumor-specific antigens

Tumor-specific antigens (TSAs) are uniquely expressed 
in cancer tissue [7]. As neoantigens are not present in nor-
mal tissues, immune response to vaccines based on their 
use is stronger, and the risk of toxicity is lower compared 
to traditional therapy and TAAs-based vaccines [7, 10]. It 
is possible to identify and target neoantigens with next-gen-
eration sequencing (NGS) and use them to produce 
personalized vaccines, targeting individual neoantigens 
present in tumor tissue [8, 10]. This approach seems to be 
especially beneficial for patients as the majority of muta-
tions harbored by tumors may be patient-specific [8, 47].

Next-generation sequencing for individualized 
vaccine preparation

The process of preparing individualized vaccines 
begins with collection of the patient’s tumor tissue 
(material for cancer mutatome assessment) and pe-
ripheral blood (source of white blood cells containing 
healthy, non-cancerous DNA and mRNA) [8, 47, 48]. 
It was suggested that both fresh and preserved tissues 
(frozen or formalin-fixed paraffin-embedded) can be 
used for isolation of nucleic acids. Unfortunately, tis-
sue is usually collected during biopsy in small amounts 
from one or a limited number of lesions. As a result, it is 
possible that the samples would not be representative of 
the whole tumor [8, 49]. It is suggested that in the future, 
liquid biopsy may be used as an alternative for tumor 
tissue examination. Liquid biopsy contains circulating 
tumor DNA (ctDNA) that is shed into circulation by 
all apoptotic and necrotic tumor cells. Therefore, it is 
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more representative of the entire tumor compared to 
single-side biopsy [48, 50]. 

Afterward, DNA (and possibly RNA to acquire 
information about the expression of mutated alleles) 
extracted from samples [47] are sequenced with whole 
exome sequencing (WES). The tumor and healthy tis-
sues’ exomes are compared and analyzed in silico to spot 
cancer neoantigens among germline variants [49, 51]. 
Neoantigens’ selection may be based on analysis of ei-
ther single nucleotide variants (SNVs), indels (insertions 
and deletions), fusion genes, or splice variants. Currently, 
for that purpose, SNV analysis is the most extensively 
researched [48]. To predict the immunogenicity of neo-
antigen, which will affect the effectiveness of the vaccine, 
both its affinity to MHC and level of mutated alleles 
expression can be analyzed. For that purpose, specific 
bioinformatic tools and RNA sequencing or RT-PCR 
may be used, respectively [10, 47, 49].

Lastly, with appropriate neoantigens selected, indi-
vidualized vaccines can be manufactured under Good 
Manufacturing Practice conditions and then admin-
istrated to patients [10]. Currently, the production of 
personalized vaccines is expensive (among others, due 
to high NGS costs) and long-lasting (approximately 
2–3 months) —both factors limit the possibilities of 
performing clinical trials and widespread implementing 
personalized cancer vaccines [8, 49]. However, further 
optimization of the process gives hope for wider use of 
this individualized therapy in the coming years [7, 51].

Immunostimulators

The third approach to mRNA-based vaccine prepa-
ration is inclusion of mRNA-encoding immunostimula-
tors, such as cytokines [52–54] or co-stimulatory factors 
[53, 55]. Immunomodulators can be used to modify 
tumor microenvironment, promoting infiltration of acti-
vated T and B cells or to support effects of therapy with 
ICIs [11, 54]. It has been pointed out that intratumoral 
administration of mRNA-encoding immunomodulators 
is superior to other ways of delivery as it reduces toxic-
ity and provides long-term benefits of treatment [54]. 
Even though clinical trials on cancer vaccines containing 
immunostimulators are currently not numerous, it has 
been demonstrated that their usage potentially improves 
outcomes for patients treated with ICIs [7]. 

mRNA vaccines in oncological clinical 
trials

mRNA vaccines in pancreatic cancer patients

Although patients with pancreatic cancer have 
a very high risk of death, complete recovery is possible 
in the early stage of disease using extensive surgery [56].  

Chemotherapy, radiotherapy and standard immuno-
therapy in patients with advanced pancreatic cancer 
show low effectiveness [57, 58] Whereas molecularly 
targeted therapies could be used in small groups of 
patients, e.g. poly (ADP-ribose) polymerase (PARP) 
inhibitors in patients with BRCA genes (breast cancer 
genes) mutations [58, 59] or neurotrophic tropomyosin 
receptor kinase (NTRK) inhibitors in patients with 
NTRK gene rearrangements [59]. Therefore, it is rea-
sonable to search for new immunotherapy methods or 
to strengthen existing immunotherapies, taking into 
account the strong immunogenicity of pancreatic cancer 
related to the formation of numerous neoantigens.

Rojas et al. [51] published the results of a phase 
I single-center study (NCT04161755) on the safety, 
immunogenicity, and effectiveness of personalized 
mRNA vaccines (cevumeran, BNT122, RO7198457) 
in patients with operable pancreatic ductal adenocar-
cinoma (PDAC). Results of treatment after a median 
three-year follow-up were presented at the American 
Association for Cancer Research (AACR) Annual 
Meeting in 2024 by Sethna et al. [60].

However, earlier, Lopez et al. [61] published the first 
results from the phase I dose escalation NCT03289962  
study on the safety of cevumeran. In this study, cevumer-
an as a single agent and in combination with atezolizum-
ab (anti-PD-L1 antibody) was used in locally advanced 
or metastatic solid tumors [patients with non-small-cell 
lung cancer (NSCLC) and melanoma previously treated 
with ICIs and immunotherapy-naive patients with 
melanoma, renal-cell carcinoma, NSCLC, urothelial 
cancer, and triple-negative breast cancer]. Ex vivo T cell 
responses were detected in 73% of patients. Response to 
treatment with cevumeran in combination with atezoli-
zumab was observed in 10% of patients with urothe-
lial cancer, 22% of patients with renal-cell carcinoma, 
30% of patients with melanoma, 4% of patients with  
triple-negative breast cancer, and 10% of patients  
with NSCLC (the majority of patients previously were 
treated with ICIs). Cevumeran was well tolerated, but its 
use was associated with more frequent infusion-related 
reactions, cytokine release syndrome, influenza-like ill-
ness, nausea, and pyrexia [61].

In the study conducted by Rojas et al. [51], NGS 
was performed in the material obtained during 
pancreatic tumor resection to search for genetic ab-
normalities responsible for the formation of neoanti-
gens. Bioinformatics analysis allowed the selection of 
sequences coding for more than 5 neoantigens, which 
were then used in the mRNA synthesis of the cevu-
meran vaccine. An individual neoantigen-encoding 
mRNA-lipoplex vaccine was produced. At that time 
(6 weeks after surgery), one dose of atezolizumab was 
administered. Priming doses 1-8 of cevumeran were 
administered in weeks 9 to 17. Then, from week 21, 
modified mFOLFIRINOX (irinotecan, fluorouracil, 
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leucovorin, oxaliplatin) chemotherapy was adminis-
tered in 12 two-week cycles until week 43 after surgery. 
Patients received the ninth booster dose of cevumeran 
at week 46 [51].

Twenty-eight patients were resected according to 
the study protocol, but only 19 patients received at-
ezolizumab. Six patients were excluded from the study 
because they had an advanced stage of the disease, 
one patient was not diagnosed with pancreatic ductal 
carcinoma, one patient withdrew consent, and NGS 
could not be performed in one patient. Sixteen patients 
received priming doses of cevumeran. Three patients 
were excluded from the study due to disease progres-
sion, withdrawal of consent, or insufficient number of 
neoantigens (< 5 neoantigens). Fifteen patients received 
chemotherapy (one patient had disease progression 
before chemotherapy). Three of 16 patients did not 
receive ninth vaccine doses, which was due to progres-
sion, death, or mFOLFIRINOX toxicity [51].

In 8 of 16 patients, cevumeran caused an increase in 
the number of T-cells specific for selected neoantigens.  
These cells produced IFN-γ ex vivo in an enzyme-linked 
immunospot (ELISpot) assay after incubation with 15-
mer neoantigens. Ninety-eight percent of the T-cells 
targeting individual tumor neoantigens and induced 
by cevumeran were created de novo because they were 
not detected in the blood or tumor prior to administra-
tion of the vaccine. Cevumeran induced 79 clones of 
cytotoxic T-cells in the blood with an estimated median 
lifespan of 5.5 years. More than 80% of vaccine-induced 
neoantigen-specific T-cells could still be detected up to 
three years after cevumeran administration in patients 
with an immune response. These patients had longer 
median recurrence-free survival (RFS) compared to 
patients who did not respond to treatment [median 
RFS not reached in responders vs. 13.4 months in 
non-responders; hazard ratio (HR) = 0.14; 95% confi-
dence interval (CI) 0.03–0.6; p = 0.007]. Six of the eight 
patients who responded to cevumeran remained dis-
ease-free during the three-year follow-up period, while 
seven of the eight patients without an immune response 
had tumor recurrence. All 16 patients who received ce-
vumeran had grade 1–2 adverse events (AEs). Patients 
most commonly reported chills, fever, or diarrhea. In 
individual patients, grade 3 AEs occurred, including 
fever and hypertension [51, 60].

IMCODE 003 (NCT05968326) global multicenter 
phase II clinical trial will investigate the efficacy 
and safety of adjuvant cevumeran in combination with 
atezolizumab and chemotherapy compared with the cur-
rent standard of care chemotherapy (mFOLFIRINOX) 
in PDAC patients [62]. Cevumeran is currently being 
evaluated in 4 clinical trials: first-line therapy in ad-
vanced melanoma patients (NCT03815058), adjuvant 
therapy in colorectal cancer patients (NCT04486378), 

subsequent lines of treatment in patients with locally 
advanced or metastatic solid tumors (NCT03289962), 
and adjuvant therapy in NSCLC patients who were 
circulating tumor DNA (ctDNA) positive after surgical 
resection (NCT04267237, the study was withdrawn) [63].

mRNA vaccines in melanoma patients

Immunotherapy using ICIs has revolutionized 
the treatment of patients with advanced and operable me - 
lanoma. Until recently, patients with advanced melano-
ma were treated ineffectively with radiotherapy, che-
motherapy (dacarbazime), or immunotherapy (gp100  
antigen vaccine or cytokine administration) [64, 65].  
The discovery of BRAF (B-Raf protooncogen) and MEK  
(mitogen-activation protein kinase, MAP2K) inhibitors 
increased chances of longer survival in patients with 
mutations in codon 600 of the BRAF gene. However, 
immunotherapy has opened up a chance for long-term 
remissions for a large group of patients with advanced 
melanoma [64, 66]. Despite high effectiveness, some 
patients are resistant to ICIs, and mRNA vaccines can 
overcome this resistance.

The phase I Lipo-MERID trial (NCT02410733) 
involved 89 melanoma patients in stage IIIB/C or IV 
previously treated with ICIs. Patients received increasing 
doses of liposomal mRNA vaccine BNT111 (FixVac) 
alone or in combination with ICIs. FixVac is composed 
of mRNA encoding four TAAs: New York oesophageal 
squamous cell carcinoma 1 (NY-ESO-1), melanoma-as-
sociated antigen A3 (MAGE-A3), tyrosinase, and trans-
membrane phosphatase with tensin homology (TPTE). 
These antigens have limited expression on normal cells, 
but are widely expressed on melanoma cells, inducing 
an anti-tumor immune response. Melanoma cells in 
enrolled patients had to show the expression of at least 
one of the TAAs used in the vaccine. FixVac was ad-
ministered in 8 escalating doses for the first two months 
and then in 3 booster doses on days 104, 132, and 160 of 
treatment. Doses and method of administration varied 
between 7 dose escalation cohorts and 3 expanded 
cohorts [67].

Interferon-α (IFN-α), interferon- γ (IFN-γ), interleu-
kin 6, IFN-inducible protein 10 (IP-10), and the p70 sub-
unit of IL-12 increased with FixVac doses that were 
accompanied by a transient fever and chills. Cytokine 
secretion was pulsatile, transient, and self-limiting. 
Combining FixVac with anti-PD1 antibodies did not 
affect cytokines levels. The majority (75%) of patients 
who were analysed using ex vivo IFN-γ ELISpot before 
and after eight vaccinations showed immune responses 
against at least one TAAs. The percentage of anti-
gen-specific T-cells continued to increase or remained 
stable over more than 1 year. Moreover, a significant 
increase in metabolic activity in lymphocytes, specifically 
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in the spleen, was seen. In exploratory analysis, 12% 
and 25% of patients treated with VixVac monotherapy 
experienced partial response and stabilization, respec-
tively. In a group of patients treated with a combination 
of VixVac and anti-PD-1 antibodies, the response rate 
was 35%. Regression of target lesions occurred across 
all doses, although the partial response rate was highest 
in patients treated with the medium dose (100 μg) of 
FixVac in combination with anti-PD1 antibodies [67].

A phase II trial (NCT04526899) with VixVac in 
combination with cemiplimab (anty-PD-1 antibody) is 
underway in advanced, unresectable stage III or IV mel-
anoma patients who did not respond to anti-PD-1 ther-
apy [68]. Moreover, FixVac received Food and Drug 
Administration (FDA) fast-track approval for advanced 
melanoma patients.

mRNA-4157-P201 (V940) is a lipid-encapsulated 
personalized vaccine encoding multiple neoantigens 
selected using NGS examination of tumor tissue. The 
safety of this mRNA vaccine was examined in the phase 
I dose escalation study KEYNOTE-603 (NCT03313778) 
in patients with resected solid tumors and in combina-
tion with pembrolizumab in patients with unresectable 
solid tumors. Of the 13 patients treated with mRNA 
vaccine monotherapy (3 melanomas, 8 NSCLC, 2 col-
orectal cancers with high microsatellite instability), 
11 patients remained disease-free (12 months follow- 
-up). In the group of the 20 patients receiving combi- 
nation therapy [1 metastatic cutaneous squamous cell  
carcinoma, 4 bladder cancers, 2 head and neck carcinomas,  
1 melanoma, 7 NSCLC, 2 small-cell lung cancers, 3 micro- 
satellite instability-high (MSI-high) cancers], 5 cases 
of partial remission and 6 cases of stabilization of 
the disease were recorded. Thirteen patients from this 
group had previously received ICI therapy. Neoantigen-
specific CD8+ T-cell responses were detected in all 
patients [69].

Personalized mRNA-4157 vaccine in combination 
with pembrolizumab (anti-PD-1 antibody) was used in 
adjuvant therapy in melanoma patients with high risk 
of recurrence in the phase II KEYNOTE-942 trial. 
The study involved 224 patients with cutaneous mel-
anoma at stages IIIC, IIID, or IV who underwent 
complete surgical resection of the tumor; 67 patients 
were excluded from the study for various reasons, 
mainly due to problems with performing NGS in DNA 
and RNA from tumor tissue and the lack of sufficient 
quality and quantity of tissue for mRNA-4157 vac-
cine manufacture. Ninety-one percent of patients in 
the combination arm received a vaccine containing 
coding sequences for 34 neoantigens. One hundred 
and seven patients received pembrolizumab in com-
bination with mRNA-4157 vaccine, and 50 patients 
received pembrolizumab alone. mRNA-4157 vaccine 
was administered at a dose of 1 mg intramuscularly every 

3 weeks for up to 9 cycles, and pembrolizumab at a dose 
of 200 mg every 3 weeks for up to 18 cycles. The primary 
endpoint was recurrence-free survival. Fifty-five patients 
receiving combined treatment and 28 patients treated 
with pembrolizumab alone completed the full course of 
therapy [70, 71].

The majority (83.4%) of patients treated with com-
bination therapy achieved 12-month RFS, and 78.4% 
of these patients achieved 24-month RFS. In patients 
treated with pembrolizumab, the percentages were 
77.1% and 62.2%, rspectively. The reduction in the risk 
of disease recurrence was 44% (HR = 0.561; 95% CI 
0.309–1.017; p = 0.0266). The greatest benefit from 
combination therapy compared to monotherapy with 
pembrolizumab was achieved in patients without 
PD-L1 expression on tumor cells. The risk of distant 
metastases occurrence [distant metastases free survival 
(DMSF)] was also lower in patients receiving mR-
NA-4157 vaccine and pembrolizumab compared to pem-
brolizumab alone (HR = 0.347; 95% CI 0.145–0.929; 
p = 0.0063). mRNA-4157 vaccine in combination with 
pembrolizumab was well-tolerated without an increase 
in immune-mediated AEs compared with pembroli-
zumab monotherapy. Serious AEs and immune-me-
diated AEs occurred in 14.4% and 35.6% of patients 
receiving combination therapy, respectively, and in 
10.0% and 36% of patients treated with pembrolizum-
ab, respecitively. Grade 1–2 fatigue, diarrhea, pruritis, 
and nausea occurred slightly more frequently in patients 
receiving combination therapy, whereas chills and py-
rexia occurred almost exclusively in patients receiving 
the mRNA-4157 vaccine [70, 71].

mRNA-4157 vaccine in combination with pembroli-
zumab received breakthrough therapy designation in 
high-risk melanoma patients from the FDA in February 
2023 and prime designation from the European Medicine 
Agency (EMA) in April 2023. Currently, several clinical 
trials are underway in which mRNA-4157 vaccine is used 
as monotherapy or in combination with pembrolizumab 
in patients with solid tumors (NCT03313778), high-risk 
melanoma (phase III trial NCT05933577), renal-cell car-
cinoma (NCT06307431), cutaneous squamous cell carci- 
noma (NCT06295809), NSCLC (NCT06077760), 
and bladder cancer patients after radical resection 
(NCT06305767) [72].

mRNA vaccines in non-small-cell lung cancer 
patients

Non-small-cell lung cancer is the leading cause of 
cancer death in men and women [73]. Most patients are 
diagnosed at a stage that does not allow surgical treat-
ment. Fortunately, in patients with NSCLC, progress 
in treatment methods is the greatest among all cancer 
patients. Molecularly targeted therapies can be used in 
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patients with mutations in EGFR, KRAS, BRAF, MET 
genes, and with ALK, ROS1, RET, and NTRK gene 
rearrangements. Other patients may benefit from immu-
notherapy or chemoimmunotherapy. First-line immuno-
therapy is used in patients with unresectable NSCLC in 
stage III or IV when PD-L1 is expressed on more than 
50% of tumor cells, while chemoimmunotherapy is most 
often used in patients with lower PD-L1 expression [74]. 

Unfortunately, immunotherapy is not effective in all 
patients. More than 25% of patients develop primary 
resistance to immunotherapy, and further 50% of pa-
tients develop secondary resistance to immunotherapy 
within 1 year of treatment [75]. Therefore, new im-
munotherapy methods that can be combined with ICIs 
and used in patients with resistance to immunotherapy 
are under development.

CV9201 (CureVac) is a non-personalized mRNA 
vaccine encoding five antigens specific to non-small 
cell lung cancer: NY-ESO-1, melanoma antigen fam-
ily C1/C2 (MAGE-C1 and MAGE-C2), surviving, 
and trophoblast glycoprotein. In a Phase I/IIa dose 
escalation study (NCT00923312), 46 patients with lo-
cally advanced or metastatic NSCLC with stable disease 
after first-line therapy received five intradermal injec-
tions of CV9201 (400–1600 μg mRNA). CV9201 was 
well tolerated. Most AEs included mild to moderate 
injection site reactions and flu-like illness. Grade 3 AEs 
occurred in 7% of patients. The recommended dose of 
CV9201 in phase IIa was 1,600 μg. In this phase, 63% 
of patients had an antigen-specific immune response 
against ≥ 1 antigen. The disease was stable in 31% of 
patients. However, no objective response was observed. 
Median progression-free survival (PFS) and overall 
survival (OS) from the first vaccine administration were 
5.0 months and 10.8 months, respectively. Two-year OS 
was achieved in 26.7% of patients, while 3-year OS was 
found in 20.7% of patients [76].

The phase I/II NCT03164772 study evaluated 
the safety and preliminary efficacy of mRNA vaccine 
CV9202 (BI 1361849) encoding 6 tumor-associated an-
tigens: mucin 1 (MUC1), survivin, NY-ESO-1, 5T4 on-
cofetal antigen, MAGE-C2 and MAGE-C1 in patients 
with advanced NSCLC. In arm A, patients received 
the CV9202 vaccine and durvalumab (anti-PD-L1 anti-
body). In arm B, patients received the CV9202 vaccine, 
durvalumab, and tremelimumab (anti-CTLA-4 anti-
body). Patients could be treated with 1 prior line of 
anti-PD-1 or anti-PD-L1 therapy. The vaccine was intra-
dermally administered in a total of 14 doses during 12 cy-
cles. Twenty-three patients were in arm A and 34 patients 
in arm B. Patients from both arms had comparable treat-
ment-related AEs (56% vs. 57%) and comparable rates 
of treatment discontinuation (22% vs. 24%). Twenty 
percent of patients treated with CV9202 and 71% of 
patients treated with durvalumab had partial response 

and disease control. The median duration of response 
(DoR) was 10 months, median PFS was 5.7 months, and  
median OS was not reached. In patients treated with 
the CV9202 vaccine, durvalumab, and tremelimumab, the  
overall response rate was 11%, and the disease control 
rate was 53%. In this group of patients, the median DoR, 
PFS, and OS were 6 months, 2.5 months, and 10 months, 
respectively. Based on literature data, the addition of 
CV9202 to durvalumab yielded comparable or bet-
ter treatment response, PFS, and OS compared to 
durvalumab alone or with chemotherapy. However, 
the addition of tremelimumab did not improve treat-
ment effects [77].

The CV9202 vaccine has been used without much 
success in clinical trials in NSCLC patients after chemo-
radiotherapy, after radiotherapy, in the case of progres-
sion after EGFR (epidermal growth factor receptor) 
tyrosine kinase inhibitors, and together with afatinib in 
patients with mutations in the EGFR gene.

Due to the low effectiveness of non-personalized 
mRNA vaccines in patients with NSCLC, the results of 
studies using modern personalized mRNA vaccines, in-
cluding cevumeran and mRNA-4157, will be significant.

mRNA vaccines in prostate cancer

Prostate cancer is the most common cancer in men. 
Surgery, radiotherapy, and hormone therapy are effective 
treatments for this cancer. Unfortunately, there are no ef-
fective therapeutic options for patients with recurrent, cas-
tration-resistant, advanced prostate cancer. Chemotherapy 
and immunotherapy (e.g., with dendritic cells or ICIs) used 
so far have had limited effectiveness; however, chemo-
therapy may be combined with PARP inhibitors in patients 
with mutations in the BRCA genes [78, 79].

CV9104 vaccine contains mRNA encoding the anti-
gens PSA, prostate-specific membrane antigen A (PSMA), 
prostate stem-cell antigen (PSCA), six transmembrane 
epithelial antigen of the prostate 1 (STEAP1), pros-
tatic acid phosphatase (PAP), and MUC1. The study 
NCT01817738 was a double-blind, randomized, place-
bo-controlled phase I/II trial for men with asymptomatic 
or minimally symptomatic metastatic castrate-refractory 
prostate cancer. The phase I part of the trial assessed 
the safety of CV9104 and determined the dose of 
CV9104 for the randomized phase II study. The primary 
objective of the phase II study was to compare OS in 
patients treated with CV9104 or placebo. One hun-
dred and thirty-four patients received CV9104 vaccine, 
and 63 patients received placebo. No significant dif-
ference in OS was found. Median OS was 35.5 months 
in patients treated with CV9104 and 33.7 months in 
patients receiving placebo (HR = 1.1; 95% CI 0.70–1.76; 
p = 0.33). There were also no significant differences in 
PFS and time to symptom progression. The incidence 
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of grade ≥ 3 AEs (51.1% vs. 59.7%) and serious AEs 
(44.5% vs. 43.5%) was similar in both arms. Injection 
site reactions and flu-like symptoms were more frequent 
in the CV9104-treated patients [80].

Conclusions

Initial failures in the use of mRNA vaccines in cancer 
treatment resulted from mRNA instability and the lack of 
personalization of these vaccines. Viral vectors were also 
not an ideal way to transfer mRNA to APCs. The first vac-
cines (e.g., CureVac) were based on mRNA-containing 
TAAs coding sequences, and their immunogenicity was 
low. The problem of mRNA stability was sorted out 
during the coronavirus disease 2019 (COVID-19) epi-
demic, with the development of a stable mRNA vaccine 
against severe acute respiratory syndrome coronavirus 2  
(SARS-CoV-2) containing the virus spike sequence 
and the development of a technique for creating nanolipid 
particles. The second problem is being solved thanks to 
the development of next-generation sequencing tech-
niques, which enable the creation of personalized mRNA 
vaccines. Understanding the genetic abnormalities 
responsible for the formation of neoantigens and using 
these sequences in mRNA vaccines increases the speci-
ficity and immunogenicity of these vaccines. Currently, 
vaccines such as cevumeran, mRNA-4157, or the recently 
developed NCI-4650 contain sequences coding from 
several to over 30 neoantigens. They can be used to treat 
patients with all types of solid tumors that contain muta-
tions responsible for the formation of neoantigens. It has 
been confirmed that the new NC-4650 vaccine specifically 
activates the immune system to produce an anti-tumor 
response in patients with gliomas, gastrointestinal can-
cers, and hepatocellular carcinoma. The development 
of personalized mRNA vaccines has made it possible 
to extend the time to recurrence in surgically resected 
pancreatic ductal carcinoma and melanoma. An excep-
tionally effective strategy may be to combine mRNA vac-
cines with already used immunotherapy with anti-PD-1, 
anti-PD-L1 and anti-CTLA4 antibodies. mRNA vaccines 
should be considered breakthrough oncological therapies 
in solid tumors, similar to therapies using chimeric antigen 
receptor T (CAR-T) cells in hemato-oncological diseases.
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