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ABSTRACT mRNA-based cancer vaccines represent an innovative approach to cancer treatment. Cancer mRNA
vaccines are structurally based on specific tumor antigens, a technique which enables the patient’s immune
system to become activated against cancer cells. Clinical trials of mRNA vaccines against various types of
tumors, including melanoma, lung cancer, pancreatic carcinoma, breast cancer and others, are currently un-
derway. Because of their favorable safety profile and adaptability, these therapeutics hold considerable prom-
ise in efforts to enhance cancer treatment efficacy and prolong patient life. This review outlines steps in the
development of manufacturing technologies for mRNA-based therapeutics, describes the algorithm used to
design personalized anti-tumor mRNA vaccines, discusses their practical implementation, and summarizes
current clinical trials in cancer immunotherapy.

KEYWORDS mRNA vaccine, cancer, immunotherapy, neoantigens, liposomes, clinical trials.

ABBREVIATIONS APCs — antigen-presenting cells; LNPs — lipid nanoparticles; LPPs — lipopolyplexes; PEG —
polyethylene glycol; CpG-ODNs — CpG-oligodeoxynucleotides; BDMPs — biotechnology-derived medicinal
preparations; CTLA-4 — cytotoxic T-lymphocyte antigen-4; PD-1 — programmed cell death receptor; PD-L1 —

programmed cell death receptor ligand.

INTRODUCTION

Cancer is a leading cause of death and disability
worldwide, which justifies its status as a top medical
and societal concern. Despite decades of innovation,
solid tumors remain among the leading causes of can-
cer-related mortality worldwide, owing to their high
incidence and the complexity of achieving effective
intervention [1]. Even with refined treatment proto-
cols, long-term survival remains hard to achieve: in
lung cancer — the most frequently diagnosed cancer —
more than 50% of patients do not survive beyond 3.5
years post-diagnosis [2].

Novel therapeutic strategies are urgently need-
ed to enhance treatment efficacy and improve both
survival and the quality of life of cancer patients. In
this regard, modulation of the anti-tumor immune
response holds particular promise. The inclusion of
immunotherapy with immune checkpoint inhibitors
in clinical guidelines has significantly improved treat-

ment efficacy with melanoma, lung cancer, breast can-
cer, ovarian cancer, and other types of solid tumors
[3, 4]. Nucleic-acid—based anti-tumor vaccines, partic-
ularly those utilizing DNA or mRNA platforms, rep-
resent a promising frontier in cancer immunotherapy.

mRNA-based anti-tumor vaccines exploit the natu-
ral protein synthesis machinery of antigen-presenting
cells (APCs): by delivering transcripts encoding tu-
mor antigens into the cytoplasm, mRNA enables en-
dogenous production and immunogenic presentation
of the target antigen. Following processing, proteins
associated with the target antigen (epitopes) can ap-
pear on the surface of APCs by binding to the mol-
ecules of the major histocompatibility complex classes
I and II — MHC I and MHC II, respectively (Fig. 1).
The resulting immune activation engages both of the
arms of adaptive immunity: CD4+ T helper cells and
B cells (for antibody production), as well as CD8+ cy-
totoxic T lymphocytes, which are capable of directly
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Fig. 1. Anti-tumor mRNA vaccine mechanism. mRNA — messenger ribonucleic acid, APCs — antigen-presenting cells,

AG protein — antigenic protein

eliminating target cells [5]. mRNA-based vaccine plat-

forms offer advantages such as:

1) Enhanced stability and translational efficiency.
Advances in nucleotide modification and delivery
technologies have rendered mRNA more resistant
to degradation and significantly improved its pro-
tein expression in target cells [6].

2) Intrinsic immunostimulatory properties. The
mRNA molecule itself can activate the innate im-
mune system, thereby acting as a built-in adjuvant
that enhances vaccine efficacy [7].

3) Favorable safety profile. Unlike DNA vaccines or
viral vectors, mRNA remains extranuclear and
does not integrate into the host genome, thereby
eliminating the risk of insertional mutagenesis [8].

4) Economical and scalable production pipeline. The
development of personalized mRNA vaccines re-
lies on the synthesis of a single DNA template, fol-
lowed by enzymatic in vitro transcription to yield
large quantities of mRNA — a streamlined process
that is substantially less resource-intensive than
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the complex manufacturing required for viral vec-

tor or plasmid DNA vaccines.

This review critically assesses the promise
of mRNA-based therapeutic vaccines in solid malig-
nancies, addressing key aspects, including mRNA de-
sign and production, delivery systems for efficient
targeting of APCs, and the status of ongoing and
completed clinical trials.

KEY MILESTONES IN THE EVOLUTION

OF mRNA TECHNOLOGIES

Despite the discovery of mRNA and transcription
in the 1960s, the therapeutic potential of synthetic
mRNA was not immediately understood. A pivotal
shift occurred in 1984, when researchers demonstrat-
ed that in vitro—transcribed mRNA could direct func-
tional protein expression in cells, laying the founda-
tion for mRNA-based gene regulation and therapy [9]
(Fig. 2). Early progress in mRNA therapeutics was
hampered by the molecule’s susceptibility to degra-
dation and inefficient cellular delivery [10]. This chal-
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Fig. 2. Development history of mMRNA-based vaccine production and application technologies. CEA — carcinoembryonic
antigen, DC — dendritic cells, mMRNA — messenger ribonucleic acid

lenge was first overcome in 1989, with the success-
ful delivery of synthetic Photinus pyralis luciferase
mRNA into murine cells via liposomes formulated
with the cationic lipid DOTMA (N-[1-(2,3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium chloride) [11]. In
the 1990s, most companies that had pursued mRNA
vaccine development redirected their investments
elsewhere, as the production of stable liposomal
mRNA formulations remained prohibitively expen-
sive. Nevertheless, research continued: as early as
1990, a landmark study demonstrated that synthetic
mRNA could be expressed in vivo following direct in-
jection into mice [12, 13]. In 1993, researchers synthe-
sized the first prophylactic mRNA vaccine, designed
to express the nucleoprotein of the influenza virus
and demonstrated its ability to activate antigen-spe-
cific cytotoxic T lymphocytes in murine models [14].
The first evidence of anti-tumor immunity in-
duced by mRNA vaccination was reported in 1995,

following intramuscular delivery of a mRNA-en-
coding carcinoembryonic antigen (CEA) into mice
[15]. Subsequently, in 1999, using a mouse melano-
ma model, it was demonstrated that the introduc-
tion of gpl00 mRNA, which encodes the melanosome
matrix glycoprotein, into the spleen inhibits tumor
growth [16]. Meanwhile, a Phase 1 clinical trial was
initiated to activate antigen presentation in autolo-
gous dendritic cells from prostate cancer patients by
means of synthetic mRNA encoding prostate-specif-
ic antigen (PSA) [17]. In 2000, Ingmar Hoerr et al.
discovered that direct injections of mRNA can in-
duce an immune response in mice and, then, with
the promising development of mRNA vaccines in
mind, CureVac (Germany) was incorporated, a com-
pany that remains one of the leading developers of
mRNA-based vaccines to this day [18, 19].

The seminal work of Katalin Karik6 and Drew
Weissman laid the groundwork for modern mRNA
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therapeutics. During early efforts to develop an
mRNA-based HIV vaccine in the late 1990s, they
discovered that unmodified mRNA activated innate
immune pathways — specifically through Toll-like
receptors (TLR3, TLR7, TLR8) — eliciting a robust
inflammatory response in murine models [20]. A piv-
otal advance happened in 2005, when Karikd and
Weissman reported and patented the incorporation
of pseudouridine, in place of uridine, within mRNA.
This chemical modification prevented recognition by
innate immune sensors, thereby suppressing inflam-
matory responses and markedly improving trans-
lational efficiency — a discovery that underpins the
development of modern mRNA vaccines [21, 22].
In 2023, Katalin Kariké and Drew Weissman were
awarded the Nobel Prize in Physiology or Medicine
for their discovery that nucleoside-modified mRNA
can suppress innate immune activation — a break-
through that enabled the development of effective
mRNA vaccines [23].

Improvements in mRNA-based technology have
enabled pharmaceutical companies such as Moderna
and Pfizer-BioNTech to develop effective mRNA vac-
cines against COVID-19 [6]. The successful and ex-
panded clinical use of mRNA vaccines has driven
the rapid advancement and optimization of the en-
tire mRNA manufacturing pipeline [24]. Moreover,
mRNA technologies are suitable for creating prepa-
rations not only against infectious diseases (rabies,
influenza, Epstein-Barr virus, Zika virus, Nipah vi-
rus, etc.), but also against oncological diseases, such
as prostate cancer, hepatocellular carcinoma, mela-
noma, and non-small cell lung cancer, thereby at-
tracting the attention of scientists and biotechnology
and pharmaceutical companies in Russia, the United
States, Germany, China, and other countries [24].
Against this background, the first clinical trial of a
personalized mRNA-based vaccine against melanoma
(NCT02035956) was initiated in 2013 [25].

Personalized therapy represents the most prom-
ising strategy in modern oncology. mRNA-based
anti-tumor vaccines targeting tumor neoantigens —
unique antigens arising from somatic mutations in
malignant cells — have demonstrated high efficacy.
Neoantigens are broadly classified into two catego-
ries: shared (or common) neoantigens, which occur
across multiple patients and are absent from the
normal genome, and personalized (or private) neo-
antigens, which are unique to an individual’s tumor
mutanome [26, 27]. Shared neoantigens represent
promising targets for “off-the-shelf” therapeutic can-
cer vaccines with broad applicability, whereas per-
sonalized neoantigens — though patient-specific —
have demonstrated remarkable therapeutic efficacy
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in clinical settings [28—32]. Production of a personal-
ized anti-tumor mRNA vaccine involves a sequential
workflow: (1) comprehensive profiling of the patient’s
tumor neoantigen repertoire, (2) computational de-
sign of the mRNA construct, (3) synthesis of the DNA
template, (4) in vitro transcription to generate mRNA,
and (5) formulation into a delivery vehicle, such as
lipid nanoparticles.

Identification of tumor neoantigens

The identification of neoantigens, defined as pa-
tient-unique tumor antigens generated by somatic
mutations, represents the cornerstone of personalized
mRNA vaccine design. This process involves a mul-
timodal genomic analysis including whole-exome se-
quencing (WES), whole-genome sequencing (WGS),
and transcriptome profiling, coupled with advanced
computational algorithms to predict and rank neoan-
tigens based on immunogenicity and expression lev-
els [33, 34]. At the same time, DNA sequencing makes
it possible to identify somatic mutations (missense,
nonsense, deletions, insertions, etc.) that potentially
encode neoepitopes, while RNA sequencing confirms
their expression status, which serves as an important
criterion for selecting neoantigens [35]. Additionally,
the use of RNA sequencing allows for the false pos-
itives detected in a DNA sequencing analysis but
not actually expressed to be excluded [35]. Actually,
comparing DNA and RNA sequencing data in prac-
tice yields more reliable results when forming a pool
of potential neoantigens [34].

Once the “raw” data has been collected, it under-
goes preliminary processing, including quality control
(using FastQC?), filtering and trimming of incorrect
sections (Trimmomatic or Cutadapt), and alignment
of reads to the reference genome (Bowtie 2) [36—38].
The subsequent step involves identifying somatic
mutations in the tumor as compared to normal sam-
ples, using tools such as MuTect2 (from the GATK
pipeline), Strelka, or VarScan2 [39—-41]. In addition,
the variant allele frequency (VAF) is calculated, re-
flecting the proportion of mutations in the tumor
cell genome [42]. Simultaneously, RNA sequencing
data is analyzed using STAR + RSEM, the Salmon
or Kallisto pipeline which allows quantitative ex-
pression metrics to be collected — TPM (Transcripts
Per Million) and FPKM (Fragments Per Kilobase of
transcript per Million mapped reads) [43—46]. Such
normalization approaches incorporate both the tran-
script length and sequencing depth, allowing for re-

I Andrews S. FastQC: A Quality Control Tool for High Throughput
Sequence Data. In: Babraham Bioinformatics [Internet]. Cambridge:
Babraham Institute; 2004-. [cited 2024 Dec 15]. Available at: https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/
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liable cross-sample and cross-transcript expression
quantification, which is essential in prioritizing im-
munogenic neoantigens [34].

The next stage involves running computational pre-
dictions of neoepitopes and an assessment of the like-
lihood that they would elicit a T-cell-mediated im-
mune response. Determination of the patient’s HLA
genotype using, for example, the OptiType algorithm
is particularly significant [47]. The binding affinity
of mutant peptides to MHC I/II molecules is also as-
sessed using various tools, the most popular of which
are NetMHC and NetMHCpan, MHCflurry, and IEDB
[48-50]. With these tools, the IC,, or percentile rank,
is calculated, allowing epitopes with a high predict-
ed binding affinity (IC,, < 500 nM) to be sampled.
Today’s neoantigen prioritization strategies incorpo-
rate multiple biological and computational parameters:
the expression level of the mutant allele, variant al-
lele frequency (VAF), dissimilarity of the mutant pep-
tide from its wild-type counterpart, and the thermo-
dynamic stability of the peptide-MHC complex [34].
Although in silico neoantigen screening is standard in
personalized mRNA vaccine pipelines because of its
efficiency, immunopeptidomics-mass spectrometry-
based identification of naturally presented peptide—
MHC complexes offers definitive validation of surface
presentation [51, 52].

While predicting which neoepitopes will elicit a
strong immune response is far from a perfect ap-
proach, the synergy of multi-omics data and intelli-
gent computational models now offers a powerful and

increasingly reliable strategy for designing personal-
ized mRNA vaccines with real therapeutic potential
[34].

Key structural elements of mRNA

Modern mRNA vaccines are engineered with an op-
timized molecular architecture to enhance stability,
maximize protein expression, and minimize unintend-
ed immune activation [53]. The mRNA molecule has
several essential elements (5’-cap, 5-UTR, coding se-
quence, 3-UTR, and poly(A)-tail), each of which plays
a key role (Fig. 34) [53].

The rational engineering of therapeutic mRNA
now relies heavily on advanced bioinformatic soft-
ware capable of predicting higher order RNA struc-
tures. Secondary and tertiary folding patterns — key
determinants of mRNA stability, innate immune ac-
tivation, and protein yield in APCs — are modeled
using tools such as RNAfold, NUPACK, and mfold.
These platforms facilitate the identification of struc-
turally optimal regions where to incorporate modified
nucleosides, thereby fine-tuning vaccine efficacy and
safety [54—56].

The 5 Cap is the most critical structural element of
mRNA, as it protects the transcript from exonucleo-
lytic degradation and facilitates the initiation of trans-
lation (Fig. 3A). Several types of caps are classified:
Cap0, Capl, Cap2, m6Am Cap. Modern technologies,
such as CleanCap, enable a capping efficiency of up to
99%, which is critical for the synthesis of target pro-
teins in APCs [53]. Modified nucleosides (pseudouri-
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dine, 5-methylcytidine, N1-methylpseudouridine) are
often involved in mRNA production, which increases
expression levels and reduces innate immunogenic-
ity. The cap is followed by a 5-untranslated region
(5’-UTR) which affects the stability and efficiency of
translation.

The coding sequence (CDS), located in the central
part of the molecule, contains information about the
target antigen. In mRNA-based antitumor vaccines,
these may be tumor-associated antigens (TAAs) or tu-
mor-specific antigens (TSAs). Multiple antigens can be
encoded simultaneously, which enhances the immune
response [57, 58]. Codons optimization improves the
speed and accuracy of translation, thereby enhancing
vaccine efficacy [57]. The 3" end of mRNA comprises
the 3'-untranslated region (3'-UTR) and a polyadenyl-
ated tail, which together modulate mRNA decay ki-
netics, subcellular localization, and translational per-
sistence (Fig. 34) [53].

In addition to linear mRNA molecules, self-repli-
cating mRNAs are being developed that include viral
replication elements which increase their copy num-
ber in cells and thereby reduce the required dose of
the mRNA preparation [53]. Circular mRNAs with a
closed structure are an alternative, allowing mRNAs
to remain in the body over a longer period of time
and ensuring more prolonged antigen expression [58].
Both areas are being actively researched, with ac-
count of the potential to improve the efficacy and
safety of mRNA-based vaccines [53, 58].

Delivery systems for mRNA-based cancer vaccines
The mRNA molecule that has been administered to
the patient must be delivered to the APCs without
it losing its integrity. Selecting the optimal mRNA
delivery system is an important step in the produc-
tion of mRNA-based vaccines. The most common-
ly used mRNA-based delivery systems include lipid
platforms, which comprise liposomes, lipid nanoparti-
cles (LNPs), and lipopolyplexes (LPPs). They all differ
in structure and functional characteristics (Fig. 3B—D).

Liposomes consist of a bilipid layer forming an
outer shell inside which mRNA is encapsulated. The
surface of liposomes may contain polyethylene glycol
(PEG) molecules, which provide steric stabilization
and increase circulation time in the blood. LNPs are
more complex optimized structures that include ioniz-
able lipids, phospholipids, cholesterol, and PEG-lipids,
which not only effectively encapsulate mRNA but
also protect it from degradation and ensure that it is
delivered into the cells’ cytoplasm [59]. LNPs are suc-
cessfully utilized in antitumor mRNA-based vaccines,
in which they demonstrate high stability and delivery
efficiency [53, 60].
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The efficiency of lipid delivery platforms is affect-
ed by a variety of factors, such as size, charge, lipid
composition, membrane phase state, antigen localiza-
tion method, and the presence of immunomodulatory
components.

The size of mRNA delivery vehicles dictates their
biodistribution and the immunological outcome.
Small nanoparticles — typically < 100 nm for lipid
nanoparticles (LNPs) and < 200 nm for convention-
al liposomes — readily access lymphoid tissues, en-
gage resident dendritic cells, and are associated with
Th2-polarized responses. In contrast, larger particles
(> 100 nm for LNPs; > 500 nm for liposomes) exhib-
it prolonged retention at the injection site, creating
an antigen deposit that supports Thl-type immunity
[60—63].

Particle charge also plays a significant role: cationic
particles, for example, based on dioctadecyl dimethyl-
ammonium bromide (DDA), are actively absorbed by
APCs, promote cross-presentation and the activation
of CD8+ T-lymphocytes, whereas neutral and anionic
liposomes predominantly induce humoral immunity
[64, 65]. In LNPs, ionizable lipids acquire a positive
charge at low pH values in endosomes, facilitating the
release of mRNA into the cytoplasm [66].

The phase state of the bilipid layer determines the
ability of liposomes to fuse with cell membranes and
release antigen intracellularly. Liquid-crystalline lipo-
somes facilitate cross-presentation via MHC I, where-
as more rigid liposomes induce a pronounced Thl re-
sponse in vivo [66—68]. Cholesterol, which is part of
the membrane, increases the stability of liposomes
and may enhance or reduce complement activation
depending on its charge and size [66, 69].

The addition of immunomodulatory com-
ponents such as Toll-like receptor ligands, e.g.
CpG-oligodeoxynucleotides (CpG-ODNs), poly(I:C),
synthetic glycolipids and cytokines, allows the im-
mune response to be directed towards the desired
type of inflammation. Specifically, CpG-ODNs recog-
nized by TLRY9 and trehalose-6,6’-dibeheneate (TDB)
promote the induction of a Thl response accompanied
by IFN-y production [70-73]. Poly(I:C), which mimics
viral double-stranded RNA and activates TLR3, en-
hances the cross-presentation of antigen and stimu-
lates the development of a cytotoxic T-lymphocyte re-
sponse [74, 75]. Additionally, the combination of TDB
with lipids such as DDA may lead to the activation
of the Th17 response and the production of IL-17 [67,
76-78].

Encapsulated antigens have been demonstrated to
efficiently enter the intracellular compartments of
APCs, where they are processed and presented via
both class I and class II MHC molecules, enabling the
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activation of CD8+ and CD4+ T-lymphocytes [68]. At
the same time, antigens associated with the surface of
liposomes have a lower capacity for intracellular pro-
cessing but may be accessible for direct recognition
by B-lymphocytes via BCR receptors, contributing to
the formation of a humoral response [68, 79].

Lipopolyplexes (LPPs) are hybrid systems that
combine cationic lipids, such as DOTAP (1,2-dioleo-
yl-3-trimethylammonium-propane), and polymers,
such as protamine, to form stable complexes with
mRNA [80]. Lipids protect mRNA and facilitate its
delivery across cell membranes, while polymers en-
hance mRNA compaction, increasing the stability of
the complex. LPPs are highly stable in vitro and ef-
fectively deliver mRNA, including self-replicating
mRNA, to dendritic cells, eliciting a strong immune
response. LPPs used to deliver mRNA encoding neo-
antigens have been demonstrated to induce potent
T-cell responses and exhibit anti-tumor activity in
mouse models [80].

Beyond lipid-based systems, alternative mRNA de-
livery strategies for targeting APCs include polymeric
nanoparticles, dendrimers, peptide-based complexes,
physical methods such as jet injection and electropor-
ation, and engineered viral vectors.

Polymeric nanoparticles, such as poly(Bf-amino-
esters), are biodegradable polymers containing amino
and ether groups in their structure, which enables
them to bind mRNA through electrostatic interac-
tions. The flexibility in modifying polymer nanoparti-
cles provides the ability to vary the molecular weight,
degree of branching, and polymer chemical compo-
sition, optimizing the charge, particle size, and their
ability to protect mRNA from enzymatic degradation
[53].

Dendrimers are highly branched polymer mole-
cules with a tree-like structure. Dendrimers feature
a compact central core — typically a small molecule
or ion — serving as the focal point for the iterative,
layer-by-layer growth of branched monomeric units,
resulting in a well-defined, tree-like nanostructure.
Functional groups such as amines or hydroxyl groups
are located on the outer surface of the dendrimer,
which confers the ability to bind and protect mRNA
[63]. Peptide complexes consist of mRNA bound to
cationic peptides such as protamine, which form
dense nanoparticles as a result of electrostatic interac-
tions between positively charged peptides and nega-
tively charged mRNA, protecting it from degradation
and facilitating its penetration into cells [53].

Jet injection allows researchers to deliver “na-
ked” mRNA without carriers using jet injectors such
as PharmalJet or Bioject. The devices have no nee-
dles and use high pressure (up to 1,000 bar) to push

mRNA through the skin into the subcutaneous fat
or muscle tissue. An mRNA penetration mechanism
into cells is based on a temporary disruption of cell
membrane integrity as a result of mechanical stress
caused by a high-speed jet, which allows mRNA to
reach the cytoplasm of APCs [81]. Studies show that
introducing mRNA using this method can trigger an
innate immune response comparable to that induced
by LNPs [81].

Electroporation is primarily used for ex vivo de-
livery of mRNA into dendritic cells or other immune
cells which are subsequently administered to the
body. This method involves the use of electrical puls-
es to temporarily increase the permeability of cell
membranes, facilitating penetration by the mRNA.
Electroporation is effective for activating the immune
response, but its use in vivo remains limited as a con-
sequence of the risk of tissue damage and the com-
plexity of implementation [53].

Viral vectors, more commonly used to deliver self-
replicating mRNA, consist of a modified viral genome
containing mRNA or self-replicating mRNA, as well
as a protein capsid or lipid envelope that enables cell
penetration. Adenoviruses, lentiviruses, or alphavirus-
es modified to express tumor antigens are often used.
Self-replicating mRNA includes viral replication ele-
ments that enhance antigen translation in cells, reduc-
ing the required dose of the mRNA vaccine and en-
hancing the immune response. Vaccines utilizing viral
vectors are being actively explored as immunothera-
peutic agents against multiple cancer types, with par-
ticularly promising results in preclinical studies with
HPV-driven tumors [82].

Storage and transportation of

mRNA-based therapeutics

Immunobiological medicinal preparations, which in-
clude all known vaccines, are stored at a tempera-
ture between +2°C and +8°C! The exception is
mRNA-based vaccines, which are classified as bio-
technology-derived medicinal preparations (BDMPs)
with specific storage and transportation require-
ments® As an example, Pfizer’s mRNA vaccine is sta-
ble for 6 months at —80°C and only 5 days at +2 to

! General Pharmacopoeia Article (GPA) 1.7.1.0018.18, approved by
Order of the Ministry of Health of Russia No. 749 dated 31 October
2018. Available at: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-14/1/1-7/1-7-1/ [Accessed: February 25, 2024].

2 Resolution of the Government of the Russian Federation No. 213 of
February 24, 2025. “About biotechnological medicinal preparations in-
tended for use in accordance with individual medical prescriptions and
specially manufactured for a specific patient directly in the medical or-
ganization where such biotechnological medicinal preparations are used,
containing compounds synthesized based on the results of genetic stud-
ies of material obtained from the patient for whom such biotechnological
medicinal preparations are manufactured.” Available at: http://govern-
ment.ru/docs/all/157884/ [Accessed: February 25, 2024].
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+8°C. Moderna’s vaccine can be stored for 6 months
at —20°C but 30 days at 2—8°C [83].

Storage and transportation of mRNA vaccines re-
quires strict temperature control as specified by the
manufacturer and special equipment such as refrig-
erators and freezers, refrigerated boxes, and vac-
cine carriers that can be stored at —80°C and meet
the performance standards as defined by the World
Health Organization (WHO) [84].

One of the newest methods of delivery of mRNA
into a patient’s body is the use of micro-needle chips
[84]. This method allows the mRNA preparation to
be stored and transported at room temperature for
several months. To date, this method has been ap-
plied exclusively to anti-infective mRNA vaccines; the
technical intricacies and scalability limitations of chip-
based production systems render it poorly suited to
personalized cancer vaccine development.

All of the above-mentioned transportation issues
lead to certain difficulties in the further implementa-
tion of mRNA vaccines; however, they do not make
their use impossible in clinical practice. One way to
resolve this issue could be to manufacture and use
the preparation within a single institution, which
is currently being done in the Russian Federation
through Resolution No. 213 dated February 24, 2025,
related to BDMPs intended for use in accordance
with individual medical prescriptions.

Administration strategies for therapeutic
mRNA cancer vaccines
Selecting an appropriate route of administration
is essential in maximizing the therapeutic potential
of mRNA vaccines while minimizing off-target effects
and systemic toxicity. Administration routes have dif-
ferent characteristics and influence the distribution
of the vaccine in the body, the type of immune cells
activated, and, consequently, the strength and dura-
tion of the response. mRNA-based vaccines can be ad-
ministered intradermally, subcutaneously, intranasal-
ly, intranodally, intraperitoneally, intramuscularly, and
intravenously. In modern clinical trials, intravenous, in-
tramuscular, and subcutaneous administration of mRNA
vaccines are the most commonly practiced protocols.
In intravenous administration, the preparation pen-
etrates the systemic bloodstream, spreading through-
out organs and tissues, and rapidly reaches the APCs.
This method allows for the administration of signifi-
cant volumes of the vaccine and repeated runs to en-
sure a high level of anti-tumor immunity [58]. Data
from clinical trials of BioNTech SE’s intravenous vac-
cine Cevumeran have confirmed its safety, good tol-
erability, and effectiveness in stimulating an immune
response against cancer cells [32, 85]. This method
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of administration may, however, cause the develop-
ment of a generalized febrile syndrome and flu-like
symptoms, and there is also a risk of systemic toxicity,
which is important to consider when planning studies.
As a consequence of the specific structure of the liv-
er’s vascular network and the mechanism of receptor-
mediated uptake of mRNA vaccines by hepatocytes,
these vaccines have an increased tropism for this or-
gan, which can lead to immune-mediated hepatitis or
hepatotoxicity [86]. With this method of preparation
administration, it is essential to conduct a risk-benefit
analysis of the treatment, and this puts restrictions on
mRNA vaccine treatment.

Intramuscular administration of vaccines is better
tolerated compared to intravenous administration. As
a result of the muscle tissue’s good vascularization
and the presence of APCs precursors that migrated
during ontogenesis and converged to the injection site,
intramuscular administration is sufficient to induce an
anti-tumor immune response. The additional advan-
tages of this method include flexibility in selecting
the dose administered, the possibility of repeated ad-
ministration to maintain anti-tumor immune activity,
and a reduced risk of adverse reactions at the injec-
tion site [87]. The only side effects as relates to this
method may be fever and flu-like symptoms, which
can be treated with anti-inflammatory preparations.
Moderna’s mRNA-4157 vaccine, encapsulated in lipid
nanoparticles, was administered intramuscularly in all
clinical trials, demonstrating sufficient safety and elic-
iting clinical responses in patients with melanoma and
solid tumors [88, 89]. Considering its numerous ad-
vantages, the intramuscular route is widely used for
the administration of already-approved anti-infective
mRNA-based vaccines, including prophylactic prepa-
rations against SARS-CoV-2 [90-93].

Intradermal and subcutaneous methods of mRNA
administration may be implemented using either the
traditional syringe method, microchips, or jet injection
[81, 84]. Intradermal administration of mRNA-based
vaccines stimulates a Thl-type immune response,
which is explained by the high concentration of APCs
in the dermis and epidermis layers and the favorable
microenvironment for antigen transfer [94]. Whilst
this method provides an opportunity to use smaller
volumes of the preparation, it often leads to local ad-
verse reactions, such as swelling, soreness, hyperemia,
and itching [95, 96]. As opposed to this, the subcuta-
neous method of administration is characterized by a
lower number of APCs in the subcutaneous adipose
tissue, which requires an increase in dosage and the
use of multiple injection sites. A slow absorption rate
following subcutaneous administration, however, may
contribute to mRNA degradation, reducing treatment
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efficacy [97]. Nevertheless, this route of administra-
tion has been used in mRNA-based vaccine trials be-
fore and is actively used in clinical trials conducted
in China (NCT03908671, NCT05949775, NCT05761717)
[80, 98, 99].

The intranasal route delivers the mRNA molecule
to the APCs of peripheral lymphatic vessels, while
the intranodal route delivers it to lymphatic APCs. At
the same time, the implementation of these methods
is complex and has limitations in terms of the volume
of administered preparation [100]. The intraperitoneal
method has similar limitations and is more commonly
used to deliver mRNA-based vaccines encoding co-
stimulatory immune molecules [101].

In selecting the administration method, the type
of mRNA-based vaccine should be taken into con-
sideration. As an example, to ensure the efficiency of
native mRNA delivery in vivo, intradermal or intra-
nodal methods are more commonly used due to the
assumption that immature dendritic cells located in
the dermis and lymph nodes are capable of absorbing
mRNA through micro-pinocytosis [102].

Lipid nanoparticles, as a popular delivery tool, are
compatible with virtually all known methods of ad-
ministration. Intramuscular and intradermal adminis-
tration, however, results in the longest mRNA trans-
mission, with a half-life of more than 20 h, while
intravenous administration results in a half-life of
only 7 h [103]. A comparison of the anti-tumor ef-
fect and immunogenicity of intramuscular, intrader-
mal, and subcutaneous administration of LPP-CT26 in
CT26-luc mice with lung metastases was undertaken
to evaluate the optimal method of vaccine delivery
[80]. Mice that received the preparation subcutaneous-
ly had fewer metastatic lesions in the lungs, showed
increased IFN-vy secretion, and greater anti-tumor
efficacy when the number of injection sites was in-
creased without a change in the dose, compared with
the other two groups. This further illustrates the im-
pact of optimizing the method of mRNA vaccine ad-
ministration versus the anti-tumor response.

In summary, the method used to administer the
mRNA-based vaccine is one of the key factors deter-
mining its efficacy and safety. All routes of admin-
istration have their advantages and disadvantages,
which affect the distribution of the preparation in the
body, the activation of immune cells and, as a result,
the strength and duration of the immune response.
Intravenous administration ensures systemic distri-
bution, but it carries the risk of toxicity and high tro-
pism for the liver. Intramuscular administration, due
to its simplicity and safety, remains the most popular,
providing flexibility in dosage and the possibility of
repeated injections. Intradermal administration stim-

ulates a potent Thl-type immune response but may
cause local reactions. Subcutaneous administration,
to the contrary, requires an increase in dosage due
to slow absorption. Optimization of the method, dose,
and frequency of administration, with consideration
as to the type of mRNA-based vaccine and delivery
system, is a prerequisite for achieving maximum an-
ti-tumor efficacy and minimizing adverse reactions.
Further studies in this area will enable the develop-
ment of personalized vaccination strategies aimed at
achieving a clinical response and minimizing adverse
reactions.

CURRENT STATUS OF CLINICAL TRIALS

OF mRNA-BASED CANCER VACCINES

Therapeutic mRNA vaccines targeting cancer are be-
ing developed globally, and most have transitioned
successfully from preclinical validation into clinical
evaluation (Table 1). Regulatory authorization as an
oncology treatment requires the successful completion
of three sequential clinical trial phases, with Phase
IIT — focused on efficacy in large patient cohorts —
representing the lengthiest and most complex stage
(Fig. 4).

Preclinical trials of mRNA-based vaccines include
an assessment of safety and immunological proper-
ties in wvitro and/or ex vivo and in vivo in animal
models. The success of preclinical trials opens an op-
portunity to proceed to Phase I clinical trials, where
the therapeutic dose is determined and the prelimi-
nary efficacy of the preparation in treating patients
is evaluated. This phase is usually undertaken on
healthy volunteers, but in the case of anti-tumor
mRNA-based vaccines, studies commence directly
with target patients, resulting in the combination
of phases I and ITa (NCT06307431, NCT06305767),
as well as the emergence of dose escalation and ex-
pansion stages [104, 105]. Phase II can be divided
into a pilot phase IIa, which evaluates short-term
safety, establishes a dosing regimen, determines the
dose-response relationship, and defines efficacy as-
sessment criteria, and a more extensive controlled
Phase IIb, which is necessary to determine the ef-
ficacy, safety, and optimal dosage of the prepara-
tion, as well as to make a decision about whether
to proceed to the next phase. In the second stage,
a comparison group receiving standard therapy
is required. The most time-consuming and costly
Phase III is a randomized, controlled, double-blind,
multicenter study with a mandatory control group,
which allows researchers to evaluate the efficacy and
safety in a large number of patients. Successful com-
pletion of this stage leads to the preparation dossier
being submitted to the authorized body for registra-
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Preclinical Trials

Dru
Assessment of safety and immunological properties using Registration
cell cultures, animal models, and computer modeling.
Phase IV

Clinical Trials Additional

evaluation of safety

Phase | ———@ Phasell: A&B ———@ Phaselll and efficacy of

registered drugs.
8 Up to 100 participants 8 100—-800 participants 8 Q?:iiig‘:r:: AL
> Evaluation of drug safety 7 A: Short-term safety, pharmacokinetics > Randomized controlled trial — random
“=) and tolerability, determination “~] and pharmacodynamics, selection of D assignment of participants to different

of maximum tolerated dose,
and conducting dose-escalation
studies. Preliminary assessment
of efficacy.

for assessing efficacy.

dosing regimen, determination of dose-re-
sponse relationship and criteria

B: Evaluation of efficacy and long-term
safety, randomization, and double-blind

treatment groups and comparison

of treatment outcomes.

Double-blind — neither the physician nor
the patient knows which therapy is being
administered.

22 Several patient groups design. Multicenter study — a clinical trial involving
with different types of cancer. 22 Two patient groups with the same type more than one independent medical
of cancer: control (standard treatment) institution.
and experimental (investigational drug o»

' Phases 1 and lIA are
® often combined.

Total duration: 10—15 years

as monotherapy or in combination).

~» Two patient groups with the same type
of cancer: control (standard treatment)
and experimental (investigational drug
as monotherapy or in combination).

Fig. 4. Anti-tumor mRNA vaccine trials stages required for preparation registration

tion. In the case of personalized mRNA-based vac-
cines, it is not each specific preparation that is regis-
tered, but rather the technology used to produce it.
Furthermore, in the Russian Federation, clinical tri-
als of personalized anti-tumor mRNA-based vaccines
related to BDMPs are permitted after their efficacy
and safety have been proven and without the need
for clinical studies’.

Personalized mRNA-based vaccines are current-
ly used in combination with immune checkpoint in-
hibitors (ICIs) in clinical trials, as they help activated
T-lymphocytes recognize tumor cell neoantigens and
implement a full anti-tumor immune response. A class
of preparations known as ICIs, which is quite common
in oncology practice, includes monoclonal antibodies
against cytotoxic T-lymphocyte antigen-4 (CTLA-4),

1 Resolution of the Government of the Russian Federation No. 213 of
February 24, 2025 “About biotechnological medicinal preparations in-
tended for use in accordance with individual medical prescriptions and
specially manufactured for a specific patient directly in the medical or-
ganization where such biotechnological medicinal preparations are used,
containing compounds synthesized based on the results of genetic stud-
ies of material obtained from the patient for whom such biotechnological
medicinal preparations are manufactured Available at: http://govern-
ment.ru/docs/all/157884/ [Accessed: February 25, 2024].
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a programmed cell death receptor (PD-1) and its li-
gand (PD-L1) (Table 2). CTLA-4, PD-1, and PD-L1
are surface receptors on T-cells that are necessary for
their negative regulation [106]. Tumor cells use these
molecules to deplete T-cells and “escape” the immune
response. ICIs are designed to block this mechanism
and restore the immune response suppressed by the
tumor [107, 108].

ICIs monotherapy serves as a comparison group
in studies of mRNA-based vaccines combined with
ICIs (NCT03897881, NCT05933577, NCT03289962,
NCT03815058), or mRNA vaccine monothera-
py (NCT03289962, NCT05192460, NCT05359354,
NCT06541639). A comparison of mRNA vaccine
monotherapy with groups receiving standard con-
ventional therapy appropriate for the selected cancer
type is also available (NCT06295809, NCT04486378,
NCT06026800). Expectations of potential success are
high in combining ICIs with mRNA-based vaccines in
clinical trials conducted on patients in the terminal-
stage of a disease for whom traditional treatments
have proven ineffective (NCT03815058, NCT03289962,
NCT05949775, NCT05192460, NCT05359354,
NCT06541639).



REVIEWS

(eN) 9111 ‘VIII 6£0Z—€302 :
pajsod symnsag oN ‘I1 sade)s aoued Suny Sunym.uaoaa 111 (200-uredOLNI)
(dnoa§ [01u0d) 1[99 [[RWIS-UOU P30Sy ‘uadQ 09424L090LON
Adesayjouowr qewnzijoquad
‘qewnzrjoaquad + LGTH
-V NYW UOI}BUIqUIOD
:sdnoas omJ, 0£02-£202
pajsod symnsag oN AI-II soSe)s ewoUR[RN | SUunINIdA.L 111 (100-u3edI9LNI)
10U ‘DAY LLGEE6SOLON
‘K1adans + Adersyjouowr EUOUIDIES 119D
qewnzioiquad ‘Aderayjorpe.d § I €e02-%202
snowenbs snoauejno (L00-yredaa,NI)
pajsod symnsat oN + Araduns ‘K1a3ans + Sunmdaoau 111
_ s[qerado pasueape . 608G66¢90.LON
qeumziorquiad + LGTH-VNYW | o €00] 91qe1953Y uadQ
uoTRUIqWOd $dN0IS 994y ], I
‘K198ans
+ UI}OPaA (BWIN}IOJUS +
ewnzijolquad - w
o_qOSmmwo_Moo haﬁowwﬁwowwwmv uon2dsal [EIBNS 1Y | T£0Z—FE0T (¢00-yredaa,NI)
pajsod symnsag oN Adetou BUWIOUTIOIRD [RI[AY}0.IN Sunmuaoaa 1I-1
eIdyjouOw qewnzijorquiad OAISRAUI-B[SIT\ wadQ L9LG0EI0LON
‘qewmnzijoiquiad + LGTH ’ ’
-V NYUW UOT}BUICUIOd
:sdnoas eaayy,
‘(dnoad [o13uod)
Aderayjouowr qewrnzijoaquad 2202—5202
paysod s3nsaz oN ‘qewnzrjoaquiad + UOT}09Sad [BII13INS J9}je Sun Mmoo -1 ($#00-uyredIsLNI)
LETP-VNHW Uuorjeurquod BUIOUToIED [99 [BUSY mc.wQO T€FL0E90.LON
‘KAdetayjouowr /GTH
-V NYw :sdnoas sy,
(06 = u) dnou8 Adeiayjouowr (dnoad [o13uod)
9U3 U %29 SNSI9A (LT = ) Adersyjouow qewrnzijoiquad 6202—6102
dnoug £deray} uonEUIqUOD ‘qeamzrosquiad 4 46TH (AI 0 q—dIII s95e)s) Sunmood I (276-TLONATS)
9U} Ul %6L SeM [BAIAINS -<ZM.S UOTRUIQUIOD BWOUROU HSLI-YSTH &.mQO 188L68E0.LON
99.1]-90UA.LINDAI ‘SYIUOW T A AN
:sdnoas omJ,
Jo dn-mo[[0J UBIPAW B YA\
. ‘Kderayjowrayd +
azom m\uwm%w@ww suons | dEWIMAIOIAWAA + LCTH-YNYW TINIP 6202-L102
= uoTRUIqUIOd ‘qRwnZIjolquad (€09-TLONATSI)
asuaApe ou {(gg = u) syuanjed : W UOMEUIaWOD JI9730 J0 H-ISIN UM sunm.uaoaa I
[[e Ul Pajoa3}ap aJam sasuodsad + LETY-VNI hewq sJowny jueugiewt Auy ‘uadQ 8LLETEEOLON

1199-], oy1oads-uasnueoaN

‘Adeaayjouout ,GTH
-V NYW sdnoad 9aayJ,

GZ0Z ©} | Z0Z WOJj SSUIDIRA YN YW Jownj-ljue pazijeuos.ad jo sjeuy [eaiud * | a|qe]

dsin
“eUISPOIN ‘VSN

(0F6A) LETF-VNHW

VOL. 17 Ne 4 (67) 2025 | ACTA NATURAE | 27



REVIEWS

90U9dJINI3I

G20¢—¢€c0¢c

‘qRWIIJUIS aaneradojsod arqeorddy WOD
pajsod sjnsag oN + 9UIdBA YNHW UOTIBUIqUIO)) UM BUIOUIDIRD wctﬁ_aowg_ 10N LTLTHLE0LON “VNYHW-0T-1202
JenyEooyedaty ou ARy
. 9¢0¢—¢€¢0¢
GELIHHILS s10umy prjos peoueapy | Supmaoed | ANV o)) oreen1oN NOD
pajsod symsar oN + SuldoeA YNYW UOIBUIGUIOT) 10U ‘0ATOY L\ “VNYW-90-02¢0%
pu0das 9y} J0j sonnadesay,
Syjuow g J9AO0 pue awwﬂmg $202-2202 - PUITWISYS “RUTYD)
IS4G 9y} 103 SYjUOW '8 Sem (90-T00TAMS)
SJzownj Pros pasuespy snje}s I EOSTITIMS
[BAIAINS 99.1J-90US.LINIDY wmousun GGLB6TG0LON
‘asuodsad juswiea) e )
pomoys (7 = w) syuenyed v ‘Ade1ayjouowr aurdeA YNYHW
(AI—GIII soSe)s) Ja0oued .
unf [[e0 [[RWS-UOU pUER m%mm:wwwm B
poisod synsad o (AT ‘OTIT 25e35) J00U®d ,m.mg I 1L9806€0.LON 1081-dZLS
[eadeydoss paourApY 0
‘(Sunyrem [nyyojem) I1I/11 @8e3s 0£02—120% (10-221LNS)
s150d S1TNSOI O juawjeat} ou ‘Aderayjouowt J90UED UOJ0D IO IIT/II Sunmuaoaa 1I
boy i N ueJIaWNALY) :sdnous omJ, 93®]S 190URD [B}0Y ‘uadQ 8L€98770LON
‘AdeIayjouowl qeWN[OATU OIS [ED15.0S $€02-%202
9)sod sjnsag o ‘RUNIOATU - UBISUMAS] m“owmmowﬂwﬂwomwwwﬁ BupmIa I Fo0aaoom)
pa3 H N woreuIquIod :sdnoIs omy, [eTeyH I I ‘wado €867€G90.LON
-9[osnw SII-YSTH
"XONTHIATOJW
Aderogjomord uo1}09sal [ed1dans 6202—5202
XONIHILTOJw .Etm. mEoEEm.ooqum Sunmuaoax I (£00IAODINI)
pajsod symsar oN Aderayjowrayd + seosoued (23O wado 92€896S0.LON
qewnzijoiquad + URISWNAIYD So1UoUS
uorjeurquiod :sdnoas omgJ, aowﬂhvm‘oﬁm )me
‘(dnoud [o13u02) /D111 @8e)s . ’
Adesayjouowr qewnzijoiquad | BWOURDW PIdUBAPE mumcmwswwm I (100ZAODINI)
pajsod sjmnsag oN ‘qewnzijoiquiad 4+ ueIdWNAYY | A[[BOO0] 9[qB}D9SAIUN Jou rw>so< 8G0CT8E0LON (LEHS6TLOM)
uoneuIquIod :sdnoas omgJ, JO J1)RISBIDIN : URIOWNASD
'e< 9peId JO SjuLAd
9SJI2APE OU padualIadxa
AdeIouy wOREUAUIOd UM | o pumznozare 4 46Tp-yNEW 6202-L102
9%¢g6 pue Adessyjouowr woneuIquos Adesoyjonour | STOWNY PHOS dueiseidur | g oY I (£€L620D)
Suraredaua sjuarjed jo . J0 padueape A[[edor] ! 296682E0.LON
. qewnzioiquad :sdnotsd omJ, 10U ‘DATY
906 ‘syuarjed jo 04T, Ul
popI0dat atam sasuodsax
1199-], oy1oads-uadnueoaN
‘SYJUOW e sem (g = u)
s1apuodsaJ-uou Ul [BAIAJINS
99.JJ-90UD.LINDAI URIPOUW O], "XONIYIITOJW O9)UaUIN)
SYIUOW g¢ PaPaadxa (9 = u) Adesayjowayd Aq pamor[of U01}09saJ [ed13ans wﬂwmﬁw&wm J9jua)) J20ULR)
s19puodsad JO 954G/, Ul [BAIAINS ‘QEWINZI[0ZI}R ‘URIOWINADD J9}jB I90URD JIJBAIIURJ poz.wo\:aﬁx I SELTITFOLON Surieyjas] uLo[S

99JJ-90UD.LINIIY (g = U)
sjuanyed Jo 040G UT PaAIISqO
sem asuodsal JuawIeaL],

juawjead) rerpuanbag

[BLIOWSIN VSN

28| ACTA NATURAE | VOL. 17 Ne 4 (67) 2025



REVIEWS

pajrwry
. B L202-%20% Auedwo) SUIIEA
pajsod symsar oN + oqﬁoumw/ﬁ@nmmw Hcﬁmmcﬁgoo oEmmbMMMMMMESumM Sunm.oa. I Mﬂomw\wwmmwm A3orouydagorg Jowny, YNy
: B : ‘uadQ ndury reydueys | pazijeuostad $00-dX
‘eury)
qRWIIRIGIpE uor3o9sal 9205-¢303 (TDY
pajsod sjmnsag oN [ea18ans J93je J90UELD Sunmaoaa 1 Apreq -LII-DTOSN)
+ 9UIdBA YNHW UOT}RUIqUIO)) !
Sunf [[99 [[eWS-UON jou ‘PANOY 80GGELIOLON
sardeaay,,
saurodeA
peaouaday poEE. -
“Kdetoyjowrayd Teydueys ‘eury)
XONIYIATOAW + Honoose. L0202
pajsod symnsaa oN (EWISI0PE 4 SUDDEA [eo1Suns Jo3je seasoued wq_ﬁaom: 1 Apreq 1929GT190.L.ON
9} JO BWOUIDILIOUIPY | JOU ‘DAY
VNYyW uoneuiquion
‘Kderayjowrayd seaqoued 9202-%202 A3orouyoajorg
pajsod symnsag oN + QBWNZI[SJUWED + SUIJJBA 9} JO BWOUIDILI0UdPE. | SUIIMNIODI 1 Apreq 9€292€90.LON QUASIUAS 90009N-'S
VNYW UOT}BUIqUIO)) [e1onp 9[qe}aSaY ‘uadQ nsguerp ‘euny)
‘qBWNZI[A[SI} + SUOBA YNYW L20¢—€¢0¢c
pajsod s3nsax oN uorjeuIqUOd ‘AdeIayjouotun mgoHEwWMMM pMoMmzomp sunmuaoaa 1 (T0XD9TNAT) mwwmmgmwm\m 9TINAA
ouorA VAR sdnous omT, p P v ‘wado 6€9THS90LON ¥ o 'ulyp
passod synsaz oN ‘Adetay) jueanlpe paepuels (€0-6GL
+ dulddeA YNYW UOTeUIqUIOn) -£50C¢HSYYS) ) .
$LL92090LON Py "0D
wasAs L202—€202 sonnaderay],
‘Kdesayjouowx [eur}sajuIONSeS 9Y) Jo | FUINIdAL I (zo-¢cL uaS1uB0aN T0Y-9BA-O9NT
aUIRA YNYW A pamo[o] | SPIOUBUSIEW PadueAPY ‘uadQ -eZ0ZHSYHYS) noyz3uey
‘Aderay) pIepue)s sul[-}saig 00892090.LON Burg)
pajsod symnsaa oN
(10-652
Adeiayjouowr aurddeA YNYW -£202HSYYS)
G0L6T090.LON
arqeordd - SUIIIEA
pajsod sjmsadg oN SIOWN} PI[OS PIOUBRAPY 1qeoteay (L00T-A3IX) Jown} uaSIjueoau
10N PEE6SESOLON SZITeUOSIS
‘Apoqrjue 20z— Pzl d
I/1-Ad + SUIdeA ¥NHUW S e
uorjeuIquod ‘Adesayjouowx arnd BINDOIN ‘BUIYD
auroeA YNHW :sdnois om], I90UEd 0
pajsod symnsat oN J9AT] J0 ‘Teageydosa I Apreq (C00T-A3IX) Z00ADd
. 09%26TSOLON

OLIISES PIoURAPY

VOL. 17 Ne 4 (67) 2025 | ACTA NATURAE | 29



REVIEWS

Table 2. Immune checkpoint inhibitors used in clinical practice

Molecule .
International name | Trade name of the ..
targeted by the ; . Oncologic ailments
; of the preparation preparation
preparation
Ipilimumab Yervoy
Unresectable or metastatic melanoma, renal cell carcinoma,
CTLA-4 Tremelimumab Imjudo colorectal cancer, hepatocellular carcinoma, non-small cell
lung cancer
Nurulimab Nurdati
Prolgolimab Forteca
Pembrolizumab Keytruda Pembroria | Melanoma, non-small cell lung cancer, pancreatic cancer,
PD-1 - - oesophageal cancer, gastric cancer, breast cancer, prostate
Nivolumab Opdivo cancer, head and neck tumors, ovarian cancer
Camrelizumab Areima
Atezolizumab Tecentriq
Bladder cancer, non-small cell lung cancer, breast cancer,
PD-L1 Avelumab Bavencio hepatocellular carcinoma, metastatic melanoma, Merkel cell
carcinoma, urothelial and renal cell carcinoma
Durvalumab Imfinzi

Clinical studies performed in the European
Union and the United States

MmRNA-4157 vaccine. In 2017, Moderna (USA) initiated
a Phase I clinical trial of the personalized mRNA-4157
vaccine (NCT03313778) (Fig. 2). In the first stage, pa-
tients with resected (part A) and unresectable (part B)
solid tumors received four doses of mRNA-4157 mon-
otherapy intramuscularly or combination therapy with
pembrolizumab based on dose escalation regimens
ranging from 0.04 to 1 mg. During the dose escala-
tion stage, the group was divided into three parts:
participants with unresectable, locally advanced or
metastatic solid tumors (parts B and C) and resect-
ed cutaneous melanoma (part D). The patients were
advised to use 1 mg of mRNA-4157, in combination
with pembrolizumab and/or chemotherapy. In 2019,
the first results were published, confirming the safety
of the preparation by the absence of short-term se-
vere adverse reactions (> grade 3) in all 33 patients,
and its immunogenicity by the presence of multifunc-
tional neoantigen-specific T-cells in response to target
neoantigens in each patient. Among the 13 patients
who received adjuvant monotherapy with mRNA-
4157, 92.3% showed no evidence of disease at a medi-
an follow-up time length of 8 months. The remaining
20 patients received combination therapy consisting of
a mRNA vaccine and pembrolizumab, and 14 of them
responded to combination therapy: in half of the cas-
es, partial remission or stabilization of the disease was
observed, while in the other half, disease progression
or immunosuppression was observed. Consequently,
mRNA-4157 proved safe and well tolerated at all test-
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ed dose levels. These results confirmed the efficacy of
the target neoantigen selection algorithm and high-
lighted the promising clinical application of the per-
sonalized neoantigen mRNA vaccine therapy strategy,
which made possible for mRNA-4157 to advance to
Phase II clinical trials [109].

At the Society for Immunotherapy of Cancer
conference (San Diego, California, USA) held in
November 2023, the results obtained with mRNA-4157
use were supplemented: In evaluating safety and tol-
erability, all patients experienced > 1 adverse event
during treatment; no dose-limiting adverse events of
grade 4 or 5 severity had been observed. The most
common adverse events were fatigue (67%), fever
(60%), and pain at the injection spot (40%). T-cell re-
sponses were observed in all patients, 85% of which
were identified as de novo responses. The highest fre-
quency of these responses was achieved after the be-
ginning of combination therapy with pembrolizumab.
It was also observed that a high percentage of im-
mune responses to the combination of mRNA-4157
with pembrolizumab in patients was associated with
an activated T-cell phenotype, while a low percentage
was associated with the prevalence of a naive T-cell
phenotype [89]. The mRNA-4157 study is ongoing and
forms the basis for phases involving groups of pa-
tients with tumors in other locations.

In 2019, the KEYNOTE-942 (Phase II) study was
initiated to evaluate the efficacy of the personalized
mRNA-4157 vaccine in patients with stage IIIB-D and
IV melanoma after complete surgical resection with
a high risk of recurrence (NCT03897881). Patients
received combination therapy with mRNA-4157 and
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pembrolizumab (n = 107) or pembrolizumab mono-
therapy (n = 50). The mRNA-4157 vaccine (1 mg) was
administered intramuscularly nine times at three-
week intervals, and pembrolizumab (200 mg) was
administered intravenously every three weeks for
18 cycles. With a minimum follow-up period of 14
months in the group of patients who completed the
full course of treatment, adverse outcomes (relapse or
death) were observed in 22% (24/107) of the patients
in the combination therapy group and in 40% (20/50)
of patients who received monotherapy. Recurrence-
free survival was better in the combination therapy
group than in the monotherapy group (83% versus
77% at 12 months and 79% versus 62% at 18 months).
Cases of distant recurrence or death after 24 months
were observed in 8% of patients after combination
therapy and 24% of patients under monotherapy [110].

Encouraging results from Moderna and Merck
& Co’s (USA) mRNA-4157 vaccine have result-
ed in the initiation of the studies NCT06307431 and
NCT06305767, which began in 2024. It is anticipated
that mRNA-4157 therapy in combination with pem-
brolizumab will be more efficient than pembrolizumab
monotherapy in renal cell carcinoma (NCT06307431)
and standard treatment in muscle-invasive urothe-
lial carcinoma (NCT06305767). These trials cover
between 8 and 15 countries and will continue un-
til 2031-2032. In addition, in early 2025, Moderna, in
partnership with Merck & Co (USA), initiated Phase
III clinical trials of the mRNA-4157 vaccine, in com-
bination with pembrolizumab, for the treatment of
squamous cell skin carcinoma (NCT06295809), mela-
noma (NCT05933577), and non-small cell lung cancer
(NCT06077760). Each study involves between 20 and
33 countries and between 868 and 1,089 patients.

Cevumeran. In 2017, BioNTech (Germany) and
Genentech (USA) initiated Phase I clinical trials of
the mRNA preparation Cevumeran (NCT03289962)
intended for the treatment of patients with melano-
ma, head and neck cancer, colorectal cancer, non-small
cell lung cancer, bladder cancer, and other progres-
sive solid tumors (Fig. 2). The safety, immunogenici-
ty, and preliminary efficacy of monotherapy (n = 30)
and in combination with atezolizumab (n = 183) were
evaluated in patients who had received prior ther-
apy. According to safety data, 9 out of 30 patients
receiving Cevumeran monotherapy and 47 out of
183 patients receiving combination therapy with at-
ezolizumab discontinued treatment as a result of ail-
ment expansion. Side effects were noted in 90% of
the patients receiving Cevumeran monotherapy: in 3
patients, they were classified as grade 3, and in the
remaining 24 patients they were classified as grade

1 or 2. One case of dose-limiting toxicity grade 3
was observed during monotherapy with 100 pg of
Cevumeran, but after the side effects had dissipat-
ed, the patient continued to participate in the study
at a reduced dose until ailment progression on day
82. Three grade 4 or 5 adverse events were record-
ed during the combined use of Cevumeran and at-
ezolizumab; subsequently, 11 patients discontinued
treatment as a result of adverse immune-mediated
reactions, predominantly in the atezolizumab mon-
otherapy group. The remaining participants expe-
rienced minimal side effects, the most common of
which were infusion reactions (56.7% and 59.6% for
monotherapy and combination therapy, respectively),
cytokine release syndrome (30% and 20.8%), and flu-
like symptoms (3.3% and 12.6%). In the preliminary
efficacy assessment, 71% of the patients demonstrat-
ed a polyepitope neoantigen-specific response involv-
ing CD4" and/or CD8" T-cells, which persisted for up
to 23 months. At the same time, CD8" T-cells specif-
ic to several neoantigens constituted an average of
7.3% of the circulating pool of CD8* T-cells and were
also detected in tumor foci, comprising up to 7.2% of
the total number of tumor-infiltrating T-cells. No sta-
tistically significant results about a correlation be-
tween the clinical effect and immune response were
obtained due to the limited volume and heterogeneity
of the samples for each tumor type. A patient with
microsatellite-stable rectal cancer (low PD-L1 expres-
sion) demonstrated a complete response to combina-
tion therapy with autologous Cevumeran (9 doses of
38 mcg) and atezolizumab for 8.2 months. A patient
with highly differentiated breast cancer (high PD-L1
level) due to tumor progression against a background
of experimental treatment with nivolumab was trans-
ferred to autologous Cevumeran at a dose of 38 mcg
and atezolizumab, which led to a partial response with
a reduction in the size of metastases in the lungs over
a period of 9.9 months. These results justified further
study of Cevumeran and became the basis for new
phase I-II clinical trials [111].

In 2019, BioNTech (Germany) and Genentech
(USA) jointly initiated Phase I clinical trials of
Cevumeran against resected pancreatic adenocarci-
noma (NCT04161755). The study included 16 patients
who received atezolizumab and Cevumeran after
surgery, 15 of whom then underwent chemotherapy
with mFOLFIRINOX. The safety profile was assessed
based on the number and severity of adverse reac-
tions, and preliminary efficacy was assessed based on
T-cell specificity to the vaccine neoantigens, recur-
rence-free survival, and overall survival at 18 months.
In 15 of the 16 patients, autologous Cevumeran was
tolerated without grade 3—5 adverse reactions; one
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patient experienced fever and hypertension, which
were assessed as a grade 3 adverse reaction. The ap-
pearance of neoantigen-specific T cells was noted in
8 out of the 16 patients, accounting for up to 10% of
all blood T-cells The cells retained functionality and
produced IFN-y. Even after chemotherapy and were
reactivated upon administration of a booster dose of
the vaccine. They also included up to 2.5% of multi-
functional neoantigen-specific effector CD8* T-cells
that persisted for 2 years after the surgery. During
18 months of follow-up, the median overall and re-
currence-free survival in eight patients with a T-cell
response to the vaccine exceeded 18 months, while
in eight non-responders, the median recurrence-free
survival time was 13.4 months. Since T-cell activity in
patients with resected pancreatic adenocarcinoma cor-
related with delayed recurrence, a global randomized
phase II trial was initiated [30].

Although initial results were published in 2023,
long-term follow-up of Phase I participants re-
mained ongoing, leading to updated findings from the
NCT04161755 trial in 2025. With a median follow-up
period of 3.2 years (2.3—4.0 years), all eight patients
who responded to therapy remained recurrence-free.
Consequently, six out of eight respondents remained
in remission, while seven out of eight who did not re-
spond to therapy experienced a relapse. Additionally,
the origin and lifespan of specific T-cell clones were
studied. It has been revealed that Cevumeran induc-
es CD8* T-cell clones with an average lifespan of 7
years. At the same time, vaccine-induced clones are
not observed in tissues prior to vaccination, and 86%
of them retain the cytotoxic, tissue-resident state of
memory T-cells for 3 years after vaccination, while
preserving neoantigen-specific effector function. This
observation led to the conclusion that there is a con-
sistent correlation between the response to the vac-
cine and progression-free survival for 3.6 years [32].

In 2023, a randomized phase II trial of the prepa-
ration Cevumeran (NCT05968326) was initiated. The
treatment regimen for patients with pancreatic ductal
adenocarcinoma following surgical resection includ-
ed a combination of Cevumeran, atezolizumab, and
mFOLFIRINOX chemotherapy versus single-agent
chemotherapy. In addition, as part of Phase II trials,
the preparation Cevumeran, in combination with ICIs,
was being administered to patients with melanoma
(NCT03815058) and muscle-invasive urothelial car-
cinoma (NCT06534983), and as monotherapy to pa-
tients with rectal or colon cancer (NCT04486378). The
NCT03815058 study was completed in January 2025,
but the results are not yet available. The completion
of the other studies should not be expected before
2029.
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Clinical studies performed in China

A total of 14 early Phase I and II trials listed on clin-
icaltrials.gov are underway in China as of January
2025, and five in the United States (Table 1).
Chinese companies such as Stemirna Therapeutics,
NeoCura, Everest Medicines, Hangzhou Neoantigen
Therapeutics, Jiangsu Synthgene Biotechnology,
Shanghai Regenelead Therapies, and Shanghai
Xinpu BioTechnology are active in the development
of mRNA-based vaccines.

In October 2024, the results of preclinical studies of
the Chinese anti-tumor vaccine SW1115C3 [112] were
published. The preparation proved to be efficient in
mouse models of CT26, MC38, and B16F10 tumors by
activating neoantigen-specific cytotoxic T-cells and
inducing the secretion of cytotoxic cytokines. This
encouraged the move to Phase I clinical trials on two
patients. The first patient with advanced stomach can-
cer, multifocal metastases, and a low mutation bur-
den, achieved a recurrence-free survival period of 8.4
months and partial remission after receiving a combi-
nation of SW1115C3 with vedolizumab and pembroli-
zumab. The second patient with type B luminal breast
cancer after neoadjuvant therapy and mRNA vaccine
treatment evinced a persistent T-cell response to 11
out of 20 neoantigens. One year after surgery, she
shows no evidence of recurrence or metastasis, and
monitoring continues.

Stemirna Therapeutics has initiated studies to
evaluate the efficacy of STZD-1801 monotherapy in
patients with esophageal cancer and non-small cell
lung cancer (NCT03908671), as well as combination
therapy with a mRNA-based vaccine and stintilumab
for advanced solid tumors (NCT05949775) and he-
patocellular carcinoma (NCT05761717) [80]. NeoCura
has initiated a study of the efficacy of mRNA-based
monotherapy and combination therapy with ICIs in
patients with advanced solid tumors (NCT05359354),
with a separate study focusing on patients with gas-
tric, esophageal, or liver cancer (NCT05192460). The
anti-tumor mRNA-based vaccine iNeo-Vac-R01 from
Hangzhou Neoantigen Therapeutics (China) targets
common neoplasms of the digestive system and is
being studied in three parallel trials to select the
most effective treatment strategy (NCT06019702,
NCT06026800, NCT06026774). The EVM16 mRNA-
based vaccine from Everest Medicines is in Phase
I clinical trials, including patients with recurrent or
advanced solid tumors receiving monotherapy with
the vaccine or combination therapy with tislelizum-
ab (NCT06541639). The efficacy of various combi-
nations of anti-tumor mRNA-based vaccines with
chemotherapy and ICIs is being evaluated in stud-
ies initiated by Jiangsu Synthgene Biotechnology,
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Shanghai Regenelead Therapies, and Shanghai Xinpu
BioTechnology Company Limited. The study groups
include patients with pancreatic cancer (NCT06326736,
NCT06156267, NCT06496373) and non-small cell lung
cancer (NCT06735508). The results of all these stud-
ies, however, have not yet been published.

Studies performed in the Russian Federation
In September 2024, the National Research Center for
Epidemiology and Microbiology named after Honorary
Academician N.F. Gamaleya of the Ministry of Health
of the Russian Federation announced the completion
of preclinical trials of a domestic mRNA-based vac-
cine against melanoma, developed jointly with the
National Medical Research Radiological Centre of the
Ministry of Health of the Russian Federation' (Fig. 2).
According to the official website of the N.N. Blokhin
National Medical Research Centre of Oncology, patient
enrollment for Phase I clinical trials is not expected
until the second half of 20252

A scientific and technological center for the devel-
opment of mRNA technologies has been established in
accordance with Decree No. 195-r of the Government

! ria.ru [Internet]. Russian cancer vaccine has passed preclinical trials.
2014-2025. Available from: https://ria.ru/20240906 /vaktsina-1971091162.
html [Accessed: September 6, 2024].

2 www.ronc.ru [Internet]. N.N. Blokhin National Medical Research
Center of Oncology: key facts about the anti-tumour mRNA-based vac-
cine. 2024-2025. Available from: https://www.ronc.ru/about/press-tsen-
tr/glavnoe-oprotivoopukholevoy-mrnk-vaktsine/ [Accessed: February 5,
2025].

of the Russian Federation dated February 3, 2025. The
functions of this leading scientific organization are
entrusted to the Federal State Budgetary Institution
“National Research Center for Epidemiology and
Microbiology named after Honorary Academician
N.F. Gamaleya” of the Ministry of Health of the
Russian Federation®

CONCLUSION

mRNA-based vaccines designed to encode defined tu-
mor antigens have shown robust clinical activity, ei-
ther alone or in synergy with immune checkpoint in-
hibitors (ICIs), in multiple oncological indications. The
platform’s versatility, embodied in broad target selec-
tion (notably neoantigens), tunable mRNA constructs,
and interchangeable delivery systems, points to its
capacity for rapid development and implementation
in real-world oncology settings. ®

This study was conducted as part
of the state assignment of the Ministry
of Science and Higher Education
of the Russian Federation No. 075-00490-25-04
(project registration number 125042105351-3).

3 Decree of the Government of the Russian Federation No. 195-r dated
February 3, 2025 “About the founding of a centre for the development of
mRNA technologies.” Available from: http://government.ru/docs/54127/
[Accessed: February 5, 2025].
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