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Abstract:

Compared with conventional cancer treatments such as chemotherapy and radiation therapy, mRNA gene therapy is a
novel and promising approach. mRNA gene therapy has the advantage of being faster compared to other gene therapies
and at a relatively low cost. Cytokines are potent modulators of the tumor microenvironment and were one of the first
immunotherapies used to treat human cancers. The mRNA-generated cytokines have potential advantages over surface-
engineered recombinant cytokines. Research has been showing effective therapeutic implications through local therapy
by delivering immune-stimulated mRNAs to the tumor microenvironment (TME) with lipid nanoparticles (LNPs).
Currently, new cytokine mRNA mixtures have been approved for their safe and efficient anticancer effects with low
side effects, including a mixture of IL-12 and IL-27 mRNA, mRNA mixture encoding IL-23, IL-36, and OX40L,
mRNA mixture encoding GM-CSF, IL15 sushi, I[FNo, and scIL-12, etc. This review describes examples of enhancing
efficacy through the use of LNPs to encapsulate mRNAs encoding cytokines and mRNA mixtures encoding two or
more synergistic cytokines-lipid nanoparticles to improve therapeutic efficacy. Future research is required to consider

translating in vitro and in vivo studies of mRNA mixture into clinical applications.
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1. Introduction

Cancers, as a life-threatening disease, can be induced by
the uncontrolled division of cells, culminating in the for-
mation of solid cells named tumors and liquid named can-
cers [1]. As a result, the development of effective cancer
treatment technologies is receiving increasing attention.
Traditional anticancer strategies tend to be through sur-
gery, chemotherapy, and radiotherapy. Although they offer
substantial benefits in eradicating primary tumors, the
incidence of disease recurrence remains a common prob-
lem and is often cost-prohibitive [1]. Compared to these
treatments, mRNA gene therapy is a novel and promising
approach.

MRNA-based therapeutics have increased due to the fact
that mRNA technology can generate a variety of vaccines
and therapeutics in a short period, as well as its lower
cost compared to conventional methods. In particular, the
recent making of the SARS-CoV-2 mRNA vaccine stim-
ulated interest in mRNA-based therapies, providing an
effective boost to mRNA technology [2].

Cytokines can produce both autocrine and paracrine ef-
fects. Therefore, they can be considered potent regulators
of the tumor microenvironment (TME) [3]. However, de-

spite decades of clinical studies and clinical approvals of
various recombinant cytokines, cytokines exhibited low
therapeutic efficacy. The short half-life, the small treat-
ment window, the need for multiple administrations, the
adverse reactions induced by the necessary heavy doses,
and the failure to achieve sufficient local concentrations
are major obstacles to the applications of recombinant
cytokines. Therefore, because their signaling activity can
theoretically be maintained, mMRNA-generated cytokines
may perform better than traditional surface-engineered
recombinant cytokines. Encapsulate mMRNA-encoding
cytokines by nanoparticles can prolong the half-life for
systemic injection and in the TME and thus improve effi-
ciency [4]. The treatment with mRNA mixtures containing
two or more cooperating cytokines may induce a broader
immune response to tumors compared to the encoding of
a single cytokine by mRNA lipid nanoparticles (LNPSs).
The use of MRNA mixtures as a therapeutic approach has
been utilized in several clinical trials for cancer treatment
[4].

This review summarizes the use of cytokine mRNA mix-
tures as a method of tumor therapy and gives three exam-
ples to demonstrate its efficacy.
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2. Cytokine mMRNA Mixture as a Ther-
apeutic Approach

Cytokines are integral components of adaptive and innate
immune responses and were among the first immunother-
apies used to treat human cancers [3]. Cytokines have
been showing antitumor activities as they affect immune
effector cells as well as stromal cells and enhance the rec-
ognition of tumor cells through cytotoxic effector cells. A
number of cytokines are currently being explored in clin-
ical trials, including interleukin-12 (IL-12), IL-15, IL-21,
granulocyte-macrophage colony-stimulating factor (GM-
CSF), and interferon o (IFNa) [5]. As research continues,
these cytokines have been progressively used in the treat-
ment of specific tumors. However, due to the somewhat
narrow therapeutic scope, monotherapy cytokines are still
unsatisfied.

Soluble cytokines usually play a role in a paracrine or
autocrine manner over short distances and have relatively
short half-lives [3]. Thus, once cytokines are given, they
can be in large amounts in order to achieve adequate con-
centrations within the TME. However, since dose affects
toxicity and excessive concentrations can cause severe

toxic symptoms, especially flu-like symptoms, high con-
centrations of a single cytokine are not relevant in clinical
trials [5].

A number of factors, such as concentration and toxici-
ty limits the administration of monotherapy cytokines.
Therefore, the use of combination therapy cytokines can
reduce the concentration of each of these monotherapy cy-
tokines to achieve a more meaningful and efficient tumor
response.

3. Applications of Cytokine mRNA
Mixtures

Cytokines are considered potent regulators of the TME
because of their ability to produce autocrine and paracrine
effects, but their systemic toxicity hampers the potent in-
duction of antitumor immunity. In this context, local ther-
apy by delivering immune-stimulated mRNAs to the TME
through the use of LNPs is a promising method (Figure
1). LNPs have some special characteristics, such as easy
manufacture of mass, sufficient encapsulation and deliv-
ery of mRNA, transient expression of proteins induced by
mMRNA, and small toxicity of intratumoral injection [6].

Fig. 1 Diamino lipid-derived nanoparticles (DAL-LNP) encapsulated with cytokine-encoding
MRNAs. DMG, Dimethylglycine; PEG, Polyethylene glycols; DOPE, 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine. Figure credit: original.

Ideally, local immunotherapy can stimulate an immune re-
sponse to tumors and avoid the toxicity related to system-
ic administration. In contrast to MRNA-LNPs encoding
only a single cytokine, the use of mMRNA mixtures-LNPs
encoding two or more synergistic cytokines has a side an-
titumor immune response.

3.11L-12 and IL-27

In @ mouse model of melanoma, intra-tumor delivery of

MRNA LNPs encoding IL-12 and IL-27 induced potent
infiltration of immune effector cells [4].

IL-12, a heterodimeric pro-inflammatory cytokine, can
modulate T-cell and natural killer cell responses and
enhance Th1/Tcl responses to exhibit potent antitumor
activity [7]. However, it may lead to fatal systemic toxic
effects. Only if IL-12 is restrained to the TME can there
be a reduction in systemic toxicity caused by this gene [6].
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IL-27, an anti-inflammatory cytokine, has potent antitu-
mor effects. IL-27 can increase the survival of T cells in
the cellular microenvironment and enhance the generation
of memory T cells through programming CD8+ T cells
to a distinct T effector phenotype with increased IFN-y as
well as IL-10 [3].

The effects of every cytokine mRNA in diamino lipid
DAL4 nanoparticles (DAL4-LNP) were compared by in-
tra-tumor injection every other day. Different from DAL4-
LNP encapsulated with IL-27 mRNA (DAL4-LNP-1L-27)
or DAL4-LNP encapsulated by GM-CSF mRNA (DALA4-
LNP-GM-CSF), DAL4-LNP encapsulated with IL-12
MRNA (DAL4-LNP-IL-12) had the best tumor-suppress-
ing activity, the slower tumor growth and longer survival
time. Therefore, intra-tumor injection of DAL-LNP to IL-
12 and IL-27 mRNA promoted sustained inhibition of
tumor growth and did not cause significant toxicity [6]
Combinations of IL-12 + GM-CSF mRNA, IL-12 + IL-27
+ GM-CSF mRNA, and IL-12 + IL-27 mRNA in DAL4-
LNP were comparatively tested to evaluate whether in-
tratumoral injection of cytokine mRNA mixture LNPs
induced better tumor growth inhibition. DAL4-LNP-IL-12
+ IL-27 was superior to other mixture formulations in
slower tumor growth and better survival and did not cause
significant systemic toxicity at the doses at which it was
tested [6].

3.2 1L-23, IL-36 and OX40L

Intratumorally administered LNPs encapsulating mRNA
mixture with 1L-23, 1L-36, and OX40L may induce a po-
tent antitumor response in TME. It leads to downstream
cytokines and chemokines expression and inflammatory
cell activation [4].

IL-23, which consists of the p40 subunit shared with IL-
12 and the IL-23-specific p19 subunit, can act on Thl
effector/memory CD4+ T cells and promote the prolifera-
tion and IFN-y production. IL-23 treatment has antitumor
efficacy comparable to that of IL-12 but may be tolerated
with improved efficacy compared to systemic IL-12 pro-
teins [8]. IL-36, a member of the IL-1 cytokine family, is
produced by innate immune cells and lymphocytes and
induces the production of pro-inflammatory cytokines,
chemokines, and co-stimulatory molecules that promote
Th1 and Th17 cell polarization [9]. OX40L is a type Il
glycoprotein expressed predominantly on activated anti-
gen-presenting cells (APCs) such as dendritic cells (DCs),
activated B cells, and macrophages. OX40 agitation pro-
motes T-cell responses and, in the case of topical thera-
pies, may limit the response to antigens within the TME
[10].

By testing single cytokines as well as IL-23 and IL-36y
dual mRNA treatments, comparisons yielded that among

cytokines with single-agent efficacy, half of IL-23 induced
complete tumor regression, whereas 1L-36y demonstrated
delayed borderline tumor growth; IL-23 and IL-36y dual
MRNA therapy produced a powerful synergistic antitumor
effect, and all tumors treated with this dual RNA drug
were completely cured [10].

Dual therapy with IL-23/IL-36y and IL-23/0X40L caused
a CR, whereas the triple RNA mixture, including IL-23
and IL-36y as well as OX40L, increased the CR rate to
approximately 50% [10].

MRNAs and recombinant proteins have been compared
in terms of antitumor efficacy. The total amount of target
proteins in tumors injected with mRNA was calculated,
and it was determined that the tumors were injected with
an excess of recombinant proteins. The antitumor effect
of mRNA injection was much better than that of IL-23/
IL-36y/OX40L-Fc protein injection, with a better survival
rate [10].

3.3 GM-CSF, IL1S5 sushi, IFNa, and scIL-12

IL-15 fused with the sushi structural domain of the IL-15
is IL15-sushi. Intra-tumoral administration of saline-for-
mulated N1-methyl pseudouridine (m1y)-modified mRNA
mixtures, including mRNAs encoding GM-CSF, IL15-su-
shi, IFNa, and single chain IL-12 (scIL-12), was effective
in inducing systemic antigen-specific T-cell amplification
and immune memory formation [4].

IL-12sc is a fusion of the genes for the IL-12p40 and IL-
12p35 subunits. GM-CSF is a small glycoprotein with a
tetra-alpha-helical bundle structure. It can promote the
survival of neutrophils, eosinophils, macrophages, mega-
karyocytes, and erythroid hematopoietic colony-forming
cells, as well as antigen presentation by the immune sys-
tem. IL-15, a four-alpha-helix bundle cytokine, stimulates
activated T-cell proliferation and differentiation to effector
T-cell subpopulations upon antigen-mediated activation.
Moreover, IL-15 increases the maintenance of a memory
phenotype of CD8+ CD44hi T cells [5]. IFNa is one of the
type | interferons that activates the JAK-STAT signaling
pathway, stimulating the activity of JAK1 and TYK2 pro-
teins, leading to tyrosine phosphorylation of STAT1 and
STATZ2, and eventually inducing IL-4 secretion and B-cell
activation. The toxicity of IFNa is usually dose-depen-
dent, and the majority of the side effects can be managed
without discontinuing treatment [3].

Through in vivo screening for anticancer effects, mRNA
mixtures encoding four cytokines (IL-12sc, GM-CSF,
IFNa, and IL-15 sushi) showed dramatic anticancer ef-
fects. Repeated intra-tumoral injections of the cytokine
mRNA mixtures resulted in effective tumor growth con-
trol. Each cytokine was expressed within the tumor, and
the serum cytokine concentration increased accordingly,
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probably because of the cytokine secretion from the tumor
to the TME. Moreover, most of the mice treated with a
mixture of 4 cytokine mRNAs exhibited tumor regression,
whereas mice given a single mRNA did not [11]. Thus,
further in vitro, in vivo, and clinical studies are required to
optimize the recipe of cytokine mRNA mixtures contain-
ing GM-CSF, IL15 sushi, [FNa, and scIL-12, as well as to
verify the safety and efficiency of the antitumor activity
with different tumor models.

4. Conclusion

The efficacy of mMRNA cytokines for tumors can be im-
proved by encapsulating mRNAs encoding cytokines with
nanoparticles and by using mMRNA mixtures encoding two
or more synergistic cytokines-LNPs. In this review, three
MRNA mixtures of cytokines, IL-12 and I1L-27; I1L-23, IL-
36, and OX40L; GM-CSF, IL15 sushi, IFNa, and scIL-
12, are highlighted. Better efficacy has been demonstrated
by mixing two or more synergistic mMRNA cytokines
compared to applying one cytokine alone. Careful con-
sideration and research on cytokine mRNA mixtures may
facilitate the further development and clinical application
of mRNA technology in cancer therapy and make tremen-
dous advances in anticancer approaches.
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