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Abstract

of LNP-based mRNA cancer immunotherapies.

(TAAS)

Cancer immunotherapy, which harnesses the power of the immune system, has shown immense promise in the fight
against malignancies. Messenger RNA (mRNA) stands as a versatile instrument in this context, with its capac-

ity to encode tumor-associated antigens (TAAs), immune cell receptors, cytokines, and antibodies. Nevertheless,

the inherent structural instability of mRNA requires the development of effective delivery systems. Lipid nanoparticles
(LNPs) have emerged as significant candidates for mRNA delivery in cancer immunotherapy, providing both pro-
tection to the mRNA and enhanced intracellular delivery efficiency. In this review, we offer a comprehensive sum-
mary of the recent advancements in LNP-based mRNA delivery systems, with a focus on strategies for optimizing

the design and delivery of mRNA-encoded therapeutics in cancer treatment. Furthermore, we delve into the chal-
lenges encountered in this field and contemplate future perspectives, aiming to improve the safety and efficacy
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1 Introduction

Cancer remains a major health burden worldwide, and
the development of effective and safe cancer therapies
is an ongoing priority [1]. Cancer immunotherapy has
emerged as a promising approach to treat various malig-
nancies by stimulating the patient’s immune system to
recognize and eliminate cancer cells [2—4].

Among the various strategies employed in cancer
immunotherapy, the use of messenger RNA (mRNA) to
encode tumor-associated antigens (TAAs) [5], immune
cell receptors [6], cytokines [7], and antibodies [8] has
gained significant attention. mRNA holds great potential
as a therapeutic agent, with applications ranging from
viral vaccines and protein replacement therapies to can-
cer immunotherapies and genome editing [9-12]. While
the idea of utilizing in vitro transcribed (IVT) mRNA as a
therapeutic agent traces back to the 1980s, progress was
hindered by challenges such as low stability and immuno-
genicity in vivo [13, 14]. However, the advent of nucleo-
side-modified mRNA technology has notably diminished
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mRNA’s immunogenicity while enhancing its transla-
tion efficiency, propelling the advancement of mRNA
therapeutics [15, 16]. mRNA has emerged as an attrac-
tive therapeutic agent endowed with unique advantages.
It functions within the cytoplasm, thereby eliminating
the risk of unintentional gene alterations or mutations
as observed with plasmid DNA (pDNA) (Fig. 1). Moreo-
ver, nRNA exhibits high efficacy in dividing cells and can
be synthesized on a large scale, rendering it a compel-
ling candidate for the development of novel therapeutic
agents to tackle a range of diseases. Recent studies under-
score the significant strides made in the realm of mRNA-
based drugs for cancer vaccines and immunotherapy
[17-20].

For mRNA to be an effective therapeutic agent, a safe
and efficient delivery system that allows the mRNA to
enter target cells in vivo is required [17, 21-23]. Since
mRNA has a short half-life, a carrier is needed to pro-
tect it from enzymatic degradation by RNase. The carrier
should also be targetable for specific therapeutic effects,
and the mRNA must be able to escape from the endo-
some to regulate the desired protein. A variety of delivery
systems have been developed for mRNA carriers, includ-
ing polymers, lipids, nanoparticles (NPs), and protein
derivatives [24—27].

Lipid nanoparticles (LNPs) have emerged as a promis-
ing delivery platform for mRNA in cancer immunother-
apy, offering protection from degradation and improved
cellular uptake [28]. The recent success of LNP-based
mRNA vaccines for coronavirus disease 2019 (COVID-
19) has further highlighted their potential in the field
of cancer treatment [29]. In this review, we will discuss
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recent advances in LNP-based mRNA delivery systems
for various applications in cancer immunotherapy,
including TAA-encoding mRNA vaccines, chimeric anti-
gen receptor (CAR)-engineered immune cells, adjuvants,
cytokines, and antibodies. We will also outline the chal-
lenges and future perspectives for the development and
optimization of LNP-based mRNA cancer immuno-
therapies, with a focus on enhancing efficacy and safety,
identifying novel TAAs, and overcoming potential issues
related to immune evasion and resistance.

By providing a comprehensive overview of current
research and development in LNP-based mRNA delivery
systems for cancer immunotherapy, this review aims to
contribute to the understanding of this promising thera-
peutic approach and facilitate its translation into clinical
applications.

2 LNPs for mRNA delivery
The first generation of LNPs, known as liposomes,
emerged in the 1960s [27]. These liposomes were cre-
ated in an aqueous environment and featured closed lipid
bilayer structures [30]. Owing to their ability to enhance
the aqueous solubility of drugs, liposomes were quickly
recognized as a promising drug delivery system [27]. As
nanotechnology advanced, nanosized liposomes were
further developed by functionalizing them with targeting
ligands or polymers [31]. This rapid progress in various
pharmaceutical fields led to the emergence of the “next
generation” liposomes, known as LNPs, which have since
played a significant role in mRNA delivery [32].

Recent developed LNPs for mRNA delivery are com-
posed of ionizable lipids, helper lipids, cholesterol,
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Fig. 1 Schematic of the gene delivery process, highlighting pDNA and mRNA pathways. The diagram illustrates the utilization of exogenous
mRNA encoding a target antigen, which results in protein translation and peptide presentation through MHC Class | and Il molecules. This process
activates both cellular and humoral immune responses, ultimately contributing to tumor elimination
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polyethylene glycol (PEG)-lipids, and mRNA (Fig. 2a).
LNPs have been investigated as drug delivery systems
for encapsulating small molecules, nucleic acids, small
interfering RNA (siRNA), and mRNA [14, 33-36].
Owing to advancements in ionizable cationic lipids,
LNPs have recently been employed for mRNA deliv-
ery [37]. Ionizable lipids are characterized by their
pH sensitivity, transitioning from a positively charged
state at low pH to neutrality at physiological pH, due
to the capacity of their head groups to transfer charge
[38, 39]. This property allows them to form ‘mRNA-
ionized cationic lipid’ complexes that stabilize and
safeguard mRNA in a pH-dependent manner [10, 40].
As ionizable cationic lipids maintain neutrality in the
bloodstream, the release of mRNA from LNPs can be
pH-regulated, helping to mitigate systemic toxicity
in vivo [41]. Furthermore, in the low pH environment
of endosomes, ionizable lipids can protonate, gaining
a positive charge that promotes membrane destabili-
zation and eases the escape of nanoparticles from the
endosomal compartment [42]. Another critical com-
ponent, PEG-lipid, significantly impacts the properties
of lipid nanoparticles. It ensures prolonged systemic
circulation and enhanced stability by averting opsoni-
zation and phagocytosis by macrophages [43, 44]. The
choice of PEG-lipid, dependent on PEG molar mass and
lipid length, can influence overall outcomes, includ-
ing targeted delivery and cellular uptake efficiency [45,
46]. Helper lipids and cholesterol are instrumental in
LNP formation, governing their fluidity or rigidity [47].
Cholesterol, in particular, also affects the delivery effec-
tiveness and distribution of lipid nanoparticles, with
specific modifications amplifying efficacy and selectiv-
ity for certain cell types [48, 49].
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Fig. 2 LNPs composition and advantages as gene carriers. a
Depiction of the molecular composition of LNPs, showcasing

a variety of components such as ionizable lipids, helper lipids,
cholesterol, polyethylene glycol (PEG)-lipids, and the cargo gene
(MRNA). b Advantages: LNPs provide several benefits as gene
carriers, including enhanced cytosolic delivery, immune response
priming, cargo protection, controlled cargo release, and targeting
of antigen-presenting cells (APCs)
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LNPs have been successfully optimized as vehicles for
mRNA delivery and have entered clinical trials for infec-
tious diseases, including Zika virus, chikungunya virus,
and influenza [50, 51]. Recently approved COVID-19
vaccines, which are representative of LNP-based mRNA
therapeutics encoding the SARS-CoV-2 spike protein,
have demonstrated approximately 95% treatment effi-
cacy [34, 36, 52]. As previously mentioned, the ionizable
group within LNPs permits protonation at early endoso-
mal pH (approximately pH 6.5), facilitating optimal cyto-
solic delivery of the cargo. These LNPs serve as protective
vessels for the cargo until it reaches the target cell, sub-
sequently priming an immune response. Furthermore,
LNPs provide controlled release of cargo into target cells
and can be specifically directed towards APCs (Fig. 2b)
[50, 53, 54]. Therefore, given these advantageous proper-
ties, the potential for LNP-based mRNA delivery in can-
cer immunotherapy is immense, particularly in treating
various solid or aggressive tumors.

3 Strategies for mRNA-based cancer
immunotherapy with LNPs

The development of LNP-based mRNA delivery has
addressed the current challenges in cancer immunother-
apy associated with protein, peptide, and pDNA delivery.
LNP-based mRNA cancer immunotherapy employs four
primary approaches: (1) activating immune responses
through TAA encoding, (2) expressing antigen recep-
tors such as CAR or T-cell receptors (TCR) encoding, (3)
stimulating immunity using adjuvant encoding, and (4)
encoding immune-related proteins (e.g,, cytokines, anti-
bodies) (Fig. 3). Notably, these LNP-based mRNA strat-
egies have facilitated clinical trials for genetic diseases
and cancer treatments (Table 1). Here, we will discuss the
progress of LNP-based mRNA delivery trends in cancer
immunotherapy and evaluate their treatment efficacy.

3.1 Cancer antigen presentation

TAAs are proteins expressed in cancer cells and recog-
nized by the immune system as foreign. Importantly,
TAAs are presented to T and B cells by antigen-present-
ing cells (APCs), which can induce a robust anti-cancer
immune response [55, 56]. Several types of cancer immu-
notherapy that utilize TAAs include cancer vaccines,
adoptive cell therapy, and checkpoint inhibitors [57-59].
TAAs have primarily been transferred in the form of
whole proteins, antigen peptides, or pDNA encoding
specific cancer antigens [5, 60]. Recently, personalized
neoantigens have been investigated as dendritic cell (DC)
vaccines with potent antitumor effects [61, 62]. In clinical
trials, the feasibility of autologous tumor mRNA to elicit
an immune response in malignant melanoma has already
been evaluated [63]. DCs transfected with TAA-encoding
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mRNA delivery via LNP
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Fig. 3 Schematic of strategies for LNP-based mRNA delivery. This
diagram displays various approaches to LNP-based mRNA delivery,
including: (1) Antigen presentation—delivery of mRNA encoding
TAAs to be presented by antigen-presenting cells (APCs); (2) Antigen
receptor—delivery of mRNA encoding CARs or TCRs for T cell
activation; (3) Adjuvant—the mRNA can encode factors that activate
TLR3/7/8 or STING, amplifying immune responses; (4) Protein—
delivery of mRNA encoding therapeutic proteins, such as cytokines
or antibodies, for direct anti-cancer effects

mRNA have emerged as an effective cancer treatment
strategy, demonstrating long-term survival rates in clini-
cal trials for brain cancer, prostate cancer, renal cell can-
cer, and melanoma [64—-68]. Notably, 50% of patients
with metastatic melanoma who were administered with
DC vaccines alone or in combination with interleukin
(IL)-2 showed long-term survival without serious adverse
effects [68].

Given these antitumor effects, mRNA encoding
TAAs has emerged as a promising intermediate mate-
rial for overcoming the limitations of intact TAA deliv-
ery. However, since mRNA stability remains a challenge,
LNP delivery systems have been actively investigated to
enhance mRNA efficacy. Oberli et al. optimized LNPs
without self-tolerance and demonstrated intracellular
delivery of mRNA-encoded TAAs to APCs, promoting
cytotoxic CD8+ T-cell responses in a melanoma in vivo
model [69]. This LNP-based mRNA delivery system has
proven its treatment efficacy, and combination therapy
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has also shown notable results. In an OVA cancer-bear-
ing mouse model, treatment with LNP-OVA mRNA and
C16-R848 effectively suppressed tumor growth (Fig. 4a—
f) [70]. Strategies for TAA-encoding mRNA with LNPs
continue to improve transfection efficacy by controlling
lipid composition. Sasaki et al. reported the optimization
of LNPs by selecting an appropriate size and lipid com-
position using a microfluidic device [71]. In this study,
the efficacy of A-11-LNP, found to be the optimal formu-
lation, was clinically evaluated by delivering E.G7-OVA
mRNA and comparing it with two other LNP formula-
tions. The A-11-LNP group exhibited superior transgene
expression activity and maturation in DCs, eliciting a
clear therapeutic anti-tumor effect in the E.G7-OVA
tumor model.

In recent research, Chen et al. reported a lymph-node-
targeting mRNA vaccine based on LNPs named 113-
O12B for cancer immunotherapy (Fig. 4g-k) [72]. The
targeted delivery of mRNA to the lymph node elicited a
robust CD8+T cell response to the encoded full-length
OVA in a B16F10-OVA bearing in vivo model.

3.2 CAR-engineered immune cell
Engineered immune cell therapy has the potential for
cancer treatment by enabling specific recognition of
cancer cells [73]. A classic example is activating cell-
mediated immunity against malignancies by expressing
CAR-recognized surface proteins on T cells or natu-
ral killer (NK) cells [74, 75]. CAR-T cell cancer therapy
began in 2017, following the FDA approval of CD19
CAR-T cells [76]. CAR-encoded mRNA can be delivered
to immune cells either ex vivo [77] or in vivo [78], allow-
ing for the expression of CAR on the cell surface and
subsequent targeting of cancer cells. Several preclinical
and clinical studies have demonstrated the potential of
mRNA-encoded CARs for cancer immunotherapy [79].
mRNA-encoded CARs have been transferred via elec-
troporation (EP) [80], or NPs [81], and research is ongo-
ing to develop a platform that is both safer and more
efficient. LNPs have been suggested as a means to address
CAR-engineered immune cell delivery [82, 83].
Billingsley et al. demonstrated the feasibility of CAR-T
cell treatment with an LNP-based mRNA platform by
developing ionizable lipids and optimizing an LNP library
with various combinations (Fig. 5) [6]. LNPs with the
highest transfection efficacy encapsulated the mRNA
encoding CD19 CAR and were administered to T cells,
expressing CD19 CAR at levels equivalent to or higher
than those achieved with electroporation. This novel
approach for CAR-T cell immunotherapy shows promise
in mRNA delivery and cell engineering technology using
LNPs [6, 84]. Given the success of LNP-mediated CAR
engineering in T cells, CAR-expressing NK cells have also
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Table 1 Representative clinical trials of LNP-based mRNA for cancer vaccine
Type of cancer Name Encoding Strategy References
(NCT
Number)
Melanoma MRNA-4157 Personalized 20 TAAs Monotherapy NCT03897881
Solid Tumor Monotherapy or combination NCT03313778
with Pembrolizumab (aPD-1)
Melanoma Lipo-MERIT TAAs DC targeted and type | IFN-depend-  NCT02410733
(NY-ESO-1, Tyrosinase, MAGE-A3, ent immunotherapy
and TPTE)
Ovarian Cancer W_oval 3TAAs Combination with neo-adjuvant NCT04163094
chemotherapy (OLIVIA)
Triple-negative breast cancer (TNBC)  TNBC-MERIT TAAs Patient-specific liposome with RNA  NCT02316457
tailored to the personalized TAAs
(IVAC_W_bre1_ulD)
De novo synthesized RNAs targeting
up to 20 individual tumor mutations
(IVAC_M_ulD)
Melanoma, Colon Cancer, Gastroin-  NCI-4650 20 different TAAs Immunization NCT03480152
testinal Cancer, Genitourinary Cancer,
Hepatocellular Cancer
Melanoma, Non-Small Cell Lung Autogene Neoantigen Monotherapy or combination NCT03289962
Cancer (NSCLC), Bladder Cancer, Cevumeran with Atezolizumab (aPD-L1)
Colorectal Cancer, TNBC, Renal Can-  (RO7198457)
cer, Head and Neck Cancer, Other
Solid Cancers
Relapsed/Refractory Solid Tumor mMRNA-2416 Human OX40L Monotherapy or combination NCT03323398
Malignancies or Lymphoma, Ovarian with Durvalumab (aPD-L1)
Cancer
Solid Tumor Malignancies, Lym- MRNA-2752 Human OX40L, IL-23, and IL-36y Monotherapy or combination NCT03739931
phoma, TNBC, Head and Neck Squa- with Durvalumab
mous Cell Carcinoma, Non-Hodgkin
Lymphoma, Urothelial Cancer
Metastatic Neoplasm SAR441000 IL-12s¢, IL-15sushi, IFNa-2b and GM-  Monotherapy or combination NCT03871348
CSF with Cemiplimab (aPD-1)
Solid Tumor and Cancer MEDI1191 IL-12 Combination with Durvalumab NCT03946800
(aPD-L1)
Neoplasms MRNA-5671/V941  G12D, G12V, G13D, and G12C Monotherapy or combination NCT03948763

Carcinoma, NSCLC, Pancreatic Neo-
plasms, Colorectal Neoplasms

with Pembrolizumab (aPD-1)

been investigated for cancer immunotherapy [85, 86].
While efforts have been made to engineer NK cells using
LNPs loaded with specific mRNA, most CAR-expressing
NK cells have been established using viral vectors rather
than LNP-mediated CAR gene delivery [87, 88].

In summary, mRNA-encoded CARs show promise
for effective and personalized cancer therapy. However,
one notable limitation of mRNA-based CAR engineer-
ing is the relatively short duration of gene expression.
This transient nature of mRNA-encoded CARs can limit
their therapeutic efficacy [80, 83, 89], as the continu-
ous presence of CAR proteins is necessary for sustained
immune cell activation and cancer cell elimination. To
overcome this challenge, researchers are exploring strate-
gies to improve mRNA stability and extend the duration
of CAR expression. These strategies may include modi-
fying the mRNA sequence or structure, optimizing the

LNP formulation for enhanced intracellular delivery and
release, or developing novel delivery systems that enable
sustained or repeated administration of mRNA-encoded
CARs [90-92]. Further research is required to optimize
the design and delivery of mRNA-encoded CARs, tak-
ing into account these improvements to extend gene
expression, and to evaluate their safety and efficacy in
larger clinical trials. By addressing these limitations and
advancing our understanding of mRNA-based CAR engi-
neering, we can enhance the potential of this promising
approach in cancer immunotherapy.

3.3 Adjuvant

Immunogenic adjuvants modulate signals contributing to
antigen recognition, upregulation of costimulatory mol-
ecules, and cytokine production [93]. Toll-like receptors
(TLRs) recognize conserved structures present in a wide
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range of pathogens and trigger innate immune responses,
particularly type-I interferon (IFN) production. Due
to their ability to connect innate and adaptive immune
responses, TLR agonists are highly promising as adju-
vants against cancer [94, 95].

The stimulator of interferon genes (STING) is a
protein that plays a crucial role in the innate immune
response, which is the first line of defense against path-
ogens such as viruses and bacteria. STING triggers a
signaling cascade that activates the transcription factor
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interferon regulatory factor (IRF)-3 and CD8+T cell
immunity [96]. Due to its central role in the immune
response, STING has emerged as a promising agent for
the development of cancer immunotherapies [97, 98].
Currently, several STING agonists are in clinical devel-
opment for the treatment of cancer, aiming to activate
the STING pathway and stimulate the immune system
to attack tumors [99, 100].

In a study by Tse et al,, LNP-encapsulated mRNA
vaccines were combined with a genetic adjuvant, a
constitutively active mutation of the stimulator of IFN
genes (STINGY1**M), to enhance immune responses in
preclinical models and clinical studies (Fig. 6) [101].
The adjuvant, which was initially identified in a patient
with STING-associated vasculopathy with onset in
infancy (SAVI), increased the immunogenicity of vac-
cines by maximizing CD8+ T cell responses and acti-
vating type I IFN pathways through nuclear factor kB
(NF-kB) and IFN-stimulated response element (ISRE).
When used alongside mRNA vaccines targeting human
papillomavirus (HPV) oncoproteins, STINGY1>*M Jed
to reduced tumor growth and increased survival in
vaccinated mice, showcasing the potential of mRNA-
encoded genetic adjuvants in cancer immunotherapy.
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3.4 Cytokine

Cytokines play a key role in regulating the function
of the immune system and were among the first can-
cer treatment medications. IFN-a and IL-2 are rep-
resentative immunotherapeutic agents for leukemia,
metastatic renal cancer, and melanoma [102, 103].
However, due to their short half-lives, large amounts
of cytokines had to be administered, which led to sys-
temic toxicity. Although cytokine-encoded pDNA was
developed, the expression rate remained low and anti-
cancer efficacy was unclear. To overcome these issues,
cytokine-encoded mRNA and delivery systems became
a major focus.

IL-12, known as a T cell-stimulating factor, has dem-
onstrated strong anticancer activity in preclinical models
but has also caused systemic toxicity after spreading in
the blood [104, 105]. Li et al. fabricated LNPs encapsu-
lating mRNA simultaneously encoding IL-12 and lumi-
can [106]. Lumican retained the IL-12 within the tumor
microenvironment (TME), reducing side effects. The
LNPs encapsulated mRNA inducing immunogenic cell
death (ICD) were confirmed in vitro and in vivo, resulting
in the effective induction of type-I IFN, TLR3, and boost-
ing immunological memory within the TME (Fig. 7a, b).

(@ © D)
oo, NG s oo, MOP L RANTES - MPLp PBS o EBITHNTFIX E6/7+STINGV'SM  E6/7+NTFIX+DMXAA
80000- 800, /g 10 10t

20000- 100000 2000 g
£ om0 T z z T o z
2 oo 2 H 2 - s
10000 50000- 1000- 46
20000- 200 £ b 1
=N
. . . . & %§ ég?
BRI RIS LI AEER ) RO E] 10 10
& & & & & =
STINGY"**™ (ug) STINGY'" (ug) STINGV'*" (ug) STINGY"*" (ug) STING™* (ug) te E)a;s °°°°°°° Sa;s nnnnnnnn E)a;:s ”””””””” Ba;s ner
(b) STING (d)
NTFIX V155M R284MN147L/N154S/V155M  V147LN154S/V155M R284M 100
1 1‘84%0 1 12,3%& 1 103% 6 T 11.6% _ %
IFNy | 2 <] ® 1 1 T
v ] {1 1 ff 1 1 1 1 % 60
Vi R 3
N A——n i — 1 2 40
°
1 1 1 >
1 0.34% 1 224% 1 253% 1 2.99% 20
TNFa 1 1
1 f 1 o
7 3 1 0 10 20 30 40 50 60 70
Days
1 029% 1 092% 1027% 1 0.36% =+ PBS
IL-2 1 -+ E6/7+ NTFIX *okk ok
> - E6/7+ STINGVSM :|°-1
NS S S -~ E6/7+ NTFIX +DMXAA ]“S
—p CDB
. J/

Fig. 6 Adjuvant-encoded mRNA-LNP delivery system. a Cytokine levels in C57BL/6 mouse serum following treatment with STING-encoded
MRNA-LNPs. b Flow cytometry analysis of IFN-y, TNF-q, and IL-2 in the spleen after treatment with STING-encoded mRNA-LNPs. ¢ Decreased
lung metastasis observed in the E6/7 + NTFIX+DMXAA (STING-encoded mRNA-LNP) group after tumor challenge. d Survival rate in mice treated
with STING-encoded mRNA-LNPs. (Reproduced from a previous report [101] with permission from Elsevier)



Han et al. Nano Convergence

(2023) 10:36

Page 8 of 13

-=- Untreated
-= LNP-Rep _

« LNP-Rep(/L-12-alb) } B= 00055} P =0.0051
-+ LNP-Rep(/L-12-alb-lum)

~

= Untreated
— LNP-Rep
. INPRep(L1z-a) T P<°'°°°'} P=0.0001
. LNP-Rep(IL-12-alb-lum)

20 30 40 50 60 70
= Days post-implant

20 30 40 50 60 70

20 30 40 50 60 70

250
e 100 +—
E 200 < Treatment = L—.
§ 150 % 1
s : 2 50
® cp4'T & Granulocytes g 100 T %
Inflammato * NK Mo £ 50 . ‘L:J @
v N F T Iae=
cytokines & + 0 . 0
4 cD8' T TR - e T : )
chemokine . 0 5 10 15 20 25 30 0 40 80 120
CTAA be Cationic lipids Days after injection of B16F10 Days after injection of B16F10
: ® Mo LNP
() Control IL-23/IL-36y IL-23/0X40L
2000 ........................ aprrrep sttt araney :
Fa
£ :
£ 1500 1:
) : @
§ 1000 S
o H X
2 : 4/15CR <
S 500
€
2
0 v . . y 2
50 70 90 10 30 50 70
——— Days post-implant
(d) Untreated/Control mRNA IL-23/IL-36y IL-23/0X40L IL-23/IL-36y/OX40L
D000 e e e ooy eeeeeememmemenne  eeneeeeeeee e e Maiieeaeeeeneee e e
- :
E 1500
Bl o
T | 5 1000 10/20 CR 2020 CR
=8
g s 11/20 CR
E

20 30 40 50 60 70

N
/
(e

)

DAL-LNP

?‘

8000

KS DMG-PEG AAA Cytokine mRNAs

P ]
£ 4000
Q
2000
% ° A oM
9’\. Diamino lipid derivatives (DAL) 96:’\‘,.\\«%?,\\«"‘
AN AN
== DOPE ¢, Cholesterol RS

800
600
2 - 3000
£ 400 £
? >
2 2000
200 1000
0 [)
?°:?.\\:"‘LQ.\\:‘1' Q‘bswo‘*‘('wo‘*‘?
% A \3 °
it AN AN
Wwol W

AN

Tumor size (mm®)
o
3
g
g

500
o
10 20 30 40
Days after tumor innoculation
(h) 100
2
<
H
@
= 50
@
4
o
[
o

o 10 20 30 40 50
Days after tumor inoculation

Fig. 7 Cytokine-encoded mRNA-LNP Delivery System. a Schematic representation of tumor challenge with cytokine-encoded mRNA-LNP
systems. b Tumor volume and survival rate in the B16F10 tumor model treated with IL-12-encoded mRNA-LNPs. The IL-12-alb-lum mRNA-LNP
formulation demonstrated effective tumor suppression efficacy. a-b: Reproduced from a previous report [106] with permission from Springer
Nature). ¢ Tumor volume measured for IL-23, IL-36y, and OX40L-encoded mRNA-LNPs, showing anticancer effects in the MC38-R tumor model. d
Tumor volume suppression due to the abscopal effect of IL-23, IL-36y, and OX40L-encoded mRNA-LNPs. ¢-d: Reproduced from a previous report
[111] with permission from American Association for the Advancement of Science). e Schematic of IL-12, IL-27, and GM-CSF-encoded mRNA-LNP
systems. f Cytokine concentrations following treatment with IL-27, IL-12, or GM-CSF mRNA-loaded MC3-LNPs or DAL4-LNPs. g Tumor size measured
in the B16F10 murine model treated with DAL4-LNP-encapsulated mRNA. h Survival rate in the B16F10 murine model treated with mRNA-loaded
DAL4-LNPs. e-h: Reproduced from a previous report [7] with permission from Elsevier)



Han et al. Nano Convergence (2023) 10:36

The IL-1 and IL-12 families cooperate for anti-inflam-
matory and antitumor immune responses. The IL-1 fam-
ily (IL-1, IL-18, IL-33, IL-36, IL-37, and IL-38) is involved
in the early immune response following antigen invasion
[107]. IL-36 is known to be correlated with a good prog-
nosis in cancer and stimulates APCs and T cells [108].
The IL-12 family cytokines serve as a bridge between
innate and adaptive immunity [109]. IL-23, a member
of the IL-12 family, regulates the immune response and
exhibits antitumor effects [110]. Hewitt et al. designed
0X40, IL-36, and IL-23 encoded mRNA and conducted
monotherapy and combination therapy for tumors using
an LNP-based delivery system (Fig. 7c, d) [111]. The tri-
plet (OX40, IL-36, and IL-23)-encoded mRNA delivered
by LNPs effectively activated DCs and T cells, resulting
in significantly enhanced anticancer effects compared
to singlet-encoded mRNA. These strategies elicited
both innate and adaptive immune responses, preventing
tumor recurrence effectively even when the tumor was
re-challenged.

In another studies, Liu et al. demonstrated anticancer
treatments using cytokine-encoded mRNA loaded LNPs
(Fig. 7e=h) [7]. These cytokines (i.e, IL-12, IL-27, and
GM-CSF) exhibited synergistic effects, increasing T cell
survival in the TME and promoting memory T cells with
IEN-y and IL-10. LNP-based multiple mRNA strategies
were evaluated for expression efficacy in a melanoma
model, and outstanding tumor suppression was reported
without toxicity. The combination of IL-12 and IL-27
attracted B cells, macrophages, CD4+/CD8+T cells,
and NK cells, demonstrating the potential of multiple
cytokine-encoded mRNA with LNP delivery systems to
aggregate immune cells and provide effective therapies.

3.5 Antibody
Antibody-based treatments have been widely recog-
nized as effective therapies for conditions such as cancer,
chronic inflammation, and autoimmune diseases [112].
In cancer therapy, antibodies not only directly opsonize
cancer cells, but also interact with the immune system,
triggering both innate and adaptive immune responses
[113]. However, despite their clinical success and poten-
tial, antibody treatments present certain limitations.
Stability issues, the intricacies of large-scale manu-
facturing, and considerable production and treatment
costs can impede their wide and accessible application
to all patients [114]. A promising alternative involves
the in vivo production of antibodies via delivery of anti-
body-encoded mRNA, a method that can lead to efficient
in vivo expression of desired antibodies [115, 116].

HER?2 antibody (i.e, Trastuzumab) is a well-known
example of an antibody-based cancer treatment target-
ing HER2, which is overexpressed in cancer patients
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[117, 118]. When trastuzumab binds to HER2 of cancer
cells, it shows anticancer effects by blocking the prolif-
eration and survival pathway of cancer cells [119, 120].
Based on this mechanism, Rybakova et al. investigated
designing and delivering trastuzumab-expressing mRNA
with LNP through IVT technology (Fig. 8a—d) [8]. In the
group in which trastuzumab-encoded mRNA with LNP
was injected into mice, the concentration of trastuzumab
expressed in serum gradually increased until after 7 days.
On the other hand, the intact form of trastuzumab
injected group continued to decrease its level in serum,
which means the antibody-encoded mRNA provided the
possibility of being an alternative to antibody therapeu-
tics when delivered with LNPs.

Sahin’s group designed mRNAs encoding RiboMABs
against the T cell receptor-related molecule CD3 and
the tight junction protein Claudin6é (CLDNG®6), one of
TAAs (Fig. 8e—h) [121]. After systemically administer-
ing CD3xCLDN6 RiboMAB into LNPs to mice and
measuring its concentration in serum over time, the
mRNA gradually decreased over 144 h, while the anti-
body protein rapidly disappeared 6 h after administra-
tion. Administration of CD3XxCLDN6 RiboMAB to
an ovarian cancer xenograft mouse model resulted in
complete tumor elimination compared to the control
and antibody protein treatment groups. These results
were supported by the infiltration of T cells activated by
CD3x CLDN6 RiboMAB into the tumor. Taken together,
this study showed that systemic administration of low
doses of mRNA resulted in sustained antibody produc-
tion, whereas the corresponding antibody therapeutic
agent had a short half-life, resulting in a significant dif-
ference in cancer treatment effect. The study highlighted
that low dose of LNP-based mRNA, which can be repeat-
edly administered and reproduced, resulted in sustained
antibody production, overcoming the limitations of anti-
body therapeutics with short half-lives and showcasing
its potential clinical applicability.

In another study, Thran et al explored the use of
rituximab, a CD20-targeting antibody widely used for
lymphoma treatment, and investigated the utility of
chemically unmodified mRNA for passive immunization.
They designed rituximab-encoded mRNA encapsulated
in LNPs and evaluated its antitumor effects (Fig. 8i—m)
[122]. In an in vivo lymphoma model, the group treated
with rituximab-encoded mRNA in LNPs exhibited higher
tumor suppression and survival rates compared to the
group treated with the recombinant rituximab anti-
body. Furthermore, a single injection of mRNA-LNPs
was sufficient to achieve rapid, robust, and long-lasting
serum antibody titers, providing both prophylactic and
therapeutic protection against lethal rabies infection or
botulinum intoxication. This mRNA-mediated antibody
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expression enabled mice to survive otherwise lethal efficacy than their recombinant protein counterparts
tumor challenges. These findings suggest that antibody- and demonstrate the potential of formulated mRNA as a
encoded mRNA-LNPs offer better delivery and treatment ~ potent novel technology for passive immunization.
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4 Conclusion and future perspectives

In conclusion, mRNA-based therapeutic strategies have
recently garnered considerable attention due to their
simplicity in manufacturing and the capability to produce
encoded proteins without genomic mutation. However,
due to mRNA’s inherent structural instability, an efficient
vector or delivery carrier is required to enhance endocy-
tosis efficacy. With the advent of nanoparticle-targeted
delivery technologies, LNPs have emerged as an innova-
tive delivery platform that improves mRNA stability and
intracellular delivery efficacy, positioning them as highly
promising candidates for cancer immunotherapy.

LNPs are typically composed of ionizable lipids, cho-
lesterol that modulates lipid bilayer fluidity, PEG-lipids
that enhance particle stability, and helper lipids. When
formulated with nanoparticles, these constituents protect
mRNA from degradation and facilitate its transfer to the
cytoplasm of target cells, thus enabling in vivo and in situ
expression. Research on LNP-based mRNA delivery has
presented advanced results across several therapeutic
strategies. As cancer antigens recognized by APCs elicit
robust immune responses, the use of TAAs-encoded
mRNA has emerged as a promising method, resulting in
heightened transfection efficacy and evident therapeu-
tic effects in cancer therapy. Similarly, mRNA encoding
CARs, adjuvants, cytokines, and antibodies have also
demonstrated the potential to reduce tumor growth, fur-
ther underscoring the potential of mRNA-based cancer
immunotherapy facilitated by LNPs.

LNP-based mRNA delivery has demonstrated robust
intracellular delivery efficacy, enhanced endosomal
escape, and efficient protein expression at target cells,
thereby enabling potent anticancer treatments. Building
on these findings, future advancements in LNP-based
mRNA delivery systems will likely focus on refining the
formulation of LNPs and enhancing their therapeu-
tic efficacy. The COVID-19 pandemic in particular has
spurred a wave of nonclinical trials to test and select
effective LNP-mRNA formulations, which were then fol-
lowed up by clinical trials. However, results from these
nonclinical trials did not always align with clinical find-
ings, underscoring the need for complementary tech-
nologies to bridge this gap and promote successful LNP
development.

Further research is necessary to investigate unexplored
potential interactions between mRNA and ionizable cati-
onic lipids in LNPs, as well as to understand the impact
of impurities that could potentially disrupt the mRNA
[123]. Current practice necessitates LNPs storage at
- 80 C to preserve their activity, but efforts are under-
way to develop novel LNPs that can maintain their activ-
ity at room temperature. A significant challenge remains
in effectively comparing the delivery and distribution of
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various LNP formulations, particularly in vivo. Barcode
nanoparticle technology offers a solution to this issue
by enabling the profiling of LNP distribution at the cel-
lular level in vivo [124, 125]. Large-scale data analysis
tools capable of deciphering the relationship between
LNP properties and biodistribution are poised to accel-
erate LNP development. In light of recent technological
advancements, Al analytics are being increasingly lever-
aged to enhance the precision and accuracy of these ana-
lytical efforts [126, 127].

Various techniques have been established to add func-
tional moieties to the surface of LNPs, thereby enhancing
the recognition of specific targets. The utilization of tar-
geted modalities or cell membrane/extracellular vesicle
hybrid systems is expected to boost the effectiveness of
disease treatments while simultaneously enhancing tar-
getability and intracellular delivery efficiency [128, 129].
Active applications of technologies such as synthetic
biology [130, 131], which can engineer cell membranes to
target tumors, and click chemistry [132, 133], which can
precisely conjugate cancer-targeting ligands to the sur-
face of LNPs, are anticipated.

To surmount the hurdles of immune evasion or resist-
ance, the identification of novel TAAs and the develop-
ment of innovative strategies will be considered. The
inherent modularity of mRNA presents a particularly
promising avenue for personalized neoantigen vaccines,
as these stimulate an anti-tumor immune response.
However, the precise selection of neoantigens still poses
a challenge, necessitating the sequencing of the tumor
genome, the identification of mutations, and the predic-
tion of mutations likely to result in high-affinity binding
of neoantigen peptides to MHCs [134]. The capacity to
generate in vitro mRNA that encodes patient-specific
neoantigens directly from sequencing data—bypass-
ing the need for ex vivo cell culture or protein engineer-
ing—provides significant advantages for neoantigen
vaccination. This platform extends several benefits, such
as the ability to encode multiple neoantigens within a
single mRNA molecule, thereby amplifying the vaccine’s
potency. While definitive studies on cross-species varia-
tions in mRNA delivery efficacy and cellular responses to
LNPs are lacking, Hatit et al. recently addressed this gap
by analyzing these differences and introducing an engi-
neered murine model with predictable clinical outcomes,
thereby tackling challenges associated with cross-species
discrepancies [70]. Identifying the factors that contribute
to low transfection rates in lymphocytes or monocytes,
and devising strategies to enhance them, is pivotal for
the advancement of LNP-based mRNA delivery systems
in cancer immunotherapy. Through the successful imple-
mentation of LNP-based mRNA delivery strategies, we
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can pave the way for the development of next-generation
drugs for cancer immunotherapy.

By addressing these challenges and focusing on optimi-
zation, LNP-based mRNA cancer immunotherapies hold
substantial potential to transform the landscape of can-
cer treatment. As research and development in this field
progress, we anticipate the emergence of more effective,
personalized, and safer therapeutic options. Ultimately,
these advancements aim not only to enhance treatment
outcomes but also to improve the quality of life for those
affected by cancer.
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