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Abstract

Sections

Harnessing mRNA-lipid nanoparticles (LNPs) to treat patients with
cancer has been an ongoing research area that started before these
versatile nanoparticles were successfully used as COVID-19 vaccines.
Currently, efforts are underway to harness this platform for oncology
therapeutics, mainly focusing on cancer vaccines targeting multiple
neoantigens or directintratumoural injections of mMRNA-LNPs
encoding pro-inflammatory cytokines. In this Review, we describe

the opportunities of using mMRNA-LNPs in oncology applications

and discuss the challenges for successfully translating the findings of
preclinical studies of these nanoparticles into the clinic. We critically
appraise the potential of various mMRNA-LNP targeting and delivery
strategies, considering physiological, technological and manufacturing
challenges. We explore these approaches in the context of the potential
clinical applications best suited to each approach and highlight

the obstacles that currently need to be addressed to achieve these
applications. Finally, we provide insights from preclinical and clinical
studies that are leading to this powerful platform being considered the
next frontier in oncology treatment.

'Laboratory of Precision Nanomedicine, Shmunis School of Biomedicine and Cancer Research, George S. Wise
Faculty of Life Sciences, Tel Aviv University, Tel Aviv, Israel. 2Department of Materials Sciences and Engineering,
Iby and Aladar Fleischman Faculty of Engineering, Tel Aviv University, Tel Aviv, Israel. *Center for Nanoscience and
Nanotechnology, Tel Aviv University, Tel Aviv, Israel. *Cancer Biology Research Center, Tel Aviv University, Tel Aviv,
Israel. SThese authors contributed equally: Edo Kon, Nitay Ad-EL. < e-mail: peer@tauex.tau.ac.il

Introduction

mRNA-LNPs: an overview

Targeting strategies

Clinical implementation

Outlook: design
considerations

Conclusions

Nature Reviews Clinical Oncology



Review article

Key points

o mMRNA-lipid nanoparticles (LNPs) are a powerful, versatile platform
that hold great potential as anticancer therapies; LNPs have been
tested in clinical applications and can successfully and safely deliver
mRNA payloads designed to target various tissues and cell types.

o mMRNA-LNPs can be administered to specific tissues through various
routes and using different approaches for targeting specific tissues and
cell types.

o Passive targeting approaches do not involve modifications of
mRNA-LNPs for delivery to specific tissues and cells; these approaches
typically rely on inherent tendencies of different particles to
accumulate in different tissues or tumours.

o Active targeting approaches involve modification of the surface of
mRNA-LNPs for their delivery to a specific cell type; improvements
in the ability to target nanoparticles to specific cell types is key for
expanding their applications in clinical oncology.

Introduction

Lipid nanoparticles (LNPs) are vehicles for delivering nucleic acids
to cells. Three RNA-LNPs are currently approved by the US Food and
Drug Administration (FDA) and European Medicines Agency: patisiran,
asmall interfering RNA (siRNA)-LNP for the treatment of hereditary
transthyretin-mediated (hATTR) amyloidosis, and BNT162b2 and
mRNA-1273, two mRNA-LNP-based COVID-19 vaccines*. LNPs are
lipid-based delivery vehicles that: (1) protect nucleic acid payloads
frombeing degraded or fromactivating RNA-sensing mechanisms and,
subsequently, innate immune responses; (2) enable the introduction
of nucleic acid payloads into the cell cytoplasm; and (3) function by
themselves as adjuvants when used for vaccination®*. LNPs are a ver-
satile platformthat can encapsulate various types of RNA as payloads
and be administered by different routes. mMRNA-LNPs have been suc-
cessfully implemented as prophylactic vaccines against pathogens,
andthey have also been tested in various oncology clinical trials either
toachieveintratumoural expression ofimmune-stimulating cytokine
combinations or as cancer vaccines (Table 1). Both applications have
demonstrated that mRNA-LNPs are efficient drug-delivery vehicles.
New potential avenues involve the development of targeting strategies
to deliver payloads selectively into cell types previously considered
unreachable, which would enable the use of payloads that might be
ineffective or toxic when expressed in a broad range of tissues. In this
Review, we provide an overview of various approaches for targeting
cancer cells using mRNA-LNPs, highlighting the advantages and chal-
lenges of each approach in terms of selective cellular expression. We
alsodiscuss howimprovementsin mRNA-LNP targeting strategies from
the past few years are creating therapeutic opportunitiesin oncology.

MRNA-LNPs: an overview

LNPs commonly comprise four lipid components that are mixed to
formuniform spheres witha diameter of 50-150 nm that encapsulate
RNA payloads®. The four common components are: a phospholipid,
cholesterol, a ‘stealth’ lipid, and an ionizable lipid**” (Box 1; Table 2).
The ionizable lipid has a head group that is charged at lower than
physiological pH levels and yet is neutral at physiological pH levels,

thus preventing immediate inflammatory toxicities driven by cationic
lipids®. The ionizable lipid both encapsulates the negatively charged
nucleic acid payloads and enables the release of payloads to the cyto-
plasm at the acidic pH levels present in endosomal compartments
(Box 1; Fig. 1). Although the ionizable lipid has been the most exten-
sively researched, all components of the formulation and how their
ratios affect biodistribution, mMRNA expression, and biological and/or
physiological effect are areas of ongoing research interest’.

In their natural forms, mRNA molecules are unstable and chal-
lenging to work with; however, owing to progress in mRNA design
(with improvements such as use of modified nucleotides, sequence
modifications and mRNA capping modalities for increased stability
and reduced immunogenicity), mRNA-based therapies have become
a highly attractive and financially lucrative therapeutic platform.
At present, mMRNA molecules are synthesized using in vitro transcrip-
tion systems (Box 1). Non-modified mRNA molecules are recognized
by cellular RNA sensors, resulting in the activation of aninnate immune
response’® and thus, nucleoside modifications are considered one
of the most important breakthroughs in the field of mRNA-based
therapies (Box1).

Targeting strategies

Passive targeting

Passive targeting approaches are those used to deliver mMRNA-LNPs to
tissues and cells without modifying their surface with targeting moie-
ties. In oncology, this approach is used to target accessible tumours
aswell as non-malignant tissues, such as the spleen and lymph nodes,
for antitumour immune modulation.

Passive targeting via intratumoural administration. Intratumoural
administration of mMRNA-LNPs is the simplest method for delivering
nanoparticles, and is used in scenarios in which most of the mRNA
translation can be physically constrained to the tumour area. The poor
vasculature organization, lack of lymphatic drainage and high extracel-
lular matrix (ECM) density of most tumours can limit the diffusion of
LNPs from the injectionsite to such tumours®. These features can also
restrict LNPs from getting into deep areas of the tumour, even when
administeredintratumourally,butcanalsolimitthe off-targetexpression
of payloads owingtoleakage". Accordingly, several preclinical studies of
mRNA-LNP-based cancer therapies have used intratumoural injec-
tions to express cytokines and toxins, and for CRISPR-Cas9-mediated
targeting of oncogenes' ™. In clinical settings, to decide whether intra-
tumoural administration is relevant, physicians must consider the
number of doses required, and tumour physiology in terms of tumour
stage, tumour type and accessibility for injection; this approach, for
example, would be appropriate in patients with melanoma (Table 2).
Despite the propensity of tumours to retain particles?’, LNPs injected
intratumourally are not necessarily restricted to the tumour area, and
imaging studies have demonstrated LNP accumulation in the liver
and lymphatic organs after intratumoural injections™**. The cellular
distribution of injected particles also varies within the tumour cel-
lular populations: injection into the tumour mass does not guarantee
expression primarily in cancer cells, which might be problematic with
therapies with direct cytotoxic activity, such as cell cycle modulators
and toxins. Preclinical studies have shown that large proportions of
mRNA payloads are expressed by immune cell populations in the
tumour area, notably macrophages'". Consequently, cancer-targeted
mRNA-LNP-based therapies solely intended for intratumoural injec-
tion are mostly reserved for applications in which expression of the
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Table 1| Selected oncology clinical trials testing mMRNA-LNPs

LNPname Indication Payload Administration Phase NCTnumber Outcomes Ref.
Cancer vaccines
BNT112 Prostate cancer Fixed combination of i.v. I/ NCT04382898  Administered as monotherapy or with i.v. 168
five antigens commonly cemiplimab; acceptable safety profile;
expressed in prostate vaccine-induced immune responses
cancer detected using ELISpot
BNT113 Head and neck Human papillomavirus  iwv. Il NCT04534205  Administered in four cycles as monotherapy 169
cancer 16 oncoproteins E6 or with i.v. pembrolizumab; acceptable safety
and E7 profile for both strategies
mRNA-4157  Solid tumours Individualized cancer i.m. NCT03313778 Administered in up to nine cycles as 170
vaccine against up to monotherapy or in combination with i.v.
34 neoantigens pembrolizumab; acceptable safety profile was
reported; three CR and eight PRs in 63 patients
in the combination group were reported
Melanoma Individualized cancer i.m. Il NCT03897881 Administered in up to 18 cycles in combination 17
vaccine against up to with i.v. pembrolizumab; 18-month DMFS 91.8%
34 neoantigens and 76.8% with combination and pembrolizumab
monotherapy, respectively; granted Breakthrough
Therapy designation by the FDA in combination
with pembrolizumab for high-risk melanoma
following resection
Other immunotherapies
BNT211 CLDN6" R/Rsolid CLDNG6 CAR antigen iv. I/l NCT04503278  Patients received CLDN6-targeted CAR T cells 172
tumours vaccine (CARVac) as +adjuvant CARVac; manageable safety profile;
adjuvant for CAR T cell 7 of 21 patients had a PR
therapy
mRNA-2752 R/Rsolid tumours  IL-23, IL-36y and OX40L i.t. I/ NCT03739931 Administered in up to seven cycles as mono- 173
or lymphomas therapy or in combination with i.v. durvalumab;
reported to be safe and tolerable when combined
with durvalumab; treatment resulted in sustained
increase in IFNy and TNF levels, and PD-L1
expression
MEDI1191 Solid tumours IL-12 it. NCT03946800 Administered with i.v. durvalumab; combination 26

reported to be safe and tolerable; treatment
resulted in increased serum IL-12 and IFNy
levels, and increased infiltration of CD8*

T cells; 3 of 31 patients had a PR

CAR, chimeric antigen receptor; CLDNS, claudin-6; CR, complete response; DMFS, distant metastasis-free survival; ELISpot, enzyme-linked immunosorbent spot assay; i.m., intramuscular;
i.t., intratumoural; i.v., intravenous; LNP, lipid nanoparticle; OX40L, OX40 ligand; PR, partial response; R/R, relapsed and/or refractory.

translated proteinin non-malignant tissues is tolerable or desired. This
effectis most commonly achieved with mRNA-LNPs encoding various
cytokine mixtures combined with immune-checkpoint inhibitors
(ICIs)*. The local expression of certain cytokines, such as IL-12, could
ameliorate the dose-restricting adverse events resulting from their
systemic administration.

Regardless of the mRNA payload, LNPs have an innate adju-
vant effect that promotes a CD4" T helper 1 (T,;,1)-mediated cytokine
response’. T, 1 responses are generally tumour-suppressive whereas
T2 responses are associated with reduced cell-mediated immunity
and the activation of immune populations with a cancer-promoting
phenotype'>?. Based on these observations, investigators administered
mRNA-LNPs encoding cytokines (including, but not limited to, IL-12,
IL-15and IL-36y) intratumourally to mice, resulting in atumour micro-
environment (TME) favouring antitumour activity'>****, This phenotype
supported the activation of CD8" and T,1 cells, recruitment of natural
killer and naturalkiller T (NKT) cells, and activation of CD103* and CD8"
dendritic cells (DCs), which are needed for antigen cross-presentation
and activation of CD8' T cell-driven responses'>'>**%,

In a mouse model of cancer, non-encapsulated mRNA-mediated
expression of a combination of IL-15 and IL-12 in the tumour bed
increased the infiltration and proliferation of T cells in the tumour
and inhibited its growth'®. An ongoing clinical trial is testing the injec-
tion of MRNA-LNPs encodingIL-12in combination with the anti-PD-L1
antibody durvalumab? (Table 1). mRNA-LNPs encoding cytokines
oftenalsoinclude 0X40 ligand (OX40L) to protect T cells from anergic
celldeath duringactivation and promote amemory T cell phenotype®.
Of note, high levels of OX40L in tumour tissues are associated with
improved 5-year overall survival in patients with non-small-cell lung
cancer”.Inamouse model of cancer, intratumoural administration of
mRNA-LNPs encoding OX40L, IL-23 and IL-36y elicited an antitumour
immune response and protected against tumour rechallenge™. This
response was mediated by CD8" T cells, DCs and NKT cells recruited and
activated in the tumour area. A phase I clinical trial is testing intratu-
mouralinjection of anmRNA-LNP encoding the same three cytokines
combined with durvalumab® (Table1). Animportant feature observed
with local administration of mRNA-LNP-based immunotherapies in
mice is that intratumoural injections generate an immune response
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Box 1

Generation of MRNA-LNPs

mRNA payloads are synthesized via in vitro transcription reactions'®
in which mRNAs are synthesized based on a DNA template encoding
the desired payload downstream of a bacteriophage promoter site,
most commonly T7 or SP6. The 5' and 3' untranslated regions (UTRs) of
mRNA are encoded on the transcript, and an mRNA cap and a poly(A)
tail that can be added co-transcriptionally or post-transcriptionally
via enzymatic processes (see top part of the figure)’. These compo-
nents contribute to MRNA stability and enhanced expression. Further-
more, the mRNA payloads can incorporate modified nucleosides,
such as N1-methylpseudouridine, to increase expression by inhibi-
ting recognition by intracellular innate immune sensors'®*'®,
N1-methylpseudouridine has been used in both approved mRNA-lipid
nanoparticle (MRNA-LNP) COVID-19 vaccines'®’.

Next, the mRNA payloads are purified from double-stranded
RNA (dsRNA) impurities™° to limit dsRNA-sensing pathways, which
drive innate immune responses leading to a decreased amount of
proteins expressed’®®"®, mRNA-LNPs are formulated by mixing these
payloads with various lipid components (Table 2). Structurally, the
ionizable lipids hydrostatically interact with the nucleic acid payloads
to form inverted micelles around the nucleic acid. This nucleates
a spontaneous self-assembly of the helper lipids and sterols to
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create solid-core LNPs. Hydrophilic components of the stealth lipids
(for example, polyethylene glycol (PEG)) can be found facing the
hydrophilic exterior of the LNPs (see central part of the figure)'®'*°,
Generally, LNP size and uniformity are validated by dynamic light
scattering, surface charge is determined by C-potential measurements,
payload encapsulation is determined by fluorescence-based
reporter assays, and payload purity and stability can be validated in
RNA gels (see bottom part of the figure). The resulting mRNA-LNPs
commonly have a diameter of 50-150nm, are uniformly distributed
and encapsulate close to 100% of nucleic acid payloads. The ionizable
lipid is a synthetic lipid comprising lipid tails with a cationic ionizable
head group. At acidic pH levels, the positive charge on the head
group at acidic pH levels interacts with the negative charge on RNA
molecules and facilitates the encapsulation of nucleic acid payloads
within LNPs and their release into the cytoplasm after internalization.
The ionizable lipid is considered the pivotal component in terms
of activity and is the focus of many research attempts to optimize
LNP formulations. The ionizable lipids in the mRNA-LNPs clinically
approved thus far are ALC-0315, SM-102 and DLin-MC3-DMA, used in
BNT162b2, mRNA-1273 and patisiran, respectively?.
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sufficient to inhibit dissemination of metastases outside the injected
area. This effect was observed in mouse modelsin which intratumoural
injections of MRNA-LNPs encoding IL-12 or IL-15 caused regression of
non-injected distal lesions'>".

In summary, intratumoural injection is an interesting adminis-
tration route for immune-stimulating mRNA-LNP therapies. This
approach presents an opportunity to manipulate the TME to pro-
mote antitumour immune responses and enables local expression of
cytokines that might be overly toxic when administered systemically.
Nonetheless, the use of this approach is limited to tumours that are
accessible and to scenariosin which payload expression outside cancer
cellsis tolerated.

Endogenous targeting

Passive targeting of inaccessible solid tumours beyond the liver with
mRNA-LNPs entails an arduous journey. To reach the tumour bed,
intravenously administered mRNA-LNPs must safely pass through the
vascular system, avoid systemic clearance, extravasate to the tumour
site, penetrate within the tumour and be delivered intracellularly to
cancer cells. Each one of these stages encompasses multiple barriers
that also depend on disease status and tumour architecture.

Once LNPs areinjected intravenously, they rapidly adsorb serum
proteins that can alter the pathways involved in their trafficking
andinternalization, such as those involved in the clathrin-mediated and
macropinocytosis pathways*—°. Generally, LNPs accumulate in
the liver upon systemic administration owing to the adsorption of
serum proteins in the circulation. Most notably, apolipoprotein E
coats LNPs and facilitates their uptake into hepatic cells via binding
to LDL receptors®*, To enhance circulation time, PEG-linked lipids
are frequently incorporated into LNP formulations® PEG groups are
hydrophilic and provide the LNPs with stealth properties by enabling
them to evade uptake by the reticuloendothelial system and confer
colloidal stability®; however, the PEG molecular ratio of the formula-
tion must be adjusted because a high proportion of these groups can
prevent cellular LNP uptake and therefore impede activity**. Further-
more, PEG molecules can promote LNP-mediated reactogenicity via
complement activation-related pseudoallergies® %, Although PEG
has been traditionally considered non-immunogenic®, anti-PEG anti-
bodies have been detected that facilitate accelerated blood clearance
of LNPs and activate the classic complement pathway*’. These two
properties can hamper the clinical translation of systemically delivered
mRNA-LNPs, and thus treatment schedules will most probably involve
multipleinjections. To thisend, investigators are attempting to identify
potential replacements for PEG***; yet, to date, PEG remains the stealth
lipid most commonly used to increase the circulation time of LNPs. To
controlinflammatoryreactions, inthe APOLLO trial, patients received
dexamethasone before patisiran, which was administered by slow
bolusinfusion®. Of note, patisiranisindicated in patients with a type of
neuropathy. However, dexamethasone administration could be coun-
terproductive in patients with cancer receivingimmunotherapies, one
ofthemain applications of MRNA-LNPsin oncology. Forexample,ina
phase I study of an mRNA-LNP vaccine targeting the virus in patients
infected with chikungunya virus, those receiving prior steroids had a
~1.7-fold reductioninIgG levels*.

Theaccurate prediction of which serum proteins adsorb on LNPs
and how this process can affect LNP biodistribution holds great poten-
tial; this targeting approach is referred to as endogenous targeting.
Indeed, the past few years have seen substantial advancesinthe under-
standing of how LNP formulations affect protein adsorptionand alter

Table 2| Lipid components in LNPs and their function

Lipid Examples Function Refs.
component
Phospholipid DOPE, DSPC, Helper lipid considered 174
DOPG to improve the structural
stability of formulations
Sterol Cholesterol Structural stability 175177
and cholesterol
analogues
PEGylated PEG-DMG, Stealthiness: provides 178179
lipid PEG-DSPE colloidal stability and enables
evasion of the mononuclear
phagocytic system
lonizable DLin-MC3-DMA, Encapsulates mRNA payload, 54,152,180
lipid ALC-0315, improves transfection efficacy
SM-102 and enables differential

delivery

DMG, dimyristoylglyceride; DOPE, dioleoylphosphatidylethanolamine; DOPG,
dioleoylphosphatidylglycerol; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine;
DSPE, distearoyl-sn-glyceride; LNP, lipid nanoparticle; PEG, polyethylene glycol.

invivobiodistribution®***, However, some researchers have suggested
that LNP alterations need to be restricted within acceptable physico-
chemical characteristics pertaining to size, uniform distribution and
surface charge®*¢. For example, anegative surface charge on LNPs can
prevent their uptake and a positive charge carries the risk of systemic
toxicity viaactivation of TLR4-mediated signalling inimmune cells®*°.
Nevertheless, the role of distinct formulations on differential biodis-
tribution, and the general relationships between lipid formulation,
structure and activity remain to be fully understood. Efforts to optimize
formulations for endogenous targeting of different tissues focus on
bothinvitroandinvivo screens that commonly use reporters for LNP
biodistribution, the most common of which are DNA barcodes™*~*,
The tissue distribution of LNP reporters is then reversely engineered
toidentify the mechanisms underlying endogenous passive uptake of
mRNA-LNPsincertain tissues (Fig. 2). Thisapproach remains challeng-
ing, however, as evidenced by the fact that in vitro and in vivo adsorp-
tion has been measured and their correlation can vary®. Regarding
invivo screens, twoimportant considerations are that barcodes gener-
ally rely onreadouts that include distribution but exclude the extent of
proteintranslation; and that DNA-LNPs, commonly used inbarcodes,
do not necessarily have the same distribution asmRNA-LNPs®'. Regard-
ing formulation and endogenous targeting, lipid formulations that can
alter biodistribution without incorporating exogenous targeting moie-
ties are easier to manufacture thanthose incorporating modifications.
Currently, targeting strategies designed using formulation optimiza-
tion generally enable preferential uptake by certain organs but rarely
achieve high levels of target cell specificity. Furthermore, certain cell
lineages, such as myeloid cells, are expected to have greater uptake of
mRNA-LNPs than others, such as lymphocytes, which are notoriously
hard to transfect. Indeed, delivery to T and B cells has been achieved
after combinatorial screening of lipid formulations, yet the percent-
age of cells transfected is low (1.5-2% and up to 10% of T and B cells,
respectively)’>*, although one group achieved up to 30% silencing in
splenicT cells using an optimizedionizable lipid in the LNP formulation,
encapsulating siRNA without the addition of targeting moieties.
Next, LNPs must extravasate from the bloodstream into the
tumours. The hypothesis that drugs can diffuse from the bloodstream
into tumours primarily relies on the assumption of enhanced blood
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endosomal escape’®'®2, mRNA-LNP endosomal escape is considered inefficient.
Given that this process is not entirely understood, it is a research topic of great
interest'®"'®2, Once mRNA payloads are released into the cytoplasm, they are
translated by the cells’ ribosomes into the desired proteins.

vessel leakiness around tumours, whichis referred to as the enhanced
permeability and retention (EPR) effect®> . Unfortunately, xenograft
orsyngeneic mouse models donotreflect the true complexity of human
cancers, and thus the marked EPR effect and nanoparticle accumulation
intumours observed instudies using these models are probably highly
exaggerated®®. In these mice, tumours tend to be highly vascularized
and rapidly proliferating, and present a high degree of immune cell
infiltration with asimple stromal architecture®. The current estimate
isthatroughly 0.7% of nanoparticles administered intravenously reach
solid tumours in mouse models***°.

Interestingly, someinvestigators have suggested that the extrava-
sation of nanoparticlesis not entirely passive and could involve trans-
cytosis mediated by receptors such as neuropilin1, which hasincreased
activity following nutrient deprivation®’. Beyond this possibility, con-
siderable heterogeneity in uptake exists between tumour types and

between patients, and thus various nanoparticle-based diagnostic tools
have been developed toidentify patients who are most likely to benefit
from nanomedicines®®®', Using appropriate imaging techniques, these
theranostic approaches could help to monitor tumour accumulation of
mRNA-LNPs®. One potential pitfall is that these nanoparticles do not
alwaysadsorb proteins, and thus their biodistribution, which is mainly
determined by size, might not mirror that of therapeutic mMRNA-LNPs®,
Therefore, the therapeutic potential of systemically administered
nanomedicines remains to be better understood.

After extravasation to the tumour area, LNPs must penetrate the
entire tumour in order to disperse adequately between malignant
cells. Studies of tissue penetration have shown that particles >20 nm
indiameter barely penetrate the tumour area owing to high cell density
andinterstitial fluid pressure®*%, Theoretically, the minimum diameter
of MRNA-LNPs is 20 nm, although they are generally 50-150 nm®*°*,
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To facilitate penetration of nanoparticles, matrix-modifying agents among other components, incorporates an siRNA against FAK, and
(such as enzymes and cytokines) have been tested in preclinical thusdecreasesthe anchoring of transfected cells to the ECM". Another
studies®’. One such approach includes amultiplexed dendrimer that, approach is a nanoparticle system that incorporates polymers that,
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Fig. 2| Strategies for targeting mRNA-LNPs to tumours. Passive targeting mechanisms underlying passive tissue uptake. Active targeting strategies involve
strategies rely on high-throughput screening of multiple formulations in vivo, identifying a target highly or selectively expressed on the surface of cancer cells.
assessing aspects such as specific tissue distribution (for example, in the liver, Atargeting strategy is then selected and developed as a targeted mMRNA-LNP.
spleen and lung). After finding the optimal mRNA-lipid nanoparticle (LNP) Finally, the ability of targeted mMRNA-LNPs to specifically internalize into target

formulation for a certain application, reverse engineering is used to discover the cellsand cause a biological effect is examined.
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inresponsetotumour extracellular acidity, break downinto smaller den-
drimers with notably smaller sizes to enhance tumour penetration*®®,
Eventually, the use of approaches that regulate tumour fluidicsand ECM
couldbe crucial toimprove the penetration efficiency of mMRNA-LNPs.
Interestingly, modifying the ECM with mRNA-LNPs could enhance
lymphocyteinfiltration”. The notion of using mMRNA-LNPs to harness
the ECM and enhance immune cellinfiltration is an exciting avenue for
future drug development.

Owing to the aforementioned challenges, direct targeting of
solid tumours with systemically administered mRNA-LNPs is hard
to achieve. Current efforts using this administration route focus on
intramuscular or subcutaneous injections of cancer vaccines that do
notattempttotarget tumours directly. Cancer vaccines are LNP-based
therapeutic agents thatdo not require cancer tissue enrichment or high
levels of protein expression to be effective® %, Some cancer vaccines
rely on passive targeting for delivering encoded antigens to DCs®"".
These formulations exploit the robust antigen presentation function
of DCs and the ability of some subsets of classic DCs to elicit a strong
CD8'T cell-mediated antitumour response’.

Subsequent efforts will most probably focus on differential deliv-
ery of mMRNA-LNPs to cancer cells depending on their tissue loca-
tion, such as the liver, lymphoid organs and bone marrow, that can be
endogenously targeted by tweaking formulations” ™. Liver expression
can be targeted to treat hepatocellular carcinomas or to harness the
non-malignant liver to produce antitumour proteins, and leukocytes
in lymphoid organs can be manipulated to activate their antitumour
function™’, These different cellular biodistributions are attributed
tonovelionizable lipid structures and formulation optimization, such
as different percentages of PEG-linked lipid incorporated in LNPs”"7”°.
However, passive targeting has limited cellular specificity, and
the transfection of some cell types with nanoparticles that do not
incorporate targeting ligands is challenging.

Active targeting strategies

Active targeting is considered by many to be the holy grail of drug deliv-
ery. Inthe context of mMRNA-LNPs, active targeting involves delivery
to a specific cell type by modifying the surface of the nanoparticles
with targeting moieties that range from small-molecule ligands to
monoclonal antibodies. When directed to cancer cells, active target-
ing approaches have the advantage that they facilitate cellular uptake
of mMRNA-LNPs, whichis crucial for the activity of nucleic acid-based
payloads®. When directed to non-malignant cells, active targeting
approaches can enable the delivery of mRNAs into cells that would
otherwise be unlikely to take up LNPs and can be harnessed as living
antitumour therapies, such as lymphocytes®*®, For example, 30-50%
of T cells in mice were transfected using CD4-targeted mRNA-LNPs
(as opposed to <10% with other methods)®”. Here, we discuss several
considerations for designing active targeting strategies.

Target selection. For direct targeting of cancer cells, the ideal tar-
get is an entirely tumour-specific antigen (TSA) that binds another
molecule and is rapidly internalized afterwards (thus, enabling the
entry of nucleic acid payloads into cells), and has a controllable bio-
logical response upon binding. Despite >400 cell surface proteins
having been identified in human cells, this ideal opportunity rarely
presentsitself. Given that TSAs are rare, many efforts focus on targeting
clinically meaningful, highly expressed tumour-associated antigens
(TAAs) that are enriched on target cancer cells but are not necessarily
exclusive to them.

TAAs, TSAs and immune-regulating receptors can be targeted
using antibodies (full antibodies or fragments), peptides, sugars and
other small molecules. Reported targets and the molecules that bind
them include CD44 and hyaluronic acid, folate receptors and folate,
and EGFR, CD29, CD38 and PD-L1 with specific antibodies*!81%46585787,
Regarding the choice of targeting moieties, peptides and small mole-
cules are generally easier to manufacture than antibodies, and are
usually easier to translate from animal models to humans owing to
differences between human and murine TSAs and TAAs regarding
receptor structures, and the need to design highly specific antibodies
that target them. Examples of peptide-targeting moieties include the
iRGD and iNGR peptides, which have been functionalized by lipid con-
jugation to deliver payloads to bone metastases and solid tumours®2
Nevertheless, antibody-based targeting enables the highest degree of
cell specificity. Harnessing antibody derivatives, such as single-chain
variable fragments (scFv), is an attractive option that minimizes the
risks of host-versus-drug responses associated with the presence of
Fc domains.

When considering possible targets, one should address the activ-
ity of the targeted ligand and the potential biological effects of the
interaction”. For example, CD3-targeted mRNA-LNPs used to deliver
mRNA payloads to T cells have been shownto have adverse effects, such
astheactivationand depletion of circulatory and splenic T cell subsets,
regardless of payload activity”. While T cell activation can be useful,
uncontrolled activation can be detrimental owing to potential overacti-
vation and T cell exhaustion. Next, tumoural and patient heterogeneity
shouldbe addressed. For example, HER2,acommon breast cancer bio-
marker, is presentin only 15-20% of patients with this cancer type and
itsexpression levels can vary between cells within the same tumour®*®,
Further complicating the matter, target expression can fluctuate at
different disease stages; for example, the extracellular domains of
certain targets can be cleaved or shed from the membrane during
inflammation or they can be modified differently after translation® .
Notably, increased ectodomain shedding of MET, a known cancer
target, has been reported to correlate with disease progression in
various cancer types”'°°, Additionally, HER2 expression levels have
beenreported to change with disease progressionand recurrence, and
HER2 status significantly changes from negative to low expressionin
recurrent disease'"'*’. Furthermore, hyperglycosylationisareported
drugresistance mechanismthat prevents antibody-target binding and
correlates with metastasis formation. For example, MUC proteins are
agroup of highly glycosylated proteins, and their overexpression has
beenreported to sterically hinder antibody targeting in cancer disease
by forming amucus boundary layer'®.

Given that TSAs are rare, researchers have devised strategies for
improved TAA targeting. This limitation canbe addressed by adjusting
the affinity and avidity of the targeting approach. High-affinity target-
inginteractions canresultin the binding site barrier phenomenon®'**,
whereby targeted nanomedicines tend to adhere to the first layer of
cellsexpressing the antigen on the exterior of the targeted area. Insilico
models have predicted that multivalent, lower affinity binding with a
flexible linker joining a payload (such as adrug or delivery vehicle) to
its targeting moiety can improve the efficiency of targeting of cells
highly expressing the antigen'*'%, Using such a strategy, the individual
bondisweaker, yet the overall avidity is higher than that achieved with
approaches without a linker. The targeting moiety only weakly binds
receptors found scarcely on off-target sites and binds more strongly to
thetarget cells, which have a higher density of target receptors, owing
to avidity and not specificity'. Interestingly, contrasting reports
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exist on the influence of ligand valency and its ability to activate an
immune response and change natural internalization pathways*®1°1"°,
For example, in an in vitro model, nanoparticles functionalized to
folate were internalized upon binding of the folate receptor pathway
viaclathrin-mediated or caveolae-mediated endocytosis depending on
valency'”. Of note, most models used to study ligand-receptor interac-
tionswere developed before the emergence of mRNA-LNPs and thus,
although they canbe a good starting point to design mRNA-LNP-based
strategies, more research is warranted.

Onceatarget with suitable on-target and limited off-target expres-
sion is identified, the next step is to devise an optimal strategy for
post-bindinginternalization. Given that RNA therapeutics must reach
the cytoplasmto execute their functions, internalization and endoso-
mal escape are crucial for the activity of mMRNA-LNPs (Fig. 2). Most of
the dataon targeting and receptor internalization comes from studies
of antibody-drug conjugates (ADCs). Understanding receptor inter-
nalization rates using these datais agood starting point, although the
features that apply to ADCs do not necessarily apply to mRNA-LNPs
because thelatter are generally larger than the former. Forboth ADCs
and mRNA-LNPs, however, the rate of internalization seems to be
positively correlated with efficient payload release® "%, In vivo inter-
nalization rates and mechanisms are hard to predict; therefore, many
efforts todevelop ex vivo systems to best recapitulate this process are
underway' ", Close examination of the targeting moiety, target ligand
and their interactionisinsufficient to predictinternalization without
considering the interaction in the entire targeting complex context,
which canalter the naturalinteraction. For example, non-natural bind-
ing partners, such as targeting antibodies, can be internalized after
binding with receptors that do not necessarily internalize uponinter-
action with their natural ligand®. Furthermore, binding can alter the
internalization pathway used. For example, EGFR internalization upon
binding to the antibody cetuximab can shift from clathrin-mediated
internalization to macropinocytosis, based on the modification of the
antibody and the subsequent effect of the complex size. Internaliza-
tionthroughthelatter route can be beneficial for mRNA-LNP delivery
because nanoparticles are large and macropinocytosisinvolves larger
membrane areas". Furthermore, EGFR-antibody-mediated internali-
zation is more efficient with antibodies targeting different receptor
epitopes than with those targeting a single epitope'> Another find-
ing from in vitro models is that, upon binding to ECM ligands, CD44
is internalized more quickly in cancer cells, which can overexpress
this protein, than in non-malignant cells, which have lower levels of
expression®*"®, Beyond effective delivery of payloads, if antibodies
are not internalized they risk triggering effector functions, such as
antibody-dependent cellular cytotoxicity and other Fcregion-triggered
activities in macrophages'”. Owing to all these considerations, beyond
screening, adeep biological understanding of the targetinginteraction,
its context in disease, and empirical evidence are crucial for efficient
targeting design.

Design of MRNA-LNPs incorporating antibodies. Two main methods
can be used to functionalize targeting antibodies on the surface of
LNPs. The firstinvolvesincluding an ‘anchor’ lipid in the LNP formula-
tiontowhichafunctionalligand can be conjugated after particle prepa-
ration (Fig. 3a). Frequently used anchor lipids include phosphatidyl
ethanolamine, PEG-maleimide and phosphatidyl inositol, which can
be chemically conjugated to targeting antibodies®*"***°, This method
enables controlling the number of targeting moieties present on the
LNP viaadjustment of the molar mass of the anchoring lipid. However,

this method also facilitates the conjugation of incomplete or incor-
rectly oriented antibodies, such as antibodies with orientations where
Fcregions are exposed, which canresult inunwanted immune reactions
and affects the pharmacokinetic profile and distribution. Furthermore,
this strategy is inefficient and results in multiple cleaning stages to
remove unbound targeting moieties and large amounts of waste. The
second strategy involves preparation of the LNP formulation followed
by post-insertion of a hydrophobic antibody derivative (for exam-
ple, a lipid-ligand conjugate) into the preformed LNPs by optimized
co-incubation'®#861718120.21 Thisapproach does not require areactive
anchor lipid in the LNP formulation and enables better control of the
antibody-lipid conjugation'’. Post-insertion has been proposed to
better preserve the original physicochemical properties of LNPs, and
methods to optimally post-insert these vesicles have been described'”.
Oneexampleisan ‘anchored secondary scFv enabling targeting’ mole-
cule that can be post-inserted into LNPs and acts as a universal linker
by binding the Fc regions of targeting antibodies of choice (Fig. 3b).
This system has been successfully harnessed to deliver mRNA payloads
to specificimmune cell populations and cancer cells in mice's5*%,

A wide range of targeted mRNA-LNP-based applications could
potentially be used in oncology, of which several are currently being
investigated preclinically. While targeting approaches can drive pay-
loadsintospecificcellsthat would not necessarily passively take up LNPs,
some of the barriers to passive targeting, such as tissue penetration
tosolid tumours as discussed above, remain unaddressed.

Clinical implementation

Ongoing oncology trials of mMRNA-LNP-based therapies focus on
local administration of cancer vaccines or intratumoural expression
of immunostimulatory cytokine mixtures combined with ICIs'*1>>12*
(Table 1; Supplementary Table 1). The approaches tested generally
differ in the antigens selected or the cytokines used. To date, most
approachesbased on systemic administration, such as cancer vaccines,
use mRNA lipoplexes. These are lipid-based nanoparticle formulations
formed by mixing pre-made cationic-lipid liposomes and RNA, yielding
aself-assembled molecular organization'>'?°, LNPs and lipoplexes dif-
ferinlipid composition, preparation methods and morphology. mRNA
lipoplexes have been reported to elicit pro-inflammatory cytokines
invivo and, owing to potential decomplexation of RNA payloads on
their surface, have agreater tendency to aggregate incirculation than
MRNA-LNPs'*128,

Experts developing cancer vaccines are attempting to encode multi-
ple antigens simultaneously and thus provide personalized vaccines.
Such vaccines rely on the strengths of the mRNA therapeutic platform:
its modularity, ability to incorporate numerous payloads, and speed of
manufacture. For example, mRNA-4157 is an mRNA-LNP vaccine that
caninclude up to 34 neoantigen peptides in a single mRNA concatemer
encoding the polyepitope, which can be achieved by encoding short
epitope concatemersinterspersed by cleavage sensitive sites. mMRNA-4157
iscurrently beingtestedin phaseland lltrials. Inthe phase I KEYNOTE-942
trial, patients with resected high-risk melanoma (stage IlI-1V) receiving
this vaccine in combination with the ICl pembrolizumab had statisti-
cally significant improvements in recurrence-free survival and distant
metastasis-free survival relative to those receiving pembrolizumab alone.

Personalized cancer vaccinesrequire high speed of product manu-
facturing. The time from sequencing of patient-derived tumour
samples to production and administration of personalized vaccines
has been reported to be as short as 30-40 days'”. This is because,
unlike therapies based on small molecules or proteins, most mRNA
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payloads differ only in nucleotide sequence, and therefore individual-
ized manufacturing canbe carried out rapidly"*. Regarding versatility,
mRNA-LNPs can be administered via various routes beyond those tra-
ditionally used, suchasinguinal lymphinjections guided by ultrasound
imaging™. In afirst-in-humanstudy involving patients with stage IlI-1V
melanoma, ultrasound-guided intranodal injection of individualized
cancer vaccines resulted in all patients developing T cell responses
against vaccine neoepitopes. The study demonstrated a decrease in
metastatic events in all patients'. This variability further expands
the accessibility and adaptability of mMRNA-LNPs to different tumour
locations and properties.

Treatment regimens generally involve multiple injections; for
example, in a phase Il trial BNT111 is being administered six to eight
times in combination with the anti-PD-1 antibody cemiplimab'**
(Table 1). Another example is a clinical trial of personalized cancer
vaccines for pancreatic cancer. In this study, the treatment regimen
involved administration of an ICI and one to eight doses of personal-
ized cancer vaccine followed by 12 bi-weekly doses of fluorouracil,
leucovorin, irinotecan and oxaliplatin (FOLFIRINOX)'*. These multiple
injectionregimens canresultin LNP reactogenicity, lipid accumulation
intissues over time and clearance by anti-drug antibodies. Neverthe-
less, BNT111 received Fast Track designation from the FDA for the
treatment of metastatic melanoma, indicating that at the current
development stage, the benefits in these patients are considered to
outweigh the potential deficits. While cancer vaccines are the most
clinically advanced application of mRNA-LNPs in oncology, other
attemptsinclude expression of pro-inflammatory cytokine mixtures,

of bispecificantibodies for target specific stimulation, of chimeric anti-
genreceptors (CAR) in T cells in patients with solid tumours and even
of epigeneticregulators. Examples of studies testing these approaches
include a phase I trial of intravenously administered mRNA-LNPs
encoding bispecific antibodies targeting claudin 6 and CD3, early clini-
caltrials assessingintravenously administered mRNA-LNPs encoding
IL-2and IL-7 (ref.132) or intratumoural injections of mMRNA-LNPs encod-
ing OX40L, IL-23 and IL-36y'®, and a phase I trial testing CAR antigen
vaccines (CARVac) intended to enhance the efficacy of CAR T cells in
the challenging setting of solid tumours™* (Table 1).

One potential aspect that canbeimproved to further advance new
clinical opportunities in the field is the ‘gap’ between mouse models
and patients, whichis wellknownin oncology and isbecomingincreas-
ingly recognized in the LNP field as well. For example, cancer vaccine
doses typically used clinically arein the microgram per kilogramrange,
whereas in mice they can reach >0.25 mg/kg®"**'*, Further complicat-
ing matters, studies have demonstrated that mRNA-LNP vaccines
induce secretion of IL-1in humans, whereas in mice they upregulate
IL-1 receptor antagonist protein. This differential activation might
explain why mice can tolerate doses of LNPs up to 1,000-fold higher
than those tolerated by humans®®. Data from several studies indicate
that the ionizable lipid component induces inflammatory responses
independently of administration route, causing rapid neutrophil
infiltration'””. Beyond immunogenicity, other studies have claimed
that mRNA-LNP delivery is differentamong mice, non-human primates
and humans*'*_ For example, formulations optimized for expression
inrodent liver tissue are not necessarily optimized for expression in
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larger animals or humans®*"*, These discrepancies between mice and
humans could reflect other yet-to-be-revealed variations in activity
and should be further explored in future studies.

Outlook: design considerations

The use of MRNA-LNPs faces some challenges, beyond improving
targeting strategies. One of these challenges is the instability of mMRNA-
LNPs at refrigerator temperature, whichis considered to be driven by
the inherent instability of the mRNA payload rather than the insta-
bility of the LNP vehicle*"**'*, Clinical trials testing non-frozen and
lyophilized preparations are underway; nonetheless, this challenge
ismore relevant to the distribution of prophylactic vaccines for infec-
tious agents (NCT05137236, NCT05085366, NCT04816669) than for

oncology applications'***, Next, LNPs are notinertand canincrease
cytokine levels in the host, causing immediate inflammation. This
property might be beneficial forimmunotherapy purposes; however,
complement activation-related pseudoallergy responses following
mRNA-LNP administration are frequently attributed to the PEG-lipid
components of the LNP**>**¢_ Furthermore, anti-PEG antibodies have
been detected inindividuals who have received an mRNA-LNP-based
COVID-19 vaccine*"*8, For regimens requiring repeated dosing, such
asthose used withmRNA-LNP-based cancer therapies, these anti-PEG
antibodies mightlead to rapid clearance of LNPs,impeding treatment
efficacy. Tothis end, researchers are seeking alternatives to PEG-lipids,
although, to date, PEG remains the stealth molecule most commonly
used in formulations. Other studies are attempting to improve the
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to translate sequences at different rates in different cellular populations and/or
tissues. Finally, binding sequences for cell-specific microRNAs (miRNAs) could
beincorporatedinto the UTRs to affect degradation rates in different cellular
populations. b, Another approach to improving mRNA-LNP targeting would rely
onabetter understanding of the factors affecting the biodistribution of different
LNP formulations. Specifically, the structure-activity relationship between
differentionizable lipid structures and certain organs and cellular distribution
tendency requires a better mechanistic characterization.
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strategies for targeting tumours with mRNA-LNPs. The choice between
active and passive targeting strategies for targeting tumours using mRNA-
lipid nanoparticles (LNPs) involves acompromise. Compared with passive
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approaches, active approaches enable higher specificity in cell targeting but
their manufacturing is more complex. Animportant aspect to consider is that,
asdepicted, each targeting strategy is better suited for certain therapeutic
applications. CAR, chimeric antigen receptor; TME, tumour microenvironment.

clearance of ionizable lipids, resulting in increased biocompatibil-
ity and reduced adverse effects. For example, DLin-MC3-DMA, the
ionizable lipid in the first RNA-LNP approved, has a long liver tissue
half-life'**"*°, Pharmacokinetic analyses froma phase Il trial of patisiran
in patients with hATTR amyloidosis demonstrated that siRNA-LNPs
canreach theliver within1h of intravenous injection, yet elimination
from the liver took 3 days™'. To improve clearance, next-generation,
biodegradablelipids frequently incorporate labile ester bondsin their
hydrophobic tails™.

Toincrease mRNA-LNP specificity and reduce off-target expres-
sion, many fascinatingattemptstodrivedifferential payload expression
based on specific sequences encoded by the mRNA payload itself
have been made. From the manufacturing perspective, this strategy
is feasible because it relies on encoding programmable sequences
rather than on chemical modification of proteins or lipids. Further-
more, this strategy can be harnessed to target cancer cells that lack
TSAs. Programmable sequences could either enhance or inhibit
expression of targets in specific cell types. For example, downregu-
lation of target expression has been achieved in preclinical mod-
els by incorporating miRNA binding sites on the payload to inhibit
expression in common sites of MRNA-LNP accumulation following
systemic administration, such as miR-122 in the liver'>™>, Interest-
ingly, programmable sequences have also been used for cell-specific

translation. Translation activation can be programmed by manipu-
lating the structural dynamics of the mRNA molecule; for example,
‘toehold’ sequencesin 5’ untranslated regions of mMRNAs hinder trans-
lation unless they are bound by a transcript specific to the target cell.
Furthermore, wheninducible IRES sequences are used to control the
initiation of translation, expression can be more effectively regulated
by mRNA structural shifts"*"’, Payload-specific differential expres-
sioncanalsobebased on the selection of codonsinthe openreading
frame, taking advantage of the proposed non-randomdistribution of
tRNAs expressed in different cell types and tissues'*'°°. Therefore,
cell specificity can also be achieved at the level of expression of the
mRNA payload (Fig. 4a).

Many efforts are currently being invested in the expansion of the
potential array of uses for mRNA-LNPs in oncology, beyond the appli-
cations that have advanced to clinical trials. Firstly, mMRNA-LNPs are
being used for T cell transfectionin vivo to generate CAR T cellsinsitu.
Compared with autologous CART cells, the proposed advantages of
thisapproachare the lack of genomicintegration, reduced production
costs and minimal toxicities owing to the transient nature of the mRNA
payload, which could limit the adverse systemicimmune response and
toxicities derived from the sustained activity of CAR T cells'. Active
targeting of mMRNA-LNPs to T cells has been achieved using antibod-
ies against CD4, CD3 or CDS5 (refs. 82,162,163). Another possibility is
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creating CARmacrophages, a cell population highly proneto LNPuptake
and considered a promising therapy in patients with solid tumours'**.
These applications of mMRNA-LNPs, as well as many others, could
benefit from sustained protein expression, now limited primarily
by the stability of mRNA molecules in vivo. To address this issue,
circular RNA platforms have been gaining attention in the past
fewyears'®.

Another emerging application in oncology is the use of mMRNA-
LNPs for in vivo genome editing of target cells using tools such as
CRISPR-Cas9. In this context, the advantage of using mRNA-encoded
genome-editing proteins over the synthetic proteins is the transient
expression achieved with mRNA, which limits adverse events'®. In
cancer research, CRISPR-Cas9 editing has been used in preclinical
studies and is appealing because of its ability to cause permanent
specific changes'. CRISPR-based targeting approaches, however,
are highly dependent on the ability to specifically direct payloads to
target cells. We hope to see this powerful tool used against intracellular
cancer targets, as it would provide a novel window of opportunity for
genetic modification of targets typically considered undruggable.
As with other approaches discussed, the key to the success of these
strategies will be the specificity resulting from irreversible genome
engineering.

Futureimprovementsin mRNA-LNP-based therapies, inour view,
willmostly be aimed atimproving cell-specific expression to reach cells
more specifically and decrease off-target expression, thus broadening
potential applications (Fig. 4). Regarding passive targeting, efforts
areunderway to characterize the relationships between formulation,
structure and activity using artificial intelligence tools'””. However, the
field is in the early stages and thus, large open-access databases that
meticulously document LNP formulations and their biodistribution
results arelacking. Yet, we expect super-selective cell expressionto be
mostly achieved only with mRNA-LNPsincorporating active targeting
moieties. Finally, to be successful, the clinical translation of active
targeting approaches requires novel efforts to reduce the complexity
of manufacturing.

Conclusions

Inthe past few years, promising advances have been madein targeting
mRNA-LNPs to tumours using passive or active approaches. The choice
of either approach usually depends on acompromise between ease of
production and specificity (Fig. 5). The choice of a targeting strategy
for a particular malignancy involves considerations such as whether
targetable characteristics have been identified, the feasibility of intra-
tumoural injection, and the tendency to metastasize. This decision
should also take into account the different payloads available, their
off-target toxicity and theimportance of specific expression for thera-
peutic effect treatment efficacy. Manufacturing limitations, although
sometimes overlooked during treatment design and postponed to
the later stages of the drug development process, should preferably
be addressed early on. Indeed, manufacturing considerations could
become crucial for a drug to be feasibly produced at the large scales
required for clinicalimplementation. In the past few years, mMRNA-LNPs
have become a major toolin the prophylactic vaccine space; now, they
are being tested in oncology clinical trials. We expect to see increas-
ing cell-specific expression using various targeting methods that will
enable even more new therapeutic applications in oncology with this
versatile, powerful platform.

Published online: 16 August 2023
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