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Emerging Strategies for Immunotherapy of Solid Tumors
Using Lipid-Based Nanoparticles

Soraia Fernandes, Marco Cassani, Francesca Cavalieri, Giancarlo Forte, and Frank Caruso*

The application of lipid-based nanoparticles for COVID-19 vaccines and
transthyretin-mediated amyloidosis treatment have highlighted their potential
for translation to cancer therapy. However, their use in delivering drugs to
solid tumors is limited by ineffective targeting, heterogeneous organ
distribution, systemic inflammatory responses, and insufficient drug
accumulation at the tumor. Instead, the use of lipid-based nanoparticles to
remotely activate immune system responses is an emerging effective strategy.
Despite this approach showing potential for treating hematological cancers,
its application to treat solid tumors is hampered by the selection of eligible
targets, tumor heterogeneity, and ineffective penetration of activated T cells
within the tumor. Notwithstanding, the use of lipid-based nanoparticles for
immunotherapy is projected to revolutionize cancer therapy, with the ultimate
goal of rendering cancer a chronic disease. However, the translational success
is likely to depend on the use of predictive tumor models in preclinical studies,
simulating the complexity of the tumor microenvironment (e.g., the fibrotic
extracellular matrix that impairs therapeutic outcomes) and stimulating tumor
progression. This review compiles recent advances in the field of antitumor
lipid-based nanoparticles and highlights emerging therapeutic approaches
(e.g., mechanotherapy) to modulate tumor stiffness and improve T cell
infiltration, and the use of organoids to better guide therapeutic outcomes.

1. Lipid-Based Nanoparticles in Nanomedicine

Since their discovery in the 1960s, lipid-based nanoparticles
(Figure 1) have attracted interest owing to their ability to
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encapsulate and deliver therapeutic
molecules, i.e., hydrophobic small molecule
drugs[1] and hydrophilic biomacro-
molecules, such as RNA,[2] DNA,[2d,e,3] and
proteins,[4] to target specific cellular popula-
tions. Liposomes (Figure 1A), the first class
of lipid-based nanoparticles employed in
nanomedicine, are spherical vesicles made
of one or more lipid bilayers composed
of phospholipids, such as phosphatidyl-
cholines and phosphatidylethanolamines,
and stabilizing constituents, such as
cholesterol.[5] Over the years, the compo-
sition and physicochemical properties of
lipid-based nanoparticles have been im-
proved to overcome issues mainly related
to their inadequate stability in complex
biological fluids, which ultimately lead
to the premature release of the encapsu-
lated cargo and the occurrence of adverse
side effects.[5] These advancements have
led to the development of the so-called
lipid nanoparticles (LNPs, Figure 1B)
synthesized from a mixture of functional
lipids that can include cationic or ioniz-
able lipids, helper lipids, poly(ethylene
glycol)-modified lipids (PEGylated lipids),

and cholesterol.[6] Cholesterol imparts structural rigidity to LNPs,
the cationic or ionizable lipids enable the encapsulation and en-
dosomal escape of the nucleic acid payload, whereas the helper
lipids improve LNP stability and fusogenicity.[6,7] By preventing
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Figure 1. Schematic representation of different lipid-based nanoparticles. A) Liposomes are made of one or more lipid bilayers composed of phos-
pholipids (e.g., phosphatidylcholines and phosphatidylethanolamines) and stabilizing constituents (i.e., cholesterol). Conventionally, liposomes have
been used to encapsulate hydrophobic chemotherapeutic drugs (e.g., Doxil). B) LNPs are composed of cholesterol and a mixture of lipids, including
functional ionizable, helper, and PEGylated lipids. Their current main application is the delivery of nucleic acids. Alternatively, C) lipoplex-formulated
nanoparticles can also be used for the delivery of nucleic acids by mixing DNA/RNA and ionizable/cationic lipids. We note that other classes of lipid-
based nanoparticles have been synthesized, such as cubosomes, solid–lipid nanoparticles, and nanostructured lipid carriers. However, in this figure, we
provide an overview of the three main categories that have been used in nanomedicine and immunotherapy applications and that are discussed in this
review. Created with Biorender.com.

nonspecific serum protein adsorption and nanoparticle aggrega-
tion, PEGylated lipids improve the pharmacokinetics of LNPs.[8]

The specific composition and morphology of LNPs can vary de-
pending on the intended application and the type of payload
being delivered. For instance, the structure of LNPs contain-
ing small-interfering RNA (siRNA) or messenger RNA (mRNA)
is characterized by a hydrophobic electron dense core, consist-
ing of inverted micelles of lipid encapsulating hydrated nucleic
acids, surrounded by a coating of PEGylated lipids.[9] Recently,
the role of lipid composition in conferring specific physicochem-
ical features to the nanoformulation, as well as in determining its
organ biodistribution after intravenous (IV) administration has
emerged as a key feature to direct the action of lipid-based thera-
pies to specific tissues.[10] Cationic lipids can also be mixed with
RNA and DNA to form lipoplexes (Figure 1C).[11] Although the
first generation of cationic lipids has proven useful for in vitro
transfection purposes, the use of such cationic lipids in vivo is
limited owing to their large size (>1 μm diameter), instability,
positive surface charge, and dose-limiting toxic side effects.[12]

However, a new generation of lipoplex–mRNA constructs are cur-
rently under evaluation in clinical trials for the treatment of ad-
vanced solid tumors.[13]

LNPs have shown higher flexibility in terms of cargo loading
(small drug molecules and large nucleic acids), encapsulation
efficiency (90–100%), and scalability when compared to other
nanoparticles based on polymeric or inorganic materials.[14]

Therefore, LNPs are currently a highly attractive platform for de-
veloping novel therapeutic strategies to treat cancer,[2a,15] nervous
system disorders,[16] and infectious diseases.[9b]

2. Direct Targeting of Solid Tumors with
Lipid-Based Nanoparticles

Chemotherapeutic drugs are among the first molecules to be pro-
posed as payloads for lipid-based nanoparticles, by virtue of their
availability and well-known mechanism of action.[17] As many of
these drugs are hydrophobic or sparingly soluble in physiological
media, they are well-suited for incorporation into lipid-based de-
livery systems to enhance their biodistribution and bioavailabil-
ity, and therefore boost their therapeutic efficacy while reducing
off-target accumulation and dosing regimen.[18] For these rea-
sons, over the past three decades and since the approval of the
first nanodrug, Doxil, in 1995,[19] the clinical applications of lipid-
based nanoparticles have surged. Two of the most recently ap-
proved lipid-based nanodrugs, Onivyde and Vyxeos (or CPX-351),
demonstrate the concept of drug encapsulation into lipid-based
nanoparticles, aiming at increasing the efficacy of chemother-
apy drugs while reducing the toxicity associated with traditional
formulations.[20] Onivyde is a liposomal formulation of irinote-
can, approved by the US Food and Drug Administration (FDA)
in 2015 for the treatment of metastatic pancreatic cancer in com-
bination with leucorvin and fluorouracil as a chemotherapeu-
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tic regimen.[21] In addition to their use as a stand-alone ther-
apy or in combination with standard chemotherapy, lipid-based
nanoparticles allow the loading of different chemotherapeutic
agents within the same carrier, thereby potentially resulting in
more effective treatments. In this regard, Vyxeos, a liposomal
formulation designed for the delivery of cytarabine and daunoru-
bicin, was developed for the treatment of acute myeloid leukemia
and approved by the FDA in 2017.[22] We note that different ap-
proaches involving lipid-based nanoparticles that are responsive
to external physical stimuli can be used for delivering therapeu-
tics to solid tumors. For example, stimuli-responsive lipid-based
nanosystems, such as lipid-based magnetic nanovectors that are
responsive to an external magnetic field and carry chemothera-
peutic drugs, have been studied at the preclinical stage. The syn-
ergistic therapy provided by these nanovectors, i.e., hyperther-
mia combined with in situ drug delivery after local injection at
the tumor site, has revealed prolonged survival of animals suffer-
ing from glioblastoma multiforme.[23] A detailed description of
these nanosystems is outside the scope of the present review but
detailed information on these therapeutic strategies is provided
elsewhere.[24]

Despite the inherent benefits of using nanocarriers for the de-
livery of chemotherapy drugs, many of the existing nanodrug for-
mulations do not demonstrate an improvement in patient over-
all survival when compared to conventional free drug regimens.
In addition, their benefits, although not negligible, fail to meet
the initial expectations and are limited, in most cases, to reduc-
ing off-target side effects.[25] It has been extensively reported that
only a small fraction (<0.6%) of the administered nanoparticles
effectively accumulates into solid tumors, with modest improve-
ments and uncertain outcomes even when targeting moieties are
used.[26]

Lipid-based nanoparticles have also been used for the delivery
of therapeutic nucleic acids, i.e., siRNA and microRNA (miRNA),
antisense oligonucleotides, and mRNA, with anticancer activ-
ity. The concept of mRNA delivery was introduced more than
three decades ago, aiming at modulating the expression of pro-
teins of interest in the target T cells to reestablish their physi-
ological function.[27] Subsequently, the discovery of RNA inter-
ference mechanisms opened the possibility of exploiting siRNA
molecules to silence specific disease-related genes.[28]

The direct administration of naked nucleic acids is hampered
by: i) their possible degradation by nucleases; ii) their inabil-
ity to cross biological membranes; and iii) possible undesired
immunological reactions to nucleic acids.[29] Hence, the incor-
poration and protection of therapeutic nucleic acids into lipid-
based delivery systems, including liposomes and LNPs, have
been widely explored in the past two decades. The significant
progress made in designing and engineering lipid-based drug
delivery systems with optimal chemical properties and compo-
sition, as well as increased stability and efficacy has enabled the
clinical translation of LNP-mediated gene therapy.

Two LNP formulations for siRNA delivery, Patisiran (Onpat-
tro) and Givosiran (Givlaari), have been approved for the treat-
ment of transthyretin-mediated amyloidosis (in 2018) and acute
hepatic porphyria (in 2019), respectively.[16a,30] More recently, the
developments achieved in the field of nanoparticles have resulted
in several LNP formulations being evaluated in clinical trials for
solid tumor gene therapy including the delivery of antisense nu-

cleic acids (WGI-0301), plasmid DNA (Reqorsa), siRNA (TKM-
080301), miRNA (INT-1B3), and mRNA (OTX-2002), as listed in
Table 1. Generally, these formulations are administered system-
ically by IV injection and are expected to act directly upon the
tumor cells or the tumor microenvironment (TME), inhibiting
tumor growth by downregulating the expression of oncogenes or
upregulating the expression of tumor suppressor genes. During
Phase 1 and Phase 2 clinical trials, the safety and efficacy of the
nanotherapeutics are evaluated. For instance, clinical trials con-
ducted on the administration of TKM-080301 have revealed that
most of these LNPs accumulate in the liver (66–83%). The accu-
mulation at the tumor site is expected to occur by the enhanced
permeability and retention (EPR) effect. However, the EPR effect
has been challenged lately by evidence showing that only 0.6%
of nanoparticles is retained at the tumor site.[26a] Thus, although
TKM-080301 is well tolerated, its antitumor effect is limited.[31]

Overall, the limited tumor extravasation and nonspecific biodis-
tribution still present major translational challenges for specific
solid tumor treatment.

Rather than inhibiting the expression of pathological gene
variants, mRNA therapy has been developed with the aim to
(i) promote the expression of missing or downregulated pro-
teins or (ii) induce the expression of specific antigens that can
initiate an immune response.[32] Intuitively, while some dis-
eases, such as cystic fibrosis[33] and phenylketonuria,[34] can only
be treated with the reestablishment of cell functionality, infec-
tion diseases and cancers can greatly benefit from immunother-
apy. Accordingly, the first-approved vaccines against COVID-
19, Pfizer-BioNTech BNT162b2 and Moderna mRNA-1273, use
LNPs to deliver mRNA encoding the spike protein of the SARS-
CoV-2 virus, which stimulates an immune response in the body,
providing ∼90% protection against infection.[35]

3. LNPs for Immunotherapy

The success of mRNA vaccines and the short time elapsed from
their design to their commercialization, accompanied by the
emergency use authorization granted by the FDA, has sparked
great optimism for the use of LNPs to treat several other disor-
ders in the near future.[37] Along with the research efforts ap-
plied to develop mRNA vaccines, several immunotherapies such
as immune checkpoint inhibitors (ICIs), bispecific T cell en-
gagers (BiTEs), or chimeric antigen receptor (CAR) technology
have reached the clinic in the last few years, improving cancer
treatment.[38]

Notwithstanding the success of immunotherapies in recent
years, several challenges have emerged, such as interpatient het-
erogeneous responses, selection of suitable therapeutic targets,
and safety concerns.[39] For example, ICIs have demonstrated ef-
ficacy in fewer than half of the patients deemed suitable for the
treatment (which represents half of the patients suffering from
cancer), BiTEs have short life in the body, and chimeric anti-
gen receptor-T (CAR-T) cell therapy is limited by the availability
of appropriate targets and their efficiency against solid tumors
is limited.[40] In addition, the high production costs and the re-
quirement of specialized clinics and facilities limit the applica-
tion of immunotherapy. These limitations have contributed to
research focused on nanovaccines and mRNA delivery systems
that can trigger immune responses potentially against any type
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Table 1. Selection of clinical trials of LNPs for treating solid tumors.

Identifiera) Condition Composition Mode of action A.R. Status

NCT05267899 Advanced solid tumors LNP–antisense ODN
(WGI-0301)

20-mer antisense oligonucleotide against
proto-oncogene Akt-1 (Archexin) inhibiting
PI3K/Akt-mediated signaling

N.A. Phase 1 (recruiting)

NCT01437007 Primary or secondary
liver cancer

LNP–siRNA
(TKM-080301)

siRNA against proto-oncogene PLK1 overexpressed in
HCC

IV Phase 1 (completed)

NCT02191878 Advanced liver cancer Phase 1
Phase 2
(completed)

NCT05062980 NSCLC LNP–plasmid
(quaratusugene ozeplasmid

–
Reqorsa)

DNA plasmid with the TUSC2 (FUS-1) tumor
suppressor gene.

+ pembrolizumab (anti-PD-1)

IV Phase 1
Phase 2 (recruiting)

NCT04486833 Advanced lung cancer + EGFR-targeted drug osimertinib or platinum-based
chemotherapy

Phase 1
Phase 2
(recruiting)

NCT05703971 Extensive stage – small
cell lung cancer

+ Atezolizumab (anti-PD-L1) Phase 1
Phase 2
(recruiting)

NCT04675996 Advanced solid tumors LNP–miRNA
(INT-1B3)

miR-193a-3p with multitarget mechanism
(antiproliferative, antimetastatic, antimigration, cell
cycle disruption, proapoptotic, TME modulation)
leading to significant induction of T cell-mediated
immune response

IV Phase 1
(recruiting)

NCT05497453 HCC
and solid tumors

associated with MYC
oncogene

LNP–mRNA
(OTX-2002)

Biscintronic mRNA encoding for epigenomic controller
proteins ZF-DNMT and ZF-KRAB that inhibit the
expression of proto-oncogenes. Monotherapy or
combination with TKIs or checkpoint inhibitors

IV Phase 1
Phase 2
(recruiting)

a)
Data obtained from reference.[36] AR, Administration route; LNP, lipid nanoparticle; ODN, oligodeoxynucleotide; Akt-1, AKT serine/threonine kinase 1; PI3K, phosphatidyli-

nositol 3-kinase; N.A., not applicable; PLK1, polo-like kinase 1; HCC, hepatocellular carcinoma; IV, intravenous administration; NSCLC, nonsmall cell lung cancer; TUSC2
(FUS-1), tumor suppressor 2, mitochondrial calcium regulator; PD-1, programmed cell death protein 1; EGFR, epidermal growth factor receptor; PD-L1, programmed death
ligand; TME, tumor microenvironment; MYC, proto-oncogene, transcription factor; ZF-DNMT, zinc finger-DNA-methyltransferase; ZF-KRAB, zinc-finger-Krüppel-associated
box domain; TKI, tyrosine kinase inhibitor.

of cancer. Thus, the development of LNPs as cancer nanovaccines
has offered novel solutions for treating, or even prevent, cancer
by overcoming limited response issues and safety-related con-
cerns, owing to the versatility of LNP vector design and mRNA
synthesis.[41] Several LNP and lipoplex formulations for the de-
livery of mRNA encoding patient-specific neoantigens are cur-
rently undergoing clinical trials, aiming at personalizing thera-
peutic interventions as stand-alone treatments or more efficiently
in combination with chemotherapies, antibody-dependent cell-
mediated cytotoxicity, ICIs, or other immunotherapies (Table 2).
During Phase 1 of the clinical trials, safety and tolerability of
the nanoparticles are evaluated to ensure the absence of severe
side effects. During Phase 2, drug efficacy is studied. Table 2
presents several liposome, lipoplexe, and LNP formulations for
the delivery of mRNA against specific inflammatory interleukins
(ILs), such as IL-12 (NCT03946800), mRNA vaccines against
several tumor-associated antigens (TAAs) (e.g., NCT04503278,
NCT03948763, and NCT03480152), or other proteins known to
stimulate immune responses, e.g., OX40L (NCT03323398).

Recently, the application of in vivo CAR-T (Figure 2A), not
only limited to cancer treatment, has emerged as a promising ap-
proach to reduce the cost of CAR-T therapy and potentially its side
effects, thus extending its applicability and accessibility.[42] The

use of LNPs to deliver in vivo mRNA encoding CAR has been suc-
cessfully demonstrated at the preclinical stage by targeting T cells
with different antibody-functionalized LNPs against CD3/4/5/8
receptors.[43] To overcome CAR-T therapy limitations, such as
inefficient responses, persistence and survival of engineered T
cells after administration, a costimulatory mRNA vaccine sys-
tem (CARVac) has been developed to boost CAR-T cell activity
(Figure 2B).[44] In this case, the lipoplex mRNA vaccine promotes
the expression of claudin 6 (CLDN6) on the surface of dendritic
cells (DCs), which in turn enhance the efficacy of CLDN6–CAR-T
cells tumor therapy.[44] Additionally, a new class of immunother-
apeutics known as RiboCytokines (Figure 2C, see NCT04455620
and NCT04710043 in Table 2) and RiboMabs (Figure 2D, see
NCT04683939 in Table 2) use bispecific antibodies or cytokine-
encoding mRNA, respectively, to stimulate their production in
patients and elicit an immune response against tumor cells.[13,45]

This new generation of immunotherapies contains naturally
occurring building blocks that confer stability and lower the
risk of unwanted immune reactions, which represent two of
the main challenges in the development of safe and effective
mRNA therapeutics. Their use for the treatment of unresectable
solid tumors or metastasis is currently under clinical trial (see
Table 2).
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Table 2. Selection of clinical trials of lipid-based NPs for cancer immunotherapy.

Identifiera) Condition Composition Mode of action A.R. Status

NCT04486378 Pancreatic cancer Lipoplex–mRNA
(Autogene cevumeran -
RO7198457)

mRNA-based and patient-specific neoadjuvant with
immunostimulatory and antineoplastic activities

IV Phase 2

NCT03289962 Advanced and
metastatic tumors

+ Atezolizumab Phase 1

NCT04161755 Advanced melanoma + Atezolizumab + FOLFIRINOX Phase 1

NCT03815058 Colorectal cancer + Pembrolizumab Phase 2

NCT04503278 Advanced
CLDN6-positive
tumors

Lipoplex–mRNA
(BNT211)

mRNA vaccine encoding CLDN6 TAA for the
stimulation of CAR-T in vivo. In combination with
CAR-T therapy

(CARVac)

IV Phase 1
Phase 2
(recruiting)

NCT04683939 Unresectable or
metastatic
CLDN18.2-positive
gastric, pancreatic,
ovarian, and biliary
tract tumors

Lipoplex–mRNA
(BNT141)

mRNA encoding
mAb against CLDN18.2
(RiboMabs)

IV Phase 1
Phase 2

NCT03948763 NSCLC, colorectal
cancer, pancreatic
adenocarcinoma

LNP–mRNA vaccine
(mRNA-5671 – V941)

mRNA vaccine encoding four TAAs of the most
common KRAS mutations in cancer. Monotherapy or
in combination with pembrolizumab

IM Phase 1
(completed)

NCT03323398 Relapsed solid tumors,
lymphoma, and
ovarian cancer

LNP–mRNA
(mRNA-2416)

mRNA encoding human OX40L. Monotherapy or in
combination with durvalumab (anti-PD-L1)

IT Phase 1
Phase 2
(terminated)

NCT03739931 Relapsed solid tumors
or lymphoma

LNP–mRNA
(mRNA-2752)

mRNA encoding human OX40L, IL-23 and IL-36𝛾 .
Monotherapy or in combination with durvalumab

IT Phase 1

NCT03946800 Advanced solid tumors LNP–mRNA
(MEDI1191)

mRNA encoding IL-12. Monotherapy or in combination
with durvalumab

IT Phase 1

NCT04455620 Solid tumors LNP–mRNA
(BNT151)

mRNA encoding IL-2 (RiboCytokines) IV Phase 1
Phase 2

NCT04710043 LNP–mRNA
(BNT152 + BNT153)

mRNA encoding a combination of IL-2 and IL-7
(RiboCytokines)

Phase 1

NCT03480152 Melanoma,
colon,
gastrointestinal,
genitourinary cancer,

and HCC

Liposome–mRNA vaccine
(mRNA-4650)

Personalized mRNA vaccine encoding up to 20 TAAs in
combination with pembrolizumab

IM Phase 1
Phase 2
(terminated)

NCT03897881 Melanoma Liposome–mRNA vaccine
(mRNA-4157/V940)

Personalized mRNA vaccine encoding up to 34 TAAs in
combination with pembrolizumab

IV Phase 2
(recruiting)

NCT04526899
(Lipo-MERIT)

Melanoma Liposome–mRNA vaccine
(BNT111)

mRNA vaccine encoding four nonmutant TAAs
(MAGE-A3, NY-ESO-1, tyrosinase, and TPTE).
Monotherapy or in combination with Cemiplimab
(anti-PD-1)

IV Phase 2

NCT04382898
(PRO-MERIT)

Prostate cancer Liposome-mRNA vaccine
(BNT112)

mRNA vaccine encoding a set of five prostate TAAs
antigens (PAP, PSA, and three undisclosed
antigens). Monotherapy or in combination with
Cemiplimab

IV Phase 1
Phase 2

NCT04534205 HPV-positive head and
neck squamous cell
carcinoma

Liposome–mRNA vaccine
(BNT113)

mRNA vaccine encoding for HPV-16 oncoproteins E6
and E7 in combination with pembrolizumab

IV Phase 2

NCT02316457
(TNBC MERIT)

TNBC Liposome–RNA vaccine
(BNT114)

Personalized mRNA vaccine encoding up to 20 TAAs IV Phase 1

NCT04163094
(OLIVIA)

Ovarian cancer Liposome–mRNA vaccine
(BNT115)

mRNA vaccine encoding three TAAs in combination
with neo-adjuvant chemotherapy including cycles of
carboplatin/paclitaxel and interval surgery

IV Phase 1

(Continued)
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Table 2. (Continued)

Identifiera) Condition Composition Mode of action A.R. Status

NCT05142189
(LuCa-MERIT-1)

NSCLC Liposome–mRNA vaccine
(BNT116)

mRNA vaccine encoding a set of six TAAs
(undisclosed). Monotherapy or in combination with
Cemiplimab or docetaxel

IV Phase 1

a)
Data obtained from reference.[36] A.R., Administration route; IV, intravenous administration; FOLFIRINOX, therapeutic regimen of leucovorin calcium (folinic acid), flu-

orouracil, irinotecan hydrochloride, and oxaliplatin; CLDN6, claudin 6; TAA, tumor-associated antigen; CAR-T, chimeric antigen receptor-T; mAb, monoclonal antibody;
CLDN18.2, claudin 18.2; NSCLC, nonsmall cell lung cancer; LNP, lipid nanoparticle; KRAS, proto-oncogene, small GTPase part of the RAS/MAPK pathway; IM, intramuscular
administration; OX40L, a membrane-bound member of the tumor necrosis factor superfamily, known to costimulate immune response; PD-L1, programmed death ligand; IT,
intratumoral administration; IL, interleukin; HCC, hepatocellular carcinoma; MERIT, mutanome-engineered RNA immunotherapy; MAGE-A3, melanoma-associated antigen
3; NY-ESO-1, New York esophageal squamous cell carcinoma 1; TPTE, transmembrane phosphatase with tensin homology; PD-1, programmed cell death protein 1; PAP,
prostatic acid phosphatase; PSA, prostatic-specific antigen; HPV, human papilloma virus; TNBC, triple negative breast cancer.

Nonetheless, there remain several challenges related to the
transient nature of mRNA and inherent to the nature of the
TME in solid cancers, including its immunosuppressive features.
Once activated against the desired antigen, T cells and other effec-
tor immune cells are subjected to a highly immunosuppressive
environment at the tumor site, which not only inhibits immune
cells through chemokines, cytokines, and metabolic by-products
but also sustains the production and deposition of a dense extra-
cellular matrix (ECM) that is able to hamper the diffusion of the
effector immune cells throughout the tumor tissue.[47]

4. Translational Challenges

4.1. Biological Barriers to Targeting Solid Tumors

Solid tumors are dynamic tissues composed of cancer cells,
ECM, and stromal cells including endothelial cells, cancer-
associated fibroblasts (CAFs), and immune cells, which may be
resident or infiltrating.[48] The complex orchestration among all
these components forms the so-called TME with characteristic
hallmarks common among most solid tumors.[49] The TME is

Figure 2. Advanced immunotherapeutic approaches. A) In vivo CAR-T involves LNPs that target T cells (using specific antibodies, e.g., CD3, CD4, CD6,
and CD8) for the delivery of mRNAs against TAAs that can produce CAR-T cells in vivo. B) CARVac technology entails lipoplex formulations carrying
mRNA encoding for tumor-specific antigens (e.g., CLDN6) to stimulate the proliferation and activation of CAR-T cells engineered against the same
antigen. C) RiboCytokine formulations contain cytokine-encoding mRNA to induce the secretion of immunostimulating cytokines (e.g., IL-2 and IL7)
and enhance the antitumor activity of T and NK immune cells. Different levels of cytokines may stimulate the immune system differently (e.g., high
doses of IL-2 can effectively activate effector T cells, whereas sustained low doses can promote their differentiation into Treg, with opposite effects).[46]

D) RiboMab technology uses mRNA encoding bispecific antibodies that function as T cell-engager antibodies. The latter recruit cytotoxic T cells to
tumor cells to induce target-dependent T cell activation and tumor cell lysis through the local release of granzyme and perforin proteases. Perforin forms
transmembrane pores for the subsequent diffusion of granzymes to the target cell cytosol, initiating cellular apoptosis. TAA, tumor-associated antigen;
CM1, costimulatory molecule 1; IL, interleukin; IL-2R𝛽, IL2 receptor 𝛽; ITAM, immunoreceptor tyrosine-based activation motif; CLDN6, claudin 6; LNP,
lipid nanoparticle; Treg, regulatory T cells; NK, natural killer; CLDN18.2, claudin 18.2; Created with BioRender.com.
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constantly evolving, promoting tumor progression by ensur-
ing cancer cell survival and eventually migration/invasion of
metastatic sites.[50] Stromal cells are recruited by cancer cells
from neighboring tissues to secrete soluble factors responsible
for promoting angiogenesis, cancer cell growth, and remodel
of the ECM.[50] The ECM is constantly remodeled, with CAFs
being its major effector.[49,51] CAFs differ from nonpathological
fibroblasts owing to their enhanced activity, which is translated
into excessive ECM protein deposition and remodeling. This
in turn results in desmoplasia, a condition in which the ECM
acquires a fibrotic-like phenotype, which undergoes continuous
remodeling and degradation to facilitate cancer migration.[51,52]

Noteworthy, the ECM is the major constituent of solid tumors,
representing 60% of the entire tumor mass with ∼300 proteins
composing the matrisome.[48,49] Two different parts of the ECM
can be distinguished: (i) the interstitial ECM, a three-dimensional
(3D) network interconnecting cells in the stroma, and (ii) the
basement membrane, which keeps the cells connected to the
ECM.[49] The basement membrane is composed mainly of col-
lagen IV and laminin and is essential for maintaining epithelial
polarity and organization of healthy tissues. However, tumorige-
nesis leads to a loss of basement membrane organization, while
promoting the expression of major ECM components involved
in cancer progression such as collagen I, fibronectin, and matrix
metalloproteinases (MMPs).[53] MMPs play a key role in ECM
degradation and, therefore, contribute to enhancing metastasis
dissemination.[49,53] In addition to the physical support provided
to cancer cells, the ECM serves as a reservoir for secreted fac-
tors including cytokines and growth factors, e.g., pro-angiogenic
factors.[49] These biophysical and biochemical changes in the
TME affect cell signaling by promoting cancer cell epithelial-
to-mesenchymal transition (EMT), thus establishing a positive
loop between TME and cancer cells that promotes solid tumor
progression.[54] These pathological alterations and in particular
the existence of an abundant ECM represent a barrier to real-
izing the homogeneous and effective penetration of nanoparti-
cles and molecules (such as antibodies, peptides, and nucleic
acids) into the tumor core.[55] In addition, the ECM hampers im-
mune cell infiltration, hence preventing immune patrolling and
tumor clearance, ultimately facilitating immune escape and tu-
mor progression.[56] Therefore, this issue needs to be addressed
before developing immunotherapies in which targeted activated
T cells would face infiltration issues within the fibrotic TME.
The TME contributes to tumor immune system evasion by dif-
ferent mechanisms: (i) blocking DC activation; (ii) deregulat-
ing immune cells recruitment; (3) sequestering T cells at the
ECM; (4) and inducing T cell exhaustion.[57] Moreover, the ex-
cessive release of pro-angiogenic factors, e.g., vascular endothe-
lial growth factor (VEGF)-A, often results in the formation of un-
developed vasculature in fast-growing tumors.[58] This distorted
organization of irregular tortuous new blood vessels can also
limit T cell extravasation at the tumor site, due to uneven flow,
as well as disrupt endothelial junctions and cytoskeleton alter-
ations of the endothelial cells, which ultimately prevents their
transmigration.[58,59]

During tumor growth, several molecules and cytokines are
cooperatively produced by the different types of cells residing
at the TME, i.e., the cancer cells, CAFs, endothelial cells, and
immune cells (Figure 3). In particular, the tumor immune mi-

croenvironment (TIME) is enriched with many different im-
mune cells including myeloid-derived suppressive cells (MDSCs)
(macrophages and monocytes) and lymphocytes (regulatory T
cells (Treg) and naïve T cells) (Figure 3).[60] Treg cells, respon-
sible for regulating or suppressing the immune system activ-
ity, and MDSCs are recruited to the tumor site in response to
the oncogenic-driven secretion of several factors and cytokines.
In the TIME, the continuous release of onco-cytokines dictates
their immunosuppressive function, contributing to the inhibi-
tion of antitumor immunity.[60] For instance, pro-tumorigenic
M2-polarized macrophages and tolerogenic DCs promote TME
remodeling, in a process that leads to the confinement of effector
T cells in the stroma and hampers their infiltration into the tumor
core and thus, jeopardizing the response to immunotherapies.[60]

Therefore, tumor myeloid cell targeting might be relevant to
enhance immunotherapy efficiency. For example, Yong et al. used
ionizable LNPs, loaded with siRNA against heme oxygenase-
1 (HO1) and decorated with anti-programmed death ligand 1
(PD-L1) antibody, for a combinatorial therapeutic strategy aim-
ing at enhancing chemotherapy and inducing immunologi-
cal reprogramming on tumor myeloid cells and cancer cells
(Figure 4A).[61] The accumulation of the LNPs at the tumor site
and uptake by tumor cells (Figure 4B,C) by the silencing of HO1
(a pro-tumorigenic enzyme responsible for chemoresistance on-
set and polarization of M1/M2 macrophages) efficiently sensi-
tized cancer cells to chemo-immunotherapy and promoted the
recruitment of effector T cells at the tumor site (Figure 4D). This
resulted in higher survival rates, i.e., 50% for the triple therapy
T-iLNTB+Dox+PD1a group versus 16.6% for the dual therapy
T-iLNTB+Dox group at day 36 (Figure 4E).[61] In another study,
Zhang et al. designed LNPs to engage tumor-associated MD-
SCs and glioblastoma cells via anti-CD47/PD-L1 dual ligation
(Figure 4F).[62] The findings of the study showed that the simul-
taneous blockage of CD47 and PD-L1 increased MDSC phago-
cytic activity (Figure 4G). Additionally, the loading of LNPs with
diamidobenzimidazole (diABZI) resulted in the transcriptomic
and metabolic switch of MDSCs into antitumor effectors, thus in-
ducing CD8+ T cell infiltration and activation in brain tumors in
vivo (Figure 4H). diABZI is a small drug molecule that serves as
a nonnucleotidyl agonist for the activation of the stimulator of in-
terferon (IFN) genes (STING). The combination of this approach
with radiotherapy resulted in TME reshaping, which led to tu-
mor regression and promoted immunological memory against
glioma (Figure 4I). The activation of patient-derived T cells was
also demonstrated (Figure 4J).[62]

Immune cells that are diffusely infiltrated within the tumor
account for better prognosis compared to cells being confined
to the perivascular space acting as bystanders. Many cancer pa-
tients fail to respond to immunotherapy owing to the limited
number of effector T cells that reaches the tumor mass, which
is a key factor for therapeutic success.[63] The degree of infiltra-
tion of effector CD8+ T cells within the TME is categorized as
“hot” or “cold”, characterized by a high or low infiltration of T
cells, respectively.[64] “Cold” tumors are typically responsible for
the resistant phenotype observed among solid tumors.[64] Several
studies have shown that the presence of CD8+ and CD4+ T cells
at the tumor sites are associated with good clinical outcome.[65] In
particular, it has been shown that for the successful eradication
of tumor cells, CD8+ T cells need to engage with the target for an
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Figure 3. Schematic representation of immunosuppressive activity of TME. The TME suppresses effector T cell activity by (i) releasing anti-inflammatory
signals, i.e., cytokines and growth factors, (ii) modulating the metabolic signaling (e.g., inducing hypoxia), and (iii) regulating immune checkpoint
molecule expression, e.g., PD-L1. LNP, lipid nanoparticle; ECM, extracellular matrix; DC, dendritic cell; MDSC, myeloid-derived suppressive cell; CAF,
cancer-associated fibroblast; Treg, regulatory T cells; PD-L1, programmed death ligand 1; PD-1, programmed cell death protein 1; ATP, adenosine triphos-
phate. Created with BioRender.com.

extended time, i.e., 5 min in vitro and 30 min to 2 h in vivo.[66] In
addition, Weigelin et al. reported that multiple contacts between
T cells and tumor cells were required to efficiently kill the tumor
cells.[67] More specifically, using live-cell microscopy, the authors
demonstrated in vitro and in vivo, that tumor cells needed to be
targeted at least three times by T cells within 3 h to be eradicated.
In general, in 80% of the cases, the contact was achieved by mul-
tiple T cells rather than one. Overall, the study showed that sin-
gle T cells attacks were insufficient to eliminate a tumor cell in
large tumors. CD4+ T cells can either work as helper cells by se-
creting inflammatory cytokines or kill tumors cells via ligation of
FasL and tumor necrosis factor-related apoptosis-inducing ligand
pathways.[66] Tumor cell killing via these pathways also requires
lasting engagement (hours) with the tumor cells. In contrast, for
their helper function, CD4+ cells do not necessarily need to be
in contact with the tumor cells but they need to be in the prox-
imity of cancer cells. Similarly to other cells, T cells use collagen
aligned fibers to migrate along the ECM.[68] It is assumed that
while trafficking along these fibers at high speed, T cells are un-
able to engage with tumor cells as efficiently as when they move
slower. Therefore, collagen remodeling and alignment, typical
from desmoplastic phenotypes, may highjack T cell patrol and

clearance of the tumor by retaining the T cells in the stromal
compartment. To overcome the hindrance of ECM in antitumor
immunity, research has focused on modulating the ECM features
to enhance immunotherapy. In this field, it has been shown that
the treatment of human lung tumors with collagenase, causing
matrix reduction, significantly increases the number of T cells in
contact with the tumor cells (Figure 5).[69]

4.2. Safety

Similar to other types of cancer treatments, immunotherapy may
lead to the occurrence of side effects. However, in this case,
immune-related adverse events (irAEs) are a form of newly de-
veloped autoimmune diseases that can affect any organ in the
body.[70] These irAEs are known to occur during immune check-
point inhibition and pose a serious threat to the health of the
patients.[70] In 2022, Yan et al. have reported that although the
toxicity profiles of ICIs seem more favorable than chemotherapy,
irAEs occur more frequently and can potentially evolve into se-
vere complications, ultimately leading to the discontinuation of
the treatment or even death.[71] The study alerts the occurrence
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Figure 4. LNPs targeting tumor myeloid cells to enhance immunotherapy. A) Schematic illustration of the experimental design of the in vivo studies
using LNPs with (T-iLNTB) or without (I-iLNTB) PD-L1 targeting. B) PD-L1-targeted LNPs show increased tumor accumulation deduced from biodistri-
bution images. C) Flow cytometry analysis reveals higher uptake of target LNPs (T-iLNTB) in tumor cells when compared with the control and I-iLNTB
groups. Combination therapy using PD-L1-targeted LNPs (T-iLNTB) with doxorubicin (DOX) D) enhances the transition from “cold” into “hot” tumor by
improving the recruitment of cytotoxic CD8+ T cells and E) boosts the response to ICI (anti-PD1a antibody), resulting in increased survival rates in vivo.
F) Schematic illustration of the in vivo bridging effect of LNPs (B-LNP/diABZI) engaging tumor-associated myeloid cells (TAMCs) with glioblastoma
(GBM) cancer cells. G) TAMC phagocytosis of CT-2A glioma cells treated with anti-CD47 antibody (free or B-LNP-conjugated form) at 10 μg mL–1 for
4 h at 37 °C and in the presence or absence of radiation therapy (RT). H) Quantification of CD8+ T cell accumulation at the tumor site after exposure to
LNPs. I) B-LNP/diABZI treatment in combination with RT reshapes the immune microenvironment and potentiates the survival of animals with murine
glioma by recruitment of CD8+ T cells and TAMCs. J) Flow cytometry data showing the activation of glioblastoma patient-derived T cells after expo-
sure to antihuman CD47/PD-L1-functionalized-B-LNP/diABZI, with higher CD25 and CD69 expression. (A–E) Adapted under the terms of the Creative
Commons Attribution-NonCommercial license.[61] Copyright 2022, Yong et al. (F–J) Adapted under the terms of the Creative Commons Attribution 4.0
International license.[62] Copyright 2023, Zhang et al.
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Figure 5. ECM organization and architecture determine T cell localization within the TME. A) Representative images of preactivated T cells (green)
added to a human lung tumor slice stained for stromal compartment (fibronectin – red) and epithelial cells (epithelial cellular adhesion molecule,
EpCAM – blue) and B) respective quantification analyses showing preferential accumulation of T cells within the stroma. C) Representative image and
D) respective quantification of T cell motility within the TME reveal higher motion within the stroma. E) Representative images of tumor tissues before
and after collagenase treatment identifying collagen (second harmonic generation, SHG – red) tumor cells (EpCAM – blue) and T cells (green). F)
Number of T cells in 75 μm × 75 μm zones adjacent to tumor cell regions. G) Number of T cells in contact with peripheral cancer cells along the
tumor–stroma boundary. Adapted with permission.[69] Copyright 2012, American Society for Clinical Investigation.

of irAES as a result of using ICIs for advanced lung cancer treat-
ment. The frequently reported adverse effects are pneumonitis
and colitis or those associated with higher mortality (i.e., my-
ocarditis, pneumonitis, and hepatitis). Therefore, it is advised
that patients pursing immunotherapy are to be closely monitored
by clinicians.[71]

In fact, off-target immune toxicity remains a challenge to
be solved. To circumvent this obstacle, specific biomarkers ex-
pressed by immune cells must be identified to determine those
that can offer more accurate immune responses. As an alter-
native, direct intratumoral injection of immunotherapies has
been described as a feasible methodology to reduce the risk of
irAEs.[72] Preclinical studies have shown that the local injection
of immunomodulatory products stimulates the release of type
I IFNs and enhances tumor antigen presentation on immune
cells. This effect helps generate a stronger antitumor immune
response, with the prospect to turn “cold” tumors into “hot”

tumors.[72] The administration of immune modulators directly
into the tumor includes the use of nucleic acids,[73] proteins,[74]

small molecules,[75] and cell therapies.[76]

Liu et al. reported the intratumoral delivery of IL-12 and IL-27
mRNA using LNPs for treating melanoma in B16F10 mice.[77]

The results showed that the local administration of mRNAs
induced an effective infiltration of immune effector cells, in-
cluding natural killer (NK) and CD8+ T cells, into the tumor,
while reducing systemic toxicity effects. In a different study,
Hewitt et al. reported the development of an LNP formulation
to deliver IL-12 mRNA (MEDI1191)-based therapy through
intratumoral injection in vivo using mice models and ex vivo
using patient tumor slice cultures.[78] This work showed that a
single dose of mIL12 mRNA–LNPs induced tumor regression in
multiple syngeneic mice models. Additionally, nearly all animals
examined did not grow tumors when exposed to the same
tumor type for the second time, suggesting the development
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Figure 6. LNP intratumoral administration enhances systemic immunotherapy. A) Tumor regression and (increased) survival data following local tumor
treatment with LNPs carrying IL-12 replicon (LNP-Rep). B) TME cytokine upregulation after local administration of LNP-Rep. C) Immune cell quantifi-
cation at the tumor site reveals enrichment of granulocytes and CD8+ T cells. D) Local injection of LNP-Rep provides systemic antitumor effect, leading
to the reduction of nontreated tumors. Adapted under the terms of the Creative Commons Attribution 4.0 International license.[79] Copyright 2020, Li
et al.

of an immune memory response. A single injection of mIL12
mRNA–LNPs induced complete regression of both the treated
and untreated distal tumors in 3 out of the 20 animals examined
and significantly improved overall survival. The antitumor effect
of the mIL12 mRNA–LNPs, which was dose-dependent, was
increased in combination with anti-PD-L1. The findings of the
study supported the use of MEDI1191 in patients with both
superficial and deep-seated solid tumors. Intratumoral admin-
istration of MEDI1191 is currently under clinical trials Phase
1 for treating solid tumors in combination with durvalumab,
an anti-PD-L1 drug (NCT03946800).[78] A similar approach
using LNPs carrying a replicon (LNP-Rep) encoding for IL-12
revealed that a single local injection in vivo could determine the
rejection of large established tumors (Figure 6A).[79] All LNP-Rep
treatments induced the upregulation of inflammatory cytokines
and chemokines at the TME with the IL-12-encoding replicons
eliciting IFN-𝛾 production (Figure 6B). Such high levels of
intratumoral IL-12 correlated with cytokine dissemination in the
blood and systemic IFN-𝛾 production and toxicity. Therefore,
to help contain systemic toxicity, by retaining the cytokines
within the TME via the lumican domain, IL-12 fusion to the
ECM-binding protein lumican was performed. Additionally, a

large influx of granulocytes and CD8+ T cells at the TME were
observed after LNP-Rep treatment (Figure 6C). Furthermore, the
locally injected LNP-Rep therapy induced the regression of distal
untreated tumors and eliminated metastases (Figure 6D).[79]

Besides the issues inherent to immunotherapy itself, the use
of lipid-based nanoparticles as delivery vehicles might contribute
to immunogenicity.[80] Ndeupen et al. demonstrated that LNP–
mRNA vaccines were highly inflammatory in mice models.[80]

After administration of LNPs via intradermal, intramuscular, or
intranasal injection, severe inflammatory responses were regis-
tered owing to considerable neutrophil infiltration, production
of various inflammatory cytokines, and activation of diverse in-
flammatory pathways, resulting in high mortality rate of the
animals.[80] The use of cationic lipids in LNP formulations for ef-
fective encapsulation of negatively charged nucleic acids, through
electrostatic interactions, has shown relatively toxic events in
vivo.[81] Kedmi et al. showed that positively charged LNPs caused
a dramatic pro-inflammatory response, 10–75-fold higher com-
pared to neutral and negatively charged nanoparticles. The work
showed that cationic lipids activated Toll-receptor 4, expressed on
leucocytes, in a specific manner.[81] To address this issue, ioniz-
able cationic lipids have been successfully developed and used
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in clinical products, i.e., Onpattro and the two COVID-19 vac-
cines developed by Pfizer-BioNTech and Moderna. As reported in
the literature, although the ionizable cationic lipids displayed im-
proved efficacy over permanently charged lipids, individuals sub-
jected to LNP–mRNA vaccines displayed side effects such as local
pain, fever, swelling, and systemic inflammatory responses.[82]

In addition, PEGylated lipids, which are typically used to in-
crease the stability and circulation half-life of LNPs, induce
the secretion of anti-PEG antibodies that may cause hypersen-
sitivity reactions as well as the activation of the complement
system.[83] This increases the risk of undesirable clearance of the
nanoparticles, reducing the antitumor efficacy.[83] Nevertheless,
PEG has been widely employed to coat the surface of lipid-based
nanotherapeutics used in clinic, including Doxil, Onivyde, and
Onpattro.[84] Several studies have focused on the role of PEG coat-
ing on nanoparticle interactions with immune cells, and their
outcomes can be leveraged to improve the formulation of LNPs
and maximize their association with the desired immune system
components. For instance, varying PEG architecture influenced
nanoparticle association with monocytes and ultimately their bi-
ological behavior in blood.[85] In addition, PEG-coated nanoparti-
cles incubated ex vivo with plasma samples from various donors
formed personalized coronas, which correlated with the blood
immune cell interactions of nanoparticles.[86] Reports have also
suggested the use of PEG alternatives, such as polysarcosine,
which have similar physicochemical properties to PEG but are
less immunogenic, and thus may potentially replace PEG in LNP-
mediated mRNA delivery.[87]

4.3. Efficiency

Translation issues regarding the use of lipid-based nanoparticles
for onco-immunotherapy also result because the in vivo mice
models, as used in most studies, do not accurately replicate the
human oncologic physiology.[88] Despite the limitations and con-
troversies associated with their use, mice still represent the gold
standard for experimentation, due to their inherent advantage
over standard in vitro models. In 2021, Hassett et al. described
the influence of LNP biophysical properties on mRNA vaccine
immunogenicity using mice and nonhuman primates (NHPs)
as animal models.[89] The findings showed that between the dif-
ferent formulations of LNPs with various sizes (60–200 nm) ex-
amined, the smaller LNPs were significantly less immunogenic
for BALB/C mice than the larger LNPs but all LNPs examined,
irrespective of their size, displayed a robust immune response
in NHPs.[89] These contrasting results emphasize the concerns
about selecting the appropriate animal model and the potential
translational limitations to humans owing to interspecies physi-
ological differences. Lam et al. showed how the optimization of
LNP parameters such as size (50–60 nm versus the optimal 70–
80 nm determined for rodents) and amount of PEG coating (al-
most double PEG-conjugated lipid when compared to the formu-
lations used in rodents) for LNP application in NHPs resulted in
an eightfold increase in protein expression after IV injection of
mRNA–LNPs.[90] These findings underline the need to overcome
the clinical challenges imposed by the use of inappropriate mod-
els, which increase the difficulty of accomplishing relevant thera-
peutic outcomes at tolerable doses in larger species.[90] Although

NHPs are generally considered a better predictive model, ethical
and economic issues restrict their use. Hence, LNP compositions
have been historically optimized in rodent models. In response
to this obstacle, several mice models have been developed to im-
prove the therapeutic potential translation to humans, including
humanized mouse models.[91] Nevertheless, humanized models
require the immunodeficient mice to be humanized with a hu-
man immune system, which requires engraftment of peripheral
blood mononuclear cells and has yet to be optimized.[92] In 2022,
Hatit et al. reported that the delivery of mRNA using 89 chemi-
cally distinct LNPs in humanized, primatized, and murinized liv-
ers resulted in species-dependent responses to LNPs, including
mRNA translation and endocytosis.[93] The data generated in the
study propose that for individual LNP studies, the efficacy data
obtained using humanized mice supersede the data obtained
from wild-type mice, whereas the safety data from wild-type mice
supersede the safety data obtained from humanized mice. Yet,
two limitations of this work are acknowledged: (i) the use of hu-
manized and primatized mice as representations for humans and
NHPs and (ii) the use of LNPs that are likely to target hepatocytes.
Therefore, Hatit et al. hypothesized that other LNPs and different
cell types might result in significantly different responses.[93] De-
spite advances achieved using this model as a preclinical bridge to
understand the immune functions of novel anticancer vaccines,
humanized models remain limited by low engraftment rates,
suboptimal development of lymphatic organs, and variability in
major histocompatibility complex antigens.[92,94] In contrast, ge-
netically engineered mice that can spontaneously develop cancer
are relevant models with a more similar TME to that found in hu-
mans. For example, HPV transgenic mice have immune signa-
tures of the HPV similar to that of squamous cell carcinoma.[95]

This model offers a better alternative to evaluate the infiltration of
immune cells after treatment with nanoformulations. Neverthe-
less, whether the immunotherapy efficacy can be safely translated
to patients remains to be carefully evaluated.

5. Perspectives

As previously described in the literature, the composition
of the TME may represent a hindrance to the success of
immunotherapy.[96] The desmoplastic ECM, which consists most
of the solid tumor mass, restricts T cell infiltration across the tu-
mor to target the malignant T cells.[55a] Numerous therapeutic ap-
proaches are currently under clinical trial evaluation for that pur-
pose. For instance, Simtuzumab, a monoclonal antibody (mAB)
directed against lysyl oxidase-like 2 (LOXL2) that catalyzes the
cross-linking of collagen and elastin, contributes to fibrotic ECM
stabilization.[97] In particular, the inhibition of LOXL2 expression
is known to reduce the number of activated fibroblasts, decrease
ECM deposition, inhibit angiogenesis, and prevent tumor cell in-
vasion and the consequent risk of metastasis.[98] However, the use
of Simtuzumab in a Phase 2 study (clinicaltrials.gov identifier:
NCT01769196) in patients with idiopathic pulmonary fibrosis
and colorectal and pancreatic cancers was not supported by clin-
ical benefit and was therefore discontinued. Several molecular
mechanisms contribute to the alterations observed at the tumori-
genic ECM. In addition, the activation and involvement of each
pathway in the tumor stiffening process are stage- and disease-
dependent. Therefore, a combinatorial therapeutic approach is
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more likely to succeed. Studies based on the use of mAB deliv-
ery were performed to normalize the ECM. The combination of
trastuzumab (an mAB targeting human epidermal growth fac-
tor receptor 2 in breast cancer) and hyaluronidase-osyk, commer-
cially available as Herceptin Hylecta, has shown that the use of
the latter facilitates the subcutaneous dispersion of the antibody
by inducing hyaluronan degradation.[8] Moreover, Pamrevlumab,
a commercially available mAB against connective tissue growth
factor (CTGF), is currently under Phase 3 study as a neoadjuvant
for chemotherapy in pancreatic cancer (NCT03941093).

Preneoplastic tissues exhibit features of desmoplastic/fibrotic
ECM that contribute to malignant transformation and tumor
progression (Figure 7A). The excessive deposition and remod-
eling of ECM proteins and subsequent tumor stiffening oc-
cur in response to the aberrant expression/secretion of profi-
brotic proteins/factors at the TME and are maintained dur-
ing TME remodeling and tumor progression (Figure 7A-1).
The profibrotic proteins/factors at the TME include transform-
ing growth factor (TGF)-𝛽, TGF-𝛼, platelet-derived growth fac-
tor (PDGF), and epidermal growth factor (EGF).[49] Further-
more, tissue mechanosensing is related to ECM configura-
tion. Several mechanobiological pathways are deregulated in re-
sponse to ECM stiffening and, in turn, further sustain ECM
remodeling and deposition, in a bidirectional interplay de-
fined as “oncogenic mechanosignaling” that promotes tumor
development (Figure 7A-2). For instance, it has been reported
that yes-associated protein (YAP)-transcriptional coactivator with
PDZ-binding motif (TAZ) transcriptional activity is able to in-
hibit the pro-inflammatory cyclic GMP–AMP synthase (cGAS)-
STING pathway, thus contributing to immune system suppres-
sion and tumor establishment.[99] The desmoplastic ECM can
also create a biochemical barrier by interfering with signal-
ing pathways, which lowers the immune surveillance at the
TME. For instance, collagen fibers can bind to leukocyte asso-
ciated immunoglobulin-like receptor-1 (LAIR-1) and reduce NK
and T cell activation (Figure 7A-3).[100] LAIR-1 signaling has
been shown to lead to T cell exhaustion, rendering lung tu-
mors resistant to programmed cell death protein 1 (PD1)/PD-L1
therapy.[101] Likewise, the fibrotic ECM, physically confining the
tumor mass, functions as a physical barrier that affects the infil-
tration of cytotoxic T cells and the delivery of chemotherapeutics
(Figure 7A-4). At later stages of tumor development, the exces-
sive remodeling of desmoplastic ECM promotes cancer progres-
sion through diverse signaling pathways, including and nonre-
stricted to TGF-𝛽, Wnt-𝛽-catenin, and Notch, that lead to EMT
and fuel metastasis (Figure 7A-5).[102] In addition, the nature of
the ECM at the primary and metastatic tumor sites is comparable.
Similar remodeling and proteolytic events have been observed at
the tumor tissues and premetastatic niche.[103] Finally, invasive
tumor cells can also exploit ECM components to shield them-
selves from shear stress during circulation or to escape immune
surveillance.[103] Hence, establishing a therapy that can normal-
ize tumor ECM would reduce pro-tumorigenic signaling at the
TME, while promoting infiltration of effector immune cells and
nanotherapy delivery at the tumor site (Figure 7B). Herein, the
downregulation/inhibition of different proteins or soluble cues
responsible for activating cancer cells and CAFs, inducing ex-
cessive ECM deposition and remodeling, might be interesting
targets of study to reduce the tumorigenic desmoplastic pheno-

type impeding T cell infiltration at the TME. These would in-
clude TGF-𝛽,[51,54a] YAP,[104] CTGF,[105] LOXL2,[106] and vascular
endothelial growth factor receptor (VEGFR).[107] Furthermore, in-
vestigation of the tumor ECM proteasome, e.g., receptors medi-
ating cell–ECM interactions or ECM domains tightly associated
with cell transmembrane receptors, may lead to the discovery of
novel targets to instruct the immune system cells against tumors
in time and stage-related intervention, using LNP–mRNA formu-
lations.

In this context, Zhang et al. showed that the accumulation of
CRISPR/Cas9 in solid tumors via LNPs was enhanced by tar-
geting focal adhesion kinases (FAKs) (Figure 8A).[108] The study
showed that the codelivery of anti-FAK siRNA, Cas9 mRNA,
and single guide RNA (sgRNA) (directed against PD-L1) via
LNPs, after repeated administrations, reduced collagen deposi-
tion (Figure 8B) and ECM stiffness. The use of LNPs loaded
with such mix of cargos consequently (i) enhanced the delivery of
LNPs, (ii) enhanced the infiltration of T cells and macrophages at
the TME (Figure 8C), and (3) inhibited tumor growth (Figure 8D)
in comparison to the use of nanoparticles carrying the sole gene
editing construct against PD-L1.[108] Although the application of
antifibrotic therapies may be promising in terms of therapeutic
intervention, careful considerations should be made on whether
the loosening of the ECM could cause excessive tumor cell eva-
sion or leaking from the tumor site, with eventual increased risk
of metastasis. Few studies have demonstrated that a less dense
and soft ECM can promote tumor immunogenicity.[109] Neverthe-
less, although the disruption of tumor ECM facilitates interstitial
transport of therapeutics and immune cells to the tumor, it might
also lower the barriers to tumor cell metastasis, with unclear clin-
ical outcomes.

Along with the complexity of the 3D structure and spatiotem-
poral development of tumors, understanding their ability to trig-
ger the activation of specific pro-tumorigenic pathways at specific
stages of disease progression requires the use of advanced cellu-
lar models and an understanding of the molecular players driv-
ing tumor progression. An ideal platform for evaluating onco-
immunotherapies entails the coculture of the diverse cells con-
stituting the TME, thus faithfully resembling—histologically and
functionally—the in vivo tumor to generate accurate treatment
responses. Recent advances in cell culturing models have high-
lighted organoid systems as promising platforms to access the
efficacy of different oncology therapies.[110] Cancer organoids are
classified as multicellular, self-organizing avatars that resemble
tumor physiology, offering advantages over traditional cell cul-
ture methodologies.[110,111] Additionally, organoids prepared di-
rectly from patient tumor tissue overcome the limitation that
some diseases are not replicable in animal models. While these
models offer great promise in the field of personalized therapy,
they can also be used to identify a spectrum of effective drugs
against different tumors. Alternatively, extrusion-based 3D cel-
lular bioprinting has been employed to generate highly repro-
ducible organoids to facilitate drug screening.[112] Nevertheless,
limitations, such as scale up issues, remain to be addressed.
Recent, significant progress has been made in the field using
organoids. In 2022, the multinational pharmaceutical company
Roche implemented the use of these mini organs in the field
of drug discovery.[113] Given the success achieved in the field
of organoids and the possibility to integrate TIME modeling,
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Figure 7. ECM deposition and remodeling implications for tumor progression and immunotherapy resistance. A) In a simplified view, the deregulated
secretion of various factors (e.g., TGF-𝛽, PDGF, EGF) at the preneoplastic site contributes to ECM deposition and remodeling in a process that promotes
tumorigenicity and sustains the deposition of aberrant ECM desmoplasia. These events promote the formation of a TME that fuels cancer cell survival
and tumor progression (1). The ECM-driven oncogenic mechanosignaling leads to the activation of several pathways involved in the transcription of
genes that regulate cell proliferation, survival, migration, and immune system escape, thereby further enhancing ECM remodeling and deposition in a
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cancer progression-promoting loop (2). The desmoplastic ECM can also create a biochemical barrier as described for collagens, which act as ligands for
ICI receptor LAIR-1. Binding of LAIR-1 collagens inhibits T and NK cell functions (3). Besides, the dense layer of ECM surrounding the tumor creates a
physical obstacle limiting the diffusion of T cells, which move along the aligned fibers, throughout the TME and thus restricting their effective tumor killing
activity (4). Altogether, the occurrence of desmoplasia contributes to stimulating cancer cells into a more aggressive phenotype, with enhanced migratory
and invasive properties, as well as immune surveillance escape capacity, which potentially leads to the occurrence of metastasis (5). B) Mechanotherapy
approaches aiming to modulate tissue stiffness by loosening the desmoplastic ECM via the downregulation/inhibition of different proteins, such as
TGF-𝛽, YAP, CTGF, LOXL2, and VEGFR. This is expected to enhance nanoparticle delivery and T cell infiltration at the tumor site, ultimately enhancing
the efficacy of immunotherapies. Created with BioRender.com.

it is appealing to consider the use of such models to evaluate
LNP-based cancer immunotherapy. This would likely lead to bet-
ter therapeutic response predictions. Nevertheless, few studies
have reported the use of these unique models for immunother-
apy evaluations. For instance, Neal et al. described a method-
ology to prepare patient-derived organoids with preserved orig-
inal tumor T cell receptors and immune check point block-
age, as confirmed by single-cell transcriptome.[114] In a different
study, Tsai et al. reported the use of organoids in coculture with
CAFs and T cells to recreate patient-matched organotypic mod-
els of pancreatic cancer, suitable for studying immune cell–tumor
interactions.[115]

Furthermore, Dekkers et al. described the development of an
organotypic model using patient-derived solid tumor organoids
(PDOs) and engineered T cells (TEGs) (Figure 9A) to study
their interaction by imaging (Figure 9B–D) and transcriptomics

(Figure 9E), identifying behavior-specific gene signatures ex-
pressed by highly engaging killer TEGs. Through a complex anal-
ysis, the study unveils that killing activity of TEGs is primed
by IFN-𝛽. These findings may support the optimization of per-
sonalized tumor-targeting immunotherapies (Figure 9).[116] De-
spite the substantial advances made in the field of organoids, or-
chestrated, multidisciplinary collaborative work is required for
these models to become a reality in patient cancer healthcare.
This progress combined with the permission granted by the FDA
(through the FDA Modernization Act 2.0) to use certain alter-
natives to animal testing (i.e., cell-based assays and computer
models) to assess drugs before proceeding to administration to
humans[117] should encourage researchers and pharmaceutical
industries to join efforts on the pursuit for better healthcare so-
lutions for anticancer immunotherapies, including the develop-
ment of standardized animal-free robust in vitro models.

Figure 8. Modulating the ECM and tumor stiffness boost immunotherapy. A) Schematic representation of loading of FAK siRNA, Cas9 mRNA, and
sgRNA into 5A2-SC8 LNPs. B) Representative 3D construction of immunofluorescence of collagen I and YAP in fixed tumor tissues after therapy for
30 days in vivo. C) Quantification of infiltration of macrophages and CD8+ T cells at the TME. (D) Excised tumor size measurements show in vivo
therapeutic efficacy. Adapted under the terms of the Creative Commons Attribution 4.0 International license.[108] Copyright 2022, Zhang et al.
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Figure 9. A) Schematic illustration of generation and coculture of engineered T cells (TEGs) with PDOs. B) 3D multispectral images of breast PDO
cultures (yellow) with low (1837M), intermediate (10T), and high (13T) killing by TEGs (blue). C) 3D images of organoids and T cells; enlarged section
shows the presence of dead cells (red) in a single organoid (transparent purple rendering) and TEGs (transparent blue rendering). Quantification of
organoid death derived after coculture with TEGs for 24 h. PDOs from 14 patients were used. D) Representative images of CD4+ TEG killing a tumor cell
in an organoid and a second tumor cell in a neighboring organoid (upper), and CD8+ TEG killing a complete organoid over 11 h (lower). E) Distribution
of the nine behavioral signatures identified for TEG populations isolated after 6 h of coculture with 13T PDOs. Adapted under the terms of the Creative
Commons Attribution 4.0 International license.[116] Copyright 2022, Dekkers et al.

Nevertheless, to the best of our knowledge, despite the ad-
vancements achieved in the field of organoids, studies on the in-
teraction of lipid-based nanoparticles with these advanced tumor
models are yet to be reported, with simple 3D spheroids models
being used instead.[118,119]

6. Concluding Remarks

The advances achieved in the field of immunotherapy hold
promise for the treatment of solid tumors. During the last few
years, significant progress in the field of nanotechnology has
allowed the development of lipid-based nanoparticles suitable
for clinical application including cancer therapy. Since then,
research efforts have focused on developing distinctive lipid
nanoparticles to instruct the immune system to eliminate
solid tumors rather than directly targeting the tumor cells. In
comparison to other types of anticancer nanoparticle-based treat-
ments, an advantage of this lipid nanoparticle-based approach
is the unique property of lipid-based immunotherapy to elicit
a response in both primary and metastatic tumors owing to
the stimulation of immune memory. Proof of concept for the
treatment of metastasis has been provided in studies in which
bilateral tumors are grown in the same animal, followed by
local treatment of only one of the tumors with LNPs against
specific cancer markers.[78,79] The use of these nanoparticles

induces a suppressive immune response against the tumor at
the primary site of injection and against cancer cells at a distal
site, demonstrating effective stimulation of the immune system,
likely against metastatic sites. Although these experiments
provide valuable outcomes on how the immune system can
retain its immunogenic action and react against distant tumors,
they do not mimic the complex process of metastasis in patients,
and particularly the genetic variability that metastatic cells
acquire to adapt and survive to a new environment once they
evade the primary tumor. Using a different approach, based on
rechallenging experiments, mice are first vaccinated with lymph
node-targeting LNPs and then subjected to tumor inoculation
to monitor tumor growth after immunization.[120] Using this
strategy, it has been shown that specific LNP formulations have
the potential to enhance immune memory. Nevertheless, several
challenges remain, and limitations need to be overcome in
regard to the tumor models applied at preclinical stage, as well
as therapeutic issues concerning patients’ eligibility and the
occurrence of mild-to-severe side effects upon administration.
Although few studies have shown promising results, many of
them are based on the intratumoral administration of lipid-based
immunotherapies, which is unsuitable for many solid tumors.

The emergence of patient-derived organoids, which have re-
cently become a focal point in cancer research and are projected
to become a leading model for preclinical investigations in the
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near future, holds the potential to enhance the histological char-
acterization of tissues from various cancers, deepen the under-
standing of the molecular pathways involved in cancer cell de-
velopment, and facilitate the identification of novel, unique, and
more effective targets for tumors. In addition, the incorpora-
tion of immune cells into organoids offers new opportunities for
using these advanced models to evaluate immunotherapies. Al-
though, even when using organoids, the composition and archi-
tecture of the TME (including the interplay between different cell
types and the existence of a desmoplastic ECM) need to be ad-
dressed for the model to be predictive. The tumorigenic ECM,
being the major component of the TME, is largely responsible
for impairing the diffusion of T cells and nanoparticles at the tu-
mor site as well as for fueling tumor progression by stimulating
cancer cells into more aggressive phenotypes. Therefore, exploit-
ing the use of mechanotherapy approaches, aiming at normaliz-
ing the occurrence of fibrotic ECM at the TME may benefit the
outcome of lipid-based immunotherapy. This, in turn, would ul-
timately expand the repertoire of LNP formulations and cargos
available for therapeutic screening assessment and enable im-
proved patient stratification into more effective and diverse co-
horts. Altogether, lipid-based immunotherapy has the potential
to revolutionize cancer treatment.
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