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Immunomodulatory nanoparticles activate
cytotoxic T cells for enhancement of the
effect of cancer immunotherapy

*a,b

Kory Wells, 2P Tongrui Liu,® Lei Zhu® and Lily Yang
Cancer immunotherapy represents a promising targeted treatment by leveraging the patient's immune
system or adoptive transfer of active immune cells to selectively eliminate cancer cells. Despite notable
clinical successes, conventional immunotherapies face significant challenges stemming from the poor
infiltration of endogenous or adoptively transferred cytotoxic T cells in tumors, immunosuppressive
tumor microenvironment and the immune evasion capability of cancer cells, leading to limited efficacy in
many types of solid tumors. Overcoming these hurdles is essential to broaden the applicability of immu-
notherapies. Recent advances in nanotherapeutics have emerged as an innovative tool to overcome these
challenges and enhance the therapeutic potential of tumor immunotherapy. The unique biochemical and
biophysical properties of nanomaterials offer advantages in activation of immune cells in vitro for cell
therapy, targeted delivery, and controlled release of immunomodulatory agents in vivo. Nanoparticles are
excellent carriers for tumor associated antigens or neoantigen peptides for tumor vaccine, empowering
activation of tumor specific T cell responses. By precisely delivering immunomodulatory agents to the
tumor site, immunoactivating nanoparticles can promote tumor infiltration of endogenous T cells or
adoptively transferred T cells into tumors, to overcoming delivery and biological barriers in the tumor
microenvironment, augmenting the immune system'’s ability to recognize and eliminate cancer cells. This
review provides an overview of the current advances in immunotherapeutic approaches utilizing nano-
technology. With a focus on discussions concerning strategies to enhance activity and efficacy of cyto-
toxic T cells and explore the intersection of engineering nanoparticles and immunomodulation aimed at
bolstering T cell-mediated immune responses, we introduce various nanoparticle formulations designed
to deliver therapeutic payloads, tumor antigens and immunomodulatory agents for T cell activation.
Diverse mechanisms through which nanoparticle-based approaches influence T cell responses by
improving antigen presentation, promoting immune cell trafficking, and reprogramming immunosuppres-
sive tumor microenvironments to potentiate anti-tumor immunity are examined. Additionally, the syner-
gistic potential of combining nanotherapeutics with existing immunotherapies, such as immune check-
point inhibitors and adoptive T cell therapies is explored. In conclusion, this review highlights emerging
research advances on activation of cytotoxic T cells using nanoparticle agents to support the promises
and potential applications of nanoparticle-based immunomodulatory agents for cancer immunotherapy.

responses within the tumor microenvironment (TME) have
gained prominence. Strategies involve the blockade of

T cell-mediated immune responses against tumors form the
backbone of cancer immunotherapy, offering a potent avenue
to combat malignancies.' Efforts to activate endogenous T-cell
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immune checkpoints, such as anti-PD-1 or CTLA-4 monoclonal
antibodies, unleashing the potential of cytotoxic T cells to
recognize and eliminate cancer cells.>* These groundbreaking
approaches underscore the dynamic interplay between T cells
and tumors, highlighting the versatility of immunotherapeutic
strategies in redirecting the immune system’s inherent power
to combat cancer. Clinical translation of T cell immunotherapy
in solid cancers faces substantial challenges that impede its
widespread efficacy, including tumor heterogeneity, immune
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evasion, immunosuppressive TME, and limited T cell infiltra-
tion.” In order to address these challenges, current strategies
include improving T cell trafficking, modifying the immuno-
suppressive TME, enhancing T cell’s specificity and activity,
overcoming tumor heterogeneity by targeting multiple anti-
gens, and utilizing combination therapies.® It is likely that
combinatory approaches are necessary to tackle different bar-
riers faced by cancer immunotherapy simultaneously to
achieve significant improvement in therapeutic responses.
Recent developments in multifunctional nanoparticles (NPs)
for the enhancement of therapeutic response to cancer immu-
notherapy have shown promises in applications of NP-
mediated immunotherapeutic for the treatment of solid
tumors.” Here, we provide an overview of the development of
various NP platforms or delivery systems with the ability of
enhancement of antigen presentation, activation, and stimu-
lation of proliferative cytotoxicity T cells, and inhibition of
immunosuppressive TME.

NPs offer a versatile platform to enhance responses to
immunotherapy and T cell-based therapies. With their small
size and unique physicochemical properties, NPs have
emerged as powerful tools in the realm of cancer immunother-
apy. They can efficiently deliver tumor antigens for presen-
tation to T cells, serve as carriers for immunostimulatory mole-
cules, genetic material delivery, and carry immunomodulatory
agents and adjuvants to create a favorable microenvironment.®
NPs also improve targeted drug delivery, sustain release of
immunotherapeutic agents, and possess multifunctionality for
optimized treatment responses.’ The integration of NPs
extending beyond conventional therapies provides a dynamic
landscape for advancing T cell activation in a hostile solid
TME. The focus on the development of various NP approaches
for T cell activation stems from the pivotal role these NPs play
in optimizing and enhancing immunotherapeutic strategies.
This exemplifies the critical interplay between NPs and T cells,
underscoring their significance in modulating immune
responses. With the recent push for personalized medicine
and success of immunotherapy, many treatment modalities
have shifted its focus from the tumor itself to the host
immune system, mobilizing immune stimulatory cells and
impairing immunosuppression.'®** Thus recent advances in
applications of nanotechnology in immunotherapy have
shown the potential of the novel design and function of NP-
based agents in targeting and improving the cancer immunity
cycle, i.e. activation of tumor specific immune responses,
modulation of the immunosuppressive TME.">'® Here, we
provide an overview of the development of various NP plat-
forms or delivery systems with the ability of enhancement of
antigen presentation, activation, and stimulation of prolifer-
ation of cytotoxic T cells, and inhibition of immunosuppres-
sion in tumors (Fig. 1). Additionally, information on mecha-
nisms of those NP immunotherapeutic agents on regulation of
tumor immune response and activation of tumor specific cyto-
toxic T cells should shed light on the promising areas of
research to accelerate development and refinement of person-
alized cancer immunotherapy using novel nanotechnology.
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Fig. 1 Nanoparticle-mediated immunoactivating and immunomodulat-
ing strategies for activation of T cell immune response. Figure created
with Biorender.

Emerging roles of nanotechnology in
cancer treatment

Nanotechnology and its recent advancements have become an
innovative platform in biomedical research that has the poten-
tial to reshape the landscape of cancer therapy, imaging, and
drug delivery. NPs are nanometer-sized particles with the
ability to encapsulate and/or conjugate therapeutic agents
within the particle through functional modifications onto its
surface. In addition to the capacity for surface engineering,
the dimensions of NPs are similar to macromolecules or bio-
molecules that can improve drug stability and targeted efficacy
while also being able to be used as tools in imaging-guided
cancer therapy.'®' Their unique physiochemical properties,
including size, surface charge and composition allow versati-
lity that makes them an ideal candidate for creating multifunc-
tional and personalized nanoformulations for a range of bio-
medical applications."®>" One of the key modifiable aspects of
NPs is their nanomaterials, the composition can range from
organic polymers to inorganic metals each providing distinct
properties.'®>'** For the development of cancer therapeutic
agents that require large doses and repeated administrations,
it is critical to use nanomaterials that are biocompatible and
biodegradable.

The design of these NPs takes into account the functional
or anatomical changes expected by exposure to the NP (e.g.,
mechanism of action) and their specific biochemical inter-
actions (e.g., TME targets). Chemical functionalization with
ligands can be used to design delivery systems with dual,
multi-targeting NPs that have targeting and pharmacological
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activities.”»***> Due to NP’s large surface-to-volume ratio, they
not only allow high-capacity drug loading but also the attach-
ment of targeting ligands that facilitate their movement
through tissues, binding to their targets, and intracellular
trafficking into cancer cells.?*?*?* Therefore, with the addition
of ligands, such as peptides, antibodies (fragments), proteins,
carbohydrates, polypeptides, DNA/RNA and small molecules,
these targeting agents not only increase targeted particle
uptake into the tumor but also improve particle distribution in
the tumor and within its cells. In addition to material compo-
sition, wide varieties of payload can be incorporated into NPs,
which range from chemotherapy or small molecule drugs, pro-
teins/peptides, nucleic acids and/or imaging agents.'*>"*° As
a result, therapeutic cargo can be delivered to the site of inter-
est efficiently, promoting precise and controlled release. NP
delivery into tumors is mediated by two main mechanisms:
active and passive targeting. Passive targeting takes advantage
of the characteristics of tumors, being able to transport
through leaky tumor vasculatures, also known as enhanced
permeability and retention effect (EPR).>® Nanotherapeutics
tend to accumulate in the tumor interstitial space after moving
across the leaky vasculature with gap openings. In contrast,
active targeting relies on the use of specific ligands to bind to
a highly expressed target in tumor tissues.”® However, many
NPs engineered to target biomarkers expressed on tumor cells
only delivered into the tumor interstitial space by passive tar-
geting before reaching their tumor cell targets. Thus, targeting
tumor endothelial cells as well as tumor cells represents truly
an actively targeted delivery that brings the NP across tumor
vessels into the tumor interstitial space and then tumor
Cells.25,27,28

Various organic and inorganic materials have been used to
develop NPs with unique biochemical and biophysical pro-
perties. NPs produced from lipids, polymers, dendrimers, and
hyaluronic acid are commonly used as drug and nuclear acid
delivery carriers.">*>*® Lipid nanoparticles (LNPs) and lipo-
somes are made of lipid bilayers with a function of encapsulat-
ing hydrophobic or hydrophilic drugs to provide controlled
release. Currently FDA approved NP/drugs for solid cancer
therapy are mostly based on liposome or LNPs, such as lipo-
some doxorubicin (Doxil)** and liposomal irinotecan
(Onivyde).>® Recent successes in application of LNPs for the
delivery of mRNAs for the COVID-19 vaccine have accelerate
the translational process of LNPs carrying mRNAs for cancer
vaccine and therapy.>'”? Self-assembling polymeric NPs have
been investigated extensively as drug delivery systems.?
Bioactive and biomimetic hyaluronic acid NPs are a promising
class of drug carriers with tumor targeting and TME modulat-
ing activities.”® Cationic polymers can be used to improve
delivery of DNA/RNA and penetrate cell membranes by the
action of charges resulting in the escape of degradation via
endosomes.>* Polymeric micelles carrying paclitaxel have also
been approved for the treatment of breast and ovarian
cancer.>® Proteins and peptides are excellent biocompatible
and biodegradable materials for the development of nanother-
apeutics. Human albumin NPs encapsulated paclitaxel
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(Abraxane) is commonly used for the treatment of cancer
patients with advanced diseases.>® Inorganic NPs, such as
gold, silver, iron oxide, and hafnium oxide NPs, carbon nano-
tubes, and quantum dots have been developed as theragnostic
agents for optical and magnetic resonance imaging (MRI)
tumor imaging, drug delivery, photodynamic therapy, mag-
netic hyperthermia therapy and radiation therapy.'®?*?”
Superparamagnetic iron oxide NPs have been approved by the
FDA for tumor imaging, assessing permeability of tumors for
drug delivery by non-invasive MRI, and for the treatment of
severe anemia.'®*® Extensive preclinical studies demonstrated
the ability of magnetic iron oxide NPs as MRI contrasts of
tumor imaging, which has the potential for clinical translation
for tumor detection, monitoring drug delivery and therapeutic
response, and mediating magnetic hyperthermal therapy.'®
Hafnium oxide NPs have been approved by the FDA and
European Medicines Agency (EMA) for local administrations to
enhance responses to radiotherapy in tumors.*® Iron oxide
NPs (NanoTherm) have been approved by the EMA for thermal
ablation of glioblastoma, prostate, and pancreatic cancer.*®
Gold NPs have optical, photothermal and radioenhancement
activities.*® Many types of NPs with hybrid nanomaterials that
confer multi-functionality have also been developed, such as
biomimetic nanocarriers engineered with synthesized NP
cores and coated with biological membranes derived from
various cells.”’ DNA or RNA coated or encapsulated NPs for
gene delivery, biomarker targeting, tumor vaccine, and bio-
sensor for biomarker detections.*”> At present, extensive pre-
clinical and clinical studies are ongoing for translation of
various types of nanotherapeutics for cancer treatment and
detection.

Immunomodulatory properties of NPs and nanotherapeutics
in solid tumors

The immunomodulatory properties of NPs have profound
effects on the immune response, influencing diverse stages of
the immune activation cascade. NPs can dynamically interact
with immune cells, shaping their responses in a manner that
spans from cytokine production to the recruitment of immune
cells.*>** This multifaceted impact is particularly crucial given
the intricate adaptation of immune responses at various
stages. They play a role in immune cell recruitment, influen-
cing the types and quantities of immune cells participating in
the response.”® This modulation extends across the distinct
phases of immune activation, from the initial recognition of
antigens to the effector functions that eliminate target
cells.**° Understanding and harnessing these immunomodu-
latory properties of NPs open avenues for finely tuning
immune responses, potentially enhancing the efficacy of
immunotherapies at multiple levels and providing a refined
approach to cancer treatment. Increasing evidence supports
the effect of NPs on modulating tumor immune microenvi-
ronment. NPs, upon entering the body, involve uptake pro-
cesses like pinocytosis, phagocytosis, and endocytosis.>" The
protein corona formed on NPs’ surfaces is recognized by
immune receptors, including Toll-like receptor (TLR) and
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complement receptors, and influences NP clearance by being
taken up by macrophages.”® These NPs are able to circulate
through the venous and lymphatic drainage and increase
antigen presentation, triggering a cascade of immune
responses.”® As engineered particles, NP agents can interact
with phagocytic cells, such as macrophages of the innate
immune cells, to be taken up nonspecifically by macrophages.
Internalization of NPs into macrophages leads to the activation
of macrophages and production of inflammatory cytokines
and factors that promote infiltration and activation of immune
effector cells, including CD4* and CD8" T cells.>® It has been
shown that systemic delivery of 100 nm hydroxyethyl starch-
coated iron oxide NPs without payload drug into mice bearing
orthotopic mammary tumors altered immune microenvi-
ronment in tumors and induced tumor infiltration of CD8" T
cells. This immune activation effect was independent from the
conjugation of an antibody targeting ligand or the level of
intratumoral delivery of the NP.”> Metal NPs (i.e. iron oxide
and titanium dioxide) have been shown to promote the acti-
vation of immune cells and cytokine production, inducing
potent humoral and cellular immune responses.”®®” In
addition, they induce exosomes that have been shown to target
antigen-presenting cells to initiate Thi-type immune acti-
vation, demonstrating their role in activation and modulation
of immune responses.®® This interaction between NPs and
immune cells can be used in the design of nanotherapies, as it
can influence the efficacy and safety of these systems in
various biomedical applications.

In the realm of immunotherapy, T cells have become the
focal point for innovative strategies. However, tumors present
barriers including the immunosuppressive TME, heterogeneity
in antigen expression, and limitations in T cell persistence
and function within solid tumors.>® The heterogeneous nature
of solid tumors poses challenges for effective recognition and
activation of cytotoxic T cells. Furthermore, TME hurdles
effector T cell infiltrating and trafficking into tumors.®® The
physical barriers include inadequate vasculature and dense
stromal barriers.®® For the low level of cytotoxic T cells that
enters into tumor tissue, they are trapped in the immunosup-
pressive TME in solid tumors, limiting their cytotoxic effect on
tumor cells. These obstacles necessitate a deeper understand-
ing and innovative strategies to unlock the full potential of T
cells in fighting solid tumors. The ability of NPs to modulate
these immune responses can be harnessed to address these
challenges and advance the efficacy and widespread applica-
bility of T cell-based immunotherapies.

Leveraging NPs to enhance antigen
presentation and T cell activation

Central to tumor specific T cell response are antigen-present-
ing cells (APCs), including dendritic cells (DCs) and macro-
phages that capture, process, and present tumor antigens to T
lymphocytes. This multifaceted response involves two key T
cell subsets: helper T cells and cytotoxic T cells. DCs, pivotal
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players in antigen presentation, capture these antigens and
process it into antigenic peptides to form a complex with an
MHC II molecule for presentation to CD8" cytotoxic and CD4"
T helper cells to activate tumor-specific T cells, initiating a
cascade of events leading to the activation of adaptive immu-
nity.®> However, some limitations can hinder the activation of
immune effector cells by APCs, such as weak immunogenicity
of tumor associated antigens, low level of neoantigen on
tumor cells, immune tolerance acquired by tumor cells, and
upregulation of immune regulatory factors.®? Inability of ade-
quately presenting tumor antigens to activate T and B lympho-
cytes can lead to the immune evasion of tumor cells. A promis-
ing strategy of immunotherapy is to increase antigen presen-
tation to immune effector cells, stimulating the expansion of
tumor-specific T lymphocytes, by therapeutic tumor vaccine
using tumor antigen peptides on immunoadjuvant carriers
that enhance immunogenicity of tumor antigens.®* One of the
most commonly used adjuvants is poly ICLC, a synthetic
double stranded-RNA mimic that stimulates innate immune
response via toll-like receptor 3 (TLR3) and cytosolic mela-
noma differentiation-associated protein 5 to activate the pro-
duction of cytokines and chemokines.®® Despite of extensive
preclinical studies using various neoantigens and adjuvant
carriers, delivered as mRNAs, peptides, and proteins, have
demonstrated tumor specific T cell responses and tumor
growth inhibition in mouse tumor models, results of clinical
trials in human cancer patients did not show significant thera-
peutic efficacy on tumor growth, although the activation and
expansion of tumor antigen specific T cells were found in the
patients.®®"®® It is clear that the combination of tumor vaccine
with other cancer therapeutic approaches are necessary to
enhance overall therapeutic efficacy in cancer patients.
Supporting this notion, results of a recent clinical trial
(KEYNOTE-942) showed that intramuscular injection of a
single synthetic mRNA coding for up to 34 neoantigens encap-
sulated in LNPs in combination with an anti-PD1 antibody
(KEYTRUDA) in melanoma patients after surgery significantly
improved recurrence-free survival of the patients.®® Since
mRNA and peptide-based tumor vaccine have a poor stability
and delivery efficiency into APCs.”>”" a promising approach to
overcome these limitations is designing NP delivery platforms
that can carry diverse types of tumor antigens, such as pro-
teins, peptides, mRNAs, or DNA. Following local or systemic
delivery, a high level of NPs has a tendency to accumulate in
lymphoid organs, such as the draining lymph node and
spleen, where antigen presentation and activation of T cells
take place.”>””® Study results also showed that NP size affected
its accumulation in the draining lymph nodes. Intradermal
delivery of 25 nm polymeric NPs led to significantly higher
efficiency entering into lymphatic capillaries and lymph nodes
to activate dendritic cells than that of 100 nm NPs.”® However,
smaller NPs (<10 nm) can rapidly pass through lymph nodes
to enter the blood circulation and thus, have a low level of
lymph node accumulation. Furthermore, NP shape is an
important factor in determining lymphatic transportation as
well as interaction with and internalization by immune cells.

This journal is © The Royal Society of Chemistry 2024
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Previous reports showed that rod-shaped NPs had a higher
lymphatic uptake than spherical shaped NPs.””””° Increasing
evidence also supports the effect of NP’s surface modifications
on lymph node accumulation. For example, polyethylene
glycol (PEG) coating increased lymphatic permeability and
lymph node accumulation.®® Intradermal delivery of PEG-
coated magnetic iron oxide NPs (20 nm) showed higher levels
of uptake by dendritic cells and lymph node homing com-
pared with amphiphilic polymer coated NP.*' It has been
shown that the form of antigens (i.e., peptides, mRNAs, and
plasmids) administered in vaccination can dramatically
impact localization in lymphoid tissues and provide a new
rationale for the enhanced immune responses observed follow-
ing immunization with immune complexes or NPs.*?
Polymeric NPs (30 nm) incorporated with immune adjuvant
CpG targeted to the draining lymph nodes to induce DC matu-
ration and increase the level of activated CD8" T cells.®
Therefore, strategically designed NPs carrying tumor antigens
have the potential to increase targeted delivery into lymph
nodes and interaction with APCs to activate immune response.

NPs as carriers for tumor antigen peptides and protein

The T-cell receptor (TCR) of CD8" T cells are capable of recog-
nizing the antigen peptide-MHC I complex to produce cyto-
toxic response against antigen expressing target cells.'
Therefore, a critical factor is the selection of proper tumor
antigens for therapeutic cancer vaccines to exert specific cyto-
toxicity against tumor cells. Tumor antigens can be classified
into tumor-associated antigens (TAA) and tumor-specific anti-
gens (TSA).®*® Despite TAAs being expressed in both normal
cells and tumor cells, tumor cells overexpress those antigens
but their levels in normal cells are very low. On the other
hand, TSAs are derived from genetic mutations that are
specific to tumor cells. Currently, many TAAs and TSAs have
been identified as targets for protein or peptide-based thera-
peutic cancer vaccines.®® However, peptide and protein vac-
cines have historically shown limited efficacy in cancer treat-
ment.*® Recent advancements in nanotechnology enabled
encapsulation or conjugation of a variety of peptides and pro-
teins and significantly improved their therapeutic effect in
effect in several cancer types.®*™%°

As nanocarriers for tumor antigens, NPs not only increase
stability and bioavailability of tumor antigen proteins or pep-
tides, and uptake by APCs, but also have the capability of carry-
ing multiple immunomodulatory agents, such as inhibitors of
immune checkpoint proteins and small molecule agents, to
induce a synergistic effect. A liposome delivery platform
(Depovax) has been developed as a therapeutic vaccine for
breast or ovarian cancer. HLA-A*0201/H,D¢ transgenic mice
were treated with naturally processed peptides bound to
HLA-A, molecules that were isolated from breast and ovarian
tumor cell lines, as antigens in DepoVax (DPX-0907) along
with adjuvant and a T helper peptide epitope, that bound to
and activated CD4" and CD8" T cells.®® Immunization with
those liposomes elicited tumor specific immune response, rep-
resented with increased frequency of IFN-y secreting cells in
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the lymph nodes and reduced regulatory T cells in the spleen.
Furthermore, results of a phase I clinical trial after sub-
cutaneous (SC) injection of DPX-0907 carrying 7 MHC class
I-presented peptides that were isolated from HLA-A," breast,
ovarian and prostate cancer cells induced rapid and sustained
immune responses to multiple antigens in several patients
while generating multi-functional T cells and antigen-specific
T cell responses.®®

NP-based vaccines were further optimized to deliver mul-
tiple peptides and proteins for promoting their recognition
and activation of both CD8" T and CD4" T cells by presenting
multiple epitopes to bind to MHC class I and II molecules in
APCs. A cholesteryl pullulan (CHP) nanocomplex carrying trun-
cated HER2 protein (CHP-HER2 vaccine) was developed.®”
BALB/c mice immunized with CHP-HER2 activated HER2
specific CD8" and CD4" T-cell clones, resulting in rejection of
HER2-expressing murine sarcomas in a CD8" T-cell-dependent
manner.?” Further investigations in a Phase I trial demon-
strated induction of HER2-specific CD8" and/or CD4" T-cell
immune response in HLA-A2402-positive patients with
therapy-refractory HER2-expressing cancers.*® By complexing
tumor antigen protein and carbohydrates with cholesteryl moi-
eties, the CHP-HER2 was not only tolerable but multiple treat-
ments and boosters increased the proportion of HER2-specific
T cells.

NPs have been used to improve the delivery of peptides and
proteins by enabling precise targeting and controlled release.
Building on this progress, researchers are exploring novel
methods where the vaccine carrier is constructed from the
peptides or proteins themselves. This approach, along with
various vaccine generation techniques like self-assembling
peptides,®>°° protein-based NPs°"** and nucleic acid nano-
materials enables the combination of different peptides or
proteins with chemotherapy or other agents, enhancing their
therapeutic potential. Taking advantage of the known pro-
perties of DNA/RNA and proteins/peptides, increasing atten-
tion has been devoted to design NP vaccines for tumor immu-
notherapy using combinatorial approaches. These optimized
NPs are constructed using different biomolecular building
blocks to self-assemble into hybrid nanostructures based on
their highly specific interaction patterns of the secondary/ter-
tiary structures.”*> Those genetically engineered nanocarriers
enable precise control over the stereochemistry, structure, and
self-assembly behavior of NPs. Additionally, molecular modifi-
cations produce NPs with controlled properties, such as
surface charge, environmental responsiveness, drug encapsu-
lation, stability, and ligand display, which allow for distinct
morphologies of nanostructures, tailored functionalization
with multiple functional groups for conjugation of targeting
moieties and imaging agents to improve vaccine design or
drug delivery.

For example, self-assembling peptides (Ac-AAVVLLLW-COOH)
were engineered onto the N-terminal of peptide epitopes
from a linear cytotoxic T-cell epitope derived from MAGE-A3
(KVAELVHFL) and pan HLA-DR epitope PADRE (AKFVAAWTLKA),
which lead to the production of a peptide-based tumor vaccine

31,93
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NP.* The self-assembled NPs had increased stability, showed
good biocompatibility to human red blood cells. The peptide
NPs have strong effect on activation of DCs and induction of
antigen specific CD4" and CD8" T cells in vitro compared to
soluble peptides.?® Subcutaneous immunization into healthy
C57BL/6 mice increased uptake and presentation to APCs and
activated specific T cells that secreted IFN-y.%° Similarly, a tri-
valent peptide-hydrogel that co-deliver antigen epitopes was
produced by co-assembling three antigenic epitopes (gp100,
Tyr369, and MART-126) with the self-assembling peptide
FEFEFKFK (F peptide). Such a design greatly promoted
antigen presentation to DCs and their subsequent homing to
the draining lymph nodes, eliciting antitumor CD8" T cell
response in the absence of additional immunoadjuvants,
resulting in significant inhibition of the B16 melanoma tumor
growth in C57BL/6 mice.”® T cell targeted NPs were developed,
in combination with multiple therapies to provide additional
functions that better meet the needs of clinical application.
For example, a co-delivery nanocomplex with a universal
nitrated T helper cell epitope, neoantigen epitope (Adpgk
mutation), and adjuvant was developed. By incorporating
CD4" T cell epitopes into DNA-coupled nitrated T helper cell
epitope NP, this nanovaccine could promote simultaneous
delivery of adjuvant and neoantigen to lymph nodes and DCs,
improving the antigen uptake and presentation, leading to the
production of neoantigen-specific cytotoxic T cells and
memory T cells, and tumor growth inhibition and resistance
to tumor cell re-challenging in the MC38 mouse colon cancer
model.”® Therefore, the assembly of antigenic epitope-conju-
gated peptides offers a simple, customizable approach for the
development of cancer vaccines with remarkable therapeutic
efficacy, thereby providing a highly versatile platform for the
application of personalized multivalent tumor vaccines.

This concept is further supported by study results in a pre-
clinical murine model where neoantigens were identified by
whole-exome sequencing and each neoantigen peptide was
conjugated to amphiphilic lipids (DSPE-PEG2000-NHS) to
synthesize NPs. The nine-tumor antigen peptide assembled
NPs were then mixed to generate a personalized neoantigen
nanovaccine (PNVAC). By creating these amphiphilic
DSPE-PEG2000-peptides that self-assembled into a core/shell
structure, these PNVAC triggered superior protective efficacy
against tumor recurrence and promoted a longer survival than
neoantigen peptide alone, especially when combined with
anti-PD-1 treatment in a murine gastric tumor mode.”” Given
the biological and functional significance of PNVAC, the
approach has been translated into a phase I clinical trial
(ChiCTR1800017319), where a PNVAC platform for adjuvant
cancer immunotherapy is generated for patients with a high-
risk gastric/gastroesophageal junction cancer after surgery and
adjuvant chemotherapy. Consistent with the preclinical
studies, the PNVAC carrying patients’ specific neoantigen pep-
tides not only induced significant CD4" and CD8" T cell-
mediated immune responses, but also showed clearly pro-
longed disease-free survival in the patients. Induction of T cell
responses against 77.8% of immunized neoepitopes in the
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enrolled twenty-nine patients were detected. Importantly, the
levels of antigen-experienced memory T cells were increased,
resulted in persistent immune response for over one year.’”

Immunomodulatory factors added to NP-based peptide
vaccines

In addition to nanostructures and their compositions, deliv-
ery of tumor antigens can be readily modified to incorporate
a variety of molecules, such as chemical compounds, pep-
tides/proteins, and oligonucleotides, as well as pathogen-
associated molecular patterns that function as adjuvants to
enable the formation of predefined nanovaccine platforms
that are uniform in size, highly stable and consistent in
peptide loading. By anchoring different molecules on the
backbone of NPs, and/or controlling the shape/morphology,
antigens encapsulated into NPs release slowly and enhance
immune responses, while antigens adsorbed onto NPs with
quick release also improve immune responses.”® For
example, synthetic long peptides (SLP) were used to produce
a SLP-containing cationic lipoplexes (SLP-Lpxs) that improve
delivery of peptides to the spleen and lymphatics. Using a
KRAS®'?P mutation as a neoantigen, vaccination of mice with
SLP-Lpx conjugated with the KRAS mutation peptides elicited
potent CD4" and CD8" T cell responses that inhibited the
tumor growth in three KRAS gene transfected mouse colon
and lung cancer models. Results also showed that the compo-
sition of the liposome is more critical than the overall charge
when it comes to site-specific delivery. These SLP-Lpxs
increased targeting to the spleen and lymph nodes resulting
in increased numbers of hematopoietic and T cell infiltration
into the tumor. Furthermore, addition of CpG (ODN 1826) to
the peptide-liposomes not only enhanced stability of the lipo-
plexes (Lpx) but they exhibited increased targeting and
uptake by myeloid cells, specifically CD11b'CD11¢™ macro-
phages, CD11b" DCs and consistently elevated antigen-
specific CD8" T cell responses while maintaining CD4" T cell
responses.’®

Nanoformulations provide unique properties for tumor
vaccine in the areas of targeted delivery into desired organs,
prolonged epitope persistence in vivo, retaining structures for
immunogenicity and recognition, enhanced co-stimulation
signals, and increased local inflammation to trigger non-
specific proliferation of lymphocytes that enhanced overall
efficacy of peptide-based vaccines.'®”'®' These formulations,
in addition to acting as a vaccine delivery system, can be used
as immune stimulation adjuvants. Therefore, strategically
designed NPs have the potential for translational development
of tumor specific peptide-based NP vaccines for cancer immu-
notherapy. Immune stimulating adjuvants, such as agonists
for TLR and stimulator of interferon genes (STING) could
enhance humoral immune response by inducing IFN-y
secretion from T helper cells and regulating MHC-II class
antigen expression in APCs for the production of tumor
antigen-specific cytotoxic T cells.'*%*%

For instance, a vaccine platform (SNP-7/8a) based on
charge-modified long peptide with tumor antigen epitope-
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TLR-7/8a conjugates has been developed. The design of charge
modifications on the peptides chemically programmed to self-
assemble into micelle NPs of uniform size (~20 nm) irrespec-
tive of the peptide antigen composition.'®® This approach pro-
vided precise loading of diverse peptide neoantigens derived
from the MC38 mouse colon tumor cells known to bind
MHC-I (Aatf, Adpgk, Cpnel, Dpagt, Irgq, Med12 and Reps1) in
combination with adjuvant TLR-7/8a in NPs'®® (Fig. 2A).
Results showed that the treatment with such tumor vaccine
NPs increased uptake by and activation of APCs and promoted
T-cell immunity. SNP-7/8a induced higher magnitude of T
cells by both local (SC) and systemic intravenous (IV) routes of
vaccination in comparison with that of native long peptide
microparticles/aggregates (MP-7/8a).'%> In addition, delivery of
nonimmunogenic neoantigens (M01, M07, M21 and M39)
from the B16-F10 melanoma tumor cell line in SNP-7/8a also
limited tumor growth. SC or IV delivery of neoantigen peptides
containing SNP-7/8a and adjuvant polyICLC increased DC
recruitment, antigen uptake and activated CD8 T-cell
responses in the lymph node of the mouse tumor model. The
combination treatment of SNP-7/8a carrying tumor antigen
peptides, Trp 1 or M39, with immune checkpoint inhibitors,
an anti-PD-L1 antibody, resulted in significant tumor growth
inhibition, with IV delivery having a stronger effect than SC
delivery'®® (Fig. 2A). Thus, the peptide-based vaccine plat-
forms, such as SNP-7/8a, have the potential for priming tumor
specific T cells and as combination therapy with other immu-
nomodulatory agents, such as immune checkpoint inhibitors.
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NPs have been engineered for the modular incorporation of
neoantigens and adjuvants to promote activation and antigen
cross-presentation of APCs and cross-priming of neoantigen-
specific CD8" T cells.'® The pool of vaccine primed T cells
could be expanded to higher numbers in vivo using heter-
ologous prime-boost immunization with vaccines and cyto-
kines, such as IL-2, which promote T-cell expansion.'®*
Recently researchers have been investigating new approaches
to improve uptake and interaction with DCs. Although target-
ing the activation of the innate immune system has been
shown to increase antigen presentation, other methods can be
used to improve presentation of tumor antigens to T cells,
such as targeting the immunosuppressive environment or
intrinsic immunosuppressive signaling. For example, silencing
gene expression of an immunosuppressive factor, STAT3, in
combination with nanovaccine delivery have been shown to
decrease immunosuppressive cells and increase DC
maturation.'®>'% Therefore, by tailoring nanovaccine design,
researchers could not only target neoantigens but also path-
ways involved in immune activation and antigen presentation.
For example, a self-assembling vehicle-free multi-component
antitumor nanovaccine (SVMAV) has been developed using an
unsaturated fatty acid docosahexaenoic acid (DHA)-conjugated
antigen and R848 (a TLR 7/8 agonist) encapsulated with
stattic, a STAT3 inhibitor'®” (Fig. 2B). To determine whether
the platform could be used for both neoantigen vaccines and
personalized vaccines, the SVMAV encapsulated with predicted
mouse hepatoma Hepal-6 cell line-specific neoantigens were
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Fig. 2 Self-assembling nanoparticles carrying tumor antigen peptides and immune modulatory agents for tumor vaccine. (A) A vaccine platform,
SNP-7/8a, based on charge-modified long peptide with tumor antigen epitope-TLR-7/8a conjugates that are chemically programmed to self-assem-
ble into nanoparticles of uniform size (~20 nm). SNP-7/8a carrying Cpnel neoantigen derived from a mouse colon cancer cell line (MC38) selectively
accumulated in lymph nodes and increased DC recruitment and CD8* T cell response after SC delivery into C57BL/6 mice (Upper panel). Tumor
bearing mice received Trp 1 neoantigen in SNP-7/8a by the SC or IV injection, in combination with i.p. delivery of anti-PD-L1 antibody activated CD8
T cells and significantly inhibited the growth of B16-F10 mouse melanoma tumors. By i.v. injection of another neoantigen, M39/SNP-7/8a, anti-
tumor growth effect was further demonstrated (Lower panel). Reproduced from Lynn, et al., Nat. Biotechnol., 2020, 38, 320—-332, with permission
from Springer Nature. (B) Self-assembling vehicle-free multi-component antitumor nanovaccines (SVMAV) carrying tumor specific neoantigen inhib-
ited tumor growth and activated immune responses in an orthotopic mouse hepatocellular carcinoma model. Three neoantigens with mutations
identified by exome sequencing of hepatoma cells (Hepa 1-6) were conjugated to DHA and self-assembled into nanoparticles. Liver tumor volumes
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circles). Reprint from Zhang et al., J. Inmunother. Cancer, 2021,9(8), e003132, published by BMJ, with permitted under CC BY 4.0.
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mixed with R848-SS-DHA and stattic and then assembled into
the personalized SVMAV loaded with mutant antigens, includ-
ing Htt, Lifr, and Smarcal1'®’ (Fig. 2B). In an orthotopic hepa-
tocellular carcinoma model, they showed that SVMAV efficien-
tly migrated into Lymph nodes, promoted the antigen uptake
by DCs, stimulated DC maturation, and enhanced antigen
presentation, priming CD8" T cells for exert neoantigen-
specific killing. SVMAV did not only yield a strong antitumor
effect for primary melanoma allografts, but also exhibited a
protective effect for lung metastases. Moreover, the combi-
nation treatment of SVMAV and anti-PD-1 antibody showed
synergistic antitumor activity and extended the survival dur-
ation of melanoma-bearing mice'®” (Fig. 2B). Furthermore,
new peptide NPs produced with extracellular matrix mimick-
ing peptides (RLDI and RQDT) could self-assemble into
ordered nanofibers, nanotubes, and nanovesicles.'°® This plat-
form increased diversity in peptide bond formation and
enhanced stability due to the presence of two cysteine residues
at their ends that resulted in the ability to recruit DCs,
promote their maturation, target lymph nodes efficiently,
which addressed the challenges associated with insufficient
numbers, immature states, and the low homing efficiency of
DCs. In the MC38-ovalbumin (OVA) colon cancer model, OVA
peptide antigen or peptides from tumor cell lysate were slowly
and continuously released from the hydrogel. This peptide
hydrogel and released antigens enhance the activation of CD8"
and CD4" T cells and differentiate CD8" T cells into cytotoxic T
lymphocytes, resulting in killing tumor cells. When combined
with the tumor vaccine and anti-PD-1 treatment, RLDI and
RQDT effectively boosted the immune activation, further
enhancing the antitumor efficacy of the vaccine without
causing noticeable side effects.'®® Therefore, by combining
peptide/protein-based vaccines with other peptides or agents
that act as adjuvants or immune modulators, it is possible to
further enhance the vaccine’s ability to induce a strong and
durable anti-tumor immune response.

Antigen presenting cell mimetic NPs

NPs have been rationally designed to carry TAAs or TSAs with
costimulatory molecules and adjuvants to facilitate activating
tumor specific T cell responses. These NPs are called artificial
antigen presenting cells (aAPCs) due to their ability to directly
activate the TCRs of the antigen epitope specific T cells®*
(Fig. 3A). The activation of CD4" and CD8" T cells begins with
the presentation of TAA or TSA antigen peptides together with
MHC molecules by antigen-presenting cells (APCs) to T cells.
The cytotoxic effect of a CD8" T cell requires its TCRs to recog-
nize a specific antigen peptide presented by MHC I molecule
on tumor cells. The binding of the TCRs of the CD8" T cells to
the peptide/MHC 1 complex led to activate CD8" T cells to
initiate tumor cell killing."”® It has been shown that the
binding of multiple TCRs of a T cell with antigen/MHC com-
plexes (>20 complexes) is necessary to activate CD8" T cells."*°
However, a low level of tumor antigen expression and lack of
strong immunogenic epitopes as well as downregulation of
MHC molecules in APC (MHC II) and tumor cells (MHC I) due
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to immune evasion limit the ability of activation of CD4"
helper and CD8" cytotoxicity T cells."”® To address these chal-
lenges, novel strategies have been developed to enhance T cell
activation and overcome immunosuppression within the
TME."? One promising approach involves the design of engin-
eered NP-based APCs conjugated with a relatively high density
of tumor antigen/MHC complexes that enable simultaneously
engaging multiple TCRs to active antigen specific T cells in a
more potent and targeted manner® "' (Fig. 3A and B). NPs
have a large surface area and can be functionalized for con-
trolled conjugation of tumor antigen peptide/MHC I/p 2-micro-
globulin complexes at a desired density for the TCR binding
and T cell activation. Shapes, sizes, and nanomaterials can be
optimized to mimic the physiological interactions among T
cells and APCs in the artificial membrane to cluster the TCR-
MHC molecules, and formation of immune synapse to achieve
a maximal effect of T cell activation.''>™'* Importantly,
additional costimulatory factors can also be conjugated to the
same NP to provide necessary secondary signals for T cell acti-
vation."*® To build upon the concept of a high density of
ligands affecting stimulation, a study compared two systems of
aAPC, one in which monosialoganglioside (GM1) and cholera
toxin B MHC-peptide complexes were uniformly distributed
on the surface of the liposomal aAPC and another in which
the same MHC-peptide complexes were clustered in micro-
domains on the aAPC surface. Using stimulation assays com-
paring the two types of aAPC with natural APCs, they were able
to induce ex vivo activation of human polyclonal antigen-
specific CD4" T cells while also showing the advantages of
mimicking the naturally patchy distribution of T cell ligands
on APC membranes to efficiently manipulate T cells.'*®

Since the percentage of tumor antigen specific CD8" cells
are extremely low in vivo, ex vivo expansion of those tumor
specific CD8" T cells and then infusion back to the patients
have the potential to increase therapeutic efficacy. Antigen
specific aAPCs have been used ex vivo to activate and induce
proliferation of tumor antigen specific T cells, as well as their
potential for controlled delivery to the tumor site for in vivo
stimulation of cytotoxic T cells. The earlier aAPCs used micro-
beads to produce aAPC by coupling HLA-A, Ig and anti-
CD28 human monoclonal antibody onto Dynabeads.''” These
NPs successfully generated Mart-1- and CMV-specific cytotoxic
T cells from human peripheral blood T lymphocytes and
showed robust expansion and functional activity ex vivo''® and
in vivo in a human/SCID mouse melanoma model.""” It has
been shown that 7-30 TCRs form protein clusters with a
dimension of 35-70 nm in radius and 300 nm at the longest
length scale on the cellular membrane.'*® The peptide/MHC
complexes on APCs also form 25-125 complex cluster with
sizes about 70 to 600 nm."*° A previous study showed that acti-
vation of T cells requires a minimal density of 90-140 stimulat-
ing MHCII molecules per pm”® of membrane area.'* It has
been shown that CD4" T cells are insensitive to activation
when the density of peptide/MHC is very low and a maximum
linear distance of 60-70 nm is required for CD4" T cell acti-
vation. Using 50, 300, 600, and 4500 nm size of superpara-
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cells (pMHC molecule or an aCD3 antibody for antigen-specific or polyclonal T cell activation) and Signal 2 as costimulatory molecule (agonistic
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Ig (signal 2) to the surface of iron oxide, dextran-coated particles. (2) Binding of biotinylated MHC-Ig dimer (signal 1) and biotinylated anti-CD28
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Optical imaging shows that Nano-aAPCs induce a high level of lymph node drainage following s.c. injection. Simultaneous NIR images of biodistri-
bution for pMEL T cells (green) and aAPC (red) revealed that IV delivered T cells accumulated in the lymph nodes and spleen. SC injected nano-
aAPCs reached inguinal lymph node. (E) Iron-dextran aAPCs, injected IV or SC, activate naive pMEL T cells and inhibited the growth of mouse mela-

noma tumors. (B, C, D, &E) Reproduced from Perica, et al., Nanomedicine, 2014, 10, 119-129, with permission from Elsevier.

magnetic iron oxide NPs conjugated with a T cell specific SIY
tumor antigen peptide (SIYRYYGL)/MHC-Ig complex and anti-
CD28 antibody, ex vivo stimulation study showed that aAPCs
could bind to antigen specific TCRs on CD4" or CD8" T cells to
induce TCR clustering and T cell activation in a size dependent
manner.'*” The aAPCs that are larger than 300 nm activate T
cells more efficiently than smaller 50 nm aAPCs. The 50 nm
aAPCs require saturating doses or require artificial magnetic
clustering to activate T cells. Thus, there is a need to engage
local islands of peptide/MHC complexes and co-stimulatory
aCD28 antibody with a greater than 50 nm in diameter for
effective CD8" T cell stimulation. In another study, nano-

This journal is © The Royal Society of Chemistry 2024

aAPCs were produced by direct chemical conjugation of
MHC-Ig dimers loaded with GP100 peptide to iron oxide NPs
(50-100 nm in diameter)'™* (Fig. 3B). Tumor antigen peptide
(GP100)/MHCI (Signal 1) and anti-CD28 antibody (signal 2)
dependent expansion of tumor antigen specific T cells using
the nanoaAPCs were demonstrated in vitro in cultured mouse
splenocytes derived from pMEL (pMEL TCR/Thyla Rag—/—)
transgenic mice, whose T cells recognize GP100 peptide and
MHC Class 1 H2-Db''" (Fig. 3C). In comparison with large
microparticle aAPCs in several um size, nano-aAPCs induced a
higher level of lymph node drainage following SC injection
than Micro-aAPCs (Fig. 3D). The iron-dextra aAPCs, injected
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either IV or SC, activated adoptive transferred pMEL T cells,
leading to tumor rejection in the mouse melanoma model
(Fig. 3E). The activation of cytotoxic T cells by the nano-aAPCs
was further supported by the detection of the production of
critical effector cytokines, such as IFNy, secreting cytotoxic
granules, and surface expression of the degranulation marker
CD107a.""" On the other hand, the aAPCs produced from iron-
dextran NPs coated with murine MHC II or human counterpart
HLA 1I loaded with GP61-80 peptide/MHC II complexes and
co-stimulatory proteins could activate and expand rare subsets
of endogenous murine and human CD4" T cells ex vivo. These
MHC II aAPC expanded murine CD4" T cells displayed high
levels of effector cytokine production and demonstrated lytic
capacity in vitro and in vivo in the B16 melanoma mice model,
which, in turn enhanced cytokine production and memory for-
mation in CD8" T cells, while also specifically expanding
initially undetectable antigen-specific murine and human
CD4" T cells from endogenous T cell repertoires.’*® By target-
ing specific MHC/peptide complexes and costimulatory mole-
cules, NPs have the capability of enriching, expanding and
modulating the effector and helper functions of CD4" T cells.
The ability of aAPCs to deliver to lymphoid organs and tumors
to activate tumor antigen specific T cells should have a great
impact on cancer immunotherapy. Therefore, aAPCs resemble
nanometer-scale structures of signaling molecules of APCs
that should be more efficient in interaction with TCRs on the
effector T cells to activate their function. By providing peptide
loaded MHC and costimulatory factors, these NPs can be used
in vitro for ex vivo stimulation to expand antigen-specific T
cells as well as in vivo to induce specific/rare endogenous
subsets of antigen specific T cells.

The feasibility of the application of aAPC in cancer patients
was examined in a clinical trial. Results showed that aAPCs
produced by conjugating HLA-A*0201 molecules coupled with
tumor antigen MART-1 or gp100 class I-restricted peptides and
costimulatory anti-CD28 antibody to iron-dextran NPs rapidly
expanded the antigen-specific CD8" T cells from the peripheral
blood obtained from melanoma patients without or with
received anti-PD-1 antibody treatment.'** The expanded CD8"
T cells have high avidity and potent Iytic function. CD8" T cells
had a predominantly memory stem cell phenotype (CD45RA"/
CD62L'/CD95") that expressed ICOS, PD-1, Tim3, and LAG3;
and lacked CD28. CD8" T cells from patients with melanoma
were polyfunctional, which had highly diverse T-cell receptor V
beta repertoire, expressed IL-2, IFNy, and TNFa, and exhibited
cytolytic activity against tumor cell lines."** As an emerging
technology, aAPCs have the potential to induce therapeutic cel-
lular immunity without the need for autologous antigen-pre-
senting cells (APCs). However, some of the limitations of
aAPCs include only selected MHC specific antigen peptides
can be used to stimulate specific T cell populations and
difficulties in completely engineering an immune costimula-
tory microenvironment that resembles complicated in vivo
immune responses. Therefore, researchers have been looking
to identify optimal formulations to further mimic APCs by
adding cytokines to manipulate the response. These aAPC NPs
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present a high density of adaptor elements for attaching both
recognition ligands and co-stimulatory ligands to a bio-
degradable core encapsulating the different cytokines impli-
cated in T cell differentiation and function, including expan-
sion, survival, effector function, and memory of stimulated T
cells.”®® By providing a local and sustained release of cyto-
kines, coupled with the ease of attaching multiple ligands, it is
feasible to produce a durable, artificial antigen-presenting
system for T-cell expansion.

Enhancing the immune response with
NP delivery of mRNAs encoding tumor
antigens as tumor vaccines

In the intricate realm of antitumor immunity, T cells take
center stage as the orchestrators of the anticancer immune
response, closely collaborating with the rest of the immune
system. mRNA can act as a pivotal link between innate and
adaptive immunity, encoding antigens that trigger antigen
recognition, costimulation, and cytokine secretion to drive this
process. mRNA vaccines are developed using mRNAs encoding
known tumor antigen or newly identified immunogenic tumor
antigen gene sequences from genetic and proteomic analyses
of tumor samples.’**'*” mRNAs were transcribed from engin-
eered mRNA expressing plasmids and purified in vitro, and
these mRNAs are then used for in vivo delivery and uptake by
APCs for translating and processing into antigenic peptides for
presentation.'*®'*” However, there are several barriers to
success of mRNA vaccines, including (1) extracellular barrier
leading to degradation, (2) endocytic barriers prevent uptake,
(3) endosomal and cytosolic barriers preventing translation,
and leading to (4) inefficient immune stimulation via limited
MHC presentation and production.*® Strategies to address
these challenges have been developed to increase stability and
translation of mRNAs, such as incorporating modified nucleo-
sides to increase stability and optimizing untranslated regions
in mRNAs to improve translation and expression'*® (Fig. 4A).
To further increase stability and delivery, lipid nanoparticles
(LNPs) have been used for the development of mRNA-based
therapeutics. Encapsulation of mRNAs in LNPs increases cell
uptake by endocytosis that leads to cytoplasmic translocation
and protein translation and processing to finally form a
complex with MHC I/II and B 2-microglobulin for antigen
presentation.'*’

Lipid nanoparticle as mRNA delivery carrier

RNA-lipoplexes or lipid NPs (LNPs) encapsulated with mRNAs
have shown promise in protecting RNAs from ribonucleases
in vivo and efficiently delivering encoded antigens to DCs and
macrophages in various lymphoid compartments.’****° This
delivery strategy addresses challenges, such as nucleic acid
degradation, low cellular uptake, and increase the blood half-
life of mRNAs after systemic administration.'*®'*® LNPs play a
crucial role in the delivery of mRNAs for therapeutic appli-
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Fig. 4 Lipid nanoparticle mRNA carriers for personalized RNA neoantigen vaccines that activated tumor specific T cell responses in pancreatic

cancer patients. (A) Illustration of design and structure of a lipid-based mRNA nanoparticle and synthetic mRNA. Reprint from Beck et al.,

Mol.

Cancer, 2021, 20, 69, with permission from Springer Nature. (B) A clinical trial design for identification of neoantigens, mRNA production and encap-
sulation, and immunization and treatment protocols in pancreatic cancer patients. An individualized mRNA neoantigen vaccine contained up to 20
MHC | and MHC Il restricted neoantigens in LPNs was delivered IV into the patients. (C) PBMCs collected from pancreatic patients after atezolizu-
mab, vaccine priming, and mFOLFIRINOX were analyzed for IFN-y+ T cells specific to all individual vaccine neoantigens by ELISpot. Proportion of
vaccine responders and non-responders is shown. (D) Number of unique antigen specific T cells clones before vaccine (left) and peak expansion
aggregate percentage (right). (E) Aggregate percentage of vaccine-expanded T cell clones with priming, chemotherapy and booster in peripheral
blood and percentage of primed clones that re-expand with booster (right). (F) Single-cell phenotypes of vaccine-expanded CD8* T cells. Dots indi-
cate blood CD8* T cells. Colored dots (far left) indicate vaccine-expanded clones. (G) mRNA vaccine response correlates with delayed PDAC recur-
rence in pancreatic cancer patients. Recurrence-free survival (RFS) from surgery or from the date of the last vaccine priming dose is shown. (B, C. D,
E, F and G) Reproduced from Beck et al., Nature, 2023, 618, 144-150, with permission from Springer Nature.

cations, such as vaccines and gene therapies. These NPs are
composed of lipids with both hydrophilic and hydrophobic
components, allowing them to self-assemble into structures
like vesicles or micelles, forming the core structure of
LNPs."?®'?° The process involves formulating LNPs with cat-
ionic lipids like DOTAP or DOTMA, helper lipids such as chole-
sterol, and polyethylene glycol (PEG) for stability. Cholesterol
can also improve intracellular delivery of mRNAs. The nega-
tively charged mRNA molecules then interact with cationic
lipid and cholesterol to be encapsulated within LNPs, protect-
ing them from degradation."®® LNPs are designed to interact
efficiently with cell membranes to facilitate cellular uptake.
After uptake by APCs, LNPs escape endosomes to release
mRNAs into the cytoplasm and bind to ribosomes for trans-
lation of antigen proteins or peptides, which are then pro-
cessed into antigenic peptides to form a complex with MHC II
for antigen presentation. Extensive research into the appli-
cation of LNPs for mRNA delivery has been ongoing prior to
the COVID-19 pandemic. However, the remarkable success of
mRNA-based COVID-19 vaccines has significantly accelerated
both the progress and public interest in this field."** The

This journal is © The Royal Society of Chemistry 2024

demonstrated efficacy and safety of these vaccines have pro-
pelled mRNA technology into the spotlight, garnering
increased attention and resources for further advancements
and applications beyond infectious diseases.

By screening different lipids and LNP formulations,
researchers found that addition of chemical modifications,
like esters/disulfide bonds, thiols and amines, modification of
LNP structures, incorporating hydrophobic tails or changes in
the lipid membrane components of LNPs, leading to the selec-
tive delivery into lymphoid organs, or precise delivery into the
tumor for in situ tumor vaccine.”""** Those modifications
endowed LNPs with less inner hydrophobicity and fewer
surface charges with proper stability and balanced hydropho-
bicity that benefit the cellular uptake of LNPs and the intra-
cellular trafficking of mRNAs, thus resulted in improved deliv-
ery efficiency of mRNAs. LNP-mRNA vaccines effectively acti-
vate T cell immunity and produce anti-tumor effect. In pre-
clinical studies, LNP-carrying mRNAs encoding for Trp-2 TAA
induced strong CD8" T cell activation and decreased tumor
volume with an increased animal survival in the highly aggres-
sive B16-F10 murine melanoma model and reduced the inci-
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dence of tumor metastatic nodules in the lung.”*> In a
different study, lymph node-targeting LNP carrying OVA
mRNAs increased the expression OVA antigens in the lymph
nodes compared with LNP formulated with ALC-0315, a syn-
thetic lipid used in the COVID-19 vaccine.'*® Results also
showed that the chemical structures influenced mRNA
expression and the optimal formulation contained shorter
length lipids, ester linkers, and methyl groups of the amine
head led to efficient delivery into lymph nodes. A recent report
from a phase 1 clinical trial (NCT02410733) using a RNA-lipo-
plex vaccine (RNA-LPX) encoding four melanoma TAA
(NY-ESO-1, MAGE-A3, tyrosinase, and TPTE) in combination
with the immune checkpoint therapy showed the ability of
mRNA-LNPs to induce a durable and strong CD4" and CD8" T
cell immunity against the above tumor antigens in cancer
patients with unresectable melanoma."®’

Personalized neoantigen mRNAs for tumor vaccines

Tumor vaccines using known TAA or TSA epitopes have the
ability to induce immune responses to tumor antigens that
present in cancers without the challenges of identifying a
patient’s unique individual TAAs or TSAs for synthesizing a
custom vaccine strategy. Immunogenicity or the ability to
trigger an immune response, is closely correlated with
mutations shown by tumors with higher mutational loads are
generally more immunogenic. Personalized tumor vaccines are
essential due to the inherent diversity in the genetic makeup
of tumors among individual patients. Novel LNP-mRNA vac-
cines and treatments hold tremendous potential for future
development of tumor vaccines, with improved targeting strat-
egies, and the generation of individualized, multiepitope
neoantigens. Currently, about 70 clinical trials using LNPs/
mRNAs for cancer vaccine are ongoing.'*®'*® Therefore, the
next step for the future cancer vaccines includes the develop-
ment of personalized medicine using tumor specific neoanti-
gens, as well as exploring the combination with other
immunotherapeutics.

To improve the effect of tumor vaccine in highly hetero-
geneous human tumors, mRNA vaccines containing multiple
neoantigens identified from tumor tissues by the whole
genome sequencing have been developed.'*®'*! In a phase I/II
trial (NCT03480152), tumor tissues were analyzed by exome
sequencing to identify mutations and predicate neoepitopes
for constructing a single mRNA encoding up to 20 different
antigens, including HLA class I candidate neoantigens with
patients’ specific mutations in TP53, KRAS, or PIK3CA gene.
Results of this trial showed encapsulating these mRNA into
LNPs were safe and elicited mutation-specific T cell responses
against predicted neoepitopes.'*® In another phase 1 clinical
trial, genetic mutations in surgically resected tumors in pan-
creatic cancer patients were identified by whole genome
sequencing. Immunogenic neoantigen peptides were selected
to engineer a multiplexed mRNA consisting of 20 immuno-
genic neoantigen epitopes (autogene cevumeran) (Fig. 4B).
Results showed that a combination of adjuvant personalized
tumor vaccine, with immune checkpoint therapy, atezolizu-
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mab (anti-PD-L1 antibody), and a modified version of a four-
drug chemotherapy regimen (mFOLFIRINOX, comprising
folinic acid, fluorouracil, irinotecan and oxaliplatin), signifi-
cantly increased recurrence-free and overall survival of pan-
creatic cancer patients'*! (Fig. 4C). The above treatment led to
the activation of T cells producing IFNy and expressing lytic
markers such as perforin 1 and granzyme B. The combination
therapy was tolerable and induced de novo expansion of neoan-
tigen-specific T cells, with half of them targeting more than
one vaccine neoantigen. In addition, patients with vaccine-
expanded T cells (responders) had a longer median recur-
rence-free survival compared with patients without vaccine-
expanded T cells"" (Fig. 4D-G). Novel LNP-mRNA vaccines
and treatments hold tremendous potential for future develop-
ment of tumor vaccines, with improved targeting strategies,
and the generation of individualized, multiepitope
neoantigens.

Immunomodulatory effect of optimized LNPs with mRNA
vaccines

To further improve the effect of mRNA tumor vaccine and
broaden the vaccine applicability, adjuvants to enhance
antigen presentation and boost the immune response have
been incorporated in the LNPs, leading to stronger and longer
immunity. Multifunctional NPs that are able to deliver both
tumor antigens and adjuvants have the potential to enhance
immune responses. These NPs can be engineered to target
specific sites and cells (i.e. tumor, draining lymph nodes,”
DCs,'** macrophages'*®), and be modified with additional
ligands to improve circulation, infiltration, and interactions.
Increasing efforts has been devoted toward the development of
LNP with self-adjuvant effects by optimization of lipid com-
ponents of NP to activate TLR or STING to promote APC matu-
ration, antigen process and presentation, triggering enhanced
antitumor immunity and effective inhibition of the tumor
growth. TLRs are innate immune receptors that recognize
pathogen-associated molecular patterns to activate immune
responses by triggering a signaling cascade that leads to upre-
gulation of co-stimulatory molecules and secretion of pro-
inflammatory cytokines, leading to the activation and matu-
ration of APCs and promoting effective antigen presentation to
T cells."* STING is a key adaptor protein in the cytosolic DNA
sensing pathway that induces the production of type I interfer-
ons and proinflammatory cytokines. It has been shown that
LNPs produced with lipids with cyclic amino head groups acti-
vated STING pathway and induced APC maturation. Treatment
with the cyclic lipid LNPs carrying mRNAs encoding a tumor-
associated antigen (Trp2) inhibited tumor growth and pro-
longed mice survival in the B16F10 melanoma model.'*?
Furthermore, a combination of the LNP delivery of a viral
oncogenic (papillomavirus E7 protein) mRNA with anti-PD-1
antibody therapy induces a strong anti-tumor response and
increased CD8+ T cell infiltration and activity in tumors in the
TC-1 mouse lung cancer model."*> Additionally, screening
ionizable lipids of LNP formulations using human primary
APCs led to the identification of a L17-F05 mRNA delivery LNP

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01780c

Open Access Article. Published on 06 September 2024. Downloaded on 2/11/2026 3:26:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

with six-membered cyclic amine heads with a high mRNA
loading. Subcutaneous delivery of L17-FO5 mRNA vaccines led
to selective accumulation in APCs of the lymph nodes activated
STING pathway in macrophages, enhanced innate immune
responses, upregulated proinflammatory genes, including
IFNb1, IL-6, and TNF, and IFN-I production, which promoted
maturation of APCs. L17-FO5 mRNA vaccines encoding OVA,
Gp100 and Trp2 inhibited tumor growth and prolonged the
survival of mice bearing B16F10 melanoma.'?**"*°
Furthermore, agonists for TLR and STING have been used in
multifunctional LNPs to either co-deliver both antigen and
molecular adjuvants as one vaccine or to act as adjuvant thera-
pies to mMRNA vaccines.'*>'"  LNP-delivered cGAMP
(cGAMP-NP) effectively activated STING pathway and induced
innate and adaptive host immune responses to preexisting
tumors in a mouse triple negative mammary tumor model (C3
(1)Tag). cGAMP-NP treatment induced M2 to M1 macrophage
transition, increased intratumoral infiltration of IFN-
y-producing CD8" T cells and further prevented the develop-
ment of secondary tumors.'*® Systemic administration of
stearic acid lipid nanoparticles with ovalbumin (OVA)-coding
mRNA and TLR4 agonists (MPLA) led to the selective delivery
in the spleen and induced strong antigen-specific cytotoxic T
cell response and persistent immune memory, preventing the
growth of EG.7-OVA tumors."*® Taken together, by designing
NPs for efficient co-delivery of both neoantigens and synergis-
tic adjuvants, the engineered nanovaccines can elicit potent
neoantigen-specific immune responses. By targeting sites of
the lymphoid system or TME, and stimulating the innate and
adaptive immune response, these nanocarriers with multiple
agents can promote DC maturation and antigen presentation,
and ultimately abrogate immunosuppression in TME.

NP-mediated modulation of
costimulatory molecules and signals
regulating CD8™ T cell function

An effective T-cell response involves a coordinated effort of
various immune cells. This collaborative and orchestrated
response from macrophages, DCs, B cells, NK cells, and neu-
trophils ensures the elimination of threats and the establish-
ment of immune memory for future protection while conver-
sely impacting T cell function through costimulatory mole-
cules and cytokine production, ultimately shaping the inflam-
matory milieu. Cytotoxic T cell activity is tightly regulated by
functional status of CD8" T cells, cytokines and immune
checkpoint factors." Costimulatory molecules play a pivotal
role in regulating immune responses. They ensure T cells
receive adequate signals before initiating an immune
response. Nevertheless, there are two types of signals crucial in
manipulating response. They can provide signals that either
enhance (immunostimulatory) or dampen (immunoinhibitory)
the activation of immune cells, particularly T cells. Cytokines
such as IL-2, IL-12, IL-21, IL-15 and IL-18, have been shown to
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be involved in the activation of T cell function."*
Immunostimulatory molecules like CD28, CD40, and ICOS
provide signals that promote the activation, proliferation, and
effector functions of T cells>® whereas immunoinhibitory
molecules like PD1, LAG3, and CTLA-4 provide signals that
suppress T cell activation, preventing excessive immune
responses. Additionally, the release of immunosuppressive
soluble factors, TGF-f, and cytokine IL-6, and IL-10, further
contributes to the hostile tumor environment acting to down-
regulate T cell function, impairing their ability to recognize
and eliminate cancer cells.>**®'>! The balance between immu-
nostimulatory and immunoinhibitory signals is critical for a
functional immune system and maintaining immune homeo-
stasis. Therapeutically modulating these signals can have over-
whelming results for treating cancer, from enhancing immune
responses against cancer.

NPs are ideal carriers for delivery multiple immunostimulant
agents

NPs can be used to target different cellular receptors that have
been implicated in controlling T cell homeostasis.
Incorporating biomolecules with T cell activation function,
such as small molecules, nucleic acids, peptides, and proteins
in the NPs can enhance T cell activity via direct interaction or
uptake by cells. NPs are used as a combined immunotherapy
to enhance immune activation and reverse immunosuppres-
sion by efficiently delivery into immune organs to activate T
cells,"? influencing costimulatory receptors on T cells, such as
4-1BB and OX40, or delivering stimulating agents, i.e. anti-
bodies,'> checkpoint inhibitors'>* or the combination of
both.' It has been shown that conjugating anti-CD40 anti-
body and CpG to the surface of PEGylated liposomes,
restricted the immunostimulatory effect to the treated tumor
and lymph nodes, resulting in tumor growth inhibition while
minimizing the inflammatory side effects associated with sys-
temic exposure to these agonists.’>® An “Immunoswitch par-
ticle” consisting of iron-dextran NPs conjugated with an agon-
istic antibody against 4-1BB (a co-stimulatory receptor on
effector T cells) and antagonistic antibodies against PD-L1 was
developed, which enabled the simultaneous blockade of the
inhibitory checkpoint PD-L1 signal and stimulation of T cells
via the 4-1BB co-stimulatory pathway.’®” In mouse melanoma
and colon cancer models, co-delivery of those immunomodu-
latory agents led to a stronger anti-tumor effect compared to
that of the single antibody treatment. Activation of tumor-
specific T cells was evident by increased IFN-y production,
CD107a expression, and detection of polyclonal T cell reper-
toires against various tumor antigens.'®” In another approach,
phospholipid-derived NP, PL1, was developed to deliver
0OX40 mRNA, a costimulatory receptor for activating CD8 and
CD4 T cells. Results showed that PL1-OX40 mRNA NPs
induced the OX40 expression in both T cells and DCs in vitro
and in vivo. Furthermore, a combination of PL1-OX mRNA
delivery with an agonistic anti-OX40 antibody exhibited signifi-
cantly improved antitumor activity compared to anti-OX40
antibody alone in multiple mouse tumor models."*® In both
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A20 lymphoma and B16F10 tumor mouse models, the above
therapy was further combined with anti-PD-1 and anti-CTLA-4
antibodies, resulted in enhancement in the immune response,
reduced lung metastasis and protected from B16F10 tumor
cell re-challenging.'>®

In addition, NPs act as carrier systems targeting prominent
immune checkpoint receptors and their interactions with
cognate ligands to maintain T cell activation over an extended
duration. NPs have the ability to carry different immunostimu-
latory agents to block or silence specific genes in order to
improve the responsiveness of cancer immune checkpoint
therapy to activate cytotoxic effect of CD8" T cells.’*>'®® To
overcome immune exhaustion, a PD-1 gene engineered
exosome together with an immune adjuvant imiquimod (PD1-
Imi Exo) was used to block the PD1/PDL1 while releasing imi-
quimod to promote the maturation of dendritic cells. The
treatment reversed the effect on the immune exhaustion
through activating and restoring function of CD8" T cells while
increasing the memory T cells in the spleens.'®" Results
showed that PD1-Imi Exo had a strong binding with both
cancer cell and DCs, and demonstrated a remarkable thera-
peutic efficacy in the melanoma tumor-bearing mice as well as
in the mammary tumor-bearing mice.'®* By combining mul-
tiple stimulatory agents targeting the various mechanisms
involved in t cell activation, it was possible to reverse CD8" T
cell exhaustion and increase CD8" T cell cytotoxic activity.

NPs overcome the limitations and risk of cytokine therapy

Cytokines are small proteins that play crucial roles in immune
responses, acting as signaling molecules that regulate immune
cells via proliferation and survival, immunomodulation, and
differentiation. They are produced by a variety of cells, includ-
ing immune cells such as macrophages, T cells, and B cells, as
well as non-immune cells like fibroblasts and endothelial
cells.’*>*®? Delivery of immunostimulatory cytokines to acti-
vate immune cells, especially CD8" T cells, showed promises
in cancer immunotherapy, however the pluripotent effects of
cytokines and systemic side effects limit their clinical appli-
cations.'®® Using NP to deliver cytokines involved in the differ-
entiation and activation of T cells, such as IL-2 and IL-12,
blocking cytokines/agonists involved in immunosuppression
like IL-15 and GMCSF or a combination of different cytokines,
the effects of significant tumor growth inhibition and
reduction in systemic toxicity have been demonstrated in
various mouse tumor models."® 7" For example, IL-2 is a
potent T cell activator for immunotherapy, but has severe sys-
temic toxicity. Thus, IL-2 was loaded into porous silica NPs
(degradable nanoBALL), which improved intratumoral delivery
of IL-2 following intravenous injection, resulting in a sustained
and targeted release in the tumors in the B16F10 mouse
tumor model'®* Such an approach also showed significant
improvement in pharmacokinetics in healthy non-human pri-
mates following both SC and/or 1V injection.'®* The sustained
and targeted release kinetics stimulated the proliferation of
CDS8" T cells without affecting the development of regulatory T
cells, a common side effect associated with excessive IL-2. NP
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delivery of IL-2 not only accelerated the recruitment of NK,
DCs and T cells in vivo at the tumor site and secondary lym-
phoid organs but also showed no notable exhaustion or immu-
nosuppressive effects on functional T cells, including CD8"
and CD4" T cells."® The treatment resulted in stronger anti-
tumor efficacy at lower doses, thereby reducing systemic tox-
icity compared to systemic IL-2 in both subcutaneous and
orthotopic mouse melanoma models.

The ability of nanodelivery systems to generate long-lasting,
tumor-specific immune responses without the toxicity, was
further shown to enable the combination of multiple thera-
peutic approaches. Notably, preclinical studies demonstrated
efficacy of NP-mediated delivery of IL-12 alone and in combi-
nation with other treatments like chemotherapy in several
cancer types.'®”'7>717% These data led to the development of
EGEN-001 (GEN-1), which is a novel immunotherapeutic agent
comprising a human IL-12 expressing plasmid encapsulated
within a synthetic polyethyleneglycol-polyethyleneimine-
cholesterol (PPC) designed to facilitate plasmid delivery
in vivo. In ovarian tumor bearing mice, this NP was able to
shift the immune response towards a Th1 state, improving
mouse survival after treatment with GEN-1 alone or with taxol/
paraplatin chemotherapy.'”® Results from a clinical trial in
ovarian cancer patients with recurrent or persistent epithelial
ovarian cancers (EOC) showed that the combination of GEN-1
with pegylated liposomal doxorubicin induced partial
responses with a clinical benefit of 57.1% in the patients.
Intraperitoneal delivery led to NP/drug accumulation in perito-
neal cavity and increased the levels of IFN-y and TNF-q,
demonstrating activation of immune pathways that are impor-
tant to T cell activation and function."’® NPs have also been
used to deliver cytokines and/or agonists that block immuno-
suppressive factors within the TME while simultaneously sti-
mulating key immune effector cells. For example, a bio-
degradable core-shell NP that combines features of PEGylated
liposomes and polymers enabled sustained and simultaneous
release of both hydrophobic drugs and hydrophilic cyto-
kines.'® Nanoscale liposomal polymeric gels (nanolipogels;
nLGs) encapsulated with IL-2 and TGF-p receptor-I inhibitor,
SB505124, was developed."® Treatment with nLGs releasing
TGF-p inhibitor and IL-2 significantly delayed tumor growth
and increased survival in B16/B6 melanoma-bearing mice."*®
It has been shown that the antitumor effect was induced by
increasing in the activity of NK cells and intratumoral infiltra-
tion of activated CD8" T-cells while reducing the accumulation
of regulatory T cells after intratumoral or systemic adminis-
tration. Additionally, LNPs encapsulated with mRNAs encod-
ing cytokines, including IL-12, IL-27 and GM-CSF, have been
developed. By engineering ionizable lipids containing di-
amino and various head groups, two or more mRNAs were
encapsulated in the NPs while also influencing the particles’
interactions with cellular and endosome membranes.
Successful delivery of three types of cytokine mRNAs into
tumors and tumor growth inhibition have been demonstrated
in a melanoma tumor model."”” Intratumoral injection of the
NP/cytokine mRNAs led to a marked infiltration of immune
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effector cells, including IFN-y and TNF-a producing NK and
CD8" T cells in tumors."””” NP-mediated delivery of multiple
cytokines has the potential to orchestrate a coordinated and
potent immune response against cancer cells by boosting or
prolonging immune responses.

T cell activation by modulation of the
TME using combinatorial approaches

The TME plays a pivotal role in regulating T cell activity,
impacting therapeutic response to immunotherapy. Within the
TME, various cells and factors interact to create a complex
milieu that can either promote or suppress the function of
cytotoxic T cells. Tumor-infiltrating lymphocytes, including
CD8" cytotoxic and CD4" helper T cells, are central to mount-
ing an effective anti-tumor immune response. However, the
presence of immune suppressive cells such as regulatory T
cells, MDSCs, and tumor-associated macrophages (TAMs), and
cancer-associated fibroblasts (CAFs) can hinder activation and
function of effector T cells. Additionally, factors secreted by
the tumor and stromal cells, such as cytokines (e.g., TGF-f,
and IL-10) and metabolites (e.g., adenosine), contribute to the
immunosuppressive environment within the TME, further
dampening T cell responses. In addition to the TME compo-
sition, tumors present a variety of physical barriers that limit
the activity of T cells within the TME, including the dense
extracellular matrix, which can physically impede T cell infil-
tration in the tumor. Additionally, tumors often exhibit abnor-
mal vasculature and high interstitial fluid pressure, further
hindering T cell migration and function within the TME.
Therefore, NPs with the ability of targeting and overcoming
these barriers to modulate the TME into a favorable setting for
T cell activation can enhance the effect of immunotherapy.

NPs transforming the physiological landscape in the TME

NPs have been engineered to target specific molecules or func-
tional status of immune cells, such as macrophages, DCs, or T
cells, in the TME."”®'®® For example, LNPs produced from
sugar-alcohol-derived ionizable lipids encapsulated with
mRNAs encoded with either CD40 ligand or CD40 were devel-
oped as a CATCH approach to enhance immune response by
modulating an immunosuppressive TME.'*® Delivery of LNPs
containing CD40 ligand mRNA induced immunogenic cell
death in tumors to release of tumor-associated antigens as
well as increased CD40 ligand expression. Adoptively trans-
ferred dendritic cells containing lipid nanoparticle encapsulat-
ing CD40 mRNA were then activated by the CD40 ligand mole-
cules expressed in tumor cells, which led to the production of
cytokines and chemokines, and the upregulation of co-stimu-
latory molecules on dendritic cells.'®® The combined treat-
ment reprogrammed the TME and primed the T-cell
responses, which resulted in the reduction of the established
tumors, suppresses the development of distal metastatic
lesions, and protection from tumor cell re-challenging in
mouse melanoma and colon cancer models."®® Taking advan-
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tage of the upregulation of specific biomarkers implicated in a
poor response in pancreatic ductal adenocarcinoma, such as
CXCR4 and PD-L1, PEG-modified mesoporous Cu,MoS, NPs
loaded with PD-L1 inhibitor (BMS-1) and CXCR4 inhibitor
(Plerixafor) were developed.'®* Treatment with the NP/drug
actively remodeled the TME, resulting in increased production
of immunostimulatory cytokines, INF-y and IL-12, and
decreased levels of immunosuppressive cytokines, IL-6, IL-10
and IFN-a, which then led to increased infiltration and acti-
vation of CD4" and CD8" T cells in a mouse pancreatic tumor
model. The effect of tumor growth inhibition was demon-
strated in the mouse tumor model.'®* This evidence supports
an alternative approach of targeting costimulatory or modula-
tory molecules on the T cell surface and expanding the focus
to the TME that is also capable of activating effector T cell
function."®*

Alternatively, NPs can be used to reduce the effect of the
negative regulatory cells on function and differentiation of
APCs and effector T cells, by targeting MDSCs, regulatory T
cells, TAMs or cancer-associated fibroblasts (CAFs)."*>"'%® For
example, a combination of liposomes encapsulating phosphoi-
nositide 3-kinase gamma (PI3Ky) inhibitor (IPI-549) and
photosensitizer chlorin e6 with photodynamic therapy showed
an enhanced therapeutic response in the CT 26 mouse colon
cancer model through photodynamic therapy induced immu-
nogenic tumor cell death and PI3Ky inhibition in the myeloid-
derived suppressive cells (MDSCs).'®®> Moreover, M, macro-
phage binding peptide (M2pep) conjugated hollow copper
sulfide NPs (CuS NPs) loaded with an immunomodulatory
agent, imiquimod, could self-assemble into supramolecular
aggregates following targeted delivery into M, macrophages to
efficiently drive reprogramming them into M1 macrophages in
tumors. In combination with the hyperthermia property of
CuS NPs, the treatment induced immunogenic cell death of
tumor cells, increased tumor infiltration of APCs, and CD4+
and CD8+ T cells in the 4T1 mouse mammary tumor model,
leading to the tumor growth inhibition and improvement of
mouse survival in the above tumor model.*®®

In another approach, a TME responsive PEG-S-S-PLA NP
carrying IL-12 gene expressing plasmids and PLX3397, an
inhibitor for colony-stimulating factor-1 receptor (CSF-1R)
(pIL-12 + PLX@cR-PssPD) disintegrated following delivery into
a highly reducing TME to release of the CSF-1R and IL-12
expressing plasmid DNA.'®® Intraperitoneal delivery of pIL-12
+ PLX@cR-PssPD inhibited the growth of primary tumor and
reduced peritoneal metastases in the CT26 mouse colon
cancer model. The treatment led to the activation of CD4" and
CD8" T cells, promotion of the repolarization of TAMs,
reduction of MDSCs and regulatory T cells, and increases in
DC maturation and secretion of anti-tumor cytokines.'®® To
advance further, another study used tunable components to
generate a NP with the ability to induce tertiary lymphoid
structures (TLSs) in tumors. One of the key components for a
response to immunotherapy is the formation of TLSs since
this site is where the adaptive immune response initiates,
including processing tumor-associated antigens by APCs, gen-
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erating a large number of B cells within the TLSs, and activat-
ing specific T cells to locally enhance antitumor immunity. A
nanovaccine consisting of Epstein-Barr virus nuclear antigen 1
(EBNA1) and a bi-adjuvant of Mn2" and CpG formulated with
tannic acid was developed®® (Fig. 5A and B). In a nasopharyn-
geal carcinoma mouse model, this nanovaccine was not only
able to significantly foster TLSs’ formation but also enhance
local immune responses, leading to a delay in tumor out-
growth, and prolonging the median survival time of the
mice."”® These NPs were able to remodel the TME by acting on
DCs’ membrane lymphotoxins-« and - pathways, sub-
sequently enhancing the expression of downstream chemo-
kines, CCL19/CCL21, CXCL10 and CXCL13, in the TME,
enhancing the normalization of blood vessels, lymphatic
vessels, and high endothelial venules in tumors, which were
more conducive to reducing the interstitial pressure of tumors
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and facilitating the migration or homing of peripheral lympho-
cytes to tumors'® (Fig. 5C and D). Therefore, NPs can be used
to induce substantial changes in the TME, especially in solid
tumors to provide necessary conditions for motivating multi-
functioning T cells in the tumors.

Achieving therapeutic synergy with novel NP formulations

By strategically designing, loading and manufacturing NPs,
researchers can create simultaneous and/or sequential
immune stimulatory/modulatory therapeutic effects that can
be used in combination with other therapies. For example, to
activate immune responses in immune ‘cold tumor’, such as
pancreatic cancer, a lipid-bilayer coated mesoporous silica NP
carrying dual oxaliplatin and IDO inhibitor (OX/IND-MSNP)
has been developed'® (Fig. 6A). Chemotherapy drug,
Oxaliplatin (OX), can induce immunogenic cell death in tumor
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Fig. 5 Effect of tertiary lymphoid mimicking nanoparticle on TME modulation. (A) Nanovaccine consisting of Epstein—Barr virus nuclear antigen 1
(EBNA1) and a bi-adjuvant of Mn2+ and CpG formulated with tannic acid (pECM) with different components formulated by hydrogen bond inter-
action. (B) Confocal microscopy photograph of localization of pECM in Raw264.7. Blue: DAPI; green: LysoTracker Green; red: Cy5-labeled
EBNA1A93-236. (C) Timeline of vaccination and evaluation of the mouse injected with NPC cells. (Left) Tumor growth curves of different treatment
groups. (Right) Survival curves of different treatment groups. (D) Cytokine levels by flow cytometry and ELISPOT. Reproduced from Wen et al., ACS
Nano, 2023, 17, 7194-7206, with permission from American Chemical Society.
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cells. Indoleamine 2,3-dioxy-genase (IDO) controls immune
surveillance by converting r-tryptophan to r-kynurenine (Kyn),
which interferes in the development of cytotoxic T cells and
induces regulatory T cells. Systemic delivery of OX/IND-MSNP
led to selective accumulation in orthotopic pancreatic tumors
and significant inhibition of tumor growth. The treatment also
increased recruiting cytotoxic T lymphocytes into tumors and
reduced the level of Foxp3™ regulatory T cells'®" (Fig. 6B-E).
Additionally, researchers have begun integrating multiple
manufacturing approaches to develop a one-step formulation
of NPs designed with immune potentiating, and T cells-
priming activities. Using controllable self-assembling into
desired nanostructures by rationally designed oligonucleotide
sequences, DNA has been used as a biomaterial to produce
size and shape defined nanostructures.'*>'® Using DNA nano-
complexes as scaffolds, various metal ions can bind to DNAs
via coordination interactions and assemble into metal-DNA
nanostructures. Results of a recent study showed that intratu-
moral administrations of metal-DNA NPs produced by incor-
porating an immunostimulatory CpG oligonucleotide formed
nanostructures with a high level of gold ions enhanced the
photothermal effect in the CT26 mouse colon cancer model.
CpG-gold NP (CpG-GDS) treatment in combination with a laser
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irradiation not only abolished primary SC tumors but also pre-
vented the growth of lung metastatic lesions following the
tumor cell re-challenging. Importantly, the combination
therapy induced high levels of inflammation cytokines, IL-6,
IL-12, and TNF-q, in the serum of mice, activated DCs and pro-
duced strong immune responses to inhibit tumor growth after
tumor cell re-challenging.'®® Additionally, a metal “X”
Framework consisting of CpG DNA oligodeoxynucleotides and
metal iron Hf4+ (Hf-CpG) has been shown to enhance the
therapeutic effect of radiotherapy, resulting in elimination of
primary tumors, inhibition of tumor metastasis and prolonged
survival in the CT-26 mouse colon cancer model following
intratumoral delivery of Hf-CpG and radiation therapy.
Increased therapeutic response was found to be associated
with activation of DCs and CD8" and CD4" T cells as well as
the percentage of effector memory T cells. Higher levels of
TNF-a and IFN-y were also detected in mice following the com-
bination therapy.'®® Taken together, these delivery platforms
can be engineered with specific immunomodulatory function
(s) such as T cells priming, activation, proliferation, expansion,
and memory that can be used alone or in conjunction with
current treatment modalities creating novel promising nano-
mediated therapeutic approaches.
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Fig. 6 Effect of a lipid-bilayer coated mesoporous silica nanoparticle carrying dual oxaliplatin and indoleamine 2,3-dioxy-genase (IDO) inhibitor
agents on tumor growth inhibition and activation of T cell response in a mouse pancreatic cancer model derived from a KPC transgenic mouse
tumor cells. (A). Schematic of the structure of an OX/IND-MSNP. A lipid bilayer (LB) containing lipid conjugated IDO inhibitor, indoximod (IND) and
stable entrapment of oxaliplatin (OX) in the pores that is sealed by a coating. (B) Systemic delivery of OX plus IND-NV by MSNP induced effective
tumor growth inhibition in the KPC mouse pancreatic cancer model. Representative IVIS imaging of tumor volumes shown as intensity of bio-
luminescence signals on days 10, 18, 27, and 36. (C) OX/IND-MSNP treatment significantly increased survival of tumor bearing mice. (D & E) The
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Conclusions

Summarizing the potential of nanotechnology in T cell
activation

NPs offer a promising avenue for addressing numerous chal-
lenges encountered by cancer immunotherapy. With a focus
on T cell activation, the adaptability of NPs facilitates the
design for specific functions. These rationally engineered NPs
carry immunoactivating and modulating agents, either as
single or combination, to act upon critical steps in the induc-
tion of a tumor specific T cell response. Recognizing their
potential to influence various facets of T cell activation, such
as serving as artificial antigen-presenting cells (aAPCs) and
acting as nanocarriers for tumor antigens, diverse costimula-
tory molecules and cytokine signaling. NPs can strategically
target different stages of the T cell activation process. This tar-
geted approach enables NPs to enhance the key signals
required for the optimal activation and functioning of T cells.
Considering the diverse nature of NPs, they can function as
synthetic immune cells, transporting a spectrum of small
molecules, peptides, proteins, antibodies, and DNAs/RNAs.
These NPs can be equipped to carry specific antigen peptides
for TCR/MHC recognition, costimulatory molecules to
enhance or prolong the response, and deliver cytokines/
chemokines crucial for the differentiation and development of
immune effector cells that are necessary for an effective anti-
tumor response. By engineering multifunctional NPs, it
becomes possible not only to overcome challenges in tumors
but also to synergize with different therapies and remodel the
TME to foster potent efficacy. Studies have demonstrated that
NPs can activate both endogenous and adoptively transferred
cells, highlighting their capacity to influence the immune
response. The versatility of NPs is evident in their ability to act
on T cells in vitro, ex vivo, and in vivo, as demonstrated in
various research studies.'®**°® Given the growing emphasis on
T cell-based immunotherapies, researchers are directing their
efforts towards identifying the optimal T cell subset and modi-
fications to the TME that can support this ideal T cell subset.
Therefore, comprehending the T cell activation cascade and
applying that knowledge to NPs holds the potential to contrib-
ute to the development of optimal therapies. The mechanisms
of action of these NPs vary depending on the modifications
made to the NPs, therefore they can be used for a personalized
approach by essentially combining releasing immune brakes
(inhibiting immune suppressors) while simultaneously step-
ping on the gas (activating antitumor immune cells). The
promising aspect of this design is its ability to precondition
the tumor milieu into a favorable environment for proper T
cell function, both for endogenous and adoptively transferred
T cells.

Future prospects and developments

Identifying promising candidates that target various mecha-
nisms of T cell activation is crucial for advancing the devel-
opment of nano-based immunotherapies. By targeting the
various critical steps required for effective immunity against
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cancer cells or the cancer-immunity cycle, including release
of cancer cell antigens, antigen presentation, priming and
activation of T cells in secondary lymphoid organs, traffick-
ing of activated T cells to tumors, infiltration of T cells into
tumors, recognition of cancer cells by tumor-infiltrating T
cells, and T cell-mediated selective targeting and killing of
cancer cells,"* NPs can be combined with multiple therapies
and functions in order to improve current treatment modal-
ities. NPs have been designed to not only target specific
cells and increase infiltration of T cells in tumors, but also
encapsulate different agents (i.e., metabolic, tumor-respon-
sive, immunotherapy, and/or chemotherapy) to work syner-
gistically to overcome the physical barriers presented by
solid tumors. These NPs can target multiple cell death and
survival mechanisms of tumor cells (i.e., autophagy, immu-
nogenic cell death, and apoptosis), leading to sustained and
precise “on tumor” activation of T cells and therapeutic
efficacy. We anticipate that those immunotherapy
approaches have the potential for adjuvant therapy following
surgery to remove primary tumors or the combination
therapy for surgically unresectable, locally advanced, and
metastatic cancers. By identifying novel antigens/receptors,
optimizing cellular fitness, enhancing cell-cell interactions,
and activating key signal pathways for developing multifunc-
tional NPs with specific immunological function, it is poss-
ible to create artificial immune cells that mimic and
mediate immune response to overcome immune evasion in
tumors. These NPs can supply many essential signals
required for T cell activation, and their formulations can
be fine-tuned to achieve outcomes that are crucial for a
robust immune response. By delivering these necessary
signals, the NPs can activate the immune effector cells and
enhance immune response in an immunosuppressive TME.
Moreover, these NPs can be tailored to individual patients,
addressing specific deficiencies and requirements to
enhance each patient’s immune response to personalized
therapeutic strategies. Through the conjugation of ligands to
the NP’s surface and the encapsulation of diverse payloads,
these NPs can be intricately designed to meet specific thera-
peutic objectives for effective inhibition of tumor growth,
activation of tumor specific immune response and reduction
of systemic toxicity associated with cancer therapeutic
agents. Therefore, advances in understanding mechanisms
and signal molecules in regulation of activation of tumor
specific T cells should allow designing more effective immu-
notherapy NPs that carry multiple immune stimulatory/mod-
ulatory agents for efficient delivery into tumors with con-
trolled simultaneous or sequential release of those agents
for cancer immunotherapy.

Data availability

No primary research results, software or code have been
included and no new data were generated or analyzed as part
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