7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

The recent advancements in protein nanoparticles

{ '.) Check for updates ‘
for immunotherapy

Cite this: Nanoscale, 2024, 16, 11825

Miaomiao Xu, 22 Siyuan Wei,? Lifan Duan,? Yifan Ji,® Xiaofan Han,” Qipeng Sun® and
Lixing Weng (=) *2

In recent years, the advancement of nanoparticle-based immunotherapy has introduced an innovative
strategy for combatting diseases. Compared with other types of nanoparticles, protein nanoparticles have
obtained substantial attention owing to their remarkable biocompatibility, biodegradability, ease of
modification, and finely designed spatial structures. Nature provides several protein nanoparticle plat-
forms, including viral capsids, ferritin, and albumin, which hold significant potential for disease treatment.
These naturally occurring protein nanoparticles not only serve as effective drug delivery platforms but
also augment antigen delivery and targeting capabilities through techniques like genetic modification and
covalent conjugation. Motivated by nature’s originality and driven by progress in computational method-
ologies, scientists have crafted numerous protein nanoparticles with intricate assembly structures,
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showing significant potential in the development of multivalent vaccines. Consequently, both naturally
occurring and de novo designed protein nanoparticles are anticipated to enhance the effectiveness of
immunotherapy. This review consolidates the advancements in protein nanoparticles for immunotherapy
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1. Introduction

Immunotherapy constitutes a therapeutic strategy meticu-
lously formulated to proficiently stimulate the organism’s
immune system, effectively addressing a range of diseases,
notably cancer, influenza, and pneumonia."™ For instance,
cancer immunotherapy has garnered prominence in recent
decades by rectifying deficiencies inherent in conventional
cancer treatment methods, such as pronounced cytotoxicity,
limited control over metastatic cancer cells, and elevated recur-
rence rates.® ' However, the current efficacy of immunother-
apy for diverse diseases is hindered by factors such as insuffi-
cient infiltration of immune-suppressive cells, inadequate tar-
getability, and inefficient antigen presentation.'"'>

The emergence of nanoparticles (NPs), facilitated by
advancements in nanotechnology, introduces a novel approach
for augmenting the effectiveness of immunotherapy."**® Their
distinctive size, spanning 1-1000 nm, enhances the per-
meability and retention (EPR) effects, facilitating capture by
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across diseases including cancer and other diseases like influenza, pneumonia, and hepatitis.

antigen-presenting cells (APCs)."*'® Furthermore, the unique
modifiability of NPs allows for decoration with targeted mole-
cules, thereby reducing off-target effects in immunotherapy.'”
Moreover, due to their increased capacity for loading adjuvants
and antigens, NPs can serve as efficacious platforms in immu-
notherapy to enhance its overall efficiency.'®"°

In immunotherapy, NPs are typically categorized based on
their building blocks, including inorganic compounds, lipids,
polymers, and proteins.’""*'”?° NPs constructed from metal
and inorganic materials have been extensively employed to
enhance the pharmaceutical properties of anti-cancer drugs.
Certain NPs, such as mesoporous silica and gold nanospheres,
have played a role in immunogenic cell death (ICD)-mediated
cancer immunotherapy.>"*> However, concerns persist regard-
ing the biological toxicity and limited biodegradability of these
inorganic NPs.”*** Lipids, derived from hydrogenized and
detoxified derivatives of lipopolysaccharide (LPS), demonstrate
high biosafety and have been established as effective adjuvants
for activating immunity in cancer immunotherapy.”>>®
Additionally, owing to their favorable biocompatibility and
similarity to biofilms, lipid NPs serve as efficient carriers,
demonstrating competence as a delivery system in immu-
notherapy.”” However, the hydrophilic nature of lipid NPs
limits their ability to stably release drugs in the body, resulting
in a short half-life of drugs.*® Polymer-based NPs, such as poly
(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA), are
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approved by the U.S. Food and Drug Administration (FDA) and
hold promise for nanovaccine formulations in cancer treat-
ment, antiviral therapy, and antibacterial drugs.'®*°
Nevertheless, challenges, including low drug-loading rates,
issues with drug release, and special processing requirements,
must be addressed for extensive applications.>**!

Proteins, intricate in their sophisticated structures and ver-
satile functions, play integral roles in all fundamental life pro-
cesses.’” Compared with the basic monomeric form of
protein, protein nanoparticles (PNPs) exhibit superior per-
formance in functional control, stability, allosteric regulation,
and higher-order complexity.>** Specifically, these qualities
are evident in several aspects: (1) functional control: PNPs are
homomerized of a single kind of protein or heteromerized of
several kinds of different proteins. Thus, PNPs can serve as the
integrated platform for multiple protein functions.”***¢ By
chemical modification or genetic fusion on different protein
subunits, PNPs can realize the carrying of drugs and antigens
while targeting tumor cells or APCs.***’ Besides, by interven-
ing in the interaction between subunits of PNPs, controlled
release of cargo can be achieved.** (2) Stability: stability
encompasses two facets. Firstly, the inherent stability of PNPs
themselves, as many proteins are naturally stable or derived
from the body; secondly, the stability of functionalized PNPs
in carrying drugs and antigens. Functionalized PNPs can
deliver antigens in a reactive array, addressing issues like poor
antigen stability and insufficient immune stimulation com-
monly seen in traditional vaccines.>**”° (3) Allosteric regu-
lation: allosteric regulation occurs through the specific
binding of small molecular substrates or ligands to proteins,
thereby regulating their biological activity and functions.
Hemoglobin, an a2f2 tetrameric assembly which contains four
haem prosthetic groups, efficiently transports oxygen from the
lungs into tissues via allosteric regulation.®® Besides, by assem-
bly of allosteric protein into PNPs, drugs can be released con-
trollably under allosteric signals.?® (4) Higher-order complex-
ity: biomolecules exhibit remarkable complexity and diversity,
rendering them unique building blocks for generating pre-
cisely assembled components. Leveraging complex bio-
molecules to construct more intricate structures is essential
for achieving multifunctionality. Among biomolecules, pro-
teins stand out due to their inherent structural complexity,
which is both precise and controllable. Various structures of
PNPs have demonstrated high-order complexity, including
tubes, rings, knots, and cages, laying the foundation for
expanding the applications of PNPs.>>*! Besides, the intrinsic
high biocompatibility and biodegradability of PNPs make
them extensively applicable in immunotherapy.>**® Happily,
the FDA has already sanctioned two types of PNPs. The first,
Abraxane, is an albumin-bound paclitaxel NP utilized for treat-
ing breast and pancreatic cancer. The second, Ontak, is a
Denileukin diftitox NP, an engineered protein combining IL-2
and diphtheria toxin, designed for treating cutaneous T-cell
lymphoma.*

In cancer immunotherapy, PNPs mainly play two roles, as
platforms for carrying antigens, immune adjuvant, or drugs/

11826 | Nanoscale, 2024, 16, 11825-11848

View Article Online

Nanoscale

photosensitizers/photothermal agents, or themselves directly
as adjuvants for immune enhancement.?*?%%34* As for the
platforms, here we discuss them point-by-point according to
the different cargoes they carry. (1) antigens: PNPs can carry
cancer-related antigens through chemical conjugation or gene
fusion and act as cancer vaccines. PNPs with specific spatial
structures are easily captured by APCs to present cancer-
related antigens, thereby inducing specific T-cell immune
responses.*>*” (2) Immune adjuvants: PNPs can carry adju-
vants like CpG through covalent interaction and other
methods, further activating APCs by means of promoting the
maturation of dendritic cells (DCs) and the polarization of
tumor-associated macrophage (TAM) into the tumor-suppres-
sing M1 phenotype, also releasing inflammatory cytokines to
reverse the immunosuppressive tumor microenvironment.*87>°
(3) Drugs/photosensitizers/photothermal agents: due to the
hydrophobic interactions of proteins like albumin and the pH-
responsive characteristic of ferritin, various cargoes can be
loaded into PNPs. For example, loading with chemotherapeu-
tic drugs such as doxorubicin (DOX) and paclitaxel can induce
ICD and enhance anti-tumor immune responses, or loading
with photosensitizers/photothermal agents for photodynamic
therapy (PDT)/photothermal therapy (PTT) also can induce
ICD or generate reactive oxygen species (ROS) capable of
directly killing cancer cells.”’ ™ Achieving these processes
often requires PNPs to accumulate in cancer tissues via the
EPR effect or to acquire targeting abilities through molecular
modifications to target cancer cells. In addition to their role as
carriers, some PNPs, especially virus-like particles (VLPs), can
directly act as immune-activating adjuvants.** Even without
carrying other antigens or adjuvants, some VLPs such as
cowpea mosaic virus (CPMV) exhibit excellent anti-tumor
efficacy.”®

As for other diseases such as influenza, pneumonia, and
hepatitis, PNPs are also usually equipped with related antigens
and designed as vaccines. Similar to the design of cancer vac-
cines, PNPs present disease antigens through strategies such
as gene fusion or chemical conjugation, forming self-
assembled platforms that efficiently deliver antigens to APCs,
activating helper T cells, and further maturing B cells into IgG-
producing plasma cells.>® Additionally, the repetitive array of
antigens presented by PNPs can effectively activate multiple
B-cell receptors, thereby activating B cells.®® Therefore, as a
safe, functionalized, and multivalent antigen-presenting
vaccine platform, PNPs induce stronger and more sustained
neutralizing antibody titers, providing robust protection.®**®

Naturally occurring protein nanoparticles (NPNPs), such as
the ferritin nanocage and polyhedral virus capsid, represent
promising candidates for immunotherapy.’®®*®® Drawing
inspiration from nature, researchers have adeptly assembled
natural protein building blocks into sophisticated NPs or
modified the surfaces of certain NPNPs while retaining their
three-dimensional structures. These lines of research aim to
bolster the effectiveness of immunotherapy.'”-***3

In addition to naturally evolved protein building blocks,
computational methodologies have significantly contributed

This journal is © The Royal Society of Chemistry 2024
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to the progress in developing de novo designed protein build-
ing blocks. These novel designs enable exploration of the com-
plete sequence space of amino acids.®®®” In comparison with
their naturally evolved counterparts, de novo designed proteins
generally exhibit enhanced stability due to their adherence to
the physical principle of the lowest energy state.®*°®
Furthermore, scientists have employed a bottom-up strategy to
assemble these de novo designed protein building blocks into
highly ordered NPs, namely de novo designed protein nano-
particles (DPNPs), exploring their potential applications in
immunotherapy.**?”

Thus, in this review, we first outline the recent advance of
NPNPs in immunotherapy for cancer, and followed by a dis-
cussion of the applications of NPNPs and DPNPs in immu-
notherapy for other diseases (Fig. 1). Finally, we close with a
discussion of the challenges, and future directions of PNPs in
immunotherapy.
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2. Immunotherapy for cancer

Cancer poses a formidable public health challenge, resulting
in nearly 96 million deaths annually and emerging as the
second leading cause of global mortality.”” The American
Cancer Society projects approximately 2 million new cancer
cases and 609 820 cancer-related deaths in the United States
by 2023.7° In cancer immunotherapy, the typical approach to
achieving an anti-tumor effect involves activating APCs to
present antigens and stimulating anti-tumor-specific T lym-
phocytes to directly target and eliminate tumors.”
cancer immunotherapy faces challenges in immune tolerance
and other adverse reactions during clinical practice.”” For
instance, checkpoint blockade immunotherapy has demon-
strated remarkable anti-tumor effects on solid tumors, but
there is a need for refinement in its targeting strategy.”>”*
Adoptive cell transfer immunotherapy can significantly boost
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the induction of tumor-specific T cells, albeit with the poten-
tial for severe cytokine storms.”” Besides, while immune adju-
vants are commonly employed to enhance adaptive immune
responses, they encounter challenges such as susceptibility to
clearance by the body and limited immunogenicity.'*’® PNPs
offer a promising alternative in immunotherapy, capable of
augmenting anti-tumor efficacy by incorporating immune
adjuvants and integrating multiple therapeutic modalities.
Notably, the current understanding of DPNP applications in
cancer immunotherapy remains unclear based on the retrieved
research articles. Hence, the following discussion primarily
highlights recent advancements in NPNPs within the context
of cancer immunotherapy.

2.1 VLPs

VLPs are NPs ranging in size from tens to hundreds of nano-
meters, spontaneously assembled by viral capsid shell pro-
teins."” NPs containing antigens sourced from either viral or
non-viral origins, exhibiting a size and shape similar to the
virus, are also categorized as VLPs.””

In cancer immunotherapy, like other PNPs, VLPs can serve
as the platform to carry cargos. The surface of VLPs can be
equipped with tumor antigens, peptides, and small molecules
via surface modification. The inner cavity of VLPs can also
carry chemotherapy drugs, proteins, peptides and nucleic
acids.

It should be noted that more than half of global gene
therapy clinical trials utilize VLPs to transport genetic
material.”® This is evident in several ways: (1) many VLPs have
the innate ability to encapsulate nucleic acids from the host
cells they infect. For instance, RNA phage VLPs produced by
E. coli recombination can naturally encapsulate bacterial-
derived single-stranded RNAs (ssRNAs), which are recognized
by TLRs.” (2) Some plant viruses carry nucleic acids that can
also be recognized by TLRs, providing them with immune
stimulation potential. For instance, the nucleic acid carried by
CPMV itself can be recognized by cytoplasmic TLR7, thereby
inducing cytokine secretion and enhancing its anti-tumor
immune function.®® (3) VLPs lacking their own genome can
readily encapsulate therapeutic nucleic acids like CpG oligo-
deoxynucleotide for cancer immunotherapy.”®%*

Apart from the delivery capability, the noteworthy reason
behind the high regard for VLPs as a promising platform for
cancer immunotherapy lies in their structural similarity to real
viruses, and VLPs of diverse shapes and sizes create conditions
conducive to efficient drainage to lymph nodes and the
capture of APCs like DCs, thereby achieving immune
activation.®®77-%?

Moreover, some VLPs themselves can also serve as adju-
vants. Plant-derived VLPs are non-infectious, have low toxicity
in animals whether carrying genetic information or not, and
can stimulate the immune system. Animal-derived VLPs
without genetic information possess advantages such as
natural biocompatibility, high immunogenicity, low allergeni-
city, and high clinical efficacy while alleviating concerns
regarding contagion.
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These unique advantages of VLPs enable their participation
in a wide array of combined cancer therapies, encompassing
chemotherapy, radiation therapy and PDT.*"**%* The VLPs
introduced here encompass some plant/animal-derived viruses
and oncolytic viruses (OVs) capable of specifically infecting
cancer cells (Fig. 2). We also summarize the applications of
VLPs in cancer immunotherapy, as shown in Table 1.

Numerous studies have explored the application of plant
virus-derived VLPs in cancer immunotherapy. CPMV, an icosa-
hedral VLP non-infectious to mammals, has demonstrated
superior anti-tumor effects as an immune stimulator com-
pared with various other VLPs. In a previous investigation,
Beiss et al. established CPMV’s efficacy as an in situ vaccine for
cancer immunotherapy through in vivo experiments, surpass-
ing cowpea chlorotic mottle virus (CCMV), physalis mosaic
virus (PhMV), sesbania mosaic virus (SeMV), bacteriophage Qf
VLPs, and hepatitis B virus capsids (HBVc).>® Subsequently,
Beiss et al. extended the comparison to other plant-generated
viruses, such as cowpea severe mosaic virus (CPSMV) and
tobacco ring spot virus (TRSV), in the context of cancer immu-
notherapy. Results from a mouse dermal melanoma model
revealed that CPMV, as an in situ vaccine, exhibited signifi-
cantly superior anti-tumor efficacy compared with CPSMV and
TRSV (Fig. 2a).*> CPMV could significantly stimulate the pro-
duction of pro-inflammatory cytokines in lymphocytes within
the draining lymph nodes (DLN) of tumor-bearing mice.
Besides, it has been confirmed that the action of three plant
viruses was reliant on the adapter molecule MyD88 from the
experimental results of the mouse knockout (KO) model.
Interestingly, in comparison with the other two VLPs, the
absence of TLR2 or TLR4 signaling did not diminish the
ability of the CPMV in situ vaccine to induce interferon-f (IFN-
). Additionally, the mouse KO model revealed that TLR7 sig-
naling played a pivotal role in mediating the effectiveness of
CPMV-induced IFN-$ production, highlighting its significance
in generating differential responses. Moreover, CPMV induced
more robust and persistent pro-inflammatory -cytokines,
suggesting an immune memory response. Another study by
Beiss et al. compared the immunogenicity and cancer immu-
notherapy efficacy of chemically inactivated CPMV containing
nucleic acids with non-infectious VLPs of CPMV devoid of
nucleic acids. In vivo experiment results indicated that chemi-
cally inactivated CPMV more effectively reduced tumor volume
and increased the survival rate compared with empty CPMV.*°
These findings underscore CPMV VLP’s role as a potent
immune stimulator in cancer immunotherapy.

Other NPs derived from plant viruses, such as tobacco
mosaic virus (TMV) and potato virus X (PVX), have demon-
strated potential as vaccines for cancer immunotherapy. TMV
has been observed to activate MAPK and NF-kB pro-inflamma-
tory signaling pathways via TLR4, leading to the polarization
of macrophages into M1 phenotype and the production of
inflammatory cytokines.®” Nkanga et al utilized TMV to
deliver a small-molecule TLR7 antigen for cancer photother-
mal immunotherapy.?® In an example of combined immu-
notherapy and chemotherapy, Lee et al. loaded the chemo-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The utilization of certain VLPs in the context of cancer immunotherapy. (a) Anti-tumor effects of CPMV, CPSMV, and TRSV as cancer immu-
notherapy vaccines [reprinted with permission from ref. 85; Copyright (2022) American Chemical Society]. (b) Synthesis of PVYX-DOX and tumor
growth curves of different groups [reprinted with permission from ref. 51; Copyright (2017) American Chemical Societyl. (c) Synthesis of
CPMV-1V209, CCMV-1V209, and Qp-1V209 particles [reprinted with permission from ref. 48; Copyright (2023) American Chemical Society]. (d)
Schematic diagram of the self-assembly mechanism of p22 VLP vaccines and tumor growth curves from the prophylactic tumor inhibition model
[reprinted with permission from ref. 91; Copyright (2021) Elsevier]. (e) Schematic representation of the self-assembly process of hybrid fluorescent
VLPs and images depicting B16-OVA tumors and lung metastases isolated from immunized mice in various groups at the end of the treatment
period [reprinted with permission from ref. 45; Copyright (2020) American Chemical Societyl. (f) FH VLP design strategy and tumor growth curves
from two mouse tumor models [reprinted with permission from ref. 94; Copyright (2022) American Chemical Societyl. (g) Schematic of biometric
PNPs stimulating immature dendritic cell (iDC) to mature dendritic cell (mDC) through loading antigen peptides and CpG, and the bar chart of
enhanced activation of BMDCs by CpG encapsulated in E2 PNPs (termed as CpG-E2) [reprinted with permission from ref. 97; Copyright (2013)
American Chemical Society].
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Table 1 The applications of VLPs from different sources in cancer immunotherapy
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Carrying
virus
genome or Therapeutic effects (in the mouse
Sources Types not Immune strategies model) Ref.
Plant viruses CPMV Yes As an adjuvant in activating TLR2, TLR4, Suppressing B16F10 dermal 58
TRL7, TLRS melanoma/ID8-Defb29/VEGF-a and
ovarian cancer/CT-26 colon cancer 85
CPMV Yes Using RNA-laden, but non-infectious Suppressing B16F10 melanoma 86
CPMV as an adjuvant in activating TLRs
CPMV Yes As a platform in delivering TLR7/TLR3 Suppressing B16F10 melanoma/ 48
agonist CT26 colon cancer
CCMV Yes As a platform in delivering TLR7 agonist Suppressing B16F10 melanoma/ 48
CT26 colon cancer
CCMV No As a platform in delivering TLR9 agonist Suppressing B16F10 melanoma/ 186
CT26 colon cancer
CPSMV Yes As an adjuvant in activating TLR2, TLR4 Suppressing B16F10 melanoma 85
TRSV Yes As an adjuvant in activating TLR2, TLR4 Suppressing B16F10 melanoma 85
PVX Yes As a platform for delivering DOX Suppressing B16F10 melanoma 51
TMV Yes As an adjuvant in polarizing macrophage Suppressing 4T1 tumors 87
to M1 phenotype via TLR4
TMV Yes As a platform for delivering tumor- Inducing strong humoral immune 187
associated carbohydrate antigens responses
Bacteriophages Qp No As a platform for delivering TLR7 agonist Suppressing B16F10 melanoma/ 48
CT26 colon cancer
Qp No As a platform for delivering tumor antigens Suppressing the metastasis of 188
melanoma
Qp No As a platform for delivering TLR9 agonist Inducing durable tumor 189
regression at injected and distant
tumors and significantly
prolonged survival
P22 No As a platform for delivering OVA peptides Suppressing E.G7-OVA lymphoma 91
MS2 No As a platform for displaying the cystine- Suppressing 4T1 tumors 190
glutamate antiporter protein xCT to
generate high titer antibodies that
inhibited the function of XCT expressing
breast cancer stem cells
Animal viruses HBV No As a platform for delivering two antigens Suppressing B16-OVA melanoma 45
and lung metastatic
HBV No Flagellin/HBVc hybrid VLP acting as a Suppressing B16-OVA melanoma 94
platform for antigen delivery E.G7-OVA lymphoma
Human No As a platform for delivering siRNA Suppressing 4T1 tumor and 191
papillomavirus oligonucleotides (for Cd274 knockdown) improving immune checkpoint
(HPV) cooperating with immune checkpoint blockade therapy immunotherapy
blockade therapy
Norovirus No As a platform for delivering antigen Suppressing TC-1 tumors and 46
B16F10 melanoma
Rabbit No Chimaeric RHDV VLP containing epitopes  Suppressing MC38-OVA tumors 192
haemorrhagic derived from colorectal cancer tumour- and improving overall survival
disease virus associated antigens topoisomerase Il and
(RHDV) surviving as an immunotherapeutic
vaccine
RHDV No As a platform modified to contain the Suppressing TC-1 tumors and 193

universal helper T-cell epitope PADRE and
decorated with an MHC I-restricted peptide
from the HPV16 E6

prolonging survival for HPV
tumor-bearing mice

therapy drug doxorubicin (DOX) into PVX (Fig. 2b).>! In a
mouse melanoma model, PVX alone resulted in slower tumor
growth. However, when PVX was combined with DOX, the ‘PVX
+ DOX’ treatment group exhibited significantly greater inhi-
bition of tumor progression compared with the DOX-loaded
‘PVX-DOX’ group. Furthermore, the combination therapy
group induced significantly higher levels of inflammatory cyto-
kines IFN-y, IL-1a, and IL-1B. These indicators clarify that,
when combined with chemotherapy drugs, PVX enhances its
individual therapeutic effect as an immune enhancer.

1830 | Nanoscale, 2024, 16, 11825-11848

Plant-derived viruses can not only be directly used for
immune activation, but also serve as carriers for drug delivery.
To address the pharmacokinetic challenges associated with
small-molecule TLR agonists in clinical settings, Jung et al
employed plant virus NPs, including CPMV, CCMYV, and bac-
teriophage Qf VLPs, as carriers for the TLR7 agonist 1 V209
using the method of chemical conjugation (Fig. 2¢).*® In vivo
studies revealed that compared with free agonists or simple
mixtures of agonists and VLPs, agonist chemically conjugated
to VLPs elicited higher production of inflammatory cytokines,

This journal is © The Royal Society of Chemistry 2024
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restrained mouse tumor growth, and prolonged mouse
survival.

Apart from viruses derived from plant sources, the protein
capsid of bacteriophages infecting bacteria has been estab-
lished as a self-assembly VLP antigen-loading platform. In
addition to the bacteriophage Qp VLPs mentioned above, the
P22 VLP derived from the Salmonella typhimurium bacterio-
phage P22 is considered a versatile VLP platform owing to its
outstanding stability, modifiability, and facile heterologous
expression.®® Featuring a 58 nm icosahedral structure, the P22
VLP self-assembles from 420 47 kDa shell proteins and
100-300 internalized scaffold proteins.”® Patterson et al.
accomplished the external covalent linking of protein domains
in P22 VLPs using a sortase-mediated ligation strategy. The
stability and structural characteristics of these VLPs were con-
firmed through Dynamic Light Scattering (DLS) and Small-
Angle X-ray Scattering (SAXS) analyses.®® The results demon-
strated the plasticity of bacteriophage P22 VLPs, showcasing
their ability to achieve external bioconjugation by covalently
attaching proteins to the C-terminus of the P22 coat protein.
This underscores the robust nature of P22 VLPs as scaffolds
for constructing diverse therapeutic NPs.

In a study on cancer immunotherapy using the P22 VLP
platform, Li et al. devised two self-assembling P22 VLP vac-
cines, termed VLP-OVAg and VLP-OVAf, each presenting either
the OVAg peptide (ISQAVHAAHAEINEAGR) or the OVA; peptide
(SIINFEKL) at the C-terminus of the P22 CP protein. These
peptides are well-known CD4" and CD8" T cell epitopes orig-
inating from OVA protein, which can be presented by DCs via
macropinocytosis to execute different tumor-killing mecha-
nisms (Fig. 2d).”* In vivo, VLP-OVAg elicited higher levels of
total IgG, IgG1, and IgG2a in mouse serum compared with
free OVAg peptide. Additionally, an increase in immunization
frequency correlated with elevated antibody titers. Notably,
both VLP-OVA; and the unmodified VLP (termed VLP-WT)
induced similar levels of maturation and inflammatory cyto-
kines from bone marrow-derived dendritic cells (BMDCs)
in vitro. This finding indicated that P22 VLPs themselves could
enhance BMDCs’ immune activation, while the incorporation
of OVAr peptide created a more conducive environment for
BMDCs to activate CD8" T cells. Furthermore, in vivo, both
VLP-OVAr and VLP-WT migrated to lymph nodes through lym-
phatic vessels and accumulated there. However, in a tumor
inhibition model using the immune adjuvant polyinosinic:
polycytidylic acid, VLP-WT failed to impede tumor pro-
gression, whereas VLP-OVAp exhibited partial tumor growth
inhibition. Although free OVA; peptide demonstrated preven-
tive and therapeutic efficacy, its ability to induce CD8" T cells
was inferior to that of VLP-OVAr. These experimental findings
underscore the significance of a NP platform with specific
spatial structure and antigen selection in designing cancer
immunotherapy vaccines.

Besides plant-derived viruses and bacteriophage VLPs,
certain animal-infecting viruses are also employed as VLP-
based platforms in cancer immunotherapy. The HBVc protein
is a frequently utilized platform for VLP construction, easily
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obtained and purified via the E. coli expression system. It exhi-
bits robust immunogenicity for B cells and CD8" cytotoxic
T-lymphocytes (CD8* T).”>

Typically, some VLP platforms either solely leverage the
immune adjuvant properties of the VLP itself or carry only one
specific antigen alone, often resulting in inadequate anti-
tumor efficacy for inhibiting tumor metastasis. Cheng et al.
developed a dual-antigen delivery system utilizing HBVc VLPs.
Hybrid VLPs, referred to as dual-antigen-loaded VLPs, were
created by incorporating the antigens OVA,57_»64 (SIINFEKL) or
2p100 (KVPRNQDWL) peptides through conjugation with a
glycine-rich linker.*> By developing a fluorescent probe that
chemically conjugated the Cyanine5.5 (Cy5.5) fluorescence
molecule and the corresponding quercetin BHQ-3 onto VLP
monomers carrying distinct antigens, the reduction in fluo-
rescence intensity could indicate the formation of Hybrid
VLPs. This validated the assembly of two VLP monomers with
different antigens into a single VLP (Fig. 2e). In vitro and
in vivo experiments have demonstrated that hybrid VLPs could
enhance the maturation of DCs (CD11C'CD80'CD86") in
BMDCs and lymph nodes. Following hybrid VLP stimulation,
the maturation of dendritic cells in both in vitro and in vivo
settings was approximately 30% higher than that observed in
the control group, highlighting their superior ability to induce
innate immune responses. Fig. 2e also illustrates the antitu-
mor effects of hybrid VLPs in the mouse melanoma model and
the lung metastatic tumor model. The immunotherapeutic
effects and tumor metastasis inhibition abilities of the hybrid
VLPs group were superior to those of VLPs loaded with a
single antigen. This superiority arose from the ability of hybrid
VLPs to enable DCs to present multiple antigens, thereby
enhancing the immune response of CD8" T cells. The promis-
ing therapeutic effects of dual-antigen-loaded VLPs underscore
the benefits of presenting multi-antigen cancer immunother-
apy vaccines.

In another study based on HBVc VLP, Zhao et al. developed
a self-assembled hybrid platform termed FH VLP, which com-
bined Flagellin with VLP based on HBVc, achieved by integrat-
ing the modified flagellin gene into the c/el loop of HBVc
(Fig. 2f).°* To mitigate the risk of Flagellin-induced adverse
reactions, they replaced the exposed D3 domain on the surface
of flagellin with heterologous antigens. In vivo, analysis of
inflammatory cytokines in serum revealed FH-VLP’s superior
biological safety compared with FljB (phase 2 flagellin of
Salmonella typhimurium strain LT2). By incorporating the OVA
peptide antigen, the FH VLP-based OVA peptide vaccine
(termed FH-OVA) significantly impeded the progression of
B16F10-OVA melanoma and E.G7-OVA lymphoma, as illus-
trated in Fig. 2f, while also stimulating the expansion of CD§"
T cells. Furthermore, the addition of clinical CpG 1018 adju-
vant enhanced FH-OVA VLP immunization. Overall, FH VLP

demonstrated robust immunogenicity and biosafety,
suggesting its potential as a versatile platform for cancer
immunotherapy.

Another animal-derived virus, norovirus, has been repur-
posed as an antigen presentation platform. The capsid protein

Nanoscale, 2024, 16, 1825-11848 | 11831


https://doi.org/10.1039/d4nr00537f

Published on 30 Mei 2024. Downloaded on 09/02/2026 00.43.12.

Review

VP1 of norovirus could self-assemble into VLPs when
expressed in Pichia pastoris or baculovirus expression systems.
Zheng et al. adopted a gene fusion approach, integrating
SpyCatcher3 into the N-terminal shell domain of Norovirus
VP1.*® This facilitated the binding of SpyTag-modified tumor
antigens to the VLPs formed by SpyCatcher. Notably, the
resulting vaccine exhibited stability across multiple freeze-
thaw cycles. In vitro studies revealed a significant promotion of
BMDC maturation by the vaccine. In vivo, the vaccine effec-
tively targeted DCs in lymph nodes, triggered a systemic anti-
tumor immune response, and reversed the immunosuppres-
sive tumor microenvironment. Encouragingly, tumors estab-
lished in TC-1 tumor-bearing mice even experienced complete
regression post-vaccine treatment. Moreover, VLP modified
with SpyCatcher could be extensively prepared from E. coli.
Hence, the high yield, stability, and potent anti-tumor effects
of this norovirus VLP position it as a widely applicable tumor
vaccine platform.

Although various vaccine platforms based on viruses or
VLPs inherently possess immune-enhancing properties akin to
those of immune adjuvants, not all disease scenarios necessi-
tate such nonspecific immune enhancement effects.**””%>
Certain vaccine platforms rooted in viruses or VLPs may not be
suitable for specific situations, making biomimetic VLPs a
valuable alternative. In an earlier study, Ren et al. reported
that protein nanocages assembled using the E2 protein
demonstrated efficacy in delivering the anti-tumor chemo-
therapy drug doxorubicin.”® Molino et al. engineered the struc-
tural core of the non-viral E2 subunit of pyruvate dehydrogen-
ase, creating a protein nanocage platform for therapeutic
applications. This platform was covalently linked with DC-acti-
vating CpG molecules using an acid-releasable strategy, along
with the inclusion of MHC I-restricted SIINFEKL peptide as an
antigen (Fig. 2g).”” In vitro, as shown in the bar chart in
Fig. 2g, the concentration of activated BMDCs encapsulated
with E2 NPs (termed CpG-E2) was 25 times lower than that of
unbound CpG alone. Moreover, E2-bound SIINFEKL exhibited
a threefold higher antigen presentation rate by BMDCs com-
pared with the unbound antigen peptide, leading to increased
activation of CD8" T cells. To some extent, biomimetic PNPs
can serve as a platform to emulate the characteristics of
viruses or VLPs, thereby enhancing immunotherapy.

In general, viruses or VLPs can induce a certain degree of
immune response as they are recognized as viral invasions by
APCs. However, most of this response is nonspecific. Recently,
OVs have gained significant attention due to their ability to
directly target and kill tumors.’® Furthermore, OVs can act as
immune adjuvants for peptide-based cancer vaccines.’
Capitalizing on these advantages, VLPs based on OVs enhance
anti-tumor immune responses by providing tumor-derived
antigens to APCs.'*® Fusciello et al. designed VLPs based on
OVs that encapsulated tumor cell membranes artificially, con-
taining tumor-associated antigens. These VLPs exhibited
increased infectivity and oncolytic effects both in vivo and
in vitro.'®" However, the therapeutic efficacy of OVs is limited
by low permeability of tumor tissues and insufficient tumor-
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targeting effects. Addressing this, Yoon et al utilized the
tumor-homing characteristics of mesenchymal stromal cells to
deliver oncolytic viruses specifically targeting tumors.'*>*%3

2.2 Ferritin

In addition to VLPs, ferritin is also widely used as a platform
for cancer immunotherapy. Generally, ferritin is a protein with
a molecular weight of 450 kDa, consisting of 24 subunits self-
assembled into a cage-like structure, with inner and outer
sizes of 8 nm and 12 nm, respectively.'®*'%® Ferritin derived
from eukaryotes generally has two genes encoding the heavy
chain and the light chain. The heavy chain and light chain
subunits have different biological functions individually, and
the proportion of heavy chain and light chain subunits in ferri-
tin varies among different organisms and tissues, displaying
distinct characteristics.’®” Besides, ferritin without an in-
organic core is generally called apoferritin.'®

Its remarkable properties make ferritin widely used in
cancer immunotherapy. Similar to other PNPs, ferritins can be
modified through strategies such as chemical conjugation,
mutation, gene fusion, and hybridization to optimize the func-
tions. Besides, ferritin exhibits good stability can maintain a
stable structure under 85 °C or some denaturants such as
urea, which make it easier to be modified.'*>"'*® Importantly,
ferritin NPs possess distinct advantages over other NPNPs,
such as pH responsiveness, tumor targeting and its unique
structural symmetry. Specifically, ferritin exhibits controllable
pH responsiveness, depolymerizing into subunits when the
solution pH is <3.4 or >10 and reassembling into nanocages
when the environment returns to a neutral solution. This
unique pH-responsive characteristic enables ferritin to load
and release drugs or other molecules.**'™" The heavy chain
ferritin (HFn) exhibits a remarkable affinity for various tumor
cells that express high levels of transferrin receptor 1 (TfR1),
including HT-29 human colon cancer cells,
SMMC-7721 human liver cancer cells, A375 melanoma cells,
MDA-MB-231 breast cancer cells and many other cancer cell
lines, which underscores HFn’s exceptional capability in recog-
nizing and targeting cancer cells."** At the same time, the
unique structural symmetry of ferritin can help to elicit stron-
ger immune responses. For example, since ferritin has a 3-fold
axis, it can help trimeric antigens to present with specific
spatial structures on the surface of ferritin.*>'*?

Due to these properties, ferritin NPs loaded with photosen-
sitizers and DOX were developed by Zhen et al. for cancer PDT
and chemotherapy. Additionally, targeting cancer cells with
ferritin NPs was accomplished by modifying the RGD4C
sequence, facilitating specific binding to avf3 on the mem-
brane of cancer cells.**''* Numerous studies have employed
ferritin NPs as a platform to contribute to cancer chemo-
therapy, radiotherapy, and PDT.*>'*>"''° Here, we will specifi-
cally focus on introducing the application of ferritin NPs in
immunotherapy (Fig. 3).

Han’s team utilized the ferritin nanoplatform as an antigen
delivery NP for the development of DC-based vaccines.*” Using
a gene fusion strategy, they modified OT peptides (ovalbumin

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The utilization of certain ferritin NPs in the context of cancer immunotherapy. (a) OT peptide-loaded FPCNs induce proliferation of CD4* T
cells and CD8" T cells through DC-mediated antigen presentation process [reprinted with permission from ref. 47; Copyright (2014) Elsevier]. (b)
Schematic diagram of the TLR-activating nucleic acid loading process of HFn(+) through pH-mediated disassembly/reassembly [reprinted with per-
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(2024) Advanced Sciencel.

antigen peptides) on the outer surface or inner cavity of ferri-
tin to prepare ferritin protein cage NPs loaded with antigens,
termed OT-FPCNs (Fig. 3a). In both in vitro and in vivo experi-
ments, various OT-FPCNs induced the proliferation of antigen-
specific CD4" T cells and CD8" T cells after being phagocy-

This journal is © The Royal Society of Chemistry 2024

tosed by DCs. This was accompanied by the production of cyto-
kines such as IFN-y and IL-2.

To enhance the efficacy and utilization of TLR agonists for
activating APCs in vivo, Zhang et al. utilized biotechnology to
design a human HFn NP with a positively charged cavity,
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denoted as HFn(+), for loading TLR agonists.>® They specifi-
cally replaced negatively charged glutamate and aspartate
within the ferritin cavity with positively charged lysine or argi-
nine, screening positive amino acids by constructing a series
of HFn(+) with different mutant subunits. Loading TLR-activat-
ing nucleic acids into HFn(+) was achieved through a pH-
mediated  disassembly/reassembly  strategy  (Fig.  3b).
Fluorescence tracking demonstrated that HFn carrying CpG
(termed CpG@HFn(+)) was more effectively captured by DCs.
In vitro, Cp)G@HFn(+) proved more advantageous than free
CpG in promoting DC maturation, accompanied by a signifi-
cant release of inflammatory cytokines such as TNF-a and
IL-6. Moreover, in vivo, it exhibited a similar trend in promot-
ing maturation of DCs in tumors. Subsequently, the carboxyl
groups of chlorin e6 (Ce6), a photosensitizer, were covalently
bound to the amino groups on the surface of CPG@HFn(+)
through EDC/NHS-mediated carboxyl activation. The prepared
Ce6-CPG@HFn(+) was used in combination with PDT, demon-
strating excellent immune response and tumor-killing effects.
Modifying amino acids to alter the intracavity charge of ferritin
provides a novel approach for drug delivery based on ferritin
NPs in immunotherapy.

In addition to its role as a modifiable NP platform, ferritin
possesses unique properties. The presence of the blood-brain
barrier (BBB) poses a significant challenge in treating brain
diseases like gliomas, hindering the passage of drug molecules
such as proteins and peptides due to its high selective
permeability."*"** The breakthrough comes in the delivery of
NPs through the BBB and targeting tumor tissue. Studies have
excitingly shown that ferritin has the ability to bind to the
highly expressed TfR1 on endothelial cells of the BBB, facilitat-
ing delivery to the tumor through receptor-mediated
endocytosis.'***?® Building upon this, Wang et al. modified
the glioma-targeting REG motif on HFn through gene fusion
and employed a pH-mediated disassembly/reassembly strategy
to load the non-nucleotide stimulator of interferon genes,
namely STING agonist SR717 (Fig. 3c)."* In the glioma model,
the analysis of fluorescence signals in mice injected intra-
venously with Cy5.5-labeled HFn or RGE-HFn confirmed the
accumulation of ferritin NPs in tumor tissue. Additionally,
RGE-HFn carrying STING agonists (termed SR717@RGE-HFn)
exhibited stronger CD8" T-cell induction ability and more
release of inflammatory cytokines than free agonists. The
design of a dual-targeting NP platform, which can target both
BBB and tumors, provides a new approach for the treatment of
glioma.

Adjuvant-loaded NPs generally elicit a robust immune
response by enhancing the activation of inflammatory signal-
ing pathways, phagocytic function, and antigen presentation
in APCs. In an alternative approach, Choi et al. engineered fer-
ritin NPs with signal-regulatory protein y (SIRPy) to obstruct
cluster of differentiation 47 (CD47) on cancer cells, inhibiting
the phagocytic ability of phagocytes (Fig. 3d)."** Termed FSy,
these SIRPy-modified ferritin NPs demonstrated the ability to
enhance the phagocytosis of macrophages and DCs in vitro. In
vivo, their high binding affinity with CD47 potentiated the pha-
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gocytic activity of macrophages and DCs in a mouse melanoma
model, successfully achieving tumor  suppression.
Furthermore, the synergistic effect of CpG and NPs, depicted
in the right part of Fig. 3d, further enhanced the phagocytosis
of antigen-presenting cells, leading to a more successful anti-
tumor effect through combination therapy.

Immunotherapy for liver cancer, exemplified by immune
checkpoint inhibitors, encounters the challenge of limited
efficacy.”®" To enhance the effectiveness of liver cancer immu-
notherapy utilizing immune checkpoint inhibitors, Chen et al.
devised an HFn platform loaded with DOX, termed
DOX@HFn, for chemoimmunotherapy.’*> Leveraging the
tumor-targeting and pH-responsive properties of ferritin, NPs
prompted the ICD effect of cancer cells in vitro and facilitated
maturation of DCs. In vivo studies using the H22 subcutaneous
liver cancer model and Hepal-6 in situ liver tumor model
demonstrated that DOX@HFn induced potent anti-tumor
immune responses and exhibited efficacy in tumor
eradication.

In addition to their application in combination with
chemotherapy, ferritin NPs have been investigated for their
potential in combining immunotherapy with PTT. Liu et al.
developed an anti-PD-L1 nanobody (Nb)-ferritin nanoplatform
for cancer immunotherapy.'®® The association between anti-
PD-L1 Nb and ferritin is facilitated by maleimido and amino
bifunctionalized PEG (MAL-PEG-NH,). By employing a click
reaction between the maleimide of PEG and the cysteine
residue on the surface of ferritin, site-specific polyethylene
glycol functionalization of ferritin nanocages was achieved.
Indigo green (ICG), a photothermal agent approved by the
FDA, could be encapsulated into ferritin NPs through a disas-
sembly/reassembly process. Moreover, the antibody carrying
the LLQS tag through gene fusion bound specifically to the
amino base of PEG via mTGase-mediated connections, thereby
obtaining NPs termed Nb-Ftn@ICG (Fig. 3e). The fusion of Nb
and ferritin demonstrated prolonged in vivo circulation time
and improved physical stability, addressing the issue of NP
clearance by the kidneys due to the small size of the NPs. The
Nb-Ftn@ICG NPs exhibited tumor-targeting capabilities,
accumulating at tumor sites and inducing ICD of cancer cells
upon laser irradiation. They also promoted the maturation of
DCs and elicited a robust anti-tumor T-cell immune response.
Moreover, the ability to block immune checkpoints and
degrade PD-L1 has been confirmed. In vivo studies demon-
strated this NP’s effectiveness in inhibiting primary tumor pro-
gression and metastasis, highlighting the potential of this plat-
form for cancer immunotherapy.

2.3 Albumin

Albumin abundantly exists in human blood, with a concen-
tration of about 40 mg mL~"."** Albumin possesses not only
the advantages of non-toxicity, non-immunogenicity, excellent
biodegradability and biocompatibility, but also some unique
characteristics.’**™**”  Firstly, albumin’s extended half-life
makes it a great platform for carrying drugs. It mainly stems

from its ability to evade renal clearance through reabsorption
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mediated by receptors in the proximal tubules of the kidneys.
A key receptor involved in this process is the neonatal Fc recep-
tor, widely distributed throughout the body, which is recog-
nized for the role it plays in extending the half-life of serum
albumin.*®'%? Secondly, albumin’s hydrophobic pockets serve
as natural carriers for hydrophobic substances, facilitating the
delivery of hydrophobic drugs like paclitaxel via an albumin
NP platform."*®*3° Moreover, enhancing the hydrophobicity of
albumin can be achieved by incorporating lipophilic drugs
and reducing the primary amino groups on its surface, thereby
promoting the self-assembly of albumin and the formation of
polymer micelles for delivering DOX."** Hoogenboezem et al.
summarized albumin NP fabrication methods, including deso-
lvation, emulsion, thermal gelation, nanospraying, and self-
assembly."*® Lin et al. induced albumin self-assembly into NPs
loaded with paclitaxel by increasing hydrophobicity, thereby
enhancing BBB penetration for glioma treatment.'*! There are
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also numerous studies focusing on the use of albumin NPs in
cancer chemotherapy, similar to this approach.’**™** In this
review, we mainly seek examples of applications in cancer
immunotherapy (Fig. 4).

Chu et al. integrated cancer immunotherapy with nano-
technology to establish a strategy of neutrophil-mediated
therapeutic albumin NP deposition in tumor tissues.'*> Upon
injection of the monoclonal antibody TA99 specific for the
gp75 antigen of melanoma in vivo, there was an enhanced
transport of albumin NPs in the tumor, which was mediated
by neutrophils and did not affect the function of neutrophils.
This approach provides a new avenue for delivering thera-
peutic drugs to the tumor site, thereby enhancing cancer
immunotherapy.

To enhance checkpoint blockade cancer immunotherapy,
Feng et al. designed controlled-release albumin NPs called
Cele-BMS-NPs, composed of pH-responsive human serum
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Fig. 4 The utilization of certain albumin NPs in the context of cancer immunotherapy. (a) Albumin NPs enhance the efficacy of PD-1/PD-L1 block-
ade immunotherapy, leading to the reversal of the tumor's immunosuppressive microenvironment, which includes PGE2, Treg, and
M2 macrophages [reprinted with permission from ref. (146); Copyright (2024) Springer Nature]. (b) Schematic diagram of the synthesis and thera-
peutic process of IR780-ZnS@HSA NPs [reprinted with permission from ref. 147; Copyright (2023) Frontiers]. (c) Preparation and application sche-
matic of albumin NP in anti-tumor immunotherapy [reprinted with permission from ref. 149; Copyright (2024) Elsevier]. (d) Schematic diagram of

the synthesis route of BSA-MHI148@SRF NPs and the mechanism

of enhanced tumor photodynamic immunotherapy mediated by

BSA-MHI148@SRF NPs, facilitating cascade two-stage reoxygenation and immune resensitization strategy [reprinted with permission from ref. 151;

Copyright (2022) Elsevier].

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 11825-11848 | 11835


https://doi.org/10.1039/d4nr00537f

Published on 30 Mei 2024. Downloaded on 09/02/2026 00.43.12.

Review

albumin derivative, BMS-202 compound as a PD-1/PD-L1
inhibitor, and a GSH-responsive celecoxib prodrug targeting
COX-2 to improve anti-PD-1/PD-L1  immunotherapy
(Fig. 4a)."*® Under acidic tumor microenvironment conditions,
NPs released BMS-202 and GSH-responsive COX-2 inhibitor.
Moreover, in the mouse breast cancer model, Cele-BMS-NPs
induced stronger tumor infiltration of CD8" T cells, while inhi-
biting the differentiation of tumor-related macrophages and
regulatory T cells (Treg) and the impact of immune suppres-
sion of prostaglandin E2 (PGE2), providing a robust strategy
for improving cancer immunotherapy.

Upregulating innate immunity via the cyclic guanosine
monophosphate-adenosine monophosphate synthase/inter-
feron gene stimulator (cGAS/STING) signaling pathway has
emerged as a promising strategy for enhancing cancer immu-
notherapy. In another study boosting the effectiveness of
aPD-L1 immunotherapy, Yang et al. employed synergistic PTT,
PDT, and immunotherapy to induce pyroptosis in triple-nega-
tive breast cancer.'”” They developed a self-assembled human
serum albumin (HSA) NP with combined PTT/PDT/immu-
notherapy functionalities, termed IR780-ZnS@HSA, loaded
with the mitochondria-targeting PTT/PDT drug IR780 and the
cGAS/STING agonist zinc sulphide (ZnS) (Fig. 4b). Additionally,
intracellular zinc ions could generate ROS, further enhanced
by inhibiting catalase in tumor cells and producing hydrogen
sulphide (H,S) gas from ZnS."*® In vitro, the NPs successfully
induced ICD and pyroptosis in cancer cells by triggering the
cGAS/STING signaling pathway. Furthermore, combining the
NPs with laser treatment significantly impeded breast cancer
progression in tumor-bearing mice, activating immunity and
enhancing the efficacy of aPD-L1. This study harnessed target-
specific albumin as a NP carrier to develop a novel inducer of
cancer cell pyroptosis.

Utilizing the mechanism of activating the STING pathway
similarly, Zheng et al. developed albumin NPs carrying STING-
activating peptide, termed HSA-MnO,-pep.'*® They employed
an oxidation-reduction reaction between HSA and potassium
permanganate (KMnO,) to synthesize biodegradable manga-
nese dioxide for vaccine design. Manganese dioxide (MnO,)
degraded into manganese ions within cells, triggering the acti-
vation of the STING pathway, which promotes DC maturation
and antigen presentation (Fig. 4c). Consequently, this
enhanced the immune response of anti-tumor T cells. In vitro,
experiments demonstrated that the binding of antigen-stimu-
lating peptides and albumin enhances uptake and maturation
of DCs compared with free peptides. Protein imprinting and
enzyme-linked immunosorbent assay (ELISA) were utilized to
investigate the activation of the STING pathway by detecting
downstream markers such as phosphorylated TANK-binding
kinase 1 and IFN-f expression levels, affirming the efficacy of
MnO,-induced pathway activation. In vivo, HSA-MnO,-pep
effectively accumulated in mouse lymph nodes, promoting
maturation of DCs and inducing increased IFN-y secretion,
thus contributing to tumor prevention. Furthermore, in tumor
treatment models, HSA-MnO,-pep induced robust anti-tumor
T-cell levels, thereby suppressing tumor progression. This
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albumin NP vaccine provides a solution to address issues of
poor antigen stability and weak immunogenicity without
apparent toxic side effects.

PDT, aside from generating ROS with photosensitizers in
the presence of molecular oxygen to eliminate cancer cells, can
also bolster the immune response by inducing T-lymphocyte
infiltration, thereby converting “cold” tumors into “hot” ones
for immunotherapy.**°

To address the challenge of PDT’s limited efficacy in gener-
ating reactive oxygen species due to the hypoxic tumor micro-
environment, Zhou et al. employed a hydrophilic-hydrophobic
self-assembly approach for fabricating bovine serum albumin
(BSA)-based BSA-MHI148@SRF NPs."”" These NPs consist of
the near-infrared photodynamic dye MHI148 covalently linked
and sorafenib (SRF), a typical vascular endothelial growth
factor (VEGF) inhibitor with effective tumor vascular normali-
zation ability and proved to reduce tumor oxygen consumption
rate, attached via hydrophilic-hydrophobic interactions, facili-
tating a two-stage cascade for tumor reoxygenation and
immune sensitization (Fig. 4d)."** In vitro, NPs demonstrated
the ability to impede mitochondrial respiration, enhance reac-
tive oxygen species (ROS) generation, and exert potent cyto-
toxic effects on tumor cells. In vivo, NPs exhibited tumor-tar-
geting properties and successful accumulation in the tumor
region. Moreover, they effectively induced normalization of
tumor blood vessels and alleviated the hypoxic tumor micro-
environment, resulting in significant suppression of solid
tumor growth, which offered promising prospects for better
cancer PDT.

3. Immunotherapy for other diseases

In addition, some respiratory diseases such as influenza and
pneumonia also pose significant public health problems. An
estimated 300 000 to 500 000 people die annually due to seaso-
nal influenza epidemics, with a mortality rate of 0.2%."
Universal inactivated, live attenuated vaccines are commonly
used in the face of these diseases; however, their toxicity and
low immunogenicity still have not been overcome. For
example, in recent years, the world has been plagued by
COVID-19. Despite the eventual success of vaccination against
COVID-19, it still appears to be inadequate in the face of the
new pandemic. Live attenuated vaccines currently fail to over-
come worrisome toxicity and low immunogenicity.'>* Other
diseases, including hepatitis, face challenges similar to influ-
enza and pneumonia. Like cancer immunotherapy, successful
immunotherapy for these diseases also needs to be achieved
by fully activating the body’s immune response, leading to the
induction of broader and more persistent antibody levels.
Using SARS-CoV-2 as an example, with the constant emer-
gence of new variants, the efficacy of existing vaccines has
gradually become a concern. Therefore, there is a need to con-
tinue developing cost-effective, heat-stable vaccines to combat
widely spreading variants and potential future strains. In
addition to cancer immunotherapy, NP-based platforms are
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also involved in the development of vaccines against other
human diseases.’ NP-based vaccines, leveraging the advan-
tages of easy self-assembly and multivalent antigen presen-
tation, have been widely utilized in the treatment of various
diseases.”® This section will introduce the applications of
NPNPs and DPNPs in immunotherapy for other diseases.

3.1 NPNPs

NP-based platforms, including viruses or VLPs and ferritin,
can also serve as platforms for immunotherapy of some infec-
tious diseases (Fig. 5).

3.1.1 VLPs. Sun et al developed a vaccine targeting
COVID-19 based on Newcastle disease virus (NDV), which
could express an optimized spike antigen (termed
NDV-HXP-S)."® In animal experiments, inactivated
NDV-HXP-S induced protective antibody responses in ham-
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sters. This induction was specifically reflected in the gene-
ration of high levels of binding and neutralizing antibodies,
resulting in a significant reduction in viral titers in the lungs.
The live NDV-HXP-S vaccine successfully met the challenge of
SARS-CoV-2 by enhancing the antiviral ability of hamsters and
mice and inducing protective antibodies through intranasal
administration. Additionally, injecting CpG 1018 as an adju-
vant enhanced vaccine cross-reactivity and induced non-neu-
tralizing antibodies, thereby strengthening antibody-depen-
dent cell phagocytosis. The efficacy of NDV-HXP-S vaccines
with different spike antigens is currently being evaluated in
animal experiments. Deng and colleagues also developed a live
vaccine candidate based on a live attenuated influenza virus
(LAIV). The virus lacks the NS1 gene, which encodes the recep-
tor binding domain (RBD) of the SARS-CoV-2 spike protein
and is expressed on the cell surface."”” This live vaccine could
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Fig. 5 The utilization of certain VLPs and ferritin NPs in immunotherapy for other diseases. (a) The modification of the icosahedral PLP shell with
lambda decorative protein gpD in vitro [reprinted with permission from ref. 159; Copyright (2022) Springer Nature]. (b) Structures of SARS-CoV-2
spike-functionalized ferritin NPs and spike-pseudotyped lentivirus neutralizing titers from different groups after single antigen stimulation [reprinted
with permission from ref. 113; Copyright (2021) American Chemical Society]. (c) 3D model of a spike-ferritin NP. The NP is depicted along the four-
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white, (2) C-terminal coiled coil N-terminal to hinge 1: purple, (3) RBD: green, (4) NTD: blue, (5) S1 and S2 polypeptides: red and cyan [reprinted with
permission from ref. 164; Copyright (2021) Elsevier]. (d) Schematic illustration of RBD and RBD-HR NPs based on ferritin [reprinted with permission
from ref. 163; Copyright (2020) Elsevier]. (e) Schematic diagram of assembled HMNF NPs [reprinted with permission from ref. 162; Copyright (2023)
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prevent or reduce infections caused by highly transmissible
variants of SARS-CoV-2, inducing high levels of neutralizing
antibodies against various SARS-CoV-2 variants in mice and
hamsters and stimulating a strong T-cell response. Moreover,
the vaccine prevented the replication of SARS-CoV-2 variants,
including Delta and Omicron BA.2, in the respiratory tissues.
This vaccine system holds promise for controlling SARS-CoV-2
transmission and creating a dual-purpose influenza and
COVID-19 vaccine, but further evaluation is needed.

Plant-derived VLP vaccines containing influenza hemagglu-
tinin (HA) have demonstrated the ability to elicit humoral
immune responses and CD4" T-cell responses. Makarkov et al.
explored the immune activation mechanism of VLPs carrying
plant-derived H1 protein (termed H1-VLP) by examining the
intracellular fate of human monocyte-derived macrophages
(MDMs).'*® They discovered that MDMs underwent endocyto-
sis mediated by clathrin, as well as macropinocytosis/phagocy-
tosis, resulting in a threefold higher accumulation of HA from
VLPs in cells compared with soluble HA. Additionally, MDMs
treated with H1-VLP were found to express 115 HA-derived pep-
tides associated with MHC I, indicating that influenza HA
carried by VLPs could enhance the functions of APCs, such as
antigen capture, processing, and presentation. This study clari-
fies the intracellular mechanism through which VLPs activate
immune responses.

In a unique approach, Davenport et al. developed a vaccine
utilizing the phage lambda platform."*® Their method involved
engineering the lambda phage-like particle (PLP) platform to
present the RBD of the coronavirus spike protein. The RBD
proteins of both SARS-CoV-2 and Middle East respiratory syn-
drome coronavirus (MERS-CoV) were labeled RBDgsrs and
RBDyrrs, respectively. These RBD proteins were chemically
cross-linked to the decorative protein mutant gpD, S42C, on
the lambda phage for display on the PLP surface (Fig. 5a).
Subsequently, monovalent vaccines were developed based on
RBDgrs-PLP and RBDygrs-PLP, respectively. Additionally, they
designed a bivalent vaccine, termed hCoV-RBD-PLP, capable of
simultaneously presenting the spike RBD proteins of both
viruses. Remarkably, mice immunized with 60% RBDgprs-PLPs
maintained high levels of RBDgagrs-specific IgG at day 174 post-
immunization, indicating the vaccine’s ability to induce
durable humoral immune responses, including the production
of neutralizing antibodies. This immunity conferred protection
against pulmonary infection, inflammation, and pathology
when challenged with SARS-CoV-2 and MERS-CoV. These find-
ings underscore the potential of this vaccine platform for flex-
ible and controlled vaccine design and development.

In addition to the biomimetic VLPs employed in diseases
treatment, they have also been designed for diagnostic pur-
poses. For example, Chan et al. have pioneered the design of a
biomimetic VLP platform for detecting SARS-CoV-2, which was
proved to possess enhanced stability, rendering it suitable for
clinical trials."®°

3.1.2 Ferritin. Contrastingly, ferritin NPs find more wide-
spread application. Immunotherapy vaccines leveraging ferri-
tin NPs have been employed against diverse viral infections,
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including but not limited to SARS-CoV-2 and

H1N1.39’113’161_163

Ferritin is emerging as an ideal carrier for the development
of COVID-19 vaccines. Powell and collaborators devised
subunit vaccines utilizing self-assembling ferritin NPs, show-
casing either of the two polymeric SARS-CoV-2 spike proteins:
the full-length extracellular domain (termed S-Fer) or a
C-terminal 70 amino acid deletion (termed SAC-Fer).'™? Initial
NPs were generated through DNA plasmid construction and
protein purification, with western blot confirmation of spike
antigen expression levels. Additionally, two spike outer
domain proteins fused to a trimeric coiled-coil, GCN4-pIQI
(termed S-GCN4 and SAC-GCN4), were produced for compari-
son (Fig. 5b). Mice immunized with the two spike ferritin par-
ticles exhibited significantly higher induced neutralizing anti-
body intensity compared with RBD or spike domain trimer
alone. Notably, the average neutralizing antibody titers in the
spike-like ferritin particle-treated group were twice that of
plasma from 20 convalescent COVID-19 patients (termed CCP),
as illustrated in Fig. 5b. Upon the second antigen stimulation,
animals immunized with SAC-Fer demonstrated higher neu-
tralizing antibody titers than other groups. Consequently,
developing a multivalent SARS-CoV-2 spike antigen presen-
tation platform vaccine based on ferritin NPs proves to be a
viable strategy against COVID-19.

There exist many other structures of ferritin NPs like this.
Joyce et al. designed a spike-ferritin NP that could display
eight spikes."® In this design, the Helicobacter pylori ferritin
molecule underwent genetic modification at the C-terminus of
the SARS-CoV-2 spike (abbreviated as S) antigen, encompass-
ing the S1 attachment subunit, S2 fusion subunit from the
class I fusion glycoprotein S, RBD, and N-terminal domain
(termed NTD) (Fig. 5¢). The stable binding between the ferritin
scaffold and trimer relied on the C-terminal coiled N-terminal
to hinge 1, depicted in purple in the protein structure of
Fig. 5c. In vivo experiments verified that these immunogens
could elicit a robust and protective neutralizing antibody
response against SARS-CoV-2.

In addition, researchers have also developed some multi-
valent ferritin NP vaccines that can present two or more anti-
gens. Ma et al. strategically linked SpyTag (abbreviated as ST)
to the N-terminus of RBD or heptad repeat (termed HR), and
SpyCatcher (abbreviated as SC) to the N-terminus of ferritin
through gene fusion. Subsequently, purified SC-ferritin was
combined with ST-RBD and/or ST-HR in buffer, facilitating the
conjugation of antigen subunits to ferritin via a stable inter-
molecular isopeptide bond formed between SC and ST
(Fig. 5d)."** Following SARS-CoV-2 challenge, mice immunized
with RBD and RBD-HR NPs exhibited significantly lower viral
loads in their lungs. Additionally, RBD-HR NPs effectively eli-
cited neutralizing antibody responses and immune activation
against other coronaviruses. These studies offer viable vacci-
nation strategies for combatting SARS-CoV-2 and other
coronaviruses.

With another multivalent ferritin NP vaccine, Pan et al
devised a universal influenza candidate vaccine, aiming to
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confer comprehensive protection against both influenza A and
B viruses to address the limited efficacy of influenza vac-
cines.'®® The engineered self-assembling ferritin NP, termed
HMNF, efficiently displayed HA A Helix antigens (abbreviated
as H), M2e antigens (abbreviated as M), and NA HCA-2 (abbre-
viated as N) antigens simultaneously after purification
(Fig. 5e). This achievement involved fusing three types of
antigen information in tandem to the human heavy chain fer-
ritin. Mice subjected to intranasal vaccination with HMNF
exhibited an augmented production of viral peptide-specific
IgG antibodies, along with elevated secretion of IFN-y and IL-4
in the spleens. Upon challenging mice with diverse influenza
strains from IAV and IBV, such as H1N1, H3N2, H6N6, HON2,
etc., the outcomes in terms of body weight and survival rate
underscored the prophylactic potential and cross-protective
capability of HMNF NPs. Most notably, HMNF NPs effectively
induced sustained antibody protection that endured for six
months. This universal influenza vaccine, demonstrating com-
petence in providing enduring protection, furnishes a strategic
response to both existing and potential future influenza
viruses.

3.2 DPNPs

The extensive coding information embedded in protein amino
acid sequences endows them with the capacity to engage in
various intricate life processes. The number of distinct
sequences for a protein of typical length is 20°°° sequences,
but the number of these proteins that are discovered in nature

is on the order of 10"*. In other words, naturally occurring pro-
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teins occupy a tiny fraction of protein sequence space, leaving
a huge space for de novo designed proteins that might have
more coding information and functions. Besides, de novo
designed proteins generally exhibit enhanced stability due to
their adherence to the physical principle of the lowest energy
state, which makes DPNPs more tolerant of surface modifi-
cation through genetic fusion or chemical modification.®®
Additionally, in contrast to the top-down modification of
NPNPs discussed in the preceding section, which constrained
them to a design space near their initial state, for DPNPs the
bottom-up design strategy is adopted, boasting a broader
design spectrum.’” Moreover, they possess controllable
physicochemical properties, environmental responsiveness,
and substantial loading capacity, thereby opening avenues for
DPNPs to actively contribute to immunotherapy.®®'®> Herein,
we showcase some promising structures poised for inclusion
in experimental immunotherapy model research, along with
an introduction to experimentally validated applications of
DPNPs.

King et al. have devoted themselves to the computational
design of protein assemblies, generating numerous DPNPs
with specific spatial structures through precise computational
design. These structures hold promise as platforms for future
immunotherapy (Fig. 6). The computational method allows for
the predictive design of self-assembled protein nanomaterials
with atomic-level accuracy, and they can be synthesized
through in vitro assembly."®® In 2014, King et al. designed five
24-subunit protein nanocages using symmetric docking and
protein—protein interface design methods, anticipating their
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Fig. 6 Several structures of DPNPs are anticipated for utilization in immunotherapy. (a) Symmetrical displayed crystal structure of one designed
protein [reprinted with permission from ref. 67; Copyright (2014) Springer Nature]. (b) Computational design of icosahedral protein nanocage struc-
tures in various orientations [reprinted with permission from ref. 167; Copyright (2016) Springer Nature]. (c) Strategy for self-assembly icosahedral
capsids encapsulating own mRNA genomes [reprinted with permission from ref. (168); Copyright (2017) Springer Nature].
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widespread application in designing symmetric structures
(Fig. 62).%” The experimental findings have validated the align-
ment between protein structure and computational design,
showcasing the potential of DPNPs in drug delivery and
vaccine development. In 2016, King’s team engineered an ico-
sahedral protein nanocage with a meticulously ordered struc-
ture, employing computational design and self-assembly
through ternary protein building blocks (Fig. 6b)."®
Verification of the congruence between the calculated design
and the actual protein structure was accomplished through
electron microscopy observation, and reversible protein
decomposition could be executed under specific conditions.
Subsequently, they synthesized icosahedral protein assemblies
using computational design. The inner surface of these posi-
tively charged protein assemblies encapsulated their own full-
length mRNA genomes through electrostatic interactions, mir-
roring the way viruses carry their genetic information
(Fig. 6¢)."°® The attainment of high stability in the blood-
stream and the enhancement of genome encapsulation
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efficiency were realized through the ongoing evolution of
nucleocapsids. These non-viral DPNPs can function as a non-
toxic platform for drug loading and mRNA influenza vaccines,
opening avenues to novel strategies in immunotherapy.

In the following years, King’s team continued to develop
DPNP-based vaccines for various diseases (Fig. 7). Previously,
they synthesized a protein structure known as 153-50, a compu-
tationally designed two-component protein complex composed
of 20 trimer “A” and 12 pentamer “B”, totaling 120 sub-
units.'® Based on this structure, to address the challenge of
effectively eliciting broadly neutralizing antibodies against
human immunodeficiency virus 1 (HIV-1) through vaccination,
they introduced a novel PNP platform termed SOSIP-I53 50A
NPs. This platform employed a strategy of presenting antigens
in a multivalent manner on PNPs to enhance immunogenicity
and stimulate extensive antibody production in immunother-
apy (Fig. 7a).”’° The two-component PNPs could present 20
stable SOSIP trimers from different HIV-1 strains. Leveraging
the properties of bicomponent proteins, native-like HIV-1
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Fig. 7 Some DPNPs used in immunotherapy for certain diseases. (a) Schematic representation of the computational docking protocol for
SOSIP-153 50A trimeric fusion protein [reprinted with permission from ref. 170; Copyright (2019) Springer Nature]. (b) Schematic representation of
the computational docking protocol used to identify NP components suitable for fusion to DS-Cavl [reprinted with permission from ref. 171;
Copyright (2019) Elsevier]. (c) Six E2E1-153-50A trimers are combined and mixed with 153-50B pentamer to co-assemble as mosaic E2E1-NPs (top)
or are individually mixed with 153-50B to assemble as monovalent E2E1-NP (bottom) [reprinted with permission from ref. 172; Copyright (2022)
Springer Nature]. (d) Strategy of designing a mosaic NP immunogen that co-displayed the four HAs [reprinted with permission from ref. 174;
Copyright (2021) Springer Nature].
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envelope trimers could be efficiently loaded into DPNPs.
Experimental results demonstrated that the designed two-com-
ponent protein induced more potent neutralizing antibodies
compared with traditional one-component NPs.

In another DPNP they designed, termed DS-Cav1-153-50, the
respiratory syncytial virus (RSV) F glycoprotein trimer
(termed DS-Cavl) was presented in a repeated array outside
the DPNP (Fig. 7b)."”! Animal experiments revealed that the
neutralizing antibody response induced by the full-valent NP
immunogen of 20 DS-Cavl trimers was 10 times higher
than that of the trimeric DS-Cavl. This demonstrates that
the two-component DPNP platform holds significant
promise in developing multivalent antigen-presenting respir-
atory syncytial virus vaccines.

Similarly, a vaccine platform for hepatitis C virus (HCV),
named E2E1-NP, has been developed to present the trimeric
E1E2 glycoprotein. The E1E2 glycoprotein plays a crucial role
in inducing potent neutralizing antibodies, distinguishing it
from commonly used recombinant glycoprotein vaccines that
only carry E2. King et al. designed a two-component DPNP
with the ability to simultaneously display the E2E1 immuno-
gens, resulting in a broader range of neutralizing antibody
reactions compared with E2 alone. Additionally, they designed
a mosaic PNP that displays six different E2E1 immunogens
(H77, AMS2b, AMS3a, UKNP4.1.1, UKNP5.2.1, UKNP6.1.2)
(Fig. 7c)."”? This mosaic E2E1-NP vaccine could induce a more
effective neutralization effect compared with DPNPs with a
monovalent display of E2E1 immunogens. This suggests that
the mosaic E2E1-NP vaccine may be more competitive in HCV
vaccines when compared with vaccines targeting severe E2-
specific broadly neutralizing antibodies.

In the realm of influenza vaccines, the HA glycoprotein
serves as the primary immunogen for inducing antibody
responses.'”” King’s team designed another mosaic influenza
DPNP vaccine, termed qsMosaic-153_dn5, capable of co-dis-
playing four trimeric HAs (Fig. 7d)."”* This quadrivalent influ-
enza vaccine demonstrated the ability to induce stronger anti-
body responses than commercial quadrivalent influenza vac-
cines in several animal models. Importantly, the vaccine-
induced serum antibodies effectively addressed the challenge
of heterosubtypic influenza viruses, promoting potent recep-
tor-blocking and cross-reactive stem-directed responses.
Collectively, these findings suggest the potential of replacing
conventional seasonal vaccines.

Hence, DPNPs exhibit extensive potential in the realm of
immunotherapy, particularly for various infectious diseases.
Leveraging computational design methodologies, DPNPs
acquire distinct nanocage structures conducive to drug
loading, concurrently facilitating the presentation of multiple
immunogens to amplify neutralizing antibody responses.*”*'”>
The 153-50NP platform, serving as the foundation for an RSV
vaccine, is presently undergoing assessment in Phase I clinical
trials. Notably, following the successful culmination of Phase 1
and Phase 3 investigations, South Korea has recently granted
approval for a COVID-19 vaccine rooted in the I53-50NP
platform.'”®

This journal is © The Royal Society of Chemistry 2024
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4. Conclusions and future
perspectives

This review consolidates recent applications of PNPs, categor-
ized as NPNPs and DPNPs, within the realm of immunother-
apy for cancer and various other diseases. We highlighted the
advantages of VLPs, ferritin, and albumin as immunotherapy
platforms among NPNPs, all boasting excellent biological
safety, chemical and genetic modifiability. The difference is
that while ferritin and albumin exhibit low immunogenicity,
many VLPs possess a certain degree of immune stimulation
capability. We also introduced several structures of DPNPs and
discussed their applications as vaccines for other diseases, like
influenza, pneumonia, and hepatitis.

With ongoing exploration, an increasing number of scho-
lars are considering intervention in the body’s immune
response, aiming to stimulate immune system activation, par-
ticularly enhancing APC function to induce robust proliferation
of specific T cells as part of immunotherapy.”'””"'”° A common
impediment encountered in immunotherapy pertains to the low
immunogenicity of therapeutic drugs and vaccines in combatting
cancer and viral infections.""**'8%'8! pNPs, characterized by high
biosafety and biocompatibility, offer novel solutions for antigen
or immune adjuvant delivery. Unlike other materials, the cell-tar-
geting capability of PNPs can be augmented through genetic
modification of antigens, such as peptides or proteins. This
genetically modified structure can be efficiently expressed and
purified in large quantities using E. coli and can be more effec-
tively delivered to APCs than chemically bonded antigens.''!
Consequently, PNPs possess the potential for multifunctionality,
with further emphasis on functionalization evident in DPNPs
based on computational design. Furthermore, PNP-based cancer
immunotherapy can be synergistically combined with chemo-
therapy, PDT, and other treatment modalities, thereby bolstering
the anti-tumor effect. In the context of influenza, pneumonia,
etc., PNP-based vaccines exhibit advantages over traditional vac-
cines by eliciting stronger and more enduring neutralizing
antibodies.

However, the widespread applications of PNPs still face
certain challenges, which need attention to find solutions.

Firstly, in cancer immunotherapy, when VLPs serve as
immune adjuvants, antibodies generated against VLPs do not
interfere with their immune-stimulating ability, as seen with
some plant-derived viruses like TMV and CPMV. However, when
VLPs act as antigen delivery platforms, frequent stimulation may
lead to the production of antibodies against VLPs, reducing their
circulating half-life and leading to clearance.'® Similarly, in
immunotherapy for diseases like influenza and pneumonia, neu-
tralizing antibodies against VLP platforms pose a significant
limitation, hindering cargo delivery to target tissues or cells.””
Modifying “don’t-eat-me” signal such as CD47 can prevent clear-
ance by phagocytosis, while lipid encapsulation of PNPs is
another effective method to mitigate antibody responses.'®*'8*
Nevertheless, these modifications may affect the efficacy of
immune stimulation, necessitating the search for new strategies
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to address neutralizing antibody responses when VLPs serve as
carriers. Beyond VLPs, nonspecific cell uptake, protein corona for-
mation, and the mononuclear phagocytic system present barriers
to antigen/drug delivery systems based on most PNPs.*® These
obstacles also apply to other types of nanomaterials such as in-
organic and polymeric NPs, emphasizing the need for compre-
hensive consideration and cross-referencing when addressing
these challenges.

Secondly, when PNPs function as a delivery platform,
careful consideration must be given to the intensity of their
induced immunogenicity. In certain cases, the immunogeni-
city of these carrier platforms surpasses that of the adjuvants
or antigens they carry, as APCs perceive them as authentic viral
invasions. For example, CPMV VLPs have demonstrated the
activation of TLR7/8 and the induction of interferon
secretion.®® Additionally, previously introduced P22 VLPs
exhibit robust immune activation effects.”® However, in certain
circumstances, such induced immune responses have not
been thoroughly investigated for their impact on the immune
mechanism, potentially leading to an excessive immune
response. Therefore, the immunogenicity of PNPs should be
thoroughly considered when addressing diverse diseases.

Thirdly, designing PNPs with smart responsiveness is
crucial in immunotherapy. Some NPNPs exhibit responsiveness,
such as ferritin, which disassembles when the pH is lower than
3, a condition not precisely matched in the tumor microenvi-
ronment (pH = 6). Therefore, creating protein materials with
genuine responsiveness is important. Computational develop-
ment has facilitated the design of DPNPs with specific structures
and dynamic functional controls. By precisely designing the
number and location of histidines on the surface of DPNP sub-
units, responsiveness to disease microenvironments can be
achieved. In addition to pH responsiveness, the design of
enzyme-responsive or light-responsive NPNPs is one of the future
directions for PNPs in immunotherapy.

In addition, other characteristics of PNPs, such as particle
size, charge, and hydrophobicity, warrant comprehensive explora-
tion regarding their impact on drug delivery and immune stimu-
lation before clinical application. For instance, ferritin can
achieve positively charged lumens through modifications in indi-
vidual amino acids, thereby improving drug loading efficiency. In
the realm of cancer treatment, alterations in particle size can
further enhance the EPR effect of PNPs, rendering them more
advantageous for accumulation in the lesion area.

Amid mounting concerns regarding the safety of chemical
and biomaterials over recent decades, the concept of green
biomaterials has emerged, aligning with environmental and
physiological principles.”® In cancer treatment, the un-
avoidable toxic side effects of chemotherapy associated with
chemical materials persist, while vaccine development for
different diseases also demands stringent safety consider-
ations. Hence, the advancement of green biomaterials is
imperative. In accordance with the core tenets of green bioma-
terials, PNPs offer promising attributes for environmentally
friendly materials for several reasons: (1) protein materials can
be synthesized using biological systems like E. coli, reducing

1842 | Nanoscale, 2024, 16, 11825-11848

View Article Online

Nanoscale

reliance on fossil fuels and minimizing the carbon footprint;
(2) most protein materials are compatible with aqueous
environments, eliminating the need for hazardous solvents; (3)
many protein materials, such as ferritin and albumin, are
sourced from nature, with their biological safety extensively
validated; (4) protein materials exhibit exceptional biodegrad-
ability, undergoing enzymatic degradation within the human
body.”* Furthermore, gene modification and the DPNPs
inspired by nature contribute to the expanded functionalities
of protein materials. Consequently, protein materials hold vast
potential as green biomaterials.

Over the decades, PNPs have undergone continuous devel-
opment, evolving from the initial exploration of protein pro-
perties to their ultimate applications. Their contribution to
disease treatment extends far beyond the scope outlined in
this article. From an immunotherapy standpoint, the utiliz-
ation of PNPs must parallel the ongoing progress in developing
superior immune adjuvants and more effective immunother-
apy strategies. The anticipation lies in the discovery of
enhanced NPNP-based platforms. Moreover, the anticipation
extends to the envisioning of diverse designs for DPNPs and
their applications in cancer immunotherapy.

Abbreviations

NPs Nanoparticles

PNPs Protein nanoparticles

NPNPs Naturally occurring protein nanoparticles
DPNPs de novo designed protein nanoparticles
LNPs Lipid nanoparticles

EPR Enhanced permeability and retention
APCs Antigen-presenting cells

ICD Immunogenic cell death

LPS Lipopolysaccharide

PLA Poly(lactic acid)

PLGA Poly(lactic-co-glycolic acid)

FDA The U.S. Food and Drug Administration
E. coli Escherichia coli

TLRs Toll-like receptors

TAM Tumor-associated macrophage

DOX Doxorubicin

PDT Photodynamic therapy

PTT Photothermal therapy

ROS Reactive oxygen species

VLPs Virus-like particles

DCs Dendritic cells

iDC Immature dendritic cell

mDC Mature dendritic cell

BMDCs Bone marrow-derived dendritic cells
OVs Oncolytic virus

CPMV Cowpea mosaic virus

CCMV Chlorotic mottle virus

PhMV Physalis mosaic virus

SeMVv Sesbania mosaic virus

HBVc Hepatitis B virus capsids
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Potato virus X
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Dynamic light scattering
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Heavy chain ferritin
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Blood-brain barrier

Transfer receptor 1
Signal-regulatory protein y

Cluster of differentiation 47
Nanobody

Maleimido and amino bifunctionalized PEG
Indigo green

Regulatory T cells

Prostaglandin E2

Human serum albumin

Zinc sulphide

Hydrogen sulphide

Potassium permanganate
Manganese dioxide
Enzyme-linked immunosorbent assay
Bovine serum albumin

Sorafenib

Vascular endothelial growth factor
Severe acute respiratory syndrome
Human immunodeficiency virus 1
Newcastle disease virus

Live attenuated influenza virus
Receptor binding domain
Hemagglutinin

Monocyte-derived macrophages
Phage-like particle

Middle East respiratory syndrome coronavirus
Respiratory syncytial virus
Hepatitis C virus
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