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KEY WORDS Abstract Immunotherapy is an important cancer treatment method that offers hope for curing cancer
patients. While immunotherapy has achieved initial success, a major obstacle to its widespread adoption

gna;n;zz:ﬂziris y is the inability to benefit the majority of patients. The success or failure of immunotherapy is closely
Tumor ’ linked to the tumor’s immune microenvironment. Recently, there has been significant attention
immunosuppressive on strategies to regulate the tumor immune microenvironment in order to stimulate anti-tumor immune
microenvironment; responses in cancer immunotherapy. The distinctive physical properties and design flexibility of nanome-
Cancer; dicines have been extensively utilized to target immune cells (including tumor-associated macrophages
T cells; (TAMs), T cells, myeloid-derived suppressor cells (MDSCs), and tumor-associated fibroblasts (TAFs)),

Immunogenic cell death;
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offering promising advancements in cancer immunotherapy. In this article, we have reviewed treatment
strategies aimed at targeting various immune cells to regulate the tumor immune microenvironment. The
focus is on cancer immunotherapy models that are based on nanomedicines, with the goal of inducing or
enhancing anti-tumor immune responses to improve immunotherapy. It is worth noting that combining
cancer immunotherapy with other treatments, such as chemotherapy, radiotherapy, and photodynamic
therapy, can maximize the therapeutic effects. Finally, we have identified the challenges that
nanotechnology-mediated immunotherapy needs to overcome in order to design more effective
nanosystems.

E-mail addresses: wdchen@ahtcm.edu.cn (Weidong Chen), wanglei@ahtcm.edu.cn (Lei Wang).

"These authors made equal contributions to this work.
Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2024.05.032
2211-3835 © 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese
Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:wdchen@ahtcm.edu.cn
mailto:wanglei@ahtcm.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2024.05.032&domain=pdf
https://doi.org/10.1016/j.apsb.2024.05.032
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2024.05.032
https://doi.org/10.1016/j.apsb.2024.05.032

Nanomedicines enhance cancer immunotherapy

3835

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Immunotherapy has become an effective approach to cancer
treatment, aiming to inhibit tumor development by enhancing anti-
tumor immune responses' °. The clinical success of impeding
antibodies targeting cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) and programmed death-1 (PD-1) suggests the advan-
tages of immunotherapy in cancer treatment”®. While immuno-
therapy has made significant progress in cancer treatment over the
past two decades, it is only effective for a small number of peo-
ple’. The formation of a tumor immunosuppressive microenvi-
ronment (TIME) is considered to be the primary cause of
treatment failure® '°. Therefore, improving the TIME is an elegant
strategy to facilitate the clinical implementation of cancer
immunotherapy, capable of promoting antitumor immune re-
sponses to eradicate tumors.

Nanotechnology is an emerging cancer treatment that mainly
relies on the “enhanced permeability and retention (EPR)” effect
to deliver chemical drugs into tumors while minimizing accu-
mulation in other tissues and reducing side effects'"'>. EPR ef-
fects are not universal because of tumor heterogeneity'*>"'>. The
utilization of nanocarriers as delivery systems for chemical drugs
was limited in cancer therapy. However, nanotechnology-mediated
remodeling of the tumor microenvironment (TME) holds great
promise in immunotherapy and is considered to be very useful in
improving TIME'®'®.  Nanotechnologies participate in the
remodeling of TIME by targeting immune cells, thereby
enhancing their anticancer effect'”*’. Nanotechnologies can also
stimulate the immune system by promoting immunogenic cell
death (ICD)ZI. Moreover, nanotechnologies can also be used in
combination with other methods to simultaneously apply immu-
notherapy and combat cancer progression and metastasis.

In this review, we described the composition of TIME and the
challenges it presents, as well as how nanotechnology can be
utilized to overcome these challenges and improve immuno-
therapy. Our goal was to demonstrate that nanotechnology can not
only be used to deliver chemotherapeutic drugs but also to inhibit
tumor development by acting on TIME.

2. What is TIME?

A variety of immune and non-immune cells are present in the
TME, contributing to immunosuppression, matrix deposition, and
angiogenesiszz’24 (Fig. 1 and Table 1). Among them, immune cells
such as natural killer (NK) cells, lymphocytes, and dendritic cells
(DCs) participate in suppressing tumor growth25 -27. For example,
NK cells kill tumor cells by recognizing their surface molecules™®.
The process of generating an immune response begins with
immature DCs recognizing pathogens and maturing. Mature DCs
then present antigens with the assistance of major histocompati-
bility complex (MHC) class I and II molecules to activate CD4™"
and CD8" T cells. However, the congenital immune system is
suppressed, and systemic adaptive immune activation is disrupted
in the TME*>*. The main reason for this phenomenon is the
infiltration of immunosuppressive cells in the TME®'. Cytokines
secreted by common immunosuppressive cells, such as MDSCs,

regulatory T cells (Tregs), and M2-type macrophages, interfere
with the immune response. This result allows tumor cells to evade
immune recognition and ultimately form TIME?**>~**. For example,
tumor-associated macrophages (TAMs) promote T-cell failure by
expressing the transcription factor interferon regulatory factor-8
(IRF8)*°. The extracellular matrix (ECM) secreted by TAFs hin-
ders T cells from entering the tumor’®. Tregs maintain the M2
phenotype of TAMs by inhibiting the secretion of interferon-y by
CD8™ T cells®’. The retinoic acid and transforming growth factors
(TGF-B) secreted by MDSCs can convert CD4" T cells into
Tregs™®. The current challenge for immunotherapy lies in the
presence of TIME.

3. Tumor immunotherapy enhanced via nanotechnology

Currently, numerous nanomedicines are being utilized for cancer
immunotherapy. Nanosystems can deliver immune modulators or
genes to specific immune cells to stimulate the immune system.
Importantly, some nanomaterials have the ability to regulate im-
mune cells. In addition, the designability of nanosystems provides
the possibility for the development of nanomedicines with specific
functions. In summary, nanomedicines-mediated immunotherapy
has great application prospects. Herein, we have summarized the
research on the targeted regulation of immune cells by nano-
medicines in Supporting Information Table S1.

3.1. Nanomedicine for targeting TAMs

TAMs are the primary cells responsible for regulating the immune
microenvironment of tumors. They can be polarized into a clas-
sically activated M1 phenotype and an alternatively activated M2
phenotype. Macrophages are generally considered a ‘“double-
edged sword” in cancer treatment. M1 macrophages have tumor
growth-suppressing effects, while M2-type macrophages have
tumor growth-promoting effects®”. Notably, TAMs are predomi-
nantly of the M2-type in the TME, contributing to the develop-
ment of immunosuppression4()’4'. Therefore, repolarization of
TAMs may be an effective method to inhibit M2 macrophage
infiltration in tumors and improve TIME*’. Recently, there has
been significant interest in nanomedicine for regulating the
repolarization of TAMs (Fig. 2A and B).

3.1.1.  Nanomedicine modulates the nuclear factor-kB (NF-kB)
pathway involved in repolarizing TAMs
NF-«B is a dimeric transcription factor composed of two of the five
protein family members. It can play a pivotal role in immunity by
regulating the expression of chemokines, cytokines, proteins, etc*”.
In tumor progression, the NF-«kB pathway is considered a key
regulator of TAMs polarization™*°. The activation of NF-«B in
macrophages is a critical factor for tumor occurrence and devel-
opment. Regulating the NF-xB pathway can lead to the repolari-
zation of M2 TAMs*°. Therefore, utilizing nanotechnology to target
the NF-xB pathway is an effective approach for reducing M2
macrophages in TME and enhancing the response to tumors.
Methotrexate (MTX) is widely used for its effective anti-tumor
and anti-inflammatory effects*”**, To enhance the delivery
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Figure 1

Table 1

Classification Constituent Characteristic

The composition and characteristics of TIEM.

Immune cells DCs Present antigens to T cells to

initiate anti-tumor immunity

T cells Responsible for killing tumor cells

NK cells  Responsible for killing tumor cells

B cells Directly or indirectly presenting
antigens to T cells

Non-immune MDSCs Inhibition of T cell activity
cells Tregs Prevent the anti-tumor response of

immune cells

TAFs Generating ECM to inhibit T cell
function

TAMs Including classically activated M1

macrophages and alternative
activated M2 macrophages, M1
macrophages have anti-tumor
effects, while M2 macrophages
have pro-tumor effects

DCs, dendritic cells; NK cells, natural killer cells; MDSCs,
myeloid-derived suppressor cells; Tregs, regulatory T cells; TAFs,
tumor-associated fibroblasts; TAMs, tumor-associated macrophage.

efficiency of MTX, researchers developed poly (lactic acid)-
glycolic acid (PLGA) nanoparticles encapsulated with poly-
ethyleneimine (Pei) and hyaluronic acid (HA) loaded with MTX,
known as HA-PeiPLGA-MTX NPs™. After the administration of
HA-PeiPLGA-MTX NPs, the NF-«B signaling pathway was
inhibited, resulting in a transition of M2 TAMs to the MI
phenotype. Ultimately, the nanoparticles enhanced the immune
response and inhibited the growth of breast cancer. PI3 kinase vy
(PI3-kinase v, PI3K v) is a crucial molecule found in macro-
phages involved in the immune response to tumors. PI3K vy can
participate in regulating tumor immune suppression by inhibiting
NF-«kB p65. Therefore, selectively suppressing the expression of
PI3K v using PI3K + inhibitors is a method to enhance the tumor
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The TIME composed of immune cells. Reprinted with the permission from Ref. 22. Copyright © 2022 FRONTIERS MEDIA SA.

immune response. Li et al.’® prepared porous hollow iron oxide
nanoparticles modified with mannose for loading PI3K v small
molecule inhibitors (3-methyladenine, 3-MA). The prepared
nanoparticles can target TAMs and activate NF-kB p65, promoting
the polarization of TAMs into M1-type macrophages. IMD-0354
is a specific inhibitor of the NF-kB pathway, which effectively
suppresses the NF-kB pathway to achieve repolarization of M2
TAMs. Thus, Liu et al.”’' first prepared mannose-modified lipid
nanoparticles loaded with IMD-0354 (M-IMD-LNP). Next,
nanogels responsive to matrix metalloproteinase 2 (MMP2)
(P/ML-NNG) were used to encapsulate the PD-1 antibody and
M-IMD-LNP. P/ML-NNG can release drugs to different targets
and simultaneously inhibit the PD-1/PD-L1 and NF-«B pathways,
thereby repolarizing M2 macrophages to M1 macrophages. The
assessment of anti-tumor immunity confirmed that P/ML-NNG
can effectively enhance the immune response and improve the
effectiveness of immunotherapy. MicroRNA-155 (miR155) is a
potent regulatory factor for immune cell function, effectively
influencing TAMs polarization and enhancing tumor immuno-
therapy. In order to achieve effective delivery of miR155, re-
searchers have developed layered double hydroxides (LDHs)
nanoparticles™. LDH@155 nanoparticles effectively activated
NF-«B expression in TAMs, induced polarization of TAMs to-
wards the M1 phenotype, and enhanced the efficacy of anti-PD-1
antibody immunotherapy (Fig. 3).

The primary method for nanomedicine to regulate NF-«B is by
encapsulating NF-«B inhibitors into nanocarriers, thus effectively
delivering the inhibitors to the tumor sites. Compared to using
inhibitors alone, the intervention of nanomedicines increases the
accumulation of inhibitors at the tumor site, leading to more
TAMs being repolarized to the M1 phenotype.

3.1.2.  Nanomedicine regulation of cytokines involved in TAMs
repolarization

Cytokines are classified as small signaling proteins and comprise a
family of proteins, including interleukins, lymphokines,
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Figure 2

Schematic illustration of the repolarization mechanism of TAMs mediated by nanotechnology. (A) Nanotechnology triggers the

repolarization of M2 TAMs to M1 TAMs, thereby activating the anti-tumor immunity of T cells and providing opportunities for remodeling
TIME. (B) The mechanism by which nanotechnology promotes the repolarization of M2 TAMs mainly involves the activation of NF-kB p65,

promotes cytokine release and inhibits CSF1R signaling.

chemokines, single factors, and interferons®. Cytokines are
crucial components of the immune system and serve as bio-
markers for various diseases”>. Therefore, regulating cytokine
expression can help improve TIME.

IL-12 is a heterodimeric cytokine that regulates the trans-
formation of M2 macrophages into M1 macrophages, resulting in
anti-tumor responses®. The microenvironment-responsive nano-
carriers containing IL-12 were engulfed by macrophages, leading
to the release of IL-12. This promoted the repolarization of TAMs
into the M1 phenotype and exhibited significant anti-tumor ef-
fects’’. The combination of IL-12 and chemotherapy drugs in
cancer treatment has garnered increasing attention. Li et al.’®
developed therapeutic nanoparticles (TNPs) for the co-delivery
of IL-12 and doxorubicin. Doxorubicin and IL-12 were co-
released in TME. The released IL-12 promoted the polarization
of TAMs into the M1 phenotype, enhancing the anti-tumor
effectiveness of doxorubicin.

Macrophage colony-stimulating factor (MCSF) participates in
macrophage recruitment and facilitates polarization into M2
macrophages by binding to the CSFIR and transmembrane type
III protein tyrosine kinase receptor found on macrophages and
monocytes”®'. Overall, targeted inhibition of CSFIR signaling is
a promising immunotherapy strategy that promotes the repolari-
zation of M2 macrophages into an anti-tumor M1 phenotype.

BLZ945 is a small molecule CSFIR inhibitor that can effec-
tively repolarize M2 macrophages into M1 macrophages®”.
Simultaneously loading BLZ945 and selumetinib (a MAPK
signaling inhibitor) into supramolecular nanoparticles can
continuously inhibit both CSFIR and MAPK signaling pathways,
promoting the repolarization of M2 macrophages to the M1
phenotype®. Therefore, the simultaneous inhibition of CSFIR and
MAPK signals is a valid tactic for macrophage-mediated immu-
notherapy. The PDL1/PD1 signaling pathway is also involved in
the polarization of TAMs, in addition to the CSFIR axis. Studies
have found that anti-PDL1 can increase iNOS and reduce arginase
levels, thereby affecting the phenotype of TAMs®. The over-
expression of PDL1 in TAMs is regulated by the activation of the
CSF1/CSFIR pathway. Therefore, the PDLI1/PD1 signaling
pathway is considered a key player in assisting the CSFIR
signaling pathway in regulating the polarization of TAMs. In
response to this phenomenon, a system of self-assembled lipid
nanoparticles loaded with small molecule inhibitors of the CSF1R
signaling axis (BLZ945) and surface-modified by an anti-PDL1
monoclonal antibody («-PDL1-CSF-LNPs) has been developed
for anti-tumor research®. This system can target and inhibit the
PDL1 and CSFIR pathways simultaneously, thereby promoting
the transformation of the M2 phenotype into the M1 phenotype
and enhancing the anti-tumor immune response.
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Cytokines can participate in regulating TAMs polarization
through various pathways. Loading cytokines or their inhibitors
into nanosystems can simultaneously regulate multiple pathways
to induce the polarization of TAMs into the M1 phenotype.
Therefore, immunotherapy based on nanomedicines tends to
incorporate cytokines and chemotherapy drugs into the nano-
system to exert synergistic anti-tumor effects.

3.1.3.  Others

TMP195 is a specific class I HDAC small molecule inhibitor that
repolarizes M2 macrophages into M1 macrophages by altering
their epigenetic properties”®. However, TMP195 may have po-
tential side effects when applied in vivo. To tackle this issue,
macrophage membrane-coated biomimetic nanoparticles were
developed as delivery vehicles for TMP195%”. The biomimetic
nanoparticles repolarize M2 macrophages to M1 macrophages and
synergize with photothermal therapy (PTT) to enhance anti-tumor
effects. As a dual agonist of Toll-like receptor TLR7/8, R848 can
promote the polarization of M2 macrophages towards M1 mac-
rophages. Lignin biopolymers were used as carriers to prepare
nanoparticles containing R848 (R848 @LNPs) and labeled with 5
(6)-carboxyfluorescein (FAM)®®, R848 @LNPs can target CD206-
positive M2-like TAMs and convert them into anti-tumor M1
macrophages. Therefore, when combined with vinblastine,
R848 @LNPs can stimulate immune cells in the TME to transition
to an anti-tumor immune state, thereby enhancing the anticancer
effect of vinblastine. Iron can promote the conversion of anti-

inflammatory M2 macrophages into pro-inflammatory M1 mac-
rophages. Research has shown that iron oxide nanoparticles can
induce the differentiation of M2-like TAMs into M1 phenotypes,
which can inhibit tumor growth®. Mitochondria not only produce
energy for cells but also regulate cell survival and death. In the
TME, mitochondria are involved in the regulation and activation
of immune cells. It is worth noting that mitochondria are involved
in regulating macrophage polarization. To this end, Zhao et al.”’
developed twin-like charge-switchable nanoparticles that target
mitochondria. The nanoparticles selectively silence mitofusin 1
(MFEN1), thereby inhibiting mitochondrial fusion in TAMs and
promoting the repolarization of TAMs from M2 to M1 phenotype.
This drug delivery strategy effectively reversed TIME and pro-
vided an efficient solution for tumor immunotherapy. MicroRNA-
125a (miR-125a), a non-coding RNA, participates in regulating
immune cell function by binding to the 3’-untranslated region of
targeted mRNA. Furthermore, miR-125a exhibits ideal tumor
growth inhibitory effects. Accordingly, miR-125a may function as
a genetic drug with dual effects, reversing TAMSs polarization and
inhibiting  tumor growth. Researchers have developed
polyethyleneimine-modified dendritic mesoporous silica nano-
particles loaded with miR-125a (DMSN-PEI@125a) to synergis-
tically reverse immune suppression and kill tumor cells’". In TC-1
mouse models, DMSN-PEI@125a can repolarize TAMs to stim-
ulate anti-tumor immune responses and synergistically inhibit
tumor growth. The Cu-doped polypyrrole nanozyme modified
with polyethylene glycol (CuPP), developed by Zeng et al.”?, can



Nanomedicines enhance cancer immunotherapy

3839

increase oxygen levels in the TME and reverse the hypoxic con-
ditions. More importantly, CuPP promotes the transformation of
M2 macrophages into M1 macrophages, inducing a strong im-
mune response. OX40L-overexpressed M1 macrophage exosomes
(OX40L MIl-exos) promoted the reprogramming of TAMs into
M1 macrophages by activating the OX40/OX40L pathway’*. This
strategy effectively inhibited the growth and metastasis of breast
cancer.

3.2.  Nanomedicine for targeting T cells

T cells eliminate tumor cells based on their antigenic specificity
and play a role in anti-tumor immune responses’ ">, The function
of T cells in regulating immune responses is mediated by CD4™
and CD8™ T cells, respectively’®’®. Among them, CD8™ T cells
kill tumor cells by recognizing the MHC I molecules expressed by
tumor cells. CD4" T cells can directly kill tumor cells through
MHC II, or indirectly kill tumor cells by releasing cytokines to
activate other immune cells with anti-tumor functions’’. However,
T cells encounter challenges in penetrating tumor tissue and
unleashing their anti-tumor immune response because of various
immunosuppressive mechanisms®. Currently, research on T cell
therapy primarily focuses on increasing T cell infiltration into
tumor sites, activating T cells, and enhancing their activity
(Fig. 4)81°%3,

3.2.1.  Nanomedicine increases T-cell infiltration

The absence or mutation of the gene encoding the phosphatase
and tensin homolog (PTEN), which is located on chromosome 10,
is associated with reduced T-cell infiltration at tumor sites.
Restoring PTEN function is expected to enhance T-cell infiltration
at tumor sites. To accomplish this objective, nanoparticles loaded
with PTEN messenger RNA (mRNA) have been developed to

Nanomedicine

Figure 4

enhance PTEN expression in tumors™. There is no doubt that
PTEN mRNA nanoparticles promote the infiltration of CD8" T
cells into tumor tissues and reverse TIME. In addition to the
obstruction of T cell infiltration in tumors, T cell depletion is also
a factor leading to the failure of immunotherapy™. Therefore,
increasing T cell infiltration while preventing their depletion in
tumors has become an important strategy for enhancing immu-
notherapy. The absence of sphingosine 1-phosphate receptor 1
(S1PR1) on the surface of T cells results in a considerable number
of T cells being unable to infiltrate tumor tissue. Due to the
internalization of S1IPR1 dependent on G protein-coupled receptor
kinase 2 (GRK2). Inhibiting GRK2 can stabilize the expression of
S1PR1 on the outside of T cells. Meanwhile, blocking PD-1,
T-cell immunoglobulin, and mucindomain-containing molecule-3
(TIM-3), cytotoxic T lymphocyte antigen-4 (CTLA-4) can
reduce T cell depletion. Therefore, the combination of biomimetic
nanoparticles and paroxetine (PX, a GRK2 inhibitor) reduced PD-
1 and TIM-3 on T cells by downregulating TET2 levels and
inhibited GRK2 to stabilize SIPR1 expression on the outside of T
cells®®. The combination of biomimetic nanoparticles and PX
increased T cell infiltration at the tumor site and reversed their
dysfunction (Fig. 5). The FeS-GOx nanodots synthesized by
glucose oxidase self-assemble into FeS-GOx@PTX through hy-
drophilic interactions with paclitaxel®’. FeS-GOx@PTX can
promote T-cell infiltration and completely eliminate primary tu-
mors by inducing ICD. The permeation efficiency of chimeric
antigen receptor (CAR)-redirected T lymphocytes (CAR T cells)
in solid tumors is low. PLGA nanoparticles loaded with indoc-
yanine green (PLGA-ICG) can damage ECM by generating
heat®®. Subsequently, the infiltration of CAR T cells into the tumor
increased, indicating a significant therapeutic effect on melanoma.

Ensuring that a sufficient number of T cells initiate an immune
response at the tumor site requires not only increasing T cell

TGF-p rcceplorl
CXCL1 l

ECM |

T cells

Schematic illustration presenting brief mechanism of nanomedicine targeting T cells. (1) After entering tumor tissues, nanomedicines

silence the expression of TGF-§ and CXCLI, reducing ECM deposition. Subsequently, the permeation of T cells at the tumor site increases,
thereby regulating TIME. (2) The production of lactate decreases after the silencing of LDHA expression by nanomedicines. The reduction of
lactate production induces the reversal of the acidic microenvironment of tumors, thereby restoring T cells immune function. (3) Nanomedicines
reduce ROS level and promote T cells survival by catalyzing the decomposition of H,O, within tumors.
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(A) Schematic illustration of biomimetic nanoparticles and PX increase T cell infiltration in tumor. (B) The spleen weights of each

group. (C) Images of CD3™" T cells in the spleens of mice from different groups (scale bar = 100 pum). (D, E) Bone marrow CD3* T cells and
their percentages in different groups of mice. (F, G) Bone marrow SIPR1TCD3" T cells and their percentage in different groups of mice.
Reprinted with the permission from Ref. 86. Copyright © 2023 John Wiley and Sons. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 5).

infiltration but also reducing T cell depletion. Therefore, when
designing nano-delivery systems, it is important to consider both
increasing T cell infiltration and avoiding T cell depletion.

3.2.2.  Nanomedicine activation of T cells

The acidic microenvironment resulting from the production of
lactic acid in solid tumors hinders the immune response of T
cells®*". Specifically, the increase in lactate levels can lead to the
inactivation and apoptosis of CD8" T cells’”. Therefore, reversing
the acidic microenvironment of tumors caused by lactic acid can
help restore the immune function of T cells’®. A scheme for
cancer treatment has been developed based on regulating tumor
acidity using nanomedicine™. Lactate dehydrogenase A (LDHA)
is primarily responsible for converting pyruvate to lactate, which
contributes to tumor acidity. Silencing LDHA with small inter-
fering RNA (siRNA) can help reverse tumor acidity and restore T
cell anti-tumor function. Therefore, Zhang et al.”” developed
vascular CLAN nanoparticles as a siRNA delivery system
(VNPgipgna) to silence LDHA in tumor cells. This treatment
significantly reduced lactate production and neutralized tumor
acidity. Ultimately, the infiltration of CD8" T cells increased, and
their functionality was restored, resulting in improved immuno-
therapy with anti-PD-1. Moreover, ROS secreted by immuno-
suppressive cells in TME can induce apoptosis and functional
inhibition in T cells, leading to suboptimal T cell-mediated
immunotherapy. Simultaneously stimulating T cell activation
and regulating ROS levels in TME is a promising treatment
approach. To achieve this goal, Lu et al.”® developed antibodies
(anti-CD3/CD28 mAbs, CD) functionalized MnOx nanoparticles
camouflaged with tumor cell membranes (CD-MnOx@CM) to
regulate TME and activate T cells. As envisioned, CD-
MnOx@CM not only effectively activated CD8" T cells but

also regulated ROS levels in TME by catalyzing the decomposi-
tion of H,O, into O,, thereby promoting T cell survival within the
tumor.

T cells need to be activated before they can function in
immunotherapy. However, the function of T cells is often inhibited
in TIME. The development of nanomedicines should not neglect
the activation of T cells while considering increasing T cell
infiltration.

3.3.  Nanomedicine for targeting Tregs

Tregs, an important subgroup of CD4™ T cells, maintain immune
homeostasis by suppressing immune responses’’*®. The abnormal
number and function of Tregs can lead to autoimmune diseases””.
In tumor immunity, Tregs are involved in suppressing anti-tumor
immune responses'””. Tregs can induce tumor immune escape
by blocking effector T cells and by inducing monocytes to
differentiate into the M2 subtype, which promotes tumor growth
and metastasis'®""'%%, In addition, TGF-8 secreted by Tregs re-
stricts immune cells from reaching TME, ultimately leading to
TIME. Inhibiting or eliminating Tregs has become a key focus in
promoting an anti-tumor immune response (Fig. 6).

3.3.1.  Nanomedicine inhibition of Tregs

Glutathione (GSH) is a key participant in maintaining the
expression of Foxp3 in Tregs and their immunosuppressive
function'®. Furthermore, a hypoxic TME can not only recruit
Tregs infiltration but also promote Tregs proliferation'**'".
Consequently, some researchers have proposed overcoming Tregs-
mediated immunosuppression by regulating the redox metabolism
of the TME. Fluorine-assembled nanoparticles have been devel-
oped to overcome Tregs-mediated immunosuppression'“®. Herein,
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the oxygen contained in perfluorocarbon within fluorine-
assembled nanoparticles can effectively alleviate hypoxia in the
TME, thereby inhibiting the proliferation and infiltration of Tregs.
On the other hand, the chemical prodrugs released by fluorine-
assembled nanoparticles under laser irradiation reduce the level
of GSH, thereby decreasing the expression of Foxp3 in Tregs, and
accomplishing the objective of reversing tumor immune sup-
pression. Imatinib (IMT) can decrease the quantity of Tregs and
hinder their function by disrupting STAT3 and STATS signals. In
order to accurately deliver IMT to Tregs, hybrid nanoparticles
coupled with tLypl peptide were prepared for the delivery of
IMT'"”. As expected, the tLypl peptide-coupled hybrid nano-
particles blocked the phosphorylation of STAT3 and STATS,
resulting in a decrease in Tregs within the tumors. Mitogen-
activated protein kinase (MEK)/extracellular signal-regulated ki-
nase (ERK) signaling is a prospective target for inducing the
expansion of Tregs. Demethylcantharidin (DMC) can interfere
with FOXP3 expression by inhibiting protein phosphatase 2A
(PP2A), thereby reducing Treg levels in TME. Researchers have
utilized DMC-conjugated §-cyclodextrin to create supramolecular
photodynamic nanoparticles for the smart delivery of photosen-
sitizers and immunomodulators'’®. The results showed that su-
pramolecular photodynamic nanoparticles reduced Treg levels in
TME and increased infiltration of CD8™" T cells, thereby reversing
TIME. Of course, some researchers have combined the anti-tumor
efficacy of PDT with the downregulation of Tregs in tumors by
IMT. In this strategy, layer-by-layer hybrid nanoparticles (LBL-
hNPs) were used to encapsulate IR-780 and IMT, thereby
achieving dual effects of downregulating Tregs and exerting anti-
tumor activity'*’. The results showed that LBL-hNPs reduced the
inhibitory function of Tregs and improved the anti-tumor efficacy
of PDT. Curcumin is an inhibitor of the MEK/ERK signaling
pathway and can effectively reduce the increase of Tregs in tumors
when loaded into nanoparticles (Fig. 7)M° In addition, ursolic

Iron oxide nanoparticles |

Nanomedicine

N

-»Foxp3
Tregs

m Lack of
: ICe suppression

Schematic illustration of nanomedicines targeting Tregs to increase T cells immune response. Regulation of different nanomedicines
(tLyp1-hNPs, LBL hNPs, UA liposomes, and iron oxide nanoparticles).

acid (UA) is a lead compound with immune regulatory properties
derived from plants and fruits. UA liposomes can reduce tumor-
infiltrating Tregs by inhibiting STATS phosphorylation and IL-
10 secretion''".

Tregs expressing Foxp3 are abundant in the TME and are often
associated with a poor prognosis. Interfering with Foxp3 expres-
sion is an effective approach to suppress Tregs and boost immune
response. Therefore, the current nanomedicine design focuses on

interfering with Foxp3 expression.

3.3.2.  Nanomedicine elimination of Tregs

Considering that Tregs in tumor tissue are more closely associated
with tumor immunosuppression, it is more effective to eliminate
Tregs only at the tumor site than throughout the entire body.
Nanoparticle-mediated PTT is widely wused for local
anticancer treatment, but its ability to eliminate Tregs has been
neglected''*"''*. Therefore, nanoparticle-mediated PTT may be an
effective method for locally eliminating Tregs and promoting
immunotherapy. To verify this hypothesis, iron oxide
nanoparticle-mediated PTT was used in mouse breast tumor
models to investigate its combined anti-tumor effect with CTLA-
4" The results showed that iron oxide nanoparticle-mediated
PTT can selectively eliminate Tregs at the tumor sites and
enhance the inhibition of CTLA-4 on tumor growth.

It is worth noting that Tregs are responsible not only for sup-
pressing tumor immunity but also for maintaining immune bal-
ance in the body''®. Eliminating systemic Tregs may disrupt the
body’s immune balance and trigger certain autoimmune dis-
eases''’. In addition, eliminated Tregs rapidly release adenosine
triphosphate (ATP) and convert it into adenosine near death. Af-
terward, adenosine binds to the surface receptors of T cells to
inhibit their activity''®. Hence, the treatment strategy of elimi-
nating systemic Tregs to reverse immune suppression may not
yield the anticipated results.
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Figure 7

Curcumin nanoparticles inhibit Tregs expansion. (A) Scanning and transmission electron microscopic images of curcumin and

curcumin nanoparticles (left panel). Fluorescence images of carrier, curcumin, and curcumin nanoparticles in 4T1 cells (right panels), green
fluorescent: curcumin. (B) Diagram of the relationship between average fluorescence intensity and time. (C) In vitro cell viability of normal
peripheral blood monocytes and 4T1 cells. (D) Percentage of CD4" CD25" FoxP3" Tregs induced in tumour-draining lymph nodes (left panel)
and tumour-infiltrating lymphocytes of curcumin/nano-curcumin-treated (right panel) (n = 5). (E) The expression level of proteins. Reprinted
with the permission from Ref. 110. Copyright © 2015 John Wiley and Sons.

3.4.  Nanomedicine for targeting MDSCs

MDSCs are immature bone marrow cells with immunosuppressive
effects and play an essential role in TIME''*'?°. MDSCs pri-
marily play a role in immune suppression by depleting metabo-
lites, upregulating ROS, and secreting various cytokines'”'
MDSCs also play a role in inhibiting the immune function of T
cells'*?. In recent years, nano-immunotherapy has primarily
improved anti-tumor effectiveness by decreasing the activity of
MDSCs or inhibiting their recruitment (Fig. 8).

3.4.1. Nanomedicine reduces the activity of MDSCs

Scavenger receptor type B-1 (SCARB1) is a high-affinity receptor
for globular high-density lipoproteins (HDL) and is expressed in
MDSCs. Focusing on this feature, researchers synthesized high-
density lipoprotein nanoparticles (HDL NPs) for the specific tar-
geting of SCARB1'*. The results suggested that HDL NPs
significantly inhibited the activity of MDSCs and suppressed
tumor growth. Tadalafil is expected to regulate anti-tumor im-
munity by inhibiting the function of MDSCs. Therefore, Zhang
et al."** used nanotechnology to co-deliver tadalafil and indoc-
yanine green, referred to as FIT NPs. The released tadalafil can
effectively inhibit the activity of MDSCs at the tumor sites and
enhance the therapeutic efficiency of PTT.

The immunosuppressive network composed of MDSCs inhibits
the anti-tumor response of T cells, thereby promoting tumor im-
mune escape. The main treatment method for MDSCs is to
leverage the benefits of nanosystems to precisely deliver drugs
into TME and suppress MDSC activity.

3.4.2.  Nanomedicine inhibits the recruitment of MDSCs
Tumor hypoxia, as a characteristic marker of TME, activates
TIME by recruiting MDSCs'*®. Researchers attempted to over-
come the challenge caused by tumor hypoxia by interfering with
mitochondrial respiration. Specifically, IR780 (a photosensitizer)
and metformin (a mitochondrial respiratory inhibitor) were loaded
onto the nanoplatforms simultaneously. The nanoplatforms
released IR780 and metformin upon reaching the tumor site. The
released metformin overcame tumor hypoxia by inhibiting mito-
chondrial respiration, thereby inhibiting the immunosuppressive
function induced by MDSCs. Additionally, the accumulated O,
enhanced the anti-tumor therapy mediated by IR780'?°. Three
negative breast cancer cells primarily depend on glycolysis
(known as the “Warburg” effect) to acquire the energy required for
growth. LDHA is highly expressed in glycolysis to facilitate the
conversion of pyruvate to lactate. In addition, high LDHA
expression promotes the recruitment of MDSCs by inducing the
secretion of granulocyte colony-stimulating factor (G-CSF) and
granulocyte macrophage colony-stimulating factor (GM-CSF).
Based on this, researchers developed a redox reaction nano-
assembly system (R-mPDV/PDV/DOX/siL) to silence LDHA and
induce ICD'?’. R-mPDV/PDV/DOX/siL respond to the release of
siRNA in tumors, enabling efficient silencing of LDHA. After
silencing the expression of LDHA, the secretion of G-CSF and
GM-CSF cytokines decreased, and the recruitment of MDSCs was
inhibited. In summary, R-mPDV/PDV/DOX/siL. have significant
anti-tumor effects on 4T1 tumors.

Preventing MDSCs from entering TME is another strategy for
initiating immunotherapy. Nanomedicines primarily inhibit the
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recruitment of MDSCs by impeding the key process of attracting
MDSCs into the TME.

3.5.  Nanomedicine for targeting TAFs

TAFs are one of the most abundant cells in the tumor matrix and
play a crucial role in the development and metastasis of tu-
mors'?*'?°. Additionally, TAFs are the primary factor affecting
TIME'**"*' . Specifically, the cytokines, chemokines, and cell
surface proteins secreted by TAFs directly limit the infiltration of
immune cells. TAFs can indirectly impede the infiltration of im-
mune cells by producing ECM deposition. The direct elimination
of TAFs may cause the spread of cancer cells, facilitating the
invasion and metastasis of cancers. Therefore, reprogramming
active TAFs into a quiescent state for fine-tuning therapy is an
optimal approach to stimulate tumor immune responses. Nano-
delivery systems are commonly used to regulate TAFs and
enhance immune response due to their capability to efficiently
penetrate tumor lesion areas (Fig. 9)'*%'?,

Relaxin (RLN) has the effect of inhibiting TAFs activation and
improving TIME. Researchers synthesized a PolyMet-pRLN
complex using the plasmid RLN (pRLN) and the polymer met-
formin (PolyMet) to overcome the short half-life of RLN"*. To
enhance the stability of the complex, lipid poly-y-glutamic acid
(PGA)/PolyMet-pRLN nanoparticles (LPPR) were further pre-
pared. LPPR can effectively penetrate 4T1 luc/TAFs tumor
spheres and inhibit the proliferation of TAFs. Furthermore, LPPR
can increase the permeation of cytotoxic T cells and reduce the
recruitment of immunosuppressive cells by suppressing the acti-
vation of TAFs in vivo. In brief, LPPR can remodel the immune
microenvironment of triple negative breast cancer and elevate the
anti-tumor efficacy of PD-L1 antibody. The release of trypsin
(TPS) by mast cells can elevate the expression of a-smooth
muscle actin (a-SMA) to activate TAFs. Based on this, He et al.'*

CD4" T cells

Schematic illustration of the mechanisms of nanotechnology regulating MDSCs.

developed tryptase-imprinted nanoparticles (DMSN@MIPs) using
dendritic mesoporous silica as a carrier and TPS as the template
molecule to neutralize TPS and inhibit TAFs activation. In addi-
tion, DMSN@MIPs suppressed the activation of TAFs and
enhanced the penetration of doxorubicin liposomes (DOX/LIP) in
tumors. As expected, the combination therapy of DMSN@MIPs
and DOX/LIP significantly increased the levels of immune cells
(including DCs, CD8" T cells, and NK cells) and remodeled
TIME.

In recent years, the active ingredients of traditional Chinese
medicine have frequently been utilized as regulators of the tumor
immune microenvironment in combination with chemotherapy
drugs for anti-tumor treatment'*>'?”. However, challenges such as
poor water solubility and a short half-life in vivo limit the
advancement of active ingredients in traditional Chinese medi-
cine'*®. Therefore, many researchers have incorporated nano-
delivery systems into the development of active ingredients'>”.
For example, baicalin extracted from the roots of Scutellaria
altissima L., has anti-fibrotic effects in various organs. Therefore,
Zheng et al."*" constructed mPEG-modified poly (lactide-co-gly-
colide) (PLGA) nanoparticles loaded with baicalin (PMs-Ba).
PMs-Ba can enhance the infiltration of cytotoxic T cells and
stimulate the tumor immune microenvironment by inhibiting the
activation of TAFs. Furthermore, PMs-Ba can significantly elevate
the capacity of doxorubicin nanoparticles. Danshen-derived sal-
vianolic acid B (SAB) also exhibits anti-fibrotic effects in various
organs. In order to prolong the half-life of SAB in vivo, PEG-
modified liposomes were used to encapsulate SAB (PEG-SAB-
Lip)'*'. The research results indicate that PEG-SAB-Lip can
inhibit the activation of TAFs by suppressing TGF-g1, thereby
reducing collagen deposition at the tumor sites. After improving
the tumor fibrosis microenvironment, CD4" and CD8" T cells,
along with M1 macrophages, were recruited to the tumor sites,
resulting in modulation of the TIME. In summary, the active



3844

Yunna Chen et al.

“Cold” tumor

“Hot” tumor

Nanomedicine

Nanomedicine

Activated

o O

Resting

B G

Trges MDSCs M2 ECM

macrophage

Figure 9

1@ @ &

CD8* CD4* M1
T cells T cells macrophage

Schematic illustration of nanomedicine regulation of TAFs. Nanomedicine reverse activated TAFs to resting state, thereby reducing

ECM deposition in tumor tissue. Then, the “cold” tumor transforms into a “hot” tumor, increasing the efficacy of immunotherapy.

components of traditional Chinese medicine are effective rem-
edies for stimulating tumor immunity and enhancing the anti-
tumor effects of chemotherapy drugs.

The occurrence of dynamic immune evasion can lead to a poor
response to immune therapy. The induction of fibrosis by TAFs
and the failure of T cells mediated by tumor cells are key factors
contributing to dynamic immune evasion. In response to this
discovery, Pan et al.'"** developed a self-adaptive nanoregulator
based on peptide-drug conjugates to alleviate dynamic immune
evasion in pancreatic ductal adenocarcinoma (PDAC). This self-
adaptive nanoregulator can achieve morphological trans-
formation from spherical micelles to nanofibers to spherical
nanoparticles. The self-adaptive nanoregulator disrupted tumor
fibrosis by delivering an inhibitor of TAFs. In addition, this self-
adaptive nanoregulator can also deliver an indoleamine 2,3-
dioxygenase 1 inhibitor to alleviate the dysfunction of T cells
induced by the IDOIl-kynurenine axis. In summary, the self-
adaptive nanoregulator can stimulate sustained anti-tumor immu-
nity and enhance anti-tumor effectiveness. TAFs are compelled to
act as “energy factories” for cancer cells, supplying energy for
their rapid growth and proliferation. The glycolytic metabolite
lactate produced by TAFs leads to impaired immune cell function,
ultimately resulting in TIME. Therefore, simultaneous inhibition
of glycolysis in cancer cells and TAFs may be crucial for the
functioning of immune cells. Zang et al.'** modified the hybrid
membrane of cancer cells and TAFs on solid lipid nanoparticles
encapsulated with paclitaxel (a chemotherapy drug) and PFK15 (a
glycolytic inhibitor). They aimed to target cancer cells and TAFs,
respectively, and to block the metabolic network between them.
Biomimetic nanoparticles simultaneously blocked the glycolysis
of cancer cells and TAFs decreased lactate production in the TME,
and stimulated immune responses. Furthermore, biomimetic
nanoparticles have been demonstrated to enhance tumor growth
inhibition. This suggests that disrupting the glycolysis of cancer
cells and TAFs is a promising strategy for enhancing the anti-
tumor immune response and improving the effectiveness of
chemotherapy when combined with immunotherapy.

Notably, recent studies have also reported that TAFs may
inhibit tumor growth. Completely eliminating TAFs may promote
tumor growth and metastasis. Therefore, the goal of nanomedicine
is to inhibit the activity of TAFs or partially eliminating eliminate
them.

3.6. Nanomedicine for targeting NK cells

NK cells are a type of innate lymphocytes that have the ability to
eliminate tumor cells and inhibit tumor development'**. NK cells
can not only kill tumor cells but also enhance the anti-tumor ef-
fects of other immune cells, such as DCs, CD8" T cells, and
macrophages'*’. Therefore, its role in cancer immunotherapy has
gradually attracted the attention of researchers. It is worth noting
that the cytotoxicity of NK cells in TME is the main factor
determining its therapeutic effect'*®. However, NK cell toxicity is
easily suppressed in TIME. Recent studies have shown that
nanotechnology-mediated immunotherapy can activate NK cells
to enhance cancer immunotherapy.

The anti-tumor activity of NK cells is inhibited by the
immunosuppressive molecule TGF-8 in TME. Galunisertib can
counteract the inhibitory effect of TGF- on NK cells by blocking
TGF-{ receptor type I kinase. Interleukin-15 (IL-15) can activate
NK cells, thereby improving anti-tumor efficiency. Therefore, it is
necessary to develop a nanosystem that can simultaneously deliver
galunisertib and IL-15. Herein, Sun et al.'*’ prepared nano-
particles loaded with galunisertib and IL-15 using calcium car-
bonate as the core and sodium alginate as the outer layer (Gal/IL-
15@CalLN). Gal/IL-15@CaLN can promote drug retention in
tumors and activate NK cells, ultimately enhancing anti-tumor
immune responses. In addition to directly targeting TGF-g,
downstream signaling pathways such as transcription factors
Smad2 and Smad3 can also be targeted to activate NK cells. SIS3
is a small molecule inhibitor of Smad3 that can be used to
interfere with TGF-G-induced immunosuppression. A self-carried
nanodrug-SIS3 (SCND-SIS3) enhances NK cell-mediated im-
mune response by inhibiting Smad3-mediated Ndrgl
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transcription'*®. The STING pathway activates NK cells by
inducing the production of type I interferon (IFN), thereby
inhibiting metastatic renal cell carcinoma. STING-loaded lipid
nanoparticles can significantly activate NK cells and kill circu-
lating metastatic cancer cells'*’. The cellular activity of NK cells
is influenced by Src homology 2 domain-containing protein
tyrosine phosphatase-1 (SHP-1), Cb1-b, and c-Cbl1. In response to
this phenomenon, lipid-based nanocarriers have been developed
for encapsulating siRNA to target interference with SHP-1, Cb1-b,
and ¢-Cb1'*’. The research results showed that nanoparticles
safely and effectively silenced the expression of SHP-1, Cbl-b,
and c-Cb1 in NK cells, thereby enhancing the ability of NK cells
to kill cancer cells. In addition, the oxidative metabolites of self-
assembled selenopeptide nanoparticles (SeNPs) can activate NK
cells and enhance the anti-tumor efficacy of chemotherapy drugs
(Fig. 10)"°". The selenite produced through the self-assembly of 8-
selenate ester and Pem nanoparticles can inhibit the activation of
NK cells by human leukocyte antigen E'>*. Overall, activating NK
cells is an effective strategy for nanomedicines to stimulate anti-
tumor immune responses.

The anti-tumor activity of NK cells is regulated by multiple
pathways. Currently, the developed nanomedicines only focus on
one pathway. In the future, we should develop a strategy to
simultaneously target multiple pathways to activate NK cells and
induce anti-tumor immunity.

3.7.  Nanomedicine for targeting DCs

DCs are functionally specific antigen-presenting cells responsible
for coordinating innate and adaptive immune responses'>>. The
anti-tumor response of DCs mainly relies on transporting tumor-
related antigens to draining lymph nodes to activate T-cell im-
mune responses. Maturation of DCs is a necessary condition for
presenting immune response signals to T cells. In tumors, the
maturation process of DCs is often inhibited, preventing T cells
from initiating anti-tumor immunity. Promoting the maturation of
DCs is an effective strategy for enhancing T-cell immune responses
and improving the clinical efficacy of cancer immunotherapy.

The initiation of anti-tumor immunity by DCs involves multiple
steps, including ICD, recruitment of DCs, and presentation of an-
tigen signals. Designing a type of nanoplat that simultaneously
regulates these steps is an urgent need to enhance anti-tumor im-
mune responses. The nanosystem (CC-6td NP) composed of chlorin
e6 (Ce6), celecoxib, and 6-thio-2'-deoxyguanosine (6-thio-dG) can
achieve the ideal of simultaneously regulating the DCs anti-tumor
immune response cascade step'”*. Among them, Ce6 is respon-
sible for stimulating ICD, celecoxib recruits DCs by inducing the
production of chemokine CCLS5, and 6-thio-dG is responsible for
enhancing the antigen cross-presentation ability of DCs. The
designed nanosystem enhances the immune response of tumors and
inhibits the growth and postoperative recurrence of colon cancer.
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permission from Ref. 151. Copyright © 2022 John Wiley and Sons.

(A) Schematic illustration of the Sep/DOX formation. (B) Sep/DOX improve NK cells mediated immunotherapy. Reprinted with the
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Manganese (Mn) is crucial for human health as a nutritional trace
element. Mn can promote the maturation of DCs and trigger the
anti-tumor immune responses of T cells by activating the
cGAS—STING pathway. Therefore, Wang et al.'>” developed
cancer cell membrane-modified Mn hydroxide nanoparticles for
loading doxorubicin (mHMnO-Dox) to exert synergistic anti-tumor
effects. The Mn?>" released by mHMnO-Dox promotes the matu-
ration of DCs by activating cGAS-STING, which in turn increases
the homing of T and NK cells, ultimately inducing anti-tumor im-
mune responses. The mature DCs membrane activated by tumor
antigens («DCM) retains the ability to present antigens and can
enhance the anti-tumor immune response of T cells. Therefore,
encapsulating «DCM on the surface of poly (lactic-co-glycolic
acid) loaded with rapamycin (aDCM@PLGA/RAPA) is a simple
and efficient strategy for improving immunotherapy'™.
aDCM@PLGA/RAPA can stimulate the maturation of DCs and
activate T-cell infiltration, ultimately inhibiting the progression of
glioma in situ. In addition, polymer nanoparticles (PAG/BTZ)
prepared by combining bortezomib (BTZ) and aminoguanidine
(AG) modified polymer nanocarriers through electrostatic adsorp-
tion can respond to the release of BTZ and AG in vivo'”’. The
released BTZ is responsible for inducing ICD, while AG is
responsible for promoting the maturation of DCs, thereby
enhancing the induction of anti-tumor immune responses. Certain
chemotherapy drugs can activate anti-tumor immune responses.
Therefore, RNA extracted from cancer cells treated with chemo-
therapy drugs can stimulate the maturation of DCs and induce anti-
cancer immune responses. Su et al.'>® prepared composite nano-
particles (RNA NPs) by electrostatically binding induced RNA with
protamine to promote the maturation of DCs and enhance the ef-
ficacy of immune checkpoint inhibitors (ICIs).

Although activating DCs can induce anti-cancer immune re-
sponses, relying solely on DCs has limited inhibitory effects on
cancer. Therefore, currently developed nanomedicines mostly
combine immunotherapy with chemotherapy.

3.8.  Nanomedicine for targeting tumor-associated B cells
(TABs)

Compared to other immune cells, the role of TABs in anti-tumor
immunity is often overlooked'’. In the tertiary lymphoid structure,
TABs are activated and present tumor-associated antigens to T cells
to kill tumor cells'®. In addition, TABs can indirectly regulate the
anti-tumor response of T cells by producing antibodies. However,
almost no nanomedicine specifically targeting TABs has been
developed. Similar to TAMs, TABs can promote and inhibit tumor
growth. At present, it is unclear how to distinguish between
different types of TABs. Therefore, the future development of
nanomedicines can focus on targeting different types of TABs.

3.9.  Non-specific targeted nanomedicine

In addition to targeting a specific immune cell, some nano-
medicines can non-specifically target different immune cells to
initiate anti-tumor immunity. For example, the combination of
nanomedicine-mediated PDT and immunotherapy enhances anti-
tumor efficiency. Nanomedicine enhances the homing of anti-
tumor immune cells by remodeling ECM.

3.9.1. Nanomedicine-mediated PDT
Reactive oxygen species (ROS), which are byproducts of oxygen
consumption and cellular metabolism, are important factors in

cancer growth and progression. ROS not only affects the polari-
zation of macrophages in TME but also influences the maturation
of DCs'®'. Under illumination, PDT can activate the immune
response and promote tumor cell apoptosis by producing ROS
through photosensitizers'®®. Therefore, PDT combined with
immunotherapy is receiving increasing attention. Two-
dimensional sheet-like nanocarriers exhibit unique optical prop-
erties and are ideal for drug loading. Therefore, Liu et al.'®
prepared ruthenium nanoparticles to load BLZ-945 (a small
molecule inhibitor of the CSF-1/CSF-1R pathway) and indoc-
yanine green (Ru@ICG BLZ NPs). Ru@ICG-BLZ NPs facilitated
the repolarization of TAMs to the M1 phenotype and eliminated
tumor cells through phototherapy. PDT can lead to the upregula-
tion of hypoxia-inducible factor 1« (HIF-1e), thereby promoting
TIME and immune escape. HIF-1«, as a crucial transcriptional
activator, can regulate the polarization of TAMs towards the M2
phenotype, which promotes tumor growth and limits the effec-
tiveness of PDT. Therefore, the combination of PDT and anti-
—HIF—1e is an effective strategy for promoting tumor immune
response. Curcumin is a bioactive compound extracted from the
rhizome of Curcuma longa. It can significantly reduce the level of
HIF-1« in tumor cells. It is worth noting that curcumin can also
act as a photosensitizer to yield ROS under laser irradiation
in vitro. Therefore, curcumin was embedded into NIR-triggered
core-satellite upconverting nanoparticles (Cur-CSNPs) to achieve
the dual effects of PDT and HIF-la reversal'®. The results
showed that Cur-CSNPs mediated PDT repolarized M2 macro-
phages to M1 macrophages, initiating synergistic immunotherapy
and inhibiting 4T1 tumor growth. The hydrophilic molecule
zoledronic acid (Zol) is frequently utilized to enhance immune
suppression caused by TAMs. The combination of Zol and PDT
can achieve dual effects by promoting tumor immune response
and inhibiting tumor growth. In order to accurately deliver Zol and
photosensitizer (IR780) to TAMs and tumor cells, Jian et al.'®
designed Mn dioxide (MnO;)-embedded and LyP-1 peptide-
labeled liposomal nanoparticles for encapsulation of Zol and
IR780 (Lipo Zol/IR NPs). Lipo Zol/IR NPs release Zol in TEM
and are selectively engulfed by TAMs, causing them to repolarize
from the immunosuppressed M2 macrophages to the immunosti-
mulated M1 macrophages. Simultaneously, IR780 entered tumor
cells under the influence of the LyP-1 peptide, and subsequently
produced a substantial amount of ROS upon laser irradiation,
leading to the death of tumor cells. Copper sulfide nanoparticles
(CuS NPs), a commonly used photothermal material, can induce
the polarization of TAMs towards M1 macrophages by increasing
intracellular ROS levels. Therefore, Tong et al.'®® developed an
active targeted delivery system based on mesoporous sulfide CuS
(IL@H-PP). The copper ions released by IL@H-PP induce an
increase in ROS in TAMs, leading to their repolarization into an
M1 phenotype. The light-triggered prodrug nanoparticles (LT-
NPs) assembled from photosensitizers (Vitipofen), cathepsin
B-specific clear peptide (FRRG), and doxorubicin can effectively
stimulate the maturation of DCs and initiate anti-tumor immune
responses'®’. MnO,@Ce6 nanoprobes-loaded-iPS cells (iPS-
MnO,@Ce6) have been developed to enhance immunotherapy for
cancer. Under illumination, iPS-MnO,@Ce6 promotes the matu-
ration of DCs, thereby activating T cells and NK cells, and

. . . 168
inducing immune responses .

3.9.2.  Nanomedicine-mediated ECM remodeling
ECM is a key factor in inducing tumor immune suppression.
Targeting ECM can enhance immune cell infiltration and immune
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response. The abundant ECM in the TME acts as a physical
barrier that prevents T cell infiltration'®”. In addition, ECM also
participates in the polarization of TAMs. Reconstructing the ECM
is crucial for promoting T-cell infiltration and polarizing TAMs
toward an anti-tumor phenotype. Therefore, an increasing number
of researchers are focusing on how to reconstruct the ECM' ",

TGF-B can restrict T cell infiltration by inducing ECM depo-
sition, which leads to the formation of TIME'’!. Therefore, Wang
et al.'”? utilized stimuli-responsive clustered nanoparticles
(iCluster) for the hierarchical delivery of TGF-g8 receptor in-
hibitors (TGF-8 Ri, LY2157299) and siRNA targeting the PD-L1
gene MiClustergrna). YiClustersirna significantly increased the
infiltration of CD8" T cells and inhibited tumor growth. In recent
years, studies have found that ECM is involved in regulating the
phenotype of immune cells. For example, ECM can induce mac-
rophages to exhibit an anti-tumor phenotype'”?. Therefore, future
nanomedicines targeting ECM can be utilized to regulate the
polarization of TAMs and contribute to anti-tumor immunity.

Compared to nanomedicines that specifically target one im-
mune cell, nanomedicines that do not specifically target multiple
immune cells may be a hot topic of future attention. Non-specific
targeting of various immune cells can simultaneously regulate the
anti-tumor response of multiple immune cells, as well as inhibit
tumor growth and metastasis.

4. Conclusions, challenges, and future directions

As of now, chemotherapy remains the standard treatment for
primary and metastatic cancer in clinical practice. It primarily
induces cancer cell apoptosis or necrosis through the use of
chemotherapy drugs'’*'””. However, the occurrence of various
adverse reactions and multidrug resistance poses a significant
challenge for chemotherapy'’®'®". The emergence of cancer
immunotherapy has opened up new avenues for chemotherapy.
Unlike traditional chemotherapy, immunotherapy primarily stim-
ulates the immune system to fight malignant tumors and prevent
tumor recurrence'®'. Compared to chemotherapy drugs that
directly kill cancer cells, immunotherapy has a lower rate of off-
target effects. Immunotherapy is primarily regulated by a complex
array of stimulating and inhibitory cell surface interactions. To
ensure the effectiveness of immunotherapy, a series of immune
cascade reactions must occur, including the expression or release
of cancer antigens, antigen presentation, activation of immune
cells, transport of immune cells, and their infiltration into the
tumor, ultimately leading to the killing of cancer cells'®>. Con-
ventional immunotherapy includes adoptive T cell therapy'5*!'%%,
anticancer vaccination'®'%® oncolytic viruses'®”'®, and ICIs'%.
Among these, ICIs represent a significant breakthrough in
immunotherapy and are currently the primary focus of scientists.
In cancer treatment, the two primary targets of ICIs are CTLA-
490191 and PD-1/PD-L1'9*'"?, CTLA-4, which is expressed in
immune cells, was the first ICI approved by the U.S. Food and
Drug Administration (FDA). It participates in the negative regu-
lation of immune responses by binding to CD80 and CD86 li-
gands. The second-generation ICIs target PD-1 or its ligand PD-
L1. PD-1 mainly regulates the function of T cells by binding to
PD-L1 and PD-L2. Although ICIs have brought significant sur-
vival benefits to patients and have become a promising clinical
treatment method. However, there are significant differences in
tumor invasiveness, immune response, and prognosis among
different types of cancers'®*. ICIs are not effective for most pa-
tients. The main reason for the limited clinical benefits is the

inadequate or challenging infiltration of immune cells in the
TME'?>'%° According to the type, quantity, and location of im-
mune cells in the TME, tumors can be categorized as hot, altered-
excluded, altered-immunosuppressed, and cold tumors'®’. The
limited clinical benefits of chemotherapy and immunotherapy are
attributed to the minimal infiltration of immune cells in cold tu-
mors and the reduced infiltration of immune cells in altered-
excluded and altered-immunosuppressed tumors'”®'*’. There-
fore, reprogramming these tumors to become “hot” tumors is a
clear strategy for enhancing the clinical benefits of chemotherapy
and immunotherapy”**>"".

With the rapid advancement of nanotechnology, significant
progress has been made in the field of cancer research. Research in
the field of nanotechnology for cancer encompasses several di-
rections: a) diagnosing and treating cancer’’>>%*, b) regulating the
TIME>*>*"7_ ¢) controlling drug release in the TME?**?%° and d)
reversing multidrug resistance’'**''. The FDA has approved
numerous nanoparticles, such as paclitaxel albumin-bound nano-
particles (Abraxane) and Onivydes, for clinical cancer treat-
ment>'>*"?. Nanotechnology has been proven to be an effective
strategy for stimulating anti-tumor immunity®'*. The primary
methods for nanotechnology to activate anti-tumor immunity
involve regulating the function or infiltration of immune cells.
Specifically, it mainly includes a) nanotechnology used to deliver
immune cell function activators or inhibitors to regulate immune
cell function”’®, and b) nanotechnology used as a drug
delivery system to regulate TME and increase immune cell infil-
tration*'®?'®. Due to the unsatisfactory efficacy of cancer treat-
ment solely through the activation of anti-tumor immunity,
nanotechnology is frequently employed in combination with
chemotherapy drugs, ICIs, or PDTs*'?***, Nano drugs can pene-
trate more tumor sites and remain within tumors due to their
unique size, allowing them to exert their effects more effec-
tively’>*. In addition, because of the specific conditions in the
TME (including hypoxia, weak acidity, and high GSH levels, etc.),
nanomedicines designed to respond to the TME can accumulate
more effectively at the intended sites, reducing potential damage
to healthy organs®****°. Traditional immunotherapy can lead to
the occurrence of immune-related adverse events (irAEs) during
clinical translation due to nonspecific accumulation”*®. Compared
to traditional immunotherapy, drugs or genes encapsulated in
nanosystems can protect them from the influence of the internal
environment. This strategy addresses the issue of short half-life
and can extend the onset time of immunotherapy. Modifying the
surface of nanomedicines can enable them to target immune cells
more accurately and efficiently. As a result, the non-targeted issue
of traditional immunotherapy has been resolved. Therefore, the
introduction of nanotechnology represents a significant break-
through in chemotherapy and immunotherapy.

While the integration of nanotechnology with chemotherapy
and immunotherapy has yielded significant results, there are still
unresolved issues that must be addressed before clinical applica-
tion. a) The safety issues of nanomedicine””***. In the field of
cancer treatment, nanomedicines are primarily administered
through intravenous or subcutaneous injection into the body.
Understanding the distribution, metabolism, and excretion
behavior of nanodrugs in vivo is essential for their development.
After entering the body, 30%—99% of nanodrugs accumulate in
the liver, leading to increased liver toxicity>”**'. Polyethylene
glycol-modified liposomes can induce immune responses and
accelerate their clearance in the body”*>. Inorganic nanoparticles
are difficult to degrade in the body, and long-term accumulation
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can affect bodily safety>*>. b) The side effects of immunotherapy.
Immunotherapy may result in permanent neurological deficits and/
or mortality***. Some immunotherapies can trigger irAEs, such as
CTLA4 inhibition, which increases the incidence of pituitary
inﬂammation235, and PD-L1 blockade, which increases the inci-
dence of thyroid dysfunction®*°. Overcoming these challenges is
crucial for the clinical advancement of nanotechnology-mediated
immunotherapies. Therefore, future nanotechnology-mediated
immunotherapy should focus on addressing its safety and side
effects.
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