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Abstract: Molecular targeted therapy, a tumor therapy strategy that inhibits specific onco-
genic targets, has been shown to modulate the immune response. In addition to directly
inhibiting the proliferation and metastasis of tumor cells, molecular targeted drugs can
activate the immune system through a variety of mechanisms, including by promoting
tumor antigen processing and presentation, increasing intratumoral T cell infiltration, enhan-
cing T cell activation and function, and attenuating the immunosuppressive effect of the
tumor microenvironment. However, poor water solubility, insufficient accumulation at the
tumor site, and nonspecific targeting of immune cells limit their application. To this end,
a variety of nanomaterials have been developed to overcome these obstacles and amplify the
immunomodulatory effects of molecular targeted drugs. In this review, we summarize the
impact of molecular targeted drugs on the antitumor immune response according to their
mechanisms, highlight the advantages of nanomaterials in enhancing the immunomodulatory
effect of molecular targeted therapy, and discuss the current challenges and future prospects.
Keywords: nanomaterial, molecular targeted therapy, immunomodulation, immunotherapy,

cancer therapy

Introduction

Molecular targeted therapy is a tumor treatment strategy based on the cellular and
molecular levels that can be used to identify specific oncogenic targets of tumor
cells and kill them by blocking the signaling pathways associated with cell growth,
proliferation, and metastasis." Compared with traditional cytotoxic chemotherapy,
molecular targeted therapy specifically kills tumor cells without affecting normal
cells, thus effectively reducing side effects. Molecular targeted therapy has become
the standard treatment for many malignant tumors, and a variety of drugs targeting
different pathways are developed every year. However, the transient duration of the
response and the development of drug resistance greatly limit the therapeutic
efficacy and clinical application of molecular targeted drugs.” For example, for non-
small cell lung cancer (NSCLC) patients with endothelial growth factor receptor
(EGFR) mutations, acquired resistance develops an average of 9.2—14.7 months
after receiving EGFR tyrosine kinase inhibitor (TKI) treatment.’ The mechanism of
drug resistance may be related to the activation of compensatory pathways, the
mutation of target genes, tumor heterogeneity, changes in the tumor microenviron-
ment (TME), and the epithelial-mesenchymal transformation of tumor cells.?
A major strategy to overcome therapeutic resistance is to develop a new generation
of targeted drugs or multitarget drugs. It has been disappointing that even some
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widely used multitarget drugs, such as sorafenib, face
problems of limited therapeutic efficacy. Another strategy
to improve antitumor efficacy is to combine targeted ther-
apy with other treatment strategies such as chemotherapy.
For example, the results from a Phase III clinical trial
confirmed that the progression-free survival of NSCLC
patients with EGFR mutations treated with gefitinib +
chemotherapy was significantly longer than that of patients
receiving gefitinib alone.* Therefore, combination therapy
is a promising strategy to improve the effectiveness of the
targeted therapies.

In recent years, immunotherapy has become a new
strategy for cancer treatment following targeted therapy.
Since the first programmed cell death protein-1 (PD-1)
monoclonal antibody, Opdivo (nivolumab), was approved
by the United States Food and Drug Administration (FDA)
in 2014, immune checkpoint blockade (ICB) targeting PD-
1/programmed cell death-ligand 1 (PD-L1) and cytotoxic
T lymphocyte-associated antigen-4 (CTLA-4) have
become the standard treatments for a variety of malignant
tumors, including melanoma, kidney cancer, and lung
cancer.’” Immunotherapy has opened up a new era of
tumor treatment, and it has also provided more options
for combination therapy. For example, radiotherapy, che-
motherapy, and photodynamic therapy (PDT) can induce
immunogenic death (ICD) of tumor cells, and their com-
bination with immunotherapy can produce stronger anti-
tumor immune effects. Compared with targeted therapy,
immunotherapy causes a longer-lasting response but
a lower response rate. Most tumor patients fail to respond
to ICBs, possibly due to the insufficient recognition of
tumor antigens, inadequate immune cell infiltration into
tumors, various immunosuppressive factors in the TME,
and the expression of alternative immune checkpoints.®
Studies have shown that molecular targeted drugs not
only kill tumor cells directly but also exert immunomodu-
latory effects, which can affect multiple stages of the

immune response. 7

The impact of molecular targeted
drugs on the immune system is due to their targeting of
certain proteins related to immune activation or suppres-
sion, such as vascular endothelial growth factor (VEGF)/
VEGF receptor (VEGF-R), Ras/Raf/mitogen-activated
protein kinase (MAPK), nuclear transcription factor-xB
(NF-kB), and phosphatidylinositol 3-kinase (PI3K)-Akt—
mammalian target of rapamycin (mTOR) pathway.® The
combination of these two treatment modalities may further

improve antitumor efficacy. A series of clinical trials are

underway to assess the safety and efficacy of this combi-
nation therapy.’

Molecular targeted drugs can exert immunomodulatory
effects through many different mechanisms. First, some
molecular targeted drugs can increase the expression of
tumor antigens and promote antigen presentation by anti-
gen presenting cells, thus inducing a stronger antitumor
immune response. For example, a BRAF inhibitor alone
(vemurafenib) or in combination with MEK inhibitors
(dabrafenib + trametinib) increased the expression of
tumor antigens in patients with metastatic melanoma,
which enhanced the antitumor ability of cytotoxic
T cells.!” Second, studies have shown that some molecular
targeted drugs can also induce the ICD of tumor cells, thus
stimulating tumor-specific immune responses. Liu et al
demonstrated that crizotinib, a TKI targeting ALK,
¢-MET, and ROS1 for the treatment of NSCLC, is
a potential ICD inducer and can be used to enhance the
ICB-based
immunotherapy.'' Third, for some “cold” tumors, the fail-

efficacy of chemotherapy and
ure of ICB is attributed to the lack of sufficient tumor-
infiltrating T cells, which can be increased by molecular
targeted drugs. For example, tumor blood vessels are char-
acterized by abnormal morphology and impaired perfusion
function, which hinders the infiltration of T cells into
tumors. A recent study showed that low-dose antiangio-
genic therapy with the anti-VEGFR2 antibody DCI101
promoted the normalization of tumor blood vessels and
increased the infiltration of CD8" T cells, thereby enhan-
cing the effect of PD-1 blockade in breast cancer mouse
models.'? In addition, MEK inhibitors can prevent the
death of CD8" T cells that is induced by chronic T cell
receptor (TCR) stimulation, and their cytotoxic activity is
retained.'® Fourth, as major components of innate immu-
nity, natural killer (NK) cells play a crucial role in anti-
tumor immunotherapy. Influencing the activity of NK cells
may be another important mechanism by which molecular
targeted drugs can regulate the immune response. Hage
et al found that sorafenib triggered NK cell-induced cyto-
toxicity of hepatocellular carcinoma (HCC) cells by indu-
cing the pyrolysis of macrophages.'® Finally, molecular
targeted drugs can alleviate the immunosuppressive TME
by reducing the number of myeloid-derived suppressor
cells (MDSCs), regulatory T cells (Tregs), and tumor
associated macrophages (TAMs) in tumors, thereby
increasing the efficacy of immunotherapy. Studies have
found that the activation of the Wnt/B-catenin pathway is
closely related to the number of Tregs in the tumor, and
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blocking this pathway reduces the infiltration of Tregs and
overcomes tumor resistance to ICB.!> Moreover, molecu-
lar targeted therapy can downregulate the expression of
immune checkpoint molecules, thereby attenuating the
immunosuppression induced by the TME.'¢

For most molecular targeted drugs, such as TKIs, poor
water solubility, rapid elimination in vivo, and serious side
effects caused by off-target action seriously restrict their
efficacy and clinical application. Fortunately, nanomater-
ials can effectively solve these problems and enhance the
immunomodulatory effect of molecular targeted drugs.'”
Nanomaterials can improve the water solubility of mole-
cular targeted drugs and increase their accumulation in
tumor sites through the enhanced permeability and reten-
tion (EPR) effect. At the same time, through targeted
ligand modification, nanomaterials can specifically deliver
molecular targeted drugs to immune cells, thereby improv-
ing the effectiveness of triggering immune effects. In
addition, some stimulus-responsive nanomaterials can
release drugs under the stimulation of acidic pH and high
levels of glutathione (GSH), reactive oxygen species
(ROS) or enzymes in the TME, thus enabling the specific
release of drugs in the tumor. Finally, nanomaterials pro-
vide an effective platform for the codelivery of molecular
targeted drugs and other immunotherapeutic drugs, help-
ing to enhance synergistic antitumor effects and reduce
side effects.

In this article, we review the immunomodulatory
effects of molecular targeted drugs based on their mechan-
isms, and explain the effectiveness of applying nanoma-
terials to further enhance the immune effect (Table 1). In
addition, the challenges and prospects in this field are
highlighted.

Nanomaterial-Enhanced
Immunomodulatory Effects of
Molecular Targeted Therapy

To trigger an effective antitumor immune response,
a series of cellular processes must be initiated, repeated,
and expanded in the cancer-immunity cycle.'® In the first
step, tumor antigens produced during oncogenesis are
released, and subsequently captured and presented by den-
dritic cells (DCs). Then, stimulated by some proinflamma-
tory signals, DCs are activated and present antigens to
T cells, thus promoting the differentiation of naive
T cells into effector T cells. Next, effector T cells migrate
from the draining lymph node to the tumor site and

infiltrate into the tumor bed. Finally, effector T cells spe-
cifically recognize tumor antigens and kill the tumor cells,
thereby releasing tumor antigens and initiating another
cancer-immunity cycle. Failure of any step in this cycle
prevents the immune system from effectively eliminating
tumor cells, leading to immune escape. Molecular targeted
therapy affects various steps of immune activation, and
nanomaterials can further enhance the immune response
(Scheme 1). We introduce these immunomodulatory
effects in detail according to their mechanisms.

Promoting Tumor Antigen Processing and

Presentation

The recognition and presentation of tumor antigens by DCs
are critical for initiating an antitumor immune response.
Studies have shown that molecular targeted therapy can
promote tumor antigen release and presentation. Correale
et al reported that the anti-EGFR monoclonal antibody
cetuximab enhanced the phagocytosis of colon cancer
cells by DCs." It has been confirmed that cetuximab can
induce cross talk between NK cells and DCs to promote
antigen presentation and DC maturation, thereby generating
(CTLs).°
Specifically, cetuximab binds to EGFR on tumor cells via

antigen-specific cytotoxic T lymphocytes
the Fa region and FcyR on the NK cell surface via the Fc
region, which promotes NK cell activation and kills tumor
cells to produce antigens. Tumor antigens are then pre-
sented by DCs, and the CTLs are activated through cross-
presentation. Mature DCs further activate NK cells by
releasing cytokines such as interleukin-12 (IL-12), and acti-
vated NK cells further promote the maturation of DCs by
secreting interferon-y (IFN-y).?' A similar effect was also
observed with anti-human epidermal growth factor recep-
tor-2 (anti-hHER2) monoclonal antibodies. In HER-2/neu
transgenic tumor-bearing mice, anti-HER-2 monoclonal
antibody increased the uptake of vaccine cells by DCs and
promoted the expression of costimulatory molecules CD40,
CD80, and CD86, thus triggering a stronger tumor-specific
T cell response.”” Gall et al demonstrated that trastuzumab
enhanced the uptake and cross-presentation of
HER2-derived peptides by DCs,
a peptide-specific immune response.”> Moreover, trastuzu-

thereby generating

mab deruxtecan (DS-8201a), an antibody—drug conjugate
composed of an anti-hHER2 antibody and a derivative of
the topoisomerase I inhibitor exatecan, increased the infil-
tration of DCs in tumors and promoted their maturation in
CT26. WT-hHER2 tumor-bearing mice.”* DS-8201a also
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Table | Summary of Representative Molecular Targeted Drugs with Immunomodulatory Effects Delivered Through Nanomaterials

Drug Target Nanomaterial Modification | Tumor Model Effect on Immune System Ref.
Apatinib VEGFR MPP-CHI-PSS - C57 mice with Increases infiltration of CD8" T cells [42]
B16FI0 tumor and reduces recruitment of Treg cells
Sorafenib VEGFR Mesoporous - C57BL/6J mice with Increases the proportion of effector [82]
silica nanosystem H22 tumor T cells and T¢pm and enhances the
secretion of IFN-y by CD8+ T cells
Sorafenib VEGFR ROS-responsive - BALB/c mice with Increases the frequencies of tumor- [168]
PEGylated 4T1 tumor infiltrating CD8" T cells and reduces
hyperbranched the frequency of MDSCs in the tumor
polyphosphate
Sunitinib VEGFR PLGA-PEG-MBA | MBA C57BL/6 mice with Decreases the number of MDSCs and [91]
BI16F10 tumor Tregs and increases CTL infiltration
Sunitinib VEGFR Copper sulfide - C57BL/6 mice with Decreases the infiltration of MDSCs [92]
nanocarriers A549 tumor
Sunitinib VEGFR PEGs,-Fmoc- - BALB/c mice with Decreases the infiltrating MDSCs [93]
NLG919 4T1.2 tumor
Sunitinib VEGFR PLGA-PEG- AEAA C57BL/6 mice with Inhibits tumor-associated fibroblasts [169]
AEAA BPD6 tumor and reduces the levels of MDSCs and
Tregs
Regorafenib VEGFR, Albumin Mannose Mice with HCT8/ Repolarizes M2-type macrophages to [102]
CSF-IR nanoparticles ADR colon tumor Ml-type
Regorafenib VEGFR, Albumin TfR-binding Mice with U87 glioma | Repolarizes protumor M2-type TAMs [103]
CSF-IR nanoparticles peptide T12 to antitumor MI-type
and mannose
BLZ-945 and BLZ-945: Supramolecular - BALB/c mice with Repolarizes M2-type macrophages to [105]
selumetinib CSF-IR, nanoparticles 4T tumor Ml-type
selumetinib:
MAPK
NVP-BEZ 235 PI3Ky Mixed micelle M2pep C57BL/6 mice with Promotes the transformation of [104]
formulated with peptide Pan 02 tumor macrophages from M2-type to Ml-type
PEI-SA and and reduces the numbers of MDSCs
DSPE-PEG
IPI549 PI3Ky Nanoregulator - BALB/c mice with Repolarizes M2-type macrophages to [119]
incorporating 4TI tumor MI-type and increases the infiltration
MnO, and IPI549 of CD4" and CD8" T cells
IPI-549 PI3Ky AEAA-PEG-PCL AEAA BALB/c mice with Decreases the number of MDSCs and [120]
4T1 tumor Tregs
Rapamycin and Rapamycin: Liposomes Anti-PD-L1 BALB/c mice with Promotes the transformation of [121]
regorafenib mTOR, nanobody and | CT26 tumor macrophages from M2-type to Ml-type
regorafenib: mannose and promotes the infiltration of
VEGFR granzyme B/CD8" T cells
3-Methyladenine | PI3Ky Porous hollow Mannose BALB/c mice with Promotes the transformation of [122]
iron oxide MDA-MB-231 tumor | macrophages from M2-type to Ml-type
nanoparticles
(Continued)
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Table | (Continued).
Drug Target Nanomaterial Modification | Tumor Model Effect on Immune System Ref.
Honokiol PI3K/mTOR | Liposomes PCDX BALB/c mice with Cé | Repolarizes M2-type macrophages to [170]
tumor and BALB/c Ml-type
nude mice with U87
tumor
Imatinib STAT3 and Hybrid tlyp| peptide | C57BL/6 mice with Reduces intra-tumoral Treg cells and [109]
STATS nanoparticles B16/BL6 tumor increases intra-tumoral CD8" T cells
Imatinib STAT3 and LBL hNPs GITR C57BL/6 mice with Reduces the suppressive function of [
STATS antibody B16/BL6 tumor Treg cells
Ibrutinib BTK IBR/EPG SA-stearic Kunming mice with Inhibits tumor-infiltrating macrophages | [123]
nanocomplexes acid S180 tumor secreting pro-tumor Th2 cytokines
TGF-B inhibitor | TGF-B Fe3O,4 magnetic - C57BL/6 mice with Repolarizes M2-type macrophages to [128]
nanocluster BI16F10 tumor and Ml-type
BALB/c mice with
4TI tumor
TGF-B inhibitor | TGF-B PEGylated IMSN | — Mice with CT26 Repolarizes M2-type macrophages to [129]
tumor MI-type
IMD-0354 IKKB CMCS/M-IMD- Mannose C57BL/6 mice with Promotes the transformation of [171]
CLN Hepal—6 tumor macrophages from M2-type to Ml-type

Abbreviations: I:)CDX, GREIRTGRAERWSEKF; D-form sequence; CMCS/M-IMD-CLN, mannose-modified IMD-0354 loaded cationic lipid-based nanoparticles (M-IMD-

CLN) coated with O-carboxymethyl-chitosan (CMCS).

increased the expression of PD-L1 and major histocompat-
ibility complex class I (MHC-I) in tumor cells. Compared
with monotherapy, DS-8201a combined with anti-PD-1
antibody significantly prolonged the survival time of mice.

In addition to monoclonal antibodies, some small-
molecule inhibitors can promote antigen presentation by
DCs. Nefedova et al demonstrated that the activation of
the Janus-activated kinase 2/signal transducers and activa-
tors of transcription 3 (JAK2/STAT3) pathway was closely
related to the abnormal differentiation of DCs.** They then
found that JSI-124, a selective inhibitor of JAK2/STAT3,
significantly promoted the differentiation of DCs and
enhanced the therapeutic effect of tumor vaccines.”® In

melanoma, oncogenic BRAFY¢?0F

mutations promote the
rapid internalization and degradation of MHC-I on the
tumor cell surface, which leads to immune evasion.’’

Vemurafenib, a selective inhibitor of BRAFY*%F,

can
increase the expression of MHC-I and MHC-II as induced
by IFN-y on the surface of homozygous BRAFY*F mel-
anoma cells, thereby enhancing the recognition and killing
of tumor cells by CTLs.?® In addition, EGFR TKIs have
also been shown to increase IFN-y-induced MHC expres-

sion, indicating their immunomodulatory potential.29

Although some of aforementioned molecular targeted
drugs can enhance antigen presentation by promoting the
differentiation and maturation of DCs or by increasing the
expression of MHC molecules, insufficient aggregation at
the tumor site and nonspecific targeting usually limit their
effects. The application of nanomaterial-based drug deliv-
ery systems is expected to enhance their immunomodula-
tory effects.

Studies have shown that the expression of Wnt family
member 5A (Wnt5a) in melanoma is closely related to DC
tolerance and an immunosuppressive TME, possibly
because Wnt5a increases the expression of indoleamine
2.3-dioxygenase (IDO).*® Since there is currently no spe-
cific molecular targeted drug for Wnt5a, Huang and cow-
orkers designed a trimeric trap protein for Wnt5a and
delivered it to the tumor with aminoethyl anisamide
(AEAA)-modified cationic lipid-protamine-DNA nanopar-
ticles (LPD NPs) (Figure 1).3! Since AEAA targets over-
expressed sigma receptor 1 on the surface of melanoma
cells, Wnt5a trap-loaded LPD NPs accumulated in mela-
noma tumor tissues and significantly reduced the level of
Wnt5a. In the BPD6 tumor-bearing mouse model, Wnt5a
trap-loaded LPD NPs

combined with low-dose
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Scheme | Schematic illustration of the nanomaterial-enhanced immunomodulatory effect of molecular targeted drugs.

doxorubicin (DOX) effectively inhibited tumor growth and
prolonged the median survival time of the mice to 65 days,
which was significantly longer than the survival time of
the mice treated with phosphate-buffered saline (PBS) (39
days). When CD4" or CD8" T cells were eliminated with
antibodies before treatment, the therapeutic effect was
partially impaired, indicating that the antitumor mechan-
ism is related to immunity. Further studies showed that the
combination therapy significantly increased the number of
CD103" DCs and promoted the maturation of DCs, thus
facilitating tumor antigen presentation. In addition, the
combination therapy did not cause significant weight loss

or organ dysfunction in the mice, demonstrating its excel-
lent biosafety. Further research is expected to promote
antigen presentation and enhance the immune response
by modulating other specific molecular pathways.

Increasing Intratumoral T Cell Infiltration
T cells play key roles in tumor immunotherapy. DCs need
to present tumor antigens to naive T cells to produce
effector T cells. Therefore, sufficient T cells in tumor
tissues are a guarantee for inducing effective antitumor
immune effects. Solid tumors are classified as “hot” or
“cold”

tumors according to the extent to which
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lymphocytes can infiltrate them. “Hot” tumors are charac-
terized by a large number of lymphocytes infiltrating the
tumors and a high response rate to immunotherapy, while

“Cold”
Therefore, increasing T cell infiltration in tumors is an
effective method to

tumors have

the

opposite  characteristics.*?

improve the response rate of
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immunotherapy. Some signaling pathways, such as VEGF/
VEGFR, MAPK, PI3K-Akt-mTOR, and Wnt/B-catenin,
have been shown to be associated with tumor T cell defi-
ciency, and inhibition of these pathways contributes to
increased T cell infiltration. We introduce the mechanisms
and applications of targeted therapies that increase
T lymphocyte infiltration via these pathways.

The VEGF/VEGFR Pathway
Peripheral immune cells infiltrate tumors mainly through the
blood vessel network. The blood vessels inside a tumor are
often abnormal and disordered, which limits the infiltration
of immune cells. The hypoxic TME within solid tumors
induces the secretion of a variety of proangiogenic factors,
such as VEGF, platelet-derived growth factor (PDGF),
angiogenin, and fibroblast growth factor, which promote
rapid and abnormal tumor angiogenesis. Tumor blood ves-
sels are often structurally and functionally abnormal and
characterized by tortuosity, expansion, and uneven distribu-
tion, and adjacent endothelial cells are loosely connected to
each other. In addition, the leakage of tumor blood vessels
and the dysfunction of tumor lymphatic drainage led to an
increase in interstitial fluid pressure in the TME. Abnormal
blood vessels and increased interstitial fluid pressure prevent
immune cells and antitumor drugs from entering the tumor
cells from the circulatory system, thereby limiting their anti-
tumor effects. In addition, proangiogenic factors such as
VEGEF in the TME can prevent the migration of immune
cells by regulating the expression of adhesion molecules on
the surface of immune cells and endothelial cells.*
Therefore, promoting the normalization of blood vessels is
a promising strategy to increase immune cell infiltration.
Antiangiogenesis targeted therapy mainly prevents
tumor growth and metastasis by inhibiting tumor angiogen-
esis and destroying tumor blood vessels. It has become the
main treatment strategy for many advanced malignant
tumors. Antiangiogenesis therapy helps to promote the nor-
malization of tumor blood vessels, thus promoting the infil-
tration of immune cells and enhancing the therapeutic effect
of immunotherapy.>* Recent studies have shown that the
combination of anti-angiogenesis therapy and immunother-
apy can improve the prognosis of cancer patients. Huang
et al demonstrated that low doses of DC101, an anti-
VEGFR2 antibody, dramatically increased the infiltration
of CD4" and CD8" T cells in the tumors in MCaP0008
tumor-bearing mice.*> Furthermore, DC101 significantly
enhanced the antitumor immune response induced by cancer
vaccines in a model of MMTV-PyVT breast cancer.

Similarly, bevacizumab, an anti-VEGF antibody, has also
been shown to promote vascular normalization and promote
the entry of T cells into tumors, thus enhancing the effec-
tiveness of adoptive cell transfer—based immunotherapy.*® In
another study, bevacizumab combined with atezolizumab
increased the number of intratumoral CD8" T cells and
promoted the migration of antigen-specific T cells.’’
Shigeta et al demonstrated that dual anti-PD-1/anti-
VEGFR-2 therapy promoted the infiltration and activation
of CD8" T cells in HCC.*® Currently, a variety of clinical
trials are ongoing or recruiting patients to evaluate the ther-
apeutic effect of antiangiogenesis therapy combined with
immunotherapy. A phase [ clinical trial showed that the
combination of bevacizumab and ipilimumab increased the
intratumoral trafficking of CD8" T cells in patients with
metastatic melanoma.*® A phase I b/II clinical trial invol-
ving 48 patients with metastatic renal cell carcinoma
(mRCC) showed that bevacizumab combined with pembro-
lizumab achieved an overall response rate of 60.9%, indicat-
ing that the combination therapy is active and effective.*’
In addition to monoclonal antibodies, certain small-
molecule inhibitors targeting the VEGF/VEGFR axis can
also increase T cell infiltration. Zhao et al confirmed that
low-dose apatinib (APA), a small-molecule TKI of
VEGFR?2, significantly increased the number of CD8"
T cells in the tumors of model mice with Lewis lung
' APA combined with anti-PD-L1 treatment
effectively inhibited tumor growth, reduced lung metastasis,

carcinoma.*

and prolonged the survival time of the tumor-bearing mice.
However, some other factors in the TME may have attenu-
ated the immune activation effect of antiangiogenic drugs.
For example, lactic acid secreted by tumor cells promotes
the proliferation of tumor endothelial cells (TECs) and
secretes VEGF to restore abnormal growth of blood vessels.
Lactic acid also inhibits the activity of T cells to aggravate
immune suppression. To maximize the antitumor effect of
antiangiogenesis therapy and immunotherapy, Yao and cow-
orkers synthesized positively charged nanoparticles com-
posed of methoxy polyethylene glycol (mPEG)-PLA
(MPP) and cationic chitosan (CHI) to load APA and loni-
damine (LND), which can reduce the production of lactic
acid by inhibiting monocarboxylic acid transporter receptor
4.*> The nanoparticles were then modified with hyaluronic
acid (HA) and polystyrene sulfonate (PSS) to form APA/
MPP-CHI-PSS (APA/MCP) and LND/MPP-CHI-HA
(LND/MCA) nanoparticles, respectively. After simulta-
neous intravenous injection, APA/MCP nanoparticles pre-
ferentially entered TECs and released APA to promote
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vascular normalization and LND/MCA nanoparticles were
specifically internalized by tumor cells and released LND to
prevent lactic acid production. The results showed that the
pericyte coverage ratio of the tumor vasculature in the mice
treated with jet-lagged nanoparticles (APA/MCP + LND/
MCA) was as high as 69%, which was significantly higher
than that of the other groups. The effect of vascular normal-
ization was intense and durable, which helped to promote
lymphocyte infiltration of the tumor site. In the mouse
model with BI6F10 tumor, jet-lagged nanoparticles + anti-
PD-1 monoclonal antibody significantly inhibited tumor
growth and increased the ratio of CD8" T cell/Treg. The
safety assessment showed that the nanomaterial-based com-
bination treatment did not result in severe pathological
damage to major organs or significant weight loss in the
mice. This study provides a basis for the combination of
antiangiogenesis therapy and immunotherapy based on
nanomaterials.

The PI3K-Akt—-mTOR Pathway

In many tumors, the PI3K/Akt/mTOR signaling pathway
is overactivated, which is closely related to the prolifera-
tion, differentiation, migration, metabolism, and apoptosis
of tumor cells.*> Drugs that target PI3K/Akt/mTOR not
only kill tumor cells directly, but also have indirect immu-
nomodulatory effects. Studies have shown that PI3K and
mTOR determine the expression of adhesion and chemo-
kine receptors, including CD62L and CCR7, on the T cell
surface, thus regulating T cell trafficking.** Borcoman et al
demonstrated that mutations in the PIK3CA oncogene
activate the PI3K pathway, which is closely related to the
lack of immune cell infiltration in muscle-invasive bladder
cancer.*’ In PIK3CA-mutated model mice, the number of
tumor-infiltrating immune cells in the mice treated with
BKM120, a PI3K inhibitor, was significantly higher than
that in the untreated mice. Moreover, BKM120 increased
the sensitivity of the tumors to anti-PD-1 treatment. One of
the main reasons for the activation of the PI3K/Akt/mTOR
pathway is the loss of the expression of the tumor sup-
pressor PTEN, a lipid phosphatase that can inhibit the
function of PI3K signaling. Peng et al reported that the
loss of PTEN in tumor cells reduced the migration of
T cells into tumors and impaired the function of
T cells.** GSK2636771, a small-molecule inhibitor
of PI3Kp, combined with anti-PD-1 antibody remarkably
increased the number of tumor-infiltrating CD8" and CD4"
T lymphocytes in tumor-bearing mice. In another study,

the combination of AZDS8055, an ATP-competitive

inhibitor of mTOR, and a CD40 agonist increased the
infiltration of CD8" T cells and enhanced their activation
and proliferation in a mRCC mouse model.*” These results
suggest that the inhibition of the PI3K pathway contributes
to overcoming tumor resistance to immunotherapy.

The PI3K/Akt/mTOR and MAPK pathways are two
important targets affecting cancer immunotherapy, and
inhibiting these two pathways helps to further improve
the therapeutic effect of immunotherapy. However, this
combination therapy will inevitably increase side effects
and toxicity to naive systemic T cells. Nanomaterials have
exhibited some unique advantages in mediating combina-
tion therapy.*® First, nanomaterials can simultaneously
load multiple drugs for combination therapy and increase
their accumulation in tumors. Second, nanomaterials can
specifically deliver different drugs to tumor cells or other
target cells to reduce off-target effects. Third, stimulus-
responsive nanomaterials can realize the selective release
of drugs both spatially and temporally. In addition, multi-
functional nanomaterials enable multimodal imaging for
monitoring their therapeutic effects. Finally, some protec-
tive nanomaterials can reduce the side effects of combina-
tion therapy.

To achieve more efficient and safe combination ther-
apy, Ramesh et al prepared supramolecular nanotherapeu-
tics (DiLNs) to codeliver inhibitors of PI3K and MAPK.*’
They synthesized kinase inhibiting amphiphiles by cou-
pling free inhibitors of PI3K (PI103) or MAPK (selumeti-
nib) to cholesterol hemisuccinate. Then, kinase-inhibiting
amphiphiles, L-a-phosphatidylcholine, and DSPE-PEG-
Amine self-assembled into DiLNs. Due to sustained drug
release, the DiLNs inhibited the proliferation of D4M cells
(BRAFYF melanoma cells) and TOV21G cells (clear
cell ovarian carcinoma cells) more effectively than free
drugs, and they showed little cytotoxicity to T cells even at
high drug concentrations. The tumor volume of the mice
receiving DiLNs + anti-PD-L1 treatment was significantly
lower than that of the groups receiving other treatments in
D4M tumor-bearing mice, and the combined treatment
induced increased cytotoxic T cell infiltration. This study
provides a new strategy for the treatment of melanoma.

The Wnt/B-Catenin Pathway

The Wnt/B-catenin pathway plays an important role in cell
proliferation, differentiation, apoptosis, and adhesion, and
its abnormal activation is related to the occurrence and
development of tumors. Recent studies have shown that
this pathway is also an important cause of tumor immune
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evasion.’™>! In patients with melanoma, the Wnt/B-catenin
pathway is closely related to prognosis.’>>* Spranger et al
demonstrated that the activation of Wnt/B-catenin pre-
vented T cell infiltration in melanoma.>* Mechanistically,
by downregulating the expression of the CCL4 gene, the
activated Wnt/B-catenin pathway inhibited the recruitment
of CD103" DCs, which secrete chemokine (C-X-C motif)
ligand 9 (CXCL9) and CXCL10 to promote the infiltration
of CD8" T cells.’® In addition to melanoma, Wnt/B-catenin
is associated with immune exclusion in other tumors. By
analyzing The Cancer Genome Atlas, Luke et al found that
the activation of B-catenin signaling was observed in the
non-T-cell-inflamed subset of 28 tumors.>® The level of p-
catenin protein was inversely correlated with the expres-
sion of T-cell-inflamed genes. Therefore, the activation of
the Wnt/B-catenin signaling pathway may be an important
mechanism leading to failure of the tumor response to ICB
therapy.

Targeting the Wnt/B-catenin signaling pathway has
shown great value in the treatment of tumors. However,
no effective inhibitors are currently in clinical use, which
may be due to the nonspecific targeting of most drugs.”’
Therefore, it is of great significance to develop new com-
pounds that can specifically inhibit the tumor Wnt path-
way. Nanomaterials can deliver drugs to tumor tissues
through active or passive targeting, providing opportu-
nities for improving immunotherapy by regulating Wnt
pathways. Carnosic acid (CA) is a promising inhibitor of
the Wnt/B-catenin pathway and it can block the interaction
between B-catenin and BCL9.%® However, its high hydro-
phobicity and toxicity to normal tissues limit its clinical
application. To overcome these problems, Liu et al
designed a size-tuned nanocluster (CA;puster) assembled
by CA and HI1 peptide, the Achilles’ Heel of B-catenin
(Figure 2).>° Specifically, gadolinium ion (Gd*"), HI, and
2-mercaptoimidazole (MM)-modified mercapto PEG
formed Gd—H1/PEG through thiol-induced conjugation.
Then CA induced Gd-HI/PEG to self-assemble into
a clustered supramolecular nanostructure. MM endows
CAluster With tumor specificity, and the Gd—thiol conjuga-
tion makes it responsive to GSH. After intraperitoneal
injection, CA.pser effectively accumulated at the tumor
site, and the accumulation of CA jger in the tumor was
5-fold that of CA jysier Without MM modification. In vivo
and in vitro experiments confirmed that CA g, signifi-
cantly inhibited the Wnt/B-catenin pathway. Further stu-
dies showed that the number of tumor-infiltrating CD4"
and CD8" T cells in B16F10 tumor-bearing mice treated

with CA_jusier Was more than 10-fold that of the control
group. Moreover, CA st remarkably improved the tumor
response to PD-1/PD-L1 ICB in B16F10 and MC38
tumor-bearing mice without causing obvious weight loss.

In another study, He et al fabricated Au—peptide nano-
hybrids (pParticles) via the copolymerization of HAuCly
and a B-catenin/Bcl9 inhibitor (BBI).®® Then, the pParticle
self-assembled into a size-switchable and pH-responsive
nanocluster (pCluster) triggered by poly-L-lysine. In the
acidic TME, pCluster accumulated at the tumor site due to
the EPR effect and disintegrated into small nanoparticles,
which contributed to deep penetration and cellular inter-
nalization. The results showed that pClusters effectively
inhibited tumor growth and metastasis by blocking the
Wnt/B-catenin pathway in many different tumor models.
Moreover, pClusters combined with a PD-1/PD-L1 inhibi-
tor achieved synergistic antitumor effects in MC38 tumor-
bearing model mice, mainly due to the significant increase
in the number of tumor-infiltrating CD8" T cells induced
by the pClusters. Biosafety assessments showed that
pClusters did not cause serious side effects, such as severe
hemocytosis or organ damage, in the mice. These results
indicate that blocking the Wnt/B-catenin pathway with
nanomedicine has broad prospects for clinical transforma-
tion, but more research is needed to further evaluate its
efficacy and safety.

Other Pathways

Several other signaling pathways have also been shown to
be involved in T cell infiltration. Wilmott et al found that
the number of tumor-infiltrating CD4" and CD8" T cells
increased significantly in metastatic melanoma patients
treated with selective BRAF inhibitors, but the mechanism
needs to be further clarified.°’ In triple-negative breast
cancer (TNBC), activation of the RAS/MAPK pathway is
closely related to a decrease in tumor-infiltrating
lymphocytes.®? Ashizawa et al reported that STX-0119,
a STAT3 inhibitor, promoted the accumulation of lympho-
cytes at the tumor site in the mouse model with U87
glioma.*® Similar effects were observed in humanized
mouse models with pancreatic cancer.®* The number of
tumor-infiltrating CD8" T cells in the mice treated with
STX-0119 or anti-PD-1 antibody was significantly higher
than that of the control group. However, STX-0119 com-
bined with anti-PD-1 antibody dramatically reduced the
infiltration of lymphocytes. Moreover, the antitumor effect
of the combination therapy was weaker than that of mono-
therapy. The reason for the failure of this study is not clear.
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Figure 2 Self-assembled nanoclusters targeting B-catenin enhanced tumor immunotherapy. (A) Schematic illustration of the preparation of CA s~ (B)
Immunohistochemical staining of B-catenin, Cyclin DI, and c-Myc of tumor sections from BI6FI0 tumor-bearing mice in different treatment groups, scale bar: 100 um.
(€) Immunofluorescence staining of CD4/CD8 and CD4/CD25 of tumor sections from mice receiving different treatments, scale bar: 50 pm. (D) Relative tumor volumes of
BI16FI0 tumor-bearing mice in different treatment groups. (E) Immunofluorescence staining of CD4/CD8 and CD4/CD25 of tumor sections from mice receiving different
treatments, scale bar: 50 pm. *P < 0.05, ***P < 0.001. Reproduced from Liu JX, Yan J, Yang SQ, et al. Biomimetic and self-assembled nanoclusters targeting beta-catenin for
potent anticancer therapy and enhanced immunotherapy. Nano Lett. 2019;19(12):8708-8715.>° Copyright 2019, American Chemical Society.

It might be that the combination therapy promoted the combination of molecular targeted drugs and ICB needs
apoptosis of effector T cells. This study suggests that the careful evaluation.
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The tumor stroma plays an important role in tumor
occurrence, development, and treatment resistance. The
dense extracellular matrix (ECM) of solid tumors consti-
tutes a physical barrier around the tumor, which severely
limits the penetration of antitumor drugs and the infiltra-
tion of immune cells in tumor tissue.®> For example,
activated T cells accumulate in loose ECM regions in the
tumor tissues of lung cancer, whereas few T cells infiltrate
the dense fibronectin and collagen areas.®® Therefore, tar-
geting the ECM of the tumor may be a novel strategy to
increase the infiltration of immune cells. Studies have
shown that the CXCL12/CXCR4 axis may be associated
with the migration of fibrocytes to the lung and cause lung
fibrosis,®” and the high expression of CXCL12/CXCR4 is
an important factor for poor prognosis for patients with
lung cancer. To improve the effect of immunotherapy, Li
et al synthesized a CXCR4-inhibiting nanocomplex to
treat lung cancer (Figure 3).°® First, they prepared
a fluorinated bioreducible polymer (FX) that can antago-
nize the activity of CXCR4. Second, paclitaxel was encap-
sulated in human serum albumin to form HP nanoparticles.
Then FX was attached to the surface of HP to obtain the
FX@HP nanocomplex. Finally, siPD-L1 was packed into
the FX@HP nanocomplex layer by layer through electro-
static interactions to obtain the FX/siPD-L1@HP nano-
confirmed that this
nanocomplex can effectively antagonize CXCR4 and

complex. In vitro experiments
silence the expression of PD-L1. The median survival
time of mice receiving FX/siPD-L1@HP nanocomplex
treatment was 55 days and 53 days in the mouse model
with orthotopic and metastatic lung cancer, respectively,
which were significantly longer than that of the other
treatment groups. Mechanistically, the CXCR4 antagonis-
tic polymer FX markedly reduced the expression of col-
lagen and a-smooth muscle actin by blocking CXCR4,
which facilitated the infiltration of T cells into tumors.
Therefore, inhibiting tumor fibrosis is an effective way to
enhance immunotherapy.

Enhancing T Cell Activation and Function

The function and differentiation of T cells are also impor-
tant for antitumor immunotherapy. T cells need to differ-
entiate into effector T cells and memory T cells to exert
a strong and lasting antitumor effect. Studies have found
that many molecular targeted drugs can regulate the differ-
entiation and function of T cells.

The PI3K—-Akt—-mTOR Pathway

The PI3K-Akt-mTOR pathway not only can inhibit the
infiltration of T cells, but can also affect the differentiation
of memory T cells. mTOR mainly includes two protein
complexes, mMTORC1 and mTORC2, and they have differ-
ent functions and downstream signals. Araki et al demon-
strated that rapamycin, a mTOR inhibitor, enhanced the
immune response of T cells in vaccinated mice and nonhu-
man primates.®” Rapamycin can increase the number of
memory precursors in the expansion phase of T-cell immu-
nity and accelerate the differentiation of memory T cells in
the contraction phase. In another study, Pollizzi et al found
that mTORC] affected the function of effector T cells, and
mTORC?2 regulated the generation of memory T cells.”’
The inhibition of mTORC2 activity led to metabolic repro-
gramming of T cells, thereby enhancing the formation of
CD8" memory T cells. mTOR may determine the differ-
entiation of naive T cells into effector T cells or memory
T cells by regulating the expression of T-bet and
"I Although mTOR inhibitors, including
rapamycin and temsirolimus, promote effector T cell acti-

Eomesodermin.

vation and memory T cell differentiation, they also have
some immunosuppressive effects. They can inhibit the
proliferation of activated T cells, promote the differentia-
tion of Tregs, and inhibit the function of DCs.”*"
Therefore, the immune activation effect of inhibiting
PI3BK—Akt-mTOR alone is limited, and mTOR pathway
inhibitors need to be combined with other immunotherapy
strategies to achieve a synergistic antitumor effect.

The combination of mTOR inhibitors and tumor vac-
cines has achieved satisfactory antitumor effects.”*”> The
immunomodulatory effect of mTOR inhibitors may be
related to the dosage and frequency of their administration.
A low dose of rapamycin seems to be more conducive to
the differentiation of T cells into central memory T cells
(Tcms), which can produce a large number of antigen-
specific effector T cells after being stimulated by antigens.
However, Tcys induced by rapamycin usually have a short
half-life in the body, and therefore continuous administra-
tion of rapamycin is required.”® Moreover, rapamycin is
hydrophobic and often needs to be delivered to lymph
nodes with other vaccines. To overcome these hurdles,
Jewell and coworkers encapsulated rapamycin in poly
(lactide-co-glycolide) (PLGA) microparticles to promote
the generation of Tcys.”” Rapamycin microparticles (Rapa
MPs), with a drug loading rate of 17.3 £ 0.68 pg rapamy-
cin/mg particle, achieved slow and sustained drug release
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Figure 3 CXCR4-inhibiting nanocomplex relieved the immunosuppressive TME of pulmonary tumors and enhanced anti—PD-L| immunotherapy. (A) Schematic illustration
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and were effectively internalized by DCs. When cocul-
tured with lipopolysaccharide-stimulated DC/transgenic
CD8" T cells, a low dose of Rapa MPs (0.1 pg/mL)
increased the proportion of Tcys from 4.30% (in the
untreated group) to 19.57%. The proportion was signifi-
cantly reduced in the high dose drug treatment group (1
pg/mL). In vivo experiments showed that low dose of
Rapa MPs increased the proportion of antigen-specific
Tcms when combined with ovalbumin, a model antigen.
This study indicates that the inhibition of the mTOR path-
way via biomaterials can help improve the efficacy of
cancer vaccines.

The Ras-Raf-MAPK Pathway

The Ras-Raf-MAPK signaling pathway is an important
signal transduction system that mediates extracellular sig-
nals to trigger intracellular responses. It is critical for
regulating various physiological processes such as cell
growth, differentiation, apoptosis, and malignant transfor-
mation. In addition, this pathway is a key factor in mediat-
ing immune suppression. It engages downstream of TCR-
mediated signaling, such as the MAPK cascade, calcium
regulation, and NF-«kB activation, thereby providing var-
ious targets for modulating the activity and function of
T cells. Some early studies have shown that blocking the
MAPK signaling pathway can inhibit the initiation, pro-
liferation, and survival of T cells, but the effect seems to
be short lived.”®”® Recent studies suggest that the selective
inhibition of the Ras/Raf/MAPK pathway can enhance the
activation and function of T cells. On the one hand, MEK
inhibitors can prevent the exhaustive apoptosis of tumor-
resident CD8" T cells.'” On the other hand, MEK inhibi-
tors or BRAFY®°’F inhibitors can increase the expression
of melanocyte differentiation antigens, thereby enhancing
their recognition by T cells.*” A series of clinical trials
have been conducted to combine MEK inhibitors or BRAF
[/II study
showed that the combination therapy of dabrafenib, trame-

inhibitors with immunotherapy. A phase

tinib, and pembrolizumab increased the rate of long-lasting
antitumor responses in patients with BRAF-mutant
melanoma.®' The results from other clinical trials are
also promising.

Sorafenib, a multikinase inhibitor targeting Raf,
VEGFR, and PDGF receptor (PDGFR), can effectively
inhibit tumor proliferation and tumor angiogenesis.
Sorafenib has become the standard treatment for many
malignant tumors, including HCC, but its poor water

solubility and high side effects limit its clinical

application. To further improve the therapeutic effect,
Yang et al developed an indocyanine green (ICG) and
sorafenib-loaded = mesoporous  silica  nanosystem
(ICG+S)@mSi0O,) to realize synergetic photothermal
therapy (PTT) and immunoenhanced therapy for HCC.*?
With the ICG: sorafenib ratio at 1:3, their drug loading
efficiencies (DLEs) were 10.3% and 9.75%, respectively.
The prepared (ICG+S)@mSiO, nanoparticles showed
excellent fluorescence imaging and photothermal proper-
ties. Upon irradiation with a 2.5 W cm '808 nm laser, the
(ICG+S)@mSiO; nanoparticles rapidly increased in tem-
perature from 20.0 °C to 52.3 °C in 600 s. In addition, the
(ICG+S)@mSiO, nanoparticles were effectively interna-
lized by H22 cells. The average tumor weight of mice
treated with (ICG+S)@mSiO, + 808 nm irradiation was
significantly lower than that of mice treated with sorafe-
nib or ICG + 808 nm irradiation in H22 tumor-bearing
mice. Moreover, no significant organ damage was
observed in the mice treated with the (ICG+S)@mSiO,
nanoparticles. Further experiments revealed that sorafenib
increased the proportion of effector T cells and Tcys and
enhanced the secretion of IFN-y by CD8" T cells, thus
amplifying the antitumor effect of the combination
therapy.

In recent years, a variety of inorganic and organic
nanomaterials have been developed for PTT, including
quantum dots, nanoflakes, and nanocrystals, which have
different photothermal conversion efficiency (PCE), stabi-
lity, Dbiodegradability, and biocompatibility. Two-
dimensional (2D) nanomaterials have attracted increasing
attention for use in PTT.*> Due to their high surface-to-
volume ratio, easy surface modification, high drug-loading
capacity, and strong accumulation at tumor sites, these 2D
nanomaterials have broad application prospects for med-
iating the combination of PTT with molecular targeted
therapy, immunotherapy, and chemotherapy. In addition
to PTT, nanomaterials have also been widely used in
PDT.* First, nanomaterials can improve the water solubi-
lity and stability of photosensitizers (PSs). Second, nano-
materials can deliver PSs specifically to tumor sites and
increase their accumulation. Third, some nanomaterials,
such as upconversion nanomaterials, are able to improve
the penetration of PDT. Moreover, some nanomaterials,
including semiconducting nanomaterials, can intrinsically
generate ROS to enhance PDT. Finally, in addition to
delivering PSs, multifunctional nanomaterials can be
loaded with imaging agents and other therapeutic drugs
to achieve multimodal treatment. These nanomaterials are
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expected to further amplify the immunomodulatory effect
of molecular targeted therapy by combining multiple ther-
apeutic strategies.

Modulating the Immunosuppressive TME
The immunosuppressive TME is an important factor
restricting the effect of immunotherapy. In the TME,
immunosuppressive cells such as MDSCs, Tregs, and
TAMs; immunosuppressive cytokines, such as IL-10 and
transforming growth factor- (TGF-f); and negative costi-
mulatory molecules, such as PD-1 and CTLA-4, can inhi-
bit the activity of effector T cells, thereby promoting the
immune evasion of tumor cells. Some molecular targeted
therapy drugs can effectively reverse the immunosuppres-
sive TME, making it beneficial to immunotherapy.
Nanomaterials help enhance the immunomodulatory effect
and provide an effective platform for combined molecular
targeted therapy and immunotherapy.

The VEGF/VEGFR Pathway

VEGF and its receptors play important roles in the forma-
tion of the immunosuppressive TME. Excessive VEGF
secretion can lead to abnormal tumor blood vessels and
cause tumor hypoxia, which increase the accumulation of
MDSCs and Tregs in tumors, promote the polarization of
macrophages toward M2- phenotype, and upregulate the
expression of PD-L1 on the surface of tumor cells.***¢ In
addition, VEGF can promote the infiltration of immuno-
suppressive cells into tumors. VEGF binding to VEGFR
activates the JAK2/STAT3 signaling pathway, promoting
the expansion and recruitment of MDSCs.*” Tumor-
infiltrating MDSCs can also induce the infiltration and
expansion of Tregs by secreting TGF-f, further promoting
the formation of an immunosuppressive TME. Therefore,
some small-molecule inhibitors targeting VEGFR, such as
sunitinib and sorafenib, have been shown to be effective in
reducing the number of MDSCs and Tregs. Ko et al
reported that sunitinib significantly reduced the accumula-
tion of MDSCs in the tumors of patients with RCC.*®
Some studies have demonstrated that sunitinib enhances
the antitumor immunity of cancer vaccines by relieving
immunosuppression.**° Combining these small-molecule
inhibitors with immunotherapy is expected to provide
a new strategy for refractory malignant tumors.

To deliver sunitinib specifically to tumor tissues, Huo
et al encapsulated sunitinib into anisamide-modified poly-
lactic glycolic-acid-poly (ethylene glycol) (PLGA-PEG-
MBA) polymeric micelles (SUNy_pys).”! The drug loading

content (DLC) and DLE of sunitinib were as high as
14.2% and 94.3%, respectively. As sigma receptors are
highly expressed on the surface of melanoma cells,
MBA, a targeting ligand of sigma receptors, was used to
increase the accumulation of the nanomedicine in tumors.
The results showed that the accumulation of SUNy_pys at
the tumor site was from 2- to 4-fold that of sunitinib oral
suspension, SUNgpg. In B16F10 tumor-bearing mice,
SUNy.pps significantly enhanced the antitumor effect of
cancer vaccines without causing significant weight loss or
severe organ dysfunction. The tumor volume of mice
receiving SUNy_py + vaccine treatment was significantly
lower than that of mice receiving SUNpg + vaccine treat-
ment, confirming the advantage of the targeted nano-
delivery system. Further studies showed that although
cancer vaccine monotherapy increased the number of
tumor-infiltrating CD8" T cells, the proportion of
MDSCs and Tregs in tumors was also significantly
increased, thus inhibiting the function of CTLs.
Fortunately, SUNy.pps effectively eliminated MDSCs
and Tregs and restored the CTL activity. Moreover, the
SUNp.pm + vaccine treatment remarkably reduced the
secretion of IL-6 and IL-10. Other studies have also con-
firmed that nanomaterials effectively enhance the immu-
nomodulatory effect of sunitinib, and the combination of
sunitinib and other drugs achieved better antitumor
effects.”%?

The CSF-1/CSF-IR Pathway

Colony stimulating factor-1 (CSF-1) is a cytokine that
plays an important role in the survival, proliferation, dif-
ferentiation, and function of macrophages.’* Studies have
shown that CSF-1 is highly expressed in some tumors and
is associated with poor prognosis and distant
metastasis.”>*® CSF-1 receptor (CSF-1R) is specifically
expressed on the surface of TAMs and monocytes, and
inhibiting CSF-1R helps to deplete TAMs and promote
their polarization from M2-type to M1-type. CSF-1/CSF-
IR has become a target for the development of antitumor
drugs. Pyonteck et al reported that CSF-1R inhibitors
reprogrammed TAMs from M2-type to M1-type and inhib-
ited the tumor growth of glioblastoma.’” In another study,
CSF-1/CSF-1R blockade not only reduced the number of
TAMs, but also promoted their polarization into types that
favor antigen presentation and T cell activation, thus
improving the therapeutic efficacy of ICB in pancreatic
cancer models.”® However, blocking CSF-IR alone has
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limited antitumor effects, and off-target effects severely
limit the application of CSF-1R inhibitors.””

Thanks to nanomaterials, some studies have success-
fully delivered CSF-1R inhibitors specifically to macro-
phages or combined them with other drugs, resulting in
promising antitumor effects. Qian et al developed anti-
CSF-1R small interfering RNA (siRNA)-loaded M2-type
TAM dual-targeting nanoparticles (M2NPs) to treat mela-
noma (Figure 4).'°° Considering that SR-B1 is highly
expressed on the surface of M2-type TAMs and apolipo-
protein Al (ApoA 1) can bind to SR-B1 specifically, they
linked two targeting units of ApoA 1 (a-peptide and
M2pep) with a GSG linker to form a-M2pep. Then a-
M2pep, phospholipids, and DiR-BOA (a near-infrared
fluorescent dye) formed a core-shell structured lipid nano-
particle (M2NP) based on the amphiphilicity of the o-
peptide.  Finally, cholesterol-modified anti-CSF-1R
siRNA (chol-siCD115) was inserted on the surface of the
M2NPs. Twenty-four hours after intravenous injection,
M2-type TAMs captured significantly more M2NPs than
MIl-type TAMs in B16 tumor-bearing mice. Further stu-
dies confirmed that M2NPs effectively delivered siCD115
to M2-type TAMs and decreased the expression of CSF-
IR. Mice treated with M2NP-siCD115 showed the most
obvious inhibition of tumor growth. Flow cytometry
showed that M2NP-siCD115 reduced the number of M2-
type TAMs by 52% compared with PBS. In addition,
M2NP-siCD115 restored the activity of tumor-infiltrating
CD8" T cells. Finally, M2NP-siCD115 exhibited superior
biosafety and biocompatibility.

Regorafenib is a multikinase inhibitor targeting angio-
genic kinases, CSF-1R, and oncogenic kinases including
KIT, RET, and BRAF. Therefore, regorafenib not only can
inhibit tumor growth by inhibiting angiogenesis and cell
proliferation but can also potentially regulate macro-
phages. The disulfiram/copper complex (DSF/Cu) can pro-
mote the apoptosis of tumor cells by inducing the
production of ROS.'”" Huang and coworkers developed
DSF/Cu and regorafenib-loaded mannosylated albumin
nanoparticles (Man-BSA NPs) to treat drug-resistant
tumors.'%? They demonstrated that secreted protein acidic
and rich in cysteine (SPARC), an albumin-binding protein,
and mannose receptors were highly expressed on the sur-
face of drug-resistant colon cancer cells and M2-type
macrophages. Therefore, the prepared Man-BSA NPs
could inhibit both the cancer cells and M2-type macro-
phages. The DLC and DLE were 1.43% and 48.58% for

regorafenib and 2.69% and 85.76% for DSF/Cu,

respectively. The Man-BSA NPs achieved high tumor
accumulation and deep intratumoral penetration, indicating
the effectiveness of the dual-targeting strategy. The tumor
inhibition rate of the mice treated with Man-BSA NPs was
85.2%, which was significantly higher than that of the
mice treated with free drugs. Man-BSA NPs reduced the
proportion of M2-type macrophages to 22%, which con-
stituted an important mechanism of their antitumor effect.
This group also designed another similar dual-targeting
nanoplatform modified with a transferrin receptor (TfR)-
binding peptide T12 and mannose to deliver DSF/Cu and
regorafenib.'®> The prepared T12/Man-BSA NPs effec-
tively inhibited the growth of glioma due to the synergistic
antitumor effect of chemotherapy and macrophage-
directed immunotherapy. Compared with free drugs, Man-
BSA NPs did not cause obvious hepatotoxicity or patho-
logical damage to other organs.

These studies indicate that the strategy of targeting and
regulating macrophages through nanomaterials is feasible
and effective. In addition, some studies have used nano-
materials to simultaneously deliver CSF-1R inhibitors and
other inhibitors of related pathways, such as the PI3K and
MAPK pathways.'®*'> The dual-target nanomedicine
inhibited M2-type macrophages more efficiently, provid-
ing a new option for macrophage-targeted immunotherapy.

The JAK-STAT Pathway
The JAK/STAT signaling pathway is a cytokine-stimulated
signaling pathway that is involved in many important
biological processes such as cell proliferation, differentia-
tion, apoptosis, and immune regulation. Imatinib is
a multikinase inhibitor targeting BCR-ABL, KIT, and
PDGEFR. It has been widely used to treat chronic myeloid
leukemia and gastrointestinal stromal tumors. It has been
shown that imatinib can inhibit the activation of the tran-
scription factors STAT3 and STATS in Tregs and reduce
the expression of Foxp3, thereby preventing the immuno-
suppressive function of Tregs.'*® In addition, STAT1 and
STAT3 are also involved in regulating the expression of
IDO in tumors.'”” Balachandran et al demonstrated that
imatinib induced the apoptosis of Tregs and restored the
activity of CD8" T cells in tumors by inhibiting the expres-
sion of IDO.'”® Therefore, imatinib can make the TME
conducive to immunotherapy by inhibiting the activity of
Tregs and it is a potential immune activator.

Poor water solubility and cytotoxicity to normal cells
limit the application of imatinib. To enhance the targeting
of imatinib to Tregs, Qu et al encapsulated imatinib into
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tLypl peptide-conjugated hybrid nanoparticles (tLypl-
hNPs), which were composed of a PLGA core and lipid
layer.'® When the initial dose input was 10.0%, the DLC
and DLE of imatinib were 8.9% and 85.0%, respectively.
The tLyp! peptide shows high affinity for the neuropilin-1
(Nrpl) receptor, which is highly expressed on Tregs and
rarely expressed on effector T cells in tumors.''”
Moreover, they found that Nrpl was expressed at low
levels in melanoma cells. Therefore, tLypl modification
endows nanoparticles with the ability to target Tregs and
prevents off-target effects. The results showed that the
cellular uptake of tLyp1-hNPs by Tregs was significantly
higher than that by B16 cells and CDS8" T cells, indicating
the excellent targeting ability of the tLypl peptide.
Moreover, the differentiation of Tregs treated with tLypl-
hNPs was 18.0%, which was significantly lower than that
of Tregs treated with free imatinib. They also demon-
strated that imatinib inhibited the phosphorylation of
STAT3 and STATS and downregulated the expression of
Foxp3 in Tregs, and tLyp1-hNPs further enhanced these
effects. In the B16/BL6 tumor-bearing mouse model, the
group treated with tLyp1-hNPs + anti-CTLA-4 showed the
smallest tumor volume, indicating a synergistic antitumor
effect. Compared with the control group, the combination
therapy did not cause significant weight loss in mice. Flow
cytometry confirmed that tLyp1-hNPs + anti-CTLA-4 dra-
matically reduced the number of Tregs in the tumors and
increased the ratio of CD8" T cell/Treg, compared with
monotherapy.

In another study, they prepared glucocorticoid-induced
TNF receptor family-related protein (GITR)-modified
layer-by-layer hybrid nanoparticles to load imatinib and
IR-780 (LBL hNPs) (Figure 5).'"" The maximum DLCs of
imatinib and IR-780 were 13% and 10%, respectively.
Upon irradiation with a 1.0 W cm '808 nm laser, the
temperature of the LBL hNPs rapidly increased to 67 °C
in 80 s. In contrast, free IR-780 was heated only to 53 °C
under the same conditions. GITR also increased the target-
ing of nanoparticles to Tregs, and the LBL hNPs achieved
satisfactory tumor inhibition through a combination of
PTT, PDT, and Treg modulation. These studies suggested
that nanomaterials can increase the biocompatibility and
targeting of imatinib, thus effectively blocking the immu-
nosuppressive function of Tregs.

The PI3K—-Akt—-mTOR Pathway
In addition to affecting the infiltration and differentiation
of T cells, the PI3K-Akt-mTOR pathway is an important

factor closely related to the formation of an immunosup-
pressive TME. Activation of the PI3K-Akt-mTOR path-
way can promote the polarization of macrophages from
Ml-type to M2-type.''? For example, PI3Ky is a key
switch that regulates the polarization of macrophages,
and it may induce immunosuppression by activating the
mTOR-S6Ka-C/EBPB pathway and inhibiting the NF-xB
pathway.''® Inhibition of PI3K has been shown to promote
the transformation of macrophages into the pro-
inflammatory M1-type, thus attenuating the immunosup-
pressive TME."'* Qin et al reported that a PI3Ky inhibitor
reduced the number of M2-type macrophages, attenuating
the immunosuppression caused by vascular disrupting
agents, which significantly enhanced the antitumor effect

of the combination therapy.''’

mTOR can promote the
differentiation of macrophages into M2-type by upregulat-
ing p-STAT3 and IL-10."'®'"" Moreover, PI3K—Akt—
mTOR pathway is also involved in the recruitment and
activation of MDSCs. Foubert et al demonstrated that
PI3Ky promoted the migration of MDSCs to tumor tissues
by activating integrin o4, thereby promoting tumor

progression.''®
A series of studies have shown that the use of nano-
materials to deliver drugs targeting PI3K—Akt-mTOR can
enhance  antitumor effects by reshaping the
TME.'>!!%12%122 The combination of PI3K-Akt-mTOR
inhibitors with hypoxia-attenuating therapy,''® anti-fibrosis
120 121 further

therapy, or anti-angiogenesis
enhances immunomodulatory effects. Yu et al prepared

therapy
a multifunctional tumor immune microenvironment nanor-
egulator (BSA-MnO,-IPI-549) by encapsulating IPI-549,
a small-molecule PI3Ky inhibitor, and MnO, nanoparticles
in BSA (Figure 6)."" In the acidic TME, MnO, catalyzed
H,0, to produce oxygen to alleviate hypoxia, while the
degradation of MnO, led to the collapse of the nanoregu-
lator and thus triggered the release of IPI-549. In addition,
the produced Mn*" provided tumor-specific magnetic reso-
nance imaging (MRI). In the 4T1 tumor-bearing mouse
model, BSA-MnO,-IP1549 promoted the polarization of
macrophages to M1-type, reduced the number of Tregs,
increased the infiltration of CD8" T cells, and downregu-
lated the expression of PD-L1, thereby significantly inhi-
biting tumor growth and prolonging the survival time of
mice. In addition, BSA-MnO2-IPI549 did not cause sig-
nificant weight loss, organ damage, or changes in serum
biochemical parameters, indicating its superior biosafety.
Facilitated by targeting ligands, nanomaterials can spe-
cifically deliver molecular targeted drugs to tumor cells or
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Figure 5 Combination of NIR therapy and regulatory T cell modulation mediated by LBL hNPs. (A) Schematic illustration of the synthesis and mechanism of LBL hNPs.
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and histopathological evaluation of tumor necrosis of tumor sections from mice in different treatment groups, scale bar: 120 pm. ***P < 0.001. Reproduced from Ou WV, Jiang
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other target cells. Jiang et al synthesized AEAA-PEG-
polycaprolactone (AEAA-PEG-PCL) to load IPI-549 and
silibinin (SLB), separately.'?” SLB is an anti-fibrotic drug
that targets tumor-associated fibroblasts (TAFs), and its
antitumor effect is considered to be immune-mediated.
AEAA is used to increase the targeting of nanoparticles
because it is a ligand for the sigma receptor, which is
highly expressed in TAFs and cancer cells. The DLC and
DLE were 15.8% and 91.4% for the IPI-549 NPs and
12.9% and 76.9% for the SLB NPs, respectively. The
results showed that SLB NP combined with IPI-549 NP
treatment induced a more significant reduction in Tregs
and MDSCs than either monotherapy in a 4T1 tumor-
bearing mouse model, indicating the synergistic effect of
attenuated immunosuppression. Moreover, no significant
weight loss or organ damage was observed in the combi-
nation treatment group. In another study, Huang and cow-
orkers developed a dual-targeting liposomal system
(t-LRR) to codeliver rapamycin and regorafenib.'?! As
PD-L1 and mannose receptors were overexpressed in
TAMs and cancer cells, the liposomal system was mod-
ified with PD-L1 nanobodies and mannose ligands for
targeting. The DLC and DLE were 2.3% and 95.2% for
rapamycin and 0.6% and 93.0% for regorafenib, respec-
tively. The prepared t-LRR showed increased cellular
uptake by M2-type macrophages and CT26 cells. In
a CT26 tumor-bearing mouse model, t-LRR dramatically
increased the proportion of MIl-type macrophages and
promoted the infiltration of CD8" T cells, thus realizing
the effective regulation of the TME. Therefore, it is of
great significance to use nanomaterials to specifically
and tumor immune

systematically regulate the

microenvironment.

Other Pathways

Ibrutinib (IBR), a small-molecule inhibitor of Bruton’s
tyrosine kinase (BTK), has shown great potential in the
treatment of B-cell lymphoma. As BTK is overexpressed
in TAMs, IBR can also be used to eliminate TAMs.
However, the rapid clearance of BTK in vivo and low
levels of accumulation in tumors limit its clinical applica-
tion. To solve the above problems, Qiu el al. synthesized
IBR-loaded nanocomplexes modified with sialic acid
(SA)-stearic acid conjugates to deliver IBR specifically
to TAMs.'** As Siglec-1, the binding receptor of SA, is
overexpressed on the surface of TAMs, SA endows nano-
complexes with the ability to target TAMs. The prepared
nanocomplexes (SA/IBR/EPG) showed prolonged blood

circulation, effective internalization by TAMs, and
increased tumor accumulation. The tumor inhibition
index of mice in the SA/IBR/EPG treatment group was
significantly higher than that of mice in the other groups in
S180 tumor-bearing model mice. Further studies demon-
strated that SA/IBR/EPG remarkably reduced the cyto-
kines secreted by TAMs, including IL-10 and TGF-p.
This study verified the effectiveness and feasibility of
using molecularly targeted drugs to regulate macrophages.

TGF-B is one of the most important immunosuppres-
sive cytokines in the TME, and it can promote tumor
progression and immune escape in a variety of ways.'?*
TGF-B not only inhibits the proliferation and activation of
CD8" T cells,'* but also activates Foxp3 through the
TGF-B-Smad3 pathway, thereby promoting the differentia-
tion of naive CD4" T cells into Tregs.'* In addition, TGF-
B promotes the differentiation of M2-type macrophages,
which TGF-f to further

immunosuppression.'*” Several studies using nanomater-

can secrete aggravate
ials to combine TGF-f inhibitors with other treatments
have achieved satisfactory results.'*®!'? Xu et al designed
an immunomodulation-enhanced nanozyme-based tumor
catalytic therapy strategy by loading a TGF-f inhibitor in
PEGylated iron manganese silicate nanoparticles (IMSN-
PEG-TI NPs) (Figure 7).'*° The DLC of this TGF-p inhi-
bitor was 3.40%. In the acidic TME, Fe and Mn ions were
released from the IMSN-PEG-TI NPs and catalyzed H,O,
decomposition to produce hydroxyl radicals (*OH) and
oxygen. Moreover, IMSN-PEG-TI NPs promoted the
transformation of macrophages from M2-type to M1-type
and induced ferroptosis. In a CT26 tumor-bearing mouse
model, the tumor inhibition rate of the mice treated with
IMSN-PEG-TI NPs was 87.5%, which was significantly
higher than that of the mice treated with IMSN nanozyme
or TGF-f inhibitor. Increased M1-type macrophage pro-
portions and CD8" T cell/Treg ratios were observed in the
IMSN-PEG-TI treatment group, indicating effective regu-
lation of the tumor immune microenvironment. A safety
assessment showed that IMSN-PEG-TI NPs did not cause
significant toxicity to major organs. Therefore, TGF- is
an effective target for attenuating immunosuppression and
is worthy of further study.

Conclusions and Perspectives

Traditional cancer treatment modalities such as chemother-
apy and radiotherapy mainly inhibit tumor progression by
directly killing tumor cells. With breakthroughs in immu-
notherapy in recent years, researchers have begun to focus
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on killing tumor cells by activating the body’s immune
cells. In addition to the effectiveness of ICBs, studies have
shown that other cancer treatments can also affect the
immune system. In other words, the antitumor effects of
these treatments may depend to some extent on the activa-
tion of the immune system. Molecular targeted therapy
specifically inhibits tumor progression and metastasis by
blocking some oncogenic targets. An increasing number of
studies have shown that molecular targeted drugs not only
can inhibit tumor cells, but can also regulate immune cells.
In this article, we review the regulatory effects of mole-
cular targeted drugs on the immune system according to
their mechanisms. Molecular targeted drugs activate
immunity mainly through the following mechanism: pro-
moting antigen processing and presentation, increasing
tumor-infiltrating T cells, enhancing the activation and
function of T cells, and attenuating the immunosuppres-
sion of the TME. Molecular targeted drugs show great
potential in regulating the immune system, providing
a basis for the combination of molecular targeted therapy
and immunotherapy. Some clinical trials have confirmed
the effectiveness of this combined treatment model, which
will provide new strategies for refractory cancers.

The molecular targeted drugs with immunomodulatory
effects mentioned in this article, such as apatinib, rapamy-
cin, and regorafenib, have been widely used clinically. As
standard antitumor drugs, their effectiveness and safety
have been confirmed. Several clinical trials have suggested
that their combination with immunotherapy can exert
synergistic antitumor effects and improve the prognosis
of cancer patients.”*° As the mechanism of immune reg-
ulation is further clarified, we believe that molecular tar-
geted therapy will play an increasingly important role in
the treatment of cancer.

Poor water solubility, rapid elimination in vivo, lack of
effective accumulation in tumors, and serious side effects
limit the clinical application of molecular targeted drugs.
Moreover, they cannot fully activate the antitumor
immune response when used alone. Nanomaterials effec-
tively solve these problems and amplify the immune acti-
effect First,
nanomaterials improve the water solubility and biocompat-

vation of molecular targeted drugs.
ibility of drugs, prolong their blood circulation time, and
prevent their premature release. Second, nanomaterials
increase the accumulation of drugs in tumor tissues
through the EPR effect or active targeting. In particular,
nanomaterials can deliver drugs specifically to target

immune cells by targeting ligand modifications, thereby

avoiding affecting other cells. As mentioned above, SR-
B1, PD-L1, mannose receptor, and Siglec-1 are highly
expressed on the surface of TAMs, so their ligands effec-
tively increase the targeting of nanomedicine to macro-
phages. In addition, under the stimulation of the TME,
stimulus-responsive nanomaterials can specifically release
drugs at the tumor site. Finally, nanomaterials provide
a platform for molecular targeted therapy to be combined
with other immunotherapy strategies, such as ICBs, tumor
vaccines, and IDO enzyme inhibitors. Although the com-
bination therapy based on molecular targeted therapy has
achieved some exciting effects in clinical practice, the
increased side effects are often unbearable for patients.
Nanomaterials can help to improve the synergistic antitu-
mor effect of combination therapy and reduce side effects.

Although advanced nanomaterials have made encoura-
ging progress in enhancing the immunomodulatory effects
of molecular targeted therapy, there are still some issues
that need to be addressed in this field. First, the mechanism
of molecular targeted drugs affecting the immune response
needs to be further explored and clarified. For example,
some studies have shown that BRAF inhibitors and MEK
inhibitors promote T cell activation by regulating the AKT

131 while Erkes et al demon-

and TCR signaling pathways,
strated that they enhance the antitumor T cell response by
inducing pyroptosis.'*> For some molecular targeted
drugs, their effects on the immune system are controver-
sial. A recent study showed that vemurafenib played an
immune-activating role in the early stage of BRAF-V600E
mutant melanoma by downregulating the expression of
PD-L1 and promoted the immune escape of tumor cells
in the late stage by inducing the expression of galectin-
1'% Moreover, some molecular targeted drugs target mul-
tiple kinases and can affect a variety of immune cells.
Therefore, clarifying the specific mechanism of molecular
targeted drugs in regulating immunity can provide
a sufficient basis for their combination with immunother-
apy and contribute to the design of more reasonable and
effective combination therapy strategies.

Second, the immunomodulatory effects of molecular
targeted drugs are closely related to the dose administered.
Low doses of antiangiogenic drugs promote normalization
of tumor blood vessels, thereby increasing immune cell
infiltration and reducing immunosuppressive cells.
However, high-dose and long-term administration of anti-
angiogenic drugs lead to excessive pruning of blood ves-
sels and aggravate tumor hypoxia, thereby causing

. . 134 .
immunosuppression.>>'** For example, most studies have
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shown that a low dose of sorafenib (<30 mg/kg) in pre-
clinical models increases the infiltration of immune cells
or enhances the function of T cells, while a high dose of
sorafenib (>30 mg/kg) negatively regulates the immune
microenvironment, for example, by increasing the expres-
sion of PD-L1 and recruiting MDSCs and Tregs.'>
Therefore, when antiangiogenic drugs and immunotherapy
are combined to treat tumors, low doses are currently
recommended. Similarly, the immunomodulatory effect
of rapamycin is also dose-dependent. A low dose of rapa-
mycin enhances the function of DCs and promotes the
production of Tcys, while a high dose leads to the oppo-
site effect.”’ Therefore, dose is an important factor that
needs to be considered carefully and comprehensively
when using nanomaterials to deliver molecular targeted
drugs for immune regulation.

Third, several new molecular signaling pathways have
been found to be related to immunity and have the potential
to be combined with immunotherapy. For example, some
studies have shown that molecules related to epigenetic
modification affect the immunogenicity of tumors and the
function of antitumor immune cells.'**!7 In melanoma,
enhancer of zeste homologue 2 (EZH2), a histone methyl-
transferase, promoted tumor cell dedifferentiation and loss
of immunogenicity, and inhibition of EZH2 and anti-CTLA
-4 therapy synergistically inhibited tumor growth.'*® The
combination of epigenetic regulation and immunotherapy is
expected to further enhance the antitumor effect of thera-
pies, and some related clinical trials have been carried
out."* Poly (ADP-ribose) polymerase (PARP) inhibitors,
which promote the apoptosis of tumor cells by inhibiting
DNA damage repair, have been approved by the FDA for
the treatment of ovarian cancer.'*’ In small cell lung cancer
and TNBC, the PARP inhibitor olaparib promotes the
recruitment and activation of CD8" T cells by activating
the stimulator of interferon genes (STING) pathway, thus
enhancing the antitumor immune response.'*""'** A recent
phase /Il study found that olaparib combined with dur-
valumab showed promising antitumor effects in patients
with germline BRCA-mutated metastatic breast cancer.'*
Understanding the immunomodulatory activity of these new
pathways will help to develop novel combinations of mole-
cular targeted therapy and immunotherapy and optimize
synergistic antitumor effects through the wuse of
nanomaterials.

Fourth, molecular targeted therapy still faces some
other challenges. Although the immunomodulatory effect
of certain molecular targeted drugs has been demonstrated,

the effect is not sufficient to induce a strong antitumor
immune response. Therefore, it is necessary to combine
molecular targeted therapy with other immunotherapy stra-
tegies, such as ICBs and tumor vaccines. More preclinical
trials are needed to evaluate the optimal combination mod-
ality. At the same time, some inherent problems of mole-
cular targeted therapy need to be considered. For example,
drug resistance is a major problem that limits the applica-
tion of molecularly targeted drugs. Combination therapy
and the exploration of new therapeutic targets may be
options for resolving drug resistance. In addition, screen-
ing suitable patients at the gene level and molecular level
to achieve precise targeted therapy of tumors is also
a research focus in the future.

In addition, the specific mechanism of the cellular uptake
of nanoparticles needs to be further clarified. Cellular uptake
is an important factor closely related to the drug delivery
efficiency of nanoparticles. Understanding the mechanism of
this process helps to achieve selective and efficient uptake of
nanoparticles, thereby enhancing the therapeutic effect of the
delivered drugs and avoiding off-target effects. According to
previous studies, the mechanisms by which nanoparticles are
internalized by cells include endocytic pathways and non-
endocytic pathways.'** The endocytic pathway is considered
to be the main mechanism for the uptake of nanoparticles,
and it can be further classified into phagocytosis, clathrin-
mediated endocytosis, caveolae-mediated endocytosis, and
micropinocytosis. During these processes, however, nano-
particles are inevitably trapped in endosomes and subsequent
lysosomes. The acidic environment and multiple degrading
enzymes in lysosomes can lead to the degradation or inacti-
vation of certain drugs, thus reducing their bioavailability. To
this end, various endosome disruption strategies have been
developed to achieve lysosomal escape. For example, Guo
and coworkers prepared a photosensitizing monofunctional
Pt complex, Pt-BDPA, to enhance the antitumor effect of the
Pt complex.'** Under photoirradiation, Pt-BDPA induced the
generation of ROS to destroy lysosomes, thereby achieving
lysosome escape. ROS also reduced intracellular GSH levels,
which favored the stability of Pt-BDPA and contributed to its
accessibility to nuclear DNA. In addition, the physicochem-
ical properties of nanoparticles, such as their composition,
size, shape, surface charge, and surface modification, signifi-
cantly affect their cellular uptake.'*® A recent study showed
that the corona composition also affected the internalization
of nanoparticles.'*” Therefore, it is necessary to design the

next generation of nanocarriers by comprehensively
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considering the above factors to achieve specific and efficient
drug delivery.

Furthermore, the appropriate strategy for preparing
nanomaterials is another issue that needs to be considered.
The synthesis strategies of nanomaterials are generally clas-
sified into two main categories: top—down and bottom—up
approaches. Specifically, the top-down methods include
mechanical exfoliation, chemical exfoliation, sonication
exfoliation, and intercalation exfoliation, while the bot-
tom—up methods include chemical vapor deposition, liquid-
phase method, and solid-phase method.'*® The top-down
strategy is characterized by simple preparation process,
controllable geometry, and preservation of the structure of
the original material. However, this strategy is limited to
precursors with layered structures, and non-selective cutting
often results in poor control of the size and morphology of
the nanomaterial.'*’ In contrast, the bottom—up strategy
offers high controllability of the morphology and high-
quality products. Unfortunately, it requires a complex pre-
paration process and the resultant products tend to aggre-
gate. Therefore, these factors need to be carefully
considered when preparing multifunctional nanomaterials,
especially 2D nanomaterials, to enhance the immunomodu-
latory effect of the molecular targeted drugs.

Finally, determining the best way to realize successful
clinical application is the key problem that all biomedical
nanomaterials need to solve. With the development of nano-
technology, nanomaterials have shown broad application
prospects in biomedical fields such as medical diagnosis,
drug delivery, gene therapy, and tissue engineering.
Fortunately, some nanomaterials have already been approved
for clinical applications. In 1995, Doxil, a PEG-modified
liposome loaded with DOX, became the first nanomedicine
approved by the FDA for clinical use.'*® Since then, a variety
of nanoformulations have entered clinical trials. However,
only 15 nanomedicines have been approved for clinical can-
cer treatment worldwide so far, indicating that the clinical
transformation of nanomedicine has a long way to go.
Although the efficacy and safety of nanomaterials have
been demonstrated in most preclinical models, the physiolo-
gical structure of the human body is more complex than
models. There are certain potential risks in the therapeutic
application of nanomaterials that need to be paid attention to.
After intravenous injection, nanomaterials will interact with
the components in the blood and can produce a series of
immunotoxic effects.!>! At the same time, nanomaterials
may accumulate non-selectively in some major organs, caus-
ing hepatotoxicity,

nephrotoxicity, or cardiotoxicity.

Moreover, certain nanomaterials, such as inorganic nanoma-
terials, cannot be degraded or metabolized in the body, result-
ing in long-term accumulation in the body. Notably, certain
nanomaterials, such as carbon nanotubes, are even consid-
ered to be carcinogenic.'> Therefore, the biodistribution and
metabolism, interaction with biological components, biomar-
kers to monitor therapeutic efficacy, and long-term safety of
nanomedicine in the human body require further careful
assessment. In addition, ways to achieve large-scale produc-
tion and quality control are other key issues that needs to be
considered for nanomedicines.

Nanomaterials can serve not only as drug delivery
carriers, but also as modulators of specific molecular path-
ways, or they can have immunomodulatory functions. As
nanomaterials are easily phagocytized by macrophages,
some nanomaterials such as gold nanoparticles,'** silver
nanoparticles,'>* iron oxide nanoparticles,'*> and carbon-
based nanomaterials can affect the polarization of macro-
phages and thus the secretion of cytokines without drug
loading. Chen et al demonstrated that gadolinium endohe-
dral metallofullerenols (Gd@Cg,(OH),,) promoted the
production of proinflammatory cytokines (such as tumor
necrosis factor-o and IL-1p) by macrophages by activating
the NF-kB pathway and NLRP3 inflammasomes.'*®!’
Moreover, some bioactive nanomaterials, such as poly-

158 159 can pro-

ethyleneimine (PEI) ”° and mesoporous silica,
mote the recruitment and activation of immune cells, and
their combination with immunotherapy drugs can activate
immunity more effectively. Luo et al prepared ultra-pH-
sensitive nanoparticles (PC7A NPs) and demonstrated that
PC7A NPs enhanced tumor antigen presentation and trig-
gered antitumor immune effects by activating the STING
pathway.'®® These bioactive nanomaterials are promising
for further amplifying the effects of combined molecular
targeted therapy and immunotherapy.

Since PTT or PDT can induce the ICD of tumors, mole-
cular targeted therapy combined with these therapies can also
exert a synergistic antitumor effect. Traditional photothermal
conversion agents face problems with low photothermal con-
version efficiency, poor biocompatibility, and poor biodegrad-
ability, their
Nanomaterial-based photothermal conversion agents effec-

etc., which greatly limit applications.

tively solve these problems and provide opportunities for
combining photothermal treatment with other treatments.'®’

For example, emerging 2D nanomaterials

163,164

containing

MXenes,'®® antimonene, 165,166

or black phosphorus
have been widely used in PTT due to their superior biocom-

patibility and higher photothermal effects. In addition, these
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nanomaterials usually have high drug loading capacity and can
achieve controlled drug release upon irradiation.'®” Therefore,
these advanced nanomaterials are expected to mediate the
combination of PTT and molecular targeted therapy more
effectively and activate the antitumor immune response.
Opverall, the correlation between molecular signaling path-
ways and the immune system is gradually being discovered
and attracting increased attention. Nanomaterials have shown
great potential and advantages for amplifying the immunomo-
dulatory effects of molecular targeted drugs. With the devel-
opment of nanotechnology, molecular targeted drugs are
expected to play greater roles in clinical tumor therapy.
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