
Acta Pharmaceutica Sinica B 2022;12(12):4327e4347
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
REVIEW
Targeted nanomedicines remodeling
immunosuppressive tumor microenvironment
for enhanced cancer immunotherapy
Yanyan Xua,y, Jingyuan Xiongb,y, Xiyang Sunc,*, Huile Gaoa,*
aKey Laboratory of Drug-Targeting and Drug Delivery System of the Education Ministry, Sichuan Engineering
Laboratory for Plant-Sourced Drug and Sichuan Research Center for Drug Precision Industrial Technology, West
China School of Pharmacy, Sichuan University, Chengdu 610041, China
bHealthy Food Evaluation Research Center, West China School of Public Health and West China Fourth Hospital,
Sichuan University, Chengdu 610041, China
cHongqiao International Institute of Medicine, Tongren Hospital, School of Medicine, Shanghai Jiao Tong
University, Shanghai 200336, China
Received 1 September 2022; received in revised form 3 October 2022; accepted 17 October 2022
KEY WORDS

Cancer immunotherapy;

Immunosuppressive tumor
*

y

Pee

http

221

by
microenvironment;

Tumor microenvironment

normalization;

Targeted nanomedicines;

Drug delivery;

Environment-responsive

nanoparticles;

Combinational therapy;

Tumor treatment
Corresponding authors. Tel./fax: þ86

E-mail addresses: 732003356@shsmu

These authors made equal contribution

r review under responsibility of Chine

s://doi.org/10.1016/j.apsb.2022.11.001

1-3835 ª 2022 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract Cancer immunotherapy has significantly flourished and revolutionized the limited conven-

tional tumor therapies, on account of its good safety and long-term memory ability. Discouragingly,

low patient response rates and potential immune-related side effects make it rather challenging to literally

bring immunotherapy from bench to bedside. However, it has become evident that, although the immu-

nosuppressive tumor microenvironment (TME) plays a pivotal role in facilitating tumor progression and

metastasis, it also provides various potential targets for remodeling the immunosuppressive TME, which

can consequently bolster the effectiveness of antitumor response and tumor suppression. Additionally, the

particular characteristics of TME, in turn, can be exploited as avenues for designing diverse precise tar-

geting nanomedicines. In general, it is of urgent necessity to deliver nanomedicines for remodeling the

immunosuppressive TME, thus improving the therapeutic outcomes and clinical translation prospects

of immunotherapy. Herein, we will illustrate several formation mechanisms of immunosuppressive

TME. More importantly, a variety of strategies concerning remodeling immunosuppressive TME and
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strengthening patients’ immune systems, will be reviewed. Ultimately, we will discuss the existing obsta-

cles and future perspectives in the development of antitumor immunotherapy. Hopefully, the thriving

bloom of immunotherapy will bring vibrancy to further exploration of comprehensive cancer treatment.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Anticancer immunotherapy, which has been confirmed effective in
clinical trials, presents a promising cancer regimen compared with
conventional chemotherapy and radiotherapy. Initially, the
approval of recombinant versions of the cytokine interferon-a
ushered in an era full of innovation and possibility for oncology
treatment in 19861. Then the following decades witnessed
numerous advances and setbacks during the development of
immunotherapy, especially the emergence of immune checkpoint
inhibitors (ICIs) and chimeric antigen receptor (CAR) T cell
therapies, which were highlighted as milestones for cancer
immunotherapy despite nonnegligible adverse effects1e4. To date,
dozens of cancer immunotherapies, such as durvalumab5, tisa-
genlecleucel6, and axicabtagene ciloleucel7, have been approved
by the medical products administration.

The last 40 years of immuno-oncology research have firmly
proved that the innate immune system is of great effect for spe-
cifically recognizing, destroying, and memorizing tumor cells
without side effects to normal tissue, which is termed cancer
immunosurveillance8. But the immune system was found to be a
double-edged sword in carcinogenesis. It does suppress tumor
growth, but it also plays a critical role in promoting tumor pro-
gression and metastasis by supporting chronic inflammation,
shaping tumor immunogenicity, and restraining antitumor immu-
nity9. More specifically, the immunologic sculpting of the immune
system leads to the elimination of high immunogenicity clones
and the development of multiple immune evasion mechanisms,
which subvert the normal immune regulation and ultimately form
an immunosuppressive tumor microenvironment (TME)10. The
above-mentioned phenomenon is accurately described as “cancer
immunoediting”, which conduces to unsatisfactory therapeutic
outcomes of clinical treatment. In addition, the tumor immune
heterogeneity also obstructs the universal application and effec-
tiveness of immunotherapy11. Therefore, there is an urgent need to
develop strategies targeting diverse tumor escape mechanisms and
reversing the immunosuppressive TME for enhanced
immunotherapy.

Primary tumors consist of cancerous cells and stromal cells,
such as lymphatic cells, endothelial cells, fibroblasts, and various
bone marrow-derived cells (BMDCs), which include tumor-
associated macrophages (TAMs), myeloid-derived suppressor
cells (MDSCs), mesenchymal stem cells (MSCs), and dendritic
cells (DCs), etc12. It is well demonstrated that the stroma is a
crucial participant in tumorigenesis, cancer growth, metastasis,
and therapy resistance13. Moreover, adaptive immunoediting
greatly alters the original signaling pathways of cancer cells and
stromal cells, endowing them with more powerful resistance to
immunotherapies. With a further understanding of oncology,
remodeling the immunosuppressive TME as well as restoring
antitumor immunity has emerged as an essential part of cancer
immunotherapies. Among these, rehabilitating immune recogni-
tion14, decreasing immunosuppression-associated cytokines15e17,
modulating immunosuppressive cells13,18e21, and impeding
inhibitory co-stimulatory molecule-related pathways22, are inten-
sively studied (Fig. 1).

Of equal importance, a variety of nanoparticles (NPs) have been
developed for precise and timely delivery of immunotherapies23e26.
Nanocarriers can not only shelter the therapeutic cargoes and
improve the pharmacokinetics and bioavailability, but also possess
the enhanced permeability and retention (EPR) effect to achieve
passive accumulation in the tumor region. Furthermore, targeting
moieties (i.e., monoclonal antibodies, antibody fragments, peptides,
growth factors, etc.) can be decorated to NPs to accomplish active
targeting, thereby reducing non-specificity and increasing uptake27.
More significantly, NPs exhibit several unique advantages: 1)
Stimuli-responsiveness to internal TME stimulus (i.e., pH, redox
environment, enzymes, and hypoxic, etc.) and external environ-
mental stimulus (i.e., light, heat, ultrasound, and magnetism field,
etc.)28,29; 2) novel delivery strategies to promote treatment effi-
ciency, such as the shape conversion of NPs30,31, cell-mediated
biomimetic NPs32,33, and functional ligand modified NPs34,35,
etc.; 3) intrinsic properties of different NPs may facilitate in tumor
cells killing effects, such as cuproptosis36; and 4) feasible imple-
mentation of a synergetic combination of multiple therapies37,38.

In this review, we first illustrate the broadly studied formation
mechanisms of immunosuppressive TME. Subsequently, we
summarize diverse strategies for remodeling the immunosup-
pressive TME and rewiring host immune responses. We then
present the existing obstacles that impede the development and
clinical translation of immunotherapy. Ultimately, conclusions and
future perspectives on immunotherapy are discussed.
2. Formation mechanisms of immunosuppressive TME

Cancer immunoediting is composed of three phases: elimination,
equilibrium, and escape39. The immune system eliminates tumor
cells through specific recognition of tumor antigens via a series of
stepwise events, which is termed the “tumor-immunity cycle”,
which basically includes the generation and release of tumor-
associated antigens (TAAs), the capture and processing of the
neoantigens by antigen-presenting cells (APCs), the activation of
effector T cells, the TME infiltration of activated tumor-specific T
cells through T cell receptor (TCR) and cognate antigen-bound
MHC complex, and the eventual recognition of target cancer
cells, thereby inducing apoptotic pathways for tumor-killing ef-
fects as well as initiating a new round of cancer-immunity cycle40.
However, if growing tumor cells are not eradicated, cancer tends
to enter the equilibrium phase41. Then under the impact of
immunologic sculpting, one or more steps in the tumor-immunity
cycle might be blocked and become dysfunctional, along with
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Figure 1 Main strategies for remodeling immunosuppressive tumor microenvironment. The focus is on current advances in tumor targeting

nanomedicines for enhanced cancer immunotherapy.
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other factors that contribute to the establishment of immunosup-
pressive TME, resulting in the tumor escape40,41. The following
sections will introduce the most acknowledged formation mech-
anisms of immunosuppressive TME, which are the key elements
of cancer immuno-resistance (Fig. 2). Of note, TME and the im-
mune system are of great intricacy, so each mechanism described
below is not separate and independent. Instead, all of the mech-
anisms interact mutually and thus form the dynamic immuno-
suppressive TME.
Figure 2 Main formation mechanisms of the immunosuppressive TM

immunotherapy.
2.1. Reduction of immune recognition

In terms of cancer cells, they are of great genome instability,
generating random gene mutations or metabolite variations, some
of which support tumor progression and develop resistance to
tumor therapies42. During the equilibrium phase, tumor cell var-
iants that survived the elimination process are deemed to be in a
state of functional dormancy, which may last for years and even
decades10,39,43. The progression of tumors is constrained. At the
E, serving as potential targets for TME remodeling-based antitumor
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same time, the Darwinian selection destroys many original vari-
ants except those that exert higher resistance to immune attack10.
Then the accumulation of tumor cell variants with dampened
immunogenicity or attenuated immune response sensitivity will
proliferate and lead the tumor to escape phase, thus indicating the
formation of clinically apparent malignant tumor44.

Loss of major histocompatibility complex/human leukocyte
antigen class I (MHC/HLA I) is one of the mechanisms that ac-
count for immunogenicity attenuation. The MHC/HLA I is a
membrane-bound protein complex that presents the antigenic in-
formation on the surface of tumor cells, which can be specifically
recognized by cytotoxic CD8þ tumor-infiltrating lymphocytes
(TILs), thereby triggering cancer cell lysis45,46. However, to avoid
the control and elimination by CD8þ T lymphocytes, genetically
unstable cancer cells are likely to downregulate or shut down
MHC/HLA I antigen presentation through transcriptional regula-
tion, post-transcriptional/pre-translational regulation, post-
translational regulation, or/and altered signaling mechanisms and
extrinsic stimuli from the TME, which has no adverse impact on
tumor viability or growth47. Intriguingly, natural killer (NK) cells,
the second line of defense against lesions, can detect and kill
abnormal-MHC/HLA I low cells via killer-cell inhibitory re-
ceptors (KIR)48. But cancers can dodge NK cell-mediated elimi-
nation by expressing non-classical MHC/HLA I molecules HLA-
G and HLA-E, not to mention the hurdles posed by TME for NK
cells to infiltrate into MHC/HLA I negative tumors47e49. Together,
immunosurveillance is hampered. MHC/HLA I loss is commonly
seen in cancers and responsible for unsatisfactory clinical out-
comes, because it not only enables cancers to escape immune
destruction, but also endows malignant tumor cells, such as breast
cancer50, endometrial carcinoma45, HPV-associated cervical, and
vulvar neoplasia51, etc., with resistance to immune checkpoint
therapies47. However, although a vast diversity of molecular
mechanisms are relevant to MHC/HLA I loss and any silence in
assembly steps of MHC/HLA I can generate MHC/HLA I loss,
certain cancers are considered to share common characterized
mechanisms and can be treated precisely49. Therefore, much work
is required to distinguish different tumor phenotypes. Other al-
terations, such as loss of antigen processing ability within tumor
cells, are also liable for decreased immunogenicity of tumor
cells52.

DCs are highly specialized APCs, initiating and regulating the
innate and adaptive immune responses against tumors, without
which the immune recognition would be incomplete53. DCs go
through maturation when elicited by danger signals released by
dying cancer cells, such as damage-associated molecular patterns
(DAMPs)54. Nonetheless, immunosuppressive TME greatly im-
pedes the maturation of DCs in various facets, which is remark-
ably adverse for antigen presentation, thereby leading to
immunological ignorance55. Theoretically, the blockade of any
participant in the tumor-immunity cycle may lead to the failure of
the host defense against cancer.
2.2. Production of immunosuppression-associated cytokines

During tumor development, immunosuppression-associated cyto-
kines that are secreted by cancer cells, stromal cells, and tumor-
infiltrating immune cells convolutedly participate in immune re-
actions and provoke tremendous TME conversion, eliciting
immunosuppressive TME that is resistant to cancer
immunotherapy56,57.
To meet the requirement for a slew of oxygen and nutrients for
tumor progression, pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) are overexpressed under the
stimulation of many growth factors and hypoxia, leading to the
tortuous, disorganized, and inordinately branched vasculature58,59.
The vasculature exhibits excessive leakage and higher perme-
ability, then the following elevated interstitial fluid pressure (IFP)
and maladjusted lymphatic drainage will make it hard for the
entrance of immune cells and nanomedicines58,60,61. Furthermore,
VEGF can downregulate immunity due to its nature of tissue
repair62. For example, it was certified that VEGF hindered the
differentiation of CD34þ hematopoietic stem cells into DCs,
weakening the presentation of tumor antigens63. Besides, VEGF
can also directly suppress T-cell proliferation and considerably
lower the cytotoxicity of T cells via VEGFR-264. In addition, it is
reported that VEGF stimulation increased the B-cell lymphoma 2
(BCL-2) expression in human microvascular endothelial cells
(HMVECs) in a prostate cancer model, and in turn, the up-
regulated BCL-2 improved the intratumoral microvascular sur-
vival and density as well as tumor growth65,66.

Indoleamine 2,3-dioxygenase (IDO) is an essential enzyme
that catalyzes tryptophan degradation, generating an array of
immunosuppressive tryptophan metabolites, some of which were
verified to be capable of curbing the T cell proliferation in vitro or
causing T cell apoptosis67. Furthermore, local depletion of tryp-
tophan brings about cellular stress, accordingly inhibiting the
mechanistic target of the rapamycin (mTOR) kinase pathway and
triggering the kinase activity of general control nonderepressible 2
(GCN2)68. Thus, the T-cell proliferation is further suppressed, and
the naive CD4þ T cells are biased toward differentiation into
regulatory T (Treg) cells, thereby resulting in severe
immunosuppression16.

Transforming growth factor b (TGF-b) produced by various
tumor types has dual functions in the advance of tumor69. TGF-b
acts as a tumor suppressor during the early stage of cancer,
inhibiting the cell cycle progression, inducing apoptosis, sup-
pressing growth factor expression, etc., while in the later period,
TGF-b promotes angiogenesis, alters cytoskeletal architecture,
dysregulates cyclin-dependent kinase inhibitors, etc., which
greatly fuel the tumor invasiveness and metastasis69,70. Another
cytokine, interleukin-6 (IL-6), can set off signal transducer and
activator of transcription 3 (STAT3) and nuclear transcription
factor (NF-kB) pathways simultaneously, forming chronic in-
flammatory TME and propelling the tumor growth, metastasis,
anti-apoptosis, etc71.

In general, there are a host of cytokines that play an active role
in shaping immunosuppressive TME and they collaboratively
form a sophisticated interactional net with various cells in TME.

2.3. Infiltration of immunosuppressive cells

The functions of the host immune system are remarkably
repressed in cancer patients, mainly on account of reduced homing
of immune cells to the tumor tissues as well as enlarged protumor
immunosuppressive cell populations72. In addition to immuno-
modulatory capacity, regulatory immune cells also act as inflam-
matory cells, contributing to the formation of chronic
inflammatory TME and the promotion of immunosuppressive
effects15.

Treg cell has proven to be a major suppressor at tumor sites,
which is defined as adaptive or inducible (i) Treg or Tr173. Un-
like forkhead box protein 3þ (FOXP3þ) naturally occurring (n)
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Tregs that prevent the host from autoimmune diseases, the
tumor-infiltrating iTregs significantly suppress effector T cells
through various mechanisms, generate immunosuppressive cy-
tokines (e.g., TFG-b, IL-10, prostaglandin E2, and adenosine),
enhance resistance to apoptosis or anti-cancer therapies73.
Several main immunosuppression mechanisms of iTregs lie in 1)
The expression of high-affinity IL-2 receptor and extreme de-
pendency on exogenous IL-2, hampering the IL-2 exploitation of
conventional T (Tconv) cells and thus resulting in the impedi-
ment of Tconv cells activation and proliferation; 2) The consti-
tutive expression of cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), repressing the co-stimulatory signal transmission
from APCs to Tconv cells; 3) The secretion of immunosup-
pressive cytokines and other substances, contributing to the
direct death of Tconv cells or APCs, degradation of adenosine
triphosphate (ATP) to immunosuppressive adenosine and sup-
pression of most immune cells74.

TAMs also play a prominent role in facilitating the establish-
ment of immunosuppressive TME75. Immature macrophages will
differentiate and polarize into different subsets based on the
microenvironmental conditions76. There are two main categories,
which are proinflammatory classically activated (M1) phenotype
and anti-inflammatory alternatively activated (M2) phenotype,
respectively77. With the progression of tumors, infiltrating mac-
rophages are increasingly prone to differentiate into M2 pheno-
type, resulting from the stimulation of enzymes, cytokines, and
chemokines in TME76,77. The M2-like TAMs secret a mass of pro-
angiogenic mediators, proteolytic enzymes, and immunosuppres-
sive cytokines such as IL-10 and TGF-b, assisting the formation of
immunosuppressive TME and fostering tumor invasion and
migration76. Studies also have demonstrated that the M2-like
TAMs promote tumor metastasis by prompting the epithelial-
mesenchymal transition (EMT) through the TGF-b/Smad2
signaling pathway78,79. In addition, high TAMs densities are
considered to be an indicator of poor prognosis and unfavorable
overall survival rates80.

The term “myeloid derived suppressor cells (MDSCs)” was
first brought up to describe the heterogeneous cluster of immature
myeloid cells in a pathological environment, which consist of
mononuclear phagocytes (M-MDSCs) and granulocytes (G-
MDSCs or PMN-MDSCs)81. MDSCs stay immature under the
influence of multiple factors in TME and are manipulated to
become immunosuppressive phenotype, generating ROS and
immunosuppressive cytokines (e.g., IL-10, TGF-b)82. It is now
well substantiated that MDSCs suppress adaptive antitumor im-
munity by depressing T-cell activation and function (e.g., T-cell
receptor down-regulation, T-cell cell cycle repression, immune
checkpoint blockade) and recruiting immunosuppressive cells like
Tregs, at the same time, the innate immunity is also restricted by
polarizing macrophages to M2-like TAMs and inhibiting the
cytotoxicity of NK cells82. Similar to MDSCs, cancer-associated
fibroblasts (CAFs) are another core components of immunosup-
pressive TME. By suppressing and deleting CD8þ T cells,
inhibiting T cells via the CXCL12-CXCR4 axis, reducing the
antigens-presenting ability of DCs, secreting CXCL12 and
Chitinase-3 like 1 (Chi3L1) to maintain M2-like TAMs, etc.,
CAFs remarkably support the immunosuppression of TME83.
Simply stated, various immunosuppressive cells have significant
negative impacts on TME, which, to some extent, contribute to the
unsatisfied efficacy of therapeutic outcomes of anticancer
immunotherapies.
2.4. Overexpression of inhibitory co-stimulatory molecules

Aside from MHC-presented antigen signal, co-stimulatory mole-
cules on APCs are indispensable for delivering another key signal
for T cell activation, without which will cause T cell death or
exhaustion (a state of dysfunction)22. The inhibitory co-
stimulatory molecules (also known as immunity checkpoint) are
intrinsic mechanisms against autoimmune diseases, but tumors
malignantly harness the mechanism and upregulate immune
checkpoint signals to escape immunosurveillance84. Moreover, the
inhibitory signals are greatly associated with altered TME. For
example, once the inhibitory co-stimulatory ligands on tumor cells
bind to receptors, the metabolic phenotype of T cells will be
shifted from glycolysis to fatty acid oxidation (FAO), thus
blunting the metabolic processes for activating effector function as
well as stabilizing immunosuppressive Treg cells85. Moreover, the
expression of inhibitory co-stimulatory receptors will also be
upregulated in exhausted T cells, thereby further depressing the
function of effector T cells (Teffs)85.

CTLA-4 is expressed mainly in Teffs, which competitively
binds to CD80/CD86 on the APCs with CD28, inhibiting the
production of IL-2 and the activation of T cells86. Simultaneously,
CTLA-4 induces IDO86. Nonetheless, FDA-approved anti-CTLA-
4 antibodies are proven to be inadequate for cancer immuno-
therapy, with inferior efficacy and high toxicity87. Programmed
death receptor-1 (PD-1) is expressed on the surface of many TILs,
while its ligands, PD-L1, and PD-L2, are mainly overexpressed in
many solid tumors and hematologic malignancies88. When
engaged with PD-L1 or PD-L2, PD-1 is phosphorylated at tyrosine
residues, with the recruitment of Src homology 2 (SH2) domain-
containing tyrosine phosphatase 2 and the dephosphorylation of
the proximal TCR signaling molecules, thereby leading to the
inhibition of T-cell activation, survival, and cytolytic function as
well as the promotion to cancer growth89,90. In comparison with
CTLA-4, the blockade of the PD-1/PD-L1 pathway has captured
more attention due to its lower rates of immunotherapy-related
adverse events and better cancer immunotherapeutic effect in
clinical trials87. Similarly, T cell immunoglobulin and mucin
domain-containing protein 3 (TIM-3) bind to galectin-9 and the
adhesion molecule carcinoembryonic antigen-related cell adhe-
sion molecule 1 (CEACAM1), triggering the release of BAT3, the
suppression of tyrosine kinase LCK recruitment and eventually
the anergy or apoptosis of CD8þ T cells91. Lymphocyte activation
gene-3 (LAG-3), the inhibitory co-stimulatory receptor of MHC-
II, inhibits Teffs via the KIEELE motif, enabling Treg cell-
mediated immunosuppression92. LAG-3 is recognized to have
synergistic effects with PD-1 in the tumor immune escape, making
it effective for co-blocking LAG-3 and PD-1 in cancer treat-
ments93. Despite the prospects of ICIs, it has been noted that there
exists cross-regulation between multiple checkpoint molecules94.
For example, the co-blockade of PD-1 and PD-L1 led to the
upregulation of TIM-3 and LAG-3 on CD4þCD25þ T cells and
CD4þCD25þFoxO3þHeliosþ Tregs in triple-negative breast can-
cer95. Likewise, the combination of TIM-3 and PD-1 mAbs also
increased the expression of LAG-3 and GITR (a co-stimulatory
receptor) in TILs94. For the past decade, combining ICIs with
other therapeutics, such as chemotherapeutics96 and anti-
angiogenic agents97, has drawn fierce attention and has been
broadly investigated both in preclinical testing and clinical trials.

Additionally, glyco-immune checkpoints are under extensive
exploration. Aberrant glycosylation is a universal hallmark of
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cancer cells, commonly characterized by anomalous expression
and glycosylation of mucins, abnormal branching of N-glycans,
and increased expression of sialoglycans on proteins and
lipids98,99. Sialic acid-binding immunoglobulin-like lectins
(Siglecs) expressed on most immune cells are receptors for tumor-
cell-derived sialoglycans, and the signaling through the
sialoglycan-Siglec axis is similar to the PD-1/PD-L1 signaling,
which stifles the anti-tumor immunity and brings about immu-
nosuppressive TME100e102. Hitherto few targeted nanomedicines
interfering with the sialoglycan-Siglec immune checkpoint have
been brought up, it is a potential approach for enhancing cancer
immunotherapy.
3. Strategies for remodeling immunosuppressive TME

The immunosuppressive TME, which is shaped under the coop-
erative effect of tumor cells with poor immunogenicity and
various immune cells, dramatically retards the response rates of
immunotherapies (e.g., CAR T-cell therapies and ICIs) in recent
clinical investigations103,104. Apart from seeking predictive ther-
apeutic biomarkers, rejuvenating the immunosuppressive TME
and rehabilitating patients’ inherent immunological systems have
emerged as promising approaches in the evolving field of immu-
notherapy. Inspiringly, abnormalities also represent potential
therapeutic targets. Nanomedicine is deemed a potent therapeutic
strategy, attributed to its design flexibility105, ease of decoration,
and versatility (e.g., spatiotemporally controlled drug delivery and
release106, biodegradability107, and the ability to overcome drug
resistance108). Moreover, inspiring insights into the in vivo fate of
nanoparticles have also fueled the investigation of nanomedicine-
based antitumor immunotherapy109. Combined the understanding
of the formation mechanisms of immunosuppressive TME with
the advantages of nanomedicines, it is of immense promise to
develop effective and precise nanomedicines for remodeling
immunosuppressive TME and enhancing the efficiency of anti-
cancer immunotherapies20,110,111. Of note, due to the sophisticated
interactional net formed by the intricate immune system and
TME, researchers prefer combinatorial therapy for ameliorated
feasibility, so the strategies elucidated beneath will be classified
based on the main effect of combinatorial therapy.

3.1. Rehabilitating immune recognition

As described above, any impairment of steps in the tumor-
immunity cycle will contribute to the failure of cancer eradica-
tion by adaptive immunity. Tactics that target rejuvenating the
dysfunctional tumor-immunity cycle for remodeling the immu-
nosuppressive TME have continuously emerged, especially
immunogenic cell death (ICD). Under the enormous cellular stress
provoked by antitumor therapy, ICD is induced, which encom-
passes the release of TAAs, DAMPs as well as inflammatory cy-
tokines and the activation of tumor-specific immune responses,
thus addressing the poor immunogenicity of edited tumors and
eliminating tumors by both anticancer drugs and antitumor im-
munity112,113. There is a wide range of nanomedicine-mediated
ICD triggering approaches. Potent approaches, such as chemo-
therapeutics (e.g., doxorubicin114, paclitaxel115, 7-ethyl-10-
hydroxycamptothecin116), photothermal therapy (PTT)117e120,
photodynamic therapy (PDT)121 and oxidative stress ampli-
fiers122,123, have been intensively applied. In the work of Ding
et al.124, reactive oxygen species (ROS)-sensitive nanoparticles
loaded with copper chaperone inhibitor DC_AC50 and
cisplatin(Ⅳ) prodrug were fabricated. Along with the chemo-
therapeutic effect of cisplatin, massive ROS generated from
DC_AC50 spurred on synergistic ICD, thereby restoring the
cancer immunogenicity. Chen et al.125 put forward GSH-depleting
second near-infrared (NIR-II) photothermal and photoacoustic
agents (denoted as TTF-F4TCNQ) based on the small molecular
organic metal adjuvants (OMAs), contributing to elevating im-
mune responsiveness by the ICD effect elicited by PTT and ROS.
With the optimized combination of commercially available donors
and acceptors, TTF-F4TCNQ exhibited advanced efficiencies,
such as broader substrate scope, higher accessibility, and flexibly
tuned optical characteristics. Moreover, TTF-F4TCNQ possessed
the ability to deplete GSH and cysteine, thus interrupting intra-
cellular redox homeostasis as well as augmenting ROS accumu-
lation. The multifunctional TTF-F4TCNQ had a synergistic
impact on arousing abundant ICD and enhancing immune re-
sponses to eradicate cancer cells. In addition, the administration of
PD-1 antibody assisted the antitumor immunotherapy via
increasing T cell infiltrations. Together, both the primary and
distant tumors were inhibited in 4T1 tumor-bearing mice due to
the suppressed tumor immune evasion and enhanced immune re-
sponses (Fig. 3).

Nonetheless, ICD-induced TAAs themselves are not suffi-
cient to elicit potent antitumor immunity owing in large part to
the lack of activated APCs, which are responsible for taking in
the cancer neoantigens and cross-presenting them to prime naive
CD4þ and CD8þ T cells, thereby triggering immunogenic T
helper 1 (Th1) and cytotoxic T lymphocyte (CTL) re-
sponses53,126. Hence, effective activation of APCs is a prereq-
uisite for TAAs to trigger the tumor-immunity cycle. For DC
maturation, various methods have been brought up, such as
nucleic acid-based vaccine127,128, calreticulin129, and toll-like
receptor (TLR) agonists130,131, which all manifest great pros-
pects. Moreover, Liu et al.132 proposed that Ca2þ-assisted sur-
face polydopamine engineering of DC could effectively relieve
the suppressed state and promote DC maturation under 808 nm
laser irradiation, offering a potential approach for the elevation
of antigen presentation. Furthermore, artificial APCs (aAPCs)
have emerged as a powerful alternative to natural APCs, indi-
rectly overcoming the difficulty that APCs are suppressed in
TME. Xu et al.133 developed biomimetic nanoaggregates of
aggregation-induced emission photosensitizers (AIEgens)
coated with DC cell membranes (DC@AIEdots). Leveraging
DC cell membranes, the nano-photosensitizers were capable of
crossing the biological barrier of blood vessels to accumulate
around the tumor by hitchhiking on T cells, and then artificially
presenting antigens to mediate T cell proliferation and activa-
tion. AIE photosensitizers could specifically target lipid
droplets accumulated in cancer cells, without interference
with surrounding immune cells in complex TME. Among a
series of synthesized AIE photosensitizers, MeTIND-4 was
selected for its longest NIT emission and highest ROS genera-
tion. The levels of tumor necrosis factor (TNF-a) and interferon
(IFN-g) in DC@AIEdots-treated T cells were 14-fold and 11-
fold superior to cells treated with PBS buffer or bare AIEdots.
T cell numbers in DC@AIEdots-treated groups were also
increased by more than five times, in comparison to the control
groups. In vivo experiments also exhibited abundant activated T
cell infiltration, apparent tumor size reduction, and distant
tumor inhibition, with long-term effects and biocompatibility
(Fig. 4).



Figure 3 OMA-mediated NIR-II photothermal immunotherapy for potentiating immunogenicity and immune responses. (A) Mechanisms of

OMAs. (B) Energy levels of donors and acceptors. (C) Preparation process of OMAs. (D) Growth curves of primary tumors and (E) distant tumors

following different treatments (n Z 5). (F) Quantitative analysis of caspase-3 levels in primary tumors and (G) distant tumors after different

treatments (n Z 3). Treatment groups: 1, PBS; 2, TTF-F4TCNQ; 3, TTF-F4TCNQ/NIR-II; 4, TTF-F4TCNQ þ aPD-1; 5, TTF-F4TCNQ/NIR-

II þ aPD-1. P values were calculated by two-tailed Student’s t-test (D and E) and measured via ANOVAwith Tukey post-hoc test (F and G). Data

are presented as mean � SD, *P < 0.05, **P < 0.01, and ***P < 0.001 vs. indicated. Reproduced with the permission from Ref. 125. Copyright

ª 2022, Wiley-VCH GmbH.
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3.2. Decreasing immunosuppression-associated cytokines

In terms of previous illustrated mechanisms, decreasing the
expression or/and the secretion of immunosuppression-associated
cytokines is of great prospect for immunosuppressive TME
reversal. Among these, VEGF, IDO, TGF-b, and IL-6 have been
the most investigated. Song et al.134 introduced a dual pH-
responsive nanocarrier for the co-delivery of VEGF siRNA
(siVEGF) and placental growth factor (a homolog of VEGF)
siRNA (siPIGF) to breast cancer cells and M2-like TAMs. Based
on the ionic gelation between a cationic polyethylene glycol
(PEG) and mannose modified-trimethyl chitosan conjugate
(PEG Z MT) and an anionic poly-(allylamine hydrochloride)-
citraconic anhydride (PAH-Cit, PC), PEG Z MT/PC/siVEGF/
siPIGF NPs were formed. Interestingly, the NPs underwent two
stages to overcome biological barriers and achieve on-demand
release. First, the benzamide bond between PEG and MT
cleaved upon arriving at weakly acidic tumor sites (pH 6.0e7.0),
leading to the exposure of mannose ligands and positively-charged
groups, which accelerated the active uptake by mannose receptors-
overexpressed M2-like TAMs as well as passive uptake by nega-
tively charged tumor cells. Second, a more acidic endosomal or
lysosomal environment (pH 4.5e5.5) led to PC hydrolyzation,
contributing to charge reversal, endosomal/lysosomal escape, and
cytoplasmic release of siRNA. As a result of silencing immuno-
suppressive VEGF, the combinatorial therapy not only inhibited
the proliferation of breast cancer cells but also re-educated M2-
TAMs to proinflammatory M1 phenotypes, sharing a synergistic
effect on TME remodeling and immunotherapy sensitization.
Recently, two monoclonal antibodies (i.e., anti-VEGF-A antibody
Bevacizumab and anti-VEGFR2 antibody Ramucizumab) have
been approved for clinical application135. However, some con-
cerns are raised that VEGFR-2 inhibitors may interfere with other
receptors of the tyrosine kinase family, on account of structural
resemblance136. Modi et al.136 took advantage of structure-based
drug design (SBDD) approaches (i.e., docking and molecular



Figure 4 Artificial antigen-presenting NPs with lipid droplet targeting function for cancer photodynamic immunotherapy. (A) Schematic

illustration of DC@AIEdots. (B) Preparation process of DC@AIEdots, and the interaction between DC@AIEdots and T cells. (C) The levels of T

cell activation and proliferation after incubation with different preparations. (D) The tumor volume of primary and distant tumors in different

treatments groups. (E) CLSM images of CD8þ, CD4þ T cells and tumor cell proliferation after incubation with different preparations (scale

bar Z 200 mm). P values in (C) and (D) were calculated by two-tailed Student’s t-test or one-way ANOVA. Data are presented as mean � SD

(n Z 3), **P < 0.01, vs. indicated. Reproduced with the permission from Ref. 133. Copyright ª 2021, Wiley-VCH GmbH.
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dynamics simulations) to conceive VEGFR-2, which shed light on
the way ahead for smarter and more specific drug design.

For IDO, recent efforts unveiled many synergetic treatments in
combination with IDO inhibitors (e.g., 1-methyl-D-tryptophan (1-
MT)137e139, NLG919140, Epacadostat141) and other therapeutic
modalities, such as chemotherapy, PDT, PTT and radiotherapy,
which all demonstrated relieved immune suppression and
enhanced therapeutic effects, offering vast clinical prospects. Our
group142 designed laser-responsive and size-changeable NPs [(C/
I)BP@B-A(D)&M1m] decorated with M1-macrophage mem-
branes. M1-macrophage membranes enabled delayed mono-
nuclear phagocyte system clearance and tumor-homing effect via
membrane proteins. The NPs were comprised of PEGylated bili-
rubin with hydrophobic Ce6 and IDO inhibitor indoximode (IND)
co-loaded [(C/I)BP] and DOX-embedded and BSA-protected gold
nanoclusters [B-A(D)], which could be disrupted in response to
laser irradiation. Then the (C/I)BP would reaggregate into
“Caterpillar-like” NPs to facilitate retention and sustained drug
release, and the small-sized B-A(D) would penetrate into the deep
tumor region, thereby reinforcing cytotoxicity. The combination
of chemotherapeutic drug, PDT therapy, and reversing tumor
immunosuppression by IDO1 pathway exerted great suppression
of primary tumor growth and metastasis (Fig. 5). To further bolster
the specificity of the nanomedicine, our group fabricated shape-
transformable nanomicelles (Ce6/BR-FFVLK-PEG) with macro-
phage membrane to co-deliver thioketal-linked paclitaxel dimer
and disulfide-linked 1-MT dimer (denoted as I-P@NPs@M)143.
Upon laser irradiation, the spherical nanomicelles turned into
nanofibers when stimulated by massive ROS generated by Ce6,
thus bolstering retention and cellular internalization in tumor144.
With nanomicelles being destroyed, the drug dimers loaded in the
hydrophobic core were consequently released and activated to
monomeric drugs by ROS and GSH, respectively. Notably, 1-MT
blocked the IDO pathway to reduce immune inhibition, thus
amplifying ICD triggered by PDT and chemotherapy and syner-
gistically suppressing both in situ breast cancer and lung metas-
tasis (Fig. 6). Additionally, researchers have been engaged in
discovering potent and safe IDO inhibitors that derived from
small-molecule compounds by virtual screening and kinetic
method for enzymatic analysis145. Scientists found lead com-
pounds that exerted potential IDO inhibitory activity from PQAs
(the natural alkaloids in Picrasma quassioides), which were
verified more potent than 1-MT, thereby enriching the diversity
and availability of natural anti-tumor agents145.

As for TGF-b, it has been authenticated to be a critical pro-
moter of epithelial-mesenchymal transition (EMT), which allows
the metastasis of cancer146. Guo et al.147 constructed a fucoidan-
functionalized DOX-loaded micelle (FD/DOX) to reestablish
TME and achieve potent antitumor immune responses for meta-
static cancer treatment. Fucoidan, a highly sulfated poly-
saccharide, had a nanomolar affinity for P-selectin, which
supported the hypothesis that fucoidan-functionalized micelle can
track tumor cells precisely by hitchhiking on activated platelet.
More importantly, fucoidan not only inhibited TGF-b in the liver
fibrosis model but also displayed immunostimulatory function to
boost adaptive immune responses, thus having the potential to
reverse the immunosuppressive TME. Attributed to the addition of
chemotherapy, the micelle was expected to exhibit more potent
anti-cancer efficacy. The therapeutic effects of FD/DOX were
successfully observed in both in vitro and in vivo experiments,



Figure 5 Phagocyte-membrane-coated and laser-responsive NPs for combinatorial therapy of chemotherapeutics, PDT and immunosuppression

modulation. (A) Preparation process of (C/I)BP@B-A(D)&M1m. (B) Schematic illustration of (C/I)BP@B-A(D)&M1m þ laser treatment. (C)

Analysis of immune cells in the B16F10-tumor-bearing mice and (D) 4T1-tumor-bearing mice treated with various NPs. (E) Survival curve of the

4T1-bearing mouse models after removing primary tumors by treatment or surgery. (F) Number of lung metastatic foci determined grossly.

Treatment groups: 1, PBS; 2, IND; 3, DOX/Ce6 þ laser; 4, DOX/Ce6/IND þ laser; 5, (C/I)BP þ laser; 6, (C/I)BP@B-A(D); 7, (C/I)BP@B-

A(D) þ laser; 8, (C/I)BP@B-A(D)&M1m þ Laser. P values were calculated by two-tailed Student’s t-test (C, D and F) and one-way ANOVA test

(C and D). Data are presented as mean � SD (n � 3), *P < 0.05, **P < 0.01, and ***P < 0.001 vs. indicated. Reproduced with the permission

from Ref. 142. Copyright ª 2020, Elsevier Ltd.
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Figure 6 Macrophage-mimic and shape-transformable NPs for multimodal breast cancer therapy. (A) Schematic illustration of the construction

of I-P@NPs@M. (B) Schematic illustration of anticancer functions of I-P@NPs@M. (C) The DLS measurements and TEM images of I-

P@NPs@M and (D) I-P@NPs@M þ laser (scale Z 50 nm). (E) The tumor volume of in situ tumors in different treatment groups. Reproduced

with the permission from Ref. 143. Copyright ª 2020, Elsevier B.V.
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thus providing a simple but valuable paradigm of cancer treat-
ment. Other approaches aiming at TGF-b inhibition were also
brought up, such as BIX02189148.

3.3. Modulating immunosuppressive cells

3.3.1. Regulatory T cells
It is universally acknowledged that immunosuppressive Treg cells
have to be depleted or attenuated, or else immunological treat-
ments such as vaccination and checkpoint blockade will be
disabled74. Maneuvers for selectively targeting Treg cells can be
divided into three categories, including depletion of effector Treg
cells in tumor sites, agonistic antibody affecting Treg suppression,
and small molecular inhibitors for Treg depletion or modulation.
When it comes to depleting effector Treg cells in tumor tissues,
CCR4 is a representative target, which is the receptor for che-
mokines CCL22 and CCL17 that mainly from DCs and macro-
phages149. The interaction is crucial for Treg migration and
metastasis of CCR4þ lymphoma cells, which simultaneously
provides an ideal target for blockade149. But current researches are
mostly concentrated on the development of novel anti-CCR4 an-
tibodies rather than targeted nanomedicines, which, therefore, will
not be covered in this review. Glucocorticoid-induced TNFR-
related gene (GITR) is expressed by Treg cells, acting as a po-
tential target for suppressing Treg150. Sun et al.151 developed an
immunomodulating nanosystem based on the combination of
phototherapy and immunotherapy, which was denoted as PDA-
ICG@CAT-DTA-1. Catalase (CAT) and anti-GITR antibody
(DTA-1) were co-loaded to nanoparticles comprised of photo-
thermal agent polydopamine (PDA) and photosensitizer
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indocyanine green (ICG). With the aid of the EPR effect, the
PDA-ICG@CAT-DTA-1 tended to accumulate in cancer regions
and then endocytosed via the vesicle transport pathway by tumor
cells. It was worth noting that the nanosystem offered a Tregs
targeting vehicle for DTA-1, which facilitated the abrogation of
tumor immune suppression and the effects of ICD induced by
phototherapy, thereby fostering antitumor immunotherapy.
ICG@CAT-DTA-1 showed potent antitumor effects in mice
models, with an inhibition ratio of 95.1% for primary cancers and
68.7% for abscopal cancers, highlighting the great prospects of
this versatile nanosystem. As for small molecular inhibitors for
Treg depletion or modulation, low-dose cyclophosphamide (CTX)
is one of the most broadly utilized agents, which selectively de-
pletes CD4þCD25þ Treg cells152,153. Yet, the application of CTX
is still restricted to its original role of chemotherapeutic, and ar-
ticles on both Treg inhibiting function and nanomedicines are rare.

3.3.2. Tumor-associated macrophages
Reprogramming TAM towards anti-tumoral phenotype, namely
M1-like TAMs, is perceived as significantly beneficial in remod-
eling immunosuppressive TME75. The approaches can be gener-
ally classified into two types, one is re-educating tumor-promoting
M2-like TAMs to M1-like TAMs, and the other is directly hin-
dering the formation and survival of M2-like TAMs. In studies
from our group154,155, we constructed a furin-responsive aggre-
gated nanoplatform encapsulating DOX and hydroxychloroquine
(HCQ). The HCQ was a typical autophagy inhibitor, which not
only diminished the chemo-resistance of tumor cells but also
enhanced NF-kB nuclear translocation and activated the NF-kB
pathway to reprogram tumor-promoting TAMs to pro-
inflammatory M1-like phenotype, thus reversing immunosup-
pressive TME. He et al.156 fabricated binary-drug liposomes
modified with lactoferrin (LF) for targeting immune-inactive
colorectal tumor cells and immunosuppressive M2-like TAMs.
The drugs capsulated were FDA-approved histone deacetylase
inhibitor panobinostat (Pano) and bromodomain and extra-
terminal (BET) proteins inhibitor JQ1, which were effective in
M2-like TAMs reeducation and PD-1/PD-L1 pathway suppres-
sion, respectively. LF modification equipped the liposomes with
colorectal tumor cells and TAMs targeting ability, for the high
expression of low-density lipoprotein receptor-associated protein
1 (LRP-1) on the surface of those cells, which possessed superior
binding affinity to LF. Moreover, the liposomes would absorb
endogenous albumin and then form albumin corona in situ,
endowing the liposomes with binding ability to the albumin-
binding proteins such as SPARC that were overexpressed in tu-
mors. The dual-targeting and dual-drug loaded liposomes dis-
played efficient TME reversion function and potent antitumor
effects. In addition, numerous studies have demonstrated various
effective TAMs reprogramming agents, such as paclitaxel157,
extracellular vesicles derived from ginseng158, monoamine oxi-
dase A inhibitor159, etc. Otherwise, directly hindering the forma-
tion and survival of M2-like TAMs is conducive. It was
reported160 that STAT3 and STAT6 pathways contributed to the
M2 differentiation, providing various potential candidates for
depressing the formation of M2-like TAMs. For example, Yang
et al.161 constructed a BRD4 decorated amphiphilic micelle car-
rying ARV-825 for glioma treatment, which suppressed M2-like
TAMs polarization through the inhibition of interferon regulato-
ry factor 4 (IRF4) promoter transcription and phosphorylation of
STAT3, STAT6 and protein kinase B. Other inhibiting agents, such
as zoledronic acid and hispanolone derivative 8,9-
dehydrohispanolone-15,16-lactol, were proved effective as
well162,163.

3.3.3. Myeloid-derived suppressor cells
MDSCs not only impede antitumor immunity presented by T cells
but also propel angiogenesis and metastasis of cancer, resulting
from quantities of both direct and indirect crosstalk with various
cells in tumor region164. Wang et al.165 proposed a self-assembled
nano-filament system through the conjugation of MDSCs
repressor curcumin and a self-assembled peptide FFE-ss-EE
(denoted as Nano-Cur) for lung cancer. Given that Cur was veri-
fied to have potential inhibitory capacities on MDSCs but was
restricted by its poor bioavailability and tumor accumulation, re-
searchers exploited self-assembled peptide-based nano-filaments
to improve the loading capacity and retention effect of curcu-
min166. At the same time, nano-filaments exert better tumor
retention ability than common nanoparticles because different
nanoplatform shapes exhibit different properties. Moreover, cur-
cumin was incorporated into the peptide, making it possible for
persistent drug release. Under Nano-Cur treatment, dramatical
suppression of the number and immunosuppressive function of
MDSCs was witnessed both in in vitro and in vivo models, indi-
cating an effective approach for lung cancer treatment. Extensive
investigations on suppressing immunosuppressive functions and
inhibiting the recruitment of MDSCs have yielded various stra-
tegies, such as Neobavaisoflavone nanoemulsion167, multilayer
polyarginine nanocapsules loaded with chemokine CCL2 and two
different RNAi sequences modulating the CCAAT/enhancer-
binding protein beta (C/EBPb) pathway168, micellar hypotoxic
low molecular weight heparin-tocopherol succinate nano-
particle169, etc. Additionally, repolarizing MDSCs is another valid
avenue. Wu et al.170 introduced a magnetic nanoparticle-based
platform with polyethylenimine modification to complement the
effect of radiotherapy for glioma therapy, which could manipulate
the repolarization of MDSCs to a pro-inflammatory phenotype
that was capable of generating a substantial amount of TNF-a and
inducible nitric oxide synthase (iNOS) as well as recognizing and
attacking glioma cells.

3.3.4. Cancer-associated fibroblasts
As the most abundant stromal cells in TME, CAFs secret a host of
regulatory factors and remodel the extracellular matrix (ECM),
thus facilitating the formation of the immunosuppressive TME
and tumor progression171. CAFs depletion or inactivation plays a
potential role in developing more powerful cancer therapies. Lang
et al.172 developed cell-penetrating peptide (CPP, nine-arginine,
R9)-based self-assembly nanoparticles loaded with CXCL12
silencing siRNA (siCXCL12), with fibroblast activation protein-a
monoclonal antibodies (anti-FAP-a mAb) absorbed on the surface.
The nanosystem actively targeted to CAFs via a specific binding
effect between anti-FAP-a mAb and FAP-a, then knocked down
the expression of the CXCL 12 gene in CAFs, which inhibited the
CXCL12-CXCR4 axis and hindered the maintenance of the
tumor-promoting phenotype of CAFs. Therefore, the malignantly
immunosuppressive TME was reshaped under the influence of the
inactivation of CAFs, thereby hampering the tumor growth and
migration for orthotopic prostate tumors. However, compared with
CAFs inhibition monotherapy, combinatorial therapy may be
more sufficient. Li et al.173 integrated PTTwith CAFs regulator to
achieve better therapeutic outcomes. A vitamin-D receptor ligand
named Calcipotriol (Cal) can transcriptionally deactivate CAFs to
a quiescent state with increased lipid droplet storage and reduced
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expression of fibroblast activation marker a-smooth muscle actin
(a-SMA), which was co-loaded with a typical photosensitizer ICG
to tumor cell-derived microparticles (denoted as Cal/ICG@MPs),
thus forming an innovative tumor-targeted nanosystem with su-
perb stability, high biocompatibility, low immunogenicity, and
target-homing capability. With the assistance of Cal, the depressed
CAFs and reduced tumor ECM led to the enhanced accumulation
and penetration of ICG, thereby igniting a more potent PTT effect.
The synergetic therapy can trigger strong systemic antitumor
immune responses and long-lasting immunological memory,
realizing excellent tumor eradication effect. Similarly, Nicolás-
Boluda et al.174 proposed multifunctional iron oxide nanoflowers
decorated with gold nanoparticles (GIONF) as nanoheaters to
deplete CAFs for reversing immunosuppressive TME, high-
lighting a spatiotemporally controlled physical strategy for chol-
angiocarcinoma treatment. Up to now, many CAFs inactivators
have been leveraged to counteract the immunosuppression in TME
to a certain degree, such as salvianolic acid B175, vismodegib176,
telmisartan177, etc.

3.4. Impeding inhibitory co-stimulatory molecule-related
pathways

Cancer cells activate different immune checkpoint pathways to
harbor immunosuppressive functions178. Among various inhibi-
tory co-stimulatory molecule-associated signaling pathways, the
PD-1/PD-L1 pathway has been the most intensively investigated,
which will be taken as an example in the succeeding discussion.
Prohibiting strategies include blocking monoclonal anti-
bodies(mAbs) against PD-1 or PD-L1, PD-1/PD-L1 inhibitors,
genetic ablation of PD-1 or PD-L1 gene, RNA interference, etc88.

The past several years have witnessed immense advances in
clinical cancer immunotherapy, with approvals of antibodies tar-
geting PD-1/PD-L1 (e.g., nivolumab, pembrolizumab, cemipli-
mab, atezolizumab, durvalumab, avelumab), which can efficiently
rescue T cells from exhaustion and revive immune response
against tumor179. Aiming to promote the antitumor efficacy of
immunomodulatory mAbs, Jiang et al.180 integrated two types of
mAbs targeting effector cells and tumor cells with nanoparticles to
construct immunomodulating nano-adaptors (imNAs), which
could facilitate the engagement of effector immune cells and
tumor cells to bolster cytotoxicity. Intriguingly, rather than
chemically immobilizing mAbs onto NPs, which was at high risk
of hurting the valency and affinity of antibodies, the researchers
employed anti-IgG (Fc specific) antibody (aFc) as an intermediary
between NPs and mAbs. Given that aFc was linked to NPs
through orientated conjugation and could noncovalently bind
mAbs via specific Fc recognition, both the stability and efficacy of
the nano-adaptors were guaranteed. The general applicability of
aFc-NP and the therapeutic superiority of imNAs were validated
in multiple murine tumor models, presenting a versatile nano-
platform for mAbs-associated treatment. However, anti-PD-1/PD-
L1 antibodies also pose many drawbacks, such as a limited
responding proportion of patients, innate and/or acquired resis-
tance, and a series of immune-mediated adverse events181e183.

In recent laboratory investigations, plenty of PD-1/PD-L1 in-
hibitors have been applied. Our group184 conjugated acidic-
sensitive PD-L1 inhibitor Metformin (MET) with Ce6 through
matrix metalloproteinase-2 (MMP-2) cleavable peptide
(GPLGVRGDK, pepA) to develop MMP-responsive self-delivery
nanoparticles. Apart from type 2 diabetes, MET was also reported
to be effective in degrading endoplasmic-reticulum-associated
PD-L1 to reverse tumor immunosuppression. Moreover, 1,4-
phthaladehyde was introduced to form an acid-sensitive imine
bond between MET and pepA, thus achieving a specific release of
positive charged MET in the TME (pH 6.8) and facilitating
cellular uptake. The dual-sensitive NPs indicated an intelligent
and simple cancer treatment paradigm based on PDT and immu-
notherapy. There are other approaches for inhibiting PD-1 or PD-
L1, such as DPPA-1185, PD-LYSO186, and tubeimoside-1187.
Notably, there exist various adaptively compensatory mechanisms
that cooperatively contribute to the aggravation of immunosup-
pressive TME, which will be reviewed later. Intriguingly, with the
emergence of diverse promising PD-1/PD-L1 inhibitors, Jin
et al.188 introduced that artificial intelligence can be elegantly
exploited to assess PD-1/PD-L1 inhibitors from three perspectives,
which are population screening, response prediction, and efficacy
evaluation, thereby conveniently facilitating the selection of
different PD-1/PD-L1 inhibitors.

For genetic ablation of PD-1 or PD-L1 gene, Deng et al.189

designed a CRISPR-Cas9 plasmid to specifically knock out
Cyclin-dependent kinase 5 (Cdk5) gene to attenuate the PD-L1
expression on tumor cells, with a biodegradable cationic poly-
mer, poly(b-amino esters) (PBAEs) as the carrier (denoted as
aPBAE/Cas9-Cdk5). CRISPR-Cas9 genome editing system is
characterized by simplicity, highly targeting ability, and great
knockout efficiency. Compared with PEI 25K and HP reagent,
aPBAE/Cas9-Cdk5 showed higher transfection efficiency in
various cell lines. In vivo, both the melanoma and triple-negative
breast cancer models exhibited obvious PD-L1 downregulation,
with modulated immunosuppressive TME, enhanced antitumor
immunity, and suppressed tumor progression. Based on nano-
technology and genome engineering, aPBAE/Cas9-Cdk5 enriched
the options of immunotherapy, providing an innovative candidate
for antitumor treatment.

Equally, RNA interference plays a promising role in PD-1/PD-
L1 checkpoint blockade. Guo et al.190 employed a PD-L1 small
interfering RNA (siRNA) cross-linker and a pheophorbide A
(PPA) photosensitizer-bearing DNA tetrahedral framework to
fabricate a supramolecular nucleic acid nanogel (denoted as
siRNA/PPA-NG). PPAs were grafted onto the backbones of four
component DNA strands at the phosphorothioate modification
sites to obtain water-soluble PPA-DNA conjugates, which would
assemble into a DNA tetrahedral framework. Then, a sticky end
was introduced at each vertex of the PPA-bearing DNA tetrahe-
dron, enabling the overhangs predesigned on the siRNA linker.
Eventually, two structural units were successfully cross-linked
through the sticky end association to form siRNA/PPA-NG, in
which the PPAs can homogeneously dissolve in an aqueous so-
lution under the assistance of hydrophilic DNA. In addition,
siRNAwas deemed more effective than mAb inhibitors because it
suppressed immune checkpoint proteins from the intracellular
source, permitting a more thorough PD-1/PD-L1 blockade and an
enhanced T-cell mediated cancer elimination. The synergetic
combination with PDT further augmented antitumor effects, and
the nanogel served as a highly desirable co-packaging vehicle,
with satisfactory drug loading capability, great siRNA compres-
sion efficiency, and biocompatibility. This nanosystem felicitously
exemplified the significance of rational design in combining var-
ied therapeutic agents (Fig. 7). Likewise, Kim et al.191 engineered
a polymeric nanoconjugate consisting of siPD-L1-based poly-
plexes, PEGylated hyaluronic acid and model foreign antigen
ovalbumin, which achieved vigorous rejection towards tumor
cells, TME reprogramming, and long-term protective immunity.



Figure 7 Photosensitizer and PD-L1 siRNA copackaged nucleic acid nanogel for synergistic cancer photoimmunotherapy. (A) Preparation

process of the PPA-DNA conjugates, tailed-PPA-TET and siRNA/PPA-NG. (B) Schematic illustration of the photoimmunotherapy mediated by

siRNA/PPA-NG in vivo. (C) Schematic illustration of the intracellular synergistic antitumor effects of siRNA/PPA-NG. (D) CLSM images of

cellular uptake behaviors of siRNA/PPA-NG in tumor sections from the mice after intravenously administration (scale bar Z 25 mm). (E)

Immunohistochemical and Western blot analysis of PD-L1 expression in primary tumors(scale bar Z 50 mm). Treatment groups: 1, PBS; 2, PD-

L1/PPA-NG; 3, SCR/PPA-NG þ laser; 4, PD-L1/PPA-NG þ laser. (F) Growth curves, weights and images of the primary tumors and (G) the

distant tumors following the indicated treatment. P values in (F) and (G) were calculated by ANOVA and two-tailed Student’s t-test. Data are

presented as mean � SD, *P < 0.05, **P < 0.01 and ****P < 0.0001 vs. indicated. Reproduced with the permission from Ref. 190. Copyright ª
2022, The Authors.
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Despite inspiring breakthroughs made by PD-1/PD-L1
blockade in clinical practice, the therapeutic outcomes of anti-
PD-1/PD-L1 antibodies are constrained due to low durable
response rates and acquired resistance that results from compen-
satory mechanisms of immunosuppressive TME. Therefore, anti-
tumor immunotherapies concerning inhibitory co-stimulatory
molecule-related pathways are still expected to be explored and
optimized.

3.5. Other strategies

Multiple crosstalk between cancer and immune cells collabora-
tively shapes the intricate immunosuppressive TME. Researchers
have been dedicated to probing more strategies concerning TME
remodeling, which can be potentially beneficial for antitumor
immunotherapies in the clinic. Apart from the typical strategies
delineated above, diverse strategies are continuously emerging.

It is noteworthy that, metabolic behaviors of cancer are of
distinguishing features compared with healthy, normal tissues.
Altered aerobic glycolysis (also known as the “Warburg effect”)
not only provides energy, building blocks, and redox potentials for
uncontrollable cancer proliferation, but also generates a large
amount of lactic acid and ATP and leads to hypoxia192,193.
Therefore, with TME homeostasis being severely disrupted,
manifold dysfunctions correspondingly facilitate the formation of
immunosuppressive TME. For instance, Treg cells can actively
absorb lactic acid produced in highly glycolytic TME, resulting in
enhanced PD-1 expression in Treg cells, dampened PD-1
expression in Teff cells, and the failure of PD-1 blockade treat-
ment194. Tremendous efforts have been devoted to reversing
abnormal metabolic behaviors, alleviating the TME burdens, and
ameliorating the efficiency of immunotherapy. Ma et al.195 put
forward bio-responsive DOX-based mannose nanogels (DM NGs),
with prolonged blood circulation and reinforced tumor accumu-
lation. The inferior bioavailability of chemo-drug was surmounted
by conjugating hydroxyl-containing DOX with hydroxyl-
containing mannose via GSH-sensitive-SS- bond linker. High
GSH concentration in the tumor region would trigger the bond
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cleavage and the release of drug. Mannose was engulfed by cells
through glucose transporter, which could impede glucose uptake
of tumor cells, thus interdicting glycolysis, regulating tumor
metabolism, and ultimately resulting in the apoptosis of tumor
cells196. Accompanied by robust DOX-induced ICD, the DM NGs
manifested effective immunosuppressive TME regulating ability
and amplified tumor eliminating effects both in vitro and in vivo,
offering a promising combinatorial antitumor chemo-
immunotherapy. For a more thorough glycolysis interdiction,
Zang et al.197 developed a biomimetic nanocarrier with chemo-
therapeutic paclitaxel and glycolysis inhibitor PFK15 co-loaded.
The nanocarrier was endowed with a dual-targeting ability due
to the capsulation of hybrid membranes of breast cancer cell
membrane (4T1 cell membranes) and activated fibroblast mem-
branes (CAFs-like NIH3T3 cell membranes), eventually yielding
enhanced effects of lactate production abatement and chemo-
immunotherapy. Besides, in a study from our research group198,
morpholine-modified PEGylated bilirubin nanoparticles loaded
with Ce6 and diclofenac (Dc) were brought up (denoted as
Ce6&Dc@MBNP), with an aim to settle the issue that PDT-
induced oxygen consumption and microvascular damage could
aggravate hypoxia, aerobic glycolysis, and angiogenesis. Dc, one
of the non-steroidal anti-inflammatory drugs (NSAID), was a
lactate dehydrogenase A (LDHA) inhibitor and exploited to
interfere with lactate secretion, thereby averting hypoxia-induced
resistance-glycolysis and angiogenesis199. Aiming to implement
deep penetration in tumors, our group combined a self-propelled
nanomotor (NM) with hexokinase-2 (HK-2) siRNA to synergis-
tically reconstruct TME200. The NM adsorbed catalase (Cat) and
glucose oxidase (GOx) to persistently generate oxygen bubbles in
a cascade manner, assisting the nanomedicine to move towards
deep tumor to alleviate hypoxia and the lysosome escaping of HK-
2 siRNA to efficiently inhibit glycolysis. Particularly, in vivo re-
sults demonstrated a preeminent anti-metastasis outcome of
commercially available albumin-bound paclitaxel (PTX@HSA)
with NM-si pre-treated for TME modulation (Fig. 8). In general,
researchers have been opening up more versatile and compre-
hensive strategies for addressing glycolysis-associated
immunosuppression.

Additionally, hypoxic tumors activate the occurrence of an
adenosinergic pathway, which emerges as a major immunosup-
pressive mechanism and simultaneously a prospective novel
therapeutic target for cancer therapy201. Abundant ATP may be
degraded to increase the adenosine level. Yu et al.202 constructed
an ATP-exhausted nanocomplex by the self-assembly of siRNA/
PEI complex, imidazole-2-carboxaldehyde (2-ICA) and Zn2þ,
with electrostatic adsorbed ICG and surface coated RGD-
decorated polylactic acid-hyperbranched polyglycerol (PLA-
HPG-RGD), which not only intervened in tumor energy meta-
bolism to regulate TME but also depleted excessive intracellular
ATP and inhibited ATP synthesis, thereby enhancing PTT-induced
ICD. Mao et al.203 contrived ROS-responsive nanoparticles
loading CD39/CD73 inhibitor ARL and photosensitizer IR700,
which combined ATP release from PDT-induced ICD with ATP
degradation constraint to realize a durable antitumor immune
response. Nucleotide derivatives such as ARL are potent ectonu-
cleotidase inhibitors that hamper intracellular ATP degradation to
adenosine, with unsatisfactory pharmacokinetic properties. Thus,
boronic acids (BAs) were exploited to form ROS-responsive
reversible covalent esters with ARL. More specifically, the
ROS-labile nanoparticles were composed of BA-containing
cationic polymer poly [(2-acrylogy) ethyl (p-boronic acid
benzyl) diethylammonium bromide] (PDEAEA-PBA) and IR700-
containing lipid polymer 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino (polyethylene glycol)-2000]-
IRDye 700 (DSPE-PEG2000-IR700), which can precisely release
ARL in response to ROS. Moreover, in addition to endogenous
ROS, IR700 also generated ROS upon near-infrared irradiation,
accelerating the release of ARL. Mouse tumor models confirmed
that these NPs could reprogram the immunogenic landscape in
tumors, and ignite tumor-specific T cell responses as well as tumor
regression. Notably, immunological effects were also induced in
the patient-derived organotypic tumor spheroid model, which
vigorously supported the translation potential for clinical treat-
ment. Altogether, a plethora of feasible strategies has emerged to
reconstruct the immunosuppressive TME and enhance anticancer
immunotherapy.
4. Obstacles encountered in remodeling immunosuppressive
TME

Collectively, investigations on antitumor immunotherapy are
vigorously thriving, and the significance of remodeling immuno-
suppressive TME to enhance therapeutic outcomes has been
recognized. Nevertheless, due to the extraordinary intricacy of the
immune system and oncology, various facets of the intrinsic
mechanisms are still waiting to be unraveled. Moreover, limita-
tions (e.g., low response rates, therapy resistance, adverse events)
have emerged in the clinical practice of immunotherapy, which
greatly constrain the therapeutic benefits to cancer patients. How
to elegantly balance the feasibility of clinical translation and the
effectiveness of immunotherapies remains to be tackled. The
discussion beneath will briefly introduce several obstacles
encountered in immunosuppressive TME modulation and its
clinical translation.

In order to spur more successes in immunosuppressive TME
rejuvenation, it is imperative to recognize multiple adaptively
compensatory mechanisms in immunosuppressive TME. For
instance, immunotherapy based on immune response enhancement
triggers the activation of the adenosinergic pathway in TME,
which is a negative feedback mechanism that dampens TME
inflammation and bolsters TME immunosuppression201. Likewise,
compensatory inhibitory signaling, such as LAG3 and TIM3, is
upregulated in the course of PD-1/PD-L1 blockade therapy,
hampering the reinvigoration of CD8þ T cells204. For the sake of
complete tumor elimination and tumor relapse inhibition, a
broader understanding of such latent compensatory mechanisms is
required imminently to polish up existing immunotherapies.

Even though targeted nanomedicines do manifest preeminent
capabilities of remodeling immunosuppressive TME, challenges
also exist, which inevitably stave off the clinical translation of
preclinically viable nanomedicines. Firstly, nanoparticles them-
selves have aroused wide concerns that potential or unexpected
toxicity will be detrimental to normal organs and tissues205.
Secondly, the lack of detailed understanding of TME and the
immune landscape in a certain subset of patients may invalidate
the precise delivery of nanomedicine. Moreover, cancer models
adopted in preclinical tests cannot ideally simulate and represent
the landscape of TME in clinical human cancer patients, thus
posing the predicament that preclinically effective and safe
nanomedicines received few benefits in the clinical inspection. For



Figure 8 Nanomotors with siRNA to modulate TME via hypoxia alleviation and glycolysis suppression. (A) Schematic illustration of the

cascade enzyme-driven NM-si for TME reconstruction. (B) Immunofluorescence images of tumor slices (scale bar Z 100 mm). (C) Western blot

analysis of HIF-1a and HK-2 expression in tumor following treatment with different drugs. (D) Growth curves after different treatments. (E)

Number of metastasis nodules. (F) H&E staining of lung metastasis in 4T1 tumor-bearing mice. P values in (D) and (E) were calculated by one-

way ANOVAwith Tukey multiple comparisons post-test. Data are presented as mean � SD (n Z 5) *P < 0.05 **P < 0.01, and ***P < 0.001 vs.

indicated. Reproduced with the permission from Ref. 200. Copyright ª 2021, Chinese Pharmaceutical Association and Institute of Materia

Medica. Chinese Academy of Medical Sciences.
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instance, the EPR effect, as a major underlying mechanism for
passive targeted nanomedicine-delivery systems, is universally
acknowledged and has been extensively leveraged. But EPR
effect-motivated accumulation of nanomedicines in transgenic
spontaneous cancer models or humans are reckoned invalid or
insufficient in comparison with subcutaneous and orthotopic
cancer models, which are commonly utilized in most researches,
thus provoking efficacy inconsistency between preclinical tests
and clinical trials206e208. Additionally, the protein corona formed
onto nanoparticles may greatly alter the in vivo distribution of
targeted nanomedicines, leading to off-target distribution and high
toxicity209,210. Therefore, the disposal of outdated nanomedicine
design criteria and balancing clinical feasibility with innovation
are crucial for future advancement. In general, for targeted
nanomedicines-based immunotherapies, it is of great challenge to
be successfully translated from the proof-of-concept stage to
clinically available therapeutics. Faced with countless known and
unknown obstacles, improving understanding of cancer hetero-
geneity, adopting more relevant animal models and testing pro-
tocols as well as pre-selecting patients that are likely to respond to
corresponding therapies, are all effective approaches211.
5. Conclusions and prospectives

It is well established that immunosuppressive TME plays a critical
role in the resistance to antitumor immunotherapies. Reversing
immunosuppression is undoubtedly conducive to the restoration of
human immunity, which is a substantial foundation for immuno-
therapy. As previously mentioned, rehabilitating immune recog-
nition, decreasing immunosuppressive-associated cytokines,
modulating immunosuppressive cells, and impeding inhibitory co-
stimulatory molecule-related pathways have manifested favorable
efficacy for remodeling the immunosuppressive TME. At the same
time, the fabrication elasticity of nanomedicines can be well
harnessed during the design of specific delivery systems for
immunotherapy. Of late, immunotherapies consisting of nano-
engineering and immunosuppressive TME reprogramming have
yielded considerable invaluable results, presenting multiple po-
tential avenues for clinical practice.

Nevertheless, due to the intricacy and continuous evolvement
of TME, massive researches are still required for further under-
standing of immuno-oncology. Moreover, according to the prop-
erties of specific patients and tumors, individualized
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immunotherapy should be leveraged to realize the balance be-
tween efficacy and side effects. Also, attention should be
concentrated on the latent long-term systematic toxicity. Despite
the arduousness, we envisage that enhancing anticancer immu-
notherapy via remodeling immunosuppressive TME by well-
designed targeted nanomedicines can address various bottle-
necks of tumor therapy in a coordinated manner, thus achieving a
new dimension for clinical cancer treatment.
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