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Abstract Cancer immunotherapy has veered the paradigm of cancer treatment. Despite recent ad-

vances in immunotherapy for improved antitumor efficacy, the complicated tumor microenvironment

(TME) is highly immunosuppressive, yielding both astounding and unsatisfactory clinical successes. In

this regard, clinical outcomes of currently available immunotherapy are confined to the varied immune

systems owing in large part to the lack of understanding of the complexity and diversity of the immune

context of the TME. Various advanced designs of nanomedicines could still not fully surmount the de-

livery barriers of the TME. The immunosuppressive TME may even dampen the efficacy of antitumor

immunity. Recently, some nanotechnology-related strategies have been inaugurated to modulate the

immunosuppressive cells within the tumor immune microenvironment (TIME) for robust immunothera-

peutic responses. In this review, we will highlight the current understanding of the immunosuppressive

TIME and identify disparate subclasses of TIME that possess an impact on immunotherapy, especially

those unique classes associated with the immunosuppressive effect. The immunoregulatory cell types in-

side the immunosuppressive TIME will be delineated along with the existing and potential approaches for
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immunosuppressive cell modulation. After introducing the various strategies, we will ultimately outline

both the novel therapeutic targets and the potential issues that affect the efficacy of TIME-based nano-

medicines.

ª 2020 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

Cancer immunotherapy, which was developed in the light of
parsing the mechanism of tumor escape, manipulates the immune
system to recognize and reactivate the antitumor immune re-
sponses, overcoming the correlated pathways leading to escape1.
The past decade has witnessed a massive shift in cancer therapy by
moving away from drugs that target tumors extensively
(i.e., chemotherapy and radiotherapy) and toward the utilization of
nanotechnology-based immunotherapies that modulate immune
responses against tumors2,3. Nanomedicines, referred to drug-
loaded nanoparticles (NPs) with a diameter of 1e1000 nm, can
be harnessed to selectively deliver cytotoxic agents to tumors,
increasing therapeutic efficacy and minimizing the systemic
adverse reactions4. Although many nanotherapeutics have been
approved for cancerous persons, they have modest effects on
survival and, in some cases, are less effective than other approved
treatments5. In addition, the clinical benefits of several U.S. Food
and Drug Administration (FDA)-approved nanomedicines such as
liposomal daunorubicin (DaunoXome) and NP albumin-bound
paclitaxel (Abraxane) for the cancer therapy were testified to be
non-ideal, posing great challenges for the translation development
of novel nanomedicines6,7. In this regard, we suggest that the
pathophysiology of the tumor microenvironment (TME) may limit
the delivery of systemically administered and locally applied
nanomedicines, hence compromising their efficacy, even if they
could accumulate in tumors8,9.

The tumor lesion is usually surrounded by immune cells, fi-
broblasts, soluble signaling molecules, blood vessels, along with
the extracellular matrix (ECM). These cells/components in the
TME are severely resistant to currently available immuno-
therapy10. The therapeutic effect of antibodyedrug conjugates and
cancer vaccines can also be greatly attenuated by the immuno-
suppressive TME11. As a dynamic interaction arena, the TME
posed various delivery barriers and is responsible for the modest
therapeutic benefits of multiple nanomedicines12. Additionally,
the blockage of immune checkpoint molecules with antibodies has
shown great promise for shaping tumor immunogenicity, but the
response rate toward immune checkpoint inhibitors prodigiously
varies among disparate tumor types owing in large part to the
intricate TME13. Revealing the complexity and diversity of TME
using techniques such as high-resolution single-cell RNA
sequencing, flow cytometry, and imaging, is important to under-
stand immunosuppressive effect of the TME, and thereby
inspiring the development of nanomedicines to advance cancer
immunotherapy10.

For the purpose of improving the therapeutic efficacy of
nanomedicines, various strategies such as active targeting ploy,
tumor-responsive nanosystems, along with optimization of the
physiochemical parameters of nanoparticles have been devel-
oped14e17. Notwithstanding, these approaches hinge on the
advanced development of nanomaterials themselves, and cannot
overcome the immunosuppressive obstacles of the TIME (Fig. 1).
Hence, the modulation of the TIME is of intense interest to serve
as a pivotal tool to amplify or rewire the immune system. In this
review, we first retrospect and summarize the current under-
standing of the composition, function, and different immune cells
within the TIME. We will then provide a summary of the evidence
unraveling how the immunosuppressive TIME confines the ther-
apeutic efficacy of both tumor nanomedicines and immunother-
apies, following with the discussion of how modulating the
immunosuppressive cells may improve drug delivery and the
therapeutic outcomes of cancerous persons upon immunotherapy.
Several regulation strategies of the immunosuppressive cells in the
TIME will be parsed out and nanomedicine-based ploys that may
overcome the resistance to immunotherapies will be highlighted at
length. Ultimately, we will propose potent tactics of reengineering
and developing novel nanomedicines directing at modulating the
tumor immunosuppressive cells while minimizing cytotoxicity
and immune-associated adverse events, and we further explore the
potential of the combined nanomedicine-based TIME remodeling
as well as their clinical translation.

2. Tumor immune microenvironment (TIME) and its
composition
2.1. Classification of the TIME

Accordingly, there are two broad categories of moderate-
resolution TIME (Fig. 2). 1) “Cold” TIME: infiltrated-excluded
(IeE) TIMEs18,19. This kind of TIMEs referred to TIMEs that
are widely populated with immune cells but are comparatively
void of cytotoxic lymphocytes in the tumor core. Of note, tumors
categorized as I-E TIMEs are currently assumed to be poorly
immunogenic, such as colorectal cancer, melanoma, and pancre-
atic ductal adenocarcinoma18,19. In comparison with more
inflamed TIMEs, the infiltrated-excluded TIMEs have lower
expression of activation markers and poor infiltration of cytotoxic
lymphocytes into the tumor core, which can be regarded as fea-
tures of immune ignorance. The adaptive immunity cannot
recognize and respond to the malignancy of cancer20. 2) “Hot”
TIME: Infiltrated-inflamed (IeI) TIMEs. The IeI TIMEs are
characterized by an abundance of PD-L1 expression on tumor and
myeloid cells as well as highly activated cytotoxic lymphocytes.
This sort of TIMEs is defined to be immunologically ‘hot’ tumors,
bringing about increased numbers of neoepitopes10. Notably, there
is a subclass of “Hot” TIME, namely tertiary lymphoid structures
(TLSs) TIMEs. This type of TIMEs exhibits histological evidence
of encompassing TLSs and lymphoid aggregates with a compo-
nent closely resembled that in lymph nodes, i.e., dendritic cells
(DCs), B cells, and regulatory T (Treg) cells

10,21.
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Figure 1 The immunosuppressive tumor immune microenvironment. Various mechanisms are involved in generating an immunosuppressive

TIME to promote immune escape, thus facilitating tumor progression and metastasis formation.
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2.2. Interconnectivity of tumor phenotypes and the TIME

The tumor phenotype of the TIME affects the sensitivity to immu-
notherapy (i.e., immune-checkpoint inhibition) and can also be
roughly divided into three staple phenotypes22. 1)The immune-desert
phenotype lacking antitumor immune cells. It refers to immunolog-
ical ignorance (lack of antigen or its presentation), tolerance (lack of
responses toward antigen presentation), as well as insufficient T cell
priming22. Tumors of this phenotype respond least to the immune-
checkpoint inhibition. Further, the pathophysiology of TIME con-
tributes to this tumor phenotype. For instance, VEGF, which is an
angiogenic growth factor caused by hypoxia, can facilitate immu-
nological ignorance via inhibiting thematuration ofDCs, thus dialing
down the degree of antigen presentation23. 2) The immune-excluded
phenotype, which refers to the location of immune cells around the
tumor or interstitial. These immune cells are hindered by immature
blood vessels and ECM22, characterized by transforming growth
factor-b (TGF-b), high-density cancer-associated fibroblasts (CAFs)
alongwith unrestrained ECM24,25. Desmoplasia is a major reason for
this phenotype, CAFs possess immunosuppressive subsets, gener-
ating and maintaining the dense desmoplasia that prevents CTL
migration26. Besides, angiogenesis accounts for another main reason
for this phenotype because angiogenesis signals regulate the
expression of adhesion molecules on the vascular walls, thus
impairing the degree of leukocyte binding and circumscribing their
inlet to the tumor27. 3) The inflamed tumor phenotypewith T cells in
the parenchyma and the expression of pro-inflammatory cytokines,
implicating the pre-existing antitumor immune response that may be
prevented by the immunosuppressive TIME22. Actually, this
phenotype is most sensitive to immune-checkpoint inhibition owing
in large part to the presence of plentiful T cells, regardless of many
hypoxic-suppressed immune cells24. Notably, this phenotype in-
volves the recruitment of immunosuppressive cells along with the
expression of immune checkpoint molecules. Hence, the reduced
activity of immune cells may be the conspicuous attribute of this
phenotype28,29. Even if T cells are present in the parenchyma of an
inflamed phenotype, environmental factors such as the CAF, acidity
and the collagen density may all minimize their cytotoxic level30e32.

2.3. Characteristics and composition of the immunosuppressive
TIME

In general, tumors are composed of various stromal cells, such as
immune cells, cells of mesenchymal origin (i.e., fibroblasts,
myofibroblasts, and mesenchymal stromal cells), and vascular
cells (i.e., pericytes and endothelial cells), along with the struc-
tural component, including ECM, and signaling components (i.e.,
chemokines, cytokines, and growth factors; Fig. 3). The TME
contains both immunostimulatory cells [i.e., DCs, cytotoxic T
lymphocytes (CTLs), T helper (Th) cells, natural killer (NK) cells,
and macrophage type 1 cells] and immunosuppressive cells [i.e.,
macrophage type 2 cells, myeloid-derived suppressor cells
(MDSCs), Treg cells, regulatory B (Breg) cells, and CAFs], pos-
sessing a complex and diverse of the immune context. A variety of
immunosuppressive cells, as well as a large number of cytokines,
chemokines and metabolites secreted by tumor cells, plays a
central role in the generation of an inhibitory microenvironment.
In this context, the irregular TME limits the efficacy of



Figure 2 General classification of the TIME. A) and B) are infiltrated-excluded (IeE) TIMEs (“Cold”) and infiltrated-inflamed (IeI) TIMEs

(“Hot”), respectively. The right image termed as tertiary lymphoid structures (TLSs) TIMEs is the subclass of this sort of TIME.
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conventional cancer treatment modalities against advanced cancer
and poses challenges such as off-target side effects derived from
the immune checkpoint blockade33. However, it also creates
unique opportunity for nanomedicine delivery to tumors. Nano-
medicines with tunable and specific targeting capability can be
exploited to enter tumors with an active process through endo-
thelial cells34. Zhou et al.35 has recently unraveled that nano-
conjugates might actively infiltrate throughout the tumor tissue
through transcytosis. Of note, cationic nanoconjugate could un-
dergo caveolae-mediated endocytosis and transcytosis, enabling
transendothelial and transcellular transport along with a relatively
Figure 3 Immunosuppressive cells in the TIME as potential targets fo

immunosuppressive cells, such as Treg cells, myeloid-derived suppressor

with Breg cells, which inhibit the cytotoxic effects of T cells and natural k

regulation strategies can be harnessed to modulate the immunosuppressiv
uniform distribution throughout the tumor35. Accordingly,
compared with traditional drugs, the TME opens up new oppor-
tunitiesdthe nanoparticleeendothelial cell interactions allow
nanomedicines to specifically target and aggregate more effi-
ciently at the tumor site36. Moreover, small NPs (10e100 nm in
diameter) can be taken up by the lymphatics and diffuse to the
lymph node to target lymph node-resident immune cells37.
Additionally, nanomedicines can reduce immune-related adverse
events, and meanwhile, converting “cold” tumors into “hot” tu-
mors, especially for TIME with a wealth of immunosuppressive
cells38,39. Hence, to fully parse out the potential of cancer
r nanomedicine-based immunotherapy. Cold tumors are composed of

cells (MDSCs), tumor-associated macrophages (TAMs), CAFs along

iller (NK) cells through secreting immunosuppressive factors. Various

e TIME.
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immunotherapy, we constrain our focus on the identification of the
immunosuppressive TIME and introduce critical components
associated with immunosuppression.
2.3.1. Main immune cells within the TIME
2.3.1.1. Tumor-associated macrophages There are myeloid-
derived macrophages and tissue-resident macrophages in the
TME collectively referred to as TAMs. The TAM is the most
abundant tumor-infiltrating immune cell group in TME40. Mac-
rophages are extremely plastic cells. According to the cytokine
type they are exposed to, activated macrophages possess two
polarization states: classically activated M1 and alternatively
activated M2 phenotypes41. The M1 macrophage, which generates
pro-inflammatory cytokines with robust killing effects on patho-
gens invading the body, plays a significant role in human immune
function42. In contrast, M2 macrophage exhibits anti-
inflammatory activity by producing cytokines, such as IL-10,
IL-13, and TGF-b to boost tumor progression (Fig. 3)43. TAMs
can be expressed as the M1 phenotype with tumor-killing function
and the M2 phenotype promoting tumor growth, but in the tumor
microenvironment, the M2 type is usually dominant44. The M1
phenotype can convert to the M2 phenotype in response to the
TIME signals (i.e., cytokines, growth factors, and other cell-
derived molecules), and vice versa. Although the macrophage
polarization may occur during the progression of the tumor, the
dominant M2 phenotype contributes to tumor metastasis and may
bring about poor clinical outcomes45.

2.3.1.2. Myeloid-derived suppressor cells Myeloid-derived
suppressor cells are a heterogeneous population of cells generated
during cancer, inflammation and other pathologic conditions, and
have a distinguished capacity of suppressing T-cell responses46.
Indeed, accumulating evidence has demonstrated that MDSCs
may contribute to the negative regulation of immune responses
during the progression of cancer. Aside from their suppressive
effects on adaptive immunity, MDSCs have also been revealed to
modulate innate immunity via regulating the cytokine generation
of the macrophage47. The activity of these myeloid cells is strictly
governed by signal networks from pathogens in the form of Toll-
like receptor (TLR) ligands, damage-associated molecular pat-
terns (DAMPs) along with pathogen-associated molecular patterns
(PAMPs)48. In cancer patients, MDSCs always coexist with
normal monocytes and neutrophils, but there is an elevated and
dominant number of MDSCs during tumor progression, thereby
inhibiting adaptive immunity and promoting tumor progression
and metastasis49. During the tumor progression, some of the ob-
stacles to the differentiation of immature myeloid cells (IMCs)
into mature myeloid cells have led to the expansion of this pop-
ulation. More important, the IMC activation in a pathological state
causes up-regulation of the expression of its immunosuppressive
factors [i.e., arginase 1 (ARG), inducible nitric oxide synthase
(iNOS), and elevated generation of nitrogen oxide (NO) as well as
the reactive oxygen species (ROS); Fig. 3]46. These myeloid cells
also exert an immunosuppressive effect through up-regulating the
inhibitory PD-L1 on the surface, releasing immunosuppressive
cytokines, such as transforming growth factor (TGF-b) and IL-10,
along with the generation of chemokines [i.e., CeC motif che-
mokine ligand (CCL)4 and CCL5] for regulatory T cells into
tumors50.

MDSC is composed of two main subgroups, namely monocytic
(M-MDSC)50 and granulocytic or polymorphonuclear (PMN-
MDSC)51. In the context of cancer, neutrophils are generally
referred to as PMN-MDSCs, which have been identified as the
most adverse prognostic immune cell population in terms of a
meta-analysis52. As for patients with pancreatic cancer, high
neutrophil infiltration is correlated with the worst prognosis53.
Also, according to the experimental data stemmed from pancreatic
cancer murine models, genetic ablation of CXCR2 or inhibition of
CXCR2, which may limit the intratumoral neutrophil accumula-
tion, could reduce the metastasis progression and increase the
infiltration of activated T cells, thereby improving responsiveness
toward immune checkpoint blockade54,55. Hence, the accumula-
tion of neutrophils may confine the infiltration of cytotoxic T
lymphocytes (Fig. 1) along with increasing the capacity of tumor
cells to metastasize.

2.3.1.3. Regulatory T cells Treg cell plays a pivotal role in
maintaining peripheral tolerance, restraining autoimmunity, and
limiting the chronic inflammatory disease56. The most physio-
logically relevant Treg cell is characterized by the expression of
surface markers CD4/CD25 as well as the transcription factor
Forkhead box protein 3 (FoxP3)57. Although this kind of cell can
modulate tumor homeostasis, it can also impede antitumor im-
mune responses58,59. Up till now, there is increasing evidence that
large numbers of CD4þCD25þFoxP3þ Treg cells infiltrate into the
tumor and their presence is regarded as a staple barrier to effective
immunotherapy59. Further, these cells are accumulated in the
draining lymph nodes and peripheral blood of sufferers with
diverse solid tumor types60,61. The increase in the number of Treg

cells is usually related to the deterioration of the patient’s
condition62.

Treg-mediated inhibition mechanisms mainly through: 1) IL-2
consumption. They can express the high-affinity IL-2 receptor a
chain (CD25) to strip this cytokine from neighboring cells, thus
confining the effector T cell activation and proliferation63; 2)
Hindering the co-stimulation of T cells. The CTLA-4 expressed
on them possesses a higher affinity for the co-stimulatory mole-
cules (i.e., CD80 and CD86) on dendritic cells than CD28
expressed on T cells64,65; 3) The generation of immunosuppressive
cytokines (i.e., TGF-b and IL-10, Fig. 3), which may distort the
functions of DCs and T cells66; 4) The induction of dysfunction in
CTLs. According to intravital microscopy researches, Treg cells
were observed to interplay with antigen-presenting cells (APCs),
bringing about the downregulation of the co-stimulatory mole-
cules on APCs and suppressed antitumor immunity of CTLs67,68.
In this regard, Treg cells within the TIME can actively inhibit
CTLs (Fig. 1), regardless of the activation of T cells in the
draining lymph nodes; 5) The induction of NK cell apoptosis.
These cells can also induce the apoptosis of NK cells (Fig. 1),
resulting in increased lung metastasis of breast cancer cells in
murine models69; 6) The expression of high levels of the ecto-
nucleotidases CD39 and CD73. Treg cells can mediate the con-
version of extracellular ATP into immunosuppressive adenosine
(Fig. 1), thereby inhibiting the activation of CTLs70e72.

2.3.1.4. B cells In solid tumors, B cells usually account for a
large proportion of tumor-infiltrating leukocytes, yet their function
remains controversial in virtue of the observed protumorigenic and
antitumorigenic activities73. In this regard, B cells are diverse in
phenotype and function. As far back as 1978, studies showed that
B cells could promote the growth of certain tumors in murine
models and that in B-cell-deficient mice, tumors develop more
slowly than those in B-cell competent mice74,75. Aside from their
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well-established antitumor immunity (i.e., action as APCs, the
formation of tertiary lymphoid structures, and generation of an-
tibodies, cytokines, as well as chemokines)76e78, B cells may
interact with immune complexes and myeloid cells, yielding the
accumulation of circulating immune complexes in distant organs
and recruiting myeloid cells to facilitate metastatic propagation79.

B cells can also affect the immune response by antigen pre-
sentation and cytokine generation. They are subverted toward Breg

cells inside the TME, which can secrete the immunosuppressive
cytokine IL-1080. Breg cells can negatively regulate antitumor
immunity via: 1) Generation of immunosuppressive mediators
(i.e., IL-10, IL-35, and TGF-b)77; 2) Inactivation of immunosti-
mulatory cells through the expression of immune checkpoints81;
3) Induction the apoptosis of effector T cells (Fig. 1) by expressing
the death-inducing molecule Fas ligand (FASL)82; 4) Promotion of
the expression of suppressive markers via cell-to-cell contact83. Of
note, several other researches have revealed that in the absence of
B cells or Breg cells, the metastasis is reduced, and the myeloid
compartment, which is also closely related to metastasis promo-
tion, is still greatly expanded84. Bodogai et al.85 further uncovered
that the enlarged myeloid compartment exhibited reduced inhib-
itory capacity under such a condition, implicating that Breg cells
are “educating” these cells to form an inhibitory functional
phenotype function.

2.3.2. Cancer-associated fibroblasts
Cancer-associated fibroblasts, as a bountiful and active stromal cell
population in the TIME, can promote tumorigenicity through initi-
ating the remodeling of ECMor secreting cytokines, conducing to the
formation of a desmoplastic tumor niche86. CAFs can interactwith the
ECM, influencing the stiffness of the tumor stroma. This process can
be describedwith the term “mechanoreciprocity”, which is composed
of “inside-out” and “outside-in” signaling patterns87,88. The “inside-
out” signal pattern refers to the regulation of integrineECM in-
terplays via intracellular signals89. Moreover, the “outside-in” signal
pattern is regarded as well-established signaling by which the ECM
protein functions as ligands, binding to integrin receptors on the cell
membrane90,91. For a long time,CAF-dependent tumor promotion has
been attributed to the CAF secretome, but it is undeniable that direct
cell contact may also play a critical role in CAF-mediated cancer cell
migration and invasion92. These cells are involved in the generation
and cross-linking of collagen, contributing to the stiffness of ECM86.
Further, CAFs can talk with different stromal components in the
desmoplastic TIME. By potentiating various pathways, such as TGF-
b and WNT signaling, these cells can also impinge upon the angio-
genesis and ECM of proliferative tumor stroma, as well as induce
tumor cell drug resistance93. Of note, the cancer-associated fibroblast
is responsible for the broad reciprocal signaling interplays with tumor
cells and crosstalk with infiltrating leukocytes, and they are also
correlated with the immune evasion process94.

2.4. Chronic inflammation and cancer development

Cancer is characterized by unresolved inflammatory responses. The
chronic inflammation refers to a long-term, abnormal state of
inflammation that cannot be resolved in the usual way, resulting in a
progressive alteration in the immune cell types and polarization at the
inflammation site79. In this process, the upregulation of immune
checkpoint molecules, the release of immune-regulating cytokines,
and the activation of immune-regulating cells along with the change
of antigen expression can all restrict immunopathology95. In some
cases of cancerous persons, the initiating immune trigger remains
ambiguous, hence persistently activating inflammatory responses.
Despite the use of immunomodulatory mechanisms to limit immu-
nopathology, as a result, the function of CTLs is also suppressed,
resulting in a chronically inflammatory but immunosuppressed
state96. In addition, tumor cells may actively enhance immunosup-
pressive mechanisms by secreting and up-regulating immunoregula-
tory factors (Fig. 1)97. Therefore, malignant cells further generate
inflammatory mediators through stimulating stromal cells and im-
mune cells, thereby exacerbating the chronically inflamed microen-
vironment96,98. Notably, this chronic activation of inflammatory
signals not only inhibits the adaptive immunity through mechanisms
such as ECM remodeling, promotes angiogenesis, as well as the
increased growth and release of immune regulatory factors, but also
buoys up the tumor growth concurrently99.
3. Regulation strategies of modulating tumor
immunosuppressive microenvironment

With respect to the modulation of the tumor immunosuppressive
microenvironment, various regulation strategies (i.e., radiotherapy,
photodynamic and photothermal therapies, ultrasound, sonody-
namic therapy, magnetomechanical approach100, induction of
immunogenic cell death, ferroptosis101, and remodeling of the
ECM) have been deployed to reverse or alleviate the immuno-
suppression effect of TIME (Fig. 3). Remarkably, of these stra-
tegies, photothermal and photodynamic therapies, radiotherapy,
sonodynamic therapy, and magnetomechanical therapy can be
applied to target and attune the functions of immunosuppressive
cells in the TIME mainly through sensitizing the immune cells to
amplify the antitumor efficacy of combination immunotherapy.
For instance, radiotherapy can not only bring about the elevated
level of presented antigen peptides on the surface of dying cancer
cells102,103 but also boost the recruitment and expansion of
immunosuppressive cell types (Treg cellsdless radiosensitive than
other lymphocytes, Fig. 4)104,105. Besides, photodynamic therapy
can elicit the recruitment of neutrophils at the site of treatment
within a few minutes after irradiation106. Accordingly, either
physical or chemobiological strategies can be deployed to rewire
the immune system and reverse the immunosuppressive effects of
various immune cells.

Nanomedicines were originally under development to improve
the pharmacokinetics along with toxicity profiles of chemothera-
peutics and to facilitate their accumulation in tumors. In addition,
the capacity of concentrating agents within the TIME is of rele-
vance for promoting potent immunotherapy. Of note, nano-
medicines also permit neoteric mechanisms of action for
immunotherapy drugs (i.e., displaying ligands to immune cells,
regulating intracellular delivery of cell impenetrable agents, and
controlling the drug release profile) and they can be further func-
tionalized with targeting molecules to interact with the immuno-
suppressive cells107. Herein, we summarize and highlight the
regulation strategies mainly associated with the targeting of specific
immunosuppressive cells to reshape the TIME in vivo. Various
strategies for nanomedicine-based TIME regulation to enhance
immunotherapy are listed in the following Table 1108‒141.

3.1. Modulating immunosuppressive cells in the TIME with
nanoparticles and nanoconjugates

As set forth, tumor-related immunosuppressive cells exemplify
negative regulatory cells that significantly dampen the immunity



Figure 4 Radiotherapy deployed to target and attune the functions of immunosuppressive cells within the TIME. In addition to directly kill

tumor cells, this therapy can initiate antitumor immune responses due to immunogenic cell death and potentiate the release of DAMPs along with

antigen peptides. In this context, alterations in chemokines may also remobilize T cells and repolarize the M2 macrophages to the M1 macro-

phages. Down-regulation of Treg cells can also be observed, thus modulating the TIME.
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process in TIME, including TAMs, Treg cells, Breg cells, MDSCs,
as well as CAFs. Once utilized by tumor cells in TIME, they are
expected to suppress the antitumor immune responses through
paracrine effects, including inhibiting the function and differen-
tiation of APCs and the depletion and dysfunction of T cells, thus
enabling tumor cells to evade the immune surveillance. With
respect to the fact that antitumor immunity must be perpetuated
for empowering durable immune responses toward immuno-
therapy, utilizing engineered NPs and nanoconjugates to program
the immune system and overcome the immune tolerance, espe-
cially for the precise modulation of the immunosuppressive cells
within TIME has come to the fore as a promising strategy for
improving antitumor responses in vivo. The diverse methods and
distinct approaches in which nanomedicines interplay with
immunosuppressive cells will be retrospected and summarized in
this section at length. Considering there is little research on
nanomedicines regulating Breg cells to enhance cancer immuno-
therapy, this review mainly focuses on modulating TAMs, Treg
cells, MDSCs, and CAFs in the TIME with nanomedicines for
enhanced cancer immunotherapy.

3.1.1. Nanomedicines that target TAMs in the TIME
For the purpose of preventing the stage for metastatic development, it
is critical to restrain the crosstalk between TAMs and adaptive im-
mune cells to contain the immunosuppressive microenvironment.
Currently, there are three strategies to target TAMs: (1) Suppressing
or blocking the recruitment and localization of monocytes to tumor
tissues; (2) Directly killing or depleting TAMs; (3) Repolarizing of
TAMs into the antitumor M1 phenotype30,142.

Multiple studies had shown that the accumulation of TAMs and
their progenitor cells weremodulated by chemokine ligands released
from the TIME143. Hence, macrophage-recruiting chemokines,
complement components, colony-stimulating factor-1 (CSF-1), and
vascular endothelial growth factor (VEGF) are potential therapeutic
targets and can be deployed to contain the progression of the malig-
nant tumor via disrupting the agglomeration of pro-metastatic
TAMs143e146. Shen et al.109 designed an immunostimulatory nano-
vesicle, namely BLZ-945SCNs/Pt, to spatially target the TAMs for
chemoimmunotherapy. The BLZ-945 is a molecule inhibitor of the
CSF-1 receptor of TAMs and its release can be preferentially taken up
by TAMs to induce TAMs depletion from tumor tissues, while the
nanocarrier carrying Pt-prodrug render deep tumor penetration along
with intracellularly specific drug release to kill tumor cells109. Be-
sides, another research sheds light on disturbing the CCL2-CCR2

signaling pathway to interrupt the monocyte recruitment process108.
Based upon the idea that cationic NPs may possess a higher pro-
pensity to accumulate in monocytes than their neutral counterparts,
Shen et al.147 also developed siCCR2-encapsulated cationic nano-
particles to modify immunosuppressive TIME in a more efficient
manner.

Various nanomedicines are also designed to deliver chemical
agents that directly deplete TAMs. Zang et al.110 established a



Table 1 Miscellaneous strategies targeting different immunosuppressive cells for nanomedicine-based TIME regulation.

Target cell Nanomedicine platform Payload Tumor model Efficacy Ref

TAMs Lipid-like nanoparticle CCR2 siRNA CT26, EL-4 Reduced tumor volumes and the

number of TAMs, resulting in

advanced antitumor efficacy

108

SCNs Platinum-prodrug and

BLZ-945

4T1 Reduced tumor volumes and

depleted TAMs from tumor

tissues. Highly favorable for

cancer chemo-immunotherapy

109

Lipid-coated calcium

zoledronate NPs

Zoledronate Sarcoma S180 Decreased angiogenesis, reduced

tumor volumes and direct

depletion of TAMs. The exact

delivery of Zoledronate may help

to restore DOX chemosensitivity

and immunogenic cell death in

multidrug-resistant human cancer

cells

110,111

Poly(b-amino ester)

nanoparticles

IL-12 B16-F10

melanoma

Re-education of the tumor-infiltrated

macrophages from M2 to M1

112

Clodronate liposomes modified

with PEG

IFN-g B16-BL6

melanoma

Retarded the growth of B16-BL6

tumors and depleted TAMs from

tumor tissues, improving the

therapeutic effect of IFN-g in

TAM-repleted and IFN-g-resistant

tumors

113

Bisphosphonate-glucomannan

conjugate

Alendronate Sarcoma S180 Decreased angiogenesis, recovered

local immune surveillance, and

elimination of TAMs for cancer

immunotherapy

114

Sialic acid-cholesterol

conjugate-modified

liposomes

Epirubicin Sarcoma S180 The depletion of TAMs and

improved survival rate of the mice

models indicated the enhanced

chemo-immunotherapy for

epirubicin

115

PEGylated Calcium

bisphosphonate NPs

Calcium bisphosphonate 4T1 Depleted TAMs, suppressed

angiogenesis, normalized tumor

vasculatures, enhanced

intratumoral perfusion, and

relieved tumor hypoxia. Highly

favorable for cancer radioisotope

therapy

116

Trastuzumab-modified

mannosylated liposome

Gefitinib/Vorinostat NCI-H1975 Repolarize the protumor M2

phenotype to the antitumor M1

and cause the elevating ROS in the

cancer cells, consequently

modulating the intracellular redox

balance, facilitating the

EGFRT790M degradation, thus

resensitizing the EGFRT790M-

positive cells to gefitinib

117

Mannosylated lactoferrin NPs Shikonin and JQ1 CT26 Inducing immune cell death in the

cancer cells, repressing glucose

metabolism and repolarizing

TAMs, consequently resulting in

remodeling the TIME (e.g.,

promotion of DC maturation and

CD8+ T cell infiltration, along

with Treg cell suppression),

producing synergistic PD-L1

blockage therapy with JQ1

118

MDSCs High-density lipoprotein-like

NPs

‒ B16-F10

melanoma

Suppressed MDSCs, increased CD8+

T cells and reduced Treg cells in

the metastatic TME; Significantly

reduced tumor growth, metastatic

tumor burden, and increases

survival

119

(continued on next page)
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Table 1 (continued )

Target cell Nanomedicine platform Payload Tumor model Efficacy Ref

anti-Flt1 antibody-conjugated

PEG-cored PAMAM

Gemcitabine CFPAC-1

pancreatic

cancer

Eliminating the tumor-induced

myeloid cells, altering the immune

infiltration levels in the tumor

tissue, improving the anticancer

efficacy

120

Porous 3D scaffolds Gemcitabine 4T1 The direct depletion of MDSCs and

elimination of residual tumor cells

resulted in 100% survival. It could

also prevent tumor recurrence at

the surgical site

121

Micelles of propylene sulfide 6-thioguanine B16-F10

melanoma,

E.G7-OVA

thymoma

Depleting suppressive MDSCs and

activating CD8+ T cells,

promoting antitumor immunity

when used in combination with T

cell immunotherapies

122

Micellar LMMW-tocopherol

succinate NPs

DOX and

a-galactosylceramide

B16-F10

melanoma, 4T1

breast cancer

Interference with the early

recruitment of G-MDSCs along

with the inhibition of the

postoperative metastasis and the

tumor recurrence

123

Neutrophil membrane coated-

PLGA NPs)

‒ B16-F10

melanoma, 4T1

breast cancer

Reducing the expansion of MDSCs

and their enrichment in tumors,

dramatically increasing the

number of tumor-infiltrating T

cells, restoring their antitumor

functions, and synergistically

inhibiting tumor progression when

combined with the immune

checkpoint blockade therapy

124

Lipid-coated hollow

mesoporous silica NPs

All-trans retinoic acids,

DOX, and IL-2

B16-F10

melanoma

Differentiation of immature MDSCs

into mature cells and significant

inhibition of tumor growth and

metastasis. This nanomedicine

could elicit synergistic antitumor

effects for cancer immunotherapy

125

PLGA NPs CDDO-Me B16-F10

melanoma

Remodeled TAFs, collagen and

vessel in TME, enhanced the Fas

signaling pathway and sensitized

CTL-mediated killing of tumor

cells. The combination with Trp2

nanovaccine resulted in an

increase of antitumor efficacy and

apoptotic tumor tissue than Trp2

vaccine alone

126

Iron oxide NPs ‒ KP1 lung cancer The induced pro-inflammatory

macrophage polarization

significantly inhibited growth of

subcutaneous adenocarcinomas,

prevented liver metastasis, and

potentiated macrophage-

modulating cancer

immunotherapies

127

Treg cells PEG-modified SWCNTs ‒ B16 melanoma Targeting intratumor immune

populations to elicit the systemic

depletion of Treg cells

128

Lipid-PLGA hybrid NPs

modified with tLyp1 peptide

Imatinib, anti-CTLA-4

mAb

B16 melanoma Prolonged survival rate, improved

tumor inhibition, decreased

intratumoral Treg cells, and

elevated intratumoral CD8+ T cells

when combined with anti-CTLA-4

immunotherapy

129

RBC membrane-coated

nanogels

Paclitaxel, IL-2 B16-F10

melanoma

The selective reduction of Treg cells

and the increased number of CD4+
130
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Table 1 (continued )

Target cell Nanomedicine platform Payload Tumor model Efficacy Ref

T cells to reshape the TIME. An

appealing chemo-immunotherapy

strategy realized the combinatorial

antitumor effect

PLGA-NPs 7-Acyl lipid A and JSI-

124 (STAT3 inhibitor)

B16-F10

melanoma

A significant increase in the tumor

infiltrated T cells and a significant

decrease in the suppressive effects

of Treg cells on T cell proliferation

augmented the efficacy of cancer

immunotherapy

131

Layer-by-layer hybrid NPs IR-780 and imatinib B16-BL6

melanoma, MC-

38

The inhibition of intratumoral Treg
cells and the decreased number of

Treg cells favorable for boosting

antitumor photoimmunotherapy

132

Polymeric micelles Sunitinib B16-F10

melanoma

The increased cytotoxic T-cell

infiltration and decreased the

number and percentage of Treg and

MDSC cells in the TIME

enhanced vaccine therapy in

advanced melanoma

133

CAFs Lipid bilayer-modified CaP

NPs

Gemcitabine

monophosphate and

cisplatin

UMUC3 bladder

cancer

Tumor stroma was 85% depleted and

87% of the remaining TAFs were

TUNEL-positive after a combined

gemcitabine monophosphate

nanoparticles and cisplatin

nanoparticles treatment

134

Lipid-coated protamine DNA

complexes

sTRAIL BXPC3-Luc2

pancreatic

cancer

Induced apoptosis in tumor cells

adjacent to CAFs and the reversion

of residual fibroblasts to a

quiescent state, further

compromising tumor growth and

remodeling the TME. It also

increased tumor uptake of

chemotherapeutic drugs and

apoptosis of carcinoma cells

135

Ferritin nanocage FAP-specific scFv 4T1 Selectively killing CAFs and

triggering the ECM deposition,

yielding the reduced tumor

volumes, highly favorable for

boosting antitumor

photoimmunotherapy

136

Polymeric NPs Docetaxel 4T1 and MDA

-MB-231

Significant tumor CAF depletion

occurred within 16 hours post

injection. It had a significantly

more enhanced antimetastatic

effect than docetaxel and nab-

paclitaxel treatments

137

FAP-a antibody-modified cell-

penetrating peptide-based

NPs

CXCL12 siRNA PC3 Induced the inactivation of CAFs and

the significant inhibition of tumor

cell invasion, migration, tumor

angiogenesis, and tumor

metastasis

138

Telmisartan-grafted glycolipid

micelles

DOX Human MCF-7

breast cancer

Induced CAFs apoptosis, reduced

tumor volumes elevated the

sensitivity of tumor cells to

cytotoxic agents, favorable to

reverse TMDR

139

Tumor stroma-targeted

nanovehicle

DOX Human Hep G2 Eradication of CAFs and

downregulated ECM deposition,

decreasing IFP and facilitating

blood perfusion, favorable for

chemoimmunotherapy

140

(continued on next page)
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Table 1 (continued )

Target cell Nanomedicine platform Payload Tumor model Efficacy Ref

Cell membrane-coated SPN ‒ 4T1 Generating enhanced cytotoxic heat

and singlet oxygen to eliminate

CAFs and resulting in significant

reduced tumor volumes

141

CAF, cancer-associated fibroblasts; CDDO-Me, methyl-2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oate; CpG, Cytosine Guanine (linear dinucle-

otide); CTL, cytotoxic T lymphocyte; CXCL12, C�X�C motif chemokine ligand 12; DC, dendritic cell; DOX, doxorubicin; FAP, fibroblast-

activation protein; IFP, interstitial fluid pressure; IL-2, interleukin-2; LMWH, low molecular weight heparin; mAb, monoclonal antibody; PAMAM,

poly(amidoamine) dendrimers; PEG, poly(ethylene glycol);PLGA, poly-lactic-glycolic-acid; RBC, red blood cell; scFv, single chain variable

fragment; SCNs, tumor microenvironment sensitive cluster nanoparticles; SPN, semiconducting polymer nanoparticle; STAT3, signal transducer

and activator of transcription 3; SWCNTs, single-walled carbon nanotubes; TMDR, tumor microenvironment-mediated drug resistance; TRAIL,

TNF-related apoptosis-inducing ligand; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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nanosystem of lipid-coated calcium zoledronate NPs (denoted as
CaZol@pMNPs) encompassing conjugated mannose, which was
under spatial shielding with an extracellular pH-sensitive material.
The NPs showed enhanced cellular internalization mediated by
mannose ligand following PEG detachment at lower pH conditions,
bringing about considerable cytotoxicity to TAMs. The in vitro and
in vivo data further indicated that this system can specifically target
TAMs with the induction of their apoptosis (Fig. 5)110. Besides,
several other studies laid emphasis on the bisphosphonate, which
can induce the apoptosis of TAMs. Hence, nanomedicines with
modified properties to tackle the limitation of the bisphosphonate
(i.e., short half-life/high accumulation in the bone) are also in the
good graces of researchers. Kiyota et al.113 functionalized clodro-
nate liposomes with poly(ethylene glycol) (PEG) to deplete TAMs
in tumor-bearing murine models. By establishing two types of solid
tumors, they also found that TAM depletion can effectively improve
the therapeutic effect of IFN-g on TAMs-replete and IFN-g-resis-
tant tumors. To obtain the higher specific targeting effect, Zhan and
colleagues reported a bisphosphonate-glucomannan nanoconjugate,
which can specifically target and eliminate TAMs in the TIME114.
Of note, they harnessed the glucomannan, which exhibited a high
binding affinity for mannose receptors on macrophages, to conju-
gate alendronate (another bisphosphonate compound), thereby
Figure 5 Targeted delivery of zoledronate to TAMs for cancer immu

mechanism of the lipid-coated calcium zoledronate nanoparticles in vivo.

NPs. (C) Tumor growth curves of the S180-bearing mouse models. (D) T

permission from Ref. 110. Copyright ª 2019, American Chemical Societ
surmounting the intrinsic tumor susceptibility. Furthermore,
recently, as unveiled by Tian et al. 116, a biocompatible and
biodegradable nanoplatform based on calcium bisphosphonate
NPs, was deployed for achieving effective in vivo depletion of
TAMs. After intravenous injection, the NPs demonstrated effective
tumor homing, as indicated by single-photon-emission computed
tomography imaging. Accordingly, such modulation of TIME also
seemed to be quite favorable for radioisotope therapy owing in
large part to its synergistic therapeutic effect in suppressing tumor
growth.

In addition to the aforementioned aspects, the repolarization of
TAMs toward the M1-like phenotype is in vogue. Peng et al.117

revealed a reprogramming strategy to break through the
EGFRT790M-associated drug resistance via a dual-targeting code-
livery system of gefitinib/vorinostat, which can simultaneously act
on TAMs and the HER-2 positive non-small cell lung cancer
(NSCLC) cells with overexpression of the mannose receptor. In this
work, the trastuzumab-modified mannosylated liposome nano-
system can repolarize the M2 phenotype to the M1 as well as arouse
the elevated level of ROS in TIME, thereby regulating intracellular
redox balance, facilitating the EGFRT790M degradation, and
resensitizing the EGFRT790M-positive cells to gefitinib. Interest-
ingly, another work regarding the remodeling of TIME and
notherapy. (A) Schematic illustration of the targeting and depletion

(B) Ex vivo images of dissected organs after injection of DiR-loaded

he tumor weight of excised tumors at 22 days. Reproduced with the

y.



Figure 6 Self-deliverymicellar NPs restrain premetastatic niche formation through interfering with the early recruitment of granulocytic-MDSCs

(G-MDSCs). (A) Schematic illustration of the premetastatic niche and the granulocytic-MDSCs recruitment. (B) Schematic illustration of the

synthesis of the NPs. (C) Schematic illustration of the anti-G-MDSC recruitment mechanism of NPs. (D) The antimetastatic treatment analysis in

terms of the images of harvested lungs. Reproduced with the permission from Ref. 123. Copyright ª 2019, American Chemical Society.

Nanomedicines modulating tumor immunosuppressive cells to enhance cancer immunotherapy 2065
metabolism was realized by constituting a mannosylated lactoferrin
nanoparticulate system, namely Man-LF NPs. In the study of Wang
et al.118, they brought the dual-targeting biomimetic codelivery of
shikonin and JQ1 to fruition by the mannose receptor and LRP-1
that are overexpressed in tumor cells and TAMs. It was shown
that Man-LF NPs induced immune cell death in the cancer cells,
repressed glucose metabolism and repolarized TAMs, consequently
resulting in remodeling the TIME and producing synergistic PD-L1
blockage therapy with JQ1. Additionally, Zanganeh et al.127 verified
that Ferumoxytol, which is an FDA-approved agent (super-
paramagnetic iron oxide nanoparticles), could suppress the
Figure 7 Treg cell-targeted hybrid NPs combined with immuno-check

tLyp1 peptide-conjugated hybrid NPs (tLyp1-hNPs). (B) In vitro STAT3,

treatment with various NPs. (C) Effect of free imatinib base (IMT) and IMT

the murine models treated with the indicated formulations. (E) Effect of f

differentiation. Reproduced with the permission from Ref. 129. Copyrigh
progression of breast cancer along with lung/liver metastasis
through triggering the polarization of M1-like phenotype in the
TIME. It is noteworthy that such a reprogramming process of
TAMs might result in the production of ROS by iron oxide Fenton
reactions and increased TNF-a level.

3.1.2. Nanomedicines that target MDSCs in the TIME
In terms of the previous description, another way to modulate the
immunosuppressive TIME is to restore antitumor responses
through blockade, regulation, or depletion of MDSCs in the
tumor-bearing hosts.
point blockage for modulating TIMEs. (A) Schematic illustration of

p-STAT3, STAT5, and p-STAT5 protein expression in Treg cells after

-loaded tLyp1-hNPs on apoptosis of Treg cells. (D) Tumor volumes of

ree IMT, IMT-loaded hNPs, and IMT-loaded tLyp1-hNPs on Treg cell

t ª 2018, Elsevier.
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As for the depletion of MDSCs, Yoyen-Ermis et al.120 fabri-
cated the anti-Flt1 antibody-conjugated PEG-cored poly(amido-
amine) (PAMAM) dendrimers to improve the efficacy of
gemcitabine against pancreatic tumor. Interestingly, when gem-
citabine was loaded into the dendrimer conjugations, the number
of myeloid cells decreased significantly, while the percentage
distribution of granulocytes and mononuclear myeloid cells did
not always alter remarkably. In addition, the immune infiltration
level in the tumor tissue was also changed. In the study of
Phuengkham et al.121, the research team designed implantable,
engineered 3D porous scaffolds to elicit synergistic action be-
tween MDSC-depleting agents, counteracting the immunosup-
pression effect of TIME. Such local implantation of the synthetic
immune niche (iCD) after surgery in the breast cancer model
induced systemic anti-tumor immunity and prevented tumor
recurrence, resulting in 100% survival. The promising therapeutic
outcome was mainly due to the suppression of MDSCs with the
delivery of gemcitabine along with the recruitment of DCs, thus
elevating the generation of IFN-g via the iCD cancer vaccine121.
Besides, He’s research group123 recently uncovered a study con-
cerning the interference with the early recruitment and the
depletion of MDSCs. They established a micellar hypotoxic low
molecular weight heparin (LMWH)-tocopherol succinate NP
(denoted as LT NP) and found that the hydrophilic segment
LMWH in the NPs could suppress early pulmonary recruitment of
MDSCs through suppressing P-selectin/PSGL-1-mediated adhe-
sion between vascular endothelial cells and granulocytic MDSCs
(Fig. 6)123. Moreover, LT NP could keep the normal microenvi-
ronment of lungs and effectively inhibit CTC implantation and
colonization. When modified with phenylboronic acid and loaded
with doxorubicin and an immunopotentiator a-galactosylcer-
amide, this nanomedicine could effectively inhibit the post-
operative metastasis and tumor recurrence simultaneously.

Alternatively, inhibition of the proliferation and tumor traf-
ficking of MDSCs has emerged as effective and safe tumor immu-
notherapy. Li et al.124 recently unveiled that neutrophil plasma
membrane-coated NPs sponging cytokines could disrupt the
expansion and tumor trafficking of MDSCs as well as reverse im-
mune tolerance. In particular, this nanomedicine has a coat of the
neutrophil plasma membrane, which is similar in phenotype and
morphology to polymorphonuclear MDSCs (PMN-MDSCs),
inheriting most membrane receptors from the “parental” neutro-
phils to neutralize cytokines correlated withMDSCs. The outcomes
indicated that the expansion of MDSCs along with their enrichment
in peripheral lymphoid organs and tumors were reduced without the
compensatory influx of alternative myeloid subtypes after admin-
istration. Intriguingly, such a nanomedicine treatment could also
dramatically up-regulate the level of tumor-infiltrating T lympho-
cytes and restore their antitumor functions124. In this regard, such a
pseudocell nanoplatform may usher in new paths toward effective
rewiring the immunosuppressive TIMEs.

Besides, several other studies revealed the possibility of blocking
the development and function of MDSCs in the TIME. Huo et al.133

unveiled a potent mannose-modified lipid calcium phosphate (LCP)
NPs-based Trp2 vaccine for melanoma treatment. Notably, a multi-
target receptor tyrosine kinase inhibitor, sunitinib base, was effi-
ciently encapsulated into polymeric micelles to decrease the number
of MDSCs and Treg cells within the TIME. The encapsulated suni-
tinib worked synergistically with the anti-melanoma vaccine and the
immune response was led to a shift from Th2 to Th1 mode, bringing
about the tumor regression133. Further, this research team has also
uncovered that intravenous delivery of CDDO-Me-harnessed PLGA
NPs combined with the subcutaneous Trp2 vaccine led to an
improved antitumor efficacy along with apoptotic tumor tissue than
Trp2 vaccine alone in B16F10 melanoma126.

3.1.3. Nanomedicines that target or reprogram T cells
Nanomedicines-based delivery system has recently been applied
to target immunotherapeutic agents directly to T cells or accu-
rately program tumor-recognizing potential into circulating T
cells148,149. Lower concentrations of immunostimulants had been
utilized to galvanize or augment T cell responses. To this end,
Schmid et al.148 reported antibody-targeted NPs that bind to CD8þ

T cells in the blood, lymphoid tissues, as well as tumors in the
mouse models. PEG and poly(lactic-co-glycolic acid) (PLGA)
were employed to fabricate NPs encompassing either SD-208 or a
TLR7/TLR8 agonist to the restoration of T cell function and
recruitment of lymphocytes to non-inflamed tumors. Importantly,
the delivery of inhibitors of TGF-b signaling to cells expressing
PD-1 prolonged the survival of tumor-bearing mice, while free
agents had no effect at this dose148. As for the reprogramming of T
cells, synthetic DNA nanocarriers were designed to efficiently
introduce leukemia-targeting CAR genes into the T-cell nuclei,
thus leading to long-term cancer remission150. In this work, T-cell-
targeting anti-CD3e f(ab’)2 fragments were coupled to the sur-
faces of NPs [poly(b-amino ester)-based NPs] for the purpose of
enabling receptor-mediated endocytosis. The NPs were further
functionalized with microtubule-associated sequences along with
nuclear localization signals to prompt fast-track nuclear import.
Of note, the NPs were furnished with antitumor programming
abilities via packing plasmid DNA encoding the leukemia-specific
194-1BBz CAR150. Accordingly, these polymeric nanocarriers are
easy to manufacture in a stable form, providing oncologists with
“on-demand” practical applications of antitumor immunity within
TIME. In addition to polymeric nanocarriers, nanomedicines
based upon biomimetic technology, such as nanoerythrosomes,
can also obtain outstanding capacity in enhancing the tumor
immunotherapy151.

Besides, someother researchesplaced a greater focus onTreg cells,
which are an immunosuppressive class of T cells152. In one approach,
a biomimetic nanogelwithTIME-responsive capacitywas carried out
for the combinatorial antitumor effects of chemoimmunotherapy.
Song et al.130 synthesized nanogel with hydroxypropyl-b-cyclodex-
trin acrylate and two opposite charged chitosan derivatives to entrap
paclitaxel and precisely control the pH-response ability. Of note, the
erythrocyte membrane buoyed up by this nanosystem could deliver
the immunotherapeutic molecule interleukin (IL)-2without affecting
its biological activity. Further, the combination of these drugs at low
doses could reshape the TIME, which could be demonstrated by the
enhancement of immune effector cell infiltration as well as the
minimization of immunosuppressive factors130. With respect to the
four well-known Treg cell-enriched markers (folate receptor 4 (FR4),
CD39, CD103, and glucocorticoid-induced TNFR-related receptor
(GITR))128, there are potential nanomedicines, which hammered at
least one of these markers, to target the Treg cells in the TIME. For
instance, Ou et al.132 fabricated layer-by-layer hybrid nanoparticles,
which were pH-sensitive, to enable the release of IR-780 dye for
photothermal and photodynamic effects, as well as the release of
imatinib-loaded GTIR-targeting PLGA NPs to elicit antitumor
immunotherapy. The complex successfully down-regulated the sup-
pressive function of Treg cells and eliminated tumor growth in vivo.
Additionally, this group also constructed tLyp1 peptide-conjugated
hybrid NPs for targeting Treg cells in the TIME (Fig. 7)129. The
in vivo outcomes unraveled that the synergistic effect of imatinib base
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(IMT)-loaded tLyp1-hNPs together with anti-CTLA-4 antibody can
be leveraged to elicit a robust immune response against tumors
through down-regulating immunosuppressive Treg cells (Fig. 7).
This nanosystem exhibited good stability and could effectively target
to Treg cells, and they improved the inhibition effect of imatinib on
Treg cell function via inhibiting the STAT3 and STAT5
phosphorylation129.

3.1.4. Nanomedicines that target CAFs in the TIME
Due to the abundance of the CAF in the TIME and its critical role
of exerting a tumor-promoting effect, several nanomedicines have
been developed for the reeducation of CAFs153. Fibroblast-
activation protein (FAP), which is overexpressed on the surface
of CAFs, has been harnessed as a potential target to eliminate the
CAF154. Zhen et al.136 utilized ferritin (a compact NP protein
cage) as a photosensitizer carrier to bind FAP-specific single-chain
variable fragments (scFv) to the surface of ferritin. Through light
irradiation, the activated nano-PIT can effectively eliminate CAFs
in the TIME, and due to the local nature of the treatment, the
damage to the healthy tissue is very small. In addition, there is an
elevated level of macromolecules and NPs in the irradiated-side
tumors, suggesting that the eradication of CAFs may induce the
degradation of ECM and prompt the penetration of nano-
vesicles136. Importantly, in another work, a CAF-targeting siRNA
delivery system was established through loading FAP-a antibody
onto the cell-penetrating peptide (CPP)-based NPs, which spe-
cifically down-regulated CeXeC motif chemokine ligand 12
(CXCL12) expression in the CAF138. This nanosystem could
effectively inactivate CAFs and inhibited the metastasis of
orthotopic prostate cancer via silencing the CXCL12 gene
expression138. Besides, in the study of Zhu et al.139, a biologically
inspired Telmisartan grafting glycolipid micelles (Tel-CSOSA)
was developed, which could sequentially target angiotensin II type
I receptor (AT1R) overexpressed on CAFs. Notably, the micelles
exhibited superior accumulation capacity in tumor tissues to bare
CSOSA micelles, leading to the eradication of the ECM via DOX
and inducing targeted apoptosis of CAFs. Collectively, these
tactics of sequentially targeting CAFs could synergistically
improve the therapeutic effect of cancer with reversed immuno-
suppressive TIME.

Another interesting research is associated with comprehen-
sively priming the TIME through CAF-targeted liposomes for
combined therapy with a cancer cell-targeted chemotherapeutic
agent delivery system. According to previous research that the FH
peptide (FHKHKSPALSPV) fragment could be leveraged as a
specific ligand targeting CAFs155, Zhang’s group140,156 unveiled
that co-culturing CAFs and HepG2 cells might bring about a
multidrug resistance to DOX. Hence, they conjugated FH peptide
with DSPE-PEG2000 to prepare CAF-targeted navitoclax-loaded
liposomes (FH-SSL-Nav). Consequently, the chemotherapeutic
drug resistance elicited by the TIME was partially reversed by the
FH-SSL-Nav. Other strategies regarding the targeting of CAFs
may refer to the CAFs membrane-mediated nanosystem, Li
et al.141 designed organic multimodal phototheranostic nanoagents
to biomimetically target CAFs in the TIME for improved multi-
modal imaging-guided antitumor treatment. Biomimetic nano-
camouflages comprised of a near-infrared (NIR) absorbing
semiconducting polymer NP coated with the cell membranes of
activated fibroblasts were realized to specifically target CAFs,
resulting in advanced tumor accumulation relative to the uncoated
and cancer cell membrane coated counterparts after the systemic
administration141. Besides, some recent studies probed into
nanomedicines based upon natural products (i.e., curcumin, sili-
binin, fraxinellone, astragaloside IV, resveratrol, etc.) which can
influence the interaction between tumor cells and CAFs157e160.
Collectively, through influencing the crosstalk between CAFs and
tumor cells, the proliferation, migration, invasion, and drug
resistance of tumor cells elicited by CAFs can be considerably
suppressed. By exploiting various nanomedicines, CAFs can be
depleted or be reverted from the activated state into a quiescent
state161. Notwithstanding, direct CAF depletion might enhance
hypoxia in the tumors and thus trigger epithelial-to-mesenchymal
transition in the desmoplastic TIME, which ultimately resulted in
aggressive cancer progression93. Accordingly, nanomedicines
designed to normalize CAFs would be a better way to inaugurate
new opportunities for the high-performance modulation of TIME.

3.2. Combination nanomedicines and clinical translation

Given the miscellaneous agents needed to promote the advance-
ment of the cancereimmune cycle in patients with solid tumors, a
great deal of studies has further shifted to the invention of nano-
medicines that amalgamate multiple immunotherapies (i.e.,
chemotherapy and immune-modulators; radiosensitizers, incorpo-
rating photothermal and photodynamic therapies and immune-
modulators; RNA interference-based immune-modulators; RNA-
based or other vaccines loaded with adjuvants)162. As a matter of
fact, some functions of nanomedicines (i.e., the control of release
chemistry of drugepolymer joints, the conjugation of a drug or
antibody on the surface, and coordination of drug interactions
within the core of nanomedicines) indicate the possibilities of the
synchronous administration of multiple drugs163. In other words,
multiple reagents (including nucleic acids) can be integrated into
single nanomedicines. Of note, these functions can control phar-
macokinetics, drug concentration, along with the release rate of
bioactive payloads, thereby optimizing the synergistic effect164.
Taking the use of self-assembled micelles as an example, in the
study of Duan et al.165, micelles carrying oxaliplatin in the core and
dihydroartemisinin in the shell could elicit strong antitumor im-
munity in addition to anticancer efficacy. Moreover, phagocytic
cells took up fragments of dead cancer cells, resulting in T cell
activation and antitumor vaccination. In a groundbreaking study, a
nanomedicine featuring four components (including antibodies
targeting tumor antigens, an anti-PD-1 antibody, a recombinant
form of IL-29, and a T cell stimulatory vaccine) was developed and
exhibited robust antitumor effects166. The overall outcomes indi-
cated that the elicited endogenous immune response had the ability
to destroy large established tumors and elucidated the crucial
characteristics of combined immunotherapy. Such combination
immunotherapy could cure most tumors in an experimental envi-
ronment that is often considered refractory. Intriguingly, in another
work, an intrinsically therapeutic fucoidanedextran-based mag-
netic nanomedicine integrated with a checkpoint inhibitor and
T-cell activators was applied to repair the immunosuppressive
TIME through reinvigorating tumor-infiltrating lymphocytes, and
meanwhile targeting the agents to the tumor through magnetic
navigation so as to minimize off-target effects167. In addition,
Phuengkham et al.168 constructed a designer scaffold loaded with
both immune nanoconverters encompassed with resiquimod and
DOX. This system provided the repolarization of immunosup-
pressive TAMs into tumoricidal antigen-presenting cells, rather
than depleting them, along with in situ vaccination that can be
produced in vivo without the demand to analyze and sequence
tumor antigens to favor neoantigen-specific T cell responses in
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advance168. The use of a designer scaffold with long-term central
and effector memory T cell responses might induce synergistic
antitumor immunity to remodel the TIME, thus preventing recur-
rence and metastasis of postoperative tumors. In another study of
Huang et al.169, they invented a nanoenabled means for indole-
amine 2,3-dioxygenase-1 (IDO1) pathway intervention, which was
realized through delivering IDO1 siRNA to both tumor-draining
lymph nodes and tumor tissues with the help of cationic lipid-
assisted NPs. Importantly, they further verified that contempora-
neous administration of oxaliplatin and IDO1 siRNA could
generate synergetic antitumor effects by facilitating DC maturation,
increasing tumor-infiltrating T lymphocytes along with reducing
the number of Treg cells in the tumor models169.

A range of nanomedicine-based targeting strategies to remodel
the immunosuppressive TIME and educate the different immune
cells have been discussed in this article. These technologies have
also brought many challenges and opportunities for clinical trans-
lation. The specific clinical performance of these miscellaneous
nanomedicine-based combinational treatment methods will hinge
on whether these treatments should be performed concurrently,
sequentially or are contraindicated. Selecting the right preclinical
model is momentous, as is designing delivery techniques that can
be effectively translated into cancerous persons. Some of the basic
design criteria for clinical translation involve treatment stability,
scalability, along with cost-effectiveness and intricacy170. The
clinical translation of underlying nanomedicines is an expensive
and time-consuming process owing in large part to the complexity
in stark contrast to conventional formulation technology encom-
passing free agent dispersed in a base171. In addition, the choice of
nanomaterials will impinge upon the timetable for clinical trans-
lation. For instance, a system developed using FDA-approved
nanomaterials may be superior to enter the clinic in comparison
with more complex unapproved nanomaterials. This is particularly
useful for lipid-based and polymer-based materials, as FDA has
approved several materials that can be designed as drug delivery
platforms. This is especially pertinent for lipid- and polymer-based
nanomaterials, some of which have been approved by the FDA as
delivery platforms for various antitumor drugs172. Interestingly, a
study of liposome-entrapped mitoxantrone hydrochloride injection
in relapsed/refractory peripheral T-cell lymphoma and NK/T-cell
lymphoma is under the recruiting status of the FDA173. Further-
more, an injectable stent for delivery of cancer vaccines, called
WWDAX, has been approved by Novartis and is being assessed in
clinical trials (NCT01753089)174. Despite these encouraging
achievements, we must face up to a problem in terms of the po-
tential adverse effects in certain patients that combinational nano-
medicines and treatment plans containing more than one drug must
be scrupulously designed to avert administering an unwarranted
number of agents to patients.
4. Conclusions and perspectives

With the advanced understanding of cancer immunology and the
gradual discovery of cellular and molecular mechanisms for innate
and adaptive immunity175, the paradigm of cancer immunotherapy
has undergone significant revolution176 and an array of novel
antitumor immunotherapies regarding the remodeling of TIME is
being exploited. As previously mentioned, nanomedicines possess
the potential to advance cancer immunotherapy in multiple ap-
proaches, and preclinical evidence contributes to articulate moti-
vation for clinical inspection of many ideas. Preliminary human
trials of several of these methods are currently underway177, and
the next few years should delineate a substantial understanding
concerning their clinical potential.

Despite gratifying scientific research progress, this field still
faces several pressing or intractable challenges, where solutions
could have a momentous impact on clinical translation of the
potential nanomedicines. Due to the possible immunosuppressive
TIME, compressed vasculature, high interstitial fluid pressure, as
well as dense fibrotic tissue around solid tumors (impeding T cell
infiltration), it is still difficult to specifically target immune cells to
entities through cell transfer or tumor vaccination. Hence, further
researches may concentrate on targeting both the immune system
and the TIME so as to trigger more effective immunotherapy.
Specifically, given that the angiotensin inhibitor losartan has been
leveraged in phase II clinical trials (NCT01821729) in pancreatic
cancerous persons178, and has been verified to enhance the ther-
apeutic efficacy of multiple solid tumor types179, the angiotensin
inhibitor-associated nanosystem may play a promising role in
priming the immunosuppressive TIME. Future studies exploiting
other potential drug targets to reshape the TIME may spur the
construction of new nanomedicine-based drug delivery platform to
target solid tumors and minimize the adverse effects.

Besides, safe, and credible approaches of systemically target-
ing efficacious innate immune stimulators (i.e., TLR/STING ag-
onists) to the TIME remain to be further developed. Although
these drugs have proven potent antitumor activity when admin-
istered intratumorally in preclinical models and are under evalu-
ation of intratumoral administration in early clinical trials,
intratumoral administration cannot ensure the avoidance of sys-
temic distribution along with ensuing cytotoxicity from such small
molecule compounds, ruling out direct action of disease trans-
mission180. In particular, the tropism of NPs utilized for MDSCs
in circulation, spleen and liver makes it vague whether innate
stimuli formulated with nanomedicine can be a safe solution180.
Also, there is a need for a more comprehensive understanding of
the molecular mechanisms that cause dysregulation of myeloid
cell generation and functional polarization of MDSCs in the
TIME181. Another notable challenge is to stably deliver genetic
material encoding TCRs, CARs or support proteins to lympho-
cytes in vivo 182e184. Going a step further, the first trial to target
RNA or DNA to T cells harnessing polymeric nanomaterials has
been reported recently, but the efficiency of their transfection
in vivo is still very low and it remains vague whether short-lived
mRNAs or randomly integrating transposon DNAs are the
explanation180. Nonetheless, the potential impact of safe and
potent gene delivery toward various immune cells within the
TIME should not be played down.

Additionally, the following studies should also focus on
modifying the nanomedicines to explore novel delivery technol-
ogies to expand and engineer cell therapy in vitro. Recently,
technologies based on microfluidic technology have been lever-
aged to advance and accelerate the intracellular delivery of large
molecules to immune cells in vitro185,186. Such a carrier-free de-
livery system consists of cells that undergo rapid mechanical
deformation which may temporarily destroy the immune cell
membrane, thereby absorbing the large molecular cargo present in
the buffer. Of note, this technique has been applied to swiftly
deliver a series of nucleic acids and macromolecules to immune
cells within the TIME. Accordingly, this nanomedicine-based
delivery system may surmount the challenges with delivering
electroporation- and carrier-based nucleic acids to immune cells
in vitro187.
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In addition to the improvement of delivery strategies, future
work can implement an externally or internally elicited nano-
system in which therapeutic payloads can be triggered to stimulate
the antitumor response required at the target tissue sites, thus
minimizing the off-tissue effect. In fact, some studies in this field
are now modifying the utilization of mechanical or pH188, light189,
or ultrasound-triggered approaches190 for distantly controlled
immunotherapies. In addition, in view of the fact that several
biological nanomaterials and drug delivery tactics activate im-
mune stimulation pathways in the absence of other immune sig-
nals, it is essential to conduct basic research on the interaction
between nanomaterials and immune cells to actively guide the
immune response in the TIME191,192.

In general, despite intense clinical studies, much more research
remains in high demand so as to therapeutically induce trained
immunity of immune cells in the immunosuppressive TIME.
Notwithstanding, there is a critical issue we need to take into
rigorous consideration, the TIME immune phenotype may alter
with therapy, over time and can also vary by location. Notably, as
noted earlier, even the metastatic TIME may differ from other
metastatic tumors and primary tumors in the same patient. Aside
from these uncertainties, we should also bear in mind that com-
plex modifications to nanomedicines are expected to lead to
multifunctional delivery formulations with steady groups, targeted
ligands, along with bio-responsive ligands, which may also
complicate the large-scale production. Moreover, the timing and
sequence of administration of the combination drugs need to be
carefully inspected in virtue of the unexpected cytotoxicity193,194.
Nevertheless, with our continued efforts to fight cancer and our
further exploration of the molecular mechanisms regarding the
TIME, we believe that cancer immunotherapy will break the
clinical bottleneck and amplify the innate immune attack against
the immunosuppression.
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