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Abstract Cancer is one of the major diseases that threaten human life worldwide. Despite advances in cancer treatment

techniques, such as radiation therapy, chemotherapy, targeted therapy, and immunotherapy, it is still difficult to cure cancer

because of the resistance mechanism of cancer cells. Current understanding of tumor biology has revealed that resistance to

these anticancer therapies is due to the tumor microenvironment (TME) represented by hypoxia, acidity, dense extra-

cellular matrix, and immunosuppression. This review demonstrates the latest strategies for effective cancer treatment using

functional nanoparticles that can modulate the TME. Indeed, preclinical studies have shown that functional nanoparticles

can effectively modulate the TME to treat refractory cancer. This strategy of using TMEs with controllable functional

nanoparticles is expected to maximize cancer treatment efficiency in the future by combining it with various modern cancer

therapeutics.
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1 Introduction

Cancer is a significant global life-threatening disease that is

expected to increase the number of cases and deaths due to

the gradual aging of the population [1, 2]. Numerous

efforts have been dedicated to solving this problem via

various cancer treatments, such as surgery, chemotherapy,

and immunotherapy. However, treatment efficacy is

unsatisfactory due to limitations imparted by specific

characteristics of the tumor environment [3–5]. Therefore,

it is necessary to understand tumor microenvironment

(TME) to improve the unsatisfactory treatment efficacy.

TME is the environment surrounding the center, edge, or

periphery of a tumor composed of non-malignant cells,

blood vessels, lymphoid organs or lymph nodes, nerves,

intercellular components, and metabolites. It is distin-

guished by hypoxic, acidic, and immunosuppressive status

with a unique extracellular matrix, which differs from

normal tissues [6]. The TME is tightly associated with

tumor development, progression, and metastasis, and

simultaneously exhibits high resistivity to various cancer
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treatments [7, 8]. Therefore, numerous methods (e.g.,

oxygen delivering and acidity neutralization) have been

reported to significantly increase the effectiveness of can-

cer treatments by effectively modulating the TME with the

precise delivery of therapeutic agents [9].

Unlike direct tumor cell killing strategies, TME modu-

lation is an alternative method of cancer treatment with

reduced toxicity and can improve the efficacy of conven-

tional cancer therapies such as chemotherapy and radio-

therapy [10]. However, non-specific delivery of TME

modulating agents with high-dosage may also cause dele-

terious side effects [11–13]. Consequently, nanoparticle-

based tumor-specific drug delivery systems have been

utilized for TME modulating agents intensively to cir-

cumvent and minimize side effects while enhancing ther-

apeutic effects [14].

In general, nanoparticles refer to particles with diame-

ters of 100 nm or less. To date, various types of nanopar-

ticles have been developed, including liposomes, micelles,

inorganic nanoparticles, and polymer nanoparticles

[15, 16]. Nanoparticles can be effectively permeabilized

and retained in cancer tissues via the enhanced perme-

ability and retention (EPR) effect. When new blood vessels

are made to meet the demands for nutrition and oxygen due

to the abnormally rapid growth rate of cancer tissues, they

have a leaky structure and poor lymphatic drainage com-

pared to normal blood vessels. As a result, nanoparticles

are well permeated from blood vessels to cancer tissues.

These nanoparticles cannot easily escape and get accu-

mulated in the tissues [17, 18]. Through the EPR effect,

nanoparticles could passively target tumors by encapsu-

lating therapeutics to selectively deliver and accumulate in

the tumor, thereby reducing the side effects caused by

systemic exposure of anticancer drugs and maximizing the

therapeutic effect [19].

With the rapid advancement of nanotechnology and the

understanding of TME importance, numerous studies have

reported on TME-tailored nanoparticle strategies to reduce

side effects resulting from imprecise drug delivery and

simultaneously modulate the TME further to promote

effective cancer treatment [20–22]. This review will

highlight representative strategies to modulate the TME

while precisely delivering therapeutic agents to the cancer

site for enhanced cancer treatment. The TME modulation

strategies with functional nanoparticles were summarized

in Table 1. We believe that the development of TME-tai-

lored nanoparticles will bring nanomedicines a step closer

to clinical usage, which will transform patient care.

2 Modulation of TME based on nanoparticles
for improving cancer treatment efficacy

2.1 Strategy for modulation of hypoxic TME

Tumor hypoxia (hypoxic TME) is a typical characteristic

of the majority of most solid tumors. Under such condi-

tions, there is an inadequate supply of oxygen and nutrients

due to the rapid proliferation of cancer cells and abnormal

blood vessel structures in the tumor tissues [35]. Hypoxic

TME has a relatively low pH (hydrogen ion concentration

exponent) with a significantly increased reactive oxygen

species (ROS) level than normal tissues. Such unique

characteristics increase tumor invasiveness, metastasis,

angiogenesis, and multidrug resistance [25, 36]. In addition

to the reduced therapeutic efficacy of anticancer drugs,

hypoxic TME strengthens resistance to oxygen-involved

treatments, such as photodynamic therapy (PDT) and

radiation therapy [9]. Therefore, modulation of hypoxic

TME is an ideal strategy to increase the effectiveness of

conventional cancer treatment [14, 37, 38]. Hyperbaric

oxygen therapy can cause multiple side effects due to

oxygen toxicity caused by non-selective delivery [39].

Therefore, precise tumor targeting strategies have been

reported to ensure precise oxygen transfer or oxygen gen-

eration at the tumor site [40, 41].

2.1.1 Oxygen delivery

Cancer cells adapt to the hypoxic TME by overexpressing

hypoxia-inducible factor (HIF-1a), which participates in

the transcriptional activity of multidrug resistance gene 1

(MDR1), which encodes P-glycoprotein (P-gp), which

exports different anticancer drugs in cancer cells [42].

Increased P-gp expression confers resistance to anticancer

drugs. Tian et al. engineered hemoglobin-encapsulated

biomimetic oxygen-nanocarriers (DHCNPs) to overcome

anticancer drug resistance by modulating hypoxic TME

[23] (Fig. 1A). This study demonstrated effective reduction

of HIF-1a, MDR 1, and P-gp expression by modulating the

hypoxic TME through selective delivery of oxygen-con-

taining hemoglobin encapsulated nanoparticles to the

tumor site (Fig. 1B, C). As a result, hypoxia-induced

chemoresistance disappeared by inhibition of HIF-1a-in-
duced P-gp expression, and cancer cells were killed by

doxorubicin (DOX), a type of anticancer drug, delivered

with hemoglobin, thereby effectively inhibiting tumor

growth.

An alternative to incorporating hemoglobin is perfluo-

rocarbon (PFC) which modulates hypoxic TME via effi-

cient oxygen delivery to the tumor site. PFC is an inert and

biocompatible synthetic molecule with high oxygen
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solubility and is used as an oxygen carrier [43]. Using these

PFC characteristics, Gao et al. developed a PFC-encapsu-

lated nanocarrier coated with a red blood cell (RBC)

membrane (PFC@PLGA-RBCM) to modulate hypoxic

TME and improve the effectiveness of radiotherapy [24]

(Fig. 1D). The RBCM-coated nanoparticles exhibited

prolonged blood circulation compared to the naked

PFC@PLGA nanoparticles. Furthermore, since

PFC@PLGA-RBCM (about 290 nm) is smaller than the

RBCs (microscale), it has the advantage to quickly diffuse

into the tumor tissue and be oxygenated (Fig. 1E), thereby

effectively modulating hypoxic TME. In PFC@PLGA-

RBCM-treated mice, hypoxia area stained with

immunofluorescence decreased from 66.8% to 4.7% after

24 h treatment. (Fig. 1F). Hypoxia-alleviated TME over-

came the resistance to radiation therapy and demonstrated

effective suppression of cancer growth.

2.1.2 Oxygen generation

Hypoxic TME also exhibits relatively low pH and high

H2O2 concentrations compared to normal tissues [36].

Recent studies on tumor hypoxia have reported MnO2

nanoparticles to generate oxygen in situ in response to the

TME [37, 41]. The precise delivery of MnO2 nanoparticles

to hypoxic TME enables the continuous production of

oxygen (O2) and Mn2? by decomposing H2O2 to modulate

the TME [44]. Based on this principle, Zhu et al. engi-

neered a MnO2 nano-vehicle conjugated with a Ce6 pho-

tosensitizer (Ce6@MnO2-PEG) for hypoxic TME

modulation potentiated PDT enhancement [25]. The

intravenously injected nano-vehicles were observed to

accumulate selectively and continuously produce O2 and

Mn2? by decomposing H2O2, which significantly sup-

pressed tumor hypoxia (Fig. 2A). Hypoxia positive areas

by immunofluorescence staining demonstrate that i.v.

injection of Ce6@MnO2-PEG could greatly suppress tumor

hypoxia (Fig. 2B, C). Furthermore, Ce6@MnO2-PEG

Table 1 Nanoparticle-based TME modulation strategies

Types of TME Modulation strategy Types of nanoparticles Advantage References

Hypoxic TME Oxygen delivery Hemoglobin & DOX encapsulating

cancer cell membrane

camouflaged nanocarrier

Overcome hypoxia-induced

chemotherapy resistance

[23]

Perfluorocarbon encapsulating red

blood cell membrane-coated

PLGA nanoparticles

Overcome hypoxia-induced

radiotherapy resistance

[24]

Oxygen generation Ce6-loaded MnO2 nanoparticles Overcome hypoxia-induced

photodynamic therapy resistance

[25]

Acidic TME Alkaline buffer delivery Sodium bicarbonate loaded

liposomes

Overcoming drug resistance by

enhancing cellular drug penetration

[26]

Nanoparticle-based

buffering

Nano-CaCO3 nanoparticles Acidic TME neutrailization [27]

Reduction of lactate

production

Vesicular cationic lipid-assisted

nanoparticles

Increased infiltration of CD8? T cells

and decreased numbers of

immunosuppressive cells,

[28]

Tumor ECM Collagen degradation Collagenase-loaded liposomes

(collagozomes)

Increased drug penetration [29]

Hyaluronic acid

degradation

Hyaluronidase-conjugated dextran

nanoparticles

Increased drug penetration & enhanced

PDT treatment

[30]

High intensity focused

ultrasound (Pulsed-

HIFU) technology

Glycol chitosan nanoparticles Increased drug penetration [31]

Immunosuppressive

TME

TAM repolarization CpG oligodeoxynucleotide

encapsulated ferritin nanoparticles

Increased expression of pro-

inflammatory cytokines and M1

marker

[32]

MDSC depletion Conjugated micelle system

encapsulated RGX-104 and PTX

MDSC depletion and CTL activation [33]

Treg inhibition Engineered cellular nanovesicles

presenting the PD-1 receptor on

the membrane

Treg and tumor growth inhibition

through blocking PD-1/PD-L1

[34]
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injection with laser irradiation showed an obvious inhibi-

tory effect of tumor growth (Fig. 2D). Hence, this strategy

applies to treatments requiring increased O2 quantities,

including PDT.

2.2 Strategy for modulation of acidic TME

One of the significant causes of the acidic physicochemical

composition of TME is low perfusion, which simultane-

ously limits oxygen delivery and removal of acidic waste

products from metabolic activities. Unlike normal cells that

obtain energy through oxidative phosphorylation, tumor

cells in hypoxia generate energy from oxygen-independent

glycolysis by adapting to insufficient oxygen supply (called

the Warburg effect) [45, 46]. In this process, tumor cells

produce and release a large number of acidic products,

such as lactic acid, resulting in an acidic extracellular

environment (pH 6.5–6.8) that is distinct from normal tis-

sues (pH 7.4) [10, 45, 47].

This acidic TME is involved in proliferation, metastasis,

and increased expression of P-gp, a multidrug resistance

protein, resulting in multidrug resistance [9, 48, 49]. In

bFig. 1 Modulation of the hypoxic tumor microenvironment through

oxygen delivery using functional nanoparticles. A Synthetic process

of DHCNP containing hemoglobin (oxygen transporter) and doxoru-

bicin (anticancer agent). B, C Changes in the expression levels of

HIF-1a, MDR1 in cancer cells (MCF-7) after DHCNP treatment.

D The engineering process of nanoparticles (PFC@PLGA-RBCM)

encapsulated with perfluorocarbon and coated with cell membranes of

red blood cells. E Schematic illustration of PFC@PLGA-RBCM

nanoparticles: PFC@PLGA-RBCM nanoparticles are smaller than

RBC in size can quickly diffuse into the tumor and effectively deliver

oxygen. F Changes in hypoxia-positive area over time, as confirmed

through immunofluorescence staining after nanoparticle treatment.

Reproduced from [23, 24] with permission from Wiley–VCH

Fig. 2 Modulating the hypoxic TME through oxygen generation

using MnO2 encapsulated nanoparticles and improved cancer treat-

ment effect. A Schematic illustration of cellular uptake of

Ce6@MnO2-PEG nanoparticles and O2 generation within cells.

B Representative immunofluorescence images of tumor after hypoxia

staining. The blood vessels, nuclei, and hypoxic areas were stained by

anti-CD31 antibody (red), DAPI (blue), and anti-pimonidazole

antibody (green), respectively. C The relative hypoxia positive area.

D Tumor growth curve in various groups: when hypoxia was

modulated using nanoparticles (Ce6@MnO2-PEG), photodynamic

therapy (L ?) showed a much superior tumor growth inhibitory effect

compared to the comparative group (Ce6) that did not. Reproduced

from [25] with permission from Wiley–VCH
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addition, low extracellular pH generally limits drug effi-

cacy by ionizing weakly basic drugs such as DOX, making

it difficult for cellular transport (called the ion trapping

effect) [50]. Thus, acidic TME neutralization strategies

have been proposed to enhance the efficacy of conventional

chemotherapy [51]. A basic buffer solution is an option to

neutralize the acidic TME; however, treatment with a

systemic basic buffer solution rather than a tumor-specific

pH modulation could cause severe side effects such as

metabolic alkalosis [52].

2.2.1 Alkaline buffer delivery

To solve this problem, Abumanhal et al. synthesized a

tumor-targeted liposomal nano platform which was

encapsulated with a basic buffer solution to reduce the side

effects caused by systemic exposure of the buffer solution

and concurrently overcome the ion trapping effect by

improving the acidic TME [26]. The basic sodium bicar-

bonate (NaHCO3) buffer solution used in this study pro-

duces bicarbonate (HCO3
-), which reacts with H? around

the tumor to generate H2O and carbon dioxide (CO2)

(HCO3
- ? H?

� H2CO3 � CO2 ? H2O) [53]. Con-

sequently, HCO3
- in liposome nanoparticles elevated the

tumor pH, protecting DOX from the ion trapping effect.

Ultimately, non-ionized DOX was effectively absorbed

into the cells (Fig. 3A, B). Collectively, the liposomal

nanoplatforms with sodium bicarbonate buffer effectively

increased the pH in the TME to normal tissue levels in vivo

(Fig. 3C), which improved the cell absorption effect of

DOX and thus demonstrated an excellent tumor growth

inhibitory effect.

2.2.2 Nanoparticle-based buffering

Furthermore, inhibition of tumor growth and metastasis by

neutralizing acidic TME through nanoparticle-based

buffering has been proposed [54]. CaCO3 nanoparticles

have a high payload and buffering capacity to effectively

deliver drugs and modulate acidic TME by forming

bicarbonate (HCO3
-) and decomposing under weakly

acidic conditions [27]. Using these characteristics, a strat-

egy that responds to the acidic TME and rapidly decom-

poses to deliver tumor-specific drugs was introduced [55].

Som et al. prepared nano-CaCO3 (CaCO3 nanoparticles)

neutralizing acidic TMEs to inhibit tumor growth [27].

Nano-CaCO3 prepared by gas diffusion method gradually

increased tumor pH over time due to selective accumula-

tion in the tumor after intravenous injection in an HT-1080

tumor-bearing mouse model. Repeated daily administration

of nano-CaCO3 significantly inhibited tumor growth com-

pared to that in the control group.

2.2.3 Reduction of lactate production

Emerging evidence demonstrates the immunosuppressive

role of acidic TME by interfering with effective anti-tumor

T-cell immune responses [56]. CD8? T cells tend to

become anergic and apoptotic when exposed to an acidic

environment [57]. In addition, excess lactic acid improves

the function of immunosuppressive cells such as myeloid-

derived suppressor cells (MDSCs) and tumor-associated

macrophages (TAMs), thereby suppressing the anti-tumor

immune response [58, 59]. Thus, it can neutralize tumor

acidity by inhibiting lactate production to restore anti-tu-

mor T cell function and immune response [60]. Zhang et al.

developed siRNA-encapsulated vesicular cationic lipid-

assisted nanoparticles (CLAN) to modulate acidic TME by

silencing lactate dehydrogenase A (LDHA), which causes

acidity of the tumor as it converts pyruvate into lactic acid

and accelerates glycolysis (Fig. 3D) [28]. In this study,

siLdha (siRNAs against Ldha)-encapsulated vesicular

CLAN (VNPsiLdha) mediated systematic knockdown of

LDHA in tumor cells, resulting in reduced lactic acid

production and neutralization of the TME (Fig. 3E, F). In

the in vivo experiment, neutralization of tumor acidity

reduced the number of immunosuppressive cells, whereas

infiltration of CD8? T cells increased, which significantly

inhibited tumor growth (Fig. 3G).

2.3 Strategy for modulation of ECM in TME

The extracellular matrix (ECM) is a network of non-cel-

lular components such as structural proteins (mainly col-

lagen), glycoproteins, proteoglycans, and polysaccharides

[61]. These extracellular matrices exist in all tissues and

bFig. 3 Modulation of the acidic TME and improved cancer treatment

effect using functional nanoparticles. A Mechanism of increasing the

uptake of doxorubicin into the acidic TME modulated by bicarbonate.

B Graph of doxorubicin absorption concentration of cancer cells

according to pH around tumor cells and bicarbonate treatment: The

bicarbonate-treated group (green) showed more doxorubicin absorp-

tion than did not (red). C In the in vivo mouse model, the results of

measuring the pH of the tumor tissue with the group treated with the

liposome containing bicarbonate (the red dot measured the center of

the tumor, and the blue circle measured the surrounding tissue of the

tumor). D Schematic illustration of siRNA-encapsulated nanoparticle

mediated acidic TME modulation and activation of T cell immune

response: Nanoparticle-mediated knockdown of LDHA reversed

tumor acidic TME, reducing the number of immunosuppressive cells,

increasing CD8? T cell infiltration, and restoring antitumor function.

E Quantitative expression of LDHA in tumor tissue through

immunohistochemical staining. F pH values of B16-F10 tumor

tissues measured on day 19 after treatment. pH values were measured

in vivo using pH microneedle probe. G Ratios of CD8? T cells to

Treg (Foxp3?) cells through immunohistochemical quantitative

analysis. Reproduced from [26, 28] with permission from Elsevier,

American Chemical Society
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organs, providing essential physical support for cellular

components, and play an essential role in tissue morpho-

genesis, differentiation, and homeostasis maintenance

[62, 63].

ECM is disturbed in tumors. The tumor matrix promotes

cancer growth, survival, and invasion, and modifies

fibroblast and immune cell behavior to induce metastasis

and impair treatment [64]. Compared to normal tissue, it

has much more collagen fibers and hyaluronic acid, making

it denser and increasing the interstitial fluid pressure, which

acts as a physical barrier preventing the penetration of

drugs or nanoparticles [65, 66]. To address this issue, a

collagen-degrading enzyme (collagenase) has been used to

improve tumor tissue permeability for enhanced

chemotherapy treatments [31]. However, intravenous

injection of collagenase resulted in rapid degradation and

early deactivation by proteases in the bloodstream, which

caused severe toxicity by non-selective action on normal

tissues [67, 68].

2.3.1 Collagen and hyaluronic acid degradation

Encapsulating collagenase in nanoparticles could protect

the cargo enzymes from proteases in the bloodstream and

reduce their side effects in normal tissues [68]. Zinger et al.

improved the treatment efficacy of chemotherapy by

increasing the penetration of anticancer drugs by effec-

tively degrading the ECM of the TME using collagenase-

encapsulated liposome nanoparticles (Fig. 4A) [29]. The

collagenase maintained enzymatic activity for a long time

by encapsulation in liposomes, and it effectively accumu-

lated in the tumor and continuously degraded collagen,

thereby modulating the ECM of TME (Fig. 4B). When Gd-

loaded liposomes were used, more than twofold enhance-

ment of pancreatic uptake was observed in collagen-treated

PDAC mice compared to free enzyme. When PDAC

tumor-bearing mice were pretreated with collagosomes,

empty liposomes, or free collagenase and then treated with

paclitaxel micelles, the collagosome-treated group showed

the best therapeutic efficacy. (Fig. 4C).

Hyaluronidase (HAase) is a hydrolysis enzyme that

degrades hyaluronic acid. Hyaluronic acid (HA) is a sig-

nificant component of the ECM and is abundant in the

TME [69]. HAase has been studied to enable tumor ECM

degradation, which increases tumor penetration of drugs

with enhancing the therapeutic efficacy [31, 70, 71]. Wang

et al. demonstrated that DEX-HAase nanoparticles conju-

gated with HAase and dextran, a biocompatible polymer,

can effectively modulate the ECM of the TME via a pH-

responsive linker to increase penetration of oxygen and

other therapeutic agents, thereby improving the therapeutic

effect of PDT [30]. Using biocompatible natural polymer

dextran, the formulated DEX-HAase nanoparticles

demonstrated improved enzyme stability, reduced

immunogenicity, and increased blood half-life after intra-

venous injection (Fig. 4D). Through protection against

degradation by proteases and efficient passive tumor

accumulation, the DEX-HAase within the acidic TME

separates and releases the native HAase, which later causes

the breakdown of HA, loosening the ECM structure, and

enhancing the penetration of oxygen and other therapeutic

agents (Fig. 4E–G). Hence, DEX-HAase nanoparticles

greatly relieve tumor hypoxia and promote the therapeutic

effect of nanoparticle-based PDT and are accompanied by

a reversal of immunosuppressive TME, enhancing cancer

immunotherapy.

2.3.2 High intensity-focused ultrasound (Pulsed-HIFU)

technology

In addition to biochemical enzymes, a strategy for modu-

lating ECM using physical methods (i.e., PDT and ultra-

sound) was also studied [72]. Lee et al. disassembled the

stiff ECM structure using high-intensity focused ultrasound

(Pulsed-HIFU) technology; ECM modulation was per-

formed to confirm the improved penetration of nanoparti-

cles and tumor targeting (Fig. 5A) [31]. In the ECM-rich

A549 tumor-bearing mouse model, after exposure to

pulsed-HIFU, the collagen structure of the tumor tissue

could be directly degraded without damaging the periph-

eral tissue. As a result, the blood flow in the blood vessels

of the tumor tissue rapidly increased to 4.9 times after

15 min of treatment and to 2.9 times after 6 h (Fig. 5B, C).

Nanoparticle penetration into the loosened tumor ECM

increased 2.6 times compared to tumor tissues not treated

with Pulsed-HIFU. These results show that ECM

bFig. 4 Modulation of extracellular matrix through enzymatic degra-

dation using functional nanoparticles. A Drug penetration is restricted

by the dense extracellular matrix layer of the tumor tissue, resulting in

drug resistance of the tumor (left). In contrast, modulating the

extracellular matrix layer through collagozome treatment can increase

the effectiveness of chemotherapy by increasing the drug tumor

penetration (right). B The ratio of the fibrosis area according to each

treated group in the mouse model. As collagenase decomposes

collagen fibers, the fibrosis area is decreased, and the group treated

with collagozome showed the least fibrosis area. C Comparison of

tumor weight when treated with anticancer drug (paclitaxel) nanopar-

ticles after treatment of each group. D Synthesis of DEX-HAase and

proposed mechanism. DEX-HAase linked by a pH-responsive linker

(MMfu) showed specific decomposition of HA in TME through pH-

triggered free HAase release in acidic TME. E Relative enzymatic

activity of free HAase and DEX-HAase against protease digestion.

F Hypoxia relief and downregulation of HIF-1a positive areas by

ECM degradation after DEX-HAase treatment. G Increased intratu-

mor penetration of Ce6-Liposome by ECM degradation after DEX-

HAase treatment. Reproduced from [29, 30] with permission from

American Chemical Society, Wiley–VCH
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disassembly and modulation of collagen structures by

Pulse-HIFU is a promising strategy to enhance the pene-

tration and tumor targeting of nanoparticles in ECM-rich

tumor tissues.

2.4 Strategy for modulation of immunosuppresive

TME

Tumor tissue constitutes an immunosuppressive TME by

recruiting immunosuppressive cells such as TAMs,

MDSCs, and regulatory T cells (Tregs) [73]. TME interacts

with tumor cells through various immune cells during

tumor growth, mediates immune tolerance, and affects

immunotherapy efficacy. Therefore, inhibiting TME

immune suppression can improve the therapeutic outcomes

of cancer immunotherapy [74].

It has been reported that nanoparticles can avoid phys-

iological barriers such as endonuclease degradation and

renal clearance to release cargo-containing drugs, antigens,

and adjuvants to their intended target sites [75]. Therefore,

immunosuppressive TME modulation using nanoparticles

is a promising treatment strategy.

Macrophages are the constituent cells of the mononu-

clear phagocyte system (MPS) and play various roles in

homeostasis, inflammation, and wound healing. In cancer,

TAM, a vital component of the TME, is involved in tumor

growth, progression, and metastasis and is associated with

a worse patient prognosis [76].

TAM produces various growth factors, proteases, and

immunosuppressive cytokines that are required for tumor

survival [77]. In general, macrophages can be divided into

classically activated M1 and alternatively activated M2-

type macrophages according to their activation status and

function [78, 79]. M1 macrophages secrete pro-inflamma-

tory cytokines and chemokines and promote leukocyte

recruitment and activation to help eliminate tumor cells,

whereas M2 type TAMs are anti-inflammatory, which

induce immune suppression and promote tumor progres-

sion through a variety of mechanisms, including immune-

suppressing cytokine production, cytotoxic T cell activity

inhibition, promotion of regulatory T cell stimulation, and

B cell signaling inhibition [80].

2.4.1 TAM repolarization

To improve cancer treatment efficacy, a strategy has been

proposed to modulate the polarization of immunosuppres-

sive M2 macrophages to immune-supportive M1 macro-

phages [81]. Shan et al. effectively inhibited tumor growth

by modulating M2 phenotype polarization of TAM to M1

phenotype by using ferritin nanoparticles (M2pep-rHF-

CpG) encapsulated with CpG oligodeoxynucleotide (CpG

ODNs), a toll-like receptor 9 (TLR9) agonist that can shift

Fig. 5 Modulation of

extracellular matrix through

High intensity focused

ultrasound (Pulsed-HIFU)

technology using nanoparticles.

A Schematic illustration of

ECM remodeling strategy using

HIFU for deep penetration of

nanoparticles. B Time-

dependent blood flow images of

tumor blood vessels in ECM-

rich A549 tumor-bearing mice

after Pulsed-HIFU exposure

(orange: blood flow of blood

vessels, gray: tumor region).

C Quantitative contrast signals

of time-dependent blood flow.

Reproduced from [31] with

permission from Elsevier
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the polarity of M2 macrophages to the M1 phenotype [32].

Naked CpG ODNs do not cross the cell membrane and are

easily removed by nucleases. However, when administered

systemically, it can trigger an inflammatory response via

non-specific stimulation. Thus, encapsulating CpG ODNs

in nanoparticles could protect CpG from nucleases in the

bloodstream and TAM-specific delivery using M2 targeting

peptide (M2pep) could reduce side effects (i.e., inflam-

mation) caused by systemic action of TLR agonists. Thus,

M2pep-rHF-CpG nanoparticles repolarized M2 TAMs to

the M1 type and effectively suppressed tumor growth in

4T1 tumor-bearing mice after i.v. injection.

2.4.2 MDSC depletion

MDSCs are a heterogeneous population of bone marrow-

derived cells [82]. MDSCs are one of the major compo-

nents of the immunosuppressive TME that accumulate in

the tumor site and play a vital role in drug resistance, tumor

angiogenesis, metastasis, and immunosuppression [83, 84].

In addition, MDSCs activate Tregs and suppress other

immune cells by releasing IL-10, ARG1, NOS2, and

indoleamine 2,3-dioxygenase (IDO). Thus, MDSC deple-

tion can dramatically improve cancer immunotherapy [85].

The liver-X nuclear receptor (LXR) induces the tran-

scriptional activity of apolipoprotein E (ApoE) and impairs

MDSC survival. MDSC depletion by LXR enhances the

activation of cytotoxic T lymphocytes (CTL) and enhances

cancer immunotherapy [86]. Wan et al. used a conjugated

micelle system to encapsulate RGX-104, an LXR agonist,

to induce cancer cell apoptosis and regulate the tumor

immune environment, which ultimately enhances the anti-

tumor effect of CTL through MDSC depletion [33]. In this

study, a dual pH-sensitive conjugated micelle system

(PAH/RGX-104@PDM/PTX) was developed to deliver

RGX-104 and paclitaxel (PTX), an anticancer drug, to the

perivascular region and tumor, respectively (Fig. 6A).

MDSC depletion and CTL were activated by RGX-104

released in response to acidic TME, and PTX was released

from the endosome/lysosome to effectively kill the tumor

cells (Fig. 6B, C). PAH/RGX-104@PDM/PTX showed

excellent tumor accumulation and penetration and was able

to inhibit tumor growth by 74.88%.

2.4.3 Treg inhibition

Tregs are immunosuppressive T cells capable of inhibiting

the activity of anti-tumor T effector cells. Tregs play a role

in preventing autoimmune diseases through immune tol-

erance to autoantigens, but in the TME, they can suppress

immune cells and weaken anticancer immune activity [85].

Thus, one can also functionally inhibit or eliminate Tregs

to induce anti-tumor immunity [87, 88].

Programmed cell death protein-1 (PD-1), expressed in

Tregs, binds to the tumor cell receptor programmed cell

death ligand-1 (PD-L1), inactivating the T-cell immune

response and contributing to tumor immune evasion [89].

Anti-PD-1 (aPD-1), an immune checkpoint inhibitor (ICI),

can activate T-cell immune responses against tumor cells

by blocking the binding of PD-1 and PD-L1 [90]. There-

fore, blocking PD-1/PD-L1 using ICI is a promising

treatment method for inducing T cell-mediated tumor death

[91]. Lan et al. significantly enhanced the immune response

against melanoma tumors using 1-methyl-tryptophan

(1MT)-loaded cellular nanovesicles (NVs) that present the

PD-1 receptor on the membrane [34] (Fig. 6D). PD-1 NV

exhibits long circulation and can effectively bind to PD-L1

in melanoma cancer cells (Fig. 6E, F). In addition, 1MT, an

inhibitor of indoleamine 2,3-dioxygenase (IDO), can be

loaded into PD-1 NV to disrupt other immune tolerance

pathways in the TME effectively. PD-1 NVs inhibited

tumor growth and prolonged survival time in mice com-

pared to free anti-PD-L1 Ab.

3 Summary and perspective

The tumor microenvironment (TME) is highly complex,

and the unique atmosphere of tumor tissues that contributes

to the tumor development, progression, and metastasis.

Although the hypoxic, acidic, immunosuppressive, and

unique ECM of TME differentiates itself from the normal

tissues, the flexible tumor cells can adapt to the diverse

TME and develop high resistance to various therapies,

including chemotherapy, photodynamic, and radiation

therapy. Given the pivotal role of the TME, TME modu-

lation strategies have garnered increasing attention from

researchers to achieve improved cancer treatment. Never-

theless, non-specific delivery of TME-modulating agents

and chemotherapeutic drugs resulted in severe side effects.

Therefore, functional nano-vehicles with high delivery

accuracy to tumor sites have been incorporated to maxi-

mize treatment efficacy while minimizing side effects.

TME can generally be classified into (1) hypoxic TME,

(2) acidic TME, (3) abnormal ECM, and (4) immunosup-

pressive TME. Since these limits a variety of treatments,

various modulation strategies are being studied to effi-

ciently treat them. The hypoxic TME could be relieved

using oxygen-containing nanocarriers or in situ oxygena-

tion inside the tumor. The acidic TME could be regulated

by neutralizing tumor pH by delivering basic buffer solu-

tion, nanoparticle-based buffering, or inhibiting lactate

production, which may provide additional benefits in tumor

growth inhibition. Remodeling of abnormal ECM in TME

via enzymatic degradation or ultrasound has become an

effective strategy to support the treatment of various types
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Fig. 6 Immunosuppressive

TME modulation through

MDSC depletion and Treg

inhibition using functional

nanovesicles. A Schematic

illustration of the structure of

the conjugated micelles system

and the construction and

transformation of PAH/RGX-

104 @ PDM/PTX. B The level

of MDSC in tumor tissues after

treatment with different

formulations. C The amount of

CD8? T cells in tumor tissues

after treatment with different

formulations. D Schematic

illustration of PD-1 blockade

cellular NVs for cancer

immunotherapy. E Fluorescence

of Cy5.5 labeled free NV and

PD-1 NV after intravenous

injection. F In vivo distribution

of PD-1 NV and free NV as

indicated by the in vivo imaging

system (IVIS). Reproduced

from [33, 34] with permission

from Elsevier, Wiley–VCH
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of cancer. Moreover, modulating immunosuppressive TME

by targeting specific immune cells via nanomedicines can

improve the effectiveness of cancer immunotherapy. Thus,

TME modulation using various functional nanoparticles

can be utilized as pre-conditioning for chemotherapy and

immunotherapy for cancer treatment.

Due to advances in tumor biology, a better under-

standing of TME will contribute to the development of

effective anticancer drugs. In addition, recently, studies on

the interaction between nanomedicine and TME have been

actively conducted, revealing the delivery process of

nanoparticles to tumors through systemic injection. New

functional nanoparticles designed based on these funda-

mental research results are expected to overcome TME and

maximize the therapeutic effect of various

intractable cancers. Recently, gene therapy and vaccine

technologies using nanoparticles encapsulated with mRNA

or siRNA have been approved in the clinic. The nanopar-

ticle-based genetic engineering techniques such as lipid

nanoparticles for TME modulation has a bright prospect.

Tumor-specific delivery of genetic materials capable of

modulating TME can induce successful immunotherapy by

activating immunosuppressive immune cells and triggering

the self-sustaining cancer immunity cycle. Taken all

together, we believe that the combination of TME modu-

lating nanoparticles introduced in this review and various

anticancer or immunotherapeutic agents will be an effec-

tive cancer treatment option.
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