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A B S T R A C T   

Although nano-immunotherapy has advanced dramatically in recent times, there remain two significant hurdles 
related to immune systems in cancer treatment, such as (namely) inevitable immune elimination of nanoplat
forms and severely immunosuppressive microenvironment with low immunogenicity, hampering the perfor
mance of nanomedicines. To address these issues, several immune-regulating camouflaged nanocomposites have 
emerged as prevailing strategies due to their unique characteristics and specific functionalities. In this review, we 
emphasize the composition, performances, and mechanisms of various immune-regulating camouflaged nano
platforms, including polymer-coated, cell membrane-camouflaged, and exosome-based nanoplatforms to evade 
the immune clearance of nanoplatforms or upregulate the immune function against the tumor. Further, we 
discuss the applications of these immune-regulating camouflaged nanoplatforms in directly boosting cancer 
immunotherapy and some immunogenic cell death-inducing immunotherapeutic modalities, such as chemo
therapy, photothermal therapy, and reactive oxygen species-mediated immunotherapies, highlighting the cur
rent progress and recent advancements. Finally, we conclude the article with interesting perspectives, suggesting 
future tendencies of these innovative camouflaged constructs towards their translation pipeline.   

1. Introduction 

Cancer has become one of the dreadful threats to human health 
globally due to high morbidity and mortality rates, accounting for mil
lions of deaths every year [1]. Despite several therapeutic options 
against cancer, immunotherapy has emerged as a groundbreaking 
treatment strategy with numerous advantages, such as high specificity 
and low side effects to kill cancer cells, as well as prevent their recur
rence [2,3]. Currently, available cancer immunotherapies include 
adoptive T-cell therapy, immune checkpoint blockade (ICB), and ther
apeutic cancer vaccines, exhibiting significant efficacy in clinical trials 
to treat different types of tumors [4,5]. In addition, some other ablative 
cancer therapies like chemotherapy, photothermal therapy (PTT), and 
some reactive oxygen species (ROS)-mediated therapies, can enhance 
antitumor immunity by inducing immunogenic cell death (ICD) [6,7]. In 

the ICD process, the dying tumor cells secrete damage-associated mo
lecular patterns (DAMPs), such as calreticulin (CRT), adenosine 
triphosphate (ATP), high mobility group box 1 (HMGB1), and heat 
shock proteins (HSP70 and HSP90) [8]. These factors can significantly 
facilitate tumor antigen uptake by antigen-presenting cells (APCs) and 
their subsequent activation, allowing these treatment strategies for po
tential ICD-inducing immunotherapeutic modalities. However, the 
applicability is limited due to a major challenge of the accurate access of 
these therapeutic agents to the target site (including the tumor cells, the 
immune microenvironment, and the peripheral immune system) at the 
right time and place [9]. 

In recent years, several advancements in exploring the fabrication of 
nanomaterials have brought significant breakthroughs in cancer diag
nosis, treatment, and prevention towards increasingly accelerated 
development of therapeutic nanoplatforms with ultrasmall size range, 
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adjustable physiochemical properties, and flexible surface modification 
[10]. In terms of passive targeting, the ultrasmall particle sizes with a 
high surface-to-volume ratio of nanomaterials present high drug de
livery efficacy in the tumor sites via the enhanced permeation and 
retention (EPR) effect due to the fact that vasculature within a tumorous 
zone is leaky and the lymphatic system is dysfunctional [11,12]. In 
addition, the immobilization of various targeting moieties, such as re
ceptor ligands, on the surface of nanomaterials precisely conveys the 
loaded therapeutic payload to the tumor sites through active targeting 
[13]. The nanoplatforms for cancer therapy are designed to improve the 
direct eradication of tumor cells by raising the delivery of therapeutic 
agents to the tumor site. However, over the past few years, several 
nanoformulations have been applied to enhance anticancer immunity or 
synergize with the existing immunotherapeutics. 

Despite the significant advancements in fabricating various nano
platforms in cancer immunotherapy, a thorough cure of cancer remains 
challenging due to some general hurdles related to immune systems, 
limiting the therapeutic effects of nanomedicines. Indeed, the immune 
system often works by recruiting innate and adaptive immune responses 
for two different purposes [14]. On the one end, the innate immune 
responses implicate the sequestration of pathogens and efficient removal 
of senescent cells by some proteins and phagocytic cells without much 
specificity, resulting in the generation of cytokines such as interleukin-1 
(IL-1) or type I interferon (IFN–I) [15]. Cytokines are the biological 
mediators that cause the death of infected cells and generate a further 
protection response against the infection [16]. On the other end, the 
adaptive immune system prevents the invasion of foreign pathogens 
from maintaining homeostasis with a more specific response and pre
pares for future prevention by the delayed reactions, including both 
cellular and humoral reactions. In the defense process of the adaptive 
immune system, the mature immune cells and antibodies can recognize 
specific antigens on the pathogens specifically. The adaptive immune 
responses also trigger immunological memory against infecting patho
gens due to the remained clones of lymphocytes [17]. Owing to such a 
complex immune system, there exist two major obstacles for 
nanoparticle-based cancer immunotherapies. 

The first extremely critical hurdle of nanoplatforms is the inevitable 
elimination of the nanoplatforms by the immune system. Nanoplatforms 
possess similar physical and chemical characteristics to pathogens, such 
as size that is only a tiny part of the cell diameter, a powerful liquid-solid 
interface, and a patterned surface [18]. Thus, some mechanisms pro
tecting against pathogens also apply to the recognition and elimination 
of nanoplatforms. However, immunological memory against pathogens 
is helpful for the prevention of infections, while immune responses to
ward nanoparticles may limit their treatment efficiency or cause adverse 
reactions. After administration, the nanoparticles can be quickly 
recognized as extraneous matter and eliminated by the immune system. 
The second challenge is implicated in the tumor immune escape and low 
tumor immunogenicity. In recent years, it has been confirmed that the 
immune system paradoxically inhibits and promotes the survival and 
proliferation of cancer cells. This proposed “cancer immunoediting” for 
the relationship between tumor and immunity is proceeded by three 
stages: elimination, equilibrium, and escape [19–21]. In the first period, 
immunological surveillance occurs to recognize and eliminate most 
malignant cells [22]. Then, the selection of tumor variants occurs to 
balance the immune system and malignant cells in the “equilibrium” 
phase [23]. Eventually, the rapid and unrestrained growth of malignant 
tumor cells breaks the equilibrium state, achieving the tumor immune 
escape. In this context, several mechanisms of tumor immune escape 
include the selection of immune-resistant tumor cells, abnormalities in 
antitumor-related immune cells like dendritic cells (DCs) and T cells, 
barriers in T-cell trafficking, and formation of the immunosuppressive 
tumor microenvironment (TME), which are responsible for the immune 
tolerance in various stages of the cancer-immune cycle [24]. Due to the 
high adaptability of the transformed tumor cells, the insufficient anti
tumor response or suppressed immunocyte functions may lead to further 

tumor proliferation and metastasis, directing the ineffective cancer 
treatment outcomes of nano-immunotherapy [25,26]. Therefore, tack
ling these two problems induced by the immune system has attracted 
growing interest from researchers in developing various innovative 
strategies for cancer nano-immunotherapy. 

Based on the technological advancements of biomaterials, immune- 
regulating camouflage strategies aimed at evading the immune clear
ance of nanoplatforms or upregulating the immune function against 
tumors have emerged as novel interfacing approaches for promoting 
cancer therapy. Before reaching the lesion site, these biomimetic sys
tems can serve as a stealthiness to evade the surveillance of the immune 
system, thus minimizing the capture by the mononuclear phagocyte 
system (MPS) and prolonged circulation in the blood [27]. After 
reaching the tumor site, the camouflage coating can trigger or enhance 
the immune response against tumors through different mechanisms. In 
general, the immune-regulating camouflaged nanoplatforms have been 
investigated for their application in various modern cancer therapies, 
such as coating with distinct polymers [28,29] and camouflaging 
various cell membranes [30–32] or based on cell-derived exosomes [33, 
34]. Owing to the unique characteristics and particular functionalities, 
these immune-regulating camouflage enables the nanosystems to over
come or alleviate the limitations mentioned above induced by the im
mune system, presenting prolonged circulation and improved 
anticancer efficacy [35]. Although several reviews have been published 
discussing the biomimetic camouflage delivery strategies for cancer 
therapy over the past decade, significant attention has been barely paid 
to the immune-regulating function of nanoplatforms for enhanced can
cer nano-immunotherapy. Therefore, a timely review of relevant 
research progress is of great significance for the continuous develop
ment of cancer therapy. From the unique perspective of the cancer 
nano-immunotherapy, this review focuses on the recent efforts made in 
the construction of various immune-regulating camouflaged nanoplat
forms, including polymer-coated, cell membrane-camouflaged, and 
exosome-based nanoplatforms (Fig. 1). Further, we give a brief overview 
of these immune-regulating camouflaged nanoplatforms applied in the 
currently established immunotherapies and some potential therapeutic 
strategies for ICD-inducing immunotherapies. Finally, we discuss the 
challenges and perspectives, suggesting future tendencies of these 
innovative camouflaged constructs towards their clinical application. 

2. Immune-regulating camouflaged nanoplatforms 

As specified earlier, nanoplatforms intrinsically offer the unique 
characteristics of the immune-regulating camouflage materials 
(including polymers, cell membranes, and exosomes) via different 
camouflage approaches to ameliorate the limitations of the inevitable 
immune clearance of nanoscale platforms and tumor immune escape. 
Various polymeric materials have been used as a protective covering to 

Fig. 1. Schematic illustrating different types of immune-regulating camou
flaged nanoplatforms with evading immune clearance or enhancing immune 
response functions to enhance the currently established immunotherapies and 
some ICD-inducing immunotherapies. 
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provide biocompatibility and “stealth” properties on nanoplatforms, 
refraining from activating the immune system [29,36]. Further ad
vancements in the interactions between tumor cells and the immune 
system have resulted in the fabrication of diverse polymeric materials to 
stimulate the antitumor immune reactivity with different functions and 
mechanisms. However, the bottom-up ligand conjugation methods for 
coating polymeric materials on nanoparticles are increasingly chal
lenging as more surface functionalities are required. To overcome the 
tedious work of conjugating polymers on the surface of nanoplatforms, 
considerable efforts have been dedicated to fabricating biomimetic 
cell-based nanoplatforms, including cell membrane-cloaked and 
exosome-based nanoplatforms. Cloaking with cell membranes via a 
top-down method or encapsulating into cell-derived exosomes requires 
more accessible technologies to endow nanoplatforms with surfaces that 
directly replicate the proteins or other biologically active molecules and 
highly complex behaviors of the source cells, rendering the prolonged 
nanoparticles circulation time or the induction of antitumor immunity. 
Due to the various properties or the forms of these immune-camouflage 
materials, various immune-regulating camouflaged nanoplatforms with 
specialized design and functionalization have been developed. 

2.1. Polymer-coated nanoplatforms 

In general, various polymers have been widely used in the surface 
modification of nanoplatforms to promote water solubility of encapsu
lated therapeutic guests, biocompatibility, biodegradability, and pro
vide other functionalities, such as targeting ability, stimuli- 
responsiveness, and immune modulation [29,37]. To reduce the im
mune elimination of nanoplatforms or upregulate the immune response 
against tumor cells, polymeric materials from the natural or synthetic 
origin are used to cloak nanomaterials. 

2.1.1. Evading immune clearance 
Non-reactive or inert polymeric materials that have almost no in

teractions with the host’s immune cells are applied as stealth coatings on 
the nanoplatforms, making the foreign substances (nanoparticles) more 
amenable as “self” to refrain from activating the immune system and 
consequently reducing the immune clearance [30,38]. Traditionally, 
coating the synthetic polymer, poly(ethylene glycol) (PEG), on the 
surface of nanoparticles, often referred to as PEGylation, is considered 
an effective strategy to decrease nanoparticle elimination [30]. The 
hydrophilic PEG layer on the surface of nanoplatforms can provide steric 
stability and decrease the interactions between nanosystems and the 
environment [38]. For example, a novel contrast agent based on iron 
oxide nanoparticles (IONPs) for magnetic resonance imaging (MRI) was 
developed, the size of which was only 15 nm [39]. Such a tiny scale 
would lead to fast immune clearance and rapid elimination of IONPs 
from the body, resulting in weak signal intensity. To alleviate the im
mune clearance of IONPs, PEG was coated over IONPs to protect them 
from rapid clearance, in addition to improved biocompatibility and 
longer blood circulation time over the bare IONPs. The PEG-coated 
IONPs showed great potential as contrast agents for longitudinal MRI 
of solid cancers. Interestingly, Jutaek Nam and his colleagues found that 
PEG modification could abolish the cytotoxicity of polyethyleneimine 
(PEI)-based nanovaccines. In addition, PEG could serve as an uncharged 
spacer unit that provided steric stabilization, decreased nonspecific 
cellular uptake, and improved in vivo performance for PEI and its 
nano-complex [40]. However, it has been reported that repetitive 
administration of PEGylated treatment would induce anti-PEG anti
bodies, which might increase the immune elimination of nanoparticles. 
With the progression of the polymer coating nanotechnology, some 
other synthetic polymeric materials have also been investigated as 
cloaking materials to overcome the limit of PEGylation, including 
PEG-based copolymers, such as poloxamers [41] and polysorbates [42], 
some hydrophilic polymers like polyvinyl pyrrolidone (PVP) [43] and 
polyvinyl alcohol (PVA) [44], and zwitterionic polymers like poly 

(carboxybetaine methacrylate) (PCBMA) [45]. Among these polymers, 
zwitterionic polymers present a higher potential to be the alternatives to 
PEG. Compared to solely positively or negatively charged polymers that 
are easier to be eliminated by the reticuloendothelial system (RES), 
zwitterionic polymers possessing either zwitterionic groups or a mixture 
of anionic and cationic terminal groups have demonstrated high resis
tance to non-specific protein binding, thereby avoiding rapid immuno
logical recognition and showing prolonged blood circulation in the body 
[46]. Nevertheless, the current zwitterionic polymer coatings are pri
marily based on linear zwitterionic polymer chains, which are probably 
inadequate to cover the surface of nanoplatforms entirely. Polymerizing 
monomers into dense polymer shells on nanoparticles seems better to 
provide enhanced long-term stability. A recent study covered a dense 
PCBMA polymer shell from polymerizing CBMA monomers on meso
porous organosilica nanoparticles (MON) via a reflux precipitation 
polymerization approach, providing prolonged blood circulation up to 
48 h blocking the adsorption of proteins (Fig. 2) [45]. Furthermore, 
MON and PCBMA shell with disulfide bonds could present 
TME-responsive biodegradation to realize controlled release of the 
loaded SO2 prodrug molecules and doxorubicin (DOX). 

In addition to these synthetic polymeric materials, polymers from 
natural sources, such as heparin [47,48] and hyaluronic acid (HA) [49], 
have been explored in a wide range for cloaking foreign particle sur
faces. Heparin and HA offer the combination of shielding by 
anti-inflammatory and anti-immunogenic function and targeting ability 
through binding with a cell-specific surface marker CD44, which is 
highly expressed in various cancer cells. In a case, Soleymani and col
leagues fabricated the HA-conjugated Fe3O4 nanoparticles (Fe3O4@HA) 
via a facile one-pot hydrothermal method. The obtained Fe3O4@HA 
nanoparticles with suitable size and biocompatibility demonstrated 
exceptional targeting ability towards CD44-overexpressing cancerous 
cells and high heating efficacy for magnetic hyperthermia therapy [50]. 

2.1.2. Enhancing immune response against tumor 
In terms of amplifying the immune reactivity to alleviate tumor 

immune escape, nanoplatforms are often coated with polymeric mate
rials aiming at different targets. In this context, various synthetic poly
mers, such as polystyrene [51], poly(lactic-co-glycolic acid) (PLGA) [52, 
53], and poly(beta-amino esters) (PBAEs) [54], in the order of non-, 

Fig. 2. (a) Schematic illustration of the redox-responsive sulfur dioxide‒ 
releasing nanosystem with a prolonged circulation time for producing the 
synergistic effect of chemotherapy and gas therapy. (b) Fabrication of MON- 
DN@PCBMA-DOX and the structure of MON and PCBMA. (c) Mechanism of 
controlled drug release and combination therapy. Reproduced with permission 
from Ref. [45] Copyright 2020, John Wiley & Sons. 
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slowly-, and rapidly-degradable, present intrinsic immunostimulatory 
properties via activating dendritic cells (DCs) and causing an increase of 
inflammatory cytokines (IL-1β) that supports early immune responses 
[55]. Compared to polystyrene and PBAEs, PLGA-based nanoparticles 
are more frequently used to serve not only as carriers but also as agents 
that elicit or modulate the immune response. In an instance, Chen and 
colleagues developed core-shell nanoparticles based on PLGA for 
enhanced radiotherapy (RT) via a water/oil/water (w/o/w) double 
emulsion approach (Fig. 3) [53]. Inside the aqueous cavity of the PLGA 
shell, catalase (Cat), a water-soluble enzyme that could rapidly 
decompose H2O2, was encapsulated as the inner core, whereas hydro
phobic imiquimod (R837), a Toll-like-receptor (TLR)-7 agonist, was 
loaded within the PLGA shell. In the prepared PLGA-R837@Cat nano
particles, the PLGA shell might help R837, as immune adjuvants, to 
amplify RT-triggered immune responses by presenting 
antigen-capturing functions. In addition to the direct activation of the 
immune system, PLGA-based nanoparticles could also act as an amplifier 
of ICD via controlling the release kinetics of the ICD-inducing drugs to 
provide a boosted immune response. With the extracellular release of 
DAMPs, including CRT, ATP, HMGB1, and heat shock proteins (HSP70 
and HSP90) from the dying tumor cells, the engulfment of tumor anti
gens by DCs and the activation of CD8+ T cells were promoted. Recently, 
PLGA-based nanoparticles with different molecular weights (7000 
g/mol and 12,000 g/mol) were applied to encapsulate DOX by 
oil-in-water (o/w) emulsion approach for realizing different release ki
netics of DOX, eliciting the ICD of cancer cells [56]. The DOX-PLGA7K 
and DOX-PLGA12K nanoparticles exhibited specific cytotoxicity and 
HMGB1 secretion due to the different DOX release rates. Sustained 
release of DOX from both DOX-PLGA7K and DOX-PLGA12K could prevent 
tumor growth and stimulate DC maturation and tumor-infiltration of 
cytotoxic T-lymphocytes (CTLs), forming a tumor-specific immunolog
ical memory effect. 

Polysaccharides from natural sources, including chitosan (CS) [57], 
dextran [58], and sodium alginate [59], have also been commonly 
coated over nanoparticles. These polysaccharides can promote the 
reactivity of non-specific immune cells (neutrophils and macrophages), 
inducing the elevated generation of growth factors and cytokines that 
can further elicit the differentiation and proliferation of CD4+ and CD8+

T cells to tune the whole immune response against the tumor. It is worth 
mentioning that chitosan is one of the natural positively charged poly
saccharides due to its protonating amino groups, allowing mucosal 
adhesion of chitosan-cloaked nanoplatforms and then escaping from the 
RES. Utilizing the mucosal route, chitosan-cloaked nanoplatforms can 
be transferred into immune-competent cells to foster cellular immune 

responses. By tuning the size of chitosan nanoparticles, Walter and co
workers explored the potential of chitosan nanoparticles as antigen ve
hicles to deliver ovalbumin-derived peptide SIINFEKL (OVA 257–264) 
into tumor tissue for a potent immune response [60]. It was observed 
that DCs could effectively take up the chitosan-based nanoparticles with 
small particle sizes, generally regarded as the most potent APCs to 
induce activation and proliferation of tumor antigen-specific CD8+ T 
cells. Despite the advances of these polymers applying as the immune 
camouflage over nanoplatforms, there are a few limitations that remain 
to be solved, such as the quantitative control of their molecular weight 
and density, the tedious work of conjugating polymeric materials on the 
surface of nanoparticles, and rational ligand modifications of polymers 
for more surface functionalities [61]. 

2.2. Cell membrane-camouflaged nanoplatforms 

To overcome the challenges faced by the polymer-coated nanoplat
forms for better delivery and therapeutic effects, considerable efforts 
have been dedicated to exploring biomimetic nanotechnology. Utilizing 
naturally-occurring strategies improved by the evolutionary processes, 
biomimetic nanotechnology has emerged as a reasonable method for 
efficient nanoparticle design that considers the inherent biological na
ture of interactions of nanoparticles in the body [62]. Notably, the 
biomimetic nanoplatforms mimicking cellular components have been 
widely investigated by researchers due to their capability of inheriting 
the physicochemical properties and defined biological functions, such as 
interacting with diverse proteins and other different cells in the 
complicated extracellular matrix (ECM) environment [63]. Cell mem
branes and natural components derived from cells can be cloaked over 
nanoplatforms to obtain cell membrane-camouflaged nanoplatforms 
with cell-like activities. Cell membrane-camouflaged nanoparticles 
provide an easy top-down approach for entrapping nanoplatforms in cell 
membranes extracted from erythrocytes, platelets, cancer cells, stem 
cells, immune cells, and bacteria [64]. Thus, the intrinsic characteristics 
of cell membranes can be transferred to the nanoplatform surface for 
various source cell-inherited functions, such as “self” markers, targeting 
or homing to specific areas and communication with the immunologic 
system. 

2.2.1. Evading immune clearance 
Inspired by the role of erythrocytes as the most abundant circulating 

cells in the blood for delivering oxygen to tissues, red blood cell (RBC) 
membranes have attracted wide attention in coating over nanomaterials 
for potently escaping the immunological clearance. The reasons behind 

Fig. 3. Schematic illustrating the mechanism of antitumor immune responses induced by PLGA-R837@Cat-based radiotherapy combined with checkpoint-blockade 
to inhibit cancer metastases and recurrence. Reproduced with permission from Ref. [53] Copyright 2019, John Wiley & Sons. 
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the long-term circulation of RBCs (average life span of 120 days) are due 
to the expression of immunomodulatory glycans and proteins on their 
surfaces, such as sialic acid moieties, “don’t eat me” marker CD47, 
CD59, complement factor 1, decay-accelerating factor, C8 binding pro
tein, among others [65,66]. Owing to the inherited features from the 
original cells, RBC membrane-camouflaged nanoplatforms effectively 
evade the immune attack, presenting extended survival in the systemic 
circulation [67]. In a recent study, Li and colleagues constructed an 
erythrocyte-camouflaged mesoporous titanium dioxide nanoplatform 
loaded with hypoxia-activated prodrug AQ4N. By inheriting the specific 
features from RBC, the obtained RBC-mTNPs@AQ4N presented an 
excellent ability to escape immune clearance, resulting in the efficient 
tumoral distribution to effectively kill tumor cells [68]. Apart from 
erythrocytes, platelets stemming from the mature megakaryocytes in the 
bone marrow are another significant non-nucleated blood cell [69]. 
They are essential for thrombosis and homeostasis in vessel injuries, as 
well as involved in developing lymphatic vasculature and mediating 
immune response [70]. Similar to RBCs, there are some vital surface 
proteins expressed on the surface of platelets to suppress the immuno
logic system, such as CD47, CD55, and CD59. These support platelets to 
evade macrophage phagocytosis, while CD55 and CD59 can restrain the 
activation of complement-mediated immune activation. Moreover, the 
biotropism to vasculature trauma allows platelets to naturally adhere to 
the leaky tumor vasculature, contact the tumor, and then extravasate 
into the TME [71]. Surface-expressed p-selectin can bind with the 
adhesion molecules CD44, rendering high affinity to circulating tumor 
cells [72,73]. Therefore, nanoplatforms camouflaged by platelet mem
branes offer enormous potential in realizing prolonged circulation time, 
avoidance of clearance by RES, and targeting small lesions [74]. In one 
case, a platelet-engineered nanoplatform was designed via uniquely 
co-assembling DOX and cyclin-dependent kinase 5 inhibitor roscovitine 
(Rosco) with platelet membrane fragment (PMF) as the particulate sta
bilizer, to effective drug delivery to residual micro-tumors after surgical 
resection [75]. 

Compared to RBC and platelet membranes, membranes extracted 
from immune cells, cancer cells, and stem cells can protect nanoplat
forms from immune clearance and target the solid tumor. As a second 
candidate for the cell membrane-camouflaged nanoplatforms after the 
RBC membrane, cancer cell membrane-camouflaged nanoplatforms 
have been constructed to mimic cancer cells, which can avoid the im
mune attacks against tumors on the above-mentioned mechanism of 
immune escape of tumor. Moreover, the membrane-expressed proteins 
CD47 are responsible for preventing phagocytic uptake by macrophages 
and immune tolerance [76]. In addition, cancer cell membrane-coated 
nanoparticles reportedly demonstrate homotypic aggregation into the 
tumor site, depending on the specific interactions of identical surface 
adhesion molecules as the source of cancer cells, such as epithelial cell 
adhesion molecule (EpCAM), galectin-3, and N-cadherin [27,76]. A 
nanoplatform based on the 2D MnO2 nanosheets wrapped over gold 
nanorods (loading with DOX), and subsequent cancer cell membranes, 
was recently developed [77]. The prepared nanoplatform was endowed 
with homotypic tumor targeting and immune clearance evading abilities 
from cancer cell membranes. Under endogenous TME stimuli, the 
membrane could be disrupted to release the drug load to realize the 
remarkable treatment effects of dual-imaging-guided synergistic cancer 
therapy. 

Stem cells or mesenchymal stem cells (MSCs) can differentiate into 
various cell types and have long-term proliferation via self-renewal di
vision [78]. In the bloodstream, MSC membrane-camouflaged nano
particle systems exhibit a considerable circulating duration and active 
attraction to neoplastic cells, as tumor-specific cell adhesion molecules 
on MSC surfaces (such as CXCR4, epidermal growth factor, EGF, and 
integrins) can be attracted by tumoral chemoattractants (stromal 
cell-derived factor 1) or tumor-targeted ligands (human epidermal 
growth factor receptor-2 (HER2)) [79,80]. Compared with RBC or 
cancer cell membranes, MSC membranes possess a stronger clearance 

evading ability than tumor cell membranes. Despite the similarities in 
terms of long-circulation ability, MSC membranes can target tumor sites 
actively, which is lacking in the RBC membranes. Thus, in a recent case, 
a biomimetic vehicle was established by integrating MSC membranes 
with mesoporous silica nanoparticles (MSN@M). The MSC 
membrane-coated nanoplatform acquired the ability to escape immu
nosurveillance via CD47 on the membrane surface and reduced distri
bution in normal tissues with increased residence in tumor tissue, 
enhancing the therapeutic outcomes with alleviated side effects (Fig. 4) 
[81]. 

Typically, immune cells include APCs (e.g., macrophages, DCs), 
natural killer (NK) cells, and cytotoxic T lymphocytes, among others 
[69]. A wide range of surface markers responsible for immune recog
nition and response, including receptors, antigens, and adhesion mole
cules, are expressed on the immune cell surfaces. Due to the homotypic 
recognition, membranes isolated from immune cells can serve as stealth 
coatings to assist nanoplatforms in escaping immune surveillance and 
clearance. Immune cell membrane-camouflaged nanoplatforms present 
the targeting ability to tumor cells since immune cells show a natural 
and high tumor affinity via specifically recognizing correlated molecules 
on the tumor surface [82]. Membranes derived from macrophage and T 
cells are mainly applied just to enable the nanoplatforms immune 
evasion and targeting towards tumor tissues. In contrast, membranes 
derived from DCs and NK cells are commonly used not only for pro
longing nanoplatforms circulation time but also for enhancing tumor 
immunity (see discussions later in section 2.2.2). As a vital cell subset of 
the APCs, macrophages play an important role in the mononuclear 
phagocytic system, homing to chronic inflammatory tumor sites and 
presenting the innate inflammation-directed chemotactic ability via 
vascular cell adhesion molecule-1 (VCAM1) and α4 integrins [30,69]. 
Duplicating these characteristics, foreign nanoparticles coated with 
macrophage membranes can escape the MPS and drive the vector to 
accumulate into tumor tissues. In a recent effort to delay the elimination 
of MPS, macrophage membranes were covered on the nanoparticles 
loaded with DOX, chlorin e6 (Ce6) and indoleamine 2,3-dioxygenase 1 
inhibitor (IDO1), providing an excellent drug delivery system (DDS) to 
solve the low cargo delivery efficiency into the solid tumor [83]. CTLs, 
or T cells, are antigen-specific lymphocytes, which can be triggered by 
encountering antigens to mature and become functional, subsequently 
secreting the corresponding antibodies and posing a cytotoxic effect 
[27]. T cells can exhibit a high tumor affinity via the binding of related 
molecules on tumor cell membranes and the specific immune recogni
tion protein complex T-cell receptors (TCRs) on the T-cell surface [84, 
85]. TCRs can recognize debris of antigens as peptides bound to a major 
histocompatibility complex (MHC), allowing for the targeting ability of 
T cells towards both surface and intracellular tumor neoantigens [86, 
87]. Taking advantage of antigen-specific recognition of T cells, T-cell 
membrane-coated nanoplatforms have been developed for evading im
mune clearance and cancer-targeted treatment. For instance, mem
branes extracted from gp100-specific T-lymphocyte hybridoma targeted 
against melanoma cancer were applied to camouflage PLGA nano
particles with encapsulated dyes (coumarin-6/lipophilic DiD) or drugs 
(Trametinib) for diagnosis or treatment, respectively. The coated 
membranes presented a significant increase in the aggregation and 
stabilities of the nanoparticles [88]. 

2.2.2. Enhancing immune response against tumor 
In addition to evading the clearance of nanoparticles by the immune 

system, some types of cell membranes coated over nanoparticles enable 
triggering or enhancing the immune response against tumors through 
different mechanisms. Firstly, membranes extracted from immune cells 
like tumor-associated macrophages (TAMs), DCs, and NK cells have 
been demonstrated to showcase their immune-camouflage effects after 
coating nanoparticles. Unlike regular macrophages, TAMs containing 
myeloid-derived macrophages and tissue-resident macrophages are 
significant components in TME, which can interact with tumor cells to 
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promote tumor growth, progression, and metastasis, rendering the 
immunosuppressive TME and resistance to cancer treatments [89]. In 
general, TAMs tend to be polarized towards the immunosuppressive M2 
phenotype after the binding of macrophage colony-stimulating factor 1 
(CSF1) secreted from tumor cells with the receptor CSF1R on the 
macrophage membrane [30,90]. Because of the crucial role of the 
CSF1-CSF1R axis in forming immunosuppressive TME, preventing the 
binding of CSF1 and CSF1R seems an excellent way to block TAMs 
trafficking and alleviate the tumor immune escape [91,92]. Chen et al. 
constructed TAM-like upconversion nano-photosensitizers 
(NPR@TAMM) by coating TAM membranes on photosensitizer-loaded 
upconversion nanoparticles [93]. These TAM-mimic NPR@TAMMs 
could selectively accumulate in the tumor sites and bind with the 
immunoregulatory molecule CSF1. These consequences reduced the 
binding of CSF1 with the endogenous TAMs, thus alleviating the 
immunosuppression in TME for improved therapeutic efficacy (Fig. 5A). 

As the most potent APCs, DCs can motivate both resting helper T 
cells, as well as memory and naive T cells, which play a crucial role in 
activating and modulating adaptive immune responses [94,95]. Tol
erogenic DCs can induce anergy and further lead to immune escape of 
tumor cells, so artificial manipulation of DCs to promote T cells is of 
great significance. DC membrane-camouflaged nanoplatforms emerge 
with great potential to more efficiently activate T cells, realizing anti
tumor immunity for potential cancer treatment. To further amplify the 
immune response, membranes isolated from hybrid cells fused by two 
types of cells into a unified cytoplasm with the maintained identity of 
dual nuclei were explored to camouflage therapeutic nanoparticles [96]. 
Because of the close interrelation of cancer cells and DCs, the cyto
membrane of their fused cells (FCs) carrying highly expressed tumor 
antigens and DC-inherited stimulatory molecules (B7 family members) 
was developed. Liu and coworkers used such cytomembranes to coat 
metal-organic frameworks (MOFs) containing photosensitizers to induce 
innate immunity and adaptive immunity, as well as to trigger more 
cancer cell death, providing more tumor antigens to the immune system 
[97]. Recently, a genetically engineered cell membrane nanoplatform 
was constructed by integrating antigen self-presentation and 

immunosuppression reversal (ASPIRE) for cancer immunotherapy [98]. 
The ASPIRE nanovaccine was based on artificial cytomembrane nano
vesicles (NVs) derived from DCs that featured the directional presenta
tion of specific antigen epitopes by major histocompatibility complex 
class I (MHC-I) molecules, as well as the co-delivery of anti-PD1 anti
body and B7 co-stimulatory molecules via a programmed process 
(Fig. 5B) [98]. The generated nanoscale platform featured good stability 
and a homing effect that was mediated by surface adhesion molecules. 
The ASPIRE nanovaccine showed the ability to present neoantigens to 
CD8+ T-cells directly and thus stimulating strong CTL responses. In 
addition, it acted as a new enhanced type of checkpoint inhibitor, which 
strengthened the immunosuppression reversal function of the anti-PD-1 
antibody via CD28/B7 co-stimulation and maintained a more sustained 
CTL response. The ASPIRE nanovaccine showed promising effects in 
terms of activating strong antitumor immune responses and overcoming 
persistent immune tolerance. 

NK cells, the central effector cells in innate immunity, can contribute 
to immune surveillance and present cytotoxic effects against tumor cells 
without specific antigen stimulation [89]. Through a unique set of re
ceptors expressed on the surface (NKp30, NKp44, NKp46, DNAM-1 
(CD226), and NKG2D), NK cells can induce cell lysis via the interac
tion with ligands on abnormal cells [85,99]. Moreover, some other NK 
cell membrane proteins, including RAB-10, IRGM1, RANKL Galectin-12, 
and CB1, can bind with receptors on macrophage membranes like tumor 
necrosis factor (TNF) or TLR 4, promoting pro-inflammatory M1 
phenotype polarization to directly eliminate cancer cells via the pro
duced reactive oxygen species (ROS) and nitrogen radicals [85,100]. 
Inspired by these properties, there have been efforts to mask nanoplat
forms by NK cell membranes to mimic NK cells, targeting tumor tissues 
and effectively killing tumor cells. For example, photosensitizer 4,4′,4′′, 
4′′′-(porphine-5,10,15,20-tetrayl) tetrakis (benzoic acid) (TCPP)-loaded 
PLGA nanoparticles were coated with extracted NK cell membrane by 
extrusion approach. The nanoparticles-mediated PDT could eradicate 
tumor cells and subsequently induce ICD to promote the NK 
cell-membranes immunotherapy [100]. 

In addition to these immune cell membranes, bacterial membranes 

Fig. 4. In vitro immune clearance evasion, pharma
cokinetics, and biodistribution of MSN@M. (a) 
MSN@M could avoid phagocyte clearance through 
CD47 and target tumor sites through their homing 
ability. (b) RAW 264.7 cell uptake of MSN and 
MSN@M at different time points captured by CLSM, 
scale bar = 5 μm, and (c) flow cytometry analyzing of 
the fluorescence intensity of FITC-MSN@M and FITC- 
MSN in RAW 264.7 cells at 2 h and (d) 4 h (n = 3, *p 
< 0.05, **p < 0.01). (e) Blood retention of MSN@M, 
MSN, and free FITC (dosage of FITC at 1 mg/kg) in 
HepG2 xenograft mice after one dose intravenous 
injection to analyze the pharmacokinetics of MSN@M 
(n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). (f) 
Distribution of ICG-MSN@M, ICG-MSN, and free ICG 
in HepG2 xenograft nude mice at 4, 8, 12, and 24 h 
after tail vein injection of 0.8 mg/mL ICG-MSN@M, 
ICG-MSN, and free ICG. The tumor size of HepG2 
xenograft mice was approximately 150 mm3. (g) 
Distribution of ICG-MSN@M, ICG-MSN, and free ICG 
in tumor site of HepG2 xenograft nude mice at 24 h 
and (h) fluorescence quantitative analysis of signal 
intensity in tumor site of three groups at 24 h (n = 3, 
*p < 0.05, ***p < 0.001). (i) Ratio of the fluorescence 
signal at major organs and tumor site to the total 
fluorescence signal in the ICG-MSN@M, ICG-MSN, 
and free ICG groups at 24 h (n = 3, *p < 0.05, ***p <
0.001). (j) CLSM image of the distribution of MSN@M 
and MSN in tumors after tail vein injection of 1 mg/ 
mL FITC-MSN@M, FITC-MSN, and free FITC. Left 

scale bar = 750 μm, right scale bar = 100 μm. Reproduced with permission from Ref. [81] Copyright 2020, Elsevier.   
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have also been investigated to generate engineered nanoparticle sur
faces. Bacteria are single-celled organisms lacking organelles and 
membrane-bound nuclei. Though there are many bacteria in the human 
body, vital for metabolism and other biological activities, some bacteria 
are pathogenic [101]. Bacterial-derived substances can be recognized as 
exogenous “danger signals” by the immune system to elicit immune 
responses, while they may also cause some toxic effects, limiting their 
applications [102]. Nonetheless, some bacteria naturally possess 
tumor-targeting features mediated by adhesion proteins, antigens, or 
other molecules on the surface of the protein shell. Moreover, the bac
terial cytoplasmic membrane can be isolated from the organism’s cell 
wall spatially and easily separated from bacteria, removing lipopoly
saccharide (LPS) and other cell wall components, which may induce 

severe side effects. Therefore, similar to mammalian cell membranes, 
various properties of bacterial membranes represent a promising func
tionality to explore and develop them as coating materials for synthetic 
nanoparticles. In the latest work, a hybrid-membrane vaccine based on 
E. coli cytoplasmic membranes (EMs) and autologous cancer cell mem
branes from resected tumor tissue were constructed by membrane fusion 
technology to deliver the bacteria-based adjuvants and tumor antigens 
into DCs, safely amplifying both innate and adaptive immune response 
[101]. 

2.3. Exosome-based nanoplatforms 

Exosomes, a subtype of extracellular vesicles (EVs), are often called 

Fig. 5. (A) Schematic illustration of the tumor- 
associated-macrophage-membrane-coated upconver
sion nanoparticles for improved photodynamic 
immunotherapy. Reproduced with permission from 
Ref. [93] Copyright 2021, American Chemical Soci
ety. (B) Generation and characterization of 
DCNV-rAd-Ag. a) Generation of DCNVs derived from 
adenovirus-infected mature dendritic cells. (1) The 
genes of tumor-specific antigen were genetically 
engineered into the adenovirus vector. (2) Recombi
nant adenovirus infected the immature DC2.4 cells to 
express the modified antigen on the cell surface and 
stimulate it. (3) Differentiation, maturation, and an
tigen presentation. (4) Harvesting of the induced 
mature cell membrane and preparation of 
DCNV-rAd-Ag. b) Schematic illustration of the gen
eration of DCNV-rAd-Ag. c,d) Cryo-electron micro
scopy (c) and dynamic light scattering analyses (d) 
showed uniform DCNV-rAd-Ag (approximately 108 
nm average diameter, polydispersity index = 0.14) 
with a vesicle-like morphology. Scale bar, 50 nm. e) 
The Western blot on membrane proteins from 
DCNV-rAd-GFP demonstrates a similar protein con
tent on the surface compared to that of the parental 
cells. Panels (c–e) show representative results of two 
independent experiments with similar results. f) 
Comparison of upregulated immune-response-related 
proteins in NVs and DCs. g) The relative abundance of 
antigen presentation and migration-related proteins 
on DCNV-rAd-GFP. r.p.m., revolutions per minute. 
CCR - CC chemokine receptor; CXCR - C-X-C chemo
kine receptor; EpCAM - epithelial cellular adhesion 
molecule; ICAM 1 - intercellular adhesion molecule 1; 
pMHC-I - peptide-major histocompatibility complex 
class I. Reproduced with permission from Ref. [98] 
Copyright 2022, Springer Nature.   
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phospholipid bilayer and spherical membrane vectors with a diameter of 
50–150 nm naturally secreted from various cells [103]. By serving as 
nanocarriers of biological components from the parental cells, such as 
intercellular mediators of protein, nucleic acid, and other molecules, 
exosomes have been reported to play significant roles in mediating 
intracellular communications, enhancing cell proliferation, maintaining 
body function, and indicating disease emergence [104]. Due to the 
contents of signal molecules, membrane coatings, and ideal sizes, exo
somes display great potential as a novel nanovehicle for drug delivery. 
In this context, therapeutic cargos can be encapsulated within the exo
somes via several methods, either by incubating with isolated exosomes 
to shape hybrid nanostructures or being incorporated into exosomes 
during exosome formation after introducing parental cells firstly via 
cellular uptake [105]. As a naturally occurring nanoplatform, the inner 
space of exosomes can be the room for a wide range of contents loading, 
which includes genetic materials, proteins, drugs, or therapeutic nano
particles, overcoming the above-discussed shortcomings of the foreign 
artificial nanoplatforms, like the immune elimination or limited thera
peutic effects in immunosuppressive TME. 

2.3.1. Evading immune clearance 
Exosomes are commonly secreted by the fusion of external film of 

multi-vesicular bodies with the cell membrane, meaning that the 
membrane coatings of exosomes possess almost the same properties as 
the parental cell membrane. Therefore, exosomes released from cells 
like RBCs, platelets, MSCs, and immature DCs, can shield the loads 
against immune clearance from the body owing to their bilayer mem
branes with the inherited surface proteins like CD47, CD55, CD59, etc., 
consequently prolonging their existence period and improving their 
biological behaviors [106–108]. Exosomes from RBCs were selected to 
act as the proper carrier for efficient RNA delivery in an RNA DDS. Due 
to the lack of nuclear and mitochondrial DNA, RBC-derived exosomes 
would barely cause any risk of horizontal gene transfer [108]. In addi
tion to the exosomes directly derived from natural human cells, engi
neered exosomes have been further exploited to function as more 

efficient nanocarriers. To enhance the encapsulating ability, 
CD47-overexpressed gene-engineered-exosomes derived from parent 
CT26 cells were fused with the thermosensitive liposomes (TSL) (hGLV), 
followed by loading ICG and an immune adjuvant R837 to achieve 
efficient PTT and immunotherapy (Fig. 6) [109]. 

Although human cell-secreted exosomes present several advantages 
as delivery vehicles, scaling up for mass production remained a signif
icant challenge. Exosome-like vesicles from plants like grapefruit, 
grapes, ginger, sunflowers, carrots, etc., hold similar properties as 
mammalian EVs, emerging to be a substitute with lifted EV yield. For 
instance, ginger-derived exosome-like nanovesicles (GDENs) were 
engineered to display specific tumor-targeting ligands on the surface via 
the post-biogenesis method of RNA nanotechnology for intravenously 
delivering the small interfering RNA (siRNA) of tumor suppression 
[110]. Nevertheless, there are rare reports of plant-derived exosome-like 
vesicles for intravenous administration due to the impurity and 
biocompatibility regarding the particle size, requiring further 
development. 

2.3.2. Enhancing immune response against tumor 
Exosomes were initially regarded as aggregates of cellular waste or 

by-products of cellular metabolism. However, the subsequent in
vestigations on exosomes uncovered their essential roles in direct cell-to- 
cell communication [111,112]. These functionalities made exosomes a 
vital component in immunomodulation and other biotic processes 
[113]. Recently, exosomes have been explored in the application to 
regulate the adaptive immune system and alleviate immune escape. 
Immune cells like macrophages, DCs, NK cells, and T cells can release 
exosomes that involve multiple physiological and pathological pro
cesses. Therefore, these immune cell-derived exosomes engaging in both 
activation and inhibition of the immune system have been explored as 
potential tools for cancer treatment. Exosomes from professional APCs, 
such as DCs and macrophages, express functional proteins modulating 
immune systems, containing MHC class-I and/or MHC class-II. These 
immune-modulating proteins are preferential to activate T cells to attack 

Fig. 6. The design principle of hGLV and the antitumor mechanism of hGLV through PTT combined with immunotherapy. Abbreviation: exos, exosomes; TSL, 
thermosensitive liposomes; hGLV, gene-engineered exosomes-thermosensitive liposomes hybrid nanovesicles; DCs, dendritic cells. Reproduced with permission from 
Ref. [109] Copyright 2021, Elsevier. 
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infected cells or abnormal cells like cancer cells. DCs-derived exosomes 
(Dexs) can stimulate NK cells owing to their surface-expressed NK cell 
lectin-like subfamily K and B-cell lymphoma-2 (BCL-2) associated 
athanogene 6 [114]. Moreover, it was proposed that T-cell responses 
could be amplified by Dexs containing IFN-γ, which could suppress 
tumor growth by promoting the proliferation of IFN-γ-producing CD8+ T 
cells, reducing regulatory T cells, and elevating the expression of IL-2 
[115]. A recent study proposed that exosomes were produced from 
activated DCs pulsed with ovalbumin (OVA), followed by modification 
with anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4) monoclonal anti
body (mAb) via a post-insertion technique. The obtained nanoplatform 
EXO-OVA-mAb showed a more potent bond with T cells in 
tumor-draining lymph nodes, effectively stimulated T cells, and pro
moted the tumor homing of effector T cells, eventually suppressing 
tumor growth [116]. Exosomes derived from another APC macrophage 
can also modulate the immune system and elicit macrophage polariza
tion. Since M1 macrophages exhibit efficient anticancer effect while M2 
phenotype always leads to immune-suppressive TME, azide-modified 
M1 macrophage exosomes (M1 Exo-Ab) conjugated with 
immune-stimulatory antibodies (CD47 and SIRPα) via pH-sensitive 
linkers were constructed. It was demonstrated that the M1 Exo effec
tively reprogramed the pro-tumoral M2 toward antitumor M1, which 
further enhanced the anticancer effects (Fig. 7A) [117]. As other 
promising candidates for cancer treatment, NK cell-derived exosomes 
possessed typical NK markers like CD56 and cytotoxic molecules like Fas 
ligand, which could augment the number of NK cells and promote 
NK-mediated cytotoxicity [118]. In a recent instance, BCL-2 targeting 
siRNA was loaded in exosomes secreted from lentivirally-modified NK 
cells (siBCL-2 NKExos). Anti-apoptotic protein BCL-2 consistently 
overexpressed in the patients with estrogen receptor-positive (ER+) 
breast cancer, which was deemed as an estrogen-responsive gene facil
itating cancer cell growth by allowing programmed-cell-death evasion 
of breast cancer cells. In this study, NKExos acted as suitable vectors to 
deliver siRNA targeting BCL-2 into tumor sites with high efficiency and 
amplified the eradication of cancer cells by enhancing the immune 
response [119]. Lastly, T cell-derived exosomes carrying TCR/CD3 
complex from parental activated T cells can present antitumor re
sponses. At the same time, there are still few studies on them in cancer 
immunotherapy compared to the widely studied Dexs, which required 
further exploration in the future researches [120]. 

In addition to naturally-derived exosomes, diverse varieties of 
chemically or biologically modified exosomes have been generated to 
broaden, alter, or enhance their therapeutic capabilities. In this frame
work, various surface functionalization approaches have been widely 
explored, such as genetic or metabolic engineering, covalent surface 
chemistry, and hydrophobic insertion, among others [121]. In a case, 
Feng and coworkers developed a new exosome-based approach for 
improving cancer treatment by modulating the TME via hyaluronidase 
and folic acid (FA) modification [122]. The HA content was usually 
higher in malignant tumors than in the corresponding benign tumors or 
normal tissues. A high accumulation of HA in the TME often leads to an 
increase in the interstitial pressure and reduced perfusion of drugs. 
Furthermore, HMW-HA acts by suppressing M1 macrophage polariza
tion, enhancing M2 polarization, and inducing immunosuppression. 
Owing to these aspects, a novel exosome-based DDS, named 
Exos-PH20-FA, was designed, using genetic engineering to express 
human hyaluronidase (PH20) and self-assembly techniques to modify 
the exosomes with FA (Fig. 7B). The results showed that Exos-PH20-FA 
degraded HMW-HA to low-molecular-weight (LMW)-HA. Moreover, 
LMW-HA polarized macrophages to the M1 phenotype and reduced the 
number of relevant immunosuppressive immunocytes, which changed 
the immune microenvironment from an immunosuppressive to an 
immunosupportive phenotype. In addition, several reports on some 
specially-engineered exosomes demonstrated the assembly of multiva
lent antibodies into one nanoplatform to regulate cellular immunity. In a 
case, SMART-Exos were designed with anti-human CD3 and anti-human 
HER2 antibodies displaying on the surface of exosomes derived from 
Expi293 cells. By recognizing T cell surface CD3 and cancer 
cell-associated EGFR, SMART-Exos acted as an artificial modulator to 
control the immunoreactivity of immune effector cells, stimulating 
potent antitumor immunity both in vitro and in vivo [123]. 

3. Applications in cancer nano-immunotherapy 

Owing to the abilities to evade immune clearance or enhance im
mune responses, immune-regulating camouflaged nanoplatforms, 
including polymer-coated, cell membrane-camouflaged, and exosome- 
based nanoplatforms, have been widely exploited in immunotherapy, 
and some ICD-inducing immunotherapeutic modalities including 
chemotherapy, PTT, photodynamic therapy (PDT), sonodynamic 

Fig. 7. (A) Schematic of Mn2+-induced M1 macrophages polarization and the synergistic anticancer effect of M1 Exo-engineered with aCD47 and aSIRPα. Repro
duced with permission from Ref. [117] Copyright 2020, John Wiley & Sons. (B) Scheme illustration of the effects of DOX@Exos-PH20-FA on the modulation of the 
TME, which leads to enhanced DDS uptake by the tumor and conversion of the immune microenvironment from immunosuppressive to immunosupportive to favor 
cancer therapy. Furthermore, Exos-PH20-FA directly reduces the accelerated migration of tumor cells triggered by HA degradation. Reproduced with permission from 
Ref. [122] Copyright 2021, Elsevier. 
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therapy (SDT), chemodynamic therapy (CDT), and RT. Firstly, it is of 
great significance to improve therapeutic efficiency by protecting the 
loaded therapeutic agents like immunotherapeutics, chemotherapy 
drugs, and molecules medicine or inorganic nanoparticles such as PTT, 
PDT, SDT, CDT, and RT agents from immune clearance by realizing 
immune clearance evasion of the immune-regulating camouflaged 
nanoplatforms. In addition, with the ability to enhance the immune 
response, the immune-regulating camouflaged nanoplatforms may be 
helpful in enhancing anticancer immunity and synergizing with these 
immune-related treatment methods for better therapeutic effects. The 
recent progress in this field is summarized in Table 1. 

3.1. Immunotherapy 

By eliciting or strengthening the host’s immune response against 
cancer cells via stimulating immune system activities directly or block
ing immunosuppressive signals generated by cancer cells, cancer 
immunotherapy emerges as a revolutionary treatment regimen, mainly 
including adoptive T cell therapy, immune checkpoint blockade (ICB), 
and therapeutic cancer vaccines [124]. Cancer immunotherapy aims to 
not only damage or kill both primary and distant metastatic tumors but 
also trigger further long-term immune memory that can prevent cancer 
recurrence [125]. 

The commonly used immune checkpoint inhibitor and cancer vac
cines are usually prescribed in the form of mRNA, proteins, and pep
tides, which are easily eliminated in the delivery process to the tumor 
site. To reduce the in vivo clearance, immune-regulating camouflaged 
nanoplatforms have been recently applied as protective carriers to 
deliver these immunotherapeutic agents [126]. By loading on the hybrid 
biomimetic membrane (from RAW264.7 macrophages and 4T1 breast 
cancer cells)-coated PLGA nanoparticles, immuno-metabolic modulator 
metformin (Met), and siRNA targeting fibrinogen-like protein 1 mRNA 
(siFGL1) were co-delivered at the tumor site. The effective co-delivery of 
both immuno-metabolic adjuvant and immune checkpoint inhibitors 
was proven to present potent inhibition of tumor growth and invasion 
[127]. 

The immune-regulating camouflaged nanoplatforms, particularly 
some cell membrane-camouflaged and exosome-based nanoplatforms, 
can also directly act as the immune checkpoint inhibitor or cancer 
vaccines to activate or amplify immune response in cancer immuno
therapy [128,129]. Recently, the cell membranes of monoclonal pro
grammed death 1 (PD-1)-expressing HEK293T cells were extracted to 
encapsulate the photosensitizer sinoporphyrin sodium (DVDMS)-bind
ing human serum albumin (HSA)-perfluorotributylamine (PFTBA) 
nanoemulsion [130]. The expressed PD-1 protein on the coated cell 
membrane could block programmed death-ligand 1 (PD-L1) to directly 
boost the immune response against the tumor via rejuvenating exhaus
ted T cells (Fig. 8A). In another case, Xiong and his colleagues developed 
an R837-loaded PLGA nanovaccine coated with a CRT-expressed cancer 
cell membrane antigen for immunotherapy [131]. To obtain 
CRT-expressed tumor cell membrane antigens, Luc-4T1 cells were 
incubated with a DOX-containing medium to induce the ICD of tumor 
cells. The coating surface provided the whole cancer cell membrane 
antigen array and exposed CRT to increase the uptake of nanovaccine by 
DCs. Subsequently, R837 could be continuously released from the vac
cine to excite toll-like receptor 7, further activating DCs with antigens, 
consequently enhancing the antitumor effect (Fig. 8B). 

3.2. ICD-inducing immunotherapeutic modalities 

3.2.1. Chemotherapy 
Chemotherapy, one of the traditional cancer treatment methods, 

interferes with tumor cell growth via various chemotherapeutic drugs. 
The applicability of chemotherapy is always limited due to poor speci
ficity and systemic toxicity. Moreover, many chemotherapeutic drugs 
are hydrophobic, resulting in poor absorption and low bioavailability. 

Therefore, diverse immune-regulating camouflaged nanoplatforms have 
been constructed to effectively deliver chemotherapeutic drugs in recent 
studies, which significantly alleviated immune elimination and 
improved the treatment effects [81]. 

Chemotherapeutic drugs, such as DOX, oxaliplatin, cyclophospha
mide, and some other chemotherapy drugs, can induce ICD reportedly 
[132,133]. In addition to directly triggering DCs engulfment, NK cell 
proliferation, and T cells activation by the released DAMPs, chemo
therapy can enhance tumor cell immunogenicity via eliciting the 
expression of MHC-I molecules and tumor-specific antigens on the tumor 
cell surface [134]. To further amplify the chemotherapy-induced im
mune response, immune-regulating camouflaged nanoplatforms have 
been used. As mentioned earlier, PLGA nanoparticles loaded with DOX 
were prepared, in which PLGA nanoparticles could act as an amplifier of 
chemotherapy-induced ICD via controlling the release kinetics of DOX. 
Then, the ICD-elicited tumor-specific immune responses could further 
establish the immunological memory effect to ultimately obtain an 
enhanced immune response [56]. IFN-γ plays an essential role in anti
tumor immunity and is remarkably down-regulated after surgical 
resection of the tumor, thus weakening the antitumor immunity against 
cancer proliferation. Recent studies have shown that 
chemotherapy-induced ICD can significantly up-regulate IFN-γ expres
sion by initiating the antitumor immune response, which can precisely 
be utilized to restore IFN-γ levels, relieve the immunosuppression 
caused by surgery, and effectively regulate postoperative tumor recur
rence and metastasis [75]. 

3.2.2. Photothermal therapy 
PTT is a treatment using photothermal agents (PTAs) to absorb and 

convert the laser energy into localized heat at the tumor site, damaging 
or killing cancer cells at a temperature over 41 ◦C [135,136]. Several 
reports on the immune-regulating camouflaged nanoplatforms loaded 
with PTAs have been proposed to reduce the immune clearance of PTAs 
for more effective PTT [74,109]. It is worth noting that PTT is also a 
method to elicit ICD. In addition to direct cell damage, hyperthermia can 
also lead to the variation of cytokine expression and immune response, 
which may promote the DCs activation and boost the delivery of 
tumor-specific agents to the lymph nodes to further activate T cells 
[137]. Immune-regulating camouflaged nanoplatforms loaded with 
PTAs have been exploited to achieve PTT and amplify antitumor im
munity. In a case, black phosphorus quantum dots (BPQDs), as an 
effective PTA, were encapsulated in serum exosomes (hEX) that had 
been investigated to display a series of patient-specific tumor-associated 
antigens (TAAs) after hyperthermia treatment. Thus, hEX-encapsulated 
BPQDs exhibited potent immune-PTT outcomes by significantly 
elevating the temperature of the tumor area and boosting the T-cell 
infiltration into the tumor site [103]. In another case, Xu and colleagues 
reported a polymeric multicellular nanoengager (SPNE) for synergistic 
second-near-infrared-window (NIR-II) photothermal immunotherapy 
[138]. The designed nanoengager of a NIR-II absorbing polymer as the 
photothermal core was camouflaged with the fused membranes derived 
from immunologically-engineered tumor cells and dendritic cells (DCs) 
as the cancer vaccine shell. Due to their high accumulation in the lymph 
nodes and tumors, the multicellular engagement ability of the SPNE 
enabled effective cross-interactions among tumor cells, DCs, and T cells, 
leading to augmented T-cell activation relative to bare or 
tumor-cell-coated nanoparticles. In the presence of deep-tissue pene
trating NIR-II photoirradiation, SPNE substantially eradicated the tumor 
and induced ICD, eliciting further antitumor T-cell immunity (Fig. 9). 
Together, these shreds of evidence indicate that the synergistic photo
thermal immunotherapeutic effect substantially inhibits the growth of 
tumors and prevents further metastasis, as well as procures immuno
logical memory. 

3.2.3. ROS-mediated therapy 
ROS, a series of reactive molecules containing singlet oxygen (1O2), 
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Table 1 
Summary of typical immune-regulating camouflaged nanoplatforms towards cancer nano-immunotherapy.  

Immune-regulating 
camouflaged 
nanoplatforms 

Construction Function Applications Outcomes/Merit Ref. 

Polymer-coated 
nanoplatforms 

PEG-modified PEI-based nanovaccine 
consists of PEI-antigen conjugates and 
CpG adjuvants formed through 
electrostatic interaction. 

Alleviating immune 
clearance 

Immunotherapy PEG conjugation completely abolished the 
cytotoxicity of PEI and reduced the 
nonspecific cellular uptake. 

[40] 

SO2 prodrug molecules and DOX were co- 
loaded on MON covered with a dense 
PCBMA polymer shell via a reflux 
precipitation polymerization approach. 

Prolonging blood 
circulation/controlled 
release of drug 

Chemotherapy and 
ICD-elicited 
immunotherapy 

The obtained nanoplatform presented an 
increased accumulation of nanomedicine in 
the tumor site. The produced SO2 molecules 
could downregulate the P-glycoprotein 
expression, overcoming MDR with effective 
chemotherapy. 

[45] 

A water-soluble enzyme Cat was 
encapsulated in the aqueous cavity of an 
R837-loaded PLGA shell via a water/oil/ 
water (w/o/w) double emulsion 
approach. 

Amplifying immune 
response 

RT and ICD-induced 
immunotherapy 

The prepared nanoplatforms raised RT 
effects by alleviating hypoxic conditions and 
modulating the immune-suppressive TME. 

[53] 

PLGA-based NPs with different molecular 
weights (7000 g/mol and 12,000 g/mol) 
were applied to encapsulate DOX by an 
oil-in-water (o/w) emulsion approach. 

Enhancing immune 
response 

Chemotherapy and 
ICD-elicited 
immunotherapy 

PLGA-based NPs realized sustained release of 
DOX to prevent tumor growth and stimulate 
DC maturation and tumor-infiltration of 
CTLs, forming a tumor-specific 
immunological memory effect. 

[56] 

OVA 257–264 was loaded on chitosan 
nanoparticles of three different sizes and 
qualities (90/10, 90/20, and 90/50). 

Eliciting an antitumor 
immune response 

Immunotherapy Chitosan nanoparticles of small size were 
confirmed to act as suitable antigen vehicles 
to induce activation and proliferation of 
tumor antigen-specific CD8+ T cells. 

[60] 

A core-shell gold nanocage coated with 
manganese dioxide and HA (AMH). 

Evading immune 
elimination/tumor 
targeting 

PDT and ICD-elicited 
immunotherapy 

AMH nanoparticles with biocompatibility 
demonstrated targeting ability towards 
CD44-overexpressing cancerous cells and 
oxygenation-boosted immunogenic 
phototherapy in situ. 

[153] 

Cell membrane- 
camouflaged 
nanoplatforms 

Hypoxia-activated prodrug AQ4N was 
loaded on mesoporous titanium dioxide 
nanoparticles with red blood cell 
membranes coated on the surface (RBC- 
mTNPs@AQ4N). 

Escaping immune 
clearance 

Combined SDT and 
chemotherapy. 

RBC-mTNPs@AQ4N exhibited efficient 
distribution in tumor tissue because of the 
immune escape ability and presented good 
antitumor results both in vitro and in vivo. 

[68] 

IR780 and DOX were firstly loaded on the 
PLGA NPs, followed by wrapping platelet 
membranes onto the NPs. 

Prolonging circulation/ 
evading immune clearance 

Synergistic PTT and 
chemotherapy 

The constructed NPs were investigated to 
show a prolonged internal circulation time, 
as well as strong treatment effects. 

[74] 

2D MnO2 nanosheets were firstly wrapped 
with gold nanorod and then loaded with 
DOX. Cancer cell membranes were 
subsequently introduced to coat the 
nanoplatform. 

Homotypic cancer- 
targeting/immune escape 

MRI/PTI-guided PTT 
and chemotherapy 

The nanoplatforms with tumor targeting and 
immune escape abilities were disrupted to 
release the loads that afforded a robust result 
of the imaging-guided PTT/chemotherapy. 

[77] 

The biomimetic vehicle was established 
by integrating MSC membranes with 
DOX-loaded mesoporous silica NPs. 

Escaping 
immunosurveillance/ 
active tumor targeting 

Chemotherapy With the acquired immunosurveillance 
escape and self-position abilities, the MSC 
membrane-coated NPs showed enhanced 
therapeutic outcomes with alleviated side 
effects. 

[81] 

NPs covered with macrophage 
membranes were loaded with DOX, Ce6 
and IDO1. 

Delaying MPS clearance/ 
tumor targeting 

Chemotherapy, PDT, 
and ICD-induced 
immunotherapy 

The DDS coated with macrophage 
membranes promoted the delivery efficiency 
of cargos, alleviated the suppressive TME, 
and further activated T cells. 

[83] 

PLGA NPs with encapsulated dyes 
(coumarin-6/lipophilic DiD) or drugs 
(Trametinib) were camouflaged with 
gp100-specific hybridoma T-cell 
membranes. 

Extending circulation 
time/specific tumor 
targeting 

Chemotherapy The nanoplatform with specific T-cell 
membranes presented not only significantly 
increased aggregation and stabilities and 
alleviated systemic clearance but also 
enhanced therapeutic ability. 

[88] 

Photosensitizer-loaded upconversion 
nanoparticles were coated with TAM 
membranes. 

Alleviate the 
immunosuppression 

PDT and 
immunotherapy 

The obtained TAM-mimic nanosystems 
selectively accumulated in the tumor site and 
bound with CSF1, reducing the binding of 
CSF1 with the endogenous TAMs, thus 
alleviating the immunosuppression in TME 
for better treatment. 

[93] 

FC (DCs/cancer cells) cytomembranes 
coated on the surface of MOFs containing 
photosensitizers. 

Amplifying immune 
response 

PDT and ICD-induced 
immunotherapy 

The final nanoplatform was successful in 
inducing innate immunity and adaptive 
immunity, posing a more inflammatory TME, 
as well as causing more cancer cell death. 

[97] 

The nanovaccine was based on artificial 
cytomembrane NVs derived from DCs 
that directional presentation of specific 
antigen epitopes by MHC-I molecules, as 
well as the co-delivery of anti-PD1 

Antigen self-presentation 
and immunosuppression 
reversal 

Immunotherapy The nanovaccine platform can markedly 
improve antigen delivery to lymphoid organs 
and generate broad-spectrum T-cell 
responses that eliminate established tumors. 

[98] 

(continued on next page) 
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superoxide (O⋅−
2 ), hydroxyl (⋅OH), and hydrogen peroxide (H2O2) act as 

significant regulators in a variety of cellular biological processes [139, 
140]. Nevertheless, the accumulation of ROS to an excessive degree in 
cells can cause uncontrollable stress, leading to the oxidative damage of 
the intracellular biomacromolecules, such as DNA, lipids, and proteins, 
thus inducing the eventual cellular apoptosis or growth arrest [141, 
142]. Furthermore, it has been proposed that ROS-based endoplasmic 

reticulum (ER) stress is essential for triggering the intracellular danger 
signaling pathways that govern ICD. ROS generation is regarded as a 
crucial role in the release of DAMPs, and the ICD-induced immunoge
nicity has shown diminishment in the presence of antioxidants. 
Recently, immune-regulating camouflaged nanoplatforms with immune 
clearance evading or enhancing antitumor immunity functions in 
several potent ROS-mediated treatment strategies, including PDT, SDT, 

Table 1 (continued ) 

Immune-regulating 
camouflaged 
nanoplatforms 

Construction Function Applications Outcomes/Merit Ref. 

antibody and B7 co-stimulatory molecules 
via a programmed process. 
Photosensitizer TCPP-loaded PLGA NPs 
were coated with extracted NK cell 
membrane by extrusion. 

Eliciting immune response 
and M1 macrophage 
polarization 

PDT and 
immunotherapy 

The results demonstrated that the 
nanoplatforms with selective accumulation 
in the tumor site effectively inhibited both 
primary tumor growth and distant untreated 
tumors. 

[100] 

PD-1-expressing cancer cell 
membranes were extracted to 
encapsulate the photosensitizer DVDMS- 
binding HSA-PFTBA nanoemulsion. 

Boosting antitumor 
immune response 

PDT/Immunotherapy The expressed PD-1 protein on the coated cell 
membrane directly blocked PD-L1 to boost 
the immune response against tumors via 
rejuvenating exhausted T cells. 

[130] 

Sulfasalazine was loaded on Fe3O4 NPs 
and then covered by platelet 
membranes. 

Prolonging circulation/ 
evading immune clearance 

CDT With the assistance of sulfasalazine, Fe2+

released from Fe3O4 activated Fenton 
reaction to generate an excessive 
accumulation of ⋅OH, leading to oxidative 
damage to cancer cells 

[148] 

Exosome-based 
nanoplatforms 

BPQDs were encapsulated in serum 
exosomes. 

Eliciting immune response PTT and 
immunotherapy 

After hyperthermia treatment, serum 
exosomes-encapsulated BPQDs displayed a 
series of patient-specific TAAs, boosting the 
T-cell infiltration into the tumor site. 

[103] 

Curcumin was encapsulated on bovine 
milk-derived exosomes (ExoCUR). 

Immune clearance evasion Chemotherapy ExoCUR showed increased biological 
efficacy in antiproliferative, anti- 
inflammatory, and antitumor activities. 

[107] 

CD47-overexpressed gene-engineered 
exosomes derived from CT26 cells were 
fused with thermosensitive liposomes, 
followed by loading ICG and R837. 

More prolonged circulation 
time/homologous 
targeting 

PTT and 
immunotherapy 

The nanoplatforms successfully avoided the 
clearance by MPS and realized PTT-induced 
ICD to motivate DCs maturation with the 
assistance of R837, further eradicating 
cancer cells completely. 

[109] 

Ginger-derived exosome-like 
nanovesicles engineered with specific 
surface ligands encapsulated the siRNA 
for tumor suppression. 

Escaping immune 
clearance/tumor targeting 

Immunotherapy The engineered nanovesicles showed 
economic advantages and significantly 
increased productivity, and provided a 
proper delivery vector for intravenous 
administration. 

[110] 

Exosomes produced from activated DCs 
pulsed with OVA were modified with anti- 
CTLA-4 monoclonal antibodies via a post- 
insertion technique. 

Inducing immune 
response/T-cell targeting 

Immunotherapy The constructed exosomes significantly 
facilitated T-cell targeting, effectively 
stimulated T cells, and ultimately inhibited 
tumor growth appreciably. 

[116] 

Azide-modified M1 macrophage 
exosomes were conjugated with immune- 
stimulatory antibodies (CD47 and aSIRPα) 
via pH-sensitive linkers. 

Enhancing immune 
response/active tumor 
targeting 

Immunotherapy The azide-modified M1 macrophage 
exosomes effectively reprogramed the pro- 
tumoral M2 toward antitumor M1, which 
could further enhance the anticancer effects. 

[117] 

BCL-2 targeting siRNA was loaded in 
exosomes secreted from lentivirally 
modified NK cells (siBCL-2 NKExos). 

Enhancing immune 
response/tumor targeting 

Immunotherapy siBCL-2 NKExos demonstrated specific 
targeting of BCL-2 and significant antitumor 
efficacy against ER+ breast cancer. 

[119] 

Human hyaluronidase (PH20) was 
expressed on the surface of exosomes 
derived from 293T cells using genetic 
engineering and modifying the exosomes 
with FA by self-assembly techniques 
(Exos-PH20-FA) 

Inducing immune 
response/tumor targeting 

Immunotherapy Exos-PH20-FA modulated the TME via 
polarized macrophages to the M1 phenotype 
and reduced the number of relevant 
immunosuppressive immunocytes. 

[122] 

Anti-human CD3 and anti-human HER2 
antibodies were displayed on the surface 
of exosomes derived from Expi293 cells 
(SMART-Exos). 

Amplifying antitumor 
immunity 

Immunotherapy SMART-Exos acted as an artificial modulator 
to control the immunoreactivity of immune 
effector cells, stimulating potent antitumor 
immunity both in vitro and in vivo. 

[123] 

Abbreviations: BCL-2 - B-cell lymphoma-2; BPQDs - Black phosphorus quantum dots; Ce6 - Chlorin e6; CTLA-4 - Cytotoxic T-lymphocyte antigen 4; CTLs - Cytotoxic T 
lymphocytes; CSF1 - Colony-stimulating factor 1; DCs - Dendritic cells; DDS - Drug delivery system; DOX - Doxorubicin; DVDMS - Sinoporphyrin sodium; ER+ - Estrogen 
receptor positive; FA - Folic acid; FC - Fused cell; HA - Hyaluronic acid; HER2 - Human epidermal growth factor receptor-2; HSA - Human serum albumin; ICD - 
Immunogenic cell death; IDO1 - Indoleamine 2,3-dioxygenase 1 inhibitor; MDR - Multiple drug resistance; MOFs - Metal-organic frameworks; MPS - Mononuclear 
phagocyte system; MRI - Magnetic resonance imaging; MSCs - Mesenchymal stem cells; NK - Natural killer; NPs - Nanoparticles; NVs - Nanovaccines; OVA - Ovalbumin; 
PCBMA - Poly(carboxybetaine methacrylate); PD-1 - Programmed death 1; PD-L1 - Programmed death ligand 1; PDT - Photodynamic therapy; PEG - Poly(ethylene 
glycol); PEI - Polyethyleneimine; PFTBA - Perfluorotributylamine; PLGA - Poly(lactic-co-glycolic acid); pMHC-I - Peptide-major histocompatibility complex class I; PTI 
- Photothermal imaging; PTT - Photothermal therapy; RT - Radiotherapy; SDT - Sonodynamic therapy; siRNA - Small interfering RNA; TAAs - Tumor-associated 
antigens; TAMs - Tumor-associated macrophages; TCPP - 4,4′,4′′,4′′′-(porphine-5,10,15,20-tetrayl) tetrakis (benzoic acid); TME - Tumor microenvironment. 
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CDT, and RT, have been developed to assist the generation of ROS in the 
TME. 

PDT and SDT are both treatments transforming the molecular oxygen 
into cytotoxic 1O2 in tumor area towards the ablation of tumor cells, in 
which the photosensitizers or sonosensitizers react with the endogenous 
O2 in the presence of appropriate light illumination or ultrasound 
treatment, respectively [2,143]. However, limited to the hypoxia con
dition in the tumor area, PDT or SDT could be combined with other 
treatment strategies for superior anticancer efficacy than a single 
treatment [144]. A synergistic strategy of combining PTT and SDT was 
proposed by integrating iridium complexes into black-titanium nano
particles camouflaged with cancer cell membranes. Upon exposure to a 
laser in the near-infrared II (NIR-II) region (1000–1700 nm), the pre
pared nanoplatforms presented good photothermal efficacy, which 
expedited the blood flow to deliver more oxygen into the tumor site, 
further augmenting the therapeutic efficiency of oxygen-dependent SDT 
[145]. 

In CDT, metal ions (e.g., Fe, Mn, Co, Cu, and Ag)-based Fenton 
nanomaterials are introduced to trigger the Fenton-like reaction in 
which the overexpressed intracellular H2O2 degrades into ⋅OH species, 
rendering specific damage of the cancer cells but negligible destruction 
to the normal tissues [146,147]. For example, sulfasalazine (SAS) was 
encapsulated in magnetic nanoparticles (Fe3O4) and then covered by 
platelet membranes. With the assistance of SAS, Fe2+ released from 
Fe3O4 activated the Fenton reaction to generate an excessive accumu
lation of ⋅OH, leading to oxidative damage to cancer cells (Fig. 10) 
[148]. 

As a broadly applied clinical treatment method for solid tumors, RT 
uses ionizing radiation (such as high-energy X-rays or γ-rays) to kill 
tumor cells without depth restriction via complicated mechanisms 
[149]. On the one hand, double-stranded deoxyribonucleic acid (DNA) 
can be directly destroyed by the interaction of the radiation beam with 
DNA strands [149,150]. On the other hand, ROS generated from the 
reaction of water radiolysis with oxygen can further pose DNA lesions 
with steady DNA peroxide, accounting for 80% of DNA damage. 
Recently, to simultaneously realize RT, PTT, and exogenous oxygen 
supplying, Wu et al. co-loaded RBC contents and CuS on dendritic large 
pore MSNs, subsequently coated with RBC membranes [151]. CuS 
endowed the nanoplatform with photothermal property and radio
sensitization ability. Meanwhile, RBC contents acted as an oxygen 
reservoir, causing increased tumor oxygenation. The final results of in 
vitro study indicated that this multifunctional nanoplatform might have 
great potential in the field of cancer treatment. 

Extensive research confirmed that these ROS-mediated treatment 
strategies could elicit ICD to further activate the immune responses. ROS 
produced from these methods could disrupt the integrity of the nucleus 
and release HMGB1. Furthermore, the elevated level of ROS in the ER 
would lead to CRT exposure [152]. In a recent study, core-shell gold 
nanocages coated with manganese dioxide and HA (AMH) were devel
oped for targeted delivery to colorectal tumors, and oxygenation boos
ted immunogenic phototherapy in situ. The AMH nanoparticles 
exhibited high tumor-targeted delivery efficiency and generated abun
dant oxygen in a mild acidic/H2O2 microenvironment to relieve the 
tumor hypoxia and further improve the PDT killing effect. Furthermore, 
AMH-mediated oxygen-boosted PDT induced ICD with DAMPs release, 
promoting DC maturation and facilitating the activation of systematic 
antitumor immunity [153]. In another case, photosensitizer TCPP was 
first loaded on porphyrin-based Zr-MOF (PCN-224), followed by the 
camouflage of fused cell membrane (cancer cells and DCs). With the 
laser irradiation, the generated cytotoxic ROS combined with 
ICD-induced immunotherapy posed effective cell eradication towards 
primary and distant tumors (Fig. 11) [97]. However, few studies exist on 
utilizing immune camouflage to directly enhance the immune response 
against the tumor. Thus, there is great potential for applying 
immune-regulating camouflaged nanoplatforms in future research 
studies to amplify the insufficient systemic immune responses induced 
by ROS-mediated treatment strategies to meet clinical requirements. 

4. Conclusion and perspectives 

In summary, this article has emphasized the state-of-the-art of 
various immune-regulating camouflaged nanoplatforms to alleviate the 
immune-related limitations of conventional nanoplatforms for cancer 
nano-immunotherapy. These revolutionary nanosystems, coating with 
specific polymeric materials, cell membranes, or based on exosomes, 
presented great potential in various cancer immune-related therapies, 
including immunotherapy, chemotherapy, PTT, and several ROS-related 
therapies due to their abilities to escape immune clearance or enhance 
the immune response. Although the development of immunotherapy has 
brought hope to tumor patients, the clinical data show that immuno
therapy alone has a low effective rate. For example, the effective rate of 
PD-1 antibody in treating liver cancer patients is only 20%. The main 
reason for this phenomenon is that tumors are classified into “cold” 
tumors and “hot” tumors according to the characteristics of the immune 
microenvironment. “Hot” tumor means that the number of immune cells 
around the tumor tissue is significant; therefore, the immunomodulator 

Fig. 8. (A) Schematic of synergistic photodynamic-immunotherapy mediated by PHD@PM. (a) The PHD@PM preparation procedure. (b) The mechanism underlying 
PDT-induced ICD and simultaneous PD-L1 blocking is mediated by PHD@PM. Reproduced with permission from Ref. [130] Copyright 2021, John Wiley & Sons. (B) 
Schematic illustration of the (a) preparation of the R@P-IM nanovaccine and (b) CRT exposed on the surface of the intratumoral-injected nanovaccine communicates 
an “Eat Me” sign to induce DCs to take up the nanovaccine. Reproduced with permission from Ref. [131] Copyright 2021, American Chemical Society. 
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is easy to play an efficient role. In contrast, a “cold” tumor refers to the 
absence or very few immune cells in the tumor tissue, and the cancer 
cells respond poorly to immunotherapy. Cancers, such as liver cancer, 
pancreatic cancer, and breast cancer, are all typical “cold” tumors, such 
that the effective rate of immunotherapy is very low. Immune-regulating 
camouflaged nanoplatforms can activate the immune system by 
enabling tumor cells to release relevant antigens through chemotherapy, 
PTT, and several ROS-related therapies, thereby recruiting immune 
cells, transforming “cold” tumors into “hot” tumors, thereby enhancing 
the performance of immunomodulators, enabling efficient treatment of 
“cold” tumors. In addition, many immunotherapies would simulta
neously activate immune cells in other parts of the body during the 
treatment process, thereby indiscriminately attacking normal tissues 
and causing side effects. These immune-regulating camouflaged nano
platforms can specifically target cancer foci by designing rational tar
geting groups. Another application is to use the immune cell membrane 
camouflage strategy to disguise as immune cells and be actively recog
nized by tumor cells with immune evasion properties so as to achieve 
precise activation of the tumor immune microenvironment, thereby 
avoiding the problem of significant side effects of immunotherapy. 

Despite current progress in the field of immune-regulating camou
flaged nanoplatforms for cancer nano-immunotherapy, there are still 
many challenges that remain before their translation to clinics. Firstly, 
there is a considerable gap between lab studies and clinical in
vestigations. It’s required to further study the biology of these immune- 
regulating camouflaged nanoplatforms, as well as evaluate their 
biosafety and efficacy by complete clinical trials. For instance, exosomes 
are complex entities of biological sources, which are yet remained to 
well understand their biogenesis, composition, and roles in physiolog
ical and pathological conditions, along with addressing the associated 
formidable barriers. Currently, the fundamental knowledge of exosome 
biology remains unexplored completely for the successful formulation of 
exosome-like nanoplatforms. As a competing therapeutic agent and drug 
delivery tool in a clinical setting, it is necessary to highlight the need for 
more basic research dedicated to elucidating the structural, composi
tional, and functional characteristics of exosomes. By understanding the 
influence of factors that contribute to the free circulation of exosomes, 
intrinsic targeting, and the ability to overcome biological barriers, 
advanced exosome-like nanoplatforms that are closer to natural exo
somes with higher efficiency and safety will become available [33]. 

Fig. 9. Fused membranes of 4T1 tumor cells and dendritic cells (DCs) camouflaged nanoplatforms for synergistic NIR-II photothermal immunotherapy. a) Prepa
ration of SPNU, SPNT, and SPNE. b) SPNE mediated multicellular engagement, immune activation, and NIR-II photothermal effects. DAMPs, damage-associated 
molecular patterns. TLR, Toll-like receptor. MHC-I, major histocompatibility complex class I molecule. TCR, T-cell receptor. c) SPNE-induced immune activation 
and systemic immune responses for NIR-II photothermal immunotherapy. Reproduced with permission from Ref. [138] Copyright 2021, John Wiley & Sons. 
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Secondly, the large-scale production of such immune-regulating 
camouflaged nanoplatforms may be limited by their current prepara
tion approaches due to many issues, like the tedious work of conjugating 
polymeric materials on the surface of NPs, the insufficient sources of 
various cell membranes or cell-derived exosomes, the low yield, and the 
challenges in preservation of the obtained immune-regulating camou
flaged nanoplatforms. As the currently used membranes or exosomes are 
mainly derived from laboratory cell culture and do not reflect the real 
cell phenotypes changes or membrane proteins expressed in the disease 
condition, these may impair their targeting ability, requiring them to 
regulate the culture conditions to conform to the actual situation. 
Therefore, translating these biomimetic systems from the bench to the 
bedside requires the development of standard, scalable, and 
cost-effective production methods. Finally, different from synthetic 

nanoplatforms, the quality and purity of immune-regulating camou
flaged nanoplatforms are not easy to control, such as the quantitative 
control of polymers molecular weight and density and the integrity of 
cell-membrane coatings or exosomes. Several characterization tech
niques on quality control should be developed in the future. For 
example, the pure tumor cell membrane can hardly maintain the same 
integrity as the whole tumor cell during membrane extraction. Incom
plete tumor cell membranes may lose some proteins that help avoid 
immune surveillance, posing safety and efficacy risks. Moreover, once 
the camouflaged nanoplatforms enter the blood vessel, a protein corona 
will be attached to the surface of nanoparticles. The compositions of the 
protein corona and its role in the biological events of camouflaged 
nanoplatforms, such as immune response, toxicity, biodistribution, 
metabolism, and clearance, need to be carefully identified to optimize 

Fig. 10. In vitro cytotoxicity and mechanism of ferroptosis induced by Fe3O4-SAS@PLT. (a) Cell viability of 4T1 cells treated with different concentrations of free 
SAS, Fe3O4, Fe3O4-SAS, and Fe3O4-SAS@PLT, respectively; n = 6. (b) Cell viability of Fe3O4-SAS@PLT-treated 4T1 cells in the presence of Fer-1 and DFO, 
respectively; n = 6. (c) Representative CLSM images of 4T1 cells stained with DCFH-DA in different groups (SAS, Fe3O4, Fe3O4-SAS, v-SAS@PLT, Fe3O4-SAS@PLT +
Fer-1, and Fe3O4-SAS@PLT + DFO groups). (d) Quantification of total ROS, superoxide, hydroxyl peroxide, and hydroxyl radical by using appropriate fluorescent 
probes; n = 3. (e) Flow cytometry analysis of lipid peroxidation in different formulation-treated 4T1 cells by using a C11-BODIPY fluorescent probe. (f) Intracellular 
GSH levels in 4T1 cells treated with different formulations (SAS, Fe3O4, Fe3O4-SAS, Fe3O4-SAS@ PLT, Fe3O4-SAS@PLT + Fer-1, and Fe3O4-SAS@PLT + DFO groups); 
n = 3. (g) Intracellular XcT and GPX4 expression in 4T1 cells treated with different formulations including (1) Control, (2) SAS, (3) Fe3O4, (4) Fe3O4-SAS, (5) Fe3O4- 
SAS@PLT, (6) Fe3O4-SAS@PLT + Fer-1, and (7) Fe3O4-SAS@PLT + DFO; n = 3. Untreated 4T1 cells were taken as a control. ns represented no significance, *p <
0.001. Reproduced with permission from Ref. [148] Copyright 2020, John Wiley & Sons. 
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the theranostic efficacy. Hence, there is still a long way to translate them 
into clinical applications. Together, we believe that, once these intrac
table issues are successfully solved, these immune-regulating camou
flaged nanoplatforms can provide a new direction for the clinical use of 
therapeutic nanotechnology and pave the way for many novel cancer 
treatment strategies that are based on nanosystems. 
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