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nanovesicles for anti-tumor immunity. We particularly highlight strategies that harness these vesicles to
enhance innate and adaptive immune responses, reverse immune suppression, and synergize with existing
immunotherapy modalities. Furthermore, we discuss the challenges associated with biosafety, large-scale
manufacturing, and clinical translation. Continued innovation in vesicle engineering and immunological

modulation will be crucial for transforming biomimetic nanovesicles into viable next-generation cancer

immunotherapeutics.
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1. Introduction

As researchers continue to reveal the complex mechanisms by
which the immune system, including both innate and adaptive
immunity, the tumor microenvironment (TME), recognize and
eliminate cancer cells. Significant progress has been made in the
development immunotherapeutic strategies aimed at manipulating
the immune system and overcoming tumor evasion. Tumor cells
have evolved various complex mechanisms to escape immune
surveillance and suppression, such as recruiting immunosuppres-
sive cell populations, and upregulating inhibitory immune
checkpoints. All of these can weaken the effective anti-tumor
immune responses' . To counteract their mechanisms, a series of
immune system manipulation methods targeting the immunolog-
ical characteristics of different tumor types have been proposed.
These methods include targeted cytokine therapies that the activity
of immune cells, immune checkpoint inhibitors (ICIs), cancer
vaccines, oncolytic viruses, etc*®. Over the past decade, signifi-
cant progress has been made in both preclinical research and
clinical applications of cancer immunotherapy. It is worth noting
that various types of tumors, especially hematological malig-
nancies, have demonstrated significant clinical responses to
immunotherapeutic interventions’'°. However, despite these
encouraging achievements, the wide application of immuno-
therapy still faces several limitations''. Response rates vary
greatly, and the exact mechanisms underlying treatment efficacy
and resistance are not yet fully understood.

In the clinical application of cancer immunotherapy, current
challenges include unpredictable potential toxicities, inconsistent
therapeutic efficacy, and limited treatment response rates. Among
the most concerning adverse events are a series of immune-related
adverse effects (irAEs) and cytokine release syndrome. Both of
these will significantly affect patient safety and treatment out-
comes'*!. The occurrence and development of irAEs are mainly
associated with ICI therapies and are believed to arise from
autoreactive T cell infiltration and the subsequent release of pro-
inflammatory cytokines'*. These toxicities can affect almost any
organ system, including the skin, gastrointestinal tract, endocrine
glands, and nervous system, with skin reactions being the most
commonly reported'>"?. Addressing these adverse effects is a
major focus of current research, aiming to optimize treatment
plans, establish comprehensive prevention strategies, and develop
predictive models for patient-specific toxicity risk. Furthermore, a
thorough understanding of the pathophysiological mechanisms
behind these toxic reactions is critical for improving toxicity
management and guiding future treatment design®*°. In addition
to toxicity, the efficacy of immunotherapy also varies and often
difficult to predict?'. This variability is evident in several aspects:
the same immunotherapeutic agent may exhibit dramatically

different response rates across distinct tumor types; even within
the same tumor type, patients at different disease stages may
respond differently; and in many cases, patients initially respon-
sive to therapy eventually relapse after partial immunotherapy is
effective due to acquired resistance®>>>. To overcome these lim-
itations, researchers are actively investigating biomarkers and
predictive strategies to identify patients who are most likely to
benefit from immunotherapy®®2’.

The unfavorable and heterogeneous responses observed in
cancer immunotherapy are closely associated with the presence of
immunosuppressive cytokines and regulatory cell populations
within the TME®*%°. One of the major unresolved challenges in
the field is the function plasticity of anti-tumor T cells, particu-
larly the mechanisms underlying T cell dysfunction and exhaus-
tion, as well as their interplay with cytokine networks’.
Exhausted T cells progressively lose their effector functions and
upregulate multiple inhibitory receptors, such as PD1, CTLAA4,
TIM3 and LAG3*'"*. During the process of tumorigenesis and
tumor metastasis, the increased expression of these inhibitory
molecules, the expansion of immunosuppressive immune subsets,
and the downregulation of effector cytokines collectively
contribute to immune evasion and therapeutic resistance***>. Key
immunosuppressive cell populations, represented by neutrophils,
regulatory T cells, and especially tumor-associated macrophages
(TAMs) play pivotal roles in facilitating tumor growth, invasion
and metastasis’®>®. TAMs, in particular, can polarize toward an
M2-like phenotype, secreting anti-inflammatory cytokines and
promoting angiogenesis and stromal remodeling. Therefore,
ongoing research is increasingly focused on revealing the complex
immune—tumor interaction network®>*’. Identifying the specific
cellular components, signaling pathways, and soluble mediators
that drive immunosuppression within the TME is critical for the
rational design of next-generation immunotherapies aimed at
revitalizing anti-tumor immunity.

Immunoglobulins, or antibodies, are soluble glycoproteins
characterized by their high specificities and affinity for corre-
sponding antigens*'. The introduction of mAb technology in 1975
marked a turning point in oncology, enabling targeted therapies
that significantly improved both diagnostic accuracy and thera-
peutic efficacy. This breakthrough has laid the foundation for
several transformative cancer immunotherapy models, including
ICIs, tumor vaccines, and adoptive cell transfer therapies™’.
Despite these advances, the clinical efficacy of antibody-based
therapies still faces limitations such as rapid clearance, subopti-
mal tumor accumulation, and off-target toxicity. To overcome
these hurdles, the integration of nanotechnology with antibody
therapeutics has emerged as a powerful strategy™*. There are many
advantages for nanoparticles in the application of cancer treat-
ments. Nanoparticles can improve pharmacokinetics by
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prolonging circulation half-life, enhancing tumor accumulation
via the enhanced permeability and retention (EPR) effect, and
allowing for co-delivery of multiple agents***’. Our team once
developed an exosome-like sequential-bioactivating prodrug
nanoplatform, showed satisfied efficacy in amplifying prodrug
bioactivation, prolonging blood circulation, selectively targeting
of homotypic tumor cells, and enhancing tumor penetration®. In
addition to this passive accumulation, nanoparticles can be
tailored for active targeting by decorating their surfaces with af-
finity ligands, such as monoclonal antibodies, peptides, aptamers
or small molecules, that bind to specific tumor-associated re-
ceptors*' % However, for nanocarrier drugs more suitable for
circulation and concentration in the complex internal environment
of the human body, researchers have begun to make nanoparticles
interact more effectively with biological systems by making
nanomaterials simulate cellular functions, especially in the field of
immune recognition and systemic clearance. This has led to the
development of biomimetic nanocarriers, particularly those
cloaked in natural or engineered cell membranes®>*. We once
constructed an extracellular vesicles-mediated self-propelled
liposome containing monensin and photosensitizer
pyropheophorbide-a, leading to deep tumor penetration and
enhanced phototherapeutic  efficacy®™. By leveraging cell
membrane-coating techniques, researchers have created nano-
particles that retain surface proteins and functional characteristics
from source cells, enabling immune evasion, enhanced biocom-
patibility, and homotypic targeting capabilities*®>?. Our team also
designed a nanovaccine based on dendritic cell (DC) cytomem-
brane, enabled spatiotemporally synchronous cytokine delivery®.
These membrane-derived nanovesicles, encompassing red blood
cell (RBC) membranes, leukocyte membranes, cancer cell mem-
branes, bacterial outer membrane vesicles, and even hybrid
membranes, are collectively referred to as membrane-derived
biomimetic nanovesicles®' ",

Compared with other nanoscale delivery systems, biomimetic
nanovesicles exhibit distinctive advantages. Exosomes, for
example, are naturally secreted extracellular vesicles with endog-
enous biological relevance and intrinsic communication functions,
but they are limited by heterogeneity, low yield, and challenges in
large-scale production®®®. Unlike exosomes, biomimetic nano-
vesicles reconstructed from source cell membranes preserve native
membrane proteins while offering greater flexibility in design,
enhanced scalability, and broader opportunities for surface func-
tionalization. Similarly, traditional lipid-based nanocarriers such as
liposomes and lipid nanoparticles (LNPs) represent important
synthetic benchmarks, while liposomes act as classical bilayer
systems and LNPs optimized for nucleic acid delivery®’. However,
both of them lack the complexity of biological membranes and
cannot inherently reproduce immune evasion or ligand—receptor
interactions. Biomimetic nanovesicles bridge this gap by combing
the structural stability of lipid bilayers with biocoding functions,
enabling unique properties such as prolonged circulation, homol-
ogous targeting, and regulation of the tumor immune microenvi-
ronment. Membrane-derived biomimetic nanovesicles represent a
promising new platform that differs from exosomes and traditional
artificial nanocarriers, providing unique opportunities for functional
customization and therapeutic development.

These platforms have multiple therapeutic advantages: low
immunogenicity, prolonged systemic retention, selective tumor
targeting, and the ability to interact with the immune system in a
more appropriate manner. These properties have catalyzed their
application in personalized cancer immunotherapy, particularly

when combined with tumor-specific antibodies or ligands®®. With
the advancement of biotechnology, researchers can now bind an-
tibodies or other recognition components to the surface of bio-
mimetic nanovesicle, thereby creating a hybrid drugs that can be
concluded as membrane-derived biomimetic nanovesicles. These
constructs not only retain the inherent advantages of both com-
ponents but also offer the flexibility for multi-target design, im-
mune activation, and modulation of the TME, potentially
enhancing therapeutic efficacy while minimizing systemic
toxicity® 7"

In recent years, the engineered membrane-derived biomimetic
nanovesicles showed great potential in both preclinical models
and early clinical trials, extending their ability from hematological
malignancies to a various solid tumors’?. In this review, we will
summarize the basic design principles and biological advantages
of these engineered platforms. We will also discuss the current
strategies used for surface antibody expression and vesicle prep-
aration, and explore their roles in overcoming tumor immune
escape and enhancing anti-tumor immunity, as illustrated in Fig. 1.

2. Optimal parameters of engineered membrane-derived
biomimetic nanovesicle and their advantages

The therapeutic effects of membrane-derived biomimetic nano-
vesicles are closely influenced by a series of biochemical pa-
rameters, including vesicle size, shape, surface charge,
hydrophobicity, membrane roughness, and compositional
complexity’>”>. These characteristics collectively determine the
behavior of nanovesicles in vivo, affecting their circulation time,
biodistribution, cellular uptake, and immunomodulatory capac-
ity’”7. In this section, we systematically discuss these critical
design parameters and explore how to optimize each factor to
significantly enhance the effectiveness of cancer immunotherapy.
Understanding and fine-tuning these variables not only improves
delivery efficiency and tumor targeting but also contributes to
minimizing systemic toxicity and promoting precise immune
activation.

2.1.  Impact of particle size

The particle size of nanoparticles plays a critical role in deter-
mining their cellular uptake pathways, in vivo clearance rates, and
overall biodistribution characteristics within biological systems’®.
Generally speaking, nanoparticles within the 20—200 nm size
range are considered optimal for exploiting the EPR effect,
allowing them to penetrate into tumor tissue while avoiding rapid
renal clearance (<20 nm) or isolation by the reticuloendothelial
system (>200 nm)’**°. Moreover, nanoparticles with more than
500 nm diameter are more likely to be swallowed, and an
increased risk of adverse events such as pulmonary capillaries
blockage®"®2. Studies on synthetic nanocarriers, including lipo-
somes and polymeric nanoparticles, have consistently shown that
smaller vesicles (<100 nm) can penetrate tissues more effectively,
whereas larger vesicles (>200 nm) exhibit prolonged circulation
but reduced tumor penetration®®. The range above strikes a bal-
ance between avoiding renal filtration, minimizing phagocyte
uptake, and enhancing passive targeting through the EPR effect in
tumor tissues®*®°, The ideal size distribution for nanoparticles is
illustrated in Fig. 2.

Beyond these general principles, membrane-derived bio-
mimetic nanovesicles exhibit unique size-related characteristics,
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Figure 1  Schematic illustration of the main sections of this review. Created with BioRender.com.
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Figure 2 Schematic illustration of the preferred size range (20—200 nm) for biomimetic nanoparticles to optimize circulation time and tumor
accumulation while minimizing renal and splenic clearance. Created with BioRender.com.

which are formed by their parental cell sources and preparation
method, rather than artificial design79. For instance, RBC-derived
nanovesicles typically exhibit relatively uniform sizes around
100—150 nm, reflecting their stable membrane structure, which
helps to prolong circulation and immune evasion®®. Another study
designed and compared RBC membrane-derived nanoparticles in

four distinct sizes; they indicated that different-sized RBC mem-
brane nanovesicles did not cause significant immunogenic
response differences, but smaller particles exhibited longer sys-
temic retention®’. Cancer cell-derived nanovesicles are often
relatively larger and more heterogeneous, which enhances their
homotypic adhesion and tumor accumulation®®. In contrast, DC-
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derived vesicles are usually less than 150 nm, show enhanced
lymph node transport and strong antigen-presenting capability,
thereby more efficiently promoting T-cell activation.

In conclusion, these findings indicate that although membrane-
derived nanovesicles generally follow size-principles rules estab-
lished in nanoparticles, their functional significance is closely
related to their membrane origin. Rather than acting as a purely
adjustable parameter, size in biomimetic nanovesicles reflects
inherited biological properties that determine circulation behavior,
targeting specificity, and immune activation potential. This em-
phasizes the need to consider size not in isolation but in combi-
nation with the unique molecular features conferred by the source
membrane.

2.2.  Impact of particle shape

The morphology of nanoparticles plays a special role in mediating
their cellular internalization, biodistribution, and therapeutic effi-
cacy®. Various nanoparticle shapes, including spheres, rods,
cubes, and stars, have been systematically studied to evaluate their
influence on cellular uptake and in vivo behavior. Fig. 3A and B
shows some typical sphere and cube nanoparticles®*°. Among
these, spherical nanoparticles are the most commonly used due to
their thermodynamic stability, as they require the lowest free en-
ergy for self-assembly. This stable structure helps to prolonged
circulation and uniform organ biodistribution®. However, de-
viations from the spherical form may offer unique advantages in
certain contexts. For example, high aspect ratio rods can increase
contact area with cell membranes, thus significantly enhanced
internalization efficiency into HeLa cells compared to cylindrical
or disc-shaped particles®. In contrast, other investigations have
reported that spherical particles internalize more efficiently,
underscoring cell-type and context-dependence’®.

Beyond simple spheres and rods, cubes, discs, stars, tetrahedral
DNA-framework hybrids, and even hexagonal nanosheets such as
layered double hydroxides have revealed that the critical param-
eters such as local curvature and edge density are essential for
modulating ligand accessibility, receptor clustering, and intracel-
lular transportation, such as tetrahedral DNA-framework hybrids
shown in Fig. 3C and hexagonal nanosheets Fig. 3D°"*°. In
response to the increasing demand for smart, responsive drug
delivery systems, deformable or shape-adaptive constructs further
add a temporal dimension. Stimuli-responsive hydrogels or hybrid
architectures that swell, soften, or reconfigure in response to
matrix metalloproteinase-2, pH, or redox cues can accelerate
release or switch uptake pathways in the TME®*°, an enzymat-
ically controlled microswimmer has shown in Fig. 3E. These
findings show that shape is not a passive feature but a determinant
of how nanomedicine engages with cellular function.

For membrane-derived biomimetic nanovesicles, shape con-
siderations should be integrated with membrane-derived features.
Because they preserve native proteins from their source cells, the
same change in curvature can also reorganize CD47, integrins,
cadherins, or major histocompatibility complex (MHC) complexes
on the surface, thereby regulating biological recognition. For
example, cancer membrane coated rods may present homotypic
adhesion molecules such as CD44 and E-cadherin, over an
enlarged contact interface, promoting tumor-specific binding and
retention. As demonstrated in cancer cell membrane-coated
nanoparticles that exhibit enhanced homotypic targeting and
tumor suppression®. Meanwhile, spherical RBC membrane vesi-
cles can maintain CD47 clustering on low-curvature surfaces to

reduce opsonization and phagocytic uptake, consistent with find-
ings that shape and rigidity affect CD47-mediated ‘self” signaling,
and that CD47 clustering in lipid rafts enhances binding to SIRPA,
amplifying the ‘don’t-eat-me’ signal””*®. DC derived nanovesicles
with mildly anisotropic shapes may facilitate immune synapse-
like interfaces to interact T cells more effectively”. Similarly,
biomimetic nanovesicles with elongated shape may marginate
toward the inflamed endothelium and exploit ICAM1/VCAMI1
interactions'®. These bio-structural combinations differentiate
membrane-derived biomimetic nanovesicles from synthetic car-
riers, suggesting that the particle shape is tightly consistent with
membrane resource and receptor topology.

While these innovations are promising, the impact of nano-
particle shape on biological performance remains an emerging
field of study'®'. Although the morphology is linked to trans-
portation and uptake, the presence of native membrane proteins
and glycans enables the shape to become a biologically active
design variable in membrane-derived biomimetic nanovesicles.
Future optimization should therefore combine morphology and
membrane composition together to the intended mechanism, such
as circulatory stealth, homotypic targeting, or immune synapse
formation, to elevate immunotherapeutic outcomes' %>,

2.3.  Impact of particle surface charge

Surface charge is a critical parameter that influences several key
properties of nanoparticles, including cellular internalization,
colloidal stability, and in vivo biodistribution. Generally, nano-
particles with a positive surface charge tend to have higher inter-
nalization efficiency due to the electrostatic attraction between the
positively charged particles and the negatively charged cell mem-
brane. This property helps the cell absorb therapeutic agents,
especially in cancer cells with high content of surfaces anions.
However, despite their improved uptake, positively charged nano-
particles also bring significant challenges. Studies have demon-
strated that a strong positive surface charge is associated with
increased both cytotoxicity and systemic toxicity, as it can disrupt
cell membranes and induce nonspecific interactions with serum
proteins and non-target tissues'®>'*°. Moreover, the positively
charged nanoparticles often result in rapid conditioning and clear-
ance by the mononuclear phagocyte system (MPS), thereby
significantly shortening the circulation time of the particles
invivo'”.

For membrane-derived biomimetic nanovesicles, surface
charge is not simply an artificial design choice but also reflects the
biochemical properties of the parental cell membranes. For
example, RBC membranes are enriched in sialic acid-bearing
glycophorins, which impart a natural negative charge and hydro-
philic glycocalyx, thereby reducing nonspecific protein adsorption
and prolonging circulation'®. Cancer cell membranes, by
contrast, often display heterogeneous charge distributions shaped
by adhesion molecules and altered lipid compositions, which can
enhance homotypic binding and tumor accumulation'®”. Immune
cell membranes, such as those from DCs and T cells, exhibit
charge features linked to receptor clustering and immune synapse
formation, directly influencing T-cell activation and antigen pre-
sentation' '™'"" These inherited electro properties show that the
functional outcomes of biomimetic nanovesicles depend not only
on size or surface chemistry but also on the unique charge sig-
natures encoded by their membrane origin.

These natural characteristics are matched with engineered
charge-modulation strategies. Many biomimetic strategies now
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Figure 3  (a) Scanning electron micrographs for some typical nanoparticles with different shapes: A. Spheres; B. Oblate ellipsoids; C. Prolate
ellipsoids; D. Elliptical disks; E. Rectangular disks; F. UFOs®. Reproduced with permission from Ref. 89. Copyright © 2025, National Academy
of Sciences. (b) Scanning electron micrographs for some cubic particles with diameters equal to A: 2 pm, B: 3 pm, C: 5 pm®. Reproduced with
permission from Ref. 90. Copyright © 2025, National Academy of Sciences. (c) TEM images showing the cell ultrastructure with TDN@GNP
treatment. Yellow arrows represent TDN@GNP®!. Reproduced with permission from Ref. 91. Copyright © 2025, John Wiley and Sons. (d)
Transmission electron microscopy (TEM) images of layered double hydroxide nanoparticles with different size distributions”. Reproduced with
permission from Ref. 93. Copyright © 2025, John Wiley and Sons. (e) Optical microscope differential interference contrast image of micro-
swimmer and the enzymatically controlled drug release from the hydrogel microswimmers”®., Reproduced with permission from Ref. 96.
Copyright © 2025, American Chemical Society.
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favor neutral or slightly negative surface charges to improve
biocompatibility, as their reduced protein adsorption allows for
extended circulation and more effective exploitation of the EPR
effect'”!'2, One study fabricated a series of lipid nanovesicles with
varying surface charges and reported that those bearing a negative
surface potential demonstrated modestly superior performance in
both blood circulation and tumor accumulation''. Because most
plasma proteins carry a net negative charge, the strong electrostatic
attraction between these proteins and positively charged nano-
vesicles is a major factor contributing to the rapid clearance of
cationic nanocarriers. In contrast, nanovesicles with a slightly
negative surface charge are less prone to nonspecific protein
adsorption,  thereby = maintaining  prolonged  circulation
in vivo"'""'">. This extended circulation time allows negatively
charged nanovesicles to exploit the EPR effect more effectively''¢.
These mechanisms together maintain higher bioavailability and
improve the likelihood of therapeutic delivery to the TME.

On this basis, surface charge properties have been further
utilized in the design of stimuli-responsive nanocarriers. One
promising strategy involves design nanovesicles with reversible
surface charges, enabling them to respond to environmental
stimuli such as pH''7""?°. Such responsive strategies allow nano-
vesicles to in a relatively neutral or weakly negative during cir-
culation, thereby avoiding nonspecific clearance, and only convert
to a positively charged state within the acidic TME, thereby
enhancing tumor uptake. When combined with the intrinsic charge
features of a specific membrane source, this dynamic regulation
provides a refined approach for precise cancer treatment'>".

In summary, the biophysical and biochemical parameters of
engineered membrane-derived biomimetic nanovesicles, such as
particle size, shape, and surface charge, play vital roles in deter-
mining their pharmacokinetics, tumor-targeting efficiency, and
immunotherapeutic performance. Although these vesicles inherit
complex biological features of their source membranes, the in vivo
behavior still broadly follows the general physicochemical princi-
ples of nanoparticles, such as size-dependent distribution and

charge-mediated clearance. A comprehensive understanding and
reasonable design of these parameters are essential to optimize their
clinical translation and efficacy in cancer immunotherapy. While
engineering strategies lay the foundation for constructing functional
biomimetic nanovesicles, their therapeutic efficacy ultimately de-
pends on how they interact with the immune system. Therefore, we
will focus on clarifying the immune mechanisms activated by these
nanovesicles and pay particular attention to their ability to regulate
both innate and adaptive immune responses.

3. Engineered membrane-derived biomimetic nanovesicle
anti-tumor immunotherapy strategies

Owing to their ability to inherit the properties of natural cell
membrane, and achieves membrane-related cellular and molecular
signaling, engineered membrane-derived biomimetic nanovesicles
exhibit excellent biocompatibility, immune evasion capabilities,
and the potential for precise immunological targeting'**'?*. These
vesicles can actively engage in membrane-mediated cellular
communication and molecular signaling, enabling them to circulate
in vivo with prolonged half-life and target tumor tissues more
effectively.

In recent years, a growing body of research has explored the
potential of membrane-derived biomimetic nanovesicles in cancer
immunotherapy’>'?*. In this section, we will review recent ad-
vances in this field, focusing on the classification and therapeutic
mechanisms of these nanovesicles based on their surface antigen
profiles and functional modifications. We broadly categorized cur-
rent strategies into four major approaches: therapeutic cancer vac-
cine (TCV), ICIs, immune adjuvant delivery systems, and targeted
redirection of immune responses. Table 19788125143 summarizes
the representative studies of each strategy. It is worth noting that
these immunotherapy strategies are not mutually exclusive—many
innovative biomimetic nanoplatforms integrate multiple modalities
to synergistically enhance anti-tumor efficacy and overcome the
limitations of single-agent immunotherapies.

Table 1  Studies and strategies on the anti-tumor immunotherapy of engineered membrane-derived biomimetic nanovesicle antibodies.

Author Tumor Anti-tumor strategy Antibody Membrane source Ref.
Strategy Target

Reuven EM Neu5Gc" tumors TCV — - RBC 125
Alexander S Cheung — TCV = = Cancer cell 126
Lukasz J Ochyl = TCV = = DC 127
Wen-long Liu Breast cancer TCV = = Hybrid cell membrane 128
Chao Liu Melanoma TCV/ICIL PDL1 PD1 DC 129
Christopher D Pack Breast cancer TCV/ICL CTLA4 aCTLA4 mAb Cancer cell 130
Yuanwei pan Breast cancer TCV/ICI PDL1 CD40L/PD1 Cancer cell 131
Qian-Fang Meng Melanoma/breast cancer ICI CD47/PDL1 SIRPA x PD-1 BiAn  Hybrid cell membrane 132
Luyao Zhang Breast cancer ICI CD47/PDL1 SIRPA x PD-1 BiAn  HEK293 cell 133
Lang Rao Melanoma ICI CD47 SIRPA Hybrid cell membrane 134
C Wang Melanoma/breast cancer ICI PDL1 PD-1 Platelets 135
Liyan Li Melanoma ICI PDLI PD1/CD64 HEK293T cell 136
M Jung Melanoma ICI aCTLA4 aCTLA-4 mAb DC 137
Chenchen Zhao Breast cancer ICI PDL1 PD1 Hybrid cell membrane 138
Lei Ding Breast cancer ICI PDL1 PD1 CHO cell 139
Rui Chen PDL1" tumor ICl/targeted redirection PDL1/CD3 PDI x aCD3 BiAn HEK?293T cell 140
Fang Xu PDL1" tumor ICl/targeted redirection PDL1/CD19 PDI1 x aCD19 BiAn  DC 141
Y Li HCC ICI/targeted redirection CD47/GPC3 SIRPA x aGPC3 BiAn OMV 142
X Sun = Adjuvant delivery/TCV =~ — = RBC 143
Kaiyuan Wang Breast cancer Adjuvants delivery/TCV — = DC 60
Ronnie H Fang = Adjuvants delivery/TCV — = Cancer cell 88
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3.1.  Therapeutic cancer vaccine (TCV)

Over the past few decades, cancer vaccines have been extensively
explored in both basic research and clinical research, reflecting
their potential as a promising approach in cancer immuno-
therapy'**. The immune system is capable of monitoring tumor-
igenesis through a process known as immune surveillance, during
which it recognizes tumor-associated antigens (TAAs) presented
within the TME'*. A critical function of cancer vaccines is to
properly mimic the presentation state of professional antigen-
presenting cells (APCs), transmitting key immunological signals
to properly activate and direct immune effector cells towards
tumor elimination'*®.

Cancer vaccines can be broadly categorized into prophylactic
cancer vaccines (PCVs) and TCVs'¥’. PCVs are primarily
designed based on tumor-specific or TAAs and are designed to
improve immune surveillance and prevent tumor initiation.
Several PCVs have already entered preclinical studies and early-
phase clinical trials for specific cancer types'**'*°. In contrast,
TCVs aim to enhance ongoing anti-tumor immune responses by
activating and expanding tumor-specific immune cells. TCVs have
been widely tested in patients with advanced-stage cancers.
However, their clinical efficacy remains limited and inconsis-
tent'*>13%151 " Several challenges may lead to poor clinical effi-
cacy of TCVs. These include: poor antigenic targets,
immunosuppressive properties of the TME, the absence of potent
immunostimulatory adjuvants, and an insufficient number of
activated immune cells entering the tumor core'>*'3. In response
to these challenges, recent research has focused on optimizing
vaccine formulations, delivery platforms, and antigen selection to
enhance therapeutic outcomes'>*'3. Among the various delivery
platforms, lipid-based nanoparticles have become common car-
riers for cancer vaccines due to their biocompatibility and efficient
delivery capabilities. More recently, membrane-derived bio-
mimetic nanovesicles have attracted much attention because they
can utilize endogenous cell membrane components, enabling them
to simulate natural cellular communication and recognition path-
ways'>®!157 These vesicles exhibit reduced immunogenicity and
toxicity, prolonged circulation times, and enhanced tumor target-
ing. Leveraging their biomimetic properties, these nanovesicles
are expected to become the next-generation cancer vaccine car-
riers, offering a flexible and effective strategy for therapeutic
cancer immunity 'S,

Generally speaking, the role of TCVs can be classified into two
main categories: those targeting specific TAAs and those aiming
to elicit responses against a broad spectrum of tumor anti-
gen5159’16°. The latter strategy has received increasing attention
due to the high heterogeneity and antigenic diversity in cancer
cells. To address this complexity and preserve the full antigenic
profile of tumor cells, Cheung et al.'* developed a novel immu-
nogenic subcellular vesicular particle derived from the membranes
of cancer cells. This novel vesicular particle preserved multiple
tumor antigens inherited from the parental cancer cells, thereby
maintaining the original antigenic diversity and stimulating a
powerful antigen-specific immune response. This approach takes
advantage of the inherent advantage of biomimetic vesicles and
can present a naturally complex antigen map to the immune
system. Based on this strategy, Ochyl et al.'*” further enhanced the
immunostimulatory capacity of such biomimetic nanovaccines
incorporating the Toll-like receptor 4 (TLR4) agonist mono-
phosphoryl lipid A (MPLA). As illustrated in Fig. 4A by pre-
treating membrane-derived immune cells MPLA, they

successfully amplified T cell activation, indicating that rational
adjuvant integration can further potentiate the immunogenicity of
these vesicles. Except for protein antigens, the altered glycosyla-
tion patterns on tumor cells provide another source of tumor-
specific epitopes'®'. Sialic acid (Sia), particularly N-glyco-
lylneuraminic acid (Neu5Gc), is often abnormally expressed in
malignant tissues, giving rise to tumor-specific glycan neo-
antigens'®®. Reuven et al.'*® exploited this abnormal glycosylation
pattern as a target for cancer vaccines and synthesized biomimetic
glyconanoparticles expressing NeuSGe-glycoconjugates that suc-
cessfully induced robust and durable anti-NeuSGc immune re-
sponses, as shown in Fig. 4B, highlighting the potential of tumor-
associated glycans as promising vaccine targets.

In addition to targeting tumor antigens, some cancer vaccine
strategies have focused on simultaneously promoting antigen
presentation and immune cell activation through innovative
membrane engineering approaches. For instance, Liu and col-
leagues'*® developed a unique vaccine platform using reprog-
rammed cytomembranes derived from fusing cells created by the
hybridization of DCs and tumor cells, as shown in Fig. 4C. This
fusion process enabled the co-expression of both tumor antigen
complexes and essential immunological co-stimulatory molecules
on their surfaces. The dual-functional presentation effectively
mimicked the APC phenotype and elicited potent T cell activation,
thereby enhancing antitumor immune responses. Expanding on
this concept, Liu et al.'* integrated a genetically engineered cell
membrane nanovesicle that combined antigen self-presentation
with a strategy to reverse tumor-induced immunosuppression, as
shown in Fig. 4D. Their nanovesicle construct not only presented
tumor antigens but also incorporated functional elements capable
of reactivating exhausted T cells, in addition to priming naive T
cells. This dual-activation strategy provids a promising approach
for reinvigorating antitumor immunity in immunologically “cold”
tumors where T cell exhaustion is a major barrier to effective
therapy.

These innovative strategies demonstrate how to rationally
design membrane-derived biomimetic nanovesicles to simulta-
neously address multiple limitations of traditional cancer vac-
cines, enhance antigen delivery, provide immunostimulatory cues,
and overcome the immunosuppressive TME.

3.2.  Immune checkpoint inhibitors (ICIs)

Cancer cells often evade immune system by exploiting immune
checkpoint pathways and regulatory mechanisms that normally
serve to maintain self-tolerance and prevent autoimmune re-
sponses'®. These immune checkpoint proteins act as co-
inhibitory molecules that suppress the activation, proliferation,
and cytokine production of immune cells, thereby inhibiting anti-
tumor immunity and allowing tumor progression out of con-
trol'®*'% ICIs are antibodies designed to block certain signals,
thereby reviving exhausted T cells and restoring effective anti-
tumor immune responses. To date, ICIs such as CTLA4 in-
hibitors and PD1/PDL1 pathways have achieved remarkable
breakthroughs in clinical oncology and have been approved for the
treatment of various malignancies, such as melanoma, non-small
cell lung cancer, and urothelial carcinoma'®®'®”. Despite their
clinical success, ICIs are also accompanied by limitations. A
significant number of patients experience irAEs, which are
believed to originate from systemic immune activation. These
irAEs are often difficult to predict and specific, and in some cases
may result in permanent organ damage or life-threatening
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conditions'®*'%°. In this context, biomimetic nanovesicles have
emerged as a promising platform to optimize ICI-based immu-
notherapy. These vesicles can be modified to display immune
checkpoint antibodies on their surfaces, thereby being able to
target and block inhibitory pathways within the TME'"". More-
over, thanks to their high drug-loading capacity and biocompati-
bility, biomimetic nanovesicles can be used as carriers for co-
delivering ICIs alongside other immunomodulatory agents or
chemotherapeutics'”".

A deeper understanding of the immune regulatory mechanisms
within the TME, especially the roles of immune checkpoints on
both adaptive and innate immune cells, is essential for improving
the efficacy of ICI therapies'’>. These insights not only contribute

to the application of current ICIs therapies but are also critical for
developing combination therapies targeting multiple checkpoint
pathways. Fig. 5 illustrates the representative strategies that utilize
membrane-derived biomimetic nanovesicle platforms for ICI de-
livery and functional enhancement.

Among immune checkpoints, PDL1 has emerged as a critical
target in a wide range of cancers, and multiple PD-L1-targeted
therapies have already been approved by the US FDA and Euro-
pean EMA for cancer diagnosis and treatment'”>!”*, Integrating
PDL1-targeted strategies into biomimetic nanovesicle systems has
shown satisfactory efficacy. For example, Wang et al.'*® engi-
neered platelets to display a monoclonal antibody (mAb) against
PDL1 on their surfaces. When administered postoperatively in
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mice with partially resected primary melanoma or triple-negative
breast cancer, this system effectively suppressed tumor recurrence
and metastasis. Building on this approach, Li et al.'*® further
overexpressed CD64 on top of the PDL1 antibody nanovesicles,
enabling high-affinity capture of anti-PDL1 antibodies and facil-
itating the precise delivery of the nanocarriers to PDLI-
overexpressing tumor cells. To overcome resistance to ICI ther-
apy, combinatorial strategies have also been investigated. For
instance, as shown in Fig. 6A, to enhance the immune response,
co-delivery of ADARI-siRNA alongside PDLI-targeting nano-
vesicles has demonstrated potential in sensitizing tumors to ICI
therapy'®®. CTLA4 is another important immune checkpoint
involved in early T cell activation, has been widely explored.
Several CTLA4-blocking antibodies have entered phase III clin-
ical trials and received FDA approval for various cancer treat-
ments'”>"”7. Jung et al.'*” reported a DC-derived nanovesicle

Strategies utilizing biomimetic nanovesicle platforms for the delivery and functional enhancement of immune checkpoint inhibitors

functionalized with anti-CTLA4 mAbs, which selectively acti-
vated tumor-specific cytotoxic T lymphocytes (CTLs) while
minimizing systemic immune activation, thereby reducing the
incidence of irAEs.

Beyond single-target inhibition, biomimetic nanovesicle sys-
tems have also been engineered to perform dual functionalities,
such as immune checkpoint blockade combined with T cell
redirection. Chen et al."* reported a bispecific T cell conjugated
exosome system expressing both anti-PDL1 and anti-CD3,
enabling the recruitment and activation of T cells directly at the
tumor site. This platform, shown in Fig. 6B successfully enhanced
tumor infiltration of T cells while maintaining PDL1 blockade.
Similarly, Xu et al.'"*' employed a dual-targeting strategy in
CD19-positive tumors by concurrently blocking PDLI1 and
directing T cells to the tumor site, resulting in enhanced anti-
tumor efficacy.
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In addition to adaptive immunity mediated by T cells, ICIs
targeting innate immune cells represented by macrophages have
also been investigated and applied in cancer immunotherapy'’®.
Among these targets, CD47 which is overexpressed on various
tumor cells, plays a critical role in immune evasion by delivering
‘don’t eat me’ signals through interaction with SIRP« on myeloid
cells'”"89 This CD47—SIRPa axis suppresses macrophage-
mediated phagocytosis and contributes to immune tolerance of
tumors. Therefore, blocking the CD47—SIRPa pathway has
emerged as a potential immunotherapeutic strategy, and its ability
to stimulate the tumor cell phagocytosis and enhance anti-tumor
immune response in vivo has been validated in multiple preclini-
cal studies'®"'®2. Rao et al."”** developed a hybrid nanovesicle
(hNV) constructed from platelets, M1 macrophages, and tumor
cells, functionalized with high-affinity SIRP« variants, like
Fig. 6C. These nanovesicles not only blocked the CD47—SIRP«
interaction to promote phagocytosis of tumor cells, but also
reprogrammed TAMs toward the MI-like pro-inflammatory
phenotype. In addition, they enhanced antigen presentation by
macrophages and DCs, further amplifying immune activation.
Incorporating immune cell redirection strategies, Li et al.'*?
designed dual-targeted bacterial outer membrane vesicles (OMVs)
that simultaneously displayed anti-CD47 antibodies and anti-
GPC3 single-chain variable fragments (scFv). This approach
enabled the vesicles to actively target and accumulate at the
orthotopic hepatocellular carcinoma (HCC) site, thereby potenti-
ating local immune responses.

Furthermore, combining innate and adaptive immune check-
point blockade has been proposed to synergistically improve
immunotherapeutic outcomes. Meng et al.'** and Zhang et al.'*
separately developed biomimetic nanovesicle systems capable of
simultaneous blockade of CD47 and PDL1. These dual-targeting
nanovesicles significantly enhanced macrophage phagocytic and
antigen-presenting capabilities, while simultaneously activating
cytotoxic T cell responses, thereby providing stable and compre-
hensive anti-tumor immune effect.

The combination of cancer vaccine and immune checkpoint
blockade on the surface of a single nanovesicle represents a novel
and promising strategy. Pan et al.'*' developed a genetically
engineered cancer cytomembrane nanovesicle that simultaneously
displayed the co-stimulatory molecule CD40L and the ICI PDI.
This dual-functional platform synergistically enhances anti-tumor
immunity by promoting DC-mediated cytotoxic T cell activation
via tumor antigen presentation and simultaneously blocking the
PD1/PDLI1 axis to relieve T cell exhaustion, as shown in Fig. 6D.
The resulting nanovesicles exhibited potent therapeutic efficacy
and biosafety, highlighting their potential as a multifunctional
platform for combinatorial immunotherapy.

In summary, by utilizing membrane-derived biomimetic
nanovesicles to deliver or display ICIs, either alone or in combi-
nation with other immunomodulatory strategies, researchers have
enhanced the specificity, efficacy, and safety of ICI-based tumor
immunotherapy.

3.3.  Immune adjuvants delivery

Immune adjuvants are a class of substances that can stimulate,
enhance, or regulate the immune response against antigens. They

are commonly used in vaccines preparations to improve the
immunogenicity and therapeutic efficacy of antigens'S>'83,
Through the activation of innate immune pathways, adjuvants can
enhance antigen presentation and promote the development of a
strong and long-lasting adaptive immune responses. When com-
bined with engineered membrane-derived biomimetic nano-
vesicles, immune adjuvants can be precisely delivered to target
tissues, particularly the TME, thereby improving local immune
activation while minimizing systemic toxicity'*®'8”. Currently,
various types of adjuvants have been integrated into nanovesicle
platforms, including TLR agonists, genotypic adjuvants such as
CpG oligodeoxynucleotides, and immunostimulatory cytokines, as
summarized in Fig. 7.

TLRs are important pattern recognition receptors (PRRs) in the
immune system, responsible for identifying pathogen-associated
molecular patterns (PAMPs) from microorganisms or danger-
associated molecular patterns released from damaged tissues,
thereby initiating innate and adaptive immune responses'S®.
Among genotypic adjuvants, CpG oligodeoxynucleotides can
mimic bacterial DNA and activate immune pathways via TLRO,
effectively improving the function of professional APCs, and
boosting the generation of innate and adaptive immune re-
sponses'®. Co-activation of TLRs and CpG has been shown to
synergistically induce a strong anti-tumor immune response. For
instance, Wen et al.'? developed a tannic acid-based nanovaccine
that co-delivers Mn>" and CpG as a bi-adjuvant, as illustrated in
Fig. 8A, significantly enhancing local immune activation and
delaying tumor progression.

Cytokines, primarily secreted by immune cells, plays essential
roles in regulating cellular functions and mediating intercellular
communication during both homeostasis and pathological condi-
tions'”"'°2, They can be broadly categorized into interleukins,
interferons, chemokines, members of the tumor necrosis factor
superfamily, and growth factors'®>. Both the immunostimulatory
properties of cytokines and the therapeutic potential of antago-
nizing dysregulated cytokine signaling have been explored in
immunotherapy'®*. Several cytokines and their inhibitors, such as
1L2, 1IL12, IL15, IFNG, and various antagonists, have entered
clinical trials or been approved for therapeutic use'*>°°. How-
ever, existing evidence suggests that targeting a single is unlikely
to maintain a sustained clinical response in advanced cancers
unless in a limited subset of patients'®>. Consequently, cytokine-
based therapies are often combined with TCAs or ICIs in drug
design to achieve optimal therapeutic efficacy. To overcome the
challenges associated with the poor pharmacokinetic profiles and
systemic toxicity of cytokines, membrane-derived biomimetic
nanovesicles have emerged as promising platforms for efficient
and targeted cytokine delivery®!2%2,

To integrate the immunostimulatory effects of cytokines with
the antigen-presenting function of cancer vaccines, as shown in
Fig. 8B, Wang et al.*® employed cell membrane vesicles derived
from genetically engineered DCs to achieve spatiotemporal syn-
chronization of IL-15 and MHC, successfully eliciting a broad
spectrum of antigen-specific T cell responses. Similarly, Sun
et al.'* developed a unique RBC-based artificial APCs, func-
tionalized with MHC1 loaded with antigenic peptides, CD28 co-
stimulatory antibodies, and surface-tethered IL-2 on the surface
of the RBC membrane. Both strategies aim to mimic DC antigen

Ref. 134. Copyright © 2025, Springer Nature. (d) Preparation of PD1/CD40L nanovesicles (PD1/CD40L-NVs) derived from 4T1 cells co-
expressing PD1 and CD40L"*'. Reproduced with permission from Ref. 131. Copyright © 2025, John Wiley and Sons.
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Figure 7
activation. Created with BioRender.com.

presentation while delivering cytokines to strongly activate T cell-
mediated anti-tumor immunity. Building upon this approach, the
combination of immune checkpoint blockade therapy can further
enhance therapeutic efficacy. For instance, Pack et al."*° designed
tumor membrane vesicles displaying immunostimulatory B71
(CD80) and IL12 molecules; they demonstrated synergistic anti-
tumor effects when combined with anti-CTLA4 mAb therapy.

Other immune adjuvants can also be engineered and delivered
via biomimetic nanovesicles. Unlike the strategy by Ochyl
et al.'””’, who pretreated membrane-derived cells with MPLA
adjuvants, Fang et al.®® functionalized biodegradable polymeric
nanoparticles with the cancer cell membrane to co-expressed the
membrane-bound TAAs along with MPLA. This design enabled
the co-delivery of antigen-presenting nanoplatform and immune
adjuvants to APCs, as shown in Fig. 8C, thereby enhancing anti-
tumor immunotherapy.

In addition to immunotherapy-focused applications,
membrane-derived biomimetic nanovesicles have also been
explored as versatile carriers for small molecules and nucleic acid
drugs. By retaining functional membrane proteins and structural
stability, these vesicles can prolong systemic circulation, reduce
nonspecific clearance, and enhance tumor accumulation, thereby
improving the therapeutic index of conventional chemotherapeu-
tics such as doxorubicin and paclitaxel. For instance, cancer cell
membrane-cloaked platforms have demonstrated enhanced
homotypic targeting and significant tumor suppression when
delivering doxorubicin in HCC models and co-delivery of doxo-
rubicin and PD-L1 siRNA%**?% Beyond small molecules, bio-
mimetic nanovesicles also show strong potential for gene delivery.
For example, genetically engineered  vesicles  with
ligand—receptor mediated and enzyme-controlled fusion functions
enabled highly efficient cytosolic siRNA delivery, achieving
potent gene silencing and tumor inhibition®”>. The membrane-
associated ligands and receptors facilitate efficient cellular up-
take and endosomal escape, while protecting fragile payloads such
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Common strategies for incorporating immune adjuvants into membrane-derived biomimetic nanovesicles to enhance local immune

as siRNA or mRNA from enzymatic degradation. Unlike synthetic
LNPs, which largely rely on chemical functionalization, bio-
mimetic vesicles lead to natural biological interactions, thereby
achieving receptor-mediated targeting and immune modula-
tion?*®%7_ These characteristics have broadened the therapeutic
scope of biomimetic nanovesicles, enabling them to go beyond
immunomodulators, and become promising delivery carriers for
both conventional and genetic medicines in oncology.

In conclusion, the integration of immune adjuvants with
membrane-derived biomimetic nanovesicles enables precise
spatiotemporal delivery to the TME, effectively enhancing innate
and adaptive immune activation. This strategy not only amplifies
antigen-specific responses but also synergizes with TCVs and ICIs
to potentiate anti-tumor immunotherapy.

3.4. Targeted redirection

Biomimetic nanovesicles can precisely deliver therapeutic agents,
including drugs, antibodies, or bioactive molecules, to specific
target sites. This targeted redirection can be achieved through
various strategies. One common approach is to surface-modify
nanovesicles using specific ligands, such as antibodies, peptides,
or other small molecules, that selectively bind to overexpressed
receptors on target cells, thereby enhancing cellular uptake and
site-specific delivery®. Alternatively, biomimetic nanovesicles
can utilize the inherent recognition properties of native cell
membranes, such as the homotypic targeting ability of cancer cell-
derived membranes, to achieve selective tumor localization?%.
Furthermore, membrane-derived biomimetic nanovesicles can be
engineered to respond to pathological stimuli, such as pH value or
enzyme activity within the TME, thereby achieving spatiotem-
poral controlled drug release and improving therapeutic
efficacy?%%21°.

Bispecific antibodies are a class of antibodies that can recog-
nize and bind to two different antigens or epitopes simultaneously,
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offered enhanced targeting precision and functional versatility
compared to conventional monoclonal antibodies®'!*'%. For
instance, a bispecific DC-T cell engager has been developed to
strengthen the interaction between conventional type I DCs and T
cells, thereby promoting immune activation®'>. Clinically, the
anti-CD19/CD3 bispecific T cell engager blinatumomab has
demonstrated significant therapeutic efficacy in the treatment of
B-cell acute lymphoid leukemia®'®. Given their ability to physi-
cally bridge immune and tumor cells, multi-specific antibodies are
particularly well-suited for conferring biomimetic nanovesicles
with targeted redirection capabilities.

Targeted retargeting strategies are frequently integrated with
other immunotherapeutic approaches, including immune check-
point blockade and cytokine delivery, to achieve synergistic anti-
tumor effects' ' In some recent studies, nanovesicles engi-
neered for targeted redirection can modulate the intercellular
communication between immune cells and cancer cells, or be-
tween immune cells. This approach holds promise for regulating
the TME of cancer and transforming immunologically ‘cold’ tu-
mors into ‘hot’ tumors, representing a prospective direction for
future cancer immunotherapy research®'>.

Targeted redirection strategies enhanced the specificity and
efficacy of cancer immunotherapy by promoting precise inter-
cellular interactions, facilitating immune cell recruitment, and
enabling combined treatment model, thereby bringing great hope
for reshaping the TME and improving treatment outcomes.

In conclusion, current immunotherapeutic strategies based on
engineered biomimetic nanovesicles, including TCVs, ICIs, im-
mune adjuvant delivery, and targeted redirection, have demon-
strated synergistic and complementary effects in enhancing anti-
tumor immunity. These approaches not only promote antigen
presentation and T cell activation but also overcome immune
suppression and improve immune cell infiltration in the TME. By
rationally combining these strategies, it is possible to achieve
more precise, potent, and long-lasting anti-tumor immune
responses.

Understanding the immune mechanisms triggered by bio-
mimetic nanovesicles provides crucial insights into their thera-
peutic action. However, immune activation must be carefully
controlled in both space and time to ensure efficacy while mini-
mizing off-target effects. We further introduce strategies for
achieving spatiotemporal control over nanovesicle-induced im-
mune responses, which is key to enhancing treatment precision.

4. Membrane protein modification strategies

To fully utilize the anti-tumor immunotherapy potential of bio-
mimetic nanovesicles, it is generally necessary to functionalize
their surface with engineered functional proteins®'®'". With the
development of vesicle engineering technologies, current antibody
modification strategies can be broadly divided into two main cate-
gories: direct modification of the nanovesicles themselves, and in-
direct modification through the modification of vesicles-derived
cells. These strategies are summarized in Fig. 9. Among them,
direct surface modification typically involves chemical conjugation
methods, allowing functional groups to be precisely attached to the
vesicle membrane after vesicle formation. In contrast, source cell-
derived strategies, such as genetic engineering and membrane hy-
bridization, can express or integrate functional membrane proteins
before vesicle formation, thereby preserving membrane integrity
and biological activity in a more native-like form.

Different engineering strategies were used to expand the
functional variability of biomimetic nanovesicles for cancer
immunotherapy. Click chemistry, with its high selectivity and mild
reaction conditions, is frequently applied to couple antibodies,
ligands, or small peptides, making it particularly suitable for
checkpoint blockade and retargeting. Genetic engineering of
source cells allows stable expression of membrane proteins or
fusion receptors with specific structure, thereby supporting ap-
plications in adjuvant delivery and engineered checkpoint inhibi-
tion. Meanwhile, membrane hybridization integrates functional
proteins from multiple cell types, enabling combined advantages
such as immune evasion and immune activation, which are
especially valuable for adjuvant delivery and targeted redirection.
Together, these strategies explained how engineering choices can
be combined with therapeutic aims, thereby advancing biomimetic
nanovesicles as flexible platforms for precision immune
modulation.

4.1.  Direct modification of the membrane surface

In order to fully utilize the potential of the membrane vesicle
platform, a variety of chemical modification techniques have been
developed to enable the overexpression of target proteins directly
on the surface of biological membranes?'®?'?. These methods can
be categorized into two main types: noncovalent modification and
covalent modification.

Non-covalent modification strategies are relatively mild and do
not significantly disrupt membrane integrity??°. Several ap-
proaches have been explored for non-covalent modification. For
instance, targeting the negatively charged biofilms by coating the
surface of nanovesicles with positively charged molecules relies
on multivalent electrostatic interactions. Cationic liposomes have
been widely employed to introduce immunomodulators, such as
antibodies and adjuvants, thereby enhancing immune re-
sponses>>'. For example, Szachniewicz et al.>* utilized cationic
pH-sensitive liposomes as a delivery system for subunit tubercu-
losis, demonstrating efficient antigen delivery and immune acti-
vation. In addition, peptides, including cell-penetrating peptides,
cell-targeting peptides and coiled-coil peptides, have also been
applied to lipid-based nanoparticles to modify their properties.
Sugimoto et al.*** successfully engineered extracellular vesicles
using KK-(EK)4-lipid, a novel cell-penetrating peptide-modified
lipid, to enhance intracellular nanoparticle translocation.
Furthermore, hydrophobic interactions provide another strategy
for membrane engineering, which enables the incorporation of
functional groups into nanovesicle membrane through fusion with
fusogenic liposomes>>*.

Covalent modification represents a primary chemical approach
for surface modification of membrane-derived nanovesicles®®.
Compared with non-covalent modification, covalent conjugation
provides a more stable anchoring of functional groups. For
instance, Musico et al.**> systematically compared covalent versus
non-covalent conjugation of the antibody cetuximab to extracel-
lular vesicles, demonstrating that covalently modified vesicles via
click chemistry exhibited superior binding affinity and cellular
uptake efficiency toward target cells.

Click chemistry technology is a powerful bioconjugation tool
due to its high selectivity, fast kinetics, excellent biocompatibility,
and ability to proceed under mild conditions. Unlike conventional
chemical reactions that often require harsh conditions, such as
extreme pH, temperature, or osmolarity, which may compromise
membrane integrity. Click chemistry preserves vesicle structure,
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making it particularly suitable for extracellular vesicle modifica-
tion. For example, Ruan et al.*® applied copper-free click
chemistry to simultaneously decorate M2 microglia-derived
extracellular vesicles with a vascular injury-targeting peptide
and a stem cell recruitment factor, successfully improving the
differentiation of neural stem cells at the site of injury. In the
application of antitumor immunotherapy, Bhatta et al.*?’ devel-
oped a cancer nanovaccine by introducing unique chemical tags
onto the surface of nanovesicle membrane via click chemistry,
which can effectively target and activate immune cells. Similarly,
Lee et al.** also used copper-free click chemistry to bind tumor-
targeting antigens to extracellular vesicles, significantly improving
their tumor homing and therapeutic potential. Despite its advan-
tages, the application of click chemistry in vesicle surface engi-
neering still faces challenges, mainly due to the non-specific
interactions. Activated functional groups may unpredictably bind
to membrane surface proteins, which may disrupt the natural
functions of the membrane and limit the therapeutic precision.
Another approach for covalent surface modification of nano-
vesicles is enzyme-mediated reaction, in which functional proteins
are covalently bind to the membrane surface through specific

enzymatic processes. For example, Zhou et al.?*® integrated

microfluidics with enzymatic glycoengineering to achieve efficient
and controlled surface functionalization of nanovesicles, signifi-
cantly improved the efficiency and uniformity of extracellular
glycosylation modifications. Although enzymatic strategies have
advantages such as high substrate specificity and mild reaction
conditions, their application in nanovesicle engineering still faces
technical challenges. Limited enzyme substrate compatibility, strict
reaction conditions, and the fine structure of membrane vesicles all
restrict the wide use of enzymatic methods for vesicle surface
functionalization®®. Consequently, while promising, enzymatic
modification strategies require further optimization to realize their
full potential in clinical and translational settings.

4.2.  Inheritance from membrane-derived cells

Compared with post-vesicle surface modification, source-cell en-
gineering offers the critical advantage of preserving correct
membrane protein topology during vesicle formation, thereby
maintaining their native orientation and biological functionality.
Since the direct anchoring of functional groups onto vesicle
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surfaces is often time-consuming and may cause damage to the
structure integrity of nanovesicles, currently there are increasing
investigators chose to equip the membrane-derived source cells
with functional proteins when preparing nanovesicles for anti-
tumor immunotherapies. By modifying the functional protein on
the cell surface, nanovesicles carrying these proteins can be sub-
sequently harvested through a variety of engineering approaches.
Additionally, in order to combine the advantages of multiple types
of membrane proteins, membrane hybridization techniques have
been developed to enable nanovesicles to inherit functional pro-
teins from different parent cells. Notably, recent studies have
pointed out that direct decoration of nanovesicles may lead to
incorrect membrane orientation thus influencing their pharmaco-
kinetics and biological behavior. By contrast, engineering
membrane-derived cells promotes the correct membrane topology
during vesicle formation®?®. Therefore, strategies based on in-
heritance from membrane-derived cells are increasingly becoming
the mainstream for preparing and functionalizing biomimetic
nanovesicles. Representative applications of these functional
membrane protein engineering methods are summarized in
Table 260-128.129.131-134,136,138,140-142,230-233

Genetic engineering technology has been widely applied in the
preparation of functionalized nanovesicles®. This strategy pri-
marily involves introducing the gene fragment encoding target
membrane proteins into the genome of source cells via plasmid
vectors or lentiviral transport vectors, thereby enabling stable
expression of the desired proteins on the surface of the target cell
membrane. Subsequently, nanovesicles were further harvested
from the relevant cells through various techniques such as multi-
step density gradient centrifugation, membrane co-extrusion, or
sonication®**. Compared with direct modification of nanovesicle
surfaces, genetic engineering technology offers several advan-
tages: it preserves the biological activity of native membrane
proteins, allows for precise control over the expression levels and
localization of target proteins, and enables the establishment of
stable cell lines, which facilitates large-scale production and long-
term storage of functionalized nanovesicles?>.

The most widely adopted transfection strategy in genetic en-
gineering is the use of lentiviral vectors to integrate exogenous
genes into the host cell genome, thereby enabling stable and long-
term expression of target protein5236. For example, Fang et al.*!
use lentiviral infection to engineer NIH3T3 cells with IL15/
IL15RA expression, and achieved nanovesicles presenting 1L15/
IL15RA through massively cultured engineered NIH3T3-
overexpressed stable cells lines. Plasmid transfection is also
frequently employed for the transient or stable expression of re-
combinant proteins, and further collects vesicles. Li et al.!3¢
successfully expressed CD64 on the surface of HEK293T cells via
plasmid transfection, and collected cell membrane-derived nano-
vesicles with an average size of approximately 100 nm. Genetic
engineering strategies offer several advantages, including high
specificity, precise controllability of protein expression, and the
preservation of the native biological activity and structural sta-
bility of membrane proteins. Moreover, they avoid the adverse
effects that are often associated with chemical modifications.
However, certain challenges still exist, such as the technical
complexity of genetic manipulation, variability in expression ef-
ficiency among different cell types, and the potential risk of
immunogenicity. With the continuous advancement of genetic
engineering technologies, these limitations are expected to be
progressively addressed, further enhancing the potential applica-
tions of biomimetic nanovesicles?’.

In addition, membrane hybridization has also been widely used
for enhancing the function of biomimetic nanovesicles. By fusing
two or more different types of cell membranes or nanoparticles,
hNVs can integrate multiple biological properties into a single
platform. This method can inherit and synergistically combine the
functional characteristics of different cell sources, such as immune
evasion, prolonged circulation time, and enhanced targeting
capability, to optimize the performance of nanovesicles in the
application of antitumor immunotherapy®®>*%. Typically, hybrid
membrane design follows a modular strategy, where one mem-
brane type provides basic cellular identity, while the other con-
tributes  specific  functional  enhancements, such as
immunomodulation or target specificity®>. Wang et al.>** devel-
oped a hybrid nanoparticle by hybridizing ginseng-derived
extracellular vesicle-like particles with membranes derived from
resected autologous tumor tissues. This personalized hybrid vac-
cine effectively induced tumor-specific cell-mediated immune
responses and demonstrated potent therapeutic efficacy against
cancer.

These membrane protein modification strategies have enabled
precise functionalization of biomimetic nanovesicles, significantly
enhancing their targeting capability and immunotherapeutic effi-
cacy against tumors. So that compared with other nanocarrier
systems, membrane-derived biomimetic nanovesicles offer unique
advantages. Exosomes which naturally enriched with bioactive
proteins, they especially suitable for delivering small molecules or
nucleic acid drugs, their surface engineering attempts to reducing
toxicity and side effects and maximizing therapeutic efficacy. A
study developed an exosome-based platform for doxorubicin de-
livery, in which exosome membrane protein Lamp2b was fused
with the av integrin-specific iRGD peptide (CRGDKGPDC) to
enhance tumor targeting, thereby reducing immunogenicity and
systemic toxicity>*’. The major challenge of exosome-based de-
livery lies in developing scalable production and isolation methods
to improve preparation efficiency. In contrast, biomimetic nano-
vesicles are relatively easier to manufacture, and their surface
engineering strategies are more accessible, thereby offering
greater advantages for large-scale production and clinical
translation.

Synthetic liposomes and LNPs, which are also widely used as
nanocarriers through surface functionalization, rely on artificial
lipid formulations and primarily depend on chemical ligand
conjugation. For example, a liposome functionalized with aCD3
scFv-aCD19 scFv fragments on its surface was developed, which
facilitated the simultaneous binding of T cells and tumor cells and
achieved similar potent as traditional T cell-dependent bispecific
antibodies®*'. They can also be used as simultaneously delivering
TLRY and CpG, which elicited strong tumor-specific T-cell re-
sponses>*?. However, compared with biomimetic nanovesicles,
which inherit a broad repertoire of native membrane proteins from
their source cells, they lack natural functional components that
thoroughly adapt to the intrinsic environment. These natural fea-
tures endow biomimetic nanovesicles with superior biological fi-
delity, receptor-mediated targeting, and immune-interactive
functions, which can be further enhanced by engineering strategies.

The ability to spatiotemporally regulate immune responses is
closely tied to the intrinsic properties of the nanovesicles them-
selves, which are largely determined by their membrane origins.
In the next part, we will examine how different cell membranes
confer distinct biological functionalities to biomimetic nano-
vesicles and discuss their implications in anti-tumor
immunotherapy.
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Table 2  Engineering strategy and modification of membrane surface proteins.
Modification strategy Methods Functional protein Biofunction Ref.
Membrane hybridization Fusion of ginseng-derived Ginseng membrane and cancer  Enhance dendritic cell function 230
vesicles and cancer membrane membrane surface proteins and maturation
Membrane hybridization Fusion of M1 macrophage- M1 macrophage and cancer cell Promote TAMs; block the PD-1/ 138
derived nanovesicles and PD1- membrane surface proteins PD-L1 pathway
overexpressed cancer cell-
derived nanovesicles
Membrane hybridization Fusion of dendritic cells and DCs and cancer cell membrane  Activate tumor-infiltrated T cells, 128
cancer cells surface proteins induce T cell immunoactivation
Genetic engineering IL-15 or IL-15R« plasmids were IL-15 or IL-15R« Activate tumor-infiltrated T cells 231
transfected into HEK 293T
Genetic engineering CD64 plasmids were transfected CD64 Block the PD-1/PD-L1 pathway 136
into HEK 293T
Genetic engineering PD-1 was transfected into cancer PD-1 Block the PD-1/PD-L1 pathway 232
cells
Genetic engineering PD-1 and CD40L were PD-1 and CD40L Induce DC-mediated T cell 131
transfected into cancer cells immunoactivation, block the PD-
1/PD-L1 pathway
Genetic engineering aCD19 and PD-1 were aCD19 and PD-1 Accumulate in huCD19- 141
transfected by lentivirus expressing solid tumors, block
synchronously into DCs PD-1/PD-L1 pathway
Genetic engineering GPC3-scFv-CD47-nanobody aGPC3 and aCD47 Actively targeting at HCC tumor 142
DNA fragment and three site, block tumor CD47 and
C-terminal hemagglutinin tags promote TAM
was fused to the bacterial outer
membrane protein ClyA
Genetic engineering Plasmids that co-expressing the ~ PD-1 and SIRP« Block the CD47/SIRP« and PD- 133
PD-1 and SIRP« Ig domain were 1/PD-L1 pathway
transfected into HEK293 cells
Genetic engineering SIRPa was transfected into SIRPa Block CD47—SIRP« pathway, 233
cancer cells by lentivirus promote M2-to-M1
repolarization
Genetic engineering CD64 cDNA was transfected into  CD64 Block the PD-1/PD-L1 pathway 136
HEK 293T
Genetic engineering aPD-L1 and aCD3 were aPD-L1 and aCD3 Block the PD-1/PD-L1 pathway 140
transfected into HEK 293T
Genetic engineering IL-15/IL-15R« gene transfected — IL-15/IL-15R« Targets IL-15 to antigen-specific 60
into BMDCs via adenovirus CTL
vectors
Genetic engineering pMHC-I, aPD-1 and B7 co- pMHC-I, aPD-1 and B7 co- Improve antigen delivery to 129
stimulatory molecules were stimulatory molecules lymphoid organs
simultaneously transfected into
DCs
Genetic engineering and PD-1 was transfected into cancer PD-1 and macrophage cell Block the PD-1/PD-L1 pathway 138
membrane hybridization  cells, fusing M1-NVs and PD1- membrane proteins
overexpressed cancer cell-
derived nanovesicles
Genetic engineering and SIRPa, PD-1 were separately SIRP« and PD-1 Block the CD47/SIRP« and PD- 132
membrane hybridization  transfected into cancer cell; 1/PD-L1 pathway
fusion of two cancer cell
membranes
Genetic engineering and SIRPa was transfected into SIRPa, M1 macrohpage Block CD47—SIRPa pathway, 134

membrane hybridization

cancer cells by lentivirus; Sa'V-
C-NVs, M1-NVs, and P-NVs
were mixed, sonicated and
extruded through nanopores
repeatedly to form hNVs

membrane proteins

promote M2-to-M1
repolarization

5. Cell membrane origins and functional implications

The surface of the cell membrane exhibits specific proteins,
enabling different cell types to be regarded as naturally func-
tionalized liposomes’®. Biomimetic nanovesicles derived from

these membranes inherit the intrinsic biological characteristics of
their source cells. In a variety of biomimetic nanovesicles derived
from different cell origins, they play different roles in anti-tumor
immunotherapy. The selection of membrane sources is primarily
based on three key functional considerations: targeting capability,
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immune evasion, and therapeutic needs. Targeting refers to the
ability of membrane-derived vesicles to home to specific tissues or
cells, exemplified by the homologous targeting of cancer cell
membranes to tumors of the same origin®*®. Immune evasion
strategies, such as utilizing RBC membranes, allow nanovesicles
to evade clearance by the host immune system and functional
requirements such as the hemostatic function of platelet mem-
branes*****>. Through the rational selection of the membrane
sources, biomimetic nanovesicles can achieve enhanced precision
in drug delivery and improved therapeutic outcomes. Commonly
used cell membranes include those derived from RBCs, cancer
cells, immune cells, platelets and bacteria, each offering distinct
advantages and limitations, as summarized in Fig. 10. In this
section, we focus on discussing the characteristics and applica-
tions of several representative membrane sources.

5.1.  Red blood cell membranes

Pharmacokinetics and biodistribution are key parameters that
affect the therapeutic index of nanomedicines. Traditional nano-
particles are easily and rapidly cleared in vivo, which significantly
limits their clinical application potential. In contrast, due to RBCs’
inherent biochemical properties, a unique platform was provided
for constructing drug delivery systems that can extend circulation
time and continuously release therapeutic agents>*?*’. Proteomic
analyses of human RBC membranes has identified over 300
distinct proteins, with CD47 and glycoproteins are the most
abundant, highlighting their critical roles in immune evasion and
circulation stability>*®. On the one hand, RBC membranes express
CD47 which interacts with SIRP«a on phagocytes to transmit a
‘don’t eat me’ signal. Retaining CD47 expression in RBC-
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membrane-coated nanoparticles markedly reduces clearance by
the MPS, thereby prolonging circulation time and improving
bioavailability®”. On the other hand, glycophorins (e.g., Glyco-
phorin A) are highly glycosylated and enriched in Sias, endowing
RBC membranes and their derived nanovesicles with pronounced
hydrophilicity and a net negative surface charge*’. This nega-
tively charged glycocalyx minimizes nonspecific adsorption of
plasma proteins, further extending systemic retention and facili-
tating tumor accumulation through the EPR effect.

Harnessing these advantages, attempts have been made to
exploit this functional feature to develop erythrocyte membrane-
derived nanovesicles to enhance systemic drug delivery®°. For
example, Ding et al.>' fabricated an RBC membrane-coated
theranostic nanovesicles, where the RBC membrane coating
notably prolonged circulation time and improved pharmacokinetic
behavior. Pan et al.>>* further engineered RBC membrane-coated
nanovesicles loaded with salidroside and indocyanine green,
achieving hypoxia-targeted phototherapy for triple-negative breast
cancer. The RBC membrane not only extended its circulation time
but also facilitated escape from immune surveillance. Recent
studies have also highlighted that the physiological status of RBCs
significantly influences the functional performance of their
derived nanovesicles. Fresh RBC membranes maintain CD47
expression and a well-preserved glycocalyx, so that ensuring
efficient immune evasion and prolonged circulation. By contrast,
senescent RBCs undergo membrane remodeling, including loss or
modification of surface Sias, oxidation of membrane proteins,
which collectively increase their recognition and clearance by
macrophages in the liver and spleen®>%?,

Although it can provide excellent biocompatibility, long-term
circulation, and immune evasion ability, RBC membrane-derived
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Figure 10  Key characteristics of immunotherapeutic biomimetic nanovesicles derived from distinct cellular origins. Created with BioRender.

com.
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nanovesicles still face certain limitations. Due to the absence of
nuclei and organelles, RBC membranes contain relatively rare
functional and targeting proteins, restricting their broader appli-
cability in targeted therapies. Moreover, if there is a blood type
mismatch between the source of erythrocyte membrane and the
recipient, there may be a risk of xenogeneic immune response. To
overcome these shortcomings, advanced strategies such as mem-
brane hybridization and functional surface modifications are being
actively explored, offering promising solutions to enhance the
targeting capabilities and functional versatility of RBC-derived

nanovesicles>>,

5.2.  Cancer cell membranes

Cancer cell membranes have also been emerged as a widely uti-
lized source in the designing of biomimetic nanovesicles®.
Proteomic profiling of cancer cell plasmalemma, such as Ziegler
et al.’**% study, identified a rich set of surface proteins, including
tyrosine kinases, adhesion molecules, and structural proteins,
across different breast cancer subtypes, demonstrating the mo-
lecular basis for homologous targeting and functional custom-
ization of nanovesicles. Owing to the presence of cell adhesion
molecules, such as E-cadherin, N-cadherin, CD44, and EpCAM
on their surface, cancer cell membranes endow nanovesicles
with homologous targeting capabilities, thereby achieving more
efficient tropism toward homologous tumor cells in vivo and
enhancing tumor accumulation and intratumoral bioavail-
ability*”?>®. For instance, Go et al.>>® prepared a nanovaccine
based on a cancer cell membrane nanoparticle, which effectively
activated tumor-specific CD8" T cells in both the presence and
absence of DCs, thus induces more potent responses of tumor-
specific CD8" T cells. To further enhance functionality, Xiong
et al.”®® engineered a hybrid membrane system by fusing cancer
cell membranes with RBC membranes, simultaneously improving
both homologous targeting efficacy and systemic circulation
longevity of the nanovesicles.

In addition, a variety of functional proteins and signaling
molecules inherited from the parental cancer cell membranes are
conducive to binding and penetrating into tumor tissues. For
example, in HCC, the Cloaked nanocarrier platform retains
membrane-specific proteins, enabling vesicles to strongly recog-
nize HepG2 tumor cells and significantly inhibit tumor growth®®'.
Moreover, CD47 is commonly observed on cancer cell mem-
branes, which is a mechanism to evade clearance by host immune
cells?®%,

However, despite their promising advantages, cancer cell
membrane-derived nanovesicles also face notable limitations.
These include that cancer cell membranes may have residual
cancer promoting factors, the high costs associated with large-
scale membrane preparation, and substantial variability in mem-
brane protein and lipid composition among different cancer cell
lines, which collectively pose significant challenges to industri-
alization and standardization. Future efforts focusing on refining
the preparation and purification processes are essential to fully
harness the therapeutic potential of cancer cell membrane-based
nanovesicles.

5.3.  Immune cell membranes
Immune cells are an important component of the TME, and

manipulating and regulating the interactions among different im-
mune cell population is a key factor in the success of antitumor

immunotherapy. Biomimetic nanovesicles covering immune cell
membranes can inherit surface proteins, thereby enhancing their
targeting capability and ability to regulate cellular interactions
within the immune system®°2%?. Recent proteomic analyses of
immune cell membranes have revealed highly specialized reper-
toires of receptors, adhesion molecules, and costimulatory ligands
that underpin their functional diversity?**?%>, Given that distinct
immune cells possess unique membrane protein profiles and
functional attributes, a variety of immune cell types, including
macrophages, T cells, and DCs, have been explored as membrane
sources for the engineering of biomimetic nanovesicles. These
designs aim at using the immunomodulatory properties of immune
cells to optimize anti-tumor immunotherapeutic outcomes.

Macrophages are important participants in the innate immune
response, with membrane surfaces enriched in diverse receptor
proteins, showing natural tropism toward sites of inflammation
and tumor tissues®®®. Firstly, macrophage membranes contain
multiple integrins such as Mac-1, also known as CD11b/CD18,
and adhesion receptors like VCAMI1/ICAMI1, which mediate
recognition and binding with tumor or inflamed cells. Nano-
vesicles retaining these integrins and adhesion molecules can
therefore enhance targeting and accumulation at tumor sites®’.
Secondly, macrophage membranes naturally express SIRPc, high-
affinity SIRP« variants can molecularly bind tumor cells to disrupt
the ‘don’t eat me’ signal. This mechanism not only enhances the
targeting of nanovesicles to CD47-overexpressing tumor cells, but
also promotes macrophage polarization toward the M1 phenotype,
thereby strengthening phagocytosis and antitumor responses'>*. In
addition, the macrophage membranes are rich in PRRs recognition
receptors, such as TLRs and chemokine receptors, which endow
them with endocytosis capacity and immune stimulation poten-
tial>%®. These membrane proteins enable vesicle-coated carriers to
simulate the behavior of macrophage, penetrate the tumor matrix
more effectively, and simultaneously activate local immune
responses.

Biomimetic nanovesicles derived from macrophages mem-
branes aim to take advantages of this membrane protein-mediated
tumor-targeting  capability. In  preclinical  applications,
macrophage-derived biomimetic nanovesicles have demonstrated
potent antitumor immune effects, particularly against metastatic
lesions, such as lung metastases, highlighting their potential as a
promising platform for targeted cancer immunotherapy, as shown
in Fig. 11A%%9270,

T cells, as central players in adaptive immunity, are unique in
that they have T cell receptor (TCR) complex, which recognizes
MHC-peptide complexes and determines antigen specificity.
When preserved in biomimetic nanovesicles, TCRs confer tumor
antigen-specific binding capacity, thereby enhancing targeting
precision and immunoregulatory function. This property has been
used to develop T cell membrane-derived nanoparticles, which
have demonstrated effective tumor-targeting capabilities mediated
by membrane-associated proteins®’'. However, due to the sub-
stantial heterogeneity both between different tumors and within
individual tumors, this single targeting strategy may compromise
the therapeutic efficacy of tumor targeting. Compared with a
single targeting strategy, a dual-targeting strategy may provide a
better efficiency of tumor accumulation, as shown in Fig. 11B*"%.
In addition, T cell membranes are naturally enriched with the CD3
complex and the co-stimulatory molecule CD28, which are critical
for signal transduction and T cell activation. Retaining these
molecules within vesicles enables them to mimic the first and
second signals provided by APCs, thereby activating exogenous T
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cells and promoting anti-tumor immunity>”>. Besides, chimeric
antigen receptor T cell (CAR-T) technology offers a more defined
and enhanced antigen specificity for T cell populations. Incorpo-
rating membranes from engineered CAR-T cells into biomimetic
nanovesicles has been shown to further improve targeting preci-
sion, often outperforming vesicles derived from homologous
cancer cell membranes in preclinical studies, as shown in
Fig. 11C*"*?75. These findings highlight the potential of
leveraging engineered T cell membranes to overcome tumor het-
erogeneity and enhance the therapeutic outcomes of nanovesicle-
based immunotherapies.

DCs serve as a critical bridge between innate and adaptive
immunity, playing a central role in initiating and modulating
pathogen-specific adaptive immune responses?’°.

Their membranes are characterized by the abundant expression
of MHC1 and MHC2 molecules, as well as co-stimulatory mol-
ecules such as CD80 and CD86, these molecules can mimic the
antigen presenting function of DCs, providing the first signal
(MHC—antigen complex) and the second signal (CD80/CD86) to
T cells, thereby activating both CD4* and CD8" T cells and
enhancing antitumor immune responses”’’. For example, Ochyl
et al.'”” developed a DC membrane-based vesicle platform
capable of efficiently activating T cells, thereby enhancing im-
mune responses against tumors. In addition, DC membranes
contain chemokine receptors such as CCR7 and adhesion mole-
cules such as ICAM1, which facilitate nanovesicle trafficking to
lymph nodes and strengthen interactions with T cells, promoting
antigen presentation and immunogenicity”>’®. However, traditional
DC vaccines are subject to various limitations, such as low antigen
delivery efficiency, poor lymph node targeting, and the potential
risks of live-cell transfusion. Recent progress has addressed these
challenges by modifying DC membranes with additional func-
tional components. Modified hybrid DC membranes-derived
nanovesicles have demonstrated the ability to reprogram the
TME, as showed in Fig. 11D, significantly enhancing the effec-
tiveness of tumor immunotherapy>’?. These strategies suggest a
promising direction for overcoming the inherent shortcomings of
traditional DC-based therapies.

Recent studies have shown that the phenotypic state of immune
cells strongly influences the biological properties of their derived
nanovesicles. For instance, macrophage polarization toward the
M1 or M2 phenotype results in different membrane proteomic
profiles: M1-derived vesicles are rich in pro-inflammatory medi-
ators and can promote immune activation; M2-derived vesicles
carry anti-inflammatory markers and may contribute to tumor
immune evasion®®. Similarly, T cells in different activated states
exhibit different expression of co-stimulatory molecules such as
CD28 and immune checkpoints like PD1, which can be inherited
by their vesicles and directly affect the results of immune regu-
latory outcomes?®'. DCs also show maturation-dependent differ-
ences. Vesicles from mature DCs exhibit higher levels of MHC
and co-stimulatory molecules, enhancing T cell priming compared

with vesicles from immature DCs**?. These phenotype-dependent
variations emphasize the importance of carefully selecting and
characterizing the source of immune cells when designing bio-
mimetic nanovesicles, as they directly impact target specificity,
immune modulation, and overall therapeutic efficacy.

In conclusion, immune cell-derived biomimetic nanovesicles
utilize the biological functions conferred by their native mem-
brane surface proteins to actively reshape the TME. Similar to
other sources of membrane vesicles, immune cell membranes can
be further engineered through techniques such as genetic trans-
fection, membrane hybridization, and chemical modification,
thereby endowing nanovesicles with enhanced or multifunctional
properties. Importantly, the functional performance of these ves-
icles is also influenced by the physiological state of the donor
cells, as factors such as RBC aging or immune cell activation
phenotypes can significantly alter membrane stability, receptor
profiles, and targeting efficiency. These strategies significantly
broaden the application potential of immune cell membrane-
derived vesicles in anti-tumor immunotherapy.

5.4.  Bacterial outer membranes

OMVs are spherical nanostructures naturally secreted by Gram-
negative bacteria and encapsulated by lipid bilayers, typically
ranging from 20 to 250 nm in diameter®®’. More than a century
ago, a cancer patient accidently contracted bacterial, which trig-
gered the initial exploration of using bacteria to stimulate anti-
tumor immune responses>>*. In recent years, an increasing
amount of evidence has shown that OMV possesses unique bio-
logical properties, including inherent immunogenicity, adjuvant
properties, and the ability to naturally deliver bioactive molecules,
making them promising platforms for anti-tumor immunotherapy.

One of the most notable advantages of OMVs is that they are
naturally rich in innate immunostimulating molecules, such as
lipopolysaccharides (LPS), outer membrane proteins, and lipo-
proteins, which are recognized as PAMPs by PRRs such as TLR4
and TLR2'®". These molecules endow OMVs with strong immu-
nogenicity, enabling activation of DCs and macrophages, thereby
promoting antigen presentation and innate immune responses and
ultimately enhancing adaptive immunity. Particularly, OMVs from
physiochemical or genetically engineered bacteria show enhanced
potential for the development of anti-tumor vaccine®®. For
instance, Li et al.'"** designed a genetically programmed nano-
vesicle based on OMVs, displaying anti-CD47 nanobodies and
anti-GPC3 scFv on its surface, significantly reshaping the TME by
taking advantages of the immunogenicity of OMVs. Lu et al.**®
further utilized the strong immunostimulatory properties of OMVs
to activate the expression of co-stimulatory signals in APCs,
enhancing the overall immune activation. Moreover, Yang et al.**’
developed a covalent organic framework based on the membrane
of Fusobacterium nucleatum (F.n.), a common intratumoral bac-
terium. This bacterial membrane-based system effectively

Figure 11

(a) Ex vivo imaging of Dil-labeled liposome (named as DRL) and a spatial drug-laden M1 macrophages system (named as RDM) in

the major organs and metastatic lungs at 4 h postinjection®®. Reproduced with permission from Ref. 269. Copyright © 2025, American Chemical

Society. (b) In vivo targeting and biodistribution of dual-targeting indocyanine green nanoparticles coated with N3-labeled T cell membrane

272

Reproduced with permission from Ref. 272. Copyright © 2025, John Wiley and Sons. (c) In vivo anti-tumor effects of IR780-loaded mesoporous
silica nanoparticles and CAR-T Cell membrane-coated nanoparticles®”>. Reproduced with permission from Ref. 275. Copyright © 2025, Ivy-
spring International Publisher. (d) Luminescence images and multiplex immunofluorescence analysis shows the personalized DC-mimicking
nanovaccine boosts memory T cells for long-lasting immunity®’®. Reproduced with permission from Ref. 276. Copyright © 2025, American

Chemical Society.
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‘warmed’ the immunologically ‘cold’ tumor by remodeling the
TME and inducing the formation of tertiary lymphoid structures,
offering a new strategy for overcoming tumor immune resistance.

In addition to their immunogenicity, OMVs also has an
inherent targeting capabilities, enabling them to penetrate bio-
logical barriers such as the blood—brain barrier, which endows the
application of nanodrug delivery with unique applications®®®,
Moreover, OMVs exhibit strong tolerance to a variety of bioen-
gineering manipulations, including ultrasonication, filtration
compression, and electroporation, thus facilitating their function-
alization for diverse therapeutic strategies®’. However, there are
still several challenges remain to be addressed before clinical
translation. OMVs derived from bacteria itself contain compo-
nents with endotoxin activity, posing the risk of toxic reactions
such as fever and septic shock. Furthermore, although the PAMPs
on the surface of OMV are valuable for immune activation,
overstimulation may induce excessive inflammatory responses or
systemic toxicity. Therefore, ensuring biosafety remains a critical
consideration in the clinical development and application of
OMV-based biomimetic nanovesicles.

5.5.  Synthetic membrane-based nanocarriers

Although we focus on nanovesicles derived from natural cell
membranes, it is also important to consider the artificially origi-
nated nanovesicles. Liposomes and LNPs are the most widely
used artificial membrane-based nanocarriers and have long been
the benchmarks for drug delivery, particularly in oncology and
vaccine fields®”?°°. Unlike biomimetic nanovesicles, which
inherit functional proteins and receptors directly from their
parental cells, liposomes and LNPs rely on artificial lipid formu-
lations and chemical modifications to achieve targeting or
immunomodulatory functions. Therefore, they provide valuable
backgrounds for evaluating the advantages and limitations of
membrane-derived vesicles.

Structurally, liposomes and LNPs are composed of lipid bi-
layers or lipid—polymer assemblies that can encapsulate small
molecules, nucleic acids, or proteins. For example, Anthiya
et al.*! designed an LNP loaded with KRAS siRNA, which
demonstrated strong tumor accumulation and antitumor efficacy.
Clinically, they form the basis of some FDA-approved prepara-
tions, including doxorubicin liposomes for cancer chemotherapy
and LNP-based mRNA vaccines, highlighting their translational
feasibility>*>>3.

However, these systems lack the endogenous surface proteins
in biomimetic nanovesicles, which limit their ability to participate
in natural biological interactions. In contrast, biomimetic nano-
vesicles can inherit functional complexity from their parental
cells. This endows them with enhanced immune compatibility,
reduced clearance rates, and programmable functions through
surface engineering, thereby providing a unique balance between
natural bioactivity and design versatility. Therefore, biomimetic
vesicles offer greater flexibility in immune modulation. Together,
these differences highlight why biomimetic nanovesicles are
increasingly regarded as a promising next-generation alternative
to traditional artificial nanocarriers.

Beyond synthetic systems, membrane-derived nanovesicles
from different cell types remain the most widely used sources for
therapeutic design. In addition, other membrane sources, such as
those derived from platelets and stem cells, have also been
explored. Each possesses unique biological properties, including
targeting, immune modulation, and tissue repair capabilities.

Furthermore, as naturally secreted extracellular vesicles, exo-
somes originate from the endosomal biogenesis pathway and carry
a wide range of cargos, including proteins, lipids, and nucleic
acids, which reflect the heterogeneous composition of their donor
cells?**. This endogenous membrane structure provides them with
inherent biocompatibility and natural communication functions,
making them attractive as drug delivery platforms. However,
biomimetic nanovesicles directly inherit membrane proteins and
receptors from defined parental cells, preserving specific biolog-
ical functions such as immune evasion (from RBCs), homotypic
targeting (from cancer cells), or immune activation (from DCs).
This origin-aware design provides greater predictability and con-
sistency, underscoring its advantage over exosomes in functional
optimization.

Each membrane type presents unique advantages and limita-
tions. In Table 3, we summarized different membrane sources and
synthetic nanocarriers, highlighting how their characteristic sur-
face proteins contribute to specific advantages and limitations in
cancer immunotherapy. Therefore, the selection of appropriate
membrane sources should be based on a comprehensive evaluation
of TME characteristics, therapeutic objectives, and the specific
requirements of antitumor immunotherapy strategies.

6. Conclusions and perspectives

Membrane-derived biomimetic nanovesicles keep the functional
proteins, receptor molecules, and structural features of their source
cell membranes. They also keep their natural lipid bilayer struc-
ture, thereby exhibiting inherent biological activities, excellent
biocompatibility and reduced immunogenicity. Recent advances in
antibody design, including bispecific and trispecific antibodies,
have further enriched the functional diversity of biomimetic
nanovesicle platforms, thereby achieving precise immune modu-
lation®*>2°°. Meanwhile, bioengineering techniques such as ge-
netic engineering, click chemistry, and membrane hybridization
offer powerful tools to change the biological functions of nano-
vesicles?®’. Together, these innovations highlight the great po-
tential of membrane-derived biomimetic nanovesicles in cancer
immunotherapy, such as cancer vaccine delivery, immune check-
point blockade, and cytokine transport.

Due to the flexible of their surface molecules, biomimetic
nanovesicles can regulate many aspects of anti-tumor immunity.
They can block immune escape pathways, activate various im-
mune effector cells, remodel the immunosuppressive TME, and
enhance antigen-specific immune responses. By participating in
these key immune processes, nanovesicles contribute to achieving
more robust, precise, and personalized cancer immunotherapies.
Although nanovesicles have diverse functions, a comprehensive
understanding of the biological mechanisms underlying their
interaction with the immune system remains incomplete'>*%%,
Clarifying these mechanisms is crucial for optimizing the design
of nanovesicles and maximizing therapeutic effects.

When placing biomimetic nanovesicles within the broader
nanomedicine fields, it is important to compare them with other
major delivery systems, including exosomes and synthetic nano-
carriers. Exosome-based therapeutics have also attracted much
attention in recent years as a novel class of biologics with
promising applications in drug delivery, intercellular communi-
cation, and immunomodulation. Several exosome-based therapies
have already entered clinical trials. Especially in the field of
oncology and regenerative medicine, showing their translational
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Table 3

Comparative features of different membrane sources and synthetic nanocarriers.

Membrane source

Key surface proteins

Advantages

Limitations

Protein—function relationship

RBC membranes

Cancer cell
membranes

Macrophage

membranes

T cell membranes

Dendritic cell
membranes

OMVs

Synthetic liposomes/
LNPs

CD47, sialic acid rich
glycoproteins

CAMs (E-cadherin,
N-cadherin, EpCAM,
CD44), CD47

Integrins, ICAM1/
VCAMLI, SIRPA,
TLRs

TCR complex, CD3,
CD28

MHCI1, MHC2,
CD80/CD86, CD40,
ICAM1, CCR7

LPS, OmpA, porins,
adhesins, lipoproteins

Artificial lipid bilayer
(no native proteins)

Excellent immune evasion,
prolonged circulation,
reduced clearance by
mononuclear phagocyte
system (MPS)

Homotypic targeting to
parental tumor, preservation
of diverse tumor-associated
antigens

Natural tropism toward
inflamed/tumor sites, immune
activation potential, MPS
mimicry

Antigen-specific targeting;
potential to provide activation
signals to T cells

Strong antigen presentation
capacity, promotion of CD4"
and CD8" T cell activation,
LN homing

Strong innate immune
activation, natural
adjuvanticity, ability to cross
biological barriers

High stability, scalable
production, regulatory
familiarity, proven success
(e.g., mRNA vaccines,
doxorubicin liposomes)

Lack of targeting ligands; risk
of alloimmunity if donor
—recipient mismatch

Risk of carrying oncogenic
factors; variability in
membrane composition;
scalability issues

Possible unintended immune
stimulation; phenotypic
variability

Limited by tumor antigen
heterogeneity; may require
CAR-T modification

Limited large-scale
production; short lifespan
in vivo

Risk of endotoxin toxicity;
variability in composition

Lack of intrinsic biological
signals; depending on
chemical conjugation for
targeting; limited immune
interaction

CD47 binds SIRPA to deliver
‘don’t eat me’ signals;
glycophorin sialic acid
confers negative charge
reducing opsonization and
protein adsorption

CAMs mediate homotypic
adhesion to tumor cells;
CD47 reduces immune
clearance

Integrins/ICAM1 enable
tumor adhesion; SIRP«
variants block CD47 ‘don’t
eat me’ signals; TLRs provide
innate immune activation
TCR recognizes MHC
—peptide complexes; CD3/
CD28 provide activation
signals mimicking APC
function

MHC + CD80/CD86 mimic
antigen-presenting cells;
CCR7 supports LN targeting;
CD40/CD83 promote
immune activation
LPS/TLR4 activate DCs and
macrophages; adhesins
promote host-cell binding and
uptake

Surface ligands must be
artificially conjugated;
absence of native proteins
limits immune evasion and
natural targeting

potential. However, exosomes still face challenges related to low
yield, mixed cargo, and limited engineering flexibility due to their
endogenous biogenesis via endosomal pathways. Membrane-
derived biomimetic nanovesicles, by contrast, offer higher scal-
ability, repeatable, and wider range of opportunities for surface
engineering, while retaining essential membrane proteins and
lipids from source cells. These features allow for the adoption of
modular strategies such as hybridization, ligand coupling, and
genetic modification, giving them outstanding design flexibility
and production efficiency for immune modulation and targeted
cancer therapy. Similarly, artificial nanocarriers such as liposomes
and LNPs remain the most established delivery platforms, with
well-developed manufacturing protocols, regulatory familiarity,
and formulation versatility. Their limitations, however, lie in the
absence of intrinsic biological signals, as they rely on artificial
lipid compositions and chemical conjugation for functionalization.
In contrast, membrane-derived biomimetic nanovesicles naturally
integrate complex membrane proteins and receptors, combining
endogenous bioactivity with flexible engineering strategies. This
unique balance positions them as a compelling alternative to both
exosomes and artificial nanocarriers in cancer immunotherapy.
Although membrane-derived biomimetic nanovesicles have
attracted extensive research interest, considerable challenges must
be addressed to facilitate their clinical translation®”®. On the one
hand, immunotherapy strategies are evolving rapidly, with the

emergence of multi-specific antibody technologies offering pos-
sibilities for orchestrating complex immune cell interactions and
achieving spatiotemporally controlled therapeutic delivery. On the
other hand, the discovery and validation of novel TAAs may
provide opportunities to enhance the specificity and durability of
nanovesicle-based immunotherapies****°!. Despite these exciting
prospects, most research on biomimetic nanovesicles remains
confined to preclinical studies, with only a few advancing into
early-phase clinical trials, as summarized in Table 4°0*3%7,

To successfully transform membrane-derived biomimetic
nanovesicles into clinical applications, it is crucial to establish a
standardized and reproducible manufacturing process. Current
preparation methods include membrane extrusion, sonication,
microfluidics, and freeze—thaw cycling. Each method has unique
advantages in terms of vesicle uniformity, scalability, and preser-
vation of membrane proteins®*>>%. Among these, microfluidic-
based platforms are promising, as they can achieve continuous,
controllable, and high-throughput vesicle fabrication with mini-
mizing structural damage to the greatest extent’'’. Beyond the
manufacturing steps, purification methods such as density-gradient
centrifugation, tangential flow filtration, and size-exclusion chro-
matography are also required to ensure high purity and remove
contaminants, such as cellular debris and endotoxins®®. It is also
necessary to define and monitor key Critical quality attributes
(CQAs) to ensure both safety and efficacy. Key parameters include
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Table 4 Biomimetic nanovesicles entered clinical trials.
Country Membrane source Tumor  Biofunction Phase Enrollment NCT number Current status Last update Ref.
posted
China  UCMSC AML Promoting recovery of I 9 NCT06245746 Not yet 01/2025 302
myelosuppression recruiting
U.S. MSC PDAC  Deliver KrasG12D siRNA I 15 NCT03608631 Active, not 10/2024 303
recruiting
u.s. Not applicable HCC Macrophage reprogramme I 9 NCT05375604 Terminated 06/2023 304
China  Hybrid cell Bladder Activate the immune I 9 NCTO05559177 Recruiting 09/2022 305
membrane cancer  response and improve the
TME of cancer lesions
France Cancer cell DLBCL Analyze the function of = 90 NCT03985696 Recruiting 07/2022 306
CD20 and PDL1 expression
on DLBCL subtypes and
patient outcomes
France DC NSCLC Activate the innate and I 47 NCTO01159288 Completed 03/2018 307

adaptive immunity

vesicle size distribution and polydispersity index, surface charge
(zeta potential), membrane protein composition and orientation,
lipid-to-protein ratio, sterility, and endotoxin levels®''~*!2. Stability
and batch-to-batch consistency are equally important, and stan-
dardized storage conditions and validated release testing. In fact,
reproducibility in surface protein profiles has been demonstrated by
Korchak et al.*" using a multiplex bead-based assay across 37
markers for MSC-derived EVs. For immunotherapy applications,
the functional retention of membrane proteins represents a unique
CQA that directly influences immune evasion, targeting specificity,
and immunomodulatory efficacy. Regulatory agencies are increas-
ingly emphasizing the need for strong characterization, including
proteomic profiling and potency assays, to establish a reliable cor-
relation between manufacturing quality and therapeutic perfor-
mance®'*. Future clinical trials should also be designed to validate
these standardized vesicle platforms, with early-phase studies
focusing on combination strategies with checkpoint inhibitors or
stratified designs to highlight source-specific advantages.

Establishing standard manufacturing steps and defining CQAs
are essential. However, even with these strategies in place, there are
still many barriers to clinical translation. The main concern includes
biosafety risks, such as residual toxicity, the oncogenic potential of
certain source membranes, and the possibility of eliciting excessive
immune activation due to the intrinsic immunogenicity of materials
like bacterial membranes or cancer cell membranes. Moreover, the
complexities involved in large-scale production because of the cell
source, the complex preparation processes, and ethical consider-
ations. These problems create major technical and regulatory
challenges that must be carefully overcome.

In conclusion, membrane-derived biomimetic nanovesicles
offer a novel and highly versatile platform for the development of
next-generation cancer immunotherapies. They have significantly
expanded our understanding of the immune landscape in
oncology, illuminating key processes such as immune activation,
tumor immune microenvironment remodeling, and immune
evasion mechanisms. Leveraging their plasticity, functional
tunability, and excellent biocompatibility, engineered biomimetic
nanovesicles hold great promise for personalized and precision
immunotherapy.

Looking forward, integrating good manufacturing practice-
compatible platforms with automated production and advanced
analytics will be critical to accelerate their clinical deployment.
By defining standardized workflows and critical quality

benchmarks, this emerging class of therapeutics can be translated
more efficiently and safely into clinical practice, thereby
strengthening their potential as next-generation cancer immuno-
therapy platforms.

Future research directions should therefore focus on rationally
integrating biomimetic nanovesicles with emerging therapeutic
modalities, optimizing their biological performance, addressing
safety and production challenges, and accelerating clinical trans-
lation. In addition, early-phase clinical trials should explore
rational combinations of biomimetic nanovesicles with existing
immunotherapies, as well as stratified trial designs that utilize
membrane-specific advantages. By overcoming these obstacles,
biomimetic nanovesicles are poised to make substantial contri-
butions to the advancement of cancer treatment and improve
outcomes for patients worldwide.
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