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Abstract

Sections

Traditional cancer therapeutics, such as chemotherapies, are often
limited by their non-specific nature, causing harm to non-malignant
tissues. Over the past several decades, nanomedicine researchers have
sought to address this challenge by developing nanoscale platforms
capable of more precisely delivering drug payloads. Cell membrane-
coated nanoparticles (CNPs) are an emerging class of nanocarriers that
have demonstrated considerable promise for biomedical applications.
Consisting of a synthetic nanoparticulate core camouflaged by alayer
of naturally derived cellmembranes, CNPs are adept at operating
within complex biological environments; depending on the type of
cellmembrane utilized, the resulting biomimetic nanoformulation is
conferred with several properties typically associated with the source
cell, includingimproved biocompatibility,immune evasion and tumour
targeting. In comparison with traditional functionalization approaches,
cellmembrane coating provides a streamlined method for creating
multifunctional and multi-antigenic nanoparticles. In this Review,

we discuss the history and development of CNPs as well as how these
platforms have been used for cancer therapy. The application of CNPs
for drug delivery, phototherapy and immunotherapy will be described
in detail. Translational efforts are currently under way and further
research to address key areas of need will ultimately be required to
facilitate the successful clinical adoption of CNPs.
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Key points

o Cell membrane-coated nanoparticles (CNPs) are an emerging class
of nanocarriers that are inherently multifunctional, combining the
properties of synthetic nanoparticle cores with the bio-interfacing
properties of cell membranes.

o The type of membrane that is utilized is usually reflected in the
biological properties of the resulting CNP, which can be further
fine-tuned or augmented using various engineering approaches.

e CNP technology has the potential to be applied in several
therapeutic areas of oncology, including drug delivery, phototherapy
and immunotherapy.

o Efforts to translate promising CNPs into approved therapies are
currently under way and will require the development of large-scale
production methods and novel assays to facilitate the clinical adoption
of CNPs.

Introduction

Alack of specificity, leading to adverse effects that must be carefully
managed by clinicians, is a major limitation of traditional cancer
therapies such as chemotherapy' ™. The narrow therapeutic window
that is characteristic of many cancer therapies requires a careful bal-
ance between antitumour activity and patient safety, often allowing
cancer cells to develop resistance*’. Researchers have long sought
to overcome this key challenge using a variety of strategies®’. Among
these strategies, nanomedicine has animportant role and hasresulted
in the development of drug formulations with improved therapeu-
tic indices®*'°. In comparison with their unmodified counterparts,
nanoformulations can be more specifically delivered to tumours,
either by passive or active targeting mechanisms'?, Nanocarriers
can also be leveraged to enhance the bioavailability of drugs that
otherwise have limited clinical efficacy”. Liposomal doxorubicin
was first approved for clinical use in the USA in 1995 by the FDA
and is currently still used as first-line therapy for patients with cer-
tain cancers™. A considerable number of clinically approved nano-
formulations are available, such as nab-paclitaxel” and liposomal

cytarabine-daunorubicin', and many others are being actively
investigated in clinical trials".

Despite the continued evolution of biomedical nanotechnology
for oncological applications over the past several decades, further
improvements canbe madein severalimportant areas. Inorder to avoid
detectionand clearance by theimmune system, many nanocarriers now
include a‘stealth coating’ consisting of polyethylene glycol (PEG)™®. This
PEGylation has proven to be effective in prolonging the plasma half-life
of most nanoparticles to atleast several hours, although antibodies can
beelicited against the polymer®”. This acquired immunity canresultin
accelerated clearance after multiple administrations, thus leading to
reduced performance over time. First-generation nanocarriers, such
as liposomal doxorubicin, rely exclusively on passive targeting via the
enhanced permeation and retention (EPR) effect*’; however, consid-
erable research efforts have since been focused on the use of active
targeting moieties to enhance tumour specificity”. This approach
necessitates theidentification, characterization and production of spe-
cifictargeting ligands, which canrequire a considerable investment of
both time and other resources® >, Furthermore, modification of nano-
carriers using conventional approaches becomes exceedingly difficult
to control as greater levels of functionality are included, thus making
the clinical translation of such platforms particularly challenging.

Owing to these challenges, considerable research interest has
emerged in developing new nanoparticle-based platforms using bio-
mimetic designs®*. Cellmembrane-coated nanoparticles (CNPs) are an
emerging class of nanocarriers that have demonstrated considerable
potential (Fig. 1). Nanoparticles of this type are generally fabricated
by camouflaging synthetic cores with a layer of naturally derived cel-
lular membranes, which results in a core-shell nanostructure with
cell-mimicking properties’?°. These biomimetic nanoparticles and
other similar cell membrane-derived platforms*** excel at interact-
ing with biological substrates, or bio-interfacing, thus enabling them
to effectively navigate complex biological environments by avoiding
immune clearance and specifically accumulating at disease sites®.
Cell membrane coating provides an effective top-down nanoparticle
functionalization strategy, thus potentially streamlining the develop-
ment of nanocarrier platforms with desirable properties that can be
custom-tailored for a wide range of applications. In this Review, we
describe the development of CNPs for the treatment of cancer. The
application of CNPs in anticancer drug delivery, phototherapy and
immunotherapy will be examined in detail. Considerations for the
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Fig. 1| Traditional synthetic nanocarriers versus cell membrane-
coated nanoparticles. Synthetic nanoparticle platforms generally
consist of ananomaterial matrix enabling payload encapsulation
thatis coated with a polymer layer to prevent rapid clearance by the
immune system. By contrast, cell membrane-coated nanoparticles
are functionalized with naturally derived cell membranes, which
typically contain various lipids, carbohydrates and proteins that can
potentially delay clearance by the immune system and/or provide an
additional level of cell-mimicking functionality.
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Fig.2|Fabrication of cell membrane-coated nanoparticles. Membrane
materials are derived from source cells and then coated around synthetic
nanomaterial cores using techniques such as extrusion, sonication or
microfluidic mixing. The resulting cell membrane-coated nanoparticles have

mixing
acharacteristic core-shell structure and the faithful transfer of cellmembranes
onto their surface bestows these nanoparticles with cell-mimicking functions
thatreflect the cell membrane source material.

future translation of promising CNP platformsinto the clinic will also be
discussed.

Overview of CNP technology

A CNP generally consists of two key components: a synthetic core
and an outer layer of a naturally derived cellular membrane (Fig. 2).
This hybrid design enables CNPs to exploit many of the advantages
of each constituent part. The core can function as amatrix into which
anticancer payloads can be incorporated or that can be adapted for
immunostimulatory or photoresponsive functions. Certain nanoma-
terials can also be utilized for their environmental responsiveness or
endosomal escape properties®®. At the same time, the cell membrane
layer enables CNPs to effectively interact with surrounding proteins,
cells and other biological substrates after in vivo administration®. In
contrast to synthetic PEG coatings, cell membranes can incorporate
various cell-surface proteins that confer nanoparticles with certain
properties such as the ability to avoid rejection by the immune sys-
tem’"*2, CNPs often exhibit the same tropisms as the cells from which
their membrane is sourced***; depending on the type of membrane
coating, the nanoparticles can also serve as effective antigen sources or
presentimmunostimulatory signals forimmunotherapeutic applica-
tions™>¢. Inanearly report describing the use of CNP technology, red
blood cell (RBC) membranes were used to camouflage a poly(lactic-co-
glycolicacid) (PLGA) nanoparticle core”. Following this initial proof-of-
concept study, CNP platforms have been developed using cell mem-
branes sourced from a variety of different cell types to functionalize
awide range of synthetic nanomaterials®.

Sources of membrane coatings

Depending on the source of the cell membrane, the corresponding
CNP willtypically have aunique set of properties that can be leveraged
for oncological applications (Fig. 3). RBCs are natural long-circulating
carrier cells that transport oxygen throughout the body. These cells
lack organelles and contain mostly haemoglobin, making the puri-
fication of membranes that contain a high density of self-markers,
such as CD47 and complement regulatory proteins, relatively straight-
forward®*%, Accordingly, RBC membranes have been widely used for
applicationsinwhich non-specificinteractions need to be minimized,
thus providing an effective substitute for synthetic PEG coatings, which
can be recognized as foreign by the immune system*”. Owing to their
non-immunogenic nature, RBC membrane-coated nanoparticles are
naturally suited for situations in which prolonged in vivo retention
is crucial as they are unaffected by the accelerated blood clearance
sometimes seen with PEG coatings and can thus maintain consistent
performance even after repeated administrations*’. A long plasma
half-life is particularly important for passively targeted CNPs that
are designed to accumulate via the EPR effect as this increases the
possibility of tumour contact.

Platelets are another type of anucleated blood cell that has
been widely used as a cell membrane source for the surface coat-
ing of nanoparticles. These cells are less abundant and more fragile
than RBCs but share many of the same immunoevasive properties*.
Owing to the central role of platelets in haemostasis and their ability
to respond to inflammatory cues, platelet membranes can be uti-
lized for targeted delivery applications®. For example, the ability
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Fig.3| Common membrane sources for the fabrication of
cellmembrane-coated nanoparticles. Cell membrane-coated
nanoparticles can be fabricated using cellmembrane materials
sourced from red blood cells, platelets, immune cells, cancer
cells, stem cells or bacteria. Each type of membrane coating
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of platelet membrane-coated nanoparticles to localize to the sub-
endothelium, sites of thrombosis and activated endothelial cells
makes them suitable for the targeting of tumours during various
stages of progression*>*’, Additionally, certain circulating tumour
cells have been reported to directly bind to platelets as a method of
immune evasion***,

In terms of nucleated cells, macrophages, dendritic cells, neu-
trophils, naturalkiller cellsand T cells have all been used as sources of
membrane material for CNP fabrication despite having amore complex
cellular structure than RBCs and platelets. Immune cells are known to
have a major role in tumorigenesis, with certain subsets capable of
either promoting or suppressing cancer growth and progression***.
Such cells are typically able to accumulate at sites of inflammation,
which is often a driving force for cancer development. Established
tumours can also recruit immune cells into their microenvironment
to promote immunosuppression.

Besides cells originating from the blood, cancer cells are another
unique source of cell membrane coating material. CNPs fabricated
using cancer cell membranes have been widely investigated for their
potential anticancer applications as they demonstrate arange of can-
cer cell-mimicking properties®*®*. In particular, many cancer cells
have an affinity to adhere to each other, which is thought to aid in
tumour development and metastatic dissemination*®. This homo-
typic binding enables cancer cell membrane-coated nanoparticles
to be used as a targeted carrier for delivering payloads to tumours*.
Cancer cell membranes are also a rich source of tumour-associated
antigens and neoantigens, which are potentially useful for cancer
vaccines and related applications®. Indeed, CNPs are an ideal plat-
form for nanovaccine development as a cancer membrane coating
can be combined with an immunostimulatory nanoparticle core in
order to elicit strong antitumour immunity. For most preclinical
studies, cancer cell membranes are sourced from established cell
lines although the potential also exists to derive autologous material
from a patient’s resected tumour material®®. Other types of nucle-
ated cells, such as stem cells*** and fibroblasts™, have also been used
as membrane sources for the development of CNP-based cancer
therapeutics.

Other than mammalian sources, CNP formulations have also
beensuccessfully generated using membrane material obtained from

pathogens®*>. In particular, nanoparticles coated using the outer
membranes of Gram-negative bacteria have been explored for their
ability to promote antitumour immunity®. Bacterial membranes
contain a wide range of pathogen-associated molecular patterns,
including endotoxins, that are highly effective at stimulatingimmune
responses via pattern recognition receptors found predominantly
on innate immune cells*®. Stimulating innate immunity is generally
considered a safety concern that precludes clinical use; however,
the immunostimulatory properties of bacterial membranes might,
under certain conditions, provide a useful method of reinvigorating
endogenous antitumour immunity**. For example, the introduction
ofimmune adjuvants can turn animmunologically ‘cold’ tumour into
a‘hot’ tumour and thus improve responsiveness toimmunotherapies
such as immune-checkpoint inhibitors®’; this could also be useful in
combinationwith other therapeutic modalities such as chemotherapy,
radiotherapy or surgery*. The basic principle of using bacteria to pro-
mote antitumour immunity is over a century old*; nonetheless, this
remains an active area of research that holds considerable potential®.
Various methods are also available forimproving the safety of bacteria-
derived membranes®, which might facilitate more widespread use of
thisapproach.

Methods of preparation

In order to fabricate CNPs, cell membrane material first needs to be
obtained fromasuitable source. For primary blood cells, such as RBCs,
plateletsand immune cells, the availability of existing infrastructures
for blood collection and processing makes the acquisition from com-
mercial sources reasonably straightforward. Cell lines or bacterial
strains can be cultured at amoderate scaleinalaboratory setting, which
isgenerally sufficient to support preclinical studies. Suspension cells
canbe grown volumetrically in shaker or spinner flasks®*, making them
simpler toharvestthanadherentcells, whichrequire either enzymaticor
physical detachment. In vitro methods of culturing engineered RBCs
or platelets have also been reported®***, and this type of approach
might be used for future CNPs.

After obtaining asufficient number of source cells, the next step is
toderive the membrane material. For anucleate cells, this can easily be
doneby subjecting them to hypotonic treatment or freeze-thaw cycles
in order to release their intracellular contents**. This cellular lysis is
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then followed by high-speed centrifugation in order to form a pellet
containing the membrane. The membrane derivation processis more
complex for nucleated cells, requiring the separation of the plasma
membrane fromintracellular organelles and proteins®. After cell lysis,
which canbe accomplished using mechanicalhomogenization, sonica-
tion or nitrogen cavitation, the resulting homogenate is subjected to
either differential or gradient centrifugation, which enables plasma
membraneisolation. Extracellular vesicles®’, which can be derived from
most of the cell sources described above, have also been explored as
analternative source of membrane coating material®®. Although large-
scale productionis a challenge that has yet to be adequately addressed,
extracellular vesicles share many similarities with plasma membranes
and containavariety of functional markers. Outer membrane vesicles
from Gram-negative bacteria have been utilized in a similar manner®.
After purification, cell membrane material can then be coated
onto the surface of nanoparticles. Initially, the membrane coating
process was conducted by repeatedly extruding cell membrane vesicles
and synthetic nanoparticle cores together, back and forth, through
amembrane with pores of a few hundred nanometres in diameter”.
The temporary disruption of the membrane structure as it is being
mechanically extruded enables it to reform around a nanoparticulate
substrate in a stable core-shell configuration, yielding a CNP with
surface proteins that largely match those found on the source cells*.
Evidence suggests that the coated membrane generally has a right-
side-out orientation, which might be facilitated by the nanoparticle
coreand howitinteracts with the inherently asymmetric charge profile
between the inner and outer membrane leaflets®. This asymmetry is
importantasitensures that the membrane-bound moieties responsible
for bestowing cell-mimicking properties remain functional. Asan alter-
native to physical extrusion, another methodinvolves theintroduction
of ultrasonic energy into a membrane and core mixture to achieve
membrane coating®. Sonicationis less labour intensive, particularly for
laboratory-scale synthesis, and is believed to serve asimilar purpose as
extrusion by destabilizing the membrane structure. However, owing to
theintenselocalized energy associated with the process, care must be
taken to maintain the structuralintegrity and function of the biological
membrane and its constituents. As such, physical extrusion is often the
preferred method of membrane coating when dealing with samples
that cannot tolerate excessive disruption. Subsequently, an approach
using microfluidics combined with electroporation was reported,
which might enable finer control over the membrane coating process
viatunable parameters such as the mixing channel geometry, flow rate,
voltage and electric field pulse rate®®, Another benefit of microfluidic
technology is the potential to provide predictable scalability when run-
ning multiple devices in parallel. After coating, the final CNPs can be
isolated using ultracentrifugation as the core material is often denser
than the cell membrane; the intrinsic properties of certain nanoma-
terials can also be leveraged for purification purposes, such as when
using amagnetic field to separate out cellmembrane-coated iron oxide
nanoparticles®. Transmission electron microscopy, western blotting
or mass spectrometry protein analysis, stability assays, and binding
exclusion assays are all commonly used methods of evaluating the
completeness and integrity of the membrane coating, both of which
must be optimized in order for CNPs to function as intended®**"%"",

Strategies for augmenting functionality

Since the first RBC membrane-coated nanoparticle formulation was
reported, awide range of CNP platforms has been developed for differ-
ent biomedical applications based on various cellmembrane and core

combinations®. Cellmembrane coating provides afacile approach for
recapitulating the bio-interfacing properties of cells, and the results
of this highly streamlined approach to nanoparticle functionalization
cannot be easily replicated using traditional synthesis techniques.
Researchers attempting to develop new CNPs can take a function-
driven approach, selecting the type of membrane based onits known
tropisms and how wellits unique properties canserve the end goal. In
relying on natural biomolecules that have been honed by evolution, cell
membrane coating circumvents the often lengthy and time-consuming
processes of developing artificial ligands.

Certain properties of natural cell membrane coatings can limit
their utility. Cells can potentially express thousands of surface markers,
notall of which will be useful foragiven application, and those that are
most relevant might not be expressedin the desired quantities or ratios.
Targeted nanodelivery, in which the purpose is usually to enhance affin-
ity towards aspecific receptor of interest found onthe target cell, pro-
videsanexample of how this factor canbecome anissue. While natural
membrane coatings might express the cognate ligand, such expression
might not be atadensity thatis sufficient to facilitate astrong targeting
effect. To overcome this challenge, a variety of strategies have been
developed to fine-tune the function of CNPs by further engineering
the cell membrane coating (Fig. 4). Owing to the biological origins
of the cell membrane, traditional chemical conjugation strategies are
generally avoided as the reagents and reaction conditions involved in
such processes might impair protein function. Thus, researchers have
turned to other, less disruptive strategies for introducing additional
functionality. One such approach involves anchoring ligands using a
lipid, which canbe passively inserted into the cell membrane via hydro-
phobic interactions’™. This method has been utilized for components
ranging from small molecules, such as folate, to large biomacromol-
ecules such as aptamers. Another method involves hybrid membrane
coatings, in which membranes from two different cell types are fused
together”. The resulting CNP formulations exhibit properties thatare
characteristic of both source cells, and the degree to which specific
functionalities can berecapitulatedis dependent on the ratio between
the two membranes.

Genetic engineering is a powerful approach for modifying cell-
membrane protein expression and has been used to generate CNPs with
enhanced levels of functionality**. An advantage of this method is that
itenablesresearcherstowork directly withmembrane-bound proteins,
whichwould otherwise be a difficult task with other nanoparticle func-
tionalization techniques. Modulating cell-surface protein expression
can enable major alterations in function, including modifications in
cellular-level or organ-level tropism. For example, CNPs targeting vas-
cular celladhesion molecule 1(VCAMI, a protein expressed on inflamed
endothelial cells) can be generated through genetic modification of the
source cellsto constitutively express very late antigen 4 (VLA4, which
has an affinity for VCAM1)™. In another example, source cells were
engineered to express theinfluenzaenvelope protein haemagglutinin,
whichsubstantially enhanced the ability of the resulting CNPs to escape
endosomes after cellular uptake and thus deliver agreater proportion
of their mRNA payload directly into the cytoplasm”.

Metabolicengineering, in which the source cells are cultured with
modified sugars that are then displayed via surface glycans, provides
another strategy for altering CNP function’. The modified membrane
can then be further engineered using high-efficiency and non-
disruptive conjugation chemistries to introduce exogenous ligands.
For example, CNPs have been engineered using this approach to
express azide groups on their surface, enabling the facile attachment
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Fig. 4| Approaches for cell nembrane modification. Cellmembranes can
be modified using various approaches to synthesize cell membrane-coated
nanoparticles with enhanced functionality. Lipid insertion leverages the
natural affinity of lipid molecules for cellmembranes to anchor ligands onto
the nanoparticle surface. Membrane fusion produces hybrid membranes that

combine the surface properties of two different cell types. Genetic engineering
enables the expression and presentation of membrane proteins that would
otherwise be difficult to employ using traditional synthesis techniques.
Metabolic engineering modifies the surface glycans of cells to include functional
groups that can participate in efficient and non-disruptive conjugation reactions.

of dibenzocyclooctyne-modified ligands by copper-free click chem-
istry’®. Overall, cell membrane engineering opens the door for the
development of next-generation CNP platforms with custom-tailored
functionality that goes beyond what is naturally available.

Targeting tumours using CNPs

CNP platforms are being explored extensively for anticancer appli-
cations in preclinical models owing to their unique bio-interfacing
properties (Tables 1-5). A common theme has been to leverage the
enhanced tumour-binding affinity of CNPs to enhance the delivery
of various cytotoxic, phototherapeutic and/or immunomodulatory
payloads (Fig. 5). Here, we describe the major areas of researchin which
CNPs are actively being investigated and highlight notable examples
of their utilization in oncology.

Drugdelivery

Asafoundational facet of nanomedicine, the central goal of nanodeliv-
eryisto effectively localize one or more payloads to asite of interest®°.
Owing to their inherent biological and immunological compatibility,
CNPs fabricated using an RBC membrane have a longer circulation
half-life than PEGylated nanoparticles and can therefore be used to
enhance the passive targeting of therapeutics to tumours via the EPR
effect®*. Doxorubicin was one of the first chemotherapies tobe encap-
sulated into a CNP formulation”. In this approach, doxorubicin was
incorporated into a PLGA matrix, either by physical encapsulation or
chemical conjugation, followed by coating with an RBC membrane.
Since the initial proof-of-concept study”’, researchers have leveraged

themodularity of the core-shell structure of CNPs to design several can-
cerdrug nanoformulations. Self-assembled polymeric cores are com-
monly utilized in such formulations as they enable passive drugloading
via hydrophobic or charge-based interactions”””°. Porous silica cores
are well suited for the encapsulation of hydrophilic payloads and can
subsequently be coated with cell membranes for tumour targeting®.
Nanoscale metal-organic frameworks (MOFs) excel at the delivery of
biomacromolecules owing to their facile synthesis and high loading
yields®#?, and various payloads can be encapsulated into crosslinked
nanogels whose mechanical properties canbe finely tuned®>**. Besides
the use of preformed nanoparticle cores, drug crystals can be formed
directly within cell membrane vesicles by remote loading, whereby a
pH gradientis used to drive cross-membrane transport®. Liquid cores,
suchasthosebased on perfluorocarbons, have also been utilized in CNP
formulations®*. The stiffness of CNPs can have importantimplications
for their in vivo performance: particles that best mimic the natural
deformability of healthy RBCs are the least likely to be cleared by the
immune system®,

To further improve the cancer specificity of CNP-based nanofor-
mulations, certain modifications can be made to both the membrane
and the core components. In one of the first examples describing the
use of membrane modifications to enhance the affinity of CNPs for
cancer cells, RBC membrane-coated nanoparticles were functionalized
with either folate or the aptamer AS1411 usingalipid anchor attached to
aPEG-based tether”. Similar approaches have been used to function-
alize CNPs, for example, with the tripeptide Arg-Gly-Asp (RGD) or the
angiopep 2 peptide, which have improved the delivery of payloads to
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tumour tissues”*’, Cellmembrane modification to display streptavidin
enables further functionalization via the ligation of various biotinylated
molecules’. This strategy was used to functionalize RBC membrane-
coated nanoparticles with a cyclic RGD peptide, thus enhancing the
accumulation of docetaxel in a mouse orthotopic model of glioma.

The cores of CNP nanoparticles are often also engineered for
improved specificity, for example, through the introduction of trig-
geredrelease mechanisms®’. The stimulus for release (the trigger) can
be applied externally, such as when a photoresponsive dye or nano-
material is used to generate localized heat upon near-infrared (NIR)
irradiation. An example is provided by the incorporation of the NIR
dye chlorine e6 into RBC membrane-coated mesoporous silica nano-
particles, which facilitated the light-triggered release of a co-loaded
drug payload®. Similarly, CNPs fabricated using gelatin nanogels
have been co-loaded with cisplatin and methylene blue, the latter of
which helped toimprove the extent of drug accumulation uponirradia-
tion”. In another example, graphene quantum dots were used as the
photoresponsive element to trigger accelerated drug release®. For
local stimuli, CNPs can be engineered such that they are responsive to
features of the tumour microenvironment. Along these lines, nanopar-
ticles fabricated using poly(I-y-glutamyl-carbocistein)-paclitaxel, an
acid-labile prodrug conjugate thatis converted intoitsactive formata
typical intratumoural pH (-6.5), can be coated with RBC membranes”.
Another tumour pH-responsive CNP platform was fabricated using
UV-crosslinked nanogels incorporated with paclitaxel®*; the nano-
particles were further coated with IL-2 for concurrent chemotherapy
and immunotherapy.

Inorder to achieve active tumour targeting, CNPs have been fab-
ricated using the membranes from platelets and certain immune cell
subsets, both of which are often implicated in tumorigenesis***. For
example, platelet membranes conjugated with TNF-related apoptosis-
inducingligand (TRAIL) were used to camouflage acid-sensitive nano-
gels loaded with doxorubicin®. Leveraging the natural expression of
P-selectin on platelets to target CD44 found on tumour cells, the final
formulation had considerable antitumour activity in a mouse model
of breast cancer®. Asimilar platform using silica particles coated with
a TRAIL-functionalized platelet membrane to target circulating can-
cer cells attenuated the development of lung metastases in a mouse
xenograft model®®. In another example, platelet membranes were
modified using tissue plasminogen activator to reduce the extent of
thrombosis, which canoccur in patients receivingimmunomodulatory
agents plus proteasome inhibitors for multiple myeloma®. The mem-
branes were then targeted to accumulate in bone marrow using alen-
dronate and coated around a polymeric coreloaded with bortezomib.
Similarly, platelet membranes have been used to camouflage silica
nanoparticlesloaded with tirapazamine, ahypoxia-activated prodrug,
and 5,6-dimethylxanthenone-4-acetic acid, a vessel-disrupting agent
used to further amplify the targeting effect of the nanoformulation
in a mouse model of colorectal cancer®®, Platelet vesicles can also be
remotely loaded via a pH gradient with doxorubicin nanocrystals to
enhance the antitumour accumulation of the drug as demonstrated
using a mouse breast cancer model®. For nucleic acid delivery, a sur-
vivin-silencing smallinterfering RNA (siRNA) can beloadedinto platelet
membrane-coated MOFs®. After uptake by cancer cells, the MOF cores

Table 1| Examples of RBC membrane-coated nanoparticles

Core material Encapsulated payloads Surface functionalizations Application notes Ref.

PLGA Doxorubicin = Passive delivery )

Doxorubicin nanocrystal Doxorubicin - Passive delivery 8

PEG nanogel Doxorubicin - Passive delivery 88

Mesoporous silica Doxorubicin; chlorin e6 - Light-triggered drug release 80

MOF (ZIF-8) Glucose oxidase; tirapazamine - Tumour starvation-assisted therapy &l

Perfluorohexane Glucose oxidase - Tumour starvation and immune cell &
recruitment

Gold nanocage - - Photothermal therapy n2

Iron oxide - - Photothermal therapy 68

Iron oxide = = Photothermal therapy U3

Gelatin nanogel Cisplatin; methylene blue - Hyperthermia, photodynamic therapy and 9
light-triggered drug release

Manganese oxide Bovine serum albumin-bound - Tumour starvation and photodynamic 2

chlorin e6; glucose oxidase therapy

Mesoporous silica Graphene quantum dots; docetaxel ~ Cetuximab Photothermal therapy and light-triggered 92
drug release

Docetaxel nanocrystal Docetaxel cRGD peptide Tumour-targeted delivery 20

Acetylated dextran Doxorubicin; lexiscan Angiopep 2 peptide Brain-targeted delivery 89

PLGA Human gp100; monophosphoryl Mannose Antigen-presenting cell-targeted tumour 140

lipid A antigen delivery
Chitosan-based nanogel with Paclitaxel IL-2 pH-sensitive drug release and 94
cyclodextrin immunotherapy
cRGD, cyclic Arg-Gly-Asp; MOF, metal-organic framework; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); RBC, red blood cell; ZIF, zeolitic imidazolate framework.
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Table 2 | Examples of platelet membrane-coated nanoparticles

Core material Encapsulated payloads

Surface functionalizations

Application notes Ref.

Doxorubicin nanocrystal Doxorubicin -

Tumour-targeted delivery %

MOF (ZIF-8) Anti-survivin siRNA -

Tumour-targeted delivery 82

Mesoporous silica Tirapazamine; 5,6-dimethylxanthenone- -

Tumour-targeted delivery and %

4-acetic acid vasculature disruption
Iron oxide = = Tumour-targeted photothermal therapy U
Polylactic acid Resiquimod = Local immune stimulation £
Polyacrylamide nanogel Doxorubicin TRAIL Tumour-targeted delivery %
Silica - TRAIL Circulating tumour cell-targeted %
delivery
Acetylated dextran Bortezomib Tissue plasminogen activator;  Bone-targeted delivery and 2

alendronate

thrombolysis

MOF, metal-organic framework; siRNA, smallinterfering RNA; TRAIL, TNF-related apoptosis-inducing ligand; ZIF, zeolitic imidazolate framework.

are ableto dissociate and facilitate endosomal release to enhance the
bioactivity of the siRNA.

Similartoplateletmembrane-coated CNPs, unique cancer-targeting
CNP platforms have also been developed using membrane coatings
derived from various immune cells. In an early example, liposomes
incorporating emtansine were coated with macrophage membranesin
anattempt to target lung metastases via interactions with upregulated
VCAML1 in a mouse model of breast cancer lung metastasis'°’. Similarly,
macrophage-based CNPs carrying paclitaxel have been designed to
destabilize under the slightly acidic conditions found inmost tumours,
thus releasing individual small nanoparticles with ligands promot-
ing enhanced tumour cell uptake via the insulin-like growth factor 1
receptor'®’, While some payload accumulation was observed in other
organs, the macrophage membrane coating enabled the payload to
predominantly localize to the tumour. Neutrophil membranes have
also been utilized for their cancer-targeting properties, including in
aCNPformulationloaded with the proteasome inhibitor carfilzomib,
which depleted circulating tumour cells and inhibited the formation
of metastases inamouse model of breast cancer'®. In another interest-
ing example, neutrophil membranes were used to coat MOFs embed-
ded with glucose oxidase and chloroperoxidase, enabling them to
mimicthe ability of native neutrophils tokill target cells by producing
hypochlorous acid, withantitumour activity demonstrated ina mouse
model of metastatic breast cancer'®.

The use of cancer cells as asource of membrane coatings provides
anovel approach for the development of tumour-targeting CNP for-
mulations by leveraging the homotypic binding properties of cancer
cells*. This concept was first demonstrated using polymeric nano-
particles coated with membranes derived from a breast cancer cell
line (MDA-MB-435); the resulting CNPs were found to be much more
effective at targeting the source cells compared with control nano-
particles coated with RBC membranes®. The utility of this approach
was further confirmed using paclitaxel-loaded CNPs developed from
the 4T1 mouse breast cancer cell line'**. When administered in vivo
in mice, this nanoformulation was able to effectively target estab-
lished4T1tumours, leading to reduced tumour growth and metastasis.
In another study, the specificity of homotypic targeting was evalu-
ated using a panel of cancer cell lines; CNPs developed using either
UM-SCC-7 or HeLa cells were much more effective at targeting their
ownsource cellsinvitro compared with heterologous cell lines'®. This
effect was further confirmed in vivo using a bilateral tumour model,

inwhich only tumours grown from the source cell could be successfully
targeted. Cancer cell membranes have also been used to coat redox-
responsive mesoporous silica nanoparticles loaded with cytotoxic
protein payloads such as RNase enzymes'®°. The same platform can
also be loaded with doxorubicin, with drug release triggered by X-ray
irradiation leading to the cleavage of diselenide bonds within the
nanoparticle core'”. In another approach, tumour-derived extracel-
lular vesicles containing anti-miRNA targeting miR-21 (designed to
modulate the expression of BCL-2 and several other apoptosis-related
proteins) coated onto gold—-iron oxide cores have been developed'.
In a final example, cancer cell membranes were used to facilitate the
tumour-targeted delivery of glucose oxidase-loaded mesoporoussilica
nanoparticles designed to deplete cancer cells of glucose, which was
successfully combined withimmune-checkpointinhibition toimprove
antitumour activity in amouse model of melanoma'”’.

Phototherapy

Nanoparticle-based phototherapeutic platforms have becomeincreas-
ingly popular and are an active area of research within nanomedicine™.
There are two main approaches to phototherapy: photothermal therapy
(PTT) and photodynamic therapy (PDT). PTT involves the conversion
of light into heat by a photothermal agent, resulting in the physical
ablation of nearby cells, whereas PDT relies on photosensitizers to facili-
tate the production of reactive oxygen species that can cause targeted
celldeath™. In comparison with traditional regimens, phototherapies
provide an extra layer of specificity owing to the need for an external
stimulus tobe applied at the tumour site, thus potentiallyimproving the
safety profilerelative to systemically administered therapies. CNPs have
been used as targeted delivery vehicles to enhance the intratumoural
accumulation of a wide range of phototherapeutic payloads.

For PTT applications, CNPs have been developed using various
metallic, inorganic and dye-loaded nanoparticle platforms capable
of efficient photothermal conversion. For example, RBC membranes
have been used to coat gold nanocages, and the resulting nanofor-
mulation has been shown to induce local hyperthermia in tumour
tissues upon NIR irradiation'?. RBC membranes have alsobeen used to
coat iron oxide nanoparticles' and copper selenide nanoparticles',
with each of the resulting nanoformulations enabling effective PTTin
mouse models. Thelatter CNPs are able to absorb light of wavelengths
>1,000 nm (also known as the NIR [l window)™, allowing much deeper
tissue penetration.
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Interms of active targeting, the coating of iron oxide nanoparticles
withplatelet membranes hasbeen showntofacilitate theiraccumulation
in MCF-7 breast cancer xenografts'. Similarly, cancer cellmembranes
havebeen used to bestow homotypic targeting properties to PLGA nano-
particle cores loaded with indocyanine green". Inaunique approach,
T cell membranes were metabolically labelled with azide groups and
used to coat a dye-loaded PLGA core'”. Prior to in vivo administration
of this nanoformulation, tumours in mouse models were modified to
display bicyclo[6.1.0]nonyne groups, which served as artificial recep-
tors capable of reacting with the azides without noticeable adverse
effects onthe general health of mice. Hybrid membranes from RBCs and
cancer cells have been used to coat doxorubicin-loaded hollow copper
sulfide nanoparticles, conferring bothanimproved circulation half-life
associated with RBCs and the tumour-targeting properties of cancer
cells"®. Finally, bacterial membrane-coated gold nanoparticles have
been developed and designed to aggregate via hydrophobic interac-
tions after being taken up by phagocyticimmune cells in vivo, with the
cellssubsequently able to target tumours based oninflammatory cues'.

Interms of PDT, CNPs have demonstrated considerable utility for
the tumour-specific delivery of photosensitizers. A common theme
has been to combine the delivery of a photosensitizing agent with
supplemental functionality in order to augment therapeutic efficacy.
In an early example of this type of approach, cancer cell membranes
were used to coat a MOF-based platform, PCN-224, containing the
photosensitizer tetrakis(4-carboxyphenyl)porphyrin'?°. The CNPs
were also loaded with glucose oxidase for starvation therapy and
catalase to facilitate the production of oxygen from hydrogen per-
oxide for enhanced PDT, which requires sufficient oxygen levels to
generate enough free radicals to kill target cells. In another example,

a catalytically active manganese oxide core was incorporated along-
side glucose oxidase and the photosensitizer chlorine e6 prior to RBC
membrane coating'”. This platform was able to self-supply H*, enabling
the accelerated generation of oxygen radicals. Similarly, cancer cell
membrane-coated gold-rhodium core-shell nanoparticles have been
reported to have catalase-like activity, facilitating the generation of
oxygen, thus reducing tumour hypoxia and increasing the PDT activ-
ity of an encapsulated indocyanine green payload'?>. Mesoporous
copper-manganese silicate nanospheres camouflaged with cancer cell
membranes have been shownto facilitate localized oxygen production
and glutathione depletion, both of which enhanced the therapeutic
activity of singlet oxygenradicals generated uponlight irradiation both
in vitro and in vivo'>. A unique nanobullet structure with a disulfide-
containing mesoporous organosilica body and a magnetic head has
also been coated with cancer cellmembranes for homotypic binding'.
The photosensitizer chlorine e6 was loaded within the body of the
nanobullet and could be released in response to glutathione. Upon
irradiation, the generation of reactive oxygen species combined with
hyperthermia promoted immunogenic cell death that could be further
amplified using systemically administered anti-CTLA4 antibodies. In
another example of the ability of a cancer-mimicking CNP to engage
inPDT, PCN-224 MOFs were loaded with the VEGFR2 inhibitor apatinib
for its anti-angiogenic effects and were further functionalized by the
addition of alayer of manganese oxide to scavenge glutathione'”.

Immunotherapy

As aresult of the understanding of cancer as a disease with animpor-
tantimmunological component***, agreat deal of emphasis has been
placed onmanipulating theimmune system to better elicit antitumour

Table 3 | Examples of immune cell membrane-coated nanoparticles

Core material Encapsulated payloads Celltype Surface functionalizations Application notes Ref.
Liposome Emtansine Macrophage - Metastatic tumour-targeted delivery 100
PEGylated poly(3- Paclitaxel Macrophage - Tumour-targeted, environmentally o1
amino ester) with responsive delivery
CSKC peptide
MOF (ZIF-8) Anti-indoleamine Macrophage - Local immune stimulation EY
2,3-dioxygenase-1 siRNA;
mitoxantrone
PLGA Carfilzomib Neutrophil - Metastatic tumour-targeted delivery 102
and circulating tumour cell depletion
MOF (ZIF-8) Glucose oxidase; Neutrophil - Inflammation-targeted, hypochlorous 103
chloroperoxidase acid-mediated tumour cell killing
PLGA 4,4' 4" 4”-(Porphine-5,10,15,20- Natural killer cell - Tumour-targeted photodynamic 2
tetrayl) tetrakis(benzoic acid) therapy and M1 macrophage
polarization
Iron oxide = Macrophage SIINFEKL-loaded MHC [; anti-CD28 Ex vivo T cell expansion and 22
nanocluster antibody magnetically guided tumour delivery
Iron oxide - Macrophage SB505124; anti-PD-1 antibody Magnetically guided immune 128
nanocluster stimulation and ferroptosis
PLGA Imiquimod Dendritic cell Anti-CD3 antibody; naturally Localimmune stimulationand T o
presented tumour antigens; cell-targeted direct tumour antigen
upregulated co-stimulatory markers  presentation
Crosslinked bovine ~ ORY-1001 Tcell PD-1; macrolittin 70 Tumour-targeted immune stimulation 193

serum albumin

MHC I, major histocompatibility complex class I; MOF, metal-organic framework; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); siRNA, small interfering RNA; ZIF, zeolitic

imidazolate framework.
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Table 4 | Examples of cancer cell membrane-coated nanoparticles

Core material Encapsulated payloads Surface functionalizations Application notes Ref.
Polycaprolactone Paclitaxel = Homotypic tumour-targeted delivery (L
Iron oxide Doxorubicin = Homotypic tumour-targeted delivery (e
Diselenide-bridged mesoporous RNase A - Homotypic tumour-targeted, environmentally responsive 106
silica delivery

Mesoporous organosilica Doxorubicin - Homotypic tumour-targeted delivery and X-ray-triggered (S

drug release

Mesoporous silica

Glucose oxidase

Homotypic tumour-targeted starvation 109

Porous rhodium-coated gold

Indocyanine green

Homotypic tumour-targeted photodynamic therapy 122

MOF (PCN-224)

Glucose oxidase;
catalase

Homotypic tumour-targeted photodynamic therapy and (22

starvation

Mesoporous copper-manganese
silicate

Homotypic tumour-targeted photodynamic therapy and 123

chemodynamic therapy

Manganese oxide-coated MOF Apatinib - Homotypic tumour-targeted photodynamic therapy and (2
(PCN-224) anti-angiogenesis
PLGA CpG 1826 - Tumour antigen delivery and immune stimulation 49

Black phosphorous quantum dot

Local antigen delivery and photothermal-assisted
immune stimulation

PLGA Indocyanine green PEG Homotypic tumour-targeted photothermal therapy e

PLGA - CD80 Direct tumour antigen presentation 36

Iron oxide - SIRPa Magpnetically guided immune stimulation and M1 181
macrophage polarization

PLGA Imiquimod Mannose Antigen-presenting cell-targeted tumour antigen delivery 143
and stimulation

Gold-iron oxide Anti-miR-21 Indocyanine green Homotypic tumour-targeted delivery (L

MOF, metal-organic framework; PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; SIRPg, signal regulatory protein-a.

responses. The initial success of immune-checkpoint inhibitors has
demonstrated the feasibility and power of interventions that disinhibit
theimmune system for cancer treatment'?®, and many types ofimmuno-
therapies are nowbeing studied in clinical settings'”. Along these lines,
CNP platforms have demonstrated an ability to modulate the immune
system in basic research settings. One general approach has been to
utilize the unique properties of CNPs to provide immunostimulatory
signals to theimmune system. Thisimmunostimulation hasbeenaccom-
plished by formulating RBC membrane-coated nanogels with a cytokine
payload capable of synergizing with a co-loaded chemotherapy agent
to promote more robust antitumour activity®*. In another example,
leukocyte membrane-coated nanoparticles were loaded with a small-
molecule TGFBinhibitor,and the membrane was further functionalized
using click chemistry to conjugate an anti-PD-1antibody to the CNP sur-
face'”®. Instead of delivering exogenous immunomodulatory payloads,
CNPs have been used to directly promote M1 macrophage polariza-
tion by leveraging proteins naturally presented via a natural killer cell
membrane coating'?’. When combined with PDT, the platform was able
to generate a robustimmune response that prevented the growth of
distant tumours in a mouse model of breast cancer. An alternative to
stimulating antitumour immunity is to inhibit oncogene expression.
Asanexample, siRNAstargetingindoleamine-pyrrole 2,3-dioxygenase
have been delivered using macrophage membrane-coated nanoparticles
as ameans of overcoming immune evasion in mouse models of glio-
blastoma®’. Genetic modification is acommon method of generating
membrane coatings withimmunomodulatory functions. Thisapproach

hasbeenused to develop CNPs expressing high-affinity signal regulatory
protein-a (SIRPa) variants that do not activate downstream signalling
but competitively inhibit CD47 (ref.”*") or expressing PD-1to abrogate
theimmunosuppressive effects of PD-L1signalling™>"**. Finally, platelet
membrane-coated CNPs have been demonstrated to be a useful tool
capable of facilitating the retention of the TLR agonist resiquimod fol-
lowing intratumoural injections™. When this strategy was used in mice
bearing MC38 colorectal tumours, a curative effect was observed with
resistance to subsequent rechallenge withinjections of the same cellline.

Vaccines actby priming theimmune system to respond to specific
antigens and have been very successful in the prevention of various
infectious diseases™®. Over the past 15 years, vaccination against can-
cer in patients with active disease has been a topic of considerable
researchinterest, and the first therapeutic formulation, sipuleucel-T,
was approved by the FDA in 2010 (ref.””’). However, the success of this
and other vaccines hassince been limited, largely owing to the technical
difficulties associated with generating robust antitumour immunity
in patients with advanced-stage tumours that often have only limited
immunogenicity and a strongly immunosuppressive microenviron-
ment®, Various CNP-based nanovaccines have been developed in an
attempt to address this challenge'”. To enhance the delivery of tumour
antigen-functionalized nanoparticles, mannose-modified RBC mem-
branes were used for the more specific delivery to dendritic cells via
their mannose receptors™°. In another study, RBC membranes were
modified to display N-glycolylneuraminic acid, a tumour-associated
carbohydrate antigen that is not naturally produced by humans but
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can be derived from dietary sources and that accumulates on cancer
cells*. To overcome the limited immunogenicity of tumour antigens
found naturally on cancer cell membranes, CNP nanovaccines have
been developed using adjuvant-loaded nanoparticle cores*’ as well as
nanomaterials that have inherentlyimmunostimulatory properties'.
Similar to RBC membranes, the membranes of cancer cells can also
be functionalized with mannose to facilitate more effective delivery
to antigen-presenting cells (APCs)'**. Another approach designed to
promoteimmunogenicity involves fusing cancer cellmembranes with
outer membrane vesicles derived from bacteria, which are naturally
immunostimulatory"**. To develop personalized vaccine formulations,
researchers have fabricated CNPs using membrane material derived
from surgically resected tumours®’. A more generalized approach for
prophylactic vaccinationinvolves the use of induced pluripotent stem
cell membranes, which contain antigens expressed by many cancer
cells that are not found on differentiated adult cells™.

Instead of providing the immune system with exogenous antigenic
material, the goal of in situ vaccinationis to stimulate immunity against
endogenous antigens that are released as aresult of treatment™*®. In one
example, animmunostimulatory CNP was developed by coating a core
consisting of a TLR agonist and an endosomal escape polymer with a
bacteria-derived membrane’. The surface of the nanoformulation
was further functionalized by the addition of maleimide groups, which
were used to capture tumour antigens released following radiotherapy
and deliver them to APCs. In another example, investigators utilized
magnesium-based micromotors (small synthetic particles capable of
autonomous movement) coated with a layer of bacterialmembrane™.
Wheninjected intratumourally, the motors caused substantial physi-
cal disruption of the tumour structure, which synergized with the
immunostimulatory coating to promote robust anticancer immunity
in mouse models of colorectal cancer and melanoma.

Similar to vaccines, nanoscale artificial APCs (aAPCs) are capable
of stimulating antigen-specific immune responses against tumours in
mouse models'*. However, instead of delivering unprocessed antigenic

material, these platforms bypass the need for endogenous antigen
uptake, processing and presentation by presenting tumour antigens
directlyto T cell precursors. As an example of a CNP-based aAPC, amag-
netic core was coated with an azide-functionalized cell membrane fol-
lowed by conjugation with peptide-loaded major histocompatibility
complex class I (MHC I) molecules and anti-CD28 as a co-stimulatory
signal. The final formulation was used to expand antigen-specific T cells
invitro, which were subsequently infused into tumour-bearing mice.
Instead of chemically conjugating pre-loaded MHCIand co-stimulatory
factorsto CNPs, later CNP platforms leveraged cell sources that present
these components prior to membrane derivation. For example, dendritic
cell membranes were fused with cancer cell membranes, thus provid-
ing the requisite signals for effective tumour antigen presentation'®.
The hybrid membrane was then coated onto a photosensitizer-loaded
MOF core, which was used to induce immunogenic cell death via PDT.
Inanother example, dendritic cells were incubated withtumour-derived
antigens to facilitate their cross-presentation on MHC I followed by fur-
ther stimulation using a cocktail of cytokines and lipopolysaccharides™.
The membranes of these dendritic cells were subsequently used to coat
anadjuvant-loaded PLGA core and further functionalized with anti-CD3
antibodies for T cell targeting. Instead of relying on membranes sourced
from dendritic cells, cancer cells have been genetically engineered to
express co-stimulatory factors, such as CD80, alongside endogenous
MHC Ito promote more effective T cell priming*®. When the membranes
fromthese engineered cancer cells were used to coat ananoparticle core,
the resulting aAPC formulation was effective at eliciting antitumour
immunity in vivo and synergized effectively with immune-checkpoint
inhibitors to control tumour growth in mouse models.

Future clinical translation

Over the past decade, cellmembrane coating technology hasbecome a
thriving topic of research within the field of nanomedicine. Asresearch-
ers continue to explore how the technology can be leveraged for bio-
medical applications, efforts to translate CNP platforms into the clinic

Table 5 | Miscellaneous examples of cell membrane-coated nanoparticles

Core material Encapsulated payloads Celltype Surface Application notes Ref.
functionalizations

Human serum albumin-stabilized Sinoporphyrin sodium  Epithelial cell ~ PD-1 Photodynamic therapy and immune stimulation 134

perfluorotributylamine

Gelatin nanogel Doxorubicin Stem cell - Tumour-targeted delivery e

Poly(cyclopentadithiophene-alt- = Fibroblast = Tumour-targeted photothermal therapy and =2

benzothiadiazole) photodynamic therapy

Hollow copper sulfide Doxorubicin RBC; cancer - Homotypic tumour-targeted delivery and e
cell (hybrid) photothermal therapy

MOF (PCN-224) - Cancer cell; - Homotypic tumour-targeted antigen delivery, 150
dendritic cell immune stimulation and photodynamic therapy
(hybrid)

PLGA Indocyanine green Cancer cell; - Local antigen delivery, photothermal therapy 144
bacteria and immune stimulation
(hybrid)

Gold with -cyclodextrin or adamantane - Bacteria - Inflammation-targeted photothermal therapy e

Titanium dioxide-coated magnesium - Bacteria - Local tumour disruption and immune stimulation 3

Janus micromotor

PC7A CpG 1826 Bacteria Maleimide Local antigen capture and immune stimulation 7

MOF, metal-organic framework; PLGA, poly(lactic-co-glycolic acid); RBC, red blood cell.
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Fig. 5| Anticancer applications of cell membrane-coated nanoparticles.
Leveraging their tumour tropism, biocompatibility and immunomodulatory
functions, cell membrane-coated nanoparticle platforms have been developed
for different applications, with some successes observed in animal models. For
cancer drug delivery, long-circulating and targeted formulations utilizing
coatings derived from red blood cells, platelets and cancer cellmembranes
localize strongly to tumours, thus enhancing therapeutic efficacy while

reducing the risk of adverse events. Likewise, for phototherapy applications,
cellmembrane-coated nanoparticles are excellent vehicles for the delivery

of photothermal and photosensitizing agents specifically to tumours, thus
enhancing their effects upon irradiation. Forimmunotherapies, cellmembrane-
coated nanoparticles can be used to deliverimmunostimulatory agents, serve as
antigen sources or directly interface withimmune cells to promote antitumour
immunity.

have commenced. These efforts have attracted the attention of at least
onebiotech company with adedicated oncology pipeline'® and at least
one other company is applying this technology for the development
of therapeutics for other indications, such as infectious diseases and
inflammatory diseases, with substantial progress towards clinical trials.
CNPs are anew class of biosynthetic hybrids; therefore, many factors
needto be considered for their successful translation. Substantial input
willbe required fromthe FDA or equivalent agenciesinorder to deter-
mine the most appropriate pathways for regulatory approval. Because
cell membranes are an integral component of CNPs, new drug candi-
dates will probably be treated as biologics. In this regard, lessons can
belearned fromongoing efforts to translate extracellular vesicle-based

drug-delivery vehicles, especially with regards to overcoming issues
related to CNP heterogeneity and batch-to-batch variability*>. Even
though various methods of CNP fabrication have beenreported, addi-
tional workis needed to scale-up production towards clinically relevant
quantities of CNPs while consistently meeting strict quality require-
ments to ensure both effectiveness and safety. As various metallic,
inorganic and polymeric nanoparticles have already been approved
forhuman use or are in late-stage clinical trials™>*, most of the focus will
probably be on the cell membrane derivation and coating processes.
Fortunately, many existing industrial-scale techniques could be read-
ily adapted for high-yield production™***. Microfluidic devices could
alsobe usedtofacilitate reliable and cost-effective scale-up while still
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providing the ability to accurately manipulate the membrane coating
process®®, To prevent any potentially deleterious effects associated with
the administration of free cell membranes™®, large-scale purification
methods will be required to separate the final CNP product from any
unincorporated raw materials.

Regarding the cellmembrane source, RBCs, platelets and primary
immune cells are all readily available either from commercial vendors
or from blood banks. Furthermore, most CNP formulations can be
lyophilized for long-term storage**, and thus the use of blood products
that are just about to expire and are therefore not suited for direct
clinical application should be feasible, which would help to reduce
wastage of these precious resources. For cell types that require in
vitro culture, suchas cancer cells orimmortalized immune cells, large
bioreactors can be used for volumetric propagation'’. For such cells,
continuous genotyping and phenotyping as well as the establishment
of master cell banks will help to ensure batch-to-batch consistency.
All cell sources would need to be carefully screened for transmissible
diseases. Steps will also be required to ensure immunocompatibility
with patients, particularly as the majority of patients will probably
receive CNPs manufactured from allogeneic source materials. RBCs
and platelets are commonly infused in non-autologous settings™®, and
any undesirableimmunogenicity canbe readily managed through the
matching of donor and recipient blood types. However, greater care
will berequired for other cell types owing to the immunogenicity that
canresult from MHC mismatches™. One potential avenue for address-
ing this concernis to engineer universal cell lines in which potentially
immunogenic antigens are genetically knocked out™’; subsequent
expression of the minimally polymorphic HLA-E could help prevent
unwanted clearance by innate immune cells'’. From a safety perspec-
tive, the non-living nature of CNPs should eliminate concerns regarding
graft-versus-host disease, possibly justifying the use of mismatched
formulations in short-term situations in which adaptive immunity is
unlikely to affect CNP performance.

Analytical assays will need to be developed to ensure CNP quality
at various stages of the production process. For cell membranes, the
presence andintegrity of key protein markers as well as the total protein
andlipid content should be tested for every batch to ensure compliance
with pre-established specifications. Likewise, the final CNP products
should be evaluated for their potency, physicochemical properties,
bioburden (anindication of microorganism contaminationinaprod-
uct), endotoxin levels and stability,among other factors. Certain mem-
brane coating methods can be more disruptive than others; therefore,
the impact of each method on membrane sidedness and integrity will
need to be tested. The development of sophisticated label-free tech-
niques to distinguish between uncoated nanoparticle cores, unbound
membrane vesicles and CNPs would provide important information
to support further optimization of the membrane coating process.
All CNP fabrication steps would need to be conducted under asep-
tic conditions. Nonetheless, an effective strategy for post-synthesis
sterilization can serve as a backstop to minimize the potential effects
ofbacterial or viral contamination. Overall, many considerations need
to be addressed before CNPs can be deemed ready for widespread
clinical adoption, and a concerted effort by scientists and engineers
workinginbothindustry and academiawill help to make this areality.

Conclusions

In this Review, we have provided a detailed overview of the develop-
mentand application of CNPsin oncology. CNP technology leverages
the unique bio-interfacing capabilities of cell membranes as a means

to augment the performance of traditional nanoparticle platforms.
The type of membrane coating dictates CNP functionality, and spe-
cific source cells can be chosen depending on the desired applica-
tion. Cell membranes can also be modified using various engineering
approaches, thus providing additional flexibility to create custom-
tailored formulations. With regards to cancer treatment, CNPs for drug
delivery, phototherapy and immunotherapy have been extensively
studiedin preclinical models. Further efforts to elucidate the relevance
of specific features to CNP performance in biological environments
will enable researchers to purposefully design new platforms with
enhanced effectiveness. Likewise, an improved understanding of the
biophysics dictating the membrane coating process will result in better
fabrication methods with tighter control over CNP properties. Con-
siderable collaboration between industry, academia and government
agencies willbe required to successfully bring CNP technology into the
clinic. To better facilitate this clinical translation, a premium will be
placed onsimple and elegant platforms that can be easily adapted for
streamlined large-scale production. Ultimately, the outlookis bright as
continued research on CNP technology will undoubtedly lead to more
effective cancer treatments and improved patient care.

Published online: 28 October 2022
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