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Genetically Engineered Cellular Membrane Vesicles as
Tailorable Shells for Therapeutics

En Ren, Chao Liu, Peng Lv, Junqing Wang,* and Gang Liu*

Benefiting from the blooming interaction of nanotechnology and
biotechnology, biosynthetic cellular membrane vesicles (Bio-MVs) have shown
superior characteristics for therapeutic transportation because of their
hydrophilic cavity and hydrophobic bilayer structure, as well as their inherent
biocompatibility and negligible immunogenicity. These excellent cell-like
features with specific functional protein expression on the surface can invoke
their remarkable ability for Bio-MVs based recombinant protein therapy to
facilitate the advanced synergy in poly-therapy. To date, various tactics have
been developed for Bio-MVs surface modification with functional proteins
through hydrophobic insertion or multivalent electrostatic interactions. While
the Bio-MVs grow through genetically engineering strategies can maintain
binding specificity, sort orders, and lead to strict information about artificial
proteins in a facile and sustainable way. In this progress report, the most
current technology of Bio-MVs is discussed, with an emphasis on their
multi-functionalities as “tailorable shells” for delivering bio-functional
moieties and therapeutic entities. The most notable success and challenges
via genetically engineered tactics to achieve the new generation of Bio-MVs
are highlighted. Besides, future perspectives of Bio-MVs in novel
bio-nanotherapy are provided.

1. Introduction

The central dogma in medicine is to steer therapeutic loads to tar-
get tissues and cellsfor achieving maximal efficacy with minimal
toxic effects.[1] Recently, a comprehensive strategy that imitates
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the design principle and mechanism of
“guided missiles” that require three fun-
damental components involving the recog-
nition moieties, drug carriers, and appro-
priate linkers is paving the way for drug
delivery. These components should meet
criteria including efficient drug loading,
systemically non-toxic, and blood circu-
lation stability to improve the delivery
efficiency.[2] While straightforward in prin-
ciple, most of these traits usually come at
the expense of one of the others, and it has
so far been impossible to combine all traits
into a nano-platform.[3] The fate of synthe-
sized “missiles” depends upon the different
components that can overcome these com-
plexities to achieve full benefits from each
component.

Considering these conundrums, there
has been a growing interest in utilizing
biologic nanocarriers with membranous
structures as synthetic “missiles” to de-
velop innovative therapeutics.[4] Their
chief advantages include the native cavity
structure for drug loading, diverse modi-
fication tactics for membrane surface, and

naturally negligible immunogenicity in blood circulation.[5]

Among numerous membranous nanocarriers, the biosynthetic
cellular membrane vesicles (Bio-MVs) produced from the natu-
ral cell membrane have emerged as a promising alternative for
biotherapy.[6] The inspiration for Bio-MVs comes from the hijack-
ing host cell machinery of enveloped viruses and the subsequent
release (budding process) from the infected cells.[7] Once the
original cells are treated by certain amounts of surfactants and
ultrasonic crushing, cell membrane fragments will undergo a re-
assembly process to form tunable Bio-MVs (the particle size can
be controlled from 50 to 2500 nm in diameter).[6a,7] (Scheme 1A)
As is well known to all, the exosomes (30–150 nm in diam-
eter) are naturally secreted from all cell types and bodily flu-
ids, which are enclosed by a phospholipid membrane bilayer.[8]

Exosomes are generated in multi-vesicular bodies (MVBs) and
secreted when MVBs fuse with the cytoplasmic membrane.[9]

(Scheme 1B) In the process, not only some specific transmem-
brane proteins (TMPs) like CD9, CD63, CD81, CD82 were
anchored as a specific marker; the lumen of exosomes also
possesses many biological contents, such as soluble enzymes,
mitochondrial DNA, mRNA, microRNA (miRNA), or other func-
tional genes.[10] Benefiting from the characteristics that the se-
cretion of exosomes is closely related to various physiological
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Scheme 1. The procedure for purification and preparation of biosynthetic cellular membrane vesicles (Bio-MVs) and exosomes. A) The prepared Bio-
MVs are usually generated with the addition of surfactants and ultrasonication to control their size distribution. Benefiting from the complete ultrasonic
crushing of primary cells and following a centrifugal separation, Bio-MVs can minimize the aqueous impurities (e.g., enzymes, oligonucleotides) in the
cavity and have great significance in exogenous substances transportation.[7,42b] B) Exosomes are secreted from all cell types when the multi-vesicular
bodies (MVBs) fuse with the cytoplasmic membrane. The size distribution of exosomes is ≈30–150 nm in diameter and plays an integral role as
intercellular communication vectors because of many soluble proteins and an array of oligonucleotides in the lumen. Besides, they are always regarded
as diagnostic biomarkers and therapeutic targets.[8,9]

processes such as inflammation, homeostasis, and autoimmune
diseases or cancer, the identification of pathological exosomes
has been regarded as diagnostic biomarkers.[6b,11] Their inherent
merits to transfer cargos have improved their possibility of be-
ing used to deliver a variety of agents, including chemotherapeu-
tics, miRNAs, siRNAs, proteins, and even nanoparticles.[6b,10d,12]

Nevertheless, the inherent substances in the lumen have their
unique function that may increase the complexity of components
for therapeutic application.[5a,13] Compared with the secreted ex-
osomes, the Bio-MVs possess similar morphological structures,
physicochemical properties, and membrane protein components
but contain relatively smaller amounts of cellular RNA and other
soluble proteins.[7] These characteristics were assessed by the
western blot analysis for plasma membrane-protein (Na+/K+-
ATPase), anti-cell nucleus (Histone H3a) antibody, and anti-
cytoplasm protein such as actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody.[7] Specifically, the Bio-MVs
produced from the reassembled cell membrane fraction exhibit
high productivity to meet the clinical needs.[14] Therefore, the
Bio-MVs may provide an alternative choice as “missiles” for ex-
ogenous substances or functional moieties delivery.

On account of the efficient and facile procedure of separation
and purification together with the various cell types (e.g., red
blood cells (RBCs), T lymphocytes, natural killer (NK) cells,
macrophage) in the biological world, the Bio-MVs endowed with
a wide variety of preexisting functionalities.[15] Their pharma-
cokinetics and therapeutic efficiency strongly depend on the
membrane protein composition, and the diversity of expressed
membrane proteins will have a decisive influence on their

function.[16] Therefore, many synthetic biological approaches
have been developed to artificially control TMP expression
and diversity for satisfying clinical requirements entirely.[17]

The strategy most worth applauding is the genetic decorating
procedure for Bio-MVs modification with desired proteins on
the surface.[17a] Versus the traditional modification methods
such as multivalent electrostatic interactions, receptor-ligand
binding, and hydrophobic insertion, this strategy successfully
hijack the cellular activity and has several unique advantages:
1) the artificial proteins/peptides/domains can avoid undesired
protein orientation, structural distortions and interfere with the
existed membrane proteins because of cellular strict genetic
control expression system; 2) the integrated proteins anchor-
ing in the Bio-MVs by genetic engineering could have more
post-translational modifications (e.g., glycosylation, acetylation,
phosphorylation) that are critically important for their biological
functions; 3) the existence of degeneracy and usage bias for
genetic codes has excellent benefits for the same functional pro-
teins expressing in different species but maintain their original
sequence information and functions.[17a,18] With their inherent
hollow structure as an ideal cargo carrier for other therapeutics
encapsulated inside, Bio-MVs will be a portfolio “missile” for
medical treatment.[5c,19] The resulting Bio-MVs are one kind of
ideal “tailorable shell” for promoting the delivery of functional
cargos and other functional proteins.

In this progress report, we highlight genetically engi-
neered Bio-MVs based “missile” biosynthesis and their multi-
functionalities as “tailorable shells” to deliver functional moi-
eties, including the small molecular cargos and various proteins.
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Scheme 2. Schematic illustration of the design philosophy, the preparation process of genetically engineered Bio-MVs. Benefiting from the genetic
engineering tactics, the artificial proteins (antibody, antigen, virus epitope, iron channel proteins, functional peptides, recognition receptors, etc.) can
be modified on the cell membrane with specificity, sort orders, and strict information of themselves maintaining. Following prepared Bio-MVs with
these specific customize proteins anchoring on surface, just like “tailorable shells” with interior space for other moieties encapsulation, will have great
potential for cancer immunotherapy, vaccine delivery, virus/bacterial toxin capture, cancer oncolytic virotherapy as well as cancer theranostics.

(Scheme 2) A brief introduction of genetic-engineering methods
for Bio-MVs surface modification will be given first. Then vari-
eties of representative functionalities will have a detailed intro-
duction from standard functional peptides to abundant complex
proteins, including antibodies and other specific membrane re-
ceptors. The mechanisms and synergistic effects of encapsulated
functional moieties with engineered Bio-MVs will have a detailed
description. In the end, we will discuss the historical context of
this specific technology and evaluate the complexities, potential
pitfalls, and opportunities presented by different functional pro-
teins anchoring.

2. Design Philosophy of Genetically Engineered
Bio-MVs

The theoretical basis of a genetic-engineering method for
Bio-MVs is an in-depth understanding of the information and
their corresponding structures of membrane proteins.[20] In
principle, TMPs are amphipathic and allow them to contact
extracellular water conditions and the phospholipid bilayer of
cell membranes.[21] That is the central issue for their heterolo-
gous expression and purification in a soluble state.[22] Generally,
TMPs share two necessary compartments for cell membrane

anchoring: the cleavable N-terminal signal sequences and hy-
drophobic peptide regions.[23] The signal sequence acts as a
zip code to dominate the targeting to and translocation across
the endoplasmic reticulum, localization in the Golgi apparatus,
and finally transported to the cytoplasmic membrane.[24] These
specific hydrophobic-rich peptides will play significant roles
in protein displaying on the cell membrane surface of partic-
ular importance here. A TMP directly spans the membrane
depends on the alternating series of signal sequences and the
number of transmembrane regions.[25] It is imperative that all
TMP features, including structure characteristics, hydrophilic
and hydrophobic peculiarity, and bio-physiological property,
are ubiquitous to all prokaryotes and eukaryotes.[26] Besides,
degeneracy and usage bias for genetic codes have excellent
benefits for the same functional proteins expressing in different
species but maintain their original sequence information and
functions. For example, the light-gated channelrhodopsins-2
proteins (ChR2) from the C. reinhardtii and vesicular stomatitis
virus G-protein (VSVG) from the virus could be expressed on
the HEK293T cells or cancer cells and correctly maintain their
intrinsic functions simultaneously, such as regulating the cal-
cium ion transporting and membrane fusion.[16c,27] Other than
above mentioned native TMPs, most functional peptides screed
in vitro, functional protein domains, and secretory proteins are
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incapable of anchoring on the cell membrane. This section will
focus on the modification strategies for these proteins expressing
on the cell membrane surface. To date, two approaches have
been developed for membrane engineering based on the protein
sorting mechanisms mentioned above.

2.1. Genetic Fusion Based Native TMPs

Membrane proteins are the most crucial component for the
maintenance of cell homeostasis and viability.[28] They have crit-
ical roles in signaling and adhesion as well as recognition of
molecules or recipient cells.[16b,29] Bioinformatics on TMPs offers
insight into artificial control of the expression process. One sensi-
ble strategy will be a genetic fusion-based native TMPs enriched
in original cell membranes to ensure optimum localization of ex-
pressed products. This strategy requires a solid understanding of
the location of signal peptide sequences, transmembrane region
sequences, and topological domains to native TMPs.[21,24b,26] The
information can guide the right insertion site for the exogenous
amino acid sequence. The desired amino acid sequences can be
integrated into any desired destination sites of targeted proteins
benefiting from the breakthroughs of gene editing methods.[30]

For example, Kell and glycophorin A (GPA) are two kinds of
membrane proteins with an exposed C terminus and N terminus
on the mature RBCs with a single transmembrane region. Based
on the structural information, the LPXTG motif for the sortase
A reaction allows stable integration on the outer leaflet of the
cell membrane in vitro via the genetic engineering method.[31]

These artificially expressed motifs could maintain their prop-
erty and introduce a single-domain antibody attached to the cell
membrane with a sortase A reaction.[32] Another model anchor-
ing protein is the Lamp2b and lipid-binding domain C1C2 of
MFGE8 ( = lactadherin).[33] The Lamp2b is a membrane protein
found abundantly in exosomal membranes.[34] With the neuron-
specific specific rabies viral glycoprotein (RVG) peptide fusing
to the N terminus, the purified RVG-targeted vesicles can de-
liver siRNA specifically to neurons, microglia, oligodendrocytes
in the brain, resulting in a specific gene knockdown.[34a] Besides,
when the OVA antigen fusing with the C1C2 and prepared OVA-
C1C2-encoding, the antigen-specific CD4+ T lymphocyte induc-
tion could be specifically favored.

Apart from those proteins with a single transmembrane region
or domain, large complex proteins with multiple transmembrane
regions are also appropriate targeting proteins for modification.
For example, Zachary et al. selected complicated tetraspanins
as a modification objective that transversed the cell membrane
four times. Based on the accurate serial sequence information,
they successfully constructed a set of recombinant fluorescent
proteins for both the inner and outer surfaces displaying at dif-
ferent selected tetraspanin sites.[16a] Moreover, other membrane
proteins with several trans-membrane hydrophobic sequences
like Rab5a or lactadherin could be used for luciferase expression
either.[33]

2.2. De Novo Construction of Recombinant Membrane Proteins

The sequence information of various secretory proteins and
peptides screened in vitro is strictly required for their functions

like the targeting peptide and specific antibody.[1b,35] These
specific functional moieties cannot offer membrane anchoring
because of their inherent amino acid sequences and intrinsic
biological functions. Though the sensible strategy of TMPs
based genetic fusion mentioned above is an effective method,
the exogenous sequence insertion still has the risk of affecting
the original proteins. For instance, the selected target protein
may be a cytotoxic factor that maintains normal cell growth,
and random sequence insertion may break the intracellular
homeostasis for intricated signaling pathways.[36] Besides, some
complex proteins are difficult to engineer into intrinsic TMPs
because of their stringent restrictions of disulfide bonds for their
biological function.[37] Hence, an ingenious design tactic of de
novo construction of recombinant membrane proteins (rMPs)
was developed.[7] Basically, varieties of recombinant membrane
proteins could be reconstructed when a signal peptide sequence
and a transmembrane region sequence are together genetically
fusing to the targeted domains. After these functional compo-
nents (recombined gene expression sequences) are expressed in
the target cells together, this kind of recombinant protein will
target the location from the cytoplasm to the cell plasma mem-
brane based on the sorting mechanism to their TMPs.[38] As an
alternative method for TMPs, several advantages are apparent: 1)
It has almost no influence on the original proteins and sequence
information because the N-terminal signal sequences will be
cleaved by signal peptidase; 2) all pieces of information, such as
structural bio-physiological characteristics on the target proteins
and sequence identity, are maintained, which guaranteed their
functional perfection; 3) the customized proteins will artificially
display on the outside or inside of the cell membrane according
to requirements; 4) several functional proteins or domains can
be collaboratively displayed for synergistic effects in princi-
ple; 5) the membrane proteins can be artificially customized
through hijacking the intrinsic membrane protein expression
mechanisms and then the cellular protein component.[7,38b,39]

Combined with the diversities of functional cells, there is every
valid reason to believe the successful establishment of rMPs
strategy can greatly improve the Bio-MVs performance.

3. Multi-Functionalities of Genetically Engineered
Bio-MVs

To date, various kinds of functions for Bio-MVs have been iden-
tified based on their biochemistry, including their compositions
and biological roles.[5a,40] For example, with intrinsic protein ex-
pression and nucleic acids encapsulation, these Bio-MVs can be
applied for antigen presentation, intercellular communication,
and other pathological roles.[41] Apart from their peculiarities,
other functions with Bio-MVs surface modification tactics have
developed either including specific targeting moieties’ linkage,
expression of exogenous proteins, and other chemical receptors
anchoring.[42] On account of the particular cavity structure, Bio-
MVs can be used for chemotherapeutics delivery, fluorescent
molecules loading, and immunotherapy for a spectrum of dis-
eases, including cancers, infections, and immune disorders.[42b,c]

Of the most significant concern, both the external surface and in-
ternal cavity structure of Bio-MVs will be the independent func-
tional moieties anchoring platform, which constitutes an excel-
lent carrier for synergistic therapeutic drugs.[40] Herein in this
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section, we focus on the additional functions based on the exoge-
nous proteins anchoring via genetic engineering methods. Vari-
ous functionalities will have a detailed introduction, from simple
amino acid sequences like functional peptides to complex pro-
teins such as antibodies, specific cellular receptors, and viral en-
velope proteins.

3.1. Functional Peptides Engineering

Functional peptides are usually screened in vitro through phage
displaying technology and have been widely used in biomedical
applications because of their specific targeting ability, desirable
pharmacokinetics, low immunogenicity, and toxicity.[43] Despite
these particular characteristics, native peptides are seldom
directly used for nanomedicine because they may lose their
bioactivity before reaching the intended lesions under enzymatic
degradation and renal clearance.[44] Till now, varieties of strate-
gies have been developed to enhance metabolic stability, prolong
blood circulation, and increase the binding affinity of peptides.
For example, the PEGylation, the dimeric or multimeric peptide
system, and even cyclization of the peptide have been introduced
to overcome these problems.[44] On the other hand, the targeting
peptides are usually decorated with nanocarriers (e.g., lipo-
somes, metal-organic frameworks (MOFs), biomacromolecules,
superparamagnetic iron oxide nanoparticles (SPION)) via chem-
ical decoration methods for other functional moieties delivery.
Moreover, parts of these peptides have been selected as vari-
ous pathogen substitutes for prophylactic vaccines.[45] In the
process, appropriate methods that bridging them with other
synergistic moieties are daunting challenges because the strict
information of functional peptides should maintain strictly for
their functionality.[46] This part will introduce the genetically
engineered Bio-MVs as “tailorable shells” for functional peptides
anchoring, including the tumor-targeting peptides and virus
peptide epitope. Benefiting from their exact information anchor-
ing on the Bio-MVs and characteristics of natural drug carriers,
the cancer-targeting ability and efficiency of antigen delivery
have vast improvement.

3.1.1. Bio-MVs Based Adenovirus Camouflaging for Oncolytic
Virotherapy

As an effective new antitumor method, oncolytic virotherapy that
utilizes oncolytic adenovirus (OA) to selectively induce cell necro-
sis or apoptosis has shown promising results in preclinical stud-
ies and clinical trials.[47] Owing to their ability to self-replicate
within the cancer cells, the oncolytic virus has unique pharma-
cokinetics distinct from conventional therapeutics.[48] However,
varieties of concerns that have emerged from clinical trials are
the intrinsic identity of antivirus immunity, innate immune re-
sponse, and poor targeting delivery of systemically administered
OA.[49] Despite these daunting challenges, major strides have
been made, such as expressing pro-drug convertases and cy-
tokines for specific tumor targeting, but therapy in patients with
intact immunity will remain a significant challenge.[50] Taking
inspiration from nanotechnology is an alternative approach to
shield viruses chemically with polymers such as polyethylene gly-
col or poly-(N-(2-hydroxypropyl) methacrylamide) (pHPMA).[51]

Figure 1. Genetic-engineering biosynthetic cellular membrane vesicles
(Bio-MVs) with NGR tripeptide (Asn-Gly-Arg) displaying for oncolytic ade-
novirus (OA) delivery. A) Schematic illustration for the synthetic process.
B) Western blotting analysis to detect the NGR peptide and marker pro-
tein Alix on the Bio-MVs. C) Transmission electron microscopy (TEM) im-
ages of purified OA@Bio-MVs which were negatively stained with uranyl
acetate. Scale bar: 100 nm. D) Fluorescence images of different tissues
and organs after injected with OA and NGR-MVs@OA. E) Tumor growth
curves and body weight of tumor bearing nude mice after various kinds of
OA treatments. Reproduced with permission.[52] Copyright 2019, Ameri-
can Chemical Society.

These hydrophilic polymers can be chemically cross-linked on
viruses to shield them from preexisting antibody responses and
reduce the new antibody and T-cell responses. However, this re-
sulted in reduced targeting efficacy and attenuated therapeutic
efficacy due to the steric hindrance introduced by those macro-
molecular polymers.[51] Therefore, the desired modification strat-
egy to achieve robust antiviral immune shielding and unique tar-
geting capability for oncolytic virotherapy is urgently needed.

Considering the excellent performance of Bio-MVs as func-
tional moieties encapsulation, Lv et al. synthesized a new kind
of Bio-MVs-based “guided shells” for OA camouflaging and
delivery.[52] Herein, the NGR tripeptide (Asn-Gly-Arg) as the tar-
geting ligand was selected for Bio-MVs modification because
the NGR could recognize a membrane-bound metalloproteinase
(APN) of tumor cells.[53] (Figure 1) First, the NGR coded cDNA
was knocked in the Gypa, one marker of RBCs, through in
vivo CRISPR-engineering strategy. The Bio-MVs with NGR pep-
tides are displayed and purified from the mature erythrocytes
via the specific procedure.[54] Through rigorous experimental
calculations, OA could be encapsulated in the functional Bio-
MVs through membrane extrusion (Bio-MVs@OA). Besides, the
shielding activity could block the accessibility of the antibody to
scavenging and reducing its immunogenicity. The significant an-
titumor growth efficacy in subcutaneous tumors was achieved by
benefiting from the excellent targeting ability of NGR modified
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Bio-MVs. Compared with frequently used HEK293T for donor
cells, RBCs find a balance between antitumor and antiviral im-
munity and have remarkable targeting ability for tumors with low
immunogenicity.[52] In summary, genetically modified Bio-MVs
enable efficient systemic delivery of OA, evade the host immune
responses, and reduce side effects for OA therapy.

Recently, a significant number of breakthroughs have revealed
pathogens, including other viruses and bacteria, have developed
unique strategies such as natural tropisms and markers to en-
ter target tissues or cells.[55] Substantial efforts have been under-
taken toward understanding the key features of these pathogens,
and the ultimate goal is to mimic or modify them for deliver-
ing therapeutic payloads.[56] The positive results of Bio-MVs@OA
also indicate that genetically engineered Bio-MVs have real poten-
tial for encapsulating other pathogenic microorganisms such as
therapeutic bacteria and other functional viruses to reduce their
biotoxicity but with their biological activity maintaining.[57] In ad-
dition to this, Bio-MVs will be a favorable candidate for therapeu-
tics of other diseases because other corresponding targeting pep-
tides can be displayed on their surface.

3.1.2. Virus Epitope Displaying for Immune Protection

Apart from the targeting and appetency with targeted cells used
for OA delivery, polypeptides are also widely used in antiviral
therapy, just as prophylactic vaccines.[58] Commonly, an infec-
tion caused by enveloped viruses is dangerous, and designing
effective vaccines is a critically important challenge.[59] Most pro-
phylactic viral vaccines are composed of attenuated or inactivated
viruses because they are practical and useless as an adjuvant.[60]

However, the ability to revert to a pathogenic form and the high
toxic potential of packed viral nucleic acids has a potential dis-
advantage in the clinical application process.[58b] Versus atten-
uated or inactivated virus, the subunit vaccines (e.g., virus-like
particles, protein fragments from virus) contain no viral genet-
ics but could reassemble the actual structure of the virus to pro-
voke a humoral and cellular immune response.[61] Nevertheless,
several challenges remain in subunit vaccine development. For
instance, the native conformational epitope of the viral envelop
protein is difficult to produce without the post-translational mod-
ification in eukaryotic cells.[61c] In addition, the lipid membrane
environment is the key to maintain a correct conformation of the
multimer to reduce the possibility of producing the anti-incorrect
conformation antibody.[62] Therefore, the process goal for maxi-
mizing the quantity of viron-like epitopes against the enveloped
virus is selecting appropriate strategies for viral glycoprotein an-
choring and lipid membrane structure maintenance.

To this end, Zhang et al. obtained the uniform spherical
virus-mimetic nano-vesicles that are akin to natural viruses in
size, shape, and specific immunogenicity.[6a,7] (Figure 2) First,
the selected HPV L2 epitope (24 amino acids) was genetically
anchoring on the HEK293T cells via the rMPs strategy men-
tioned before. Afterward, the Bio-MVs that displayed HPV
L2 epitope (Bio-MVs-L2) were produced via the appropriate
chemical surfactants to accelerate the budding process. It was
pleasantly surprising that vaccination of mice with Bio-MVs-L2
could induce a high level of antibody titers to the L2 polypeptide
and elicit ≈10.5-fold higher neutralizing antibody titers com-

pared with the free L2 peptide group through the same immune
strategy. Apart from the HPV L2 epitope, the integral membrane
hemagglutinin (HA) glycoprotein (570 amino acids) from in-
fluenza A was engineered on the exterior of KEK293T cells for a
specific Bio-MVs-HA either. HA can be anchored through its hy-
drophobic transmembrane region to the cell membrane, which
provides a befitting lipid environment analogous to the one in
enveloped viruses. The following rigorous experimental results
demonstrated the Bio-MVs-HA have a tremendous binding
capacity for neutralizing antibodies (J3F11, 13G7, 2H3, 18B10,
J8A1, 16D5) that were conformation-dependent neutralizing
antibodies. That means the Bio-MVs-HA perfectly reproduces
the structure information of HA on native virions. The great
protective immune response of Bio-MVs-HA was also examined
in vivo, just as inactivated influenza viruses. These experimental
results concluded that genetically engineered Bio-MVs are one
kind of vaccine-delivery vehicle that could elicit neutralization an-
tibodies specific for the epitope and provide immune protection
to the body as an effective vaccine. These remarkable peculiar-
ities mainly come from the recombinant proteins produced in
eukaryotic cells and are subjected to post-translational modifica-
tions, including glycosylation acetylation, phosphorylation, and
correct folding on the cell plasma membrane.

Although other kinds of natural particulates like bacterial-
derived membrane vesicles and exosomes from mammalian
cells have also reported and shown excellent antigen delivery
performance for membrane structure, the relative cytotoxicity
of backbone proteins for Bio-MVs and lower output of naturally
secreted exosomes will hamper their further applications.[62]

Comparatively, genetically engineered Bio-MVs generated from
mammalian cells will successfully ease these conundrums and
perform better as a virus vaccine. Specifically, recombinant viral
envelope glycoproteins can anchor on the cell plasma membrane
with complete post-translational modifications like the virus in-
fection and additional surfactants capable of controlling their size
and strength.[7] Therefore, the genetically engineered Bio-MVs
provide an effective, straightforward, and tunable tactic to cure
a wide range of emerging enveloped viruses, in particular, the
wide-spreading and highly pathogenic viruses, including human
immunodeficiency virus (HIV), influenza, and SARS-CoV-2 that
are recently flared up and caused a global pandemic.

3.2. Proteins with Complex Structure Engineering

Membrane proteins that account for approximately one-third
of the proteomes of organisms have pivotal roles in virtually
all biology aspects, including cell-to-cell signaling events, solute
transport, and cellular organization.[63] Their importance is un-
derscored because they represent more than 60% of the cur-
rent drug targets.[65] Despite their enormous potential, few at-
tempts have been made to gain membrane proteins widespread
in biotechnology.[64] The traditional dominance of strategy that
membrane proteins expressed from other cells always leads to in-
hibition of host cellular growth, and purified protein often lacks a
desired function or specificity for use in engineered processes.[65]

Considerable progress has been made through protein engineer-
ing and synthetic biology approaches to address these conun-
drums, but the results were barely satisfactory.[22,66] Yet, the low
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Figure 2. Genetically engineered Bio-MVs with virus epitope displaying for immune protection. A) The location of recombinant protein in HeLa and
HEK 293T cells with the strategy of de novo construction of recombinant membrane proteins (rMPs). B) The cryo-EM images of purified Bio-MVs that
were incubated with different concentrations of chemical surfactants. Scale bar: 100 nm. C) Co-IP and western blotting analysis confirmed the presence
of virus epitope on the exterior of Bio-MVs. D) Serum anti-L2 epitope antibody titer was determined by ELISA after the mice immunized. Reproduced
with permission.[7] Copyright 2015, National Academy of Sciences.

expression rate will directly influence further applications such
as decoration for nanomedicine delivery in another aspect. Apart
from these conundrums for membrane-spanning proteins, se-
cretory proteins such as the antibody or some viral antigens
will have to meet these problems. In a way, the secretory pro-
teins are more demanding on the stability of the protein.[67]

Considering the natural hydrophilic and hydrophobic proper-
ties of cell membranes for specific membrane anchoring, we
presume the Bio-MVs will be the promising alternative to over-
come the difficulties of membrane proteins.[17a] A genetic en-
gineering Bio-MVs can be nicely engineered as a surrogate for
mass membrane proteins or secretory protein expression but will
maintain the desired functional specificity targeting biomedical
applications.[5a,30b] These include 1) the specific membrane re-
ceptor protein expression for virus neutralization; 2) the antibody
expression for cancer immunotherapy and multidrug-resistant
bacterial infections (MDR); 3) multidrug-resistant bacterial in-
fections; 4) immune checkpoint inhibitors displaying for im-
munotherapy; 5) specific antigen presentation as tumor vaccine
to promote anticancer immunity as well as targeted ligands an-
choring for drug delivery; 6) Viral membrane proteins expression
to simulate the behavior of the virus.

3.2.1. Specific Receptor Displaying for Virus Capture

Apart from the designing and application of the prophylactic vac-
cine to avoid a pandemic of virus infection just like previously
mentioned, a promising treatment to employ Bio-MVs as a decoy
to reap and detain the virus has developed either.[68] The inspi-
ration comes from the fact that the causative virus has to invade
a host cell to cause infection.[69] While the membrane is one of
the major barriers that viruses need to conquer. The receptors ex-
pressed on the cell membrane are generally key anchoring sites
for virus binding and entry, and they are also known to be im-
portant therapeutic targets.[70] Bio-MVs engineered with highly
stable “mimics” of the receptor have the potential to troubleshoot
the limitations of receptor-mediated antiviral treatment with rea-
sonable specificity and safety profiles.

Recently, it has been demonstrated that the pre-S1 domain
of hepatitis B virus (HBV) is a crucial determinant for HBV
binding.[71] As the particular receptor-binding region of pre-S1,
the sodium taurocholate co-transporting polypeptide (NTCP)
with multiple transmembrane transporters predominantly ex-
pressed in the liver. Silencing NTCP inhibited HBV infection,
while exogenous NTCP expression rendered hepatocellular
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carcinoma cells (HCC) susceptible to these viral infections.[71]

Taking inspiration from this information and genetically en-
gineered Bio-MVs characteristics, Liu et al. hypothesized that
genetic-engineered Bio-MVs from NTCP-reconstituted cells
could be an effective means of binding specificity toward HBV
because of their intrinsic characteristics such as virus-mimetic
shape/size and prolonged circulation time in the physiological
environment.[72] (Figure 3A) Therefore, they successfully engi-
neered Bio-MVs to display hNTCP on the surface and obtained
hNTCP-Bio-MVs as previously introduced. As shown in the
experimental results, the vesicular structure, the size of hNTCP-
Bio-MVs, and HBV-hNTCP complexes had confirmed by trans-
mission electron microscopy (TEM). When incubated with the
HBV-Ae/Ba stable cells in vitro, treatment with hNTCP-Bio-MVs
rapidly reduced the HBV DNA level in the supernatant by ≈50%.
Besides, hNTCP-Bio-MVs treatment can efficiently prevent HBV
viral infection, spreading, and replication in a human-liver
chimeric mouse model of HBV infection. These positive results
indicate that the antiviral effect of hNTCP-Bio-MVs via efficient
and competitive binding to the dissociative HBV virion then
subsequently blocks the viral entry process into the cells.

Apart from the HBV capture, the same design strategy has
been demonstrated with the natural CD4+ T cell membranes for
HIV inhibition and human lung epithelial type II cells or hu-
man macrophages for severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2).[73] The fabricated Bio-MVs from CD4+

T cells can effectively inhibit gp120-induced apoptosis of CD4+

T cells benefiting from the preserving intrinsic surface markers,
including CD4 receptor and CCR5 CXCR4 co-receptors for HIV
targeting. While SARS-CoV-2 leverages angiotensin-converting
enzyme 2 (ACE2) expressed on the host cells as receptors for cel-
lular entry.[74] Based on this, Wang et al. successfully prepared
the Bio-MVs from ACE2-rich cells using an extrusion method.[75]

(Figure 3B) This kind of Bio-MVs contained 265 ng mg−1 ACE2
on the surface and acted as baits to trap the viral spike (S) protein
in a dose-dependent manner, efficiently suppressed SARS-CoV-2
S pseudovirions entry into host cells, and blocked viral infection
in vitro and in vivo.

As a sole sharing cellular component of mammalian cells,
bacteria, and viruses, the biological membrane acts as a semiper-
meable barrier between the cytoplasm and outside medium.
Hence, the anchoring membrane proteins are often involved
in basic cell behaviors such as adhesion, recognition, sensory
stimuli transduction, and signal transformation. Benefiting
from degeneracy and usage bias for genetic codes, we can genet-
ically express the same functional proteins in different species,
especially the membrane proteins. With the universal Bio-MVs
extraction mentioned here, almost all natural membrane pro-
teins can bionically express on the surface to act as biomimetic
nanodecoys for pathogen clearance and a pattern platform to
study their interactions.[68a,76]

3.2.2. Repurposing Antibody Displaying for Disease Immunotherapy

Over the past decades, the monoclonal antibodies (mAbs) have
integrated the long-sought vehicle for the targeted delivery of po-
tent chemotherapeutic agents or as powerful mediators to ma-
nipulate anticancer immune responses.[77] This excellent capac-

ity mainly benefits from their inherent unique characteristics.
First, their natural targeting and biocompatibility play a signif-
icant role in cytotoxic moieties conjugation like antibody-drug
conjugates (ADCs) for improving pharmacokinetic profiles and
targeting therapeutic delivery to lesions.[78] Then, their inherent
capacity for invoking tumor cell death by directly blocking the
specific immune checkpoints and indirect linkage to marshal the
body’s immune system endows their enormous power for cancer
eradication.[79] For example, the Fc portion of mAbs could induce
antibody-dependent cellular cytotoxicity (ADCC), complement-
mediated cytotoxicity (CMC), and antibody-dependent cellular
phagocytosis (ADCP).[80] These excellent functions have strict re-
quirements on the structure information of antibodies that di-
rectly dominate their effectiveness.

Inspired by the excellent performance of Bio-MVs for cargo
delivery, Liu et al. successfully bridge Bio-MVs and mAbs into an
efficient regimen for cancer cell tracing and eradication.[81] The
full-length of a monoclonal antibody (anti-glypican 3 (GPC3) anti-
bodies (hGC33)) was designed as the targeting moieties for HCC
and genetically engineered on the exterior of cell HEK293T cell
membranes.[82] (Figure 4A,B) Next, the specific form of Bio-MVs
with antibody displaying (vesicular antibody (VAs)) was synthe-
sized via a particular Bio-MVs extraction method.[81] The exper-
imental results showed complete antibody structure, functional
domain orientation, and detailed conformation successfully
maintained through the natural expression pathway. As expected,
VAs were prepared with a stable shape and showed excellent
ability for encapsulated cargo (e.g., indocyanine green (ICG), dox-
orubicin (Dox)) delivery. In the process, appropriate sonication
powers were optimized for high drug encapsulation efficiency
(>70%). More surprisingly, the encapsulated moieties were
successfully internalized into the cells via antibody-mediated
energy-dependent membrane fusion mechanism, together
with the antibody transfer to the targeted cell membrane. The
existence of the Fc domain on the tumor cells recruited and
aggregated the NK cells into the microenvironment and medi-
ated the ADCC for tumor necrosis. This phenomenon indicates
that the genetically engineered antibody has a great capacity to
guarantee structurally and morphologically stability on the cell
membrane.[19] As a proof of concept, such genetically engineered
Bio-MVs with specific antibody presentation can be a useful port-
folio strategy for tumor-targeted delivery of antibodies and drug
molecules.

In parallel, genetically engineered Bio-MVs with the anti-
body presentation were also used to combat multidrug-resistant
(MDR) bacterial infections.[83] Specifically, the antibody-based
virulence factors eliminating can be used to combat immuno-
suppression and protect the innate immune defense.[84] Thus,
Pang et al. successfully prepared the Bio-MVs with a neutraliz-
ing monoclonal antibody (MEDI4893) displaying on the mem-
brane surface.[42a] (Figure 4C,D) The selected MEDI4893 is one
specific antibody against alpha-toxin (AT) of Staphylococcus au-
reus (MRSA) in phase II trials.[85] After packaging the sonosensi-
tizer mesotetrakis (4-sulfonatophenyl) porphyrin (TPPS) inside,
this kind of Bio-MVs could be a facile “guided missile” to bridge
antibacterial sonodynamic therapy (SDT) with anti-virulence
passive immunotherapy for MDR.[42a] Upon ultrasound activa-
tion, the sonosensitizers can efficiently generate ROS to kill
bacteria, while the displayed antibody can assist the virulence
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Figure 3. The antiviral treatment for HBV infection with genetically engineering hNTCP-Bio-MVs. A) Design of HBV-infected Hu-FRGS mice that received
hNTCP-Bio-MVs treatment. B) TEM images of HBV-hNTCP-Bio-MVs complexes negatively stained with uranyl acetate. C,D) Serum HBsAg and HBV DNA
levels of untreated, Bio-MVs treated, and hNTCP-Bio-MVs treated Hu-FRGS mice with HBV infection from 0 to 20 dpi. Reproduced with permission.[72]

Copyright 2018, Wiley-VCH. E) The schematic diagram of ACE2 anchoring Bio-MVs to block SARS-CoV-2 infection. F) Inhibitory effect of ACE2 anchoring
Bio-MVs was evaluated via immuno-fluorescence microscopy. S pseudovirions were traced by a FITC-labeled antibody (green). Nuclei were stained with
DAPI (blue). The scale bar is 20 μm. G) Immunofluorescence microscopy showing the location of ACE2 (red) in HEK-293T-ACE2 cells. Nuclei were
stained with DAPI (blue). The scale bar indicates 20 μm. H) TEM images of S pseudovirions adsorbed onto NPs. The scale bar indicates 200 nm.
Reproduced with permission.[75] Copyright 2018, American Chemical Society.

Adv. Sci. 2021, 8, 2100460 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100460 (9 of 19)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 4. Monoclonal antibody (hGC33 and MEDI489) expressed Bio-MVs for cancer immunotherapy and antibacterial sono-immunotherapy. A)
Demonstration of antibody-mediated energy-dependent membrane fusion after HepG2 cells incubated with DiI-labeled hGC33-Bio-MVs. Red: Dil;
Green: phalloidine. Scale bar is 20 μm. B) Antibody-dependent cellular cytotoxicity (ADCC) cytotoxicity activity mediated by hGC33-Bio-MVs. Reproduced
with permission.[81] Copyright 2019, Wiley-VCH. C) Schematic illustration of the antivirulence and antibacterial mechanism of Bio-MVs with antibody
MEDI4893 expressed on the surface. D) Representative magnetic resonance images (MRI) of MRSA-infected mice after injected with MEDI489 anchor-
ing Bio-MVs. E) 3D photoacoustic images of MRSA and LPS infected thighs from Bio-MVs-treated mice. Reproduced with permission.[42a] Copyright
2019, Wiley-VCH.

clearance. Ultimately, the genetically engineered antibody an-
choring on Bio-MVs promises a new way for antibiotic-free tactics
to combat MDR bacterial infections robustly.

To date, apart from the cancer therapy and bacterial eradication
mentioned here, the native mAbs clinical widely applies to the
other kinds of diseases treatments like immune disorders and
hematologic disorders, also curative efficiency affirmation.[86]

Despite this, single antibody-based curing is ultimately not cu-
rative because of their limited efficiency to redundant signal-
ing and crosstalk among different pathways within the disease
microenvironment.[19,87] To overcome these obstacles, a broad
spectrum of antibody forms are under development to enhance

the clinical potential through improving their existing properties
or endowing them with new functions such as a bispecific an-
tibody, a humanized chimeric antibody, nanobody, and specifi-
cally the ADCs.[77,78,87] In principle, all these developed forms of
antibodies can be genetically engineered on the membrane sur-
face for antibody-decorated Bio-MVs synthesis.[19] Subsequently,
purified Bio-MVs can successfully bridge the native mAbs for
immunological functions and cavity structure of Bio-MVs for
molecule loading efficiency. Undoubtedly, these ingeniously de-
signed Bio-MVs decorated with specific antibodies will act as an
effective and generalizable alternative for ADCs to various life-
threatening diseases.
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3.2.3. Immune Checkpoint Inhibitors Anchoring for Cancer
Immunotherapy

The immune system evolved to distinguish non-self from self
to protect the organisms from any hazardous substances.[88]

Because the cancer cells derived from normal somatic cells
and the immune responses to dysregulate cell growth present
considerable challenges. Accumulating evidence has revealed
that the interaction between tumor cells and the host immune
system fosters tumor immune evasion and ultimately results in
tumor dissemination, relapse, and metastasis.[89] Therefore, if
better harnessed, the host immune system is thus a powerful
tool that could significantly enhance the efficacy of cytotoxic
therapy and improve outcomes for cancer patients.[90] Aside
from the strategy of leveraging the antibody mentioned previ-
ously, the usage of immune checkpoint inhibitors has paved the
way in cancer diagnosis.[91] In the process, recent breakthroughs
have proved that programmed cell death protein 1 (PD-1), and
PD-1 ligand (PD-L1) pathway blockade is a highly promising
therapeutic target and has elicited durable antitumor responses
in a broad spectrum of cancers.[92] Cancer tissues limit the
host immune response via the upregulation of PD-L1 and its
ligation to PD-1 on antigen-specific CD8+ T cells. That means
blocking the interaction between PD-1 and PD-L1 by antibodies
or any other methods will boost the immune response against
cancer cells.[93] How to improve, widen, and predict the clinical
response to anti-PD-1 therapy is a central theme in cancer
immunology and immunotherapy.

Considering the inherent cavity structure of Bio-MVs for small
molecules drug loading and easy functional proteins surface en-
gineering, Zhang et al. established HEK293T cells to stably ex-
press the mouse PD-1 receptor on the cell membrane to enhance
the cancer immunotherapy through disrupting the PD-1/PD-L1
immune inhibitory axis.[42c] (Figure 5A–C) Just like the source
cells, the PD-1 preserved right side out orientation in following
PD-1 displaying Bio-MVs, which is crucial for the effective block-
ade of PD-1/PD-L1 connection. In vitro and in vivo experimental
results showed that PD-1 anchoring Bio-MVs intensively accu-
mulated in the tumor sections and significantly delayed tumor
growth by increasing the filtration of CD8+ T cells. Besides, the
interior space of the Bio-MVs can also serve as carriers for other
therapeutics to perform combination delivery. Studies about in-
doleamine 2,3-dioxygenase (IDO) have been widely reported, and
it is an immunosuppressive molecule overexpressed by tumor
and dendritic cells (IDO+DCs) to limit the proliferation and func-
tion of effector T cells.[94] Therefore, with a small molecule in-
hibitor of IDO, 1-methyl-tryptophan (1-MT) encapsulated into
the PD-1 Bio-MVs could simultaneously block the PD-1/PD-L1
axis and overcome the inhibitory effects of IDO on effector T cells
within the tumor microenvironment.

The common characteristic that HEK293 cells are relatively
easy to be transfected highlights the novel roles for expressing
exogenous genes.[95] However, they are not the optimal donor
cells in the strictest sense because of their immunogenicity of
proteins backbone. Platelets have been widely used for design-
ing functional nanocarriers owing to their role as circulating sen-
tinels for vascular damage and possess a unique set of surface
moieties responsible for immune evasion.[15b] Unfortunately, the
specific characteristics of non-nucleated and terminally differen-

tiated limit their clinical use because of their inability to be ge-
netically manipulated and further modified. Considering this,
Zhang et al. further developed an alternative immune-platelet
complex by genetically engineering megakaryocyte progenitor
cells to express PD-1 on the membrane and further release PD-1
presenting platelets upon maturation.[96] (Figure 5D–F) Benefit-
ing from the genetic-engineering method, large sources of PD-1-
bearing platelets were obtained, and their relative immunogenic-
ity decreased. Intriguingly, this kind of PD-1 harboring platelets
could execute the typical functions of platelet to accumulate in
the surgical wound sites and block PD-L1 on tumor cells to re-
vert exhausted CD8+ T cells for eradicating residual tumor cells.
Moreover, the PD-1 platelets could be efficient cargo carriers for
cyclophosphamide, an immunosuppressive drug, and improv-
ing anticancer immune response by depleting regulatory T cells
(Tregs) within the tumor microenvironment. From a broad per-
spective, this kind of PD-1-bearing platelets could be ideal donor
cells of Bio-MVs preparation for further clinical nanomedicine.

Up to now, targeting immune checkpoints such as PD-1,
PD-L1, and cytotoxic T lymphocyte antigen 4 (CTLA4) has
achieved considerable benefit in multiple cancers by blocking
immuno-inhibitory signals and enabling patients to produce a
significant antitumor response.[97] Traditionally, the developed
inhibitors to these molecules administered as single agents
have resulted in durable tumor regression in some patients,
and combination with other inhibitors may enhance antitumor
benefit.[98] Numerous additional immuno-modulatory pathways
and inhibitory factors expressed or secreted by myeloid and
stromal cells in the tumor microenvironment are potential
targets for synergizing with immune checkpoint blockade.[99]

Given the breadth of potential pharmaceutical molecules and
immune checkpoint inhibitors, the genetically engineered
Bio-MVs will be the best “shell” for molecules encapsulation
and functional proteins displaying. Apart from the individual
inhibitor PD-1 engineering introduced here, PD-L1 and CTLA-4
can simultaneously anchor the Bio-MVs via the bioengineering
method.[100] This kind of dual-targeting Bio-MVs has excel-
lent performance for immunosuppressive therapy in organ
transplantation. Moreover, the engineered PD-L1-expressing
platelets were also demonstrated to accumulate in the inflamed
pancreas to suppress the activity of pancreas autoreactive T cells
in hyperglycemic non-obese diabetic (NOD) mice.[101] Then
protect the insulin-producing 𝛽-cells from destruction. Thus,
the genetically engineered Bio-MVs have the potential to bridge
the preponderance of all kinds of immune checkpoint inhibitors
and immunotherapy-related cargos to be a portfolio strategy for
cancer and other related disease diagnosis and therapy.

3.2.4. Costimulatory Molecule Presentation to Promote Anticancer
Immunity

Just as mentioned above, the tumors can utilize several immuno-
logical mechanisms in order to achieve immune escape.[102] Re-
cently emerging cancer immunotherapies address these mech-
anisms and mobilize the immune system in the fight against
various cancers. Apart from the immune checkpoint strategies
to block the immunosuppressive pathways on existing effec-
tor immune cell populations, other excellent strategies such as
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Figure 5. Schematic illustration and characterization of PD-1 blockade cellular Bio-MVs for cancer immunotherapy. A) Schematic illustration shows the
preparation of PD-1 Bio-MVs loaded with 1-MT. B,C) Schematic illustration shows PD-L1 blockade by PD-1 Bio-MVs could revert the exhausted CD8+ T
cells to attack tumor cells. Reproduced with permission.[42c] Copyright 2018, Wiley-VCH. D) The L8057 cell line with murine PD-1 stably expressing and
production of platelets. E) The PD-1 expressed on the platelets can specifically concentrate on the surgery wound. F) PD-L1 blockade by PD-1 expressing
platelets revert exhausted CD8+ T cells for tumor cell eradication. Reproduced with permission.[96] Copyright 2018, American Chemical Society.

immune activation-related co-stimulatory signal delivery strate-
gies have developed either.[103] The paradigm of immune cell-
mediated antigen-specific tumor rejection consists of three main
elements: specific antigen of the tumor, efficient antigen pro-
cessing or presentation, and the activation of antigen-specific
CD8+ cytotoxic T cell population.[104] The greater reliance for
this paradigm is correct processing and presentation of antigen
by major histocompatibility complex class I (MHC I) molecules
and co-stimulatory molecules such as CD80/CD86.[105] It is note-
worthy that these signals are necessary to promote activation of
the cognate T cells, which can target and destroy tumor cells
expressing the corresponding antigen epitope. In comparison,
the low efficiency of antigen presentation is a critical issue in
tumor vaccine research. Jiang et al. successfully engineered a
kind of Bio-MVs from a model cancer cell line to express the
co-stimulatory molecule CD80 and enable it to present its anti-

gens in immune-costimulatory content with CD28 on T-cells.[106]

(Figure 6) They selected the B16-F10 murine melanoma cell line
as a research object because of their inherent expression of MHC
I, which can present peptide epitopes from the endogenous cellu-
lar antigen.[107] The cell line with co-stimulatory molecule CD80
overexpression was successfully established via transfection with
a plasmid encoding CD80 genetic sequence. The OVA was se-
lected as a model antigen to give a wide range of immunolog-
ical activity, and CD80 can engage the CD28 receptor on the
T cells. Finally, functional Bio-MVs were prepared and stabi-
lized onto a nanoparticle substrate. It was demonstrated that Bio-
MVs formulation with CD80 expression cells could control tumor
growth because this kind of biomimetic nanoformulation can di-
rectly present the model antigen to cancer-specific T cells without
the need for professional antigen-presenting cells (APC). These
strategies based on co-stimulatory signal delivery can promote
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Figure 6. Costimulatory molecule presentation to promote anticancer immunity. A) Schematic of genetically engineered Bio-MVs with costimulatory
molecule (CD80) expressing on the surface for direct antigen presentation. B) TEM images of synthetic CD80/OVA membrane vesicles. Scale bar:
100 nm. C) After the OT-I CD8+ T cells incubated with the CD80/OVA membrane vesicles for 3 days, the frequency of memory phenotypes includes
CD44highCD62Lhigh and CD44highCD62Llow, as well as the secretion of IL-2 and IFN-Γ were monitored. D) The immunofluorescence images of draining
lymph node sections from OT-I mice after treated with CD80/OVA membrane vesicles. Red: CD80/OVA. Green: CD8+ cells; scale bar = 250 μm. At the
same time, the expression of CD69 in the draining lymph node were monitored. Reproduced with permission.[106] Copyright 2020, Wiley-VCH.

immune activation and may ultimately be used for efficient can-
cer therapies.

3.2.5. Specific Targeting Ligand Displaying for Disease Theranostics

With the rapid development of nanotechnology and biotech-
nology interactions, the fusion of therapeutics and diagnos-
tics, termed “theranostics,” has paved the way for personal-
ized medicine.[108] Specifically, the targeted ligand modification
mediated active delivery tactics have promised high specificity
and efficiency for theranostic capabilities.[1b] Among varieties of
nanocarriers, the specific liposomes greatly satisfy the criteria of
systemically non-toxic and stable in blood circulation, and lipo-
somal Doxil has been approved for clinical use.[109] Nowadays,
the ligand-functionalized liposomes also continue to thrive and
have been successfully exploited in targeted delivery for further
application.[110] However, successfully maintaining correct spa-
tial orientation and ligand activities after being conjugated onto
the liposome surface is the major conundrum. As the most con-
ventional liposome, like the architecture of natural particulate
and easy genetically engineering with proteins anchoring, Bio-
MVs will be the potent surrogate for conventional liposomes due
to excellent targeting capacities facile production. Considering
these positive elements, Zhang et al. reported a biomimetic syn-
thetic strategy to prepare Bio-MVs that can artificially display
human epidermal growth factor (hEGF) as targeting moieties
for targeted drug delivery.[42b] (Figure 7) In brief, the functional
hEGF was genetically anchored on the HEK293T cell membrane
via rMPs strategy as mentioned above and then specific hEGF-

Bio-MVs prepared through cell membrane extraction method.
Compared with the natural Bio-MVs from HEK293T or syn-
thetic liposomes, the hEGF-Bio-MVs have great targeting abil-
ity to EGFR-positive cell lines. When the photosensitized ICG
was encapsulated within the hEGF-Bio-MVs, the synthesized Bio-
MVs have excellent efficiency for leading ICG probes to MDA-
MB-468, just like a “guided missile.” Their targeting capability
and effectiveness in vivo have been evaluated via fluorescence
(FL) and photoacoustic (PA) imaging. To further demonstrating
genetically engineered Bio-MVs general applicability of targeting
ligands modified “biological missile,” another HER2-targeting
ligand called Affibody was expressed on the vesicle surface.[111]

With the Dox encapsulated into this vehicle, both the target-
ing ability and therapeutic efficacy improved compared with the
Doxil in vitro and in vivo. This proved that genetically modified
Bio-MVs with targeting ligands displaying could enhance molec-
ular image probes and chemotherapeutic agents accumulating in
specific receptor overexpression tumors, substantially improved
the cancer theranostics, and reduced side effects.

Apart from specific ligands engineering for targeted deliv-
ery of cancer drugs and imaging moieties, other natural mem-
brane proteins with equivalent targeting specialty can be applied.
For instance, Shi et al. recently constructed the tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL) expressed
cell membrane nano-vesicles as an anti-inflammatory platform
for rheumatoid arthritis (RA) therapy.[112] Due to the intricacy
interactions of multiple inflammatory cytokines and the awk-
ward drug delivery, the traditional biologic disease-modifying
antirheumatic drugs-based treatment remains ungratified.[113]

In RA development, inflammatory M1 macrophages play a
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Figure 7. Genetic-engineering Bio-MVs based molecular image probes and chemotherapeutics delivery for cancer theranostics. A) Schematic of the
preparation method for modified Bio-MVs from mother cells. B) The confocal images to detecting the location of expressing hEGF-GFP in the parent
cells. C) Targeting ligand presenting Bio-MVs (white arrows) budded from cell surface with sodium deoxycholate embedded into the plasma membrane
(scale bar: 100 nm). D) In vivo FL imaging of tumors bearing nude mice after i.v. injection of Bio-MVs-ICG at different time points. E) Relative tumor
volume changes in different treatment groups after phototherapy. Reproduced with permission.[42b] Copyright 2017, Wiley-VCH.

crucial role because they can subsequently release inflammatory
cytokines and chemokines to activate or recruit other immune
cells.[114] Besides, M1 macrophages are the main factors caus-
ing bone erosion and cartilage destruction. It is because of the
up-regulated death receptor-5 (DR-5) on the M1 macrophages.
The corresponding ligand TRAIL was selected for umbilical vein
endothelial cell (UVEC) membrane surface engineering for M1
macrophages targeting Bio-MVs preparation.[112] Besides, an-
other important reason for the specific choice of UVEC cells
is that several inflammatory cytokines such as TNF𝛼 can bind
its receptor on the UVEC to promote the formation of pan-
nus, which is responsible for perpetuating RA progression. Com-
bined with valid antirheumatic drug hydroxychloroquine (HCQ)
encapsulation, these specific Bio-MVs can largely neutralize cy-
tokines from the synovium fluid of RA patients or the induced
M1 macrophages and boost the apoptosis of M1 macrophages in
vitro. Meanwhile, the specific targeting ability in arthritic joints
and penetrate deeper into the inflamed paws was demonstrated
via fluorescence and PA imaging. Finally, all results in vivo shown
this kind of synthetic TRAIL-engineered Bio-MVs can effectively
inhibit the progression of RA through reducing immune cell in-
filtration, decreasing pannus formation, and suppressing syn-
ovial hyperplasia. On account of the various proteins, including
natural membrane proteins or selected protein domains such as
CXCR4 and TNF𝛼 can be displayed on the cell membranes, it is

reasonable to believe that we can customize every kind of func-
tional Bio-MVs for drug targeting delivery and related disease
theranostics.[16d,115]

3.2.6. Leveraging Viral Fusogen Anchoring for Membrane Receptors’
Transfer

As aforementioned, membrane protein defects are related to nu-
merous human disorders that may cause problems in regulating,
transport, or cellular integration of tissues.[116] Hence functional
protein delivery offers a potential strategy to restore the function
of primitive cells.[117] Despite the novel methods such as lever-
aging cationic nanocarriers for related proteins or gene delivery,
the therapeutic vehicles with low toxicity and ideal biocompati-
bility are condrumns to be solved instantly.[118] Considering the
Bio-MVs have various potential means to interact with the recip-
ient cells, including endocytosis, phagocytosis, macropinocyto-
sis, or fusing with recipient cells directly, it will have the capac-
ity to deliver large quantities of proteins or genetic materials.[119]

Specifically, the membrane proteins transfer requires their recon-
stitution in an artificial membrane because of the immense com-
plexity of the natural membrane. Based on this information, Ren
et al. successfully fabricated one kind of Bio-MVs via the spike
VSVG engineered on the HEK293T cells.[120] As shown in the
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Figure 8. Leveraging viral fusogen anchoring for membrane receptors’ transfer and siRNA delivery. A) Confocal images for VSVG overexpressing
HEK293T cells after treatment with FITC-VSVG-tag antibody and DBCO-Cy5.0. DAPI (blue); FITC (green); Cy5.0 (red). Scale bar: 10 μm. B) Cryo-EM
images of Bio-MVs that from VSVG overexpressing HEK293T cells. White arrows show the virus-like surface spike structures. Scale bar: 100 nm. C)
Schematic illustration for the fusion procedure. D,E) Verification and characterization of membrane fusion behavior via confocal microscopy in vitro.
DAPI = blue; DBCO-Cy5.0 = red. Reproduced with permission.[120] Copyright 2020, Wiley-VCH. F) Confocal observations of siRNA internalization me-
diated by Bio-MVs that were genetically engineered with VSVG protein. Intensity correlation quotient (ICQ) analysis was performed to determine the
colocalization. Scale bar: 20 μm. G–I) The delivering efficiency of siRNA tested with flow cytometry, RT-qPCR, and western blot. J) Anticancer effects of
siPD-L1 encapsulating Bio-MVs in vivo. Reproduced with permission.[121] Copyright 2020, Wiley-VCH.

cryo-electron microscopy (cryo-EM) images, an apparent virus-
like surface spike structure was on their surface, similar to the
coronavirus. As a viral fusogen, VSVG has the inherent low-pH
activated fusogenic peculiarity with the recipient cells. Together
with the azide motifs (-N3) displaying on the surface, this kind
of MVV can directly transfer the -N3 onto the target cells, which
can mediate the following biological orthogonal reactions with
dibenzocyclooctyne (DBCO)-modified molecules. (Figure 8A–E)
Aside from the artificial receptor transfering for cancer diagno-
sis, Bio-MVs have excellent performance in integral membrane

proteins such as CD63-GFP and glucose transporter-4 (GLUT4-
GFP) delivery.[27a] When the GLUT4 transfer to mouse muscle
membranes, it will retain its functionality and allowing the in-
creased glucose uptake of recipient cells. While electroporeting
anti-PD-L1 siRNA into this kind of Bio-MVs, the fusion of VSVG
with cells can facilitate the direct release of iPD-L1 into the cy-
toplasm and triggers robust gene silencing, leading to the effi-
cient block of PD-L1/PD-1 interaction.[121] (Figure 8F–J) Taking
advantage of the pH-sensitive properties of VSVG for selectively
targeting the acidic environments like other focal inflammatory
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lesions such as rheumatoid arthritis, myocardial injury, or bacte-
rial infection, it will be a universal strategy for membrane-editing
and exogenous proteins transferring with their intact form.

4. Conclusion and Perspectives

Along these lines, cellular bio-particulates of Bio-MVs have
proven as emerging carriers for delivering a variety of functional
endogenous/exogenous cargos. They offer exciting opportunities
in nanomedicine because of their inherent hollow structure and
more feasible engineering surface. Versus synthetic nanocarri-
ers, the natural proteins and glycosyl groups on the membrane
surface give the biocompatible Bio-MVs prolonged and system-
atic retention times, enhanced permeability, limited toxicity,
and better immunogenicity, as well as less reticuloendothelial
system (RES) uptake. Some functional moieties anchored or
encapsulated can extend the therapeutic capability of Bio-MVs
beyond their native functions and improve their multitasking
ability to make them more adaptive to complex biological sys-
tems. Also, some exploratory studies have revealed that Bio-MVs
surface modification plays dynamic roles in altering the patterns
and pathways of Bio-MVs, specifically with other functional pro-
teins modification. Succinctly, Bio-MVs could amalgamate the
preponderance of functional proteins and membrane vesicles
to be excellent carriers for various drug delivery. In contrast, it
is far more challenging to immobilize proteins onto Bio-MVs
but retaining the tertiary structure required for active duty.
Undoubtedly, adopting a bespoke approach conjugate with the
genetic-engineering approach to Bio-MVs modification offers
the best chance of success in maintaining the conformations
of amino acid sequences, sort orders, and strict specificity for
their function like the cases highlighted here. Given the wealth
of different functional proteins and versatile sources of cells,
genetically engineered Bio-MVs as “tailorable shells” further
broaden the choice scope, design flexibility of the biomimetic
systems, and apply for many diseases.

Although remarkable advantages have been validated for ge-
netically engineered Bio-MVs as “tailorable shells” for functional
moieties delivery, many issues should be taken into account
for accelerating clinical translation. For example, it is critical to
ensure whether exogenous protein modifications influence the
homeostasis of parent cells because each protein plays its role
methodically. Although researchers have not noticed apparent
signs of toxic side effects and noticeable abnormalities in Bio-
MVs treated mice, the potential toxicity and biocompatibility
should be considered for the complex protein backbone and
residual surfactants. Furthermore, HEK293T cells were often
used as donor cells for the excellent works highlight in this
progress report because they are relatively easy to be transfected
and highlight the novel roles for the expression of exogenous
genes. In contrast, they are not the optimal candidate because
other redundant proteins may induce potential immunotoxicity.
Therefore, although the excessive contamination in Bio-MVs
was virtually negligible through strict separation and careful
washing, more systematic investigations are necessary: 1) se-
lecting the autologous cell donation or patient-derived induced
pluripotent stem cells (iPSC) as donor cells for reducing immune
toxicity; 2) trying to optimize the expression of the target protein
and the standardized expression process of Bio-MVs need more

detailed specifications in cooperation with regulatory agencies;
3) strict criteria for quality control should be established in
order to achieve reproducible engineering approaches with
quality assurance. Overall, we expect the detailed introduction
of genetically engineered Bio-MVs with potential pitfalls and
opportunities can facilitate deeper and broader cooperation
in areas of medicine, nanotechnology, material science, bio-
engineering, and pharmaceutical perspectives to accelerate the
clinical transformation process.

Acknowledgements
E.R. and C.L. contributed equally to this work. The authors gratefully ac-
knowledge thesupports from the Major State Basic Research Develop-
ment Program of China (2017YFA0205201), the National Natural Science
Foundation of China (81901876, 82001887, and U1705281), the Funda-
mental Research Funds for the Central Universities (20720190088 and
20720200019), the Hundred Talents Program (75110-18841227) from Sun
Yat-sen University, the Guangdong Basic and Applied Basic Research
Foundation (2019A1515110326 and 2020A1515110456), and the Program
for New Century Excellent Talents in University, China (NCET-13-0502).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
cellular membrane vesicles, genetically engineered tactics, surface modi-
fication, therapeutics carriers

Received: April 14, 2021
Revised: July 20, 2021

Published online: September 8, 2021

[1] a) H. Chen, W. Zhang, G. Zhu, J. Xie, X. Chen, Nat. Rev. Mater.
2017, 2, 17024; b) P. Mi, H. Cabral, K. Kataoka, Adv. Mater. 2020,
32, 1902604.

[2] a) C. Ouyang, S. Zhang, C. Xue, X. Yu, H. Xu, Z. Wang, Y. Lu, Z. S.
Wu, J. Am. Chem. Soc. 2020, 142, 1265; b) K. A. Khan, R. S. Kerbel,
Cancer Cell 2017, 31, 469; c) S. H. Wang, J. Yu, Biomaterials 2018,
156, 1.

[3] a) I. Ojima, Acc. Chem. Res. 2008, 41, 108; b) J. He, C. Li, L. Ding, Y.
Huang, X. Yin, J. Zhang, J. Zhang, C. Yao, M. Liang, R. P. Pirraco, J.
Chen, Q. Lu, R. Baldridge, Y. Zhang, M. Wu, R. L. Reis, Y. Wang, Adv.
Mater. 2019, 31, 1902409.

[4] a) Z. Chen, Z. Wang, Z. Gu, Acc. Chem. Res. 2019, 52, 1531; b) Z.
Chen, Q. Hu, Z. Gu, Acc. Chem. Res. 2018, 51, 668; c) K. W. Witwer,
J. Wolfram, Nat. Rev. Mater. 2021, 6, 103.

[5] a) J. P. Armstrong, M. N. Holme, M. M. Stevens, ACS Nano 2017,
11, 69; b) R. H. Fang, A. V. Kroll, W. Gao, L. Zhang, Adv. Mater. 2018,
30, 1706759; c) J. Zhou, A. V. Kroll, M. Holay, R. H. Fang, L. Zhang,
Adv. Mater. 2020, 32, 1901255; d) E. Ren, Z. Lei, J. Wang, Y. Zhang,
G. Liu, Adv. Ther. 2018, 1, 1800080; e) E. Ren, J. Wang, G. Liu, Chin.
Chem. Lett. 2017, 28, 1799.

[6] a) P. Zhang, G. Liu, X. Chen, Nano Today 2017, 13, 7; b) P. Vader,
E. A. Mol, G. Pasterkamp, R. M. Schiffelers, Adv. Drug Delivery Rev.
2016, 106, 148.

[7] P. Zhang, Y. Chen, Y. Zeng, C. Shen, R. Li, Z. Guo, S. Li, Q. Zheng,
C. Chu, Z. Wang, Z. Zheng, R. Tian, S. Ge, X. Zhang, N. S. Xia, G.
Liu, X. Chen, Proc. Natl. Acad. Sci. U. S. A. 2015, 112, E6129.

Adv. Sci. 2021, 8, 2100460 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100460 (16 of 19)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[8] R. Kalluri, V. S. LeBleu, Science 2020, 367, eaau6977.
[9] D. M. Pegtel, S. J. Gould, Annu. Rev. Biochem. 2019, 88, 487.

[10] a) C. Thery, L. Zitvogel, S. Amigorena, Nat. Rev. Immunol. 2002,
2, 569; b) M. Guescini, D. Guidolin, L. Vallorani, L. Casadei, A. M.
Gioacchini, P. Tibollo, M. Battistelli, E. Falcieri, L. Battistin, L. F. Ag-
nati, V. Stocchi, Exp. Cell Res. 2010, 316, 1977; c) M. Guescini, S.
Genedani, V. Stocchi, L. F. Agnati, J. Neural Transm. 2010, 117, 1;
d) H. Valadi, K. Ekstrom, A. Bossios, M. Sjostrand, J. J. Lee, J. O.
Lotvall, Nat. Cell Biol. 2007, 9, 654; e) J. Skog, T. Wurdinger, S. van
Rijn, D. H. Meijer, L. Gainche, M. Sena-Esteves, W. T. Curry, Jr., B. S.
Carter, A. M. Krichevsky, X. O. Breakefield, Nat. Cell Biol. 2008, 10,
1470.

[11] a) D. D. Taylor, C. Gercel-Taylor, Gynecol. Oncol. 2008, 110, 13; b) S.
E. L. Andaloussi, I. Mäger, X. O. Breakefield, M. J. A. Wood, Nat. Rev.
Drug Discovery 2013, 12, 347; c) S. L. N. Maas, X. O. Breakefield, A.
M. Weaver, Trends Cell Biol. 2017, 27, 172.

[12] a) T. T. Tang, B. Wang, L. L. Lv, B. C. Liu, Theranostics 2020, 10, 8111;
b) M. Yanez-Mo, P. R. Siljander, Z. Andreu, A. B. Zavec, F. E. Bor-
ras, E. I. Buzas, K. Buzas, E. Casal, F. Cappello, J. Carvalho, E. Co-
las, A. Cordeiro-da Silva, S. Fais, J. M. Falcon-Perez, I. M. Ghobrial,
B. Giebel, M. Gimona, M. Graner, I. Gursel, M. Gursel, N. H. Hee-
gaard, A. Hendrix, P. Kierulf, K. Kokubun, M. Kosanovic, V. Kralj-Iglic,
E. M. Kramer-Albers, S. Laitinen, C. Lasser, T. Lener, et al., J. Extra-
cell. Vesicles 2015, 4, 27066.

[13] K. Shedden, T. X. Xue, P. Chandaroy, Y. T. Chang, G. R. J. C. R. Rosa-
nia, Cancer Res. 2003, 63, 4331.

[14] S. C. Jang, O. Y. Kim, C. M. Yoon, D. S. Choi, T. Y. Roh, J. Park, J.
Nilsson, J. Lötvall, Y. K. Kim, Y. S. Gho, ACS Nano 2013, 9, 7698.

[15] a) C. M. Hu, L. Zhang, S. Aryal, C. Cheung, R. H. Fang, L. Zhang,
Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 10980; b) C. M. Hu, R.
H. Fang, K. C. Wang, B. T. Luk, S. Thamphiwatana, D. Dehaini, P.
Nguyen, P. Angsantikul, C. H. Wen, A. V. Kroll, C. Carpenter, M.
Ramesh, V. Qu, S. H. Patel, J. Zhu, W. Shi, F. M. Hofman, T. C. Chen,
W. Gao, K. Zhang, S. Chien, L. Zhang, Nature 2015, 526, 118; c) M.
Xuan, J. Shao, L. Dai, J. Li, Q. He, ACS Appl. Mater. Interfaces 2016,
8, 9610; d) J. Tang, D. Shen, T. G. Caranasos, Z. Wang, A. C. Vander-
griff, T. A. Allen, M. T. Hensley, P. U. Dinh, J. Cores, T. S. Li, J. Zhang,
Q. Kan, K. Cheng, Nat. Commun. 2017, 8, 13724; e) W. Chen, Q.
Zhang, B. T. Luk, R. H. Fang, Y. Liu, W. Gao, L. Zhang, Nanoscale
2016, 8, 10364.

[16] a) Z. Stickney, J. Losacco, S. McDevitt, Z. Zhang, B. Lu, Biochem.
Biophys. Res. Commun. 2016, 472, 53; b) A. Konovalova, D. E. Kahne,
T. J. Silhavy, Annu. Rev. Microbiol. 2017, 71, 539; c) X. Ai, L. Lyu, Y.
Zhang, Y. Tang, J. Mu, F. Liu, Y. Zhou, Z. Zuo, G. Liu, B. Xing, Angew.
Chem., Int. Ed. Engl. 2017, 56, 3031; d) S. Bhattacharyya, S. S. Ghosh,
ACS Omega 2020, 5, 1572.

[17] a) Y. Yang, Y. Hong, E. Cho, G. B. Kim, I. S. Kim, J. Extracell. Vesicles
2018, 7, 1440131; b) G.van Niel, G. D’Angelo, G. Raposo, Nat. Rev.
Mol. Cell Biol. 2018, 19, 213.

[18] Q. Wang, H. Cheng, H. Peng, H. Zhou, P. Y. Li, R. Langer, Adv. Drug
Delivery Rev. 2015, 91, 125.

[19] E. Ren, X. Pang, Z. Lei, G. Liu, Nano Today 2020, 34, 100896.
[20] N. Hassuna, P. N. Monk, G. W. Moseley, L. J. Partridge, BioDrugs

2009, 23, 341.
[21] T. A. Rapoport, L. Li, E. Park, Annu. Rev. Cell Dev. Biol. 2017, 33, 369.
[22] D. Sjostrand, R. Diamanti, C. A. K. Lundgren, B. Wiseman, M. Hog-

bom, Protein Sci. 2017, 26, 1653.
[23] H. T. McMahon, J. L. Gallop, Nature 2005, 438, 590.
[24] a) R. M. Voorhees, R. S. Hegde, Curr. Opin. Cell Biol. 2016, 41, 91; b)

M. Zhang, L. Liu, X. Lin, Y. Wang, Y. Li, Q. Guo, S. Li, Y. Sun, X. Tao,
D. Zhang, X. Lv, L. Zheng, L. Ge, Cell 2020, 181, 637.

[25] H. Owji, N. Nezafat, M. Negahdaripour, A. Hajiebrahimi, Y.
Ghasemi, Eur. J. Cell Biol. 2018, 97, 422.

[26] C. Rabouille, V. Malhotra, W. Nickel, J. Cell Sci. 2012, 125, 5251.

[27] a) Y. Yang, Y. Hong, G. H. Nam, J. H. Chung, E. Koh, I. S. Kim, Adv.
Mater. 2017, 29, 1605604; b) G. Nagel, T. Szellas, W. Huhn, S. Ka-
teriya, N. Adeishvili, P. Berthold, D. Ollig, P. Hegemann, E. Bamberg,
Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 13940.

[28] A. Alcover, B. Alarcón, V. Di Bartolo, Annu. Rev. Immunol. 2018, 36,
103.

[29] a) X. Yao, X. Fan, N. Yan, Proc. Natl. Acad. Sci. U. S. A. 2020, 117,
18497; b) K. P. Hopfner, V. Hornung, Nat. Rev. Mol. Cell Biol. 2020,
21, 501.

[30] a) M. Hunter, P. Yuan, D. Vavilala, M. Fox, Curr. Protoc. Protein Sci.
2019, 95, e77; b) S. A. Kooijmans, C. G. Aleza, S. R. Roffler, W. W.
van Solinge, P. Vader, R. M. Schiffelers, J. Extracell. Vesicles 2016, 5,
31053.

[31] J. Shi, L. Kundrat, N. Pishesha, A. Bilate, C. Theile, T. Maruyama, S.
K. Dougan, H. L. Ploegh, H. F. Lodish, Proc. Natl. Acad. Sci. U. S. A.
2014, 111, 10131.

[32] S. Pritz, Y. Wolf, O. Kraetke, J. Klose, M. J. A. i. E. M. Beyermann,
Adv. Exp. Med. Biol. 2009, 611, 107.

[33] Y. Takahashi, M. Nishikawa, H. Shinotsuka, Y. Matsui, S. Ohara, T.
Imai, Y. Takakura, J. Biotechnol. 2013, 165, 77.

[34] a) L. Alvarez-Erviti, Y. Seow, H. Yin, C. Betts, S. Lakhal, M. J. Wood,
Nat. Biotechnol. 2011, 29, 341; b) Y. Tian, S. Li, J. Song, T. Ji, M. Zhu,
G. J. Anderson, J. Wei, G. Nie, Biomaterials 2014, 35, 2383.

[35] a) R. Liu, X. Li, W. Xiao, K. S. Lam, Adv. Drug Delivery Rev. 2017, 110,
13. b) G. J. Weiner, Nat. Rev. Cancer 2015, 15, 361.

[36] S. A. A. Kooijmans, S. Stremersch, K. Braeckmans, S. C. de Smedt,
A. Hendrix, M. J. A. Wood, R. M. Schiffelers, K. Raemdonck, P. Vader,
J. Controlled Release 2013, 172, 229.

[37] M. Narayan, Protein J. 2021, 40, 134.
[38] a) L. Rao, S. K. Zhao, C. Wen, R. Tian, L. Lin, B. Cai, Y. Sun, F. Kang,

Z. Yang, L. He, J. Mu, Q. F. Meng, G. Yao, N. Xie, X. Chen, Adv. Mater.
2020, 32, 2004853; b) L. Rao, L. Wu, Z. Liu, R. Tian, G. Yu, Z. Zhou,
K. Yang, H. G. Xiong, A. Zhang, G. T. Yu, W. Sun, H. Xu, J. Guo, A. Li,
H. Chen, Z. J. Sun, Y. X. Fu, X. Chen, Nat. Commun. 2020, 11, 4909.

[39] J. Shi, L. Kundrat, N. Pishesha, A. Bilate, C. Theile, T. Maruyama, S.
K. Dougan, H. L. Ploegh, H. F. Lodish, Proc. Natl. Acad. Sci. U. S. A.
2014, 111, 10131.

[40] C. Liu, H. Gao, P. Lv, J. Liu, G. Liu, Hum. Vaccines Immunother. 2017,
13, 2678.

[41] C. He, S. Zheng, Y. Luo, B. Wang, Theranostics 2018, 8, 237.
[42] a) X. Pang, X. Liu, Y. Cheng, C. Zhang, E. Ren, C. Liu, Y. Zhang, J.

Zhu, X. Chen, G. Liu, Adv. Mater. 2019, 31, 1902530; b) P. Zhang, L.
Zhang, Z. Qin, S. Hua, Z. Guo, C. Chu, H. Lin, Y. Zhang, W. Li, X.
Zhang, X. Chen, G. Liu, Adv. Mater. 2018, 30, 1705350; c) X. Zhang,
C. Wang, J. Wang, Q. Hu, B. Langworthy, Y. Ye, W. Sun, J. Lin, T.
Wang, J. Fine, H. Cheng, G. Dotti, P. Huang, Z. Gu, Adv. Mater. 2018,
30, 1707112.

[43] D. Tesauro, A. Accardo, C. Diaferia, V. Milano, J. Guillon, L. Ronga,
F. Rossi, Molecules 2019, 24, 351.

[44] Z. Lian, T. Ji, J. Mater. Chem. B 2020, 8, 6517.
[45] D. Schutz, Y. B. Ruiz-Blanco, J. Munch, F. Kirchhoff, E. Sanchez-

Garcia, J. A. Muller, Adv. Drug Delivery Rev. 2020, 167, 47.
[46] D. Sabatino, J. Med. Chem. 2020, 63, 14184.
[47] K. A. Parato, D. Senger, P. A. Forsyth, J. C. Bell, Nat. Rev. Cancer 2005,

5, 965.
[48] S. J. Russell, K. W. Peng, J. C. Bell, Nat. Biotechnol. 2012, 30, 658.
[49] J. Kim, P. H. Kim, S. W. Kim, C. O. Yun, Biomaterials 2012, 33, 1838.
[50] F. Kreppel, S. Kochanek, Mol. Ther. 2008, 16, 16.
[51] R. Cattaneo, T. Miest, E. V. Shashkova, M. A. Barry, Nat. Rev. Micro-

biol. 2008, 6, 529.
[52] P. Lv, X. Liu, X. Chen, C. Liu, Y. Zhang, C. Chu, J. Wang, X. Wang, X.

Chen, G. Liu, Nano Lett. 2019, 19, 2993.
[53] L. M. Luo, Y. Huang, B. X. Zhao, X. Zhao, Y. Duan, R. Du, K. F. Yu, P.

Song, Y. Zhao, X. Zhang, Q. Zhang, Biomaterials 2013, 34, 1102.

Adv. Sci. 2021, 8, 2100460 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100460 (17 of 19)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[54] E. M. Leffler, G. Band, G. B. J. Busby, K. Kivinen, Q. S. Le, G. M.
Clarke, K. A. Bojang, D. J. Conway, M. Jallow, F. Sisay-Joof, E. C.
Bougouma, V. D. Mangano, D. Modiano, S. B. Sirima, E. Achidi,
T. O. Apinjoh, K. Marsh, C. M. Ndila, N. Peshu, T. N. Williams,
C. Drakeley, A. Manjurano, H. Reyburn, E. Riley, D. Kachala, M.
Molyneux, V. Nyirongo, T. Taylor, N. Thornton, L. Tilley, S. Grims-
ley, E. Drury, J. Stalker, V. Cornelius, C. Hubbart, et al., Science 2017,
356, eaam6393.

[55] N. S. Forbes, Nat. Rev. Cancer 2010, 10, 785.
[56] J. W. Yoo, D. J. Irvine, D. E. Discher, S. Mitragotri, Nat. Rev. Drug

Discovery 2011, 10, 521.
[57] Z. Cao, S. Cheng, X. Wang, Y. Pang, J. Liu, Nat. Commun. 2019, 10,

3452.
[58] a) R. Pugliese, F. Gelain, Trends Biotechnol. 2017, 35, 145; b) M. D.

Shin, S. Shukla, Y. H. Chung, V. Beiss, S. K. Chan, O. A. Ortega-
Rivera, D. M. Wirth, A. Chen, M. Sack, J. K. Pokorski, N. F. Steinmetz,
Nat. Nanotechnol. 2020, 15, 646.

[59] J. B. Ulmer, U. Valley, R. Rappuoli, Nat. Biotechnol. 2006, 24, 1377.
[60] S. Plotkin, Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 12283.
[61] a) A. N. Tsoras, J. A. Champion, Annu. Rev. Chem. Biomol. Eng. 2019,

10, 337; b) S. C. Araujo, L. R. Pereira, R. P. S. Alves, R. Andreata-
Santos, A. I. Kanno, L. C. S. Ferreira, V. M. Goncalves, Vaccines 2020,
8, 492; c) Y. M. D. Gnopo, H. C. Watkins, T. C. Stevenson, M. P.
DeLisa, D. Putnam, Adv. Drug Delivery Rev. 2017, 114, 132.

[62] M. J. H. Gerritzen, D. E. Martens, R. H. Wijffels, L. Pol, M. Stork,
Biotechnol. Adv. 2017, 35, 565.

[63] Z. Cournia, T. W. Allen, I. Andricioaei, B. Antonny, D. Baum, G. Bran-
nigan, N. V. Buchete, J. T. Deckman, L. Delemotte, C. Del Val, R.
Friedman, P. Gkeka, H. C. Hege, J. Henin, M. A. Kasimova, A. Kolo-
couris, M. L. Klein, S. Khalid, M. J. Lemieux, N. Lindow, M. Roy, J.
Selent, M. Tarek, F. Tofoleanu, S. Vanni, S. Urban, D. J. Wales, J. C.
Smith, A. N. Bondar, J. Membr. Biol. 2015, 248, 611.

[64] M. A. Yildirim, K. I. Goh, M. E. Cusick, A. L. Barabasi, M. Vidal, Nat.
Biotechnol. 2007, 25, 1119.

[65] C. J. Jeffery, Curr. Protoc. Protein Sci. 2016, 83, 291521.
[66] a) P. J. Focke, C. Hein, B. Hoffmann, K. Matulef, F. Bernhard, V.

Dotsch, F. I. Valiyaveetil, Biochemistry 2016, 55, 4212; b) M. V. Dil-
worth, M. S. Piel, K. E. Bettaney, P. Ma, J. Luo, D. Sharples, D. R.
Poyner, S. R. Gross, K. Moncoq, P. J. F. Henderson, B. Miroux, R. M.
Bill, Methods 2018, 147, 3.

[67] B. Jia, C. O. Jeon, Open Biol. 2016, 6, 160196.
[68] a) L. Rao, R. Tian, X. Chen, ACS Nano 2020, 14, 2569; b) L. Rao, W.

Wang, Q.-F. Meng, M. Tian, B. Cai, Y. Wang, A. Li, M. Zan, F. Xiao,
L.-L. Bu, G. Li, A. Li, Y. Liu, S.-S. Guo, X.-Z. Zhao, T.-H. Wang, W. Liu,
J. Wu, Nano Lett. 2018, 19, 2215.

[69] D. A. Bricarello, M. A. Patel, A. N. Parikh, Trends Biotechnol. 2012,
30, 323.

[70] S. Akira, S. Uematsu, O. Takeuchi, Cell 2006, 124, 783.
[71] H. Yan, G. Zhong, G. Xu, W. He, Z. Jing, Z. Gao, Y. Huang, Y. Qi, B.

Peng, H. Wang, L. Fu, M. Song, P. Chen, W. Gao, B. Ren, Y. Sun, T.
Cai, X. Feng, J. Sui, W. Li, eLife 2012, 1, e00049.

[72] X. Liu, L. Yuan, L. Zhang, Y. Mu, X. Li, C. Liu, P. Lv, Y. Zhang, T. Cheng,
Q. Yuan, N. Xia, X. Chen, G. Liu, Angew. Chem., Int. Ed. Engl. 2018,
57, 12499.

[73] a) X. Wei, G. Zhang, D. Ran, N. Krishnan, R. H. Fang, W. Gao, S. A.
Spector, L. Zhang, Adv. Mater. 2018, 30, 1802233; b) Q. Zhang, A.
Honko, J. Zhou, H. Gong, S. N. Downs, J. H. Vasquez, R. H. Fang,
W. Gao, A. Griffiths, L. Zhang, Nano Lett. 2020, 20, 5570.

[74] Q. Wang, Y. Zhang, L. Wu, S. Niu, C. Song, Z. Zhang, G. Lu, C. Qiao,
Y. Hu, K. Y. Yuen, Q. Wang, H. Zhou, J. Yan, J. Qi, Cell 2020, 181, 894.

[75] C. Wang, S. Wang, Y. Chen, J. Zhao, S. Han, G. Zhao, J. Kang, Y. Liu,
L. Wang, X. Wang, Y. Xu, S. Wang, Y. Huang, J. Wang, J. Zhao, ACS
Nano 2021, 15, 6340.

[76] X. Liu, D. Li, G. Liu, Sci. China: Life Sci. 2020, 63, 1254.

[77] L. M. Weiner, J. C. Murray, C. W. Shuptrine, Cell 2012, 148, 1081.
[78] a) P. Polakis, Pharmacol. Rev. 2016, 68, 3; b) S. J. Walsh, J. D. Bargh, F.

M. Dannheim, A. R. Hanby, H. Seki, A. J. Counsell, X. Ou, E. Fowler,
N. Ashman, Y. Takada, A. Isidro-Llobet, J. S. Parker, J. S. Carroll, D.
R. Spring, Chem. Soc. Rev. 2021, 50, 1305.

[79] M. L. Chiu, G. L. Gilliland, Curr. Opin. Struct. Biol. 2016, 38, 163.
[80] I. Schwab, F. Nimmerjahn, Nat. Rev. Immunol. 2013, 13, 176.
[81] X. Liu, C. Liu, Z. Zheng, S. Chen, X. Pang, X. Xiang, J. Tang, E. Ren, Y.

Chen, M. You, X. Wang, X. Chen, W. Luo, G. Liu, N. Xia, Adv. Mater.
2019, 31, 1808294.

[82] J. Filmus, M. Capurro, FEBS J. 2013, 280, 2471.
[83] J. Wang, X. Pang, Z. Wang, G. Liu, ACS Appl. Bio Mater. 2020, 3,

7255.
[84] X. Pang, D. Li, J. Zhu, J. Cheng, G. Liu, Nano-Micro Lett. 2020, 12,

144.
[85] C. Morrison, Nat. Rev. Drug Discovery 2015, 14, 737.
[86] P. J. Carter, G. A. Lazar, Nat. Rev. Drug Discovery 2018, 17, 197.
[87] K. Tsuchikama, Z. An, Protein Cell 2018, 9, 33.
[88] I. Kimiz-Gebologlu, S. Gulce-Iz, C. Biray-Avci, Mol. Biol. Rep. 2018,

45, 2935.
[89] J. C. Del Paggio, Nat. Rev. Clin. Oncol. 2018, 15, 268.
[90] Y. Yang, J. Clin. Invest. 2015, 125, 3335.
[91] M. de Miguel, E. Calvo, Cancer Cell 2020, 38, 326.
[92] P. C. Tumeh, C. L. Harview, J. H. Yearley, I. P. Shintaku, E. J. Taylor,

L. Robert, B. Chmielowski, M. Spasic, G. Henry, V. Ciobanu, A. N.
West, M. Carmona, C. Kivork, E. Seja, G. Cherry, A. J. Gutierrez, T.
R. Grogan, C. Mateus, G. Tomasic, J. A. Glaspy, R. O. Emerson, H.
Robins, R. H. Pierce, D. A. Elashoff, C. Robert, A. Ribas, Nature 2014,
515, 568.

[93] S. Kumagai, Y. Togashi, T. Kamada, E. Sugiyama, H. Nishinakamura,
Y. Takeuchi, K. Vitaly, K. Itahashi, Y. Maeda, S. Matsui, T. Shibahara,
Y. Yamashita, T. Irie, A. Tsuge, S. Fukuoka, A. Kawazoe, H. Udagawa,
K. Kirita, K. Aokage, G. Ishii, T. Kuwata, K. Nakama, M. Kawazu, T.
Ueno, N. Yamazaki, K. Goto, M. Tsuboi, H. Mano, T. Doi, K. Shitara,
et al., Nat. Immunol. 2020, 21, 1346.

[94] D. H. Munn, A. L. Mellor, J. Clin. Invest. 2007, 117, 1147.
[95] E. Petiot, M. Cuperlovic-Culf, C. F. Shen, A. Kamen, Vaccine 2015,

33, 5974.
[96] X. Zhang, J. Wang, Z. Chen, Q. Hu, C. Wang, J. Yan, G. Dotti, P.

Huang, Z. Gu, Nano Lett. 2018, 18, 5716.
[97] L. Dyck, K. H. G. Mills, Eur. J. Immunol. 2017, 47, 765.
[98] a) L. Galluzzi, J. Humeau, A. Buque, L. Zitvogel, G. Kroemer, Nat.

Rev. Clin. Oncol. 2020, 17, 725; b) W. L. Hwang, L. R. G. Pike, T. J.
Royce, B. A. Mahal, J. S. Loeffler, Nat. Rev. Clin. Oncol. 2018, 15, 477.

[99] M. Yi, D. Jiao, S. Qin, Q. Chu, K. Wu, A. Li, Mol. Cancer 2019, 18, 60.
[100] Z. Xu, H. I. Tsai, Y. Xiao, Y. Wu, D. Su, M. Yang, H. Zha, F. Yan, X.

Liu, F. Cheng, H. Chen, ACS Nano 2020, 14, 7959.
[101] X. Zhang, Y. Kang, J. Wang, J. Yan, Q. Chen, H. Cheng, P. Huang, Z.

Gu, Adv. Mater. 2020, 32, 1907692.
[102] D. M. Pardoll, Nat. Rev. Cancer 2012, 12, 252.
[103] I. Perrot, H. A. Michaud, M. Giraudon-Paoli, S. Augier, A. Docquier,

L. Gros, R. Courtois, C. Dejou, D. Jecko, O. Becquart, H. Rispaud-
Blanc, L. Gauthier, B. Rossi, S. Chanteux, N. Gourdin, B. Amigues,
A. Roussel, A. Bensussan, J. F. Eliaou, J. Bastid, F. Romagne, Y.
Morel, E. Narni-Mancinelli, E. Vivier, C. Paturel, N. Bonnefoy, Cell
Rep. 2019, 27, 2411.

[104] C. J. Turtle, S. R. Riddell, Cancer J. 2010, 16, 374.
[105] N. M. Edner, G. Carlesso, J. S. Rush, L. S. K. Walker, Nat. Rev. Drug

Discovery 2020, 19, 860.
[106] Y. Jiang, N. Krishnan, J. Zhou, S. Chekuri, X. Wei, A. V. Kroll, C. L.

Yu, Y. Duan, W. Gao, R. H. Fang, L. Zhang, Adv. Mater. 2020, 32,
2001808.

[107] W. Böhm, S. Thoma, F. Leithäuser, P. Möller, R. Schirmbeck, J.
Reimann, J. Immunol. 1998, 161, 897.

Adv. Sci. 2021, 8, 2100460 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100460 (18 of 19)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[108] J. Wang, W. Tao, X. Chen, O. C. Farokhzad, G. Liu, Theranostics 2017,
7, 3915.

[109] Y. Bavli, I. Winkler, B. M. Chen, S. Roffler, R. Cohen, J. Szebeni, Y.
Barenholz, J. Controlled Release 2019, 306, 138.

[110] T. M. Allen, P. R. Cullis, Adv. Drug. Delivery Rev. 2013, 65, 36.
[111] S. Stahl, T. Graslund, A. E. Karlstrom, F. Y. Frejd, P. A. Nygren, J.

Lofblom, Trends Biotechnol. 2017, 35, 691.
[112] Y. Shi, F. Xie, P. Rao, H. Qian, R. Chen, H. Chen, D. Li, D. Mu, L.

Zhang, P. Lv, G. Shi, L. Zheng, G. Liu, J Controlled Release 2020, 320,
304.

[113] J. Bluett, A. Barton, Rheum. Dis. Clin. North Am. 2017, 43,
377.

[114] P. Di Benedetto, P. Ruscitti, Z. Vadasz, E. Toubi, R. Giacomelli, Au-
toimmun. Rev. 2019, 18, 102369.

[115] J. Ma, S. Zhang, J. Liu, F. Liu, F. Du, M. Li, A. T. Chen, Y. Bao, H. W.
Suh, J. Avery, G. Deng, Y. Zhou, P. Wu, K. Sheth, H. Wang, J. Zhou,
Small 2019, 15, 1902011.

[116] D. P. Ng, B. E. Poulsen, C. M. Deber, Biochim. Biophys. Acta,
Biomembr. 2012, 1818, 1115.

[117] B. J. Bruno, G. D. Miller, C. S. Lim, Ther. Delivery 2013, 4, 1443.
[118] U. Sterzenbach, U. Putz, L.-H. Low, J. Silke, S.-S. Tan, J. Howitt, Mol.

Ther. 2017, 25, 1269.
[119] L. A. Mulcahy, R. C. Pink, D. R. Carter, J. Extracell. Vesicles 2014, 3,

24641.
[120] E. Ren, C. Chu, Y. Zhang, J. Wang, X. Pang, X. Lin, C. Liu, X. Shi, Q.

Dai, P. Lv, X. Wang, X. Chen, G. Liu, Small Methods 2020, 4, 2000291.
[121] H. Liu, L. Huang, M. Mao, J. Ding, G. Wu, W. Fan, T. Yang, M. Zhang,

Y. Huang, H. Y. Xie, Adv. Funct. Mater. 2020, 30, 2006515.

Adv. Sci. 2021, 8, 2100460 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100460 (19 of 19)

http://www.advancedsciencenews.com
http://www.advancedscience.com

