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Background: Even though exosome-based therapy has been shown to be able to control the progression
of different pathologies, the data revealed by pharmacokinetic studies warn of the low residence time of
exogenous exosomes in circulation that can hinder the clinical translation of therapeutic exosomes. The
macrophages related to the organs of the mononuclear phagocytic system are responsible primarily for
the rapid clearance and retention of exosomes, which strongly limits the amount of exosomal particles
available to reach the target tissue, accumulate in it and release with high efficiency its therapeutic cargo
in acceptor target cells to exert the desired biological effect.
Aim of review: Endowing exosomes with surface modifications to evade the immune system is a plausible
strategy to contribute to the suppression of exosomal clearance and increase the efficiency of their tar-
geted content delivery. Here, we summarize the current evidence about the mechanisms underlying
the recognition and sequestration of therapeutic exosomes by phagocytic cells. Also, we propose different
strategies to generate ’invisible’ exosomes for the immune system, through the incorporation of different
anti-phagocytic molecules on the exosomes’ surface that allow increasing the circulating half-life of ther-
apeutic exosomes with the purpose to increase their bioavailability to reach the target tissue, transfer
their therapeutic molecular cargo and improve their efficacy profile.
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Key scientific concepts of review: Macrophage-mediated phagocytosis are the main responsible behind the
short half-life in circulation of systemically injected exosomes, hindering their therapeutic effect.
Exosomes ‘Camouflage Cloak’ strategy using antiphagocytic molecules can contribute to the inhibition
of exosomal clearance, hence, increasing the on-target effect. Some candidate molecules that could exert
an antiphagocytic role are CD47, CD24, CD44, CD31, b2M, PD-L1, App1, and DHMEQ. Pre- and post-
isolation methods for exosome engineering are compatible with the loading of therapeutic cargo and
the expression of antiphagocytic surface molecules.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Interaction of exosomes with macrophages. Once administered systemically,
pharmacokinetic studies have shown that exogenous exosomes remain in circula-
tion for ~2–30 min. Macrophages are primarily responsible for the rapid clearance
of exosomes from the bloodstream, which drastically limits the amount of
exosomal particles that are available to reach the target tissue and exert their
therapeutic effect. The integration of anti-phagocytic molecules in the surface
membrane of exosomes, such as CD47, CD24, CD31, CD44, PD-L1, b2M, App1 and
DHMQ, would allow the evasion of phagocytosis and consequently a longer
residence time of the modified exosomes in circulation, which would ultimately
induce a greater systemic bioavailability of these modified exosomes with the
ability to reach the target tissue and concentrate on it in a shorter time.
Introduction

Exosomes are nanometer-sized membrane vesicles released to
the extracellular milieu after fusion of multivesicular endosomes
with the cell membrane [1]. Released exosomes can either be taken
up by neighboring or distant cells when they travel via body fluids
and thus modulate their biological function [2]. Lipids, proteins,
nucleic acids, amino acids and metabolites are the main compo-
nents of the exosome cargo whose profile content largely depends
on the function and metabolic state of their parent cell, since the
exosomal cargo in part mimics the contents of their cell of origin
[3]. Even though in some cases unmodified (or native) exosomes
have consistently proven to be useful therapeutic tools in animal
models [4–7] the focus today is on using these nanovesicles as a
delivery system for a controlled artificial cargo utilizing specific
proteins or RNA molecules as siRNA or miRNA [8]. Due to their
unique lipid and protein membrane composition, exosomes are
efficiently internalized by acceptor cells with relatively few unde-
sirable immune reactions [5], which has been confirmed in differ-
ent in vivo and clinical studies concluding that exosomes injections
are well tolerated even at repeated doses [10–12]. In addition,
there is evidence that exosomes can interact with specific target
cells depending on their composition and origin [13–15] and
release with high efficiency its cargo in acceptor target cells to
exert phenotypic changes [16]. These properties have earned exo-
somes the reputation of being ‘‘natural carriers” for the distribu-
tion of their endogenous or artificially loaded molecular cargo.
However, the rapid clearance rate of circulating exogenous exo-
somes after systemic injection show no differences with respect
to liposomes or liposomes synthesized from lipid extracts of exo-
somes, indicating that the protein and lipid composition of the
exosomal membrane does not favor or promote the permanence
of the exosomes in circulation [16]. According to the literature,
the blood concentration–time profiles revealed by pharmacoki-
netic analyses show that circulating exogenous exosomes quickly
disappear in a half-time of ~2–30 min, mainly taken up by macro-
phages associated with the organs of the mononuclear phagocyte
systems (liver, spleen and lung), regardless of the parent cell from
which these exosomes are derived [9,18–21]. It is evident that
these findings raise concern about the translational perspective
of exosomes, at least in pathologies that require their systemic
administration, such as metastatic cancer. This retention of exoge-
nous exosomes in organs is clearly an important issue to consider
since it limits the total number of exosomes reaching the target tis-
sue, as was corroborated by Smyth et al. [17]. In their research
work, the rapid clearance of exogenous exosomes administered
intravenously limits their accumulation in tumor tissue, as has also
been previously described with liposomal formulations [17]. Due
to these nonspecific interactions with non-target cells, the devel-
opment of strategies that promote an immune evasion to increase
a longer circulation time of therapeutic exosomes could increase
their chances of reaching the target tissue, being internalized by
acceptor target cells and transferring the molecular message
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encoded in the exosomal cargo and finally increasing their thera-
peutic efficacy (see Fig. 1).

A good example of the strategy mentioned above is the research
carried out by Karmerkar et al. [22] which demonstrated the regu-
lation of exosome interaction with macrophages through the
incorporation of the CD47 protein on the exosomes surface, a
molecule that contains an immunoglobulin-like domain that
serves as a ‘‘don’t eat me” signal. This modification allows phago-
cytosis evasion by monocytes circulating, increasing the half-life
of exosomes in the circulation which consequently results in a
more efficient targeting of these exosomes to cancer cells to deliver
their therapeutic cargo. Certainly, modifying exosomes to give
them the ability to keep them out of sight from the immune sys-
tem is not an easy task. A possible approximation could be to
mimic the mechanisms used by cancer cells to hide from the
immune system, through the use of surface molecules that activate
the´don’t eat mé signals, such as CD47, PD-L1, CD31 and CD24
[22–26].

http://creativecommons.org/licenses/by-nc-nd/4.0/
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In this review, we summarize and discuss current evidence
about the relevant role of phagocytic cells in the pharmacokinetics
of therapeutic exosomes, the mechanisms involved in their recog-
nition by immune cells, and consequently how they are distributed
in the body according to the cellular source from which exosomes
derived or the route of administration used. Also, we explore dif-
ferent candidate molecules for an adjusted ‘‘camouflage cloak”
capable to protects therapeutics exosomes from macrophage-
mediated phagocytosis. This will allow to extend the half-life in
circulation of exogenous exosomes while shortening the time nec-
essary to achieve the therapeutic concentration in targeted tissues.
These improvements will result in increasing the safety and effi-
cacy of exosome by limiting their adverse effect. Finally, we
address the different methodologies that currently exist that allow
modifying the original structure of the surface membrane of exo-
somes with the different anti-phagocytic molecules, to provide
them with the ability to evade the innate immune system. These
different strategies are analyzed in their methodological aspects
and in the experimental results described with exosomes in the
literature.

Exosomes interaction with innate immune system and their
relationship with the clearance

In phagocytic cells, more specifically macrophages, exosomes
internalization occurs mainly in an energy-dependent pathway
[27,28], via phagocytosis and is dependent on the actin cytoskele-
ton (not on pathways involving caveolae, macropinocytosis or
clathrin-coated vesicles as occurs in other non-phagocytic cells)
and PI3-kinase (PI3K)-dependent phagocytic pathway [29]. Once
phagocytosed, exosomes move to phagosomes and further sorted
into phagolysosomes [29]. Although the active role of macrophages
in the blood clearance of exogenous exosomes injected intra-
venously has been demonstrated in different studies, the uptake
of exosomes is affected by the differentiation status of myeloid
cells [30]. According to the in vitro data published by Czernek
et al. [30], macrophages and mature dendritic cells are more effi-
cient at internalizing exosomes than monocytes or immature den-
dritic cells. However, this efficiency of macrophages in capturing
exosomes does not appear to be affected by the cellular origin from
which they are derived [19,21,31,32], or from the type of exosomes
subpopulation [21], or from the isolation method used [20]. It has
been shown that macrophages play a key role in the hepatic and
splenic uptake of exosomes derived from B16-BL6 murine mela-
noma cells [19,28,31], C2C12 murine myoblast cells [19], NIH3T3
murine fibroblasts cells [19], MAEC murine aortic endothelial cells
[19], RAW264.7 murine macrophage-like cells [19] and mouse
dendritic cells [33]. Also, macrophages are involved in the uptake
of MDA-MB-231 breast cancer cells derived exosomes in the lung
and brain after intravenous injection [32]. Studies in
macrophages-depleted mice corroborate the key role of these
immune cells in the clearance of exosomes. Using liposomes con-
taining clodronate to induce irreversible functional damage and
apoptosis in macrophages [34], exosomes clearance from the sys-
temic circulation showed a significant delay, raising its circulating
half-life from minutes to hours [21,31].

Macrophages take exosomes out of circulation through the
recognition of the negative charge of phosphatidylserine (PS)
enriched in their surface membrane [28,35] just as they recognize
apoptotic cells [36]. The enrichment of PS in exosomal membrane
has been reported either in exosomes derived from cell culture
[28,31] or blood [21,37,38]. In a series of experiments, Matsumoto
et al. [28] investigated PS involvement in the recognition and
uptake of exosomes by macrophages. Using annexin V (AnV), a
PS-binding protein, the authors confirmed the existence of PS on
the surface of exosomes. Furthermore, following incubation with
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AnV they observed a great reduction in the uptake of PKH67-
labeled exosomes by macrophages. In additional experiments,
the authors observed that negatively charged PS- or
phosphatidylglycerol-loaded liposomes suppressed the cellular
uptake of PKH67-labeled exosomes by macrophages, whereas
phosphatidylcholine-containing liposome did not affect the
uptake. Subsequently, in an in vivo analysis, the blood clearance
of Gaussia luciferase-labeled exosomes after intravenous injection
into mice was significantly delayed by the preinjection of PS- or
phosphatidylglycerol-containing liposomes, confirming that the
negative charge of PS is involved in the recognition and clearance
of intravenously injected exogenous exosomes by macrophages.
Interestingly, this pre-injection strategy of PS-containing lipo-
somes allowed a less in vivo accumulation of exosomes in the liver.

Scavenger receptor class A family (SR-A) expressed on macro-
phages, vascular smooth muscle and endothelial tissues also recog-
nize the negative charge of molecules [39]. Watson et al. [40]
identified SR-A as a major receptor for the clearance of exosomes
by monocyte/macrophage. In a breast cancer murine model, the
authors evaluated the implication of SR-A in the exosomes clear-
ance through blocking this receptor using dextran sulfate. After
the systemic injection of HEK293 cell-derived exosomes, a
decrease in liver clearance was observed which ultimately resulted
in a good strategy to achieve a greater accumulation of exosomes
in breast tumor tissue. The presence of Galectin-5, a galactose-
specific lectins, on the exosome surface derived from rat reticulo-
cyte has also been involved in modulating the exosome uptake
by macrophages [27]. Barres et al. [27] demonstrated a decrease
of exosomes’ phagocytosis by adding galectin-5 possibly through
masking b-galactosides on the surface of exosomes. Also, because
the uptake of PKH67-labeled exosomes by macrophages was mark-
edly decreased in the presence of EDTA, the authors conclude that
the binding of exosomes to macrophages could be mediated by
their C-type lectin receptor. Other lectins have also been involved
in exosome uptake by dendritic cells [41].

Sialic acid enriched on B cell-derived exosomes has also been
involved in the recognition and uptake by lymphoid and spleen tis-
sue resident CD169+macrophages in vivo [42]. As was described by
Saunderson et al. [43], after intravenous injection of B cell-derived
exosomes expressing a2,3-linked sialic acid, they are mostly inter-
nalized by CD169+ macrophages in the marginal zone of the spleen
and in the subcapsular sinus of the lymph node in wild type mice.
However, inCD169�/�mice, exosomeaccess to the lymphoid system
is dysregulated, resulting in aberrant trafficking of exosomes into
the splenic red pulp or lymph node cortex, suggesting that the
sialoadhesin CD169 (Siglec-1) is required for the capture of B cell-
derivedexosomesvia their surface-expresseda2,3-linkedsialic acid.

The activation of the complement system also show an impor-
tant role in exosome clearance and biodistribution [17], such as
has also been widely reported to liposomal formulation [44–46].
The involvement of the complement system in the exosomes clear-
ance was first reported by Smith et al. [17], who in a study of
biodistribution and clearance of 4 T1 exosomes utilizing mice with
impaired adaptive or innate immune system, observed the signifi-
cance of the innate immune system along with the complement
protein C5 on exosomes’ rate of clearance. In others studies, exo-
somes have been shown to bind complement proteins in vitro
and in vivo [47,48].

It is important to note that the pharmacokinetic parameters
related to the clearance of exogenous exosomes and their biodistri-
bution in the body have been determined in immunocompetent
murine models. Undoubtedly, these data must be confirmed in
experimental settings closer to the human, evaluating – for exam-
ple – in a humanized murine model reconstituted with a human
immune system, the circulating half-life of exogenous exosomes
and their pattern of biodistribution in the body.



Table 1
Comparative summary of the biodistribution of systemically administered exogenous exosomes.

Type of sEV Cell source Labeling
method

Dose Strain of
mouse

Route Time of detection [Tissue distribution] References

Exosomes 4 T1 DiR 0.5% 60 lg protein/mouse BALB/c IV 2 h Liver > Spleen > Lungs [17]
Exosomes PC3 DiR 0.5% 60 lg protein/mouse BALB/c IV 24 h Liver > Spleen > Kidneys [17]
Exosomes MCF-7 DiR 0.5% 60 lg protein/mouse BALB/c IV 24 h Spleen > Liver > Kidney [17]
Exosomes B16-BL6 gLuc-

lactadherin
5 lg protein/mouse BALB/c IV 4 h Lung > Spleen > Liver > Kidney [18]

Exosomes B16-BL6 SAV-LA-
coupled/
125-labeled

4 lg protein/mouse BALB/c IV 4 h Liver > Spleen > Lung [49]

sEV > 200 nm HEK293T,
C2C12,
B16-F10, and
BMDCs

1 lM DiR 1 � 1010 part/gram
mouse

C57BL/6 IV 24 h Liver > Spleen > GI tract > Lungs [14]

sEV > 200 nm HEK293T 1 lM DiR 1 � 1010 part/gram
mouse

C57BL/6 IP 24 h Liver > Spleen > Pancreas > GI tract [14]

sEV > 200 nm HEK293T 1 lM DiR 1 � 1010 part/gram
mouse

C57BL/6 SC 24 h Liver > Spleen > Pancreas > GI tract [14]

Exosomes MSC 1 lM DilC18 8 � 109 part/mouse C57BL/6 IP 6 h Pancreas > Liver > Spleen > Lung 24 h
Liver > Spleen > Stomach > Lung > Ovary >
Bowel48 h Liver > Stomach

[53]

Exosomes HCT116 and HT29 CD63Nluc/
mCherry

Continuous dose BALB/c -nu/
nu

SC 7 weeks Stomach > GI tract [136]

Abbreviations: sEV, small extracellular vesicles; part, particles; h, hour; IV, Intravenous; SC, Subcutaneous; IP, Intraperitoneal; MSC, mesenchymal stem cells; BMDCs,
Dendritic cells derived from bone marrow; GI tract, Gastrointestinal tract.
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Current bioavailability problems

Short-half-life and accumulation in organs

From the exosomes’ pharmacokinetic profile reported in the lit-
erature, exogenous exosomes administered intravenously have a
circulating half-life of ~2–30 min [11], variations that can be attrib-
uted to the labeling methods for the in vivo tracking and the sensi-
tivity and quantitative capacity of each method used. After
systemic administration, exogenous exosomes are mainly dis-
tributed or accumulated in the liver, followed by spleen, lungs
and gastrointestinal tract [14,17,49], uptake attributed to macro-
phages resident in these organs. Table 1 summarizes the different
studies that have been published on the biodistribution of exoge-
nous exosomes administered systemically.

Findings reported by Yang et al. [11] demonstrate that there is
a logarithmic correlation between time and fluorescence after
intravenous injection of PKH26-labeled exosomes in a mouse
glioma model. After ~30 min, there was an approximately 200-
fold reduction in fluorescence intensity, which represents practi-
cally the total number of exosomes administered. Corroborating
the above, Lai et al. [50] also performed in vivo imaging of
GlucB-labeled HEK293T exosomes, reporting a similar half-life
time of ~30 min with a predominant accumulation in the spleen
followed by the liver. However, various studies indicated an even
shorter half-life, reaching times of just ~2 min in circulation. Thus,
Takahashi et al. [18] determined that the exosome blood concen-
tration–time profile of B16-BL6 exosomes traced with gLuc-
lactadherin disappeared from the blood circulation in approxi-
mately ~2 min with a reduction of almost 95% of the dose at
5 min and with little luciferase activity detected in the serum at
4 h after intravenous injection. Also, the authors reported that
sequential in vivo imaging showed that the B16-BL6 exosome-
derived signals distributed mainly in the liver and then in the
lungs. Morishita et al. [49] also ratified these data in a subsequent
study. Importantly, pharmacokinetic evaluation of exosomes from
splenocytes and 4 different types of mouse cell lines: C2C12 mur-
ine myoblast cells, NIH3T3 murine fibroblasts cells, murine aortic
endothelial cells (MAEC) and RAW264.7 murine macrophage-like
cells also showed a very short half-life of ~2–4 min, mainly
64
accumulated in the liver and spleen, after intravenous injection
into wild type mice [19,43].

Due to this very short half-time in circulation minimal amounts
of exosomes have been detected in organs or tissues other than
those associated with the mononuclear phagocytic system. Despite
the above, various research works have reported that unmodified
exosomes manage to reach the tumor tissue in a variable percent-
age depending on the source of the parent cell, the tumor type and
its anatomical location, and the exosome’s labeling technique used.
The studies aiming at tumor targeting have shown that after a sys-
temic administration of exosomes (in absence of targeting ligands)
are able to reach the tumor tissue and accumulate in it [14,40,50].
For example, in a melanoma murine model, it has been described
that after 24 h of systemically injected HEK293T DIR-labelled exo-
somes, ~3% of the total tissue fluorescence was detected in the
tumor without affecting the classical biodistribution pattern of
exosomes [14]. Interestingly, in the study performed by Watson
et al., a ~3-fold enhanced accumulation of labeled exosomes
reached a breast cancer cell tumor after the blockade of mono-
cyte/macrophage uptake, which confirms the relevance of the
innate immune system for exosome clearance [40]. In addition, it
has been demonstrated that exosomes may cross the blood–brain
barrier. Zhuang et al. [51], showed brain accumulation after intra-
nasal administration of exosomes encapsulated drug, which shows
a peak of accumulation at 3 h and remains traceable up to 24 h at
the olfactory bulb. In this study, the authors stated that particle
size is a critical factor for translocation from the nasal region to
the rest of the brain. To reach specifically the brain tissue by sys-
temic administration it requires certain exosomal membrane fac-
tors, as shown by Hoshino et al. [15]. In this work, the authors
report that exosomes with an ITGß3 abundance in their surface
reach a 4-fold increase accumulation at the brain compared to
those exosomes lacking ITGß3. Rabies virus glycoprotein (RVG)
fused on the exosomes membrane has also been used to target
the brain [14,52] and achieve a significant increase in brain accu-
mulation measured by fluorescence [14]. Also, Yang et al. demon-
strated the capability of modified exosomes to cross the blood–
brain barrier and to target specific tumor tissue through the mod-
ification of parental cell with a construct that enabled fusing a
glioblastoma targeting peptide to the N-terminus of CD47 [11].
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Factors influencing the biodistribution pattern

Routes of systemic administration

Systemic administration of exosomes can be injected mainly for
three different routes: subcutaneous (SC), intraperitoneal (IP), or
intravenous (IV). Each systemic administration route possesses a
specific biodistribution pattern, which must be considered in the
design of preclinical studies in order to enhance the exosomes’
arrival to the target tissue. Wiklander et al. [14] performed a com-
parative analysis injecting the same amount of HEK293T exosomes
in C57BL/6 mice. As expected, the IV-administration showed a tra-
ditional pattern of biodistribution with higher accumulation in the
liver and spleen in comparison to SC or IP after 24 h. In contrast, SC
and IP injections resulted in lower accumulation of exosomes in
liver and spleen whereas showed a higher accumulation in
gastro-intestinal tract and pancreas. These data were corroborated
in the study conducted by Mendt et al. [53], in which the adminis-
tration of exosomes derived from MSC via IP or IV injections fol-
lowed a similar pattern of distribution.

Exosomes’ origin

Over the last years, a growing body of literature has shown that
regardless of the origin, exosomes accumulate primarily in the
liver, spleen, lung, and gastro-intestinal tract after intravenous
injection [11,18,49,50]. However, the cell-type specific integrins
arranged in the surface certainly determines how they accumulate
in these organs [15]. Thus, DiR-labeled exosomes derived from
C2C12 murine myoblast cells and bone marrow-derived dendritic
cells have shown a highest accumulation in the spleen and liver,
respectively [14]; whereas DiR-labeled exosomes secreted by
B16F10 murine melanoma cells largely accumulate in the lung
[14]. In a context of cancer metastasis, the exosomal integrin’s pro-
file strongly impacts in the pharmacokinetics of exosomes, deter-
mining their organotrophic behavior since there exist an intrinsic
relation between integrins and the organotropism [15,54]. Hoshino
et al. [15] demonstrated that exosomes secreted by lung, liver and
brain tropic tumor cells fuse preferentially with resident cells at
their predicted destination, namely lung fibroblasts and epithelial
cells, liver Kupffer cells and brain endothelial cells.

Approaches for extending exosomes’ half-life

As previously mentioned, phagocytes, the removal specialists of
the immune system, represent the main physical barrier to sys-
temic administration of exogenous exosomes for therapeutic pur-
poses. Since macrophages are primarily responsible of exosome
clearance in the circulation, modifications to allow them to escape
from scavenger macrophages through, for example, activating the
‘‘don’t eat me” signal seems to be a plausible strategy for their clin-
ical translation pathway. In this section, we present different mole-
cules that could be inserted or expressed on the surface of
exosomes with the intention to provide a longer circulation time,
and reducing the time necessary to reach the concentration level
required to induce the desired biological effect on the target tissue
/ organ, while reducing significantly the off-target interactions. Sev-
eral of the molecules selected and proposed here were inspired
frommechanisms used by tumor cells to evade the immune system.

CD47

CD47, first known as integrin-associated protein (IAP), is a cell
surface protein of the immunoglobulin superfamily which is heav-
ily glycosylated and expressed in most cells in the body [55]. CD47
65
is a protein of 50 kDa that interacts with the immune inhibitory
receptor SIRPa, predominantly expressed in neurons, dendritic
cells and macrophages [56]. The CD47-SIRPa axis is a critical
molecular interaction that inhibits the activation of macrophages
and other myeloid cells, acting as a myeloid-specific immune
checkpoint and activating the ‘don’t eat me’ signal [26]; disruption
of this ‘don’t eat me’ system results in phagoptosis of viable cells
[57]. The inhibition of phagocytosis by CD47-SIRPa interaction
occurs after tyrosine phosphatase activation and inhibition of myo-
sin accumulation at the submembrane assembly site of the phago-
cytic synapse which reduce macrophage-target cell interaction
[58].

As reviewed by Brown and Neher [57], most human cancers
overexpress CD47 and transduce inhibitory signals through SIRPa
on myeloid cells as a survival mechanism to ‘‘defend” against the
attack of the immune system. In tumor tissue, CD47 expression
level correlates with tumorigenicity in mice and mortality in
humans [59,60]. In the work by Majeti et al. [61], the overexpres-
sion of CD47 on human leukemia cell line contributes to pathogen-
esis by inhibiting phagocytosis of these cells through the CD47-
SIRPa interaction, while the disruption of those interaction with
a monoclonal antibody directed against CD47 induce phagocytosis
of leukemic cells by macrophages. In several preclinical models,
immunotherapy based on anti-CD47 to block CD47-SIRPa axis
stimulates phagocytosis of cancer cells in vitro, which results in
an anti-tumoral effect in vivo [26].

CD47 expression has been detected in various subtypes of
unmodified exosomes, including human foreskin fibroblasts,
human mesenchymal stem cells (MSC), jurkat T cells and platelets
[22,62–65]. In the same way that it protects tumor cells from
macrophage-mediated phagocytosis, the presence of CD47 on the
surface of the exosome is shown to contribute to the suppression
of their clearance in the bloodstream and enhance the efficiency
of targeted content delivery [11,22]. The group led by Raghu Kalluri
generated CD47high exosomes with Alexa Fluor 647 (AF647)-
labeled short interfering RNA (siRNA) which showed an enhanced
retention in the circulation and better accumulation in the liver,
lung and pancreas than liposomes after IP administration [22].
Exosomes derived from CD47 knockout (k/o) cells showed less
retention, corroborating that the presence of CD47 in the exosomal
membrane inhibits their phagocytosis by circulating SIRPa+CD11+
monocytes. As expected, when the authors disrupt the CD47-SIRPa
axis using antibody anti-CD47, they observed a significant increase
of AF647+CD11b+ monocytes in the circulation. Interestingly,
CD47 k/o mice showed lower levels of circulating exosomes com-
pared to age-matched controls. In addition, when authors injected
these CD47high exosomes a noticeable reduction in circulating
AF647+CD11b+ monocytes were observed, suggesting that the
presence of CD47 on exosomes allows an evasion from phagocyto-
sis by the circulating monocytes and increases exosomes half-life
in the circulation, which consequently induces a greater accumula-
tion in target tumor tissue.

Corroborating the previous findings with the research work
recently carried out by Yang et al. [11] and Belhadj et al. [66], it
was also shown that the expression of the CD47 protein on the sur-
face of exosomes endows them with the ability to evade phagocy-
tosis and consequently to increase their circulating half-life. Yang
et al. [11] reported that CD47 overexpression in exosomes
extended the half-life by 3-fold in the bloodstream, with no obvi-
ous in vivo toxicity or immunogenicity in mice at the different
dosages and time points tested. Likewise, Belhadj et al. [66]
observed that the incorporation of CD47 in the surface membrane
of exosomes reduce the endocytosis by macrophages, enhancing
the uptake by the target tumor cells, prolonging the in vivo circu-
lation time, lowering the distribution to the liver and spleen, and
increasing tumor accumulation.
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In another experimental approach, Rodriguez et al. [67] also
demonstrated that CD47 allows a delay in the macrophage-
mediated clearance of nanoparticles. Using CD47 recombinant pro-
tein coupled to nanoparticles, they observed an increase in the
half-life of IgG-opsonized nanoparticles in the circulation and
improved the delivery of dye and cytostatic drugs to tumors
in vivo. Likewise, Hu et al. [68] corroborated that red blood cell
membrane coating functionalizes sub-100 nm particles with native
CD47 giving them less susceptibility to be phagocytosed by macro-
phages. CD47 has also been utilized to mitigate the immune
response to clinically used biomaterials to enhance the bioavail-
ability of therapeutic agents and enhance the longevity and effi-
cacy of medical devices [69].

CD31/PECAM-1

CD31, also known as platelet endothelial cell adhesion
molecule-1 (PECAM-1), is another candidate for the ‘don’t eat
me’ signal. CD31 is a 130 kDa transmembrane glycoprotein mem-
ber of the immunoglobulin superfamily known as an endothelial
marker and expressed in endothelial, hematopoietic and immune
cells [70]. CD31 is mainly associated with vascular biology, partic-
ipating in important processes as cell-to-cell adhesion, transmigra-
tion of monocytes and inflammation [70,71]. This molecule is
composed of 3 structures, six extracellular domains, an intramem-
brane domain and a cytoplasmic tail that have two immunorecep-
tor tyrosine-based inhibition motifs (ITIMs) that have multiple
ligand, like SHP-1 and -2, SH2 domain containing inositol phos-
phatase 2, PI3K, and phospholipase C-ɣ1 [72].

In 2002, the research group of Brown et al. [25] described for
the first time that CD31 is a cell-surface molecule that prevents
the phagocytosis of viable cells by transmitting detachment’ sig-
nals, considered as a ‘don’t eat me’ signal to macrophages. In a
set of experiments, the authors demonstrate that, under conditions
of flow, initial interaction between phagocytes and dying cells
occurs through CD31, which determine whether phagocytosis of
the damaged cell will be performed. In turn, in viable cells a signal-
ing pathway activated by binding of CD31 results in the generation
of a detachment signal to avoid being swallowed by macrophages.
Using CD31-negative Jurkat cells, the authors demonstrated the
inability of these cells to adhere to macrophages, a condition
reversed with the transfection of functional CD31 with similar effi-
ciency to parent CD31-positive Jurkat cells. Likewise, through the
expression of a ‘signaling disabled’ CD31 mutant they observed
the inhibition of the ‘don’t eat me’ signals, suggesting that detach-
ment requires an intracellular signaling downstream of CD31
binding.

CD31 expression has been detected in exosomes derived from
endothelial cells, endothelial progenitor cells and platelets, as part
of a specific characterization profile of nanovesicles isolated from
this type of parent cell [73]. However, to date there have been no
studies evaluating the anti-phagocytic effect of CD31 expression
on the exosome or whether CD31 overexpression on the surface
of the exosomal membrane can alter some parameters of the exo-
somes’ pharmacokinetics such as the half-life time in the blood
stream or their biodistribution’ pattern in the body.

CD24

CD24 is a small (20 to 70 kDa), heavily glycosylated mucin-like
cell surface protein expressed in a wide array of cells including B
cells, dendritic cells, neural cells, epithelial cells between others
[74]. Recently, CD24 has been identified as another potent ‘don’t
eat me’ signal that modulates the antitumor innate immune
response [23]. Using RNA sequencing data from the TARGET and
TCGA databases, Barkal et al. [23] observed CD24 upregulation in
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almost all tumor types analyzed relative to normal tissues, being
specially overexpressed in triple-negative breast cancer and ovarian
cancer. The authors demonstrated that CD24 promotes immune
evasion through its interaction with the inhibitory receptor sialic-
acid-binding Ig-like lectin 10 (Siglec-10) expressed by tumor-
associated macrophages. The role of CD24–Siglec-10 interactions
in regulating macrophage-mediated antitumor immune responses
was studied in a co-culture model coupled to a flow-cytometry-
based phagocytosis assay. Genetic ablation of CD24 (DCD24)
increased the phagocytosis of breast cancer cells by Siglec-
10 + M2-like macrophages; whereas Siglec-10 knockout macro-
phages exacerbated their phagocytic capability towards breast can-
cer cells. In addition, genetic ablation and therapeutic blockade of
CD24 using monoclonal antibody resulted in a macrophage-
dependent reduction of tumor growth in vivo and an increase in sur-
vival time, which reveal that CD24 – as an anti-phagocytic signal –
have a therapeutic potential in cancer immunotherapy.

CD24-mediated phagocytosis inhibition occurs when binding to
Siglec-10 activates an inhibitory signaling cascade mediated by
SHP-1 and/or SHP-2, protein tyrosine phosphatases associated
with the two ITIMs in the cytoplasmic tail of Siglec-10, which
blocks Toll-like-receptor-mediated inflammation and the
cytoskeletal rearrangement required for cellular engulfment by
macrophages [75–77].

CD24 expression has been detected in exosomes isolated from
urine and amniotic fluid of normal individuals, and it is considered
together with CD9, CD63 and CD81 as universal markers of blood
exosomes in healthy individuals and patients with different can-
cers [78–82]. However, their role in the context of exosomes clear-
ance has not been studied yet, which opens a window of
opportunities to develop a research work in which it uses as ‘don’t
eat mé signal to generate invisible exosomes to the immune sys-
tem. It is important to note that the use of this molecule in exo-
somes must consider that circulating monocytes show a lower
expression of Siglec-10 compared to tumor-associated macro-
phages (TAMs) [23]. Nonetheless, this receptor could be induced
with macrophage type 2 (M2) cytokines (TGF-b1, IL-10 or IL-4)
in vitro and could be overexpress in diseases with M2-like circula-
tion cytokines profile [23].

b2-microglobulin (b2M), component of the MHC class I

Beta-2-microglobulin (b2M) subunit of the major histocompati-
bility class 1 (MHC class I) complex is also another protein that uses
cancer cells to protect themselves from immune cells. Recently dis-
covered in the laboratory of Irving L. Weissman, the expression of
MHC class I component b2M in cancer cells act as a critical regulator
of the effector function of macrophages within the tumor microen-
vironment [83].MHC class I component b2M interactswith the inhi-
bitory receptor called leukocyte immunoglobulin-like receptor B1
(LILRB1), whose expression is upregulated on the surface of macro-
phages, including TAMs. The inhibition ofmacrophage phagocytosis
activatedby theMHC class I–LILRB1 signaling axis is due to the cyto-
plasmatic domain of LILRB1, composed of a long tail of four ITIMs.
Once the tyrosine phosphorylation occurs, LILRB1 recruits SHP-1
which leads to the cascade of inhibitory signal of phagocytosis
[84–86]. Disruption of either MHC class I or LILRB1 potentiate
phagocytosis of tumor cells, which defines the MHC class I–LILRB1
signaling axis as an important regulator of the effector function of
innate immune cells [83]. MHC class I–LILRB1 signaling has been
studied in the myeloid lineage for its inhibitory role in monocyte
activation [87]. As has also been mentioned in the other molecules,
until today it is unknown whether the expression of MHC class I
component b2M in exosomes plays a role in their clearance of the
bloodstream. However, b2M subunit of the MHC class I complex
seems to be a strong candidate or a complement in avoiding the
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phagocytosismediated bymacrophages to improve the efficiency of
targeted content delivery.

PD-L1

Cancer cells frequently overexpress the programmed cell death
ligand 1 (PD-L1), which interacts with the immune checkpoint
receptor called programmed cell death protein 1 (PD-1), to escape
from the immune system [88,89]. First discovered in T cell, PD-1 is
expressed by a variety of hematopoietic cells like B, NK, dendritic
cells and macrophages [24,88,90], and is considered an immune
checkpointmolecule that plays an important role in downregulating
the immune system proinflammatory activity [90]. PD-L1 is
expressed on hematopoietic cells including T cells, B cells, macro-
phages, dendritic cells, and mast cells, but also in several non-
hematopoietic healthy cells including vascular endothelial cells,
keratinocytes, pancreatic islet cells, astrocytes, placenta syncy-
tiotrophoblast cells, and corneal epithelial and endothelial cells
[91]. PD-1 and PD-L1 are type I transmembrane proteins from the
immunoglobulin (Ig) superfamily, that have 3 domains: extracellu-
lar, transmembrane and cytoplasmatic. The difference between
them are the extracellular and the cytoplasmatic domain, being an
Ig-V like for PD-1 and an Ig-V and Ig-C-like for PD-L1 on the extracel-
lular domain and for the cytoplasmatic one of PD-1 consist in two
tyrosine-based signaling motifs, and for PD-L1 is a shot tail with
no signaling motif [88,89]. Despite of the disruption of PD-1/PD-L1
axis using monoclonal antibodies have shown remarkable clinical
efficacy in patients with a variety of cancers mainly mediated by
the activation of T cells, it was not until 2017 that PD-1/PD-L1 ther-
apy was shown that also function through a direct effect on macro-
phages. Gordon et al., authors of this discovery, reported that both
mouse and human TAMs express PD-1, which negatively correlates
with phagocytic potency against tumor cells. Likewise, the blockade
of PD-1/PD-L1 increasesmacrophage phagocytosis, which results in
a reduction of tumor growth, and lengthens survival inmousemod-
els of cancer in a macrophage-dependent fashion [24].

As mentioned by Daassi et al., exosomes expressing PD-L1 may
be produced by tumor cells, immune cells, MSC or other cells in
the tumor microenvironment or outside of the tumor [92]. PD-L1-
expressing exosomes have shown the property to inhibit the anti-
tumor immune responses since they have immunosuppressive
capabilities on T-cell activation [93]; however, the effect of exoso-
mal PD-L1 on other immune cells as macrophages or even natural
killer cells, dendritic cells, B-cells, regulatory T-cells and effector T-
cells are still unknown. From the above it is inferred that the anti-
phagocytic effect that could be induce by exosomes expressing
PD-L1 on circulating monocytes/macrophages is not known, so
PD-L1 is an interesting candidatemolecule to test in its possible abil-
ity to make exosomes invisible for the immune system.

CD44

CD44 is another candidate to generate exosomes that remain in
the bloodstream for longer since the use of monoclonal antibodies
to block CD44 inhibit phagocytosis mediated by macrophages [94].
CD44 is a transmembrane glycoprotein, also referred to as P-
glycoprotein, encoded by a single gene, ubiquitously expressed
throughout the body, and with a molecular weight of 85–
200 kDa [95]. CD44 is known for controlling inflammatory sites
by stimulation of leukocyte extravasation and thus promoting
infiltration; likewise, CD44 has been shown to have a role in the
activation of cytotoxic T cells by binding to the C3bi component
of complement [96]. In addition to its function in inflammatory
and immune responses, CD44 also contributes to the ingestion
and clearance of particles and apoptotic cells [97]. In 2005, CD44
was identified as a competent phagocytic receptor that efficiently
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mediates internalization of large particles [97]. The mechanism
of CD44-mediated phagocytosis involves inside-out signals trans-
mitted to complement receptor-3 (CR3, Mac1, CD11b/CD18)
through the GTPase Rap1 [98]. Also, CD44 has been implicated in
the host response to bacterial infection [99–101].

CD44 expression has been found in several types of cancer cell-
derived exosomes, whose expression has been associated with sev-
eral pro-tumorigenic properties such as invasiveness and chemore-
sistance [102–105]. However, it has not yet been investigated
whether the expression of CD44 on the surface of tumor exosomes
or those derived from other cell lines contributes or not to the res-
idence time of them in the blood circulation.

Dehydroxymethylepoxyquinomicin (DHMEQ)

This molecule was developed by Matsumoto et al. [106] and it is
a derivative from epoxyquinomicin C, a molecule previously iso-
lated from Amycolatopsis sp. and was intended to be used as
antibiotic and anti-inflammatory agent.

Matsumoto and his group demonstrated the inhibitory effect
DHMEQ on NF-jB [106]. NF-jB is a transcription factor that medi-
ates the expression of a variety of cellular genes regulating the
inflammatory response and can be activated by a large spectrum
of chemically diverse agents and cellular stress conditions includ-
ing bacterial lipopolysaccharides (LPS), microbial and viral patho-
gens, cytokines and growth factors [107]. In the studies of Suzuki
et al. [108], they establish a relation between macrophages and
DHMEQ showing that DHMEQ inhibited LPS-induced NF-jB activa-
tion, iNOS expression, and inflammatory cytokine secretion by
active macrophages due to the inhibition of NF-jB. Furthermore,
DHMEQ also inhibited the phagocytosis of E. coli by RAW264.7
murine macrophage-like cells treated with LPS or IL-1b, thus being
evidence for the involvement of NF-jB in the regulation of phago-
cytosis by use of this inhibitor [108]. There is also evidence of the
use of DHMEQ in transplant to prevent early damage, this being
possible by the inhibition of the high mobility group complex-1
(HMGB1), macrophages and proinflammatory cytokine secretion,
resulting in engraftment of transplanted islets even with fewer
islet grafts [109]. The possible clinical approach to use DMHEQ
could be as a pre-treatment to systemic administration of exo-
somes therapeutics to downregulate the phagocytosis mediated
by macrophages with the intention of inducing a longer circulating
half-life of them.

App1: Proteins in fungi

The cryptococcus-specific protein antiphagocytic protein 1
(App1) regulates Cryptococcus neoformans virulence by controlling
macrophage-driven fungal phagocytosis [110]. App1 is a small pro-
tein of 20 kDa produced and secreted extracellularly by the fungus,
Cryptococcus neoformans, an environmental human pathogen caus-
ing a life-threatening meningoencephalitis [111], and found in the
serum of infected patients [112]. The inhibition of the
macrophage-mediated fungal phagocytosis effect occurs in a
dose-dependent and complement-mediated manner [112]. As
reported by Luberto et al. [112], the use of recombinant App1 inhi-
bits attachment and ingestion of yeast cells by alveolar macro-
phages, while DApp1 mutant is readily swallowed by them.
Despite App1 being considered as an anti-phagocytic factor, there
is no evidence of this molecule being useful in therapeutic settings.
Modification strategies of exosome surface

Currently, there are several protocols available that allow mod-
ifying both the cargo or the surface membrane of exosomes to



Table 2
Engineering methods to modify the exosomes surface.

Type of molecule
to attach

Methodology
suggested

Example References

Protein (>30 kDa) Pre-isolation PD-L1, CD47, CD24
and CD31

[22,132,135]
PEGylation
Liposome
fusion

Protein or peptide
(<30 kDa)

Click chemistry b2M and App1 [126,127,134]
PEGylation

Organic molecule Click chemistry DHMEQ [125,137]
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functionalize them, for example for improve their therapeutic
function, targeted drug delivery, half-life in circulation or their
tracking system in vitro and/or in vivo to facilitate their use for
nanomedicine purposes. Modifications of exosome structures to
create an ‘invisible cloak’ on their surface can be engineered at
the cellular level or alternatively can be modified post isolation.
Endogenous exosomes modifications generally rely on molecular
biology approaches to manipulate exosomes components at cellu-
lar level [113]. Although effective, these modification methods
prior to exosomes isolation are often time-consuming and chal-
lenging especially when using primary cells like MSC or dendritic
cells. Post-isolation modifications typically consist in chemical
reactions and physical modifications to attach biomacromolecules
or fluorophores directly to the exosome. Although these exogenous
modification strategies are less time-consuming, it depends on the
nature and size of the molecule to attach, and of an extensive
knowledge of the structure of exosomes to know how to interact
with them in a nanoscale [113]. Fig. 2 and Table 2 summarize
the different existing methodologies for inserting different mole-
cules on the surface of exosomes.
Pre-isolation modification strategies

Pre-isolation methods usually involve the transfection of the
parental cell with a construct to express a membrane protein inex-
istent in the cell of origin, or the modification of naturally
expressed one to express an interest peptide or fluorophore
[11,114]. In general terms, this strategy involve exosomes-
producing cells are loaded with expression vectors, as plasmid or
virus, with a chimeric gene or protein which contains genes or pro-
teins that will be part of exosomes as CD63, CD9, CD81 or LAMP2b
fused with a specific protein [115]. Since these chimeric genes or
proteins are expressed in parental cells, they also are expressed
in exosomes due to the presence of exosomes’ related protein
[115]. These methods are mainly used to track exosomes in vivo
[18,116], reach specific tissues [52] or functionalize exosomes for
nanomedicine purposes.

The research work carried out by Rivoltini et al., uses parental
cell transfection as a method to express on the surface of the exo-
some membrane a protein that does not exist in native exosomes
Fig. 2. Schematic diagram of the different strategies that exist to add modifications to th
can be classified into two major approaches: pre- and post-isolation techniques. A) The p
peptide, protein or fluorophore in their secreted exosomes for a specific use in nanom
physical modifications to add proteins or molecules directly to unmodified or native e
incorporation through covalent bonds of different biomolecules directly to the exosome
between exosomes and synthetic liposomes is a method that allows modifying the prop
freeze–thaw method or PEG, the specific modification into exosomes is directly integr
PEGylation is a method that use the PEG as a link to conjugate different molecules to the
directly in PEG as a surface tagging technique to later attach the desired molecule to its
which is subsequently incubated with the exosomes to adhere the desired molecule to
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[117]. In this work, K562 cells genetically modified for TRAIL
expression efficiently release homogeneous exosomes cargoing
active TRAIL capable of induce apoptosis in tumor cells in vitro
and control cancer progression in vivo, without affecting the classic
biodistribution pattern of exosomes administered systemically.
Taking advantage of pre-existing proteins in the exosomes’ surface,
another widely used method makes chimeric constructs displaying
fluorophores or peptides with specific purpose. An additional ben-
efit of the chimeric exosome methods is that it could later be
loaded with an exogenous molecular cargo as drugs or siRNAs. This
strategy was used by Bellavia et al. for the treatment of Chronic
Myeloid Leukemia (CML), disease characterized by the over-
expression of the IL-3 receptor in its CML-blasts. In this work,
the researchers could generate exosomes that express IL-3 by cre-
ating a fusion protein with LAMP2b, a well-characterized exosomal
membrane protein. Exosomes with a fragment of IL-3-LAMP2b in
their surface were subsequently loaded with Imatinib – a selective
inhibitor of Bcr-Abl oncoprotein – to act as a vehicle for drug deliv-
ery to specifically target CML cells in vivo [118]. The fusion with
LAMP2b has also been carried out to target the brain using a
neuron-specific RVG peptide to deliver a specific siRNA against
BACE1, a therapeutic target in Alzheimer’s disease [52] or with
an av integrin-specific iRGD peptide, to target av integrin-
positive breast cancer cells [114]. However, it is important to point
out that some peptides fused to the N terminus of LAMP2b might
not display effectively on the exosomal surfaces [119].

Previous research has reported the fusion of fluorescent repor-
ters such as GFP or RFP to the exosomal membrane protein CD63
on their extra and/or intracellular domains, without alter the
e surface membrane of exosomes. Functionalization strategies of exosomes surface
re-isolation approach usually involves genetic engineering cells to express a specific
edicine. B-D) The post-isolation approach generally includes chemical reactions or
xosomes. Click chemistry method is an azide-alkyne cycloaddition that allows the
s’ surface to endow them with a specific functionality (B). Direct membrane fusion
erties of the exosome membrane via artificial functionalization of liposomes. Using
ated using liposomes embedded with specific peptides, proteins or antibodies (C).
exosomes’ surface. To functionalize these nanoparticles, exosomes can be embedded
surface. Also, it is possible to prepare a mix of protein- or nanobody-PEG-micelles
them (D).



N. Parada, A. Romero-Trujillo, Nicolás Georges et al. Journal of Advanced Research 31 (2021) 61–74
physical and biochemical characteristics typical of exosomes, in
order to generate engineered exosomes for imaging or tracking
[116,120]. In addition, chemiluminescence-based detection using
luciferase or the radiolabeled compound iodine-125 have also been
fused to the membrane-associated protein Lactadherin on exo-
somes as a method to obtain exosomes for molecular imaging tech-
niques [18,49].

Altogether, pre-isolation modification methods are mainly
based on different techniques of the molecular biology to introduce
endogenous modifications on exosome surface; these strategies
are effective for displaying genetically engineered proteins on the
surface of exosomes with the limitation that cannot be applied to
molecules other than the genetically encodable peptides and pro-
teins. Although this strategy can be used for the generation of ’in-
visible’ exosomes using some of the molecules mentioned above
(such as CD47, CD44, CD31 among others), and importantly pre-
serving the integrity and classic functionality of exosomes, this
method certainly has the challenge of being able to separate during
the exosomes’ purification process those that were modified from
the native ones.

Post-isolation modification strategies

Click chemistry
Click chemistry is a methodology that can be used to directly

attach molecules to the exosome surface through covalent bonds
[113], allowing the modification of the original structure of the
exosomal surface through the incorporation of different agents,
such as fluorescent dyes or imaging and targeting agents, that
can be covalently linked in the surface of exosomes to provide
them with a desired functionality [115]. Click chemistry is an
azide-alkyne cycloaddition that can be done with or without cop-
per as a catalyst, and is useful to functionalize the surface of exo-
somes mainly as a tool to label them for tracking and linking
fluorophores, but also to attach different macromolecules like bio-
tin or peptides without changing exosome size, internalization pat-
tern or their properties like the capacity to cross the blood–brain
barrier (BBB) [121–124]. For this methodology, the surface of the
exosomes must be modified adding an alkyl or azide group to gen-
erate potential chemical active sites. The addition of terminal
alkyls could be made in the amines found on exosomal proteins
or in the head of the membrane lipid phosphatidylethanolamine
[121], while the addition of azide are commonly performed in
the culture of the parental cell adding an azide-bearing amino acid
analogue to methionine (L-azidohomoalanine) or azidosugars (N-
azidoacetyl-D-mannosamine) to introduce unnatural azides
[122,125]. Another option is the use of a strain-promoted alkyne
azide cycloaddition like dibenzylcyclooctyne (DBCO), to react with
an azide linker without the use of copper as a catalyst [125]. Click
chemistry is a quick and efficient method compared with tradi-
tional cross-linking reactions such as maleimide–thiol coupling
and provides better control over the conjugation site [113].

Using the click chemistry technology, glioma-targeting exo-
somes were generated by the group led by Qiusha Tang [126]. In
this study, exosomes derived from Raw274.6 murine
macrophage-like cells were firstly loaded with superparamag-
netic iron oxide nanoparticles and curcumin as anti-tumor agents
by electroporation; subsequently, by click chemistry method exo-
some membrane were conjugated with neuropilin-1-targeted pep-
tide (RGE-peptide) by a cycloaddition reaction of sulfonyl azide to
obtain glioma-targeting exosomes with imaging and therapeutic
functions. These engineered exosomes proved to be able to cross
the BBB and efficiently reach the tumor site, besides to exert signif-
icant antitumoral effects. Importantly, the authors of this study
also reported that the click chemistry method does not change
the exosomes properties and allow stable modification to remain
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the surface of the exosome up to 4 weeks at �80 �C storage
[126]. Other studies that also used the click chemistry methodol-
ogy to insert modifications to the exosomes surface but with the
copper-free approach using DBCO have also been shown to be
effective in functionalizing exosomes [127,128]. Using this
method, exosomes derived from MSC linked to a peptide with high
affinity to integrin avb3, a protein expressed in reactive endothe-
lial cells after ischemia, were injected systemically in a transient
middle cerebral artery occlusion (MCAO) mice model [127]. The
engineered exosomes successfully cross the BBB, target the lesion
region of the ischemic brain and accumulate in it in a greater pro-
portion than unmodified exosomes. In addition, when these mod-
ified exosomes are loaded with curcumin they exert a strong
suppression of the inflammatory response and cellular apoptosis
in the lesion region [127], and increased the animal survive and
angiogenesis in the ischemic zone when loaded with miR-201 after
multiples injections [128].

Altogether, click chemistry is a technique that can be used to
functionalize the surface of exosomes with small molecules, large
biomacromolecules, and polymers to supply them with specific
skills without alter exosome size and function [121]. This method-
ology can be used to modify some pharmacokinetic parameters, for
example, exosomes’ surface may be conjugated with targeting
ligands, such as antibodies and peptides, to allow specific interac-
tions of exosomes with target cells or alternatively to evade non-
target cells interaction, such as those that occur with phagocytic
cells after systemic administration. In this area, this technique
can be used to incorporate some of the different molecules associ-
ated with the ‘‘don’t eat me” signal into the exosomal membrane
(as CD24, b2M, App1), with the aim of increasing the circulating
half-life of exosomes for therapeutic purposes. Click chemistry
can be also used to affect exosomes biodistribution and to label
exosomes with fluorescent, radioactive, and MRI agents for precise
in vivo tracking of injected exosomes.

Direct membrane fusion
The direct membrane fusion between exosomes and synthetic

liposomes is a useful methodology to modify exosomes membrane
surface [129,130]. Using freeze–thaw method or polyethylene gly-
col (PEG), direct membrane fusion between both nanoparticles
allow modification in exosomes through the artificial functional-
ization of liposomes modifying their type and proportions of phos-
pholipids or protein content. Although this approach is efficient,
chemical-free and does not modify the morphology of the exo-
somes, the type of lipid composition in the liposome can modify
the cellular uptake efficiency of exosomes [129]. This technique
has been reported as an easy and useful tool to load therapeutic
agents or encapsulate large plasmids like CRISPR–Cas9 expression
vectors in exosomes [130,131]. Introduction of exogenous mem-
brane proteins also could be made by this membrane-
engineering method. Moritani et al. reported a cell-free protein
synthesis method for the mammalian membrane protein
connexin-43 and its direct integration with a uniform orientation
as a functional oligomer into liposome membranes [132]. In con-
clusion, using the membrane fusion approach it is possible to easily
modify the properties of the exosome surface using liposomes
embedded with peptides or antibodies as targeting moieties or
PEG. Although there is no evidence of using this methodology to
modify the exosome surface protein content, the fusion of proteoli-
posomes and exosomes membranes could facilitate the incorpora-
tion of external protein into the exosomes making it an option to
attach ‘don’t eat me’ molecules as CD47, CD31, CD24 among others.

Pegylation
PEGylation is the coating of nanoparticles with PEG. This

methodology shields the coated surface from aggregation,
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opsonization and phagocytosis, prolonging their half-time in circu-
lation [133]. PEG can be used as a link to conjugate different mole-
cules to the surface that needs to be modified. Using this approach,
Kooijmans et al. [134] manage to ‘decorate’ the exosomes’ surface
with a specific targeting ligand conjugated to PEG. In this work,
authors used nanobodies specific for the epidermal growth factor
receptor (EGFR) conjugated to phospholipid (DMPE)-PEG deriva-
tives to prepare nanobody-PEG-micelles, which were mixed with
EVs at 40 �C to incorporate those nanobodies (15 kDa) to the sur-
face of EVs. After making this ’decoration’ on the surface of the exo-
somes, the authors observed no changes in their morphology, size
distribution or protein composition. Exosomes modified using this
method successfully targeted EGFR + tumor cells in vitro, and
importantly, without affecting their classical biodistribution pat-
tern. In addition, modified exosomes managed to enhance in 6-
fold their circulation time in bloodstream in comparison with
unmodified exosomes. In a similar approach, Si et al. [135] devel-
oped an efficient surface tagging technique to generate monoclonal
antibody (mAb)-exosomes. In this work, mAb against somatostatin
receptor 2 (SSTR2) were attached to the surface of HEK293 derived
exosomes through PEGylation to target SSTR2-overexpressing neu-
roendocrine cancer cells. Both exosome and mAb were modified to
display an 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-PEG
(DSPE- PEG) ‘arm’, successfully linking them and maintains not
only the integrity of the exosomes but also their biomarkers and
size distribution which confirm that this technique does not alter
the physical and biochemical characteristics typical of exosomes
[135]. To validate the targeted drug delivery efficiency, mAb-
exosomes were loaded with the histone deacetylase inhibitor
romidepsin, which efficiently induced cytotoxicity in cancer cells
in vitro and in vivo.

Conclusions and perspectives

Despite the many advantages that exosomes possess as thera-
peutic tools, today their systemic application is technically chal-
lenging because the mononuclear phagocytic system drastically
reduces the amount of exosome particles available to reach the
therapeutic concentration in the target tissue. This implies the
need to generate a higher dose of exosomes to meet clinical
requirements, which is technically already a challenge due to the
limited number of cellular sources that exist capable of secreting
sufficient amounts of exosomes to generate a dose of clinical-
grade. Performing modifications on the surface of exosomes to
bypass the immune system is a plausible strategy to ensure a
longer half-life in the bloodstream and thus modify the pharma-
cokinetic parameters of therapeutic exosomes without introducing
adverse effects. Consequently, this strategy would provide the
advantage of reaching the pharmacological concentration of
exosome-based therapy in the tissue of interest in a shorter time,
with the additional benefit that these engineered exosomes can
also be artificially loaded with a specific therapeutic molecule.
Although designing modifications in exosomes to target a specific
site is a good option to improve ’targeting specificity’, this strategy
does not imply an improvement in the residence time of exosomes
in plasma. In fact, this strategy can also be strongly affected by the
barrier that phagocytic cells impose to the number of circulating
exosomal particles available to target and accumulate in the target
tissue, contributing to false negative results. Indeed, today it is very
likely that there are innumerable pre-clinical studies with results
that demonstrate low therapeutic efficiency or even no therapeutic
effect that saw their options to reach the clinic truncated because
of the rapid clearance suffered by exosomes systemically. If these
studies incorporated some of the modifications proposed in this
work, they could potentially improve their therapeutic efficiency
or desired biological effect and continue their way to the clinic.
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Finally, it is important to note that all structural modifications
made on the surface of therapeutic exosomes must be evaluated
for their safety and efficacy profile in in vivo models. Ideally, in
experimental settings that closely resemble human immune condi-
tions, such as in humanized murine models. Thus, the preclinical
results obtained will be able to predict with greater precision not
only the behavior of exogenous exosomes in vivo, but also the
safety and efficacy of the therapy designed for specific pathological
conditions.
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