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Abstract
Tumor tissue is densely packed with cancer cells, non-cancerous cells, and ECM, form-
ing functional structures. Cancer cells transfer extracellular vesicles (EVs) to modify 
surrounding normal cells into cancer-promoting cells, establishing a tumor-favorable 
environment together with other signaling molecules and structural components. 
Such tissue environments largely affect cancer cell properties, and so as EV-mediated 
cellular communications within tumor tissue. However, current research on EVs fo-
cuses on functional analysis of vesicles isolated from the liquid phase, including cell 
culture supernatants and blood draws, 2D-cultured cell assays, or systemic analyses 
on animal models for biodistribution. Therefore, we have a limited understanding of 
local EV transfer within tumor tissues. In this review, we discuss the need to study EVs 
in a physiological tissue context by summarizing the current findings on the impacts 
of tumor tissue environment on cancer EV properties and transfer and the techniques 
required for the analysis. Tumor tissue environment is likely to alter EV properties, 
pose physical barriers, interactions, and interstitial flows for the dynamics, and intro-
duce varieties in the cell types taken up. Utilizing physiological experimental settings 
and spatial analyses, we need to tackle the remaining questions on physiological EV-
mediated cancer–host cell interactions. Understanding cancer EV-mediated cellular 
communications in physiological tumor tissues will lead to developing interaction-
targeting therapies and provide insight into EV-mediated non-cancerous cells and 
interspecies interactions.
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1  |  INTRODUC TION: WHY STUDYING 
C ANCER E X TR ACELLUL AR VESICLES IN A 
TISSUE CONTE X T IS IMPORTANT?

Tumor tissues consist of not only cancer cells but also non-cancerous 
host cells, such as fibroblasts, endothelial cells, and immune cells, 
together with structural support for the ECM. Within the tissues, 
cellular and non-cellular components interact with each other to 
develop a tumor-favorable TME.1 They transduce intercellular sig-
nals via direct contact and humoral factors such as growth factors, 
cytokines, metabolites, and EVs. EVs are nanosized lipid bilayer ves-
icles that are packed with cellular components such as DNA, RNA, 
proteins, and metabolites (Figure 1). EVs are secreted from one cell 
and taken up to another cell through endocytosis, micropinocyto-
sis, and direct fusion to the plasma membrane,2 and release their 
cargo to induce signals at the recipient cells.3 EVs also interact with 
cells through surface structures to induce signals, posing multi-
modal mechanisms of action to cause changes in cancer cells. EVs 
are a collection of varieties of vesicle subtypes based on size and 
their origin.4 Exosomes are 100–200 nm in diameter and originate 
from endocytotic multivesicular bodies, whereas microvesicles and 
apoptotic bodies are generated from the plasma membrane and are 
larger in diameter (microvesicles: 150–1000 nm, apoptotic bodies: 
100 nm to 5 μm).2,4

Recent studies have reiterated that the tissue context of TME, 
including interactions with the stromal cells and ECM, humoral fac-
tors, mechanical stresses, hypoxic environment, and lower pH, col-
lectively alters cancer cell properties in proliferation, invasion, drug 
resistance, and metastasis.5 Given that TME impacts cancer cell 
properties, it is reasonable to assume that the properties of cancer-
derived EVs are also affected. Additionally, as EVs induce cellular 
responses after either releasing their cargo into the recipient or 
interacting through surface receptors, it is essential to determine 
the destination of the secreted EVs to understand the function of 
cancer EVs in tumor progression. However, widely used approaches 
of supplementing isolated EVs to 2D cell culture hardly address EV-
mediated cell–cell communication in physiological TME (Figure  2). 
We have many questions about EV transfer within tumor tissue: 
How different are EVs secreted from cancer cells in tissue context 
from currently analyzed EVs from culture? How far do the EVs from 
one cell reach within the tissue architecture, and how long does 
it take? Which cells preferentially take up cancer EVs? Answering 
these questions is essential to understanding physiological EV-
mediated cellular communications in TME in the tumor tissue con-
text. In this review, we will discuss the importance of studying EVs in 
a tumor tissue context, possible tissue factors affecting EV transfer, 
and experimental strategies for studying EV-mediated cell–cell com-
munication in tumor tissue.

F I G U R E  1  Secretion and internalization of extracellular vesicles (EVs). EVs are a collection of varieties of vesicle subtypes, i.e. exosomes, 
microvesicles, apoptotic bodies, and others. Exosomes are approximately 100 nm in diameter and originate from endocytotic multivesicular 
bodies, whereas microvesicles and apoptotic bodies are larger vesicles generated from the plasma membrane. The EVs are internalized 
through endocytosis, micropinocytosis, or direct fusion to plasma membrane. The internalized EVs release their cargoes to the recipient 
cytoplasm.
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2  |  FAC TORS AFFEC TING CELLUL AR 
COMMUNIC ATION VIA E Vs IN TUMOR 
TISSUE

TME and tissue structures will affect EV-mediated cellular trans-
fer in several ways. Based on the current reports, the following 
factors are mainly assumed to be affected by TME: (1) change in 
cancer cell status resulting in EV properties; (2) physical barri-
ers, ECM and cellular attachment, and interstitial flow affecting 
EV transfer distance; (3) targeted delivery and preference in EV 
uptake among the surrounding cells (Figure  3). I will summarize 
current knowledge on these effects and discuss possible impacts 
on EV transfer in tumor tissues.

2.1  |  Changes in EV properties due to changes in 
cancer cell properties

Several researchers reported that the EVs collected from cancer 
cells cultured in 3D structures, including patent specimens and 
spheroids, are smaller in diameter and higher in number, compared 
with EVs from 2D culture. Furthermore, a tissue-based environ-
ment mostly alters EV cargoes toward tumor-promoting phenotypes 
(summarized in Table 1).

Villasante et  al. found that the size distribution of EVs from 
Ewing's sarcoma type 1 cultured in 3D with native tumor ECM 
components was equivalent to the size of sarcoma patients' plasma 
EVs (average mean ± SD: 88.7 ± 22 nm), and smaller and increased 
particle number compared with EVs from 2D monolayer culture 

(average mean ± SD: 149.2 ± 19 nm) or 3D culture in a generic poly-
propylene.6 They further loosen cellular tension with blebbistatin to 
observe larger vesicles, suggesting that tension affects EV particle 
size. Thippabhotla et al. reported that EVs from cervical cancer cells 
(HeLa) cultured in 3D spheroid with hydrogels had smaller diameters 
with increased particle number per cell than EVs from 2D culture.7 
EVs from 3D-cultured HeLa gained miRNA profiles more alike (~96% 
similarity) to cervical cancer patient plasma EVs.7 Rocha et al. com-
pared the EVs collected from gastric cancer cell lines cultured in 2D 
and spheroids developed in 3D microwells, and found that the av-
erage diameter of EVs became 85–135 nm, which was much smaller 
than 2D EVs with 100–180 nm, with increased particle number per 
cells.8 EVs from 3D cultures contained several specific miRNAs com-
pared with 2D EVs, which are related to p53, MAPK, TGFβ, and RAS 
signaling pathways. However, not all 3D cultures follow the trends in 
size and amount. Rima et al. cultured breast cancer spheroids within 
microgels captured in a microfluidic device, collected EVs from 20 μL 
of supernatant, and characterized EVs from low-, middle-, and high-
density spheroids.9 The size of the EVs was similar among the spher-
oids with different sizes. EV number per cell also remained similar 
but increased compared with 2D-cultured EVs. These differences 
could be due to the cell types, various 3D culture models, and mea-
suring methods that introduce size distribution variations (NTA, 
electron microscopy, etc.).

Besides cancer, EVs from 3D culture have been mostly studied 
with mesenchymal stem cells (MSC) due to potential clinical appli-
cations for immunoregulation and regenerative medicine.10 MSCs 
grown in 3D with or without matrix support increase secretion 
of smaller EV size.11,12 Kim et  al. showed that high-density MSC 
2D culture equivalent to 3D spheroid even lowered EV secretion 

F I G U R E  2  A schematic of approaches for extracellular vesicles (EV) functional studies. Conventional approaches isolate EVs from cell 
culture supernatants or body fluids for functional assays on 2D-grown cells and animal models, and component analyses. Physiological 
tumor tissue models can provide EVs that represent physiological conditions for components and functional analyses. Further, the models 
allow direct observations and spatial analyses of EV transfer.
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efficiency than 2D low-density culture, suggesting that the 3D 
tissue structure is essential for the EVs to stimulate the EV secre-
tion.12 Generally, EVs from MSCs cultured in 3D or with shear stress 

enhance regenerative functions such as skin wound closure,13 bone 
regeneration,14 heart repair,15 and neuronal growth,16 by enhancing 
angiogenesis, anti-inflammatory, anti-apoptotic, and anti-fibrotic 

TA B L E  1  Altered extracellular vesicle (EV) properties by tissue environment.

Altered EV properties
Tissue environmental EVs 
compared with 2D EVs Stimuli References

Size Smaller in diameter 3D culture (6) Ewing's sarcoma
(7) Cervical cancer
(8) Gastric cancer
(11,12) MSCs

Hypoxia Reviewed in (21)

No change Spheroids (9) Breast cancer

Number Increase 3D culture (6–9,22) Breast cancer

Stiff matrix (24) Hepatocellular carcinoma, breast, 
and pancreatic cancer

Alginate hydrogels (25) MSCs

Hypoxia Reviewed in (21)
(23) MSC

Mechanical stress (26) MSCs and muscle cell

Cargoes Similar to patient EVs 3D culture (7)

Tumor-promoting miRNAs 3D culture (8)

Tumor supportive phenotype Hypoxia Reviewed in (21)

Regenerative 3D culture (13–18) MSCs

Less regenerative 3D culture (19) MSCs

Uptake by the recipient cells Increased Low pH (20) HeLa cells

F I G U R E  3  Impact of tissue microenvironment on EV-mediated cancer-noncancerous cell communication. Possible effects are: (1) Altered 
cancer cell properties affect EV components and characteristics. (2) Physical barriers, attachment to cell surface and ECM, and interstitial 
flow. (3) Preferences in cell types that take up EVs. Selecting optimal physiological models that retain/mimic tissue environment is required 
to address these questions.



1730  |    NISHIDA-­AOKI and OCHIYA

effects.17,18 These observations suggest that tissue environmen-
tal effects on EV properties are generalized to MSC and possibly 
non-cancerous cells. Although a report from Kusuma et al. showed 
3D-cultured bone marrow-derived cells lost their regenerative ac-
tivity,19 these results reiterate the impact of cell culture conditions 
on EV cargo and their biological activities, and therefore underline 
the importance of studying EVs under the physiological context to 
understand the true biological functions of EVs.

Studies from cell cultures recapitulating part of the characteris-
tics of TME can identify which stimuli cause changes in tumor EVs. 
Nakase et al. showed that a lower pH environment (pH 5) stimulated 
both the secretion of CD63-expressing EVs by HeLa cells, and the 
take up of EVs by human epidermoid (A431).20 Hypoxic environ-
ment, which is a hallmark of TME, stimulates EV secretion by vari-
ous cancer cells with decreased size and altered cargoes, and could 
induce EV transport, cell recognition, and internalization to act 
against hypoxia (ex. angiogenesis; reviewed in21). Hypoxia-inducible 
factors (HIFs) upregulate RAB22A expression and promote microve-
sicle shedding in breast cancer cells.22 Salomon et al. found that a 
lower oxygen environment increases EV secretion using placental 
MSC cells cultured under low oxygen atmosphere at 1%, 3%, or 8% 
O2.23 The EVs stimulated the endothelial cell migration by 1.6-fold, 
tube formation by 7.2-fold, and increased cargoes involved in cy-
toskeleton organization and immunomodulation. Cancer and non-
cancerous cells will utilize EVs to act against hypoxic environments.

Moreover, mechanical stimuli arising from TME also stimulate 
EV secretion amount. Recently, Wu et al. showed that EV secretion 
was approximately tripled when cultured on a stiffer matrix, which 
most solid tumors have, compared with a softer matrix prepared by 
collagen-coated stiffness-adjusted polyacrylamide gels in several 
types of cancer (hepatocellular carcinoma, breast, and pancreatic 
cancer).24 Stiffer matrix activates Akt and promotes GTP loading 
to Rab8 to drive EV secretion. The induced EVs promoted tumor 
growth in mouse models by enhanced Jagged 1 loading and acti-
vating the Notch signaling pathway in the recipient cancer cells. In 
addition, a stiffer platform does not always stimulate EVs. Lenzini 
et  al. showed that EV secretion from MSCs cultured on alginate-
based hydrogels increased ~10-fold compared with cells cultured 
on a rigid plastic platform, and two-fold compared with cells cul-
tured on a stiffer matrix without altering particle size, cargoes, and 
biological activities.25 Lower integrin-ligand interaction promoted 
MVB fusion to the plasma membrane in an actin-dependent man-
ner. Guo et al. explicitly showed that mechanical force stimulates 
EV secretion in their microfluidic bioreactor, culturing MSCs with 
flow and muscle cells with stretching.26 EV induction was mediated 
by yes-associated protein (YAP) mechanosensing pathway, and the 
3D-cultured MSC EVs gained axonal sprouting capability. Overall, 
these observations indicated that the mechanical stimuli from scaf-
fold stiffness regulate EV secretion.

The mechanisms of the increase in the number of smaller vesicles 
in 3D culture are not known. One simple hypothesis is that there is 
an increase in small EVs, including exosomes (30–150 nm in diame-
ter), and a decrease in larger EVs, such as microvesicles (~1000 nm) 

and oncosomes (1–10 μm).27 Rocha et  al. uncovered miRNAs and 
proteins relating to ARF6 signaling pathways, which relate to mi-
crovesicle shedding, were significantly downregulated in EVs from 
3D culture.8 This finding may partially explain the mechanisms of 
smaller vesicle size by 3D culture. Recently found non-membrane 
particles, exomeres (≤50 nm),28 and supermeres (~35 nm)29 may also 
account for smaller particle counts, as nanoparticle tracking analysis 
includes counts from non-membrane components. Another possibil-
ity is that vesicle size was regulated. For exosomes, the vesicle size 
may be regulated through ESCRT-dependent and -independent bud-
ding into a multivesicular body.30 Lipid composition may contribute 
to vesicle size regulation by curvature of lipids.31–33 Together with 
the control on EV secretion number, the overall mechanisms of reg-
ulating EV formation are being actively investigated.

2.2  |  Impact of tissue structure on EV 
delivery- physical barriers, incorporation, and EV 
surface interaction

Within the tissue, cancer EVs are secreted to the interstitial space 
among crowded cells aligned with extracellular matrix and connec-
tive tissues.34 These tissue structures will pose physical barriers to 
EV dissemination within tissues. Interactions between EV surface 
structure and cells or ECM will further maintain the secreted EVs 
in proximity to the cells of origin and alter EV behaviors within tis-
sues. In addition, EVs are known to travel systematically through the 
bloodstream and lymphatic flow. Understanding the destination of 
cancer EVs and the range of communication is essential to elucidate 
cell–cell interactions within tissue context. This field is still emerg-
ing, but I will summarize current reports, including indicative results, 
to discuss what factors will affect EV dynamics in tumor tissues.

2.2.1  |  Physical barrier by tissue architecture

Several tissue structures will pose physical barriers to EV dissocia-
tion. ECM confines EVs and acts as a reservoir because ECM fills 
extracellular space. Basement membrane that aligns tumor tissues, 
and tissue structures, such as blood vessels that consist of cell–
cell or cell-ECM adhesion, could insulate EV diffusion. Therefore, 
most of the EVs secreted are assumed to be retained at proximity, 
and the range of the EV-mediated information transfer seems to be 
mostly limited.

Studies on the secretory protein provide insight into EV trans-
fer within the tissue. Dr. Malanchi's group identified niche cells in 
mouse metastatic lungs using cancer cells secreting fluorescent 
proteins fused with cell-penetrating protein.35 They found that the 
cancer-derived secretory fluorescent protein penetrated about five 
cell layers. Bagnall et al. showed the range of macrophage activation 
by tumor necrosis factor-α (TNF-α) by integrating experimental re-
porter assay and in silico approaches.36 In the in vitro connective tis-
sue model, propagation of TNF-α signaling of macrophages is limited 
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to a few cells diameters, and computational modeling suggested that 
competitive uptake limits TNF-α propagation. These results suggest 
that humoral cellular communication mainly happens locally within 
tissue. As EVs are larger than secretory proteins, the range of EV 
transfer from one cell could be smaller than the secretory proteins. 
Competitive uptake may also apply to EVs as macrophages and other 
phagocytes remove cancer EVs,37 which will also limit the distance 
of EV dissemination.

Recently, Colombo et al. reported an interesting observation in 
their preprint that cancer cells with EV labels cocultured in 2D mono-
layer transferred EVs only to the proximal cells, mostly within.38 
Culture with agitation did not increase EV transfer in distant orien-
tation. Their observation indicates that EV transfer is limited even 
in 2D culture. The mechanisms of limiting EV transfer in 2D could 
be ECM or fast EV uptake by the surrounding cells to deplete EVs 
from the environment. Together with the studies introduced above, 
these results indicate that the majority of EV-mediated cellular inter-
actions within tumor tissues may occur among proximal cells.

However, cancer EVs systemically travel by penetrating the en-
dothelial cell layer and aligning the basement membrane to reach the 
blood and lymphatic flow to the distal organs to establish a premet-
astatic niche.39 There should be mechanisms to circumvent physi-
cal barriers of ECM, basement membrane, and cell layers. Lenzini 
et al. examined the mechanisms of EVs bypassing the ECM barrier. 
They showed that EVs can pass the mesh of the engineered hydrogel 
scaffold that nanoparticles of the same size could not by deform-
ing their shape by aquaporin-1.40 This result indicates that the EVs 
spontaneously travel across the ECM network by controlling their 
size. Additionally, EVs possess ECM-degrading and modulating en-
zymes such as metalloproteinase (MMPs) and their inhibitor TIMPS, 
ADAMs ADAMTS, heparanases, hyaluronidases, and LOX inside and 
at the surface.41,42 Malignant cancer cells secrete more EVs with 
MMPs to enhance tumor invasion and metastasis, angiogenesis, and 
stromal cell modification.41 Hoshino et al. showed that EV secretion 
was stimulated at invadopodia and MT1-MMP associated with EVs 
is likely to degrade ECM at the cell protrusion tip to stimulate cell mi-
gration.43 These results suggest that cancer EVs will degrade and re-
wire ECM to travel to the distance. At the blood–brain barrier (BBB), 
breast cancer EVs penetrate the barrier to stimulate brain metasta-
sis.44 Cancer and non-cancerous EVs can also mutually cross a layer 
of endothelial cells by transcytosis of the endothelial cells.45

Tissue deformation by cytoskeleton followed by interstitial flow 
pressure will stimulate EV diffusion. Koomulli et al. computationally 
simulated EV transfer within the TME, by including the impact of EV 
particle size, concentration, diffusion, interstitial flow pressure, and 
surrounding cellular uptake, in a mixed cell population, although in 
a 2D platform.46 They predicted that concentration around EVs will 
be ~3.5 times higher at later stages of tumors because of increased 
cell obstacles, increased cancer EV release, and higher interstitial 
fluid pressure. Sariano et al. suggested by combining experiments on 
microfluidics with the interstitial flow and in silico approaches that 
convection and ECM bindings are the dominant mechanisms of EV 
interstitial transport.47 By integrating these strategies and unknown 

mechanisms, EVs will travel across cell layers and basal membranes 
for systemic dissemination.

2.2.2  |  Extracellular matrix-binding EVs

EVs interact with and bind to ECM, which will affect EV dynamics 
within tumor tissue. Matrix vesicles, a type of EVs that initiate the 
mineralization of bones and cartridges by interacting with ECM, 
have been studied for more than 40 years.48 Recently, other EVs 
have been gradually recognized to be integrated as a component of 
ECM in other tissues and cell cultures in general.49–51 As discussed 
above, EVs display ECM-binding proteins such as integrins. Sariano 
et  al. suggested using a series of human breast cell lines (MCF10) 
that laminin-binding integrins α3β1 and α6β1 at the surface of EVs 
enhanced the local concentration and gradient of EVs.47 The amount 
of integrins on EVs correlated with malignancy of the cancer cells. Dr. 
Badylak's group investigated the properties of ECM-bound EVs.51 
They collected matrix-bound vesicles by partial enzymatic digestion 
from porcine dermal, urinary bladder, and small intestinal matrix. 
The vesicles are distributed in sizes of 50–400 nm in diameter and 
contain miRNA to activate macrophages and induce neuroblastoma 
differentiation. The group further investigated ECM-bound EVs with 
mouse fibroblast (3 T3), and identified differential miRNAs and lipid 
components among liquid-phase EVs and ECM-bound EVs.52 Their 
results indicate that ECM-unbound EVs may be intended to be deliv-
ered to distal organs with selective cargoes.

The biological functions of the ECM-bound EVs remain mostly 
unknown. Dr. Weaver's group showed that ECM-bound EVs have 
roles in cell migration. They observed under intravital imaging of 
chick embryos that cancer cells locate their EVs on ECM to the direc-
tion of the invasion to stimulate cell motility.53 EVs utilize fibronectin 
at the surface to help cells form matrix attachment through integrins. 
Downregulating EV secretion by knocking down RAB27A decreased 
cellular protrusion, and supplementing EVs rescued cell migration. 
Although we only have limited reports, a population of EVs seems 
to be ECM-bound and remain proximal to the donor cells, and exert 
unique functions. Studying matrix-bound vesicles will uncover a 
novel aspect of the functions and transfer mechanisms of EVs.

2.2.3  |  EV surface properties and their 
interacting partners

As EV surface is at the forefront of interacting with the recipient 
cells and tissue structures, EV surface properties affect EV up-
take, removal, and motility, resulting in an altered EV destination. 
The surface of EVs has many structures: protein receptors, mem-
brane proteins, lipid bilayer with lipid rafts, and glycosyl modifica-
tion.54 Additionally, recently, Dr. Buzás’ group suggested that the 
EV surface is coated with proteins in a physiological environment 
and called “protein corona.”55 The importance of EV surface prop-
erty is reiterated by drug delivery systems (DDS) studies utilizing 
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surface-modulated EVs as a carrier. Strategies to utilize EVs as DDS 
carriers, including natural and modified EVs, are summarized in a re-
view by Dr. Vader.56

As discussed in the previous section, EVs bind to ECM through 
integrins and CD44, which bind to collagens and hyaluronan, re-
spectively.54 Interactions with ECM through these proteins will 
affect the spatial distribution and cellular destination of local and 
systemic delivery of EVs. Hoshino et al. showed that integrins at the 
surface of cancer EVs determine organ tropisms through binding to 
organ-specific ECM.39 Integrins are also involved in cellular uptake. 
EVs secreted from MDA-MB-231 human breast cancer cells carry 
αvβ3 integrin, and inhibiting αvβ3 integrins inhibits the uptake to 
non-malignant MCF10A cells.57 Tetraspanins at the surface of EVs, 
such as CD9, CD63, and CD81, are recognized as EV marker pro-
teins, although their expression is heterogeneous among vesicles.58 
Tetraspanins accumulate in microdomains and are involved in exo-
some biogenesis, cargo sorting, and antigen presentation, as well as 
uptake by target cells.59 The tetraspanin-enriched domain recruits 
adhesion molecules such as ICAM and integrins and regulates cellu-
lar adhesion. Anchoring proteins, tetherin, in HeLa cells retain EVs to 
form EV clusters on the cell surface.60

The surface of EVs is enriched in glycosylation on their pro-
tein and lipids,61,62 and cancer EVs display altered glycosylation. 
Disrupting the surface N- or O-glycosylation stimulated EV uptake 
in vitro or in vivo,63–65 suggesting that this prevents EVs from pro-
miscuous uptake by the proximal cells for targeted delivery. The 
negative charge of the EV surface derived from glycosylation, to-
gether with lipids such as phosphatidylserine and proteins,66 causes 
electric repulsion against the negatively charged plasma membrane 
and ECM. In addition, specific glycosyl modifications stimulate the 
uptake of EVs. Sialylation on EVs is recognized by Siglecs and stim-
ulates uptake on macrophages and other phagocytotic cells,67,68 and 
initiates dendritic cell activation.69 Zheng et al. engineered a glyco-
sylation domain in CD63, introducing sialyl-Lewis X and Lewis X to 
achieve EV targeting to endothelial cells and dendritic cells.70 Both 
cancer EVs and the cancer cell surface are covered with heparan 
sulfate proteoglycans (HSPG), but only the cancer cell surface HSPG 
serves as receptors for EV internalization and functional activity.71

Phagocytotic removal of macrophages and monocytes will also 
largely affect EV behaviors. In exogenous EV administration to ani-
mals, EVs are mostly removed by phagocytotic cells such as macro-
phages and monocytes.37 Phosphatidylserine, which is an apoptotic 
marker of the cells, is displayed at the surface of cancer and non-
apoptotic cell-derived EVs,72 and serves as an “eat me” signal for 
phagocytotic removal.73 In addition, cancer EVs display “Don't eat 
me” signals (CD47) to regulate phagocytotic removal. Dr. Kalluri's 
group showed that EVs from pancreatic cancer cells display CD47 
to protect themselves from phagocytosis and that they utilized the 
EVs for DDS to deliver miRNAs, suppressing oncogenes in preclini-
cal models.74 Harnessing “eat me” and “don't eat me” signals will be 
added to a DDS toolbox to develop EVs as a carrier of anti-cancer 
therapies.75 Altogether, multiple EV surface components play critical 
roles in EV targeting and uptake by the cells.

2.3  |  Cellular preferences on EV uptake

The tissue environment introduces heterogeneity in surrounding 
cell types that incorporate cancer EVs. EVs are taken up through 
multiple pathways: direct fusion to plasma membrane, endocytosis 
(Caveolin, clathrin-dependent, lipid raft-mediated), micropinocyto-
sis, and phagocytosis.2 These incorporating speeds will vary among 
the cell types and cause differences in the EV amount taken up. 
Additionally, cell surface receptors that interact with the EV surface 
discussed in the previous sections will define the preference for up-
take of cancer EVs.

There have been a few reports that address the selective in-
corporation of EVs by different cell types. Sancho-Albero et  al. 
demonstrated that EVs were more likely to be taken up to the cells 
of the same origin, at the endpoint and by time-lapse microscopy 
with particle track analyses.76 They observed selective incorpora-
tion of MSC EVs labeled with hollow gold nanoparticles to MSCs 
rather than monocytes or melanoma cells in coculture conditions; 
monocyte EV-encapsulated gold nanoparticles were not efficiently 
incorporated into MSCs. Jurgielewicz et al. compared the uptake of 
HEK293T EVs labeled with CD63-GFP by HEK293T, liver (C3A), en-
dothelial (HUVEC), and glioblastoma (SH-SY5Y) cells, using imaging 
flow cytometry.77 HEK293 took up most HEK 293 EVs. Although 
their experimental design cannot exclude the possibility that the dif-
ference is simply due to the internalization speed of the cell types, 
their findings align with other reports to support EV uptake by the 
same origin. The synergy of EVs to their cellular origin may explain 
systemic EV homing to the organs from which they are derived, al-
though the concept is still controversial.78 Jurgielewicz et  al. also 
found that neural stem cells with higher metabolic activities were 
more potent to take up HEK293 EVs than mature neurons,77 sug-
gesting that fast-growing cells, including cancers, will take up more 
EVs than stable cells.

Additionally, target delivery to other types of cells exists. 
Rossaint et al. showed directed and mutual EV transport between 
platelets and neutrophils for metabolite shuttling and full immune 
activation during bacterial infections.79 Sadovska et  al. studied 
cellular uptake under a relatively physiological condition, a mixed 
spheroid of prostate cancer cells (PC3) and PBMC.80 They ana-
lyzed GFP-labeled PC3 EV uptake of the PBMCs using flow cy-
tometry, and found that B cells bind to more EVs; approximately 
half of the B cells took up PC-3 EVs, whereas only about 20% of 
CD3+T cells and 6% of CD8+ T cells took up the EVs. Their results 
explicitly showed that cells had preferences for cancer EV uptake 
under exactly the same culture conditions. Zoller's group showed 
that tetraspanins and integrin associations at the surface of EVs 
strongly affected target cell selection both in vitro and in vivo.81 
They modulated Tspan 8 and integrin β4 in rat pancreatic cancer 
cells to cause different combinations of tetraspanin–integrin com-
plexes, causing differential uptake by lymphocytes, fibroblast, 
endothelial cells, and peritoneal cells. Furthermore, Zoller's group 
showed selective uptake of EVs from rat pancreatic adenocarci-
noma cells to leukocyte populations and showed that other than 
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phagocytotic populations of CD11b+ cells (monocytes and mac-
rophages) and CD11c+ cells (dendritic cells), T or B cells take up 
some amount, while granulocytes took up the lowest amount.82 
Adhesion molecules at the surface of EVs, such as CD11b, CD11c, 
CD44, CD49d, CD54, and CD62L contribute to EV binding to-
gether with tetraspanins. These findings further identify surface 
proteins that contribute to selectivity in EV uptake.

Metabolic states may regulate EV targeting. Crewe et al. showed 
EV-mediated caveolin-1 transfer from endothelial cells to adipose 
tissue in adipocyte-specific knockout mice.83 Furthermore, they ob-
served EV-mediated transfer of a HaloTag-labeled adipocyte mem-
brane component to endothelial cells in mice, and found that 35% of 
endothelial and macrophage populations were positive for HaloTag, 
whereas 10% or less were positive for CD45+ hematopoietic cells 
and Pdgfrb+ preadipocytes or mural cells. The authors also showed 
that EV transfer from endothelial cells to adipose cells was increased 
by fasting and that feeding reversed the effect. These results sug-
gested that the metabolic activities of the cells regulate EV exchange 
among specific cell types.

3  |  E XPERIMENTAL SYSTEMS TO STUDY 
E Vs IN A TUMOR TISSUE CONTE X T

To address EV function and transfer within a tissue context, an-
alyzing EV in a physiological tissue model is essential (Figure 2). 
However, both the complexity of the tissue and the size of the EVs 
pose technical hurdles to examining EV transfer in detail. Here, we 
discuss the experimental systems that enable EV studies in tissue 
contexts.

3.1  |  Physiological tumor models and strategies for 
studying tissue-derived EVs

Clinical specimens and animal models are the most relevant to the 
physiological tumors. Many studies have collected EVs from organs 
and tumor tissues, both from animals and patient surgical tissues. The 
simplest way of collecting tissue EV is soaking tissues in a medium, 
with or without mild ECM degradation.34 Another strategy is from 
interstitial fluids. A group led by Drs. Polsky and Glaros extracted 
dermal interstitial fluids through microneedles from rats and hu-
mans and characterized EVs with transcriptome and proteome.84,85 
They found similar profiles of dermal interstitial fluid-derived EVs 
with serum and plasma EVs, but their concentration was 12–13 times 
higher. Intravital microscopic observation has been performed to in-
vestigate EV transfer.86,87 However, clinical specimens are scarce, 
and intravital imaging of EVs demands advanced microscopic and 
animal handling techniques, which limits availability for researchers. 
Furthermore, some molecular analyses of the EV transfer are inca-
pable of in vivo study.

To study EVs within physiological tissue architecture in the 
experimental systems, we can utilize many tissue models that 

have been developed to mimic a physiological tumor microenvi-
ronment.5,88,89 This includes 2D cocultures, 3D cultures such as 
multicellular spheroids, natural and artificial scaffolds, bioprint-
ing, microfluidics devices to mimic tissue structure, explants and 
organoids derived from tumors, and animal models. Each tissue 
model has a range of physiological relevance with pros and cons, 
so we should use the optimal model for our research aims. A prior 
review by Dr. Congtag's group provided an overview of cutting-
edge 3D models that can be used for visualizing EVs in a tumor 
tissue context.90

Ex vivo culture can also be a powerful tool to address EV 
transfer in a physiological context. As introduced in the previous 
sections, EVs collected from organoids, spheroids, and other 3D 
cultures have been analyzed to identify the effect of tissue ar-
chitecture on EV properties. Organoids prepared from patient 
tumors will retain patient-derived immune cells and fibroblasts.88 
Spheroids formed from cancer cell lines alone or mixed with other 
cells are more manipulable to include cells of interest to produce 
three-dimensional structures. To study the ECM effect, tissue en-
gineering such as scaffolds of ECM or synthetic hydrogels are pow-
erful tools.91 Organotypic tissue culture is another explant that 
can be used. Organotypic tissue slice cultures cannot be stored or 
expanded but maintain close-to-original tissue profiling and have a 
larger surface area suitable for microscopic observation. More re-
cently, 3D bioprinting with ECM support and microfluidic devices 
to reconstruct biological flow has become a cutting-edge tool to 
study EVs.5 Nguyen et  al. developed multiple organs-on-a-chip 
that mimics organ–organ connections for injured kidney disease 
connected with the liver, and found that injured kidney tissues 
took up and retained more EVs than the control.92 The authors 
further showed that interorgan communication targeted deliver-
ies to a specific type of cell. These models will provide versatile, 
manipulative, yet physiological platforms to study EV-based cellu-
lar communication in a physiological context.

3.2  |  Imaging and detection techniques for EVs

As EVs are nanoscale, detecting EVs within a tissue context is tech-
nically challenging. Direct observation of EV transfer is the most 
straightforward way to understand EV behavior in a tissue context. 
A comprehensive review of in vivo imaging of EVs by Verweij et al. 
covers in vivo imaging techniques of EVs, using animal models such 
as rodents and zebrafish, with multiple EV labeling methods.93

Integrating fluorescent protein to EV marker proteins (CD63, 
CD9, CD81, Alix, Hsp70) or to membrane anchors such as palmitoyl 
modification are the most common strategies to label EVs. To aim 
for higher sensitivity and in vivo detection, later systems use bio-
luminescence resonance energy transfer (BRET) instead of a single 
fluorescent protein. Dr. Ishii observed real-time EV transfer from 
osteoblasts to the surrounding cells in mouse bone tissues using in-
travital multiphoton imaging.87 They labeled bone-forming mature 
osteoblasts with an enhanced cyan fluorescent protein (ECFP) and 
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tracked small and large osteoblast vesicles to find that smaller vesi-
cles traveled faster and were taken up by mature osteoblasts within 
20 min in an autocrine and paracrine manner.

Reporter systems are effective tools to detect EV uptake by their 
recipient cells. Zomer et al. pioneered the detection of EV transfer 
in vivo using Cre-loaded EVs and reporter cells expressing fluores-
cent proteins under the loxP sequence.86 They showed mutual EV 
transport among transplanted cancer cells and mouse host cells, 
and from malignant to less malignant cancer cells, although the effi-
ciency seemed very low. Other reporter systems such as nano lucif-
erase,94,95 TEV-protease-based reporters,96 and CRISPR-based RNA 
reporters97 have been utilized to detect EV transfer. As the reporter 
expresses after cargo release and function, reporter expression will 
be lower than the amount taken up, as some of the EVs are trans-
ported to the lysosome degradation pathway or release pathway. 
The reports on cargo release rate vary from <1%98 to ~30% of the 
uptake.99 Therefore, the reporter systems are suitable for the inter-
est in the activity of EV cargoes.

Dr. Boppart's group developed label-free intravital imaging EVs 
based on intrinsic metabolic and structural contrast of multiphoton 
images. They demonstrated the distribution of a NAD(P)H-rich EV, 
which was likely to have been derived from tumors, enriched within 
the tumor, tumor boundary, and around vessel structures in mouse 
and human breast cancer tissue.100 Through intracellular imaging of 
2D culture cells, Liebel et  al. tracked 3D EV movement inside the 
cells using holographic fluorescent imaging,101 which could poten-
tially be deployed to intercellular EV transfer. By combining physio-
logical models and imaging techniques, together with recent spatial 
analyzing tools (spatial RNA-seq, imaging-MS), we can explore can-
cer EVs-mediated cancer–non-cancerous cell communications 
within bona fide tumor tissue.

4  |  CONCLUSION

Tissue environments affect EV-mediated cell–cell communications 
in tumor tissues on their cargoes, recipient cells, their localization, 
and dynamics. Therefore, to understand the EV function and trans-
fer in a physiological environment, physiological tumor tissue plat-
forms with microscopic and spatial molecular analyzing techniques 
are required. As EV transfer is a fundamental biological activity, 
the concept and the strategies will be applicable to non-cancerous 
physiological interactions in organs and even interspecies interac-
tions such as microbes or edible plants and the human gut.
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