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ABSTRACT 

Extracellular vesicles (EVs) play a critical role in intercellular communication, yet the contribution of the EV corona and associated 
surface structures, such as heparan sulphate glycosaminoglycan (HS GAG) chains, to EV function remains poorly understood. In 
this study, we highlight a hitherto unknown requirement of HS GAG chains for the simultaneous delivery of a myriad assortment 
of growth factors by EVs. We demonstrate an attenuated function following enzymatic removal of HS GAG chains from the surface 
of prostate cancer (PCa)-derived EVs, using heparinase III (HepIII). Our results confirm that digestion of HS GAG chains is 
specific and does not compromise EV integrity regarding size or tetraspanin expression. Enzymatic removal of HS GAG chains did, 
however, substantially altered the vesicular protein profile, reducing the expression of factors such as midkine, CYR61 and TFPI 
implicating HS GAG chains as a mode of tethering these factors to the EV surface. Importantly, EV-associated HS GAG chains are 
required for functional delivery of such factors, resulting in successful activation of cellular signalling pathways for SCF, IGF-1, 
midkine and VEGF in recipient fibroblasts. Furthermore, HS GAG chain removal attenuated EV-induced fibroblast production 
of pro-angiogenic factors VEGF and angiogenin as well as inflammatory factors VCAM-1 and IL-1 α alpha/IL-1F1, underscoring 
the role of vesicular HS GAG chains in mediating functional outcomes. These findings highlight the importance of EV surface HS 
GAG chains in growth factor delivery and signalling, providing new insights into the EV corona and its relevance in pathological 
processes relating to modulation of the tissue microenvironment. 

1

C  

m  

p  

t  

m  

 

 

 

 

 

 

 

A

T
o
©

J
h

 Introduction 

ellular communication between cells within the tumour
icroenvironment is a key feature of tumour growth and disease
rogression. Extracellular vesicles (EVs) are a key component of
his complex interaction and the nature of their influence on
any diseases is the subject of intense investigation. For several
led Clayton and Jason P Webber contributed equally to this article. 

his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Journal of Extracellular Biology published by Wiley Periodicals, LL

ournal of Extracellular Biology , 2026; 5:e70146 
ttps://doi.org/10.1002/jex2.70146
solid cancers, including prostate cancer (PCa) the myriad roles of
EVs are well documented and diverse. These include regulation
of stromal (Webber et al. 2010 ) and leukocytic (Clayton et al. 2007 ;
Wolfers et al. 2001 ; Zhang et al. 2025 ) cell phenotypes, as well as
the local vasculature (Janowska-Wieczorek et al. 2005 ; Luo et al.
2023 ; Krishn et al. 2020 ). Furthermore, EVs have been shown as
drivers of tumour metastasis capable of priming secondary sites
se, which permits use, distribution and reproduction in any medium, provided the 
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uch as lymph nodes, bone and other organs in readiness for
ancer cell colonisation (Peinado et al. 2012 ; Dai et al. 2019 ). Given
he molecular complexity of EVs, defining a mode of action for
hese varied effects is a continuous challenge for this research
ield, as EVs have the capacity to target and influence recipient
ells through a number of mechanisms (Alex et al. 2017 ; Belényesi
t al. 2025 ). 

he discovery that growth factors can be associated with EVs
as made some time ago. Classic examples include FGF, VEGF
Taverna et al. 2003 ; Proia et al. 2008 ; Schiera et al. 2007 ;
hompson et al. 2013 ), TGF β1 (Clayton et al. 2007 ; Mitchell
t al. 2008 ) and EGFR (Al-Nedawi et al. 2008 ) among others.
hese present the concept of ligand delivery to recipient cell
eceptor(s) through vesicle-mediated interactions, resulting in
ignal-inducing process, and biological responses. The signalling
athways for many ligands are likely already well defined, and
here are usually reagents available, such as small-molecule
nhibitors or antagonistic antibodies, to demonstrate signalling
ompetency and consequences of signalling attenuation. 

mong the controversies here, however, are considerations of
he ultimate purity of the vesicle isolates used in such studies.
oluble mediators like these might be present as contaminants
nless robust procedures such as gradient-based centrifugations
r affinity-based techniques have been employed (Lamparski
t al. 2002 ; Sharma et al. 2018 ). Furthermore, defining the nature
y which such factors are tethered to the vesicle surface, forming
 functional EV corona, or indeed identifying if such factor(s)
re encapsulated within the vesicle lumen, remain a challenge.
uch considerations are important to differentiate what could
e considered as genuine vesicle-association, as opposed to a
on-vesicular contaminant present in the isolate, and potentially
islead our understanding of mechanisms of vesicle activity
Théry et al. 2018 ; Welsh et al. 2024 ). 

e have previously highlighted a role of PCa-cell derived EVs
n activation of stromal fibroblasts to a disease-associated pheno-
ype, with pro-angiogenic function, and capable of driving in vivo
umour growth. This function of EVs was found to be dependent
pon the delivery of TGF- β1, tethered to the EV surface, to
ecipient stromal-fibroblasts. This triggered predictable SMAD-
ependent and independent intracellular signalling events,
esulting in fibroblast differentiation to a myofibroblast-like
henotype. EV-mediated fibroblast differentiation was abrogated
hen targeting TGF- β1 receptors (Alk5) or using a TGF β1-
pecif ic antibody antagonist (Webber et al. 2010 ). Intriguingly,
owever, the nature of this form of myofibroblast, in terms of
ts pro-tumoural behaviours in vivo, could not be reproduced by
sing soluble TGF β1 as a fibroblast stimulus (Webber et al. 2015 ).
ence, vesicle delivery of TGF β1 is biologically distinctive, for
easons we do not yet fully understand. Similar effects may also
e true for other vesicle-associated factors. 

e demonstrated that a proportion of vesicle TGF β is bound
o a transmembrane heparan sulphate proteoglycan (betaglycan)
Webber et al. 2010 , 2015 ). This and other heparan sulphate
roteoglycans (HSPGs) comprise a core protein, decorated with
eparan sulphate (HS) and chondroitin sulphate (CS) gly-
osaminoglycan (GAG) chains. Such HSPGs provide a low affin-
ty, yet high-capacity, binding of soluble factors which has been
of 15
well documented (Piszczatowski et al. 2024 ). When exploring the
roles of HSPG present on the plasma membrane of cells, there
are several examples of soluble factors that become immobilised
and bound to these molecules (Bishop et al. 2007 ; Sarrazin et al.
2011 ; Hayashida et al. 2022 ). Alternatively, HSPGs such as agrin
(Kim et al. 2003 ) and perlecan (Chuang et al. 2010 ) can be
located within the extracellular matrix where they bind FGF2 and
FGF18, potentially stabilising ligand-receptor interactions. HSPG-
association is also important for the physical handover of the
soluble factor to signalling receptors, ensuring conformational
advantage and enhanced signalling efficiencies (Filla et al. 1998 ;
Yayon et al. 1991 ). Furthermore the roles of HSPGs such as
syndecan 1 and syndecan 4 have been explored in the context of
EV-biogenesis and cargo loading (Baietti et al. 2012 ; Ghossoub
et al. 2020 ) and HS GAGs implicated in uptake of EVs by recipient
cells (Christianson et al. 2013 ; Song et al. 2023 ). The role of GAG-
chains associated with vesicles, and their functional relevance in
terms of growth factor deliver, remains an interesting topic that
has yet to be clarified. This is the focus of the current study. 

Here, we demonstrate the use of enzymatic digestion as a tool to
remove HS GAG chains and by doing so achieve a concomitant
loss in HS GAG chain-associated factors from the surface of small
EVs. Such treatment does not impact EV integrity. We define a
repertoire of classical soluble factors, which include chemokines
and inflammatory factors, tethered to the surface of EVs by
association to HS GAG chains. Furthermore, we demonstrate that
the qualitative nature of EV-triggered signalling within recipient
fibroblasts is drastically altered upon HS GAG chain removal,
resulting in an attenuated myofibroblastic response. Overall, the
study extends our understanding of EV-mediated growth factor
tethering and delivery, emphasising the important and complex
role of HS GAG chains in regulating EV corona constituents and
function. 

2 Results 

2.1 Removal of EV-Associated HS GAG Chains by 
Heparinase III Digestion Does Not Impact EV 

Structure or the Integrity of Transmembrane 
Proteins 

EVs derived from PCa (DU145) cells were isolated through well-
established processes involving ultracentrifugation on a sucrose
cushion (Théry et al. 2006 ). The EV product was assessed to
examine the features of the isolate, in accordance with accepted
guidelines (Théry et al. 2018 ; Welsh et al. 2024 ). As a proportion
of total protein, EVs exhibited relative enrichment in endo-
lysosomal associated components such as ALIX and TSG101
compared to cell lysates (Figure 1A ). In contrast, under these
conditions, the endoplasmic reticulum-associated protein GRP94
was undetectable on EVs, yet readily detected on an equivalent
loading (by protein) of cell lysate. Cryo-EM revealed a charac-
teristic heterogeneous population of vesicular structures, where
a defined lipid bilayer was evident. Some amorphous matter was
also present within a limited number of fields, as well as some
frost-related artefacts (Figure 1B,C ). Small unilamellar spherical
structures of < 100 nm comprised the majority (94%) of events
present and are consistent with expectations of having purified
small EVs. Other vesicle categories were arbitrarily assigned,
Journal of Extracellular Biology, 2026
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FIGURE 1 Characterisation of DU145 derived EVs. (A) DU145-derived EV and cell lysates (20 µg/lane) were compared by SDS-PAGE and Western 
blot using antibodies against ALIX, TSG101, GRP94 or GAPDH. (B) Isolated EVs were visualised by cryo-electron microscopy (scale bar = 200 nm) and 
structures classified into arbitrarily assigned categories based on size and shape. The number of events analysed across all fields of view is shown. (C) 
Bars shown represent the total count of each EV structure, with a schematic to help identify the structure types and relative structure frequency shown 
as %. Bars represent the event counts. (D) Graph shows the mean ± SEM of the diameter (nm) for number of events measured. Data show a total of 329 
structures counted across 48 fields of view. 
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urely on their morphology, based on a similar approach by
abeo et al. ( 2017 ). Large unilamellar vesicles ( > 200 nm) and
rregular-shaped structures were rare ( < 1%), while occasional
ultilamellar structures were also evident, representing about
% of the total events (Figure 1D ). Together these data reflect
he product from sucrose-cushion isolations consisting of pre-
ominantly small EVs but also including other, rare, vesicular
ntities. 

U145 EVs were treated with heparinase III (HepIII) to remove
he HS GAG chains present on the EV surface, as described
reviously (Christianson et al. 2013 ; Webber et al. 2015 ). HepIII
atalyses the eliminative scission of glycosidic linkages between
-sulfated or N-acetylated glucosamine (GlcNSO3or GlcNAc)
nd glucuronic acid (GlcA), resulting in the degradation of
eparan sulphate, with minimal activity towards heparin. After
ashing by ultracentrifugation, successful HS GAG digestion was
onfirmed with antibody-based methods. EVs were immobilised
o protein-binding ELISA-plates and N-sulphated glucosamine
ournal of Extracellular Biology, 2026
residues present on HS were detected using a time resolved
fluorimetric method (anti-HS; clone F58-10E4). The treatment
condition revealed a signal 10 times lower than the non-digested
controls, where HS was readably detected (Figure 2A ). Non-
digested controls included the absence of enzyme and also a
heat-inactivated HepIII enzyme, which gave comparably high
signals, indicating that the presence of enzyme in the system
does not interfere with the capacity of detecting HS in this assay.
Furthermore, western blotting was performed using an ΔHS
antibody (clone F69-3G10), which recognises the neo-epitopes
on proteoglycans left exposed by HepIII digestion. Consistent
with our previous studies (Webber et al. 2015 ), the data reveal
distinct bands of different molecular weights, corresponding
to HSPG core proteins present on the EV surface, confirming
successful digestion of HS GAG chains by HepIII (Figure 2B ).
Potential off-target effects of HepIII digestion on the expression
of classical EV-related tetraspanins (CD9, CD63 and CD81) and
vesicle size, indicative of general EV damage were assessed.
HepIII digestion did not alter tetraspanin expression, detected
3 of 15
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FIGURE 2 Confirmation of HepIII digestion. (A) EVs (1 µg/well), treated with active HepIII, heat-inactivated HepIII or no enzyme, were 
immobilised onto protein-binding plates and labelled either anti-HS antibody or an IgM isotype control. Graph shows mean ± SEM of three independent 
experiments. **** p < 0.0001 control EVs versus active HepIII condition. (B) Vesicle samples (20 µg per lane) were subject to SDS-PAGE and Western 
blotting, then subsequently detected using ΔHS and GAPDH specific antibodies. (C) EV tetraspanin expression was assessed by immobilisation of EVs 
(1 µg/well) onto protein-binding plates and labelling with antibodies against either CD9, CD63 or CD81. Graph shows mean ± SEM of three independent 
experiments. ns = not significant. (D) EV size was assessed by NTA using the NanoSight NS300 platform with an overlay of individual size distribution 
histograms showing consistency across all conditions. (E) Bar graphs show mean ± SEM of mean and mode particle sizes, as assessed by NTA. ns = not 
significant. 
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y immuno-assay (Figure 2C ), neither did it impact vesicle size
Figure 2D,E ). Overall, the data show that HepIII enzymatic
igestion successfully removes HS from the EV surface without
ross impact to EV surface proteins or vesicle size. 

.2 Identification of Proteins Tethered to the EV 

urface by HS GAG Chains 

he protein profiles of EVs treated with either an active or a
eat-inactivated (control) form of HepIII were evaluated using
ighly sensitive, multiplex, Proximity Extension Assay (PEA)
echnology (Olink) to determine the impact of HS digestion on
of 15
vesicle phenotype. Three panels were selected for this readout
( Cardiovascular III , Inflammation and Oncology II ), encompass-
ing a total of 276 analytes implicated in the regulation of a variety
of tissue responses. From the 276 analytes, 88 were excluded from
our analysis as they were below the limit of detection on both HS-
digested and control EVs. Of the 188 analytes detected, four were
duplicated across multiple panels, leaving 184 unique analytes to
be investigated. We thus compared the analyte profiles of HS-
digested to control EVs. Volcano plots display the differences in
analytes detected between the two conditions, revealing a total
of 48 analytes with differential expression ( p < 0.05 and a fold-
change equal or greater to 2) (Figure 3A ). In all cases this was a
reduction in growth factor expression levels, with no examples of
Journal of Extracellular Biology, 2026
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FIGURE 3 Enzymatic removal of HS GAG chains alters the protein profile of DU145 EVs. (A) A proximity extension assay (Olink) was used to 
compare proteins detected within lysates obtained from DU145 EVs treated with either active HepIII or with heat-inactivated HepIII (control EVs). 
Volcano plots for the Cardiovascular III , Inflammation and Oncology II panels, show protein Log2 Fold Change plotted against –Log10 p value. Dotted 
lines indicate p values ( p = 0.05, p = 0.01 and p = 0.001) and Fold Change (FC; FC = –2 and FC = 2). Statistical analysis was performed by t -test, corrected 
for multiple testing using Benjamini–Hochberg adjustment. The 48 proteins which show a statistically significant ( p > 0.05) decrease (FC ≤ 2) following 
digestion of HS are highlighted by red dots. Grey dots symbolise proteins detected, but outside this threshold criterion. Data shown represents the mean 
of n = 3 replicates. (B) Genes encoding for the 48 proteins differentially expressed between HepIII treated and control EV samples were analysed by 
FunRich software (version 3.1.4), highlighting the top 10 EV-regulated biological pathways potentially impacted by HS GAG chain removal, ranked by 
fold enrichment. (C) List of gene names of EV proteins associated with biological pathways relating to proteoglycans, angiogenesis, cell proliferation 
and differentiation, identified by functional enrichment analysis and decreased following treatment with HepIII. 

Journal of Extracellular Biology, 2026 5 of 15
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TABLE 1 Concentration of candidate proteins detected per 1ug of input EVs. 

Proteins detected Midkine CYR61 CCL20 CSTB IL-8 GDF-15 TFPI 

Concentration (pg/ µg of 
EVs) 

85.7 27.5 0.9 0.45 0.23 0.31 11.7 
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eightened expression. HepIII-mediated loss of HS GAG chains
s therefore accompanied by a concomitant reduction in the
etection of these 48 analytes EV-associated, with the greatest
umber of impacted proteins being present within the Oncology
I panel (22 proteins), followed by the Inflammation panel (18
roteins) and finally the Cardiovascular III panel (9 proteins)
Table S1 ). Since the detection of only 48 proteins was altered
ollowing digestion with HepIII, leaving 136 proteins unaffected,
his suggests that enzymatic treatment is restricted to a subset
f proteins and does not comprehensively remove all detectable
roteins, and hence there is some specificity in terms of growth
actor association to HS GAG chains. 

he gene names of the 48 proteins identified were input into
unRich software (version 3.1.4) (Pathan et al. 2015 ) to perform
unctional enrichment analysis to explore the potential EV-
egulated biological pathways which may be impacted by HS GAG
hain removal. The number of biological pathways identified
as extensive; the 10 pathways showing greatest fold enrichment
re shown (Figure 3B ), with further information on the top
0 most enriched biological pathways, and associated genes,
lso provided (Table S2 ). Interleukin and chemokine signalling
athways were amongst the most enriched, as well as several
eceptor related processes, which indicate that vesicular HS may
lay a key role in delivery of factors involved in cellular responses.
mportantly, we identified other pathway associations with ele-
ents related to proteoglycans, angiogenesis, cell proliferation
nd differentiation, suggesting that these pathways may be, at
east partially, regulated by HS GAG chains present on the
urface of EVs (Figure 3C ). Interestingly, such pathways (e.g.,
roteoglycan Syndecan-mediated signalling events , EGF receptor
ErbB1) signalling pathway , mTOR signalling pathway , VEGF
nd VEGFR signalling network , etc.) all shared the same 16
roteins, highlighting the potential significance of these factors
or disease-promoting functions of cancer-derived EVs. 

o confirm some of the array-based identifications, and to
uantify analyte abundance within the EV preparations before
nd after HS GAG removal, we used traditional ELISA-like
ethods. A handful of candidate proteins were selected based on
he magnitude of differential expression. The linear association
etween candidate protein signal detected and increasing EV
ose, from a single isolation, was used to demonstrate assay
erformance and absence of interfering factors (Figure 4A ). To
trengthen the association of EV-surface HS GAG chains with
andidate proteins, EVs were not lysed prior to ELISA-based
rotein detection. Furthermore, while EVs from different isola-
ions, do not consistently produce the same detectable amount of
rotein, the trend between distinct isolations remains the same
Figure S1A ). 

he factors midkine, CYR61 and TFPI were most readably
etectable at the EV surface with a mean of 85.7pg, 27.5pg and
of 15

a

11.7pg, respectively, detected per 1 µg of input EVs (Table 1 ).
CXCL10, MCP-1 and IL-18 were also tested but signal detection
was below limits of detection using traditional ELISA technolo-
gies (data not shown). As evidence that removal of HS GAG
chains from the EV surface has an impact on the level of growth
factors detectable, midkine, CYR61, IL-8 and TFPI levels were
significantly reduced following HepIII treatment, whereas the
presence of heat-inactivated HepIII had a weaker or negligible
effect (Figure 4B ). The detection of CSTB, CCL20 and GDF-15
were also assessed in this regard, but the data forthcoming was
inconsistent between repeat experiments; and hence we remain
cautious about their HS GAG chain association on EVs (Figure
S1B ). Collectively, this data demonstrates that many candidate
proteins identified by PEA are associated with the intact EV
surface. Furthermore, these data confirm that midkine, CYR61,
IL-8 and TFPI are tethered to the EV surface by HS GAG
chains. 

2.3 EV-Associated HS GAG Chains Play a Key 
Role in EV-Mediated Fibroblast Differentiation and 

Receptor Tyrosine Kinase Activation 

The capacity of DU145-derived EVs to induce fibroblast differen-
tiation has been previously reported by our group (Chowdhury
et al. 2015 ; Webber et al. 2010 ), with similar EV function observed
in other settings (Borges et al. 2013 ; Mazumdar et al. 2020 ). Here
we explored whether HS GAG chain-deficient EVs retained the
ability to induce the expression and organisation of alpha smooth
muscle actin ( αSMA) stress fibres in recipient fibroblasts, indica-
tive of differentiation to a tumour-supporting myofibroblast-like
phenotype (Webber et al. 2015 ). Fibroblasts stimulated with
DU145-derived EVs (not subject to HepIII digestion; No enzyme),
or sTGF- β1, are able to induce αSMA expression (Figure 5A ).
Fibroblasts incubated with HS-deficient EVs (active HepIII),
show a weaker induction of αSMA, visible by microscopy, with
a notable decrease in the percentage of cells containing αSMA
stress fibres (green) around the nuclei (blue) (Figure 5B ). An addi-
tional control, consisting of fibroblasts incubated with DU145 EVs
treated with heat-inactivated HepIII (Inactive HepIII), resulted
in a phenotype comparable to that induced by Control EVs
(No enzyme) and sTGF- β1. This further supports the suggestion
that EV-mediated fibroblast differentiation is at least partially
regulated by HS GAG chains on the EV surface. Furthermore,
we hypothesised that this lost EV function was the result of
a reduced capacity for EV-mediated growth factor delivery to
recipient fibroblasts. To test this, fibroblasts were incubated with
200 µg/mL of HS-deficient EVs or respective controls for 2 h,
and phosphorylation of 49 human receptor tyrosine kinases was
examined using a low-density protein array. 

The phosphorylation profile of EV-stimulated fibroblasts trig-
gered a marked activation of a repertoire of receptors. This
Journal of Extracellular Biology, 2026
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FIGURE 4 Removal of HS GAG chains results in altered detection of candidate proteins present on the EV surface. (A) Intact, non-lysed, DU145- 
derived EVs were assayed by ELISA. The graphs show mean ± SEM of best fit curve and R2 values for candidate proteins assessed within an increased 
EV input, from a single EV isolate. (B) 4 µg of EVs treated with either active HepIII, heat-inactivated HepIII or no enzyme were assayed by ELISA to 
quantify protein detection. The bar graphs show mean ± SEM of n = 3. **** p < 0.001; ** p < 0.01; * p < 0.05; ns = not significant. 
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FIGURE 5 HS GAG chains are required for EV-mediated fibroblast differentiation and receptor activation. (A) Fibroblasts were treated for 72 h 
with either media alone, sTGF- β1 (1.5 ng/mL) or EVs (200 µg/mL). EVs were treated with heat-inactivated HepIII, active HepIII or no enzyme. Cells were 
fixed, immuno-labelled for αSMA (green) and nuclei stained with DAPI (blue), prior to visualisation by fluorescence microscopy. (B) Bar graph shows 
mean percentage ± SEM of αSMA-positive cells, based on ≥ 9 fields of view from triplicate wells per condition. ** p < 0.01, ns = not significant, one-way 
ANOVA with Tukey’s multiple comparison test. (C) A phospho-RTK Proteome Profiler array was performed on cell lysates from fibroblasts incubated for 
2 h with EVs treated with either active or heat-inactivated HepIII enzyme. Densitometry-based analysis shows receptors with at least 1.5-fold change in 
level of phosphorylation following fibroblast incubation with active HepIII-treated EVs compared with inactive HepIII-treated EVs. Colour boxes reveal 
some HS GAG chain-dependent differences in receptor phosphorylation, identifying analytes on the membranes and corresponding waterfall plot. (D, 
E) EVs treated with active HepIII, heat-inactivated HepIII or no enzyme (4 µg per condition) were assayed by ELISA to quantify VEGF (D) and FGF-2 
expression. The bar graphs show mean ± SEM of n = 3. **** p < 0.001, ** p < 0.01, * p < 0.05; ns = not significant. 
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FIGURE 6 HepIII digestion of EV-associated HS GAG chains 
results in an altered fibroblast cytokine production in response to 
PCa-derived EVs. (A) A human cytokine Proteome Profiler array was 
performed on cell lysates from fibroblasts incubated for 72 h with EVs 
treated with either active or heat-inactivated HepIII enzyme. Fibrob- 
lasts were incubated with Golgi-Stop and Golgi-Plug 18 h before lysis, 
to prevent cytokine secretion. (B) Densitometry-based analysis shows 
cytokines with at least 1.5-fold change in level of detection following 
fibroblast incubation with active HepIII-treated EVs compared with 
inactive HepIII-treated EVs. Colour boxes reveal some HS GAG chain- 
dependent changes in cytokine production, identifying analytes on the 
membranes and corresponding waterfall plot. 
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rofile of activated receptors was very similar to that obtained
hen using EVs treated with inactive HEPIII enzyme, indicating
hat the presence of HEPIII in the system did not contribute
o any notable signalling events or enhancement of any EV
ffects (Figure S2 ). However, HS-deficient EVs (Active HepIII
reated) showed reduced capacity to trigger phosphorylation of
everal receptors compared to those activated by Control EVs
Inactive HepIII treated). Affected receptors included FGF R4
nd IGF-1 R, as well as receptors from the VEGFR family
Figure 5C ). Consistent with these results, the expression of VEGF
nd FGF2, measured by ELISA, was lower in EVs lacking HS
AG chains (due to treatment with active HepIII) compared
ith Control EVs (Figure 5D ). Differences in FGF2 expression
id not reach statistical significance (Figure 5E ). The activation
f other receptors such as c-kit, IGF-1 R and ALK/CD246 were
lso altered following loss of HS GAG chains. Ligands for these
eceptors, SCF (c-kit), IGF1 (IGF-1 R) and midkine (ALK/CD246),
here previously identified in the Olink analysis and shown to
e reduced following digestion of HS GAG chains (Table S1 ) with
educed midkine expression confirmed by ELISA (Figure 4B ).
hese experiments demonstrate that removal of HS GAG chains
rom the EV surface has a detrimental impact on functional deliv-
ry of certain growth factors to recipient fibroblasts, illustrated
ere by an attenuated ability to induce fibroblast activation and
eceptor phosphorylation. 

V-mediated fibroblast activation likely requires simultaneous
elivery of a multitude of factors. This would account for
ur previous demonstration EVs, but not sTGF- β1 alone, were
equired for induction of a fibroblast phenotype capable of
upporting prostate tumour growth in vivo (Webber et al. 2015 ).
uch factors could be present on the EV surface or contained with
he EV lumen, requiring EV uptake for delivery. We therefore
xplored the role of HS GAG chains, present on the EV surface,
n EV uptake by recipient fibroblasts (Figure S3 ). EVs were
luorescently labelled with AlexaFluor-conjugated C5 maleimide
ye and any excess, unbound, dye was removed prior to adding
Vs to fibroblast cultures for 1 h. Here, HS-deficient EVs (active
epIII) digestion), showed no noticeable reduction in uptake
y recipient fibroblasts, compared to control EVs not subject
o HepIII digestion (No enzyme) or those EVs treated with
eat-inactivated HepIII (Inactive HepIII) when visualised by
luorescent microscopy (Figure S3A ). Importantly, the absence of
luorescent puncta in the dye control suggests successful labelling
f EVs with our dye, and removal of non-EV contaminants
rior to uptake experiments. EV-uptake was also quantified by
low cytometry, further confirming that removal of HS GAG
hains does not grossly affect EV-uptake by recipient fibroblasts,
s shown by the percentage of EV-positive fibroblasts when
omparing HS-deficient EVs to control EVs with intact HS (Figure
3B ). Furthermore, the difference in mean fluorescence intensity
etween conditions is small. The presence of the heat-inactivated
nzyme in the system, however, seemed to negatively impact EV
ptake (Figure S3C ). The reasons for this remain unclear and are
ikely related to the technical challenges of these experiments, in
erms of absolute quantification and normalisation of the EV con-
entration added to the recipient cells. Importantly, this data sug-
ests that HepIII-treated EVs remain competent in gaining cell
ntry. 
ournal of Extracellular Biology, 2026
2.4 Cytokine Production Is Altered in Fibroblasts
Incubated With HS GAG Chain-Deficient EVs 

To further explore the biological impact of enzymatic removal of
HS GAG chains on EV-mediated regulation of fibroblast function,
cytokine production from recipient fibroblasts was evaluated
following incubation with EVs, using a human cytokine array.
Fibroblasts were incubated for 72 h with 200 µg/mL of either
HS GAG chain-deficient EVs (treated with active HepIII) or
control EVs (treated with heat-inactivated HepIII or no enzyme).
Control conditions show that EVs which had not been subject to
enzymatic digestion of HS GAG chains could induce fibroblast
cytokine production (no enzyme EV-treated fibroblasts) com-
pared to untreated fibroblasts (Figure S4A,B ). Importantly, there
was a high degree of similarity in EV-induced fibroblast cytokine
production when comparing non-digested EVs to EVs treated
with a heat-inactivated HepIII. Both conditions resulted in some
increase in the de novo production of cytokines such as ICAM,
uPA, VEGF, VCAM, FGF-2 and angiogenin (Figure S4C ). Enzy-
matic removal of HS GAG chains from EVs resulted in a lower
production of angiogenesis-promoting factors VEGF, VCAM1 and
angiogenin in fibroblasts, and an apparent increase in inflamma-
tory cytokines GDF-15 and IL-17A, when compared with control
EVs (treated with heat-inactivated HepIII) (Figure 6 ). Taken
together the data show that digestion of the HS GAG chains
from the EV surface, and consequent reduction in the growth
factors they carry, results in a reduced capacity for PCa-derived
EVs to activate fibroblasts to a disease-associated phenotype, with
pro-angiogenic function. 

3 Discussion 

It is becoming increasingly important to understand the con-
stituents of the EV surface and the surrounding corona if we are
9 of 15
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o elucidate mechanisms by which EVs can interact with cells
n the surrounding microenvironment (Buzás et al. 2018 ). Here,
e show that removal of HS GAG chains from EV surface, by
eans of enzymatic digestion using HepIII, is specific and does
ot impact EV integrity with regard to tetraspanin expression
r EV size. Modifications to EV HS GAG chains did, however,
ave a substantial impact on the molecular composition of EVs,
ighlighting the importance of HS GAG chains in the functional
ole of EVs within biological systems. 

ur approach also revealed that HS GAG chains are required
or the tethering of select growth factors to the EV surface.
his included factors such as midkine, CYR61, IL-8 and TFPI
hose expression within PCa-derived EVs was reduced following
nzymatic digestion of EV-associated HS GAG chains by diges-
ion with HepIII. Despite the association of these factors with
eparin/heparan sulphate being previously known (Sumi et al.
002 ; Kadomatsu et al. 2013 ; Chen et al. 2000 ; Ho et al. 1997 ;
rzeszkiewicz et al. 2002 ; Ori et al. 2011 ), their association with
S GAG chains at the EV surface was hitherto unknown. We
re yet to understand the levels of EV-associated factors that are
equired for successful signalling events. Whilst HepIII digestion
esulted in reduced expression of factors such as midkine and
FPI, by around 50%, the reduction in expression of CYR61 was
uch more modest at approximately 27%. Our previous studies
nto EV-mediated delivery of TGF- β1 (Webber et al. 2010 ) indicate
hat the mode of delivery is important with a 30% loss of TGF-
1, tethered to the EV surface by the HSPG betaglycan, being
ufficient to abrogate EV-mediated fibroblast differentiation. 

he mechanism by which factors such as midkine, CYR61, IL-
 and TFPI become incorporated into EVs is not known. Due
o the role of HSPGs such as syndecan 1 and syndecan 4 in
V biogenesis and cargo loading (Baietti et al. 2012 ; Ghossoub
t al. 2020 ), it is possible that the incorporation of such factors
ould occur prior to vesicle secretion. Alternatively, factors
ould be incorporated into EVs while within the extracellular
nvironment. In a past report, incubation of EVs with excess
ecombinant TGF- β1 did not result in an elevation of TGF- β1-
ssociated to EVs (Clayton et al. 2007 ), suggesting that loading
ost likely takes place during biogenesis rather than capturing
actors present in the extracellular environment. In contrast,
ther studies have reported that bovine-derived proteins, such as
lbumin, may adsorb onto EV surface and influence EV corona
omposition (Urzì et al. 2024 ; Liam-Or et al. 2024 ). Culture of cells
n the presence of bovine serum is, therefore, a limitation of the
urrent study. Determining where and how EV loading happens
ill be challenging and might require the focus on a specific
rowth factor as opposed to a general and complex model such
s this system. Our functional enrichment analysis, revealing
hat proteins with attenuated expression following removal of HS
AG chains by HepIII were often associated with proteoglycan-
ediated signalling pathways (e.g., Glypican 1 pathway/network
nd Syndecan 1-mediated signalling events ), is reassuring. Inter-
stingly, associations with receptor signalling and inflammation
ere also identified. Regardless of the limitations of the anal-
sis, these data support our endeavours to better understand
he EV heparome and its functional relevance in pathological
rocesses. 
0 of 15

icable C
re
An important highlight of this study is the observation that HS
GAG chains, on the surface of PCa-derived EVs, are important for
the functional delivery of growth factors, and subsequent phos-
phorylation of receptor tyrosine kinases, on recipient fibroblasts.
Incubation of fibroblasts with HS GAG chain-deficient EVs (by
treatment with HepIII) resulted in attenuated phosphorylation of
several receptor tyrosine kinases compared to those activated in
response to control EVs (treated with heat-inactivated HepIII).
Amongst the receptors where phosphorylation was impacted
following digestion of HS GAG chains were the SCF receptor
(c-kit), insulin-like growth factor 1 receptor (IGF-1R), midkine
receptor (ALK/CD246) and VEGF receptor (VEGFR). Addition-
ally, we identified several receptor tyrosine kinases that showed
increased phosphorylation following fibroblast incubation with
HS GAG chain-deficient EVs. Such receptors include HGF R (c-
MET), EphB1 and TrkB, suggesting that factors which negatively
regulate these receptors may be associated with vesicular HS
GAG chains, and its removal upon digestion allows recep-
tor activation to occur. Whilst an attenuation in EV-mediated
RTK-activation was often accompanied by a reduced expres-
sion of the associated growth factor (e.g. VEGF) on the EV
surface, we cannot rule out a possible role of EV-associated
HS GAGs activating receptors directly. HS has been previously
implicated in modulation of immune responses, including toll-
like receptor signalling and cytokine production (Duni et al.
2021 ; Chandra et al. 2025 ). Investigation into the ability of
EV-associated HS GAGs to signal directly would, however,
require careful consideration of the specificity of the method
chosen. A requirement for EV uptake to ensure full EV activity
should also not be overlooked. Our findings indicating that
PCa-derived EV uptake occurred independently of HS GAGs
was surprising, especially considering past studies (Christianson
et al. 2013 ; Song et al. 2023 ). It is, however, important to
note that these studies, and several similar studies, attempt to
abrogate HS function during the incubation of recipient cells
with EVs. Such treatments will simultaneously target both EV
and cell-associated HS. In our study, we specifically target on
EV-associated HS GAGs, removing HepIII prior to incubation
of recipient cells with EVs. Therefore, whilst our data suggest
EV-associated HS GAGs are not required for EV uptake by recip-
ient cells, we cannot rule out a requirement for cell-associated
HS GAGs. Irrespective of uptake, we show that EV-associated
HS GAGs are required for regulation of fibroblast activation
and subsequent function. Collectively, these findings establish
a relationship between intercellular signalling events and the
EV corona, whilst shedding light on potential functional rele-
vance of such factors and HS GAG chains present on the EV
surface. 

In conclusion, here we provide novel evidence that HS GAG
chains on the EV surface have an important role in controlling
the composition of the bio-corona of EVs and on the EV-
mediated delivery of multiple growth factors to recipient cells,
such as fibroblasts. This study provides novel insight into the
importance of HS GAG chains within the EV corona and their role
in intercellular communication. The manipulation of vesicular
HSPGs and/or their HS GAG chains will likely provide fruitful
avenues for future investigation into the complex communication
roles of EVs in a variety of tissue contexts. 
Journal of Extracellular Biology, 2026
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 Materials and Methods 

.1 Cell Culture 

Ca cells (DU145; LGC Standards (ATCC), Middlesex, UK)
ere cultured in RPMI-1640 media (ThermoFisher Scientific,
loucester, UK). DU145 cells were maintained in high-density
ioreactor cultures, as described (Mitchell et al. 2008 ), and
sed as a source of PCa EVs. Primary fibroblasts (AG0226
Coriell Institute for Medical Research, New Jersey, USA]) were
aintained in DMEM/F12 media (Gibco) and used at passage
 10. Fibroblasts were used as EV-recipient cells in this study
nd subject to 48 h growth arrest in serum-free media, prior to
urther treatment. All media was supplemented with 100 µg/mL
treptomycin (Sigma–Aldrich, Dorset, UK), 100 U/mL penicillin
Sigma–Aldrich) and 2 mM L-glutamine (Sigma–Aldrich). All
ell cultures were maintained with 10% FBS depleted of bovine
Vs by overnight ultracentrifugation at 100,000 × g (using Quick
eal tubes; 70 Ti fixed angle rotor, κ-factor of 44, Optima LE-80K
ltracentrifuge; Beckman Coulter, High Wycombe, UK), followed
y serial filtration with 0.2 and 0.1 µm vacuum filters (Millipore,
atford, UK). 

.2 EV Isolation and HepIII Digestion of 
V-Associated HS GAG Chains 

U145 cell conditioned media was collected from bioreactor
lasks weekly. Media was subject to pre-clearing of cells and debris
y centrifugation twice at 400 × g , for 6 min at 4◦C, prior to
urther centrifugation at 2000 × g , for 15 min at 4◦C. Media was
hen subject to serial filtration with 0.2 and 0.1 µm syringe filters
Millipore) prior to storage at minus 80◦C. Pre-cleared media
amples were thawed and EVs isolated by ultracentrifugation on
 30% sucrose/D20 cushion (Clayton et al. 2007 ). Briefly, media
amples were centrifuged on top of a sucrose cushion to isolate
Vs at 100,000 × g (using Quick Seal tubes; SW32 rotor) for 1.5 h
t 4◦C. EVs in sucrose were collected and subject to a PBS wash
nd EVs pelleted at 100,000 × g (max) (using Quick Seal tubes; 70
i fixed angle rotor) for 1.5 h at 4◦C. EVs were resuspended in PBS
nd stored at –80◦C. EV concentration was determined using the
icroBCA protein assay (ThermoFisher Scientific). 

or HS GAG chain digestion, EV samples were digested with
0.006 U/mL) heparinase III (HepIII; Amsbio Abingdon, UK) for
 h at 37◦C in heparinase buffer (0.1% Triton, 0.1 M NaCl, 1 mM
aCl2 , 50 mM 6-aminohexanoic acid and 50 mM HEPES, at pH 7).
Vs were also incubated with heat-inactivated HepIII as well as
eparinase buffer only, to serve as digestion control conditions.
fter incubation, samples were washed by ultracentrifugation
nd resuspended in PBS. 

.3 Western Blotting and Immuno-Affinity 
ssays for Detection of EV Proteins and 

onfirmation of HS GAG Chain Removal 

or EV characterisation, cell lysates were obtained by RIPA
uffer and protease inhibitor cocktail (Santa Cruz Biotechnology,
ournal of Extracellular Biology, 2026
Heidelberg, Germany) and protein was quantified by Bradford
assay (BioRad, Watford, UK). Equal protein (20 µg) from cell
lysates or EVs were loaded per well. Membranes were probed
using antibodies for ALIX, TSG101, GRP94 (Santa Cruz) and
GAPDH (Novus Biological, Cambridge, UK). HepIII digestion
of HS GAG chains was confirmed using 1 µg/mL of anti- ΔHS
antibody (F69-3G10, Amsbio). All samples were fractionated
in 4%–12% NuPAGE Bis-Tris gradient gels (Invitrogen, Ther-
moFisher Scientific), electro-transferred to PDVF membranes
(GE Life Sciences, UK). Signals were visualised with enhanced
chemiluminescence detection reagent (LI-COR, Nebraska, USA)
and imaged using the C-DiGit blot scanner (LI-COR). To access
tetraspanin enrichment and examine HepIII digestion of EVs,
an immuno-affinity assay was used, as described previously
(Webber et al. 2014 ). Samples were immobilised onto protein-
binding 96 well plates (Greiner Bio-One, Stonehouse, UK) and
stained using anti-CD9 (R&D Systems, Biotechne, Abingdon,
UK), anti- CD63 (Bio-Rad), anti- CD81 (Bio-Rad) or anti-HS (F58-
10E4, [Amsbio]). Detection was achieved using an anti-IgG-biotin
conjugate (Perkin Elmer) and europium-conjugated streptavidin
(Perkin Elmer, Buckinghamshire, UK). Signal was detected by
time-resolved fluorescence (TRF) on a PHERAstar FS Microplate
(BMG Labtech, Aylesbury, UK). 

4.4 Nanoparticle Tracking Analysis 

EV samples were analysed using NanoSight NS300 nanoparticle
tracking system (Malvern Instruments). Samples were diluted in
particle free water (Fresenius Kabi, Cheshire, UK) to concen-
trations up to 2 × 109 particles per millilitre, within the linear
range of the instrument, and run at a constant flow rate (set
to 50) using a NanoSight syringe pump (Malvern Instruments,
Malvern, UK). Five videos of 30 s were captured at 25◦C using
a sCMOS camera system (OrcaFlash 2.8, Hamamatsu Photonics,
Japan) and analysed using the NTA 3.1 software (version 3.1
build 3.1.54). Camara sensitivity was set at 14–16 and detection
threshold at 1–3. Concentration, size distribution, mean and
mode sizes are calculated for the EVs by the software, and
concentrations were further used with protein concentrations to
calculate the particle:protein (p:p) ratios as a means of quality
assurance (Webber and Clayton 2013 ). Data represents at least
three independent experiments. 

4.5 CRYO-EM 

EVs were adsorbed onto glow-discharging holey carbon 200-
mesh copper grids (Quantifoil Micro Tools GmbH, Großlöbichau,
Germany). Samples were vitrified by rapid emersion into liquid
ethane using a Vitrobot (Maastricht Instruments BV, Maas-
tricht, NL). Vitrified samples were imaged at liquid nitrogen
temperature using a JEM-2200FS/CR transmission cryo-electron
microscope (JEOL, Tokyo, Japan) equipped with a field emission
gun and operated at an acceleration voltage of 200 kV. The size of
the different structures was determined by Image J and data was
based on 329 structures counted across 20 different fields of view.
11 of 15
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.6 Olink Proximity Extension Assay and 

unctional Enrichment Analysis 

Vs incubated with active HepIII and heat-inactivated Hep-
II (control) were lysed in RIPA buffer prior to analysis by
roximity extension assay (Olink Bioscience, Uppsala, Sweden).
nalysis of EV proteins was achieved Olink’s propriety Proseek
anels ( Cardiovascular III , Inflammation and Oncology II ) each
onsisting of a 92-plex array. Data is provided in the form of
rbitrary Normalised Protein eXpression (NPX) units on log2
cale, which was then linearised. Data below the limit values of
etection were reported by Olink as LOD (limits of detection), and
hen both samples reported this, analytes were excluded from
nalysis. Comparison between HepIII digested and control EV
amples were made based on fold change and t-test corrected for
ultiple testing using Benjamini–Hochberg adjustment. Func-
ional enrichment analysis was performed for identification of
iological pathways, potentially regulated by EV-associated HS
AG chains using FunRich software (version 3.1.4) (Pathan
t al. 2015 ). The output list was generated from pathways with
tatistically significant p value ( p < 0.05 from corrected p-values;
orrected by Benjamini–Hochberg adjustment). 

.7 Fluorescent Labelling of EVs 

V samples were incubated with AlexaFluor-594, or AlexaFluor-
33, C5 maleimide dye (200 µg/mL; ThermoFisher Scientific), in
 total volume of 50 µL PBS, under agitation for 1 h in the dark
t room temperature (Roberts-Dalton et al. 2017 ). Exosome Spin
olumns MW3000 (ThermoFisher Scientific) were rehydrated
ccording to manufacturer’s instructions. Unbound maleimide
ye was removed from fluorescently labelled EVs by loading Exo-
ome Spin Columns with sample and subsequent centrifugation
t 750 × g for 3 min at room temperature. A dye control was
repared by loading Exosome Spin Columns with C5 maleimide
ye (200 µg/mL, in the absence of EVs, and centrifugation at
50 × g for 3 min). EVs were quantified by using a spectrometer
A280; Nanodrop 2000 Spectrometer; ThermoFisher Scientific). 

.8 Assessment of EV Uptake 

ibroblasts were cultured until 80% confluent, then serum starved
or 24 h, prior to incubation with labelled EVs (25 µg/mL) or
ye control for 1 h. For fluorescent microscopy, fibroblasts were
ashed, fixed with 4% PFA, and permeabilised by incubation
ith 0.1% Triton x-100 for 5 min at room temperature. Cells
ere washed and stained with Actin Green (AlexaFluor 488
halloidin: Thermo Fisher Scientific) for for 30 min. Nuclei were
hen labelled using NucBlue Fixed Cell ReadyProbes (DAPI;
hermo Fisher Scientific) as per the manufacturer’s instructions.
ibroblasts were visualised using the Axio Observer Z1 micro-
cope platform with a ZEISS Plan Apochromat 63 ×/1.4 Oil lens.
or flow cytometry-based assessment of EV uptake, EV-treated
ibroblasts were detached by incubation with trypsin. Fibroblasts
ere washed and resuspended in PBS, prior to quantitation of
lexaFluor 633-labelled EVs using a FACSverse cytometer (BD
iosciences, Berkshire, UK). Percentage of cells that had taken
p EVs (i.e., AlexaFluor 633-positive) were determined using
ACSDIVA software v8.0.1 (BD Biosciences). 
2 of 15
4.9 Enzyme-Linked Immunosorbent Assay 
(ELISA) 

Assessment of proteins within EV isolates or fibroblast-
conditioned media were also performed by ELISA (DuoSet
ELISA Development System; R&D Systems), with modifications
from the manufacture protocol, where the colorimetric readout
was substituted by the europium-streptavidin conjugate, as
described previously (Yeung et al. 2018 ). All plate-based assays
were read on a PHERAstar FS plate reader (BMG Labtech). 

4.10 Proteome Profiler Arrays 

Fibroblasts were seeded in 24 well plates until 80% confluence
and then were serum-starved for 48 h. Cells were then incubated
with 200 µg/mL of EVs treated with either active HepIII, heat-
inactivated HepIII or no enzyme, in DMEM/F12 (without FBS).
For the RTK array, cells were treated for 2 h before being lysed
with RIPA buffer. For the cytokine array, cells were incubated
EVs for 72 h, with Golgi-Stop and Golgi-Plug (Becton Dickin-
son, Oxford, UK) added 18 h before lysis, to prevent cytokine
secretion. Samples were corrected for protein and both proteome
profiler arrays were performed following manufacture instruc-
tions, with the exception that the supplied Chemi Reagent Mix
was substituted for an enhanced chemiluminescence detection
reagent (LI-COR) prior to imaging using the C-DiGit blot scanner
(LI-COR). 

4.11 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 9
software V9.1.0 (Graph Pad, San Diego, CA). Experiments with
two experimental groups were evaluated using students t -test. For
experiments with more than two experimental groups, statistical
analysis was performed using one-way ANOVA with Tukey post-
hoc test. p values of less than 0.05 were considered statistically
significant *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.
Graphs depict mean ± SEM, from one representative experiment
of at least three similar experiments, unless stated otherwise. 

Author Contributions 

Sara Veiga : investigation, data curation, writing – original draft, writing
– review & editing. Alex P. Shephard : investigation. Kate Milward :
investigation. Alex Cocks : investigation. Félix Royo : conceptualization,
writing – review & editing, investigation. Juan M. Falcon-Perez : con-
ceptualization, investigation, writing – review & editing, methodology.
Aled Clayton : conceptualization, methodology, supervision, funding
acquisition, writing – original draft, writing – review & editing. Jason
P. Webber : conceptualization, methodology, data curation, investiga-
tion, supervision, funding acquisition, project administration, writing –
original draft, writing – review & editing. 

Funding 

This work was supported by Prostate Cancer UK through a Movember
Foundation Fellowship (CDF13-001) awarded to Jason P. Webber, and a
Cancer Research Wales PhD Studentship awarded to Jason P. Webber and
Aled Clayton (A.C). 
Journal of Extracellular Biology, 2026

tive C
om

m
ons L

icense



C

T

D

T  

c

R

A  

o  

T

A  

E  

C

B  

R

B  

a  

(

B  

P
1

B  

E  

T  

S

B  

u  

I

C  

F  

S  

n

C  

F  

S  

2

C  

A  

D
O

C  

B  

S
P

C  

D  

D

C  

2  

R

D  

C  

t  

2

D  

D  

R  

F

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lular Vesicles That Contain Fibroblast Growth Factor-2 and Vascular 

J

 27682811, 2026, 5, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jex2.70146 by Sw

ansea U
niversity Inform

ation, W
iley O

nline L
ibrary on [15/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
re
onflicts of Interest 

he authors declare no conflicts of interest. 

ata Availability Statement 

he data that support the findings of this study are available from the
orresponding author upon reasonable request. 

eferences 

l-Nedawi, K., B. Meehan, J. Micallef, et al. 2008. “Intercellular Transfer
f the Oncogenic Receptor EGFRvIII by Microvesicles Derived From
umour Cells.” Nature Cell Biology 10: 619–624. 

lex, P. S., Y. Vincent, C. Aled, and P. W. Jason. 2017. “Prostate Cancer
xosomes as Modulators of the Tumor Microenvironment.” Journal of
ancer Metastasis and Treatment 3: 288–301. 

aietti, M. F., Z. Zhang, E. Mortier, et al. 2012. “Syndecan–Syntenin–ALIX
egulates the Biogenesis of Exosomes.” Nature Cell Biology 14: 677–685. 

elényesi, S. K., S. Patmore, and L. O’driscoll. 2025. “Extracellular Vesicles
nd the Tumour Microenvironment.” Biochimica et Biophysica Acta
BBA)—Reviews on Cancer 1880: 189275. 

ishop, J. R., M. Schuksz, and J. D. Esko. 2007. “Heparan Sulphate
roteoglycans Fine-Tune Mammalian Physiology.” Nature 446: 1030–
037. 

orges, F. T., S. A. Melo, B. C. Özdemir, et al. 2013. “TGF- β1-Containing
xosomes From Injured Epithelial Cells Activate Fibroblasts to Initiate
issue Regenerative Responses and Fibrosis.” Journal of the American
ociety of Nephrology 24: 385–392. 

uzás, E. I., E. Á. Tóth, B. W. Sódar, and K. É. Szabó-Taylor. 2018. “Molec-
lar Interactions at the Surface of Extracellular Vesicles.” Seminars in
mmunopathology 40: 453–464. 

handra, A., M. Maccarana, S. S. Vishweshwara, et al. 2025. “Structure-
unction Relationships of Heparan Sulfate-Based Neoproteoglycans as
elective Immunostimulatory Scaffolds.” Chemistry—A European Jour-
al 31: e02735. 

hen, N., C. C. Chen, and L. F. Lau. 2000. “Adhesion of Human Skin
ibroblasts to Cyr61 Is Mediated Through Integrin Alpha 6beta 1 and Cell
urface Heparan Sulfate Proteoglycans.” Journal of Biological Chemistry
75: 24953–24961. 

howdhury, R., J. P. Webber, M. Gurney, M. D. Mason, Z. Tabi, and
. Clayton. 2015. “Cancer Exosomes Trigger Mesenchymal Stem Cell
ifferentiation Into Pro-Angiogenic and Pro-Invasive Myofibroblasts.”
ncotarget 6: 715–731. 

hristianson, H. C., K. J. Svensson, T. H. van Kuppevelt, J.-P. Li, and M.
elting. 2013. “Cancer Cell Exosomes Depend on Cell-Surface Heparan
ulfate Proteoglycans for Their Internalization and Functional Activity.”
roceedings of the National Academy of Sciences 110: 17380–17385. 

huang, C. Y., M. S. Lord, J. Melrose, et al. 2010. “Heparan Sulfate-
ependent Signaling of Fibroblast Growth Factor 18 by Chondrocyte-
erived Perlecan.” Biochemistry 49: 5524–5532. 

layton, A., J. P. Mitchell, J. Court, M. D. Mason, and Z. Tabi.
007. “Human Tumor-Derived Exosomes Selectively Impair Lymphocyte
esponses to Interleukin-2.” Cancer Research 67: 7458–7466. 

ai, J., J. Escara-Wilke, J. M. Keller, et al. 2019. “Primary Prostate
ancer Educates Bone Stroma Through Exosomal Pyruvate Kinase M2
o Promote Bone Metastasis.” Journal of Experimental Medicine 216:
883–2899. 

uni, A., V. Liakopoulos, V. Koutlas, C. Pappas, M. Mitsis, and E.
ounousi. 2021. “The Endothelial Glycocalyx as a Target of Ischemia and
eperfusion Injury in Kidney Transplantation-Where Have We Gone So
ar?” International Journal of Molecular Sciences 22: 2157. 
ournal of Extracellular Biology, 2026
Filla, M. S., P. Dam, and A. C. Rapraeger. 1998. “The Cell Surface
Proteoglycan Syndecan-1 Mediates Fibroblast Growth Factor-2 Binding
and Activity.” Journal of Cellular Physiology 174: 310–321. 

Ghossoub, R., M. Chéry, S. Audebert, et al. 2020. “Tetraspanin-6 Neg-
atively Regulates Exosome Production.” Proceedings of the National
Academy of Sciences 117: 5913–5922. 

Grzeszkiewicz, T. M., V. Lindner, N. Chen, S. C. Lam, and L. F. Lau.
2002. “The Angiogenic Factor Cysteine-Rich 61 (CYR61, CCN1) Supports
Vascular Smooth Muscle Cell Adhesion and Stimulates Chemotaxis
Through Integrin Alpha(6)Beta(1) and Cell Surface Heparan Sulfate
Proteoglycans.” Endocrinology 143: 1441–1450. 

Hayashida, K., R. S. Aquino, and P. W. Park. 2022. “Coreceptor Functions
of Cell Surface Heparan Sulfate Proteoglycans.” American Journal of
Physiology-Cell Physiology 322: C896–C912. 

Ho, G., G. J. Broze, Jr., and A. L. Schwartz. 1997. “Role of Heparan Sulfate
Proteoglycans in the Uptake and Degradation of Tissue Factor Path-
way Inhibitor-Coagulation Factor Xa Complexes.” Journal of Biological
Chemistry 272: 16838–16844. 

Janowska-Wieczorek, A., M. Wysoczynski, J. Kijowski, et al. 2005.
“Microvesicles Derived From Activated Platelets Induce Metastasis and
Angiogenesis in Lung Cancer.” International Journal of Cancer 113:
752–760. 

Kadomatsu, K., S. Kishida, and S. Tsubota. 2013. “The Heparin-Binding
Growth Factor Midkine: The Biological Activities and Candidate Recep-
tors.” Journal of Biochemistry 153: 511–521. 

Kim, M. J., S. L. Cotman, W. Halfter, and G. J. Cole. 2003. “The Heparan
Sulfate Proteoglycan Agrin Modulates Neurite Outgrowth Mediated by
FGF-2.” Journal of Neurobiology 55: 261–277. 

Krishn, S. R., I. Salem, F. Quaglia, et al. 2020. “The αv β6 Integrin in Can-
cer Cell-Derived Small Extracellular Vesicles Enhances Angiogenesis.”
Journal of Extracellular Vesicles 9: 1763594. 

Lamparski, H. G., A. Metha-Damani, J. Y. Yao, et al. 2002. “Production
and Characterization of Clinical Grade Exosomes Derived From Dendritic
Cells.” Journal of Immunological Methods 270: 211–226. 

Liam- Or, R., F. A.- O. Faruqu, A. Walters, et al. 2024. “Cellular Uptake and
In Vivo Distribution of Mesenchymal-Stem-Cell-Derived Extracellular
Vesicles Are Protein Corona Dependent.” Nature Nanotechnology 19:
846–855. 

Luo, J. Q., T. W. Yang, J. Wu, et al. 2023. “Exosomal PGAM1 Pro-
motes Prostate Cancer Angiogenesis and Metastasis by Interacting With
ACTG1.” Cell Death & Disease 14: 502. 

Mazumdar, A., J. Urdinez, A. Boro, et al. 2020. “Osteosarcoma-Derived
Extracellular Vesicles Induce Lung Fibroblast Reprogramming.” Interna-
tional Journal of Molecular Sciences 21: 5451. 

Mitchell, J. P., J. Court, M. D. Mason, Z. Tabi, and A. Clayton. 2008.
“Increased Exosome Production From Tumour Cell Cultures Using the
Integra CELLine Culture System.” Journal of Immunological Methods 335:
98–105. 

Ori, A., M. C. Wilkinson, and D. G. Fernig. 2011. “A Systems Biol-
ogy Approach for the Investigation of the Heparin/Heparan Sulfate
Interactome.” Journal of Biological Chemistry 286: 19892–19904. 

Pathan, M., S. Keerthikumar, C.-S. Ang, et al. 2015. “FunRich: An Open
Access Standalone Functional Enrichment and Interaction Network
Analysis Tool.” Proteomics 15: 2597–2601. 

Peinado, H., M. Alečković, S. Lavotshkin, et al. 2012. “Melanoma Exo-
somes Educate Bone Marrow Progenitor Cells Toward a Pro-Metastatic
Phenotype Through MET.” Nature Medicine 18: 883–891. 

Piszczatowski, R. T., H. E. Bülow, and U. Steidl. 2024. “Heparan Sulfates
and Heparan Sulfate Proteoglycans in Hematopoiesis.” Blood 143: 2571–
2587. 

Proia, P., G. Schiera, M. Mineo, et al. 2008. “Astrocytes Shed Extracel-
13 of 15

ative C
om

m
ons L

icense



E  

2

R  

r  

S  

T

S  

P

S  

L  

L  

M

S  

I  

W

S  

G  

v

S  

2  

G  

S  

S

T  

V
J

T  

a  

B  

3

T  

t  

S  

U
1

T  

R  

a  

C

U  

B  

C  

n

W  

o

W  

“
C

W  

o  

(
1

W  

o
O

W  

I  

B  

e

W  

A  

P

 

 

 

 

 

 

 

 

 

 

 

1

 27682811, 2026, 5, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jex2.70146 by Sw

ansea U
niversity Inform

ation, W
iley O

nline L
ibrary on [15/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
ndothelial Growth Factor.” International Journal of Molecular Medicine
1: 63–67. 

oberts-Dalton, H. D., A. Cocks, J. M. Falcon-Perez, et al. 2017. “Fluo-
escence Labelling of Extracellular Vesicles Using a Novel Thiol-Based
trategy for Quantitative Analysis of Cellular Delivery and Intracellular
raffic.” Nanoscale 9: 13693–13706. 

arrazin, S., W. C. Lamanna, and J. D. Esko. 2011. “Heparan Sulfate
roteoglycans.” Cold Spring Harbor Perspectives in Biology 3: a004952. 

chiera, G., P. Proia, C. Alberti, M. Mineo, G. Savettieri, and I. Di
iegro. 2007. “Neurons Produce FGF2 and VEGF and Secrete Them at
east in Part by Shedding Extracellular Vesicles.” Journal of Cellular and
olecular Medicine 11: 1384–1394. 

harma, P., S. Ludwig, L. Muller, et al. 2018. “Immunoaffinity-Based
solation of Melanoma Cell-Derived Exosomes From Plasma of Patients
ith Melanoma.” Journal of Extracellular Vesicles 7: 1435138. 

ong, Y. X., X. Li, S. D. Nie, et al. 2023. “Extracellular Vesicles Released by
lioma Cells Are Decorated by Annexin A2 Allowing for Cellular Uptake
ia Heparan Sulfate.” Cancer Gene Therapy 30: 1156–1166. 

umi, Y., H. Muramatsu, Y. Takei, K.-I. Hata, M. Ueda, and T. Muramatsu.
002. “Midkine, a Heparin-Binding Growth Factor, Promotes Growth and
lycosaminoglycan Synthesis of Endothelial Cells Through Its Action on
mooth Muscle Cells in an Artificial Blood Vessel Model.” Journal of Cell
cience 115: 2659–2667. 

averna, S., G. Ghersi, A. Ginestra, et al. 2003. “Shedding of Membrane
esicles Mediates Fibroblast Growth Factor-2 Release From Cells*.”
ournal of Biological Chemistry 278: 51911–51919. 

héry, C., S. Amigorena, G. Raposo, and A. Clayton. 2006. “Isolation
nd Characterization of Exosomes From Cell Culture Supernatants and
iological Fluids.” Current Protocols in Cell Biology Chapter 3, Unit 3.22.
0: 3.22.1–3.22.29. https://doi.org/10.1002/0471143030.cb0322s30 . 

héry, C., K. W. Witwer, E. Aikawa, et al. 2018. “Minimal Informa-
ion for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position
tatement of the International Society for Extracellular Vesicles and
pdate of the MISEV2014 Guidelines.” Journal of Extracellular Vesicles 7: 
535750. 

hompson, C. A., A. Purushothaman, V. C. Ramani, I. Vlodavsky, and
. D. Sanderson. 2013. “Heparanase Regulates Secretion, Composition,
nd Function of Tumor Cell-Derived Exosomes.” Journal of Biological
hemistry 288: 10093–10099. 

rzì, O., M. Bergqvist, C. Lässer, et al. 2024. “Heat Inactivation of Foetal
ovine Serum Performed After EV-Depletion Influences the Proteome of
ell-Derived Extracellular Vesicles.” Journal of Extracellular Vesicles 13,
o. 1: e12408. https://10.1002/jev2.12408 . 

ebber, J., and A. Clayton. 2013. “How Pure Are Your Vesicles?” Journal
f Extracellular Vesicles 10, no. 2. https://10.3402/jev.v2i0.19861 . 

ebber, J., R. Steadman, M. D. Mason, Z. Tabi, and A. Clayton. 2010.
Cancer Ex osomes Trigger Fibr oblast to Myofibroblast Differentiation.”
ancer Research 70: 9621–9630. 

ebber, J., T. C. Stone, E. Katilius, et al. 2014. “Proteomics Analysis
f Cancer Exosomes Using a Novel Modified Aptamer-Based Array
SOMAscan) Platform.” Molecular & Cellular Proteomics 13: 1050–
064. 

ebber, J. P., L. K. Spary, A. J. Sanders, et al. 2015. “Differentiation
f Tumour-Promoting Stromal Myofibroblasts by Cancer Exosomes.”
ncogene 34: 290–302. 

elsh, J. A., D. C. I. Goberdhan, L. O’Driscoll, et al. 2024. “Minimal
nformation for Studies of Extracellular Vesicles (MISEV2023): From
asic to Advanced Approaches.” Journal of Extracellular Vesicles 13:
12404. 

olfers, J., A. Lozier, G. Raposo, et al. 2001. “Tumor-Derived Exosomes
re a Source of Shared Tumor Rejection Antigens for CTL Cross-
riming.” Nature Medicine 7: 297–303. 
4 of 15

rea
Yayon, A., M. Klagsbrun, J. D. Esko, P. Leder, and D. M. Ornitz. 1991.
“Cell Surface, Heparin-Like Molecules Are Required for Binding of Basic
Fibroblast Growth Factor to Its High Affinity Receptor.” Cell 64: 841–848.

Yeung, V., J. P. Webber, E. A. Dunlop, et al. 2018. “Rab35-Dependent Extra-
cellular Nanovesicles Are Required for Induction of Tumour Supporting
Stroma.” Nanoscale 10: 8547–8559. 

Zabeo, D., A. Cvjetkovic, C. Lässer, M. Schorb, J. Lötvall, and J. L.
Höög. 2017. “Exosomes Purified From a Single Cell Type Have Diverse
Morphology.” Journal of Extracellular Vesicles 6: 1329476. 

Zhang, J., W. Chen, C. Zhang, et al. 2025. “Prostate Cancer Cells Secrete
PD-1 in Exosomes to Enhance Myeloid-Derived Suppressor Cell Activity
and Promote Tumor Immune Evasion.” Cancer Research 85: 3435–3453. 

Supporting Information 

Additional supporting information can be found online in the Supporting
Information section. 
SUPPLEMENTARY FIGURE S1 . Consistency of EV-associated proteins 
detected across multiple batches of isolated EVs. (A) EVs previously 
treated with active HepIII, heat-inactivated HepIII or no enzyme (4ug 
per condition) were assayed by ELISA to quantify protein detection. 
The bar graphs show ± SEM of at least 2 independent experiments each 
based on a different HepIII digestion and represented by circle, square 
or triangle. Every independent experiment was performed in triplicate 
wells. (B) Bar graphs show the mean ± SEM of 3 independent experiments 
(in triplicate wells) each based on a different EV isolation which are 
represented by circle, square or triangle. The quantification (pg/mL) 
of protein detected at the surface of DU145 EVs on 8 µg, 4 µg, 2 µg and 1 
µg per 100 µL/well is represented. SUPPLEMENTARY FIGURE S2 . 
Tyrosine kinase receptors phosphorylated in fibroblasts treated with 
control EVs (EVs treated with no enzyme, or heat-inactivated HepIII) 
compared with untreated fibroblasts. (A) A phospho-RTK Proteome 
Profiler array was performed on cell lysates from fibroblasts incubated 
for 2 hours with EVs treated with either no enzyme, heat-inactivated 
HepIII enzyme, or incubated in media alone (untreated fibroblasts). 
(B) Densitometry-based analysis shows receptors with at least 1.5-fold 
change in level of phosphorylation following fibroblast incubation 
with control EVs compared to untreated fibroblasts. (C) Heatmap of 
the MID (mean integrated density) values detected for receptors with 
1.5-fold change in phosphorylation following fibroblast incubation 
with control EVs compared to untreated fibroblasts. Receptors that 
were below detection limits in untreated fibroblasts, and yet were 
detected following stimulation with EVs, are indicated by the green 
boxes. SUPPLEMENTARY FIGURE S3 . To assess EV uptake, 
fibroblasts were treated for 1 hour with 25 µg/mL of fluorescently 
labelled EVs or a control for free dye. Prior to uptake, EVs had been 
treated with heat-inactivated HepIII, active HepIII, or no enzyme. (A) 
For visualisation experiments, fibroblasts received either AlexaFluor-594 
labelled EVs (red) or a control for free dye. Cells were fixed with 4% PFA. 
Actin was labelled with AlexaFluor-488 phalloidin (green) and nuclei 
with NucBlueTM (blue). Cells were visualised by fluorescence microscopy
and images captured by Axio Observer Z1 microscope with a ZEISS Plan 
Apochromat 63x/ 1.4 Oil objective. Representative microscopic fields 
(of 9 per condition) are shown (scale bar = 50 µm). For flow cytometry- 
based analysis, fibroblasts received either AlexaFluor-633 labelled EVs 
(red) or a control for free dye, for 1 hour. Fibroblasts were detached and 
resuspended in PBS, prior to detection of AlexaFluor 633-labelled EVs 
within fibroblasts using the FACSverse cytometer. Graph shows mean 
± SEM percentage of fibroblasts positive for AlexaFluor-633 signal (B) 
mean ± SEM Median Fluorescence Intensity (MFI) for AlexaFluor-633 
signal (C) , from technical triplicates. Similar results were observed across 
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5 separate experiments. ns = not significant. SUPPLEMENTARY 

FIGURE S4 . Cytokines produced by fibroblasts treated with control EVs 
(EVs treated with no enzyme, or heat-inactivated HepIII) compared with 
untreated fibroblasts. (A) A human cytokine Proteome Profiler array was 
performed on cell lysates from fibroblasts incubated for 72 hours with 
EVs treated with either no enzyme, heat-inactivated HepIII enzyme, 
or incubated in media alone (untreated fibroblasts). Fibroblasts were 
incubated with Golgi-Stop and Golgi-Plug 18 h before lysis, to prevent 
cytokine secretion. (B) Densitometry-based analysis shows cytokines with 
at least 1.5-fold change in level of detection following fibroblast incubation 
with control EVs compared to untreated fibroblasts. (C) Heatmap of 
the MID (mean integrated density) values detected for cytokines with 
1.5-fold change in detection following fibroblast incubation with control 
EVs (No enzyme or heat-inactivated HepIII) compared to untreated 
fibroblasts. Cytokines that were below detection limits in untreated 
fibroblasts, and yet were detected following stimulation with EVs, are 
indicated by the green box. Supplementary Table : jex270146-sup-0005- 
TableS1.docx Supplementary Table : jex270146-sup-0006-TableS2.docx 
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