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Extracellular vesicles (EVs) mediate communication between cells and organisms across all 3 kingdoms of life.
Several reports have demonstrated that EVs can transfer molecules between phylogenetically diverse species and
can be used by parasites to alter the properties of the host environment. Whilst the concept of vesicle secretion
and uptake is broad reaching, the molecular composition of these complexes is expected to be diverse based on
the physiology and environmental niche of different organisms. Exosomes are one class of EVs originally defined
based on their endocytic origin, as these derive from multivesicular bodies that then fuse with the plasma
membrane releasing them into the extracellular environment. The term exosome has also been used to describe
any small EVs recovered by high-speed ultracentrifugation, irrespective of origin since this is not always well
characterized. Here, we use comparative global lipidomic analysis to examine the composition of EVs, which
we term exosomes, that are secreted by the gastrointestinal nematode, Heligmosomoides polygyrus, in relation to
exosomes secreted by cells of its murine host. Ultra-performance liquid chromatography — tandem mass
spectrometry (UPLC-MS/MS) analysis reveals a 9- to 62-fold enrichment of plasmalogens, as well as other
classes of ether glycerophospholipids, along with a relative lack of cholesterol and sphingomyelin (SM) in the
nematode exosomes compared with those secreted by murine cells. Biophysical analyses of the membrane
dynamics of these exosomes demonstrate increased rigidity in those from the nematode, and parallel studies with
synthetic vesicles support a role of plasmalogens in stabilizing the membrane structure. These results suggest
that nematodes can maintain exosome membrane structure and integrity through increased plasmalogens,
compensating for diminished levels of other lipids, including cholesterol and SM. This work also illuminates
the prevalence of plasmalogens in some EVs, which has not been widely reported and could have implications for
the biochemical or immunomodulatory properties of EVs. Further comparative analyses such as those
described here will shed light on diversity in the molecular properties of EVs that enable them to function in
cross-species communication.
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xtracellular vesicles (EVs) are secreted by virtually compartment due to inward budding of the multivesicular
Eall organisms and cell types and are involved bodies (MVBs). MVBs that escape lysosomal degrada-
in intercellular communication processes (1). One tion can fuse with the plasma membrane and release
class of EVs, exosomes, originate from the late endosomal their contents including vesicles into the extracellular
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environment (2,3). Practically, however, this term is often
used to describe any small EVs recovered by high-speed
ultracentrifugation, since the intracellular origin of the
vesicles is not always well characterized. Exosomes were
first described in the 1980s in the context of reticulocyte
maturation (4-6) and later characterized by Raposo
et al. (7) as antigen-presenting vesicles in B lymphocytes.
Over the last few decades, exosomes and other classes of
EVs have received a renewed interest by the scientific
community based on their implications in numerous
disease contexts including cancer and infection (8). EVs
have also been found to be produced by diverse parasites
and can alter the properties of immune cells (9,10). Indeed,
the secretion and subsequent uptake of EVs has also been
proposed as a mechanism of communication between
organisms and between different species. For example,
exosome-like nanoparticles have been isolated from edible
plants and fruits, and their beneficial anti-inflammatory
and antioxidative effects have been suggested in a mouse
model (11-13). The extent to which EVs operate between
phylogenetically distinct species is not yet clear, but this
could provide a broad-reaching mechanism for commu-
nication and exchange of genetic information. However,
little is known about the comparative properties of EVs
from diverse sources and the features that make them
functional in a specific environment.

We recently reported that the gastrointestinal nematode
parasite Heligmosomoides polygyrus secretes small EVs
recovered by high-speed centrifugation, which we have called
exosomes, that can be internalized by mouse intestinal
epithelial cells and can transfer parasite material, includ-
ing microRNAs, to host cells (14). It is intriguing to think
that the nematode has evolved exosomes as an immuno-
modulatory complex that is particularly well-suited to the
mouse intestinal environment. Lipids are a key component
of exosomes as their lipid bilayer is directly exposed to the
environment and represents the interacting surface with
recipient cells. Remarkably, the lipid content of EVs across
different species still remains relatively unexplored: a small
fraction of the total entries for vesicle cargo collected in
the online database Vesiclepedia are devoted to lipids (15).
Of the limited lipidomic studies published, these mainly
describe the lipid composition of human-derived exosomes
or other EVs from mast cells, B cells, DC, reticulocytes,
cancer cell lines and semen (16-20), reviewed in (21).

In mammalian systems, cholesterol and sphingomyelin
(SM) are key to membrane fluidity and stability (22),
and accordingly, exosomes from multiple sources have
been described as highly enriched in these lipids compared
with producing cells (23). It is unknown whether choles-
terol and SM would play similar roles in nematode-derived
exosomes, whose lipid content has not been previously
examined. Nematodes are not believed to synthesize
cholesterol or other sterols de novo but largely derive
them from their diet (24,25). Furthermore, although SM

has been reported in helminths, the biogenesis pathways
are not well characterized and may be variable across
species (26). Here, we performed a biochemical character-
ization of the exosomes secreted by H. polygyrus in
comparison to murine exosomes derived from 2 cell types
present in proximity to the parasite in the gut environment:
small intestinal epithelial cells and macrophages. The aim
was to thoroughly investigate the lipid composition of each
type of exosome in order to underpin their potential
implications in exosome stability or functional capacity.

Methods

Exosome purification from HES products

For collection of HES products, CF1 mice were infected
with infective-stage larvae (L3) by gavage and adult
parasites harvested from the small intestine 14 days
postinfection. The worms were maintained in serum-free
media in vitro as previously described (14,27). Prior to
concentration of HES, eggs were removed by centrifuga-
tion at 400g and media were filtered through a 0.2-uM
filter (Millipore). Vesicles were consequently isolated from
filtered medium following a modified version of the
standard protocol used for exosomes isolation (28). Media
were first centrifuged at 100,000g for 90 min using
polyallomer tubes (Beckman Coulter) at 4°C in a SW40
rotor (Beckman Coulter). Pelleted material was washed
twice in filtered PBS at 100,000g for an additional 90 min.
The supernatant was concentrated using Vivaspin 6500 K
MWCO tubes (Fisher) at 5,000g and washed twice in PBS.

Mammalian cells culture and exosomes isolation

MODE-K were obtained from Dominique Kaiserlian
(INSERM) (29) and Raw 264.7 cells from ATCC and
were screened on a monthly basis for mycoplasma
contamination. These were cultured, respectively, in
DMEM and RPMI media (Invitrogen), supplemented with
10% foetal bovine serum (Invitrogen), 1% penicillin—
streptomycin (Lonza) and 1% L-glutamine (Lonza). An
additional 1% of non-essential amino acids (NEAA)/
sodium pyruvate (NaPy; Gibco) was used to complement
MODE-K cell medium. Prior to exosome isolation,
MODE-K cells were shifted to serum-free advanced
DMEM medium (Invitrogen) supplemented with 1%
L-glutamine (Lonza), whereas Raw 264.7 were cultured
in complete medium containing 10% of FBS previously
depleted of exosomes (100,000g overnight at 4°C). For
exosome isolation, cells were first cultured in T-150 cm?
flasks including 10% FBS. When they reached ~30%
confluency, the media was aspirated, cells were washed
twice and shifted to the media depleted of FBS or the
exosome-depleted FBS as described above. After 48-h
incubation, the media was collected and centrifuged at
2,000g for 30 min to remove cell debris. Supernatants were
further filtered through 0.22-pm Millex GP filter units
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(Millipore) and ultra-centrifuged (100,000g, 90 min at
4°C) in Polyallomer Centrifuge Tubes (Beckman Coulter).
Pelleted material was washed twice in filtered PBS at
100,000g for an additional 90 min. After the second
wash, pellets were resuspended in ~ 200 pl PBS. The total
protein content of exosomes was determined using a
Qubit 2.0 Fluorometer according to the manufacturer’s
protocol.

Transmission electron microscopy

For visualization of the vesicles, the purified ultracentri-
fuge pellets from H. polygyrus HES and murine cell culture
conditioned media (100 pg/ml protein concentration) were
fixed in 2% PFA, deposited on Formvar-carbon coated
TEM grids and treated with glutaraldehyde prior to
treatment with uranyl oxalate and methyl cellulose as
described in (28). Images were taken on a Gatan Orius
CCD camera.

Western blot analysis of exosomes

Primary antibodies were purchased from Cell Signaling
(ALIX clone 3A9, B-actin) and Abcam (CD?9). The overall
protein content of nematode and mouse exosomes
was measured based on the BCA protein assay kit (Life
Technologies) according to the manufacturer’s instruc-
tions. Equal amounts (3 pg) of protein from the exosomal
or cell lysates were loaded onto 4-12% NuPage Bis-Tris
polyacrylamide gel and subjected to sodium dodecyl-
polyacrylamide gel electrophoresis (SDS-PAGE). After
transfer, nitrocellulose membranes were blocked with
5% non-fat dried milk in PBS, 0.1% Tween 20 (PBS-T)
and incubated overnight at 4°C with primary antibodies in
5% milk, PBS-T. Membranes were washed with PBS-T
(3 x for 10 min) before incubation with the appropriate
HRP-conjugated secondary antibodies (1:5,000) in 5%
milk/PBS-T. After washing (for 10 min in PBS-T, 3 x),
enhanced chemiluminescence was used to visualize bands.

Silver staining

Samples (2 pg of protein) were subjected to SDS-PAGE
as described above. After electrophoresis, gels were left
(2-3 h) in fixer solution (10% acetic acid and 40%
ethanol) followed by sensitization (30 min) using 0.02%
sodium thiosulfate/sodium acetate solution. After wash-
ing with deionised water (3 x, 5 min), gels were incubated
in silver nitrate (0.5%, w/v, water solution) for 20 min and
protected from light. Gels were then washed in water
(1 min, 2 x) and developed (2—15 min) using a 3%
sodium carbonate solution, 0.02% PFA (stock at 37%).
The reaction was stopped using EDTA-Na, at 10 mM.
Gel images were acquired using HP Photosmart C4280
scanner.

DLS studies
Exosome size, PdI and zeta-potential were obtained using
the Zetasizer Nano ZS90 (Malvern Instruments, Worces-

Plasmalogen enrichment in nematode exosomes

tershire, UK). For size measurements, exosomes (5 pug)
were suspended in PBS, whereas a solution of exosomes/
PBS:H,O0 (1:10) was used to measure the Z-potential of
the vesicles. Samples were analysed at constant tempera-
ture (25°C) and data were acquired and analysed using
the proprietary Malvern software.

LC-MS analysis

PLs and SLs extracts were prepared and analysed using
the following protocols (30,31), with minor modifications.
A total of 60 pg of exosomes (total protein amount) in
0.1 ml PBS was transferred to borosilicate glass test tubes
with Teflon caps, and 0.25 ml methanol and 0.5 ml
chloroform were subsequently added. This mixture was
fortified with internal standards of lipids (200 pmol each).
The following di-acyl PLs standards were used: 16:0 D31—
18:1 phosphocholine, 16:0 D31-18:1 phosphoethanola-
mine and 16:0 D31-18:1 phosphoserine. Each standard
presents a deuterated C16:0 acyl chain in the sn-1 position
of the glycerol. As for the lyso-PLs, standards with a
non-natural odd carbon chain (C 17:1) were chosen
for each phosphocholine, phosphoethanolamine and
phosphoserine polar head. As internal SL standards,
N-dodecanoylsphingosine and N-dodecanoylsphingosyl
phosphorylcholine were used for Cers and SMs, respec-
tively, and N-dodecanoylglucosylsphingosine was the
standard for glucosyl/galactosyl ceramides and lactosyl
ceramides. Samples were vortexed and sonicated until
they appeared dispersed and incubated overnight at 48°C.
The samples were then evaporated and transferred to
1.5 ml eppendorf tubes after the addition of 0.5 ml of
methanol. Samples were evaporated again and resus-
pended in 150 pl of methanol. The tubes were centrifuged
at 10,000 rpm for 3 min, and 130 pl of the supernatants
was transferred to ultra-performance liquid chromato-
graphy (UPLC) vials for injection and analysis of PLs.
After injection, samples were recovered and incubated
with 75 pl of 1 M KOH in methanol for 2 h at 37°C,
and KOH was neutralized with 75 pl of 1 M acetic acid.
The samples were then evaporated and transferred to
1.5 ml eppendorf tubes after the addition of 0.5 ml of
methanol. Samples were evaporated again and resus-
pended in 150 pl of methanol. The tubes were centrifuged
at 10,000 rpm for 3 min, and 130 pl of the supernatants
was transferred to UPLC vials for injection and analysis
of SLs.

The LC-MS analysis consisted of a Waters Acquity
UPLC system connected to a Waters LCT Premier
orthogonal accelerated time-of-flight mass spectrometer
(Waters), operated in both positive and negative electro-
spray ionization (ESI) mode. Full-scan spectra from 50
to 1,500 Da were acquired, and individual spectra
were summed to produce data points each of 0.2 s. Mass
accuracy and reproducibility were maintained by using
an independent reference spray (leucine enkephalin) via
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the LockSpray interference. The analytical column was a
100 x2.1 mm inner diameter and 1.7-mm C8 Acquity
UPLC-bridged ethylene hybrid (Waters). The 2 mobile
phases were methanol (phase A) and water (phase B), both
contained 0.2% formic acid (v/v) and 2 mM ammonium
formate. A linear gradient was programmed as follows —
0.0 min: 20% B; 3 min: 10% B; 6 min: 10% B; 15 min: 1% B;
18 min: 1% B; 20 min: 20% B; 22 min: 20% B. The flow rate
was 0.3 ml/min. The column was held at 30°C.

Positive identification of compounds was based on the
accurate mass measurement with an error <5 ppm and
its LC retention time, compared with that of a standard
(£2%). SLs and lipids with phosphocholine polar heads
were analysed in positive EST mode, whereas lipids with
phosphoethanolamine and phosphoserine polar heads
were analysed in negative ESI mode. Cer standards used
were N-palmitoyl-sphingosine, N-stearoyl-sphingosine,
N-lignoceroyl-sphingosine and N-nervonoyl-sphingosine.
DHcer standards used were N-palmitoyl-dihydrosphin-
gosine, N-stearoyl-dihydrosphingosine, N-lignoceroyl-
dihydrosphingosine and N-nervonoyl-dihydrosphingo-
sine. SM standards used were N-palmitoylsphingosyl
phosphorylcholine, egg SMs (predominant C16:0SM)
and brain SMs (C18:0SM, C24:0SM and C24:1SM in
known percentages). Glucosylceramide standard used
was N-palmitoylglucosylsphingosine. Lactosylceramide
standard used was N-palmitoyl-lactosylsphingosine. Dia-
cylphospholipid standards used were 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-L-serine. Lysophospholipid standards used
were 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine, 1-
oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine and
1-oleoyl-2-hydroxy-sn-glycero-3-phospho-L-serine. Ether-
lipid standards used were (plasmalogen)-C18:1 phospho-
choline (1-(1Z-octadecenyl)-2-oleoyl-sn-glycero-3-phospho-
choline), C18 (plasmalogen)-C18:1 phosphoethanolamine
(1-(1Z-octadecenyl)-2-oleoyl-sn-glycero-3-phosphoethano-
lamine), C18 (plasmalogen) lyso phosphocholine (1-O-1"-
(Z)-octadecenyl-2-hydroxy-sn-glycero-3-phosphocholine)
and C18 (plasmalogen) lyso phosphoethanolamine (1-O-
1’-(Z)-octadecenyl-2-hydroxy-sn-glycero-3-phosphoethano-
lamine). When authentic standards were not available,
identification was achieved based on their accurate mass
measurement, elemental composition, calculated mass,
error, double-bond equivalents and retention times.

Quantification was carried out using the extracted
ion chromatogram of each compound, using 50 mDa
windows. The linear dynamic range was determined by
injecting mixtures of internal and natural standards as
indicated above. Since standards for all identified lipids
were not available, the amounts of lipids are given as
pmol equivalents relative to each specific standard.

Cholesterol assay

Cholesterol levels were measured in exosomes (3 pg protein
content) using the Amplex Red cholesterol assay kit that
detects cholesterol and cholesteryl esters (Life Technolo-
gies) according to the manufacturer instructions.

Laurdan GP studies of membrane fluidity

Nematode and mouse exosomes (20 pug protein content)
were labelled with Laurdan dye (0.2 pM final concentra-
tion) as described in (32). Incubations (45 min at 37°C, in
the dark) were performed in 2.5 ml total volume of MES
buffer (10 mM MES, 145 mM NaCl, 5 mM KCI, pH 6.0).
After the incorporation of the dye, Laurdan GP excitation
spectra (320-420 nm at both 435 and 490 nm emission
wavelengths) were obtained at physiological temperature
as previously described (33). Spectra were acquired using
a computer-driven L-type spectrofluorometer (Fluoro-
max-3, Spex) equipped with a stirring accessory and
thermostatted by a circulating water bath. The GP index
was calculated according to the equation: GP = (1449 — I490)/
(T440 + Lsgo), where 449 and I490 are the emission intensities
at each excitation wavelength (320-420 nm). GP values
were calculated after subtraction of MES buffer fluores-
cence background signal.

Membrane fusion assay

The octadecyl rhodamine B chloride (R18) self-quenching
lipophilic dye (Life Technologies) was used to measure the
vesicles fusion efficiencies. Fusion activity was addressed
as a direct reflection of the de-quenching and consequent
increasing in fluorescence that takes place after the dye
is diluted. Exosomes (20 pg protein content) or artificial
vesicles (1 uM) were labelled using R18 (I mM) in 500 pl
of MES buffer (10 mM MES, 145 mM NaCl, 5 mM KCl,
pH 6.0) during 30 min at room temperature. The
unincorporated R18 was removed by using Exosomes
Spin Columns 3,000 MW (Life Technologies) according
to the manufacturer’s protocol. Labelled vesicles were
added to MES fusion buffer (final volume 2.5 ml), and
fluorescence was monitored using a thermostatted spec-
trofluorometer FluoroMax-3 (Spex). Fluorescence was
measured continuously at 560-nm excitation and 590-nm
emission wavelengths (slits 1.5 nm) as previously de-
scribed in (33). The fluorescence of the labelled vesicles
was examined over a 30-min period prior to addition of
unlabelled MODE-K cells (1 x 10%) were added to the
exosomes, and fluorescence was monitored for a further
30 min. Following an additional 30-min incubation, the
fusion reaction was stopped by the addition of Triton X-
100 (0.3% final concentration), which resulted in maximal
probe dilution. The fluorescence increase was measured
as the difference with respect to the initial fluorescence
of labelled exosomes and expressed as % of maximal FD
according to the equation, % FD = ((F-F;)/(Fnax-F;)) X
100, where F is the fluorescence intensity after 30 min of in-
cubation of exosomes+ cells, F; is the initial fluorescence
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of labelled exosomes and F,,,, is the fluorescence inten-
sity after detergent membrane disruption. Background
fluorescence values obtained for each condition but in the
absence of the labelled vesicles (MES buffer, MES + cells,
MES +cells+ Triton X-100) were subtracted from the
registered F, F; and F,, values, respectively.

Atrtificial vesicles formulation

Artificial vesicles were custom made by Excytex BV
(Utrecht, The Netherlands). The acyl phospholipids-
based vesicles consisted of the following mono-unsaturated
C18 acyl chains: 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine (DOPE) and 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS). Cholesterol (Chol), SM and lyso-phospholipids
as 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC)
and 1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanola-
mine (LPE) were also included in the formula. Molar
ratios were DOPC (25)/DOPE (25)/DOPS (10)/Chol (25)/
SM (10)/LPC (2.5)/LPE (2.5). The composition of the ether
phospholipid-based vesicles (termed “nematode-like””) was
comparable apart from the inclusion of 1-(1Z-octadecenyl)-
2-oleoyl-sn-glycero-3-phosphoethanolamine (C18 plas-
malogen—18:1 PE) in place of DOPE and a reduction in
DOPC. Molar ratios were DOPC (5)/C18 (plasm)—18:1 PE
(45)/DOPS (10)/Chol (25)/SM (10)/LPC (2.5)/LPE (2.5).

Results

Nematode exosomes are comparable in size and
morphology to murine exosomes and share
canonical exosomal markers

Transmission electron microscopy (TEM) was carried out
to compare the size, shape and purity of exosomes isolated
and purified from H. polygyrus excretory—secretory
products (HES) and from the culture media of 2 different
murine cell lines. As shown in Fig. 1a, exosomes from all 3
sources share similar morphology and size (in the range of
100 nm), though it is noted that the cup-shaped appear-
ance can be an artefact of negative staining in TEM (28).
As expected, the protein signatures of the murine exo-
somes are distinct to that of their producing cells,
and the nematode exosomes display a distinct profile
compared with EV-depleted secretory products (Fig. 1b).
To further assess the purity of murine exosome prepara-
tions, we examined the expression of well-described
markers ALIX and CD9. ALIX has been linked to
exosome biogenesis from the MVBs, whereas CD9
is a member of the tetraspanin family of proteins (3).
Figure 1c shows that both murine exosomes are enriched
in these proteins in comparison to the whole cell lysates
or EV-depleted supernatant from the parental cells. In
contrast, B-actin shows a strong signal in cell lysates
(Fig. 1¢) and only a very weak signal in exosomes upon
longer exposure (data not shown).

Plasmalogen enrichment in nematode exosomes

The profile of exosome proteins from the 2 murine cell
lines appear more similar to one another as compared
with the H. polygyrus exosomes (Fig. 1b, left panel), as
might be expected. Our previous study identified highly
enriched exosome-associated protein homologues in the
H. polygyrus exosomes (compared with the rest of the
secretion product) including ALIX, tetraspanin proteins,
heat shock proteins and Rab protein family members (14).
From further analysis of these mass spectrometric data,
we have identified additional proteins highly enriched in
nematode exosomes that are homologous to proteins
previously described in mammalian exosomes and might
be crucial for exosome biology (Table I). In particular,
POD-1 is a coronin-like protein involved in Caenorhabditis
elegans intracellular trafficking (endocytosis, phagocytosis),
cellular polarization and architecture (34). RAL-1 is a
Ras-related protein which mediates fusion events during
lumenogenesis within C. elegans excretory cells [interest-
ingly, its potential functional partner the ezrin—radixin—
moesin protein (ERM-1) is also enriched in nematode
exosomes] (35). Lastly Pgp-9 is enriched in the nematode
exosomes and this is a permeability glycoprotein, which is
known to be crucial for multidrug resistance and traffick-
ing across membranes in other systems (36).

Differences in the surface charge of nhematode
versus mammalian-derived exosomes

Dynamic light scattering (DLS) measures the interactions
(electrostatic repulsion or attraction forces) between
particles present in a solution. This tool is often used to
assess the size, charge and reproducibility of different
preparations of liposomes or other nanoparticles (37-39).
To highlight unique characteristics that might underpin
differences in the properties of mammalian and nematode-
derived exosomes, we performed DLS studies of their
sizes and surface charges. The numerical values obtained,
together with the polydispersity index (PdI) are summar-
ized in Table II. The relatively low PdI measured for all
EVs (0.33-0.46) is similar to what is described by others
and is indicative of a relatively homogeneous prepara-
tion (40). The size distributions depicted in Fig. 2 show
that murine and nematode-derived exosomes possess very
similar average sizes (around 120 nm). One fundamental
parameter known to affect the stability of particles in a
solution is the Z-potential (surface charge) (41), which
relates to how particles interact with one another and
with the liquid in which they are dispersed. Systems with
high Z-potential (+30 mV) are generally considered to
be stable such that the particles are well dispersed and
present minimal flocculation (low viscosity). On the other
hand, low Z-potential values (+ 10 mV) are indicative of
a less stable system where particles are not well dispersed
showing a tendency to create aggregates (high viscosity).
Figure 2 shows the Z-potential distribution of each exo-
some type. The murine exosome types display comparable
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Fig. 1. Size, shape and protein profile of exosomes derived from the nematode compared with murine cell lines. (a) TEM images of
exosomes from H. polygyrus (left panel), MODE-K cells (middle panel) and Raw 264.7 cells (right panel). Scale bar is 200 nm. (b)
Protein profiles assessed by silver stain analysis of nematode exosomes compared with mammalian exosomes (left panel), mammalian
exosomes compared with producing cell lysates (middle panel), and supernatant and pellet fractions following ultracentrifugation of H.
polygyrus secretion product (right panel). (c) Western blot analysis of exosome-associated markers in the mouse ultracentrifugation
products (supernatants and pellets) compared with the whole cell lysates. A total of 2 pg protein was loaded on each gel for silver stain
analysis and 3 pg for western blot analysis. Arrows indicate closest ladder band with noted molecular weight.

surface charges; however, we measured a lower negative exosomes, but reports on neuroblastoma-derived exo-
Z-potential for H. polygyrus-secreted vesicles. Very little somes show Z-potential values similar to those observed
is reported in the literature about DLS studies on for nematode exosomes (40), whereas a different study on

Table I. Mass spectrometric analysis of proteins highly enriched in HES pellet versus supernatant fraction (requiring >2 peptides
detected) based on studies described in reference 14

H. polygyrus protein accession BLAST homologue protein Organism Ratio P/S p(n=3)
Hp_112366_1G04310_L3446 POD-1 C. elegans 168 <0.001
Hp_114286_1G06230_L1419 RAL-1b C. elegans 139 <0.001
Hp_123793_1G15737_L576 Pgp-9 C. elegans 117 <0.001
Hp_112527_1G04471_L2582 ERM-1 C. elegans 28 <0.001
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Table 11. Dynamic light scattering analysis of vesicle size and
charge is reported together with the polydispersity index (PdI)

Exosomes Size (nm) Pdl Z-potential (mV)
H. polygyrus 12243 0.33+0.11 —21.3+1.56
MODE-K 122419 0.46+0.03 —36.5+2.89
Raw 264.7 11145 0.33+0.11 —34.0+0.56

exosomes from human cells reported larger negative Z-
potential values of < —45mV (42). As the surface charge
is dependent on the protein and lipid composition of the
membrane, further work is required to understand the
nature of these differences and whether the lower negative
charge impacts uptake properties (37).

Exosomes secreted by H. polygyrus contain high
levels of ether-linked glycerophospholipids
compared with mammalian exosomes

Lipidomic analysis was carried out for the nematode and
murine exosomes based on extraction of glycerol-based
phospholipids (PLs) and sphingolipids (SLs) as described
in the Methods section. The compounds identified with
their accurate mass measurement, elemental composi-
tion, calculated mass, error, double-bond equivalents and
retention times are detailed in the Supplementary Table 1.

Glycerophospholipids
For the purpose of our study, the PLs were divided into 4
major classes: diacyl-PLs containing 2 ester-linked acyl
chains (acyl fatty acids) at both the sn-1 and sn-2 positions
of the glycerol, acyl lyso-PLs with just one acyl chain at
the sn-1 position, ether-PLs characterized by an ether-
linked alkyl chain at the sn-I position of the glycerol
and an acyl chain at the sn-2 position, and finally ether
lyso-PLs with just one alkyl chain at the sn-/ position.
Plasmalogens (Plsm) represent a particular subclass of
ether lipids that are known to influence membrane
dynamics and were reported to alter the fusion properties
of synthetic vesicles (43,44). They have recently received
increased interest due to their involvement in develop-
mental and neurodegenerative diseases and inflammation
(45). Here, the first carbon of the glycerol presents a vinyl-
ether linked fatty alcohol (alkenyl chain) and the sn-2
position is normally occupied by an unsaturated fatty
acid, whereas the lyso-Plsm forms present just the alkenyl
chain at the sn-1 position. Due to their identical molecular
formula and mass, it is challenging to distinguish between
a plasmalogen (alkenyl-linked) and its correspondent
alkyl-linked ether lipid; we, therefore, compared retention
time and the mass spectrum of specific plasmalogen
standards with those obtained from collected samples.
An overview of the total glycerol-based PL content from
all 3 exosomes is provided in Fig. 3a with a breakdown
of specific classes in Fig. 3b. In exosomes derived from
murine cells, the most abundant species of diacyl-PLs are
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phosphatidylcholine (PC, black) and phosphatidylserine
(PS, green). In comparison, the amounts of these lipids
are diminished in the nematode-derived exosomes (4 and
14% of total PLs, respectively), whereas the levels of diacyl
phosphatidylethanolamine (PE, purple) are similar among
all 3. It is worth noting, however, that the nematode
exosomes globally contain higher levels of acyl lyso-PLs
(Fig. 3a and Supplementary Fig. 1) though in propor-
tion these species are much less abundant than non-lyso
forms in all exosomes ( < 10-fold, Supplementary Table 2).
In particular, the nematode exosomes have significantly
higher levels of lyso-PS compared with the murine
exosomes (2- and 2.4—fold change enrichment compared
to MODE-K and Raw 264.7, respectively) as shown in
Supplementary Fig. 1. Notably, all exosomes show a high
content of ether-linked PLs (30% in mammalian exosomes
and 62% in nematode exosomes, Fig. 3a and Supple
mentary Table 2). This is consistent with a recent report
describing enrichment of ether lipids in exosomes from
colorectal cancer cells, in which the authors also report
high levels of Plsm-PE when compared with producing
cells (16).

The nematode exosomes display significantly higher
levels of ether-PE species (Fig. 3b, bottom panel). Most
notably, the nematode exosomes show a striking enrich-
ment in plasmalogen species (Fig. 3c). High levels of
C36:2 Plsm-PE were detected (8.9- and 18.1-fold enrich-
ment in nematode compared with MODE-K- and Raw
264.7-derived exosomes, respectively) together with high
levels of C36:2 Plsm-PC (14.0- and 28.8-fold enrichment
in nematode vs. MODE-K- and Raw 264.7-derived
exosomes). These values are reported in Supplementary
Table 3, which summarizes the ratios calculated from the
raw data provided in Supplementary Table 2. Interest-
ingly, the largest enrichments were measured for the
lyso-Plsm forms. Specifically, C18:1 Plsm-LPE display a
62.4- and 56.3-fold enrichment in nematode versus
MODE-K- and Raw 264.7-derived exosomes. A similar
increase was detected in the CI18:1 Plsm-LPC levels
(60.1- and 30.1-fold change in nematode vs. MODE-K-
and Raw 264.7-derived vesicles).

Sphingolipids

The levels of SM, ceramide (Cer), dihydrosphingomyelin
(DHSM), dihydroceramide (DHCer) and ceramide mono-
hexoside (CMH) were also measured following extraction
from the same samples. SM is a major and ubiquitous
component of cell membranes and has consistently
been described as enriched in mammalian exosomes
compared with their producing cells (18,19,46). Surpris-
ingly, SM and DHSM levels were significantly decreased
in nematode exosomes (nematode/mammalian SM
ratio =0.05, nematode/MODE-K and nematode/Raw
264.7 DHSM ratio =0.6 and 0.4, respectively), as shown
in Fig. 4a. Although SLs and SM in particular are
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Fig. 2. Nematode exosomes have a similar size to murine exosomes but a significantly different surface charge. (a) Representative size
distributions of exosomes and (b) average size from 3 biological replicates. (c) Representative zeta-potential distributions and (d)
average zeta potential from 3 biological replicates. Results are based on dynamic light-scattering analysis using a zetasizer nano ZS90
particle sizer. A quantity of 5 pg exosome preparation (protein content) was used in each measurement. Results in (b and d) are shown
as the mean 4+ SD, n =3 biological replicates. ***p <0.001 based on ANOVA, Tukey’s multiple comparisons test.
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Fig. 3. Nematode-derived exosomes reveal a unique phospholipid profile compared with murine exosomes. (a) Overview of the global
PL content of nematode and murine exosomes. Lipid classes are reported as a percentage of the total PL content. Ether-linked
phospholipids (alkyl-acyl, lyso and alkenyl forms) are globally represented. Quantities of the major PLs classes (b) and plasmalogens
(c) in nematode versus mouse exosomes. Data correspond to the mean +SD (n =3 biological replicates for nematode- and MODE-K-
derived exosomes and n =2 biological replicates for Raw 264.7 exosomes). **p <0.01, ***p <0.001, ****p <0.0001 based on ANOVA

and Tukey’s multiple comparisons test.
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Fig. 4. Nematode-derived exosomes have reduced cholesterol
and SM in comparison to murine exosomes. (a and b)
Quantities of the SL classes in nematode and murine exosomes.
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gical replicates.
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described as widely present in helminths, some discrepan-
cies have been reported depending on the parasite species
(26). In mammals, SM associates tightly with cholesterol
at the plasma membrane and it is one of the key factors
required for the assemblage of highly ordered and
detergent-resistant micro-domains known as lipids rafts
(22,47-49). 1t is therefore legitimate to speculate that
nematode-derived exosomes might have evolved a differ-
ent way to ensure rigidity and stability of their secreted
vesicles. Similar to SM, higher levels of Cer have been con-
sistently reported in mammalian exosomes compared with
producing cells, where they may play a role in triggering
exosome secretion by parental cells (50). Again, as
shown in Fig. 4b, we found higher levels of Cer in

mammalian exosomes compared with those of nematodes.
No significant differences were observed in terms of
DHCer content, whereas the levels of more complex
Cers were particularly high in MODE-K-derived exo-
somes, significantly diminished in Raw 264.7 and negli-
gible in nematode exosomes.

Cholesterol

Together with SM, cholesterol has been described as
highly enriched in exosomes from mammalian cells where
it also contributes to exosome rigidity (18,23). However,
as mentioned above, helminths are not able to synthesize
cholesterol de novo and must obtain this from the
environment and host. It is not clear whether cholesterol
would therefore play the same role in exosomes secreted
by these parasites. Here, we measured cholesterol content
(free cholesterol and also cholesteryl esters) in nematode
versus murine exosomes. The method used does not
distinguish cholesterol in the vesicle membrane from that
which could be within the lumen. As represented in
Fig. 4c, nematode exosomes display lower levels of
cholesterol/pg of protein than mammalian exosomes.
Although not significant, this result fits with the low
level of SM also observed in nematode exosomes. SM has
been reported as a major factor driving cholesterol
localization at the plasma membrane and depletion of
plasma membrane SM results in cholesterol redistribu-
tion from the cell surface to intracellular membranes
(51,52).

Nematode-derived exosomes have more rigid
membranes than murine exosomes

We next aimed to determine whether the distinct lipid
content of nematode and mammalian exosomes would
translate into differences in membrane fluidity. To this end,
studies were carried out with the lipophilic fluorescent
dye Laurdan (2-dimethylamino-6-lauroylnaphthalene),
which intercalates into lipids bilayers and has different
emission properties based on the degree of order of the
environment (53,54). In a gel phase/ordered membrane
where lipids are tightly packed, its emission spectrum
peaks at 440 nm, whereas in a liquid/disordered phase
the emission spectrum peaks at 490 nm. This 50 nm
emission shift can therefore be quantified and used to
distinguish between more-ordered gel-phase membranes
and less-ordered liquid-phase membranes based on the
generalized polarization (GP) index (55) according to
GP =(1440-1490)/(1440+I490), where 1440 and I490 are the
maximum emission intensities registered in the gel and
in the liquid-crystalline phase, respectively. The higher
the GP index, the more tightly packed are the lipids and
the more rigid is a membrane. As shown in Fig. 5a, H.
polygyrus-derived exosomes exhibit significantly higher
GP values compared with murine exosomes. Interestingly,
we also detected a significant difference in the rigidity
of exosomes secreted by MODE-K versus Raw 264.7 cells;
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Fig. 5. Fluidity properties of exosomes and artificial vesicle
membranes. (a) Laurdan GP values (at the maximum excitation
wavelengths; 37°C) reveal higher rigidity for nematode com-
pared with mammalian exosomes. Data are shown as mean +
SD of 5 independent experiments performed using different
biological replicates. (*p <0.05, **p <0.01, ***p <0.001,
*¥*%%p <0.0001; ANOVA and Tukey’s multiple comparisons
test). (b) “Nematode-like” artificial vesicles display higher GP
values than ‘“mammalian-like” vesicles. Data represent the
mean +SD with n =3 biological replicates. Data were acquired
using the Fluoromax-3 Spectrofluorometer at 37°C. **p <0.01;
Unpaired t-test with Welch’s correction.

the latter being more rigid than the former. To date, there
are only a handful of studies measuring exosomal
membrane dynamics, but a previous report showed that
exosomes released from cancer cells display higher GP
values compared with exosomes secreted by healthy
cells. The authors suggest that this increase in exosome
rigidity is likely due to a different lipid composition and
particularly to an enrichment in cholesterol, SM and
gangliosides that occurs when the producing cells are
exposed to an acidic pH, as in a tumour-like microenvir-
onment (33). However, the higher rigidity that we observe
for nematode exosomes seems to be in contrast to the
lower levels of SM and cholesterol detected in their
membranes.

Ether glycerophospholipids provide rigidity to
nematode exosomes but have no impact on their
fusion efficiency

According to the results above, the nematode exosomes
display increased rigidity compared with those secreted by
murine cells, but this cannot be attributed to cholesterol
or SM levels, which are in fact decreased in the nematode
exosomes. To determine whether the increased levels
of ether-linked PE (and specifically, the plasmalogen
species) could account for increased rigidity, we used
custom artificial vesicles in which the lipid contents
were tailored to compare the high content of plasmalo-
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gens observed in nematode-derived vesicles with the
lower levels in mammalian vesicles. Specifically, 2 sets of
vesicle were made: ‘“nematode-like” which contained
increased levels of ether-PE (45% of C18 Plsm-PE) with
a concomitant decrease in diacyl-PC contents (down
to 5%) and “mammalian-like” containing 25% of the
correspondent diacyl-PE and 25% of diacyl-PC. The
levels of the remaining lipids used in the formula such
as diacyl-PS, lyso-PLs (lyso-PC and lyso-PE), SM and
cholesterol were identical in both vesicles as described in
Methods. As shown in Fig. 5b, the nematode-like
artificial vesicles show a significantly higher GP value
than the mammalian-like control vesicles. These data
demonstrate that beyond SM and cholesterol, high levels
of plasmalogens in a lipid bilayer can create a more rigid
membrane and provide a rationale for why these might be
enriched in H. polygyrus exosomes. These results are in
agreement with the previous reports on the role of ether-
PE and plasmalogen species increasing the rigidity of
membranes (56,57), although this had not previously been
examined in EVs.

Analogously, previous studies have also shown that
Plsm-PE can stabilize membranes and promote fusion
events in synaptic vesicles and in vitro models of artificial
vesicles (43,58,59). We therefore set out to examine the
fusion properties of the nematode exosomes in compar-
ison to those derived from murine cells using the lipophilic
self-quenching fluorescent dye octadecyl rhodamine B
chloride (R18). The dye is incorporated into lipid bilayers
and increases its fluorescence (fluorescence de-quenching,
FD) upon dilution caused by fusion of the bilayer with
other membranes. The exosomes were fluorescently la-
belled with the R18 dye and incubated with mouse
small intestine epithelial cells (MODE-K cell line). We
previously showed that H. polygyrus exosomes are inter-
nalized by these cells, and this cell type is expected to be
in close proximity to the adult nematode in vivo (14).
Fluorescence de-quenching was monitored over a 30-min
time frame at physiological temperature, and the reaction
was stopped by the addition of Triton X-100 in order to
lyse the vesicles and measure the maximum fluorescence
de-quenching. Results in Fig. 6a show the dramatic
increase in the fluorescence following the addition of cells
in contrast to the steady fluorescence observed prior to
incubation. When the % FD was calculated taking into
account the initial fluorescence Fi (of the labelled vesicles)
and the final fluorescence F,.x (after addition of Triton
X-100), no significant differences were registered between
each exosome type (Fig. 6b). In fact, all exosomes show a
very similar % FD curve reaching about 10% of the
maximum fluorescence de-quenching obtained with Tri-
ton X-100. These data suggest that although nematode
exosomes maintain a rigid structure that is likely related to
their high level of ether lipids, they do not display superior
fusion properties with these murine cells. In contrast,
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Fig. 6. Membrane fusion efficiency studies. Exosomes were
labelled using the R18 self-quenching dye as described in the
Methods section. After 30-min equilibration time, labelled
vesicles were mixed with 1 x 10° live MODE-K cells and the
de-quenching of the fluorescence was monitored continuously.
using the Fluoromax-3 spectrofluorometer. The reaction was
stopped by the addition of Triton X-100. The fusion efficiency
was expressed as % of R18 fluorescence de-quencing (% FD). (a)
De-quenching increase of the fluorescence upon fusion of
labelled vesicles with live cells. (b) Nematode exosomes show
no difference in fusion efficiency compared with murine
exosomes. (c) “Nematode-like” artificial vesicles with high
content of plasmalogens are more fusionogenic than “mamma-
lian-like” vesicles with correspondent acyl-lipids. Values are the
mean +SD of 3 independent experiments. Data correspond to
one representative experiment of 3 with similar results.

analysis of the fusion properties of the artificial vesicles
demonstrates that the elevated levels of ether lipids
present in the nematode-like vesicles result in a higher
fusionogenic profile compared with mammalian-like ve-
sicles containing acyl-based lipids (Fig. 6c). It seems
likely therefore that additional factors beyond membrane
rigidity have a larger influence on the interaction of
exosomes with recipient cells (60). This is perhaps not
surprising considering the complexity of the exosome
proteomes and the fact that proteins and glycoproteins
are also likely involved in uptake. Further work is required
to understand whether the distinct lipid content of
nematode exosomes alters any aspects of their recogni-
tion, uptake and internalization into host cells.

Discussion

This work uses a biochemical and lipid-focused approach
to compare exosomes secreted by a nematode parasite
with those secreted by cells of its mouse host. We use the
term “exosome’ based on the size and protein markers of
the EVs we characterize; however, we note that there is
scope for heterogeneity in the exact composition of EVs
within the populations we have isolated. Consistent with
previous reports, we demonstrate that nematode-derived
exosomes are similar in shape and appearance to mam-
malian exosomes with a number of homologous proteins.
We also identify 4 additional proteins of interest in the
nematode exosomes with potential implications in vesicle
trafficking, fusion events, transport of xenobiotics and
protection of exosomal content upon internalization.
Specifically, POD-1 is involved in C. elegans intracellular
trafficking, cellular polarization and architecture (34).
The expression of its homologue protein, Coronin-1, in
macrophages prevents the fusion of the phagosomes with
degradative lysosomes (61-64) and might similarly have
a protective role for exosome cargo. RAL-1 is a Ras-
related protein which mediates cytoplasmic vesicle fusion
during the lumenogenesis within C. elegans excretory cells
(35). Interestingly, we found that its potential functional
partner the ERM-1 is also enriched in nematode exo-
somes. Lastly, Pgp-9 is homologue to mammalian perme-
ability glycoproteins, previously described in mammalian
exosomes as involved in transfer of drug resistance
from resistant breast cancer cells to sensitive ones (65).
This protein has been reported to play a major role in
mediating anthelmintic drug resistance (66); whether
parasite-derived EVs are involved in this resistance is
unknown.

Biophysical characterization of H. polygyrus exosomes
reveals distinct features compared with murine exosomes,
including a less negative surface charge and higher
membrane rigidity. In cell membranes, SM and cholesterol
are known to be tightly associated in lipid rafts and play
an important role in membrane structure, rigidity and
trafficking (22,47). Importantly, mammalian exosomes
have been shown to have enriched levels of these lipids
when compared with producing cells, and the presence
of raft-like domains has been extensively described in
exosomes where they appear to contribute to sorting of
exosome proteins (67,68). However, both lipid species were
decreased in overall abundance in the nematode exosomes
and nematodes do not synthesize their own cholesterol but
must obtain this from the environment. Rather, global
lipidomic analysis revealed a striking enrichment of ether-
linked PLs in the nematode exosomes compared with those
from mouse cells. Previously, Llorente et al. (20) identified
enrichment of one species of ether-PLs (18:1 ether-PE)
in exosomes released from a metastatic prostate cancer
cell line compared with parental cells. A year later, the
same group described how treatment of PC-3 cells with an
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ether-lipid precursor causes alteration in exosomal lipid
and protein composition and results in enhanced exosome
release (69), although the mechanism for this is not known.
Little is known about regulation of secretion of vesicles in
nematodes including the role of ether lipids and whether
the availability of cholesterol from the environment/host
also influences EVs produced from these parasites.

Our results show that 30% of the global PL content of
exosomes secreted from both epithelial and macrophage
mouse cells is represented by ether-linked species. This
agrees with a recent report on exosomes secreted by
colorectal cancer cells, showing a high content of ether-
linked PLs when compared with producing cells. In the
same study, the authors also reported particularly high
levels of Plsm-PE (16). We show here that nematode-
derived vesicles are especially enriched in ether-linked
lipids (comprising 62% of the total PL content) and parti-
cularly, in comparison to murine exosomes, they display
a significant increase in the ether-PE species. In addition,
nematode exosomes show a striking enrichment in plas-
malogen levels. Using studies with synthetic vesicles
containing different amounts of plasmalogens, we show
that this class of lipid increases the rigidity of vesicle
membranes, in agreement with its reported role in altering
membrane properties and fluidity (56,57). We speculate
that the high levels of plasmalogens in nematode exosomes
might therefore mediate an increased stability of the
vesicles within the harsh mouse intestinal milieu. Further-
more, Plsm-PE has been previously described to facilitate
membrane fusion events in synaptic vesicles as well as
artificial vesicles (43,58,59). Our own studies are consistent
with this in the case of the artificial vesicles; however, we
do not see increased fusion rates or higher efficiency in
the cellular internalization of nematode exosomes com-
pared with those derived from mammalian cells. This is
not necessarily surprising as multiple uptake pathways for
EVs have been suggested including direct lipid and/or
protein-mediated fusion, receptor-dependent or indepen-
dent endocytosis or phagocytosis, which are enacted
depending on cell type and other stimuli (60). Further
studies are needed to better understand the mechanisms
that lead to internalization of exosomes, along with the
roles of lipids in these processes.

In mammals, plasmalogens normally represent about
15-20% of the total PL content in cell membranes but
their expression varies among different tissues. In humans,
PE-plasmalogen levels are particularly enriched ( >50%
of total PE fraction) in brain, heart, kidney, skeletal
muscle, neutrophils and eosinophils (45). Remarkably,
PE plasmalogens represent almost 90% of the total
PE fraction in myelin, whereas their levels have been
described to decrease with ageing and in neurodegenera-
tive disorders such as Alzheimer’s disease (70—72) suggest-
ing their potential importance in vesicle-mediated signal
transduction.

Plasmalogen enrichment in nematode exosomes

Relatively little has been reported about plasmalogens in
helminths or other invertebrates (73) but high levels of
Plsm-PE were found in the outer tegumental membrane
of Schistosoma mansoni, where they account for 44% of
the total PE content (74). The authors suggest that the
high plasmalogen content might modulate the activity of
specific parasite membrane-associated proteins helping
to protect against the host immune response. A similar
enrichment in PE plasmalogens has also been described
in the nematode plant parasite Meloidogyne javanica (75)
and in the free-living nematode Turbatrix aceti (76) where
the levels of PE plasmalogens represent 53% of the total
PE content. Our work reports high levels of plasmalogens
in exosomal membranes, and to date is the only lipidomic
characterization of exosomes derived from a helminth
parasite.

We also detected enriched levels of lyso-PS in the
exosomes secreted by H. polygyrus compared with those
derived from murine cells. Lyso-PLs represent another
class of lipids that have been scarcely characterized in
exosomes with variable findings depending on the cell type
from which they originate (19,20,77,78). A previous report
demonstrated that lyso-PS extracted from the tegument of
S. mansoni activates TLR2 and affects DC polarization.
Importantly, this effect on TLR2 was specifically mediated
by the parasite lyso-PS species, as neither a commercial
synthetic nor a mammalian-derived lyso-PS had any effect
on TLR2 activation (79).

It is intriguing to consider the possible immunomo-
dulatory functions of exosome lipids, an area largely
unexplored. In this regard, the high levels of plasmalogens
observed in H. polygyrus exosomes could also mediate the
production in the host of second messenger lipids involved
in signal transduction and inflammation such as arachi-
donic acid and prostaglandins. Differential use in the
catabolism of plasmalogens by specific phospholipases
might play a role in mediating the specificity of the process
(57,80). Overall, these results demonstrate that exosomes
secreted by the nematode parasite H. polygyrus, although
sharing similarities with mammalian exosomes, display a
unique lipid content along with differences in surface
charge and membrane fluidity. These distinctive attributes
might be crucial for the parasite exosomes to mediate an
efficient interaction with their environment and host cells.
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