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Platelet extracellular vesicles preserve
lymphatic endothelial cell integrity and
enhance lymphatic vessel function
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Lymphatic vessels are essential for preventing the accumulation of harmful components within
peripheral tissues, including the artery wall. Various endogenous mechanisms maintain adequate
lymphatic function throughout life, with platelets being essential for preserving lymphatic vessel
integrity. However, since lymph lacks platelets, their impact on the lymphatic system has long been
viewed as restricted to areas where lymphatics intersect with blood vessels. Nevertheless, platelets
can also exert long range effects through the release of extracellular vesicles (EVs) upon activation. We
observed that platelet EVs (PEVs) are present in lymph, a compartment to which they could transfer
regulatory effects of platelets. Here, we report that PEVs in lymph exhibit a distinct signature enabling
them to interact with lymphatic endothelial cells (LECs). In vitro experiments show that the
internalization of PEVs by LECs maintains their functional integrity. Treatment with PEVs improves
lymphatic contraction capacity in atherosclerosis-prone mice. We suggest that boosting lymphatic
pumping with exogenous PEVs offers a novel therapeutic approach for chronic inflammatory diseases

characterized by defective lymphatics.

The lymphatic system is a body-wide network programed to maintain fluid
balance, immune cell trafficking, lipid absorption in the intestine, and
pathogen clearance from peripheral tissues. These functions are also
essential for maintaining the integrity of large blood vessels'”. In the aorta,
lymphatics are located throughout the adventitial layer of the artery wall’.
More than four decades ago, it has been suggested that stasis of the inter-
stitial fluid in the arterial wall could be due to dysfunctional lymphatic
vessels®. In the past few years, the emergence of genetic and surgical inter-
ventions in animal models along with imaging tools have greatly con-
tributed to our knowledge of the interplay between lymphatic function and
vascular health and disease’. This nexus is of considerable interest in the
context of prevalent, inflammatory, degenerative disease states within the
vascular wall, such as atherosclerosis, which represents a major conceptual

and clinical challenge and a source of considerable morbidity and mortality.
Among several manifestations of this state is the atherosclerosis-driven
coronary artery disease (CAD), raising questions as to the possible invol-
vement of the lymphatic microcirculation.

Adventitial lymphatics have been found to be involved in the mobili-
zation of cholesterol out of the artery wall before it reaches the bloodstream
during the reverse cholesterol transport (RCT) process’. Milasan et al.
reported that a defect in the propelling capacity of the collecting lymphatic
vessels occurs prior to the onset of atherogenesis in low-density lipoprotein
receptor (Ldlr)” mice". Changes in membrane lipids of lymphatic endo-
thelial cells (LECs), but not hypercholesterolemia per se, could explain, at
least in part, the loss of integrity of lymphatic vessels in atherogenesis'.
Our studies aiming to pre-empt cardiovascular diseases suggested that
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boosting lymphatic transport early in the atherosclerotic process limits
plaque progression while also abrogating immune cell accumulation in
peripheral tissues". Considering these data, a promising approach would be
to specifically target the contractile capacity of collecting lymphatic vessels to
prevent lymphatic function loss in chronic inflammatory diseases.

In the past few years, lymphatic pumping regulators have been proven
to augment lymphatic contractility and function ex vivo'*". Yet, a sig-
nificant obstacle for employing these novel compounds in vivo is the
absence of suitable drug delivery mechanisms, which could enhance lym-
phatic absorption and accessibility while reducing systemic drug exposure
and subsequent side effects. Recently, the injection of Bay K8644 (BayK), a
small-molecule agonist of L-type calcium channels, as a nanoparticle (NP)
formulation, has been reported to improve lymphatic vessel pumping
function in a mouse tail model of lymphedema'. Nevertheless, due to the
widespread presence of L-type calcium channels on nontarget cells'” and the
complexity of using NP formulations in humans, certain active compounds,
such as Bay K8644, raised concerns as to off-target side effects.

Here, we show that taking advantage of the endogenous mechanisms of
nanocarrier formation by platelets may both have a role in LEC regulation,
and serve as a prototypic delivery system for activities directed at the lym-
phatic vasculature within the large blood vessel wall. Platelets have emerged
as central regulators in assuring lymphatic maintenance”. Both at the
embryonic stage and throughout life, platelets sustain blood-lymphatic
separation at the lympho-venous junctions™. They do so via the interaction
of their C-type lectin-like, type II (CLEC-2) receptor with podoplanin on
LECs. It has been assumed that since platelets are absent from the lymphatic
circulation, their effects are restricted to the lympho-vascular boundaries™ .

Our present study documents that platelets can exert their influence
throughout the lymphatic system, through the release and circulation of
molecularly rich extracellular vesicles (EVs). Moreover, we suggest that
platelet EVs (PEVs) may regulate extravascular tissues to which platelets

b

have no direct access. We reasoned that since plasma contains PEVs and is
continuously filtered through the extracellular space by a semipermeable
layer of blood endothelial cells (BECs), PEVs may reach lymphatic capil-
laries along with other components of the interstitial fluid and modulate
lymphatic function per se***.

In this study, we sought explore this hypothesis to determine whether
the effect of PEVs in the interior of the lymphatic vessels could mirror the
beneficial effects of CLEC-2-positive platelets occurring at the exterior of the
lymphatic network. We show that CD41" PEVSs positive for CLEC-2 could
be detected in lymph, albeit at levels lower than those in blood. This suggests
that CD41" EVs present in lymph can bind to podoplanin expressed on
LECs and potentially exert regulatory influences. The unique composition
of lymph PEVs confers upon them the ability to stimulate LECs and
preserve of the integrity of the lymphatic vasculature. We document that
PEVs may maintain the lymphatic function in large blood vessels of
atherosclerosis-prone mice, a context associated with lymphatic dysfunc-
tion at a very young age'>”’. We propose that boosting lymphatic pumping
with the use of exogenous PEVs may offer a novel therapeutic approach for
chronic inflammatory diseases characterized by defective lymphatics, such
as atherosclerosis.

Results

Lymphi s rich in platelet- and leukocyte-derived EVs but contains
less CD41" CLEC-2" EVs than plasma

Platelets are prerequisite players in the preservation of lymphatic vessel
function. We have previously demonstrated that PEV's are present in mouse
lymph®*”, but whether they have any role in the maintenance of lymphatic
function remains largely unstudied. To test this possibility, we first assessed
the proportion of platelet EVs in mouse plasma and lymph by flow cyto-
metry. EVs expressing CD41, a marker of platelets and megakaryocytes,
constituted the majority among major histocompatibility complex class I
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Fig. 1 | Characterization of EVs in plasma and lymph by flow cytometry. Plasma
and lymph CFSE-positive EVs were identified by flow cytometry. a The proportion
of EVs positive for CD41 amongst total MHCI" EV's was identified in plasma

and lymph. Different EV subsets were characterized using antibodies against a
combination of anti-MHCI and (b) anti-CD41, (c) anti-CD41 and anti-CLEC-2,

Plasma Lymph

(d) anti-CD45 and anti-CD11b, (e) anti-CD45 and anti-CD3e and (f) anti-CD45
and anti-LY6G. g EVs derived from red blood cells were also identified using an anti-
TER-119 antibody. n = 6 £ SEM. MHCI: major histocompatibility complex class I;
EVs: extracellular vesicles.
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Fig. 2 | Untargeted lipidomic analysis of lymph, plasma and their EVs. Matched
mice lymph and plasma, and EVsisolated from those two respective biological fluids,
were analyzed by LC-QTOF-MS. Principal component analysis (PCA) plots for (a)
plasma in blue and lymph in red and for (b) plasma EVs in blue and lymph EVs in
red (PC 1, PC 2 and PC 3 refer to Principal Components 1,2 and 3 on the Y,Xand Z
axes, respectively). ¢ Volcano plot of untargeted lipidomics in lymph and plasma.
The x axis represents the fold changes (in log2) of MS signal intensities values in
lymph vs. plasma and the Y-axis represents the p-values (in -log10). Selection
criteria were established with corrected p < 0.05 (horizontal blue line) and FC > 10 or
< 0.1 (vertical blue lines), and with less stringent criteria of selection using FC > 1.3 or
<0.77 (vertical red lines). d Volcano plot of untargeted lipidomics in lymph EVs and

(fold change lymph EVs/plasma EVs)

plasma EVs. Selection criteria were established with corrected p < 0.05 (horizontal red
line) and FC > 1.2 or < 0.83 (vertical red lines). Features that were discriminating
lymph and plasma (or lymph EVs and plasma EV's) were annotated and validated
using MS/MS analysis (color symbols). # =3 (each n is a pool of 2-4 mice).

PC: Principal Component; Car: acylcarnitines; CE: cholesteryl esters; FFA: free fatty
acid; HexCer: hexosyl Ceramides; LPC: lysoglycerophosphatidylcholine; LPE: lysogly-
cerophosphatidylethanolamine; LPCO-: ether-linked lysoglycerophosphatidylcholine;
PC: diacylglycerophosphatidylcholine; PE: diacylglycerophosphatidylethanolamine;
PCO-: ether diacylglycerophosphatidylcholine; DG: diacylglycerols; SM: sphyngomye-
lins; TG: triacylglycerols.

(MHCI)-positive EVs (i.e. EVs derived from all nucleated cells and platelets)
in lymph and plasma (Fig. 1a). Whereas the absolute concentration of
CD41" EVs was greater in lymph than in plasma (Fig. 1b), a specific subset
of EVs double-positive for CD41 and CLEC-2 (CD41"CLEC-2* EVs) was
reduced in lymph compared with plasma (Fig. 1¢). Thus, in plasma as many
as 84% of the CD41" EVs expressed CLEC-2, whereas only 7% of circulating
PEVs were CLEC-2" in lymph. Interestingly, EVs derived from the various
leukocyte subsets investigated were more concentrated in lymph than in
plasma (Fig. 1d-f) while the concentration of red blood cell (RBC) EVs
(TER-119") was not significantly different between plasma and lymph
(Fig. 1g). These results support the notion that blood cells communicate
with the lymphatic system by transmitting their EV's to lymph. However, in
the case of platelets, this passage is somewhat selective.

Specific lipids travel through lymph as cargo of extracellular
vesicles

With these insights in the composition of EVs in plasma and lymph, we set
out to explore the role of platelet EVs, which is the most abundant subset of
MHCI" EVs, in lymph. We recently reported that lymph PEVs cannot be
distinguished from blood PEVs by their gene-regulatory microRNA
profiles”’. However, our knowledge on other molecular cargo contained in
various PEV subsets is limited, especially with regards to the lipid compo-
sition. Recently, PEVs have been identified as important lipid carriers in
severe allergic reaction, a condition in which the resolution of inflammation
is dysregulated”. Therefore, we sought to identify lipids that could travel
preferentially in PEVs to either blood or lymph and may reach their reci-
pient cells, including the respective endothelia. We first sorted MHCI" EVs
from mouse plasma and lymph with a small-particle option cell sorter and
proceeded to characterize their lipid composition. Given the unique lipid
repertoires associated with different EV subpopulations, we employed
untargeted lipidomics to compare the lipid content of total lymph, total
plasma, lymph EVs and plasma EVs (Supplementary data 1). Matched
mouse lymph and plasma samples and the corresponding isolated EV's were

analyzed by LC-QTOF-MS, revealing notable differences. Principal com-
ponent analysis (PCA) of both fluids (Fig. 2a) and EV's (Fig. 2b) highlighted
the distinctive distribution of lipid subsets in plasma and lymph.

In fluids, among the 1200 features obtained following MS data pro-
cessing (p-value < 0.05 and fold change (FC) >10 or <0.1), we identified 55
features that significantly discriminated lymph from plasma (Fig. 2c). Using
MS/MS analysis, 29 unique lipids were annotated and validated, as indicated
by color symbols in the volcano plot. Using less stringent criteria of selection
(FC>1.3 or <0.77; vertical red lines), we annotated 51 additional lipid
entities by manual alignment with a previously acquired human database
for which the lipid entities have already been validated using MSMS analysis.
Lysophosphatidylcholines (LPC) and triglycerides (TG) were respectively
down- and upregulated in lymph compared with plasma (Table 1). In EVs,
amongst 1867 features obtained following MS data processing (p < 0.05 and
FC > 1.2 or < 0.83), we selected 82 features that were discriminating lymph
EVs from plasma EVs (Fig. 2d). We then identified eight unique lipids that
were either down- or upregulated in lymph EVs compared to plasma EVs.
Whereas LPC was also downregulated in lymph EVs, one phosphati-
dylcholine (PC(36:4)) was upregulated in lymph EVs compared with
plasma EVs (p <0.02) (Table 2). Phosphatidylcholines are lipids bearing
anti-oxidative properties and account for ~40% of total phospholipids in all
mammalian cells”’. Thus, lymph EVs harbor unique lipid signatures that
distinguish them from their plasma counterparts which may influence their
function within the microenvironments they reach.

PEVs preserve the integrity of lymphatic endothelial cells by
decreasing ROS production and necrosis, and by hampering
their EV release

In order to glean new insights into the function of lymph PEVs, we
employed a model of cultured LECs. LEC dysfunction is thought to play a
role in vascular diseases observed in atherosclerosis-prone mice, such as
Ldlr” strain in which lymphatic dysfunction occurs at a very young age'”
and LECs are implicated in this early defect'’. We reasoned that if PEVs
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Table 1 | Untargeted lipidomic analysis of plasma and lymph

DOWN UP
Identification FC p-value Identification FC p-value
(corr) (corr)
LPC(18:3) 0.02 0.02988 DG(16:0_18:2) 10.04  0.03857
LPC(22:6) 0.03 0.0292 TG(18:2_18:2_22:6) 10.08  0.03931
LPC(13:0) 0.05 0.0292 TG(18:2_18:2_20:4) 10.52  0.03535
LPC(18:3) 0.05 0.03906 TG(22:5_19:0_18:2) 10.84  0.0292
LPC(22:6) 0.07 0.02988  TG(20:1_18:2_22:6) 12.5 0.0292
LPC(20:4) 0.07 0.0286 TG(18:3_18:2_22:6) 16.01  0.03442
LPC(17:1) 0.07 0.03538  TG(16:0_18:2_16:0) 16.53  0.0292
LPC(16:0) 0.07 0.02878  TG(18:0_16:0_20:4) 19.02  0.03028
LPC(18:1) 0.07 0.0292 TG(18:2_18:0_18:2)  20.77 0.0292
LPC(16:1) 0.09 0.03535 TG(16:0_20:4_16:00 21.4 0.03494
LPC(18:2) 0.09 0.0292 TG(16:0_18:2_18:3) 22.21 0.03857
LPC(16:0) 0.1 0.02878  TG(16:0_16:0_16:0)  22.94  0.03025
TG(18:2_19:1_18:2) 25.14  0.04135
TG(18:1_18:2_20:1) 36.21  0.03065
TG(18:0_18:2_18:1)  43.06 0.0292
TG(18:2_18:3_18:2) 52.64 0.03627
TG(18:2_18:2_18:3) 68.62 0.0292

Lipids analyzed by LC-QTOF-MS were either down- or upregulated in lymph compared to plasma.
The underscore symbol “_” beside the acyl side chain for TGs or PCs refers to acyl chains for which
the sn position remains to be ascertained. n = 3 (each n is a pool of 2-4 mice). FC fold change,
DG diacylglycerols, LPC lysoglycerophosphatidylcholine, TG triacylglycerols.

Table 2 | Untargeted lipidomic analysis of plasma EVs and
lymph EVs

DOWN uP

Identification FC p-value Identification FC p-value
(corr) (corr)

LPC(14:0) 0.34 0.0017 PC(36:4) 1.45 0.022

LPC(16:0) 0.47 0.0027

LPC(14:0) 0.49 0.003

LPC(18:0) 0.53 0.011

LPC(18:2) 0.62 0.018

PC(16:0_22:6) 0.68 0.047

FFA C16:1n7 0.79 0.018

Lipids contained in EVs were analyzed by LC-QTOF-MS and were either down- or upregulated in
lymph EVs compared to plasma EVs. The underscore symbol “_” beside the acyl side chain for TGs
or PCs refers to acyl chains for which the sn position remains to be ascertained. When MSMS failed
toidentify each acyl chain, the sum of carbon chains and doubles bound is indicated. n = 3 (each nis
a pool of 2-4 mice). FC fold change, FFA free fatty acid, LPC lysoglycerophosphatidylcholine,

PC diacylglycerophosphatidylcholine.

play a beneficial role in the maintenance of lymphatic vessels through a
direct effect on LECs, such effect could be observed in PEV/LEC co-
culture system. Therefore, one million human PEVs per mL were incu-
bated with human LECs for up to 24 h and the integrity of the latter cells
was evaluated.

PEVs produced from human platelet-rich plasma (PRP) were isolated
and confirmed to be 90% positive for CD62P, a platelet activation marker, as
assessed by flow cytometry (Supplementary Fig. 1a). As recommended by
the MISEV2023 guidelines and to further confirm the purity of the pro-
duced PEVs, morphological assessment, size distribution and protein
expression were determined by transmission electron microscopy (TEM),
nanoparticles tracking analysis (NTA) and immunoblotting, respectively’".
Images obtained by TEM indicated that small particles could be visualized,

with sizes mostly below 200 nm in diameter, in samples that were cleared of
cells and debris (Supplementary Fig. 1b). The size distribution of the PEVs
ranged between 25 and 725 nm, with a peak at 150 nm (Supplementary
Fig. 1c). To compare the effect of PEVs to those of other EV's derived from
blood cells, we also produced and characterized EVs derived from red blood
cells (rbEVs) of the same donors. Similar to PEVs, the morphological
analysis and size distribution of the rbEV's yielded size range of 25-750 nm,
but with a peak at 75 nm (Supplementary Fig. 1d, e). Both PEVs and rbEVs
expressed the anchored-cytoplasmic membrane bilayer flotillin but not
calnexin, an endoplasmic reticulum luminal protein expressed in whole cells
and used to test for organelle integrity, showing that both EV isolates were
free of cells and debris (Supplementary Fig. 1f). These respective EV pre-
parations were added to cultures of LECs.

After 2 h of incubation, few PEVs positive for CellVue were detected
within LECs, delimited with the plasma membrane marker wheat germ
agglutinin (WGA) (Fig. 3a). The internalization increased >4-fold after a
24 h incubation (65 and 276 pm3 of PEVs per cell, after 2h and 24h,
respectively, Fig. 3a, b). As lymph rbEVs are more concentrated in
atherosclerotic-prone animal than in healthy wild-type (wt) mice”, we also
compared the effect of PEVs to that of rbEVs. Like rbEVs (Fig. 3¢), PEVs
generated reactive oxygen species (ROS) when incubated with a fluorescent
probe, chloromethyl-dichlorodihydrofluorescein diacetate, acetyl ester
(CM-H,DCFDA), as detected by flow cytometry (Fig. 3d). Superoxide
dismutase (SOD) efficiently abrogated ROS production in PEVs, but rather
modestly decreased it in rbEVs. Similar to their effect on blood endothelial
cells”, rbEVs also increased ROS production by LECs (Fig. 3e). To the
contrary, PEVs decreased ROS production by LECs (Fig. 3f). PEVs have
been implicated in different stages of atherogenesis, including endothelial
dysfunction, mainly through triggering of endothelial cell death™. At var-
iance with these reports, our data reveal that PEV's decreased cell death, as
displayed by the decreased proportion of PEVs-treated LECs that was
positive for propidium iodide (PI) but negative for AnnexinV compared
with control-treated LECs (Fig. 3g). EVs derived from red blood cells did not
affect the cell necrosis ratio (Fig. 3h).

EVs are released from BECs during activation and apoptosis™, and
high concentrations of BEC-derived EVs in the blood circulation
are associated with future cardiovascular events”. Given the negative
clinical outcomes associated with the endothelium shedding, we asked
whether similar processes can be triggered in LECs with implications for
lymphatic dysfunction. Therefore, we tested whether exogenous PEVs
could act on LECs by hampering the release of EVs. We measured the
concentration of EVs produced by the lymphatic endothelium following a
24 h treatment with PEVs or rtbEVs. MHCI"VEGFR-3" EVs detected in
the cell supernatant by a small particle option flow cytometer were
identified as LEC-derived EVs (LEC-EVs). We observed that rbEVs
increased the release of LEC-EVs upon incubation with the cell monolayer
(Fig. 3i). In contrast, PEV treatment did not increase the production of
EVs from LECs (Fig. 3j).

Finally, to better define the mechanisms by which PEVs might abrogate
the loss in LEC integrity, we analysed the gene expression regulation in LECs
upon incubation with PEVs. RNA sequencing revealed that specific genes
were significantly down- or upregulated following PEV incubation (p < 0.05
and FC > 1.3; Fig. 4a, blue and red, respectively,Table 3 and supplementary
data 2). IFIT1, MX2, MX1 and RSAD2 were downregulated in LECs treated
for 24 h with PEVs. FZD7, ATAD3C, VWA7, and KLB genes were upre-
gulated. Moreover, qPCR analysis highlighted that genes implicated in the
cellular junction stability (FI1R; Fig. 4b) and lymphatic integrity (PROX1
and FLT4; Fig. 4c, d, respectively) were upregulated upon incubation with
PEVs. However, TJP1 and CDH5 expression were not modulated by PEV
treatment (Fig. 4e, f, respectively). Nonetheless, tbEVs downregulated the
expression of CDH5 and tended to downregulate FI1 IR (p-value = 0.06), two
proteins known to be implicated in the maintenance of cellular junctions
(Fig. 4g, h, respectively). The gene expression of PROXI and FLT4 was
unchanged upon incubation with rbEVs (Fig. 4i, j, respectively). Thus, the
interaction of LECs with PEVs triggers multiple events that may contribute
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Fig. 3 | Characterization of the effects of human platelet- and red blood cell-EV's
on lymphatic endothelial cells in vitro. PEVs stained with CellVue (red) were
incubated on LEC in vitro for (a) 2 h and (b) 24 h and incubated with WGA (green) and
Hoechst (blue). Z-stacks were acquired using a LSM 710 Confocal Microscope (Zeiss)
equipped with a 63/1.4 oil DIC objective (white scale bar, 20 um). (c) rtbEVs, (d) PEVs
and LECs treated with (e) rbEVs or (f) PEVs for 24 h were incubated with CM-
H2DCFDA and ROS production was measured using flow cytometry. Superoxide
dismutase (100 U/mL) was used as a negative control. The percentage of
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AU: arbitrary unit.
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Fig. 4 | Down- and upregulation of specific subsets of genes by lymphatic
endothelial cells treated with PEVs assessed by RNA-sequencing and qPCR
analysis. Human LECs were treated for 24 h with PEVs. a Volcano plot of tran-
scriptomic analysis was performed in human LEC. Y axis = p-value (-LOG10) of the
gene expression. X axis = fold change PEVs/Control (LOG2) of gene expression. Each
gene is represented by a dot. Significant down- and upregulated genes in PEV-treated
LECs are depicted in blue and red, respectively. nRNA expression in human LECs was
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also performed by qPCR analysis for (b) F1IR, (c) PROX1, (d) FLT4, (e) TJPI and (f)
CDH5 mRNA. Human LECs were also treated for 24 h with rbEVs, and mRNA
expression of (g) CDHS, (h) F1IR, (i) PROX1 and (j) FLT4 was subsequently measured
by qPCR analysis. Each point (n) represents cells treated with PEV's produced from a
single donor + SEM. PEVs: platelet extracellular vesicles; rbEVs: red blood cell extra-
cellular vesicles; F11R: F11 Receptor; PROX1: Prospero homeobox protein 1; FLT4: Fms-
related tyrosine kinase 4; TJP1: Tight junction protein-1; CDH5: cadherin 5.
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Table 3 | Down- and upregulated genes in human LEC
following a 24 h-treatment with PEVs

DOWN uUP
Identification FC p-value Identification FC p-value
SNORD104 -1.062 1.749 KLB 1.576 1.633
LRRC39 -1.387 1.497 RPS3AP26 1.602 1.692
MX1 -1.491 1.601 AL138828.1 2055 2152
RNF213-AS1 -1.499 1.375 VWA7 2.062 1.569
IFIT1 -1.678 3.631 FzD7 3.579 1.623
MX2 -1.727 2.619 ATAD3C 3.646  2.004
IFI44L -1.779 2.973

AC137630.3 -1.809 1.301

MT1E -1.994 1.423

RSAD2 -2.032 2.502

ATP6V1B1 -2.143 1.458

POU5F2 -2.220 1.444

MT1X -3.141 1.724

NEURL3 -3.400 1.339

AC016747.4 -3.556 1.500

LCMT1-AS1 -3.590 1.549

PRCD -3.920 1.321

BX276092.9 -4.027 1.311

AL355377.4 -4.266 1.681

Transcriptomic analysis was performed and genes were either down- and upregulated in PEV-
treated LECs compared to control. n = 3 batches of cells treated with PEVs produced from a single
donor. FC fold change.

to the ability of the lymphatic vasculature to face physiological and patho-
logical challenges.

Exogenous PEVs travel through lymph in vivo and interact with
multiple cells

We next tested whether exogenous PEVs could also preferentially travel
through lymph, bind to the interior of lymphatic vessels and enhance
lymphatic contraction. Ten million human PEVs were stained with CellVue
and injected into the dermis of the footpad of wt mice. Images obtained
following whole mount immunofluorescence imaging revealed that PEVs
were efficiently drained to regional lymph nodes (LNs; popliteal/inguinal),
but not the non-draining LN (axillary) at 120 min post-injection (Fig. 5a).
Indeed, two hours post-injection, PEVs could be found within lymph node-
derived professional phagocytic cells and in the LN extract following its
enzymatic digestion (Fig. 5b, ¢). Moreover, while traveling through lymph,
PEVs were also taken up by LECs, as depicted by the immunofluorescent
imaging revealing CD41a staining within cells lining the draining popliteal
lymphatic vessel compared to control mice (non-injected) (Fig. 5d).

PEVs improve lymphatic contraction capacity in vivo

Given the apparent multiplicity of interactions between exogenous PEVs
and cells within the lymphatic network, we investigated the resulting
functional consequences. One disease model in which lymphatic function is
known to be impaired is atherosclerosis, particularly in association with
deficiency of the Ldlr'"'*"". Therefore, we asked whether PEV's would exert
any modulating effects on lymphatic vessel function in this setting. The
injection of PEV's significantly improved lymphatic contractions after 48 h
in Ldlr" mice, which are known to have impaired lymphatic function at
3 months of age"’ (Fig. 5e, Supplementary Movie 1a, b), whereas rbEVs did
not enhance the lymphatic contractions (Fig. 5f). When injected into wt,
healthy animals, PEVs had no detectable effect on the contraction frequency
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Fig. 5 | Distribution of exogenous PEVs and outcomes on lymphatic function
in vivo. CellVue" human PEVs (1 x 10’) or vehicle control were injected in the
dermis of the footpad in wild-type mice. Lymph nodes (LNs) draining the site of
injection (green boxes) and LNs located at a distal site (beige boxes) were collected
15 min and 2 h post-injection. Then, they were (a) visualized with a fluorescence
imaging scanner (IVIS Lumina II) or (b) digested with collagenase D to determine
the percentage of cells containing EVs. ¢ The concentration of free EVs within the
LNs were assessed by flow cytometry using anti-mouse MHCII and anti-human
CD62P antibodies. d Two hours post-PEV injection, popliteal lymphatic vessels

T T
Control PEVs

draining the injection site were also collected, harvested and stained with anti-
human CD41a antibody (red) and DAPI (blue) to be imaged with a confocal
microscope (white scale bar, 20 um). The lymphatic contraction capacity was
measured in vivo 48 h after the injection of (¢) PEVs or (f) rbEVs in Ldlr”, and (g)
after injection of PEV's in wild-type mice. h The lymph nodes (N-D, beige; D, green)
and (i) the aorta were also collected at 48 h and visualized with fluorescent imaging.
Each point represents a mouse + SEM. N-D: non-draining D: draining; LN: lymph
nodes; EVs: extracellular vesicles. PEV:s: platelet extracellular vesicles. rbEVs: red blood
cell extracellular vesicles. Created with Biorender.com.
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(Fig. 5g). After 2 days following the intradermal injection, the CellVue-
positive EVs were still detectable by immunofluorescence in the draining
lymph nodes (Fig. 5h). Exogenous PEVs could also be found in the aorta and
its surrounding adipose tissue (Fig. 5i). These observations suggest that as
PEVs travel through the lymphatic system, they may exert functional
(reparative) effects on LECs, through a presently unknown mechanism.

Discussion

Plasma EVs can penetrate into lymph

Our study brings forward several observations. Notably, we report that
PEVs could permeate extravascular and lymphatic compartments thereby
extending the regulatory effects of platelets. Plasma contains EVs that
mostly originate from RBC and CD41" cells (platelets)®, and we have
reported that these EVs also travel through lymph®*”. This is not surprising
as lymph is mostly formed by plasma ultrafiltrate, but the ability of parti-
culate elements (such as EVs) to partake in this trafficking is of considerable
interest”. Under physiological conditions, EVs enter into the lymphatics via
the lymphatic capillaries. Under inflammatory conditions, this could also
occur via the collecting lymphatic vessels, which are embedded in fat™.
What has not been widely appreciated is that this filtrate creates an access
route of RBC- and platelet-EVs to the lymphatic system whereby they can
extend their regulatory influences. There is a growing appreciation for the
role of EV's as important cell-cell messengers capable of transporting mes-
senger RNA, microRNA, proteins and lipids” between cells, but specific
intercellular pathways are still to be mapped.

We observed that EV trafficking between plasma and lymph is not
random. For example, the white blood cell (WBC)-derived EVs were more
concentrated in lymph than in plasma. No such difference was observed in
TER-119" EVs. Increased levels in leukocyte-derived EVs in lymph could be
attributable to the fact that leukocytes are generally more numerous in
efferent lymph than in plasma®. WBC-EVs contained in lymph could thus
originate from the WBC present in both the plasma ultrafiltrate and lymph
per se. On the other hand, lymph is normally devoid of RBCs, suggesting
that rbEVs in lymph would solely be taken up into lymphatics from the
interstitial fluid space containing plasma filtrate.

CLEC-2 expression on lymph PEVs grants them unique func-
tional properties

It has been demonstrated that most of the circulating CD41"CD42b* EVs
found in the blood circulation are derived, primarily, from mega-
karyocytes rather than from platelets™"’. In lymph, however, we propose
that CD41" EVs might be more abundant in lymph than in plasma, as two
sources of cells could be involved: megakaryocytes and platelets. Upon
their adhesion to the external junctions between blood and lymphatic
vessels, platelets inevitably activate and thus produce PEVs, that could in
turn enter the lymphatic circulation along with the CD41" EVs already
present in the plasma ultrafiltrate. CD41" EVs in lymph might have a
distinct role than in plasma. We have recently published that, albeit at a
lower level than plasma, lymph can generate thrombin*’, which supports
the fact that coagulation can occur in lymph*'. However, in a mouse model
of rheumatoid arthritis, we showed that the specific removal of CD41"
EVs from lymph and plasma reduced thrombin generation in plasma, but
not in lymph®. This points to a distinct function of CD41" EVs between
both fluids.

Like plasma, lymph contains EVs that are double-positive for CD41
and CLEC-2. Of interest, no ligand for CLEC-2 has been identified yet in
blood"”, suggesting that CLEC-2* EVs in lymph might further bind to the
interior of the lymphatics. Given the potential for beneficial effects of
platelets on lymphatic endothelial function via the interaction between
CLEC-2 receptors and podoplanin on LECs, we propose that the in vivo
execution of this process relies on PEVs. Thus, PEVs represent a unique
mechanism whereby the beneficial effect of platelets can be extended into
lymphatics by releasing encapsulated platelet content that can travel
through lymph and access LECs in situ. We hypothesize that PEVs can
also bind to LECs via a CLEC-2/podoplanin interaction to exert their

function, but the exact mechanism depicting the effect of PEVs on lym-
phatics remains to be elucidated.

Extracellular vesicles as carriers of lipids into lymph

The lymphatic system plays important roles in lipid transport from the
intestine to the blood circulation'. Practically all dietary lipids packaged in
chylomicrons are absorbed by the small intestine and transported to the
blood stream via the lymphatic system. As chylomicrons are triglyceride-
carrying particles, it is not surprising to observe more TG in lymph than in
plasma, as also described in the litterature®. Beside the 16 validated TG
entities, DG(16:0_18:2) was also identified as an upregulated lipid in lymph
compared to plasma. Diacylglycerols are intermediates in TG metabolism
second messengers that activate proteins involved in a variety of signaling
cascades™. LPC, a major class of glycerophospholipids in human plasma
that is implicated in inflammation® was rather downregulated in whole
lymph compared to plasma. Altogether, our results confirm that lymph
actively transports lipid to in turn modulate lipid metabolism™.

In addition to lipoproteins, EVs may serve as carriers of lipids between
fluid compartments and tissues. Like cells, EVs are characterized by lipid
bilayer, and lipids are essential elements within extracellular vesicles”*.
Lipids are essentials for various cellular functions, and the set of lipids
needed in each cell differs from one cell type to another depending on the
cell function or pathological state”. Along these lines, we have recently
reported that LECs are sensitive to membrane lipid changes and compo-
sition of their lipid rafts modulates the expression of key regulators of
lymphatic function, such as vascular endothelial growth factor (VEGF)
receptor-3 (VEGFR-3) and VEGF-C mRNA . However, our understanding
of both the lipid composition and their functions within EVs remains
constrained. Recently, PEVs have been identified as carriers of specific lipids
and metabolites in severe allergic inflammation®. The lipid content of these
PEVs varies depending on the degree of inflammation in the patients. It is
known that the membrane lipids comprised in EVs might act as signaling
molecules capable of stabilizing the vesicles in their new environments, thus
facilitating their binding to recipient cells®. Therefore, we sought to deter-
mine whether specialized lipids could seek to specifically reach LECs by
traveling through lymph EVs when lymphatic dysregulation is present.

While the lipidomics profile of EVs contained in plasma and lymph did
not differ extensively, the only annotated lipid significantly increased in
lymph EVs was the PC (36:4). Of note, no such discrepancy was noted
between the global levels of these lipids in whole fluids. This observation
may suggest that enhancing PC in lymph EVs may signifiy mechanisms of
selective trafficking of EV subsets. In addition, it cannot be excluded that PC
could also contribute to interactions between EVs and LECs. PC has been
studied in lymphedema and lipidema, two inflammatory conditions char-
acterized by fluid and fat accumulation®'. Despite having distinct molecular
and genetic regulators, those two inflammatory and complex conditions are
both still undiagnosed and mismanaged, leaving affected patients physical
and emotional distress. Hence, subcuteanous injections of phosphati-
dylcholine helped patients to manage their pain and decreased fat
deposition™. Phosphatidylcholine and deoxycholate (PC-DC) injections
have been studied in a randomized, controlled albeit small trial, and have
been described as successful in decreasing abdominal fat volume and
thickness by inducing adipocyte necrosis®’. Whereas these observations do
not allow to pinpoint a specific role of the lymphatics in the process, it can be
suggested that the lymphatic clearance capacity got enhanced. A more
recent study found 33% more endogenous phosphatidylcholines in serum
than in lymphedema-associated adipose tissue™'. These observations implies
that PC is not readily accessible to lymph. A direct access of PC in lymph to
specifically reach the LECs through PEVs could optimize the effect of
lymphatic therapy while limiting the systemic adverse effect.

PEVs preserve the healthy state of lymphatic endothelial cells

in vitro

The trafficking of endogenous PEVs into the lymphatic system suggests the
potential for intralymphatic EV therapy. We first used an in vitro model to
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test whether and how exogenous PEVs can exert beneficial effects on
lymphatic endothelial cells. We report that PEVSs restrict the production of
EVs from the lymphatic endothelium. This is in contrast to EVs derived
from RBC that induce massive EV release from LECs. In addition, PEVs
decreased the necrosis rate of LECs and reduced LEC-ROS production. Our
data pinpoint the potential protective role of PEVs on the maintenance of
the integrity of the lymphatic endothelium. PEVs have been extensively
studied in various settings including vascular inflammation, atherosclerosis
and hemostasis™ . They can be detrimental to endothelial function but
they have also been shown to protect the microvasculature from harmful
factors, such as thrombin, capable of disrupting the control of endothelial
permeability®. Our results converge on multiple roles of PEVs as guardians
of lymphatic integrity.

PEVs downregulate the expression of interferon-
stimulated genes
Transcriptomic analysis revealed that IFITI, MX2, MX1 and RSAD2 were
downregulated in LECs treated for 24 h with PEVs. Interferon-induced pro-
tein with tetratricopeptide repeats 1 (IFIT1), like IFIT2 and IFIT3, may inhibit
the translation and replication of viruses”. Intriguingly also Radical
S-adenosyl methionine domain-containing protein 2 (RSAD2) has underlying
anti-viral egress and replication effects*. Antiviral response pathway is also
implicated by changes in Interferon-induced GTP-binding protein MX (MX1)
along with MX2, both having a high level of homology®. MXI is mainly
induced after type I IFN (IFNo/B) stimulation during the antiviral response
and has a potentially suppressive effect on the activity of viral ribonucleo-
protein complex and its GTPase. It also plays a role in some solid tumors as
high MX1 protein expression was associated with features of cancer
aggressiveness”. It was associated with large tumor size, high tumor grade,
hormone receptor negativity and high Ki67 expression®. On the other hand,
MX2 can be expressed at significant levels even in the absence of IFN while
still being effective in repressing viral replication, transcription, and nucleo-
capsid shuttling”. MX2 has been shown to display additional, viral-
independent cellular functions including regulation of cell-cycle progression.
The downregulation of these interferon-stimulated genes (ISGs) have
also been shown to have modulatory effects on the immune system and
promote autoimmunity in chronic inflammatory diseases, such as systemic
lupus erythematosus (SLE)*. An elevated type I IFN activity negatively
affects endothelial function and increases prevalence of atherosclerosis in
patients with an autoimmune disease”’. Consequently, Tydén et al. pro-
pose that activation of type I IFN may have direct impact on the cardio-
vascular risk for patients with a chronic autoimmune disease like SLE”". In
their work, the authors also observed a concomitant deposition of com-
plement factors on platelets, a measure of platelet activation, in patients with
endothelial dysfunction. Of interest, endothelial dysfunction was assessed
using surrogate markers of endothelial activation, and endothelial
microparticles”. Collectively, our observations may suggest that a part of the
LEC-protective effect of PEVs may stem from tuning down the ISG
expression.

PEVs upregulate the expression of genes involved in the pre-
servation of lymphatic integrity
In addition to downregulating ISGs, PEVs significantly upregulated the
expression of specific genes implicated in lymphatic integrity. Among them
ATPase Family AAA Domain Containing 3 C (ATAD3C), a truncated form
of ATAD3, has been recently identified as important in the control of
mitochondrial cristae in mouse muscle cells, influencing mitochondrial
DNA replication and cholesterol levels’”. Indeed, knocking down ATAD3 in
mice resulted in a 30% decrease in the ratio of cholesterol esters (CEs) to
total cholesterol in 5-month-old mice compared to controls™’. Changes in
the ratio of CEs/free cholesterol might reflect changes in lipid rafts, which
could, in turn, affect the expression and signaling of key proteins involved in
lymphatic function™.

We also observed upregulation of von Willebrand factor A domain
containing 7 (VWA7) transcript encoding a protein regulated by a blood

endothelial cell-specific transcription factor, SRY-Box Transcription
Factor 7 (SOX7)”. While not expressed by LECs, SOX7 has very recently
been identified as the first direct blood endothelial cell-specific regulator of
Vegf-c transcription’. This regulation of angiocrine signals is essential
for correct lymphatic growth and patterning. We have also observe ele-
vated transcripts for B-klotho (KLB), a single-pass transmembrane
protein with a major function in longevity, metabolic regulation, glucose
uptake, bile acid synthesis, and fatty acid metabolism”. B-Klotho is an
essential receptor component for the endocrine fibroblast growth
factors (FGFs), FGF-19 and FGF-217°. FGF-21 cannot directly bind to
FGFR when KLB is absent, thereby positioning KLB as prerequisite
in mediating the biological function of FGF-21"". Although no direct effect
of FGF-21 has been associated to lymphatic function as yet, mice lacking
Fgf-21 develop significant pancreatic periductal lymphocytic inflamma-
tion when fed with a high fat obesogenic diet’”. Further, Fgf-21
has been shown to maintain vascular functions and exert an anti-
atherosclerotic effect”.

The PEV induction of Frizzled-7 (FZD7) is of special interest as part of
the mechanism regulating cellular growth, stemness and multiple functions.
For example, FZD7 acts as Wnt receptor expressed in endothelial cells where
it controls vascular permeability via the canonical Wnt/FZD pathway™. It
has recently been evidenced that FZD7 controls blood vessel formation
through Wnt/B-catenin canonical signaling®'. Based on our transcriptomic
analysis, we hypothesize that FZD7 upregulation may favor the main-
tenance of the integrity of the lymphatic endothelium. FDZ7 is known to
accumulate at the sites of cell-cell contact in association with -catenin
and VE-cadherin®. VE-cadherin is an important adherent junction
molecule involved in the regulation of mechanosignaling in the
lymphatic vasculature®. It stabilizes B-catenin and in turn regulates two of
the main genes involved in lymphatic valve formation and maintenance:
PROX1 and FOXC2".

Finally, QPCR analysis revealed that F11R is upregulated in LECs after a
24h PEV treatment. F11R is a tight junction transmembrane protein
implicated in cell migration™, cellular permeability” and immune cell
transmigration®’. Moreover, F11R regulates platelet adhesion to BECs*. Our
results suggest that PEV treatment leads to the upregulation of adhesion
molecules to facilitate their entry into LECs. All toghether, our data suggest
that the upregulation of FZD7 increases VE-cadherin and/or -catenin
expression and affects PROXI and FLT4 gene expression. We posit that
PEVs might, at least in part, act through FZD7 upregulation to mediate its
beneficial effect on lymphatic vessel integrity and permeability. However,
this remains to be directly tested.

Exogenous PEVs reach lymphatic endothelial cells and draining
lymph nodes

We next sought to investigate whether the beneficial effects of the exogenous
PEVs on lymphatic endothelial cells in vitro could be extended in vivo to in
turn peserve lymphatic transport. In this regard, we observed that PEVs
were rapidly taken up (within 2 h) by the initial lymphatics, and traveled
within the collecting lymphatic vessels. In the same timeframe, a subfraction
of PEVs were found adhering to the interior of collecting lymphatic vessels
and a proportion of PEVs reached the draining lymph nodes. Interestingly,
not only free PEV's could be found in lymph node fluids, but PEV signal was
present within immune cells contained in the lymph nodes. Srinivasan et al.
studied the route taken by exogenous exosomes derived from HEY cell line
to get to skin draining LN, and identified macrophages and B-cells as key
players in exosome uptake®. Our data suggest that free PEVs could be taken
up by antigen-presenting cells before reaching the LNs, while CD41*CLEC-
2" EVs could be preferentially internalized by LECs thus serving two dif-
ferent biological processes.

PEV treatment improves lymphatic pumping and might has a
systemic reach

Intraluminal valves within the collecting lymphatic vessels are essential
to ensure the propelling of lymph forward through the lymphatic
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display a defect in lymphatic pumping. Ultimately, enhancing lymphatic function
with exogenous PEV's might become a new therapeutic option in the treatment of
chronic inflammatory diseases where lymphatics are known to be defective, like
atherosclerosis. Created with BioRender.com.

vasculature”. Our findings on the effect of PEVs on the lymphatic
endothelial cell monolayer in culture combined with the distribution of
the injected exogenous PEVs in vivo led us to suggest that PEVs might
enhance lymphatic contraction capacity in vivo. We found that PEVs
improve the contraction capacity in 3 month old Ldlr" mice fed with a
regular chow diet 48 h following the intradermal injection in the footpad
dermis. PEVs could be retrieved, but to a lesser extent than at 2 h, in the
draining LN. Fluorescent imaging also revealed that PEVs might be
reaching the adipose tissue weaving in and out the wall of mouse aorta,
where lymphatics are embedded’. These mice were fed with a regular
chow diet and thereby protected from formation of the overt athero-
sclerotic lesion, but regardless, PEVs were able to interact with LECs at
remote location from the injection site. Of note, PEVs had no detectable
effect on lymphatic contractions in wt mice.

We have previously published that Ldl¥” mice first present a lymphatic
dysfunction that resides at the level of the collecting lymphatics rather than
in the lymphatic capillaries”. Indeed, in these mice, the uptake of the
interstitial fluid and components by the lymphatic capillaries are normal,
but there is reduced capacity to propel the lymph toward the draining lymph
nodes and the blood circulation'. Our follow-up publication demonstrated
that the optimization of lymphatic function with VEGF-C 152 S before the
atherogenesis later continuously supports the contractile capacity of lym-
phatic vessels during the induction of atherogenesis. This boosting in
lymphatic transport consequently limits the progression of atherosclerosis'.
Herein, we cannot exclude that the beneficial effects of PEVs could be also
mediated through the release of VEGF-C upon platelet activation” and

through the transduction of intracellular signals”. Among the signaling
pathways that would be relevant figures VEGFR-3, one of the main
receptors of VEGF-C, that is mostly located in cell membrane lipid rafts”
and we demonstrated here that it is upregulated after a 24 h treatment
with PEVs.

In summary, we present that PEVs might represent a new way in
which platelets may act on lymphatic vessels. PEVs may become a new
therapeutic option in the treatment of chronic inflammatory diseases
where lymphatics are known to be defective (e.g. in atherosclerosis).
We propose that PEV's can directly promote lymphatic pumping function
and ameliorate dysfunctional lymphatic function. We suggest that
selecting PEVs based on their CLEC-2 expression might enrich for
these effects. As CLEC-2 supports platelet activation in mouse but not in
human blood at arterial shear rate*’, CLEC-2" PEVs may present a pro-
mising and safe option as a potential lymphatic-targeting therapy in
humans (Fig. 6).

Methods

Experimental animals

This study was conducted in 10-16 week-old wt and Ldlr” mice on a
C57BL/6 background that were purchased from Jackson Laboratory. Ani-
mals were housed in a pathogen-free environment under a 12 h light-dark
cycles with free access to water and a standard chow diet. All experiments
were performed in accordance with the Canadian Council on Animal Care
guidelines and received the ethical approval by the Montreal Heart Institute
(MHI) Animal Care Committee (protocol #2019-14-03).
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Lymph and plasma collection

Mouse blood and lymph was collected on ethylenediaminetetraacetic acid
(EDTA) as previously described”. Lymph was collected from the thoracic
duct of anesthetized mice for an average of 45 min to 1h. The collected
lymph and plasma were centrifuged at 1,200 g and 2,400 g, respectively, for
10 min at4 °C. Samples were aliquoted and stored at -80 °C until further use.

Production of human platelet and red blood cell extracellular
vesicles

All ethical regulations relevant to human research participants were fol-
lowed and approved by the MHI Ethic Committee (protocol #2016-2117).
Every subject gave written informed consent. Human blood from healthy
donors was collected with a syringe containing citrate-dextrose solution
(ACD, Sigma cat. #C3821). Blood was transferred into 50 mL tubes and
centrifuged at 280 g for 10 min. Unless otherwise specified, all centrifuga-
tions were performed at room temperature (RT). Then, the red blood cell
fraction was kept to produce rbEVs and the PRP fraction remove for the
production of PEVs.

PEVs were produced as described previously™. Briefly, the PRP was
harvested and 1/5 volume of ACD and 1/50 volume of EDTA were added.
The PRP was then centrifuged at 400 g for 5 min and the supernatant was
harvested and centrifuged for 5 min at 1,300 g. The supernatant was dis-
carded, and the pellet was resuspended in 2 mL of Tyrode’s buffer pH 6.5
and 13 mL of Tyrode’s buffer pH 7.4 were added to the homogeneous
preparation of platelets. Platelets were counted and diluted at 1 x 10° pla-
telets/mL with Tyrode’s buffer pH 7.4 containing 5mM of CaCl,. Next,
platelets were stimulated for 2 h with 0.5 Unit/mL of thrombin (from bovine
serum, Sigma cat. #T4648) at 37 °C. Platelet activation was stopped by the
addition of 20 mM of EDTA and centrifuged twice for 10 min at 2,000 g to
eliminate any platelet remnants. The supernatant was collected and cen-
trifuged for 90 min at 18,000 g without brakes. The supernatant was dis-
carded and the pellet containing PEV's was resuspended in Tyrode’s buffer
containing 5mM of CaCl, (pH 7.4). PEVs were aliquoted and stored at
-80 °C until use.

When fluorescent PEVs were required, human PEVs were incubated
with CellVue™ Claret Far Red Fluorescent (Sigma cat. #Minclaret) according
to the manufacturer’s protocol, and centrifuged twice at 18,000 g for 90 min.
The pellet was resuspended in 0.22 pm-filtered phosphate buffer saline
(PBS) and immediately used for the in vivo experiments.

RbEVs were produced as previously described™. A total of 200 pL of the
red blood cell fraction was incubated for 10 min with 50 mL of filtered
double-distilled water. A volume of 5.5 mL of filtered-PBS 10X (Growecells
cat. #75801-000) was added to stop the hypotonic reaction. RbEVs were
then aliquoted and stored at -80 °C until further use.

Flow cytometry for the characterization of extracellular vesicles
EVs were analyzed in mouse plasma and lymph samples following a 30 min
incubation at 37 °C in annexin V buffer (10 mM Hepes pH 7.4, 140 mM
NaCl, and 2.5 mM CaCl,; BD Biosciences cat. #556454) containing 1 uM
carboxyfluorescein diacetate succinimidyl ester (CFSE, Selleck chemicals
cat. #58269) and 10 uM D-Phe-Pro-Arg-chloromethylketone (PPACK,
Cayman Chemical cat. #15160-1), and one or more of the following mouse
antibodies: anti-MHCI (BV711, BD Biosciences cat. #743539), anti-CD45
(APC, BioLegend cat. #103112), anti-CD41 (AF700, BioLegend cat.
#133925), anti-CLEC-2 (PE, BioLegend cat. #146104), annexin V (PerCP
Cy5.5, BioLegend cat. #640936), anti-TER-119 (BV510, BD Biosciences cat.
#640936), anti-CD62P (BV605, BD Biosciences cat. #740358), anti-CD11c
(Pe-Cy7, Tonbo Biosciences cat. #600114), anti-CD3e (BV650, BD Bios-
ciences cat. #564378), anti-CD19 (BV510, BD Biosciences cat. #562956),
anti-LY6G (PerCP Cy5.5, BD Biosciences cat. #560602) and anti-CD11b
(AF700, BioLegend cat. #101222). The flow cytometer was calibrated for EV
detection using an ApogeeMix (Apogee Flow Systems cat. #1493), a mixture
of non-fluorescent silica beads (180, 240, 300, 590, 880, and 1300 nm) and
FITC-fluorescent latex beads (110 and 500 nm). Count beads (Apogee Flow
System cat. #1426) were added to each mix to determine the concentration

of EVs per sample. The EV gate was set using the ApogeeMix and absolute
concentrations were determined for each sample with count beads.
Acquisitions were made using our custom-made small particle option FACS
Aria Fusion cell sorter (BD Biosciences) equipped with a FSC-PMT and
1 mm-thick magnetron sputtered 405/10 bandpass filter (Chroma Tech-
nology), which is referred throughout the manuscript as V-SSC.

The quantification and purity of the produced human EVs was
assessed with a BD FACSCelesta (BD Biosciences) also customized with
405/10 bandpass filter (V-SSC). PEVs and rbEVs produced from human
blood, as well as LEC-EVs produced from lymphatic endothelial cells
in vitro, were stained for 30 min at 37 °C with human anti-CD62P (PE,
Biolegend cat. #304906), anti-CD235a (BV786, BD Biosciences cat.
#740984) and anti-VEGFR-3 (PE, Biolegend cat. #356204) antibodies,
respectively, in a 0.22 um-filtered annexin V buffer containing 1 uM CFSE
and 10 uM PPACK. Like for the mouse EVs, the EV gate was set using an
Apogee Mix (Supplementary Fig. 2a). EVs were also first identified based on
their CFSE expression (Supplementary Fig. 2b and c) before being specifi-
cally categorized according to their membrane marker expression (Sup-
plementary Fig. 2d; Supplementary Fig. 1a; CD235a for rbEVs and CD62P
for PEVs). To confirm that the identified events were of cellular origin, 0.1%
Triton X-100 (0.05% final concentration) was added to a sample tube to
disrupt the vesicle membranes, and the sample was further analyzed by flow
cytometry (Supplementary Fig. 2e and f). The drastic decrease of events
confirmed the presence of PEVs or rbEVs. Count beads were added (Sup-
plementary Fig. 2g) to determine the concentration of EVs according to the
following calculation: (# of events in EV gate / # of events in count beads
gate) x (total number of beads in sample/sample volume) x dilution factor.
FACS plots are showing all parameters in height (indicated as -H), as
recommended for EV detection™. For EV analysis, events were acquired at a
flow rate of 12 pL/min, which is the lowest flow rate on the BD FACSCelesta.
The flow rate during acquisition was kept to the minimum to avoid
swarming effects and coincident detection”. After acquisition, data analysis
was performed with FlowJo v10.5.

Sorting of mouse plasma and lymph extracellular vesicles
Plasma and lymph samples were incubated with 1 uM CFSE, 10 uM PPACK
and anti-mouse MHCI antibody (BV711) in 0.22 pm-filtered Annexin V
binding buffer 1X. Samples were analyzed with a custom-made small par-
ticle option BD FACSAria Fusion cell sorter (BD Biosciences). As described
above, the flow cytometer was calibrated for EV detection. The EV gate was
set using the ApogeeMix and absolute concentrations were determined for
each sample with count beads. CFSE"MHCI" events were sorted, collected
in 5 mL tubes, aliquoted and kept in -80 °C for further analysis. To confirm
the cellular origin of the vesicles detected, 0.1% Triton X-100 (0.05% final
concentration) was added to the samples for 30 min, and the decrease in EV
count in the region of interest determined.

Untargeted lipidomic by liquid chromatography quadrupole
time-of-flight mass spectrometry (LC-QTOF-MS)

Untargeted lipidomic analyses were performed at the MHI as previously
described™. Lipids were extracted from plasma, lymph or sorted EVs spiked
with the following internal standards used as quality controls for the
reproducibility of the measures (Avanti Polar Lipids Inc): (mono-
acylglycerosphosphocholine (LPC) 13:0, diacylglycerophosphocholine
(PC) 14:0/14:0 and 19:0/19:0, phosphatidylserine (PS) 12:0/12:0, dia-
cylglycerophosphoethanolamine (PE) 17:0/17:0, and diacylglyceropho-
sphoglycerol (PG) 15:0/15:0). Samples were injected in a high-performance
liquid chromatograph (1290 Infinity HPLC, Agilent Technologies Inc)
coupled to a quadrupole time-of-flight mass spectrometry (6550 accurate
system, Agilent Technologies Inc.) equipped with a dual electrospray
ionization source and analyzed in both positive and negative mode. The
lipid elution was performed with a Zorbax Eclipse plus column (C18,
2.1 mm x 100 mm, particle size 1.8 um, Agilent Technologies Inc.) for
83 min at 40 °C using a gradient of two different solvents (0.2% formic acid
and 10 mM ammonium formate in water and 0.2% formic acid and 5 mM
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ammonijum formate in methanol/acetonitrile/methyl tert-butyl ether
[MTBE], 55:35:10 [v/v/v]). Mass spectrometry data analysis was performed
with the Mass Hunter Qualitative Analysis software package (version B.07)
and lipids of interest were identified using MS/MS analysis or by manual
alignment with our previously acquired human database for which the
plasma lipid entities have been already validated using MSMS analysis for
which spectra were manually interpreted. Student’s t-test followed by
Benjamini-Hochberg correction (lymph vs plasma) or unpaired Student’s t-
test without correction (lymph EVs vs plasma EVs) were performed with
Mass Professional Pro version 12.6.1 (Agilent Technologies Inc.).

Nanoparticle tracking analysis

To determine the size of the produced human PEVs and rbEVs, NTA was
performed using a NanoSight LM10 with a 642 nm laser (Malvern Instru-
ments Ltd), using software version 2.3, screen gain 4 and camera level 10.
Three, 1 min videos were recorded per sample diluted 1:20 in PBS with
analysis screen gain 10 and detection threshold 4. Temperature ranged from
20 to 23.5°C.

Transmission electron microscopy

Ten (10) uL of 1 x 10" human PEVs or rbEVs were incubated during
2 min onto a 200 mesh cooper grids with formvar/carbon support film
(Electron Microscopy Sciences, EMS). Samples on grids were stained
twice with 10 uL of freshly prepared 2% uranyl acetate (EMS). The excess
liquid was removed by blotting after each step. Images were acquired using
a FEI Tecnai T12 transmission electron microscope operated at 80 kV at
52,000x of magnification.

Immunoblotting

EV samples were prepared by diluting 1 x 10’ EVs in 2X Laemmli buffer
and heating the mixture at 95°C for 5 min. Samples were then resolved by
electrophoresis under reducing conditions on a 10% SDS-PAGE gel and
proteins were transferred onto a PVDF membrane. The membrane was
blocked with 5% skim milk powder (BioShop cat. #SKI400) in Tris-buffered
saline (TBST, 0.1% Tween 20) for 1 h at RT and washed twice with TBST.
Then, the membrane was incubated overnight at 4 °C with an anti-flotillin-1
(Abcam cat. #ab133497) and an anti-calnexin antibody (Invitrogen cat.
#PA534665). After three washes in TBST, the membrane was incubated for
1h at RT with a horseradish peroxidase-conjugated anti-rabbit secondary
antibody (Elabscience cat. #E-AB-1003) and washed three times with TBST.
Chemiluminescence was detected with the EasySee Western Blot Kit
(Transgen Biotech) and captured on Western blotting film (Ultident).

Human lymphatic endothelial cell culture

Human dermal microvascular lymphatic endothelial cells isolated from
adult donors (HMVEC-dLyAd, Lonza cat. #CA10064-286) were seeded in
complete Endothelial Cell Growth Media MV2 (Promocell cat. #10175-256,
P5 to P7). Twenty-four hours prior to the treatment, the media was replaced
with an EV-depleted complete media. Then, PEVs (1 x 10%/mL) or rbEVs
(2 x10%mL) were added in EV-depleted complete media for 24 h. Fol-
lowing treatments, the supernatant was collected and centrifuged for 5 min
at 430 g, aliquoted and stored at -80 °C for further analysis. Cells were
washed with media, harvested using Tryspin-EDTA (Fisher cat.
#MT25052CI) and immediately processed for flow cytometry, functional
assays, or immunofluorescence analysis, as described below.

Confocal microscopy

Following a 2- and 24 h treatment with CellVue' PEVs, cultured human
LECs were washed with phenol-free and EV-depleted medium and cyto-
plasmic membranes were stained with WGA (AF555, Thermo Fisher cat.
#W32464) and bisBenzimide H 33342 trihydrochloride (Hoechst, Sigma
cat. #14533) for nuclei staining for 7.5 min at 37 °C. Live cells were washed
three times with phenol-free and EV-depleted medium before confocal
microscopy imaging (Z-stacks) using an LSM 710 Confocal Microscope
(Zeiss) equipped with a 63/1.4 oil DIC objective. The quantification of the

volume occupied by PEVs per cell on the deconvolved (Theoritical PSF)
Z-stacked images was performed using the Huygens Professional software
(Scientific Volume Imaging).

Measurement of cell apoptosis and necrosis

Lymphatic endothelial cells were harvested and stained with PI (VWR cat.
#89139-066) and annexin V (V450, BD Biosciences cat. #560506) in
annexin V binding buffer, centrifuged at 430 g for 5min at 4°C and
resuspended in FACS buffer. Cells were analyzed with a BD FACSCelesta
(BD Biosciences).

Quantification of reactive oxygen species production

LECs were seeded in 96 well-plates, treated with PEVs (1 x 10°/mL) or
tbEVs (2 x 10°mL) for 24h and stained with 10 uM CM-H,DCFDA
(Invitrogen cat. #C6827) for 30 min at 37 °C as described by Mahmoud
etal.”. Upon cleavage by intracellular esterase and oxidation by ROS, the
molecule becomes highly fluorescent. Its fluorescence intensity was
measured using Synergy 2 plate reader every 1.13 min for 1 h. Superoxide
dismutase (100 U/mL) (Alfa Aesar cat. #AAJ630038PL) was used as a
negative control, as it protects cells against oxidative stress and blocks ROS
production.

RNA sequencing

Following RNA extraction, EV-treated LECs were also analyzed with Illu-
mina next-generation sequencing at the Institute for Research in Immu-
nology and Cancer (IRIC) Genomics Platform at the University of Montreal
(Montreal, Quebec, Canada). Adapter sequences and low-quality bases in
the resulting FASTQ files were trimmed using Trimmomatic version 0.35
and genome alignments were conducted using STAR version 2.7.1a°*”. The
sequences were aligned to the human genome version GRCh38, with gene
annotations from Gencode version 37 based on Ensembl 103. As part of
quality control, the sequences were aligned to several different genomes to
verify that there was no sample contamination. Gene expressions were
obtained both as raw readcount directly from STAR as well as computed
using RSEM in order to obtain gene and transcript level expression in reads
per transcripts per million (TPM) for these stranded RNA libraries'®.
DESeq2 version 1.22.2 was then used to normalize gene read counts and
compute differential expression between the various experimental condi-
tions. Sample clustering based on normalized log read counts produces a
hierarchy of samples. A principal component analysis (PCA) is also used to
validate that samples correlate as expected'”".

qPCR analysis

LECs were harvested after a 24 h treatment and lysed in Trizol. RNA was
extracted according to the manufacturer’s protocol (Invitrogen cat. #
12183025) and stored at -80 °C. Reverse transcription of RNA was per-
formed using the High-Capacity cDNA Reverse Transcription Kit (Ther-
moFisher Scientific, cat. #4368814). Quantitative PCR was performed on the
QuantStudio™ 3 (ThermoFisher Scientific) using 10 ng of complementary
DNA mixed with Itaq™ Universal SYBR® Green Supermix (Biorad, cat.
#1725121). The amplification cycles were performed at 94 °C for 10 s and at
60 °C for 45 s for 40 cycles. The relative expression was calculated by the
comparative method of (2**“") and normalized to the housekeeping gene
ACTB as previously described'”. All samples were then normalized to the
control. The primers used are displayed in Table 4.

In vivo injection of platelet extracellular vesicles in mice
Mice were first anesthetized with 2.0% isoflurane and 0.5 L/min O,. Then, a
total of 20 uL containing 1 x 10" CellVue* PEVs (or control PBS) were
injected with a 10 uL Hamilton syringe in the dermis on both sides of the
right footpad. Mice were sacrificed 15min, 120min or 48 h after the
injection. Popliteal lymphatic vessels, draining LNs (popliteal and inguinal),
non-draining LN (axillary) and the aorta were harvested.

Popliteal lymphatic vessels were fixed with 4% paraformaldehyde for
24h. Vessels were incubated overnight in donkey serum (5%, Jackson
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Table 4 | PCR primers used for the study

Genes Primer sequences (5’ - 3)
ACTB Forward: GACGACATGGAGAAAATCTG
Reverse: ATGATCTGGGTCATCTTCTC
F11R Forward: TTGTAACCCTGATTCTCCTG
Reverse: ATCACCTTCTTACTCGAAGTC
TJP1 Forward: TTGTCTTCAAAAACTCCCAC
Reverse: GACTCACAGGAATAGCTTTAG
CDH5 Forward: CGCAATAGACAAGGACATAAC
Reverse: TATCGTGATTATCCGTGAGG
PROX1 Forward: TAGACTTAACTAGGGATACCAC
Reverse: CATTGCACTTCCCGAATAAG
FLT4 Forward: AGGTATTACAACTGGGTGTC

Reverse: TTCCTCAAATGTCTTCATCC

ACTB, gene coding for B-actin; F171R, gene coding for junctional adhesion molecule A; TUP1, gene
coding for tight junction protein-1 called zonula occludens-1; CDH5, gene coding for VE-Cadherin;
PROX1, gene coding for prospero homeobox protein 1; FLT4, gene coding for vascular endothelial
growth factor receptor 3.

Immunoresearch cat #017-000-121) and stained with anti-human CD41a
antibody (BD Biosciences cat. #555465) for 4 days at 4 °C. Vessels were then
washed twice with PBS and incubated with a secondary antibody (Cy3,
Jackson Immunoresearch cat. #115-165-003) and DAPI (BioShop cat.
#DAP444.5) at RT. Z-Stacks were acquired using an LSM 710 Confocal
Microscope (Zeiss) equipped with a 63/1.4 oil dic objective.

Non-draining and draining LNs were digested with collagenase D
(2.68 mg/mL, Roche cat. #11088882001) for 25 min at 37 °C. Cells were
filtered through a 70 pm cell strainer (Falcon cat. #352350) in Hank’s
Balanced Salt Solution (HBSS,Corning cat. #CA-45000-458) and cen-
trifuged at 430 g for 10 min at 4 °C. To identify the proportion of LN cells
positive in PEVs, cells were resuspended in HBSS buffer supplemented
with 0.5 M EDTA and 30% bovine serum albumin (BSA) and stained for
30 min at 4 °C with anti-mouse CD45 (FITC, Tonbo Biosciences cat.
#350451), anti-mouse MHCII (V450, Tonbo Biosciences cat. #755321)
and anti-human CD62P (PE, BioLegends cat. #304905) antibodies
(Supplementary Fig. 3). To assess the proportion of PEVs that was not
contained within LN cells, supernatant collected from LNs following
tissue digestion was stained with anti-human CD62P antibody (AF700,
Labome cat. #304932) and CFSE for 30 min at 37 °C. All FACS analyses
were performed by flow cytometry as described above (BD FACSCelesta,
BD Biosciences).

Furthermore, in a final set of mice, non-draining LNs, draining LNs
and the aorta were harvested and imaged individually in a fluorescence
imaging scanner (IVIS Lumina II, Caliper Life Sciences). To visualize the
uptake of CellVue® PEVs in each tissue, excitation and emission wave-
lengths were set to 640 nm and 700 nm, respectively. The exposure time was
10 s and no binning was applied.

Measurement of lymphatic vessel contraction

Lymphatic vessel contractions were measured 48 h following the injection of
human PEVs or rbEVs, as described previously™. Briefly, an incision was
made all around the upper hind limb of anesthetized mice, and the skin was
then carefully removed. Warm saline was administered on the paw to keep
the limb tissue hydrated throughout the imaging session. Two injections of
ovalbumin-alexa fluor 647 (2 mg/mL in 10 uL, Fisher cat. #034781) were
performed in the dermis of each side of the footpad of the mouse'”. The paw
was then manually contracted three times to allow the fluorescent molecule
to move up through lymph and enable the visualization of the collecting
lymphatic vessels. After a 10min stabilization, the contractions were
recorded for 10 min with an Axiozoom V.16 microscope (Zeiss). A total of
326 pictures per imaging session were taken with an exposure time of 0.8 s.
Images were stabilized using the Template Matching Imagej™ plugin and

analyzed with the LymphPulse 3.0 Matlab™ based software. Three to five
regions of interest (ROI) were delineated manually along each lymphatic
vessel visualized. The resulting curves exhibited peaks and valleys at distinct
fluorescent intensities (measured in arbitrary units, AU), to which the
background intensity was subtracted. Contraction frequencies were calcu-
lated from each curve using a Matlab algorithm according to the formula
(Np+Nv)/(2*dt), where Np and Nv represent the number of peaks and
valleys, respectively, and dt denotes the analysis time (illustrated in Fig. 6d).

Statistics

Measurements were all taken from distinct samples. All results are expressed
as the mean + SEM, with n representing the number of mice or cell culture
experiment. Statistics and graphs were performed using Prism™ 10.0 sta-
tistical software. Normality was tested with Shapiro-Wilk test, followed by
either parametric (t-tests for only two experimental groups or two-way
ANOVA with Tuckey’s post-hoc test for multiple comparisons) or non-
parametric (Mann-Whitney for only two experimental groups) analysis. In
all analysis, p < 0.05 was required for statistical significance. All attempts at
replication were successful.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Datasets generated during and/or analyzed during the current study are
available in the supplementary data 1 for the lipidomic data, in the sup-
plementary data 2 for RNA-sequencing as well as deposited on NIH
sequence read archive (BioProject ID: PRJNA1133037 and submission
code: SUB14590723) and in the supplementary data 3. Supplementary
movie 1 is available on FigShare: https://doi.org/10.6084/m9.figshare.
26180867.
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