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Extracellular vesicles are present in mouse lymph and
their level differs in atherosclerosis
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The lymphatic system works in close collaboration with the cardiovascular system to preserve fluid balance

throughout the body and is essential for the trafficking of antigen-presenting cells and lymphocytes to

lymphoid organs. Recent findings have associated lymphatic dysfunction with the pathogenesis of

cardiovascular-related diseases such as atherosclerosis, inflammation and obesity. Whether lymphatic

dysfunction is a cause or a consequence of these diseases, as well as how, is under intensive investigation.

Extracellular vesicles (EVs) are submicron vesicles released by diverse cell types upon activation or apoptosis

and are considered important biomarkers for several inflammatory diseases. Thus, it is critical to characterize

the presence of EVs in various biological tissues and fluids to delineate their origins and, subsequently, their

functions. In the past few years, new techniques allowing the quantitative and qualitative analysis of EVs have

emerged, thus facilitating the onset of studies bridging these vesicles to the lymphatic system. Using several

state-of-the-art approaches, this article reports the presence of diverse EVs inclusively derived from red blood

cells and platelets in lymph of healthy animals. Our results suggest that lymph from atherosclerotic mice

displays a higher concentration of EVs, bringing forward the concept that EVs contained in lymph could

either be a biomarker for lymphatic dysfunction or, conversely, for inflammatory disease progression.
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T
he lymphatic system is the principal route of

transport from tissues for antigen and immune

cells (1). It is necessary to maintain fluid balance,

fight infection, absorb dietary fat from the intestine and

then transport it to the liver. Recently, dysfunction of this

ubiquitous network has been linked to the pathogenesis

of cardiovascular diseases, like ageing (2), hypercholes-

terolemia (3�6) and atherosclerosis (7). Our own work (7)

and that of others (8,9) maintains that absence or

obstruction of lymphatic vessels may accelerate inflam-

mation occurring mostly in the intimal layer of the artery.

Whereas inflammatory cell accumulation in peripheral

tissues has been suggested to be responsible for the

subsequent lymphatic transport impairment in obesity

(10), it is still not clear whether lymphatic dysfunction is a

cause or a consequence of other pathologies such as

atherosclerosis, nor how.

The lymphatic network consists of an open, unidirec-

tional and low-pressure vascular system. Plasma ultrafil-

trate in peripheral tissues is first absorbed through

absorptive blind-ended initial lymphatic vessels. Lymph

subsequently moves into lymphatic collecting vessels, the
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entities responsible for maintaining lymph flow through

the contraction of units called lymphangions. Bileaflet

valves are present between the contractile units to prevent

backflow (11), and the lymphatic endothelial cells (LEC)

feature continuous ‘‘zipper-like’’ cell�cell junctions and a

discontinuous smooth muscle cell (SMC) layer. Once they

reach the lymph nodes, the afferent collecting vessels

become the efferent collecting vessels, ultimately conver-

ging into the thoracic duct where lymph collected from all

organs drains into the blood circulation at the subclavian

veins through the lymphovenous (LV) junction (12).

Platelets have a unique role in lymphatic vessel develop-

ment and maintenance, and they protect both the LV

junction and the thoracic duct from backward flow.

Furthermore, this platelet-dependent process is required

throughout life to prevent retrograde blood flow and to

maintain lymphatic function (13).

The composition of lymph is analogous to that of

plasma, as it contains white blood cells, notably lympho-

cytes, but is essentially absent of red blood cells (RBCs),

poorer in nutrients and richer in waste. A broad array of

cytokines, proteins and growth factors are contained

within lymphatic fluid, which play an important role in

metabolism and cell proliferation (14). Whereas studies

have confirmed the presence of extracellular vesicles (EVs)

of diverse origins in circulating blood (15), it is not clear yet

whether these EVs can also be found in lymph per se. EVs

are derived from cells upon activation and/or apoptosis

(15,16) and are considered important biomarkers and key

players in several inflammatory settings including athero-

sclerosis and rheumatic disease (15,17�21). Physiologi-

cally, EVs also constitute a heterogeneous population,

differing in cellular origin, number, size, antigenic compo-

sition and functional properties (22). They com-

prise exosomes, vesicles stored in multivesicular bodies

(50�150 nm), and microvesicles (100�1,000 nm) produced

by cytoplasmic-membrane budding and shedding. EVs

generated from apoptotic cells are called apoptotic bodies

(�1 mm). EVs are suggested to play key roles in inter-

cellular communication by transporting messenger RNA,

microRNA and proteins (23); they can interact with

neighbouring cells, causing structural and functional

changes in tissues like the vascular wall, thereby affecting

the endothelium (24) and myeloid cells such as macro-

phages (25) and neutrophils (26). As one of the major roles

of the lymphatic network is to orchestrate the clearance of

cells and molecules from peripheral tissues, it is immuno-

logically essential to maintain proper lymphatic vessel

integrity throughout life. Recently, through in vivo near-

infrared imaging, exosomes have been shown to be rapidly

transported within minutes from the periphery to the

lymph node by lymphatics (27). Using the most advanced

complementary methods to date, we herein sought to

qualitatively and quantitatively report the presence of EVs

in healthy and atherosclerotic mouse lymph collected

in vivo. Our results suggest that EVs derived inclusively,

but not exclusively, from RBCs and platelets circulate in

the lymph of healthy animals and prevail in atherosclerosis.

Methods

Animals
Adult healthy 8-week old female wild-type (WT) C57BL/

6 mice fed on a regular chow diet and age- and sex-

matched low-density lipoprotein receptor -/- (LDLR)

mice also on a C57BL/6 background were purchased

from Jackson Laboratory (Maine (ME), USA). LDLR-/-

mice were fed with a high fat diet Harlan Teklad 88137

(Indianapolis (IN), USA) for 8 weeks to ensure the

atherosclerotic phenotype. Animals were housed in a

pathogen-free environment under a 12-hour light�dark

cycle with free access to water and food. All experiments

were performed in accordance with the Canadian Coun-

cil on Animal Care guidelines and approved by the

Montreal Heart Institute Animal Care Committee.

Thoracic duct cannulation
Mice were anesthetized with isoflurane (4% for induction,

2�3% for maintenance). The anesthetized animal was

positioned on its right side and a cannula was inserted

into the thoracic lymph duct above the cisterna chyli

between the transverse lumbar artery and the diaphragm.

Lymph was collected continuously, on average for 45

minutes to 1 hour, with a tube attached to a syringe

coated with EDTA 0.1 M. Collected lymph was centri-

fuged at 1,200 g for 10 minutes at 48C to remove most

traces of whole cells, while being cautious not to create

EVs due to high-speed centrifugation. Following that, 5%

sucrose was added to each sample to improve preserva-

tion of the sample, which was then placed in a freezer at

�808C for further batch analysis. Although our techni-

que ensures extreme care during collection, the absence of

contaminating cells in lymph isolated from the thoracic

duct was verified using a PC-based automated cell counter

(Cellometer Auto X4, equipped with a 470/535 nm optic

module; Nexcelom (Massachusetts (MA), USA)) that

allowed bright field and fluorescent cell counting using

acridine orange (AO), a nuclear-staining cell-permeable dye

that stains all nucleated cells to generate green fluorescence.

RBCs were considered as AO� cells larger than 5 mm.

Cryo-transmission electron microscopy of lymph
samples
Prior to electron microscopy (EM) analysis, lymph sam-

ples were labelled with 10 nm gold particles conjugated

with annexin V as follows. An 8-mL lymph aliquot was

mixed with 1 mL annexin-5-conjugated gold particles at

1017 particles/L and 1 mL 20 mM Ca2� . After 30 minutes’

incubation at ambient temperature, 4-mL aliquots of

lymph samples were deposited on EM grids coated with

a perforated carbon film. After draining the excess liquid
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with a filter paper, grids were quickly plunged into liquid

ethane and transferred to cryo-boxes and stored under

liquid nitrogen. For cryo-EM observation, grids were

mounted onto a Gatan 626 cryoholder and transferred in a

Tecnai F20 (FEI Company, Eindhoven, Netherlands) micro-

scope operated at 200 kV. Images were recorded with an

USC1000-SSCCD camera (California (CA), United States).

Extracellular vesicle labelling
Lymph samples were rapidly thawed, which is considered

optimal to maintain the EV integrity. Lymph (5 mL) con-

taining D-phenylalanyl-L-prolyl-L-arginine chloromethyl

ketone (PPACK, at 10 mM), an anticoagulant with no

effect on Ca�2 dynamics, was diluted in a total volume of

100 mL filtered (0.2 mM) annexin V buffer 1X (BD

Biosciences, San Jose, CA, USA) containing V450 con-

jugated annexin V (BD Biosciences, 1.5 mL) following the

manufacturer’s instructions. PPACKwas included because

addition of calcium was found to trigger the formation of

micro-aggregates in some biological fluids, which are

confounders in flow cytometry analysis (EB, NT and AB,

data not shown). Anti-CD41 antibodies conjugated with

allophycocyanin (APC) (Biolegend (California (CA),

United States), 5 mg/mL) and APC conjugated anti-Ter-

119 (Biolegend, 2.5 mg/mL) were added, in 2 different

labelling cocktails, to identify EVs from platelets and

RBCs, respectively. EVs were incubated in labelling cock-

tails for 30 minutes at room temperature, and the presence

of esterase in EVs was established by the addition of

carboxyfluorescein succinimidyl ester (CFSE, eBioscience

California (CA), United States) at 5 mM for the last 15

minutes of incubation. Cocktails were diluted by the

addition of 400 mL of filtered (0.2 mM) annexin V buffer

1X prior analyses by flow cytometry. As controls, anti-

bodies conjugated with the same fluorochromes but

directed against human antigens were used to position

the negative flow cytometry gates, whereas 50 mM EDTA

or detergent Triton X-100 (0.05%) were respectively added

to cocktails in order to verify the specificity of annexin V

staining and the membrane moiety of EVs. Only for the

EDTA control, the whole labelling process was done in

PBS 1X instead of annexin V buffer 1X.

Flow cytometer sample analysis
To analyse EVs using flow cytometry, we used an improved

high sensitivity flow cytometer (hs-FCM) Canto II special

order product equipped with a small particle option (BD

Biosciences) (28). The forward scatter (FSC) on this

dedicated equipment is coupled to a photomultiplier

tube (PMT) with a 488 nm solid-state, 100 mW output

blue laser (rather than the conventional 20 mW) and

includes a 633 nm HeNe, 20 mW output red laser and a

405 nm solid state diode, 50 mW output violet laser. The

hs-FCM is equipped with FSC-PMT and a Fourier optical

transformation unit, reducing the background/noise and

increasing the angle of diffusion, thus enhancing the

detection of small diameter particles. The hs-FCM per-

formance tracking was performed daily before all analyses

using the BD cytometer setup and tracking beads (BD

Biosciences). Size estimation was determined using silica

beads of 100, 500 and 1,000 nm (Kisker Biotech GmbH &

Co., Steinfurt, Germany), whereas volume quantification

was performed by adding a known number of 3 mM dim

polystyrene microspheres to each sample (BD Biosciences).

Statistics
Data are expressed as the mean9SEM. Statistical differ-

ences were assessed using a 2-tailed non-parametric

Student’s t-test, with p B0.05 reported as statistically

significant, using Prism software, version 6.0c (GraphPad

California (CA), United States). All experiments contained

3 or more replicate mice per experimental parameter.

Results and discussion

Heterogeneous populations of EVs are present in
lymph
Recently, emerging small-particle option analysing systems

have been optimized to fully characterize EVs, and access

to these tools awakens interest in a better understanding of

the evident role of lymph as a route for EVs. Herein, we

sought to assess their presence in circulating lymph using 3

different and complementary functional assays. First, to

assess the purity of the lymph samples and the absence of

possible contamination of blood that might occur during

lymph collection (Fig. 1a), the number of AO� cells

larger than 5 mM (e.g. RBCs, leukocytes) was determined

in the lymph and compared to that of whole blood. We

verified that, in contrast to blood, the lymph contained

only a negligible trace of RBCs (0.11% compared to

whole blood), thus confirming the high purity of the

lymph preparations used for this study (Fig. 1b). In

addition, by counting the number of nucleated (AO�) cells

in lymph before and after centrifugation, we demonstrated

that centrifugation eliminated the vast majority of the cells

in lymph samples (Fig. 1c). These observations validate our

assertion that our pre-analytical conditions were optimal

for the assessment of EVs in lymph.

In the first technique using cryo-EM, we detected

spherical EVs with a diameter ranging from 50 to 800 nm

(Fig. 2). As compared to the plasma samples (29), the

lymph samples seemed to contain a significantly higher

amount of EVs. Hence, although cryo-EM is not a

quantitative method, the fact that 2 or more EVs were

frequently observed at close distance (Fig. 2d) is in marked

contrast with what is observed with pure plasma, which

further excludes the impact of potential contamination of

blood in the lymph analyses. Of interest, most EVs were

not labelled by annexin V conjugated with gold nanopar-

ticles, indicating that most do not expose phosphatidylserine

(PS) on their outer surface (Fig. 2a through c). In
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addition to spherical EVs, some exhibiting multilayered

structures (Fig. 2c) were also observed. Furthermore,

another class of objects was abundant in the lymph

samples. These objects present a mostly circular shape

and a uniform greyness by cryo-EM. The absence of a lipid

bilayer at their periphery enabled them to be easily

distinguished from EVs (Fig. 2b and f); they are referred

to hereafter as lipoproteins. Surprisingly, lipoproteins were

observed not only isolated in the lymph medium (Fig. 2f)

but also encapsulated within EVs (Fig. 2c). The size of the

lipoproteins varied from 100 nm to several 100 nm, yet

smaller lipoproteins may well be present in lymph but are

not detected here. Thus, EVs of various dimensions are

abundant in lymph, and a fraction of them expose PS.

A second approach we used was hs-FCM adapted with a

small particle option. Silica beads are more appropriate

than polystyrene beads to obtain an EV size estimation in

flow cytometry because their refraction index is closer to

that of EVs (30). Thus we used silica beads of known di-

mensions and intact platelets to determine the lower and

upper limits of our EV gate, respectively (Fig. 3a through

c). To prudently assess EVs in complex fluids, we defined

EVs as membrane cargo, containing active esterases

(CFSE�), and positive for at least one surface marker

such as PS or protein receptor (e.g. CD41). Although we

recognize that extracellular esterases, complexed with

lipoproteins or lipoprotein-like particles, might also be

labelled with CFSE, such a combination of complemen-

tary markers greatly enhances the specificity of the

approach. Having confirmed the specificity of our hs-

FCM measurements using calcium chelation to prevent

annexin V recognition of PS and of detergent to dissolve

EVs (Fig. 3d through g), we found profuse amounts of

CFSE� particles in lymph, half of them exposing PS,

suggesting that they were indeed EVs. Although these

observations contrast with those made using cryo-EM,

which revealed the preponderance of EVs lacking surface

PS, they also suggest that a proportion of PS- EVs remains

undetected by hs-FCM, consistent with the lower limit of

the EV gate, which we had intentionally set at approxi-

mately 100 nm accordingly to the silica beads.

EV levels are modulated in lymph during
atherosclerosis
One of the main roles of the lymphatic system is to

transport immune cells from peripheral tissues to lym-

phoid organs (1). Inflammatory cell accumulation in

peripheral tissues drives several chronic inflammatory

diseases such as atherosclerosis (31) and obesity (32), in

which lymphatic transport has been reported as being

defective (7,10). A growing number of studies are reporting

that EVs are active pro-inflammatory players also present

Fig. 1. Assessment of lymph purity following collection and processing. (a) Lymph was collected from the thoracic duct (dotted circle)

on EDTA (0.1 M); following sample collection, cell counting was performed with a Nexcelom Auto X4 cell counter before (total lymph)

and after (supernatant) centrifugation. Cells were stained with acridine orange (AO), a nuclear staining (nucleic acid binding)

fluorescent dye that stains all nucleated cells, in whole blood and total lymph. The number of AO� cells larger than 5 mM in diameter

(i.e. red blood cells) was assessed using brightfield and fluorescence imaging for AO. (b) Total lymph was purposely contaminated at

different concentrations (10�1, 10�2, 10�3) with whole blood (WB) and our sample of interest (lymph) was then standardized to WB

and compared to all concentrations and lymph supernatant (control). (c) Total number of AO� cells was detected in total lymph and

lymph supernatant using fluorescence imaging for AO. (n�4 per group; *pB0.05, ***pB0.001).
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in inflammatory sites, becoming important biomarkers in

several pathological settings. Altogether, these recent

studies converge toward a key role of the lymphatic

network in the clearance and production of EVs, thus

explaining why EVs are more numerous in chronic

inflammatory diseases. However, to our knowledge, this

hypothesis has never been directly addressed.

Lymph composition is different than that of plasma or

serum, and its content also varies according to the patho-

logical setting. Studies have revealed that cholesterol-fed

animals have higher phospholipid content, cholesterol-to-

protein ratio and free cholesterol levels in their circulating

lymph (33,34). In a first set of experiments, we sought to

investigate whether the morphology and origin of EVs

vary in WT versus atherosclerotic LDLR-/- mice. Size of

nanoparticles was estimated using hydrodynamics, which

does not however distinguish EVs from aggregated

proteins and lipoproteins. Although this approach might

not be optimal for the examination of polydisperse EV

populations, it successfully revealed that, compared to

WT animals, the main population of nanoparticles in

lymph in atherosclerotic mice displayed a modest increase

in diameter (175955 nm vs. 133941 nm). In addition, a

second population of smaller nanoparticles (56910 nm)

could be observed in these animals (Fig. 4). Whereas

lymph composition appears altered in our atherosclerotic

mouse model, further investigations are needed to deter-

mine whether this effect is due to hypercholesterolemia

per se.

The most studied and abundant EV populations recog-

nized in blood are platelets and RBCs (29,35). In a normal

physiological state, lymph is relatively free of RBCs.

However, lymphatic transport impairment has been asso-

ciated with improper lymphatic integrity and linked to the

presence of RBC in lymph due to a defective LV junction

(13). Platelets are key players in that process, mainly through

the binding of C-type lectin-like receptor 2 (CLEC2) to LEC

podoplanin. CLEC2 is constitutively expressed on the sur-

face of blood platelets, and its interaction with podoplanin

initiates a complex formed by fibrin-containing platelet

thrombi that protects lymph from backward flow. There-

fore, we hypothesized that EVs derived from both platelets

and RBCs could accumulate in the lymph of mice dis-

playing a defective lymphatic transport, as their lymphatic

vessel integrity could be impaired.

To test our hypothesis, we used our adapted hs-FCM

technique to measure platelet- and RBC-derived EVs.

Overall, EV concentrations are increased in atherosclerosis

(Fig. 5a). Indistinguishably from PS exposure, EVs from

both platelet (CD41�) and RBC (Ter119�) origin are

more abundant in the lymph of atherosclerotic animals

(Fig. 5c and e), thus confirming our hypothesis. We suggest

that the presence of RBC-derived EVs is due to an

inappropriate backward flow from the LVor to a defective

lymphatic endothelial cell-to-cell junction, thus reflecting

increased vascular permeability. Whether the large accu-

mulation of platelet-derived EVs in atherosclerotic lymph

is a cause or a consequence of lymphatic dysfunction

remains to be tested. We bring forward new concepts that

could explain the presence of platelet-derived EVs in

lymph. Therefore, we hypothesize that the stagnation of

platelet EVs in lymph could either reflect (a) the incapacity

of the lymphatic vessels to propel lymph down the road

and thus to efficiently clear the interstitial space or (b) the

incapacity of platelets to bind to LEC at the LV, which

could lead to their shedding and backward flow in lymph.

These hypotheses are currently under intensive investiga-

tion. Whereas PS� EVs from various origins were clearly

increased, PS- EVs were not significantly higher in sick

animals (Fig. 5b, d, and f), reflecting that the impaired

Fig. 2. Representative cryo-electron microscopy images of

lymph extracellular vesicles (EVs). (a through c) EVs devoid

of annexin V gold nanoparticles indicate the absence of

phosphatidylserine (PS) on their outer membrane surface. (d

through f) EVs are labelled by annexin V gold nanoparticles,

with the exception of the small unlabelled EVs marked with a

black arrow. (b, d) The black asterisks point to circular shapes

devoid of a lipid bilayer, which could most likely be lipoproteins.

(a, c through e) The white asterisks point to areas of the

supporting perforated carbon net. EVs devoid of annexin V gold

nanoparticles (g) and EVs labelled by annexin V gold nano-

particles in the lymph of atherosclerotic LDLR-/- mice. Scale

bars: 100 nm.
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clearance of apoptotic cells in chronic inflammation and

atherosclerosis is also observed in lymph.

Although the functional consequences of the presence

of EVs in lymph remain to be established, this study

reports that EVs, of diverse sources, are transported in

lymph. EVs are involved in numerous physiological

processes, and vesicles from both non-immune and im-

mune cells have important roles in immune regulation.

Whereas several stimuli, such as cytokines, lead to EV

release from macrophages and monocytes in the athero-

sclerotic lesion (36), EVs produced by blood endothelial

cells (BEC) can also be found in blood (37). As pro-

inflammatory cytokines and nitric oxide can trigger BEC-

derived EVs production (38), it would be of interest to test
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Fig. 3. Detection of EVs in lymph using flow cytometry. (a through e) A Canto II flow cytometer modified with a ‘‘small particle’’ FSC

PMT-H option was used to detect and quantify silica microspheres of 100 nm (red), 500 nm (green) and 1,000 nm (violet) mean

diameter and EVs. (a, b) An EV gate was designed for the detection of small particles from 100 to 1,000 nm in diameter, based on the

silica microspheres sizes (FSC PMT-H). (c) CD41� mouse platelets are excluded from the EV gate based on their size (FSC PMT-H).

Representative flow cytometry dot plot of lymph (d) total CFSE� and (e) CFSE�PS� EVs in control conditions or treated with 0.05%

Triton or 50 M EDTA. Sensitivity to (f) Triton or (g) EDTA of EVs.
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whether these players involved in lymphatic function could

also promote LEC-derived EVs in atherosclerosis-related

collecting lymphatic dysfunction (39). Albeit the full

assessment of EV origin (e.g. immune cells) and subtypes

(i.e. exosomes, microvesicles or apoptotic cells) using

complementary biochemical approaches (40) would have

been of interest, the volume of lymph collected was not

suitable to perform these additional experiments and other

studies will characterize them without doubt in the near

future. At present, we speculate that lymph contains both

20
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exosomes and microvesicles and that the CD41� and

Ter1119� EVs, with their size and markers, correspond

mainly to microvesicles derived from platelets (or mega-

karyocytes) and RBCs, respectively. We observed that a

major proportion of EVs did not harbour surface PS.

Considering that PS is implicated in the rapid clearance of

EVs (22), PS- EVs may predominantly accumulate in the

lymphatic system where they might interact with other

cells and lymphoid organs. Whereas the routes and

mechanisms of EV uptake have been described extensively

in the past few years (41), our results complement these

findings and bring forth a possible direct role of the

lymphatic network in the transport and also the produc-

tion of EVs. Our results suggest that EVs derived from

RBCs and platelets, inclusively but not exclusively, circu-

late in the lymph of healthy animals and are morphologi-

cally different and abundant in atherosclerosis. Whether

increased concentrations of EVs in lymph in atherosclero-

sis and other chronic inflammatory diseases reflect a cause

or a consequence of lymphatic dysfunction remains under

intensive investigation.
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