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Abstract

OBJECTIVE: The lymphatic system is a circulatory system that unidirectionally drains the 

interstitial tissue fluid back to blood circulation. Although lymph is utilized by leukocytes for 

immune surveillance, it remains inaccessible to platelets and erythrocytes. Activated cells release 

submicron extracellular vesicles (EV) that transport molecules from the donor cell. In rheumatoid 

arthritis, EV accumulate in the joint where they can interact with numerous cellular lineages. 

However, whether EV can exit the inflamed tissue to recirculate is unknown. Here, we investigated 

whether vascular leakage that occurs during inflammation could favor EV access to the lymphatic 

system.

APPROACH AND RESULTS: Using an in vivo model of autoimmune inflammatory arthritis, 

we show that there is an influx of platelet EV, but not EV from erythrocytes or leukocytes, in joint-

draining lymph. In contrast to blood platelet EV, lymph platelet EV lacked mitochondrial 

organelles and failed to promote coagulation. Platelet EV influx in lymph was consistent with joint 

vascular leakage and implicated the fibrinogen receptor α2bβ3 and platelet-derived serotonin.

Tessandier et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSIONS: These findings show that platelets can disseminate their EV in fluid that is 

inaccessible to platelets and beyond the joint in this disease.

VISUAL OVERVIEW: An online visual overview is available for this article.

Keywords

arthritis; extracellular vesicles; inflammation; leukocytes; lymphatic system; platelets

Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease with a global 

prevalence of 0.5% to 1%.1,2 The best-known manifestations implicate the joints, although it 

is recognized that RA also affects the cardiovascular system. Hence, RA is considered a 

leading cause of disability and is associated with multiple complications such as 

cardiovascular diseases.1 Despite the emergence of several efficient therapies, a cure has not 

yet been achieved.1

Joint invasion by immune cells and activation of resident immune cells and fibroblast-like 

synoviocytes contribute to the disease.3 Inflammatory mediators drive progressive and 

irreversible disruption of the cartilage and bone.1 Leukocytes play a central role in joint 

destruction through the release of inflammatory mediators and enzymes like elastases and 

collagenases.4 The mechanism underlying disease initiation is not fully established, but 

autoantibodies such as rheumatoid factor and those directed against citrullinated proteins, 

and activation of FcR (Fc receptors) by immune complexes (IC), are suggested to drive the 

disease in seropositive RA.2 In mice, genetic ablation of the complete set of FcγR (FcR for 

IgG) protects from arthritis,5-7 further pointing to the critical role of autoantibodies in this 

disease.

Although platelets circulate in blood and maintain hemostasis, their role in the inflammatory 

response has also been recognized.8 Platelets are activated in RA patients,9,10 and their 

depletion in a mouse model of autoimmune inflammatory arthritis decreases arthritis 

severity.11,12 The genetic ablation of GPVI (glycoprotein VI), the platelet receptor for 

collagen, reduces arthritis,11 also pointing to platelet contribution to RA. Human platelets 

express FcγRIIA, a receptor for IC, which too could contribute to platelet activation in RA. 

However, murine platelets are completely devoid of any FcγR and thereby cannot respond to 

IC.13-15 In transgenic FcγRIIA mice (FcγRIIATGN) expressing FcγRIIA on myeloid cells 

including platelets, similarly to humans,15-17 circulating IC activate platelets.18-21 Antibody-

mediated arthritis is also more severe in FcγRIIATGN mice.22,23 However, it remains 

unknown whether manifestations other than joint inflammation are affected by the 

expression of FcγRIIA by platelets in arthritis.

Extracellular vesicles (EV), such as exosomes and microvesicles, are small vesicles, 

respectively, released from cells through exocytosis of multivesicular bodies or plasma 

membrane budding.24 Upon activation, platelets release EV (PEV) containing molecules and 

organelles originating from the platelet25,26 and which can be transferred to cellular 

recipients if internalized.27-29 PEV levels increase in the blood of RA patients and correlate 

with disease severity.30,31 PEV accumulate in the synovial fluid of RA patients,11,32-34 

where they amplify inflammation, in part through the activation of fibroblast-like 

Tessandier et al. Page 3

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synoviocytes by their IL (interleukin)-1 content.11 In RA PEV harbor autoantigens (eg, 

vimentin and citrullinated proteins) that are targeted by autoantibodies.32,33 Moreover, PEV 

are internalized by neutrophils in the arthritic joints28 leading to the transfer of platelet 

components, which profoundly modify the neutrophil transcriptome.28 Thus, PEV 

accumulate in the joint in RA where they can interact with numerous cellular lineages. 

Whether they can exit the inflamed tissue has never been examined.

Alongside the bloodstream, lymphatic circulation is a circulatory system that drains 

interstitial fluid from the tissue back into the blood via lymph nodes and the thoracic duct.
35,36 Lymph transports immune cells, lipoproteins, soluble factors, and EV37 and is normally 

devoid of erythrocytes and platelets.38 Studies in mice indicate that lymphatic vessels are 

involved in the clearance of atherosclerotic lesions,37,39,40 and are enriched in EV from 

platelets and erythrocytes.37 How these EV reach lymph and whether this could also apply 

to other pathogeneses such as an autoimmune inflammatory disease is unknown.

During RA, enhanced permeability of the synovial microvasculature underlies tissue edema.
41,42 Inflamed joints and neighboring tissues are drained by dense networks of lymphatics,
43,44 which is suggested to contribute to edema resorption and the attenuation joint damage.
45,46 Although the lymphatic system is mainly regarded as a route for immune cells to reach 

lymphoid organs, whether increased blood vessel permeability in inflammatory conditions 

can influence EV entry in lymphatics remains poorly documented.

Because lymphatic circulation connects the inflamed joints with lymph nodes and the blood 

circulation,44 we verified whether lymph could also drain EV of an inflamed joint during 

RA. Here, we show that after draining the inflamed articulation, lymph is enriched in PEV 

during RA. We provide evidence that PEV egress is tightly regulated by vascular 

permeability and implicates serotonin released by activated platelets following their 

activation by autoantibodies in arthritis.

MATERIALS AND METHODS

More information on methodologies and related citations are presented as Data Supplement. 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Mice

FcγRIIATGN mice (Jackson Laboratory) were backcrossed to C57BL/6J for >10 

generations. β3
−/− and Tph1−/− mice were crossed with FcγRIIATGN mice to obtain 

FcγRIIATGN::β3
−/− and FcγRIIATGN::Tph1−/− mice.19,47-49 FcγRIIATGN mice were also 

crossed with mice expressing RFP (red fluorescent protein) in mitochondria to generate 

FcγRIIATGN mice with fluorescent mitochondria, FcγRIIATGN::Mitochondria-DsRed 

(Discosoma Red) mice.50 Guidelines of the Canadian Council on Animal Care were 

followed in a protocol approved by the Animal Welfare Committee at Laval University 

(2017122-2).
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EV Quantification

Samples (1 μL lymph) were labeled with 2 μg/mL of CD41-BV421 and 1 μM of CellTracker 

Deep Red for 30 minutes at room temperature in 100 μL PBS and diluted to 500 μL with 

PBS before flow cytometry analysis using BD Canto II Special Order Research Product, 

mounted with a forward scatter coupled to a photomultiplier tube, adapted to small particle 

quantification. PEV were identified as double-positive for both CD41 and CellTracker. A 

known quantity of fluorescent microspheres (2 μm diameter, Cy5-labeled, Nanocs, Inc, NY) 

was added to each tube.

Statistical Analysis

To avoid misinterpretations due to changes in laser performance or other confounders 

through the extended period that lasted this study, we only made comparisons between EV 

levels in lymph collected and processed the same day and analyzed the same day on the 

same instrument. Results are presented as mean±SEM. All statistical analyses were done 

using R software.51 Unpaired Student t test and Wilcoxon rank-sum test were used when 

applicable. One-way ANOVA followed with a post hoc Tukey honestly significant difference 

or 2-way ANOVA followed with a post hoc Holm-Šídák were used for multiple 

comparisons.

MicroRNA Data Analysis

For microRNA analysis, an exogenous synthetic control microRNA (Caenorhabditis elegans 
let-7 [lethal-7]-as mutated) was used, as described previously.52 The 30 most frequent 

microRNAs were selected, and their targets were predicted using the multiMiR R package,53 

with the DIANA-microT database.54 Top 10 pathways potentially affected by the identified 

target genes were obtained using the clusterProfiler55 R package and the KEGG Pathway56 

enrichment tool.

RESULTS

PEV Circulate in Lymph in Autoimmune Inflammatory Arthritis

Lymph was collected at the peak of arthritis (day 7), and the absence of blood contamination 

was confirmed (Figure 1A through 1D). High-sensitivity flow cytometry analyses were 

optimized to specifically quantify lymph EV (Figure 1E and 1F). PEV concentrations in 

control lymph (2.5±0.6×107 /mL) and in plasma (1.1±0.1×107 /mL) were comparable 

(Figure 1G). Wild-type mice injected with K/BxN serum developed moderate arthritis 

(Figure 2A and 2B), and no increase in lymph PEV was detected in RA (Figure 2C).57

In the K/BxN serum transfer arthritis model, autoantibodies target glucose-6-phosphate 

isomerase and form pathogenic IC.58 Given the absence of FcγR on murine platelets,16 

FcγRIIA-expressing mice (FcγRIIATGN) were used. No significant differences in the levels 

of lymph PEV due to the expression of the transgene were observed (Figure 2C and 2F, 

P=0.25). FcγRIIATGN mice injected with K/BxN serum displayed more severe RA (Figure 

2D and 2E). Unlike wild-type mice, lymph PEV concentration increased during RA in 

FcγRIIATGN mice (Figure 2F). Lymph immunoblotting (Figure IA in the Data Supplement) 

showed a specific enrichment in CD41 fraction, whereas proteins expressed by EV and 
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exosomes (TSG101) were not modulated, suggesting that PEV accumulation in lymph 

during RA had no significant impact on the lymph content of these exosomal proteins. 

Increased PEV levels in FcγRIIATGN mice peaked at day 7 (Figure IB in the Data 

Supplement). To obtain clues on whether PEV accumulate in lymph following drainage from 

the inflamed articulation, we assessed PEV in both thoracic and mesenteric lymph draining 

respectively the lower body including hind limbs and the digestive system. Only the thoracic 

lymph was enriched in PEV (Figure IC in the Data Supplement), suggesting that PEV influx 

in arthritic FcγRIIA-expressing mice may originate from the joint vasculature.

PEV Are a Predominant EV Population in FcγRIIA K/BxN Lymph

The majority of the circulating cells in lymph in healthy conditions were B and T-

lymphocytes (Figure IIA in the Data Supplement). Concentrations of CD45-, CD3- or CD4-

harboring cells significantly decreased in K/BxN lymph (Figure IIA in the Data 

Supplement), suggesting that these cells may be sequestered in other tissue locations or 

lymph nodes. This further highlights the specificity of PEV enrichment in RA lymph. Minor 

fractions of the B (3.3±0.7%) or T-lymphocytes (1.7±0.8%) harbored the platelet marker 

CD41 suggesting that PEV interaction with lymphocytes in lymph is a minor event (Figure 

IIB in the Data Supplement). Multiple EV populations were detected in lymph in addition to 

PEV: EV from leukocytes (CD45+), T-lymphocytes (CD4+, CD8+), granulocytes (Gr1+ 

[granulocyte marker 1]), lymphatic endothelial cells (podoplanin+), and erythrocytes 

(Ter119+ [terminal 119 antigen of glycophorin A]; Figure 3A). However, none of the EV 

derived from these cells were significantly modulated by K/BxN arthritis (Figure 3A). As 

PEV proportion increased to represent the main EV population we detected in lymph in 

arthritic conditions (Figure 3B), the data further highlight the preferential accumulation of 

PEV in lymph during RA.

Characterization of EV in Lymph

Cryo-transmission electron-microscopy permits the direct visualization of EV and the 

assessment of EV smaller in size than those distinguished by flow cytometry. The analysis of 

thoracic lymph from arthritic FcγRIIATGN mice revealed a wide variety of EV in lymph 

(Figure 4A). Approximately 5% of EV harbored CD41, although the majority were CD41 

negative, consistent with the large heterogeneity of the EV present in lymph and potentially 

reflecting the absence of CD41 on certain PEV.59,60 Furthermore, vesicles located inside 

other vesicles, and vesicles presenting a tubular shape, were also observed (Figure 4A).

EV from activated platelets in the blood of RA patients express CLEC-2 (C-type lectin-like 

receptor 2), a receptor for podoplanin61; however, it is unknown whether this receptor is 

found on PEV in lymph. In healthy mice, 50% of lymph PEV harbor CLEC-2, but this 

percentage increased to 80% in K/BxN lymph, confirming that PEV maintain the expression 

of CLEC-2 in arthritis, and pointing to enrichment of CLEC-2+ PEV in lymph during RA 

(Figure 4B). Moreover, half (58±4%) of the PEV in control and K/BxN mouse lymph 

exposed phosphatidylserine (Figure 4C), a percentage similar to what has been reported in 

blood (55%).62 Analysis of lymph microRNA content, undertaken because platelets63 and 

blood PEV25,29 contain gene-regulatory microRNA, showed profound alterations in the 

composition of the lymph extracellular microRNA during arthritis (Figure 4D) and changes 
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in the pathways potentially targeted by these microRNA during arthritis (Figure III in the 

Data Supplement). Given the 5-fold enrichment of micro RNA (miR)-451, a microRNA 

known to be contained in PEV28 (Figure 4D), we utilized magnetic microspheres to 

specifically isolate PEV in lymph and confirmed their content in miR-451 and miR-223 

(Figure 4E). Similar levels of these microRNA were quantified in PEV from plasma, 

suggesting that there is no enrichment in these microRNA species in lymph PEV. A 

proportion of PEV contain mitochondria and have been described in blood and the synovial 

fluid in RA.26,59 To determine if lymph PEV contain mitochondria, FcγRIIATGN mice were 

crossed with mice expressing RFP in the mitochondria.50 Alongside platelets, CD41+ EV 

containing or not mitochondria were detected in plasma from these mice but were absent in 

lymph (Figure 4F), which is consistent with lymphatic EV being of a small size (123.5±3.1 

nm in control lymph versus 97.5±5.1 nm in K/BxN lymph; Figure IV in the Data 

Supplement). Taken together, these results reveal that lymph PEV, despite sharing common 

traits with blood PEV, can be distinguished from blood PEV by the absence of mitochondria.

PEV Do Not Contribute to Lymph Coagulation

PEV circulating in blood can support the coagulation cascade.25,64 However, it is unknown 

whether lymph PEV can also participate in coagulation. Albeit at a lower level than plasma 

(Figure 5A and 5C), lymph was able to generate thrombin, thereby demonstrating that 

coagulation can occur in lymph, as previously reported.65 Thrombin generation in lymph of 

healthy versus arthritic mice was comparable, suggesting that the population of PEV 

enriched in FcγRIIATGN K/BxN mice does not augment lymph coagulation (Figure 5A). 

The complete removal of EV following high-speed centrifugation of acellular lymph and 

plasma reduced the coagulation potential of the fluids, suggesting that particulate material, 

likely EV from different cells, supports coagulation in lymph and in plasma (Figure 5A and 

5C). However, the specific removal of CD41+ EV from lymph and plasma using magnetic 

beads coupled with anti-CD41 antibody effectively reduced thrombin generation in plasma, 

but not in lymph (Figure 5B and 5D), despite the efficient PEV depletion (Figure V in the 

Data Supplement). These data demonstrate that in contrast to PEV in blood, lymph PEV do 

not contribute to coagulation, pointing to other function(s) for PEV in lymph.

Role of FcγRIIA Signaling Through αIIbβ3 in Joint Vasculature Leakage

Blood vasculature leakage of the inflamed joint occurs during arthritis.41,66-68 Alterations to 

the blood vasculature permeability may be involved in the accumulation of PEV in lymph. 

Joint permeability was assessed by intravenous injection of fluorescent microspheres (510 

nm) in the tail vein and quantification of their accumulation in joints.41 Unlike healthy 

control mice, vascular leakage was confirmed in arthritic mice and was significantly 

enhanced by the expression of FcγRIIA (Figure 6A and 6B). Since platelets FcγRIIA 

signaling requires fibrinogen binding to the αIIbβ3 receptor,69 mice lacking β3 subunit 

(FcγRIIATGN::β3
−/−) were compared with control mice (FcγRIIATGN::β3

+/+). Both groups 

developed similar arthritis (Figure 6C and 6D), revealing that β3 is dispensable in the 

promotion of joint inflammation. However, blood vessel leakage in joints was almost 

abrogated in the absence of β3 (Figure 6E and 6F), thereby pointing to critical αIIbβ3 

signaling in platelets during the leakage process.
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In vitro stimulation of platelet, FcγRIIA leads to PEV release, independently of β3 

expression (Figure VI in the Data Supplement), suggesting that PEV may still be produced 

locally in joints during arthritis in mice lacking β3. However, it was impossible to assess 

lymph PEV levels in FcγRIIATGN::β3
−/− mice due to unavoidable bleeding during lymph 

collection. To determine the potential role of β3 in PEV egress to lymph, the transit of 

fluorescent microspheres was thus monitored. Microspheres were injected in the tail vein 

and after their accumulation in the joints (45 minutes after injection), the microspheres were 

detected in hind paw-draining lymph nodes (inguinal lymph node), suggesting that the 

microspheres that could leave the blood circulation were drained from the extravascular bed 

to the lymphatic node (Figure 6G). Microsphere transit to the inguinal lymph node was 

markedly increased in FcγRIIATGN::β3
+/+ compared with wild-type (FcγRIIANull::β3

+/+) 

arthritic mice. In contrast, FcγRIIATGN::β3
−/− mice showed a reduction in microsphere 

accumulation in inguinal lymph node (Figure 6G). Together, these data suggest that in 

arthritis, platelets are activated and mediate leakage of the joint blood vasculature in joints 

through a mechanism implicating FcγRIIA and αIIbβ3, a process that favors the egress of 

small particles through the lymphatic system.

Blood Vessel Permeability Induced by Platelet-Derived Serotonin Supports PEV Egress to 
the Lymphatic System

Serotonin and histamine are potent mediators capable of promoting blood vessel leakage.
67,68,70 Outside the brain, platelet dense granules are the main reservoir of serotonin. The 

latter is, in fact, produced by TPH1 (tryptophan hydroxylase 1) in enterochromaffin cells in 

the intestine before their capture by platelets in blood.49 Given that FcγRIIA activation by 

IC and αIIbβ3 reportedly induces serotonin release,19 we examined the role of serotonin in 

PEV circulation in lymph using mice lacking peripheral serotonin (genetic ablation of the 

gene coding for TPH1)49 and expressing FcγRIIATGN. Arthritis severity was the same in 

both FcγRIIATGN::Tph1+/+ and FcγRIIATGN::Tph1−/− mice (Figure 7A and 7B), consistent 

with the reported sustained arthritis in mice lacking the serotonin transporter, the receptor 

that permits the capture of serotonin by platelets.41 FcγRIIATGN::Tph1−/− mice had a 

marked reduction in joint blood vessel permeability (Figure 7C). Fluorescent microspheres 

were injected in the tail vein, and their quantification in inguinal lymph node at later time 

points further highlighted that FcγRIIATGN::Tph1−/− mice showed a consistent reduction in 

microsphere transit from blood vessel to the lymphatic system (Figure 7D). It is important to 

note that despite sustained arthritis severity in FcγRIIATGN::Tph1−/− mice, PEV levels in 

lymph of these mice were greatly reduced, suggesting that PEV influx in the lymph and 

promotion of joint inflammation may implicate different pathways (Figure 7E). PEV 

reduction in lymph was not due to defective EV liberation by Tph1−/− platelets (Figure VII 

in the Data Supplement). Moreover, the quantification of lymphatic vessels (Lyve1+) in 

FcγRIIATGN::Tph1+/+ and FcγRIIATGN::Tph1−/− mice confirmed the absence of defects in 

lymphangiogenesis, as the lymphatic vessel number per mm2, lymphatic vessel area and 

total lymphatic vessel area per mm2 of tissue were the same in both groups (Figure VIIIA 

through VIIIE in the Data Supplement). In summary, the data confirm that following 

FcγRIIA activation by IC co-signaling by αIIbβ3, platelet-derived serotonin promotes PEV 

egress to the lymphatic system.
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DISCUSSION

Platelets circulate in an activated state in the blood vessels of RA patients, and studies have 

confirmed the presence of PEV in the synovial fluid of RA patients where they can interact 

with other cellular lineages.11,32,34 The present study identifies PEV lymphatic influx as a 

consequence of articular inflammation and reveals that PEV can reach tissue locations 

beyond the inflamed tissue in RA. Moreover, the results show that platelets regulate the 

permeability of the blood vasculature to promote PEV influx into the lymphatic system in 

RA. As PEV transport platelet components, including inflammatory molecules and nucleic 

acids, this mechanism contributes to the dissemination of platelet molecules in a vasculature 

that is not usually accessible to platelets. As PEV influx in lymph also occurs in a mouse 

model of atherosclerosis,37 we further suggest that this concept may extend to other vascular 

inflammatory conditions in which platelets contribute.

Circulating leukocytes migrate into inflamed tissues. This process implicates both selectins 

and integrins, and studies suggest that platelets are critical to the efficient adhesion and 

migration of neutrophils in tissues. Activated platelets and neutrophils interact together 

through P-selectin or glycoprotein 1B on platelets, as well as P-selectin glycoprotein ligand 

and integrin CD11b/CD18 (Mac-1 [macrophage-1 antigen]) on neutrophils.71-74 Although 

platelets can use adhesion receptors, such as αIIbβ3, to scan the blood vessel wall and 

migrate,75 it is currently unclear whether their migratory activity is sufficient to reach the 

inflamed synovium in RA. Thus, platelets may potentially leave blood vessels through 

interactions with the migrating leukocytes or through an undefined intrinsic migratory 

activity. In RA, the egress of PEV from leaky blood vessels is suggested to be a function of 

their small dimensions.41,66 Thus, the generation of EV and the promotion of vascular 

leakage may represent another means for platelets to transfer their cargo to tissue locations 

outside blood vessels.

Human platelets express tyrosine-based activation motifs (ITAM) receptors: FcγRIIA, 

GPVI, and CLEC-2. In this model, FcγRIIA could play 2 roles in the promotion of PEV 

egress in lymph by (1) increasing PEV generation in response to IC and (2) inducing platelet 

degranulation and thus serotonin release. GPVI, a collagen receptor, was previously shown 

implicated in PEV release and promotion of arthritis in the K/BxN serum transfer model.11 

Although GPVI was also shown involved in joint vascular leakage in this model,41 the 

present data suggest that its role is more modest in absence of FcγRIIA. We speculate that 

changes in K/BxN serum potency and animal facility environment may explain the much 

lower disease severity currently observed in our FcγRIIANull mice and may thereby mask 

the role of GPVI.76,77 Although enhanced arthritis severity in FcγRIIANull mice was 

achieved by the injection of higher volume of K/BxN serum, FcγRIIATGN mice still 

presented higher levels of PEV in lymph than their FcγRIIANull counterparts, and no 

positive correlation between arthritis severity and PEV concentration was detected (Figure 

IX in the Data Supplement). Although these data point to a critical involvement of FcγRIIA 

in PEV egress in lymph, the reduction PEV accumulation in lymph in the absence of αIIbβ3 

or peripheral serotonin, despite full-blown arthritis in these mice, clearly illustrates the 

disconnect between arthritis severity and PEV recirculation. Given that FcγRIIA can 

amplify platelet activation in response to antibodies as well as in response to fibrinogen in 
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mediating αIIbβ3 outside-in integrin signaling,78 we suggest that FcγRIIA also regulates 

PEV egress in lymph in other models of inflammation. Whether CLEC-2 is also involved in 

the release of EV by platelets or the promotion of joint leakage in RA was not investigated 

in the present study.

Although platelets are absent in lymph, their PEV are found in lymph under healthy 

conditions.37 They may be generated for instance by sustained platelet CLEC-2 activation at 

the separation of the blood and lymphatic systems or from megakaryocytes as they too 

express CD41 and CLEC-2.61,79 In immune thrombocytopenia, PEV can cross-express CD 

markers from other cells,80 pointing to interactions of PEV with EV from different cellular 

lineages. Such interactions were not investigated in the present study, but given the 

dominance of PEV in lymph in comparison to EV from other cells, these events would be 

expected to be rare. EV participate in intercellular communication25 and contain nucleic acid 

(eg,mRNA, microRNA, cytokines, and organelles).25,26,28,81 We could verify that lymph 

PEV also contain at least 2 microRNA species (miR-223 and miR-451). However, CD41+ 

PEV did not account for the majority of lymphatic microRNA (Figure 4E), suggesting that 

the profound change affecting microRNA lymphatic composition during RA could not be 

solely explained by the lymph PEV influx. The results hint that other vesicles, such as PEV 

lacking the expression of CD41, exosomes (from platelets or other cells), lipid vesicles, or 

Argonaute2-microRNA complexes,82 could contribute to the alteration of the microRNA 

repertoire. Future investigations are needed to better describe microRNA content of lymph 

PEV and their role in this tissue location.

In accordance with previous literature,65 lymph can clot but less efficiently than plasma or 

blood. It may be explained by altered levels of the clotting factors in lymph relative to 

plasma83 or potentially a reduced number of tissue factor exposing EV.84,85 Exosomes or 

other soluble mediators might also participate in lymph coagulation. Moreover, unlike in 

plasma, depletion of CD41+ EV had no impact on lymph coagulation, possibly due to the 

presence of other more potent populations of EV not harboring CD41. This suggests that 

lymph PEV may play roles other than in coagulation, such as the transmission of platelet-

derived molecules to lymph nodes and cells that populate the lymphatics. Whether the 

drainage of PEV is a process that can reduce joint inflammation in RA could not be 

demonstrated in this present study, but others reported that interruption of lymphatic 

drainage due to lymphoproliferation in lymph nodes could enhance joint bone erosion and 

inflammation in mice.46,86 The drainage of inflammatory molecules (eg, cytokines, PEV) 

may thus reduce local inflammation in joints but may disseminate these molecules to other 

tissue locations and to cells that populate the lymphatics.

Lymphatic vessels draining the interstitial fluid are blind-ended by a mesh of pores, that 

selectively uptake smaller vesicles, up to 1 μm in diameter.87 The pore size possibly explains 

the size-filtration of EV entering the lymph, thereby favoring enrichment of smaller EV, 

possibly explaining the absence of mitochondria-containing PEV in lymph, in contrast to 

plasma. Another explanation is that certain populations of PEV may have preferentially 

interacted with other cells, such as endothelial cells, macrophages, and neutrophils,27-29 and 

even with the lymphatic endothelial cells which, we observed, can also internalize PEV 

(Figure X in the Data Supplement). Like EV, small molecules, such as cytokines, may thus 
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be drained by the lymphatic vessels. By measuring 32 different cytokines and chemokines in 

mouse lymph, we found that solely G-CSF (granulocyte-colony stimulating factor) and IL-6 

were increased during RA (Figure XI in the Data Supplement). However, with the exception 

of IL-6, serotonin deficiency did not hinder the presence of other cytokines or chemokines in 

arthritic lymph (Figure XII in the Data Supplement). Although PEV were able to stimulate 

the release of cytokines (eg, G-CSF, IL-1ra [interleukin-1 receptor antagonist]) by lymphatic 

endothelial cells, PEV failed to induce IL-6 release (Figure XIII and Figure XIV in the Data 

Supplement). Together, the data point to the specificity of serotonin-induced vascular 

permeability in the presence of PEV and IL-6 in lymph.

The lymphatic network is best known for its role in the transportation of immune cells to 

lymph nodes. Lymph is also utilized by metastatic lymphoma cells to reach the lung 

vasculature and propagate cancer.88,89 However, our work identifies platelets as cells 

capable of propagating their PEV through lymph in RA. This novel activity for platelets 

occurs downstream the inflamed site. Given that lymph unidirectionally converges at the 

thoracic duct near the heart in the left subclavian vein, PEV may also return to the blood 

circulation near this organ and may contribute to the enhanced risk of cardiovascular 

diseases.90 These observations are particularly relevant in RA, where inflammation affects 

the joints, but cardiovascular manifestations are one of the leading causes of death in 

patients.90 In sum, PEV have a privileged access to the lymphatic system relative to 

platelets, and their examination in lymph may reveal outstanding physiological and 

pathological roles played by PEV that cannot be performed by platelets themselves.
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Nonstandard Abbreviations and Acronyms

CLEC-2 C-type lectin-like receptor 2

EV extracellular vesicles

FcR Fc receptors

FcγR Fc receptors for IgG
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GPVI glycoprotein VI

IC immune complexes

IL interleukin

PEV platelet EV

RA rheumatoid arthritis

TPH1 tryptophan hydroxylase 1
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Highlights

• Platelet extracellular vesicles circulate in lymph, and their concentration 

increases during inflammatory arthritis.

• Platelet extracellular vesicles transit to lymph implicates vascular 

permeability.

• Vascular permeability modulating platelet extracellular vesicles transfer to 

lymph is regulated by platelet-derived serotonin.
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Figure 1. Lymph collection and lymph platelet extracellular vesicles (PEV) quantification.
A, Lymph is collected at the thoracic duct, between the transverse lumbar artery and the 

diaphragm in a collection tube coated with EDTA (0.1 M). B, Representative picture of 

translucent collected lymph. C and D, Red blood cells (RBCs; C) and platelet (D) counts in 

blood, spun blood (plasma), and unprocessed lymph (n=3). E, Efficient flow cytometry 

quantification of PEV in lymph was verified by spiking and serial-dilutions of in vitro-

generated PEV in either lymph or PBS. Nondiluted (ND), n=3. F, Sensitivity to Triton 

0.05% of the PEV quantified by flow cytometry (n=4). G, PEV were quantified in platelet-

free plasma and in lymph in C57BL/6 wild-type mice (n=5).
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Figure 2. Platelet extracellular vesicles (PEV) circulate in lymph in autoimmune inflammatory 
arthritis.
A and B, Clinical index (A) and delta ankle thickness (B) in wild-type (WT; blue) and 

FcγRIIATGN (green) mice injected with either 150 μL PBS (respectively light blue and 

light green) or 150 μL K/BxN serum (respectively dark blue and dark green) on day 0 and 

day 2 (n=10). C, Flow cytometry quantification of lymph PEV in WT and FcγRIIATGN 

mice at the peak of arthritis severity, day 7 (n=10). **P≤0.01, using a 1-way ANOVA, 

followed by post hoc Tukey honestly significant difference for multiple comparisons.
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Figure 3. Platelet extracellular vesicles (EV) are a predominant EV population in FcγRIIATGN 

K/BxN lymph.
A, Quantification of EV populations between control and K/BxN lymph, as assessed by flow 

cytometry. B, Assessment of EV populations proportion by flow cytometry in lymph from 

control and K/BxN mice. EV distribution are presented as a percentage based on the selected 

EV markers (CD4, CD41, CD45, CD8, Gr1 [granulocyte marker 1], Podoplanin, Ter119 

[terminal 119 antigen of glycophorin A]). EV not presenting those markers were, therefore, 

not taken into account for the total EV population in this representation (n=4). Same samples 

were used for creating both A and B. *P≤0.05 using a 2-way ANOVA, followed by post hoc 

Holm-Šídák for multiple comparisons.
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Figure 4. Characterization of extracellular vesicles (EV) in lymph.
A, Representative Cryo-electron-microscopy images of vesicles detected in FcγRIIATGN 

K/BxN lymph. Black dots identify CD41 antibody coupled to gold beads. Top left, the 

specificity of labeling, as all the black dots can be found in close proximity with EV. White 

arrowheads identify CD41+ EV, whereas white arrows identify CD41− EV (lymph pooled 

from 3 FcγRIIATGN K/BxN mice). B, CLEC-2 (C-type lectin domain family 1 member B) 

exposure and (C) phosphatidylserine (PS) exposure on platelet EV (PEV) in control and 

K/BxN mice (n=4 and n=5). D, Representations of the proportions of the 10 most expressed 
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extracellular microRNA in Control (left) and K/BxN (right) FcγRIIATGN lymph. Each tile 

represents 1% (n=1, pooled from 3 mice per condition). E, Proportion of micro RNA 

(miR)-223 and miR-451 contained in K/BxN immunoprecipitated CD41+ PEV over total 

extracellular content in lymph vs plasma, as determined by real-time quantitative 

polymerase chain reaction (n=3). F, Representative gating illustration of plasma and lymph 

from K/BxN mice (n=2). Samples were labeled with an anti-CD41 (Pacific Blue), whereas 

mitochondria are endogenously fluorescent (Mitochondria-DsRed [Discosoma Red]). 

*P≤0.05, using an unpaired t test. let-7 indicates lethal-7.
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Figure 5. Platelet extracellular vesicles (PEV) do not contribute to lymph coagulation but 
interact with lymphatic endothelial cells.
A and B, Averaged curves showing fluorescence from cleavage of a fluorogenic substrate of 

thrombin in control (PBS) or FcγRIIATGN K/BxN lymph, either native or larger EV-

depleted (centrifugation at 18,000 g for 90 min; A), or native and CD41+-EV-depleted (B; 

n=4). C and D, Averaged curves showing fluorescence from cleavage of a fluorogenic 

substrate of thrombin in control (PBS) or FcγRIIATGN K/BxN plasma, either native or 

larger EV-depleted (C), or native and CD41+-EV-depleted (D; n=3 and n=2). A.U. indicates 

arbitrary unit.
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Figure 6. Role of FcγRIIA and its signaling through β3 in joint vasculature leakage.
A, B and E, FcγRIIANull::β3+/+ (A), FcγRIIATGN:: β3+/+ (B) and FcγRIIATGN:: β3−/− 

(E) K/BxN mice were injected intravenously with 0.51-μm diameter microspheres and 

visualized 2 minutes later using a Xenogen IVIS in vivo imaging system. All mice received 

the same concentration of fluorescent microspheres. C and D, Clinical index (C) and delta 

ankle thickness measured at the malleoli with the ankle in a fully flexed position (D). 

Comparison of arthritis severity for FcγRIIANull::β3
+/+, FcγRIIATGN:: β3

+/+ and 

FcγRIIATGN:: β3
−/−. F, Radiant efficiency quantification of 0.51 μm diameter sky-blue-

conjugated microspheres accumulation in arthritic joints 2 min after intravenous injection, in 

FcγRIIANull:: β3
+/+, FcγRIIATGN:: β3

+/+ and FcγRIIATGN:: β3
−/−. Data are presented as a 

percentage of nonarthritic control mice injected with the same concentration of 

microspheres. G, Fold change of sky-blue fluorescence detected in the inguinal lymph 

nodes, 45 min after microsphere injection in FcγRIIANull:: β3
+/+, FcγRIIATGN::β3

+/+ vs 

FcγRIIATGN::β3
−/− K/BxN mice relative to nonarthritic control mice injected with the same 

concentration of microspheres. **P≤0.01 using a one-way ANOVA, followed by post hoc 

Tukey honestly significant difference for multiple comparisons.
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Figure 7. Blood vascular permeability induced by platelet-derived serotonin increases platelet 
extracellular vesicles (PEV) content in the lymphatic system.
A and B, Clinical index (A) and delta ankle thickness measured at the malleoli with the 

ankle in a fully flexed position (B). Comparison of arthritis severity for FcγRIIATGN:: 

Tph1+/+ and FcγRIIATGN:: Tph1−/− K/BxN mice. C, Radiant efficiency quantifications of 

0.51-μm diameter sky-blue-conjugated microspheres accumulation in arthritic joints 2 min 

after intravenous injection, in FcγRIIATGN:: Tph1+/+ and FcγRIIATGN:: Tph1−/− K/BxN 

mice. Data are presented as a percentage of nonarthritic control mice injected with the same 

concentration of microspheres. D, Fold change of sky-blue fluorescence detected in the 

inguinal lymph nodes, 45 min after microsphere injection into FcγRIIATGN:: Tph1+/+ and 

FcγRIIATGN:: Tph1−/− K/BxN mice relative to nonarthritic control mice injected with the 

same concentration of microspheres. E, PEV quantification in FcγRIIATGN:: Tph1+/+ and 

FcγRIIATGN:: Tph1−/− thoracic lymph, in arthritic mice.
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