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Coronavirus disease (COVID)-19 is characterised in particular by vascular
inflammation with platelet activation and endothelial dysfunction. During the
pandemic, therapeutic plasma exchange (TPE) was used to reduce the cytokine
storm in the circulation and delay or prevent ICU admissions. This procedure
consists in replacing the inflammatory plasma by fresh frozen plasma from
healthy donors and is often used to remove pathogenic molecules from plasma
(autoantibodies, immune complexes, toxins, etc.). This study uses an in vitro
model of platelet-endothelial cell interactions to assess changes in these
interactions by plasma from COVID-19 patients and to determine the extent to
which TPE reduces such changes. We noted that exposure of an endothelial
monolayer to plasmas from COVID-19 patients post-TPE induced less endothelial
permeability compared to COVID-19 control plasmas. Yet, when endothelial cells
were co-cultured with healthy platelets and exposed to the plasma, the beneficial
effect of TPE on endothelial permeability was somewhat reduced. This was linked
to platelet and endothelial phenotypical activation but not with inflammatory
molecule secretion. Our work shows that, in parallel to the beneficial removal of
inflammatory factors from the circulation, TPE triggers cellular activation which
may partly explain the reduction in efficacy in terms of endothelial dysfunction.
These findings provide new insights for improving the efficacy of TPE using
supporting treatments targeting platelet activation, for instance.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the infectious agent

responsible for Coronavirus Disease 2019 (COVID-19) (1). In some patients, COVID-19

results in acute respiratory distress syndrome and multi-organ failure due in part to the

proinflammatory cytokines produced during the immune response, referred as the

“cytokine storm”. At cellular level, cytokine-driven leakage of the pulmonary endothelium
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contributes to COVID-19 pathogeny (2). Indeed, the entry of

SARS-CoV-2 within the organism contributes to the

inflammatory environment affecting the endothelium and leads

to platelet activation and thrombo-inflammation.

Moreover, COVID-19 may also be associated with coagulation

disorders including Disseminated Intravascular Coagulation (DIC).

In case of COVID-19 related DIC, it is highly associated with

mortality and increased levels of pro-thrombotic plasmatic factors

including D-dimer levels, and prothrombin time (3–5). Thus, the

ISTH interim guidance on recognition and management of

coagulopathy in COVID-19 proposed to consider, in case of

coagulopathy-related parameters worsening, more “experimental”

therapies, including blood product support, in addition to extensive

critical care management (6). Yet, it remains unclear whether the

dysregulation of thrombotic and coagulation responses stems from

SARS-CoV-2 infection per se or is related to the “cytokine storm”

(7). In patients with severe respiratory failure, immune

dysregulation with a macrophage-activation syndrome accompanies

this cytokine storm, subsequently followed by immunosuppression.

However, the pathophysiolology of COVID-19 is still poorly

understood, thus hindering the development of therapeutic

strategies and leaving many questions unanswered, particularly on

the initiation of inflammation and the subsequent endothelial

barrier dysfunction and cardiovascular consequences.

By bridging haemostasis and inflammation, platelets are major

players in thrombo-inflammation (8, 9). Platelets are a major

source of circulating cytokines, including immunomodulatory

molecules involved in cardiovascular diseases, such as soluble

CD40-Ligand (sCD40l) (10, 11), which has been proposed to be

an early marker of severe acute respiratory syndrome in COVID-

19 (12). Moreover, platelets regulate leukocyte and endothelial

activities (13, 14), both of which are altered in COVID-19 as

reflected, for instance, by increased circulating platelet/leukocyte

aggregates (15, 16). It would therefore appear that a COVID-19-

related change in platelet-endothelium interactions likely

contributes to the severity of COVID-19 (17). Indeed, the

hyperactivated state of platelets (18) and endothelial cells (19)

during COVID-19 and the related accumulation of inflammatory

factors in the circulation amplify pro-inflammatory and pro-

thrombotic responses. Thus, a reduction in the circulating levels

of inflammatory factors would be an attractive strategy in the

early stages of the disease in a bid to prevent complications and

alleviate ICU patient management.

Therapeutic Plasma Exchange (TPE) is a procedure that involves

replacing patient plasma with fresh frozen plasma from healthy

donors obtained through blood donation or by plasmapheresis.

This treatment is already used for patients with an harmful

accumulation of blood molecules such as IgMs in Waldenström’s

macroglobulinemia or autoantibodies in ANCA-associated

vasculitis (20). Successive sessions of TPE remove these molecules

in order to improve the patient’s condition. This treatment is

considered effective, well tolerated and safe. The main advantage

of this approach is that it triggers a significant, albeit transient,

decrease in thrombo-inflammatory blood molecules without

inducing immunosuppression. If implemented in the early stages,

this strategy could improve thrombo-inflammation in patients
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with severe COVID-19 by replacing inflammatory molecules and

accumulated activated haemostatic factors with healthy plasma

components, thereby delaying or preventing ICU admission (21).

The ongoing Therapeutic Plasma Exchange to Alleviate the

Hyperinflammatory Condition During Severe Covid-19 Infections

(CovidEP) trial (ClinicalTrials Identifier: NCT04751643) addresses

this issue and assesses the requirement for intubation and invasive

ventilation in patients undergoing 3 TPE sessions in 3 consecutive

days compared to patients receiving standard treatments including

assisted ventilation, oxygen supplementation, non-invasive

ventilation, vasopressive support and corticosteroids, etc. In

parallel to this clinical study, the results of which are not available

yet, it has been proposed to evaluate in vitro the inflammatory

potential of the plasma of patients undergoing TPE vs. those

receiving standard therapy. Plasma samples from COVID-19

patients, prior to either treatment, alter endothelial tightness and

barrier function. TPE had a beneficial impact on the endothelium,

which was slightly reduced in the presence of platelets, whose

activation led to that of endothelial cells. Our encouraging results

suggest that TPE may contribute to an improvement in COVID-

19-related complications, including endothelial dysfunction.
Method

Patient samples and ethical considerations

In accordance with the French Public Health Code (Article

L. 1223-3) and the procedures of the French Blood Bank Ethics

Board (Etablissement Français du Sang—EFS), volunteer blood

donors signed the donation form indicating that they did not object

to the use of their donation for non-therapeutic purposes. Thus, in

accordance with the Declaration of Helsinki, informed and written

consent has been obtained from all the healthy donors who

participated in this study for blood sampling for scientific purposes.

Plasma samples from hospitalised COVID-19 adults were

obtained during the CovidEP clinical trial (NCT04751643) upon

information and with the written consent of the patient or, if this

was not possible, from a trusted individual. COVID-19 patients

were randomized in two groups, a control group (n = 10) receiving

standard treatments (assisted ventilation, oxygen supplementation,

non-invasive ventilation, invasive ventilation, antibiotic,

vasopressive support or corticosteroids) and a TPE group (n = 10)

receiving standard treatments and, 24 h after inclusion, three

consecutive TPE sessions, i.e., one per day for 3 consecutive days.

TPE was performed using a centrifugation technique (Optia

TerumoBCT, Lakewood, CO, USA). This procedure consisted of an

exchange of 1.2 plasma volumes. The plasma removed was replaced

by fresh-frozen plasma (collected before the COVID-19 pandemic).

In all sessions dual vascular access and acid citrate dextrose-A

(ACD-A) were used. Inlet Blood was mixed with ACD-A in ratio of

17:1. Continuous infusion of calcium and magnesium on outlet

blood was performed to avoid ACD-A toxicity. Plasma sampling

was performed on patients in both groups on inclusion day (Day 0,

D0) and therefore before TPE for patients in this group and 4 days

after inclusion (D4), i.e., 24 h after the 3rd TPE session for this
frontiersin.org
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group of patients. Plasma was prepared according to guidelines from

the French Study Group on Haemostasis and Thrombosis. Briefly,

citrated blood samples were centrifuged for 10 min at 2,000–

2,500 g. Plasma samples were stored at −80°C until required for

subsequent analysis. Patient characteristics and comorbidities are

listed in Supplementary Table S1. The COVID-19 TPE patients

and COVID-19 controls groups were matched by gender and,

where possible, age, with the limitation of the number of samples

available for the study.
Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium—High-Glucose (DMEM-

HG), MEM Non-essential Amino Acid Solution, Antibiotic

Antimycotic Solution, Dulbecco’s Phosphate Buffered Saline (PBS),

Apyrase, Prostaglandin I2 sodium salt (PGI2), Trypsin-EDTA and

Fluorescein Isothiocyanate (FITC)-Dextran 4 kDa were purchased

from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Hank’s

Balanced Salt Solution (HBSS), HEPES Buffer Solution and cell

culture inserts for 24-well plates [high-density pore, 3 μm pore

diameter, translucent poly terephthalate ethylene (PET) membrane]

were purchased from Thermo Fischer Scientific/Fisher Scientific

S.A.S. (Illkirch, France). Foetal calf serum was purchased from

Eurobio Scientific (Les Ullis, France). ThromboFix Platelet Stabiliser

was purchased from Beckman Coulter (Villepinte, France).

Allophycocyanin (APC)-conjugated mouse anti-human CD41a

(clone HIP-8), Phycoerythrin (PE)-conjugated mouse anti-human

CD54 (clone HA58), PE-CD62P (clone AK4), FITC-CD63 (clone

H5C6) and fluorochrome-conjugated mouse IgG isotypic controls

were purchased from BD Biosciences (Le Pont de Claix, France).
Cell culture and creation of an in vitro
endothelial cell barrier model

Human endothelial cell line EA.hy926 was purchased from the

American Type Culture Collection/ LGC Standards SARL

(Molsheim, France). EA.hy926 endothelial cells (ECs) were

cultured in DMEM-HG supplemented with heat-inactivated

foetal calf serum (10% v/v), MEM (1% v/v) and antibiotic-

antimycotic solution (1% v/v) and maintained at 37°C in a 5%

carbon dioxide atmosphere. On reaching 80% confluence, ECs

were subcultured using 0.5% trypsin-EDTA solution.

A tight monolayer was obtained on translucent PET using

3 μm pore-sized culture inserts with a 0.33 cm2 growth area.

Briefly, ECs were seeded at a density of 105 cells/wells and grown

for 18 days in order to reach optimal barrier properties, reflected

by maximal Trans-Endothelial Electrical Resistance (TEER).
Platelet preparation

Peripheral blood was collected from healthy donors in endotoxin-

free 3.8% sodium citrate tubes (Vacutainer®, Becton-Dickinson) and

whole blood tubes were stored at 37°C before use and within two
Frontiers in Cardiovascular Medicine 03
hours of collection. Platelet-rich plasma (PRP) was prepared by

centrifuging blood at 188 × g for 10 min at room temperature.

Platelet counts were carried out in freshly prepared PRP using an

MS4s Haematology analyser (Melet Schloesing, Osny, France) and a

sufficient volume of PRP to obtain 2 × 107 platelets for each co-

culture was centrifuged at 423 × g for 10 min at RT. The cell pellet

was then resuspended in 500 μl of D0 or D4 plasma from COVID-

19 patients in either the control or TPE group and used immediately.
Co-culture of platelets and endothelial cells

EC monolayers on Transwell inserts were either incubated with

COVID-19 D0 or D4 plasma alone, or co-cultured with healthy

platelets as described previously (22) from PRP prepared

according to the protocol described in the paragraph above,

centrifugated and resuspended in COVID-19 D0 or D4 plasma

for 24 h at 37°C and 5% CO2.

Each patient plasma, when combined with healthy donor

platelets, was evaluated in the presence of platelets from two

independent donors. Each data point corresponds to an individual

data point. Endothelial barrier integrity was then assessed and cell

supernatants were stored at −80°C until required for the

inflammatory cytokine assessment. Platelets and ECs were

analysed by flow cytometry to assess their activation status.
Expression of platelet and endothelial
activation markers

Platelet membrane expression of P-selectin (CD62P) and CD63

activation markers following the co-culture of platelet and

endothelial cells was assessed after immunostaining of platelets with

APC-CD41a (for gating strategy), PE-CD62P and FITC-CD63 or

corresponding isotypic controls. Platelets were fixed with

ThromboFix prior to flow cytometry analysis. ICAM-1/CD54

membrane expression was assessed on ECs by immunostaining after

trypsinization and cell washing. ECs were fixed in 2%

paraformaldehyde which was replaced with PBS before the flow

cytometry analyses. The analyses were performed either on a BD

CANTO II flow cytometer and analysed with FlowJo V10.8

(Ashland, USA) software or on a BD Guava® easyCyteTM 8HT

device and analysed with BD FACS DivaTM software (BD

Biosciences). Expression of activation markers by EC exposed to

COVID-19 plasmas were reported to those assessed on EC cultured

with medium, as control. Activation marker levels of platelets

cocultured with EC and exposed to COVID-19 plasmas were

reported to those assessed on platelets before co-culture. The

expression levels of activation markers after exposure to COVID-19

plasmas were expressed as fold increase.
Evaluation of endothelial barrier properties

Endothelial permeability was assessed using FITC-Dextran.

HBSS transporter buffer supplemented with 10 mM HEPES
frontiersin.org
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containing 10 μg/ml FITC-Dextran was loaded on the apical side of

the insert and incubated at 37°C for 1 h. Fluorescence was

measured in the basolateral compartment using a Tecan Infinite®

200Pro fluorescence spectrophotometer (Männedorf, Switzerland)

with 485 nm excitation and 530 nm emission wavelengths.

Dextran passage to the basolateral compartment is expressed as a

percentage of the total fluorescence deposited in the apical

compartment, measured at the beginning of the incubation.

TEER was recorded using an EVOM®resistance meter with

STX-2 electrode (Sarasota, USA) to characterize the formation of a

tight endothelial cell monolayer on Transwells. The measurement

of a blank insert, i.e., without cells, was performed and the signal

was subtracted from that recorded for the insert with cells. The

resulting value was then reported at the membrane area (0.3 cm2)

to obtain the TEER measurement in Ω.cm².
Inflammatory factor quantification

The amount of inflammatory factors in culture supernatants

was measured using Luminex technology or specific ELISA.

ELISA was used to quantify RANTES. Luminex technology was

used to measure sCD40l, sCD62P and interleukin (IL)-6.

Luminex and ELISA data were expressed in pg/ml. In order to

assess molecule production during ECs and platelet co-culture on

COVID-19 plasma stimulation, the quantity of each factor was

assessed in COVID-19 D0 and D4 plasma and then subtracted

from the amount assessed in culture supernatants.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 8

software (San Diego, USA). Statistical significance was defined as
FIGURE 1

Effect of COVID-19 control and TPE plasma on endothelial monolayer tightn
endothelial cell monolayer exposed for 24 h to culture medium as a negativ
19 D0 or D4 control or TPE plasma (n= 9–10). (A) Relative TEER was exp
stimulation. (B) FITC-Dextran 4 kDa passage through the endothelial monolay
the apical compartment. Data are presented as individual values with the poi
95% confidence interval. The non-parametric Wilcoxon matched-pairs signed
over time. p < 0.05 was considered significant.

Frontiers in Cardiovascular Medicine 04
2-sided P value of less than.05 and unadjusted for multiple

comparisons. Data were expressed as the point estimate of mean

± the margin of error around the mean defining the 95%

confidence interval. The non-parametric Wilcoxon matched-pairs

signed rank test was used to assess the significance of parameter

changes over time. p < 0.05 was considered significant.
Results

TPE reduces endothelial leakage caused by
COVID-19 plasma

We observed that 24 h exposure of the endothelial monolayer

to COVID-19 D0 plasma from either the control or the TPE

group triggered an important reduction in TEER, amounting to

47.7 ± 19% and 59.2 ± 18%, respectively (Figure 1A). This TEER

reduction was higher than the natural TEER decrease occurring

on culturing with the medium for an additional 24 h (25.0 ± 8%,

Figure 1A) and almost reached that observed on endothelial

stimulation with 100 ng/mL TNFα (61.1 ± 10%, Figure 1A).

Moreover, upon exposure of the endothelium to COVID-19 D4

control plasmas, the decrease in TEER value was even more

dramatic (59.2 ± 20%), whereas COVID-19 D4 TPE plasma had

obviously a much lesser impact on TEER (38.0 ± 22%, p = 0.06,

Figure 1A). In order to address whether this drop in TEER

values led to increased endothelial permeability, we then assessed

the passage of FITC-Dextran 4 kDa molecules though the

monolayer exposed to COVID-19 plasma. We were able to show

that COVID-19 control plasma mediated Dextran passage

through the endothelium increased from D0 to D4, with values

ranging from 17.6 ± 17% to 21.5 ± 24% for COVID-19 control

D0 and D4 plasma, respectively (Figure 1B). This was higher
ess. TEER (A) and FITC-Dextran 4 kDa passage (B) were assessed on an
e control (n= 16), 100 ng/ml TNFα as a positive control (n= 16), COVID-
ressed as a percentage change in relation to TEER assessed prior to
er was expressed as a percentage of the total fluorescence deposited in
nt estimate of mean ± the margin of error around the mean defining the
rank test was used to assess the significance of changes in parameters
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than the value observed with the culture medium (11.8 ± 6%,

Figure 1B). Conversely, exposure of the endothelium to COVID-

19 TPE plasma resulted in a decrease, though not statistically

significant (p = 0,23), in endothelial leakage from 31.3 ± 16%

observed for D0 TPE plasma to16.6 ± 22% for D4 TPE plasma,

which may suggest that D4 TPE plasma does not alter

endothelial permeability more than COVID-19 D4 control plasma.
Platelets co-cultured with endothelium
alter endothelial permeability in the
presence of COVID-19 plasma

In order to resemble physiological conditions more closely,

healthy platelets were added to the endothelial monolayer and the

whole was co-cultured for 24 h in the presence of COVID-19

plasma either from the control or the TPE group. We found that

platelet addition worsened the TEER decrease induced by

COVID-19 plasma to a similar extent for control and TPE plasma.

Indeed, in the presence of platelets, COVID-19 D0 plasma

triggered TEER decreases of 71.2 ± 11% and 74.3 ± 15% for the

control and TPE plasma, respectively (Figure 2A). Similarly,

COVID-19 D4 control and TPE plasma induced comparable

TEER decreases of 67.5 ± 14% and 67.6 ± 12%, respectively, in

platelet-endothelium co-culture. This reduction in TEER values

observed in platelet-endothelium co-culture on COVID-19 plasma

stimulation was also accompanied by an increase in endothelial

permeability in the presence of either the control or TPE plasma

(Figure 2B). Although Dextran passage reached high and stable

levels in the presence of platelets on D0 (29.0 ± 12%) and D4

(30.1 ± 16%) control plasma stimulation, a different pattern was

displayed for TPE plasmas (Figure 2B). In fact, endothelial
FIGURE 2

Effect of COVID-19 control and TPE plasma on endothelial tightness in a plat
were assessed on an endothelial cell monolayer co-cultured with healthy plate
= 9−10, each plasma tested with platelets from two independent donors). (A)
assessed prior to incubation. (B) FITC-Dextran 4 kDa passage through the endo
deposited in the apical compartment. Data are presented as individual values
defining the 95% confidence interval. The non-parametric Wilcoxon matched
parameters over time. p < 0.05 was considered significant.
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permeability was greatly enhanced by COVID-19 D0 TPE plasma

(47.3 ± 15%), but stimulation of platelet-endothelium co-culture

with D4 TPE plasma resulted in a 27.5 ± 18% decrease in Dextran

passage (Figure 2B).
Platelet activation in the presence of TPE
plasma

Observations on how platelets altered the endothelial barrier in

the presence of COVID-19 prompted us to investigate platelet and

endothelial activation. The increase in CD62P (Figure 3A) and

CD63 (Figure 3B) membrane expression on platelets co-cultured

with the endothelium exposed to COVID-19 plasma appeared to

be quite moderate. Indeed, CD62P expression by platelets on

exposure to D0 and D4 control plasma resulted in 1.7 ± 1.2 and

1.1 ± 0.4-fold increases, respectively. However, platelets

co-cultured with endothelial cells in the presence of D4 TPE

plasma were strongly activated, as reflected by the 9.3 ± 11.6-fold

increase in CD62P expression (Figure 3A). However, CD63

expression by platelets co-cultured on the endothelial monolayer

did not appear to be affected by COVID-19 plasma, except for

D4 control plasma, which triggered a 0.7 ± 0.4-fold decrease in

this marker (p = 0.005).

Interestingly, platelets did not release significant amount of

sCD40l in co-culture with the endothelium further to any

COVID-19 plasma stimulation, even for that triggering

significant CD62P expression (Figure 3C). In contrast, RANTES

production by platelets in co-culture seemed to be affected by

COVID-19 plasma. Indeed, a significantly lower quantity of

RANTES was released by platelets on exposure to D4 plasma

(13,213 ± 5,600 pg/ml for control plasma and 11,046 ± 3,200 pg/
elet/endothelial co-culture. TEER (A) and FITC-Dextran 4 kDa passage (B)
lets and exposed for 24 h to COVID-19 D0 or D4 control or TPE plasma (n
Relative TEER was expressed as a percentage change in relation to TEER
thelial monolayer was expressed as a percentage of the total fluorescence
with the point estimate of mean ± the margin of error around the mean
-pairs signed rank test was used to assess the significance of changes in
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FIGURE 3

Effect of COVID-19 control and TPE plasma on platelet activation in a platelet/endothelial co-culture. Membrane expression of CD62P (A) and CD63 (B)
and release of sCD40l (C) and RANTES (D) by platelets were assessed following 24 h-exposure of the endothelial cell monolayer co-cultured with healthy
platelets to COVID-19 D0 or D4 control or TPE plasma for 24 h (n= 9−10, each plasma tested with platelets from two independent donors, each data
point corresponds to an individual data point). Relative CD62P and CD63 platelet expression was expressed as a ratio (fold change) in relation to the co-
culture exposed to the culture medium. The release of sCD40l and RANTES by platelets following exposure to COVID-19 plasma was expressed in pg/mL
and calculated by subtracting the amount of these factors present in plasma from the total amount assessed in the co-culture supernatant after
stimulation. Data are presented as individual values with the point estimate of mean ± the margin of error around the mean defining the 95%
confidence interval. The non-parametric Wilcoxon matched-pairs signed rank test was used to assess the significance of changes in parameters over
time. p < 0.05 was considered significant.
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ml for TPE plasma), compared to D0 plasma (16,291 ± 4,800 pg/ml

for control plasma and 14,304 ± 4,000 pg/ml for TPE plasma, D0

vs. D4 p = 0.02), irrespective of the patient group (Figure 3D).
Moderate endothelial activation is related to
platelet activation

In parallel to platelet activation, we evaluated endothelial cell

activation and assessed the expression of ICAM-1/CD54 on co-
Frontiers in Cardiovascular Medicine 06
culture with platelets and exposure to COVID-19 plasma. None

of the COVID-19 control plasma induced ICAM-1 expression by

endothelial cells co-cultured with platelets, whereas only the D4

TPE plasma induced a significant overexpression of this marker

(1.3 ± 0.2-fold increase, p = 0.02,

Figure 4A). Since TPE plasmas used alone failed to induce

ICAM-1 overexpression (Supplementary Figure S1), the ICAM-

1 overexpression by endothelial cells on exposure to D4 TPE

plasma that was observed on Figure 4A could be related to the

presence of platelets.
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FIGURE 4

Effect of COVID-19 control and TPE plasma on endothelial activation in a platelet/endothelial co-culture. Membrane expression of ICAM-1/CD54 (A) and
release of IL-6 (B) and sCD62P (C) by endothelial cells were assessed following 24 h-exposure of the endothelial cell monolayer co-cultured with healthy
platelets to COVID-19 D0 or D4 control or TPE plasma for 24 h (n= 9−10, each plasma tested with platelets from two independent donors, each data
point corresponds to an individual data point). Relative ICAM-1/CD54 expression by endothelial cells was expressed as a ratio (fold change) in relation to
the co-culture exposed to the culture medium. The release of IL-6 and sCD40l by endothelial cells following exposure to COVID-19 plasma was
expressed in pg/ml and calculated by subtracting the amount of these factors present in plasma from the total amount assessed in the co-culture
supernatant after stimulation. Data are presented as individual values with the point estimate of mean ± the margin of error around the mean defining
the 95% confidence interval. The non-parametric Wilcoxon matched-pairs signed rank test was used to assess the significance of changes in
parameters over time. p < 0.05 was considered significant.
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Similarly, no COVID-19 plasma exposure triggered significant

endothelial IL-6 production, which ranged from 23.3 ± 8.3 pg/ml to

25.6 ± 6.3 pg/ml for control plasma and 27.7 ± 10.4 pg/ml to

35.4 ± 20.8 pg/ml for TPE plasma (Figure 4B). The same observation

was made for sCD62P except on stimulation of the co-culture with

D4 control plasma, which induced a slightly higher sCD62P

production compared to stimulation with D0 control plasma, due

either to endothelial cells or platelets since both cell types release

this molecule (8,895 ± 1,154 pg/ml for D0 control plasma and

11,103 ± 1,923 pg/ml for D4 control plasma, p = 0.01, Figure 4C).
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Discussion

In using an in vitro culture model comprising a tight endothelial

monolayer, this study shows that TPE improves the inflammatory

component of patient plasma compared to that of patients receiving

conventional treatments. First and foremost, endothelial barrier

properties reflected by TEER and Dextran passage were altered on

exposure to COVID-19 D0 plasma from both groups, i.e., plasma

collected at baseline, prior to treatment. While endothelial

permeability increased in the presence of control group D4 plasma,
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it improved substantially in the presence of plasma collected from

patients post-TPE. Indeed, TPE has been shown to be particularly

interesting in sepsis, which triggers a huge cytokine storm in the

same way as COVID-19. Knaupp et al. have elegantly demonstrated

that early TPE reduced both the medication requirement and

circulating levels of pro-inflammatory cytokines (23). They

demonstrated ex vivo with cultured endothelial cells that patient

plasma triggered less endothelial permeability after TPE than before.

Their observations are entirely in line with ours. However, they

evidenced some variability between plasma samples with a

proportion of plasma triggering a comparable increase in

endothelial permeability both before and after TPE. This variation

in results was also apparent in our study particularly when our

system became more complex following the addition of healthy

platelets to the endothelial culture.

Thus, the exposure of platelets co-cultured with endothelial cells to

COVID-19 D4 TPE plasma induced membrane overexpression of

platelet and endothelial activation markers, namely CD62P and

ICAM-1, respectively. This was not apparent with COVID-19 control

plasma—hence, although the TPE procedure removes inflammatory

factors from the patient’s circulation, three successive TPE-related

apheresis procedures may trigger, to some extent, a cellular activation

resulting, four days later, in the accumulation of substances inducing

endothelial and platelet activation. This hypothesis is supported by

observations showing that TPE affects immune cells, particularly T

cells, with a shift in the Th1/2 response towards Th2 (24, 25),

potentially limiting the beneficial effect of TPE.

Nevertheless, the phenotypical activation of platelets and

endothelial cells that we observed following exposure to COVID-19

TPE plasma did not lead to the production of platelet or endothelial

inflammatory factors such as sCD40l or IL-6, nor to any increase in

endothelial permeability, which was comparable to that observed on

exposure of the platelet-endothelial co-culture to COVID-19 control

plasma. However, given the small number of patients in our study,

these observations should be confirmed in larger cohorts.

Our results illustrate the complex interplay between platelets and

the endothelium in the inflammatory context related to COVID-19.

Some studies have showed that, during COVID-19, hyper-activated

and hyper-responsive platelets induce endothelial activation,

triggering genes involved in coagulation and inflammation at both

transcriptomic and proteomic levels (18, 26, 27). In turn, the

activated endothelium fuels reciprocal platelet activation and creates

a vicious circle sustaining thrombo-inflammation. TPE aims to

break this circle by removing the patient plasma containing all of

the inflammatory factors and replacing it with fresh frozen plasma.

This procedure has already been used during the COVID-19

pandemic with inconsistent results. Indeed, some studies

highlighted a beneficial outcome on mortality (28) and others an

improvement in terms of clinical features (29, 30) without any

obvious impact on mortality (31, 32). However, very few studies

investigated cellular responses to TPE and were limited to sepsis

(23). Thus, further controlled, prospective studies are required to

assess the advantage of using TPE to treat COVID-19 patients.

These studies should be conducted alongside analyses of the effects

of plasma on cellular responses in a bid to identify the limitations

of this procedure. Our results suggest that TPE may be associated
Frontiers in Cardiovascular Medicine 08
with platelet and endothelial activation, which could affect

endothelial integrity. An interesting prospect would be to evaluate

the use of drugs targeting platelet activation as an adjunct to TPE

or to use convalescent COVID-19 plasma instead of fresh frozen

plasma from healthy donors.
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