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Abstract

Infection with SARS-CoV-2 is associated with thromboinflammation, involving
thrombotic and inflammatory responses, in many COVID-19 patients. In addition,
immune dysfunction occurs in patients characterised by T cell exhaustion and severe
lymphopenia. We investigated the distribution of phosphatidylserine (PS), a marker
of dying cells, activated platelets and platelet-derived microparticles (PMP), during
the clinical course of COVID-19. We found an unexpectedly high amount of blood
cells loaded with PST PMPs for weeks after the initial COVID-19 diagnosis. Elevated
frequencies of PSTPMP* PBMC:s correlated strongly with increasing disease severity.
As a marker, PS outperformed established laboratory markers for inflammation, leu-
cocyte composition and coagulation, currently used for COVID-19 clinical scoring.
PST PMPs preferentially bound to CD8* T cells with gene expression signatures of
proliferating effector rather than memory T cells. As PS* PMPs carried programmed
death-ligand 1 (PD-L1), they may affect T cell expansion or function. Our data
provide a novel marker for disease severity and show that PS, which can trigger
the blood coagulation cascade, the complement system, and inflammation, resides
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on activated immune cells. Therefore, PS may serve as a beacon to attract throm-
boinflammatory processes towards lymphocytes and cause immune dysfunction in
COVID-19.

KEYWORDS
apoptosis, CD8+ T cells, COVID-19, lymphopenia, phosphatidylserine, platelet-derived microparticle,
SARS-CoV-2, thromboinflammation

1 | INTRODUCTION

The recently emerged human pathogenic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes various clinical
syndromes, summarised under coronavirus disease-2019 (COVID-19). The excessive inflammatory response associated with
COVID-19 can cause severe complications such as acute respiratory distress syndrome, septic shock and multi-organ failure
(Guan et al., 2020; MacLaren et al., 2020; Wolfel et al., 2020). A significant cause of morbidity and mortality in COVID-19
patients is ‘thromboinflammation’ Although not fully understood, inflammation through complement activation and cytokine
release, platelet overactivity and apoptosis (thrombocytopathy), as well as coagulation abnormalities (coagulopathy) play critical
roles in this complex clinical picture (reviewed in Gu et al. (2021)).

Similar vascular complications occur in the antiphospholipid syndrome, where autoantibodies target phosphatidylserine
(PS)/prothrombin complexes (Corban et al., 2017). This syndrome may manifest itself in COVID-19 patients (Zhang et al., 2020),
linking PS to thromboinflammation. PS is a plasma membrane component actively retained by an ATP-requiring process at the
inner membrane surface in living cells. PS retention stops, for example, during cell death or when cells release PS-containing
microparticles or enveloped viruses. Then PS relocates to the outer layer of the cell membrane, where it can interact with extracel-
lular proteins, including coagulation and complement systems. PS activates the alternative and the classical complement pathways
(Mevorach et al., 1998; Tan et al., 2010; Wang et al., 1993) by binding to complement C3 (Huong et al., 2001), C3bi (Mevorach et al.,
1998) and Clq (Paidassi et al., 2008). Activated platelets release platelet-derived microparticles (PMPs), which cause thrombin
formation, coagulation, activation of the complement system, and inflammation in a PS-dependent manner (Melki et al., 2017;
Owens & Mackman, 2011; Ridger et al., 2017).

Patients with severe COVID-19 also show striking immune dysregulation, the reasons for which are not entirely understood.
A direct correlation between blood clotting components and the immune response exists (Su et al., 2020). Various immune
abnormalities such as increased inflammatory cytokines (Del Valle et al., 2020), immune cell exhaustion (Zheng et al., 2020)
and general lymphopenia (Cao, 2020; Chen et al., 2020; Huang et al., 2020; Liu et al., 2020; Yang et al., 2020, ) correlate with
disease severity (Mathew et al., 2020). T cell lymphopenia (Laing et al., 2020), probably caused by excessive apoptotic T cell
death similar to sepsis (Hotchkiss & Nicholson, 2006), is of particular relevance as SARS-CoV-2-specific T cell responses control
and resolve the primary infection (Liao et al., 2020; Rydyznski Moderbacher et al., 2020; Sekine et al., 2020; Zhou et al., 2020).
In fatal COVID-19, the adaptive immune response starts too late (reviewed in Sette and Crotty (2021)), while its rapid onset
would be highly beneficial (Braun et al., 2020; Rydyznski Moderbacher et al., 2020; Tan et al., 2020). However, the reasons and
precise mechanisms for adaptive immune disturbance, lymphopenia and thromboinflammation in COVID-19 remain poorly
defined.

To investigate these aspects of COVID-19 in more detail, we interrogated PBMC of 54 patients from the COVID-19 Registry
of the LMU Munich (CORKUM) and 35 healthy and 12 recovered donors between April 2020 and February 2021. We performed
image flow cytometry (IFC) and image analysis by deep learning algorithms (Kranich et al., 2020) using highly sensitive reagents
specific for PS (Kranich et al., 2020; Trautz et al., 2017). COVID-19 blood samples contained abnormally high numbers of PS*
peripheral blood mononuclear cells (PBMC). Although PS is a marker for dying cells, nearly all PS* cells were living cells asso-
ciated with PSTCD41% PMPs or larger PSTCDA41™" platelet fragments. The grade of PS* PMP-associated PBMC correlated with
lymphopenia and disease severity, showing a higher correlation than commonly used laboratory diagnostic markers such as IL-6,
D-Dimer (Mathew et al., 2020) and C-reactive protein (CRP) (Li et al., 2020). PST PMPs were strongly associated with dividing
effector CD8™ T cells with upregulated expression of cell-cycle genes. Fractions of T cell-associated PST PMPs carried CD274
(PD-L1), which could impact the survival of T cells and potentially contribute to functional inhibition and lymphopenia. As
PS* PMPs remained associated with PBMC several weeks after the initial SARS-CoV2-diagnosis, they might sustain the adverse
inflammatory and prothrombotic effects over a long time and contribute to the complex clinical picture of thromboinflammation
(reviewed in (Gu et al., 2021; Lind, 2021)). Together, our findings reveal an extensive association of PST PMPs with lymphocytes
as a novel marker to classify COVID-19 disease severity and a potentially relevant contributor to thromboinflammation and
lymphocyte dysfunction.
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2 | RESULTS

2.1 | PBMC from COVID-19 patients show substantial PS surface exposure

To test if immune cell death rates were elevated during COVID-19, we analysed peripheral blood mononuclear cells (PBMC) of
COVID-19 patients and compared them to those from healthy and recovered donors. Table S1 show clinical metadata for our
cohort of COVID-19 patients and control groups. One hallmark of apoptotic cell death is the PS exposure on the outer mem-
brane surface of cells. To reveal PS on PBMC, we utilised recombinant Milk fat globule-EGF factor 8 protein (MFG-E8) derived
recombinant proteins, which bind PS under physiological conditions with high sensitivity on apoptotic cells and subcellular PS*
extracellular vesicles (EVs) (Kranich et al., 2020; Trautz et al., 2017). Flow cytometry results showed that the frequencies of PS*
cells in blood from all COVID-19 patients were significantly higher than in PBMC from healthy or recovered donors (Figure la).
To analyse if this data can classify patients according to disease severity, we employed the World Health Organization’s (WHO)
eight-point ordinal scale for COVID-19 trial endpoints (WorldHealthOrganization, 2020) (Figure 1b). In our patient cohort, the
scores WHO 2 and WHO 7 were absent. We combined WHO scores into ‘mild’ (WHO 1-3), ‘'moderate’ (WHO 4) and ’severe’
(WHO 5-8) groups for the subsequent analyses. Additionally, we also included a group of healthy donors (HD, #n = 30) and recov-
ered patients (n = 12, >69 days post 1 SARS-CoV-2" diagnosis by PCR, either never hospitalised or released from the hospital
with WHO score 1-2). The frequencies of PS* PBMC increased with severity of COVID-19 disease in the following order: healthy
controls (WHO 0) < recovered patients < WHO 1-3 (mild) < WHO 4 (moderate) < WHO 5-8 (severe) (Figure 1c). In severely
diseased patients, 30%-90% of all PBMC were PS* (Figure 1c). Accordingly, the individual WHO scores positively correlated
with high significance with the frequencies of PST PBMC of COVID-19 patients. Importantly, the correlation of PST PBMC
against WHOmax was much stronger than against the WHO score at sampling time (Figure S1A and 1d).

In order to assess whether the frequency of PS* PBMCs is an independent predictor for a severe disease outcome such as
ventilation requirement (Figure le) or death (Figure 1f) within our cohort, we performed an area under the receiver operating
characteristic curve (AUROC) analysis. Frequency of PST PBMC was better for predicting ventilation requirement (AUC 0.760,
threshold 41.15, specificity 0.53, sensitivity 0.91; Figure le) and death (AUC 0.907, threshold 43.525, specificity 0.90, sensitiv-
ity 0.83; Figure 1f) than C-reactive protein (CRP), D-Dimer, Ferritin, Fibrinogen, international normalised ratio (INR), partial
thromboplastin time (PTT) or number of platelets (Figure S1B and C). Only IL-6 had better prediction scores for ventilation
requirement (AUC 0.841, threshold 19.975, specificity 0.71, sensitivity 0.87; Figure 1b) and death (AUC 0.949, threshold 45.05,
specificity 0.80, sensitivity 1; Figure S1C). Kaplan-Meier curves show that patients with a frequency of PST PBMCs higher than
41.15% or 43.53% had a higher incidence of requiring ventilation or succumbing to disease, respectively (Figure le). However,
our study was an exploratory study with a limited number of patients. Therefore, the predictive capacity of the frequency of PS*
PBMCs needs to be validated in a larger cohort.

The blood sampling time points differed within our patient cohort due to organisational reasons. We investigated whether
the sampling time point would affect the results and performed PS measurements at several time points for selected patients.
These data show that although the frequencies of PSt PBMCs show some variability, we detected strongly elevated levels for up
to 30 days (Figure 2A). In contrast, in recovered patients, PST PBMC returned to the levels of healthy controls. To further assess
the influence of sampling time and PS* PBMC frequency, we performed a Spearman correlation test with time since the first
diagnosis (FD) or time since symptom onset and found no correlation with PS4+ PBMC frequencies (Figure S2B). Furthermore,
there was also no correlation between the frequency of PST PBMC and age in healthy donors or recovered patients (Figure S2C).

In summary, the number of PS* PBMC in the blood of COVID-19 patients represents a new parameter that correlates strongly
with disease severity.

2.2 | PBMC in COVID-19 patients are associated with PS* EVs, and the amount correlates with the
severity of the disease

PS exposure occurs on various cells and cell-derived microparticles, including tumour cells, erythrocytes, neutrophils, mono-
cytes, endothelial cells, activated platelets and PMPs. PS-exposure is a significant regulator of the blood coagulation system
(reviewed in Connor et al. (2010)). We have recently shown that most PS* cells in the spleen of virus-infected mice are not
dying, but cells carried PS* EVs (Kranich et al., 2020). To determine whether PST PBMC in COVID-19 patients were apop-
totic cells contributing to the described lymphopenia or EV' cells, we analysed the images of PSt PBMC acquired by IFC.
Some cells showed almost entirely PS* cell bodies with strongly labeled apoptotic blebs, typical for cell death (Figure 2a). These
cells still have an intact cell membrane since they did not stain with the live/dead dye used to exclude necrotic cells from the
analysis. However, we also detected many cells with the characteristic round brightfield image morphology of living cells, with
only one or a few intensely PST structures of subcellular size (Figure 2a). These particles resembled cell-associated PST EVs,
which we recently identified in virus-infected mice (Kranich et al., 2020). We next used a machine learning-based convolutional

B5UB017 SUOWILIOD BAIRERID B|dedl|dde ) Aq peusenob afe sajolife YO ‘SN JO S| 10} Areiq1 8UIUO /8|1 UO (SUORIPUCD-PUe-SWIBHW0D" A8 |1 AReiq 18U JUO//:SdNY) SUORIPUOD PUe SWR L 83U} 885 *[7202/90/.0] U0 ARiqiauluo A1 ‘€LT2T 2AI/200T 0T/10p/L0d A8 | imAzelq1juljuo S feuno [Ass1//:sdiy oy papeojumod ‘v ‘T20Z ‘8L0ETO0Z



RAUSCH ET AL.

we | S ISEV

(a) FMO Healthy Donors Recovered Donors COVID-19 Patients Fkkk
RD (CovID) 100 e
74+42 15.0+6.5 3354186 &0 Fkk 0®
[$)
$% 0 :
Sa i s
n's Y
o e 40
2 L 201 990
Area BF 000
HD RD COVID
(b) WHO ordinal scale
WHO 0| Uninfected Healthy donor (HD) CoviD-19 Healthy | Recovered
WHO 1 [ Ambulatory No limitation of activities n=54 donor donor
WHO 3 | Mild disease No oxygen s YT I n=35 n=12
WHO 4 | Mild disease Oxygen by mask/nasal prongs | & nor | s | e
WHO 5 | Severe disease Ventilation; non-invasive 3 Mean age (£SD). y 63 (£16.1) 39 (£14.6) | 40 (x16.2)
2 Gender (F/M) 18/36 17/18 8/4
WHO 8 Dead 2
(c) (d)
1007 (FRR) 1007 /- 0.805 B
o P=32x10 @
804 kkk ° © WHO 0 (HD)

%) o O WHO 1 .
%E (k) 2 2 = O WHO3 | ik
8@ 60 ° : 8@ © WHO4 moderate
+ +
s 1) h © WHO5
a g 404 _— (kkk) W 0® o g @ WHO 6 |severe

s () 0 P o 8 @ WHO 8

20 2090 O recovered (RD)
B oL o
o 0Op0
E B
0- T T T T
HD RD o g @
& &,@ a@"" peak WHO ordinal scale
&
(e) Survival -O- >43.5% PS* PBMCs
o - <43.5 % PS*' PBMCs
- 7 100
© '
= Fa
£l / g
= s e P<0.0001
[ s 5 50 .
c ¥ / &
& ° / =
o ’ *
sl L7
g— z AUC: 0.907 04 ; ; § S
T T T T T T
1.0 0.8 0.6 0.4 02 0.0 0 20 40 60 80
Specificity time since FD (days)
specificity: 0.90
sensitivity: 0.83
Ventilation
o 100 0 >41.2% PS* PBMCs
- % <41.2 % PS* PBMCs
@ c
< Lo
£o s
go % 50
7] < o
5 Sl ; P:0.0009
(2] o | S 2 0.
o
o 3 0+ T T T J
sS4l AUC:0.760 0 20 40 60 80
1.0 0.8 06 04 0.2 0.0 time since FD (days)
Specificity

specificity: 0.91
sensitivity: 0.53

FIGURE 1 The frequencies of PST PBMC from COVID patients correlates with disease severity. (a) PBMC from COVID-19 patients (COVID), healthy
donors (HD) and recovered donors (RD) were stained for PS and analysed by flow cytometry. Numbers in dot plots correspond to the percentage of PS™ cells
in the gate shown. The right-hand graph shows the summary of all percentages. (b) Overview of WHO ordinal scale and colour code used. Table shows the
number, age and gender of the different study groups. (c) Grouped analysis of the data from (a). (d) Same as (c), but plotted against the WHO ordinal scale

(n =38-79). PS* PBMCs correlate with the severity of the disease. The plot shows the Spearman correlation test and linear regression line with 95% confidence
interval shading (A, C, D: HD, n = 30; RD, n = 12; COVID, n = 49). Significance in (a) and (c) was determined by Mann-Whitney test: *p < 0.05, **p < 0.01,
p < 0.001 and ****p < 0.0001. Asterisks in brackets show statistically significant differences as compared to HD. FMO: Fluorescence minus one control; Area
BF: Area bright field. (¢) ROC curve analysis of PSTPBMCs from COVID-19 patients (n = 49) for predicting survival (upper plot) and ventilation (lower plot).
AUC values (95% CI) (left hand panels) and Kaplan-Meier survival and ventilation curves of patients grouped according to the indicated
PS*PBMCs-thresholds (right hand panels) are shown. Time represents the number of days from first diagnosis (FD). Optimal cut-off values for % PSTPBMCs
were determined by ROC analysis and used to define the two groups. First measured values of % PS*PBMCs were used for analysis. Significance was
determined by Log-rank test
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FIGURE 2  EV™ cells, but not dying cells from COVID-19 patients correlate with disease severity. (a) PBMC from healthy donors (HD, n = 30) and
COVID (n = 49) were analysed by imaging flow cytometry (IFC). To discriminate dying and EV™* cells, PBMC were analysed using IDEAS, CAE and FlowJo.
PS cells were gated, and their TIF images (16-bit, raw) exported using the IDEAS software. CAE results with the classification dying/EV™ were re-imported
into IDEAS, and separate FCS files containing all cells or only PS*/dying cells and PST/EV™ cells were generated for further analysis in FlowJo. Dying (a, upper
panel) and EV* (a, lower panel) cells are shown as % of PBMC. (b) Results from a) are plotted against groups HD (n = 30), RD (n = 12), mild (n = 15),
moderate (n = 19) and severe disease (n = 15) for dying cells (upper panel) and EV* cells (lower panel). (c) Plotting of the data from (b) against WHO ordinal
scale. The plot shows the Spearman correlation test and linear regression line with 95% confidence interval shading (n = 38-79). (d) Summary of correlations
of selected ‘nearest’ (n = 23-49) laboratory and clinical parameters with peak WHO ordinal scale or and selected (e) our measurements of PS*, PSYEV* and
dying cells (bold) (n = 23-49). Significance was determined by Mann-Whitney test: *p < 0.05, **p < 0.01, **p < 0.001 and ****p < 0.0001. Asterisks in brackets

show statistically significant differences as compared to HD
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FIGURE 3 Identification of EV™ cells in PBMC from COVID-patients and healthy donors. PBMC were analysed by IFC (gating strategy shown in Figure
S3A and B). PST CD4* and CD8* T cells (a) and CD19* HLA-DR* B cells and CD19-HLA-DR™ cells (containing mainly dendritic cells, monocytes) (b) were
classified as PSTEV* using the CAE and their total frequencies were plotted against HD (B, n = 14; A, CD4, n = 24; a, CD8, n = 27), mild (b, n = 6; A, CD4,
n=11; A, CD8, n =15), moderate (B, n = 7; a, CD4, n = 14; A, CD8, n = 19), severe (b, n = 8; a, CD4, n = 11; a, CD8, n = 12) disease groups. Numbers next to
the gates show the mean percentage + SD of all cells depicted inside the dot plot that lie within the respective gate, while the graphs show the average frequency
+ SD of EV* cells within the analysed subpopulation. Significance was determined by Mann-Whitney test: *p < 0.05, **p < 0.01, **p < 0.001 and

*p < 0.0001. Asterisks in brackets show statistically significant differences as compared to HD

autoencoder (CAE) to group PBMC into bona fide PS* dying cells or cells associated with PS* EV's (Figure 2a), as previously val-
idated (Kranich et al., 2020). After training with pre-defined images of PS* dying or PS* EV-associated cells, the CAE algorithm
digitally sorts PS* cells into both categories with high precision (Figure 2a). When we analysed the CAE-classified PS* dying
cells and PSTEV™ cells separately (Figure 2a), we found that the majority of PSt PBMC contained live cells associated with PS*
EV-like structures rather than PS* dying cells (Figure 2b). Despite the rarity of dying cells, patients with the score WHO 4 showed
the highest frequencies (Figure 2b, upper panel). Furthermore, only PSTEVt PBMC, not PS* dying cells, classified the patients
into disease score groups mild’ (WHO 1-3), 'moderate’ (WHO 4), and ’severe’ (WHO 5-8) and separated them clearly from HD
and recovered patients (Figure 2b, lower panel). Similarly, PSTEV* PBMC, but not PS* dying cells, showed a highly significant
correlation with WHO scores (Figure 2c). Several laboratory values that are either increased (leukocytes, IL-6, neutrophils, pro-
calcitonin (PCT), C-reactive protein (CRP), partial thromboplastin time (PTT), D-dimer, etc.) or decreased (lymphocytes) were
shown to indicate an unfavorable progression of COVID-19 disease (Lippi & Plebani, 2020).

We confirmed these correlations in our patient cohort (Figure S4A). The frequencies of PSYEV* and PST PBMC ranked in the
top groups of measurements among inflammatory and coagulation parameters such as IL-6, PCT, CRP, PTT, D-Dimer and oth-
ers (Figure S4A). The strongest negative correlations existed with low lymphocyte counts (Figure S4A). For better comparability,
we focussed next only on those values determined from the same blood draw or close to our PS-measurements (‘nearest values’
in Figure S4A, shown in Figure 2d). Here, both PSt EV* PBMC and PS* PBMC correlated better than all other blood param-
eters with peak WHO ordinal scale (Figure 2d). Moreover, PST EVt PBMC frequencies correlated strongly with parameters of
coagulation (fibrinogen, PTT), inflammation (IL-6, CRP) and lymphopenia (lymphocyte counts) (Figure 2e and S4B).

As the frequencies of PST PBMCs in the blood of COVID-patients turned out to be an independent predictor for a severe
disease outcome (Figure le), we now wondered if PSTEVT PBMCs, which constituted the major part of this population, allows
such a prediction. Indeed, the AUROC analysis showed comparable prediction values for ventilation requirement (AUC 0.791,
threshold 29, specificity 0.91, sensitivity 0.60) and death (AUC 0.866, threshold 31.4, specificity 0.88, sensitivity 0.83) (Figure SID).
Therefore, our new type of PS analysis allows the detection of subcellular particles associated with PBMC of COVID-19 patients.
The percentage of PBMC bound to these PST particles correlated with the maximal (peak) WHO score of COVID-19 patients
and allowed to classify patients with higher significance than some of the previously established medical laboratory parameters
(Lippi & Plebani, 2020).

2.3 | PS* EVsbind to several PBMC populations

Next, we investigated whether PST EVs would selectively associate with specific PBMC subpopulations. We examined CD4*
and CD8* T cells (Figure 3a), CD19" B cells (Figure 3b) and HLA-DR*CD19~CD3~ PBMC (containing mainly monocytes and
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dendritic cells as central blood populations, Figure 3b). In general, CD8" T cells were more strongly associated with PSt EVs
than CD4" T cells (Figure 3a). However, both T cell subsets showed a similar tendency of increased PS™ EV binding in patients
with a higher WHO score (Figure 3a). B cells and blood monocyte-containing populations of patients in the different WHO
groups were also associated relatively strongly with PST EV's (Figure 3b). However, there was no actual grading with the severity
of the disease. In summary, most blood cells showed a strong association with PS* EVs in the patients. The frequency of PS*
EV* CD8* T cells best reflected the severity of COVID-19 disease.

2.4 | PS* EVsassociated with PBMC from COVID-19 patients are PSTCD41" platelet-derived
microparticles

EVs classify according to their size and origin into exosomes (up to 150 nm), microvesicles or microparticles (MPs; 100—1000
nm) and apoptotic EVs or apoptotic bodies (100-5000nm) (Mathieu et al., 2018). To better characterise the EV's associated with
lymphocytes in COVID-19 patients, we isolated PS* lymphocytes (B and T cells, PSTCD19* CD3¢e*) from COVID-19 patients by
FACS. We used recombinantly expressed, biotinylated MFG-E8-derived PS-binding domain mCl, which was multimerised by
streptavidin (SA) (mCl-multimer/SA-APC) for PS-detection by flow cytometry (Figure S3C) and mCl-multimer/SA-gold for PS-
detection by subsequent transmission electron microscopy (TEM). TEM pictures show cell-associated particles of a subcellular
size bound to lymphocytes, which morphologically resemble T cells (Figure 4a—f). Many (Figure 4b, d, and F, open white arrows),
but not all EVs (Figure 4c, arrows), were PS*, and most EVs were >100 nm in size (Figure 4b, d and f). The particles were mainly
round and had different shapes and contained other smaller components, cell contents or organelles (Figure 4b, d, white star).
However, we also found PS* tubular elongated structures (Figure 4d, black star). Relatively large particles with highly diverse
shapes, including tubular shapes and content are known features of PMPs, 50% of which are PS positive (Arraud et al., 2014;
Ponomareva et al., 2017; Reininger et al., 2006). Hyperactivated platelets in COVID-19 patients (Teuwen et al., 2020) are sources
for PMPs and contribute to the hypercoagulability state of the disease (Klok et al., 2020; Middeldorp et al., 2020; Tang et al.,
2020). Activated platelets can release two types of EVs, (i) smaller exosomes (40-100 nm in diameter) derived by exocytosis from
a-granules and the multivesicular body, and (ii) PS* MP (100-1000 nm in size), formed by budding of the plasma membrane
(Aatonen et al,, 2014; Heijnen et al., 1999). These similarities let us hypothesise that PMPs attach to PBMC of COVID-19 patients.

To test this hypothesis, we stained PBMC from COVID-19 patients for CD4l, a platelet marker, part of a fibrinogen-receptor
and present on platelet-derived PMPs (Heijnen et al., 1999) (Figure S5 and 4g). Analysis of flow cytometry data of PBMC con-
firmed our assumption and showed that many PBMC were positive for the platelet marker CD41 (Figure 4g). However, CD41
could not distinguish PBMC from healthy donors and COVID because CD41* PBMC also existed in healthy donors (Figure 4g,
CDA417). In contrast, PS-positivity alone distinguished PBMC from healthy donors and COVID-19 patients, as PS* PBMC were
highly significantly enriched in patients (Figure 4g, PS™).

To analyse PS and CD41 and their possible colocalisation, we performed image analysis of PBMC (Figure S5A, B) and T
lymphocytes (Figure 4h and i). In COVID-19 patients, we observed a substantial increase of PSTCD41* PBMCs and T cells from
7% to 25% and from 2% to 18%, respectively. The increase in CD417PS™ cells was not as pronounced but still significant (Figure 4h
and i, Figure S5A and B). This finding shows that most PS cells acquire PS through the binding of CD41" platelets or their PMPs.
To investigate whether the cells preferentially bind whole platelets or smaller PMPs, we quantified CD41" versus CD41'° cells.
The CD41™ gate contained mainly cells with large CD417 particles attached, which were also visible in the brightfield (BF) channel
— presumably whole platelets. In contrast, the cells in the CD41!°" gate were associated with small, more dimly stained spots that
were too small to be visible in the BF channel - presumably PMPs (Figure 4i). While T cells very clearly had a strong preference
for PMP binding (15% of CD3* T cells were CD41'°Y and 2% CD41", Figure 4i), PBMCs did not show such a clear preference
(approx. 15% were CD41!°%, 9% were CD41", Figure S5C). Our data show that PBMCs from COVID-19 patients associate to a
high degree with PS* platelets and PMPs, while T cells rarely bind whole platelets, but rather PMPs.

2.5 | PMPs carry markers of activated platelets

SARS-CoV-2-infection causes platelet activation and alters their functions (Manne et al., 2020; Zaid et al., 2020). The results of
our study suggested that the PMPs associated with lymphocytes in COVID-19 patients originate from activated CD41" platelets.
In addition to PS and CD41, markers such as CD62P (P-selectin) and the tetraspanin CD63 are present on PMPs derived from
activated platelets (van der Zee et al., 2006). Our patient cohort showed increased percentages of PST and CD62P* platelets, both
markers for platelet activation (Figure 6a-c), although the increase in CD62P™ platelets did not reach statistical significance.
When associated with CD8* T cells, platelet-derived molecules PD-L1 (CD274) (Rolfes et al., 2018) and CD86 (Chapman et al.,
2012) on PMPs could be potentially negative or positive costimulatory triggers, respectively. Platelets were strongly positive for
CD274 (Figure S6B and C), but this was not different between healthy donors and patients (Figure S6B). The same was true
for CD86, which we found in similar amounts and generally only very few platelets that were positive for this molecule in both
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FIGURE 4  Structural and phenotypic characterisation of EVs associated with lymphocytes from COVID patients. Patient parameters for these
experiments are depicted in Table S3. PST CD3¢* T and CD19% B lymphocytes were isolated from PBMC of COVID patients (WHO,y,, score 3) by
FACS-sorting (Figure S3C) and subsequently labeled with mCl-multimer/streptavidin-gold for TEM analysis of PS and analysed structurally by TEM (a-f). (b,
d, f) represent the magnified sections (white frame) of (a, ¢, e), respectively. Open white arrowheads (b, ¢, f) mark PS labelling by
mCl-multimer/streptavidin-gold; arrowheads in C point to PS™ EV's; white star (b, d) or black star (d) marks organelle-like structures within EVs, or PS*
tubular elongated structures (d), respectively. Analysis of platelet marker CD41 on T cells. (g) PBMC were analysed as shown in Figure S3 (HD, n = 11; COVID,
n = 23) for PS and CD41. (h) CD3e* T lymphocytes (gated as in Figure S3D) were stained for CD41 and PS and analysed by IFC (HD, n = 10; COVID, n = 12).
Images represent cells of the respective quadrants. Numbers are the percentage of cells with the respective quadrants and are shown also in the bar graphs. (i)
Percentage of T cells in the quadrants of PSTCD41" and PSTCD41'°" CD3* T cells. Dot plots show the gating of PS* CD41™ and PS*CD41°% CD3e* T
lymphocytes. IFC images show representative cells of the CD41" and CD41'°" gates. The bar graph shows the frequency of PSTCD41™ and PS*CD41'°% T cells
as percent of all CD3™ T cells. Statistical significance was determined by paired Wilcoxon test and is indicated by asterisks (ns p > 0.5; *p < 0.05; **p < 0.01;
***p < 0.001; two-tailed unpaired t-test)

groups (Figure S4B and C). We evaluated next if PSTEV* CD8* T cells were positive for these platelet markers. PSTEV* CD8*
T cells showed significantly increased mean fluorescence intensities (MFI) for platelet markers CD41, CD63, CD62P and CD274
compared to their PS™ counterparts (Figure 5a and b). The frequency of T cells, which were positive for these markers, was also
increased in PSYEV* T cells (CD41, CD63, CD62P; Figure 5b). This finding indicated that PMPs carried the surface molecules
of their activated ’parent’ platelets to the surface of activated CD8* T cells in COVID-19 patients. When we analysed the images
of CD41, CD63, CD274 and CD62P stained T cells, we also observed an EV-like staining pattern of these markers, similar to the
PS staining (Figure 5c¢).

To confirm that these markers originate from activated platelets or their PMPs, we quantified PMP-marker colocalisation with
PS. We used the bright detail similarity (BDS) feature to quantify the pixel overlap of PST and PMP-marker™ spots identified
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FIGURE 5 EVsbound to CD8" T cells originate from platelets and PMP markers colocalise with PST EVs. Patient parameters for these experiments are
depicted in Table S4. (a) Analysis of CD8* T cells of COVID patients (CD41, n = 18; CD63, n = 9; CD274, n = 15, CD62P, n = 13) were gated as shown in
Figure S3E and then further separated into PSTEV* and PS™ T cells. Numbers represent the percentage of cells within the gates. (b) Then cells were analysed
separately for expression of platelet-markers CD41, CD63, CD62P and CD274. Median fluorescence intensities (MFI) + SD of these proteins and % of positive
cells are indicated in the histograms. Summaries of all results are shown below histograms. (c) Representative images of CD41*, CD63%, CD62P* and CD274*
CD8™" T cells show the EV-like staining pattern of these markers. (d) Colocalisation analysis between PS and PMP-marker staining. To identify PS+ spots the
Dilate(Peak(MO02, PS, Bright, 5),1) and to identify PMP-marker+ spots the Dilate(Peak(M_marker,marker channel, Bright, 1),1) masks were used. To quantify
the degree of colocalisation between these masks, bright details similarity scores (BDS) were calculated. Cells with a BDS < 1 did not show any significant
colocalisation as determined by visual inspection. Cells with a BDS > 1 showed substantial colocalisation of PS and the respective platelet marker. BDS scores
are shown in the representative example images. Histograms show the BDS scores of PS+EV+ CD8+ cells. The mean BDS score and the percentage of cells
showing colocalisation (BDS > 1) are indicated within histograms. Statistical significance was determined by paired Wilcoxon test and is indicated by asterisks
(ns p> 0.5;*p < 0.05; **p < 0.01; ***p < 0.001)
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using a peak mask in the IDEAS software (Figure 5d). As determined by visual inspection, BDS values >1 indicate substantial
colocalisation between PS and other markers. This analysis showed that the great majority of all PSYTEVt CD8" T cells (64%-
82%) showed strong colocalisation of PSTEVs with CD41 (Figure 5d), CD63, CD62P or CD274 (Figure S8) with average BDS
scores ranging from 1.3 to 1.8 (Figure 5 and S8). These results indicate that most of the PMPs attached to CD8™ T cells originate
from activated platelets and carried platelet markers. Furthermore, since human T cells do not express markers like CD41 and
CD62P, it excludes the possibility that the PSTEVs attached to T cells originate from T cells themselves or mark eventual focal
PS* regions on the T cell surface membrane.

2.6 | PSTCD41" PMPs are preferentially bound to proliferating CD8* T cells

Next, we wanted to assess whether there are functional differences between PMP* and PMP~ CD8™ T cells. For this, we per-
formed RNAseq analysis of FACS-sorted PST and PS™ non-naive CD8* T cells from peripheral blood of 4 patients (Figure 6a
and Figure S3G). Despite heterogeneity between patients, we could identify gene sets that showed clear enrichment in PS* (Fig-
ure 6b) and PS™ T cells (Figure 6¢). Table S5 shows a summary of the gene set enrichment analysis (GSEA) against 4597 datasets
in the gene ontology (GO) database.

PS* CD8* T cells had enriched genes controlling cell cycle and division, with normalised enrichment scores (NES) of 2.24 and
2.70 for the gene ontology biological process (GOBP) cell division’ and KEGG’ cell cycle’ gene sets, respectively. Among the genes
upregulated in PST CD8* T cells of all patients were several cell division control (CDC) genes, such as CDC45, CDCA8, CDC20,
CDCE6 or transcription factors E2F7 and E2F2, which are involved in cell cycle regulation (DeGregori & Johnson, 2006). Also,
Birc5 (survivin) which plays a crucial role in costimulation-driven clonal expansion of T cells (Song et al., 2005), was upregulated
in all patients.

Cells in the G2/M phase exhibit a general inhibition of translation (Sachs, 2000). Hence, the reduced expression of
genes initiating translation in PS* CD8* T cells is in line with the observed upregulation of proliferation-associated genes
(Figure 6¢).

Although PS™ and PS* CD8™ T cells had few apparent differences in gene expression due to the high degree of variability
between individual patients, it is striking that binding of PS™ PMPs was associated with increased proliferation. To confirm the
RNAseq results, we stained CD8* T cells with the proliferation marker Ki-67, which labels dividing and recently dividing cells in
GL S, G2 and M phase, but is absent in resting cells (Scholzen & Gerdes, 2000) and compared the frequency of PS™ and PSTEV™*
Ki-67% cells. PSTEV* CD8™ T cells (Figure 6d and €) and PSTEV' CD4™ T cells (Figure S8) contained significantly more Ki-67*
proliferating cells than their PS™ T cell counterparts from the same patient. In both cases, Ki-67 staining localised to the nucleus
and PS* PMPs to the periphery of the same cells (Figure 6e and S8B). Our results indicate that PST PMPs preferentially bind to
proliferating T cells and may affect T cells in this cycling stage.

We were also interested to find out, whether CD8* T cells binding PS* PMPs exhibit an effector or memory phenotype. Previ-
ous reports showed a high prevalence of SARS-CoV-2-specific T cells mainly among T cells with phenotypes of effector memory
(Tgpm) and terminal effector memory cells reexpressing CD45RA (Tgyra) cells (Kared et al., 2021). We did not observe a clear
enrichment of effector or memory genes (Best et al., 2013). However, we found an upregulation of effector-associated genes, such
as CXC Motif Chemokine Receptor 3 (Cxcr3), Interferon y (Ifng), Granzyme A and B (Gzma and Gzmab) and CC-chemokine
ligand 5 (Ccl5) in PST CD8* T cells of all four patients. In contrast, memory-related genes, such as C-X-C Motif Chemokine
Receptor 4 (Cxcr4), DNA-binding protein inhibitor ID-3 (Id3) and interleukin-7 receptor (Il7r), showed a subtle downregulation
in all patients. These findings indicate that PMP-associated CD8% T cells are proliferating effector cells rather than memory cells.
This we also confirmed with flow cytometry using CCR7 and CD45RA as markers (Sallusto et al., 2004). We found PSTPMPs
preferentially associated with CCR7~CD45RA™ CD8" Ty cells and terminally differentiated CCR7~CD45RAY CD8" Tgpra
(Figure S9).

Our novel analysis method allows the detection of dying as well as PS* EV-associated living cells (Figure 2). We next wanted
to analyse whether the apoptosis rate of CD8" T cells would be elevated in COVID-19 patients as compared to healthy donors
and could contribute to the observed T cell lymphopenia (Laing et al., 2020). To this end, we quantified the number of CD8"
T cells classified as apoptotic by the CAE algorithm (Figure S10). The CD8" T cell apoptosis rate was significantly increased in
moderate and severe cases compared to healthy donors (Figure SI0A and B). This increased rate of apoptosis might ultimately
contribute to T cell loss and lymphopenia.

Taken together, we present a robust method, which allows the detection of dying as well as PSTEV ™ -associated living cells
within PBMCs of COVID-19 patients in a single step. This type of analysis might help understand events that directly affect the
immune system and might be caused by EV-immune cell interactions.
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FIGURE 6 PS*EV associate with proliferating CD8 T cells. Non-naive PS* and PS™ CD8* T cells (gating strategy see Figure S3G) from four patients
were sorted and subjected to RNAseq analysis. (a) The table displays patient parameters. (b) GSEA enrichment analysis for the gene sets GOBP cell division
and KEGG cell cycle are shown and indicate enrichment in PS* CD8 T cells. Dot plots depict log, fold change values of genes in either of these two gene sets
and upregulated in all four patients. The red dotted horizontal line indicates a fold change of 1.5 (log,fc 0.58). p-values < 0.05 are indicated with an asterisk.
(c) GSEA enrichment analysis for the gene sets GOBP translational initiation and indicates enrichment in PS™ CD8" T cells. Dot plots depict log, fold change
values of genes in this gene set and downregulated in all four patients. The red dotted horizontal line indicates a fold change of -1.5 (log,fc -0.58).

5UB0| 7 SUOLILIOD BAIeR1D) 8|cedldde 8y} Aq pausenob ae Sajolfe O ‘88N 4O Sa|nJ 10} Afeiq| T 8UIIUO AB|IA UO (SUORIPUOD-PUe-SWLBYLLIOD B | IMAe.d 1 BUI|UO//SANU) SUORIPUOD PUe SW 1 8U} 885 *[7202/90/20] U0 A%eiqiT 8ul|uO AB|IM ‘ELTZT 2A8[/200T 0T/10p/wod Aa|1mAreiq i uljuo's feunofAesly/sdny Wwouy papeojumoq ‘vT ‘TZ0Z ‘8L0ET00C



12 0of 18 9 ISEV RAUSCH ET AL.
o

3 | DISCUSSION

COVID-19 patients have hyperactivated platelets (Zaid et al., 2020), elevated levels of circulating PMPs (Cappellano et al., 2021),
and an increased risk of thromboembolic complications contributing to disease severity and mortality. Our results contribute to
the complex clinical picture of thromboinflammation (reviewed in Gu et al. (2021) and Lind (2021)). One of our most surprising
findings was the high association of PBMC with PST PMPs and platelets over the disease course, shown with a novel PS-detecting
method. The degree of this association correlated more strongly with disease severity than established laboratory indices and
might be a promising biomarker for predicting disease severity.

Patients with COVID-19 are mostly lymphopenic (Cao, 2020; Yang et al., 2020), but lymphopenia preferentially affects CD8*
T cells (Mathew et al., 2020; Mazzoni et al., 2020). The measurement of dying or apoptotic cells in vivo or fresh ex vivo samples is
technically challenging. Phagocytes very efficiently remove dead cells, and sample preparation itself can contribute to cell death.
Using novel PS-specific reagents based on lactadherin, we found few but statistically significantly increased amounts of dying
PBMCs, but also specifically dying CD8* T cells in the blood of COVID-19 patients.

Antiphospholipid autoantibodies (aPL antibodies), including autoantibodies to the PS/prothrombin complex (antiPS/PT),
have been found in COVID-19 patients (Zhang et al., 2020). Hence, it is possible that the association of PS* platelets and PMPs
with activated lymphocytes, together with a highly inflammatory environment, may drive the generation of aPL antibodies,
further increasing the risk of life-threatening thrombotic events. However, further experiments are necessary to analyse this
possibility.

By interacting with the complement cascade activated in COVID-19 patients (Song & FitzGerald, 2020), PST PMPs could
contribute to lymphopenia. Correlation analyses of all blood values with the amounts of PSTPMP* PBMCs showed the strongest
negative correlation with decreased lymphocyte counts in patients’ blood, that is, with established lymphopenia. PS and PSt PMP
can activate complement pathways (Mevorach et al., 1998; Tan et al., 2010; Wang et al., 1993), thrombin formation, coagulation and
inflammation (Melki et al., 2017; Owens & Mackman, 2011; Ridger et al., 2017). Therefore, one could speculate that PStPMP*
T cells might trigger for example the complement cascade on their surface, which might cause cell damage, death and T cell
removal by phagocytes.

Moreover, the presence of an activated complement system in COVID-patients (Song & FitzGerald, 2020) could increase
the release of PMPs from platelets (Sims et al., 1988) to self-reinforce this spiral. PSt PMPs might facilitate the assembly and
dissemination of procoagulant enzyme complexes (Sims et al., 1988). Attracting these reactions to the surface of lymphocytes
might cause further functional inhibition or cell death.

"‘Long Covid’ is a phenomenon that occurs in around 10% of COVID-19 patients and seems to be associated with persistent
tissue damage in severe cases. However, also patients with mild COVID-19 disease scores might be affected (Mahase, 2020).
We identified PSTPMP* PBMCs of patients during many weeks post initial diagnosis with only minimal signs of returning
to normal levels. Therefore, prolonged adverse effects of PST™ PMPs on the immune system could contribute to ‘long COVID’.
The frequencies of PST and PSTEV* PBMC:s in our cohort of recovered patients was only slightly, but statistically significantly
elevated when compared to those of healthy donors. As these patients had only mild symptoms (WHO 1-2), it might be interesting
to monitor also patients with long COVID’ or those recovered from severe disease. Eventually PSYEVt PBMCs could also be a
marker for late COVID-19 symptoms.

Especially CD8% Tgy; and Tgypa cells, among which most SARS-CoV2-specific clones were identified (Kared et al., 2021)
showed enhanced PMP-binding in COVID-19 patients. COVID-19 T cell responses begin too late (Sette & Crotty, 2021), and
T cells may be exhausted (Zheng et al., 2020). The association of PSt PMPs with T cells could contribute to these deficiencies
and potentially impact the immune and inflammatory antiviral responses. Activated platelets may associate with T cells in the
blood of HIV-infected individuals (Green et al., 2015) and link the coagulation and inflammatory cascade with T cells. In vitro,
platelets can inhibit proliferation, cytokine production and PD1 expression of T cells (Polasky et al., 2020). Since PMPs derive
from platelets, they may also have similar functions as their ’parent’-platelets. We found that between 10% and 80% of CD8*
T cells were associated with PD-L1(CD274)" PMP. The fact that we could detect this immunoregulatory molecule on a high
frequency of PS* and PS™ PMPs raises the possibility that PMPs can suppress CD8" T cells via PD-L1/PD1 interaction. Previous
studies suggested that SARS-CoV-2-specific CD8* T cells can have an exhausted phenotype due to their expression of inhibitory
receptors such as PDI (De Biasi et al., 2020; Diao et al., 2020; Song et al., 2020; Zheng et al., 2020). Analogous to PD-L1 on

p-values < 0.05 are indicated with an asterisk. (d and e) Log, fold change values of genes associated with T effector (f) and T memory (g) cells that were up- or
down-regulated, respectively, in all four patients, are shown. Red dotted horizontal line indicates a fold change of 1.5 (log2fc 0.58) or -1.5 (log2fc -0.58).
p-values < 0.05 are indicated with an asterisk. (f) Table shows details of PBMC-origin (patient numbers) for validation experiments shown in (g)-(h). (g)
PBMC from COVID patients were examined for proliferation with Ki-67. CD8* T cells (n = 11) were analysed as shown in Figure SIF. PStCD3*tCD8" T cells
were stained intranuclear for Ki-67. PS* and PS™ fractions were classified by IFC. CAE-analysis identified PSTEV™* live cells. PSTEV* and PS™ CD8% T cells
were then analysed for Ki-67, and data from all patients were plotted on the graph. The numbers in the dot plots represent the fraction of cells in the
corresponding gate. Statistical significance was determined by paired Wilcoxon test and is indicated by asterisks (ns p > 0.5; *p < 0.05; **p < 0.01; ***p < 0.001).
(h) An image selection of CD8 T cells with the markers used
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tumor exosomes, which suppress tumor-specific CD8* T cells (Chen et al., 2018), PD-L1 PMPs could favor T cell suppression in
COVID-19. However, recent data have suggested that PD1* SARS-CoV-2-specific CD8* T cells are functional (Rha et al., 2021).
Furthermore, our RNAseq results showing subtly increased expression levels of the effector molecules IFNy, granzyme A, and B
and increased proliferation also argue against an exhausted phenotype of PS* CD8* T cells and would instead indicate enhanced
effector function or terminal differentiation. Enhanced activation of PSYEV* CD8" T cells could theoretically be a reason for
the observed higher rate of apoptosis in this population, as activation induced cell death (AICD) in known to contribute to loss
of effector T cells (Green et al., 2003).

Two recent studies showed that in COVID-19 patients, hyperactivated platelets could form aggregates with leukocytes and
macrophages (Hottz et al., 2020; Manne et al., 2020). As these previous studies relied on conventional flow cytometry, but not
IFC, they could not differentiate between CD41™ platelets and CD41" PMPs. Also, they did not analyse PS* PMPs on the surface
of live lymphocytes. Since PMPs constitute the lion’s share of CD41tPS* particles on T cells of COVID-19 patients and PS may
be responsible for the coagulation and inflammatory effects mentioned above, our findings are an unexpected result with high
clinical relevance.

PS is a novel marker to classify COVID-19 patients according to disease severity. Moreover, longitudinal studies could test
PS as a predictor of disease development. Due to its ease of use by flow cytometry and the high number of positive PS* PBMC
during COVID-19, PS detection could be a valuable analytical tool also in other infectious diseases and sepsis.

4 | MATERIALS AND METHODS
4.1 | Study design and recruitment

Recruited patients (n = 54) with PCR confirmed SARS-CoV-2 infection were part of the COVID-19 Registry of the LMU Uni-
versity Hospital Munich (CORKUM, WHO trial id DRKS00021225). The Ethics Committee approved the study of the LMU
Munich (No: 20-308; 18-415), and patients included (>18 years, mean age 63, Table S1) consented to serial blood sampling. Addi-
tional approval was obtained for the analysis shown here (No. 20-308) and for the use of blood samples from healthy donors
(No. 18-415). For this study, patient data were anonymised for analysis, and blood samples were collected between April 2020 and
February 2021. Of the 54 patients analysed, 52 patients were hospitalised, and two patients were diagnosed in the hospital and
discharged. From 15 patients, blood samples from several timepoints could be obtained, which were taken between days 2 and
76 after a positive SARS-CoV-2 PCR test. Clinical and laboratory data were collected and documented by the CORKUM study
group and are summarised in Table S1. We used the World Health Organization’s (WHO) eight-point ordinal scale for COVID-
19 endpoints (WorldHealthOrganization, 2020) to grade disease severity. WHO scores were combined into ‘mild” (WHO 1-3),
’moderate’ (WHO 4) and severe’ (WHO 5-8).

Recovered donors (RD, n = 12, mean age 40, Table S1) were adults with a prior SARS-CoV-2 infection (>69 days post positive
PCR test), who were either diagnosed in the ambulance or released from the hospital with WHO score 1-2.

Healthy donors (HDs, n = 35, mean age 39, Table S1) tested negative for SARS-CoV-2 were used as control cohorts. PBMCs
were obtained from leucocyte reduction chambers after thrombocyte donations (# = 10) or freshly prepared from whole blood
(n = 25) of healthy hospital and laboratory workers.

4.2 | Sample processing and cell isolation

Peripheral blood was collected into lithium heparin tubes (Sarstedt) and processed within 6 h after venipuncture. Unfixed samples
were handled under Biosafety level 2. PBMCs were isolated by Biocoll density gradient (Merck) centrifugation and then directly
stained for imaging flow cytometry.

4.3 | Antibody staining and flow cytometry

Antibodies and staining reagents are listed in Table S2. As PS-staining reagents we used the previously published recombinant
MFG-E8-eGFP (Kranich et al., 2020; Trautz et al., 2017) and mCl-biotin multimerised with streptavidin-AF647 for flow cytome-
try or streptavidin-gold for TEM. mCl-multimers are commercially available through BioLegend as Apotracker ™ Tetra reagents.
In flow cytometry. All PS-staining reagents are Ca>" independent, highly stable and PS-specific. Freshly isolated PBMCs were
incubated with Fc block before live/dead and cell surface antibody staining. PBMCs surface staining was performed in staining
buffer (PBS containing 2% of fetal calf serum) for 25 min on ice. Then cells were washed and fixed with 4% PFA for 30 min at room
temperature (RT), washed again, filtered and analysed on an ImageStreamx MKII imaging flow cytometer (Luminex). Samples

B5UB017 SUOWILIOD BAIRERID B|dedl|dde ) Aq peusenob afe sajolife YO ‘SN JO S| 10} Areiq1 8UIUO /8|1 UO (SUORIPUCD-PUe-SWIBHW0D" A8 |1 AReiq 18U JUO//:SdNY) SUORIPUOD PUe SWR L 83U} 885 *[7202/90/.0] U0 ARiqiauluo A1 ‘€LT2T 2AI/200T 0T/10p/L0d A8 | imAzelq1juljuo S feuno [Ass1//:sdiy oy papeojumod ‘v ‘T20Z ‘8L0ETO0Z



14 of 18 § ISEV RAUSCH ET AL.
o

were acquired with low flow rate/high sensitivity and 60X magnification. Images were acquired using bright field illumination
and the excitation lasers 405, 488, 561 and 642 nm.

For intranuclear Ki-67 staining, cells were fixed and permeabilised using the Transcription Factor Staining Buffer Set (Ther-
moFisher, cat. #00-5523-00) according to the manufacturers’ instructions. Intranuclear staining was performed in permeabilisa-
tion bufter for 30 min at RT.

4.4 | Cell sorting for gene expression analysis

PBMC:s from four patients (see Figure 6a) were stained with anti-CD3-BV421, anti-CD8-BV785, anti-CCR7-APC, anti-CD45RA -
PerCPCy5.5, anti-CD19/CD16/CD56/CD14-APCFire750 and MFG-E8-eGFP (see Table S2) in staining buffer (25 min, 4C°)
after cells were incubated with Fixable Viability dye eFluor780 in PBS (10 min, 4°C). PST and PS~ single, live, non-naive
(CCR7*CD45RA™, CCR7-CD45RA™ and CCR7-CD45RA"*) CD3"CD8* T cells were directly sorted into TRIzol reagent
(Thermo Fisher) on a FACSAriaFusion (BD) using a 100 um nozzle. Samples were stored at ~20°C until analysis. RNA isola-
tion and sequencing were performed by Vertis Biotechnologie AG, Freising. Total RNA was isolated and purified using Monarch
columns (NEB). Poly(A)+ RNA was isolated from the total RNA sample. First-strand cDNA synthesis was primed with a N6
randomised primer. After fragmentation, the Illumina TruSeq sequencing adapters were ligated in a strand specific manner to
the 5" and 3’ ends of the cDNA fragments. In this way, a strand specific PCR amplification of the cDNA was achieved using a
proof-reading enzyme. For Illumina NextSeq sequencing, the samples were pooled in approximately equimolar amounts. The
cDNA pool in the size range of 250-700 bp was eluted from a preparative agarose gel. The primers used for PCR amplification
were designed for TruSeq sequencing according to the instructions of Illumina. The cDNA size range was 250-700 bp. The cDNA
pool was sequenced on an Illumina NextSeq 500 system using 1 X 75 bp read length.

4.5 | RNAseq analysis

Sequencing reads were aligned to the human reference genome (version GRCH38.100) with STAR (version 2.7.3). Expression
values (TPM) were calculated with RSEM (version 1.3.3). Post-processing was performed in R/bioconductor (version 4.0.3) using
default parameters if not indicated otherwise. Differential gene expression analysis was performed with 'DEseq2’ (version 1.28.1)
using a model including patient ID as random factor. An adjusted p value (FDR) of less than 0.1 was used to classify significantly
changed expression. Gene set enrichment analyses were conducted with clusterProfiler’ (version 3.18.1) on the statistic reported
by DEseq2. Data are available at GEO Submission (GSE174786).

4.6 | Cellsorting for TEM

Isolated PBMCs were stained with anti-CD19- and anti-CD3-PE, PS-staining reagent mCl-multimer (SA-AF647) (commercially
available at BioLegend) and mCl-biotin (commercially available at BioLegend) multimerised with SA-gold, (Aurion) (see Table
S2) in staining buffer (25 min, 4°C) after incubation with Fixable Viability Dye eFluor780 in PBS (10 min, 4°C). After washing,
cells were prefixed with freshly prepared 4% EM-grade PFA (Science Services) for 30 min at RT before sorting. Fixed, single,
PSTCD19" and CD3* cells were sorted on a FACSArialll (BDBiosciences) using a 130 #m nozzle into PBS containing 0.5% BSA.

After washing with PBS, cells were fixed with 2.5% glutaraldehyde (EM-grade, Science Services) in 0.1 M cacodylate buffer
(pH 7.4) for 15 min (Sigma Aldrich) and washed with 0.1 M sodium cacodylate buffer for 10 min at 400 g before postfixation
in reduced osmium (1% osmium tetroxide (Science Services), 0.8% potassium ferricyanide (Sigma Aldrich) in 0.1 M sodium
cacodylate buffer). The cell pellet was contrasted in 0.5% uranyl acetate in water (Science Services and dehydrated in an ascending
ethanol series. The pellet was embedded in epon resin and hardened for 48 h at 60°C. Ultra-thin sections (50 nm) were cut and
deposited onto formvar-coated grids (Plano) and again contrasted using 1% uranyl acetate in water and Ultrostain (Leica). Images
were acquired on a JEM 1400plus (JEOL).

4.7 | Imaging flow cytometry and data analysis

Data analysis was performed using the IDEAS software (Version 6.2, Luminex). Compensation matrices were generated using
single stained samples and applied to the raw data, and data analysis files were created. Unfocused events were excluded from the
analysis based on gradient max feature values. PS* cells were gating using FMO controls. TIFF-images of PS* cells from each
sample were exported (16-bit, raw) and analysed by the CAE algorithm as previously described (Kranich et al., 2020). Two *.pop
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files containing the object numbers of apoptotic and EV™ cells were generated and re-imported into the IDEAS software. Then
FCS files from all cells, only apoptotic or only EV™ cells, were exported and analysed using FlowJo Version 10.7.1.

4.8 | Colocalisation analysis

We created a spot mask for PS and the respective marker staining to determine the degree of colocalisation between PST EVs and
PMP-marker™ (CD41/CD63/CD274/CD62P) cells. PS* spots were identified by the Dilate (Peak(MO02, PS, Bright, 5),1) mask and
the Dilate(Peak(M_marker, marker channel, Bright, 1),1) mask was used to identify marker® spots. Both masks were combined,
and the colocalisation was assessed using the BDS R3 feature of the IDEAS software.

4.9 | Platelet staining

Platelets were stained in whole blood. Hundred microlitres of blood were slowly added to 100 ul of antibody mix in staining buffer
(PBS with 0.1% sodium azide and 2% of FCS). The mixture was gently swirled and incubated for 30 min at room temperature in
the dark. Then cells were fixed in 1% PFA in PBS with 0.1% sodium azide for 2 h, centrifuged for 20 min at 5000 g, resuspended
in PBS with 0.1% sodium azide and analysed on the ImageStreamx MKII imaging flow cytometer.

4.10 | Statistical analysis

For statistical analysis, the PRISM software (GraphPad Software, La Jolla, CA, USA) was used. For direct comparison between two
groups non-parametric, unpaired Mann-Whitney test was used. Statistical significance of paired data was determined by paired
Wilcoxon test. p values of <0.05 are considered significant and donated with *, **p < 0.01, ***p < 0.001 and ****p < 0.0001. R
version 4.0.3 was used for correlation analysis. Numeric values in the dataset were correlated (Spearman correlation) using the
ggcorrmat function of the ggstatsplot package (v0.7.2) with Benjamini-Hochberg correction for multiple testing.

ROC analysis was performed using library pROC’ (version 1.17.01). Thresholds were determined using the pROCs coords
function with the ‘best” method.
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