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1. Summary

The studies discussed here explore the multifaceted role of the phospholipid
phosphatidylserine (PS) as both an “eat-me” signal for apoptotic cells and as a useful

marker to study extracellular vesicles (EVs).

The works summarized here leverage the newly developed PS-binding reagents
derived from the secreted glycoprotein MFG-E8, which functions as a bridging
molecule between apoptotic cells and macrophages. Thereby MFG-ES8 facilitates the

engulfment of apoptotic cells by the phagocytosing macrophage.

In germinal centers MFG-E8 is solely produced by follicular dendritic cells (FDCs).
By supplying MFG-E8 they license tingible body macrophages to efficiently clear
dying B cells that occur during the germinal center reaction. Lack of FDC-produced
MFG-E8 leads to accumulation of apoptotic cells on the surface of macrophages and

impairs their degradation, ultimately promoting autoimmunity.

MFG-E8 also plays a pivotal role in the brain especially during pathological
conditions, such as prion disease. Its absence leads to accumulation of dying cells

and of infectious prions accelerating disease progression.

Detecting and studying dying cells in tissues presents challenges, due to their
scarcity and due to the lack of suitable reagents. However, the development of novel
fluorescent MFG-ES8 fusion proteins for in vivo PS labeling allowed the identification
of PS* cells in their native microenvironment. Combined with cell analysis using
imaging flow cytometry and deep-learning assisted image interpretation, this
approach facilitates the precise detection and characterization of dying cells based
on PS exposure. Surprisingly, it also revealed that only few PS* cells are apoptotic.
Unexpectedly, most PS* cells were living cells decorated with PS* extracellular

vesicles (EVs) on their surface.

In vivo PS-labeling using fluorescent MFG-E8-based reagents has unlocked the
possibility to investigate interactions of EVs with lymphocytes. During viral

infections, such as lymphocytic choriomeningitis virus (LCMV) in mice and SARS-
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CoV-2 in humans, T cells and particularly activated cytotoxic T cells displayed a
pronounced increase in EV-binding. Notably, in SARS-CoV-2 infections, EV-binding
by peripheral blood mononucleated cells (PBMCs) strongly correlates with disease
severity and was highest in patients with severe disease. T cells decorated with PS*
platelet-derived microparticles show increased proliferation and a higher expression

of effector cytokines.

In LCMV-infected mice, activated T cells bind exosomal EVs originating from
antigen-presenting cells. These EVs trigger antigen-dependent stimulation in pre-
activated T cells and cause clustering of the T-cell receptor complex, activation of the
transcription factor NFAT, drive T cell proliferation and enhance expression of

effector genes.

Collectively, these results underscore the importance of EVs in modulating T-cell
responses making them an interesting therapeutic target for improving or inhibiting

T -cell responses in viral infections, cancer, or autoimmunity.



2. Zusammenfassung

Die hier besprochenen Studien untersuchen die vielseitige Rolle des Phospholipids
Phosphatidylserin (PS), das sowohl als "Eat me"-Signal fur apoptotische Zellen, als

auch als wertvoller Marker zur Untersuchung extrazellularer Vesikel (EVs) fungiert.

Die hier prasentierten Arbeiten nutzen neu entwickelte PS-bindende Reagenzien, die
von dem sezernierten Glykoprotein MFG-E8 abgeleitet sind. MFG-E8 agiert als
Bruckenmolekul zwischen apoptotischen Zellen und Makrophagen, wodurch die

Phagozytose von apoptotischen Zellen durch Makrophagen erleichtert wird.

Im Keimzentrum wird MFG-E8 ausschlieflich von follikularen dendritischen Zellen
(FDCs) produziert. Durch die Produktion von MFG-E8 ermaoglichen sie den Tingible-
Body-Makrophagen die effiziente Beseitigung absterbender B-Zellen, die wahrend
der Keimzentrumsreaktion auftreten. Ein Fehlen von FDC-produziertem MFG-ES8
fuhrt zur Akkumulation apoptotischer Zellen auf der Oberflache der Makrophagen
und beeintrachtigt deren Abbau, was letztlich die Entstehung von

Autoimmunerkrankungen begunstigt.

MFG-E8 spielt auch im Gehirn eine bedeutende Rolle, insbesondere bei
pathologischen Zustanden wie Prionenerkrankungen. Im Mausmodell fuhrt ein
Mangel an MFG-E8 zu einer Akkumulierung absterbender Zellen und infektioser

Prionen, was den Krankheitsverlauf beschleunigt.

Die Detektion und die Untersuchung sterbender Zellen in Geweben sind aufgrund
ihrer Seltenheit und des Mangels an geeigneten Reagenzien eine Herausforderung.
Die Entwicklung neuer fluoreszierender MFG-E8-Fusionsproteine fur die In-vivo-PS-
Markierung ermoglicht die ldentifizierung von PS*-Zellen in ihrer naturlichen
Umgebung. In  Kombination mit  Zellanalyseverfahren  wie  Imaging
Durchflusszytometrie und Deep-Learning-gestutzter Bildinterpretation wird die
prazise Detektion und Charakterisierung sterbender Zellen auf Grundlage der PS-
Exposition erleichtert. Uberraschenderweise ergab sich, dass die Mehrheit der PS*-
Zellen nicht apoptotisch sind, sondern lebende Zellen, die PS* extrazellulare Vesikel

(EVs) auf ihrer Oberflache tragen.



Die In-vivo-PS-Markierung mit fluoreszierenden Reagenzien auf MFG-E8-Basis hat
die Moglichkeit eroffnet, die Interaktionen von EVs mit Lymphozyten zu untersuchen.
Wahrend Virusinfektionen, wie dem lymphozytaren Choriomeningitis-Virus (LCMV)
bei Mausen und SARS-CoV-2 beim Menschen zeigen T-Zellen, insbesondere
aktivierte zytotoxische T-Zellen, eine ausgepragte Zunahme der EV-Bindung. Bei
SARS-CoV-2-Infektionen korrelierte die EV-Bindung durch mononukleare Zellen im
peripheren Blut (PBMCs) stark mit dem Schweregrad der Erkrankung und war bei
Patienten mit schwerem Verlauf am hochsten. T-Zellen, die mit PS*-Mikropartikeln
von Blutplattchen dekoriert waren, zeigten eine erhohte Proliferation und eine

starkere Expression von Effektorzytokinen.

In LCMV-infizierten Mausen binden aktivierte T-Zellen exosomale EVs, die von
Antigen-prasentierenden Zellen stammen. Diese EVs losen eine antigenabhangige
Stimulation in voraktivierten T-Zellen aus, was zu einer Clusterbildung des T-Zell-
Rezeptorkomplexes, zur Aktivierung des Transkriptionsfaktors NFAT, zur Forderung

der T-Zellproliferation und zur Steigerung der Expression von Effektorgenen fuhrt.

Zusammengenommen unterstreichen diese Erkenntnisse die bedeutende Rolle von
EVs bei der Modulation von T-Zell-Antworten und machen sie zu einem
vielversprechenden therapeutischen Ziel fur die Verbesserung oder Inhibition von T-
Zell-Antworten bei akuten oder chronischen Virusinfektionen, Krebserkrankungen

oder Autoimmunitat.



3. Introduction
3.1 Phosphatidylserine — more than a marker for apoptotic cells

The lipid bilayer of cell membranes from mammalian cells is predominated by four
different  phospholipids:  sphingomyelin  (SM), phosphatidylcholine  (PC),
phosphatidylethanolamine (PE) and phosphatidylserine (PS). These different
phospholipids show an asymmetrical distribution. While in intact cells SM and PC
are mainly on the outer side of the membrane, PE and PS are on the intracellular side
(Bruce Alberts, 2002). The difference in the distribution of phospholipids between
the intra- and extracellular leaflet of the membrane is an important discriminator of

live and dying cells (Figure 1).

live cell dying cell

FEELERETLETS 4t
m&ﬁﬁw &&ﬁg

Osm ©sv Ors Ore

Figure 1. Schematic illustration of the assymetric distribution of the four main phospholipids in mammalian cell

membranes in intact live (left) and apoptotic cells.

Among these phospholipids, especially PS has attracted a lot of research interest,
especially due to its function as ‘eat-me’ signal that helps phagocytes to recognize
and remove apoptotic cells, which display PS exposed on their surface (Segawa and

Nagata, 2015). The structure of PS is displayed in Figure 2.

In the endoplasmatic reticulum two different PS synthases synthesize PS from PC
and PE (Segawa and Nagata, 2015).

To be able to function as an ‘eat-me’ signal, PS has to be kept from the surface of live
intact cells. ATP-dependent flippases are responsible for this. Flippases belong to the
family of P-Type ATPases which has 15 and 14 family members in mouse and human,
respectively (Palmgren and Nissen, 2011). ATP11C has been identified as an
important flippase required for the intracellular retention of PS (Yabas et al., 2011).

However, knocking out ATPC11 in mammalian cells was not sufficient to disturb the
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asymmetrical distribution of PS, although

the flippase activity was strongly reduced,

Polar Head

indicating that other flippases could
. compensate for the loss of ATPC11

' (Segawa et al., 2014). Another important
factor for holding up the asymmetry is
ATP11C’s chaperone CDC50A. In contrast
to deleting ATPC11, knocking out CDC50A

Non-Polar Tail

in cell lines was sufficient to constitutively
Figure 2. (A) Schematic representation and (B) expose PS on the surface. This indicates

structural formular of PS. that CDC50A also functions as a chaperone
for other ATP-dependent flippases that have been suspected to compensate for the
function of ATPC11, when it was removed (Segawa et al., 2014; Segawa and Nagata,

2015).

When and how is PS exposed?

PS exposure during cell death or platelet activation happens very rapidly (Obydennyy
et al., 2016; Sapar et al., 2018). However, studies showed that the passive diffusion
of phospholipids is very slow with half-lifes of several hours (Zachowski, 1993). The
accelerated PS exposure during apoptosis can be explained by active transport
mediated by aminophospholipid translocases, which are also called scramblases.
This reduces the half-life of PS transport through the membrane to a few minutes
(Bassé et al., 1996; Zachowski, 1993). Several of these scramblases have been
identified, such as the caspase-dependent Xk-related protein 8 (Xkr8) and the Ca?*-
dependent transmembrane protein 16F (TMEM16F; Suzuki et al., 2013; Suzuki et al.,
2010).

During apoptotic cell death PS exposure is dependent on the action of caspases.
Both, the flippase ATPC11 and the scramblase Xkr8 contain caspase-3 recognition
sites. While cleavage by caspase-3 inactivates ATPC11, caspase-cleavage of Xkr8 is

required for its activation (Segawa and Nagata, 2015).
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Initially, it was thought that PS exposure was limited to apoptotic cell death, but PS
exposure has now been found also in other forms of cell death, such as pyroptosis
(de Vasconcelos et al., 2019), necroptosis (Shlomovitz et al., 2019) or necrosis. In
these forms of cell death, PS exposure is independent of caspase activity (Furuta et
al., 2021).

Furthermore, not only dying cells expose PS. It is also an important feature of platelet
activation. There, PS exposure is also caspase-independent and requires Ca?* and
the scramblase TMEM16F. This scramblase is also involved in PS exposure during

non-apoptotic cell death (Shlomovitz et al., 2019).

Extracellular vesicles (EVs), such as exosomes, microvesicles and apoptotic bodies
also exhibit PS on the outer leaflet of the membrane. Whether all or only a subset of
EVs have externalized PS is still a controversial matter (Matsumoto et al., 2021;
Rausch et al., 2023; Yoshida and Hanayama, 2022). There is little known about the
mechanisms of PS exposure in exosomes or microvesicles. However, as there will be
no ATP production in most EVs, the absence of ATP will reduce flippase activity
leading eventually to PS exposure. In addition to this, it has also been shown that
TMEMT16F is involved in the shedding of membrane vesicles from various cell types
(Bricogne et al., 2019; Ehlen et al., 2013; Fujii et al., 2015). TMEM16F activity might

therefore also contribute PS exposed on the surface of EVs.

The role of surface PS

As mentioned above, the role of exposed PS on dying cells is to facilitate their rapid
removal by phagocytic cells. Phagocytes, such as macrophages can carry different
receptors for direct or indirect PS-binding. A receptor that binds PS directly is Tim4.
It is highly expressed on Kupfer cells, peritoneal and splenic red pulp macrophages
(Kay and Fairn, 2019). Tim4-deficient macrophages show reduced binding and
impaired uptake of apoptotic cells (Nishi et al., 2014). Receptors, that bind PS
indirectly through bridging molecules are integrins, which bind to milk-fat globule
epidermal growth factor 8 (MFG-ES8, see below) and Mer tyrosine kinase (MerTK),

which binds to the bridging molecule Gasé. Absence of any of these molecules will
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strongly impair engulfment of apoptotic cells (Nakano et al., 1997; Nishi et al., 2014,
Raymond et al., 2009).

PS on EVs will also facilitate their uptake by their target cells, probably using the
same PS-binding receptors that are used to remove apoptotic cells. However, there
are only few studies, that have investigated the uptake or binding mechanisms of
EVs. But one study revealed that the PS is needed for the rapid clearance of EVs from

the blood (Matsumoto et al., 2021).

One hallmark of activated platelets is the presence of PS on their surface. Surface PS
is thought to be crucial for the proagulant activity of platelets (Zhao et al., 2016).
Coagulation is initiated by endothelial damage. This leads to the polymerization of
fibrin. Together with platelets, polymerized fibrin forms a plug closing the site of the
wound. During the coagulation cascade different serine proteases and their
glycoproteins become activated sequentially and activate the next factor in the
cascade, eventually leading to formation of polymerized fibrin through the action of

the proteases thrombin and fibrinogen (Figure 3, (Sang et al., 2021).

During the initiation phase of the coagulation cascade the phospholipids PS and PC
drive the activation of serine proteases by providing a catalytic surface, which is
strongly reduced in the absence of lipid membranes (Zwaal et al., 1998). Vitamin K-
dependent coagulation factors can directly interact with PS through an N-terminal y-
carboxyglutamic acid (Gla) domain in a Ca?* dependent manner. Removing the Gla

domain from prothrombin reduced their affinity to PS 1000-fold (Zwaal et al., 1998).
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The three pathways that makeup the classical blood coagulation pathway

Intrinsic XIl — Hageman factor, a serine protease
- Xl —Plasma thromboplastin, antecedent serine protease|
surface contact IX — Christmas factor, serine protease
VIl —Stable factor, serine protease
l X1l = Fibrin stabilising factor, a transglutaminase

PL — Platelet membrane phospholipid

 —
ul il Ca**—Calciumions

‘L TF — Tissue Factor (, =active form)
X —Ys X —
) Extrinsic
TEVIL_______ tissue damage
X — X,
(v, PL,lCa")
X ——— x «<— X Common
(V, PL, | Ca™) X
prothrombin—-—5 thrombin l
(serine protease)

Xl
fibrinogen ——— fibrin —; stable fibrin
clot

Figure 3. Factors involved in the coagulation cascade.
(from “Classical blood coagulation pathway” By Dr Graham
Beards, via Commons Wikimedia).

3.2 Extracellular Vesicles (EVs)

The term extracellular vesicles (EVs) comprises several different very heterogenous
small membrane particles. These particles can differ in size, origin, and function, but
have in common that they are very small and hence difficult to separate and
characterize individually. The three main groups of EVs are exosomes, microparticles
or ectosome and apoptotic bodies. The smallest EVs are the exosomes with sizes
ranging from approx. 30-100nm (Figure 4). Exosomes are generated by invagination
of endosomes. Prior to the release into the extracellular space from their mother cells,
they are stored in multivesicular bodies (Yates et al., 2022). Microvesicles are larger
than exosomes with a size range between 100-1000nm (Figure 4). Unlike exosomes,
they are released directly by budding from the plasma membrane. It is assumed, that
virtually any cell type produces and secretes exosomes and microvesicles (Yates et
al., 2022). In contrast, apoptotic bodies are only released from cells undergoing
apoptosis. They are the largest EVs with sizes ranging from 1000-5000nm (Figure 4).
Similar to microvesicles, they are formed by budding from the cell membrane
(Santavanond et al., 20217). Apart from these three main groups of EVs, there are
additional, less well studied EV subsets, such as exomeres, which are non-

membranous particles with a size of approx. 50nm (Anand et al., 2021).
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It is very difficult to discriminate the different EV subtypes as there are no specific
markers other than their size that can be used to define specific EV subtypes.
However, certain membrane proteins, namely family members of the tetraspanin
proteins, are strongly enriched in exosomes. Hence, the tetraspanin proteins CD81,

CD9, CDé63 are often used as exosome markers (Gyorgy et al., 2011).

Exosome: 50-130 nm
Microvesicle: 100-500nm
Apoptotic body: 1000-5000nm

Cell >6um

Figure 4. lllustration of the size of different EV subsets.
Differential ultracentrifugation can be used to separate EV subsets by size (Sidhom
et al., 2020). In general, however, obtaining pure isolates of EVs can be challenging
and a large variety of methods has been developed to obtain EVs from fluids. These
methods comprise ultracentrifugation, ultrafiltration, immunoaffinity methods,
precipitation, and size exclusion chromatography. All these methods have their
advantages and disadvantages and lead to isolates with different EV compositions
and impurities and contaminating proteins or lipids. For this reason, strict guidelines
for the reporting of the isolation method and the analysis of the purified EVs have
been put into place. These require thorough characterization of the isolated EV, by
different methods, including nanoparticle tracking analysis (NTA), Western Blotting

and electron microscopy (Théry et al., 2018).
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Functions of EVs

It is believed that the main physiological role of EVs lies in the intercellular
communication. EVs can carry different cargos, such as mRNA, miRNA, cytosolic and
surface proteins, mitochondria, and other small organelles (Neven et al., 2017) and
even telomers as a recent report describes. Telomer containing EVs from antigen-
presenting cells were shown to have the ability to rescue T cells from senescence
(Lanna et al., 2022).

There is great interest in EVs in the cancer field, as there is hope that EVs in liquid
biopsies can be used as early non-invasive biomarker for cancer. Also, cancer cells
constitutively produce and secrete EVs, hence their RNA and protein cargo could
give valuable information about the disease stage. Although many promising studies
about the usefulness of EVs as biomarkers have been published, there is currently no

EV-based diagnostic test approved for clinical use (Urabe et al., 2020).

EVs are not only of diagnostic interest in the cancer field. EVs seem to play important
roles in cancer pathology itself. Sung et al. showed that EVs from cancer cells were
required for controlled movement of cancer cells (Sung et al., 2015). Another study
showed that EVs contribute to the degradation of the extracellular matrix through
microRNAs secreted via EVs. This allows tumor cells to invade different tissues and
facilitates metastasis formation (Becker et al., 2016; Zhou et al., 2014). Metastasis
formation and tumor growth is facilitated by increased angiogenesis. EVs containing
epidermal growth factor receptor (EGRF) secreted from tumor cells are taken up by

endothelial cells and can increase angiogenesis (Al-Nedawi et al., 2009).

In @ mouse model of glioblastoma, transfer of the truncated and oncogenic form of
EGFRvIIl between glioma cells via EVs has been observed. Glioma cells lacking
expression of the truncated form can acquire the oncogenic activity of the truncated

receptor through these EVs promoting tumor growth (Al-Nedawi et al., 2008).

Tumor-derived EVs can not only promote cancer progression by transferring

oncogenic activity, increasing angiogenesis or facilitating metastasis formation, they
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have been shown to also be able to dampen anti-tumor immune responses.
Programmed death-ligand 1 (PD-L1)-bearing EVs produced by tumor cells can bind
to PD-1 expressing tumor specific CD8* T cells (Chen et al., 2018). This EV-mediated
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Figure 5. lllustration of T cell inhibition by tumor-derived PD-L1 carrying exosomes. From (Ayala-Mar et al.,
2021).

PD-L1:PD-1 interaction leads to T-cell inactivation (Garcia-Diaz et al., 2017; Figure
5). Furthermore, these EVs have been shown to compete with anti-PD-1 antibodies
that are given as immune checkpoint inhibitors to cancer patients to increase anti-

cancer immune responses, mediating resistance to the therapy (Chen et al., 2022).

The role of EVs in T cell priming

Not only in the cancer field EVs have sparked great interest, also in the field of
immunology EVs have received a lot of attention. Already in 1998 EVs derived from
exosomes have been used to successfully immunize against tumors in mouse models

(Zitvogel et al., 1998). However, the clinical trials using EVs to vaccinate against
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cancers that followed were unfortunately all unsuccessful. It is well established that
EVs carry MHC-I and MHC-II molecules (Raposo et al., 1996), co-stimulatory
molecules like CD80 and CD86 (Kovar et al., 2006), and the integrin LFA-1 (Nolte-'t
Hoen et al., 2009), hence EVs have everything they need to potentially prime naive T
cells. But it is unclear if EVs are indeed able to do so, albeit many studies have
addressed this. What seems to be undisputed is that antigen-presenting cells (APCs)
can take up antigen associated with EVs, and then use this EV-derived antigen to
prime naive T cells. This is considered indirect priming by EVs (Hao et al., 2007). If
EVs can prime naive T cells directly, without the presence of APCs is still a matter of
debate. While direct priming of T cells has been achieved in vitro by adding large
amounts of EVs to cultured T cells (Kovar et al., 2006; Raposo et al., 1996), an
involvement of DCs in the priming of T cells in in vivo models, where exogenous EVs
have been administered, cannot be ruled out (Zitvogel et al., 1998). Results from my
own research, which will be discussed in chapter 4.5, strongly argue against priming
of naive T cells, but clearly show stimulation of already activated T cells through EVs
(Rausch et al., 2023).

3.3 Milk-fat epidermal growth factor 8 (MFG-E8)

MFG-ES, also known as lactadherin is a secreted PS-binding glycoprotein expressed
by various phagocytic cells types, like immature dendritic cells (Miyasaka et al.,
2004), activated peritoneal macrophages (Hanayama et al., 2002), but also by non-
phagocytic cells like perivascular cells in the spleen (Krautler et al., 2012), epithelial
cells in the mammary gland (Atabai et al., 2005), and follicular dendritic cells in

germinal centers (Kranich et al., 2008).

RGDvmotif

signal EGF-like domain 1
peptide C1 C2

PS binding

Figure 6. illustration of the functional domains of murine MFG-ES8.

MFG-E8 has been shown to be important for the clearance of apoptotic cells. With its
two PS-binding domains C1 and C2 (Figure 6) it binds to PS exposed on apoptotic
cells. Macrophages then recognize MFG-E8 opsonized apoptotic cells through MFG-
E8's RGD motif (Figure 6) and bind it via integrins. This interaction induces the
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engulfment of the apoptotic cell (Hanayama et al., 2002; Hanayama et al., 2004; Zullig
and Hengartner, 2004). Mice lacking MFG-E8 develop a lupus-like autoimmunity and
show impaired clearance of apoptotic germinal center B cells (Hanayama et al.,
2004).

Unlike many other PS-binding proteins, like e.g. Annexin V (Vermes et al., 1995) or
Tim-4 (Miyanishi et al., 2007), MFG-E8 is able to bind PS Ca?*-independently
(Hanayama et al., 2002). This has made MFG-E8 an excellent tool to study PS* cells

in many of my studies as will be discussed in the following chapters.
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4. Overview and discussion of research works
4.1 The role of Follicular dendritic cell (FDC)-produced MFG-E8

Follicular dendritic cells control engulfment of apoptotic bodies by secreting Mfge8.
Kranich J, Krautler NJ, Heinen E, Polymenidou M, Bridel C, Schildknecht A, Huber
C, Kosco-Vilbois MH, Zinkernagel R, Miele G, Aguzzi A.; J Exp Med. 2008 Jun
9,205(6):1293-302.

In this study the role of FDC-produced MFG-E8 was investigated. As FDCs play a
major role in peripheral replication of prions, there was great interest in finding
genes differentially expressed in these cells, to allow FDC-specific deletion or
overexpression of genes suspected to be involved in prion propagation and
replication. Huber et al. hence performed a transcriptomic screen of isolated FDC
clusters and identified MFG-E8 as being differentially expressed by FDCs in the
spleen (Huber et al., 2005).

We then investigated the role of MFG-E8 in FDCs and found that MFG-E8 is identical
to the antigen identified by the FDC-specific antibody FDC-M1.

A previous study by Hanayama et al., claimed that MFG-E8 in the spleen was
expressed by tingible body macrophages (TBMs). However, this was in contradiction
with our findings that FDCs are the sole source of MFG-E8 in the spleen and that
TBMs do not express Mfge8. We confirmed this using in situ hybridization combined
with immunohistochemistry and bone marrow transfer between wild-type and
Mfge8” mice. In addition to this, we could further show that TBMs take up
exogenously administered recombinant MFG-ES8, leading to the conclusion that
TBMs become MFG-E8 positive by taking up FDC-derived MFG-ES8.

Mfge8” mice develop a lupus-like autoimmune phenotype with autoantibodies
against nuclear components (Hanayama et al., 2004). This was caused by impaired
clearance of apoptotic B cells from the germinal center (GC). In these mice, apoptotic
cells accumulate on the surface of TBMs, which are unable to engulf them in the
absence of MFG-ES8.
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We observed the same phenotype in bone marrow transfer experiments where only
FDCs lack expression of Mfge8. When we transferred Mfge8” bone marrow into
irradiated WT mice, bone marrow macrophages lack expression of Mfge8, FDCs in
contrast express Mfge8, as they are of stromal origin. In this situation, clearance of
apoptotic GC B cells is normal. In the opposite situation, where Mfge8” mice receive
wild-type bone marrow and their FDCs lack Mfge8 expression, engulfment of

apoptotic GC B cells was abolished (Figure 7).

From these experiments we concluded that FDCs license TBMs to phagocytose
apoptotic GC B cells by providing MFG-E8. Hence, FDCs play an important role in
preventing autoimmunity caused by impaired clearance of apoptotic cells. This we
could further confirm by analyzing clearance of apoptotic GC B cells in various knock-
out mouse strains that lack FDCs and develop severe systemic autoimmunity. All

these strains show severely impaired phagocytosis of apoptotic cells from the GC.

wild-type MFG-E8 deficient

apoptotic cells

degraded apoptotic cells

macrophage

Figure 7. Impaired engulfment of apoptotic cells in the absence of MFG-E8.
Left: Macrophage engulfs apoptotic cell and has phagolysosomes with partially degraded apoptotic cells. Right: Impaired
engulfment of apoptotic cells due to the lack of MFG-E8. Apoptotic cells accumulate on the surface of the macrophage.
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4.2 The role of MFG-E8 in prion disease

Engulfment of cerebral apoptotic bodies controls the course of prion disease in a
mouse strain-dependent manner. Kranich J, Krautler NJ, Falsig J, Ballmer B, Li S,
Hutter G, Schwarz P, Moos R, Julius C, Miele G, Aguzzi A. J Exp Med. 2010 Sep
27;207(10):2271-81.

Intrigued by reports showing that infectious prions might infect neighboring cells
through the uptake of EVs, such as exosomes or apoptotic bodies that are shed either
from intact infected or apoptotic infected cells, respectively, we investigated whether
MFG-ES8 is involved in this process (Fevrier et al., 2004). As EVs expose PS, MFG-E8
might attach to potentially prion-containing EVs and promote their uptake by
phagocytic cells, like microglia in the brain, which would then become infected

themselves.

To test this, we inoculated wild type and Mfge8” mice on a mixed background with
prions intraperitoneally and intracerebrally. In both cases prion disease was
drastically accelerated in the absence of MFG-ES8. This acceleration correlated with
increased accumulation of prions in the brain and also elevated levels of terminal
deoxynucleotidyl transferase dUTP nick end labelling-(TUNEL) positive apoptotic
cells in the cerebellum. This indicated that clearance of apoptotic cells and apoptotic

bodies was severely impaired in Mfge8” mice.

We next investigated the cellular source of MFG-E8 in the brain and identified
astrocytes as the main producer of MFG-E8 in the brain. In contrast, microglia, the
main phagocytic cell type in the brain do not express Mfge8, however, these cells
strongly express the MFG-ES8 ligands integrin avfs and avps, which both bind MFG-
E8's RGD-motif (Hanayama et al., 2002).

We also observed that the acceleration in prion pathogenesis in mice lacking MFG-
E8 was dependent on the genetic background of the mouse strains used. The
acceleration was only observed on a mixed B6.129 background, but not on a Bé or

BALB/c background. We then performed an analysis of short tandem-repeats (STRs)
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in the different genetic backgrounds and quantified the number of 129-specific
alleles in each background strain. This revealed that the disease incubation time
strongly correlated with the number of the 129-specific alleles. The more 129-specific
alleles were present in the mice analyzed, the shorter the incubation time of the prion

disease was.

When we assessed expression of the Itgb3 gene, which encodes one chain of the
integrins binding to MFG-E8's RGD motif, we found that some mice harbored strain-
specific single nucleotide polymorphisms that were associated with accelerated
incubation times. These polymorphisms did not result in codon changes, but still
could affect splicing or mRNA stability or posttranscriptional control of the Itgbh3
gene and therefor could have an impact on MFG-E8-dependent uptake of apoptotic

cells or EVs.
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4.3 Using fluorescent MFG-ES8 fusion proteins to stain PS* cells /in vivo

In vivo identification of apoptotic and extracellular vesicle-bound live cells using
image-based deep learning. Kranich J* ** Chlis NK* Rausch L, Latha A, Schifferer
M, Kurz T, Foltyn-Arfa Kia A, Simons M, Theis FJ**, Brocker T**. J Extracell Vesicles.
2020 Jul 16;9(1):1792683. *equally contributed first author, ** corresponding author.

The initial aim of this study was to develop a method to visualize, quantify and
characterize apoptotic cells in different organs. Apoptotic cells in intact tissues or
organs are very rare and difficult to detect as they are rapidly removed by phagocytes.
(Elliott and Ravichandran, 2010). A lot of dying cells are produced during organ
isolation and preparation, hence our aim was to label dying cells in situ in the living

mouse before organ removal by injecting PS-binding reagents.

The most widely used PS-binding reagent Annexin V requires high levels of Ca?* and
a special buffer for PS-binding and was therefore not suitable for our approach, as
we couldn’t be sure that sufficient concentrations of Ca?* are present in every tissue.
Thus, we developed novel PS-binding proteins based on the PS-binding protein MFG-
E8, which binds to PS independently of Ca?*. We fused a fluorescent reporter (such
as enhanced green fluorescent protein, EGFP) to the C-terminus of MFG-ES,
expressed it recombinantly in a mammalian cell line and purified it by affinity

chromatography.

After having confirmed that MFG-E8-EGFP stains the same cells as Annexin V, but
in the absence of Ca?*, we applied it intravenously to mice that underwent irradiation

to induce cell death.

We used imaging flow cytometry (IFC) to analyze the MFG-E8-EGFP stained cells,
which has the advantage over conventional flow cytometry that this technique
produces brightfield and fluorescent images of every cell and thus provides

morphological information of the stained proteins.

24



MFG-E8-EGFP reliably labeled apoptotic cells in irradiated mice and in non-
irradiated controls. As expected, the frequency of apoptotic cells was greatly

increased in bone marrow and spleen after irradiation.

To our surprise, we not only detected apoptotic cells, which were fully stained, and
had intensely stained apoptotic bodies attached, but also cells that had unstained cell
bodies and had only one or a few strongly stained spots attached to their surface
(Figure 8). This observation was only possible using IFC. As these spots looked like
cellular attachments, we suspected that these were EVs. This we could confirm by
transmission electron microscopy (TEM) on sorted PS* cells, as these cells had

multiple EVs attached on their surface.
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Figure 8. Apoptotic vs. EV* cells.
T cells were stained with MFG-E8-EGFP to visualize PS. Upper panel shows PS* apoptotic and the lower panel PS* live
EV-decorated cells.

One challenge was to discriminate true apoptotic cells from live EV-decorated cells
in an IFC experiment. For this, we developed a deep learning algorithm that decided
based on the brightfield and fluorescent image of the MFG-E8-EGFP staining if a cell
was apoptotic or EV-decorated. With this algorithm we were then able to quantify
apoptotic and EV-decorated in mice infected with an acute virus (lymphocytic
choriomeningitis virus, LCMV). Our analysis revealed that apoptotic cells were very
rare in all mice analyzed but did increase upon infection. What was striking was the
number of EV-decorated cells in both uninfected and infected mice. Approx. 90% of
all PS* cells stained with MFG-E8-EGFP were EV* and only approx. 10% were

apoptotic. This was unexpected, as PS-staining was always used to detect apoptotic
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cells. Our results now show that most of the cells detected using PS-staining are EV*
and not apoptotic. Furthermore, this study was the first report describing EV-

decorated cells in tissues.

We then showed that especially activated T cells extensively bind EVs in infected
mice. Using co-stainings with exosome markers like CD9 and CD63 and markers of
antigen-presenting cells (MHC-II) we identified the source of the EVs being antigen-

presenting cells.
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Identification and characterization of PS* cells in COVID-19 patients

Rausch L, Lutz K, Schifferer M, Winheim E, Gruber R, Oesterhaus EF, Rinke L,
Hellmuth JC, Scherer C, Muenchhoff M, Mandel C, Bergwelt-Baildon M, Simons M,
Straub T, Krug AB, Kranich J*% Brocker T*. Binding of phosphatidylserine-positive
microparticles by PBMCs classifies disease severity in COVID-19 patients. J Extracell
Vesicles. 2021 Dec;10(14):e12173. " equally contributed last author.

COVID-19 is associated with severe thromboinflammation, which is regarded as a
key driver of the pathology seen in SARS-CoV-2 patients (Gu et al., 2021). As PSis a
marker for activated platelets and platelet-derived microparticels (PMPs), key players
of the coagulation cascade (Zhao et al.,, 2016), we decided to investigate the
distribution of PS* cells in the blood of SARS-CoV-2 patients using our in-house
developed Ca?*-independent PS-binding reagent MFG-E8-EGFP.

With this reagent we stained peripheral blood mononucleated cells (PBMCs) and
analyzed them using IFC. We found a positive correlation between the number of PS*
PBMCs and disease severity. The higher the disease severity, the higher was the
number of PBMCs with exposed PS on their surface. Not only correlated this number
with the WHO clinical score, but also with patient survival and the requirement for

ventilation.

When we then analyzed PS* PBMCs in more detail using our previously developed
deep learning tool that digitally sorts PS* cells into apoptotic and EV-decorated cells
(see chapter 4.3; Kranich et al., 2020) we separately analyzed apoptotic and EV*
PBMCs.

While apoptotic PBMCs were significantly elevated in all patients, there was no
correlation with disease severity. In contrast, the number of EV* PBMCs showed a
very strong correlation with disease severity and was more predictive for the severity

score than established markers for inflammation and coagulation.

Next, we assessed the cellular subsets that preferentially bound EVs. We found

strong EV-binding by B cells, dendritic cells, and monocytes in all patients regardless
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of disease severity. T cells, however showed differential EV binding depending on
the clinical score. Patients with mild disease showed no EV-binding by CD4* T cells
and low EV-binding by CD8* T cells. Patients with a moderate disease score showed
a significant increase in EV-binding by CD4* T cells. EV-binding by CD8* T cells was
higher in these patients than in patients with mild disease. Patients with severe
disease showed the highest EV binding by both CD4* and CD8* T cells.

We then investigated the origin of the EVs that attached to the PBMCs by TEM and
IFC. TEM images of sorted PS* PBMCs showed very irregular EVs with variable
morphology typical for PMPs (Arraud et al., 2014). To confirm our notion that these
EVs originated from platelets, we co-stained EV* PBMCs with platelet markers, like
CD41 and analyzed the cells by IFC. The result clearly showed that T cell-associated

PS* EVs were of platelet origin.

We then tried to identify transcriptomic differences between PS and PS* CD8* T cells
by RNAseq and found that PS* EVs had a higher proliferative capacity than their PS
counterparts and an upregulation of effector-associated genes, while memory

associated genes were rather repressed.

More work is needed to identify the precise role of the EVs that bind to T cells and to
determine if this hampers T-cell responses despite driving T-cell proliferation and
effector gene expression. As programmed death-ligand 1 (PD-L1) was also found on
some of the T cell-associated EVs, prolonged EV-binding might contribute to T-cell

exhaustion.
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4.4 How EVs modulate T-cell responses

Rausch L, Flaskamp L, Ashokkumar A, Trefzer A, Ried C, Buchholz VR, Obst R, Straub
T, Brocker T* Kranich J* Phosphatidylserine-positive extracellular vesicles boost
effector CD8* T cell responses during viral infection. Proc Natl Acad Sci U S A. 2023
Apr 18;120(16):e2210047120. " equally contributed last author.

After having shown that EVs bind to activated T cells during LCMV (see chapter 4.3;
Kranich et al., 2020) and COVID infections (see chapter 4.4; Rausch et al., 2021) we

wanted to further investigate how EV influence T-cell responses.

Similar to previous studies we i.v. administered MFG-E8-EGFP to LCMV-infected
mice to stain EV-decorated cells in vivo and monitored EV-decoration of CD8* T cells
at different timepoints. We found strong EV-binding by CD8" T cells but observed
that this was a transient phenomenon, peaking at day five after infection. 15 days
after the infection EV-binding by T cells was almost completely absent and even

lower than in uninfected controls.

Another interesting observation was that while EV-binding by T cells was increased
in the spleen, free EVs in the blood were reduced in infected mice. This indicates that

EV-binding cells in the spleen act as a sink for EVs in the blood.

Next, we investigated if EV-binding was antigen dependent. For this, we adoptively
transferred in vitro activated TCR-transgenic LCMV-specific P14 cells (Pircher et al.,
1989) and non-specific OT-I T cells recognizing an ovalbumin peptide (Hogquist et
al., 1994) into previously LCMV-infected mice. On day five we quantified EV-binding
on both transferred T-cell subsets by injecting MFG-E8-EGFP and analysis using IFC.
We found that both, antigen-specific and non-specific T cells were able to bind EVs,
although significantly more antigen-specific T cells had bound EVs, indicating a role
of the TCR in EV-binding. In this experimental setup we also assessed whether the
transcription factor nuclear factor of activated T-cell (NFAT) was differentially
activated in EV* and EV" cells. In non-activated T cells NFAT is present in the

cytoplasm in its inactive form. Upon TCR stimulation, NFAT is dephosphorylated and

29



rapidly translocates to the nucleus where it switches on expression of effector genes
(Feske et al., 2001). We monitored whether NFAT is in the cytoplasm or in the
nucleus using IFC. By quantifying the pixel overlap between the NFAT and the
nuclear staining we could determine the degree of active nuclear versus inactive
cytoplasmic NFAT. This analysis clearly showed that only antigen-specific EV* T
cells, but not EV- antigen-specific or EV* non-specific T cells had a strong
accumulation of NFAT in the nucleus. This was the first indication that EVs might
stimulate T cells in an antigen-dependent manner. This warranted further

investigation.

We then decided to analyze EV* T cells by stochastic optical reconstruction
microscopy (STORM). With this method a resolution of up to 20nm is possible. This
is achieved using blinking fluorochromes that switch between an on and off state. By
collecting multiple frames, the signals of individual fluorochromes are used to
reconstruct an image (Rust et al.,, 2006). As this technique requires special
fluorochromes that cycle between an on and off state in a special buffer, we could
not use MFG-E8-EGFP to stain EVs. However, we had already developed novel PS-
binding reagents, which consist only of the C1 domain of MFG-E8 (Figure 6). After
biotinylation of this domain we construct C1-tetramers by adding Streptavidin. These
molecules bind PS with exquisite specificity and sensitivity. We used Streptavidin
coupled to AlexaFluoré647 to generate Cl-tetramers that can be used for STORM

superresolution microscopy.

EV* T cells in LCMV-infected mice were stained by injecting these C1-tetramers.
Then PS* and PS" CD8* T cells were sorted, stained with anti-CD9 as an additional
exosome marker and imaged by STORM superresolution microscopy. The results
were striking and revealed that PS*TCD9* exosomes strongly co-localized with CDS,
which is part of the TCR complex. The results also showed that PS™ T cells showed a
much lower degree of TCR clustering. As clustering is needed for TCR signaling
(Yokosuka et al., 2005), PS cells show lower signaling than PS* cells, which

confirmed out previous NFAT translocation results.

Transcriptomic analysis of PS* and PS™ effector CD8* T cells from infected mice

showed an enrichment of gene clusters involved in cell cycle and cell division and
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also an increase in effector gene expression, while gene clusters associated with
memory formation were repressed in PS* cells. Cell-cycle analysis using nuclear
stainings confirmed that significantly more PS* cells were in the G2/M phase than PS”

cells.

At this stage we did not have definite proof that EVs were responsible for these
effects. It was still possible that recently activated T cells were merely better at
binding EVs. To answer the question, if it was really EVs that stimulated T cells and
caused NFAT translocation we used antigen-pulsed in vitro generated EVs that were
injected into H2-KP™" mice that are unable to present the peptide to T cells present
on the in vitro generated EVs. To generate EVs loaded with peptides from ovalbumin,
we pulsed bone marrow-derived dendritic cells with antigen and harvested EVs from
these cells. To be able to track the EVs after injection, we stained them with the
membrane dye PKH26. Before we injected these EVs into H2-K®™" mice, which are
unable to present the ovalbumin peptide to T cells due to a mutation in the H2-K
locus (Clarke et al., 2000), we adoptively transferred in vitro activated antigen-
specific OT-I or non-specific P14 T cells. In this setup the only source of antigen that
can be seen by the transferred OT-I T cells are the injected EVs. We then analyzed
nuclear translocation of NFAT in EV* and EV" antigen-specific OT-l or non-specific
P14 cells. Strikingly, EV* antigen-specific OT-I cells had the highest degree of nuclear
NFAT. No nuclear NFAT translocation was observed on OT-I cells that did not bind
EVs or in P14 cells, even when they had bound EVs.

These results clearly show that EVs are able to stimulate previously activated T cells
in an antigen dependent manner. This leads to increased proliferation and expression
of effector genes. As EV-binding by T cells quickly subsides after virus clearance,
EVs might act as a danger signal while virus is still present boosting the effector

response as long as it is required.
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5. Outlook

The studies discussed in the previous chapters show that EVs modulate immune
responses by boosting effector functions and proliferation of CD8* T cells during viral
infections by antigen that is present on EVs. As EVs can a be source of antigen, it is
plausible that they could also contribute to exhaustion of T cells in chronic viral
infections or in cancer. The next step would be to analyze whether this is the case.
During acute LCMV-infections, the presence of EV-decorated T cells is transient and
15 days after the infection EV-decorated T cells are not present anymore. It would be
interesting to investigate if this is also the case during chronic infections or if instead

EVs are a continuous source of antigen for T cells driving their exhaustion.

As EVs have the potential to boost effector CD8* T cells, EV-binding by T cells could
be an interesting target for therapeutic interventions in viral infections or cancer.
Under certain condition, e.g., if EVs contribute to T-cell exhaustion, it might also be
beneficial to reduce EV-binding by T cells. Therefore, we are currently developing
strategies to increase or diminish EV-binding by T cells with the aim to improve or

inhibit T-cell effector functions.
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9. Appendix

9.1 Follicular dendritic cells control engulfment of apoptotic bodies by secreting
Mfge8.

Kranich J, Krautler NJ, Heinen E, Polymenidou M, Bridel C, Schildknecht A, Huber
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The secreted phosphatidylserine-binding protein milk fat globule epidermal growth factor 8
(Mfge8) mediates engulfment of apoptotic germinal center B cells by tingible-body
macrophages (TBMds). Impairment of this process can contribute to autoimmunity. We
show that Mfge8 is identical to the mouse follicular dendritic cell (FDC) marker FDC-M1.
In bone-marrow chimeras between wild-type and Mfge8—/- mice, all splenic Mfge8 was
derived from FDCs rather than TBMds. However, Mfge8-/~ TBMds acquired and displayed
Mfge8 only when embedded in Mfge8+* stroma, or when situated in lymph nodes drain-
ing exogenous recombinant Mfge8. These findings indicate a licensing role for FDCs in
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TBMdb-mediated removal of excess B cells. Lymphotoxin-deficient mice lacked FDCs
and splenic Mfge8, and suffer from autoimmunity similar to Mfge8—/~ mice. Hence,
FDCs facilitate TBMd$-mediated corpse removal, and their malfunction may be involved

in autoimmunity.

Follicular DCs (FDCs) reside in primary B cell
follicles and germinal centers (GCs) (1). FDCs
retain native immune complexes with comple-
ment and Fcy receptors (2), and display them
to B cells, which they embrace with intricate
dendritic networks. This is thought to facilitate
the GC reactions, and the selection of B cells
that gives rise to high-affinity antibodies (3) and
long-term memory B cells (4). But others (5)
have questioned the importance of FDCs because
primary immune responses, affinity maturation,
and memory B cells arise in mice engineered
to lack the retention of immune complexes by
FDCs (6), and even in Lta~/~ mice that are de-
ficient in lymphotoxin (LT) signaling and lack
FDCs completely (7). Hence, the functional
contribution of FDCs to affinity maturation re-
mains unclear.

Some biomarkers, including the comple-
ment receptors CD21/35 and the complement
factor C4 (8), allow for FDC immunodetec-
tion in vivo, yet none of them are exclusively

The online version of this article contains supplemental material.

J. Exp. Med.  www.jem.org/cgi/doi/10.1084/jem.20071019

restricted to FDCs. A more specific marker is
hybridoma clone 4C11, whose reactivity is con-
fined to FDCs and tingible-body macrophages
(TBMds) (9). The antigen recognized by 4C11
was provisionally termed FDC-MT1, but its iden-
tity has remained unknown.

Phagocytosis of apoptotic GC B cells, the
remnants of which are recognizable as tingible
bodies inside TBMds, is thought to be a crucial
function of TBMds. Apoptotic cells are en-
gulfed upon opsonization by milk fat globule
epidermal growth factor (EGF) 8 (Mfge8) (10),
which binds bifunctionally to phosphatidylser-
ine on apoptotic cells and to integrins expressed
by phagocytes (11). Originally identified as a
membrane component of milk-fat globules (12),
Mfge8 was reported to be expressed by various
phagocytes, including TBMds, activated peri-
toneal macrophages (PMds), and immature
DCs (10, 11).

Mfge8 '~ mice suffer from impaired engulf-
ment of GC B cell corpses by TBMds. Conse-
quently, their TBMds carry supernumerary
nonengulfed apoptotic B cells, which cause
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them to appear enlarged. This defect is associated with sys-
temic lupus erythematosus (SLE) and autoimmune glomer-
ulonephritis (10). In this report, we provide conclusive
evidence that the FDC-M1 antigen identified by clone 4C11
is identical to Mfge8, that FDCs are the only source of splenic
Mifge8, and that TBMds only acquire surface Mfge8 if situ-
ated in the proximity of Mfge8-expressing FDCs or in lymph
nodes that drain exogenous Mfge8. The absence of FDCs in
mice lacking LTs or their receptors correlated with the pro-
found depletion of splenic Mfge8 in LT-deficient mice, sug-
gesting that impairment of FDC homeostasis contributes to
their autoimmune pathologies.

RESULTS AND DISCUSSION

FDC-M1 and Mfge8 are identical

The present report originated from our serendipitous obser-
vation that FDC-M1* networks were completely absent from
splenic cryosections of Mfge8~/~ mice stained with anti-FDC-
M1 antibody 4C11 (Fig. S1, available at http://www.jem
.org/cgi/content/full/jem.20071019/DC1). This was un-
expected, because no FDC abnormalities had been reported
in Mfge8 '~ mice despite progressive splenomegaly, enlarged
splenic TBMds, and hyperplastic follicles with increased
numbers of peanut agglutinin—positive (PNA*) GCs (10).
The absence of 4C11 immunoreactivity in Mfge8 '~ spleens
did not result from an absence of mature FDCs, because FDC
networks were easily identifiable by CD21/35 immuno-
stains (Fig. S1).

The anti-Mfge8 antibodies 18A2-G10 and 2422 (11)
identified FDC networks and colocalized with 4C11 immuno-
stains (Fig. 1 A). We therefore considered the possibility that
FDC-M1 and Mfge8 are the same antigen. Indeed, preincu-
bation with excess rMfge8, but not with rEGF or recombinant
prion protein (rPrP), inhibited the binding of both 18A2-
G10 and 4C11 to FDC networks. The presence of FDCs in
these sections was independently confirmed by PrPC-specific
immunolabeling, which is abundantly expressed by FDCs
(13) (Fig. 1 B).

We then assessed whether anti-FDC-M1 antibody 4C11
immunoprecipitates Mfge8. Paramagnetic beads were conju-
gated to immunoaffinity-purified antibodies 4C11, anti-Mfge8
antibody 2422, or rat IgG2c isotype control antibody. Beads
were incubated with protein extracts from WT or Mfge8 '~
spleens, and precipitated proteins were analyzed by Western
blotting with anti-Mfge8 antibody 18A2-G10. After immu-
noprecipitation with anti-Mfge8 antibodies, two bands with
molecular masses of ~45 and 55 kD were detected (Fig. 1 C).
After immunoprecipitation with anti-FDC-MT1 beads, two
signals were obtained with molecular masses matching those
of the 2422 immunoprecipitation (Fig. 1 C). Both signals
were absent in spleens from Mfge8~/~ mice, confirming their
identity as genuine Mfge8.

We next verified the interaction of rMfge8 with anti—
FDC-M1 antibody 4C11 by surface plasmon resonance
(SPR). 4C11 was injected onto Biacore sensor chip surfaces
covalently coated with rMfge8 or, for control, rPrP. Inter-
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action of 4C11 with immobilized rMfge8 was observed
over several serial injections until binding had reached satu-
ration (Fig. 1 D, I). When anti-Mfge8 antibody 2422 was
subsequently injected, its binding was minimal (Fig. 1 D, I,
arrow, 2422), suggesting that 4C11 interfered with the bind-
ing of 2422 to rMfge8. Binding of anti-Mfge8 antibody
18A2-G10, in contrast, was not affected (Fig. 1 D, I, arrow,
18A2-G10). Rat IgG2c¢ did not interact with immobilized
rMfge8 (not depicted).

Antibodies were then reinjected in a different order. First,
2422 was added until saturation was reached (Fig. 1 D, II).
4C11 was injected, yet it did not bind to rMfge8 (Fig. 1 D,
II, arrow, 4C11). In contrast, 18A2-G10 always bound to
rMfge8, even in the presence of previously bound 2422 or
4C11 (Fig. 1 D, I and II). Hence, the 18A2-G10 epitope is
distinct from those of the other two antibodies. These results
indicate that 4C11 and 2422 abrogate each other’s binding to
Mfge8, either because they share a common or overlapping
epitope, or because they sterically hinder each other. This was
confirmed by the next experiment: immobilized 18A2-G10
was used to capture rMfge8. Then, the antibodies 18A2-G10,
2422, and 4C11 were added in a sandwich design. Under
these conditions, injected 18A2-G10 did not bind to surfaces
decorated with 18A2-G10—captured rMfge8, confirming that
18A2-G10 binds to a single epitope on Mfge8 (Fig. 1 D, III).
Subsequent injection of 4C11 resulted in a strong interaction
with captured rMfge8. When 2422 was applied, no binding
occurred. We then reversed the order of injections: 2422 was
added before 4C11. In this case, the first antibody, 2422, inter-
acted with 18A2-G10—captured rMfge8, whereas 4C11 did
not (Fig. 1 D, IV).

These data show that the FDC-MT1 antigen identified by
antibody 4C11 is Mfge8. The molecular identification of FDC-
M1 expands the arsenal of tools for functional and morphological
studies of FDCs in many ways. Because Mfge8 is secreted, its
histological assignment by RNA in situ hybridization (ISH) is
more informative of its cellular origin than immunohistology
and will help define the precise histogenesis of FDCs. Also,
we found that anti-Mfge8 antibody 18A2-G10 labels FDCs on
formalin-fixed, paraffin-embedded tissue (unpublished data),
thereby enabling the recognition of FDCs in archived tissue.

FDCs are the major source of Mfge8 in the spleen
The finding that Mfge8 is detected in TBMds within splenic
follicles (10) may be compatible with the above results if
Mfge8 were secreted by FDCs and trapped by TBMds. We
tested this proposition in reciprocal BM chimeras between
Mfge8~/~ and WT mice. FDCs are stromal and radioresistant,
whereas TBMds are mononuclear phagocytes of hematopoi-
etic origin and are thought to be radiosensitive (14). To pro-
vide an independent histogenetic marker, lethally irradiated
Mfge8~/~ mice expressing the CD45.2 allelic variant were
reconstituted with BM from CD45.1 congenic WT mice,
and vice versa.

The mean reconstitution efficiency determined by FACS
analysis of peripheral blood was 93.8 + 3.6% (unpublished

FDCS AND TBM¢S COOPERATE IN APOPTOTIC CELL REMOVAL | Kranich et al.

8002 ‘02 Ae\ uo Bio wal-mmm woly papeojumoq


http://www.jem.org

Published May 19, 2008

data). The donor origin of TBMds was confirmed by multi-
color immunofluorescence with antibodies against CD45.1,
CD45.2, and CD68 in >50 follicles of five mice per group.
The results ruled out the possibility that host-derived TBMds
may have survived irradiation (Fig. S2, available at http://
www.jem.org/cgi/content/full/jem.20071019/DC1). Immuno-
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stains of Mfge8™/~—Mjfge8™/~ (all CD45.2*) and WT—->WT
(all CD45.1%) spleens confirmed the absence of cross-reactivity
(Fig. S2). Two-color immunolabeling of Mfge8~/~—WT
spleens with antibodies against CD68 (cyan) and CD45.1 (red)
confirmed that TBMds were not host derived, whereas TBM s
of WT—Mfge8 '~ spleens did not express CD45.2 (Fig. S2).
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FDC-M1 and Mfge8 are identical. (A) Two-color immunolabeling of a WT spleen stained with anti-Mfge8 antibody 18A2-G10 (green) and

anti-FDC-M1 antibody 4C11 (red), or anti-Mfge8 antibody 2422 (green) and 4C11 (red). Both anti-Mfge8 antibodies showed colocalization with 4C11.
(B) Preincubation with 25 pg/ml rMfge8 blocked the labeling of FDCs with 18A2-G10 or 4C11. To visualize FDCs, sections were stained with anti-PrP antibody
POM2. For control, sections were preincubated with rEGF or rPrP. Bars, 100 um. (C) Splenic protein extracts (WT and Mfge8~/~) were immunoprecipitated
with 2422 or 4C11, or to a rat IlgG2c isotype control antibody. Control beads were coupled with 2422 or 4C11 but were not exposed to splenic extracts.
Western blots were probed with 18A2-G10. Mfge8-specific bands are indicated (* and x). Arrows indicate nonspecific bands. (D) Sensograms indicating
binding of each protein after subtraction of their binding to a control protein-coupled surface. Black arrows indicate antibody injections. (insets) Schematic
representations of binding and competition events. For control, injections of all proteins were made on two flow cells, with one cell coated with control

protein and another coated with the protein of interest.
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Therefore, in all chimeras the overwhelming majority of a stromal origin (14, 16). Indeed, Ptprc, which encodes CD45,

TBMds always originated from donor BM. was markedly reduced in MACS-enriched FDC clusters
Early analyses of BM chimeras suggested a hematopoietic (17), whereas Mfge8 and Cxcl13 (a B cell-attracting che-
derivation of FDCs (15), but most current evidence favors mokine expressed by FDCs; reference 18) were increased
A[
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Figure 2. Analysis of splenic Mfge8 expression by immunofluorescence and ISH. (A) BM chimeras were stained with anti-Mfge8 antibody (clone
2422; green) and anti-CD68 antibody (red). Mfge8 immunoreactivity of FDCs and CD68* TBMds was only observed when FDCs were of WT origin. Figures
show areas inside follicles. White squares mark the areas shown at a higher magnification. Bars, 20 um. (B) Splenic Mfge8 expression was assessed by ISH.
Consecutive sections were immunolabeled with 4C11 and anti-CD68. Mfge8 expression and 4C11 immunostaining was only found in WT mice irrespective
of the BM genotype (top and second from bottom). Mfge8~/~ mice receiving BM from either Mfge8~/~ or WT mice showed no Mfge8-specific signal after
ISH and no 4C11 immunostaining. Bars, 100 pm.
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(Fig. S3, available at http://www jem.org/cgi/content/full/
jem.20071019/DC1). We conclude that FDCs do not express
CD45, and were therefore not identifiable as host derived in
CD45.1/CD45.2 immunostains.

BM-chimeric mice were immunized and boosted with
OVA/alum to induce GCs before analysis. 9 wk after recon-
stitution, splenic Mfge8 and CD68 expression were analyzed
immunohistochemically. Surprisingly, Mfge8 /= mice that
had received WT BM (WT—Mfge8™/~) completely lacked
splenic Mfge8 immunoreactivity. Not only radioresistant
FDCs but also BM-derived CD68" TBMds were phenotyp-
ically Mfge8 negative (Fig. 2 A, top) although they had
clearly originated from Mfge8*'* donors (Fig. S2). In con-
trast, spleens of WT mice reconstituted with Mfge§~/~ BM
(Mfge8~/~—WT) contained not only Mfge8" FDCs but
also phenotypically Mfge8-positive TBMds originating from
Mfge8~ '~ donors (Fig. 2 A). Irrespective of their genotype,
therefore, TBMds were always Mfge8" whenever FDCs ex-
pressed Mfge8, yet they were always Mfge8~ whenever FDCs
lacked Mfge8.

We then determined the transcriptional patterns of splenic
Mfge8 by RNA ISH. In WT—WT mice, Mfge§ transcrip-
tion was restricted to follicles (Fig. 2 B) and was strongest in
GCs, where FDCs reside. Some Mfge8" cells were found in
the periphery of follicles. These cells were radioresistant and
may represent immature FDC precursor cells (19). Overall,
the ISH visualized more Mfge8* cells than 4C11 immuno-
histochemistry, probably owing to the higher sensitivity of
the former.

Consecutive sections were immunostained with 4C11
and anti-CD68 antibodies. In this case, both Mfge8 immu-
nostains and Mfge8 ISH visualized characteristic FDC net-
works, confirming that Mfge8 is indeed produced by FDCs
rather than being secreted by other cell types and taken up
by FDCs (Fig. 2 B). No ISH signal was detected on Mfge8~/~—
Mfge8~/~ chimeric spleens, confirming the specificity of the
Mfge8 in situ riboprobe (Fig. 2 B).

The Mfge8 expression pattern in Mfge8 /~—WT chimeras
was identical to that of WT mice, whereas Mfge8 expression
was completely absent from WT—Mjfge8/~ chimeras (Fig. 2 B).
Therefore, radioresistant cells including FDCs, rather than
radiosensitive cells including TBMds, are the source of Mfge8
in the spleen. Mfge8 expression in WT—Mfge8 '~ chimeric
spleens was below detectability by quantitative RT-PCR
(<0.25% WT splenocyte RNA spiked into Mfge8~ '~ spleno-
cyte RNA; not depicted), whereas Mfge8~/~—WT spleens
showed expression levels similar to WT—WT spleens (Fig.
S4 A, available at http://www _jem.org/cgi/content/full/
jem.20071019/DC1).

We then searched for Mfge8 transcripts within CD68*
macrophages by combining fluorescent ISH (green) with
CD68 immunofluorescence stains on individual cryosections
(Fig. S4 B). In immunized WT spleens, none of the CD68*
TBMds (white arrows) colocalized with the green Mjfge8 ISH
signal, which was absent in the Mfge8~ '~ spleens. Conversely,
all cells showing Mfge8 transcripts were negative in the CD68
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immunostaining (Fig. S4 B, yellow arrows). Hence, FDCs but
not TBMds transcribe Mfge$.

PMds express Mfge8 only upon stimulation

PMdbs were previously found to express Mfge8 upon stimula-
tion with thioglycollate (11). We analyzed Mfge8 expression
in stimulated PMds isolated from BM chimeras. Mfge8 ex-
pression was only detectable in PMdbs from WT—WT and
WT—Mjfge8~/~ chimeras but not in those of Mfge§~/~—WT
and Mfge8~/~—Mfge8/~ chimeras, and was only detectable
in stimulated but not in unstimulated cells (Fig. S5, available
at http://www jem.org/cgi/content/full/jem.20071019/DC1).
These results confirm that extralymphatic PMdbs do not ex-
press Mfge8 under normal conditions but only after stimu-
lation (11).

Naive, nonimmunized mice displayed Mfge8-expressing
FDC networks, implying that FDCs express Mfge8 constitu-
tively. In contrast, Mfge8 transcription by PMd appears to be
dependent on inflammatory stimuli and was never detectable
in vivo in TBMds, not even after immunization, when most
TBMds are highly immunoreactive for secondarily acquired
Mfge8 protein.

TBMds can acquire Mfge8 from extracellular sources

The above indicates that TBMdbs appear immunohistochem-
ically Mfge8™" because they take up FDC-derived Mfge8,
either before or during the ingestion of apoptotic B cells.
To further challenge this hypothesis, 10 pg rMfge8 or rPrP
was injected into the footpads of Mfge8~/~ or Prmp®” mice,
respectively. 20 h later, the draining popliteal lymph nodes
were collected and immunostained for Mfge8. Although no
Mfge8 immunolabeling was observed in the contralateral
lymph node after PBS injection (Fig. 3, middle), Mfge8 was
readily detectable in draining lymph nodes after Mfge8 injection.
FDC networks, visualized by immunofluorescence for the
complement receptors CD21/35, were only weakly Mfge8*
(Fig. 3, left), indicating that they trapped only small amounts
of Mfge8. In contrast, CD68* TBMds were strongly immuno-
reactive for Mfge8. No PrP immunoreactivity was observed
in the draining lymph nodes of Prup®”® mice 20h after injec-
tion (Fig. 3, right), indicating that TBMds do not generically
incorporate all soluble recombinant proteins. We conclude
that Mfge8 is synthesized by FDCs, secreted, and eventually
acquired by macrophages exposing appropriate receptors.

Lack of Mfge8 expression by FDCs impairs corpse engulfment
Mfge8~/~ mice suffer from splenomegaly and a phagocytosis
defect of TBMds (10). We used BM chimeras to determine
whether these phenotypes are caused by stromal or hemato-
poietic Mfge8 deficiency. Only Mfge8~/~—Mjge8~'~ and WT—
Mfge8~/~ mice developed splenomegaly, with spleen weights
approximately twice as high as those of WT—WT and
Mfge8/~—WT mice (Fig. S6, available at http://www.jem
.org/cgi/content/full/jem.20071019/DC1). Therefore, the
splenomegaly of aged Mfge8~/~ mice could be unambigu-
ously ascribed to the lack of Mfge8 expression by stromal cells,
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and could not be corrected by any putative hematopoietic
Mfge8 expression.

Mfge8~ '~ spleens were found to host enlarged TBMds,
whose surfaces were loaded with nonengulfed apoptotic bod-
ies (10). In light of the above results, this phenotype may be
attributed to the absence of FDC-produced Mfge8. We tested
this possibility by quantifying the number of TdT-mediated
dUTP-biotin nick-end labeling (TUNEL)—positive apoptotic
cells associated with each TBMd. We first determined the
mean number of TUNEL cells associated with all macrophages
within splenic white pulp follicles. Mfge8™/~—Mfge8~/~ and
WT—Mfge8’~ chimeras displayed marginally increased num-
bers of macrophage-bound apoptotic cells over WT—WT
and Mfge8 /~—W'T chimeras (unpublished data), but statisti-
cal significance was not attained. We then performed the same
analysis but counted only those macrophages that resided
within PNA* GCs. The mean number of TUNEL* apoptotic

Mfge8” + rMfge8

CD21/35 CD21/35 -

Mfge8” + PBS

cells per CD68" TBMd was determined in at least 13 PNA*
GCs in each group of mice. TBMds of Mfge8 /~—Mfge8™ /'~
and WT—WT mice were found to be associated with 6 *
1.8 and 2.4 £ 0.5 TUNEL" cells, respectively. TBMds of
WT—Mfge8 /~ mice were associated with significantly more
TUNEL" cells (5.8 * 1.6) than TBMds of Mfge8/~—WT
mice (2.5 £ 0.9; P < 0.0001; Fig. 4 A). We conclude that the
apoptotic load of macrophages was increased whenever Mfge8
was absent from radioresistant stromal cells, supporting the
contention that FDC-derived Mfge8 regulates the engulfiment
of apoptotic cells.

We found apoptotic lymphocytes in various degrada-
tion stages within TBMds of all chimeric mice, including
Mfge8/~—Mfge8~/~ mice (Fig. 4 B). This points to the ex-
istence of hitherto unexplored, Mfge8-independent mecha-
nisms of corpse removal and may explain why Mfge§8~/~ mice
only suffer from mild SLE. Complement factors may also be

Prnp™ + rPrP
CD21/35

Figure 3. TBMds bind extracellular Mfge8. Footpads of Mfge8~/~ mice were injected with 10 ug rMfge8. For control, PBS or rPrP was injected into
the contralateral footpad of Prnp®° mice. 20 h later, popliteal lymph nodes were collected and analyzed by immunofluorescence with anti-Mfge8 and
anti-PrP antibodies. TBMds and FDCs showed strong and weak Mfge8 staining, respectively. rPrP was undetectable in the lymph nodes of Prnp®° mice.

Bars, 50 pum.
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involved, because FDCs are a source of splenic C1q (20) and
C1g-ablated mice develop SLE (21).

Efficient degradation of apoptotic cells in splenic follicles
depends on LT signaling

Because FDC development and maintenance require LT
signaling, LTs may control Mfge8 availability and, conse-
quently, removal of apoptotic cells from GCs. We tested

A WT—WT

Mfge8=-WT

Figure 4.

Mfge8" = Mfge8"

this prediction in Ltbr~/~, Lta~/~, and Ltb~’/~ mice, whose
splenic follicles contain PNA™ clusters and few IgM*%IgD™*
B cells (22) but are disorganized and contain no FDCs (23).
We found splenic Mfge8 to be decreased almost 200-fold in
Ltbr~/~ mice and ~70-90-fold in Lta~’~ and Lth~/~ mice
(Fig. S7, available at http://www_jem.org/cgi/content/full/
jem.20071019/DC1). We then compared the prevalence of
TBMd-associated apoptotic cells in the spleens of Ltbr~/~
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Impaired engulfment of apoptotic bodies in the absence of stromal Mfge8. (A) Apoptotic cells, TBMds, and GCs were visualized by

TUNEL, anti-CD68, and PNA, respectively, on splenic cryosections 9 wk after BM reconstitution and after immunization. (right) Each datapoint represents
the mean number of TUNEL* cells per TBMd in one individual GC. Mfge8~/~— Mfge8~/~ and WT— Mfge8~/~ mice showed increased numbers of TUNEL*
cells per TBMd. Horizontal bars represent means. White circles (left) indicate GCs. Bars, 100 um. (B) Ultrastructural features of TBMds of aged BM-chime-
ric mice 41 wk after reconstitution. Apoptotic cells in various degradation stages were observed inside TBMds of all chimeric mice. (C) Engulfment of
apoptotic cells by TBMds in WT, Mfge8~/~, Ltbr=/=, Lta~/~, and Ltb=/~ mice was analyzed by TUNEL (green) and CD68 (red) staining. WT TBMdbs contained
copious TUNEL* material. The latter was also observed in Mfge8~/~ mice, but most TUNEL* cells were large and intact. Ltbr—/~, Lta~/~, and Ltb~/~ macro-
phages were small and only contained intact TUNEL* cells. At least three mice per genotype and =10 follicles per mouse were analyzed. Bars, 20 pm.

JEM

7 of 10

8002 ‘02 Ael\ uo Bi1o wal mmm woly papeojumoq


http://www.jem.org

Published May 19, 2008

JEM

&5 TBMo

Mfge8-dependent removal of apoptotic cells from the GC. (A) In acute inflammatory conditions, macrophages secrete Mfge8 (step 1;
reference 30), which targets apoptotic bodies (step 2) and allows macrophages to bind them via integrins (step 3). The Mfge8-integrin interaction results
in engulfment (step 4). (B) Revised model of splenic Mfge8-dependent engulfment. In this case, Mfge8 is not produced by macrophages but by FDCs.
These establish a local Mfge8 gradient within GCs (step 1). TBMds are therefore licensed for selective engulfment at the sites of apoptosis (step 2). Apop-
totic cells are presumably decorated by Mfge8 while in contact with FDCs (step 3).

Figure 5.

Lta=’~, and Ltb~/~ mice immunized with OVA (Fig. 4 C).
TBMds of WT mice contained tingible bodies identifiable
as small TUNEL" particles inside TBMds (Fig. 4 C, far left).
Small degraded TUNEL" bodies were also observed in
Mfge8/~ mice (Fig. 4 C, second from the left). In contrast,
although Ltbr~/~ follicles contained some CD68* cells bind-
ing TUNEL™ cells, the latter appeared largely intact, and
the accumulation of small characteristic TUNEL™ tingible
bodies within TBMds was absent (Fig. 4 C). Similar results
were observed in mice devoid of LTa or LT (Fig. 4 C),
confirming a severe impairment of macrophage-mediated deg-
radation of apoptotic cells in the GCs of all mice defective in
LT signaling.

The realization that FDCs are the major source of
Mfge8 in GCs points to a previously unrecognized role for
these cells in GC homeostasis. In addition to modulating
the survival of GC B cells, FDCs appear to regulate their
removal once these cells have undergone apoptosis. These
results indicate that FDCs provide Mfge8 to GCs, which
then binds to phosphatidylserine on apoptotic B cells and
targets them for removal by TBMds. This would explain
why TBMds register as Mfge8* upon ingestion of apop-
totic B cells, and indeed, we were able to show that TBMds
take up extracellular Mfge8 after subcutaneous injection of
rMfge8 (Fig. 3).
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This model predicates a functional interaction of two dis-
tinct cell types, FDCs and TBMds, in the removal of apoptotic
cells from GCs. This is plausible for physiological and ana-
tomical reasons. Apoptosis of GC B cells is very frequent, and
their rapid and efficient removal seems important to avoid auto-
immunity. But the paucity of scavenging cells, TBMds, may
limit the removal process. However, it would be wasteful for
TBMds to produce both Mfge8 and its receptors, a5 and
oy 35 integrins. Conversely, these data suggest a tunable mecha-
nism, with FDCs establishing a gradient of Mfge8 availability
within GCs. Through their strategic microanatomical position-
ing within follicles, FDCs arm TBMds for engulfment only in
the vicinity of apoptotic B cells. Accordingly, the apoptotic body
load was dramatically increased in macrophages residing within
GCs. Because of their intimacy with GC B cells, FDCs may di-
rectly decorate negatively selected B cells with Mfge8 (Fig. 5).
This two-tiered mechanism may help ensure that numerous dy-
ing cells are recognized and degraded by far fewer TBMds.

Lack of LT signaling, which results in the absence of FDCs,
suppressed splenic Mfge8 expression, and combined TUNEL
assays and CD68 immunostains indicated that the efficient re-
moval of apoptotic cells was also impaired. These findings hint
to a signaling hierarchy that is driven by LTs, enrolls LTBR-
dependent signaling within FDCs, and enables topographically
controlled apoptotic cell removal within GCs.
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Libr~/~, Lta~’~, and Ltb~’~ mice develop severe systemic
autoimmunity with lymphocytic infiltrates in multiple organs.
Although this disease is more severe than that of Mfge8 '~
mice, the similarities are evident and include elevated levels
of autoimmune antibodies and renal pathology (10, 24). In
LT-deficient mice, this phenotype was originally attributed
to decreased Aire expression in medullary thymic epithelial
cells (24). This view, however, was challenged by reports of
unaltered frequencies of Aire* medullary thymic epithelial
cells in Lta~’~ mice (25) and unaltered Aire expression in
Ltbr~'~ mice (26, 27). Our findings suggest an alternative
explanation for the autoimmunity in the latter mice. By de-
pleting follicular Mfge8, LT signaling defects suppress the li-
censing activity that FDCs exert on TBMds and, in turn,
impair corpse removal from GCs. Hence, FDCs may control
housekeeping functions required for the operation of lym-
phoid organs and for avoiding autoimmune phenomena.

MATERIALS AND METHODS

Mice. Mfge8 /= mice were generated in the laboratory of S. Nagata (Kyoto
University, Kyoto, Japan) and were bred on a (C57BL/6 X 129)F, mixed
background (10). Prmp®’® mice and Ltbr~'~, Lta~’~, and Ltb~/~ mice were
described previously (22, 28, 29). C57BL/6-CD45.1 mice were obtained
from Harlan Laboratories. All experiments were in accordance with Swiss
federal legislation and were approved by local authorities.

Immunohistochemical analysis. Acetone-fixed cryosections were blocked
(0.5% BSA, 1% goat serum in PBS) and primary antibodies were added.
Primary antibodies were 4C11 (Novimmune SA or BD Biosciences), 18A2-
G10 (MBL International), 2422 (Qbiogene), anti-CD21/35, anti-CD45.2—
FITC, anti-CD45.1-biotin (all from BD Biosciences), anti-CD68 (AbD
Serotec), and anti-PrP antibody POM2-Cy5 (developed in our laboratory).
For competition experiments, 18A2-G10 or 4C11 were preincubated with
25 ng/ml rMfge8, rEGF (both from R&D Systems), or rPrP (produced in
our laboratory). Sections were analyzed by fluorescence microscopy (BX61;
Olympus). TUNEL assays were performed with the ApopTaq Plus Fluores-
cein In Situ Apoptosis Detection Kit (Millipore) according to the manufac-
turer’s instructions. Before TUNEL stainings, unfixed sections were blocked
and stained with biotinylated PNA (Vector Laboratories) and anti-CD68
antibodies, and then fixed with paraformaldehyde. Quantitation of TUNEL*
cells per macrophage was performed in a stringently blinded fashion. One
scientist recorded micrographs of GCs, and a second scientist (blinded with
respect to the genotypes of the mice) counted the number of apoptotic bod-
ies per macrophage.

Immunoprecipitation and Western blotting. Paramagnetic beads (Dyna-
beads M280 Tosylactivated; Invitrogen) were conjugated with 4C11, 2422,
or rat IgG2c isotype control antibody according to the manufacturer’s manual
and incubated with spleen homogenates. Immunoprecipitates were analyzed
by Western blotting using anti-Mfge8 antibody 18A2-G10. For detection,
goat anti—Armenian hamster [gG—-horseradish peroxidase was used.

SPR. SPR was performed on a Biacore 3000 instrument (GE Healthcare).
Antibodies or recombinant proteins were immobilized on flow cells of an
activated CM5 chip (Biacore) to 10,000 and 15,000 response units, respec-
tively. All recombinant proteins or antibodies were injected at a concentra-
tion of 50 ug/ml diluted in HBS-EP buffer. The flow rate was 5 pl/min. For
control, all protein injections were made on two flow cells, where the first
flow cell was coated with control protein/antibody and the second was
coated with the protein/antibody of interest.

BM chimeras. BM recipients were lethally irradiated (950 rad). Donor
BM was isolated by flushing tibias and femurs. Recipient mice received 107
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donor BM cells i.v. Reconstitution efficiency was assed after 5 wk by
FACS analysis of blood leukocytes. 6 wk after engraftment, mice were im-
munized i.p. with 100 ng OVA (Sigma-Aldrich) in alum (Imject Alum;
Thermo Fisher Scientific). 2 wk later, mice were boosted with the same
dose of OVA.

RNA ISH. Digoxigenin (DIG)-labeled Mfge8 riboprobe was obtained by
transcription of pBluescript II KS+ (Stratagene) containing the open reading
frame of Mfge8. ISH was performed on spleen cryosections. For fluorescent
ISH, sections were prestained with biotinylated anti-CD68 antibody and
postfixed in 4% paraformaldehyde, followed by acetylation. After prehybrid-
ization, 200 ng/ml of DIG-labeled RINA probe was added to the hybridization
buffer and incubated at 72°C overnight. For detection, either anti-DIG—
alkaline phosphatase or anti-DIG—fluorescein antibody with a fluorescent
enhancer kit (Roche) was used.

EDC cluster isolation and quantitative real-time PCR analysis. FDCs
from lymph nodes were isolated as described previously (17). FDC-
enriched and flow-through fractions were lysed in TRIzor. RNA was
isolated and cDNA was synthesized. Quantitative real-time PCR was per-
formed using the SYBR Green PCR Master Mix (QIAGEN) on a 7900HT
Fast Real-Time PCR System (Applied Biosystems) using the default
cycling conditions. Expression levels were normalized using Gapdh. The
following primers were used: Gapdh forward primer, 5'-CCACCCCAG-
CAAGGAGACT-3"; Gapdh reverse primer, 5'-GAAATTGTGAGGGA-
GATGCT-3"; Mfge8 forward primer, 5'-ATATGGGTTTCATGGGC-
TTG-3"; Mfge8 reverse primer, 5'-GAGGCTGTAAGCCACCTTGA-3';
Cxcl13 forward primer, 5'-TCGTGCCAAATGGTTACAAA-3"; Cxcl13
reverse primer, 5'~ACAAGGATGTGGGTTGGGTA-3'; Piprc forward
primer, 5'~AAACGATCGGTGACTTTTGG-3'; and Prprc reverse primer,
5'-AGCTCTTCCCCTTTCCATGT-3".

Electron microscopy. Samples were fixed in 2% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4), washed and postfixed in a mixture of 1% OsO,
and 1.5% K, Fe(CN), in 0.1 M cacodylate buffer (pH 7.4), dehydrated, and
embedded in Epon 812 (Fluka). The resin specimens were trimmed, and
70-90-nm sections were cut. Ultrathin sections were collected on copper
6200 grids and contrasted with uranyl acetate and lead acetate before exam-
ination with a transmission electron microscope (CX 100 II; JEOL Ltd.).

Online supplemental material. Fig. S1 shows that Mfge§8 /" mice lack
FDC-M1* networks. Fig. S2 reveals that TBMds are donor derived. Fig. S3
depicts Ptprc expression as down-regulated in FDC-enriched clusters. Fig.
S4 shows that Mfge8 expression is absent in spleens with stromal Mfge8 de-
ficiency and that CD68" TBMds do not contain Mfge8 RNA. An analysis
of Mfge8 expression in PMds is depicted in Fig. S5. Fig. S6 shows that stro-
mal Mfge8 deficiency causes splenomegaly. Fig. S7 demonstrates that splenic
Mfge8 expression depends on LT signaling. Online supplemental material is
available at http://www jem.org/cgi/content/full/jem.20071019/DC1.
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Engulfment of cerebral apoptotic bodies
controls the course of prion disease

in a mouse strain—dependent manner

Jan Kranich, Nike Julia Krautler, Jeppe Falsig, Boris Ballmer, Shulei Li,

Gregor Hutter, Petra Schwarz, Rita Moos, Christian Julius, Gino Miele,
and Adriano Aguzzi

Institute of Neuropathology, University Hospital of Zurich, 8091 Zurich, Switzerland

Progressive accumulation of PrPSe, a hallmark of prion diseases, occurs when conversion of
PrPC into PrPSc is faster than PrPSc clearance. Engulfment of apoptotic bodies by phagocytes
is mediated by Mfge8 (milk fat globule epidermal growth factor 8). In this study, we show
that brain Mfge8 is primarily produced by astrocytes. Mfge8 ablation induced accelerated
prion disease and reduced clearance of cerebellar apoptotic bodies in vivo, as well as exces-
sive PrPSc accumulation and increased prion titers in prion-infected C57BL/6 x 129Sv mice
and organotypic cerebellar slices derived therefrom. These phenotypes correlated with the
presence of 129Sv genomic markers in hybrid mice and were not observed in inbred
C57BL/6 Mfge8~/~ mice, suggesting the existence of additional strain-specific genetic
modifiers. Because Mfge8 receptors are expressed by microglia and depletion of microglia
increases PrPSc accumulation in organotypic cerebellar slices, we conclude that engulfment

of apoptotic bodies by microglia may be an important pathway of prion clearance con-

trolled by astrocyte-borne Mfge8.

Transmissible spongiform encephalopathies
(TSEs) are fatal neurodegenerative disorders af-
flicting many mammals (Aguzzi, 2006). Prions,
the infectious particles that cause TSEs, consist
mostly of PrP5¢, a B-sheet—rich higher-order ag-
gregate of the membrane protein PrP® (Prusiner,
1982). TSE-affected brains display neuronal
vacuolation and loss, microglial activation, astro-
gliosis, and deposition of PrP5¢ (Prusiner et al.,
1983; Weissmann, 2004).

The molecular mechanisms underlying brain
damage in prion diseases are not well under-
stood. Grafting experiments of wild-type brain
tissue into PrPC-deficient brains showed that
the neuropathological changes only occurred
in tissue expressing PrP¢, even if proteinase K
(PK)—resistant PrPS¢ was also detected in the
surrounding Prip°” tissue (Brandner et al., 1996).
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These results indicate that neurotoxicity depends
on PrP€ expression by the target cells, whereas
PrPS¢ does not appear to be intrinsically toxic.
This notion was confirmed by neuron-specific
ablation of Prnp (Mallucci et al., 2003) and in
mice expressing anchorless PrP, which is con-
verted into a protease-resistant isoform and
forms amyloid plaques yet causes minimal neu-
ronal damage (Chesebro et al., 2005).

Prion diseases exhibit frequent neuronal
apoptosis (Liberski et al., 2004). Although inhi-
bition of apoptosis by overexpressing Bcl-2 or
ablating Bax did not affect the life expectancy
of prion-inoculated mice (Steele et al., 2007),
prion-infected brain cells may release membrane
fragments even when undergoing nonapoptotic
death. Furthermore, exosomes may be released
by perfectly healthy cells (Théry et al., 2009) and
may conceivably carry prion infectivity.

A trait common to each of these extracellular
vesicles is the surface exposure of phosphatidyl
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serine (PS), which can be recognized by the secreted ligand,
Mfge8 (milk fat globule epidermal growth factor 8; Patton
and Keenan, 1975). By virtue of its affinity to PS, Mfge8
helps mediating the removal of apoptotic bodies (Hanayama
et al., 2002). Phagocytic cells then bind Mfge8-opsonized
apoptotic cells through o,f; and o, 5 integrins. Mfge8
is secreted by some phagocytic cells, including immature
DCs and thioglycolate-activated peritoneal macrophages, as
well as nonhematopoietic cells, including mammary epithe-
lial cells (Hanayama and Nagata, 2005) and follicular DCs
(FDCs; Kranich et al., 2008). A recent study described a
potential involvement of Mfge8 expressed by human astro-
cytes, microglia, and smooth muscle cells in the removal of
AR plaques (Boddaert et al., 2007). A microarray screen also
identified Mfge8 expression in mouse astrocytes (Cahoy
et al., 2008). Another study claimed Mfge8 expression
in vitro by the microglial cell line BV-2 (Fuller and Van
Eldik, 2008).

In this study, we show by in situ RNA hybridization (ISH)
and quantitative RT-PCR that Mfge§ is primarily expressed
by subsets of astrocytes in the central nervous system (CNS).
Furthermore, Mfge8 deficiency resulted in accelerated prion
pathogenesis and enhanced PrP5¢ accumulation in the CNS
and was accompanied by elevated numbers of apoptotic cere-
bellar granule cells. These results suggest that Mfge8 is required
for the efficient removal of apoptotic cells in the CNS and
possibly also for degradation of prions.

RESULTS

Mfge8-deficient mice show accelerated prion pathogenesis
We inoculated Mfge8~/~ mice (bred as intercrosses of the
C57BL/6 and 129Sv mouse strains) i.c. (intracerebrally) or i.p.
with RML6 (Rocky Mountain Laboratory strain, passage 6)
prions (1,000 LDs, units). We monitored the mice for clini-
cal signs of scrapie and defined the incubation period as the
time until mice reached the terminal stage of disease. Mfge8~/~
mice succumbed to scrapie much earlier than Mfge8** mice.
This acceleration was more pronounced after i.c. inoculation
(~40 d; Fig. 1 A, left) than after i.p. inoculation (~20 d,
Fig. 1 A, right), suggesting that it was caused by the
absence of Mfge8 within the CNS rather than in extra-
neural compartments.

Because Mfge8 is highly expressed by FDCs (Kranich et al.,
2008), which are important sites of extraneural prion replica-
tion (Aguzzi and Heikenwalder, 2005), we probed the splenic
PrP5¢ content on PK-treated histoblots. Follicular PrPS¢
accumulation was similar in Mfge8*/* and Mfge8~/~ spleens
(Fig. S1 A). Along with the accelerated pathogenesis of i.c. in-
oculated mice, this finding makes it unlikely that extraneural
prion-modulating events caused the acceleration in Mfge8~/~
mice. Therefore, we focused all further analyses on the inter-
play between Mfge8 and prions within the CNS.

Mfge8-deficient mice exhibit elevated levels of PrPSc
We reasoned that accelerated disease progression may result
from enhanced accumulation of PrP%¢, be it through increased
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production or through reduced degradation. This possibility
was studied with four methodologies: qualitative assessment of
PrP immunoreactivity in histological sections of terminally
diseased brains (Fig. 1 B), quantitation of PrP5 chemilumi-
nescence in Western blots of brain homogenates (Fig. 1 C),
quantitation of aggregated PrP (PrPMPA) by the misfolded pro-
tein assay (MPA; Fig. 1 D; Lau et al., 2007), and infectivity
titer determinations with the scrapie cell assay (SCA; Fig. S1 C).
The MPA captures misfolded and aggregated proteins by
precipitation with peptoid-coated magnetic beads; captured
proteins are then disaggregated and quantitated by sandwich
ELISA with anti-PrP antibodies (Polymenidou et al., 2008).

PrP immunoreactivity was much more intense in prion-
infected Mfge8~/~ brains than in Mfge8*/* control brains
(Fig. 1 B). Also, brains of terminally scrapie-sick Mfge8 '~
mice displayed increased PK-resistant PrP5¢ and PrPMPA
(P < 0.03 and P < 0.034, respectively; Fig. 1, C and D). This is
noteworthy because Mfge8 '~ mice attained terminal scrapie
already at ~160 d postinoculation (dpi), i.e., 40 d earlier than
Mfge8*/* mice. Because brain PrP5 accumulates exponen-
tially over time, shorter incubation times typically go along
with reduced PrP5¢ deposition and vice versa (Biieler et al.,
1994). Therefore, we analyzed brain homogenates of pre-
clinical Mfge8*/* and Mfge8~/~ mice sacrificed at 120 dpi by
MPA. Already at this early time point, a tendency toward
higher PrP%¢ levels was detected in Mfge8~/~ brains, support-
ing the idea of accelerated PrP5¢ deposition (Fig. 1 D). PrP¢
concentrations, as measured by ELISA, did not differ be-
tween noninfected Mfge8™* and Mfge8 '~ brain homoge-
nates (Fig. S1 B), confirming that the increase in PrP5 was
not caused by altered PrP¢ expression in Mfge8~ '~ mice.

Next, we asked whether the increased PrPS¢ deposition
would lead to increased infectivity titers in Mfge8~/~ brains.
We compared brain homogenates from Mfge8*/* and Mfge8~/~
mice at terminal disease stage by SCA using the prion-susceptible
neuroblastoma cell line PK1 (Klohn et al., 2003). We ob-
served a slight trend toward increased infectivity in Mfge8~/~
brains (7.48 + 0.07 TCI [infectious tissue culture| units and
7.30 + 0.12 TCI units in Mfge8*'* and Mfge8’~ brains, re-
spectively), which, however, did not attain statistical signifi-
cance (Fig. S1 C).

We also assessed PrPS¢ accumulation ex vivo using the
prion organotypic slice culture assay (Falsig et al., 2008).
Cerebellar Mfge8*/* and Mfge8~/~ slices were infected with
3,000 LD5, units of RML6 prions and harvested after 5 wk.
Western blot analysis showed significantly higher (P < 0.024)
PrPS¢ levels in Mfge8~/~ brain slices (Fig. 1 E), confirming
that increased prion accumulation in Mfge8™/~ mice was en-
tirely independent of any indirect effects caused by Mfge8
deficiency in extraneural compartments.

Next, we analyzed whether accelerated disease progres-
sion occurred concomitantly with additional pathological
changes. The severity of astrogliosis, microgliosis (Fig. 2,
A and B), and spongiosis (Fig. S1 D) at terminal disease was
analyzed immunohistochemically. All of these parameters
were similar in Mfge8*/* and Mfge8~ '~ brains. Thus, the brain
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pathology of terminally scrapie-sick Mfge8~/~ mice was as Increased prevalence of apoptotic cells in the cerebellum
strong as in Mfge8/" mice, although terminal disease was of Mfge8~/~ mice
reached 40 d earlier. We conclude that the processes leading ~ Beyond accelerated prion disease, Mfge8~/~ mice have no obvi-
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Figure 1. Mfge8~/- mice show accelerated disease progression. (A) B6.129-Mfge8~/~, B6.129-Mfge8~/*, and B6.129-Mfge8** were inoculated i.c.
with 3 log LD, (n = 10 for Mfge8=/-, n = 4 for Mfge8*'~, and n = 11 for Mfge8++) and i.p. with 3 log LDg, per group of RML6 prions. The mean incuba-
tion time after i.c. inoculation was significantly accelerated in Mfge8~/~ mice (159 + 2 d in Mfge8~/~, 179 + 3 d in Mfge8+~, and 202 + 3.9 d in Mfge8*/+
mice; P < 0.0001, logrank). Differences in incubation time after i.p. inoculation were less pronounced (206 + 6 d in Mfge8~/~ and 229 + 10 d in Mfge8+/*
mice) but still significant (P = 0.004, logrank test). (B) Stainings of brain sections after 30 dpi (left) or at terminal stage (right) using anti-PrP antibody
SAF84. Bars, 1T mm. (C) Western blot of PK-digested brain homogenates from i.c. inoculated Mfge8*+ and Mfge8~/~ mice using anti-PrP antibody POM1
(C, uninoculated brain homogenate). Western blot for actin on non-PK-digested sample is shown below. Densitometric quantitation of POM1 signal nor-
malized over actin expression. Bar graph shows mean relative signal intensity (n = 4; *, P = 0.03; Student's t test). (D) MPA of brain homogenates from
Mfge8+* and Mfge8~/~ mice at 120 dpi or at terminal disease (n = 6-7 mice per group; *, P = 0.034; Student's t test) indicated in percentages of RML6
prion-inoculated brain homogenate. Mfge8~/~ mice sacrificed at 120 dpi showed a slight increase over Mfge8+* mice. (E) Mfge8*+ and Mfge8~/~
cerebellar slices were inoculated with 3 x 3 log LDy, RMLG prions or with noninfectious brain homogenate (mock), harvested after 5 wk, homogenized,
and PK digested (C, brain homogenate from a terminal RML inoculated mouse used as positive control). PrP* levels were analyzed by Western blotting
using POM1 and normalized against actin (without PK digestion) by densitometry (bar graph; n = 4;*, P = 0.024; Student's t test). Error bars represent SD.
Histology, Western blot, and MPA results represent at least four independent experiments.
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apoptosis in the CNS, and the role of Mfge8 in the removal
of apoptotic cells is well established (Hanayama et al., 2002,
2004; Kranich et al., 2008). If the absence of Mfge8 were to
impair the removal of prion-infected apoptotic neurons, this
might contribute to the rise in PrPS in Mfge8~/~ mice and
could explain their shortened incubation time.

Therefore, we determined the prevalence of apoptotic
cells by terminal transferase dUTP nick end labeling (TUNEL)
in at least three cerebellar regions of five to seven Mfge8*/*
and Mfge8 /~ mice. The mean frequency of TUNEL" cells
per region was normalized against the total number of DAPIT*
nuclei in each region of interest. We detected an approxi-
mately twofold increase of TUNEL" cells in cerebelli of ter-
minally sick Mfge8~/~ mice (P = 0.023; Fig. 2 C). In other
brain areas, TUNEL" cells were rare, and no difference was
detected between Mfge8~/~ and Mfge8*/* mice (unpublished
data). This finding suggests that Mfge8 is involved in the re-
moval of prion-damaged cells in the cerebellum. The paucity
of apoptotic cells in other areas implies that factors other than
Mtge8 ensure rapid removal of dead cells there.

Astrocytes express Mfge8

The cellular source of Mfge8 in the CNS is not well charac-
terized. Human and mouse astrocytes, microglia, and smooth
muscle cells (Boddaert et al., 2007; Fuller and Van Eldik,

A

Mfge8+*

Mfge8”

(@)

Figure 2.

2008) were reported to produce Mfge8, suggesting that mi-
croglia in vivo may also be a source of Mfge8. As we did not
detect Mfge8 in the CNS by immunohistochemistry using
anti-Mfge8 antibodies (unpublished data), we focused on
RNA expression analysis as a more reliable tool for detecting
the source of secreted proteins such as Mfge8. We performed
ISHs using an Mfge§8 RINA probe and found Mfge§ transcrip-
tion in the cerebellum at the watershed between internal
granular and molecular layers. Mfge8-expressing cells lacked
the characteristic morphology of Purkinje neurons. In view
of their localization and morphology, Bergman glia (a spe-
cialized type of astrocytes) were deemed the most likely
source of Mfge8 (Fig. 3 A, top). We also found cortical
Mfge8-expressing cells with a stellate appearance indicative of
astrocytes (Fig. 3 A, bottom). To validate the presumption
that Mfge8 is expressed by astrocytes, we quantified Mfge8
messenger RNA (mRINA) expression by quantitative RT-PCR
on cultured CNS cells enriched for distinct subpopulations.
We found sustained Mfge8 expression in cultures enriched for
astrocytes (purity of the astrocyte population, >95%; unpub-
lished data) but little Mfge8 mRNA in cultures enriched for
oligodendrocytes (purity, ~85%) or for cerebellar granule neu-
rons (purity, ~95%). Conversely, we detected only minute
amounts of Mfge8 RNA in cultured microglia (purity, >95%),
although this is the main phagocytic cell type in the CNS

Cerebellum
R

04—
Mfge8™* Mfges™-

Histopathological analysis of terminal Mfge8=/- brains. (A) Astroglia proliferation was analyzed by GFAP staining. (B) Microglial activa-

tion was visualized by IBA1 staining. (C) TUNEL staining on cerebellar cryosection of i.c. inoculated B6.129-Mfge8~/~ (n = 5) and B6.129-Mfge8*/* mice
(n = 7). Sections were counterstained with DAPI. Bar graph shows quantitation of TUNEL* cells from at least three cerebellar areas per mouse. Number of
TUNEL* cells was normalized against the number of DAPI* nuclei. Graph shows percentage of TUNEL* cells per area + SD (¥, P = 0.023; Student's t test).
Results summarize at least five independent experiments. Bars: (A and C) 100 um; (B) 200 um.
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Figure 3. Analysis of the cellular source of Mfge8. (A) ISH for Mfge8 on brain cryosections. Mfge8* cells (dark purple) were found in cerebellar (top)
and cortical areas (bottom). Low and high magnification photographs of the same cerebellar (top) and cortical (bottom) areas are shown. Boxes indicate
areas shown in higher magnifications. The arrow indicates the cell shown in high magnification. (B) Expression of Mfge8 in cultured astrocytes, microglia,
oligodendrocytes, and neurons was quantified by quantitative RT-PCR. Mfge8 expression in each subset relative to total brain is shown (n = 3). (C) ISH for
Mfge8 in prion-inoculated Mfge8*+ mice at terminal stage (left). Right panel shows relative Mfge8 mRNA expression in mock- and RML-inoculated
brains as assessed by quantitative RT-PCR (n = 3). (D) Quantitative RT-PCR quantitation of Mfge8, Cd11b, and Gfap expression in cerebellar slice cultures
from untreated CD171b-HSVTK mice (HSVTK), prion-inoculated untreated CD176-HSVTK mice (HSVTK + RML), GCV-treated CD176-HSVTK mice (HSVTK + GCV),
and prion-inoculated GCV-treated CD11b-HSVTK mice (HSVTK + RML + GCV; Student's t test; n = 4). Uninfected HSVTK + GCV slices compared with
HSVTK slices have a slight but significant reduction of Mfge8 (***, P = 0.0007). No difference in expression in HSVTK + RML + GCV slices compared with
HSVTK + RML slices (NS, P = 0.1566). HSVTK + RML slices compared with HSVTK show significant down-regulation (**, P = 0.0082). CD17b expression is
down-regulated by almost 3 logs in GCV -treated slices, confirming efficient depletion of microglia (HSVTK + GCV: ***, P < 0.0001; HSVTK + RML + GCV:
** P < 0.0001). Gfap expression is slightly reduced after GC treatment (HSVTK + GCV: *, P = 0.0255). (E) Analysis of integrin «, (/tgav), B, (/tgb3), and B
(Itgb5) expression by quantitative RT-PCR (Student's t test; n = 4). No significant changes in /tgav expression were found. /tgb3 and /tgb5 were down-
regulated in GCV-treated compared with nontreated slices (/tgb3 HSVTK + GCV: **, P < 0.0001; /tgb3 HSVTK + RML + GCV: ***, P = 0.0007; /tgb5 HSVTK +
GCV: ** P = 0.0002; /tgb5 HSVTK + RML + GCV: ***, P < 0.0001). Error bars represent SD. ISH and quantitative RT-PCR results are shown representative of

3 and 12 independent experiments, respectively.
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Figure 4. Inoculation of Mfge8—/~ mice on different genetic backgrounds. (A) Mfge8*+, Mfge8+/~, and Mfge8~/~ mice on B6.129 (top), C57BL/6
(middle), and B6.129.Balb/C (bottom) background were inoculated i.c. with 3 log LDg, of RML5 prions (n = 5-9 per group). Significantly accelerated incu-
bation times between Mfge8~—/~ and Mfge8** or Mfge8+*~ mice were only seen in B6.129 and B6.129.Balb/C backgrounds (*, P < 0.05; **, P < 0.01; ***,
P < 0.001). Right panel summarizes the STR analysis of inoculated mice. Pie charts show the percentage of B6 (blue), Balb/C (green), and 129Sv (red) alleles
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(Fig. 3 B), and the microglial cell line BV-2 was reported to
express Mfge8 (Fuller and Van Eldik, 2008). Because explanted
microglia tend to dedifferentiate and to become activated, we
wondered whether microglia up-regulate Mfge8 expression upon
activation. Therefore, we performed quantitative RT-PCR and
ISH on brains of terminally prion-sick mice, which displayed
an extremely high density of activated microglia. Even here, the
Mfge8 expression pattern was similar to that of healthy mice
(Fig. 3 C, left). In fact, the overall amount of Mfge8 RNA was
slightly reduced in RML-inoculated mice as compared with
mice inoculated with noninfected brain homogenate (Fig. 3 C,
right). Combination of immunofluorescence to visualize mi-
croglia using IB4 (isolectin B4) and ISH for Mfge$ failed to
show colocalization (Fig. S2) of IB4 and Mfge8. These results
negate a major contribution of microglia to the availability of
Mtge8 within the CNS, be it in health or in disease.

To further address whether microglia might constitute a
source of Mfge8, cerebellar slice cultures were prepared from
CD11b-HSVTK mice (Heppner et al., 2005), from which
microglia can be depleted by administering ganciclovir (GCV;
Falsig et al., 2008). The efficiency of depletion was assessed by
quantitative RT-PCR for CD11b, which 1s exclusively ex-
pressed in the brain by microglia. CD11b expression was re-
duced by almost 3 logs (Fig. 3 D), confirming that microglia
were virtually absent after the addition of GCV. Mfge§ expres-
sion was slightly reduced after microglia depletion (Fig. 3 D,
HSVTK + GCV). This suggests that in organotypic slices,
which show prodigious levels of microglial activation, some
Mfge8 may be microglia borne (Falsig et al., 2008). Con-
versely, GCV-treated slices displayed a slight reduction in
Gfap (Glial fibrillary acidic protein) expression, suggesting that
astrocytes were also affected by GCV to some degree. Thus,
the decrease in Mfge8 expression might represent a conse-
quence of marginal astrocyte depletion. Alternatively, the de-
pletion of microglia may quench astrocytic transcription of
Mtge8 indirectly, e.g., through the depletion of microglia-
borne cytokines. Expression of neuron-specific Nefl (neuro-
filament heavy chain) and oligodendrocyte-specific Mbp (myelin
basic protein) was not affected by GCV treatment (unpublished
data). Consistent with the in vivo results (Fig. 3 C, right), we
also observed a slight reduction of Mfge8 expression in prion-
infected slice cultures (Fig. 3 D, HSVTK + RML). The afore-
mentioned findings support the notion that most or all Mfge8
present in the CNS is not produced by microglia but rather by
subsets of astrocytes encompassing cerebellar Bergman glia.

We next analyzed the expression of o, 3; and o,[35 integ-
rins in CD11b-HSVTK slices, receptors that were shown to be
required for Mfge8-dependent engulfment of apoptotic cells
(Hanayama et al., 2002). Although quantitative RT-PCR
analysis of the o, subunit (Ifgav) was unchanged in microglia-

Article

depleted slices, expression of the 35 (Itgh3) and B5 (Itgh5) sub-
unit was decreased by ~90% and 75%, respectively (Fig. 3 E).
Although microglia are not the major source of Mfge8, they
are the major cell type expressing the Mfge8 receptors o35
and o, B5. Thus, our findings strongly suggest that microglia
are required for removal of apoptotic prion-infected cells.

The influence of Mfge8 on prion pathogenesis is modulated
by quantitative trait loci

We then tested the reproducibility of the aforementioned find-
ings using RML5 prions (derived from a different passage of the
same inoculum as RML6) and also repeated the inoculations
using Mfge8/~ mice on a different genetic background. Our
initial inoculation experiments with RML6 were conducted us-
ing the originally published Mfge8~/~ strain (Hanayama et al.,
2004) bred on a mixed C57BL/6 X 129Sv background (B6.129-
Mfge8~ /7). This resulted in a 40-d acceleration of the disease.
Inoculations of B6.129-Mfge8~/~ with 3 log LD5, of RML5 re-
sulted again in a strongly accelerated incubation time. In the lat-
ter experiment, the mean difference was 20 d (Fig. 4 A, top left)
and was, again, highly statistically significant (P = 0.0002). The
variation of the latency between B6.129-Mfge8~/~ inoculated
with RML5 and RML6 (Fig. 1 A) is likely to reflect differences
between the infectivity titers of the two inocula.

When we inoculated Mfge8~/~ mice that had been back-
crossed to the C57BL/6 background for 10 generations
(B6-Mfge8~/7) with 3 log LD5, RML5, we did not observe
any acceleration of pathogenesis. B6-Mfge8~/~, B6-Mfge8*/~,
and B6-Mfge8*/* mice all succumbed to disease after a time
period of ~180 d (Fig. 4 A, middle left). Accordingly, the
PrPS¢ levels and the density of apoptotic granule cells were
not altered in B6-Mfge8~/~ mice (Fig. S3, A and B). These
results suggest that the effect of Mfge8 on the course of prion
infections can be overridden by unidentified genetic modifi-
ers that are polymorphic between the B6 and 129Sv strains.
To gain more insights into the distribution of these modifi-
ers, we crossed B6.129-Mfge8~/~ mice to a third genetic
background (Balb/C). Inoculation of the resulting F, genera-
tion littermates (B6.129.Balb/C-Mfge8~/~, -Mfge8™/~, and
~Mfge8*'*) showed that pathogenesis was again accelerated by
the removal of Mfge8 (Fig. 4 A, bottom left). The variability
of incubation times was increased, most likely because of the
increased genetic heterogeneity of the mouse collectives.

To investigate whether differential expression of Mfge8
or its receptors o33 and a,f35 integrins might contribute to
the observed background effect, we analyzed their mRINA
levels by quantitative RT-PCR on whole brain cDNA from
B6 and B6.129 Mfge8"* mice (Fig. S4 A). Expression levels
of Mfge8, Itgb3, and Itgb5 were similar in all mice analyzed,
yet one specific primer pair annealing to the 3" end of the

per mouse. Each chart represents one mouse. Only alleles that could unambiguously be assigned to one of the three different genetic backgrounds
are represented in the pie charts. (B) Linear regression analysis comparing incubation time with number of 129Sv alleles. No correlation was seen between
incubation time and number of 129Sv alleles in Mfge8*+ and Mfge8+*~ mice. However, there was a strong correlation in Mfge8~/~ mice. Results repre-

sent at least five independent experiments.
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Itgb3 open reading frame yielded dramatically different quan-
titative RT-PCR reads between the two strains (unpublished
data). This idiosyncrasy suggested the existence of polymor-
phisms between the B6 and 129Sv alleles of the Itgh3 gene
leading to differential annealing and artifactual quantitative
RT-PCR results. Therefore, we analyzed the microsatellite
marker D11Mit128, which is located within 1 ¢cM from the
Itgb3 locus and discriminates between B6 and 129Sv allelo-
types, in prion-inoculated mice (Fig. S4 B). We found that
only Mfge8~/~ mice homozygous for the 129Sv allele of
D11Mit128 showed accelerated prion pathogenesis (Fig. S4 B,
red box plots). Whenever a B6 allele of D11Mit128 was pres-
ent, the presence or absence of Mfge8 failed to alter the incu-
bation time (Fig. S4 B, blue and green box plots).

These results suggest that Mfge8/a, 35 integrin—dependent
phagocytosis is affected by strain-specific Itgh3 allotypes.
Therefore, we sequenced the open reading frame of Itgh3 of
129Sv, C57BL/6, and Balb/C Mfge8*'* mice. We found sev-
eral strain-specific single nucleotide polymorphisms, yet none
of these resulted in codon changes (Fig. S4 C). Thus, the link-
age to D11Mit128 may point to noncoding polymorphisms
that may affect splicing, mRNA stability, or posttranscrip-
tional control by microRNAs.

We then performed a whole genome linkage analysis of
all inoculated mice with 209 short tandem repeats (STRs;
mean genetic distance, ~7 ¢cM; 13.5 Mbp) polymorphic be-
tween B6, 129Sv, or Balb/C mice (Table S1). Alleles that
were shared by two different mouse strains were counted sepa-
rately (B6 + 129Sv, B6 + Balb/C, or 129Sv + Balb/C), and
all remaining alleles were regarded as noninformative (Table I).
The percentages of B6 (blue), Balb/C (green), and 129Sv
(red) alleles were summarized in pie charts (Fig. 4 A, right).
Analysis of covariance was performed to analyze the inde-
pendent effects of Mfge8 deficiency and genetic background
on incubation time. In crossbred mice, the Mfge8 genotype
significantly correlated with the incubation time of prion dis-
ease, even after elimination of possible genetic confounders
by adjusting the contribution of each genetic background.
The number of 129Sv alleles also influenced the incubation
time (Table I). Linear regression analysis revealed a correla-
tion of the incubation time and the amount of 129Sv alleles
only in Mfge8~/~ mice (R? = 0.86; Fig. 4 B). Therefore, Mfge8
deficiency accelerates the prion pathogenesis, but only in the
genetic context of the 129Sv strain.

DISCUSSION

Many factors control incubation times of prion diseases after
1.p. inoculation, including components of the immune system
(Mabbott et al., 1998; Aguzzi, 2003), depletion of FDCs
(Montrasio et al., 2000), and manipulations of the comple-
ment system (Klein et al., 2001; Mabbott et al., 2001). How-
ever, interference with prion replication in the CNS is more
difficult, and there are only few interventions known to alter
the incubation time of prion diseases after i.c. inoculation.
Even fewer factors have been found to accelerate pathogenesis
after i.c. administration of prions (LaCasse et al., 2008; Spinner
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et al., 2008). Mice expressing a mutant TLR4 (Toll-like re-
ceptor 4) defective in intracellular signaling were reported to
experience accelerated disease after prion inoculation, imply-
ing that absence of TLR4 might impair microglia activation
and consequently prion clearance. However, there was no
difference in PrP5 levels at terminal disease stage in this model
(Spinner et al., 2008). Even in mice engineered to overexpress
PrP€, which have drastically shortened incubation times, the
accelerated prion replication does not lead to elevated PrPS
levels (Fischer et al., 1996). In contrast, Mfge8~/~ mice dis-
played enhanced PrP5¢ deposition despite accelerated disease
progression. These findings strongly suggest that these mice
suffer from decreased prion clearance.

Why does the absence of Mfge8 result in elevated levels
of PrP5? Upon prion infection, neurons may experience pro-
gressive damage and ultimately undergo apoptosis; during this
process, they may secrete apoptotic PS-coated bodies con-
taining prions (Ashok and Hegde, 2006; Leblanc et al., 2006).
We suggest that astrocyte-derived Mfge8 opsonizes these
prion-laden apoptotic bodies by binding to PS exposed on
their surface. Microglia, the main phagocytic cell type of the
CNS, express the Mfge8 receptors, o 5 and o35 integrin
heterodimers. Because microglia antagonize prion replication
(Falsig et al., 2008), it appears plausible that Mfge8-opsonized,
prion-laden apoptotic bodies are taken up and degraded

Table I.  Statistical analysis of STR results

Source F P-value
Number of B6 alleles and Mfge8 genotype

Number of B6 alleles 0.4 0.53
Mfge8 genotype 4.2 0.021
Number of 129Sv alleles and Mfge8 genotype

Number of 129Sv alleles 6.3 0.016
Mfge8 genotype 5.6 0.007
Number of Balb/C alleles and Mfge8 genotype

Number Balb/C alleles 0.6 0.44
Mfge8 genotype 4.1 0.023
Number of B6/129Sv alleles and Mfge8 genotype

Number of B6/129Sv alleles 57 0.022
Mfge8 genotype 5.3 0.009
Number of B6/Balb/C alleles and Mfge8 genotype

Number of B6/Balb/C alleles 0.3 0.61
Mfge8 deficiency 42 0.022
Number of 129Sv/Balb/C alleles and Mfge8 genotype

Number of 129Sv/Balb/C alleles 0.1 0.81
Mfge8 deficiency 4.2 0.022
Number of unknown alleles and Mfge8 genotype

Number of unknown alleles 0.9 0.34
Mfge8 deficiency 3.5 0.039

Summary of results from analysis of covariance for incubation time with Mfge8
genotype as factor and number of alleles corresponding to the various genetic
backgrounds as covariates. The between-subjects factors are Mfge8++ (n = 16),
Mfge8*~ (n = 14), and Mfge8~/~ (n = 16). The dependent variable is incubation
time. F-values correspond to (1,42) and (2,42) degrees of freedom for the covariates
and the genotype, respectively.
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by microglia. Because clearance of apoptotic bodies is in-
efficient in the absence of Mfge8, prions may persist in the
brain and exacerbate PrP5 accumulation, thereby acceler-
ating the disease.

Whereas the brain concentration of PrP% was dramati-
cally increased in the absence of Mfge8, prion infectivity
titers were altered to a much smaller extent. Because prion
titers are likely to reflect the number of individual PrP aggre-
gates capable of nucleating further PrP, these findings suggest
that the defective clearance caused by the absence of Mfge8
allows primarily for the elongation of PrP5¢ seeds rather than
for their numerical expansion.

The aforementioned model implies a multitiered control
of phagocytosis in the brain, whereby astrocytes are the source
of Mfge8 and microglia are the executioners of phagocytosis.
In this model, microglia would operate at highest efficiency
only when armed by astrocyte-borne Mfge8. In the absence
of the latter, removal of apoptotic cells, and of any prions that
might be contained therein, would be impaired. We have
discovered an analogous collaboration in germinal centers of
lymphoid organs between FDCs and tingible body macro-
phages. There, FDCs produce Mfge8 and thereby license
tingible body macrophages to engulf apoptotic cells (Kranich
et al., 2008). In the CNS, an additional level of complexity
may be added by the finding that astrocytes express markers
of phagocytic pathways, including the Mfge8 receptor o, 35
(Barres, 2008; Cahoy et al., 2008), and may have phagocytic
potential of their own.

The regulation of phagocytosis is complex, and several inde-
pendent, redundant pathways of phagocytosis are known. Mfge8
may not be the only mediator of engulfment, and some hitherto
unidentified factors may, in certain situations, compensate for its
absence. Strong evidence for the latter scenario comes from our
observation that the acceleration of prion pathogenesis seen in
Mfge8~/~ mice is crucially dependent on the genetic background
of mice. Although the Mfge8 genotype was the major determi-
nant of incubation time, one or more additional loci (potentially
including the Mfge8 receptors) act as important modifiers. Be-
cause these loci appear to be polymorphic between the 129Sv
and the C57BL/6 strains of mice, it may be possible to identify
them through larger-scale analyses of prion pathogenesis in F,
crosses between said mouse strains.

MATERIALS AND METHODS

Mice. Mfge8 '~ mice were donated by S. Nagata (Graduate School of Med-
icine, Kyoto University, Sakyo-ku, Kyoto, Japan) and were on a mixed
(C57BL/6 X 129Sv)F, (Hanayama et al., 2004) or C57BL/6 background.
B6.129.Balb/C-Mfge8~/~ mice were generated in our facility by intercross-
ing B6.129-Mfge8~/~ mice with Balb/C mice (Harlan Laboratories). As con-
trols, C57BL/6 (Harlan Laboratories) or F; offsprings of crossings between
C57BL/6 and 129Sv mice (Charles River) were used. For microglia deple-
tion experiments, CD11b-HSVTK mice were used (Heppner et al., 2005).
All experiments were performed in accordance with Swiss federal legislation
and were approved by the Veteriniramt des Kantons Zurich (Veterinary office
of the Canton Zurich).

Inoculations. Mice were inoculated i.p. with 100 pl of brain homogenate
diluted in PBS with 5% BSA and containing 3 log LDjs, units of the Rocky
Mountain Laboratories scrapie strain (passage 5 and 6, thus called RML5 and
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RML6). For i.c. inoculations, 30 pl of inoculum with 3 log LDs, units was
administered. Scrapie was diagnosed according to clinical criteria (ataxia,
kyphosis, priapism, and hind leg paresis). Mice were sacrificed on the day of
onset of terminal clinical signs of scrapie.

Histoblot, Western blot, ELISA, histology, TUNEL assay, and ISH.
Detection of splenic PrPS accumulation by histoblot (Taraboulos et al.,
1992), detection of PrP¢ and PrPS by Western blot (Lau et al., 2007), and
quantitation of PrP¢ by sandwich ELISA (Polymenidou et al., 2008) were
performed as described previously.

Immunohistochemistry for SAF84 (1:200), GFAP (1:1,000), and IBA1
(1:1,000) was performed on paraffin sections and detected with diamino-
benzidine (Sigma-Aldrich). Tissue was treated with formic acid to inactivate
prion infectivity. Sections were incubated in Ventana buffer, and stains were
performed on an immunohistochemistry robot (NEXEX; Ventana Instru-
ments) using an IVIEW DAB Detection kit (Ventana Instruments).

TUNEL stainings were performed on cryosections with the ApopTaq
Plus Fluorescein In Situ Apoptosis Detection kit (Millipore) according to the
manufacturer’s instructions. ISH using an Mfge8 riboprobe was performed as
described previously (Kranich et al., 2008). In selected experiments, slides
were subsequently stained with IB4—Alexa Fluor 647 (Invitrogen) and DAPI
(Sigma-Aldrich).

MPA. Brain homogenate was diluted in TBS with 0.1% Triton X-100
and subjected to immunoprecipitation using magnetic beads coupled to
the peptoid PSR1 (Lau et al., 2007). Samples were incubated 1 h at 37°C
under permanent agitation and then washed and denatured with 0.1 N
NaOH. After neutralization (0.3 M Na,H,PO4), samples were placed on
a magnet, and supernatant was transferred to POM19 (Polymenidou et al.,
2005)-coated ELISA plates. After incubation (1 h at 37°C), plates were
washed, and POM2-AP (Polymenidou et al., 2005) was added. After in-
cubation with substrate (enhance chemiluminescence; GE Healthcare),
plates were read in a luminometry reader (Lumiscan Ascent; Thermo
Fisher Scientific).

SCA. SCA was performed as described previously (Klohn et al., 2003) with
minor adaptations. Prion-susceptible neuroblastoma N2aPK1 cells were in-
oculated with Mfge8*/* and Mfge8~/~ brain homogenate in 96-well plates for
3 d. Prion infectivity titers were determined after cells were split three times
1:3 and three times 1:10. For this, 25,000 cells from each well were filtered
onto the membrane of an ELISPOT plate, treated with PK, and denatured.
Individual infected (PrP*¢ positive) cells were detected by ELISA using the
anti-PrP antibody POM1 (Polymenidou et al., 2005). The number of TCI
units per aliquot was calculated from the proportion of negative to total wells
using the Poisson equation.

Cell-enriched primary cultures. Mixed glia cultures were prepared from
cerebra of pups (1-2 d postpartum) as previously described (Giulian and
Baker, 1986). Purity of microglia was determined by staining with IB4 and
was typically >95%. Purity of oligodendrocyte precursors and astrocytes was
determined by NG2 and GFAP staining and was found to typically exceed
85% and 95%, respectively. Cerebellar granule neurons were cultured from
7-d-old mice as previously published (Leist et al., 1997). Cultures consisted
of ~95% cerebellar granule neurons and <5% astrocytes, as determined by
staining for B;-tubulin and GFAP.

Quantitative RT-PCR. Total RNA from brain or cultured cells was iso-
lated using TRIZOL (Invitrogen) and subjected to cDNA synthesis using
QuantiTect Reverse Transcription kit (QIAGEN) according to the manu-
facturer’s instruction. Quantitative real-time PCR was performed on a
7900HT Fast Real-Time PCR system (Applied Biosystems). Expression
levels were normalized using Gapdh (glyceraldelyde-3-phosphate dehydrogenase).
Gapdh forward (5'-CCACCCCAGCAAGGAGACT-3"), Gapdh reverse
(5'-GAAATTGTGAGGGAGATGCT-3"), Mfge8 forward (5'-ATATGGG-
TTTCATGGGCTTG-3"), Mfge8 reverse (5'-GAGGCTGTAAGCCACC-
TTGA-3'), Integrin o, forward (5'-CACCAGCAGTCAGAGATGGA-3'),
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Integrin o, reverse (5'-TGCCTTGCTGAATGAACTTG-3"), Integrin B,
forward (5'-TGACATCGAGCAGGTGAAAG-3"), Integrin B; reverse
(5'-GAGTAGCAAGGCCAATGAGC-3"), Integrin B5 forward (5'-GGTT-
TCGGGTCTTTTGTTGA-3"), Integrin Bs reverse (5'-CCGATCTTC-
TCCTTGCAGAC-3"), CD11b forward (5'-CGGAAAGTAGTGAGAGAA-
CTGTTTC-3"), CD11b reverse (5'-CTTATAATCCAAGGGATCAC-
CGAATTT-3'), Gfap forward (5'-CACGAACGAGTCCCTAGAGC-3'),
Gfap reverse (5'-GAATGGTGATGCGGTTTTCT-3'), and Mbp (available
from GenBank/EMBL/DDB]J under accession no. NM_010777) expres-
sion was detected using the commercially available QuantiTect primer
assay (QIAGEN).

Organotypic slice cultures and microglia depletion. Organotypic
cerebellar brain slices were prepared from 10-11-d-old pups, prion in-
fected with 107 dilution of RML6 prions, and maintained according to
previously published protocols (Falsig et al., 2008). 5 wk postinoculation,
slices were harvested, and the PrP% content of PK-treated samples was an-
alyzed by Western blotting with anti-PrP antibody POM1. Microglia were
depleted from organotypic brain slice cultures as previously described (Falsig
et al., 2008).

STR analysis. Whole genome STR analysis was performed using fluores-
cently labeled primers (FAM, VIC, NED; all from Applied Biosystems;
Table S1). Genomic DNA was amplified by PCR, denatured, and sequenced
on a 3130x] sequencer (Applied Biosystems). Analysis, allele calling, binning,
and calibration of various mouse strains were performed manually and in
combination with an in-house—developed software.

Statistical analysis. Continuous data are presented as mean * SD and were
compared between groups using the unpaired Student’s ¢ test. Incubation
times were analyzed using the Kaplan-Meier method and compared between
groups using the logrank test. The relation between incubation time and ge-
netic background was analyzed using linear regression. The combined effect
of Mfge8 genotype and genetic background on incubation time was ana-
lyzed using analysis of covariance with Mfge8 genotype as factor and the num-
ber of alleles corresponding to different genetic backgrounds as covariates.
P-values <0.05 were considered statistically significant. SPSS 13 software
(SPSS Inc.) was used for statistical analyses.

Online supplemental material. Fig. S1 shows PrP% accumulation in
spleen, PrPC quantitation, and analysis of spongiosis. Fig. S2 shows that [B4*
microglia do not express Mfge8. Fig. S3 demonstrates that PrP5¢ levels and
the amount of TUNEL™ apoptotic cells in the cerebellum of terminally sick
mice are not changed between B6-Mfge8™/~ and B6-Mjfge8*/* mice. Fig. S4
depicts Mfge8 and integrin expression levels in the brain, the correlation
between the D11Mit128 allotype, and incubation time and Itgh3 single nucleo-
tide polymorphisms in mice of different genetic backgrounds. Table S1, in-
cluded as a separate PDF file, shows an overview of primers used for STR.
analysis. Online supplemental material is available at http://www jem.org/
cgi/content/full/jem.20092401/DC1.
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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 PSTCD41™" 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 SIB 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 PS* 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
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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 Flow]Jo.
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 EVT cells in PBMC from COVID-patients and healthy donors. PBMC were analysed by IFC (gating strategy shown in Figure
S3A and B). PS* 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 PS* 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 PSTEV* 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



RAUSCH ET AL. .5 I SEV 7 of 18

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¢t) 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 PSt 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. PS* 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 PS*CD41" 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*t 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

EVs bound to CD8* T cells originate from platelets and PMP markers colocalise with PS* 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 PSYEVt 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, CDCAS8, 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 PST™ 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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PSTEV associate with proliferating CD8 T cells. Non-naive PST 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).
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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 PSYEVY 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 PSTEV* 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
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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 buffer 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 Flow]Jo 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
ggeorrmat 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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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 PSTCD41™" 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.



RAUSCH ET AL. ....) ISEV 30f18

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 SIB 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 PS* 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
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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 Flow]Jo.
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 EVT cells in PBMC from COVID-patients and healthy donors. PBMC were analysed by IFC (gating strategy shown in Figure
S3A and B). PS* 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 PS* 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 PSTEV* 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¢t) 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 PSt 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. PS* 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 PS*CD41" 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*t 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

EVs bound to CD8* T cells originate from platelets and PMP markers colocalise with PS* 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)



10 of 18 9 ISEV RAUSCH ET AL.
[ )

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 PSYEVt 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, CDCAS8, 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 PST™ 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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PSTEV associate with proliferating CD8 T cells. Non-naive PST 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).
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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 PSYEVY 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 PSTEV* 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
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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 buffer 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 Flow]Jo 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
ggeorrmat 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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CD8" T cells are crucial for the clearance of viral infections. During the acute phase,
proinflammatory conditions increase the amount of circulating phosphatidylser-
ine” (PS) extracellular vesicles (EVs). These EVs interact especially with CD8* T
cells; however, it remains unclear whether they can actively modulate CD8" T cell
responses. In this study, we have developed a method to analyze cell-bound PS* EVs
and their target cells in vivo. We show that EV" cell abundance increases during viral
infection and that EVs preferentially bind to activated, but not naive, CD8" T cells.
Superresolution imaging revealed that PS™ EVs attach to clusters of CD8 molecules
on the T cell surface. Furthermore, EV-binding induces antigen (Ag)-specific TCR
signaling and increased nuclear translocation of the transcription factor Nuclear
factor of activated T-cells (NFATc1) in vivo. EV-decorated but not EV-free CD8" T
cells are enriched for gene signatures associated with T-cell receptor signaling, early
effector differentiation, and proliferation. Our data thus demonstrate that PS™ EVs
provide Ag-specific adjuvant effects to activated CD8" T cells in vivo.

extracellular vesicles | exosomes | CD8Tcells | LCMV | phosphatidylserine

T cells confer protection against pathogens and tumors. The initiation and maintenance
of T cell responses require specific signals delivered by cell-to-cell interactions and secreted
soluble cytokines. In addition, extracellular vesicles (EVs) constitute a mechanism of
intercellular communication during immune responses (1). However, the precise mech-
anisms of how EVs can affect T cells in vivo remain unclear (2, 3).

EVs are lipid-bilayer enclosed, spherical structures released by virtually all cell types.
They carry various bioactive molecules, including proteins, lipids, and nucleic acids, able
to exert functional modifications and phenotypic changes upon interaction with recipient
cells (4). Due to their high heterogeneity in origin, size, and composition, several subtypes
of EVs have been described, including exosomes and microvesicles (5).

Early studies first demonstrated that exosomes from B cell lines bear peptide/major
histocompatibility class (MHC) II complexes and could directly activate CD4" T cells
in vitro (6). The finding that EVs derived from tumor peptide-pulsed dendritic cells (DCs)
can elicit strong CD8" T cell responses and tumor suppression in vivo further supported
the idea that EVs were involved in antigen (Ag) presentation (7). Numerous follow-up
studies showed that Ag-presenting cell (APC)-derived EVs, particularly those released by
mature DCs, can serve as sources of Ag and induce T cell proliferation, memory devel-
opment, and antitumor responses in vitro and in vivo (1, 7-14). DC-derived EVs carry
the relevant MHC-I and -II complexes and costimulatory molecules such as CD86 and
CD54 for productive interaction with T cells. However, the precise mechanisms of T cell
stimulation are still unknown.

While some reports showed that EVs alone can activate T cells in vitro (6, 13-15),
other studies suggested that an indirect mode of action as DCs was required for the
stimulation of T cells by EVs (1, 9, 12, 16-22). Therefore, the capacity of free EVs to
regulate T cell function and differentiation as cell-independent biological modifiers in vivo
remained unclear.

Like apoptotic cells, also EVs display phosphatidylserine (PS) on their outer membrane
layer (23-26). Based on this marker, we previously described a sensitive and robust method
to analyze EVs in lymphocytic choriomeningitis virus (LCMV)-infected mice (27) and
SARS-CoV-2-infected humans (28). During these acute infections, high frequencies of
activated CD8" T cells were associated with PS™ EVs. Here, we demonstrate that the
binding of PS" EVs to Ag-specific CD8" T cells triggers TCR-signaling in vivo, as demon-
strated by nuclear accumulation of NFATc1. Specifically, EV-associated CD8" T cells
showed enhanced proliferation, effector gene expression signatures, including genes like
Ifng and Tnf. Therefore, our findings establish that EVs can boost effector gene expression
by directly associating with activated Ag-specific CD8" T cells during acute infection.

PNAS 2023 Vol.120 No.16 2210047120

https://doi.org/10.1073/pnas.2210047120

Significance

Many in vitro studies have shown
a role of extracellular vesicles
(EVs) in priming of naive T cells.
However, if EVs really play a
relevant role in T cell responses
in vivo remained highly
controversial. We have recently
developed a method, allowing us
to identify and characterize cells
binding naturally occurring EVs
in vivo. With this method,

we demonstrate here that
activated effector cells, but not
naive T cells, extensively engage
with EVs during viral infections.
We provide convincing evidence
from in vivo studies that this
interaction increases the
expression of effector genes and
proliferation of CD8'T cells in
(lymphocytic choriomeningitis
virus) LCMV-infected mice. This,
in turn, boosts T cell effector
functions.
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Results

In Vivo Detection of Naturally Occurring EVs Associated
with CD8" T cells. Previously, we found that APC-derived PS”
exosomes bind to activated CD8" T cells during LCMV infection
(27). However, neither the kinetics of EV appearance nor the
T cell subset interacting with EVs is known. Furthermore, it is
unclear whether T cell/EV interaction would affect the functional
differentiation of T cells.

To address these questions, we used intravenously injected
PS-binding Milk fat globule-EGF factor 8 protein (MFG-ES)-
eGFP (27) or biotinylated murine MFG-E8 C1 domains
tetramerized using Streptavidin (C1 tetramers) (29). Both rea-
gents detect naturally occurring PS* EVs in spleens of mice
acutely infected with LCMV Armstrong (LCMV,,, ) in vivo at
different time points after infection (Fig. 14). We examined
single-cell suspensions of live cells (87 Appendix, Fig. S1A) by
imaging flow cytometry (IFC) using an ImageStream cytometer
(Fig. 1B). PS" dying cells (live/dead dye”, with intact cell mem-
brane) and PSEV" living cells were digitally sorted using a con-
volutional autoencoder (CAE) module (Fig. 1 B, Right) (27). The
percentage of PS” cells increased sharply in virus-infected mice
compared to the noninfected control group (Fig. 1B). The fre-
quency of EV” live cells and EV'CD8" T cells peaked on day five
post infection (p.i.) and declined from day 10 to day 15 p.i.
(Fig. 1 B and C). Similarly, apoptosis of total live and CD8" T
cells reached its maximum on day five (Fig. 1C). While the fre-
quency of bona fide apoptotic PSTCD8" T cells remained low (1
to 2% of CD8" T cells) even at the peak response, up to 35% of
CD8T cells were associated with PS" EVs at day five p.i. (Fig. 1C).
Notably, on day 15, p.i. EV-decoration and apoptosis dropped
below the levels of noninfected mice (Fig. 1C). These data indi-
cate that EV-decoration of CD8" T cells is transient and correlate
with the published kinetics of LCMV,,, titers (30, 31).
Furthermore, we detected the peak of EV decoration at the max-
imum expansion of LCMV-specific CD8" T cells in the spleen,
which occurs between day five and day eight after infection (32).

Next, we determined if EVs preferentially associate with a spe-
cific T cell subset in LCMV-infected mice. On day five, CD8"
effector T cells (CD62L"CD44", T};) showed the highest levels of
EV-decoration (Fig. 1D). While less than 10% of central memory
(CDG62L"CD44", Ty CD8" T cells were associated with PS*
vesicles, EVs were absent on naive (CD62L'CD44", T}) CD8*
T cells. These data reveal that EVs bind differently to distinct
CD8" T cell subsets, with a preference for activated Ty cells during
acute LCMYV infection.

The observed enhanced binding of EVs to CD8" T cells could
be caused by increased concentration of EVs in infected animals
or altered binding properties of activated T cells, or both. To
distinguish between these two factors, we next sought to deter-
mine whether the concentration of EVs increases in infected
animals. Marker-independent particle analysis indicated that the
size of EV particles did not change after infection in serum
(Fig. 1D). Surprisingly, the serum concentration of particles
decreased significantly after virus infection (Fig. 1D, NTA). To
rule out the possibility that by focusing on PS* EVs we would
miss a significant proportion of PS” EVs, we analyzed the frequen-
cies of PS™ EVs in both situations (Fig. 1D, image stream). Yet,
in infected and noninfected animals, the largest proportion (over
95%) of all EVs was PS”.

These data suggest that in the case of infection, EV binding to
lymphocytes may lead to a statistically significant decrease in the
concentration of free EVs in serum. Furthermore, PS is an excel-
lent marker for EVs as most EVs are PS”.

https://doi.org/10.1073/pnas.2210047120

EV-Associated CD8" T Cells Show Increased Levels of Nuclear
NFATc1. With the above-described approach, we are able to stain
naturally occurring PS* EVs in vivo. We showed in a previous
study that EVs associated with activated CD8" T cells during
acute LCMV infection in vivo carry exosome-markers CD9/
CD63 as well as MHC-II, CD86, and CD54, demonstrating
their APC origin (27). Several studies have also shown that
APC-derived EVs carry MHC-I (1). The presence of these
molecules allows EVs potentially to stimulate T cells. T cell
receptor (TCR)-triggering induces a calcium-dependent, rapid
translocation of NFAT from the cytoplasm to the nucleus, a
process which is essential for CD8" T cell cytotoxicity during
viral infection (33). Therefore, nuclear translocation of NFAT
is a sensitive read-out for TCR signaling. The NFAT-family
member NFATcl is an important regulator of CD8" T}, cell
activation and cytotoxicity (34). To investigate whether CD8" T
cells having bound naturally occurring PS* EVs display different
TCR signaling compared to EV- CD8" T cells, we analyzed the
nuclear translocation of NFATcl in EV* and EV™ CD8" T cells
during LCMYV infection in vivo (Fig. 24). We found significantly
higher levels of nuclear NFATc1 as demonstrated by a higher
median similarity score (ss) and an increased frequency of nuclear
NFATcl in EV* CD8" T cells compared to EV" CD8" T cells
(Fig. 2A). As NFAT is rapidly exported from the nucleus (after
~15 min), when TCR-mediated signaling stops (35), these
results support the idea that EV-T-cell interactions could cause
NFAT translocation.

To investigate whether NFAT translocation in EV® CD8"
T cells is driven by TCR stimulation and hence Ag-dependent,
we adoptively transferred in vitro activated TCR-transgenic
LCMV-specific, P14 CD8" T effector cells [specific for the
LCMVgp,, , peptide/ MHC-I D, (36)] together with activated
LCMV-irrelevant OT-I CD8" T effector cells [specific for ovalbu-
min (OVA),s; . peptide/ MHC-I K®, (37)] into mice that had
been infected with LCMV 2 d before (Fig. 2B). In this setting,
OT-I cells do not receive Ag-specific TCR stimulation due to the
absence of their cognate Ag from the system.

As expected, 3 d after transfer, due to the presence of their
cognate LCMV-Ag P14 T cells had accumulated to higher fre-
quencies as compared to “bystander” OT-IT cells (Fig. 2 C, Lefi).
Additionally, P14 cells also showed a significantly higher degree
of EV association as compared to nonspecific OT-I cells (Fig. 2 C,
Righr). This finding suggests that Ag specificity of the TCR may
significantly contribute to the binding of EVs to T cells. Most
importantly, we found a significantly higher ss and higher levels
of intranuclear NFATc1 in EV'CD8" P14 T cells compared to
their EV CD8" P14 T cell counterparts within the same animals
(Fig. 2D). Notably, the amount of nuclear NFATc1 of EV' P14
cells exceeded that of P14 cells stimulated in vitro with antibodies
to CD3e and CD28 (Fig. 2D, dotted line). The frequency of
nonspecific OT-I cells with nuclear NFAT¢1 was about half of
that of P14 T cells (Fig. 2D).

Nevertheless, at rather low levels, EV" OT-I T cells had slightly
but significantly more intranuclear NFATc1 than EV- OT-IT cells
(Fig. 2D). Together, these results further support the idea that EVs
may promote the continuous Ag-specific TCR stimulation of acti-
vated CD8" T cells during acute LCMV infection.

To confirm EV-TCR interaction, we performed direct stochastic
optical reconstruction microscopy (dASTORM) on fluorescence-
activated cell sorting (FACS)-sorted PS" and PS™ CD8" T cells from
LCMV-infected mice. As we were limited to three dSSTORM com-
patible fluorochromes, we used PS [stained in vivo with C1 tetram-

ers (C1-SA-AF647)] and CD9-CF568 to identify EVs and
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Fig. 1. MFG-E8-eGFP detects PS* apoptotic and PS™ EV-decorated cells in vivo. (A) Flow chart shows experimental setup for analysis of PS™ cells in mice.
Splenocytes were analyzed by IFC using an ImageStream cytometer. Dot plots display the gating strategy of live/dead PS™ cells from the spleens of noninfected
and LCMV,,-infected mice. Area and aspect ratio of the bright field (BF) channel were used to identify single cells (S/ Appendix, Fig. S1). Numbers in the gate
indicate the mean percentages +SD of PS* cells from MFG-E8-eGFP-injected mice (n = 3) and control (PBS)-injected mice (n = 1). Only live cells were analyzed
(SI Appendix, Fig. S1A) with the convolutional autoencoder (CAE) module as described previously (Kranich et al. 27). Representative images of bright field (BF),
PS, and BF/PS overlay channels of PS™ (S/ Appendix, Fig. S1B) and PS™ cells are shown. (Scale bar: 7 um.) Shown are representative results from two independent
experiments. (B) Mice were infected with LCMV,,, (n = 3 per timepoint), and frequencies of EV* (red) and apoptotic (blue) total live cells and CD8" T cells were
determined on days 5, 10, and day 15 p.i. using the CAE. Gating see S/ Appendix, Fig. S1C. Representative results from two independent experiments are shown.
(C) Representative dot plots of different T cell subsets binding naturally occurring PS'EVs after i.v. administration of MFG-E8-eGFP are shown. Gates show total
live CD8" (Left, black) and live/CD8'/PS*EV" (Right, red) CD62L"CD44™ naive (Ty), CD62L"CD44" central memory (T¢y,), and CD62L"CD44" effector (T¢) T cells in spleens
of LCMV-infected (Upper) and noninfected (Lower) mice. Values next to the gate indicate the frequencies +SD of cells within the respective gate. Bar graphs
visualize frequencies +SD of Ty, Tey, and T CD8" T cells that have bound PS'EVs. Bar graphs show the results from nine LCMV-infected and nine noninfected
mice pooled from three independent experiments. (D) Analysis of serum EVs isolated from noninfected and LCMV,,,-infected mice (day five p.i.). Upper panel
shows nanoparticle tracker (NTA) analysis of EV fractions 2 to 7 isolated by size exclusion chromatography, n = 4, representative results from three independent
experiments are shown. Bar graphs show particles/mL in noninfected and infected sera, n = 11, pooled results from three independent experiments are shown.
Lower panel shows ImageStream analysis of serum EVs. Gating strategy, unstained, dye only, and detergent controls see S/ Appendix, Fig. S1D. Dot plots show
PS™ EVs present in sera of infected and noninfected mice. Mean number (+SD) of PS™ particles are indicated next to the gate. Bar graph shows percentage of
PS* EVs (n = 7 and 8 for noninfected and infected, respectively). Pooled results of two independent experiments are shown. Unpaired Student's t test was used
to determine statistical significance, with *P < 0.05, **P < 0.01, and ***P < 0.001.

CD8-CF488 to identify the TCR complex (Fig. 2E), as CD8 colo- nearly absent on PS” CD8 T cells (Fig. 2 F, Lower). These PS'CD9"
calizes with TCRab in activated T cells (38). Indeed, on PS™ CD8 EVs colocalized with CD8 (Fig. 2F, 1.1, LIL, ILI) and therefore with
T cells, we could readily identify PS* CD9* double-positive clusters ~ the TCR complex. Quantification of total CD8" clusters revealed
of EV size (approximately 200 nm, Fig. 2 F, Upper), which were a significant increase of CD8" clusters on PS* CD8 T cells (Fig. 2 F,
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Fig. 2. Increased nuclear translocation of NFATc1 in EV'CD44°CD8" T cells. Mice were infected with LCMV,,, (n = 6, pooled from two independent experiments),
on day five p.i., naturally occurring PS* EVs were stained in vivo by injecting MFG-E8-eGFP (100 pg/mouse). Isolated splenocytes were stained for surface markers,
NFATc1 and DRAQS (DNA dye) and analyzed by IFC. (4) Nuclear translocation of NFATc1 in Drag5"NFATc1*PS" and PS"CD44°CD8" T cells (gating strategy S/ Appendix,
Fig. S2) was determined using the similarity feature of the IDEAS software. Cells with a similarity score (SS)>1 have nuclear NFATc1, cells with a SS<1 have cytoplasmic
NFATc1. Representative histograms show median SS of PS™ and PS"CD44°CD8" T cells and frequencies of cells with cytoplasmic and nuclear NFATc1. Representative
IFC images display cells with cytoplasmic NFATc1 (Left) and nuclear NFATc1 (Right). (Scale bar 7 m.) Bar graphs (Left) show the median SS +SD (Left) and the frequencies
+SD (Right) of PS™ and PS"CD44'CD8" T cells. Representative results from four independent experiments are shown. For statistical analysis, unpaired Student's
t test was used with *P < 0.05, **P < 0.01, and ***P < 0.001. (B) Experimental setup for analyzing NFATc1 translocation in transferred CD45.1°CD90.1* P14 and
CD45.1°CD90.1” OT-I CD44°CD8" T cells. (C) Splenic P14 and OT-1 CD8" T cells were stimulated in vitro and transferred into day two LCMV-infected mice. After 3 d,
MFG-E8-eGFP was injected, and NFATc1 translocation was analyzed. Dot plots show gating of PS”and PS* CD90.1°CD45.1” P14 and PS” and PS" CD45.1°CD90.1~ OT-I
T cells with average percentages +SD (n = 6). Bar graph displays average frequencies +SD of PS™ P14, OT-I cells. (D) Representative histograms show SS of PS™ and
PS* CD44" P14 and CD44" OT-I T cells with frequencies of cells with a SS>1 and <1. Bar graphs show frequencies of cells with nuclear NFAT and median SS +SD.
Results from six mice were pooled from two independent experiments. Dotted horizontal lines represent the SS of in vitro-activated P14 and OT-I before transfer
into mice (n = 1). (E) Experimental setup for (F): infected mice were injected with 50 pg C1-SA-AF647 to stain PS* EVs in vivo. One hour later, spleens were removed
and stained with CD8-CF488 and CD9-CF568. After fixation, PS* and PS™ CD8" T cells were sorted and analyzed by dSTORM superresolution microscopy. (F) Upper
and Lower panels show representative superresolution images of PS’, and PS™ CD8 T cells, respectively (PS green, CD9 red, CD8 white). Areas labeled with |, Il, I, and
IV are shown with higher magnifications in the micrographs labeled accordingly. Total CD8" clusters and CD8"CD9"PS” triple-positive clusters were quantified using
the cluster analysis tool of the CODI software (Oxford Nanoimaging). Upper bar graph shows the number of total CD8" and triple-positive clusters per sorted PS~
(n=17)or PS* (n = 23) cell. Each datapoint represents one cell. Lower bar graph shows the percentage of triple-positive clusters of all CD8" clusters per cell. Pie charts
indicate the number of cells with triple-positive clusters. For statistical significance, unpaired Student's t test was used with *P < 0.05, **P < 0.01, and ***P < 0.001.
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Upper bar graph). While more than 75% of the sorted PS'CD8* T
cells had CD8'CD9'PS" triple-positive clusters (Fig. 2 F, Lower,
pie chart), approximately 30% of all observed CD8" clusters of each
cell were CD8'CD9'PS” triple positive and therefore colocalized
with CD9 and PS. (Fig. 2 F, Lower, bar graph). The few PS*
triple-positive clusters on PS™ cells were of low intensity and likely
due to sort impurities. These data show that CD8" T cells associated
with PS" EVs had i) more aggregated CD8" clusters as compared
to PST CD8" T cells and ii) that PS® EVs locate to the
CDB8/TCR-complex on the T cell surface, making EV-mediated
TCR-signaling a likely event.

Transcriptional Profiling Reveals Increased Proliferation,
Effector Function, and Reduced Memory Potential of EV* CD8"
T Cells. For an in-depth comparison of EV™ and EV* CD8 T cells,
we performed RNAseq analysis of these cells sorted from LCMV-
infected mice at days five and 10 after infection. We were specifically
interested in whether EV-binding to CD8" T cells influences
specific CD8" memory or effector differentiation programs.
For this, we performed gene expression analyses (RNAseq, data
available at GEO accession number GSE201507) and subsequent
gene set enrichment analyses (GSEA) against 10 well-described
gene clusters (39). These clusters define gene-expression signatures
of naive, short-term, early, and late effector cells, as well as memory
precursor, and memory CD8" T cells. On day five, three gene
sets (cluster I—initial cytokine or effector response, cluster II—
preparation for cell division, and cluster III—cell cycle and cell
division; Fig. 34) were significantly enriched in EV" CD8" T
cells (Fig. 3 A and B). All differentially expressed genes (DEGs)
on day five (Fig. 3 Band Cand S/ Appendix, Fig. S4) and day 10
(SI Appendix, Fig. S5) with a false discovery rate (FDR) of <0.05
are highlighted in fold change plots. Expressions of the main CD8"
T cell cytokine Ifng and the orphan nuclear receptor Nradal
(encoding for NUR77), which is induced by TCR signals in a
dose-dependent manner (40) were significantly up-regulated in
EV' CD8" T cells (Fig. 3C and ST Appendix, Fig. S4A).

Also, EV' CD8" T cells showed significantly elevated Irf4 and
Irf8 transcription factors, which are both crucial for CD8" T cells
to develop effector functions (41, 42) (Fig. 3C and SI Appendix,
Fig. S4A4). Hence, we conclude that EV" CD8" T cells receive addi-
tional TCR signals for proliferation and effector cytokine produc-
tion than their EV™ counterparts. In addition, EV" CD8" T cells
showed five significantly down-regulated gene sets (cluster IV—
naive and late memory, cluster VI—short-term effector and mem-
ory, cluster VII——memory precursor, cluster VIII—naive or late
effector or memory, and cluster X—Ilate effector or memory) and
therefore may have a reduced potential to differentiate into memory
T cells (Fig. 3 A-C and SI Appendix, Fig. S4B)—a process that is
normally initiated around days four to six p.i. (43, 44). Specifically,
genes such as the transcriptional repressors /42 (cluster VI,
SI Appendix, Fig. S4B) and Id3 (cluster 11, Fig. 3C and ST Appendix,
Fig. S4B), which regulate memory differentiation (45), the tran-
scription factor TCF1 (cluster VII, encoded by 7¢f7) which is
essential for the formation of central memory CD8" T cells (46—
48), and 1[7r (cluster VII), which is highly expressed on memory
cells (49), were significantly down-regulated in EV* CD8" T cells
(Fig. 3C and SI Appendix, Fig. S4B).

We then assessed differences between EV* and EV- CD8"* T cells
on day 10 of the LCMYV infection and performed a GSEA analysis
against the same gene sets (Fig. 34 and SI Appendix, Fig. S5). Also,
on day 10, clusters I, II, and IIT showed clear enrichment in EV"
CD8" T cells, indicating that these cells are still proliferating and
have effector phenotypes with Irf4, Irf8, and Nra4al, but not
Ifng being significantly up-regulated (Fig. 34 and SI Appendix,
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Fig. S54). However, at this later point and in contrast to day five,
cluster IV (naive and late memory) was also enriched in EV'CD8"
T cells (Fig. 34 and SI Appendix, Fig. S5A). Clusters VI, VI, VIII,
and X were, as seen on day 5, down-regulated in day 10 EV'CD8"
T cells (Fig. 34 and SI Appendix, Fig. S5B). In contrast to /42 and
1d3, essential memory signature genes, such as //7r and 7¢f7, were
not significantly reduced on day 10 (SI Appendix, Fig. S5 A and B).
Overall, EV'CD8" T cells on day five and day 10 showed a very
similar gene signature indicative of proliferating effector cells.
However, one must consider that a much smaller number of
EV'CD8" T cells were present on day 10 than on day five (Fig. 1B).
Therefore, the potential influence of EVs during the immune
response probably fades after the early peak of T cell expansion
and would therefore primarily influence critical amounts of CD8"
Tk, cells early during adaptive immune responses.

As gene clusters regulating cell cycle and cell division were
enriched in PS" cells (Fig. 3 A-C), we set out to confirm these
results by assessing cell cycle stages of PS™ and PS” CD44"CD8"
cells in LCMV,,,, -infected mice on day five using nuclear staining
with DRAQ5. Cells with the highest DNA content represent cells
in G,/M stage. In line with the transcriptome analysis, T cells
carrying in vivo stained PS* EVs showed significantly higher
DRAQS5 levels than EV-free T cells. While approximately 19 +
6% of PS" CD44"CD8" T cells were in G,/M stage, only approx-
imately 5 + 2% of their PS”™ counterparts were in G,/M stage
(Fig. 3E), confirming that EV" T cells show more proliferation.

BMDC-Derived EVs Stimulate Activated T Cells Independently of
DCs in an Ag-Dependent Manner. The above results demonstrate
that T cells that bind Ag-specific EVs have increased TCR
signaling as demonstrated by more NFAT translocation to the
nucleus. Furthermore, EV" T cells show a more robust effector
phenotype than EV™ T cells. However, it still remains to be
clarified if EVs cause these changes by directly triggering the TCR
and/or costimulatory receptors on T cells or whether a specific
Ty subset, e.g., one that has just recently been activated by APCs,
is particularly good at binding EVs. Although many studies in
the past have aimed to demonstrate T cell stimulation or even
priming of naive T cells by EVs (14, 50), clear and convincing
evidence for such a scenario is still lacking (2, 3). Considering
the negligible binding of EVs to naive T cells found during viral
infection (Fig. 1D), we decided to concentrate on activated T
cells and wanted to convincingly determine if these are directly
modulated by EV binding in vivo. To do so, we set up the following
experiment: We adoptively transferred in vitro activated TCR-
transgenic OVA—Sgpeciﬁc OT-I and LCMV-specific P14 CD8"
T cells into H2-K” mice (Fig. 44). These recipient mice cannot
present the cognate OT-I peptide OVA,5, ,o, on MHC-I (51),
ruling out participation of endogenous APCs in specific OT-I
TCR triggering. After the adoptive transfer, we injected PKH26-
labeled EVs derived from OVA-pulsed BMDCs (Fig. 44). We
measured DC activation markers by flow cytometry and confirmed
successful activation of EV-producing BMDCs (SI Appendix,
Fig. S7A). We also determined the presence of molecules needed
for T cell stimulation (MHC-I, CD86, and CD54) on EVs using
IFC (S Appendix, Fig. S7 B and C). The cotransferred P14 cells
do not recognize the OT-I peptide and thus served as an internal
control. To test whether T cells received a stimulatory signal from
the EVs, we analyzed PKH26" EV* and EV' OT-1 and P14 cells
1 h after the EV injection for nuclear translocation of NFATc1
(Fig. 4A). To exclude that PKH26 aggregates forming during the
preparation bind to activated CD8" T cells and render them falsely
PKH26", we followed the EV staining protocol using PKH26
without adding EVs and injected the same fractions as PKH26
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Fig. 3. EV' CD8" T cells have a gene signature of proliferating effector cells. PS and PS* CD44°CD62L"™ CD8+ T cells were sorted from LCMV,,-infected mice
on day five after infection (sorting strategy see S/ Appendix, Fig. S3). Transcriptomic analysis was performed by RNAseq on sorted cells. (A) Gene set enrichment
analysis (GSEA) was performed against 10 gene clusters characterizing different CD8" effector and memory subsets during infection and memory formation (39).
Bar graph shows summary of GSEA results. x axis shows normalized enrichment score, color code indicates adjusted P values. (B) Heat maps show differentially
expressed genes (DEGs, padj < 0.05) between PS™ and PS* CD8+ T cells from clusters |, I, Ill, and VIl using Pearson correlation as distance measure. Color code
indicates z score. (C) GSEA plots from clusters |, Il, lll, and VII. (D) Cells carrying PS* EVs from LCMV,,,-infected mice were stained in vivo by injecting MFG-E8-eGFP
on day five p.i. (D) Go/G;, S, and G,/M cell cycle stages of PS™ and PS™ CD44°CD8" T cells were analyzed using the DNA dye DRAQS. Representative histograms of
PS* (upper histogram) and PS” (lower histogram) CD44CD8" are shown. Bar graphs show frequencies of cells in G,/M stage of PS™ (red) and PS™ (gray) CD44°CD8"
T cells from nine mice pooled from three independent experiments. Samples from the same experiment are shown with the same symbol. Student's ¢ test was
used to determine statistical significance, with **P > 0.01, ****P < 0.0001.
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Fig. 4. Ag-dependent stimulation of CD8" T cells by BMDC-derived EVs. (A) lllustration of experimental setup. At day six of the culture, BMDCs were stimulated
with LPS and pulsed with SIINFEKL peptide. PKH26-labeled EVs from BMDCs and injected into H2k?™ mice that had received in vitro activated OT-I and P14
cells 3 d earlier. One hour later, isolated splenocytes were stained for surface markers, NFATc1 and DRAQ5, and analyzed by IFC. (B) Dot plots show gating of
transferred CD90.1°CD45.1” P14 and CD90.1°CD45.1* OT-1 CD8" T cells with average percentages +SD (n = 3). The bar graph displays average frequencies +SD
of P14 and OT-1 CD8" T cells in H2k"™" mice injected with BMDC-derived EVs (+) or noninjected (-). (C) Dot plots show gating of EV'P14 and EV'OT-1 CD8" T cells
with average percentages +SD (n = 3). Bar graph displays average frequencies +SD of EV'P14 and EV*OT-1 CD8" T cells in H2k”™ mice injected with BMDC-derived
EVs. (D) Representative images depict CD90.1/PKH, CD45.1/PKH, and NFATc1/DRAQ5 overlays of EV'OT-1 and EV* P14 cells. (E) Representative histograms show
the SS of EV* OT-I and P14 CD8" T cells with average frequencies +SD of cells with a SS>1. The bar graphs show the frequencies and the median similarity scores
+SD of EV', EV” OT-l and P14 T cells. Results from OT-l and P14 cells from mice that did not receive EVs are labeled “no EV inj”. Individual mice in different graphs
are represented by the same symbol. Results from three mice were pooled from three independent experiments. For statistical significance paired t test was
used with *P < 0.05, **P < 0.01, and ***P < 0.001.

only controls into LCMV-infected mice. No aggregate binding
occurred by CD8" T cells (S Appendix, Fig. S7D).

Both, OT-I and P14 T cells were present in similar frequencies
of approximately 15% of all CD8" T cells (Fig. 4B). This frequency
was irrespective of whether mice had received EVs or not, indica-
ting that EVs could neither induce specific T cell proliferation,

PNAS 2023 Vol.120 No.16 e2210047120

expansion, nor survival during this 1-h in vivo incubation (Fig. 4B).
However, when we analyzed OT-1 and “Bystander” P14 T cells for
EV-binding, about twofold more OT-I1'T cells were associated with
OVA-EVs than nonspecific P14 T cells (Fig. 4C). This observation
indicates a contribution of cognate TCR—peptide/ MHC interaction
to EV-binding, corroborating our findings in Fig. 2C.
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To determine if EV association could induce TCR signaling,
we next analyzed nuclear NFAT¢c] translocation in the T cells by
IFC (Fig. 4D and SI Appendix, Fig. S8). Bystander P14 cells had
comparable frequencies of nuclear NFATcl (Fig. 4 D and E),
regardless of whether they were bound to EVs or not or were
isolated from control mice that had not received EVs (Fig. 4E).
This suggested that activated T cells which bind EV's with unspe-
cific peptide/ MHC complexes do not receive TCR-downstream
signals via the NFAT-signaling pathway. However, in marked
contrast to P14 cells, we observed statistically significant
NFATc1-translocation from the cytoplasm to the nucleus in EV”
vs. EVT OT-I T cells and relative to OT-I T cells in mice that had
not received EVs at all. (Fig. 4E). This clearly indicated that recog-
nition of peptide/MHCI complexes on EVs indeed triggered
Ag-specific TCR signaling in OT-I T cells. Moreover, the strength
of the NFAT¢1 signal in EV" OT-I cells was much higher than in
EV™ OT- cells, as measured by the colocalization (similarity) score
with DRAQ5 (ss of 1.5, Fig. 4F). These results demonstrate that
TCR stimulation as assessed by NFAT translocation is strongly
enhanced when cognate Ag is present on EVs. Importantly, this
TCR stimulation was independent of DCs since the OT-I peptide
cannot be presented on MHC-I of H2-K”" mice. To our knowl-
edge, this is the first direct demonstration of Ag-dependent TCR
signaling by EVs in vivo. Direct TCR stimulation by EVs is also
supported by our demonstration of PS'CD9" EVs colocalizing
with the TCR complex (Fig. 2E).

Discussion

Especially activated CD8" T cells associate with naturally occur-
ring EV's during viral infection. These EVs induced TCR signaling
in Ag-specific CD8" T cells in vivo. As a result, CD8" T cells
receiving signals from EVs had enhanced T}, cell gene signatures,
while T cells without EVs showed more memory T cell gene sig-
natures. Our data suggest that EVs attached to the surface of CD8"
T cells act as adjuvants for virus-specific activated CD8" T func-
tion to enhance antiviral T effector cell responses.

Our approach of staining naturally occurring EVs is limited
to PS" EVs. The presence of PS in the membrane of EVs is very
common (4, 5), and PS-affinity based methods are used to isolate
almost all EVs from bodily fluids, suggesting that the PS™ EVs
represent the majority of all EVs. Yet, PS™ or PS™Y EVs seem to
exist as a minor fraction and a recent study showed that injected
PS™ EVs persist longer in the blood circulation of mice than
PS* EVs (52). However, in our own analysis of serum-
derived EVs from healthy and infected mice, virtually all EVs
(>95%) were PS*. Additionally, we confirmed our result with a
PS-independent EV-detection approach using PKH26-labeled
BMDC-derived EVs.

We initially developed our in vivo PS-labeling approach to
detect apoptotic cells in vivo but realized that >90% of the stained
cells were not apoptotic but live cells with EVs attached to their
surface (27). To identify the rare apoptotic cells, we used a deep
learning-assisted image interpretation approach. However,
PS-staining of cells is not limited to apoptotic or EV” cells. Highly
phagocytic cells may also become PS" by our method, although
most of the eGFP signal is quenched after phagocytosis of
the MFG-E8-eGFP-stained material. We also excluded that
MFG-E8-eGFP is bound via integrins, as MFG-E8 constructs
lacking the RGD-motif gave identical results (27). While there are
also reports that B cell receptor and TCR signaling induces tran-
sient PS exposure on the cell surface (53, 54), our results from this
and previous studies (27) suggest that this rather increases their
capacity to bind PS* EVs and that they therefore become PS”.

https://doi.org/10.1073/pnas.2210047120

Previous publications using in vitro generated exosomal EVs
from APC such as B cells or DCs reported activation of naive CD4"
(6, 16) and naive CD8" T cells (7). However, in these landmark
studies, naive T cells were not activated by direct exosome-T cell
interactions but instead required bystander DCs, which indirectly
presented specific exosome-borne Ag (16, 20). During LCMV
infection, most T cell-bound EVs were of APC origin as they car-
ried the corresponding surface molecules MHC-II, CD54, and
CD86 and exosome markers CD9 and CD63 (27). These EVs
caused NFATcl nuclear translocation in activated EV* but not
EV™ CD8" T cells arguing for direct effects rather than a role for
DCs in this setting. As we found that EVs associated with CD44"
activated CD8" Ty, cells but not naive CD8" T cells, it is, therefore,
rather unlikely that EVs can activate naive CD8" T cells through
direct interaction in vivo, confirming previous findings (50).

These findings correlate with reports that activated LFA1
expressed by T cells (11) and CD54 on EVs (55) mediate T cell-EV
interaction. As activated LFA-1 is not present on naive CD8" T
cells, it is likely that they neither can bind CD54" EVs nor get
activated directly by EVs generated in vivo. Due to the widespread
usage of in vitro generated EVs in most previous studies, it
remained unclear whether one could also transfer these findings
to EVs in vivo (reviewed in refs. 1-3). Possible contributions of
the amount, purity, Ag-density, bioavailability, and half-life of
artificially generated EVs from cell cultures could not be excluded
and might have influenced these former studies. We show for the
first time the kinetics of EV interaction with CD8" T cells in vivo
during acute viral infection, which correlated roughly to the
expansion kinetics of CD8" T cells and peaked between day 5 and
10 p.i. (30, 56). Such EV-CD8" T cell association is likely not
dependent on a temporal increase in generation of EVs as observed
in various types of pathogen infections such as HIV (57),
SARS-CoV-2 (58), mycobacteria (59), or plasmodium (60). On
the contrary, we found a significant drop in EV serum numbers in
LCM V-infected mice. However, LCM V-associated destruction of
the splenic microarchitecture, including the marginal zone (61)
might lead to increased EV influx into the spleen and hence facil-
itate EV binding by T cells resulting in the reduction of serum
EV numbers.

TCR specificity did contribute to EV-T cell binding, as
activated specific CD8" T cells bound higher frequencies of
EVs in vivo than activated nonspecific T cells. This is also sup-
ported by the superresolution microscopy data showing clear
colocalization of EVs with CDS8, which is part of the TCR
complex. Furthermore, EVs carry CD86 and CD54 and could
engage costimulatory molecules and therefore facilitate EV
binding by all activated CD8" T cells, independently of TCR
specificity.

The continuous stimulation of T cells and NFAT activation by
EVs might lead to T cell exhaustion in certain settings. Indeed,
NFAT has been shown to induce exhaustion in CD8" T cells,
when not complexed with the transcription factor AP-1 (62).
Indeed, the MAP kinase pathway is sensitive to tuning by persis-
tent Ag and overexpression of its target c-Jun makes CAR-T cell
products more resistant to exhaustion (63—-65) Such unbalanced
TCR signaling is unlikely to happen during an acute viral infection
like LCMV,,,,,, as we have observed a rapid drop of EV binding
after viral clearance. However, it is conceivable that EVs could
contribute to T cell exhaustion in other settings, such as chronic
viral infections and cancer. There is considerable evidence that
specifically tumor-derived exosomal EVs carry PD-L1 on their
surfaces and can thereby suppress both activation and proliferation
of CD8" T cells in an Ag-independent way (66-73). As PD-1
signaling attenuates T cell activation by interfering with TCR/
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MHC and CD28/CD86 signaling pathways, tumor-derived
PD-L1" EVs also inhibited PD-1* CD8" T cells with other TCR
specificity than for tumors (66). Therefore, it is unlikely that the
TCR needs to receive direct signals from MHC on tumor-derived
EVs in this setting.

In marked contrast, we show that APC-derived exosomal EVs
influence T cell function and differentiation during antiviral
immune responses by directly engaging the TCR. The extent to
which costimulatory pathways are necessary for these positive effects
is unknown, however CD28 and ICOS induce sustained PI3K
activity, leading to the upregulation of NFAT¢1 transcription (74).
But it is unclear, whether costimulatory molecules alone have the
potential to increase nuclear NFATc1 translocation, as unique,
TCR-independent roles for CD28 have been challenging to dissect
(75). It has been shown that CD28 signals alone can inhibit the
kinase GSK3p, which promotes NFAT export from the nucleus
(76,77), causing trapping of NFAT in the nucleus. Potentially, such
NFAT-trapping may cause slight effects on NFATc1 translocation,
as we have observed in nonspecific EV' T cells in LCM V-infected
mice.

NFATc]1 positively regulates cell proliferation and represses cell
death (78), and EV* CD8" T cells showed upregulation of corre-
sponding gene clusters II (preparation for cell cycle) and III (cell
cycle and division), linking NFAT ¢ translocation to gene expression
of EV" CD8" T cells. Among known genes regulated by NFATcI,
we found upregulation of Egr2, Ifng, Irf4, Tnf, and Nr4al in EV*
CD8" T cells. Especially the effector cytokines IFN-y and TNF-a
are NFAT ¢l dependent (79). CD8" Ty, cells are central to fight viral
infection by cytotoxic lysis of infected cells (80). In addition, non-
cytocidal effector mechanisms mediated by CD8" T cell-derived
IFN-y and TNF-a critically contribute to viral clearance of LCMV
and other viruses (81-86). Therefore, a potential boost of such effec-
tor cytokine gene expression in EV' CD8" T cells suggests an addi-
tional, previously unrecognized EV/exosome-mediated adjuvant

effect for Ag-specific effector CD8" T cells.

Materials and Methods

Mice. All mice were housed and bred under specific pathogen-free conditions
at the Core Facility Animal Models of the Biomedical Center of the Ludwig-
Maximilians-University, Munich. All protocols were approved by the Government
of Oberbayern. Age and sex-matched mice of both sexes were used at 6 to 12 wk
of age. C57BL/6NRj mice were bred in-house or purchased from Janvier (strain
C57BL/6),P14/CD90.1 (B6-Tg (TcrLCMV)327Sdz-Thy1°) mice express a transgenic
Va2/Vh8.1TCR that s specific for specific for the LCMVgp33-41 peptide, presented
by H- 20" (36LCMV). OT-I/CD45.1 and OT-1/CD90.1 (B6- -Tg (TeraTerb)1100Mijb-
ptprc®) express a transgbemc Vo2/VB5 TCR recognizing the OVA peptide SIINFEKL
(OVA257-264) by H-2K” (37).To reduce the number of mice needed for this study
and to apply the 3R prmmples OT-l mice used were either CD45.1°CD90.1”
(Fig. 2) or CD45.17CD90.1* (Fig. 4). H-2K°™ " mice carrying a mutant H-2K allele
areincapable of presenting the OVA,s, 54, peptide (51). To keep animal numbers
ataminimum and to determine the optimal sample size, the software G*Power
(87) was used.

Antibodies/Reagents. See S/ Appendix, Table S1.

LcMV. Mice were infected with 2 x 10° p.f.u. LMV Armstrong intraperitoneally.
Virus was propagated in L929 cells. Viral titers were determined by focus-forming
assays on Vero cells followed as described previously (88).

Preparation of Single-Cell Suspensions. Single-cell suspensions of the spleen
were prepared by meshing the organs through a nylon mesh followed by eryth-
rocyte lysis or by centrifugation of cells through Pancoll (PAN Biotech). For NFAT
translocation experiments, cells were immediately fixed after organ removal by
preparing the single-cell suspension using ice-cold FACS buffer (PBS+2% FCS)
and 4% PFA mixed 1:1 as described previously (65).

PNAS 2023 Vol.120 No.16 2210047120

Serum EV Isolation. Serum samples were diluted with PBS + Protease inhibitors
(Complete tablets, EDTA-free, Roche). After centrifugation (1,500 g and 10,000 g,
107, RT), serum was loaded onto qEV 35-nm columns (Izon Science) and the flow
through was collected (500 pL fractions). Fractions 2 to 7 were pooled and concen-
trated to 300 L. Particle number and size distribution of serum EVs were deter-
mined by NTA using the ZetaView PMX110 instrument (ParticleMetrix). Eleven
positions were measured with three reading cycles. Preacquisition parameters
were sensitivity = 75, shutter speed = 50, frame rate = 30 fps, trace length =
15. Postacquisition parameters were minimum brightness = 20, pixels size =
5 t0 1,000. For ImageStream analysis serum, EVs were stained with mC1 for 1
h at RT followed by the addition of 5% (v/v) NP-40 to detergent controls or the
corresponding volume of filtered PBS. Prior to analysis, EV samples were fixed
with 2% (v/v)filtered PFA. All data were acquired at 60 x magpnification at low flow
rate and with the removed beads option deactivated, as described previously (89).

Adoptive Transfer. For adoptive transfer of OT-l and P14 CD8" T cells, single-cell
suspensions of the spleen were prepared. Non-CD8" T cells were removed using
the CD8 T cell negative selection isolation kit (Miltenyi Biotech). Isolated CD8*
Tcells were activated in vitro for 2 d using 10 pg/mLanti-CD3 and anti-CD28 mAbs
coated 96-well plates (Sarstedt) and then 3.0 to 3.5 x 10° cells were adoptively
transferred into recipient mice and analyzed 3 d later (90).

Flow Cytometry/IFC/FACS Sort. First, 1 x 10%and 5 x 10° cells were stained
for flow cytometry of IFC, respectively, with appropriate antibody mixes (20 min
on ice) and analyzed on a FACSCanto (BD Biosciences) or an ImageStream MKII
imaging flow cytometer (Luminex). For digitally sorting PS™ cells into apoptotic
and EV* subsets, a CAE was used as described in ref. 27.

For sorting PS* CD8" T cells for dSTORM microscopy, mice injected with 50
pg C1-SA-AF647 to stain PS in vivo. For C1-SA-AF647 conjugation, C1 monomers
(Apo-Monomer, Cat. #480157, Biolegend) were mixed with Streptavidin-AF647 in
a 1:5ratio. Mice were killed 1 h after the injections. Spleens were removed and sur-
face staining with CD8-CF488 and CD9-CF586 (antibodies were labeled in-house
with dSTORM compatible dyes using Mix-n-Stain™ CF™488 and CF™568 kits
according to the manufacturer's instructions) was performed on splenocytes. To
exclude unwanted and dead cells, LIVE/DEAD™ violet, CD11c-BV421, IgM-BV421,
and CD4-BV421 were added to the dump channel. After fixation with 4% PFA
(20 min), cells were sorted on a FACSArialll cell sorter (BD Biosciences) using a
130-pm nozzle and low flow rate to minimize shearing forces resulting in EV loss.

For sorting PS* CD8" T cells for RNAseq analysis, spleens from mice injected
with 100 pg MFG-E8-eGFP were stained with LIVE/DEAD™ violet anti-CD8
PE-Cy7, anti-CD44 APC/Fire750, and anti-CD62L PE mAbs. Cells were sorted on
a FACSArialll cell sorter (BD Biosciences) using a 130-um nozzle. After sorting
cells were lysed in Trizol.

dSTORM Superresolution Microscopy. For dSTORM, sorted and labeled cells
(see section Flow cytometry/IFC/FACS sort) were immobilized on 0.1% (w/v)
poly-L-lysine (P8920, Sigma-Aldrich)-coated 76 x 26 mm slides (03-0001,
Langenbrinck) with a 22 x 22 mm 1.5H cover glass (80-2222/5, Marienfeld).
Freshly prepared BCubed STORM-imaging buffer (ONI, Oxford Nanoimaging) was
added prior toimage acquisition on a temperature-controlled Nanoimager S Mark
Il microscope from ONI. Images were taken in dSTORM mode acquired sequen-
tially using the total reflection fluorescence (TIRF)illumination (calculated evanes-
cent field penetration depth was >200 nm). Before imaging, channel mapping
was calibrated using 0.1 um TetraSpeck beads (17279, Thermo Fisher Scientific).
Superresolution images were filtered using the NimOS software (v.1.18.3, ONI)
and data have been further processed with the Collaborative Discovery (CODI)
online analysis platform from ONI.

RNAseq. RNAfrom sorted cells was isolated by Vertis Biotechnology AG (Freising,
Germany) with Monarch RNA Cleanup Kit (New England Biolabs). First-strand
cDNAwas synthesized using an oligo(dT)-adapter primerand M-MLV reverse tran-
scriptase. The lllumina TruSeq sequencing adapter was ligated and the cDNAwas
PCR amplified to about 10 to 20 ng/uL using a high-fidelity DNA polymerase
followed by cDNA purification. Samples were pooled in approximately equimolar
amounts. The cDNA pool in the size range of 300 to 400 bp was eluted from an
agarose gel and sequenced in four runs on an Illumina NextSeq 500 system
using 1 x 75 bp read length. Sequencing reads were aligned to the mouse
reference genome (version GRCm38.99) with STAR (version 2.6.1d). Expression
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values (TPM) were calculated with the software package RSEM (version 1.3.0).
Post-processing was performed in R/bioconductor (version 4.0.0) using default
parameters if notindicated otherwise. Differential gene expression analysis was
performed with "DEseq2"” (version 1.26.0). An adjusted Pvalue (FDR) of less than
0.1 was used to classify significantly changed expression. GSEA were conducted
with "clusterProfiler” (version 3.18.1) on the statistic reported by DEseq2. Data
are available at Gene Expression Omnibus GSE201507.

Production of BMDC-derived EVs. Bone marrow cells from femur and tibia were
seeded ata density of 1 x 10%/mLin RPMI 1640 Glutamax (Fisher Scientific) medium
with 10% EV-free FCS, 1% penicillin/streptomycin, 20 ng/mL GM-CSF (produced
in-house, centrifuged at 100,000 g at 4 °C for 18 h to remove EVs), and 0.05 mM
2-mercaptoethanol. EV-free FCS was produced as described (91). In short, FCS was
diluted 1:1 with pure RPMI and centrifuged at 100,000 g at 4 °Cfor 18 h.The super-
natant was filtered (0.2 um and stored at —20 °C).

After 6 d, adherend cells were stimulated with 30 ng/mL LPS (Sigma-Aldrich)
and 2 ug/mLSIINFEKL peptide (NeoBiotech) for 72 h.Then, the supernatant from
activated BMDCs was collected (from approximately 70 T175 bottles per experi-
ment), debris was removed (2,000 g, 20 min), filtered (0.2 pum), and centrifuged
[90 min, 100,000 g, 4 °Cusing a type 45Ti fixed-angle rotor (Beckman Coulter)].
EV-containing pellet was resuspended in PBS containing protease inhibitors
(Complete tablets, EDTA-free, Roche), pooled, and concentrated using Amicon
spin columns. For PKH26 labeling, Diluent C and PKH26 were incubated for 5
min. Staining was stopped by adding 2 mL of sterile-filtered 1% BSA. Excess dye
was removed using Amicon spin columns. After washing, labeled EVs were mixed
with iodixanol (Optiprep) (60%) and layered onto the bottom of ultraclear centri-
fuge tubes (Beckman Coulter; Cat no 344062). Another layer of 30% iodixanol
diluted in PBS was placed on top, followed by a final layer consisting of filtered
PBS. The discontinuous density gradient was then centrifuged for 160,000 g at
4°Cfor 18 hinan SW 55Ti swinging-bucket rotor (Beckman Coulter).
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