
   

 

 

Aus dem Institut für Immunologie im Biomedizinischen Centrum 

Institut der Ludwig-Maximilians-Universität München 

Vorstand: Prof. Dr. rer. nat. Thomas Brocker 

 

 
 

Analysis of phosphatidylserine-positive CD8+ T cells 
during viral infections 

 

Dissertation 
zum Erwerb des Doktorgrades der Naturwissenschaften  

an der Medizinischen Fakultät der 

 Ludwig-Maximilians-Universität München 

 

 

 

 

vorgelegt von  

Lisa Rausch 
aus Ludwigsburg 

 

 2021 

 



   

 

Mit Genehmigung der Medizinischen Fakultät 

der Universität München 

 

 

 

 

 

 

 

 

 

 

 

Betreuer: Prof. Dr. Thomas Brocker 

  

Zweitgutachterin: Prof. Dr. Carolin Daniel 

  
  

 

Dekan: Prof. Dr. med. Thomas Gudermann 

 
Tag der mündlichen Prüfung: 

 

 
20. Juni 2022 

 

  



   

 

Eidesstattliche Versicherung 

 

 

Lisa Rausch 
Name, Vorname 
 

Ich erkläre hiermit an Eides statt, dass ich die vorliegende Dissertation mit dem Titel:  

 

Analysis of phosphatidylserine-positive CD8+ T cells during viral infections 

 

selbständig verfasst, mich außer der angegebenen keiner weiteren Hilfsmittel bedient und alle 

Erkenntnisse, die aus dem Schrifttum ganz oder annähernd übernommen sind, als solche 

kenntlich gemacht und nach ihrer Herkunft unter Bezeichnung der Fundstelle einzeln 

nachgewiesen habe. 

 

Ich erkläre des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder in ähnlicher 

Form bei einer anderen Stelle zur Erlangung eines akademischen Grades eingereicht wurde. 

 

 

Melbourne, 20.6.22 Lisa Rausch 

Ort, Datum                 Unterschrift Doktorandin  

 

 

 

 

 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work contains work presented in the following publication:  

Kranich, J., N.-K. Chlis, L. Rausch, A. Latha, M. Schifferer, T. Kurz, A. Foltyn-Arfa Kia, M. Simons, 
F.J. Theis, and T. Brocker, In vivo identification of apoptotic and extracellular vesicle-bound live 
cells using image-based deep learning. Journal of Extracellular Vesicles, 2020. 9(1): p. 
1792683-1792683. 



  TABLE OF CONTENTS 

 I 

Table of Contents 

TABLE OF CONTENTS I 

LIST OF FIGURES IV 

ABBREVIATIONS VI 

1 ABSTRACT 1 

2 ZUSAMMENFASSUNG 2 

3 INTRODUCTION 3 

3.1 The immune system 3 

3.2 Activation of CD8+ T cell by APCs 4 

3.3 Ca2+-Calcineurin-NFAT signalling in CD8+ T cells 5 

3.4 CD8+ T-cell memory differentiation during acute infection 6 

3.5 The LCMV infection model 8 

3.6 Characteristics of apoptotic cell death 10 

3.7 Apoptosis during infection 13 

3.8 Extracellular vesicles 13 

3.9 Biogenesis of exosomes and MVs 14 

3.10 Isolation and analysis of EVs 16 

3.11 EVs as biomarkers 17 

3.12 Interaction of EVs with target cells 18 

3.13 Regulation of T cells responses by EVs 19 

3.14 DC-derived EVs in clinical trials 20 

3.15 Detection of PS+EV and apoptotic cells by MFG-E8 21 

4 AIMS OF THE THESIS 24 

5 MATERIAL AND METHODS 25 

5.1 Materials 25 

5.1.1 Staining reagents 25 



  TABLE OF CONTENTS 

 II 

5.1.2 Chemicals and Consumables 27 
5.1.3 Devices 29 
5.1.4 Media and Buffers 30 

5.2 Mouse strains and human samples 31 

5.2.1 Mouse strains 31 
5.2.2 Human Studies 32 

5.3 Biochemical methods 32 

5.3.1 Production of murine MFG-E8-eGFP from stably transfected HEK cells 32 
5.3.2 Purification of mMFG-E8-eGFP/mCherry 32 
5.3.3 Genotyping NR4 mice 33 
5.3.4 Agarose gel electrophoresis 34 
5.3.5 Proteome analysis 34 

5.4 Immunological methods 35 

5.4.1 Preparation of single cell suspension 35 
5.4.2 Preparation of single cell suspension for the analysis of nuclear NFATc1 translocation 35 
5.4.3 Purification of peripheral mononuclear blood cells from murine blood 36 
5.4.4 Preparation of human blood samples 36 
5.4.5 Magnetic cell sorting 36 
5.4.6 Staining of cells with fluorescent reagent for flow cytometry 36 
5.4.7 In vitro stimulation and adoptive transfer 37 
5.4.8 Sorting of MFG-E8-eGFP+ splenocytes and TEM analysis 37 
5.4.9 Virus production 38 
5.4.10 Quantification of LCMV by plaque forming unit assay 38 

5.5 Data analysis 39 

5.5.1 Analysis of apoptotic and EV+ cells using the CAE-RF and IDEAS 39 
5.5.2 Co-localisation analysis 39 
5.5.3 Statistics 40 

6 RESULTS 41 

6.1 MFG-E8-eGFP detects apoptotic and PS+EV-decorated cells in vivo 41 

6.2 EV-decoration of splenocytes is strongly induced upon LCMV infection 43 

6.3 EVs preferentially associate with Ag-experienced CD8+ T cells during LCMV-infection 47 

6.4 Memory precursor cells preferentially bind EVs during LCMV infection 54 

6.5 EVs attached to activated effector CD8+ T cells originate from APCs 58 

6.6 MFG-E8+CD8+ T cells display increased levels of nuclear NFATc1 62 

6.7 No increased Nur77-eGFP expression in EV+CD44+CD8+ T cells 66 



   

 III 

6.8 Proteomic analysis reveals differences in protein expression between MFG-E8+ and 

MFG-E8-CD8+ T cells 66 

6.9 EV-decoration of human CD8+ T cells increases following vaccination 70 

7 DISCUSSION 77 

7.1 Analysis of apoptotic cells in vivo 77 

7.2 EV-T cell interactions in vivo 78 

7.3 The preferential binding of EVs to activated CD8+ T cells 80 

7.4 Increased nuclear NFATc1 levels in EV-decorated CD8+ T cells 82 

7.5 EVs and CD8+ T cell memory development 86 

7.6 EVs as biomarkers for T cell activation? 87 

8 CONCLUSIONS 89 

9 REFERENCES 90 

10 ACKNOWLEDGEMENTS 111 

 

 
  



  LIST OF FIGURES 

 IV 

List of figures  

Figure 1: The regulation of NFAT activity. 6 

Figure 2: Molecular mechanisms of PS exposure during apoptosis. 11 

Figure 3: Biogenesis of exosomes and microvesicles. 16 

Figure 4: MFG-E8-eGFP detects apoptotic and EV-decorated cells in vivo. 42 

Figure 5: Transmission electron microscopy reveals the binding of EVs to leukocytes. 43 

Figure 6: Analysis of EV+ and apoptotic cells during LCMV-infection by a CAE-RF. 45 

Figure 7: Analysis of EV-decoration and apoptosis of B cell subsets during LCMV infection. 46 

Figure 8: EV-decoration and apoptosis of DCs increase during LCMV infection. 46 

Figure 9: The frequency of EV-decorated T cells significantly increases during LCMV infection. 47 

Figure 10: Effector CD8+ T cells strongly bind EVs during LCMV infection. 49 

Figure 11: EV-decoration and apoptosis of CD8+ T cells are transient. 50 

Figure 12: EVs bind to LCMV-specific effector CD8+ T cells. 51 

Figure 13: Effector CD4+ T cells display increased EV-decoration during LCMV infection. 52 

Figure 14: Increased frequencies of EV+CD8+ T cells in the blood of LCMV-infected mice. 54 

Figure 15: EVs preferentially associate with CD127+CD8+ T cells throughout LCMV infection. 55 

Figure 16: MFG-E8+CD44+CD8+ T cells display lower T-bet expression levels and nuclear translocation 
than MFG-E8-CD44+CD8+ T cells. 57 

Figure 17: MFG-E8+CD44+CD8+ T cells show a higher Bcl-2/Bim ratio compared to MFG-E8-CD8+ T cells.
 58 

Figure 18: EVs attached to activated CD8+ T cells carry APC markers. 60 

Figure 19: Substantial co-localisation of MFG-E8 and APC/EV markers on EV+ TE CD8+ T cells. 61 

Figure 20: Increased nuclear translocation of NFATc1 in MFG-E8+CD44+CD8+ T cells. 64 

Figure 21: Ag-specific and non-specific MFG-E8+CD44+CD8+ T cells display more nuclear NFATc1 than 
their MFG-E8- counterparts. 65 

Figure 22: Comparable expression levels of the Nur77 transgenic reporter in MFG-E8+ and MFG-E8-

CD44+CD8+ T cells in LCMV-infected mice. 66 

Figure 23: MFG-E8+CD8+ T cells show a high abundance of proteins driving proliferation and protein 
synthesis. 68 



  ABBREVIATIONS 

 V 

Figure 24: EV+CD8+ T cells display an increased expression of CD137 compared to MFG-E8- effector 
CD8+ T cells. 70 

Figure 25: EV-decoration of human CD8+ T cells increases following yellow fever vaccination. 72 

Figure 26: Human CD4+ T cells become EV-decorated following yellow fever vaccination. 74 

Figure 27: Human CD8+ and CD4+ T cells bind EVs following influenza vaccination. 76 



  ABBREVIATIONS 

 VI 

 Abbreviations  
Ab antibody 
AF autofluorescence 
Ag antigen 
APC antigen-presenting cell 
BCL-2 B cell lymphoma 2 
BDS score Bright Detail Similarity Score 
BF bright field 
BSA bovine serum albumin 
CAE-RF convolutional autoencoder followed by a random 

forest classifier 
CD cluster of differentiation 
CTL cytotoxic T lymphocyte 
DCs  dendritic cells 
Eomes eomesodermin 
ESCRT endosomal sorting complexes required for transport 
EVs extracellular vesicles 
FCS fetal calf serum 
FDC follicular dendritic cell 
GC germinal centre 
GSK3 glycogen synthase kinase 3 
i.v. intravenously 
IFC Imaging flow cytometry 
IFN-γ interferon-γ 
KLRG1 killer cell lectin-like receptor subfamily G member1  
LCMV lymphocytic choreomeningitis Virus 
LFA-1 lymphocyte function-associated antigen-1 
MFG-E8 milk fat globule-EGF factor 8 
MFI median fluorescence intensity 
MFI mean fluorescence intensity 
MPEC memory precursor effector cell 
MS mass spectrometry 
MVE multivesicular endosome 
MVs microvesicle 
NFAT nuclear factor of T cell activation 
NK cells natural killer cells 
p.i. post-infection 
pMHC peptide-loaded major histocompatibility complex 
PS phosphatidylserine 
SLEC short-lived effector cell 
SS Similarity Score 
TCR T cell receptor 
TEM transmission electron microscopy 

 



  ABSTRACT 

 1 

1 Abstract  
Apoptosis, the programmed cell death, is a central part of every immune response. Apoptotic 

host cell death occurs in response to pathogen infection, during lymphocyte-mediated cytolysis 

or T cell contraction following pathogen clearance. The presence of phosphatidylserine (PS) on 

the outer leaflet of the plasma membrane is a classic feature of apoptosis. In addition, 

extracellular vesicles (EVs) exhibit PS on their surface. EVs are a heterogeneous population of 

lipid bilayer-enclosed particles secreted into the extracellular space and are considered to 

modulate immune and T cell responses during infection and cancer.  

However, the in situ detection of apoptotic and EV-bound cells, the properties of naturally 

produced EVs and their contribution to the regulation of T cell immunity in vivo is unknown. 

Here, upon intravenous injection of the PS-binding reporter molecule Milk fat globule-EGF 

factor 8 (MFG-E8)-eGFP followed by deep learning-based image analysis, we could reliably 

visualise and quantify apoptotic and EV-decorated cells in vivo during acute LCMV infection. 

Unexpectedly, we detected only low frequencies of apoptotic CD8+ T cells but a significant 

fraction, preferentially effector CD8+ T cells, associated with free PS+ EVs in LCMV-infected mice 

and human vaccinees. CD8+ T cell-associated EVs are of antigen-presenting cell (APC) origin. 

They carry MHC-II and costimulatory molecules, and their binding to T cells correlated with 

increased T cell receptor signalling and an activated phenotype. At later time points of 

infection, particularly cells displaying characteristics of memory precursor cells were EV+.  

Our results propose that APC-derived EVs signal an ongoing infection. Therefore, EVs may 

represent a mechanism to continuously stimulate primed CD8+ T cells and keep them in an 

activated state to support virus elimination. Furthermore, EVs potentially influence the effector 

CD8+ T cell fate during the contraction phase. Hence, we suggest that free APC-derived EVs 

contribute to the regulation of antiviral T cell responses in vivo.  

This study contributes to a better understanding of naturally occurring EVs, their characteristics 

and complex roles during acute infections. The in vivo analysis of EV-T cell interactions may 

support the development of EV-based therapies for infectious diseases and cancer and may 

provide new insights into the potential use of EVs as biomarkers.   
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2 Zusammenfassung 
Der programmierte Zelltod, auch Apoptose genannt, ist ein zentraler Bestandteil von 

Immunantworten. Apoptose von Zellen tritt während der Pathogeninfektion, der 

Lymphozyten-vermittelten Zytolyse oder während der Kontraktion der T Zellen am Ende einer 

Immunantwort auf. Die Exposition von Phosphatidylserin (PS) auf der Zelloberfläche ist ein 

charakteristisches Merkmal der Apoptose, allerdings weisen auch extrazelluläre Vesikel (EVs) 

PS auf ihrer Oberfläche auf. EVs sind eine heterogene von einer Lipid-Doppelschicht umgebene 

Strukturen, welche in den extrazellulären Raum sezerniert werden und möglicherweise die T-

Zell Immunantworten während Infektionen und Krebs regulieren. Allerdings wurde die in situ 

Detektion von apoptotischen und EV-gebunden Zellen, die Eigenschaften von natürlich 

produzierten EVs und ihr Beitrag zu der Regulierung der Immunität in vivo noch nicht 

beschrieben. Durch die intravenöse Injektion des PS-bindenden Reportermoleküls milk fat 

globule-EGF factor 8(MFG-E8)-eGFP und einer auf deep learning basierenden Bildanalyse, 

konnten wir apoptotische und EV-gebundene Zellen zuverlässig in vivo während akuter 

Infektionen visualisieren und quantifizieren. Unerwarteter Weise entdeckten wir nur einen 

geringen Prozentsatz an apoptotischen CD8+ T Zellen aber ein großer Teil der Zellen, 

präferenziell Effektor CD8+ T Zellen, waren mit freien PS+ EVs in LCMV-infizierten Mäusen und 

Gelbfieber-Virus-Vakzine geimpften Probanden assoziiert. Diese EVs stammen von Antigen-

präsentieren Zellen (APCs) ab, tragen MHC-II und kostimulatorische Moleküle und ihre Bindung 

an CD8+ T Zellen korrelierte mit einer erhöhten T Zellrezeptor-vermittelten Signaltransduktion 

und einem aktivierten Phänotyp. Zu späteren Zeitpunkten der Infektion sind vor allem Zellen, 

welche Charakteristika von Vorläufern von Gedächtniszellen aufweisen mit EVs dekoriert. 

Unsere Ergebnisse zeigen, dass EVs eine aktuelle Infektion indizieren und einen von APCs 

verwendeten Mechanismus darstellen könnten, um bereits aktivierte CD8+ T Zellen 

kontinuierlich zu stimulieren und diese dadurch bis zum Ende der Immunantwort in einem 

aktivierten Zustand zu halten. Zusätzlich könnten EVs das Schicksal von Effektor CD8+ T Zellen 

während der Kontraktionsphase beeinflussen und daher zur Regulierung von anti-viralen T 

Zellantworten in vivo beitragen.  

Diese Arbeit trägt zu einem besseren Verständnis der Eigenschaften und der möglichen Rolle 

von natürlichen EVs während akuten Infektionen bei. Die in vivo Analyse von EV-T Zell 

Interaktionen könnte die Entwicklung von auf EV-basierenden Therapien gegen 

Infektionskrankheiten und Krebs unterstützen und neue Erkenntnisse über den potentiellen 

Einsatz von EVs als Biomarker liefern.  
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3 Introduction 

3.1 The immune system 

Our body encounters millions of potential pathogens, which rarely cause disease. The ability to 

avoid infections relies on our immune system, which evolved a variety of defence mechanisms 

to eliminate invading pathogens.  

The vertebrate immune system comprises two arms, the innate and the adaptive immune 

system. Pathogens that succeed to cross the physical barriers of the innate immune system, 

such as epithelia and mucus, are immediately attacked by antimicrobial peptides and proteins 

of the complement system as a first defence mechanism. Additionally, innate immune cells, 

including phagocytic macrophages, dendritic cells (DCs) and natural killer (NK) cells, are 

activated that directly kill and engulf pathogens. These cells recognise molecular structures 

present on microbes by a limited number of germ-line encoded receptors, enabling the 

discrimination of self from non-self. However, when the innate immune response fails to 

eliminate invading pathogens, the adaptive immune system is required. Its activation crucially 

depends on professional antigen-presenting cells (APCs), such as DCs [1, 2].  

The adaptive immune system is composed of two types of highly specialised lymphocytes, the 

B and T cells. B cells originate from the bone marrow and differentiate into antibody-producing 

plasma cells upon activation. T cells, after their development in the thymus, either express the 

co-receptor CD4 or CD8 and differentiate into cells that regulate lymphocyte activation (CD4+ 

helper T cells) or kill infected and transformed cells, respectively (CD8+ cytotoxic T lymphocytes 

(CTLs)). Unlike receptors of the innate immune system, the antigen-receptor of B (BCR) and T 

cells (TCR) are generated through the rearrangement of genomic DNA segments, and each B 

and T cell clone possesses a unique antigen specificity. The BCR and TCR are highly specific for 

and bind with high affinity to a particular antigen, enabling a more efficient clearance of the 

ongoing infection. Furthermore, in contrast to the innate immune system, lymphocytes can 

generate long-lasting immunological memory characterised by an immediate and enhanced 

response to repeated encounters with the same pathogen [3]. 
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3.2 Activation of CD8+ T cell by APCs 

CD8+ T cells play a crucial role in the protection against intracellular pathogens and transformed 

cells. T cell responses are initiated when a naïve T cell encounters its cognate antigen (Ag) in 

peripheral lymphoid organs [reviewed in 4, 5]. 

For its activation, a mature APC must provide at least two signals to naïve T cells. Signal 1 is Ag-

dependent and achieved by the binding of the TCR and the CD4/CD8 co-receptor to its specific 

Ag in the form of a peptide fragment loaded on a major histocompatibility complex (pMHC) on 

the surface of APCs. CD8+ T cells recognise pathogen-derived peptides presented by MHC class 

I molecules, while CD4+ T cells bind to pMHC class II. Signal 2 is provided by co-stimulatory 

receptors including CD80/CD86 and intracellular adhesion molecule 1 (ICAM-1) on APCs that 

interact with CD28 and lymphocyte function-associated antigen-1 (LFA-1) on T cells, 

respectively [reviewed in 6]. Co-stimulatory signals amplify signal 1, promoting T cell 

proliferation and survival [reviewed in 6, 7]. However, the absence of co-stimulatory signalling 

or the interaction with inhibitory receptors (including cytotoxic T-lymphocyte antigen-4 (CTLA-

4)) leads to T cell anergy and the termination of immune responses by restricting T cell 

activation, proliferation, and effector differentiation [reviewed in 8, 9]. 

Besides TCR and co-stimulatory signals, cytokines such as Interleukin-12 (IL-12) or Type I 

interferons (IFNs) drive proliferation, effector functions and survival of CD8+ T cells, 

representing signal 3 of the T cell activation program [10-12].  

Once all three signals are delivered, APC-T cell interactions continue for around a day, during 

which naïve CD8+ T cells undergo clonal expansion and differentiate into potent killer cells of 

identical antigen specificity [13, 14]. 

The transition from naïve to effector CD8+ T cells is associated with drastic changes in the 

overall gene expression profile and crucially depends on transcription factors that regulate the 

expression of effector functions [reviewed in 15, 16]. TCR and IL-12 receptor signalling induce 

an early expression of the T-box transcription factor T-bet that, together with eomesodermin 

(Eomes), is essential to produce antiviral IFN-g and cytotoxic molecules, such as granzyme B 

and perforin [17, 18]. Furthermore, during effector differentiation, T cells lose the expression 

of the lymphoid homing molecules CD62L and C-C chemokine receptor type 7 (CCR7) [19, 20]. 

However, effector CD8+ T cells display increased levels of the adhesion molecules CD44 and 

activated LFA-1, enabling their migration into infected or transformed tissues, where they kill 

pMHC-bearing target cells by cytolysis [19-22].  
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3.3 Ca2+-Calcineurin-NFAT signalling in CD8+ T cells 

Another essential transcription factor activated within 3 min after TCR, and co-stimulatory 

signalling is the nuclear factor of T cell activation (NFAT) [23]. The NFAT family comprises five 

members: NFATc1 (NFAT2), NFATc2 (NFAT1), NFATc3 (NFAT4), NFATc4 (NFAT3) and NFAT5 

[reviewed in 24]. All NFAT proteins have highly conserved DNA-binding domains, while only 

four of them translocate to the nucleus upon Ca2+-induced dephosphorylation [25-27]. NFATc1-

3 and NFAT5 are expressed in T cells, where they play essential roles in regulating T cell 

development, activation and effector functions [reviewed in 27]. Notably, NFATc1 has recently 

been demonstrated to be crucial for the cytotoxicity of CD8+ T cells against tumour cells and 

during infection [28].  

NFAT proteins are activated by signalling pathways triggered following TCR engagement 

[reviewed in 29, 30]. Briefly, TCR stimulation results in the activation of receptor-associated 

tyrosine-kinases that, in turn, phosphorylate and activate phospholipase C-g (PLC-g) (Fig. 1). 

Activated PLC-g cleaves the membrane protein phosphatidylinositol-4,5-bisphosphate to 

generate the second messengers, inositol-1,4,5-triphosphate (InsP3) and diacylglycerol (DAG). 

The binding of InsP3 to its receptor in the endoplasmatic reticulum (ER) causes the release of 

Ca2+ into the cytosol. Decreased Ca2+ concentrations in the ER induce the opening of Ca2+-

release-activated Ca2+ (CRAC) channels in the plasma membrane, resulting in Ca2+-influx, 

further elevating intracellular Ca2+ levels. Cytoplasmic Ca2+ then forms a complex with 

calmodulin, which binds to and activates the calmodulin-dependent phosphatase calcineurin. 

Calcineurin dephosphorylates NFAT, unmasking its nuclear-localisation signal (NLS) and 

inducing nuclear translocation. Nuclear NFAT interacts with various transcription factors, 

including activator protein 1 (AP1), activated upon TCR and co-stimulatory receptor ligation, to 

regulate gene expression [reviewed in 27, 29]. Nuclear NFAT proteins control cell-cycle 

progression and induce the expression of cytokines and effector molecules, including granzyme 

B, T-bet, IFN-g, tumor necrosis factor (TNF) [28, 31-33].  

When TCR signalling is terminated, and calcineurin activity decreases, NFAT-mediated 

transcription is rapidly inhibited by kinases such as glycogen-synthase kinase 3 (GSK3) [23, 34, 

35].  Activated GSK3 rephosphorylates nuclear NFAT, thereby promoting its export back to the 

cytosol [34, 35]. However, the transcriptional activity can also be extended, e.g. by co-

stimulatory signals [reviewed in 27, 36]. CD28 signalling activates Akt, which negatively 

regulates GSK3, preventing dephosphorylation and the export of nuclear NFAT [36, 37].  
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Together, NFAT proteins integrate multiple signalling pathways that tightly regulate their 

activity, thereby controlling T cell function [reviewed in 27]. 

 

Figure 1: The regulation of NFAT activity. 
TCR signalling induces the activation and phosphorylation of PLC-g, which generates InsP3 and 
DAG. InsP3 triggers the release of Ca2+ from the ER to the cytosol. Increased Ca2+ levels, in turn, 
result in the opening of CRAC channels in the plasma membrane, maintaining high intracellular 
Ca2+ concentrations. Cytoplasmic Ca2+ binds to calmodulin which activates calcineurin. 
Activated calcineurin dephosphorylates NFAT resulting in the exposure of the NLS and its 
translocation to the nucleus. In the nucleus, NFAT associates with several transcription factors, 
for example, AP1, to induce the expression of effector genes. These transcription factors are 
activated upon TCR and co-stimulatory receptor signalling, including the RAS-mitogen-
activated protein kinase (MAPK) pathway or protein kinase C pathway. NFAT activity is 
negatively regulated by kinases such as GSK3, which rephosphorylates nuclear NFAT, causing 
its return to the cytosol. The kinase Akt, which is activated upon CD28 ligation, inhibits the GSK3 
activity. The figure is modified from [27]. 

3.4 CD8+ T-cell memory differentiation during acute infection 

The CD8+ T-cell immune response has at least two important outcomes. The first outcome is 

the generation of a large number of cytotoxic T cells that eliminate invading pathogens. The 

second is the generation of long-lived memory cells that protect against repetitive encounters 

with the same pathogen. A typical T cell response to an acute infection encompasses three 
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different phases [reviewed in 38]. Upon infection, naïve Ag-specific CD8+ T cells are activated 

and massively expand to give rise to CTLs that kill infected cells during the effector phase 

[reviewed in 7, 39]. After pathogen clearance, a contraction phase occurs, during which most 

Ag-specific effector CD8+ T cells die via apoptosis. A small fraction (usually 5-10 %) survives and 

develops into protective, long-lasting memory CD8+ T cells [reviewed in 15]. In the memory 

phase, surviving cells progressively acquire several memory characteristics, such as 

accelerated, more robust immune responses to secondary exposure with the same pathogen. 

Furthermore, in addition to lymphoid organs, memory cells reside in non-lymphoid and 

mucosal tissues, where they are maintained in an Ag-independent, cytokine-dependent 

manner by homeostatic proliferation [reviewed in 15, 40].  

Kaech and Cui proposed that the differentiation of CD8+ T cells into either short-lived effector 

cells (SLECs) that display decreased proliferative capability and longevity or into surviving 

memory precursor cells (MPECs) that develop into cells of the memory pool is not arbitrary 

[reviewed in 15]. By receiving specific signals, some cells might be more suitable to form 

memory T cells than others [reviwed in 15]. Several studies demonstrated that a high 

expression of the IL-7 receptor subunit-a (CD127) and anti-apoptotic B cell lymphoma 2 (Bcl-

2) and a low expression of killer cell lectin-like receptor G1 (KLRG1) on effector CD8+ T cells is 

associated with their selective survival and a preferential differentiation into memory cells [15, 

41-44]. In contrast, SLECs, prone to die, display a low expression of CD127 and a higher 

expression of KLRG1 [41-43].  

However, the molecular mechanisms that control the SLEC or MPEC potential of effector CD8+ 

T cells are still incompletely understood. In a proposed “gradient model”, the transcriptional 

programs that determine the fate of effector CD8+ T cells are regulated by a graded expression 

and activity of several antagonistic pairs of transcription factors [reviewed in 15]. In turn, these 

transcriptional regulators are controlled by multiple signals such as TCR strength and duration, 

type of co-stimulation, inflammatory cytokines and mTOR signalling [reviewed in 15, 40]. T-bet 

expression correlates with TCR signal strength during acute infections and is amplified by IL-12 

signalling, while Eomes is induced by weak TCR signals and repressed by IL-12 [17, 42, 45]. 

Accordingly, a gradient of T-bet expression levels is established, which, by exceeding a certain 

molecular threshold, induces the differentiation into KLRG1hiCD127lo terminally differentiated 

CD8+ T cells [15, 42, 46]. In contrast, low T-bet expression and increased expression of Eomes 

prevent SLEC differentiation and promote cells to become part of the CD8+ T cell memory pool 

[17, 42, 45]. Together, the long-term fate of effector CD8+ T cells during acute infections is 
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coordinated by the expression levels of opposing sets of transcription factors that integrate 

multiple signals [reviewed in 15]. 

3.5 The LCMV infection model 

LCMV is one of the best-characterised model systems of viral infection. Several fundamental 

concepts of CD8+ T cell biology have been discovered by using LCMV as a model pathogen. The 

best example is the “MHC restriction”, for which Peter Doherty and Rolf Zinkernagel were 

awarded the Nobel Prize in 1996 [47, 48]. Further fundamental discoveries include the basic 

principles of immunological memory [41, 49, 50], immunopathology in disease [51-53] and T 

cell exhaustion [54-57].  

LCMV is an RNA virus belonging to the family of Arenaviridae and was isolated by Charles 

Armstrong from a monkey with acute lymphocytic choriomeningitis (LCMVArm) in 1933 [58, 59]. 

In its natural host, the mouse, LCMVArm induces an acute infection triggering a vigorous CTL 

response, which is critical for viral elimination around day 8 post-infection (p.i.) [60-62]. LCMV 

is a spherical enveloped virus between 60-300 nm in diameter. The genome of LCMV consists 

of two negative single-stranded segments [63]. The large segment (L) encodes an RNA-

dependent RNA polymerase and a small RING (really interesting new gene) finger motif protein 

[64]. The short (S) fragment encodes the structural proteins of the virus: the nucleoprotein (NP) 

and a precursor polypeptide, GP-C [65]. In infected cells, GP-C is post-translationally cleaved 

into the peripheral glycoprotein GP1 and the transmembrane glycoprotein GP2 [66].  

LCMV replicates in several tissues, including the spleen, liver, lung, lymph nodes and brain [67]. 

The main cellular receptor of LCMV is a-dystroglycan (a-DG), a widely expressed cell surface 

receptor, which is mainly found on CD11c+ and DEC-205+ DCs and macrophages [68-70]. The 

GP1 protein of LCMV mediates receptor binding, and only in the absence of CTLs, LCMV-

neutralising antibodies (nAb) are generated against GP1 one month after infection [71, 72]. 

However, CTL-depleted mice fail to clear LCMVArm infection and become persistently infected, 

demonstrating their crucial role in eliminating the virus [60, 62, 67]. Interestingly, while the 

anti-viral antibody response is greatly suppressed in the absence of CD4+ T cells, the induction 

of LCMV-specific CTL responses and the ability to resolve the infection is CD4+ T cell-

independent [67, 73].  

Notably, LCMV is a noncytopathic virus. The destruction of lymphoid organs and the hepatic 

damage observed during LCMV infection has been described to be induced by CD4+ and 
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cytotoxic CD8+ T cell responses that destroy virus-infected cells rather than by the virus itself 

[74, 75]. 

The number of Ag-specific CD8+ T cells during LCMV infection has long been underestimated 

due to the absence of methods that precisely measure specific T cell responses [76]. The 

development of fluorescently labelled tetrameric peptide/MHC-I molecules (MHC-I tetramers) 

or adoptive cell transfer of CD8+ T cells from LCMV-specific TCR transgenic mice (P14 mice), 

however, significantly improved the ability to analyse and quantify Ag-specific CTL responses 

[76-78]. By using either of these two methods, previous reports demonstrated that LCMV-

specific CD8+ T cell activation could be detected in the spleen within 3 days p.i. [78, 79]. At the 

peak of the immune response, which occurs 7-8 days after infection, the number of activated 

CD8+ T cells in the spleen increases more than 10-fold and around 70 % of all CD8+ T cells are 

LCMV-specific [78, 79]. In LCMV-infected C57BL/6 mice, virus-specific CD8+ T cells recognise at 

least 28 different MHC class I-associated LCMV peptides [80]. However, CD8+ T cells specific for 

the viral NP peptide (NP396-404 (33%)) and the GP peptide (GP33-41 (25%)), restricted by MHC 

class I alleles Db or Kb, dominate the CD8+ T cell immune response [78, 81]. 

Following the resolution of LCMVArm infection, the number of LCMV-specific CD8+ T cells 

decreases 10-20-fold by day 30 post-infection. Only 5-10 % of the activated CD8+ T cells present 

at the peak of the immune response develop into surviving memory CD8+ T cells that are stably 

maintained throughout the life of the mouse (> 1.5 years) [41, 49, 78]. These CD8+ T cells are 

CD127+ but express low levels of KLRG1. In contrast, the number of KLRG1hiCD127lo CD8+ T cells 

sharply decreased from day 8 to 30 and continuously decline afterwards with a t1/2 ~ 65-80 days 

[42].  

Interestingly, several studies demonstrate that memory precursor CD8+ T cells already exist in 

the CD8+ T cell effector population as early as 6-8 days post LCMV infection [41, 82]. However, 

at that time point, they have not fully acquired functional memory cell properties, such as 

homeostatic proliferation or rapid recall responses to Ag [82]. As demonstrated by transfer 

experiments, CD127hi cells gradually develop into functional long-lived memory cells when 

analysed 3-6 weeks after transfer [41].  

In contrast to CD8+ T cells, CD4+ T cell responses peak on day 10 p.i. with 20 % of total CD4+ T 

cells revealing virus specificity [49]. Although virus-specific CD4+ T cells display a prolonged 

contraction phase, 5-10 % of Ag-specific CD4+ T cells are stably maintained as memory pool 

[49].  
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Besides LCMVArm, many other strains have been isolated [reviewed in 83]. For example, LCMV 

Clone 13, a variant of the Armstrong strain, suppresses LCMV-specific CTL responses by 

inducing CD8+ T cell exhaustion resulting in viral persistence [84].  

3.6 Characteristics of apoptotic cell death 

Besides the activation and differentiation of immune cells, cell death is central to every immune 

response. During infection, host cell death occurs by pathogens that destroy infected cells, 

during the cytotoxic killing of target cells by immune cells or during T cell contraction following 

pathogen clearance [reviewed in 85, 86].  

Over the last few years, multiple forms and cell death pathways have been defined based on 

morphological, biochemical, and functional properties [reviewed in 87]. Each type of cell death 

is induced by certain stimuli and conducted through distinct, sometimes overlapping signalling 

pathways. 

Apoptosis, the programmed cell death, is an active, highly regulated, and controlled form of 

cell death that does not induce inflammatory responses [reviewed in 87, 88]. It is an 

evolutionarily conserved cell death pathway essential for the immune system and crucial for 

eukaryotic development, tissue homeostasis maintenance, and prevention of cancer. Several 

conserved morphological hallmarks characterise apoptotic cell death, such as cell shrinking, 

plasma membrane blebbing, nuclear condensation and fragmentation. These changes lead to 

the activation of cysteine-aspartic proteases, the caspases that degrade cellular components 

resulting in cell death [reviewed in 88].  

In mammals, two apoptosis pathways exist, the extrinsic and the intrinsic pathway. In short, 

the extrinsic pathway is activated by the binding of death molecules such as Fas ligand (FasL), 

TNF-a and TNF related apoptosis-inducing ligand (TRAIL) to their specific death receptors (Fas, 

TNFR1/2). Ligation results in receptor trimerisation, recruitment of adaptor proteins (such as 

FADD) and pro-caspase 8 to assemble the death-inducing signalling complex (DISC), where pro-

caspase 8 oligomerises and is cleaved into its active form, caspase 8 [reviewed in 88].  

The intrinsic pathway is regulated by the balance of pro- and anti-apoptotic proteins of the Bcl-

2 protein family. Cellular stress or damage results in the expression or cleavage and activation 

of pro-apoptotic Bcl-2 proteins (Bim, Bid) that directly or by antagonising anti-apoptotic Bcl-2 

or Bcl-XL, trigger Bcl-2 associated X protein (Bax) and/or Bcl-2 antagonist/killer (Bak) 

oligomerisation. The activation of Bax and Bak results in cytochrome c release from 

mitochondria. In the cytosol, cytochrome c interacts with apoptotic protease activating factor-
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Figure 2: Molecular mechanisms of PS exposure during apoptosis.  

1 (Apaf-1), resulting in caspase 9 activation. Caspase 8 and caspase 9 from both apoptosis 

pathways cleave and activate caspase 3 to execute apoptosis [reviewed in 88].  

Another central biochemical feature of apoptosis is the appearance of PS on the cell surface. 

The phospholipid PS is a component of eukaryotic cell membranes. In living cells, PS is 

predominantly confined to the inner leaflet by ATP-dependent flippases, whereas scamblases 

transport phospholipids between the leaflets in a non-specific and ATP- 

independent manner [89, 90]. However, in apoptotic cells, the inactivation of flippases and 

activation of scramblases by caspase 3 results in the translocation of PS to the outer leaflet of 

the plasma membrane [90-93].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
In healthy living cells, the ATP-dependent flippases ATP11A/11C and the chaperone CDC50A 
continuously translocates PS from the outer to the inner leaflet of the plasma membrane. The 
scramblase XKR8 is inactive. In apoptotic cells, activated caspase 3 cleaves and irreversibly 
inactivates ATP11A/11C at the caspase-recognition sites. At the same time, caspase 3 activates 
the scramblase XKR8 by cleaving its C-terminal tail. In its cut form, XKR8 dimerises with basigin 
(BSG) or neuroplastin (NPTN) to form a complex, which non-specifically and bi-directionally 
exchanges phospholipids between the two lipid bilayers, resulting in the exposure of PS on the 
cell surface. Figure from [88]. 
 
On the cell surface, PS serves as an “eat-me” signal for the recruitment and engulfment of dying 

cells by macrophages in a process known as efferocytosis [reviewed in 88, 94]. This process 
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prevents the release of intracellular components, thereby avoiding inflammation and the 

activation of immune responses [95, 96].  

PS exposure, however, is not a unique feature of apoptosis as other, non-apoptotic forms of 

cell death have been described to be associated with the translocation of PS to the outer leaflet 

of the plasma membrane [reviewed in 97].  

Necrotic cell death is characterised by cytoplasmic swelling, plasma membrane rupture and the 

uncontrolled release of the cells’ content into the extracellular environment, inducing 

inflammation and the activation of the immune system [reviewed in 98]. However, a 

programmed form of necrosis, called necroptosis, exists that is initiated by death receptors or 

pathogen recognition receptor pathways. These receptors induce the ubiquitinylation and 

activation of receptor-interacting serine/threonine-protein kinase 1 (RIPK1) [reviewed in 99]. 

Activated RIPK1 recruits RIPK3, which leads to their auto- and transphosphorylation and to the 

formation of a signalling complex, the necrosome. This complex phosphorylates the mixed 

lineage kinase domain-like (MLKL) protein, inducing its activation and oligomerisation. MLK 

trimers translocate to the plasma membrane, inducing plasma membrane rupture and 

consequently the release of immunostimulatory danger-associated molecular patterns 

(DAMPS).  

Interestingly, PS exposure occurred during TNF-a and IFN-γ-induced necroptosis before 

membrane rupture [100, 101]. However, PS+ necroptotic cells can be distinguished from PS+ 

apoptotic cell death by morphological features. Cell shrinking and membrane blebbing are 

induced during apoptosis, while cell swelling and the permeabilisation of the plasma membrane 

are associated with necroptosis [102]. 

Furthermore, PS is transiently exposed before pyroptosis-associated cell lysis [103]. Pyroptosis 

is induced upon proinflammatory stimuli (such as intracellular infections) and requires 

inflammasome-dependent caspase 1 activation, which regulates the secretion of 

proinflammatory cytokines [reviewed in 99]. However, other caspases such as caspase 3, 5 or 

caspase 11 have been shown to trigger pyroptosis. When inflammatory caspases are activated 

beyond a specific threshold, they cleave members of the gasdermin protein family, such as 

gasdermin D (GSDMD), which in turn translocates to the plasma membrane, oligomerises to 

form a pore that causes cell lysis and the release of cytosolic content [reviewed in 99].  
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3.7 Apoptosis during infection 

Apoptotic cell death of infected cells is a powerful mechanism to restrict the dissemination of 

intracellular pathogens as they strongly rely on living cells for their replication [reviewed in 85]. 

Pathogen-induced cell stress, cytoplasmic Ca2+ perturbation, and the recognition of invading 

infectious agents by pattern recognition receptors on the cell surface or in the cytoplasm can 

induce apoptosis [reviewed in 85, 104]. Additionally, infected cells are recognised by NK and 

CTLs, which, by releasing cytotoxic granzymes, induce apoptosis in target cells [reviewed in 

105]. These apoptotic cells are then quickly engulfed by phagocytes, which in turn can present 

pathogen-derived components to other immune cells for their activation. As such, apoptosis of 

host cells is crucial for inducing immune responses [reviewed in 85]. 

Also, the anti-viral immune response against LCMV is associated with apoptotic events. During 

early LCMV infection, the splenic microarchitecture and infected APCs are destroyed by CD8+ T 

cell-mediated cytotoxicity [74, 106]. Further IFN-induced apoptosis of memory CD44+CD8+ T 

cells has been described to occur two days after LCMV infection [107-109]. Even following viral 

clearance, apoptosis of LCMV-specific CD8+ T cells is crucial for the termination of CD8+ T cell 

responses and to restore T cell homeostasis [reviewed in 38]. However, the rapid and efficient 

uptake of apoptotic cells by macrophages, mediated by PS-binding proteins such as MFG-E8 

(milk fat globule EGF factor 8), makes it challenging to analyse apoptotic cells in vivo, also in 

tissues with high cellular turnover rates [reviewed in 110]. 

3.8 Extracellular vesicles 

Like apoptotic cells, several studies describe an enrichment of PS on the outer surface of 

extracellular vesicles (EVs) [reviewed in 111, 112]. EVs are a heterogeneous population of lipid-

bilayer-enclosed structures that are secreted into the extracellular space. Virtually every cell 

produces EVs under physiological and pathological conditions, and the process of EV generation 

is highly conserved throughout evolution from bacteria, archaea to eukaryotes [113, reviewed 

in 114]. They contain distinct bioactive molecules, including proteins, metabolites, lipids, and 

nucleic acids, which largely depend on the parental cell’s origin and the state. Although there 

is no current consensus regarding the classification of different vesicle types, EVs are roughly 

categorised into three main types based on their biogenesis, size, and cargo: exosomes, 

microvesicles (MVs) and apoptotic bodies [reviewed in 114, 115]. 
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Exosomes are considered the smallest EVs, typically around 30-100 nm in diameter, produced 

within the endocytic pathway. Initially, they are generated as intra-luminal vesicles (ILVs) by 

inward budding of the membrane of multi-vesicular endosomes (MVEs). During the maturation 

of early into late endosomes, exosomes are released upon the fusion of MVEs with the plasma 

membrane [reviewed in 114, 115]. In contrast, outward budding releases MVs from the plasma 

membrane. MVs generally have a bigger size of approximately 100-1000 nm in diameter. 

Apoptotic bodies are considered the largest EVs (1-5 μm) and are generated during the late 

stages of apoptotic cell death [reviewed in 115]. However, their impact on other cells is not 

well understood.  

3.9 Biogenesis of exosomes and MVs 

Several molecules are involved in the different steps of exosome generation and cargo sorting, 

including endosomal sorting complex for transport (ESCRT) proteins, syntenin or the 

tetraspanins [reviewed in 114] (Fig. 2). The loading of cargo into exosomes and the budding of 

ILVs from the limiting membrane of MVEs can occur through ESCRT-dependent or -

independent mechanisms, which largely depends on the producing cell type and the cargo 

molecules [reviewed in 114, 116]. The ESCRT machinery consists of five subunits (-0, -I, -II, -III 

and Vps 4 complex (vacuolar protein sorting-associated protein 4) that mediate vesicle 

formation and cargo sorting in a stepwise fashion [reviewed in 117]. While ESCRT-0 and ESCRT-

I recognise and accumulate ubiquitylated protein cargoes at specific lipid microdomains in the 

MVE membrane, recruited ESCRT-II and -III complexes exercise the bud formation and fission 

of ILVs using energy provided by the ATPase Vps4 [114, 118-123]. Besides, the ESCRT 

mechanism can also be initiated by syntenin and the ESCRT accessory protein ALG-2 interacting 

protein X (ALIX), which can recruit ESCRT-III and contribute to cargo selection [124]. 

In the absence of ESCRT, proteins of the tetraspanin family, including CD63 and CD9, participate 

in protein loading, and by forming tetraspanin-enriched microdomains induce an inward 

budding of the plasma membrane [116, 125, 126]. Additionally, ceramide, generated by neutral 

sphingomyelinase from sphingomyelin at membrane microdomains, induces negative 

membrane curvature, thereby promoting ILV budding [127, 128]. 

Besides proteins, exosome cargo includes nucleic acids, such as RNA species (mRNAs, micro 

RNAs (miRNAs), non-coding RNAs) and DNA [reviewed in 114]. Some miRNAs containing 

specific motifs were shown to be actively incorporated into exosomes [129, 130]. However, 

also passive incorporation of RNAs into exosomes has been described [131].   
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After their formation, MVEs either fuse with lysosomes for their degradation or are released as 

exosomes [reviewed in 114]. MVEs that are not destined for lysosomal degradation are 

transported to the plasma membrane via microtubules and actin filaments, a process that is 

regulated by various Rab (Ras-related in the brain) GTPases, including Rab27a and Rab27b [132-

135]. The last step of plasma membrane docking and fusion is mediated by the controlled 

activity of Rab proteins, SNARE (Soluble NSF attachment protein receptor) proteins and 

members of the synaptotagmin family, finally resulting in the release of exosomes from the cell 

[132, 136]. 

The generation of MVs is associated with molecular changes of the peripheral cytoskeleton and 

rearrangements in the lipid composition of the plasma membrane that impact membrane 

curvature and fluidity [reviewed in 114]. An increase in intracellular Ca2+, e.g. during activation, 

activates floppases, scramblases and calpain that induce random changes in the distribution of 

phospholipids and plasma membrane’s detachment from the underlying cytoskeleton. These 

alterations result in the bending of the membrane and finally MV formation [reviewed in 114]. 

Like exosome generation, cholesterol and ceramide contribute to MV biogenesis by inducing 

membrane curvature and MV shedding [128, 137, 138].  

Additionally, the cytoskeleton and proteins regulating its organisation are crucial for MV 

formation [reviewed in 114]. For example, members of the Rho family of GTPases and the RHO-

associated protein kinase (ROCK), which coordinate actin reorganisation and myosin 

contractility, have been described to be involved in MV generation in tumour cells [139]. 

Contrary to the cargo loading of exosomes, the targeting and selection of MV cargo are less 

well characterised. For the loading into MVs, binding of lipid rafts and oligomerisation were 

shown to be sufficient to target lipids and cytosolic proteins to sites of MV budding [140-142]. 

The binding of highly oligomeric cytosolic proteins to the inner leaflet of the membrane is 

mediated by plasma membrane anchors such as acylation, myristoylation or palmitoylation, 

resulting in the concentration of proteins at membrane microdomains where MV form [140, 

142]. The mechanisms that guide nucleic acids into MVs are mainly unknown.  

The release of MV from the plasma membrane is mediated by ATP-dependent actin-myosin 

contraction at the vesicle neck, which is regulated by the GTP-binding protein ADP ribosylation 

factor (ARF) 6, ARF1 and Rho A (Ras homolog family member A) [143-145]. Also, proteins of the 

ESCRT machinery can contribute to MV secretion [146]. 
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Figure 3: Biogenesis of exosomes and microvesicles. 
The generation of exosomes and MVs occurs through several steps mediated by different sets 
of interacting proteins. In the first step, EV cargo such as lipids and proteins are clustered at 
specific microdomains of the plasma membrane or the membrane of MVEs to form MVs or 
exosomes, respectively. Cargo recruitment is carried out by several proteins (e.g. ESCRT 
proteins, tetraspanins, ALIX, synthenin) but also lipids (cholesterol, ceramide) within these 
microdomains. The formation of ceramide-rich microdomains together with GTP-binding 
proteins, cytoskeletal proteins, and ESCRT-III induce membrane curvature, budding and fission 
from the plasma membrane (MVs) or the MVE membrane (exosomes). While cargo sorting and 
membrane budding can occur through ESCRT-dependent and -independent mechanisms, 
ESCRT-III is required for the scission of ILVs. Many processes are shared between the biogenesis 
of exosomes and MVs (including those involving ESCRT proteins or ceramide). However, 
rearrangements of lipids in the plasma membrane have only been reported during the 
generation of MVs. Figure from [114]. 

3.10 Isolation and analysis of EVs 

As EVs are secreted into the extracellular space and can be easily collected from cell culture 

supernatant or biofluids, including blood, urine, and saliva [reviewed in 115, 147]. The current 

gold standard for isolating EVs are methods based on ultracentrifugation, including differential 

ultracentrifugation or density gradient ultracentrifugation [reviewed in 115]. Other techniques 

to recover EVs include precipitation, size exclusion chromatography and immunoaffinity 

capture by Ab-coated magnet beads [reviewed in 115]. These isolation procedures are based 

on the size, density and composition of vesicles and, when combined, enable the separation of 

EVs from protein aggregates, viruses and cell debris [reviewed in 114]. Following purification, 
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analytical methods such as Western Blot analysis, nanoparticle tracking, electron microscopy, 

mass spectrometry (MS)-based proteomics, lipidomics and RNA or DNA sequencing are 

commonly used to determine the concentration, composition, and morphology of vesicles 

[reviewed in 115].  

The cargo of EVs has been described as highly dependent on the molecular mechanisms 

involved in their biogenesis. However, as mentioned before, these mechanisms are largely 

shared by exosomes and MVs [reviewed in 114]. Furthermore, cells have been demonstrated 

to release distinct subpopulations of EV types, which are highly heterogeneous in size and 

composition [148-150]. Consequently, typical “exosome markers” such as MHC molecules, 

heat shock proteins or flotillin 1 were shown to be present on several isolated DC-derived EVs 

of varying sizes [150]. Though CD63, CD81, syntenin I and TSG101 were more enriched in small-

sized vesicles (50-150 nm), comprising exosomes [150].  

Due to their overlapping physical and biochemical characteristics, the isolation methods 

mentioned above fail to isolate EV subtypes exclusively and result in a mixed population of 

vesicles [reviewed in 115, 151]. Consequently, analytical methods are performed on EV 

populations of unknown origin, which prevents an exact assignment of molecular properties to 

a specific EV subtype [reviewed in 151]. Additionally, the clear cell origin of EVs purified from 

biological fluids cannot be determined. The heterogeneity and the absence of selective 

molecular markers hinder a reliable nomenclature of EVs [150, 152]. Therefore, at present, the 

International Society for Extracellular Vesicles (ISEV) recommends using “extracellular vesicle” 

as the best generic terminology “for particles naturally released from the cell that are delimited 

by a lipid bilayer and cannot replicate,.i.e. do not contain a functional nucleus” [153]. 

3.11 EVs as biomarkers 

In addition to their biogenesis pathway, EV cargo strongly reflects the molecular phenotype of 

the producing cell [114, 154, 155]. Therefore, differences in the molecular content of EVs may 

represent changes in the physiological state of the parental cell, such as activation or pathology 

[reviewed in 156]. Besides, EVs can be easily, non-invasively collected from all kinds of body 

fluids [156]. For these reasons, EVs and their cargo are regarded as promising biomarkers for 

the diagnosis, prognosis, and monitoring of several diseases, including infections, tumours, 

metabolic, and neurological disorders [reviewed in 156]. Multiple studies revealed differences 

in the abundance of several RNA species and proteins between EVs from cancer patients and 

EVs from healthy individuals [reviewed in 157]. Furthermore, Mycobacterium tuberculosis (M. 
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tuberculosis)-derived peptides could be detected in EVs secreted from infected macrophages 

in vitro, and in EVs recovered from the serum of patients with M. tuberculosis infection, 

demonstrating the potential of EVs in the diagnosis of bacterial infection [158, 159]. 

Moreover, the number of secreted EVs was significantly increased in serum upon M. bovis 

infection in mice and cancer patients and Plasmodium-infected individuals compared to 

healthy controls [160-162]. To sum up, these studies suggest that, in addition to the 

composition of EVs, the amount of secreted EVs may possess great potential as a diagnostic 

marker for human diseases.  

3.12 Interaction of EVs with target cells 

EVs have long been regarded as cellular debris without functional relevance [163]. However, 

several studies have demonstrated that EVs can mediate cell-to-cell communication by 

transferring biologically active molecules between cells that induce phenotypic changes in 

recipient cells [164-167]. Once released, EVs can interact with specific target cells in the 

proximity or at distant sites through different means. Notably, the binding of EVs to cells is not 

random but largely depends on specific surface interactions between molecules on recipient 

cells and those enriched on the EV surface [168-171]. Molecules involved in selective targeting, 

docking, and the cellular uptake of EVs include integrins [171, 172], tetraspanins [173, 174], 

lipids, proteoglycans and components of the extracellular matrix (ECM) [175, 176]. For 

example, DC-derived EVs are targeted to activated CD4+ T cells via CD54-LFA-1 interactions 

[169, 177]. Furthermore, EV capture by DCs was partially inhibited by blocking antibodies 

against LFA-1, ICAM-1, integrins, or CD9 and CD81 [169, 174]. Besides, CD44 contributes to EV 

docking and regulates EV uptake [178-180].  

Cell-bound EVs have several different fates: EVs may fuse with the plasma membrane, thereby 

transferring EV surface molecules and their content to recipient cells [reviewed in 114]. 

Alternatively, intact EVs can also be internalised by different mechanisms such as endocytosis 

or phagocytosis [reviewed in 114]. Following their uptake, EVs are transported to endocytic 

compartments, where they can fuse with the MVE membrane transferring their content into 

the cytoplasm [reviewed in 114, 181]. Here, EV cargo was described to elicit or suppress various 

responses in recipient cells. In DCs, peptides from internalised exosomes were processed in 

endosomal compartments and loaded onto MHC-II molecules for presentation to CD4+ T cells, 

thereby enhancing Ag presentation [174]. Furthermore, functional mRNAs and miRNAs have 

been reported to be directly transferred between cells via EVs, which after their release into 
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the cytoplasm, are translated and able to modulate gene expression in recipient cells [164, 167, 

182]. 

In addition, the binding of ligands on EVs to particular surface receptors on target cells without 

EV uptake can be sufficient to trigger intracellular signal cascades that induce phenotypic and 

functional changes [reviewed in 114, 163, 183]. As a first example, MHC-II-carrying exosomes 

derived from B cells were shown to cause Ag-specific MHC class-restricted T cell activation 

[165]. Conversely, FasL on EVs from activated and EBV-transformed B cells were shown to 

induce apoptosis of Ag-specific CD4+ T cells, thereby curtailing T cell responses [184, 185]. 

Several other reports followed demonstrating that EVs represent a mechanism of intercellular 

communication and participate in multiple physiological processes, including tissue 

regeneration, immune responses, tumour progression, inflammation, and infection [reviewed 

in 183, 186, 187]. 

3.13 Regulation of T cells responses by EVs 

Recently, EVs attracted a lot of attention due to their potential usage as delivery vehicles for 

therapeutic agents [reviewed in 188], as diagnostic biomarkers for cancers [reviewed in 157] 

and to regulate immune responses [reviewed in 183]. B cell-derived EVs were shown to 

effectively present pMHC-II and co-stimulatory molecules to CD4+ T cells, resulting in their Ag-

dependent activation both in vitro and in vivo [165, 189]. Furthermore, the injection of pMHC 

and CD86-carrying EVs derived from DCs loaded with tumour-specific peptides induced potent 

CD8+ T cell responses resulting in the delay of tumour growth or even eradication [166]. Also, 

M. bovis-infected macrophages were shown to release increased levels of EVs that contain 

mycobacterial components and could stimulate both specific CD4+ and CD8+ T cell responses in 

vitro and in vivo [158, 190]. Likewise, EVs from human cytomegalovirus-infected endothelial 

cells could trigger the proliferation of allogenic memory CD4+ T cells in vitro [191]. These 

findings strongly suggest that APC-derived EVs can serve as a source of Ag that may promote T 

cell responses and consequently led to an array of studies investigating the immune-

modulatory properties of EVs [reviewed in 183].  

Both immature and activated DCs have been described to release EVs; however, DCs, that were 

activated by lipopolysaccharide secreted significantly more EVs with increased stimulatory 

capacity than immature DCs [155, 192-194]. Particularly, EVs from mature DCs, that are 

enriched for MHC class I and II complexes and co-stimulatory molecules (CD86 and ICAM-1) 
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were shown to effectively induce T cell proliferation, memory development and anti-tumour 

responses in vitro and in vivo [123, 155, 166, 169, 177, 193, 195, 196].  

However, in most experiments, the activation of naïve CD8+ and CD4+ T cells was greatly 

supported by bystander DCs [155, 189, 197]. Hence, the stimulation of T cells has been 

suggested to occur by the transfer of released EVs to neighbouring DCs, which either directly 

present entire EV-derived pMHC complexes on their surface (cross-dressing) or present Ags 

associated with bound EVs on their own MHC molecules (cross-presentation) [174, 183, 189, 

198-200]. Besides, released EVs may be recaptured by the parental cell, thereby directly 

presenting EV-associated molecules to T cells [reviewed in 183].  

Conversely, several in vitro experiments demonstrated a direct activation of naïve and Ag-

experienced CD4+ and CD8+ T cells by isolated APC-derived EVs loaded with peptides from 

pathogens [169, 194, 196, 201]. However, given the fact that EVs are less efficient than APCs 

in activating T cells [165, 199], EVs may not directly prime naïve T cells but rather stimulate 

activated or memory T cells in vivo [183, 188, 197]. Consistent with that, APCs were shown to 

release pMHC-carrying EVs during cognate immune cell interactions, which can be directly 

taken up by CD4+ T cells at the immunological synapse [125, 197, 202, 203]. As EV-binding was 

associated with an activated T cell phenotype, APC-derived EVs were suggested to maintain the 

T cell activation status following APC interaction [169, 197]. However, EV-binding to activated 

T cells may also reduce an ongoing immune response, as FasL-carrying EVs secreted by human 

cancer cells or activated lymphocytes were shown to induce apoptosis of activated T cells [185, 

204-207]. Currently, it is unclear whether interactions of T cells with free EVs exist in vivo. 

Furthermore, the contribution of EV-T cell interactions to the inhibition or activation of T cell 

responses in vivo has not been clarified yet.   

3.14 DC-derived EVs in clinical trials  

Due to their ability to induce CD8+ T cell responses, DC-derived EVs have been tested clinically 

as cancer vaccines [208-210]. Two phase I clinical trials and one phase II trial have been 

conducted in patients suffering from melanoma or advanced non-small cell lung cancer [208-

210]. In both phase I trials, EVs were obtained from autologous DCs (dendritic cell-derived EVs, 

Dex) pulsed with tumour antigens and then injected. The studies demonstrated that the 

administration of EVs to patients is safe and feasible. However, the treatment triggered only 

low T cell responses that caused long term disease stability in only some patients.  
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Consequently, a second-generation of Dex from IFN-γ -stimulated, tumour antigen peptide-

pulsed DCs, with increased immunostimulatory properties, have been developed to improve 

their therapeutic efficacy [211]. However, this approach resulted in only limited T cell activity 

but induced NK cell function that correlated with a longer rate of progression-free survival (PFS) 

in a phase II clinical trial [210]. The limited efficacy of these clinical trials may be due to MHC-

restricted peptides on Dex that were not able to induce T cell clones targeting tumour cells or 

due to the presence of inhibitory molecules on Dex, such as CD274/CD273, that suppress CD8+ 

T cell responses [reviewed in 212]. Furthermore, the spatio-temporal kinetics of EV in vivo are 

unknown, and it remains to be determined whether injected EV reach lymphoid organs for Ag-

presentation or are removed from the circulation by macrophages [213, 214]. To improve and 

develop new EV-based therapeutic approaches, a better understanding of the complex role of 

EVs in the immune system, such as their behaviour and function in living organisms, is 

necessary.  

To elucidate the EV biogenesis, biodistribution, and uptake, isolated EVs have been labelled 

(lipophilic dyes) or tumour cells expressing reporter molecules that are fused to EV components 

(such as CD63, palmitoylation signal, MFG-E8) have been employed [114, 167, 215, 216]. 

Labelled EVs directly injected or secreted from implanted tumour cells were successfully 

visualised and tracked in cell culture and in vivo [167, 214, 216-218]. Undoubtedly, these 

studies provided crucial insights into the behaviour and nature of EVs in vivo. However, the 

injection of high concentrations of in vitro generated, genetically manipulated or fluorescently 

labelled EVs or the analysis of labelled EVs under artificial conditions might not reflect their 

behaviour in their natural environment [reviewed in 163, 219]. To understand their natural 

origin, properties, kinetics and to identify target cells in complex and dynamic in vivo settings, 

the investigation of naturally produced EVs in vivo is necessary. However, currently, in vivo 

studies on the role of endogenous EVs are hindered by the lack of suitable molecular detection 

methods. 

3.15 Detection of PS+EV and apoptotic cells by MFG-E8 

To analyse PS+ EVs and apoptotic cells, fluorescently labelled PS-binding Annexin V has been 

commonly used [220]. Unfortunately, for its optimal binding to PS, Annexin V requires high Ca2+ 

concentrations (>2 mM) [221], which preventing its in vivo application. Furthermore, Ca2+ was 

shown to form calcium-phosphate microprecipitates in the commonly used phosphate-
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buffered saline (PBS) buffer, which strongly resemble EVs and might, therefore, lead to false-

positive results upon analysis [222].  

Another protein that binds PS is MFG-E8, a 53-66 kDa secreted glycoprotein initially discovered 

as a crucial component of milk fat globules. MFG-E8 has been shown to contribute to various 

physiological and pathological processes such as angiogenesis, arteriosclerosis, coagulation, 

and phagocytosis [reviewed in 223]. MFG-E8 plays an essential role in the recognition and 

clearance of dying cells [224]. In mice, MFG-E8-deficiency resulted in the accumulation of 

apoptotic material in the germinal centres (GCs), resulting in the development of systemic 

lupus erythematosus (SLE)-type autoimmune diseases [224]. MFG-E8 carries two epidermal 

growth factor (EGF) domains at its N-terminus and two factor VIII-homologous domains (C1 

and C2) at its C terminus [225]. Furthermore, the N-terminus contains a signal peptide 

sequence, which directs MFG-E8 secretion into the extracellular space. Murine MFG-E8 comes 

in two different isoforms that are generated by alternative splicing [226]. The long splicing form 

contains proline/threonine-rich repeats (P/T) between the second EGF domain and the C1 

domain and is primarily secreted by mammary epithelial cells [227], while these repeats are 

absent in the short isoform. The smaller isoform can be expressed in various cell types and 

tissues, including bone marrow-derived immature DCs [228], thioglycolate-activated peritoneal 

macrophages [229] and follicular DCs in GCs [224, 230]. The second EGF domain harbours a 

highly conserved arginine-glycine-aspartate (RGD) motif, which allows the binding of MFG-E8 

to the integrins avb3/avb5 on phagocytes [229]. The C-terminal factor VIII-homologous domains 

mediate the recognition and binding of MFG-E8 to PS, e.g., on the surface of apoptotic cells. 

Therefore, MFG-E8 connects PS+ apoptotic cells and integrin-expressing phagocytes, thereby 

promoting dead cells uptake [229, 231].  

FITC-labelled MFG-E8 detects apoptotic cancer cell lines in a Ca2+-independent manner in vitro 

[232, 233]. Interestingly, MFG-E8 has been shown to bind more effectively and sensitively to 

PS on early apoptotic cells than Annexin V [232-234]. Furthermore, radionuclide-labelled MFG-

E8, which could be traced after i.v. injection has been suggested as a potential tool to detect 

apoptotic cells in vivo [235].  

In addition to apoptotic cells, MFG-E8 has been shown to bind to highly curved PS+ membranes 

and vesicles with high sensitivity [236, 237]. Consequently, FITC-labelled MFG-E8 has been 

successfully applied in vitro to detect different vesicle populations by flow cytometric analysis 

[238]. Takahashi et al. designed a fusion protein consisting of Gaussia luciferase, the N-terminal 

secretion signal, and the C1C2 domains of MFG-E8 (gLuc-LA) to monitor EVs in vivo [215]. 
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Murine melanoma cells were transfected with gLuc-LA-expressing vectors, and secreted EVs 

were purified. Following i.v. injection, labelled EVs could be visualised in vivo, and their spatio-

temporal tissue distribution could be determined [214, 215]. Together, these experiments 

suggest that labelled MFG-E8 can be suitable for detecting both PS+ apoptotic cells and EVs in 

vivo.  

To analyse endogenously produced EVs and circumvent the problem of detecting apoptotic 

cells or EVs generated during organ preparation, a PS-binding enhanced green fluorescent 

(eGFP)-tagged MFG-E8 version (MFG-E8-eGFP) was developed and successfully applied in mice 

in the present study. MFG-E8-eGFP injection allowed a reliable analysis and quantification of 

PS+ EV and dead cells in vivo [239]. 
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4 Aims of the thesis 
The externalisation of PS on the outer leaflet of the plasma membrane is a common 

characteristic of apoptotic cell death, but also EVs expose PS on their surface. EVs have been 

described to mediate intercellular communication and participate in regulating CD8+ T cell 

responses during infection and cancer. However, the analysis of apoptotic CD8+ T cells and the 

function of naturally occurring EV-CD8+ T cell interactions in complex in vivo settings remain 

elusive due to insufficient research.  

This study aimed to investigate and visualise apoptotic and PS+EV-bound CD8+ T cells during 

LCMV infection in vivo. To detect and discriminate the two PS+ populations, we used the PS-

binding fusion protein MFG-E8-eGFP and imaging flow cytometry followed by a deep learning 

algorithm. By applying this approach, we aimed to get new insight into the origin, target cells 

and function of unmanipulated, endogenous EVs in vivo. With this study, we want to expand 

our knowledge about the contribution of apoptotic cells and EV-T cell interactions to the 

regulation of anti-viral CD8+ T cell responses.  
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5 Material and methods 

5.1 Materials 

Materials are listed in alphabetical order.  

5.1.1 Staining reagents 

Table 1: Murine antibodies used for flow cytometry. 

Reactivity/staining reagent conjugate clone vendor cat-# 
Bcl-2 PE BCL/10C4 BioLegend 633508 
CD11c PE/Cy7 N418 BioLegend 117318 
CD127 PE SB/199 BioLegend 121112 
CD16/32 (Fc block)  93 BioLegend 101320 

CD19 APC/eFluor780 eBio1D3 eBioscience 
47-0193-
82 

CD19 PE/Cy7 6D5 BioLegend 115520 
CD19 APC 1D3 BioLegend 152410 
CD21/35 APC/Cy7 7E9 BioLegend 123418 
CD23 PE/Cy7 B3B4 BioLegend 101614 
CD28  37.51  BioXCell BE0015-1 
CD3   145-2C11 BioXcell BE0001-1 
CD31 AF647 MEC13.3 BioLegend 102516 
CD4 APC RM4-5 BioLegend 100516 
CD44 APC/Cy7 IM7 BioLegend 103028 
CD44 Pacific Blue IM7 BioLegend 103028 
CD44 APC/Fire750 IM7 BioLegend 103062 
CD45 AF647 30-F11 BioLegend 103124 
CD45.1 BV421 A20 BioLegend 10731 
CD54 AF647 YN1/1.74 BioLegend 116114 

CD62L PE MEL-14 eBioscience 
12-0621-
82 

CD63 APC NVG-2 BioLegend 143905 

CD86 PE GL1 eBioscience 
12-0862-
82 

CD8a PE/Cy7 53-6.7 BioLegend 100722 

CD9 APC eBioKMC8 eBioscience 
17-0091-
82 

CD90.1 APC/Fire750 OX-7 BioLegend 202543 
GFP FITC polyclonal Acam ab6662 

KLRG1 PE/Cy7 2F1 eBioscience 
25-5893-
82 

The table continues on the next page     
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Table 2: Human antibodies used for flow cytometry. 

Reactivity/staining reagent conjugate clone vendor cat-# 
CCR7 PE G043H7 BioLegend 353204 
CD3 PE/Cy7 UCHT1 eBioscience 25-0038-42 
CD14 APC/Fire750 M5E2 Biolegend 301854 
CD16 APC/Fire750 B73.1 Biolegend 360726 
CD19 APC/Fire750 HIB19 Biolegend 302258 
CD38 PE HIT2 Biolegend 303506 
CD4 PacificBlue RPA-T4 BioLegend 300521 
CD45RA APCCy7 IV N906 BioLegend 304128 
CD56 APC/Fire750 5.1H11 BioLegend 362554 
CD8 AF647 SK1 BioLegend 344726 
CD8a BV421 RPA-T8 BioLegend 301008 
HLA-DR PE/Cy7 L243 eBioscience 25-9952-42 

 

Table 3: Secondary antibody. 

Reactivity/staining reagent conjugate supplier cat-# Local supplier 
Goat anti-rabbit IgG (H+L) Horseradish 

Peroxidase 
Jackson 
ImmunoResearch 

112-035-
003 

West, Grove, 
Pennsylvania 

     
Table 4: Other reagents 

Reactivity/staining reagent conjugate supplier cat-# Local supplier 
DRAQ5  BioLegend 424101 San Diego, 

Kalifornia, US 
FcR Blocking Reagent, 
human 

 Miltenyi Biotec 30-059-
901 

Bergisch 
Gladbach, 
Germany 

Fixable Viability Dye  eFluor780 Thermo Scientific #65-0865-
18 

Waltham, 
Massachusetts, 
US 

LIVE/DEAD fixable violet 
dead cell stain kit 

451 nm Thermo Fisher #L34955 Waltham, 
Massachusetts, 
US 

MFG-E8-eGFP eGFP Home made   
     
The table continues on the next page     
     

Reactivity/staining reagent conjugate clone supplier cat-# 
LCMV nucleoprotein  VL-4 BioXCell BE0106 

MHC-II (I-A/I-E) PE/Cy7 M5/114.15.2 eBioscience 
25-5321-
82 

NFATc1 PE 7A6 BioLegend 2649605 
T-bet PE 4B10 BioLegend 644810 
TCRβ APC/Cy7 H57-597 BioLegend 109219 
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Reactivity/staining reagent conjugate supplier cat-# Local supplier 
MHC tetramer H-2 Db LCMV 
gp33-41 

APC NIH Tetramer core 
Facility 

 Atlanta, 
Georgia, US 

Tetramer H-2 Kb LCMV 
gp34-43 

APC NIH Tetramer core 
Facility 

 Atlanta, 
Georgia, US 

5.1.2  Chemicals and Consumables 

Table 5: Chemicals and consumables used in this study. 

Chemicals were purchased from Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany) or 
Sigma-Aldrich (St. Louis, Missouri, US), if not stated otherwise.  

Reagent supplier cat-# Local supplier 
10 μl graduated filter Tip (sterile) Starlab S1121-3810 Hamburg, Germany 
10 μl graduated Tip Starlab S1111-3700 Hamburg, Germany 

100 bp DNA ladder 
New England 
BioLabs 

N3231S 
Ipswich, 
Massachusetts, US 

100 x 20 mm CytoOne Dish, TC-treated Starlab CC7682-3394 Hamburg, Germany 
1000 μl blue graduated Tip Starlab S1111-6701 Hamburg, Germany 
1000 μl filter Tip (sterile) Starlab S1126-7810 Hamburg, Germany 
14 mL round bottom polypropylene test 
tube 

Corning 
Incorporated 

352059 Corning, New York, US 

15 mL tube PP 17/120 mm, conical 
bottom 

Greiner bio-
one 

188271 
Kremsmünster, 
Austria 

2-Mercatpoethanol (50 mM) Gibco 2198023 
Carlsbad, Kalifornien, 
US 

20 μl bevelled filter Tip (sterile) Starlab S1120-1810 Hamburg, Germany 
200 μl graduated filter Tip (sterile) Starlab S1120-8810 Hamburg, Germany 
200 μl yellow bevelled Tip Starlab S1111-1706 Hamburg, Germany 
24-well clear flat bottom TC-treated 
multiwell cell culture plate 
 

BD Biosciences 351147 Franklin Lakes, New 
Jersey, US 

35 x 10 mm CytoOne dish, TC-treated Starlab CC7682-3340 Hamburg, Germany 
50 mL reagent reservoir,  Kisker 713159 Steinfurt, Germany 
50 mL tube PP 30/115 mm, conical 
bottom 

Greiner bio-
one 227261 

Kremsmünster, 
Austria 

Anti-FLAG M2 Affinity Gel Sigma Aldrich A4596 St. Louis, Missouri, US 

CD8a+ T cell isolation kit, mouse Miltenyi Biotec 130-104-075 
Bergisch Gladbach, 
Germany 

Color coding cap insert for micrewtube 
tubes (green/red) Roth CK76.1/CK74.1 Karlruhe, Germany 

Corning Erlenmeyer baffled cell culture 
flasks 1000 mL Sigma-Aldrich CLS431403 New York, US 

Corning Erlenmeyer baffled cell culture 
flasks 250 mL 

Sigma-Aldrich CLS431407 St. Louis, Missouri, US 

Corning Erlenmeyer baffled cell culture 
flasks 500 mL 

Sigma-Aldrich CLS431401 New York, US 

Cryotube vial 1.0 mL 
Thermo 
Scientific 

375299 
Waltham, 
Massachusetts, US 

Disposable Glass Pasteur Pipette VWR 612-1701 
Radnor, Pennsylvania, 
US 

The table continues on the next page    
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Reagent supplier cat-# Local supplier 
Dulbecco’s modified Eagle’s Media 2x Merck SLM-202-B Darmstadt, Germany 
Dulbecco’s Phosphate Buffered Saline 
(500 mL) Sigma-Aldrich D8537 St. Louis, Missouri, US 

EDTA disodium salt solution (100 mL) Sigma-Aldrich E7889 St. Louis, Missouri, US 
Eppendorf tubes 5.0 mL Eppendorf 0030119401 Hamburg, Germany 
Ex-Cell 293 Serum-free medium for HEK 
293 cells (1000 mL) Sigma-Aldrich 14571C St. Louis, Missouri, US 

Falcon 5 mL round bottom polystyrene 
test tube  

Corning 352008 Corning, New York, US 

FBS PanBiotech P30-3306 Aidenbach, Germany 
Flag-peptide GenScript RP10586 Piscataway Township, 

New Jersey, US 

Foxp3 staining kit 
ThermoFisher 
Scientific 00-5523-00 

Waltham, 
Massachusetts, US 

Gibco DMEM (1x) + GlutaMAX (500 mL) Thermo 
Scientific 

61965-026 Waltham, 
Massachusetts, US 

Gibco L-Glutamine 200 mM 
Thermo 
Scientific 

25030-024 
Waltham, 
Massachusetts, US 

Gibco Pen Strep 
Thermo 
Scientific 

15140-122 
Waltham, 
Massachusetts, US 

Heparin Natrium 
Ratiopharm 
GmbH  Ulm, Germany 

HEPES solution 1 M, pH 7.0-7.6, sterile 
filtered (100 mL) Sigma-Aldrich H0887 St. Louis, Missouri, US 

Injection syringe Omnican-F 9161502 Melsungen, Germany 
Intracellular Fixation & Permabilization 
Buffer set 

ThermoFisher 
Scientific 88-8824-00 

Waltham, 
Massachusetts, US 

LS Columns Miltenyi Biotec 130-042-401 
Bergisch Gladbach, 
Germany 

LymphoprepTM AXIS-SHIELD 1114545 Oslo, Norway 

Lysis Buffer BD Biosciences 555899 
Franklin Lakes, New 
Jersey, US 

MACS Smart Strainer Miltenyi Biotec 130-098-463 Bergisch Gladbach 
MEM Eagle PAN Biotech P04-10500 Aidenbach, Germany 
Microtest plate 96 well, round base Starstedt 82.1582 Nürnbrecht, Germany 
MyTaq DNA Polymerase + reaction 
buffer 

Bioline BIO-21106 Cincinnati, Ohio, US 

Nitrile gloves Starlab SG-C Hamburg, Germany 

Nunc 96-well U bottom 
ThermoFisher 
Scientific 

163320 
Waltham, 
Massachusetts, US 

Pancoll, density: 1.0077 g/mL PAN Biotech P04-601000 Aidenbach, Germany 

Parafilm Bemis 
Company, Inc.  

PM992 Neenah, Wisconsin, 
US 

Pasteur-plastic pipets, 3.0 mL Macro Ratiolab 2600111 Dreieich, Germany 

PCR plastics single tubes with flat caps 
Nippon 
Genetics, 
Europe GmbH 

FG-021F Dueren, Germany 

PCR strip tubes with attached strip caps 
VWR 
International 732-0546 

Radnor, Pennsylvania, 
US 

Pipette 10 mL, plastic 
Greiner Bio-
One 607160 

Kremsmünster, 
Austria 

Pipette 25 mL, plastic Greiner Bio-
One 

760160 Kremsmünster, 
Austria 

The table continues on the next page    
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Reagent supplier cat-# Local supplier 

Pipette 50 mL, plastic Greiner Bio-
One 768180 Kremsmünster, 

Austria 

Polyamid mesh 40 μm 
Klein & Wieler 
oHG 

9068283 
Königswinter, 
Germany 

Polypropylene Bottle with screw-on cap, 
250 mL 

Beckman 
Coulter 

356011 Brea, Kalifornien, US 

Proteinase K 100 mg Sigma-Aldrich P2308 St. Louis, Missouri, US 

QuadoMACS Separator Miltenyi Biotec 130-091-051 
Bergisch Gladbach, 
Germany 

RPMI 1640 Medium GlutaMAX 
Suppplement 

Gibco 61870-010 
Carlsbad, Kalifornien, 
US 

S-Pak-Filter 0,22 μm Merck RAWG047S6 Darmstadt, Germany 
S-Pak-Filter 1,2 μm Merck RAWG047S6 Darmstadt, Germany 
Safe-Lock tubes 2.0 mL 
 Eppendorf 0030120.094 Hamburg, Germany 

SafeSeal reaction tube, 1.5 mL 
 

Sarstedt 72.706 Nürnbrecht, Germany 

Screw vials free-standing 1,5 mL Roth CK48.1 Karlruhe, Germany 

SuperdexTM 200 Increase 5/150 GL 
GE 
Lifersicences 289990945 Chicaco, Illinois, US 

Vivaspin Turbo 15, 30000 MWCO PES Sartoius VS15T22 Göttingen, Germany 
 

5.1.3 Devices 

Table 6: Devices used in this study. 

Device Supplier Local supplier 
ÄKTA prime GE Lifesciences Chicago, Illinois, US 
Analytic scale Adventurer, Ohaus Corp. New Jersey, US 
BD FACSAriaFusion BD Biosciences New Jersey, US 
CASY TT Cell Counter OLS OMNI Life Science GmbH & 

Co KG 
Bremen, Germany 

Centrifuge 5415D Eppendorf Hamburg, Germany 
Chemical scale Kern Albstadt, Germany 
FacsCanto II Flow Cytometer BD Biosciences Franklin Lakes, New 

Jersey, US 
Finnpipette Multipette Thermo Scientific Waltham, 

Massachusetts, US 
Gel Doc XR+ Molecular Imager Bio-Rad Hercules, California, US 
Heraeus Multifuge X3R Thermo Scientific Waltham, 

Massachusetts, US 
HiLoad 26/600 Superdex 200 pg GE Lifesciences Chicago, Illinois, US 
ImageStream MarkII Luminex Austin, Texas, US 
Incubator CO2 Galaxy 170R Eppendorf New Brunswick Hamburg, Germany 
Incubator CO2 Galaxy 170S Eppendorf New Brunswick Hamburg, Germany 
Labfors 5 Bioreactor Infors HT Basel, Switzerland 
Magnetic stirrer Ika Labortechnik Staufen, Germany 
Mikro 220R cooling centrifuge Hettich Tuttlingen, Germany 
Multifuge X3R Thermo Scientific Massachusetts, US 
pH meter Inolab Weilheim, Germany 
Safety cabinet FlowSafe B-[MaxPro]3-160 Berner International GmbH Elmshorn, Germany 
This table continues on the next page   
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Device Supplier Local supplier 
Mikro 220R cooling centrifuge Hettich Tuttlingen, Germany 
Multifuge X3R Thermo Scientific Massachusetts, US 
pH meter Inolab Weilheim, Germany 
Safety cabinet FlowSafe B-[MaxPro]3-160 Berner International GmbH Elmshorn, Germany 
Single channel pipettes, variable volume Axygen Biosciences 

 
Union City, New Jersey, 
USA 

Sorval RC6, Avanti JXN-26 Beckman Coulter Brea, California, US 
Superdex 200 Increase 10/300 GL GE Lifesciences Chicago, Illinois, US 
Table centrifuge Eppendorf Hamburg, Germany 
Thermocycler PCR-machine Biometra Goettingen, Germany 
Vortex-Genie 2 Scientific Industries Bohemia, New York, US 
Water bath Grant Instruments Ltd. Barrington Cambridge, 

UK 

5.1.4 Media and Buffers 

Table 7: Cell culture media and buffers used in this study. 
All buffers and solutions were prepared using double destilled water (ddH2O) 

Media and buffers Supplementing reagents 
1 x PBS 150 mM NaCl 

10 mM Na2HPO4 

2 mM KH2PO4 
pH 7.4 adjusted with NaOH 

FACS buffer PBS 
2 % (v/v) FCS 

MACS buffer PBS 
2 % (v/v) FCS 
2 mM EDTA 

10 x Gitocher buffer 670 mM Tris, pH 8.8 
166 mM ammnonium sulfate 
65 mM MgCl2 

0.1 % Gelatin (w/v) 
50 x TAE buffer 242 g Tris 

57.1 mL 100% acetic acid 
100 mL 0,5 EDTA (pH 8.0), H2O at 1 L 

T cell-medium  
 

RPMI 1640 
10 % (v/v) FCS 
1% (v/v) Penicillin 
1% (v/v) Streptomycin 
5 μM 2-mercaptoethanol 

This table continues on the next page  
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Media and buffers Supplementing reagents 
1x Gitocher buffer 5 μL 10x Gitocher buffer 

2.5 μL 10% (v/v) Triton X-100 
0.5 μl 2-mercaptoethanol 

3 μL Proteinase K (10 mg/mL) 
39 μL H2O 

Arg-Glu-Buffer 25 mM HEPES 
200 mM L-ariginin 
200 mM L-glutamic acid 
150 mM NaCl 
2% (v/v) Glycerol 

OPD substrate  12.5 mL 0.2 M Na2HPO4 (Fluka 71645) 
12.5 mL 0.1 M Citric acid (Fluka 27488) 
25 mL ddH2O 
1 tablet DOP Ortho-Phenylendiamin  
50 μL 30 % H2O2  

4 % Paraformaldehyde solution 4 g EM grade paraformaldehyde 
50 mL ddH2O 
1 mL NaOH 
10 mL 10 x PBS 
H2O at 100 mL 

5.2 Mouse strains and human samples 

5.2.1 Mouse strains  

Wildtype mice or genetically modified mouse strains were either purchased from Javier or bred 

and kept at the Core facility Animal Models, Biomedizinisches Centrum, Ludwig-Maximilians-

Universität München (LMU) according to federal guidelines. Animal experiments were 

approved by the Ethics Committee of LMU Munich, Germany. 

P14/CD90.1 (Tg (TcrLCMV)327Sdz) mice  

The P14 mice carry a transgenic TCR that is specific for a peptide (P14) from LCMV presented 

by the MHC class I molecule H2-Db [77]. The transgenic TCR consists of the Vβ 8.1 and Vα2 

segments and T cells can be analysed by FACS analysis using mAbs directed against these two 

segments.  

OT-I/CD45.1 (Tg (TcraTcrb)1100Mjb) mice 

This mouse strain carries a transgenic TCR (Vα2, Vβ5) recognizing the ovalbumin peptide 

SIINFEKL (OVA257-264) that is presented in the context of H-2Kb [240]. Transgenic mice are tested 

by FACS analysis by mAbs directed against Vα2 and Vβ5 segments.  



  MATERIAL AND METHODS 

 32 

Nur77 mice (C57BL/6-Tg (Nr4a1-EGFP/cre)820Khog/J) 

These mice express an eGFP Cre recombinase fusion protein (eGFP-Cre) under control of 

the Nr4a1 (Nur77) promoter within the BAC (bacterial artificial chromosome) transgene [241]. 

GFP expression is induced upon Ag receptor signalling in B and T cells and displays similar 

expression patterns as endogenous Nur77.  

5.2.2 Human Studies 

Yellow fever vaccination study was planned and conducted by Prof. Dr. Anne Krug and Prof. Dr. 

Rothenfusser and the selection of volunteers were approved by the ethics committee of the 

LMU Munich. Informed consent was obtained from all donors (age 22-35, non-smokers) 

without previous YF-17D vaccination. Donors were immunised with a single dose of YFV-17D-

204 live-attenuated yellow fever vaccine strain (0.5 mL of Stamaril, Sanofi) subcutaneously. The 

immunisation of volunteers with Influvac (Mylan Health Care GmbH, Bad Homburg, Germany) 

or Vaxigrip (Sanofi, Paris, France) was performed by Prof. Dr. Anne Krug and PBMCs were kindly 

provided by Dr. Katharina Eisenächer.   

5.3 Biochemical methods 

5.3.1 Production of murine MFG-E8-eGFP from stably transfected HEK cells 

Murine MFG-E8-eGFP (mMFG-E8-eGFP) and MFG-E8-mCherry were produced by HEK293 cells 

stably transfected cells (UniProtKB - P21956 (MFGM_MOUSE). Cells were adapted to medium 

without serum (Ex-Cell 293) supplemented with 1 % penicillin/streptomycin and 2 mM HEPES 

pH 7.0-7.6 and kept shaking in bottles at growing conditions. 2x 150 mL of shaking cell culture 

at a density of 1.5-2.5 x 106 cells/mL with a viability > 85% were used for inculation of the 

Labfors Bioreactor (Infors, Switzerland) and 1.5 L of medium without serum was added. Cells 

were grown for 5 days under growing conditions (pH 7.5, pO2 98 %, pCO2 5 %).  

5.3.2 Purification of mMFG-E8-eGFP/mCherry 

For protein harvesting, cells were centrifuged at 300 g for 10 min at 4 °C. To solubilise 

membrane and vesicles the supernatant was incubated 1 h at 4 °C in Arginine-Glutamate (Arg-

Glu) buffer containing 0.1 % Triton-X100 under agitation on a magnetic stirrer. To remove 

debris the solution was spun (for 60 min at 40 000 g at 4 °C using an Avanti JXN-26 high speed 

centrifuge followed by filtration through 1.2 μm and then 0.22 μm membrane filters. As both, 

MFG-E8-eGFP/mCherry contain a C-terminal FLAG-tag, the purification of the proteins was 
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achieved by affinity chromatography using anti-FLAG M2-FLAG agarose beads. FLAG-columns 

were washed with PBS before usage and connected to an Äkta prime instrument and the 

filtered cell supernatant was loaded. The next day, the anti-FLAG-column was washed with 100 

mL of Arg-Glu buffer and the column was removed from the Äkta. 5 mg of FLAG-peptide 

(GenScript) was dissolved in 30 mL of Arg-Glu buffer and mixed with the resin for 1 h at 4 °C 

while rotating to elute bound protein with an excess of FLAG-peptide. After incubation the resin 

was washed with Arg-Glu buffer and the eluted protein was concentrated using Vivapin 

columns (see Table 5) at 4200 rpm (Multifuge X3R, Thermo Scientific). Before protein was 

loaded the spinning, columns were pre-rinsed with 5 mL deionised water followed by 5 mL Arg-

Glu buffer. After concentration, the protein was pooled and centrifuged on table centrifuge 

(Eppendorf) at max speed for 30 min at 4 °C to get rid of protein aggregates. The supernatant 

was transferred to a new 5 mL Eppendorf tube and the volume was determined. Protein 

concentration was determined by spectrometer at a wavelength of 488 nm for MFG-E8-eGFP 

(ε of GFP: 55000 M-1 cm-1, MW: 81100 g/mol) and 587 nm for MFG-E8-mCherry (ε of mCherry: 

7200 M-1 cm-1, MW: 80619 g/mol). 

Protein was aliquoted into screw cap tubes (200 μL per tube) and snap freesed in liquid N2.  

For injections into mice, 100 μg of MFG-E8 in a total volume of 200 μl Arg-Glu buffer was 

injected i.v. per mouse. 

5.3.3 Genotyping NR4 mice 

For genotyping genomic DNA was isolated. For this, 2-5 mm of mouse tail tips were cut and 50 

μL of Gitocher buffer (see Table 7) was added. The mixture was incubated for 6 h and the 

proteinase K was inactivated in the following step at 95 °C for 5 min. For PCR genotyping 1 μL 

of isolated DNA was used and added to PCR master mix  
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Table 8: Mouse genotyping 
The genotype of NR4 mice was determined by PCR on genomic DNA isolated from mouse tail tips.  

Isolation of genomic DNA: 1 x Gitocher buffer (see Table 7) 
0.5 % Triton-X 100 
1% 2-mercaptoethanol 
0.4 mg/mL proteinase K 
H2O add to 50 μL 
6 h at 55 °C and 5 min at 95 °C 

PCR genotyping: 1 μL DNA 
5 μL MyTaq Red Buffer 
100 pM Primer for 
100 pM Primer rev 
5 U/mL MayTaq Polymerase 
H2O add to 25 μL 

Primer sequences for the two NR4 PCRs:  
RO 445  
RO 446  

RO 237  
RO 238  

CGGGTCAGAAAGAATGGTGT 
CAGTTTCAGTCCCCATCCTC 

AGCTGACCCTGAAGTTCATCTG 
CATGATATAGACGTTGTGGCTGTT 

PCR programm:  
Step 1: 95 °C 
Step 2: 95 °C 
Step 3: 55 °C 
Step 4: 72 °C 
Step 5: 72 °C 
Step 6: 4 °C 

5 min 
30 sec 
30 sec 
45 sec - back to step 2 (35 x) 
5 min 
∞ 

5.3.4 Agarose gel electrophoresis 

Gel electrophoresis on an agarose gel was performed to visualise and separate DNA fragments 

according to their size. For the preparation of the gel 1 % (w/v) agarose was dissolved in TAE 

buffer. 100 bp ladder were used to estimate the size of the DNA fragments. DNA samples were 

visualised using ethidium bromide (0.5 g/mL) that was added before the gel was solidified. 

Agarose gels were analysed on a Gel Doc XR+ Molecular Imager. 

5.3.5 Proteome analysis 

The proteome analysis was performed in collaboration with Jingyuan Cheng and PhD Felix 

Meissner from the Planck Institute for Biochemistry in Munich. In brief, 2 x 105 cells were lysed, 

proteins reduced and alkylated in 100 mM Tris (pH 7.6) lysis buffer containing 1 % sodium 

deoxycholate (SDC), 40 mM 2-Chloroacetamide (CAA). Cells were immediately heat-treated at 

95 °C for 10 min and sonicated for 12 min with a Bipruptor Plus sonication device (Diagenode) 
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to shear DNA. The protein amount was determined by BCA assay. The enzymatic digest was 

carried out overnight at 37 °C using LysC and trypsin in a 1:100 (w/w) ratio and was stopped by 

adding isopropanol containing trifluoroacetic acid (TFA) at a final concentration of 1 % (v/v). 

The digested proteins were desalted using two discs of SDB-RPS material and resuspended in 

80 % acetonitrile/ 0.1% TFA (v/v). LC-MS/MS was performed on an EASY-nLC 1200 ultra-high-

pressure system (Thermo Fisher Scientific) via in-house packed columns (75 μm, 30 cm length 

and 1.9 μm C18) in a nonlinear 180 min gradient from 2 % acetonitrile, 0.5 % formic acid to 80 

% acetonitrile, 0.5 % formic acid at 250 nL/min coupled to a quadrupole Orbitrap mass 

spectrometer (Q Exactive HFX, Thermo Fisher Scientific) via nano-electrospray ion source. Data 

were acquired using Xcalibur software (Thermo Fisher Scientific). Analysis of raw data was 

performed using the MaxQuant software (1.6.5.0) with a 1 % FDR at the peptide and protein 

level. Analysis of the data was performed by Dr. Tobias Straub from using R Studio v3.6.2. 

5.4 Immunological methods  

5.4.1 Preparation of single cell suspension 

Animals were sacrificed by CO2 and then desinfected with 70 % ethanol. Organs were removed 

using scissors and fine tweezers and put into FACS buffer. Single cell suspension of splenocytes 

was generated by pushing organs through a 40 μm cell strainer and washed with cold FACS 

buffer. Lymphocytes were purified by Pancoll (PAN Biotech) gradient centrifugation. For this, 

cells were taken up in 3 mL of FACS buffer and 3 mL of Pancoll was slowly and carefully added 

at the bottom of the tube by a plastic transfer pipette. The mixture was centrifuged for 10 min 

at 2000 rpm at 37 °C with an acceleration of 9 and a decceleration of 5. After the spin, the white 

layer containing mononuclear cells were collected and washed 2x with FACS buffer. Liiving cells 

were counted by a CASY cell counter (OMNI Life Sciences) and used for further analysis.  

5.4.2 Preparation of single cell suspension for the analysis of nuclear NFATc1 translocation 

Single cell suspension was prepared as described before (see 5.4.1). Cells were taken up in 2 

mL cold FACS buffer and immediately fixed by adding 2 mL of 4 % PFA. Cells were incubated for 

10 min at RT before cells were washed two times with FACS buffer and cells were counted on 

CASY. Cells were then permeabilised and stained (see 5.4.6). 
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5.4.3 Purification of peripheral mononuclear blood cells from murine blood 

Blood was collected immediately from euthanised mice by cardiac puncture using a 1.0 mL 

syringe (Omnican-F) and directly transferred to a heparin (Ratiopharm GmbH) containing 

Eppendorf tube. Red blood cells were lysed using ACK buffer for 5 min at RT. Then cells were 

washed two times with FACS buffer and used for further analysis.  

5.4.4 Preparation of human blood samples 

PBMCs were purified from 7 mL of EDTA or Heparin anti-coagulated blood samples by mixing 

with equal amount of PBS. The mixture was layered onto 14 mL of Pancoll solution (PAN 

Biotech) and centrifuged at RT at 2100 rpm with an acceleration of 1 and a deceleration of 0 

for 20 min. The PBMCs were collected at the interface, washed 3 times with PBS and stained 

with indicated antibodies.  

5.4.5 Magnetic cell sorting 

For the isolation of cell populations magnetic cell sorting (Miltenyi Biotec) has been used. This 

technique has been employed to purify CD8+ T cells from spleen for adoptive transfer 

experiments (CD8+ T cell Isolation kit, negative selection). All procedures were performed 

according to manufacturer instructions. Briefly, for negative selection splenocytes were first 

incubated 5 min with a biotinylated antibody mix on ice that do not bind to CD8+ T cells. Then 

cells were incubated 10 min with anti-biotin microbeads, that bind to labelled cells. The cell 

mixture was then applied to a LS column placed in a paramagnetic field. Unlabelled CD8+ T cells 

were washed through the column by rinsing three times with MACS buffer and eluted fraction 

was collected. Total cell number was determined by CASY.  

5.4.6 Staining of cells with fluorescent reagent for flow cytometry 

5 x 106 cells were incubated with Fc-Block and live/dead in PBS for 10 min at 4 °C and washed 

two times with FACS buffer. Antibody staining of cells was performed on ice for 25 min in FACS 

buffer in a volume of 100 μL and washed two times (180 g, 5min, 4°C) to remove unbound 

antibodies before analysis on an ImageStreamx MKII imaging flow cytometer (Luminex).  For 

the analysis of LCMV-specific CD8+ T cells splenocytes were stained with MHC-I tetramers (H-

2DbLCMVgp33-41 and H-2KbLCMVgp34-43, kindly provided by NIH tetramer facility with a dilution 
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of 1:100) in a volume of 100 μL for 30 min at RT and washed two times with FACS buffer, before 

cells were stained with the indicated antibodies.  

For intracellular stainings cells were fixed and permeabilised in 100 μL of 1 x 

Fixation/Permeabilisation solution (eBioscience) for 20 min on RT in the dark, after they have 

been stained for surface markers. Cells were then washed twice with 1 x Permeabilisation 

Buffer (eBioscience) and then stained with specific antibodies in 100 μL of 1x Permeabilisation 

buffer for 30 min at 4 °C. Afterwards cells were washed and analysed using an ImageStreamx 

MKII flow cytometer or FACSCanto II. Cell sorting was performed at FACSAria using a 80 μm 

nozzle. Data analysis was performed using FlowJo version 10 (TreeStar, Ashland, OR, USA).  

For intranuclear staining cells were permeabilised using the FoxP3 Permeabilisation buffer 

(eBiosceince) for 30 min at 4°C before after they have been stained for surface markers (goat 

alpha GFP-FITC, CD8-PECy7, CD44-PB (NFATc1 staining), CD44-APCCy7 (T-bet staining) (see). 

Cells were then washed two times with Permeabilisation buffer and then stained for NFATc1-

PE/T-bet-PE and DRAQ5 in 100 μL of 1 x Permeabilisation buffer for 30 min at 4°C. Afterwards 

cells were washed two times and analysed using an ImageStreamx MK II. 

5.4.7 In vitro stimulation and adoptive transfer 

For the in vitro stimulation and adpotive transfer of transgenic P14 and OT-I CD8+ T cells into 

C57BL/6 animals, spleens from transgenic mice were taken and CD8+ T cells were magnetically 

enriched using the CD8+ T cell isolation kit (see 5.4.5). Purity of isolated T cells was determined 

using anti-CD8, anti-CD90.1, anti-CD45.1 and the respective Vα2 antibodies by FACS analysis. 

0.1 x 106 TCR transgenic CD8+ T cells were cultured for two days in RPMI 1640-GlutaMAX 

medium (Thermo Fisher Scientific) supplemented with 10 % FCS, 1 % penecillin/streptomycin 

and 50 μM 2-Mercatpotheanol in 96-well round-bottom plates (Starstedt) precoated with 10 

μg/mL anti-CD3 (BioXCell) and anti-CD28 mAb (BioXCell). Following in vitro stimulation 3.0-3.5 

x 106 OT-I and P14 CD8+ T cells were transferred i.v. into syngeneic and sex-matched mice that 

were infected two days earlier with LCMVArm. Recipient mice were scarified three days after 

transfer. Transferred T cells could be analysed by the congenic markers CD45.1 or CD90.1. 

5.4.8  Sorting of MFG-E8-eGFP+ splenocytes and TEM analysis 

Single cell suspensions from mice infected with LCMV and injected with MFG-E8-eGFP were 

prepared as described (see section 5.4.1). Cells were labelled with anti-CD45-APC and anti-GFP-

FITC antibodies in FACS buffer for 25 min at 4 °C after cells were incubated with live/dead violet 
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in PBS for 10 min on ice. After washing with FACS buffer cells were prefixed with freshly 

prepared 4% EM-grade PFA (Science Services) for 30 min. A FACSAriaIII (BD Biosciences) with a 

130 μm nozzle was used to sort fixed cells into PBS containing 0.5 % BSA. Cells were washed 3 

x with PBS for 10 min at 400 g and 4°C. Then wells were fixed with 2.5 % glutaraldehyde (Science 

Services) in 0.1 M cocadylate buffer (pH 7.4) for 15 min. Cells were washed (3x) with 0.1 M 

sodium cacodylate buffer for 10 min at 400 g and then fixed in reduced osmium (1 % osmium 

tetroxide (Science Services), 0.8 % potassium ferrcyanide in 0.1 M sodium cacodylate buffer. 

Further sample preparation and TEM analysis was performed by Dr. Martina Schifferer from 

the German Center for Neurodegenerative Diseases in Munich. Briefly, cells were contrasted 

in 0.5 % uranyl acetate in water (Science Services), then dehydrated through an ascending 

ethanol series. The pellet was embedded in epon resin and dried for 48 hours at 60 °C. Ulra-

thin sections (50 nm) were cut and put 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). 

5.4.9  Virus production 

For LCMV propagation baby hamster kidney-21 cells (BHK-21) cells were used. On day 0, cells 

were seeded at a number of 3 x 105 cells in a 75 cm3 flask in DMEM supplemented with 10 % 

of FCS. After 48 hours of growing, culture medium was removed, and cells were infected with 

a MOI of 0.08 in 3 mL of DMEM 10 % FCS and incubated 90 min at 37 °C with every 20 min 

tilting the flask. After infection period, 22 mL of warm DMEM 10 % FCS was added and virus 

infected cells were incubated 48 hours. The supernatant was collected in a 50 mL tube and cells 

and debris were spun down at 1300 rpm 5 min 4°C. 1 mL of supernatant containing virus 

particles were aliquoted into 2 mL Sarsteadt tubes and frozen in liquid nitrogen for long time 

storage at – 80 °C.  

5.4.10 Quantification of LCMV by plaque forming unit assay  

For determination of LCMV titers, Vero cells growing in DMEM 10 % FCS were used and 

resuspended in MEM 5 % FCS to a concentration of 8 x 105/mL when used for plaque assay. For 

quantification of virus forming units, prepared virus stocks were serially diluted 1:5 in 5 % FCS 

containing MEM 24-well plates and 200 μL of the dilutions were transferred into a 24-well 

plate. Then 200 μL of cell were added and incubated 3 hours at 37 °C. Then 400 μL of 2 x DMEM 

methylcellulose (1:1 ratio) were added without disturbing the attached cells. After 60 hours of 
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incubation at 37 °C, cells have formed a confluent monolayer. The supernatant was aspirated 

and 4 % of PFA was added for exactly 30 min at RT. The fixative was taken off and 200 μL of 

Triton-X in PBS (0.1 %) were added and incubated for 20 min at RT. The solution was discarded 

and 200 μL of PBS 5 % FCS were added for 20 min at RT to block non-specific binding. PBS was 

aspirated and 200 μL of 2.5 % FCS PBS containing VLA-4 antibody (1:100 BioXcell 1.8 mg/mL) 

was added and incubated 60 min at RT. The cells were washed 2x with PBS and the secondary 

peroxidase coupled goat anti-rat IgG HRP was added (1:100, Jackson ImmunoResearch 

Laboratories, Inc) and incubated for 60 min at RT. Cells were again washed 2 x with PBS and 

400 μL of OPD substrate were added and incubated 15 min until a good colour is produced. 

Then the cells were washed again 2 x with 400 μL of PBS and plaques were counted to calculate 

PFU using the following formula: 

 

 

Formula from [242] 

For infections, 2 x 105 PFU in PBS were injected intraperitonially (i.p) per mouse.  

5.5 Data analysis 

5.5.1 Analysis of apoptotic and EV+ cells using the CAE-RF and IDEAS 

The IDEAS software (Version 6.2, Luminex) was used to gate MFGe8-eGFP positive cells. TIF-

Images (16-bit, raw) of MFGe8+ cells were exported and apoptotic and EV+ cells were identified 

by the CAE-RF using a graphical user interface as described before [239]. Three FCS files 

(encompassing EV-decorated, apoptotic or all cells) were created and analysed using FlowJo 

Version 10.  

5.5.2 Co-localisation analysis 

Nuclear localization of NFATc1 or T-bet was analysed using the ‘similarity’ feature on the IDEAS 

software. The similarity between the pixel intensities of the nuclear DRAQ5 and the NFATc1/T-

bet fluorescence images of each individual cell was determined and enumerated as the 

similarity score (SS), which determines the correlation of pixel intensities between NFATc1/T-

bet and DRAQ5 images. Peak masks for for MFG-E8-eGFP and the respective marker were 

created to assess the degree of co-localisation between MFG-E8+ EVs and CD9/CD63, MHC-II, 

Average # Plaques = PFU/ml  D = Dilution factor 
           D x V    V = Volume of diluted virus added 
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CD86, CD54 and CD31 Both masks were combined, and co-localisation assessed using the BDS 

R3 feature of the IDEAS software.  

5.5.3 Statistics  

For statistical analysis the PRISM software (GraphPad software, La Jolla, CA, USA) was used. 

Significance was analysed using students t-test or one-way ANOVA-test, with *: P< 0.05**: P < 

0.01 and ***: P < 0.001. Bar graphs show average ± standard deviation (SD).  
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6 Results 

6.1 MFG-E8-eGFP detects apoptotic and PS+EV-decorated cells in vivo 

MFG-E8-eGFP stains apoptotic cells in vivo in irradiated mice [239]. We, therefore, aimed first 

to visualise and analyse cells that undergo apoptosis during viral infection by MFG-E8-eGFP in 

vivo application. For this, we used the acute LCMVArm infection model as cell death is induced 

during the early phase of the infection [74, 106, 243]. Mice were infected with LCMVArm, MFG-

E8-eGFP was injected i.v. on day 5 p.i., and splenocytes were analysed by imaging flow 

cytometry (IFC) (Fig. 4A).  

In LCMV-infected mice, the frequency and the total number of MFG-E8-eGFP positive (MFG-

E8+) cells significantly increased compared to non-infected control mice (Fig. 4B, C). 

Importantly, no MFG-E8+ cells were detected in non-injected mice, demonstrating the 

specificity of MFG-E8-eGFP in vivo staining. MFG-E8-eGFP negative (MFG-E8-) cells showed a 

round morphology with an intact plasma membrane characteristic for living cells (Fig. 4D, left). 

In contrast, cells positively stained with MFG-E8-eGFP were heterogeneous, exhibiting two 

different staining patterns (Fig. 4D, right). Bonafide apoptotic cells displayed a bright plasma 

membrane staining with intensively stained apoptotic blebs. However, the second type of MFG-

E8+ cells we detected showed a more punctate MFG-E8-eGFP staining with one or a small 

number of intensely stained spots, whereas the rest of the cell body remained unstained. These 

MFG-E8+ structures were of subcellular size, and therefore we assumed them to be PS+ EVs 

attached to living cells. 

To test this hypothesis, we sorted MFG-E8+CD45+ leukocytes from the spleen of LCMV-infected 

mice for transmission electron microscopy (TEM). Cells had a purity of around 90 % after sorting 

(Fig. 5A). We found vesicles attached to the surface of the sorted leukocytes (Fig. 5B). These 

particles were highly heterogeneous in size with about 30-200 nm in diameter, as typical for 

EVs [244]. Taken together, MFG-E8-eGFP injection enables the detection and analysis of both 

apoptotic and live PS+EV-bound cells in vivo in LCMVArm-infected mice. 
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Figure 4: MFG-E8-eGFP detects apoptotic and EV-decorated cells in vivo. 
(A) Illustration of the experimental setup. LCMVArm- and non-infected mice were injected i.v. with of MFG-E8-eGFP 
(100 µg/mouse) on day 5 post-infection to analyse PS+ cells. After 1 h, the spleens were harvested, and splenocytes 
were analysed by IFC. (B) Dot plots display the gating strategy of live/dead-MFG-E8-eGFP+ cells from the spleens 
of non-infected and LCMVArm-infected mice. The area and aspect ratio of the bright field (BF) channel were used 
to identify single cells. Numbers in the gate indicate the mean percentages ± SD of MFG-E8+ cells from LCMVArm-
infected or non-infected, MFG-E8-eGFP-injected mice (n=3) and non-injected mice (n=1). (C) Bar graphs display 
the frequency (left) and total number (right) ± SD of MFG-E8-eGFP+ cells in LCMVArm- and non-infected mice (n=3). 
(D) Representative images of BF, MFG-E8, and BF/MFG-E8 overlay channels of MFG-E8- and MFG-E8+ cells are 
shown. Scale bar: 7 µm. Shown are representative results from 2 independent experiments. The unpaired 
Student’s t-test was used to determine statistical significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 
Figure shows data from [239] Figure 5. Figure 4C modified from [239] Figure 5. 
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Figure 5: Transmission electron microscopy reveals the binding of EVs to leukocytes. 
Mice were infected with LCMVArm, and MFG-E8-eGFP (100 µg/mouse) was injected on day 5 post-infection. 
Positive cells were FACS sorted on AriaFusion (BD) and visualised by TEM. (A) Sorting strategy of live/dead- CD45+ 
MFG-E8+ leukocytes from the spleen of LCMV-infected mice. Numbers next to the gate indicate the percentage of 
the respective population. (B) Representative images of sorted MFG-E8+ leukocytes with EVs attached to their 
surface (indicated by white arrows). Scale bars: 500 nm. TEM analysis was performed by Dr. Martina Schifferer at 
the German Centre for Neurodegenerative Diseases in Munich. Figure 5 A from [239] Supplemental Figure 2 and 
B modified from [239] Figure 1. 

6.2 EV-decoration of splenocytes is strongly induced upon LCMV infection 

We next aimed to quantify apoptotic and EV-decorated (EV+) cells in mice acutely infected with 

LCMV. Although IFC allowed the identification of apoptotic and EV+ cells by visual inspection, 

we could not determine a distinguishing feature enabling their clear separation by flow 

cytometry. Therefore, we used a deep learning approach based on a convolutional 

autoencoder followed by a random forest classifier (CAE-RF) developed by Nikolaos Kosmas-

Chlis and Jan Kranich [239]. This approach allows the identification and discrimination of 

apoptotic and EV-decorated cells in an automated fashion. To analyse apoptotic and EV+ cells, 

TIF-images of MFG-E8+ cells from LCMVArm-infected and non-infected mice were exported from 

the IDEAS software and sorted by the CAE-RF (Fig. 6A). Using this method, we reliably classified 
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MFG-E8+ cells into apoptotic and live EV-bound cells. Generally, apoptotic cells displayed a 

higher median fluorescence intensity (MFI) for MFG-E8-eGFP than EV+ cells (Fig. 6A). We 

detected a robust and significant increase of EV-decoration and apoptosis upon LCMVArm 

infection (Fig. 6B, C). Surprisingly, after CAE-RF-sorting, we found the majority of all MFG-E8+ 

cells to be live EV+ cells, and only a minor fraction of around 2 % (LCMV-infected) and 1 % (non-

infected) of all MFG-E8+ cells were bona fide apoptotic cells (Fig. 6B). We detected 2 x 105 

apoptotic cells in the spleens of non-infected control mice, and this number increased to 

around 1 x 106 in infected animals. However, the frequency and the total number of EV+ cells 

exceeded that of apoptotic cells by a factor of 10 (Fig. 6B, C).  

To determine, which specific cell types undergo apoptosis or display EV-decoration in more 

detail, LCMVArm-infected and non-infected control mice were injected with MFG-E8-eGFP and 

MFG-E8+ non-B/non-T (CD19-TCRβ-) cells, T cells and B cells were analysed by IFC and the CAE-

RF.  

Apoptosis mainly occurred among CD19+ B cells both in non-infected and LCMV-infected mice 

(Fig. 6C). However, the number of apoptotic cells was significantly higher upon LCMV infection. 

Apoptosis of non-B/non-T cells and CD8+ T cells was only induced in infected animals (Fig. 6C). 

EV-decorated CD19+ B cells and non-B/non-T cells were detected in non-infected and LCMV-

infected mice, but again the number of EV+ cells was further elevated in LCMV-infected animals 

(Fig. 6C). Whereas EV-decoration increased only slightly among CD4+ T cells, we found a massive 

rise in the number of EV+CD8+ T cells during LCMV infection (Fig. 6C). 
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Figure 6: Analysis of EV+ and apoptotic cells during LCMV-infection by a CAE-RF. 
To examine apoptotic and EV+ cells during LCMV infection, 100 µg of MFG-E8-eGFP were injected into non-
infected and LCMV-infected mice (n=3) on day 5 p.i. and live/dead- splenocytes were quantified by IFC. (A) TIF 
images of the gated MFG-E8+ population were exported from the IDEAS software, EV+ and apoptotic cells were 
identified by the CAE and discriminated by a trained RF classifier [239]. The files of the sorted PS+ cells were re-
imported into IDEAS and analysed separately. Dot plots show the frequency ± SD of all MFG-E8+ live/dead- 
splenocytes (black) and the MFIs ± SD of the MFG-E8-eGFP fluorescence of CAE-RF sorted apoptotic (blue) and 
EV+ (red) splenocytes in LCMV-infected and non-infected mice. (B) Bar graphs display apoptotic (blue) and EV-
decorated (red) cells as frequencies ± SD of live cells in LCMV-infected and non-infected mice quantified by CAE-
RF. (C) Bar graph showing the absolute number ± SD of CAE-RF-sorted live/dead- apoptotic (blue) and EV+ (red) 
cells of total live/dead- (all cells), non-B/non-T cells (CD19-TCRβ-), CD19+ B cells, CD4+ and CD8+ T cells. Shown are 
results from 3 independent experiments. The unpaired Student’s t-test was used to determine statistical 
significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. Figure shows data from [239] Figure 5. Figures 5B,C 
modified from [239]. 
  
LCMV infection elicits robust B cell responses [245].We therefore, analysed apoptosis and EV-

decoration of different B cell subsets more specifically (Fig. 7A, B). Follicular (FO, 

CD19+CD21+CD23hi) and immature (IM, CD19+CD21-CD23-) B cells show increased EV-

decoration and apoptosis upon LCMV infection (Fig. 7B). In contrast, marginal zone (MZ, 

CD19+CD21hiCD23lo) B cells exhibited a high frequency of EV-decoration independently of 

infection. Furthermore, the frequency of EV+ and apoptotic MZ B cells detected was generally 

higher than that of FO and IM B cells in mice infected with LCMVArm and non-infected animals.  
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Figure 7: Analysis of EV-decoration and apoptosis of B cell subsets during LCMV infection. 
MFG-E8-eGFP (100 µg/mouse) was injected into LCMV-infected and non-infected mice (n=3), and B cells were 
examined by IFC. EV+ and apoptotic cells were separated using the CAE-RF. (A) Gating strategy to investigate 
apoptosis and EV-decoration of live/dead- FO (CD19+CD21+CD23hi), MZ (CD19+CD21hiCD23lo) and IM (CD19+CD21-

CD23-) B cells in LCMV- and non-infected animals. Percentages ± SD of the respective population are indicated. (B) 
Bar graphs display apoptotic (blue) and EV+ (red) cells as average frequencies ± SD of the respective B cells subset 
(from left to right, MZ, FO, IM) in LCMV- and non-infected mice. Shown are representative results from 3 
independent experiments. The unpaired Student’s t-test was used to determine statistical significance, with *: p< 
0.05, **: p< 0.01 and ***: p< 0.001. Figure modified from [239] Figure 5.  
 

CD11c+ MHC-II+ dendritic cells (DCs), which can be infected by LCMVArm [106, 246], displayed a 

slight but significant increase in EV-decoration and apoptosis during LCMV infection compared 

to non-infected mice (Fig. 8A, B).  

 
Figure 8: EV-decoration and apoptosis of DCs increase during LCMV infection. 
LCMV-infected and non-infected mice (n=3) were injected with MFG-E8-eGFP (100 µg/mouse), and live/dead- 
CD19-TCRb- MHC-II+ CD11c+ DCs were analysed by IFC. EV+ and apoptotic cells were separated by the CAE-RF [239]. 
(A) Gating strategy to investigate apoptosis and EV-decoration of live/dead-, CD19-TCRb- MHC-II+ CD11c+ DCs in 
LCMV- and non-infected animals. Percentages ± SD of the respective populations are indicated. (B) Bar graphs 
display apoptotic (blue) and EV+ (red) cells as average frequencies ± SD of the total live, DC population in LCMV- 
and non-infected mice. Shown are representative results from 3 independent experiments. The unpaired 
Student’s t-test was used to determine statistical significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 
Figure modified from [239] Figure 5.  
 

Both CD8+ and CD4+ T cells responses are induced during acute LCMV infection [67]. When we 

looked at the frequencies of apoptotic CD8+ and CD4+ T cells, we found a significant increase in 
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CD8+ but not in CD4+ T cells upon LCMV infection (Fig. 9B). Although EV-decoration of CD4+ T 

cells slightly but significantly augmented during LCMV infection, it dramatically (8-fold) 

increased in CD8+ T cells with up to 45 % of CD8+ T cells being EV+. Due to the substantial binding 

of EVs to CD8+ T cells and the crucial role of cytotoxic T cells in eliminating LCMV infection, we 

next analysed different subsets of CD8+ T cells. 

 

Figure 9: The frequency of EV-decorated T cells significantly increases during LCMV infection. 
MFG-E8-eGFP (100 µg /mouse) was injected into LCMV-infected and non-infected mice (n=3), and live/dead- CD4+ 
and CD8+ T cells were examined by IFC. EV+ and apoptotic cells were separated by the CAE-RF [239]. (A) 
Representative dot plots show the mean percentage ± SD of total live (black, live/dead-) CD4+ and CD8+ T cells in 
LCMV-infected and control animals. (B) Bar graphs display apoptotic (blue) and EV+ (red) cells as average 
frequencies ± SD of the respective CD4+ (left) or CD8+ (right) population in LCMV-infected and control mice. Shown 
are representative results from 3 independent experiments. The unpaired Student’s t-test was used to determine 
statistical significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. Figure modified from [239] Figure 6.  

6.3 EVs preferentially associate with Ag-experienced CD8+ T cells during LCMV-
infection 

We next aimed to assess if EVs preferentially bind to a specific T cell subset. In lymphoid organs, 

functionally different subsets are defined based on the expression of the L-selectin CD62L and 

the activation marker CD44 [247]. EV-decoration of naïve (TN, CD62LloCD44hi), central memory 

(TCM, CD62LhiCD44hi), and effector (TE, CD62LloCD44hi) CD8+ T cells from control and LCMV-

infected mice were analysed by MFG-E8-eGFP injection followed by IFC and CAE-RF-based 

sorting. In non-infected mice, we observed only a low frequency of EV+TN and EV+TCM CD8+ T 

cells, whereas around 20 % of TE cells were EV-decorated (Fig. 10A). In contrast, during acute 

LCMV infection, EV-decoration significantly increased in all three subsets in terms of frequency 

and total number (Fig. 10A and B). However, we observed the most substantial increase in EV-

decoration among activated CD44hiCD8+ T cells compared to steady-state. While around 10 % 

of TCM were associated with EVs, TE displayed 55 % of EV-decoration, thus revealing a 

preferential binding of EVs to CD8+ TE cells upon LCMV infection (Fig. 10B).  
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We further examined the frequencies of apoptotic CD8+ T cell subsets in LCMV-infected and 

control mice.  Apoptosis was not markedly induced in TCM in the absence of infection. However, 

we found around 2 % of apoptotic TE cells in non-infected animals (Fig. 10A). While apoptosis 

was increased in TCM cells during early LCMV infection, the frequency of apoptotic TE cells 

decreased. We detected apoptosis of TN cells neither in LCMV-infected nor in non-infected 

animals. As shown before (Fig. 4), apoptotic and EV+ CD8+ T cells displayed different 

morphological staining patterns of MFG-E8 (Fig. 10C).  

Considering the sharp increase of EV+ cells on day 5 p.i., especially of CD8+ T cells, we were 

interested in determining the kinetics of EV-decoration during LCMV infection.  For this, 

apoptotic and EV-decorated splenocytes were quantified over the first fifteen days of LCMV 

infection by imaging flow cytometry and CAE-RF. We detected the highest frequency of EV+ live 

cells and EV+CD8+ T cells on day 5 p.i. , which declined from day 10 to day 15 p.i. (Fig. 11). 

Similarly, apoptosis of total live and CD8+ T cells reached its maximum on day 5. Notably, on 

day 15 p.i. EV-decoration and apoptosis dropped below the levels of non-infected mice. This 

data indicates that EV-decoration of CD8+ T cells is transient and correlates with the published 

kinetics of LCMV-titers in the spleen, with a peak of the virus titer on day 5 p.i. and viral 

clearance 8 days after infection [248, 249].  
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Figure 10: Effector CD8+ T cells strongly bind EVs during LCMV infection. 
MFG-E8-eGFP (100 µg /mouse) was injected into LCMV-infected and non-infected mice (n=3), and different 
live/dead- CD8+ T cell subsets were analysed by IFC. EV+ and apoptotic cells were separated using the CAE-RF [239]. 
(A) CD8+ T cell subsets were divided into naïve (CD62L+CD44-, TN), central memory (CD62L+CD44+, TCM), and 
effector (CD62L-CD44+, TE) CD8+ T cells. Representative dot plots show the mean percentages ± SD of total live 
CD8+ T cells subsets in LCMV- and non-infected animals. Graphs display the frequencies ± SD of the respective 
MFG-E8+ apoptotic (blue) and EV+ (red) TN, TCM and TE CD8+ T cell population in LCMV- and non-infected (mice. (B) 
Total numbers of all (white) and EV+ (red) TN, TCM and TE CD8+ T cells are plotted in a bar graph. (C) Representative 
images of BF, MFG-E8, CD8, CD62L and CD44 of EV+ and apoptotic CD8+ T cells are shown. Scale bar 7 µm. Shown 
are representative results from 3 independent experiments. The unpaired Student’s t-test was used to determine 
statistical significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. Figure modified from [239] Figure 6. 
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Figure 11: EV-decoration and apoptosis of CD8+ T cells are transient. 
Mice were infected with LCMVArm, and frequencies of EV+ (red) and apoptotic (blue) total live cells and CD8+ T cells 
were determined on day 5, 10 and day 15 p.i. by MFG-E8-eGFP-injection followed by imaging flow cytometry and 
CAE-RF. Representative results from 2 independent experiments are shown.  
 
To investigate EV-decoration of  Ag-specific CD8+ T cells, we used two MHC-I-multimers (H-

2Db/LCMVgp33-41-multimer (Db/GP33) and H-2Kb/LCMVgp34-43-multimers (Kb/GP34)) to detect 

LCMV-specific CD8+ T cells in infected mice. MFG-E8-eGFP was injected into LCMVArm-infected 

mice on day 5 p.i., and multimer+CD8+ T cells were analysed for EV-decoration by IFC and the 

CAE-RF (Fig. 12 A and B). At that time point, MHC-I-multimer+CD8+ T cells made up 7 % 

(Db/GP33+) and 4 % (Kb/GP34+) of all CD8+ T cells in the spleen. We found around 20 to 30 % of 

these LCMV-specific CD8+ T cells to be EV+ (Fig. 12A and B). Compared to multimer+ T cells, EV-

decoration of Db/GP33-, Kb/GP34- and total (all) CD44+CD8+ T cells was slightly but significantly 

reduced. However, bystander T-cell activation plays no significant role in the polyclonal CD8+ T 

cell response to acute LCMV infection [78, 80, 250]. Therefore, the multimer-CD44+CD8+ T cell 

population probably contains T cell clones specific for other untested LCMV epitopes. These 

results show that a large fraction of Ag-specific CD8+ T cells bind EVs. However, preferential 

binding of EVs to Ag-specific CD8+ T cells cannot be concluded from this experiment. Consistent 

with previous experiments, CD44-CD8+ T cells did not bind EVs during LCMV infection, further 

supporting the idea that only Ag-experienced T cells bind EVs. 
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Figure 12: EVs bind to LCMV-specific effector CD8+ T cells. 
To analyse EV-binding of LCMV-specific CD8+ T cells, MFG-E8-eGFP was injected and MHC-multimer H-
2DbLCMVgp33-41

+ and H-2KbLCMVgp34-43
+ cells were quantified and analysed using the CAE-RF in day 5 LCMV-

infected mice (n=3). Representative dot plots in A and B show the frequencies ± SD of total live/dead- 
CD44+multimer+/CD44+multimer-/CD44-multimer- CD8+ T cells of both specificities. Bar graphs display the 
frequencies of ± SD of EV+ CD44+multimer+, EV+CD44+multimer-, EV+CD44-multimer- and total EV+CD44+ (all) CD8+ 
T cells. Representative results from 2 independent experiments are shown. One-way ANOVA-test was used to 
determine statistical significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 
 
We next analysed EV-decoration of CD4+ T cell subsets during acute LCMV infection. Similar to 

CD8+ T cells, the frequency and the total number of EV-decorated TN, TCM and TE CD4+ T cells 

raised upon LCMV infection (Fig. 13A, B). Again, the highest frequency of EV+ cells was observed 

in the CD44hiCD62L-CD4+ population. However, EV-decoration of effector CD4+ T cells (10-20 % 

EV+CD44hiCD62L-CD4+) was not as pronounced as that of CD44hiCD62L-CD8+ T cells (50-60 % 

EV+CD44hiCD62L-CD8+) (Fig. 10A). EV+CD4+ T cells show a spot-like MFG-E8-eGFP staining (Fig. 

13C). 

Consistent with an increase in apoptosis, we found a reduction in the total number of TCM CD4+ 

T cells during LCMV infection. We did not observe an increase in apoptotic TN or TE cells during 

the analysed phase of LCMV infection. In contrast to EV+ T cells, cells undergoing apoptosis 

display an almost entire MFG-E8-eGFP+ plasma membrane (Fig. 13C). 

This data suggests that like CD8+ T cells, TE CD4+ T cells tend to associate with EVs, although to 

a lesser extent.  
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Figure 13: Effector CD4+ T cells display increased EV-decoration during LCMV infection. 
MFG-E8-eGFP (100 µg /mouse) was injected into LCMV-infected and non-infected mice (n=3), and different 
subsets of CD4+ T cell were analysed by IFC and CAE-RF [239]. (A) CD4+ T cell subsets were subdivided into naïve 
(CD62L+CD44-, TN), central memory (CD62L+CD44+, TCM) and effector (CD62L-CD44+, TE) CD4+ T cells. The mean 
percentages ± SD of total live CD4+ T cells subsets in LCMV- and non-infected animals are shown in representative 
dot plots. Bar graphs depict the frequencies ± SD of the respective MFG-E8+ apoptotic (blue) and EV+ (red) TN, TCM 
and TE CD4+ T cell populations in LCMV-infected and control mice. (B) Bar graph displaying the absolute numbers 
± SD of the total (white) and EV+ (red) TN, TCM and TE CD4+ T cells. N =3. (C) Representative images of BF, MFG-E8, 
CD8, CD62L and CD44 of apoptotic and EV+ CD4+ T cells are shown. Scale bar 7 µm. Shown are results from 3 
independent experiments. The unpaired Student’s t-test was used to determine statistical significance, with *: p< 
0.05, **: p< 0.01 and ***: p< 0.001. Figure modified from [239] Supplemental Figure 5.  
 
EVs have been found in several bodily fluids, including saliva, urine and blood [reviewed in 115, 

147]. To test whether EV-decoration of CD8+ T cells occurs not only in the spleen but also in the 

blood during infection, we compared the frequencies of EV+CD8+ T cells in the blood and spleen 

of LCMV-infected and control mice. For this, mice received MFG-E8-eGFP, and CD8+ T cells from 

the spleen and blood were analysed by IFC and CAE-RF. The frequency of live, MFG-E8+ cells 

but also apoptotic and EV+CD8+ T cells was significantly higher in the blood from LCMV-infected 

compared to non-infected mice, where we hardly detected EV-decoration or apoptosis of CD8+ 

T cells (Fig. 14A). Interestingly, we found significantly more MFG-E8+ cells, apoptotic and 
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EV+CD8+ in the blood than in the spleen within the same infected mice (Fig. 14A). On the one 

hand, this may indicate an enrichment of EV+CD8+ T cells in the blood during LCMV infection; 

on the other hand, EVs may be captured and filtered by splenic macrophages or MZ B cells, 

thereby reducing the local concentration of EVs in the spleen. 

In addition, we also detected more apoptotic CD8+ T cells in the blood compared to the spleen 

of LCMV-infected mice.  

Next, we compared the frequencies of EV-decorated and apoptotic T cells subsets in the blood 

and spleen of LCMV-infected mice. Similar to the spleen, CD62L-CD44+CD8+ TE cells showed the 

highest level of EV-decoration in the blood upon infection (Fig. 14B). While there was no 

difference in the frequency of EV+ TE in the blood and spleen of LCMV-infected mice, EV-

decoration of TN and TCM CD8+ T cells was significantly elevated in the blood (Fig. 14B). These 

data reveal different EV-binding properties of CD62L+CD8+ T cells (TCM, TN) in the blood of 

LCMV-infected mice compared to those found in the spleen.  

Furthermore, apoptosis of naïve and TE CD8+ T cells was slightly but significantly induced in the 

blood, while the frequencies of apoptotic TCM  were comparable.  
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Figure 14: Increased frequencies of EV+CD8+ T cells in the blood of LCMV-infected mice.  
LCMV- (n=5) and non-infected mice (n=3) received 100 µg of MFG-E8-eGFP on day 5 p.i., and live/dead-CD8+ T 
cells from the spleen and the blood were analysed by IFC. EV+ and apoptotic CD8+ T cells were quantified using 
the CAE-RF [239]. (A) Bar graph (left) shows the frequencies ± SD of MFG-E8+ live cells in the blood (open) and 
spleen (black) of LCMV-infected and non-infected mice. Frequencies ± SD of apoptotic (blue) and EV+ (red) CD8+ T 
cells from blood and spleen of LCMV-infected and non-infected mice were quantified by CAE and plotted in bar 
graphs on the right. (B) Representative dot plots showing the frequencies ± SD of total TN, TCM and TE CD8+ T cells 
in the blood and spleen of LCMV-infected mice. Bar graphs visualise frequencies ± SD of apoptotic (blue) and EV+ 
(red) TN, TCM and TE CD8+ T cells in the blood and spleen upon LCMV infection. Bar graphs show the results from 5 
LCMV-infected mice pooled from 2 independent experiments (A, B) and the 3 non-infected mice from one 
experiment (A). One-way ANOVA-test (A) and the unpaired Student’s t-test (B) were used to determine statistical 
significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 

6.4 Memory precursor cells preferentially bind EVs during LCMV infection  

During acute LCMV infection, effector CD8+ T cells differentiate into short-lived 

KLRG1hiCD127low terminal TE cells or into KLRG1lowCD127hi TE cells which harbour the potential 

to differentiate into long-lived memory precursor cells [41-43]. To investigate EV-decoration of 

terminal effector and memory precursor CD8+ TE cells, we analysed multimer+CD8+ T cells for 

their expression of CD127 and KLRG1 and attached EVs on days 5, 10 and 15 p.i. by IFC and 

CAE-RF as described before.  

CD127 expression levels of Ag-specific multimer+CD8+ T cells significantly increased from below 

10 % to over 50 % during the time analysed (Fig. 15). Furthermore, while KLRG1+CD127-CD8+ T 

cells gradually lost EV-decoration over time, the frequency of EV+CD127+ (KLRG1+CD127+, 
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KLRG1-CD127+) multimer+CD8+ T cells increased. These results suggest that EVs are 

preferentially associated with KLRG1lowCD127hi memory precursor cells during later time points 

of LCMV infection. 

 

Figure 15: EVs preferentially associate with CD127+CD8+ T cells throughout LCMV infection. 
Mice were infected with LCMVArm and injected with MFG-E8-eGFP (100 µg/mouse) on days 5, 10 or 15 post-
infection. LCMV-specific (H-2KbLCMVgp34-43 and H-2DbLCMVgp33-41

+) live/dead- CD8+ T cells were analysed for their 
expression of KLRG1, CD127 and their EV-decoration by imaging flow cytometry and CAE-RF. Representative dot 
plots showing the mean frequencies ± SD of KLRG1+CD127-, KLRG1+CD127+, KLRG1-CD127+ and KLRG1-CD127- of 
total live (black) or EV+ (red) multimer+CD8+ T cells on days 5, 10 or 15 post-infection. Black graphs display the 
frequencies ± SD of the different CD8+ T cell populations as determined by KLRG1 and CD127 expression on d5, 
d10, d15 p.i. as percentage of multimer+CD8+ T cells. Red graphs display the frequencies ± SD of EV+ cells among 
the indicated KLRG1 and CD127 CD8+ T cells populations. N=3. Representative results from 2 independent 
experiments are shown. The unpaired Student’s t-test was used to determine statistical significance, with *: p< 
0.05, **: p< 0.01 and ***: p< 0.001. 
 

CD127+ memory precursor cells have been detected as early as 8 days post LCMV infection [41, 

50, 82]. At that time point, memory precursor cells show lower T-bet expression levels, whereas 

a high T-bet expression repress CD127 expression and promote terminal CD8+ T cell 

differentiation [42, 46]. As shown in Fig. 15, Ag-specific EV+CD8+ T cells preferentially expressed 

the memory marker CD127 during later time points of LCMV infection. Therefore, to test 

whether EV-associated CD8+ T cells would also display a lower T-bet activity than MFG-E8-CD8+ 

T cells, we compared T-bet expression and its subcellular localisation in EV+ and MFG-E8-CD8+ 

T cells on day 8 after infection. For this, MFG-E8-eGFP was injected into LCMV-infected mice, 

stained for intracellular T-bet examined by IFC. However, when we analysed the images of 

permeabilised MFG-E8+ cells using the deep learning-based autoencoder [239], it was not 

possible to reliably discriminate apoptotic from EV+ cells. Permeabilisation buffers contain 

detergents such as Triton X-100 or NP-40, which lyse all membranes, including those of EVs 

[251, 252]. Although cells were previously fixed with 4 % PFA and MFG-E8+ cells could be readily 
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detected, small changes in the MFG-E8-eGFP staining pattern and cell morphology may cause 

the CAE-RF to classify MFG-E8+ cells incorrectly. However, as previously demonstrated, only 

very few MFG-E8+ apoptotic CD8+ T cells ( at maximum 1 %) were detected on days 5 and 10 

post LCMV infection (Fig. 11). We regarded this low number as negligible; therefore, we 

investigated T-bet expression in the total MFG-E8+CD8+ T cell population for analysis. While T-

bet expression increased in CD44+CD8+ T cells upon LCMV Infection, we detected significantly 

reduced T-bet expression levels in MFG-E8+ compared to MFG-E8- effector CD8+ T cells (Fig. 

16A, B).  

To quantify the extent of T-bet nuclear translocation, we used the ‘Similarity’ feature offered 

by the IDEAS software. Herein, the translocation of T-bet to the nucleus, as labelled by DRAQ5, 

is indicated by a median similarity score (SS) of > 1. We found a significantly lower nuclear 

translocation of T-bet in MFG-E8+CD8+ T cells than MFG-E8-CD8+ T cells, as evidenced by a lower 

SS and frequency of CD44+CD8+ T cells with nuclear T-bet (Fig. 16C). These results further 

suggest that EVs bind to cells displaying characteristics of memory precursor cells.  
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Figure 16: MFG-E8+CD44+CD8+ T cells display lower T-bet expression levels and nuclear translocation than MFG-
E8-CD44+CD8+ T cells. 
Mice were infected with LCMVArm, injected with MFG-E8-eGFP (100 µg/mouse) on day 8 p.i. and the expression 
and nuclear translocation of T-bet were compared in MFG-E8+ and MFG-E8- CD44+CD8+ T cells by IFC. (A) Gating 
strategy used to analyse T-bet expression and nuclear translocation in live/dead-, MFG-E8+ and MFG-E8-

CD44+DRAQ5+T-bet+CD8+ T cells with frequencies± SD of the respective population. (B) Shown are representative 
histograms of the T-bet fluorescence intensity in unstained CD44+CD8+ from LCMV-infected mice (grey, n=1), 
CD44+CD8+  from non-infected mice (blue, n=1), MFG-E8+ (red) and MFG-E8- (black) CD44+CD8+ from LCMV-
infected mice (n=3). The frequencies and median fluorescence intensities (MFIs) ± SD of T-bet for each CD44+CD8+ 
T cell population is indicated. Bar graphs show the MFIs of T-bet expression ± SD for MFG-E8+ (red) and MFG-E8- 
(black) CD44+CD8+ T cells. N =3. (C) Nuclear localisation of T-bet was analysed in splenic live/dead-MFG-E8+ and 
MFG-E8-CD44+CD8+ T cells from LCMV-infected mice on day 8 p.i. (n=3) using imaging flow cytometry. To quantify 
the extent of nuclear translocation, the co-localisation of nuclear DRAQ5 staining and T-bet staining was 
determined using the ‘Similarity’ feature provided by the IDEAS software. As determined by visual inspection, the 
translocation of T-bet to the nucleus is indicated by a median similarity score (SS) of > 1. Percentages of cells with 
SS >1 and <1 are shown in the histograms. The left bar graph depicts the median SS ± SD of the nuclear T-bet 
translocation. The right bar graph displays the frequencies ± SD of MFG-E8+ and MFG-E8-CD8+ T cells with nuclear 
T-bet. N=3. Shown are representative results of two independent experiments. Scale bar 7 µm. The unpaired 
Student’s t-test was used to determine statistical significance, with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 
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T cells [254, 255]. To further test whether EV+CD8+ T cells belong to the surviving memory 

precursor pool, we determined Bcl-2 and Bim expression in MFG-E8+ and MFG-E8-CD8+ T cells 

during LCMV infection by IFC on day 8 post-infection. MFG-E8+CD8+ T cells exhibited a higher 

expression of Bcl-2 compared to their MFG-E8- counterparts (Fig.17A). In contrast, there was 

no difference in the expression levels of Bim between the two populations analysed. The 

differential expression resulted in a higher Bcl-2/Bim ratio found in MFG-E8+CD8+ T cells, 

suggesting prolonged survival of EV-decorated CD8+ T cells. Together with the results above, 

these data support the idea that surviving memory precursor cells preferentially bind EVs 

during LCMV infection. 

 
Figure 17: MFG-E8+CD44+CD8+ T cells show a higher Bcl-2/Bim ratio compared to MFG-E8-CD8+ T cells. 
To assess Bcl-2 and Bim expression in MFG-E8+ and MFG-E8-CD8+ T cells in mice infected with LCMVArm, MFG-E8-
eGFP (100 µg/mouse) was injected on day 8 post-infection. Splenic live/dead- MFG-E8+ and MFG-E8-CD44+CD8+ T 
cells were analysed for intracellular Bcl-2 and Bim expression using imaging flow cytometry (n=3). Flow cytometric 
histograms show the fluorescence intensity of Bcl-2  and Bim in unstained (grey, n=1), MFG-E8+ (red) and MFG-
E8- (black) CD44+ CD8+ T cells. MFI of Bcl-2 and Bim and the frequencies ± SD of cells expressing BCL-2 are indicated. 
Bar graphs show the MFI ± SD of Bcl-2 and Bim for MFG-E8+ (red) and MFG-E8- (black) cells. (B) For each protein, 
the MFI obtained was normalised to the MFI of Bim of MFG-E8-CD44+ CD8+ T cells and the Bcl-2/Bim expression 
ratios were calculated and presented on the graph. Shown are representative results from two independent 
experiments. The unpaired Student’s t-test was used to determine statistical significance, with *: p< 0.05, **: p< 
0.01 and ***: p< 0.001. 

6.5 EVs attached to activated effector CD8+ T cells originate from APCs 

Having analysed the characteristics of CD8+ T cells that bind EVs during LCMV infection, we next 

wanted to focus on the origin of EVs attached to these cells. In general, tetraspanins such as 
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CD63 and CD9 were described to be enriched in small EVs, including exosomes [125, 150, 166]. 

Furthermore, EVs secreted by APCs, such as DCs, contain MHC class II molecules and the 

activation markers CD86 and CD54 (ICAM-1) [166, 169, 177, 193, 196].  We, therefore, analysed 

CD44+CD8+ T cell-bound EVs for the presence of these APC and vesicles markers on day 5 post 

LCMV infection (Fig. 18A, B). CD44-CD62L+TN were used as EV- control cells, as we have 

previously shown that these cells do not bind EVs in vivo during LCMV infection (Fig. 10). 

Consistent with that, TN cells were negative for the EV markers CD9/CD63 (Fig. 18B). 

EV+CD8+ TE cells showed significantly higher MFIs of CD9/CD63, CD54, and MHC-II than their 

MFG-E8- counterparts and TN CD8+ T cells (Fig. 18B). Furthermore, the frequencies of cells 

positive for these markers were also increased in EV+CD8+ TE cells. When we examined the 

images of CD9/CD63, CD54, and MHC-II positive CD8+ T cells, we observed a spot-like staining 

pattern of the respective markers similar to the MFG-E8 staining (Fig. 18C). In contrast, while 

EV+ TE CD8+ T cells displayed a significantly higher MFI of CD86 than MFG-E8- TE cells, there was 

no difference in the signal intensity compared to TN cells. Like the other tested APC/EV markers, 

TE CD8+ T cells showed punctate CD86 staining, while TN cells revealed a uniform cell surface 

staining (Fig. 18C). Consistent with that, CD86 is expressed by resting TN cells but 

downregulated in CD44+CD8+ T cells [256]. Together, these findings suggest that TE cells 

acquired the tested surface molecules through EVs from APCs.  

During early LCMV infection, the vascular endothelium is destroyed by T cell mediated-killing 

of CD31+ endothelial cells [257]. To test whether activated CD8+ T cells bind apoptotic bodies 

generated during LCMV infection, we assessed whether CD31 is present on MFG-E8+EVs 

attached to CD8+ T cells. However, almost no EV+CD8+ T cells were positively stained with CD31 

(Fig. 18B). Thus, the majority of EVs attached to TE CD8+ T cells during LCMV infection are not 

derived from apoptotic cells but from activated APCs.  

We also detected marker+ EVs, which were not positively stained with MFG-E8-eGFP on CD8+ T 

cells (Fig. 18B, C). It is possible that a small proportion of EVs falls below the detection limit of 

the injected MFG-E8-eGFP or that MFG-E8-APC-marker+ EVs were generated during organ 

preparation when MFG-E8-eGFP was absent.  

To further confirm that EV+TE  cells acquired the tested markers through APC-derived vesicles 

in vivo, we determine the co-localisation of MFG-E8-eGFP with the mentioned APC/EV markers 

on MFG-E8+CD8+ TE cells. A spot mask was generated in the IDEAS software to identify MFG-

E8+ and marker+ spots (Fig. 19A). Then, the IDEAS feature ‘bright detail similarity’ (BDS) was 

used to quantify the co-localisation of identified spots. A median BDS score of > 0.7 represents 
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co-localisation of the two markers analysed, whereas a BDS score < 0.7 indicates no or only 

weak co-localisation. MFG-E8-eGFP colocalised with CD9/CD63 on 73 % of EV+CD8+ T cells with 

a BDS score of 1.0 (Fig. 19B). Furthermore, high frequencies of EV+CD8+ T cells also showed co-

localisation of MFG-E8-eGFP with CD54 (82 %, BDS score 1.1), CD86 (86 %, BDS score 1.2) and 

MHC-II (67 %, BDS score 0.9) on their bound EVs (Fig. 19B). Together, these results strongly 

suggest that the majority of EVs that bind to CD8+ T cells in vivo during LCMV infection are 

derived from APCs. 

 
Figure 18: EVs attached to activated CD8+ T cells carry APC markers. 
Mice were infected with LCMVArm and injected with MFG-E8-eGFP (100 µg/mouse) on day 5 p.i. (A) Gating strategy 
used to investigate APC and EV markers on live/dead-, CD62L+CD44- TN and EV+ and MFG-E8-CD62L-CD44+TE CD8+ 
T cells. MFG-E8+EV+TE cells were identified by the CAE-RF. Shown are the frequencies ± SD of the respective 
population. (B) Surface proteins of live/dead- TN, EV+ and MFG-E8-CD62L-CD44+CD8+ T cells were detected by IFC 
with fluorescently labelled antibodies: anti-CD9/CD63 (combined staining), anti-CD54, anti-MHC-II, anti-CD86 and 
anti-CD31. Histograms indicate MFIs and frequencies ± SD of cells positively stained for these proteins. Shown are 
unstained CD62L-CD44+CD8+ T cells (grey, n=1), TN CD8+ T cells (green, n=3), EV+ (red) and MFG-E8- (black) TE CD8+ 
T cells (n=3). Shown are representative results from 2 independent experiments. Scale bar 7 µm. For statistical 
analysis, the unpaired Student’s t-test was used with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. Figure from [239] 
Figure 8 and Supplemental Figure 7.  
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Figure 19: Substantial co-localisation of MFG-E8 and APC/EV markers on EV+ TE CD8+ T cells.  
(A) The spot mask of the IDEAS software was used to identify and quantify MFG-E8-eGFP+ and marker+ spots on 
EV+TE CD8+ T cells, isolated from MFG-E8-eGFP injected, day 5-LCMV-infected mice (n=3). (B) The co-localisation 
of the EV-marker signal with the MFG-E8-eGFP signal on EV+CD8+ TE cells was calculated using the BDS feature 
available on IDEAS. The BDS score quantifies the overlap of MFG-E8-eGFP+ and EV-marker+ spots. We defined by 
visual inspection that cells having a BDS > 0.7 show a co-localisation of the fluorescence signal of MFG-E8-eGFP 
and the respective EV-marker in the same place. A BDS < 0.7 indicates no co-localisation of the two signals 
analysed. Median BDS scores and frequencies ± SD of EV+ marker+ TE CD8+ T cells with co-localisation are shown in 
the histograms (n=3). Representative images display respective BDS scores. Scale bar 7 µm. Shown are 
representative results from 2 independent experiments. Figure modified from [239] Figure 8. 
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6.6 MFG-E8+CD8+ T cells display increased levels of nuclear NFATc1 

APC-derived EVs that carry CD86, CD54 and MHC complexes have been demonstrated to 

activate T cells in an Ag-dependent manner in vitro [155, 165, 196]. Upon activation, TCR 

stimulation of CD8+ T cells induces the rapid translocation of the transcription factor NFATc1 to 

the nucleus, which is crucial for CD8+ T cell cytotoxicity during viral infection [27, 28]. To 

investigate whether EV+CD8+ T cell interactions influence TCR-signaling, we analysed the 

nuclear translocation of NFATc1 in MFG-E8+ and MFG-E8-CD8+ T cells by MFG-E8-eGFP injection 

and IFC on day 5 post LCMV infection (Fig. 20A). We used the ‘Similarity’ feature provided by 

the IDEAS software to determine the extent of NFATc1 nuclear translocation. We found a 

significantly higher median SS score and an increased frequency of MFG-E8+CD8+ T cells with 

detectable nuclear NFATc1 translocation compared to MFG-E8- cells (Fig. 20B). As nuclear NFAT 

is rapidly exported after the termination of TCR-mediated signalling (nuclear halflife t1/2 ~ 15 

min, [29]), our data indicate recent TCR stimulation, thus suggesting the contribution of EVs to 

CD8+ T cell stimulation. 

Next, we wanted to explore whether EV binding to CD8+ T cells and the observed increase in 

nuclear NFATc1 in MFG-E8+CD8+ T cells is dependent on cognate T cell-DC interaction. For this, 

we transferred TCR-transgenic CD8+ T cells that recognise LCMV gp33-34/Db MHC-I on DCs (P14 

CD8+ T cells) [77] side by side with TCR-transgenic CD8+ T cells that do not recognise LCMV 

peptides but the ovalbumin peptide OVA257-264/Kb (OT-I CD8+ T cells) [240] into LCMV-infected 

mice. In this case, OT-I cells should not get sustained DC contact and subsequent TCR 

stimulation in the same mouse. As only Ag-experienced T cells bind EVs (Fig. 10), we in vitro 

stimulated P14 and OT-I CD8+ T cells for two days with anti-CD3/CD28 antibodies before their 

transfer into day 2-LCMV-infected mice. Three days after transfer, MFG-E8-eGFP was injected, 

and CD8+ T cells were analysed for NFATc1 nuclear translocation by IFC (Fig. 21A). No significant 

difference regarding the EV-decoration of P14 and OT-I CD8+ T cells were observed (Fig. 21B). 

However, we detected a lower frequency of MFG-E8+OT-I cells compared to endogenous MFG-

E8+CD44+CD8+ T cells. Thus, EVs bind to activated CD44+CD8+ T cells independently of TCR-

specificity, although to a slightly lesser extent.  

We next compared nuclear translocation of NFATc1 in MFG-E8+ and MFG-E8-P14, OT-I and 

CD44+ endogenous CD8+ T cells.  We found a significantly higher SS score and higher levels of 

nuclear NFATc1 in MFG-E8+ P14 CD8+ T cells compared to their MFG-E8- counterparts (Fig. 21C). 

Notably, the amount of nuclear NFATc1 of MFG-E8+P14 CD8+ T cells also exceeded that of in 
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vitro stimulated P14 cells. Similarly, endogenous MFG-E8+CD8+ T cells exhibited elevated 

frequencies of cells with nuclear translocation of NFATc1 compared to MFG-E8- endogenous 

CD8+ T cells. Although the frequency of OT-I cells with nuclear NFATc1 was much lower 

compared to that of P14 and endogenous CD44+CD8+ T cells, MFG-E8+ OT-I T cells had slightly 

but significantly more NFATc1 in the nucleus than OT-I T cells without bound EVs (Fig. 21C). The 

elevated nuclear translocation of NFATc1 in MFG-E8+ OT-I cells, which do not recognise pMHC 

complexes on EVs generated during LCMV infection, may be explained by co-stimulatory 

molecules present on the EV surface. Together, these results further support the idea that EVs 

may promote the continuous stimulation of activated effector CD8+ T cells during acute LCMV 

infection. 
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Figure 20: Increased nuclear translocation of NFATc1 in MFG-E8+CD44+CD8+ T cells. 
Mice were infected with LCMVArm (n=3), MFG-E8-eGFP (100 µg/mouse) was injected on day 5 p.i., isolated 
splenocytes were immediately fixed with 4 % PFA and stained for surface markers before permeabilisation. Then 
permeablised cells were stained intracellularly and analysed by IFC. (A) Gating strategy to analyse nuclear 
translocation of NFATc1 in MFG-E8+ and MFG-E8-CD44+CD8+ T cells. Frequencies of the respective population are 
indicated. (B) To assess the nuclear translocation of NFATc1 in Draq5+NFATc1+MFG-E8+ and MFG-E8-CD44+CD8+ T 
cells, the co-localisation of the nuclear DRAQ5 (red) and NFATc1 (cyan) images was determined using the similarity 
feature of the IDEAS software. Cells with SS > 1 mainly display nuclear NFATc1, whereas cells with SS <1 show 
cytoplasmic NFATc1. Representative histograms of the SS of MFG-E8+ and MFG-E8-CD44+CD8+ T cells with 
frequencies of cells with cytoplasmic and nuclear NFATc1 are shown. Representative images next to the histogram 
display cells with cytoplasmic NFATc1 (left) and nuclear NFATc1 (right). Scale bar 7 µm. Bar graphs (left) show the 
median SS ± SD (left) and the frequencies ± SD (right) of MFG-E8+ and MFG-E8-CD44+CD8+ T cells. Shown are 
representative results from 4 independent experiments. For statistical significance unpaired Student’s t-test was 
used with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 

0.0

0.5

1.0

1.5

2.0

m
ed

ia
n

si
m

ila
rit

y
sc

or
e MFG-E8+

MFG-E8-
***

0

20

40

60

80

100
nu

cl
ea

rt
ra

ns
lo

ca
tio

n
(%

)7µm7µm

MFG-E8+

MFG-E8-

36.5

-2 2 40

-2 2 40

63.2

N
or

m
al

is
ed

to
m

od
e

Similarity score

DRAQ5/NFATc1DRAQ5/NFATc1

52.3 47.4

cytoplasmic NFATc1
(SS < 1)

nuclear NFATc1
(SS > 1)

0.9

98.2±0.6

98.6±0.4

13.3±3.1

19.4±1.6

17.1±3.6

live
M

FG
-E

8-
eG

FP

Area BF

CD44

CD
8

+ MFG-E8-eGFP i.v.

D
R

AQ
5

D
R

AQ
5

NFATc1

FMO

NFATc1

A

B



  RESULTS 

 65 

 
Figure 21: Ag-specific and non-specific MFG-E8+CD44+CD8+ T cells display more nuclear NFATc1 than their MFG-
E8- counterparts. 
(A) Schematic of the experimental setup for analysing nuclear NFATc1 in transferred P14 and OT-I CD44+CD8+ T 
cells. Splenic P14 and OT-I CD8+ T cells were stimulated in vitro with anti-CD3 and anti-CD28 antibodies for 48 
hours and then transferred into day 2-LCMV-infected C57BL/6 mice. After three days, MFG-E8-eGFP (100 
µg/mouse) was injected, and nuclear translocation of NFATc1 was analysed in MFG-E8+ and MFG-E8-CD44+ P14, 
CD44+ endogenous and CD44+ OT-I CD8+ T cells. (B) Dot plots show the gating of MFG-E8+ and MFG-E8-CD90.1+ 
CD44+ P14, CD45.1+CD44+ OT-I cells and CD90.1-CD45.1- CD44+ endogenous CD8+ T cells (endo) with average 
percentages ± SD (n=6). The bar graph displays the average frequencies ± SD of MFG-E8+CD44+ P14, OT-I, or 
endogenous CD8+ cells. (C) Representative histograms show the SS of MFG-E8- and MFG-E8+ CD44+ P14 (left), 
CD44+ OT-I (middle), and endo (right) CD44+CD8+ T cells with frequencies of cells with a SS >1 and <1. The bar 
graphs show the frequencies and the median similarity scores ± SD of MFG-E8+ and MFG-E8-CD44+P14 (left), CD44+ 

OT-I (middle) and endo (right) CD44+CD8+ T cells. Results from 6 mice were pooled from 2 independent 
experiments. Dotted horizontal lines represent the SS of in vitro-activated P14 and OT-I right before their transfer 
into C57BL/6 mice (see A).  For statistical significance one-way ANOVA (B) and unpaired Student’s t-test (C) were 
used with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 
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6.7 No increased Nur77-eGFP expression in EV+CD44+CD8+ T cells 

TCR signalling in T cells rapidly induces the expression of Nur77, an immediate early gene [258, 

259]. To further address whether EVs may stimulate TCR signalling, we made use of the Nur77-

eGFP transgenic mouse where eGFP is under control of the Nr4a1 (Nur77) promoter and can 

thereby be used as a reporter for antigen receptor signalling [258, 259]. Nur77-eGFP transgenic 

mice were infected with LCMV and injected with MFG-E8 C-terminally fused to mCherry (MFG-

E8-mCherry) on day 5 after infection. Then, MFG-E8-mCherry+CD8+ T cells were quantified by 

IFC and the CAE-RF. Nur77-eGFP expression sharply increased upon LCMV infection compared 

to non-infected mice (Fig. 22, histogram) and was weakly, although not significantly, 

upregulated in activated EV+CD44+CD8+ T cells in comparison to MFG-E8- CD44+CD8+ T cells in 

the same mouse (Fig. 22, bar graph). Nr4a1 has a short half-life (2-4 h), while the half-life of 

eGFP is up to 24 h [259]. Consequently, eGFP levels may accumulate over time, not reflecting 

recent TCR signalling, potentially induced by associated EVs. Therefore, the slight increase in 

the MFI of eGFP might still in hint towards an increased TCR-mediated activation of EV-

decorated CD8+ T cells. 

 
Figure 22: Comparable expression levels of the Nur77 transgenic reporter in MFG-E8+ and MFG-E8-CD44+CD8+ T 
cells in LCMV-infected mice. 
MFG-E8-mCherry (100 µg/mouse) was injected into day 5-LCMV-infected mice, and live/dead-MFG-E8+ effector 
CD8+ T cells were analysed by IFC and cells were sorted by the CAE-RF [239]. Representative histograms showing 
Nur77-eGFP expression in live/dead-CD44+CD8+ T cells from non-infected mice (grey, n=1), of EV+ (red) and MFG-
E8- (black) CD44+CD8+ T cells from LCMV-infected mice (n=3). The bar graph shows the MFIs ± SD of Nur77-eGFP 
in EV+ and MFG-E8-CD44+CD8+ T cells. Shown are representative results from 2 independent experiments. For 
statistical significance, the unpaired Student’s t-test was used with *: p< 0.05, **: p< 0.01 and ***: p< 0.001. 
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E8+ and MFG-E8-CD8+ T cells 

To analyse whether EV binding induces changes in protein expression in activated CD8+ T cells, 

we performed a proteome analysis of EV+ and MFG-E8- TE CD8+ T cells. For this, mice were 

infected with LCMVArm, MFG-E8-eGFP was injected on day 5 p.i., and splenic MFG-E8+ or MFG-
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E8-CD62L-CD44+CD8+ T cells were FACS sorted. After sorting, purity ranged from 88 to 90 % (Fig. 

23A). Sorted cells were lysed, peptides were identified and quantified by mass spectrometry 

(MS) followed by MaxQuant analysis. MS was performed by Jingyuan Cheng and Felix Meissner 

from the Max Planck Institute of Biochemistry in Munich and the analysis was performed by 

Tobias Straub from the LMU Munich. Using MS, 4481 proteins were detected in MFG-E8+ and 

MFG-E8- effector CD8+ T cells on day 5 after infection. Fig. 23B depicts two heat map 

presentations of 50 proteins with significantly different (p≤ 0.05) relative abundances in MFG-

E8+ and MFG-E8- effector CD8+ T cells.  

Generally, MFG-E8+ CD8+ T cells show a higher abundance of proteins involved in gene 

expression and DNA replication (Pwp1, Wdr43, Pole), protein synthesis and protein folding 

(Eif3f, Eif4a1,Cluh, Clpb) or proliferation (Grn, Cdk4, Hells) (Fig. 23B, left heat map) [252, 260]. 

When we next looked for proteins that play roles in CD8+ T cell activation, we found a higher 

amount of Stx4 in MFG-E8+ CD8+ T cells, which is crucial for CD8+ T cell-mediated cytotoxic 

killing of target cells [261]. At the immune synapse, Stx4 has been shown to mediate the 

exocytosis of lytic granules in CD8+ T cells [261]   

Conversely, in MFG-E8- CD8+ T cells, we found an increased amount of Pdcd4, which inhibits 

cytoplasmic mRNA translation [262, 263] (Fig. 23B, right heat map). Furthermore, Pdcd4-

deficient CD8+ T cells display an increased production of effector molecules, including IFN-γ and 

show greater control of tumour growth in vivo [264]. Similarly, deficiency of Mst1, which was 

more abundant in MFG-E8-CD8+ T cells, results in enhanced cytotoxicity and suppression of 

tumour progression in vivo [265]. However, we also detected proteins involved in T cell 

activation more abundant in MFG-E8-CD8+ T cells. For example, protein levels of Plcg1, which 

is involved in TCR-mediated signalling [266], were enriched in MFG-E8- CD8+ T cells.  

Besides these examples, we detected several proteins with yet unknown function enriched in 

MFG-E8+ or MFG-E8-CD8+ T cells. These results demonstrate that there are numerous proteins 

differentially regulated in MFG-E8+ and MFG-E8-CD8+ T cells and suggest that they are not only 

phenotypically but also functionally different.  
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Figure 23: MFG-E8+CD8+ T cells show a high 
abundance of proteins driving proliferation and 
protein synthesis. 
Day 5 LCMV-infected mice (n=3) were injected 
with MFG-E8-eGFP (100 µg/mouse) and MFG-
E8+/MFG-E8- live/dead-CD62L-CD44+CD8+ T cells 
were FACS sorted and subjected to proteome 
analysis. (A) Gating strategy and purity check of 
sorted MFG-E8+ and MFG-E8- effector CD8+ T 
cells. After the sort, MFG-E8+ CD8+ T cells had a 
purity of around 90 %. Numbers in the dot plots 
illustrate the frequencies of the respective cell 
population. (B) Heatmap presentation of 50 
proteins that display significantly different 
relative abundances (p ≤ 0.05) in MFG-E8+ and 
MFG-E8- effector CD8+ T 

cells on day 5 p.i., identified by MS-based proteomics. Shown are the replicates of MFG-E8+ (pos_1, pos_3, pos_5, 
pos_5) (n=4) and MFG-E8- (neg_1, neg_2, neg_3, neg_4, neg_5) (n=5) CD8+ T cells sorted from day 5 LCMV-
infected mice. The relative abundance of each indicated protein in each sample is colour-coded based on the z-
score of the normalised log2(LFQ (label free quantification) intensity) after imputation (Red= upregulated; blue 
=downregulated)[267]. The left heatmap shows proteins significantly enriched in MFG-E8+CD8+ T cells and the 
right heat map displays proteins significantly upregulated in MFG-E8-CD8+ T cells. The number of missing values 
(NA, not available) for each protein are indicated. (C) Bar graph showing original (raw) normalised log2 transformed 
LFQ intensities or missing values (NA) of CD137 in MFG-E8+ (pos_1, pos_3, pos_4, pos_5) and MFG-E8- (neg_1, 
neg_2, neg_3, neg_4, neg_5) CD8+ T cells. Data analysis was performed by Tobias Straub. 
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Although not significantly different abundant after missing-value correction (imputation) of the 

proteomic data, the protein CD137 (4-1BB) drew our attention. CD137 was found at similar 

levels in all MFG-E8+CD8+ T cells samples but could not be quantified in four of five MFG-E8-

CD8+ T cell samples when we looked at the raw MS data (Fig. 23C). One reason for the missing 

values is that the abundance of a particular protein is below the detection limit in a specific 

sample, implying a low amount of CD137 in the majority of the MFG-E8-CD8+ T cell samples. 

CD137 is a co-stimulatory receptor, which is rapidly but transiently expressed after TCR-

mediated cell activation [268, 269]. Furthermore, CD137 ligation was shown to positively 

regulate the proliferation and survival and to enhance effector functions of activated CD8+ T 

cells, including IFN-γ secretion and cytotoxic killing [269-271]. To clarify whether CD137 is 

differentially expressed in EV+ and MFG-E8-CD8+ T cells, mice were infected with LCMVArm, 

received MFG-E8-eGFP on day 5 p.i., and CD44+CD8+ T cells were analysed by IFC and the CAE-

RF. We found a significantly higher MFI of CD137 in EV+CD8+ T cells than in MFG-E8-CD8+ T cells 

(Fig. 24A). Furthermore, a higher frequency of EV+CD8+ T cells was positively stained for CD137, 

suggesting that these cells received recent TCR stimulation, potentially by EVs. Representative 

images of EV+ and MFG-E8-CD44+CD8+ T cells show a surface expression of CD137, indicating 

that CD137 was not acquired by bound EVs (Fig. 24B). 
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Figure 24: EV+CD8+ T cells display an increased expression of CD137 compared to MFG-E8- effector CD8+ T cells. 
MFG-E8-eGFP (100 µg/mouse) was injected into mice (n=4) infected for 5 days with LCMVArm. CD44+CD8+ T cells 
were analysed by IFC and CAE-RF. (A) Representative histogram showing CD137 expression of live/dead- MFG-E8- 
(black), EV+ (red), or unstained (grey) CD44+CD8+ T cells. Indicated are the MFI ± SD and the frequency ± SD of 
CD137+ liveCD44+CD8+ cells. The bar graph shows the frequencies and MFIs ± SD in EV+ (red) and MFG-E8- (black) 
CD44+CD8+ T cells (n=4). (B) Shown are representative images of BF, MFG-E8, CD8, CD137 and CD44 of EV+ and 
MFG-E8-CD8+ T cells. Scale bar 7 µm. For statistical significance, unpaired Student’s t-test was used with *: p< 0.05, 
**: p< 0.01 and ***: p< 0.001. 

6.9 EV-decoration of human CD8+ T cells increases following vaccination 

Having demonstrated the occurrence and binding properties of EVs in a murine model of 

infection, we next wanted to test whether CD8+ T cells from human peripheral blood also 

become EV-decorated during acute viral infection. For this, we prepared PBMCs from 

peripheral blood of six healthy volunteers who were immunised with a live attenuated yellow 

fever virus (YFV)-based vaccine (kindly provided by Prof. Dr Rothenfußer and Prof. Dr Krug from 

LMU Munich). Human PBMCs were analysed before and on days 7, 14, and 28 after vaccination 

and stained in vitro with MFG-E8-eGFP (Fig. 25A). While the frequency of CD8+ T cells did not 

change over time, EV-decoration of CD8+ T cells reached its maximum on day 14 after 

vaccination (Fig. 25B). Similarly, we detected the highest frequency of live, activated HLA-

DR+CD38+ CD8+ T cells on day 14 p.i., which then declined by day 28 after vaccination (Fig. 25C). 

Also, the highest level of EV-decorated activated HLA-DR+CD38+CD8+ T cells occurred 2 weeks 

after immunisation (Fig. 25C, D). Similar to naïve CD8+ T cells in the blood of LCMV-infected 
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activated CD8+ T cells, the peak of EV+ non-activated CD8+ T cells occurred day 14 post-

vaccination. However, EV-decoration of HLA-DR+CD38+ was greater than that of HLA-DR-CD38- 

CD8+ T cells, indicating that EVs generated during YFV vaccination tend to bind to activated 

CD8+ T cells. To sum up, these data show that EV-decoration of CD8+ T cells also occurs in 

human blood during acute viral infection, with a maximum of EV+CD8+ T cells at the peak of the 

CD8+ T cell immune response [272, 273].  
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Figure 25: EV-decoration of human CD8+ T cells increases following yellow fever vaccination. 
(A) Schematic experimental setup. Six healthy volunteers (#1-#6) were immunised with the live-attenuated yellow 
fever vaccine YFV-17D in a vaccine study planned and conducted by Prof. Dr Rothenfußer and Prof. Dr Krug at the 
LMU Munich. PBMCs were isolated from whole EDTA-blood samples before immunisation (0), and on days 7, 14 
and 28 after vaccination and CD8+ T cells were analysed for their EV-decoration by MFG-E8-eGFP in vitro staining 
followed by IFC and CAE-RF. Non-CD8+ T cells were excluded from the analysis by gating on live/dead-CD19-CD14-

CD16- CD56- cells. (B) Graphs show the frequencies of CD8+ and EV+CD8+ T cells of each donor collected from 
peripheral blood before (d0) and on days 7, 14 and 28 after immunisation. (C) Representative dot blots showing 
total, live HLA-DR-CD38- and HLA-DR+CD38+ human CD8+ T cells that were collected from peripheral blood before 
(d0) and on days 7, 14 and 28 after immunisation. Average frequencies of all donors ± SD of T cells subsets are 
indicated.  Graphs show the frequencies of the total, live (black) and EV+ (red) HLA-DR-CD38- and HLA-DR+CD38+ 
CD8+ T cells on days 0, 7, 14, 28 post-immunisation of each donor. (D) Shown are representative images of BF, 
MFG-E8, CD8, CD38 and HLA-DR of EV+CD38+HLA-DR+ and EV+CD38+HLA-DR+CD8+ T cells. Scale bar 7 µm. 

BF MFG-E8 HLA-DRCD38CD8

7µm

live/dump-/CD8+

C
D

38

1.0±0.6

91.7±2.1

2.8±1.5

84.9±6.4

7.6±6.0

81.7±5.9

4.1±2.5

HLA-DR
75.9±11.2

d0

d7

d14

d28

YFV vaccination

0 7 14 28Blood
analysis

A

B

C

D

BF MFG-E8 HLA-DRCD38CD8

7µm

EV+HLA-DR+CD38+CD8+EV+HLA-DR-CD38-CD8+

0

20

40

60

80

100
EV+CD8+

fre
qu

en
cy

(%
of

C
D

8+ ) #1
#2
#3
#4
#5
#6

0 7 14 28
time after infection (days)

0

20

40

60

80

100

fre
qu

en
cy

C
D

8+
of

liv
e/

du
m

p- CD8+

0 7 14 28
time after infection (days)

#1
#2
#3
#4
#5
#6

0 7 14 28
0

20

40

60

80

100

fre
qu

en
cy

(%
of

C
D

8+ )

HLA-DR- CD38-

time after infection (days)
0 7 14 28

0

5

10

15

20

25

fre
qu

en
cy

(%
of

C
D

8+ )

HLA-DR+ CD38+

#6
#5
#4
#3
#2
#1

time after infection (days)

0

20

40

60

80

100

fre
qu

en
cy

(%
of

H
LA

-D
R

- C
D

38
- )

EV+HLA-DR- CD38-

0 7 14 28
time after infection (days)

0

20

40

60

80

100

fre
qu

en
cy

(%
of

H
LA

-D
R

+ C
D

38
+ )

EV+HLA-DR+ CD38+

0 7 14 28
time after infection (days)

#1
#2
#3
#4
#5
#6



  RESULTS 

 73 

YFV vaccination also elicits broad CD4+ T cells responses [274]. Like CD8+ T cells, we analysed 

CD4+ T cells for their EV decoration and HLA-DR and CD38 expression before and on days 7, 14, 

and 28 post-immunisation. While the frequency of CD4+ T cells did not change from day 0 to 

28 after vaccination, EV-decoration of CD4+ T cells was highest on day 14 (Fig. 26A). We 

observed an increase of activated HLA-DR+CD38+ CD4+ T cells peaking around 2 weeks after 

vaccination, where 2 % of total CD4+ T cells expressed these markers (Fig. 26B). In contrast to 

CD8+ T cells, a large fraction of CD4+ T cells became single positive for CD38 (HLA-DR-CD38+) 

after immunisation. In HIV-infected individuals, CD38+ is highly expressed on HLA-DR-CD4+ TCM 

cells, exhibiting a low expression of activation markers [275]. Despite their different activation 

status, EV-decoration of all CD4+ T cell subsets peaked on day 14 after vaccination with a higher 

percentage of EV+HLA-DR-CD38+ (TCM) and activated EV+HLA-DR+CD38+ CD4+ T cells compared 

to non-activated EV+HLA-DR-CD38- CD4+ T cells (Fig. 26B, C). These results demonstrate that 

CD8+ T cells and CD4+ T cells become EV-decorated in the peripheral blood of YFV-immunized 

volunteers.   
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Figure 26: Human CD4+ T cells become EV-decorated following yellow fever vaccination. 
Six healthy volunteers (#1- #6) were immunised with the yellow fever vaccine YFV-17D by Prof. Anne Krug at the 
LMU Munich. PBMCs were isolated from whole EDTA-blood samples before immunisation (0) and on days 7, 14 
and 28 after vaccination. CD4+ T cells were purified and analysed for their EV-decoration by MFG-E8-eGFP in vitro 
staining, followed by IFC and CAE-RF. Non-CD4 T cells were excluded from the analysis by gating on live/dead-

CD19-CD14-CD16-CD56- cells. (A) Graphs show the frequencies of total CD4+ (black) and EV+CD4+ (red) T cells of 
each donor collected from peripheral blood before (d0) and on days 7, 14 and 28 after immunisation. (B) 
Representative dot plots of total, live HLA-DR-CD38-, HLA-DR-CD38+ and HLA-DR+CD38+ human CD4+ T cells 
collected from peripheral blood before (d0) and from day 7, 14 and 28 after immunisation. Average frequencies 
of all donors ± SD of CD4+ T cells subsets are shown. Graphs show the frequencies ± SD of the total, live (black) 
and EV+ (red) HLA-DR-CD38-, HLA-DR-CD38+ and HLA-DR+CD38+CD4+ T cells for day 0, 7, 14, 28 post-immunisation 
of each donor. (C) Representative flow cytometry images of BF, MFG-E8, CD8, CD38 and HLA-DR of EV+HLA-DR-

CD38-, EV+HLA-DR-CD38+, and EV+HLA-DR+CD38+ CD4+ T cells on day 14 after vaccination. Scale bar 7 µm. 
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To test whether EV-decoration of T cells also occurs upon immunisation with subunit vaccines, 

we analysed PBMCs from two healthy volunteers that were immunised either with Vaxigrip 

(Sanofi Pasteur) or Influvac (Mylan), containing inactivated fragments of the viral surface 

protein haemagglutinin from different selected influenza virus strains (kindly provided by Dr. 

Katharina Eisenächer and Prof. Dr Anne Krug). PBMCs were isolated before and 7 days after 

immunisation and analysed for EV-decoration by in vitro straining with MFG-E8-eGFP. Although 

the percentage of the CD8+ and CD4+ T cell populations did not change over the time examined, 

the frequency of EV+CD8+ and EV+CD4+ (CD3+CD8-) T cells increased from day 0 to day 7 (Fig. 

27A). In general, EV-decoration of CD8+ T cells was more pronounced than that of CD4+ T cells. 

To assess whether EVs bind to a specific CD8+ or CD4+ T cell subset, PBMCs were stained for 

CCR7 and CD45RA, which are established markers to discriminate naïve (CCR7+CD45RA+, TN) 

and central memory (CCR7+CD45RA-, TCM) from effector memory (CCR7-CD45RA-, TEM) and 

CD45RA+ effector memory (CCR7-CD45RA+, TEMRA) T cell populations [276]. While the frequency 

of CD8+ TN cells increased after immunisation, it decreased for CD8+ TEMRA cells (Fig. 27B). We 

could not detect a clear trend regarding the frequencies of CD4+ T cell subsets after 

immunisation (Fig. 27C). However, EV-decoration of all CD8+ and CD4+ T cell subsets increased 

after vaccination (Fig. 26B, C). Moreover, we did not observe a preferential binding of EVs to 

either of the subsets before or on day 7 after immunisation. These data demonstrate that EV-

decoration of especially CD8+ T cells occurs 7 days after immunisation with an inactivated 

subunit vaccine.  
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Figure 27: Human CD8+ and CD4+ T cells bind EVs following influenza vaccination. 
Two healthy donors (#1 and #2) were immunised with subunit vaccines (Influvac, Vaxigrip) by Prof. Dr Anne Krug. 
Heparin blood was collected before and 7 days after immunisation, and PBMCs were isolated by Dr. Katharina 
Eisenächer. Live/dead- CD8+ and CD4+ T cells were analysed for their EV-decoration by MFG-E8-eGFP in vitro 
staining followed by IFC and CAE-RF. (A) Representative dot plots display the frequencies of total, live/dead- CD8+ 

(CD3+CD8+) and CD4+ (CD3+CD8-) T cells on day 0 and day 7 post-immunisation. Graphs show the frequencies of 
the total live (black) and EV+ (red) CD8+ and CD4+ T cells for each donor on day 0 and day 7 after vaccination. (B) 
Representative dot plots of total live, naïve (CCR7+CD45RA+, TN), central memory (CCR7+CD45RA-, TCM), effector 
memory (CCR7-CD45RA-, TEM) and CD45RA+ effector memory (CCR7-CD45RA+, TEMRA) CD8+ collected from 
peripheral blood before (d0) or on day 7 after vaccination. Bar graphs show the frequencies of total live (black) 
and EV+ (red) TN, TCM, TEM, TEMRA CD8+ T cells before (d0) and day 7 post-immunisation of each donor. (C) 
Representative dot plots of total live, TN, TCM, TEM and TEMRA CD4+ collected from peripheral blood before (d0) or 
on day 7 after vaccination. Bar graphs show the frequencies of total live (black) and EV+ (red) CD4+ T cell subsets 
before (d0) and day 7 post-immunisation of each donor. 
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7 Discussion 
The in vivo analysis of apoptotic and naturally produced EVs has remained a significant 

challenge. Here, upon injection of the PS-binding MFG-E8-eGFP reagent and the analysis of PS+ 

cells by IFC and a CAE-RF, we successfully quantified EV+ and apoptotic cells in vivo during acute 

LCMV infection.  

7.1 Analysis of apoptotic cells in vivo 

Virus-infected DCs, macrophages, and the splenic microarchitecture are destroyed by CD8+ T 

cell-mediated killing of target cells during the early stages of LCMV infection [74, 106]. 

Consistent with that, the frequency and the total number of MFG-E8+ apoptotic cells, including 

apoptotic DCs, significantly increased upon LCMV infection compared to non-infected mice. 

However, we unexpectedly identified the majority (90 %) of MFG-E8+ cells not to be apoptotic 

but rather to be associated with PS+EVs.  

Apoptosis was induced in only 1- 2 % of B cells, CD8+ TCM and CD4+ TCM cells on day 5 post-

LCMV-infection. The detection of apoptotic CD8+ is consistent with reports describing IFN-

induced attrition of CD44+CD8+ TCM cells 2 to 4 days after LCMVArm infection [107-109]. 

However, conversely to our data, around 25 % of Annexin V+CD44hiCD8+ T cells were detected 

in vitro on day 2 p.i. [107]. Furthermore, following viral clearance, previous studies reported 

high frequencies of apoptotic virus-specific T cells in the spleen of LCMV-infected mice [277, 

278], while we hardly observed apoptosis of CD8+ T cells on day 10 post-infection. The generally 

low frequency of detected apoptotic cells in both non- and LCMV-infected mice is probably due 

to the rapid removal of dead cells by phagocytes in vivo [279]. Other reasons for these 

differences might be the time point of analysis and the method used to identify apoptotic cells. 

Analysis of apoptotic CD8+ T cells was mostly performed ex vivo either by Annexin V staining or 

by TUNEL assay and active caspase 3 staining [107-109, 277, 278]. These methods require tissue 

dissociation, specific buffers or culturing of cells before analysis, thereby preventing their in 

vivo application and the detection of apoptotic cells in situ. As cells may die during organ 

preparation and cell incubation, the quantification of apoptotic cells in vitro might not reflect 

their numbers in situ in living organisms. Furthermore, Annexin V positivity of CD44hiCD8+ T 

cells from LCMV-infected mice, directly analysed ex vivo by flow cytometry, did not correlate 

with DNA fragmentation or caspase 3 activation [277, 278, 280]. These experiments show that 
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the flow cytometric analysis of PS+ cells does not allow the discrimination of PS+ apoptotic from 

PS+ living cells.  

Consequently, PS exposure on living cells was suggested to occur upon lymphocyte activation 

in the absence of apoptosis [277, 281, 282]. Consistent with that, Annexin V has been described 

to bind to viable T cells and B cells upon Ag-receptor engagement [282-284]. Although PS is 

transiently exposed to the surface upon increased intracellular Ca2+ levels [93], our analysis of 

PS+ cells by IFC revealed that a high frequency of B cells and activated CD8+ T cells were 

decorated with PS+EVs upon LCMV infection, rather than exposing PS on the surface 

themselves. As no image analysis was performed, it might be possible that a significant fraction 

of Annexin V+ activated lymphocytes detected in previous reports were, in fact, associated with 

PS+ EVs.  

Together, we show that the injection of MFG-E8-eGFP followed by deep learning-based image 

analysis of PS+ cells is a reliable method to faithfully examine and discriminate apoptotic cells 

from EV-decorated cells in vivo.  

7.2 EV-T cell interactions in vivo 

EVs have been considered to enable cell-to-cell communication that initiates and regulates 

immune responses [reviewed in 183]. Particularly, EVs secreted by mature APCs were described 

to act as antigen-presenting platforms that contribute to the priming and activation of T cells 

in vitro and in vivo [158, 165, 166, 189, 193, 194, 285].  

DC- and B cell-derived EVs that carry MHC-II, CD86, and CD54 have been shown to activate 

naïve and primed CD4+ T cells in vitro [155, 165, 169, 177, 189]. Furthermore, also naïve CD8+ 

T cells could be directly stimulated in vitro by APC-derived EVs that express the cognate pMHC, 

CD54 and CD80 [193, 194, 196]. However, the stimulatory activity of free EVs, especially the 

priming of naïve T cells, greatly increased when EVs interacted with bystander DCs [158, 189, 

199, 200, 213]. Moreover, previous in vivo studies demonstrated that pMHC complexes could 

be transferred intercellularly by EVs to mature DCs or B cells, which then efficiently primed 

cognate CD8+ and CD4+ T cell responses [158, 172, 177, 189, 198, 200]. Therefore, pMHC 

carrying EVs are currently considered to activate and amplify T cell responses in vivo only when 

captured and presented by recipient APCs [172, 189, 198-200]. In line with this, we found high 

frequencies of EV+ DC and B cells in LCMV-infected mice, suggesting that these cells may 

participate in the stimulation of T cells by acquiring circulating EVs. As an example, FDCs, which 

do not express MHC-II molecules, were shown to be decorated with MHC-II carrying EVs that 
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might contribute to the stimulation of T cells in GCs [168]. Besides that, the associated EVs may 

be derived from the APC itself, which upon secretion, remained attached to their surface and 

thereby present pMHC complexes to T cells [reviewed in 183]. However, whether T cells, in 

addition to their interaction with APC-associated EVs, capture free EVs in vivo has not been 

reported yet.  In this study, we show for the first time that free APC-derived EVs bind to CD4+ 

and CD8+ T cells in vivo in the spleen and blood of infected mice and vaccinated humans. 

Although T cells themselves may release EVs upon TCR stimulation in vitro [167, 286, 287], we 

found the majority of CD8+ T cell-associated EVs to be enriched for the aforementioned EV and 

APC markers (CD63, CD9, MHC-II, CD86, CD54). The fact that murine CD44+ T cells do not 

express MHC-II [288] or CD86 [256] strongly indicates that the T cell-associated EVs are APC-

derived and carry the molecules necessary for the co-stimulation of CD8+ T cells and the 

activation of CD4+ T cells. However, we were not able to determine the presence of MHC-I on 

CD8+ T cell-associated MFG-E8+ EVs. MHC-I is constitutively expressed on all nucleated cells 

[289], including CD8+ T cells, making it challenging to distinguish MHC-I molecules present on 

APC-derived MFG-E8+ EVs from those on the T cell surface itself. As we used the BDS feature to 

determine co-localisation of APC molecules and MFG-E8-eGFP on EVs, which quantifies the 

similarity between localised bright spots in two selected images [290], MHC-I expression on 

CD8+ T cells distort the co-localisation analysis of the two markers. 

However, several reports demonstrate that human and murine DC-derived EVs contain 

functional MHC-I that could stimulate CD8+ T cell clones [150, 193, 194, 201]. Additionally, we 

showed that MFG-E8+EV+CD8+ T cells display increased nuclear levels of the TCR-induced 

transcription factor NFATc1 (discussed in detail later), strongly suggesting either the presence 

of MHC-I or other stimulatory components on associated EVs.  

In addition to MHC and co-stimulatory molecules, T cell-associated MFG-E8+ EVs carry the 

exosome-associated tetraspanins CD9 and CD63 [125, 166]. Furthermore, as demonstrated by 

TEM analysis, MFG-E8+ EVs display a diameter of about 30- 200 nm and are attached to the cell 

surface in clusters. Together these results strongly indicate that T cell-bound EVs comprise 

exosomes of APC origin. 

At this stage, we do not know the specific cellular source of the detected MFG-E8+ EVs. As 

infected cells were shown to release higher amounts of EVs than their uninfected counterparts 

[160, 285, 291], the EV-secreting cells probably include LCMV-infected cells, such as F4/80 

macrophages and DCs [106, 246].  
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Increased EV levels were detected in the serum of M. bovis-infected mice [160]. Consistent 

with that, the frequency of EV+ T cells considerably increased upon LCMV infection compared 

to non-infected mice, suggesting that EVs may serve as a way of communication between APCs 

and T cells during infection [reviewed in 183].  

Similar to murine T cells, immunisation with live attenuated YFV and a subunit-influenza vaccine 

induced EV-decoration of human peripheral CD4+ and CD8+ T cells, demonstrating a direct 

interaction of EVs with T cells also occurs in human blood.   

CD4+ T cells were reported to be dispensable for eliminating an acute LCMV infection, whereas 

CD8+ T cell responses are crucial for viral clearance [67]. Although APC-derived EVs were shown 

to bind to and regulate both CD4+ and CD8+ T cell function [reviewed in 183], we found 10 % of 

EV+CD4+ T cells and around 45 % of EV+CD8+ T cells. These data suggest that EVs act on CD8+ T 

cells rather than on CD4+ T cells and preferentially modulate T cells that play a central role in 

the anti-viral immune response against LCMV.  

However, the stimulatory capacity of EVs is 10-20 times less efficient in activating Ag-specific T 

cells than that of their parent APC [165, 199]. Naïve T cells require high levels of TCR cross-

linking and co-stimulatory signals for their activation [292-294]; therefore, APC-derived EVs 

have been proposed to not directly induce the activation of naïve T cells in vivo [183]. In line 

with this, we hardly detected EV+ naïve T cells in LCMV and non-infected mice but instead found 

55 % of CD44+CD8+ and 25 % of CD44+CD4+ effector T cells that were decorated with EVs. 

Our in vivo data further support the idea that free EVs are probably not involved in the priming 

of naïve T cells but instead may contribute to the regulation of Ag-experienced T cells.  

Together, in addition to the described binding of T cells to APC-associated EVs [158, 198, 200], 

we show that a large number of activated CD8+ T cells directly interact with free circulating 

APC-derived EVs, which may preferentially modulate CD8+ T cells responses.  

7.3 The preferential binding of EVs to activated CD8+ T cells  

Why are EVs mainly captured by splenic effector CD8+ T cells while being absent on naïve T cell 

surfaces? The molecules that mediate the interaction of EVs with their target cells remain a 

central question in the EV field [reviewed in 163].  Some cells may attract or reject the binding 

of free EVs by the expression of surface molecules that impact EV attachment [reviewed in 

163].  

Upon T cell activation, TCR stimulation induces a transient conformational change in LFA-1 that 

increases its avidity for CD54 [295]. Interestingly murine DC-derived EVs have been shown to 
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bind activated CD4+ T cells probably via CD54-LFA-1 interactions in vitro [169]. While the 

expression of CD80 on EVs is crucial for the activation of T cells, CD80/CD86-CD28 interactions 

may only enhance but are not critical for actual EV binding to occur [196]. Furthermore, CD44 

expression on T cells and DCs is essential for forming an immunological synapse [296], and the 

CD44 receptor hyaluronan on human mesenchymal stem cell- and tumour-derived EVs was 

shown to mediate their docking to CD44+ target cells [297, 298]. In line with these in vitro 

studies, we found EVs preferentially associated with activated CD4+ and CD8+ T cells, which 

express high levels of CD44 and the high-affinity conformation of LFA-1 [295, 299]. By inducing 

a firm adhesion of activated T cells to integrin-bearing EVs, these molecules may favour 

activated T cells over naïve T cells, which do not express activated LFA-1 or CD44. 

In vitro, cognate TCR:pMHC interactions are required for EV binding to T cells [196], while 

another study demonstrated that CD4+ T cells capture EVs independently of TCR specificity 

[169]. We found 25 to 30 % of Ag-specific tetramer+ and 20 % of P14 CD8+ T cells associated 

with EVs in LCMV-infected mice. Furthermore, LCMV non-specific OT-I cells displayed a slight 

but not significantly decreased frequency of EV-decoration compared to P14 T cells in the same 

infected animals. Although we could not show the peptide specificity of EVs, these results 

suggest that APC-derived EVs are efficiently captured by activated CD8+ T cells irrespective of 

their TCR specificity. Though we found higher frequencies of EV+ P14 cells and endogenous 

CD44+CD8+ T cells (which probably are LCMV-specific) than EV+ OT-I cells, cognate TCR:pMHC 

binding might stabilise EV-T cell interactions. Furthermore, TCR:pMHC interaction might reflect 

the importance of recent T cell activation by APC, a process where T cells also might obtain EVs 

directly.  

In line with a previous in vitro study [169], our in vivo results suggest that EV-decoration of T 

cells is dependent on their activation status, which is associated with the expression of 

activated integrins and selectins that display a high affinity for adhesion molecules present on 

the EV surface. The importance of LFA-1 and CD44 for EV-T cell interactions could be addressed 

by injecting mononuclear antibodies directed against CD44 or LFA-1 in future experiments. 

Another possibility for the different EV-binding properties of splenic naïve and effector CD8+ T 

cells may be their different localisation within lymphoid organs during acute infections [300, 

301]. While naïve T cells are mostly confined to the T cell zone of the white pulp, where they 

interact with APCs, activated effector CD8+ T cells migrate to and accumulate in the red pulp 

and marginal zone [300-302]. Here, effector CD8+ T cells may capture EVs from the blood and 

lymph, resulting in a preferential EV-decoration of these cells. The idea that the localisation of 



  DISCUSSION 

 82 

a given T cell could impact its EV-decoration might explain the observed binding of EVs by naïve 

and non-activated T cells in the blood of LCMV-infected mice and human vaccinees, where free-

floating EVs should be equally available for all T cell subsets.  

However, as priming of naïve T cells primarily occurs in lymphoid organs, it is unlikely that EV-

decoration of TN cells in the blood influences their activation status. Furthermore, it remains to 

be determined whether EVs in the blood have the same origin and display similar molecular 

properties as those detected in the spleen.  

The substantial increase of EV-decoration upon LCMV-infection, together with the fact that EVs 

carrying MHC and co-stimulatory molecules primarily bind to activated T cells in the spleen, 

suggests a role in the modulation of an ongoing T cell immune response. Notably, as EV binding 

occurs independently of Ag specificity, EVs are not restricted to specific T cell clones but act on 

all T cells activated during infection. EV binding to effector CD8+ T cells may promote infection 

and immune evasion by downregulating T cell-mediated immune responses or impede 

infection by promoting T cell activation and antiviral immunity [reviewed in 303]. 

7.4 Increased nuclear NFATc1 levels in EV-decorated CD8+ T cells  

EVs have been shown to regulate T cell activity by inducing proliferation and cytotoxic 

responses or suppressing T cell immune responses in vivo [158, 166, 193, 304-307]. However, 

only a few reports demonstrate a direct effect of free EVs on effector T cell biology, and these 

experiments were mainly performed in vitro. While the binding of DC-derived pMHC-bearing 

EVs to activated CD4+ T cells has been proposed to be involved in the T-cell mediated 

downregulation of an ongoing immune response [169], another report suggests a continuous 

stimulation of primed CD4+ T cells by pMHC-bearing exosomes, resulting in increased 

proliferation and IFN-γ secretion [197].  

It is still unclear whether and to what extent free EVs contribute to the inhibition or activation 

of T cell immune responses in vivo. We demonstrate that MFG-E8+EV+ effector CD8+ T cells 

display higher levels of nuclear NFATc1 as compared to their MFG-E8- counterparts in LCMV-

infected mice. NFATc1 is a key transcription factor that regulates the gene expression of T cell 

effector molecules [28, 29]. The nuclear import of NFAT proteins has been described to occur 

rapidly after TCR stimulation and their nuclear export within 20 min when TCR signalling stops 

[23, 29]. Therefore, our results imply that MFG-E8+EV+ T cells received recent TCR stimulation, 

either by APC, target cells, or EVs themselves. 



  DISCUSSION 

 83 

Activated MFG-E8+EV+ CD8+ T cells displayed a slightly but not significantly higher expression of 

Nur77, which is commonly used as a specific marker for Ag receptor signalling [258], thereby 

further implying a current TCR-mediated activation of MFG-E8+EV+CD8+ T cells. Furthermore, 

we also detected a higher percentage of nuclear NFATc1 in Ag-specific MFG-E8+EV+ P14 T cells 

than MFG-E8- P14 T cells. These results demonstrate that EV-decoration correlates with 

increased levels of nuclear NFATc1, which contradicts an immune-suppressing function of EVs 

generated during acute LCMV infection.  

Notably, in activated MFG-E8+EV+ OT-I cells carrying non-cognate TCR in our experimental 

LCMV-setup, NFATc1 nuclear translocation was sharply reduced compared to activated MFG-

E8+EV+ P14 T cells. Therefore, MFG-E8+ EV+ P14 T cells either had recent APC or target cell 

contact or received TCR signals directly from EVs, resulting in enhanced nuclear translocation 

of NFATc1 in these cells.  

Upon cognate T cell interactions, APCs release EVs carrying pMHC, which can subsequently be 

captured directly by CD4+ T cells [125, 202]. In another study, CD4+ T cells acquired fibroblast-

derived pMHC complexes upon cellular dissociation that co-localised with signal molecules 

involved in TCR signalling [308]. Thus, the authors suggested that the captured pMHCs maintain 

intracellular T cell signalling pathways [308]. Although another intercellular transfer mechanism 

was proposed, it is possible that fibroblast-derived pMHC complexes were acquired by T cells 

through EVs.   

In this scenario, EV-decoration during LCMV infection would mark P14 T cells that recently 

encountered and were activated by pMHCs on APCs, which in turn released EVs into the 

immunological synapse that then bind to the activated T cell. However, the activation of naïve 

CD8+ T cells induces their clonal proliferation, resulting in a 50 000-fold increase in the number 

of Ag-specific T cells on day 8 after LCMV infection [309]. It seems unlikely that all the detected 

106 EV+ effector CD8+ T cells had APC contact, especially in the short time frame of NFAT nuclear 

translocation [23, 29]; instead, progeny CD8+ T cells may capture free APC-derived EVs from 

the surroundings. The binding of pMHC complexes on EVs to TCRs on activated P14 CD8+ T cells 

may then sustain TCR signalling, as illustrated by the higher levels of nuclear NFATc1 found in 

MFG-E8+ cells. 

The fact that MFG-E8+EV+ OT-I cells, which do not interact with pMHC on DCs, displayed a small 

but significant increase of nuclear NFATc1 compared to MFG-E8- OT-I cells, further supports 

the idea that EVs are captured in the absence of DC-T cell interactions and provide at least co-

stimulatory signals that might prolong effector functions of target cells.  
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In T cells, CD28 mediated signals induce Ca2+ signalling [310] and activate the kinase Akt [36, 

37]. Akt phosphorylates and thereby inactivates GSK3, which promotes the nuclear export of 

NFAT [36, 37]. Therefore, CD28 signalling by increasing intracellular Ca2+ levels and preventing 

the export of nuclear NFAT extends the transcription of NFAT-regulated T cell effector genes, 

including IL-2 and IFN-γ [28, 311-313].  It is possible that the binding of CD86 on EVs to CD28 

on activated CD8+ T cells triggers similar signalling pathways.  

Moreover, NFATc1 has been shown to regulate cell proliferation and glycolysis positively and 

to repress cell death [28, 32, 314]. Consistent with that, we found higher levels of proteins 

involved in gene expression/DNA replication (Pwp1, Wdr43, Pole), protein synthesis, de-novo 

protein folding (Eiff3f, Eif4a1, Cluh, Clpb) and proliferation (Grn, Cdk4, Hells) [260] in MFG-E8+ 

effector CD8+ T cells compared to their MFG-E8- counterparts. Furthermore, we detected a 

higher amount of Pdcd4 in MFG-E8-CD44+CD8+ T cells, a molecule involved in the negative 

regulation of translation [260]. These data reveal that different signalling pathways are active 

in MFG-E8+EV+ and MFG-E8- effector CD8+ T cells that might be affiliated to a differential T cell 

metabolism. 

Due to their increased proliferation, DNA replication, and protein synthesis, activated T cells 

require high energy demands and therefore switch their metabolism to glycolysis [reviewed in 

315]. The activation of the protein kinase mTOR (mechanistic Target of Rapamycin) is induced 

upon T cell activation and controls cell growth, proliferation, and glycolytic metabolism 

[reviewed in 316]. Interestingly, mTOR has been identified to control CD8+ T cell memory 

differentiation during LCMV infection [317]. Considering an increased amount of proteins 

involved in proliferation and protein synthesis in MFG-E8+EV+CD8+ T cells, it would be 

interesting to analyse mTOR signalling in EV+ and MFG-E8- CD8+ T cells. 

Moreover, we found a higher expression of the co-stimulatory molecule CD137 (4-1BB) in EV+ 

CD8+ T cells, which is transiently expressed 24 hours after their activation in vivo and promotes 

proliferation, survival and cytotoxic effector function [269, 270]. In macrophages, CD137 

ligation induces cell survival and cytokine expression by activating mTOR and Akt [318]. In CD8+ 

T cells, enhancing CD137 co-stimulation 3 days post LCMV infection significantly increased anti-

viral immunity [271]. As we detected the highest frequency of EV-decorated CD8+ T cells on day 

5 p.i., APC-derived EVs, by expressing CD137 ligand (CD137L) on their surface, might positively 

modulate CD137+CD8+ T cell responses. The expression of CD137L on APC-derived EVs should 

be addressed in future studies.  
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It is still unclear whether the release of EV cargo into the cell is necessary for their biological 

function [reviewed in 163]. The sole binding of EVs to particular surface molecules on the T cell 

surface has been suggested to be sufficient to influence T cell responses [169, 197]. In line with 

this, our TEM analysis demonstrates that the majority of EVs are found on the surface of CD45+ 

cells. We did not observe fusion with the plasma membrane or endocytosis of the associated 

EVs, suggesting that EV binding is sufficient to induce nuclear translocation of NFATc1 in 

recipient cells. However, it does not exclude this possibility.  

Several studies demonstrate a TCR down-modulation after pMHC ligation [319-321]. 

Interestingly, APC-derived GFP-tagged pMHC that were transferred during cognate APC-T cell 

interactions and co-localised with TCRs on activated CD4+ T cells disappeared from the surface 

over time, and the authors claimed that pMHC complexes were internalised during TCR down-

regulation [308]. As EVs were shown to enter cells through receptor-mediated endocytosis 

[reviewed in 322], T-cell bound EVs may be endocytosed during TCR internalisation.  

Furthermore, the conformational change of LFA-1 induced by TCR-engagement is temporary 

[295]. Whether surface-bound EVs are taken up upon TCR internalisation or dissociate from T 

cells when LFA-1 returns to its low-avidity state have yet to be determined.  

In LCMV-infected mice, the peak of the CD8+ T cell immune response, as well as the elimination 

of LCMV from tissues, has been described to occur on day 6 to 8 p.i. [78, 248, 249]. In line with 

this, we found the highest frequency of EV-decorated cells on day 5 p.i., which gradually 

declined on day 10 to 15 p.i., indicating that EV-decoration of CD8+ T cells is transient. Hence 

EVs may indicate an ongoing infection and, by delivering stimulatory signals, may keep CD44+ 

CD8+ T cells in an activated state until the pathogen is eliminated. Furthermore, the rapid 

decline of EV-decorated CD8+ T cells after day 5 p.i. implies that the absence of EVs may 

contribute to immune regulation and T cell contraction (discussed later). 

Taken together, our results suggest that EVs may not be neutral waste products but instead, by 

carrying MHC and co-stimulatory molecules, may act as stimulating mini platforms that 

positively regulate and sustain the activation status of Ag-experienced effector CD8+ T cells in 

vivo. However, at this point, we do not have direct proof that EV-decoration causes higher 

nuclear NFATc1 levels in the associated T cells, as the possibility exists that EVs are just 

preferentially captured by T cells with an activated phenotype. Further experiments using 

knockdowns, knockouts, or specific inhibitors that interfere with EV production or docking to T 

cells, are necessary to solve these questions. Recently, Rab27a-deficient mice that were 

compromised in releasing EVs were shown to have a diminished capacity to stimulate T cells 
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and control M. tuberculosis infection [323]. A similar approach could help to clarify the role of 

EV-decoration during infection further. 

7.5 EVs and CD8+ T cell memory development 

The molecular pathways that regulate memory differentiation of effector CD8+ T cells are still 

incompletely understood [reviewed in 15]. Multiple signals have been shown to regulate the 

expression and activity of transcription factors that play a crucial role in CD8+ T cell fate 

decisions [reviewed in 15]. During acute infections, high levels of inflammatory cytokines such 

as IL-12 and TCR signal strength have been shown to induce T-bet expression early following T 

cell activation [17, 42, 45]. High T-bet expression levels, in turn, cause the differentiation into 

KLRG1hiCD127lo terminally differentiated SLECs, that are prone to die, while a low expression 

promotes cells to develop into surviving MPECs that are KLRG1loCD127hi [42]. Furthermore, 

memory T cells display increased expression levels of anti-apoptotic Bcl-2, which is crucial to 

dominate the pro-apoptotic activity of Bim for cell survival [254, 255].  

We found a lower expression of T-bet in MFG-E8+ effector CD8+ T cells compared to cells 

without bound MFG-E8+EVs. Furthermore, KLRG1hiCD127lo cells gradually lose EV-decoration, 

while the frequency of EV+KLRG1loCD127hi CD8+ T cells augmented during later time points of 

LCMV infection. Although the expression of these molecules should not be considered a 

universal marker for identifying memory precursor cells, they can be helpful to define the 

memory potential of a given CD8+ T cell [reviewed in 15]. Therefore, our results suggest that 

EVs preferentially associate with cells that primarily belong to the memory precursor 

population.  

As mentioned before, EV-decoration gradually declines after viral clearance, and we detected 

maximally 10 % of EV+ effector CD8+ T cells on day 10 after infection. EVs may provide these T 

cells with signals that support their survival, while MFG-E8-CD8+ T cells might undergo cell death 

during the contraction phase. Consistent with this hypothesis, we found higher levels of Bcl-2 

and an increased Bcl-2/Bim ratio in MFG-E8+ compared to MFG-E8- CD8+ T cells.   

The stimulation of co-stimulatory receptors promotes the survival of effector T cells by 

increasing the expression of anti-apoptotic Bcl-2 and Bcl-XL [324-327]. The co-stimulatory 

molecules present on EVs may induce the expression of anti-apoptotic Bcl-2 proteins in bound 

effector CD8+ T cells, thereby inducing their preferential survival.  

Together, EVs may, by delivering stimulatory signals, on the one hand, keep effector CD8+ T 

cells in an activated state until the pathogen is cleared. On the other hand, EVs may provide 



  DISCUSSION 

 87 

survival signals to effector T cells after pathogen elimination, thereby maintaining memory T 

cells. The differential functions of EVs during LCMV infection might be context-dependent. EV 

binding in the presence of pro-inflammatory signals IL-12 and IFN-γ may promote T cell 

activation [10-12], while EV-decoration together with IL-15 or IL-7 signalling may promote the 

survival of EV+ effector CD8+ T cells [44, 328, 329]. However, enhanced survival of EV+ effector 

CD8+ T cells has to be determined in the future, e.g., by adoptive transfer of congenically 

marked EV+ and MFG-E8- P14 CD8+ T cells into uninfected C57BL/6 wild type mice.  

7.6 EVs as biomarkers for T cell activation? 

EVs have been shown to carry different cargoes such as proteins, nucleic acids, and lipids, which 

strongly reflect their parental cells’ molecular signature [reviewed in 114]. Therefore, the 

molecular composition of EVs may reveal changes in the physiology of the producing cell, 

including activated or pathological states [reviewed in 156]. Besides, EVs can be easily detected 

and collected from all kinds of body fluids [reviewed in 115, 147]. For these reasons, EV 

components are regarded as promising candidates as biomarkers for the diagnosis, prognosis, 

and monitoring of several diseases, including infections, tumours, metabolic and neurological 

diseases [reviewed in 147, 156, 330, 331]. In addition to EV content, EV number may also serve 

as a diagnostic marker for infection, as a few reports demonstrate that the number of secreted 

EVs significantly increased upon pathogen infection [reviewed in 303, 331].  

In vitro, human Rotavirus (RV)-infected cells were shown to secrete more significant amounts 

of EVs than uninfected control cells [291]. Furthermore, in M. bovis-infected mice, the 

concentration of serum EVs was strongly increased compared to mice that cleared the infection 

and strongly correlated with bacterial load, supporting the idea that infection promotes EV 

secretion [160]. Consistent with these reports, our in vivo results show that EV-decoration, 

particularly of CD44+CD8+ TE cells, raised strongly in the blood and the spleen of LCMV-infected 

mice. However, in the absence of infection, we observed only low frequencies of EV+ 

splenocytes and no EV-decoration of CD8+ T cells. Similar to the data of M. bovis-infected mice, 

we could show that the decoration CD8+ T cells with EVs was transient and correlated with the 

published kinetics of LCMV titre [248]. Moreover, we observed the highest number of EV-

decorated T cells to occur around the peak (day 7 p.i.) of LCMV-specific CD8+ T cell responses 

[249], suggesting that EV-decoration of CD8+ T cells may also be related to CD8+ T cell activation 

in LCMV-infected mice.  
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In addition to murine model systems, two human studies showed a relationship between 

pathology and plasma EV numbers [161, 162]. In patients infected with Plasmodium vivax, the 

frequency of platelet-derived EVs strongly increased compared to healthy age-matched 

malaria-unexposed controls and was significantly associated with fever and length of malaria 

symptoms [162]. Notably, the levels of plasma EVs significantly decreased after 21 days of anti-

malaria treatment [162]. Similarly, in patients infected with Plasmodium falciparum, Annexin 

V+ EV levels significantly increased and correlated with the severity of the disease but returned 

to the levels of healthy controls after treatment [161]. In line with these reports, we also 

observed increased EV-decoration of T cells in human peripheral blood after immunisation with 

a live-attenuated YFV 17D-based vaccine. The virus titre of 17D has been described to peak 

around days 5-7 post-vaccination [332]. However, in contrast to EV-decoration in murine 

spleens, the peak of EV-decoration of both CD8+ and CD4+ T cells did not correlate with the viral 

load but was associated with the peak of activated HLA-DR+CD38+ CD8+ T cells and HLA-

DR+CD38+ CD4+ T cells on day 14 post-immunisation. Even though animal models cannot 

directly be used to predict human immune responses [333], it should be noted that human 

samples were harvested from peripheral blood, which might show different kinetics of EV-

decoration than that observed in the spleen. Notably, 28 days after YFV immunisation, the 

frequency of EV-decorated and activated CD8+ T cells returned to similar levels observed before 

immunisation, implying that EV positivity coincides with the kinetics of T cell activation during 

YFV vaccination. For YFV 17D immunisation, the initial viral load has been shown to correlate 

with the magnitude of CD8+ T cell response [332]. It would be interesting to determine the 

relationship between EV-decoration and the quality of the anti-viral CD8+ T cell response in YFV 

17D-vaccinated donors.  

Considering the potential use of EVs as biomarkers, we show that the frequency of EV-

decoration sharply increased upon infection and correlated with the activation of CD8+ T cells 

in mice and humans. We propose that besides their molecular signature, also EV quantity could 

be used as a biomarker for acute infections or an ongoing immune response. 

  



  CONCLUSIONS 

 89 

8 Conclusions 
This study aimed to analyse PS+EV+ and apoptotic CD8+ T cells during LCMV infection in vivo. To 

detect and discriminate the two PS+ populations, we injected MFG-E8-eGFP i.v. into mice and 

analysed apoptotic and EV+ cells by IFC and a deep learning-based classifier. We further aimed 

to determine the origin, target cells, and function of unmanipulated, endogenous EVs during 

immune responses in vivo.  

By using this approach, we reliably visualised and quantified apoptotic and EV-decorated cells 

in vivo. However, we found only low frequencies of apoptotic cells in LCMV-infected mice, and 

the majority of MFG-E8+ cells were live cells associated with PS+ EVs.  

Here, we show for the first time that free naturally occurring EVs preferentially bind to activated 

CD8+ T cells in LCMV-infected mice and vaccinated human donors. CD8+ T cell-associated EVs 

contain MHC-II, co-stimulatory molecules and the tetraspanins CD9/CD63, classifying them as 

exosomes of APC-origin. EV-decoration of CD8+ T cells correlated with increased TCR signalling 

and an activated phenotype.  

Furthermore, EV-decoration of CD8+ T cells was transient and was associated with the 

published kinetics of LCMV titre. These results suggest that EVs bind T cells during acute 

infection and thereby may sustain effector CD8+ T cell immune responses. Furthermore, at later 

time points of LCMV infection, EVs were associated with effector CD8+ T cells showing memory 

precursor characteristics. Therefore, EVs may be involved in the regulation of CD8+ T cell 

memory differentiation by providing survival signals to EV+ activated CD8+ T cells after viral 

clearance. Finally, we propose that the level of EV-decoration could be used as a biological 

marker for an acute infection or an ongoing CD8+ T cell response.  

This study represents a proof of concept for the analysis of EV+ and apoptotic cells in vivo by 

MFG-E8-eGFP injection and CAE-RF-based image analysis. It also contributes to a better 

understanding of the complex role and properties of naturally produced EVs during acute 

infections in vivo. On the one hand, our findings may help establish a new MFG-E8-based 

method for analysing EV-decorated cells in various in vivo settings that might eventually 

advance the EV field. On the other hand, this study may help develop new or improve existing 

EV-based therapies or get more insights into EVs as potential biomarkers.   
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