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1. Abstract 
 
Phosphatidylserine (PS) is a phospholipid that is abundant in cell membranes. In live 

cells, PS is asymmetrically restrained to the inner leaflet of membrane. In dying cells, 

activated platelets and extracellular vesicles (EVs), PS is exposed on the membrane 

surface and it can be bound by PS-binding proteins, such as Milk fat globule epidermal 

growth factor 8 (Mfge8). In previous studies, we have established use of fluorescent 

Mfge8 to label and characterize EVs in vivo. Here in this study, we explored the 

possibility of using Mfge8 as an antigen carrier to load antigens onto PS+ EVs. PS-

targeting antigens were created by conjugating antigens to Mfge8 or the tetramerized 

PS-binding C1 domains of Mfge8. We found that compared with non-targeting 

conventional antigens, PS-targeting antigens accumulated in the marginal zone of 

lymphoid follicles soon after injection. Hours later, they were transferred onto the 

follicular dendritic cell (FDC) network without the need of previous primary 

immunization. We measured the antigen-specific immune responses elicited by these 

PS-targeting antigens and found that germinal center (GC) B cell proliferation and 

somatic hypermutation were significantly enhanced. As a result, serum antigen 

specific IgG titers were significantly higher than mice immunized with conventional 

antigens, and antibody isotype switching was greatly accelerated. PS-targeting 

antigens also induced increased number of T follicular helper cells (Tfh cells) to 

support GC reaction, as well as more activated CD8 T cells that eliminated target cells 

more efficiently. Therefore, targeting antigens to PS promoted both B- and T- cell 

responses, which make it a promising novel vaccination platform. 
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2. Zusammenfassung 
 
Phosphatidylserin (PS) ist ein Phospholipid, das in der Zellmembran vorhanden ist. In 

lebenden Zellen ist PS asymmetrisch verteilt und kommt auschließlich auf der 

Membraninnenseite vor. In sterbenden Zellen, aktivierten Blutplättchen und 

extrazellulären Vesikeln (EVs) flippt PS auf die Membranaussenseite und kann somit 

durch PS-bindende Proteine wie Milk fat globule-EGF-Faktor 8 (Mfge8) nachgewiesen 

werden. In früheren Studien haben wir fluoreszentes Mfge8 für die in vivo Detektion 

und Charakterisierung von EV verwendet. Hier in dieser Studie haben wir die 

Möglichkeit untersucht, Mfge8 als Antigenträger zu verwenden, um Antigene auf PS+-

EVs zu laden. Antigene mit PS-Bindedomäne wurden durch Konjugation an Mfge8 

oder die tetramerisierten PS-bindenden C1-Domänen von Mfge8 erzeugt. Wir fanden, 

dass PS-bindende Antigene im Vergleich zu herkömmlichen Antigenen kurz nach der 

Injektion in der Marginalzone der Lymphfollikel akkumulieren. Stunden später wurden 

sie auf follikulären dendritischen Zellen (FDCs) abgelagert, ohne dass eine vorherige 

Primärimmunisierung erforderlich war. Wir haben die antigenspezifischen 

Immunantworten gemessen, die durch diese PS-bindenden Antigene hervorgerufen 

werden, und fanden heraus, dass die Proliferation von B-Zellen im Keimzentrum (GC) 

und die somatische Hypermutation signifikant erhöht waren. Infolgedessen waren die 

Antigen-spezifischen IgG-Titer im Serum im ersten Monat nach der Immunisierung 

signifikant höher als bei Mäusen, die mit herkömmlichen Antigenen immunisiert 

wurden.  Auch der Antikörper-Isotypwechsel wurde stark beschleunigt. PS-bindende-

Antigene induzierten außerdem eine erhöhte Anzahl von follikulären T-Helferzellen 

(Tfh), um die GC-Reaktion zu unterstützen und förderten die Aktivierung von CD8-T-

Zellen, wodurch die Zielzellen effizienter eliminiert wurden. Daher förderten PS-

bindende Antigene sowohl humorale als auch zelluläre Immunantworten, was diese 

Strategie zu einer vielversprechenden neuartigen Impfplattform macht.  
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3. Introduction 
 

3.1 The immune responses. 

The immune system consists of lymphoid organs, various cells and cytokines, forming 

a complex closely interactive network. The main role of the immune system is to 

recognise and eliminate pathogenic invaders, such as bacteria, viruses and fungi as 

well as to surveil malignancy. The incident of a disease is a result of dysregulation of 

host immune system and increased pathogenicity (virulence) of the pathogen 

(Pulendran and Ahmed, 2011). According to the specificity, mode of action and the 

speed of response onset, the immune responses are classified into two categories: 

innate and adaptive immune response. 

3.1.1 Innate immune responses. 

Innate immunity consists of physical barriers (such as skin, mucosal epithelia) and 

innate immune cells (including phagocytic cells, mast cells, NK cells, basophils and 

eosinophils) as well as other antimicrobial substances, cytokines and complement 

system (Abbas, 2005).  

Innate immunity is highly conserved and exists in all the multicellular organisms and 

is crucial for survival. It provides the host with a rapid first line protection against 

pathogens. These protective mechanisms, either physically, chemically or biologically, 

exist before exposure to pathogens. The innate immune responses are induced by 

pattern-recognition receptors (PRRs), which recognize structures shared by microbes. 

Due to the lack of specificity, the effector mechanisms of innate immune responses 

sometimes damage normal tissues, however, the general sensing of pathogen-

associated molecular patterns (PAMPs) enables innate immune cells to rapidly 

recognize and eliminate invading pathogens, and subsequently activate specific 

adaptive immune responses by providing second costimulatory signals and cytokines 

(Pulendran and Ahmed, 2011, Odenwald and Turner, 2017, Abbas, 2005). 
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3.1.2 Adaptive immune responses. 

Development of adaptive immune responses usually takes several days after 

exposure to pathogens, and it requires previous activation of an innate immune 

response. In contrast to innate immune responses, adaptive immune responses 

recognize infected pathogens by antigen-specific receptors expressed on T and B 

cells. This is achieved by random rearrangement and splicing of multiple DNA 

segments (V, D, J and C segments) that code for the antigen-binding receptors during 

the early T and B cell development. It results in approximately 108 different T cell 

receptors (TCRs) and 1012 different B cell receptors (BCRs), which are adequate to 

cover the majority of pathogens in the accessible environment (Arstila et al., 1999, 

Briney et al., 2019). The antigen-specific recognition provides hosts with more precise 

and specific protection and causes little damage to normal tissues. In addition to the 

specificity, adaptive immunity can establish immunological memory, to provide more 

rapid and vigorous protection against the same pathogens that have been 

encountered previously (Janeway et al., 2001).  

Adaptive immune responses are divided into two categories: The humoral immunity 

mediated by B cells and their secreted antibodies, function in eliminating extracellular 

pathogens and toxins. The cellular immunity performed by T cells, which plays a key 

role in defending against intracellular viruses and some bacteria, as well as malignant 

cells in cancer (Abbas, 2005, Sun et al., 2023). I will discuss the two immune 

responses separately.  

3.1.2.1 Cellular immunity. 

As soon as a T cell meets its specific antigen peptide-MHC complex presented on 

antigen presenting cells (APCs), and co-stimulatory factors such as CD80, CD86 (bind 

to CD28 and CTLA-4), and CD40 (binds to CD40L) are provided, this specific T cell is 

activated and starts to proliferate and differentiate into effector and memory cells. The 

effector T cells leave the peripheral lymphoid organs and migrate to the site of 

inflammation, where CD4 and CD8 effector T cells perform distinct functions: CD4 

effector T cells are also called T helper (Th) cells, upon recognition of target antigen, 

they do not eliminate pathogens directly, they rather act as a conductor to orchestrate 

the immune responses. Their major function is to produce cytokines, and according to 
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the cytokines they produce, Th cells can be classified into Th1, Th2, Th17 and other 

subsets (Saravia et al., 2019, Parkin and Cohen, 2001). 

Follicular T helper cells (Tfh cells) are a specialized subset of T helper cells, they 

express the chemotactic receptor CXCR5, which responds to CXCL13 and enables 

Tfh cells to reside in B cell follicles of lymph nodes and the spleen (Ansel et al., 1999, 

Gunn et al., 1998), to assist B cell activation and antibody production. Tfh cells provide 

CD40L signal and cytokines such as IL-4, IL-21, and IFN-γ that initiate both germinal 

center (GC) reaction and extrafollicular antibody response. Tfh cells’ migration into the 

GCs is crucial in supporting GC B cell proliferation, class-switch recombination (CSR) 

and affinity maturation (Crotty, 2019, Vinuesa et al., 2016). The procedure of GC 

reaction and Tfh cells’ functions are discussed in more detail in the “Humoral immunity” 

section. 

CD8 T cells play important roles in eliminating intracellular pathogens and immune 

surveillance. After activation by cognate antigenic peptide-MHC I complexes and co-

stimulators, naive CD8 T cells proliferate and differentiate into effector or memory 

cells. Effector CD8 T cells, also known as cytotoxic T lymphocytes (CTLs) are the 

major effector cells that directly kill target cells expressing foreign peptides on MHC I 

molecules. CTLs are characterized by their  perforin and granzyme containing 

granules, and secretion of cytokines including IFN-γ and TNF-α. CTL-mediated cell 

killing is dependend on the physical contact with the target cells, immediately after 

recognition of specific peptide-MHC I complexes, CTLs form an immunologic 

synapses or highly dynamic kinapses with target cells (de la Roche et al., 2016, Halle 

et al., 2016), then rapidly trigger degranulation and release perforin and granzymes 

into the synapses, perforin creates pores on the target cells’ membrane, enabling 

granzymes to enter the target cells. Caspases are activated by granzymes, which 

cause DNA fragmentation and induce apoptosis. In addition, TCR activation leads to 

the expression of Fas ligands (FasL) on the CTLs, FasL binds Fas on target cells and 

induce apoptosis directly (Halle et al., 2017, Sun et al., 2023). Other mechanism 

including ferroptosis and pyroptosis are identified in recent studies, by which CTLs 

suppress tumor growth (Koh et al., 2023, Tang et al., 2020b). Moreover, secreted 

cytokines IFN-γ and TNF-α activate phagocytes and repress virus replication, play 

complementary roles to the cytotoxic activity of CTLs (Sun et al., 2023). 
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3.1.2.2 Humoral immunity 

Humoral immunity is mediated by antibodies and B cells. According to the character 

of antigen and whether T cell help is needed, humoral immunity is classified into T cell 

independent (TI) responses and T cell dependent (TD) responses.  

The TI response is elicited by many non-protein antigens, including polysaccharides, 

glycolipids and nucleic acids. Most of these antigens are polyvalent, contain many 

identical repeating epitopes that cross link multiple BCRs, which leads to a strong BCR 

signal that directly activates B cells to rapidly produce IgM antibodies without T cell 

help (Parkin and Cohen, 2001). In addition, some TI antigens activate the alternative 

pathway of the complement system and bind C3d, or activate innate pattern-

recognition receptors like TLRs, which provide a second activation signal for B cells. 

TI responses are mostly mediated by B1 cells and marginal zone (MZ) B cells, these 

B cells differ from the majority of B cells and have limited BCR diversity, the antibodies 

produced by them are mainly low affinity IgM, with few isotype switching and poor 

specificity. Although high affinity IgG antibodies are usually preferred in defense 

against infections, many TI antigens, such as polysaccharides, are common 

components of bacterial cell walls and viral capsids, rapid production of IgM in TI 

response still plays an important role in defense against infections and prevent 

penetration of commensal bacteria (He et al., 2004, Bonilla and Oettgen, 2010, Abbas, 

2005, Fagarasan and Honjo, 2000).  

Antibody responses against protein antigens require the assistance from helper T 

cells, this TD responses are mediated by the majority of conventional follicular B cells 

(B2 cells) in two steps. The first step is initiated by the encounter of B cells with their 

specific cognate antigen. Then the Ag-specific B cells internalize the BCR-antigen 

complex and are primed. The primed B cell present antigenic peptides-MHC II 

complex as well as costimulatory molecules, and then migrate to the border of the B 

cell zone and T cell zone, where they interact with Tfh cells. Tfh cells are firstly primed 

by dendritic cell (DC) presenting specific antigen. After the T-B interaction, Tfh cells 

are fully activated, while B cells in turn receive CD40L signals from Tfh cells and are 

activated as well (Okada et al., 2005, Qi et al., 2008). A fraction  of the activated B 

cells stay in extrafollicular (EF) sites, they proliferate and differentiate into short-lived 

plasmablasts that secret the first wave of antibodies (Jacob and Kelsoe, 1992). The 
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antibodies produced in the extrafollicular response exhibit little class-switch 

recombination (CSR) and somatic hypermutation (SHM), therefore the affinity is 

relatively low, however, they provide precious early protection during an infection (Nutt 

et al., 2015).  

Concurrently, other activated B cells (with relatively high affinity BCR) and Tfh cells re-

enter the B cell follicle (Shih et al., 2002, De Silva and Klein, 2015), wherein they start 

the second step named germinal center (GC) reaction (Figure 1). GC precursor B cells 

undergo vigorous proliferation within the follicle and form the GCs. GC B cells 

gradually expand and displace the surrounding naïve B cells, which form a mantle 

zone around the GC. One distinct histological feature of GC is that it polarizes into two 

functional different zones named dark zone (DZ) and light zone (LZ). The DZ contains 

densely packed proliferating GC B cells within an interconnected FDC-like reticular 

cell network (Rodda et al., 2015), the LZ consists of sparse GC B cells, Tfh cells, FDCs 

and tingible body macrophages (TBMs). GC B cells in the DZ rapidly proliferate and 

SHM takes place. SHM is a process that activation-induced cytidine deaminase (AID)	

deaminates deoxycytosines to deoxyuracils, which are then removed by uracil DNA 

glycosylase (UNG), introducing U:G point mutations in the immunoglobulin V regions 

of both heavy and light chain. Additionally, DNA polymerases that participate in 

mismatch repair, such as Polη, is error-prone and can cause other mutations around 

the AID target sites. Taken together, the mutation frequency (0.001 mutation per base 

pair in every cell division) is around 106 times higher than the spontaneous somatic 

mutation frequency. As a result, it creates a large and diverse GC B cell repertoire that 

differ in the antigen binding capability (Di Noia and Neuberger, 2007, Odegard and 

Schatz, 2006, Peled et al., 2008).  
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Newly generated GC B cells bearing mutated BCRs migrate to the LZ, where they 

compete for antigens deposited on FDCs (Figure 2) and present the processed 

antigenic peptide-MHC II complexes to Tfh cells. GC B cells expressing high affinity 

BCRs are more likely to capture antigens (or capture more antigens) from FDCs, and 

Tfh cells preferentially provide help (including IL-21, IL-4, CD40L and CXCL13) to GC 

B cells expressing high level of peptide-MHC II complexes. GC B cells that 

successfully receive Tfh cells’ help survive (positive selection) and upregulate c-Myc 

expression, then they reenter the DZ and undergo more rounds of proliferation and 

SHM (cyclic reentry). On the contrary, GC B cells that don’t receive survival signals 

from Tfh cells, die by apoptosis and are cleared by TBMs (Crotty, 2019, Vinuesa et 

Figure 1 : Initiation of GC reaction. 
B cells and T cells are primed by recognising cognate antigens or antigenic peptide- MHC complexes 
presented on DCs, respectively. Then on day 1-2, primed B and T cells interact at the T-B border 
(interfollicular region), where they receive stimulatory signals reciprocally and are fully activated. A 
group of activated T cells differentiate to Tfh cells and migrate into the B cell follicle. Some of the 
activated B cells differentiate into early plasmablasts and stay in the extrafollicular sites, while the 
rest of the activated B cells migrare to the centre of the follicle and start proliferation to form the GC 
since day 4. On day 7, DZ and LZ are formed and are histologically distinguishable. The DZ mainly 
consists of proliferating GC B cells, while LZ contains Tfh cells, FDCs , TBMs and GC B cells undergo 
positive selection. Figure is taken from (De Silva and Klein, 2015). 
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al., 2016). This iterative proliferation, hypermutation and preferential survival of high-

affinity mutants leads to the selection of GC B cells that produce high affinity 

antibodies. This process is therefore termed “affinity maturation” (Victora and 

Nussenzweig, 2012, Victora and Nussenzweig, 2022).  

 

 

AID and UNG create double-strand breaks (DSBs) and cause DNA recombination 

between the switch (S) regions in the heavy chains (IgH) constant regions (CH). As a 

result, the originally expressed Cμ (IgM), is replaced by either Cα(IgA), Cε(IgE) or Cγ 

(IgG), while the antigen-binding variable region is unchanged. This process is named 

class-switch recombination (CSR), and it contributes to the generation of antibodies 

with distinct tissue distribution and protection efficacy against different pathogen types. 

Tfh cells play critical roles in regulating CSR, especially CD40 and CD40L 

engagement is required in inducing expression of AID. Cytokines from Tfh cells 

determine the S regions that will undergo recombination, for example: strong CD40 

signal induce switching to IgG1, however, the existence of IL-4 skews the switching to 

IgE, IFN-γ guides switching to IgG2a, transforming growth factor-β (TGF-β) and IL-5 

induce switching to IgA. The antibody isotypes generated and the cytokines produced 

depend on the anatomic site of the lymphoid organs, stimulation by pathogenic 

components and TLR activation, which maximize the protection efficiency of 

antibodies (Xu et al., 2012, Chaudhuri and Alt, 2004). 

Figure 2 : Transportation of immune complexes to FDCs. 
Immune complexes, which contain antigen, specific antibody and complement component 3 (C3) 
cleavage products (C3d and C3b), are captured by MZ B cells in the spleen or subcapsulary sinus 
(SCS) macrophages and follicular (FO) B cells in the lymph nodes via complement receptor 2 (CR2). 
Those Immune complexes are then transferred onto FDCs via CR1. Figure is taken from (Kranich 
and Krautler, 2016). 
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GC B cells terminally differentiate into either antibody-secreting cells (ASCs) or 

memory B cells (MBCs). ASCs can be further classified into plasmablasts (PBs) and 

plasma cells (PCs). High affinity GC B cells preferentially differentiate into proliferative 

PBs, then some of PBs further differentiate into non-proliferative PCs that continuously 

secrete antibodies. Tfh-help during positive selection plays an important role in 

determining the PB and PC fate. Studies have found that Tfh-derived IL-21 induces 

expression of primary PC fate transcription regulator Blimp-1, and together with 

stromal cell-derived IL-6, induce generation of early PBs (Zhang et al., 2018, Crotty, 

2019), in addition, CD40L-CD40 interaction is also a PC fate regulator, as 

demonstrated in a CD40 haploinsufficiency mouse model. CD40+/− mice show similar 

GC B cell number, but significantly fewer PBs. In the same study, the authors also 

found that a strong CD40 signal can induce intercellular adhesion molecule 1 (ICAM-

1), signalling lymphocytic activation molecule (SLAM) and CD40 expression on LZ GC 

B cells. These adhesion molecules help to establish stable and extended GC cell-Tfh 

cell conjugates, which favor PB differentiation (Ise et al., 2018). Besides this, the BCR 

isotype can also affect PB differentiation, especially in the case of IgE expressing GC 

B cells, which show an antigen-independent bias towards PC differentiation, but a 

reduced GC response. This could be potentially due to the difference in the capability 

of the isotype to capture antigens from FDCs (Cyster and Allen, 2019, Erazo et al., 

2007, Yang et al., 2012, Yang et al., 2016, Victora and Nussenzweig, 2022). 

Differentiated ASCs express sphingosine-1-phosphate receptor 1 (S1PR1) and 

egress from secondary lymphoid organs, then the chemokine receptor CXCR4 

interacts with CXCL12 and mediates ASCs homing to the bone marrow, where a part 

of ASCs mature to long-lived plasma cells (LLPCs), which produce antibodies for 

years or even a lifetime (Nutt et al., 2015).  

In contrast to this, a small population of GC B cells expresses relatively low or 

intermediate affinity BCRs that receive moderate help from Tfh cells, differentiate into 

MBCs in a Bach2 dependent way (Suan et al., 2017, Viant et al., 2020b, Wong et al., 

2020), while strong Tfh cells’ help inhibits the MBCs differentiation through 

downregulation of Bach2 and upregulation of mTORC1 (Inoue et al., 2021, Victora 

and Nussenzweig, 2022, Shinnakasu et al., 2016, Crotty, 2019). Recent studies also 

have shown that restricting the availability of IL-21 or IL-4 by decoy receptors on FDCs 

could promote MBCs generation (Quast et al., 2022, Duan et al., 2021). The majority 
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of MBCs reside closely with memory Tfh cells in the subcapsular sinus (SCS) of the 

lymph node, where CD169+ macrophages constantly monitor and capture circulating 

particulate antigens, facilitating the activation of MBCs. Upon re-activation by 

subsequent antigen exposure, MBCs rapidly differentiate into secondary PCs or GC 

B cells (together with naïve B cells) for further proliferation and affinity maturation. 

MBCs are found to be more clonally diverse than PCs, which provide significant 

protection, because the MBC repertoire may contain non-immunodominant clones that 

cross-react with potential pathogen variants (Tas et al., 2016, Victora and 

Nussenzweig, 2022). Therefore, a new concept of “memory compartment” has been 

proposed, including LLPCs and MBCs, as they cooperate in protection against re-

infection: LLPCs continually secrete high affinity antibodies that protect against re-

infection with the same pathogen, while MBCs expressing cross-reactive BCRs re-

enter the GCs and re-shape their BCRs through SHM, enabling binding of new 

variants with small structural changes (Inoue and Kurosaki, 2024). 

3.1.3 Vaccine induced immune response. 
 
Vaccines are biological products that contain weakened or inactive pathogenic 

microorganisms or their components. Upon vaccination, they induce immunity without 

causing the clinical manifestations of the disease, and confer long-lasting protection 

on subsequent exposure to the specific pathogen (Pollard and Bijker, 2021). Vaccines 

can be generally classified into two groups according to whether they contain live 

pathogens or not. The first group contains live attenuated pathogen with replication 

capability. The other group contains non-live vaccines, including inactivated vaccines 

that consist of killed whole pathogens, and subunit vaccines which contain purified or 

synthetically produced antigenic components of a pathogen, such as proteins, 

polysaccharides or conjugate vaccines (Pollard and Bijker, 2021).  

The live and non-live vaccines differ in the mechanisms by which they induce immune 

responses. Live attenuated vaccines replicate controllably in an immunocompetent 

individual. Therefore, they mimic natural infections that induce strong immune 

responses and lifelong memory. Upon injection, live microorganisms activate several 

PRRs in the innate immune response, including TLRs, RIG-I and MDA5, leading to 

synergistic activation of DCs  (Querec et al., 2009, Pulendran and Ahmed, 2011, 
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Napolitani et al., 2005). On the contrary, non-live antigenic components of subunit 

vaccines are inefficient in inducing innate immune responses. Therefore, they are 

normally combined with adjuvants that provide danger signals required to activate 

PRRs.  

For a long period of time, alum was the only licensed adjuvant. It is an aluminium 

hydroxide wet gel suspension that has positively charged particles which can absorb 

negatively charged antigenic proteins at pH 5-7. Following injection, antigens gradually 

elute from the particles after exposure to interstitial fluid and are internalized by DCs 

through macropinocytosis or phagocytosis (Morefield et al., 2005). Aluminum 

hydroxide particles themselves act as stress-inducing agents and create pro-

inflammatory environment, which recruits neutrophils, monocytes and DCs to the 

injected site and facilitate antigen presentation (Reed et al., 2013, De Gregorio et al., 

2008). Besides this, aluminium salts activate	IL-4 producing eosinophils which prime 

B cells for optimal antibody production (Wang and Weller, 2008). Moreover, although 

controversial, some studies report that aluminium salts stimulate DCs through 

activation of the NALP3 inflammasomes and thereby enhancing antigen uptake 

(Hornung et al., 2008, Reed et al., 2013). Alum containing vaccines mainly induce Th2 

responses, however its mechanisms remain to be further elucidated (Reed et al., 

2013, Zhao et al., 2023). Novel adjuvants, such as oil-in-water emulsion adjuvants 

MF59 and AS03, TLR agonist molecule-based adjuvants AS04 (TLR4) and CpG ODN 

1018 (TLR9), and liposomal particulate adjuvant AS01 have been approved for use in 

a variety of vaccines. However, their complex action mechanisms are not completely 

known. Current understanding includes: sustained antigen release or protection of the 

antigen from degradation, thus prolongated antigen interaction with the immune 

system; activation of innate immune cells through various PRRs and increased antigen 

presentation; promotion of cytokine and chemokine release by macrophages to recruit 

other immune cells (Zhao et al., 2023). 

The goal of the vaccination and its protective effects have long been attributed to the 

induction of persistent antibodies. Neutralizing antibodies (nAbs), which only account 

for a small population of all induced antibodies, are able to bind the active site of 

pathogens, interfere receptor-ligand binding, thus directly block the entry of pathogens 

into the host cells and prevent infections or limit viral burden (Gruell et al., 2022). Other 
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antibody subsets function in the clearance of the blood-borne pathogens or infected 

cell, by either antibody-mediated opsonization, or antibody-dependent cell-mediated 

cytotoxicity (ADCC) (Pulendran and Ahmed, 2011). 

Recently, more and more researches have shown the importance of vaccine induced 

T cell responses in preventing infections. For example, one study found influenza-

specific T cell responses are positively correlated with vaccine-induced protection in 

the elderly, rather than the antibody titers (McElhaney et al., 2006). Similar results are 

also found in vaccination against varicella virus and mycobacterium 

tuberculosis (Levin et al., 2008, Eisenhut et al., 2009). Besides, many vaccines are 

expected to induce effective T cell responses for complete protection, such as HIV 

and malaria (Pulendran and Ahmed, 2011). As discussed earlier, activated T cells 

differentiate into different effector subsets to handle different types of pathogens: Th1 

and CTLs control intracellular pathogens, while Th2 and Th17 assist humoral 

responses and control extracellular bacteria, fungi and helminths. Therefore, 

understanding the mechanisms by which T cells differentiate into different subsets will 

greatly help vaccine development. T cell fate is determined by DC subsets activated 

by different PRRs and in cooperation with local environmental stimuli (Pulendran et 

al., 1999, Maldonado-López et al., 1999, den Haan et al., 2000). These results indicate 

that the use of different adjuvants that target specific PRRs on different DC subsets 

can direct the T cell response towards the most favorable subset. Among the classical 

adjuvants, alum, MF59 and AS03 induce Th2 responses; CPG ODN1018 induces 

strong Th1 responses and CTLs production; AS01 contains immunostimulant 

monophosphoryl lipid A (MPLA) and an active ingredient QS-21, which can activate 

both Th1 (MPLA) and Th2 (QS-21) responses. Besides, AS01 is found to promote 

antigen cross presentation to CD8 T cells and induce CTLs generation; AS04 is also 

a mixed adjuvant, consisting of alum and MPLA and therefore is able to induce both 

Th2 and Th1 response (Zhao et al., 2023). In conclusion, T cell mediated cellular 

immunity is critical for the protective effect of vaccines. By using specific adjuvants, T 

cell differentiation and responses can be preferentially manipulated. 
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3.2 Extracellular vesicles (EVs). 
 
3.2.1 Biogenesis of EVs. 

Extracellular vesicles (EVs) are membrane-bound particles derived from cells, they 

encapsulate distinct proteins, lipids and nucleic acids signatures reflecting their cell 

origin (van Niel et al., 2018, Yates et al., 2022b). EVs are evolutionary conserved, all 

cell types, ranging from bacteria to plant and human cells can secrete various types 

of EVs (Deatherage and Cookson, 2012, Robinson et al., 2016, van Niel et al., 2018). 

EVs are highly heterogeneous, to ease the characterization, EVs are generally 

classified into two groups: exosomes and microvesicles (MVs, also known as 

ectosomes), according to their size, morphology and biogenesis (Figure 3). Exosomes 

(30-100nm in diameter) are initially formed as intra luminal vesicles (ILVs) in multi-

vesicular endosomes (MVEs) by inward budding of MVE membranes. ILVs are 

secreted as exosomes into the extracellular space after MVEs fuse with the cell 

membrane (Harding et al., 1984, Pan et al., 1985, van Niel et al., 2018). This process 

is mostly regulated by the endosomal sorting complex required for transport (ESCRT), 

however, ESCRT independent pathway also exists, which requires the generation of 

ceramide by neutral type II sphingomyelinase (Trajkovic et al., 2008, Yates et al., 

2022b). In contrast, MVs are larger in size with a diameter ranging from 50-1000nm. 

Cancer cell derived oncosomes are even larger with diameters up to 10um. MVs are 

generated by directly outward budding of the cell membrane, therefore contain more 

plasma membrane proteins (Tricarico et al., 2017, Raposo and Stoorvogel, 2013, van 

Niel et al., 2018). In some reviews, the concept of EVs also includes apoptotic bodies 

(1-5um), which are released after programmed cell death (Yates et al., 2022b). 

Considering apoptotic bodies are very distinct from exosomes and MVs in regard of 

their contents and functions, here I will mainly focus on exosomes and MVs. 

EVs contain common structural components such as membrane lipids (including 

phosphatidylserine (PS), cholesterol, ganglioside, glycosphingolipids and ceramide), 

additionally, membrane tetraspanin proteins (CD9, CD63 and CD81) are enriched 

among EVs (Jankovičová et al., 2020, Chen et al., 2019, Yates et al., 2022b). EVs 

modulate functions of recipient cells through surface proteins, as well as enclosed 

cargo molecules, including proteins, lipids, extra-chromosomal DNAs, ncRNAs, 

mRNAs and miRNAs (Robbins and Morelli, 2014). However, the composition of EVs 
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varies depending on the cell types which they originate from and the physiological 

state of the donor cell (Colombo et al., 2014). The heterogeneity of EV composition 

has attracted a lot of research interests, and studies have revealed their important 

roles in intercellular communication in both pathogenesis as well as maintaining 

homeostasis.  

 

 

3.2.2 EVs in immune system. 

Immune responses require frequent cell to cell contact and communication. EVs as 

additional communication and information exchange mechanisms, are found to be   

involved in every aspect of immune responses. During the early initaition of innate 

immune responses, lymphatic endothelial cells at the inflammatory site release large 

amounts of EVs that are enriched in pro-migratory proteins.  The membrane-bound C-

Figure 3 : Biogenesis of EVs. 
EVs are generally divided into two groups: microvesicles and exosomes according to their distinct 
biogensis. Exosomes are initially formed in MVEs, then exosomes are secreted into the extracellular 
space  (this process is mediate by Rab27a/b). Microvesicles are produced by direct outward budding 
of the cell membrane. Formation of both exsomes and microvesicles require the ESCRT machinery 
and cytoskeleton rearrangement. Figure is taken from (Mathieu et al., 2019). 
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X3-C motif chemokine ligand 1 (CX3CL1) on these EVs interacts with CX3C receptor 

1 (CX3CR1) on DCs. This interaction enhances responsiveness of DCs to chemokine 

gradients such as CCL19 and CCL21, which directs DCs to migrate to the 

inflammatory site (Brown et al., 2018, Sung et al., 2021). In addition to this, mast cell 

derived EVs contain concentrated heat shock protein 60 (HSP60) and HSP70. Studies 

have found that these EVs can promote DC maturation, increase the expression of 

MHC II and other costimulatory factors including CD40, CD80, and CD86, thereby 

promoting the antigen presentation to T cells (Skokos et al., 2003). EVs secreted by 

neutrophils could transfer arachidonic acid to platelets, which in turn metabolise into 

thromboxane A2 and induce neutrophil extravasation (Rossaint et al., 2016, Buzas, 

2023). Besides this, neutrophil derived EVs contain microbicidal toxic oxygen 

metabolites and are able to restrain bacteria growth and dissemination (Timár et al., 

2013, Yates et al., 2022b). Macrophages as one of the most important components of 

innate immunity are found to secrete EVs that contain pathogenic antigens and 

PAMPs after infection with intracellular pathogens. These EVs are able to induce TLR-

dependent proinflammatory responses in unifected macrophages (Bhatnagar et al., 

2007). Moreover, EV-associated cytokines and damage-associated molecular 

patterns (DAMPs): including HSPs and histones, were able to promote M1 

macrophage polarization in a sepsis study (Burgelman et al., 2021, Buzas, 2023). EVs 

can also serve as a container for various cytokines, either on the surface (TNF, CCL2 

and TGF-	β) or as enclosed cargo (IL-2, IL-4, IL-17,IL-21, IFN-γ etc.) (Fitzgerald et al., 

2018). They function similarly to the free form of cytokines that regulate cell function 

in  either a juxtacrine, autocrine, paracrine or endocrine fashion. One big advantage 

of EV-associated cytokines is that they are protected from protease degradation on 

the cell surface and in extracellular environment, increasing their activity allowing them 

to regulate  functions in more distant cells (Lima et al., 2021, Fitzgerald et al., 2018, 

Robbins and Morelli, 2014, Buzas, 2023). 

The most significant function of EVs in adaptive immune response is antigen 

presentation. Early in the 1990s, studies had found that APC derived EVs contain both 

MHC I and MHC II complexes, as well as costimulatory factors and adhesion 

molecules, which indicated these EVs could potentially activate T cells (Robbins and 

Morelli, 2014, Raposo et al., 1996). Later, evidence was provided in experiments in 

which mice were immunized with DCs derived EVs containing peptide-MHC II 
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complexes. The results showed antigen-specific naïve CD4 T cells were activated 

(Théry et al., 2002), and that tumor peptide loaded DC-derived EVs could prime 

antigen specific CTLs in vivo (Zitvogel et al., 1998). With much of the knowledge that 

accumulated in the last two decades, we now know antigen presentation through EVs 

appears in different forms (Figure 4): APCs derived EVs alone can directly activate 

primed T cells, or activate naïve T cells with bystander DCs (Segura et al., 2005, 

Segura et al., 2007, Lindenbergh and Stoorvogel, 2018). Whether EVs alone can 

activate naïve T cells in the absence of DCs is still controversial, our recent data 

showed that EVs attached to activated CD8+ effector cells rather than naive CD8+ T 

cells, and induced antigen specific T cell activation independent of DCs (Rausch et 

al., 2023). Therefore, EVs alone is unlikely to activate naïve CD8+ T cells, probably 

due to the lack of LFA-1 expression on naïve CD8+ T cells that unable to recruit EVs 

(Nolte-'t Hoen et al., 2009). However, Buzas had proposed a different theory that EVs 

alone can activate naïve T cells but in very low efficiency, existence of DCs can 

significnatly increase the antigen presentation efficacy and T cell activation (Buzas, 

2023). 

In addition to the activation by free EVs directly, most released EVs remain attached 

on the surface of the producing cells and acceptor cells (cross-dressing), those 

membrane associated peptide-MHC complexes containing-EVs are found to be more 

potent in activating T cells than free EVs, because acceptor cells (DCs) provide 

additional and stable costimulation by CD80 and CD86. Another reason could be that 

DCs recruit large numer of peptide-MHCs through EVs, facilitate formation of immune 

synapses and TCR crosslinking (Lindenbergh and Stoorvogel, 2018, Wakim and 

Bevan, 2011, Buzas, 2023). Additionally, cross-dressing by mature DC-derived EVs 

can even enable those DCs that have not directly contacted the antigen and non-

professional APCs to activate naïve T cells (Buzas, 2023, Robbins and Morelli, 2014, 

Segura et al., 2005). Moreover, cognate interaction between DCs and T cells induces 

DCs to release peptide-MHC carrying EVs, which may assist T cell activation, one 

proposed function is that those EVs also carry costimulatory factors, which 

continuously activate T cells, therefore release burdens of DCs (Buschow et al., 2009, 

Zhou et al., 2005). Transfer of peptide-MHC complexes from donor cell to the acceptor 

cell by cross-dressing is also seen when antigen-encountered migratory DCs home to 

lymph node or spleen, they release peptide-MHC bearing EVs. These EVs are then 
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efficiently recruited by resident DCs. The cross-dressed resident DCs show higher 

efficiency in activating T cells than migratory DCs, which indicates the close 

cooperation between migratory and resident DCs through EVs (Allan et al., 2006, Qu 

et al., 2009, Montecalvo et al., 2008).  

 

 

Apart from T cells, EVs loaded with intact antigen (OVA) can activate B cells and 

induce antibody production in vivo (Qazi et al., 2009, Lindenbergh and Stoorvogel, 

2018). B cells themselves can provide large amount of EVs after activation by cognate 

CD4 T cells. These EVs contain MHC molecules, complement factor 3 and antigen-

Figure 4 : Presentation of peptide-MHC complexes to T cells. 
Peptide-MHC complex can be presented to T cell by direct contact (i). DC and cognate T cell interaction 
can induce release of EVs that carry peptide-MHC complexes, these EVs either remain attached on 
DCs or are captured by T cells, they may assist T cell activation (ii).  Migratory DCs release EVs that 
contain peptide-MHC complex in the secondary lymphoid organs, these EVs are then efficiently 
recruited by resident DCs, the cross-dressed resident DCs can present these peptide-MHC complexes 
and  activate T cells more efficiently (d). Figure is taken from (Lindenbergh and Stoorvogel, 2018). 
 

 

 

 

 



19 

immunoglobulin complexes (Muntasell et al., 2007, Arita et al., 2008, Saunderson et 

al., 2008, Rialland et al., 2006), therefore these B cell derived EVs are assumed to be 

preferentially recruited by FDCs through FcR, complement receptors or intergrin α4β1 

(Denzer et al., 2000, Wang et al., 2014). EVs captured by FDCs are preserved for 

prolonged time, and the intact antigen within the EVs may regulate the GC reaction 

and maintain the phenotype of Tfh cells (Crotty, 2014, Lindenbergh and Stoorvogel, 

2018). 

In contrast to pro-inflammatory effects, EVs can also have immunosuppressive 

functions. For example: peptide-MHC complexes cross-dressed CD4 T cells can 

present them to activated CD4 T cells and then inhibit their further expansion (Helft et 

al., 2008). Fas ligand on some B cell derived EVs can induce apoptosis of antigen-

specific CD4 T cells, therefore function as a negative-feedback loop to reduce T cell 

response (Lundy and Klinker, 2014, Klinker et al., 2014). Immunosuppressive EVs 

also play important roles in generating immune tolearance.  Intestinal epithelial cells 

derived EVs collected from OVA-fed mice, can inudce OVA-specific tolerance when 

transferred to naïve recipient mice (Ostman et al., 2005). Tregs can also release EVs 

that have immunosuppressive effects, this is mediated by the CD73 and the enclosed 

miRNAs, including miR155, Let7b and Let7d (Smyth et al., 2013, Okoye et al., 2014). 

Although the function of EVs in immune system has drawn more and more attentions 

and many progresses have been made in the past decade, people should always be  

aware of the heterogeneousness of EVs, either caused by different cellular origins, or 

caused by different biological conditions of the same cell type. As well as the limitations 

in the EVs isolation methods, all these defects hamper the efforts to get conclusive 

results of EVs’ function. Besides, most previous researches used EVs that were 

produced from cell cultures and tested in vitro. Whether these in vitro results could 

reflect EVs’ real functions in vivo is still a big question. What’s more, many researches 

did in vivo tests by systemic injection of EVs. This could overestimate the function of 

EVs, because most released EVs remain attched on the surface of the producing cells 

and nearby cells, they mainly perform their effects locally, only a few EVs enter the 

circulation. 
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3.2.3 EVs as drug delivery platform. 

EVs have many features that make them an attractive natural delivery system for 

medical applications. Firstly, EVs are enclosed by biocompatible phospholipid 

bilayers, and are able to transport various bioactive materials to the recipient cells. 

Secondly, some studies have found EVs are able to cross biological barriers (Alvarez-

Erviti et al., 2011, Cooper et al., 2014, Liu et al., 2015).  

To use EVs as carrier systems, various methods to load the therapeutic substances 

into the EVs have been developed. Isolated EVs can be loaded exogenously by 

passive incubation with hydrophobic substances (such as curcumin), which enables 

them to be incorporated onto the EV membrane (Herrmann et al., 2021, Sun et al., 

2010). Additionally, temporal permeabilization of EVs by sonication, electroporation or 

saponin treatment allows hydrophilic substances and large proteins to enter the EV 

lumen (Haney et al., 2015, Alvarez-Erviti et al., 2011). A recent study uses synthetic 

liposomes to wrap soluble cargoes, which are then fused with the EV membrane. This 

method can efficiently load large molecules, either  lipophilic or hydrophilic, into the 

EVs without compromising the EVs membrane (Piffoux et al., 2018, de Jong et al., 

2019, Herrmann et al., 2021). Alternatively, EVs that contain desired cargo can also 

be generated endoegnously by utilizing the sorting and packaging mechanisms of the 

EVs	biogenesis. For example, cells can be genetically engineered to express desired 

cargo molecule fused with molecules that are naturally sorted and enriched in EVs 

(such as Nedd4, Lamp2a and ARRDC1). As a result, the desired molecule is also 

loaded into the EVs before their secretion (Elsharkasy et al., 2020, Sutaria et al., 2017, 

Wang et al., 2018). 

EVs also show some degree of intrinsic targeting capability, due to the different 

expression pattern of integrins on EVs, which increase their accumulation in some 

specific organs, as integrins α6β4 and α6β1 direct EVs to home to the lung, while 

integrin αvβ5 favour liver accumulation (Hoshino et al., 2015). In addition, EVs 

targeting capability can be conferred through the cargo-loading techniques as 

described above. For example, fusing Lamp2b with neuron-specific rabies viral 

glycoprotein (RVG) peptide could increase EVs uptake by neurons, microglia, and 

oligodendrocytes in the brain (Alvarez-Erviti et al., 2011). Lamp2b fused with a 

cardiomyocyte targeting peptide (CMP) could target EVs to cardiomyocytes and 
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improved cardic retention (Mentkowski and Lang, 2019). Moreover, by fusing Lamp2b 

with αvβ3 integrin-specific iRGD peptide, EVs showed increased accumulation in 

tumors, which could potentially improve cancer therapies (Tian et al., 2014, Liu et al., 

2008). 

3.3 Milk fat globule epidermal growth factor 8 (Mfge8) 

Milk fat globule epidermal growth factor 8 (Mfge8, also known as lactadherin) is a 

glycoprotein that has bivalent binding capability to integrins and phospholipids. A 

variety of cells can secrete Mfge8, including epithelial cells of mammary glands, 

activated macrophages, immature DCs, FDCs, astrocytes, pancreatocytes and 

epidermal keratinocytes (Aziz et al., 2011, Elliott and Ravichandran, 2010, Watanabe 

et al., 2005, Kranich et al., 2008, Kranich et al., 2010). Mouse Mfge8 mainly consists 

of two epidermal growth factor (EGF)-like domains in the N-terminus, and on the 

second EGF repeat, there is a conservative arginine-glycine-aspartic acid (RGD) 

motif. The EGF-like domains are followed by two tandem F5/8-type C domains in the 

C-terminus (Figure 5). The C domains are common among species, whereas the 

number of EGF-like domains differs, for example human Mfge8 only has one EGF- 

like domain with an  RGD motif, while bird, amphibian and fish Mfge8 has three EGF-

like domains. Those structures contribute to the bivalent binding capability of Mfge8: 

the RGD motif binds to αVβ3 and αVβ5 integrins, and the C domains bind to 

phosphatidylserine (PS). Mfge8 is involved in many physiological and pathological 

processes, including maintaining immune homeostasis, angiogenesis, regulation of 

haemostasis, as well as pathogenesis of atherosclerosis (Oshima et al., 2014, 

Kamińska et al., 2018). In this introduction, I will focus on it’s role in apoptotic cell 

clearance and haemostasis. 
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3.3.1 Mfge8 in apoptotic cell clearance. 

Phosphatidylserine (PS) and phosphatidylethanolamine (PE) are the most abundant 

phospholipids in plasma membrane (O'Donnell et al., 2014, Encinar et al., 1996). In 

live healthy cells, PS and PE are asymmetrically confined to the inner membrane 

leaflet by scramblases (TMEM16 and XKR families), which unspecifically transport PS 

and PE between the inner and outer leaflets according to the lipid gradient or through 

ATP dependent specific translocation from the outer to the inner leaflet by flippases 

(ATP11A and ATP11C), regardless of the lipid concentration gradient (Nagata, 2018, 

Segawa et al., 2014, Segawa et al., 2016). When cells undergo apoptosis, ATP11A 

and ATP11C are inactivated by caspase 3 cleavage, while scramblases are activated 

by caspase 3 and caspase 7, as a result, PS and PE are exposed on the outer surface 

of membranes in apoptotic cells (Figure 6) (Suzuki et al., 2013, Suzuki et al., 2014). 

 

Figure 5 : Schematic diagram of Mfge8 structure. 
Mfge8 mainly contains two F5/8-type C domains and two EGF-like domains. Physiologically, Mfge8 
binds to PS on apoptotic cells through C domains, and bridges to integrins on phagocytes through the 
RGD motif on the second EGF domain. Diagram is created in biorender. 
 

 

 

 

Figure 6 : Plasma membrane in live 
cells and apoptotic cells. 
In live cells, membrane asymmetry is 
maintained, PS and PE are confined to 
the inner leaflet by flippases in an ATP 
dependent manner. The cytoplasmic 
region of flippases contains actuator 
(A), nucleotide-binding (N) and 
phosphorylation (P) domains, N 
domain contains caspase-recognition 
sites. When cells undergo apoptosis, 
caspase 3 irreversibly inactivate 
flippases but activate scramblases. As 
a result, PS is translocated to the 
membrane surface accoding to the 
concentration gradient. Figure is taken 
from (Nagata, 2018). 
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The externalised PS serves as an “eat me” signal for phagocytosis. Macrophages 

express various receptors to either directly recognise PS+ apoptotic cells, such as 

TIM4, or indirectly bind them trough bridging proteins, such as TAM receptors 

(including Tyro3, Axl and Mer), which require growth arrest specific 6 (Gas6) and 

Protein S (Pros1) to bridge TAM+ macrophages to PS+ apoptotic cells (Lemke, 2019). 

Mfge8 is aslo a bridging protein, it bind to the PS on apoptotic cells via the C domains, 

meanwhile the RGD motif binds to integrins on macrophages, thereby facilitating 

clearance of apoptotic cells (Hanayama et al., 2002, Hanayama et al., 2004). 

Mfge8 not only plays an important role in labeling apoptotic cells and maintaining 

homeostasis, its role is especially important during the GC reaction, where GC B cells 

that express dysfunctional BCRs or low affinity BCRs that don’t receive survival signals 

from Tfh cells, will undergo apoptosis. FDCs derived Mfge8 will label those apoptotic 

GC B cells and license TBMs to eliminate these dying cells (Kranich et al., 2008, 

Hanayama et al., 2006). 

Eliminating apoptotic cells is an important mechanism to prevent development of 

autoimmune disease. This was demonstrated in Mfge8-deficient mice, in which 

apoptotic cells clearance was impaired. These mice showed that apoptotic cells 

accumulated on the surface of TBMs in the spleen and lymph nodes (Hanayama et 

al., 2004). Incapable of cleaning apoptotic cells resulted in  secondary necrosis of the 

cells. Intracellular contents and autoantigens were exposed to the immunse system, 

causing the development of a systemic lupus erythematosus (SLE)- like autoimmune 

disease. In line with this, large amount of anti-double stranded DNA and anti-nuclear 

antibodies are observed in Mfge8-deficient mice. As a consequence, immune 

complexes were dopsited in the glomeruli of the kidney, causing glomerulonephritis 

and proteinuria (Hanayama et al., 2004, Peng and Elkon, 2011, Gaipl et al., 2005). 

Besides this, Mfge8-deficient mice show reduced IL-10 but increased IFN-γ 

production, demonstrating the important role of Mfge8 in maintaining peripheral 

tolerance (Neutzner et al., 2007, Kamińska et al., 2018). 
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3.3.2 Mfge8 as a tool to study EVs. 
 
Mfge8 is a promising tool to label PS+ apoptotic cell and other PS+ membrane 

products, such as EVs and cell debris. Traditionally, PS binding annexin V is used to 

stain apoptotic cells, now Mfge8 shows great potential to be a powerful substitute. 

Compared with annexin V, Mfge8 binds to PS in a Ca2+ independent manner 

(Kamińska et al., 2018, Neutzner et al., 2007, Kranich et al., 2020), which extends its 

application to in vivo labeling of apoptotic cells. Besides this, Mfge8 shows greater 

sensitivity in binding PS than annexin V (Hu et al., 2008, Shi et al., 2006), and Mfge8 

preferentially binds to small PS+ membranes particles with higher curvature, such as 

EVs (Shi et al., 2004, Dasgupta and Thiagarajan, 2014). These features make Mfge8 

a powerful tool to assist EVs researches. Our lab has created several fluorescent 

Mfge8 fusion proteins and fluorescent PS-binding C domain tetramers that can be 

used for in vivo PS binding, and in cooperation with Prof. Dr. Fabian J. Theis and Dr. 

Nikolaos-Kosmas Chlis, we created a deep learning based convolutional autoencoder 

(CAE) to identify apoptotic cells and EVs-attached cells based on their surface 

exposure of PS (Mfge8 binding pattern) and other parameters of the images taken 

from imaging flow cytometry (Kranich et al., 2020). This tool has been proved to be 

valid in various studies: it helped to characterize EVs and EVs-attached CD8 T cells 

in viral infection, we showed that activated CD8+ effector cells preferentially bind EVs. 

These EVs induced antigen specific T cell activation, and the nuclear translocation of 

the Nuclear factor of activated T-cells (NFATc1) was increased (Rausch et al., 2023). 

We also applied this method to human COVID-19 patients and found platelet-derived 

EVs show strong positive correlation with disease severity (Rausch et al., 2021). 
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4. Aim of the thesis 
 
In addition to its use as a staining reagent, we wanted to exploit Mfge8 as PS-targeting 

tool to target antigens onto EVs in vivo. As it has been shown that EVs accumulate in 

lymphoid follicles, we wanted to assess whether EV-associated antigens can activate 

B cells or modulate B cell responses. In this study, EGFP and OVA were fused or 

conjugated with Mfge8 or mouse C1 (mC1) tetramer, respectively. These PS-targeting 

antigens were used to immunize mice. We targeted naturally occurring, circulating EVs 

to enrich antigens in lymphoid organs, and tested if this method could boost immune 

responses. With this study, we aim to develop a new vaccination strategy. 
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5. Materials and methods  
 
5.1 Buffers, reagents and chemicals 
 
5.1.1 Self-prepared buffers and media 
 
Buffers and media are prepared in double distilled water (ddH2O) unless otherwise 

specified. 

Table 1. Self-prepared buffers and medium.  

Buffer name Composition and concentration 

Phosphate-buffered saline (PBS) 137 mM NaCl 
pH 7.4 2.7 mM KCl 

 10 mM Na2HPO4 
 2 mM KH2PO4 

Optimized stabilizing buffer (OSB) 500 mM NaCl 
pH 7.4 25 mM HEPES 

 18 mM L-arginine 
 3.5 mM L-leucine 
 5.7 mM L-glutamic acid 
 8 % Glycerol 

Arg-Glu injection buffer 150 mM NaCl 
pH 7.4 25 mM HEPES 

 200 mM L-arginine 
 200 mM L-glutamic acid 
 2 % Glycerol 

Flow cytometry (FACS) buffer PBS 
 2 % Fetal bovine serum (FCS) 

Ammonium-chloride-potassium (ACK)  154.4 mM NH4Cl 
lysing buffer 10 mM KHCO3 

pH 7.4 97.3 μM Na4EDTA.4H2O 

Magnetic-activated cell sorting (MACS) PBS 
buffer 2 % FCS 

 2 mM Ethylenediaminetetraacetic 
acid (EDTA) 

5x sodium dodecyl sulfate (SDS) loading  250 mM  Trisaminomethane (Tris) 
buffer  500 mM Dithiothreitol (DTT)  

 0.5 % Bromophenol blue 
 50 % Glycerol  
 10 % SDS 

Sodium dodecyl sulfate – polyacrylamide  250 mM Tris 
gel electrophoresis (SDS-PAGE) 1.92 M Glycine 

running buffer (10x) 1 % SDS 
pH 8.3  
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Buffer name Composition and concentration 

Western blot transfer buffer 25 mM Tris 
pH 8.3 192 mM Glycine  

 20% Methanol  
 0.1 % SDS 

Coomassie blue G-250 staining buffer 0.12 % Coomassie blue G-250  
 10 % (NH₄)₂SO₄ 

 10 % H3PO4 
 20% Methanol 

Bacterial lysis buffer (for mC1) 300 mM NaCl 
pH 7.4 20 mM HEPES 

 20 mM Imidazole 
 1x Protease inhibitor cocktail (add 

before use) 

Wash buffer for mC1 purification 300 mM NaCl 
pH 7.4 20 mM HEPES 

 20 mM Imidazole 
 0.1% Triton x-100 

Elution buffer for mC1 purification  500 mM NaCl 
pH 7.4 25 mM HEPES 

 18 mM L-arginine 
 3.5 mM L-leucine 
 5.7 mM L-glutamic acid 
 8 % Glycerol 
 200 mM Imidazole 

Sortase reaction buffer 500 mM NaCl 
pH 7.4 25 mM HEPES 

 18 mM L-arginine 
 3.5 mM L-leucine 
 5.7 mM L-glutamic acid 
 8 % Glycerol 
 10 mM CaCl2  

Sortase reaction stop buffer 500 mM NaCl 
pH 7.4 25 mM HEPES 

 18 mM L-arginine 
 3.5 mM L-leucine 
 5.7 mM L-glutamic acid 
 8 % Glycerol 
 7 mM EDTA  
 2x Protease inhibitor cocktail (add 

before use) 

Enzyme-linked immunosorbent assay  70 mM NaHCO3 
(ELISA) coating buffer 30 mM Na2CO3 

pH 9.6  
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Buffer name Composition and concentration 

ELISA blocking/sample buffer 1x Casein blocking buffer (final 
working concentration) 

 0.1% Tween-20 

ELISA washing buffer PBS 
 0.1% Tween-20 

ELISA stopping buffer 0.5 M H2SO4 

Lysogeny broth (LB) medium 25 g Complete LB powder  
 1 L ddH2O 

T cell culture medium 500 ml RPMI 1640 
 10% FCS 
 1% Penicillin 

 1% Streptomycin 
 5 μM 2-mercaptoethanol  

10 x Gitocher buffer 670 mM Tris 
pH 8.8 166 mM Ammonium sulfate 

 65 mM MgCl2 
 0.1 % Gelatin  

Lysis / wash buffer for sortase purification 50 mM Tris 
pH 7.5 150 mM NaCl  

 5 mM MgCl2 
 10 % Glycerol  
 10 mM Imidazole  

Elution buffer for sortase purification 50 mM Tris 
pH 7.5 150 mM NaCl  

 10 % Glycerol  
 500 mM Imidazole  

GeFi buffer for sortase purification 50 mM Tris 
pH 7.5 150 mM NaCl  

 10 % Glycerol  

Lysis buffer for GST-senp2 purification 20 mM Tris 
pH 7.6 350 mM NaCl  

 1 mM DTT 

Wash buffer for GST-senp2 purification 20 mM Tris 
pH 7.6 350 mM NaCl  

 1 mM DTT 
 0.1% Triton x-100 

Elution buffer for GST-senp2 purification 20 mM Tris 
pH 7.6 350 mM NaCl  

 1 mM DTT 
 10 mM Glutathione (reduced)  

Storage buffer for GST-senp2 purification 20 mM Tris 
pH 8.0 150 mM NaCl  

 1 mM DTT 
 20 % Glycerol 
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Buffer name Composition and concentration 

Lysis buffer for EGFP purification 300 mM NaCl 
pH 7.4 50 mM Na2HPO4 

 5 mM Imidazole 
 10 % Glycerol 
 1x Protease inhibitor cocktail (add 

before use) 

Elution buffer for EGFP purification 300 mM NaCl 
pH 7.4 50 mM Na2HPO4 

 500 mM Imidazole 

Bone marrow-derived dendritic 
cell (BMDC) differentiation medium 

500 ml RPMI 1640 medium 
with GlutaMAX ™ Supplement 

 1% Penicillin 
 1% Streptomycin 
 10 % FCS 
 0.05 mM 2-mercaptoethanol 

BMDC stimulation medium 500 ml RPMI 1640 medium 
with GlutaMAX ™ Supplement 

 1% Penicillin 
 1% Streptomycin 
 10 % FCS (EVs free) 
 20 ng/ml Granulocyte-macrophage 

colony-stimulating factor (GM-CSF) 
 30 ng/ml LPS 
 0.05 mM 2-mercaptoethanol 

 

5.1.2 Purchased reagents and kits 
 
Table 2. Purchased reagents and kits. 

Name Supplier Catalog number 

0.5 M EDTA, pH 8.0 Invitrogen 15575020  
1 M HEPES Solution Sigma-Aldrich  SRE0065-100ML 
2-Mercaptoethanol 50 mM Gibco  31350010 
Alexa FluorTM 488 Protein Labelling 
Kit 

Invitrogen A10235 

Alexa FluorTM 555 Protein Labelling 
Kit 

Invitrogen A20174 

Alexa FluorTM 647 Protein Labelling 
Kit 

Invitrogen A20173 

Alhydrogel® Adjuvant 2% Aluminum 
Hydroxide Gel 

InvivoGen Vac-alu-50 

AMPure XP reagent Beckman Coulter A63880 
B Cell Isolation Kit (mouse) Miltenyi Biotec 130-090-862 
BD Cytofix/Cytoperm™ 
Fixation/Permeabilization Kit 

BD Biosciences 554714 

BD Rhapsody™ cDNA Kit BD Biosciences 633733 
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BD Rhapsody™ Enhanced Cartridge 
Reagent Kit 

BD Biosciences 664887 

BD Rhapsody™Cartridge Kit BD Biosciences 633733 
BupHTM Carbonate-Bicarbonate 
Buffer Packs 

Thermo Scientific  28382 

Calcein, AM, cell-permeant dye Invitrogen C1430 
Casein Blocking Buffer 10x Sigma-Aldrich B6429-500ML 
CF680R succinimidyl ester Protein 
Labelling Kit 

Biotium 92226 

DRAQ7TM Dye Invitrogen D15106 
Dulbecco’s Phosphate Buffered 
Saline  

Sigma-Aldrich  D8537 -500ML 

EDTA-free Protease Inhibitor Cocktail Roche 4693159001 
Ex-Cell 293 Serum-free Medium for 
HEK 293 Cells  

Sigma-Aldrich 24571C -1L 

Fetal Bovine Serum Gibco  A5256701 
Germinal Center B Cell (PNA) 
MicroBead Kit (mouse) 

Miltenyi Biotec 130-110-479 

Glutathione SepharoseTM 4B GE Healthcare 17-0756-01 
KPL TMB Microwell Peroxidase 
Substrate System 

SeraCare Life 
Sciences  

5120-0037 

Ni-NTA Agarose InvivoGen R90110 
PierceTM Antibody Clean-up Kit Thermo Scientific  44600 
Proteinase K Sigma-Aldrich  P2308-100MG  
QubitTM dsDNA Quantification Assay 
Kits 

Invitrogen Q32851 

ROTIPHORESE®Gel 30 (37.5:1) Carl Roth 3029.1 
RPMI 1640 Medium GlutaMAXTM 
Suppplement 

Gibco  61870-010  

Streptavidin Conjugation Kit Abcam Ab102921-1MG 
TEMED Carl Roth 2367.3 
Western Lightning Plus-ECL, 
Chemiluminescent Substrate 

PerkinElmer NEL103001EA 

 

5.2 Chemicals 
 
Table 3. Chemicals   

Name Supplier Catalog number 

1,4-Dithiothreit (DTT) Carl Roth 6908.1 
Aceton Carl Roth 9372.1 
Agarose, universal VWR International 9012-36-6 
Albumin Fraction V Carl Roth 8076.3 
Albumin from chicken egg white Sigma-Aldrich  A7641-250MG 
Calcium chloride Sigma-Aldrich  10043-52-4 
Coomassie Brilliant Blue R-250 ITW Reagents 6104-59-2 
di-Sodium hydrogen phosphate 
dihydrate 

Carl Roth 4984.1 

EDTA Carl Roth 8043.1 
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Ethanol absolute Th. Geyer 2273.1000 
Glycerol Carl Roth 3783.1 
Glycine Th. Geyer 9366.1000 
HEPES Carl Roth 9105.4 
Hydrochloric acid Carl Roth 4625.1 
Imidazole Carl Roth X998.4 
IPTG, dioxane-free Thermo Scientific  R0392 
L- Glutamic acid Sigma-Aldrich  G1251-500G 
L-Arginine monohydrochloride Sigma-Aldrich  A5131-100G 
L-Glutathione reduced Carl Roth 6382.2 
L-Leucine Sigma-Aldrich  L8000-100G 
LB Broth Carl Roth X968.3 
Methanol  Th. Geyer 1462.2511 
SDS pellets Carl Roth 8029.3 
Sodium carbonate Carl Roth 8563.1 
Sodium chloride Th. Geyer 1367.5000 
Sodium hydrogen carbonate Merck 144-55-8 
Sodium hydroxide Merck 1310-73-2 
Sulphuric acid Carl Roth 4623.1 
Tris Carl Roth 4855.3 
TWEEN-20 Sigma-Aldrich  P1379-500ML 

 

5.3 Devices 
 
Table 4. Devices and suppliers.  

Name Supplier 

AccuSpin Micro 17R Fisher Scientific 
AdventurerTM Analytic Scale Ohaus Corporation 
ÄKTA Pure 25 L1 Chromatography 
System 

GE Healthcare Life Sciences (Cytiva) 

Avanti JXN-26 Centrifuge Beckman Coulter 
BD FACSAriaTM Fusion  BD Biosciences 
BD FacsCantoTM II Flow Cytometer  BD Biosciences  
BD Rhapsody™ HT Xpress System BD Biosciences  
BD Rhapsody™ Scanner BD Biosciences  
BioPhotometer Eppendorf 
CASY TT Cell Counter  OLS OMNI Life Science GmbH & Co. 

KG 
Comfort Refrigerator (4 °C) Liebherr 
Cryostat CM1950 Leica 
Cytek Amnis ImageStream X Mark II Cytek Biosciences 
Electrophoresis Power Supply Bio Rad 
Fluorescence Microscope BX41 Olympus 
Galaxy 170S CO2 Incubator Eppendorf New Brunswick  
Heraeus Multifuge X3R Centrifuge Thermo Scientific  
HiLoad 26/600 Superdex 200 pg  GE Healthcare Life Sciences (Cytiva) 
Inverted Confocal Microscope (SP8X 
WLL) 

Leica 
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Labfors 5 Bioreactor  Infors HT  
Magnetic Stirrer Ika Labortechnik  
Microbiological Safety cabinet FlowSafe 
B-[MaxPro]2-160  

Berner International GmbH 

Multi-Channel Pipette Labsystems 
NanoDrop Spectrophotometer Peqlab Biotechnologie GmbH 
Particle Metrix Zeta View 
pH Meter (pH level 1) Inolab 
Pipette Controller Intergra Biosciences 
Premium Nofrost Freezer (-20 °C) Liebherr 
Protec X-ray Imager Barowi Med GmbH 
Scale Kern 
Single Channel Pipettes (10ul, 200ul, 
1000ul) 

Axypet 

Thermocycler  Biometra 
Thermocycler  Biometra 
Thermocycler  Analytik Jena 
Thermomixer compact Eppendorf 
TSX Series Freezer (-80 °C) Thermo Scientific  
Ultrasonic Cell Disruptors Branson Ultrasonics Corporation 
Versa max microplate reader Molecular Devices 
Vortex-Genie 2 Scientific Industries  

 

5.4 Staining antibodies 
 
Antibodies listed below were anti - mouse unless otherwise specified. AF stood for 

Alexa Fluor Dyes. BV stood for Brilliant Violet Dyes.  

Table 5. Antibodies used for flow cytometry. 

Reactivity  Conjugate  Clone  Supplier  Catalog Nr. 

Bcl-6 BV421 K112-91 BD 
Biosciences 

563363 

CD107a PE 1D4B Biolegend 121612 
CD11b PE-Cy7 M1/70 Biolegend 101216 
CD11c eFluor 450 N418 eBioscience 48-0114-82 
CD138 PE 281-2 Biolegend 142504 
CD16/32 (Fc 
Block) 

N. A 93 Biolegend 101320 

CD169 AF594 3D6.112 Biolegend 142416 
CD169 BV421 3D6.112 Biolegend 142421 
CD169 AF647 3D6.112 Biolegend 142408 
CD19 AF594 6D5 Biolegend 115552 
CD19 APC 1D3 Biolegend 152510 
CD19 eFluor 450 1D3 eBioscience 48-0193-82 
CD19 PE-Cy7 6D5 Biolegend 115520 
CD19 Percp-Cy5.5 eBio1D3 eBioscience 45-0194-82 
CD21/35 APC 7G6 BD 

Biosciences 
558658 
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CD21/35 FITC 7G8 BD 
Biosciences 

553818 

CD21/35 PE 7G6 BD 
Biosciences 

552957 

CD23 Pacific Blue B3B4 Biolegend 101616 
CD23 PE-Cy7 B3B4 Biolegend 101614 
CD38 PE-Cy7 90 Biolegend 102718 
CD3e AF647 145-2C11 Biolegend 100322 
CD3e PE 145-2C11 Biolegend 100308 
CD3e PE-Cy7 145-2C11 Biolegend 100320 
CD4 BV421 GK1.5 Biolegend 100438 
CD4 FITC GK1.5 Biolegend 100406 
CD4 PE-Cy7 GK1.5 Biolegend 100422 
CD4 Percp RM4-5 Biolegend 100538 
CD40 N. A FGK4.5 Bio X Cell BE0016-2 
CD44 FITC IM7 Biolegend 103006 
CD44 PE-Cy7 IM7 Biolegend 103030 
CD44 PE-Cy5 IM7 BD 

Biosciences 
553135 

CD45.1 FITC A20 BD 
Biosciences 

553775 

CD45.2 PE-Cy7 104 Biolegend 109830 
CD62L APC MEL-14 BD 

Biosciences 
553152 

CD62L Pacific Blue MEL-14 Biolegend 104424 
CD62L PE MEL-14 eBioscience 12-0621-82 
CD63 PE NVG-2 Biolegend 143904 
CD63 Percp-Cy5.5 NVG-2 Biolegend 143912 
CD63 APC NVG-2 Biolegend 143905 
CD81 AF594 431301 R&D Systems FAB4865T 
CD86 FITC GL-1 Biolegend 105006 
CD8a APC 53-6.7 eBioscience 17-0081-83 
CD8a eFluor 450 53-6.7 eBioscience 48-0081-82 
CD8a PE-Cy7 53-6.7 Biolegend 100722 
CD8a Percp 53-6.7 Biolegend 100734 
CD9 AF594 479608 R&D Systems FAB5218T 
CD90.1 Percp OX-7 Biolegend 202516 
CD95 FITC Jo2 BD 

Biosciences 
561979 

CD95 PE-Cy7 Jo2 BD 
Biosciences 

557653 

CD95 Percp-eF710 15A7 eBioscience 46-0951-82 
CD98 BV421 H202-141 BD 

Biosciences 
744831 

CXCR3 
(CD183) 

PE-Cy7 CXCR3-173 Biolegend 126516 

CXCR4 
(CD184) 

AF647 L276F12 Biolegend 146504 

CXCR4 
(CD184) 

PE L276F12 Biolegend 146506 
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CXCR5 
(CD185) 

PE SPRCL5 eBioscience 12-7185-82 

EpCAM 
(CD326) 

BV421 G8.8 Biolegend 118225 

Fixable 
Viability Dye 

eFluor780  N. A eBioscience 65-0865-14 

GL7 eFluor 450 GL-7 eBioscience 48-5902-82 
IFN-γ APC XMG1.2 Biolegend 505810 
IgD PE 11-26c.2a Biolegend 405706 
IgD  PE-Cy7 11-26c.2a Biolegend 405720 
IL-2 PE-Cy7 JES6-5H4 eBioscience 25-7021-82 
IL-21 PE 149204 R&D Systems IC594P-100 
IL-4 AF488 11B11 BD 

Biosciences 
557728 

MHC II (IA/IE) PE M5/114.15.2 eBioscience 12-5321-82 
PD-1 (CD279) APC J43 eBioscience 17-9985-82 
PD-1 (CD279) BV421 29F-1A12 Biolegend 1335217 
SIGN-R1 
(CD209b) 

APC eBio22D1 eBioscience 17-2093-82 

TCR β chain APC-Cy7 H57-597 Biolegend 109220 
TNF-a PE MP6-XT22 eBioscience 12-7321-82 

 

Table 6. Antibodies used for histology. 

Reactivity  Conjugate  Clone  Supplier  Catalog Nr. 

CD 21/35 CF680R (Self 
conjugated) 

eBio8D9 eBioscience 14-0211-81 

CD169 AF594 3D6.112 Biolegend 142416 
CD169 APC SER-4 eBioscience 50-5755-82 
CD169 BV421 3D6.112 Biolegend 142421 
CD21/35 PE 7G6 BD Biosciences 552957 
CD4 APC RM4-5 Biolegend 100516 
CD68 AF647 FA-11 Biolegend 137004 
CD68 PE FA-11 Biolegend 137014 
CD81 AF594 431301 R&D Systems FAB4865T 
EGFP Abberior Star 

635p 
WJ45 Creative Biolabs MDWJ15 

EGFP FITC polyclonal Abcam Ab6662 
GL7 AF647 GL7 Biolegend 144606 
GL7 FITC GL7 Biolegend 144604 
IgD eF450 11-26c eBioscience 48-5993-82 
OVA FITC polyclonal Rockland 

Immunochemicals 
200-4233 

PD-1 
(CD279) 

PE RMPI-30 Biolegend 109130 

PNA AF488 N. A Invitrogen L21409 
SIGN-R1 APC eBio22D1 eBioscience 17-2093-82 
Streptavidin FITC polyclonal LSBio LS-C195991 
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Table 7. Antibodies used for ELISA. 

Reactivity  Conjugate  Clone  Supplier  Catalog Nr. 

Donkey anti- 
mouse IgG 

HRP Polyclonal  Jackson 
ImmunoResearch 

715-035-150 

Donkey anti- 
rabbit IgG 

HRP Polyclonal Jackson 
ImmunoResearch 

711-035-152 

Goat anti-
mouse IgG1 

HRP Polyclonal SouthernBiotech 1070-05 

Goat anti-
mouse IgG2b 

HRP Polyclonal SouthernBiotech 1090-05 

Goat anti-
mouse IgM 

HRP Polyclonal SouthernBiotech 1021-05 

OVA HRP Polyclonal Invitrogen  
Streptavidin HRP  Abcam Ab191338 

 

5.5 Mouse strains 

C57BL/6 wild-type mice were either purchased from Core facility Animal Models, 

Biomedizinisches Centrum, Ludwig-Maximilians- Universität München (LMU) or from 

JANVIER LABS (France). 

Transgenic B6.129S4-C3tm1Crr/J mice (C3-KO in short, JAX stock #029661) were 

purchased from Jackson Laboratory (USA). B6.129S4-C3tm1Crr/J mice contain a 

deletion of around 600nt and an insertion of neomycin (Neo) resistance cassette into 

the exon of the C3 gene, resulting in the deletion of the β chain and the N-terminal 

region of the α chain, including the site for processing the pro-C3 molecule into the 

two-chain structure (Wessels et al., 1995). 

 

For genotyping the B6.129S4-C3tm1Crr/J mice left-over ear tissue from ear-marking the 

mice was used. Genomic DNA was isolated by incubating tail tips with Gitocher buffer 

mix for 6h at 55°C. The reaction was stopped by incubating mixture at 95°C for 5 

minutes (proteinase K was inactivated). After digestion, 75ul H20 was added to the 

mixture and then centrifuged for a short time. 

 
Table 8. Gitocher buffer mix.  

10x Gitocher 5 ul 
Triton-X 2.5 ul 
β -Mercaptoethanol  0.5 ul 
Proteinase K (10 mg/ml) 2 ul 
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H2O 40ul 

 
To genotype B6.129S4-C3tm1Crr/J mice by standard polymerase chain reaction (PCR), 

1 μL of isolated genomic DNA was used in PCR master mix. 

 
Table 9. Primers for genotyping.   

Primer names Sequence 5´ à 3´ Primer type 

oIMR1325 ATC TTG AGT GCA CCA AGC C Common 
oIMR1326 GGT TGC AGC AGT CTA TGA AGG Wild type 
oIMR7415 GCC AGA GGC CAC TTG TGT AG Mutant 

 
 
Table 10. Genotyping reaction mix.  

PCR reaction components Final concentration 

ddH2O  
Kapa 2G HS buffer 1.30 X 
MgCl2 2.60 mM 
dNTP KAPA 0.26 mM 
oIMR1325 0.50 uM 
oIMR1326 0.50 uM 
oIMR7415 0.50 uM 
Glycerol 6.50 % 
Dye 1.00 X 
Kapa 2G HS taq polymerase 0.03 U/ul 
DNA 1ul 

 

Table 11. PCR program for genotyping. 

Step Temperature °C  Time Note 

1 95.0 3 minutes  

2 95.0 1 minute  

3 64.0 30 seconds  

4 72.0 1 minute Repeat steps 2-4 for 33 cycles 

5 72.0 10 minutes  

6 4.0 -- Pause 

 
PCR products were separated by 1% agarose gel (added with 0.5 g/mL ethidium 

bromide) electrophoresis. Agarose gel images were taken from Gel Doc XR+ 

Molecular Imager.  
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Possible DNA bands: 

Mutant = ~500 bp 

Heterozygte = ~500 bp and 350 bp 

Wild type = 350 bp 

 

B6129SF1/J mice were purchased from Jackson Laboratory (JAX stock #101043). 

B6129SF1/J mice were F1 hybrid mice from a cross between 129S1/SvImJ males 

(129S) and C57BL/6J females (B6). B6129SF1/J mice were to provide approximate 

wild type controls for B6.129S4-C3tm1Crr/J mice that were generated with genetically 

engineered 129S-derived embryonic stem cells and further backcrossed to C57BL/6J 

mice for many generations. 

 

All animals were kept according to the corresponding animal welfare regulations and 

laws. All animal experiments were approved by the Ethics Committee of the Regierung 

Oberbayern, Bavaria, Germany.  

 

5.6 Protocols and assays 
 
5.6.1 Serum collection 
 
Blood samples were collected either from mouse tail veins, the retro-orbital sinus or 

by cardiac puncture using a 1ml Omnican®-F syringe immediately from euthanised 

mice. Blood samples were transferred into individual Micovette® 500 Z-Gel tubes and 

then centrifuged at 10000 x g for 5 minutes at 20°C. Serum samples were collected 

above the gels, and stored in -80°C. 

 

5.6.2 Indirect enzyme-linked immunosorbent assay (ELISA) 
 
Indirect ELISA was used to measure serum anti-EGFP or anti-OVA antibody levels. 

Thermo Scientific™ Clear Flat-Bottom Immuno Nonsterile 96-Well Plates were coated 

with 100ul per well 10ug/ml desired antigen (EGFP or OVA) in coating buffer overnight 

at 4°C. On the following day, the plates were washed 6 times by immersing them in 

ELISA washing buffer. The residual liquid was removed by tapping the plates on tissue 

towels. Then the plates were blocked with 100ul per well blocking buffer for 2h. During 
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the incubation period, serum samples were prediluted 1:100. Then 1:2 serial dilutions 

were performed.  After 2h of incubation, blocking buffer was discarded and to each 

well 100ul sample dilution was added. The plates were incubated for 2h, followed by 

6 washes with washing buffer. Next, to each well 100ul 1:2500 diluted horseradish 

peroxidase (HRP) conjugated secondary antibodies specific for different isotypes was 

added. The plates were incubated for 1h, afterwards, the plates were washed with 

washing buffer for 4 times and twice with PBS. Finally, 100ul per well KPL TMB 

Peroxidase Substrates were added and incubated for 10 minutes, the reaction was 

stopped by applying 100ul ELSA stopping buffer. The absorbance at A450nm was 

measured by VersaMax Microplate Reader.  

 

5.6.3 Protein expression and purification 
 
5.6.3.1 Cultivation of bacterial expression system with kanamycin resistance. 
 
This protocol applies to BL21(DE3) + pTK32 Sortase A expression and BL21(DE3) + 

pTK77 GST-Senp2 expression. 

Bacterial glycerol stock was inoculated in 50 ml LB-Kan medium (50 ug/ml kanamycin) 

and cultured overnight at 37°C, shaken in 140 rpm in 250 ml Erlenmeyer flask. On the 

next day, 15 ml of the overnight culture was transferred into 1.5L fresh LB-Kan 

medium, shaken in 2 L Erlenmeyer flasks with baffles at 37°C, 100 rpm, until the OD600 

reached 0.4 - 0.6. The cell culture was then induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and subsequently cultured at 25°C, 100 rpm overnight 

(16h) to induce T7 promoter-controlled protein expression. On day3, the overnight 

culture was transferred into 250 ml buckets and centrifuged in Beckmann cooling 

centrifuge at 4000 x g, 10 min, 4°C. The cell pellet was collected into a 50 ml Falcon 

tube. After centrifuging the 50 ml Falcon tube at 4000 x g, 10 min, 4°C, supernatant 

was discarded and the cell pellet was weighted and collected into a 50 ml Falcon tube, 

then the cell pellet was stored in -80°C. 

5.6.3.2 Cultivation of bacterial expression system with ampicillin resistance. 
 
This protocol applies to BL21(DE3) + pTK108 Enhanced Green Fluorescent Protein 

(EGFP) expression. 
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Bacterial glycerol stock was inoculated in 50 ml LB medium supplied with 100 ug/ml 

ampicillin (LB-Amp) and grown at 37°C overnight, 140 rpm in a 250 ml Erlenmeyer 

flask. On the second day, 5 ml of the overnight culture was transferred into fresh 500 

ml LB-Amp medium in 1 L Erlenmeyer flasks with baffles. The cells were cultured at 

37°C and 100 rpm, until the OD600 reached 0.4-0.6. Then, the cell culture was 

centrifuged at 4000g x 15 min, 25oC to remove the supernatant. The cell pellet was 

resuspended in 1.5 L fresh LB-Amp medium and cultured for 1h at 37oC. In the last 30 

minutes, the temperature was reduced to 20oC, followed by induction with 0.2 mM 

IPTG overnight (16h) at 140 rpm, 20°C. On day 3, cells were harvested by 

centrifugation at 4000 x g, 10 min, 4°C. Cell pellet was collected into a 50 ml Falcon 

tube and was stored in -80°C. 

5.6.3.3 Cultivation of bacterial expression system with kanamycin + ampicillin + 
tetracycline resistance. 
 
This protocol applies to Origami B + pTK85 mC1-LPETG expression. 

Bacterial glycerol stock was inoculated in 50 ml LB medium (supplied with 50 ug/ml 

kanamycin + 100 ug/ml ampicillin + 10 ug/ml tetracycline) and grown at 37°C, 120 rpm 

in 250 ml Erlenmeyer flask overnight. On the second day, overnight culture was 

centrifuged at 4100 x g, 8 min, 25°C, the supernatant was discarded and the cell pellet 

was resuspended in 500 ml fresh LB-Kan-Amp-Tet medium in 1 L Erlenmeyer flask 

with baffles. The culture was grown at 37°C, 120 rpm until OD600 reached between 3 

- 4. The culture was spun down again (4000 x g, 15 min, 25°C) and the cell pellet was 

resuspended in 1 L fresh LB-Kan-Amp-Tet medium in a 2 L Erlenmeyer flask with 

baffles. Then cells were grown at 37°C for 30 minutes, followed by culturing at 25°C 

for 30 minutes. The cell culture was subsequently induced with 1mM IPTG overnight 

(15-16h) at 120 rpm, 25°C. On the third day, the overnight culture was centrifuged at 

4000 x g, 15 min, 4°C. Cell pellet was collected into a 50 ml Falcon tube and was 

stored in -80°C. 

5.6.3.4 Purification of proteins with polyhistidine tag (His-tag). 
 
This protocol applies to Sortase A, EGFP and mC1-LPETG purification. 

Cell pellet was resuspended in 10 ml lysis buffer per gram and then transferred into a 

metal beaker, placed in ice-cooled water bath. Cells were lysed by using a Branson 
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sonicator: ½ inch tip, output control: 7, 40% duty cycle. Sonication was performed in 

six 5min cycles. To cool down the lysate, a 1.5-minute break was added between 

cycles. Cell lysates were centrifuged at 30000 x g, 30 min, 4°C. The supernatant was 

incubated with 5 ml Ni-NTA (nickel-nitrilotriacetic acid) agarose at 4°C and rotated for 

1h. The beads that captured His-tagged proteins, were transferred into a 35 ml 

chromatography column, then His-tagged proteins were eluted by adding 50 ml elution 

buffer in 5 elution steps (each step 10 ml). Protein concentration of the eluates was 

determined by NanoDrop (setting 1 Abs = 1 mg/ml). Then the eluates were diluted with 

the same volume of lysis buffer to decrease imidazole to approximate 250 mM. Next, 

the pooled eluates were concentrated to a total of 5 ml by Sartorius VIVASPIN 20, 10 

KDa MWCO (Molecular weight cut-off) protein concentrators. The concentrated 

proteins were centrifuged at 30000 x g, 30 min, 4°C to remove aggregates, and then 

loaded on HiLoad 26/600 Superdex 200 pg column, run “HiLoad 26_600_with 

fractionation” program. 

After the program ended, fractions that contained the desired proteins (Sortase A: 

fraction 55-74, mC1-LPETG: fraction 69-84, EGFP: fraction 58-74) were pooled and 

then concentrated by Sartorius VIVASPIN 20, 10 KDa MWCO protein concentrators. 

The final concentration was measured by NanoDrop, sample type: other protein (E & 

MW). 

NanoDrop settings for Sortase A: molecular weight: 23.46 KDa, molar extinction 

coefficient: 17420 M-1 cm-1).  

NanoDrop settings for mC1-LPETG: molecular weight: 19.35 KDa, molar extinction 

coefficient: 27180 M-1 cm-1).  

NanoDrop settings for EGFP: molecular weight: 26.94 KDa, molar extinction 

coefficient: 21890M-1 cm-1).  

Protein aliquots were prepared and stored at -80°C.  

*Extra steps for mC1-LPETG purification: The beads that captured the His-tag on 

GST-SUMO3-mC1-LPETG-His6 were transferred into a 35 ml chromatography 

column. Cleavage of the GST-SUMO3 was performed by incubating beads with 30 ml 
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lysis buffer supplemented with 250 μg GST-Senp2 protease for 1.5h on a rotator at 

room temperature. Then, the column was drained by gravity flow and the cleavage 

was repeated with fresh lysis buffer and protease for another 1.5 h. The beads were 

thoroughly washed by 50 ml wash buffer and 50 ml OSB buffer after cleavage, then 

proteins were eluted from the beads.  

*Extra steps for EGFP purification: The beads that captured His6-SUMO3-EGFP were 

transferred into a 35 ml chromatography column. Next, two steps of SUMO3 cleavage 

were performed by adding 250 ug His6-senp2, rotated for 3h at room temperature. 

EGFP was cleaved off the beads, therefore, the flow-through was collected and 

concentrated to a total of 5 ml. 

5.6.3.5 Purification of proteins with glutathione-s-transferase tag (GST-tag). 
 
This protocol applies to GST-Senp2 purification. 

 

Cells were resuspended in 10 ml lysis buffer per gram of wet cell weight, then the cells 

were lysed by a sonicator (½ inch tip, output control: 7, 60% duty cycle). 4 cycles of 

sonication were performed, with 1.5-minute breaks between sonication cycles. Cell 

lysate was centrifuged at 30000 x g, 20 min, 4°C, and then the supernatant was 

incubated with 1 ml Pierce™ glutathione agarose and rotated for 2h at 4°C. The beads 

that captured GST-tagged Senp2 were separated from cell lysate by a 14 ml 

chromatography column, followed by washing with 30 ml wash buffer and 20 ml lysis 

buffer. Next, GST-Senp2 was eluted by adding 4 x 1 ml elution buffer. Pooled eluates 

were dialyzed against 500 ml storage buffer overnight at 4°C.  

 

On the following day, dialyzed proteins were collected and centrifuged at 22000 x g, 

20 min, 4°C to remove aggregates. Concentration was measured by NanoDrop 

(setting 1 Abs = 1 mg/ml), Aliquots were prepared and stored at -80°C. 

 

5.6.3.6 Mfge8-EGFP and C1C2-EGFP purification. 
 
HEK293 cells stably transfected with respective constructs (pcDNA3.1 Mfge8-EGFP-

FLAG or pcDNA3.1 C1C2-EGFP-FLAG) were cultured in Ex-Cell 293 serum-free 

medium added with 1 % penicillin/streptomycin and 2 mM HEPES. 300 ml cells with a 
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viability > 85% and density of 1.5 - 2.5 x 106 cells/ml were used to inoculate 3 L of 

fresh in Ex-Cell 293 serum-free medium in the Labfors Bioreactor, the fermentation 

took 5 days (pH 7.4, pCO2: 5%). Supernatant was collected by centrifugation at 300 x 

g, 10 minutes to remove cells. Supernatant was incubated with , 5.7 mM L-Glutamic 

acid, 350 mM NaCl, 3.5 mM L-Leucine, 18mM L-Arginine and 0.5% Triton X for 1 hour 

at 4°C. Followed by a high-speed centrifugation at 20000 x g, 90 minutes and filtration 

(0.2 um) to remove cell debris. Clarified supernatant was then purified by using FLAG 

affinity chromatography (M2-FLAG-agarose beads, which captured FLAG-tag on the 

C-terminal of Mfge8-EGFP and C1C2-EGFP). The bead- bound proteins were eluted 

by incubating and rotating with an excess of FLAG-peptide (30 mL Arg-Glu buffer 

mixed with 5 mg of FLAG-peptides) for 1h at 4°C. The eluted proteins were then 

concentrated to approximate 1 - 2 mg/ml. Mfge8-EGFP and C1C2-EGFP absorbance 

at wavelength of 488 nm (EGFP absorbance) were measured by NanoDrop. 

Concentrations (mg/ml) were calculated respectively: 

C(Mfge8-EGFP) = Absorbance at 488nm / 56000 M-1cm-1 (EGFP molar extinction 

coefficient) x 81200 g/mol (Mfge8-EGFP molecular weight) 

C(C1C2-EGFP) = Absorbance at 488nm / 56000 M-1cm-1 (EGFP molar extinction 

coefficient) x 65000 g/mol (C1C2-EGFP molecular weight)  

Purification was performed by PD. Dr. Jan Kranich, Christine Ried, Beatrice Rauter, 

Tijana Kandic and Dr. Pallavi Pranita, protocol described in previous publication 

(Trautz et al., 2017). 

5.6.4 Biotinylation by sortase-mediated transpeptidation reaction. 
 
Method was adopted from (Guimaraes et al., 2013). 

 
Table 12. Sortase reaction mix 

mC1-LPETG 50 uM 
Sortase A 50 uM 
GGG-TEVcs-K(biotin) 1 mM 
1x Sortase reaction buffer (dilute from 5x stock)  
H2O  

The sortase reaction mix was left at room temperature (RT) for at least 1h. Then 3x 

the reaction-volume of sortase stop buffer was added and incubated on ice for 20 
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minutes to stop the reaction. Next, the reaction mix with stop buffer was concentrated 

to a total of 5 ml, followed by centrifugation at 22000 x g, 30 min, 4°C to remove 

aggregations. Then the supernatant was loaded on HiLoad 26/600 Superdex 200 pg 

column that was pre-equilibrated with OSB buffer and gel-filtration was performed  

(“HiLoad 26_600_with fractionation” program). After the purification, fractions that 

contained mC1-biotin (fraction: 69-83) were collected and then concentrated to at least 

3 mg/ml. Aliquots were prepared and stored at -80°C.  

5.6.5 SA-OVA conjugation 
 
Streptavidin Conjugation Kit - Lightning-Link® was used to conjugate OVA with 

streptavidin (SA). Lyophilized SA provided in the kit was dissolved in 1ml  PBS (c=1 

mg/). In parallel, 200 ul modifier was added to another 1ml 1 mg/ml OVA. Then, 

dissolved SA and OVA with modifier were mixed together and incubated at 25 °C, 500 

rpm overnight. On the next day, 200 ul quencher was added to the mix and incubated 

for 1h to stop the reaction. The conjugation mix was then centrifuged at 30000 x g, 30 

min, 4°C to remove aggregates and afterwards loaded on HiLoad 26/600 Superdex 

200 pg column and gel-filtration was performed (“HiLoad 26_600_with fractionation” 

program). 

After the purification, all fractions were collected and samples of each peak were run 

on the SDS-PAGE. Fractions 32-39 were shown to contain OVA-SA 1:1 conjugation. 

These fractions were pooled and concentrated to a volume of 1 ml. Concentration of 

the purified protein was measured by ELSA (anti-OVA). Aliquots were prepared and 

stored at -80°C. 

5.6.6 mC1 tetramer formation 
 
Streptavidin has four biotin binding sites, but to ensure sufficient tetramer formation, a 

5x molar excess of mC1-biotin was mixed with 1 mol SA. The mix was incubated for 

30 minutes on ice. Then the mix was centrifuged at 30000 x g, 30 min, 4°C to remove 

aggregations. Concentration of the tetramer was measured by ELSA. Aliquots were 

prepared and stored at -80°C. 
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5.6.7 Fluorochrome labelling 
 
Fluorescent proteins (OVA) were used to detect antigen specific B cells. Alexa Fluor™ 

647 and Alexa Fluor™ 488 Protein Labelling Kits were used to label OVA. 1ml x 2 

mg/ml PBS dissolved OVA was mixed with 100 ul 1 M bicarbonate buffer provided in 

the kits. Then the protein solution was mixed with one vial of reactive dye and 

incubated at RT for 1h. Next, the reaction mix was added to a Dye Removal Spin 

Column provided in the kits. The column was placed in a collection tube and 

centrifuged together at 1000 x g for 2 minutes. Fluorochrome-labelled proteins 

collected in the tube were measured the absorbance at 280 nm (A280) and at the 

maximum absorbance wavelengths (Adye) by NanoDrop. 

The concentration of labelled protein was calculated according to the formula: 

Protein concentration (M) = [ A280 – (Adye x CF280)] x dilution factor / molar extinction 

coefficient at 280 nm (cm-1M-1). 

 

*CF280 is a correction factor for the fluorochrome’s contribution to the absorbance at 

280 nm (Alexa FluorTM 488: 0.11, Alexa FluorTM 647: 0.03). 

 

Labelled proteins were stored as small aliquots in -80°C. 

 

5.6.8 Cell isolation and prepare of single cell suspension. 
 
5.6.8.1 Isolation of splenocytes. 
 
Mice were euthanized by cervical disloaction or CO2, then moistened and disinfected 

with 70% ethanol. Spleen was removed and kept in FACS buffer on ice until use. 

Single splenocyte suspension was generated by squeezing the spleen between two 

coarse nylon meshes using tweezers in a petri dish. Cells were collected in a 15ml 

Falcon tube, the nylon meshes and petri dish were washed three times to collect 

residual cells. The cell suspension was centrifuged at 1500 rpm at 4 °C for 5 minutes 

to pellet the cells. Cells were resuspended in 1ml red blood cell lysis buffer (ACK 

buffer), then cell suspension was incubated for 5 minutes at RT. The lysis was stopped 

by adding 12ml FACS buffer and then centrifuged at 1500 rpm at 4 °C for 5 minutes, 
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supernatant was discarded, the cell pellet was resuspended in 5ml FACS buffer and 

filtered through 40um mesh. 

 

5.6.8.2 Bone marrow cells isolation. 

Mice were euthanized by cervical disloaction or CO2, then moistened and disinfected 

with 70% ethanol. The rear legs were cut and the flesh removed with a scalpel. Bones 

were kept in FACS buffer on ice until use. Bone marrow was collected by cutting below 

and above the knee, then flushed out the bone marrow with FACS buffer from femur 

and tibia using a 25-27G syringe. Bone marrow was collected and resuspended in a 

15ml Falcon tube and centrifuged at 1500 rpm for 5 minutes at 4 °C. The cell pellet 

was resuspended in 1ml ACK buffer and incubated for 5 minutes at RT. The lysis was 

stopped by adding 12ml FACS buffer and then centrifuged at 1500 rpm at 4 °C for 5 

minutes, supernatant was discarded and the cell pellet resuspended in 5ml FACS and 

filtered through 40um mesh. 

5.6.9 Staining of cells for flow cytometry.  

Single cell suspension was firstly counted using a CASY TT cell counter: 10ul of the 

single cell suspension was gently resuspended with 10ml CASYton buffer in a CASY 

cup (1:1000 dilution). Counting parameters are shown in Table 13. 

Table 13. CASY TT cell counter settings. 
CASY TT cell counter program 1 for measuring mouse splenocytes. 

Capillary 150 um 
Sample volume 400 ul 
X - axis 15 um 
Cycles 2 
Evaluation cursor 5.14–15 um 
Normalization cursor 1.01–15 um 
Debris On 
Aggregation correction Off 

Around 2 x 106 cells from each sample were transferred into one well of a 96-well 

round-bottom plate. The plate was centrifuged at 1500 rpm at 4°C for 5 minutes, then 

the supernatant was discarded, the cells pellet was dissociated by vertexing and 

stained with 10ul Fc-block (1:1000 diluted) for 10 minutes on ice. Followed by staining 

with 100ul antibody mix for 20 minutes on ice. Next, 100ul FACS buffer was added 

and the plate was centrifuged for 2 minutes at 1500rpm at 4 °C. The supernatant was 
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discarded and the cells were washed with 200ul FACS buffer twice. Finally, cells were 

resuspended in 200ul FACS buffer (40ul for image flow cytometry) and filtered into 

FACS tubes. Samples were kept on ice until FACS analysis. 

Intracellular staining for cytokines was performed after surface markers staining. Cells 

were fixed with 100ul per well Fixation/Permeabilization solution from BD 

Cytofix/CytopermTM kit. After fixation at 4°C for 20 minutes, cells were washed twice 

with 250ul per well 1× BD Perm/Wash™ buffer. Then the cells were stained with 100ul 

intracellular staining antibodies mixed in 1× Perm/Wash™ buffer. After 30 minutes 

incubation at 4°C, cells were washed twice with 250ul per well 1× Perm/Wash™ buffer 

and finally resuspended in FACS buffer for analysis. 

5.6.10 T cell in vitro re-stimulation assay. 

Mice were intravenously immunized with either 0.7 nmol OVA, OVA-SA or OVA-SA-

mC1 tetramer + 50 ug anti-CD40 antibodies. On day 7 splenocytes were isolated, 2 x 

106 cells in 100 ul T cell culture medium were plated into a 96-well plate. Next, 50 ul 

20 ug/ml OVA peptides (OVA55, OVA107 and OVA257) and 25 ul 1:38 diluted PE 

conjugated anti-CD107a antibodies were mixed with cells. Negative controls and 

positive controls were prepared by substituting OVA peptide with 50 ul fresh medium 

or 50 ul mixture of 1:250 diluted PMA (phorbol 12-myristate 13-acetate) + 1:125 diluted 

ionomycin, respectively. Cells were cultured at 37°C for 1h. Then, 25 ul 1:125 diluted 

monensin was added to block secretion of cytokines. Cells were then cultured for 

another 3h at 37°C. Next, cells were collected and intracellularly stained for cytokines 

(IFN-γ and CD107a for CD8 T cells, IFN-γ and IL-2 for CD4 T cells), and subsequently 

acquired on a BD FACSCanto™ II Flow Cytometer.    

5.6.11 CD8 T cell memory recall assay. 

Mice were intravenously injected with either 0.7 nmol of OVA or OVA-SA-mC1 

tetramer mixed with 50 ug CPG as primary immunization. 27 days later, all mice were 

boosted with OVA peptides (mixture of 50 ug OVA55, 50 ug OVA107, 50 ug OVA257 

peptides, 100 ug PolyI:C and 50 ug anti-CD40 antibodies). 4 days later, splenocytes 

were isolated and in vitro re-stimulated with OVA peptides as described in “5.6.10 T 

cell in vitro restimulation assay”. 
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5.6.12 CTL in vivo killing assay. 

Two groups of mice were intravenously immunized with either 0.7 nmol OVA-SA or 

OVA-SA-mC1 tetramer + 50 ug anti-CD40 antibodies for 7 days. On the last day, 

another group of naïve mice were used to isolate splenocytes. Half of the naïve 

splenocytes were pulsed with 10 uM (10 ug/ml) OVA257 peptides for 1.5 h, cultured in 

T cell culture medium at 37°C. Then these peptides pulsed splenocytes were labelled 

with 5 uM carboxyfluorescein succinimidyl ester (CFSE), noted as CFSEhi cells. In 

parallel, the other half of naïve solenocytes were labelled with 0.5 uM CFSE, noted as 

CFSElo cells. CFSEhi and CFSElo cells were mixed 1:1, then these mixtures of cells 

were injected intravenously into the immunized mice (each mouse received around 4 

x 107 cells). 2-8h later, blood samples from these immunized mice were collected into 

15 ml falcon tubes containing 1 drop of heparin and 5 ml PBS. Cells were centrifuged 

at 1500 rpm, 4 °C for 5 minutes and supernatant was carefully discarded. Red blood 

cells were lysed by incubating with 3 ml ACK buffer for 7 minutes, followed by two 

washes with 10 ml PBS and centrifugation at 1500 rpm for 5 minutes. Cells were 

acquired on a BD FACSCanto™ II Flow Cytometer. CTL killing efficiency was 

calculated by the ratio of CFSEhi to CFSElo cells (r). A lower r represented higher CTL 

killing efficiency. 

5.6.13 Western blot (SDS-PAGE) 

12 % SDS gels were prepared according to the following recipe: 

Table 14. Separating gel recipe 

Acrylamide (30%) 10 ml 
1.5 M Tris-HCl (pH 8.8) 6.25 ml 
10 % SDS  250 ul 
10 % Ammonium persulfate (APS) 250 ul 
H2O 8.25 ml 
Tetramethylethylenediamine (TEMED) 25 ul 

 
Table 15. Stacking gel recipe 

Acrylamide (30%) 1.04 ml 
1 M Tris-HCl (pH 6.8) 0.79 ml 
10 % SDS  62.5 ul 
10 % APS 62.5 ul 
H2O 4.25 ml 
TEMED 6.25 ul 
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Separating gels were prepared first in glass plates with a 1 mm spacer. After the 

separating gels were solidified, stacking gels were poured on the top of separating 

gels, 15-well combs were inserted between the glass plates on the top to create 

sample loading wells. 

After loading the samples into the wells, gels were placed in a Mini-PROTEAN® 3 

Electrophoresis System and run at 80 V until protein samples crossed the stacking 

gels. Then the voltage was changed to 130 V and run until the excessive bromophenol 

blue ran out of the separating gel from the bottom. 

After the electrophoresis, gels were either stained with Coomassie blue G-250 staining 

buffer for 1h and washed with H2O for a assessment of protein expression, otherwise, 

the gels were assembled with a nitrocellulose blotting membrane, filter papers and 

sponges on both sides in a transfer cassette. The protein transferring took 90 minutes 

at 90 V in cold room (4°C). Then the membranes were blocked with 5 % BSA in PBS + 0.1% 

Tween-20 (PBST buffer) for 2h at RT, followed by incubation with primary antibodies 

overnight in the cold room. On day 2, membranes were washed with PBST buffer 3 x 

15 minutes. Then the membranes were incubated with HRP conjugated secondary 

antibodies for 1h at RT. After washing with PBST buffer 3 x 15 minutes, enhanced 

chemiluminescence (ECL) western blot substrates were applied to the membrane. The 

images were acquired with a Sapphire Biomolecular Imager. 

5.6.14 Cell sorting  
 
5.6.14.1 Magnetic cell sorting 

The Germinal Center B Cell (PNA) MicroBead Kit (Miltenyi Biotec) was used to isolate 

PNA+ GC B cells. Single-cell suspensions of splenocytes were prepared from 

immunized mice. After centrifugation at 300 × g for 10 minutes, cells were 

resuspended in 40ul MACS buffer per 107 cells then 10 ul PNA-biotin per 107 cells 

were added. Cells were incubated for 5 minutes at 4°C. Next, 30 ul MACS buffer and 

20 ul anti-biotin microbeads were added per 107 cells. Followed by another incubation 

for 10 minutes at 4°C. After incubation, cells were washed with 1 ml (per 107 cells) 

MACS buffer and centrifuged at 300 × g, 10 minutes. The cell pellets were 

resuspended in 500 ul MACS buffer and then applied to the MACS columns placed in 

a magnetic field (MACS separator). Flow-throughs were discarded and the columns 
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were washed with 3 ml MACS buffer for 3 times. Then the columns were removed 

from the magnetic field and put onto collection tubes. 5 ml MACS buffer was added to 

the columns and magnetically labelled PNA+ GC B cells were flushed out by firmly 

pushing the plunger into the column. 

5.6.14.2 Fluorescence-activated cell sorting (FACS). 

Surface makers were stained on isolated PNA+ GC B cells (see “5.6.9 Staining of cells 

for flow cytometry”) In addition to this, each sample was stained with a unique sample 

tag antibody (anti MHC-I) from the BDTM Single-Cell Multiplexing Set. All stained cells 

were pooled together and transferred into PBS + 0.5 % BSA + 2 mM EDTA to prevent 

formation of aggregates. Additionally, 25 mM HEPES was added to maintain a neutral 

pH during cell sorting. Cells were diluted to 106 cells/ml, and a BD FACSAria™ Fusion 

Flow Cytometer with a 100um nozzle was used to sort EGFP specific GC B cells. 

Sorting precision mode was set to “Purity” and the event rate was adjusted to 600 – 

1500 evts/sec. Cells were collected in 1.5 ml Eppendorf LoBind tubes that had been 

precoated with 100% FCS for 1h and filled with 500 ul PBS + 50 % FCS for collection. 

5.6.15 Full length BCR and targeted mRNA library preparation. 

Sorted EGFP specific GC B cells were centrifuged at 400 × g for 5 minutes, the 

supernatant was discarded and the cell pellet was resuspended in 620 ul cold Sample 

Buffer provided in the BD RhapsodyTM Enhanced Cartridge Reagent Kit. Cell viability 

was measured by staining cells with 3.1 μL of 0.3 mM DRAQ7TM and 3.1 uL of 2 mM 

Calcein AM. 10 ul cells were loaded into the INCYTOTM disposable hemocytometer 

and cells were counted using the BD RhapsodyTM Scanner. Cells that showed viability 

> 70 % were loaded onto the BD RhapsodyTM Cartridge that had been primed by 100 

% ethanol and cartridge wash buffer 1 and 2. After 15 minutes incubation, 630 ul BD 

RhapsodyTM Enhanced Cell Capture Beads were loaded onto the cartridge, placed in 

the BD RhapsodyTM Express System and incubated for 3 minutes at room 

temperature, followed by 2 washes with 700 ul cold Sample Buffer. Next, the left slider 

on the Express System was moved to “LYSIS”, 550 ul Lysis Buffer with DTT was 

added to the cartridge and incubated for 2 minutes at RT. After the incubation, the 

front slider of Express System was moved to “BEADS”, while the left slider was moved 

to “RETRIEVAL” to place the retrieval magnet lid on the top of the cartridge for 30s. 

Then the left slider was moved to “0” and the cartridge was immediately loaded with 
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4950 ul Lysis Buffer with DTT. Beads that captured mRNA molecules from single-cell 

lysates were retrieved into a 5 mL LoBind tube placed in the drawer of the Express 

System. The 5 mL LoBind tube containing retrieved beads was placed on a large 

magnet with the 15 mL tube adapter for 1 minute. The supernatant was carefully 

discarded, beads were transferred into a new 1.5 ml LoBind tube and washed with 1 

ml cold Bead Wash Buffer, the tube was subsequently placed on a 1.5 ml magnet and 

the supernatant was discarded. The beads were then stored in 1 ml cold Bead Wash 

Buffer on ice. 

The reagents for cDNA synthesis and template switching were provided in the BD 

RhapsodyTM cDNA Kit.  cDNA / template switching mix was prepared as follows: 

Table 16. cDNA / template switching mix.  

Component  Volume (ul) with 20% overage 

RT Buffer  48.0 
dNTP  24.0 
RT 0.1 M DTT  12.0 
Bead RT/PCR Enhancer  14.4 
RNase Inhibitor  12.0 
Reverse Transcriptase  12.0 
Nuclease-Free Water  117.6 

The supernatant of the beads was removed on the magnet, subsequently 200 ul of 

cDNA / template switching mix was added. The beads were incubated on the 

ThermoMixer at 1200 rpm, 42 °C for 30 minutes. Then, 8 ul of template switch oligo 

(TSO) mix was added to the reaction and incubated at 1200 rpm, 42 °C for another 30 

minutes. 

Table 17. TSO mix.  

Component  Volume (ul) with 20% overage 

TSO  7.2 
1M MgCl2  2.4 

After reverse transcription and template switching, the tube was placed on a magnet 

and the supernatant was removed. The beads were subsequently added with 75 ul 

Elution Buffer and incubated at 95 °C for 5 minutes to denature. The tube was 

centrifuged and then placed on a magnet. The supernatant contained sample tags and 

was collected in a new 1.5 ml LoBind tube, stored at 4 °C. The beads were 
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resuspended in 1 ml Hybridization Buffer and incubated at 1200 rpm, 25 °C for 2 

minutes. 

For BCR extension, the tube was placed on a magnet and the supernatant was 

removed. Then 200 ul BCR extension mix was added to the beads and incubated at 

1200 rpm, 37 °C for 30 minutes. The supernatant was discarded on the magnet. 

Table 18. BCR extension mix. 	

Component  Volume (ul) with 20% overage 

BCR Extension Buffer  24 
dNTP  24 
BCR Extension Enzyme  12 
Nuclease-free water  180 

To remove surplus reverse transcription primers, 200 ul exonuclease I mix was added 

to the beads and incubated at 1200 rpm for 30 minutes, 37 °C. Then the exonuclease 

I was inactivated by incubation for 20 minutes at 80°C. The supernatant was removed 

and the beads were stored in 200 ul cold Bead Resuspension Buffer at 4 °C. 

Table 19. Exonuclease I mix.	  

Component  Volume (ul) with 20% overage 

10x Exonuclease I Buffer  24.0 
Exonuclease I  12.0 
Nuclease-Free Water  204.0 

On the next day, full length BCR, sample tag and targeted mRNA libraries were 

prepared by nested PCR. 

For sample tag library, 67 ul of the sample tag product was mixed with 133 ul sample 

tag PCR1 reaction mix, 50 ul per aliquot was prepared in 0.2 ml PCR tubes and run 

the PCR program on thermal cycler.  

Table 20. Sample Tag PCR1 reaction mix.   

Component  Volume (ul) with 20% overage 

PCR MasterMix  120 
Universal Oligo  12 
Sample Tag PCR1 primer  1.2 
Nuclease-free water  26.4 
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Table 21. PCR1 program for Sample Tag. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30 s 
 

3 Annealing 60.0 30 s Repeat steps 2 – 4  

4 Extension 72.0 1 min 11 cycles 

5 Final 
extension 

72.0 5 min 
 

6 Hold 4.0 -- 
 

After the PCR, 4 aliquots were combined together into a new 1.5 ml LoBind tube, 

labelled Sample Tag PCR1. 

In parallel, PCR1 reaction for the BCR panel was performed on the beads. The 

supernatant from exonuclease I - treated beads was removed on a magnet first, then 

the beads were resuspended in 200 ul BCR panel PCR1 reaction mix and 50 ul 

aliquots were prepared in 0.2 ml PCR tubes. Next, the tubes were placed in a thermal 

cycler and the PCR1 program for BCR panel was run. 

Table 22. BCR panel PCR1 reaction mix.  

Component  Volume (ul) with 20% overage 

PCR MasterMix  120 
BCR Universal Oligo N1  12 
Bead RT/PCR Enhancer  14.4 
Mouse BCR N1 primer  2.88 
Nuclease-free water  90.72 

 
 
Table 23. PCR1 program for BCR panel. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30s 
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3 Annealing 60.0 1 min Repeat steps 2 – 4  

4 Extension 72.0 1 min 11 cycles 

5 Final 
extension 

72.0 5 min 
 

6 Hold 4.0 -- 
 

After the PCR, 4 aliquots were placed on a strip tube magnet for 30 s. Supernatants 

were combined in a new 1.5 ml tube, labelled as BCR PCR1 

The beads were washed with 50 ul Elution Buffer, incubated at 95 °C for 1 minute, 

then the supernatant was discarded and the beads were prepared for Targeted mRNA 

panel. 50 ul of Targeted mRNA panel PCR1 reaction mix was added into each tube (4 

aliquots in 0.2 ml PCR tubes), then placed in a thermal cycler and the PCR1 program 

for Targeted mRNA panel was run. 

Table 24. Targeted mRNA panel PCR1 reaction mix.  

Component  Volume (ul) with 20% overage 

PCR MasterMix  120 
Universal Oligo  12 
Bead RT/PCR Enhancer  14.4 
PCR1 targeted mRNA primer panel  48 
Nuclease-free water  45.6 

 
 
Table 25. PCR1 program for Targeted mRNA panel. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30 s 
 

3 Annealing 60.0 3 min Repeat steps 2 – 4  

4 Extension 72.0 1 min 11 cycles 

5 Final 
extension 

72.0 5 min 
 

6 Hold 4.0 -- 
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After the PCR, 4 aliquots were combined together and placed onto a magnet, the 

supernatants were collected into a new 1.5 ml LoBind tube, labelled Targeted mRNA 

PCR1. 

All PCR1 products were purified using AMPure XP beads and subsequently performed 

PCR2 reactions separately.  

The different PCR2 reaction mixes were prepared as follows: 

Table 26. BCR panel PCR2 reaction mix.  

Component   Volume (ul) with 20% overage 

PCR MasterMix  30 
BCR Universal Oligo N2  2.4 
Mouse BCR N2 primer  7.2 
Nuclease-free water  14.4 

 

Table 27. Targeted mRNA panel PCR2 reaction mix. 

Component  Volume (ul) with 20% overage 

PCR MasterMix  30 
Universal Oligo  2.4 
PCR2 targeted mRNA primer panel  12 
Nuclease-free water  9.6 

 

Table 28. Sample Tag PCR2 reaction mix.  

Component  Volume (ul) with 20% overage 

PCR MasterMix  30 
Universal Oligo  2.4 
Sample Tag PCR2 Primer  3.6 
Nuclease-free water  18 

4 ul of purified PCR1 products (from BCR, Targeted mRNA and Sample tag products) 

were mixed with 45 ul of the corresponding PCR2 reaction mix in 0.2 ml PCR tubes. 

Then the tubes were placed in a thermal cycler and the respective PCR2 program was 

run as follows. 
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Table 29. PCR2 program for BCR panel. 

Step Cycles Temperature °C Time Note 

1 1 95.0 3 min 
 

2  95.0 30 s 
 

3 Repeat steps 2 – 4 
15 cycles 

70.0 – 55.0 1 min Each cycle  
decreases by 1 °C 

4  72.0 1 min 
 

5  95.0 30 s 
 

6 Repeat steps 5 – 7 
8 cycles 

55.0 1 min  

7  72.0 1 min  

8 1 72.0 5 min  

9 1 4.0 -- 
 

 

Table 30. PCR2 program for Targeted mRNA panel. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30 s 
 

3 Annealing 60.0 3 min Repeat steps 2 – 4  

4 Extension 72.0 1 min 10 cycles 

5 Final 
extension 

72.0 5 min 
 

6 Hold 4.0 -- 
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Table 31. PCR2 program for Sample Tag. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30 s 
 

3 Annealing 66.0 30 s Repeat steps 2 – 4  

4 Extension 72.0 1 min 10 cycles 

5 Final 
extension 

72.0 5 min 
 

6 Hold 4.0 -- 
 

All PCR2 products were purified by AMPure XP beads, the eluates were stored in new 

1.5 ml LoBind tube separately, labelled BCR, Sample tag, and Targeted mRNA PCR2 

products. Concentration of PCR2 products were measured by a Qubit Fluorometer 

using the Qubit dsDNA HS Assay Kit.  

BCR panel PCR2 product was diluted to 1.0 ng/ul. Then 5 ng were mixed with 41.5 ul 

Random primer mix and placed on the thermocycler, then the BCR random priming 

program was run. 

Table 32. Random primer mix.   

Component  Volume (ul) with 20% overage 

BCR Extension Buffer  6 
BCR Extension Primers  3 
Nuclease-free water  40.8 

 
 
Table 33. BCR random priming program. 

Step  Temperature °C Time Note 

1 Denaturation 95.0 3 min 
 

2  
Random priming 

37.0 30 s 1 cycle 

3 25.0 30 s 
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After BCR random priming, 3.5 ul primer extension enzyme mix was added into the 

random priming reaction tube (total volume 50 ul). Then the random priming extension 

program was run on a thermocycler. 

Table 34. Primer extension enzyme mix.  

Component  Volume (ul) with 20% overage 

dNTP  2.4 
BCR Extension Enzyme 1.8 

 
 
Table 35. Random priming extension program. 

Step Temperature °C Time Note 

1 25.0 10 min 
 

2 37.0 15 min 
 

3 45.0 10 min 1 cycle  

6 55.0 10 min 
 

The BCR random priming extension (RPE) product was purified by AMPure XP beads, 

then stored in a new tube and labelled as BCR RPE product. 

Next, full-length Illumina sequencing adapters and indices were added to the BCR 

RPE product, Sample tag and Targeted mRNA PCR2 products through a index PCR. 

For the BCR library, 21 ul of undiluted RPE product was added to 29 ul index PCR 

reaction mix. 

Table 36. Index PCR reaction mix for BCR RPE product. 

Component   Volume (ul) with 20% overage 

PCR MasterMix  30 
Library Forward Primer 2.4 
Library Reverse Primer 1 2.4 

For the Targeted mRNA library, the PCR2 product was diluted to 0.5 ng/ul, 3 ul were 

added to 47 ul index PCR reaction mix. 

For the Sample tag library, 3 ul of 0.1 – 1.1 ng/ul PCR2 product was added to 47 ul 

index PCR reaction mix. 
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Table 37. Index PCR reaction mix for Sample tag and Targeted mRNA PCR2 products. 
Component  Volume (ul) with 20% overage 

PCR MasterMix  30 
Library Forward Primer 2.4 
Library Reverse Primer 1 2.4 
Nuclease-free water  21.6 

The reaction tubes for the BCR and Targeted mRNA libraries were placed together in 

a thermal cycler and the same index PCR program was run. The Sample tag library 

was prepared in a different program. 

Table 38. Index PCR program for BCR and Targeted mRNA libraries. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30 s 
 

3 Annealing 60.0 30 s Repeat steps 2 – 4  

4 Extension 72.0 30 s 10 cycles 

5 Final 
extension 

72.0 1 min 
 

6 Hold 4.0 -- 
 

 
 
Table 39. Index PCR program for Sample Tag libraries. 

Step  Temperature °C Time Note 

1 Hot start 95.0 3 min 
 

2 Denaturation 95.0 30 s 
 

3 Annealing 60.0 30 s Repeat steps 2 – 4  

4 Extension 72.0 30 s 6 cycles 

5 Final 
extension 

72.0 1 min 
 

6 Hold 4.0 -- 
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The products of the index PCR were purified by AMPure XP beads, then stored in new 

tubes and labelled as final sequencing libraries. Concentration of each library was 

measured by a Qubit Fluorometer and Agilent 2100 Bioanalyzer. The libraries were 

then sent for sequencing. 

Primers used in this protocol: 

Table 40. Mouse B cell PCR1 primers.  

Primer name  Sequence 5´ à 3´ 

Ms_IGHA_N1  AACTGGCTGCTCATGGTGTA  
Ms_IGHD_N1  AAGTGTGGTTGAGGTTCAGTTCTG  
Ms_IGHE_N1  GAAGTTCACAGTGCTCATGTTC  
Ms_IGHG1_N1  CAGAGTGTAGAGGTCAGACT  
Ms_IGHG2A-IGHG2C_N1  TCGAGGTTACAGTCACTGAG  
Ms_IGHG2B_N1  GATCCAGAGTTCCAAGTCACAG  
Ms_IGHG3_N1  TACGTTGCAGATGACAGTCT  
Ms_IGHM_N1  TGGATGACTTCAGTGTTGTTCTG  
Ms_IGKC_N1  TGTAGGTGCTGTCTTTGCTG  
Ms_IGLC1_N1  CTGTAACTGCTATGCCTTTCCC  
Ms_IGLC2-IGLC3_N1  TTGGTGGGATTTGAAGTGTCC 

 

Table 41. Mouse B cell PCR2 primers.  

Primer name  Sequence 5´ à 3´ 

Ms_IGHA_N2  TGTCAGTGGGTAGATGGTGG  
Ms_IGHD_N2  CTGACTTCCAATTACTAAACAGCC  
Ms_IGHE_N2  TAGAGCTGAGGGTTCCTGATAG  
Ms_IGHG1_N2  CAGTGGATAGACAGATGGGGGT  
Ms_IGHG2A-IGHG2C_N2  ATGGGGCTGTTGTTTTGG  
Ms_IGHG2B_N2  GTGGATAGACTGATGGGGGTGTT  
Ms_IGHG3_N2  AGGGAAGTAGCCTTTGACAAG  
Ms_IGHM_N2  GACATTTGGGAAGGACTGACTC  
Ms_IGKC_N2  AGATGTTAACTGCTCACTGGATG  
Ms_IGLC1_N2  GTTAGTCTCGAGCTCTTCAGA  
Ms_IGLC2-IGLC3_N2  CAGTGTGGCTTTGTTTTCCT 

 
 
5.6.16 EV isolation 

Bone marrow cells were collected according to the protocol described in “5.6.8.2 

Isolation of bone marrow cells”. The collected cells were centrifuged at 1500 rpm, 8 
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minutes at 4 °C. Then the cell pellet was resuspended in BMDC differentiation medium 

to a concentration of 1 x 106 cells/ml. Cells were cultured in T175 flasks for 6 days at 

37 °C, 5 % CO2. On day 3, old culture medium was discarded and fresh medium 

added. On day 6, BMDCs were collected and transferred to BMDC stimulation medium 

(3 x 105 cells/ml) and cultured for 72 hours. 

After BMDC stimulation, supernatant was collected by centrifugation at 2000 x g, 20 

minutes at 4 °C, then cell debris were removed by filtering through 0.2 um filter.  The 

supernatant was further centrifuged at 100,000 x g, 120 minutes at 4 °C to precipitate 

EVs. The EV pellet was resuspended in 200 ul PBS with 1x protease inhibitor. 

(Concentrated to a total approximate 200ul if multiple tubes were used, by using 

Sartorius, Turbo 15 RC 100,000 MWCO, centrifuged at 2000 x g, 15 minutes). 200 ul 

EVs were added to 800 ul Diluent C and 4 ul PKH26 dye and incubated at room 

temperature for 5 minutes with periodic mixing, followed by incubation with 2 ml 1 % 

BSA for 1 minute to stop the staining reaction. The PKH26 stained EVs were washed 

with 4 ml PBS + protease inhibitor (3500 x g, 10 minutes, 4 °C), then purified by 

centrifugation at 160,000 x g, 18h at 4 °C in OptiPrep™ Density Gradient Medium. 

The OptiPrep gradient contained: 

• Layer 1: 650 ul OptiPrep medium + 475 ul EVs suspension. 

• Layer 2: 1562 ul OptiPrep medium + 1562 ul PBS. 

• Layer 3: 750 ul PBS. 

Eight 500 ul fraction were collected from the top. Fraction 3 - 8 were confirmed to 

contain purified EVs (from previous study). These fractions were mixed and washed 5 

times with 4 ml PBS with 1x protease inhibitor (centrifuged at 2000 x g, 10 minutes at 

4 °C). The concentration of EVs were measured using a ZetaView® Particle Metrix 

nanoparticle tracker. EVs were then used to inject mice. 

5.6.17 Immunofluorescence microscopy 

Spleens from mice were removed and embedded in OCT cryo medium one day in 

advance. Cryosections were cut by a cryotome (-17°C, 7um thickness), the sections 

were left at room temperature for 1h to dry. Next, the sections were fixed in ice cold 

acetone (-20°C) for 10 minutes, followed by 30 minutes drying RT. The spleen 
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cryosections were encircled by a hydrophobic pen and then the sections were 

rehydrated and blocked with PBS + 0.5% BSA + 1% goat serum for 30 minutes in a 

humid chamber. Then 300ul antibody mix was added to the sections and incubated at 

RT for 1h. The slides were washed with PBS for 5 minutes, followed by staining with 

1:1000 diluted DAPI for 5 minutes. Then the sections were washed with PBS twice. 

Finally, 200ul FLuoromount G mounting medium was added without air bubbles and 

the section covered with a coverslip. The slides were dried overnight at 4°C and 

analyzed on a fluorescence microscope. 

5.7 Statistics and analysis software 

Flow cytometry data were analysed using FlowJo, version 10.9.0. For the imaging flow 

cytometry data, IDEAS Application Version 6.2.189.0 was used for analysis. ImageJ 

1.53a was used to process histology images. 

Statistical analyses were performed on Prism 7 for Mac OS X, version 7.0e. Selection 

of unpaired t test with Welch’s correction or one-way ANOVA with Holm-Sidak’s 

multiple comparisons test was used depending on the number of groups. Parametric 

or non-parametric analyses were used depending on the equality of variance. 

Significance levels were labelled as: p< 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 

0.0001 (****). Bar graphs were shown as mean ± standard error (SE).  

BCR and Targeted mRNA sequencing data were first aligned and annotated on the 

Seven Bridges Genomics platform, using the BD RhapsodyTM Sequence Analysis 

Pipeline. Statistical analyses were performed in R studio, version 4.3.0, platform: 

x86_64-apple-darwin20 (64-bit), run under macOS Big Sur 11.6. 

R packages used in the analysis: 

Table 42. R packages.  

Name Version 

Alakazam 1.3.0 
BiocManager 1.30.22 
Biostrings 2.68.1 
Clustree 0.5.1 
Dowser 2.0.0 
Dplyr 1.1.4 
Drc 3.0.1 
Ggplot2 3.4.4 
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Ggpubr 0.6.0 
Ggtree 3.8.2 
Immunarch 0.9.0 
Irlba 2.3.5.1 
Matrix 1.6.1.1 
Purrr 1.0.2 
Readr 2.1.4 
Readxl 1.4.3 
Scoper 1.3.0 
Seurat 4.4.0 
Shazam 1.2.0 
Tidyverse 2.0.0 

References were edited in EndNote 20.4. Analytical figures were processed in Affinity 

Designer 1.10.8 and 2.3.1. Schematic and illustrative figures were created from 

BioRender. 
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6. Results 
 
6.1 Targeting EGFP to EVs promotes humoral immune response. 
 
6.1.1 Mfge8-EGFP accumulates in the marginal zone.  
 
Blood-borne EVs are rapidly eliminated from the circulation, as B cell–derived 

exosomes either injected intravenously (I.V.) or subcutaneously (S.C.) were rapidly 

captured and eliminated by CD169+ SCS macrophages in the lymph node and 

marginal metallophilic macrophages in the MZ of the spleen (Saunderson et al., 2014). 

As it has been shown that EVs accumulate in lymphoid follicles, therefore, we tested 

the possibility of utilizing EVs in the circulation to bring antigens into the lymphoid 

follicles. For this, we utilized the endogenous PS binding protein Mfge8 and fused it to 

the model antigen EGFP (EV-targeting antigen, Figure 7 A). We hypothesized that the 

fusion protein Mfge8-EGFP will bind to PS on circulating EVs and then will be captured 

in the lymphoid follicle (Figure 7 B). To test this, Mfge8-EGFP was intravenously or 

intraperitoneally injected into the recipient mice. 1-1.5h later, spleens were taken to 

check the existence of EGFP signal. As expected, Mfge8-EGFP had accumulated in 

the MZ of lymphoid follicles, delimited by CD169+ marginal metallophilic macrophages 

and SIGN-R1+ MZ macrophages.  Administration routes didn’t affect the targeting 

capability of Mfge8-EGFP, as both I.V. and I.P. injections gave similar results. In 

contrast, conventional EGFP was not detected in the lymphoid follicle (Figure 7 C).  
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We further tested Mfge8-EGFP binding on different cell types in the spleen 1h after 

I.V. injection by flow cytometry. Consistent with the immunohistochemical staining, 

marginal metallophilic macrophages (CD11b+CD169+), MZ macrophages 

(CD11b+SIGN-R1+) and the MZ B cells (CD19+CD21/35hiCD23lo) were the major cell 

types that bound Mfge8-EGFP, followed by follicular B cells 

(CD19+CD21/35midCD23hi). T cells hardly bound any Mfge8-EGFP (Figure 8). These 

binding differences are probably attributed to the anatomic positions of these cells, 

cells located near marginal zone preferentially encounter blood borne EVs and 

proteins. 

 
 

Figure 7 Mfge8-EGFP accumulates in the marginal zone. 
(A) Schematic illustration of Mfge8-EGFP. 
(B) Flow chart depicting the experimental setup of Mfge8-EGFP injection and hypothesized transport 
of EV-bound antigen to the spleen. 
(C) Spleen sections from WT mice, 1h - 1.5h after intravenous or intraperitoneal injection of 1.8nmol 
Mfge8-EGFP or conventional EGFP. Scale bar 50 um. Staining antibodies: anti CD21/35 – PE, anti 
GFP – FITC, anti CD169 – APC, anti SIGN-R1 – BV421.  N = 3.  
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To test if Mfge8-EGFP bound to cells through EVs attached on cells, we used image-

stream flow cytometry and a deep learning algorithm based on a convolutional 

autoencoder to classify Mfge8-EGFP+ live cell images into apoptotic cells and PS+ live 

cells carrying EVs on their surface (Kranich et al., 2020). From the EV+ population, we 

measured expression and colocalization of the two exosome markers CD63 and CD81 

(Yates et al., 2022a). The analysis showed that more than 60% of PS+ live cells co-

expressed at least one of the exosome markers. Gating on Mfge8-EGFP+ MZ B cells, 

we found that the frequency of cells co-expressing at least one of the exosome makers 

increased to over 95% (Figure 9 A, B). Image-stream flow cytometry images and bright 

detail similarity (BDS) co-localization analysis indicated Mfge8-EGFP signal showed 

strong co-localizion with either CD63 or CD81 signal (similarity score >1) (Figure 9 C, 

Figure 8. Mfge8-EGFP binding on different cell types. 
Mice were injected 150ug Mfge8-EGFP intravenously, splenocytes were isolated after 1h and 
analyzed by flow cytometry. 
(A-C) Representative gating strategy for Mfge8-EGFP bound cells. (A) MZ B cells 
(CD19+CD21/35hiCD23lo) and follicular B cells (CD19+CD21/35midCD23hi). (B) Marginal metallophilic 
macrophages (CD11b+CD169+) and MZ macrophages (CD11b+SIGN-R1+). (C) CD4+ and CD8+ T 
cells. Plots shown are pre-gated on single live cells. 
(D) Frequency of splenocytes bound Mfge8-EGFP after i.v. injection of 1.8 nmol Mfge8-EGFP for 
1h. Mean ± SEM are shown, n = 5.  
 



66 

D). Thus, the majority of Mfge8-EGFP bound to cells via EVs. Direct binding to PS 

spontaneously externalized on macrophages or captured by macrophages may also 

be supplementary mechanisms. 

 

 

 

Figure 9. Mfge8-EGFP co-localizes with EVs. 
Mice were injected 150ug Mfge8-EGFP intravenously, splenocytes were isolated after 1h and 
analyzed by image-stream flow cytometry. 
(A) Representative gating strategy of Mfge8-EGFP labeled total live cells (up) and MZ B cells 
(down). Image-stream flow cytometry was used to acquire images of Mfge8-EGFP+ live cells, 
Mfge8-EGFP+ apoptotic cells were excluded by an image based convolutional autoencoder (CAE) 
deep learning algorithm. The remained PS+ live cells and MZ B cells were used to measure the 
co-expression of exosome markers CD81 and CD63. 
(B) Statistic record of the frequency of CD81 and CD63 expression on Mfge8-EGFFP+ live cells. 
Data are combined from 2 independent experiments. Mean ± SEM are shown 
(C) Representative images from image-stream flow cytometry show Mfge8-EGFP co-localizes 
with exosome markers CD63 and CD81 on different cell types. Scale bar 7 um. 
(D) Mfge8-EGFP+ CD81+ cells were further measured the colocalization of the two signals by the 
bright detail similarity (BDS) co-localization analysis. Mask: M01. Median similarity score (SS) is 
shown in the middle of the figure, SS > 1 represents good colocalization.  
(E) Mfge8-EGFP+ CD63+ cells were further measured the colocalization of the two signals by the 
bright detail similarity (BDS) co-localization analysis. Mask: M01. Median similarity score (SS) is 
shown in the middle of the figure, SS > 1 represents good colocalization. N = 5. 
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6.1.2 PS-targeting antigen strongly accumulates on FDCs. 
 
It has been reported previously that the significant extracellular protease activity in the 

lymphoid follicle rapidly degrades protein antigens especially in the extrafollicular and 

SCS regions. In contrast, antigens in the B cell follicles and on FDCs remain intact 

(Aung et al., 2023). We wondered how long Mfge8-EGFP accumulating in the MZ is 

retained there. To assess this, we injected a group of mice intravenously with either 

Mfge8-EGFP or EGFP, spleens were taken after 1h, 6h and 16h. EGFP signal was 

observed by fluorescent immunohistochemistry (fIHC). We found that the Mfge8-

EGFP signal could be detected even 16h post injection, moreover, we observed a 

relocation of Mfge8-EGFP from MZ to the inner B cell follicle and FDC network: 1h 

post injection, most Mfge8-EGFP accumulated in the MZ. 6h post injection, Mfge8-

EGFP could still be detected in the MZ, but also appeared on CD21/35hi FDCs, 16h 

post injection, only Mfge8-EGFP located in the CD21/35hi area was detected (Figure 

10). This phenomenon could imply a transportation mechanism, but also could be due 

to Mfge8-EGFP in the MZ is degraded faster than the protein accumulating on FDCs. 

In contrast, conventional EGFP could not be detected by fIHC, neither in the MZ nor 

on FDCs. 
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6.1.3 Mfge8-EGFP promotes anti-EGFP antibody responses. 
 
To see if the increased antigen-deposition on FDCs after immunization with EV-

targeted antigen influences antibody responses, we next sought to compare the serum 

anti-EGFP antibody titers induced by a single dose of EV-targeting Mfge8-EGFP or 

conventional EGFP. Both immunizations induced detectable EGFP specific IgM on 

Figure 10. Mfge8-EGFP accumulates on FDCs. 
Spleen cryosection (7um) from WT mice, 1h -16h after intravenous injection of 1.8 nmol Mfge8-
EGFP or conventional EGFP. Scale bar 50 um. Staining antibodies: anti CD21/35 – PE, anti GFP – 
FITC, anti CD68– APC. 
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day 8 (Figure 11 C), but Mfge8-EGFP immunization induced 7x more IgM, indicating 

improved early B cell activation and extrafollicular response.  We also quantified anti-

EGFP IgG titers at different time points after immunization. We found substantial 

amounts of class-switched anti-EGFP IgG (OD450 > 0.1) as early as day 4 after 

Mfge8-EGFP immunization, however, it was not detected in EGFP immunized mice 

until day 8 (Figure 11 A). Mfge8-EGFP immunization induced considerable EGFP 

specific IgG titers on day 8, which was 427x higher than in mice immunized with EGFP. 

14 days after immunization, EGFP specific IgG titers in Mfge8-EGFP immunized mice 

further increased 8x compared to day 8, and was 27x higher than EGFP immunization 

(Figure 11 B). Antigen specific IgG1 accounted for most of the IgG responses in the 

mice immunized with EGFP, however, both EGFP specific IgG1 and IgG2b were 

strongly increased after Mfge8-EGFP immunization (Figure 11 D). These observations 

imply that antibody CSR was generally accelerated when antigen was targeted to PS.  

 

 

 

Figure 11. Mfge8-EGFP immunization promotes anti-EGFP antibody responses. 
(A-D) WT mice were intraperitoneally immunized with 1.8 nmol EGFP or 1.8 nmol Mfge8-EGFP in 
alum. Serum antibody titers were measured on the indicated dates. Four parameter logistic titration 
curves (A) and statistic analyses of endpoint titers (OD>0.1) of serum anti-EGFP IgG are shown (B) 
for anti-EGFP IgG on different time points. N = 42. 
(C) Serum IgM titers were measured on day 8, four parameter logistic titration curves are shown on 
the left, statistic analysis of endpoint titers (OD>0.1) is shown on the right. N = 20. 
(D) Day 14 titers of IgG1 and IgG2b were measured respectively. N = 18. 
(E) WT mice were intraperitoneally immunized with 1.8 nmol EGFP or 1.8 nmol Mfge8-EGFP without 
alum. Serum samples were collected 14 days after immunization. Endpoint titers (OD>0.1) of serum 
anti-EGFP IgG are shown. N = 10. 
Data are combined from 2-3 independent experiments. Mean ± SEM are shown, and each data point 
represents an individual mouse. T tests were conducted. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 
0.0001. 
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To test whether Mfge8-EGFP can promote and increase antibody production without 

the need of adjuvant, mice were immunized with pure Mfge8-EGFP or EGFP and we 

measured IgG titers after 14 days. Surprisingly, we found Mfge8-EGFP immunization 

without alum could still induce high titers of IgG. Lack of alum only slightly decreased 

the antibody titer (9.6x lower than immunization with alum). However, absence of alum 

sharply decreased the antibody response of EGFP immunization (301.5x lower than 

with alum), as a result, the difference in IgG titers between the 2 groups increased to 

842x (Figure 11 E). This data shows that Mfge8-EGFP alone induces adequate 

activation of innate immune responses to support the subsequent adaptive antibody 

response, which makes PS-targeting a promising vaccination method. 

 

Instead of systemic immunization by intraperitoneal injection, we also tested local 

immunization by subcutaneous injection. We found mice subcutaneously immunized 

with Mfge8-EGFP also showed significantly more IgG on both day 8 and day 14 

(Figure 12 A). Besides, we also measured the anti-Mfge8 antibody response in the 

same mice, only one out of ten mice showed low levels of anti-Mfge8 IgG after 

immunization, but the magnitude is negligible compared with the induced anti-EGFP 

IgG (Figure 12 B). These antibodies might not target Mfge8 directly, but could be 

directed against a linker sequence or the FLAG tag which were also present in the 

recombinant Mfge8 version that was used for capturing for the ELISA. The mouse did 

not show any abnormalities in the appearances nor activities, no pathological changes 

were observed during the dissection. In conclusion, we hypothesize that by utilizing 

the PS binding capability of Mfge8, fused EGFP was transported and accumulated in 

the MZ of lymphoid follicles by circulating EVs, and this led to the promoted B cell 

activation and antibody production as well as antibody isotype switching.  

 

 

 

 

 



71 

 

 
 

6.2 PS-targeting antigen is transported to FDCs independently of C3. 
 
Antigen deposition on FDCs was previously known to be dependent on the formation 

of immune complexes (ICs), consisting of antigen, specific antibody and complement 

component 3 (C3) cleavage products (C3d and C3b), and were transferred through 

the cooperation between complement receptor 1 and 2 (CR1/CR2) expressed on 

FDCs and B cells (Kranich and Krautler, 2016, Ferguson et al., 2004, Cinamon et al., 

2008). As we show in Figure 13, EGFP immunized mice showed EGFP accumulation 

on FDCs only after EGFP-specific antibodies had been generated by previous 

immunization 2 weeks earlier.  

 

 

Figure 12. Subcutaneous immunization. 
(A) WT mice were subcutaneously immunized with 1.8 nmol EGFP or 1.8 nmol Mfge8-EGFP with 
alum. Serum samples were collected 8 and 14 days after immunization. Endpoint titers (OD>0.1) of 
serum anti-EGFP IgG are shown as mean ± SEM, and each data point represents an individual 
mouse. N = 10. T tests were performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
(B) Four parameter logistic titration curves are shown for serum anti-EGFP IgG (left) and anti-Mfge8 
IgG. 
 
 
 

Figure 13. EGFP is transported to FDCs in pre-immunized mice. 
WT mice were immunized with EGFP + alum 2 weeks earlier to generate preexisting EGFP-specific 
immunity. Each immunized mouse was intravenously injected with 1.8 nmol EGFP. Spleen 
cryosections were prepared after 1h and 14h. N = 6. Scale bar 50 um. Staining antibodies: anti 
CD21/35–PE, anti GFP–FITC, anti CD68–APC. 
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We assumed the possibiltiy that the deposition of Mfge8-EGFP  on FDCs in 

unimmunized naïve mice could occur because the fusion protein activated the 

complement system or cross reacted with natural antibodies. To test that, we used 

B6.129S4-C3tm1Crr/J mouse, in which the C3 gene was deleted. The genotype of every 

mouse was confirmed to ensure only C3-/- homozygous mouse was used for the study 

(Figure 14 A). C3 knock-out (C3 KO) negatively affects B cell response, when we 

immunized C3 KO and B6x129 WT mice with equal number of sheep red blood cells 

(SRBC), C3 KO mice generated significantly smaller GL7+ germinal centers (Figure 

14 B, C). 

 

 
 
We subsequently tested if the immune-boosting effects of Mfge8-EGFP still occur in 

C3 KO mice. C3 KO and B6x129 WT mice were immunized with a single dose of either 

EGFP or Mfge8-EGFP, serum anti-EGFP IgG titers were tested on day 7 and day 14. 

We found C3 KO mice produced significantly less antigen specific IgG on day 7, 

compared to WT mice receiving the same immunization. However, this negative effect 

disappeared at the later time points. C3 KO and WT mice that were immunized with 

the same antigen produced similar levels of EGFP specific IgG on day 14 (Figure 15 

A, B). Nevertheless, the advantage of Mfge8-EGFP over EGFP in antibody production 

was also observed in C3 KO mice, C3 KO mice immunized with Mfge8-EGFP 

produced significantly more IgG on both early and late time points, compared to  mice 

immunized with equal amounts of EGFP (Figure 15 A, B). Based on the above data, 

we assumed that C3-deficiency did not alter the targeting capability of Mfge8-EGFP. 

To test this directly, we intravenously injected Mfge8-EGFP into C3 KO mouse and 

assessed the accumulation of EGFP on FDCs. We found that Mfge8-EGFP first 

Figure 14. C3 KO negatively affects GC formation. 
(A) Genotyping of B6.129S4-C3tm1Crr/J mouse, standard PCR products were separated by 1.5% 
agarose gel electrophoresis. Image shows wild type = 350bp. mutant genotype = ~500 bp, heterozygte 
genotype = ~500 bp and 350 bp. 
(B-C) WT B6x129 mice and C3 KO mice were  immunized with 1x108 SRBC for 7 days, spleen 
sections were stained for GL7+ GCs (B), size of GL7+ GCs were measured and compared in ImageJ 
(C). Scale bar 50 um, n = 6, Staining antibodies: anti GL7 – APC, DAPI.  
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accumulated in the MZ and later on FDCs (Figure 15 C, D), like we had seen in WT 

mice (Figure 10). In conclusion, C3KO has a negative effect in germinal center 

formation and early antibody production. However, Mfge8-EGFP deposition on FDCs 

in unimmunized naïve mice, and its advantage in inducing antibody production were 

independent of C3. 

 
 

 
 
 

Figure 15. Mfge8-EGFP deposition on FDCs is independent of C3. 
(A-B) WT B6x129 and C3 KO mice were immunized with alum + 1.8nmol EGFP or Mfge8-EGFP 
i.p. EGFP specific IgG were measured by ELISA from serum collected on day 7 (A) and day 14 (B). 
Data are pooled from 2 independent experiments. Mean ± SEM are shown, and each data point 
represents an individual mouse. One-way-ANOVA with Bonferroni correction was performed. *p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. N = 47. 
(C-D) C3 KO mice were intravenously injected with 1.8 nmol Mfge8-EGFP, spleen sections were 
stained 1h and 6h after injection (C). Images from lymphoid follicles randomly chosen from spleen 
sections from mice sacrifized 6h after injection. Percentage of lymphoid follicle that contained Mfge8-
EGFP on FDCs was calculated (D).N = 8.  Scale bar 50 um. Staining antibodies: anti CD21/35 – 
PE, anti GFP – FITC, anti CD68– APC. 
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6.3 CD169+ microvesicles can be found on FDCs. 
 
6.3.1 Mfge8-EGFP colocalized with CD169+ microvesicles in the FDC area. 
 
As we have shown previously, PS-targeted Mfge8-EGFP was transferred onto the 

FDCs in a process that is independent of C3, suggesting that this FDCs deposition in 

unimmunized naïve mice was key to boost antibody production. We assumed this 

process involved eventually a local transport mechanism in the MZ or SCS. It has been 

demonstrated that CD169+ metallophilic macrophages derived microvesicles and 

membrane material were associated with nearby T cells and FDCs (Chen et al., 2022, 

Gray et al., 2012). Based on these observations, we assumed that at least some 

Mfge8-EGFP might be transferred to FDCs by CD169+ microvesicles soon after it was 

captured by the metallophilic macrophages.  

 

To test this, we injected Mfge8-EGFP intravenously into WT mice. Then we analyzed 

spleen sections with cell type markers using fluorescent microscopy. Within the 

CD21/35hi FDC area where Mfge8-EGFP was deposited, we observed small dot-

shaped CD169 signals, in contrast to the larger bright CD169 signal from metallophilic 

macrophages in the MZ (Figure 16 A). To further distinguish these CD169 signals in 

a higher resolution (around 50nm), we applied stimulated emission depletion (STED) 

microscopy. Here, we found they were powder-like CD169 particles diffused in the 

extracellular space of CD21/35hi FDCs network (Figure 16 B). Diameters of these 

CD169+ particles were measured and showed the average diameter around 300nm 

(Figure 16 C), indicating these CD169+ particles could be microvesicles rather than 

cells. Then we assessed if these CD169+ microvesicles were also Mfge8-EGFP+, we 

observed a partial colocalization, suggesting some antigen-containing EVs might 

shuttle from MZ metallophilic macrophages to FDCs. However, observing EVs in 

tissue sections is challenging and artefacts cannot be ruled out (Figure 16 D). To find 

further evidence for antigen-delivery to FDCs by EVs, we next analyzed cell-bound 

EVs using imaging flow cytometry as we have previously published (Kranich et al., 

2020, Rausch et al., 2023, Rausch et al., 2021).  
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6.3.2 Approx. 15% of Mfge8-EGFP are transported by CD169+ microvesicles. 
 
To quantify to which extent CD169+ microvesicles contribute to the Mfge8-EGFP 

transportation, we measured the Mfge8-EGFP signal in the MZ and inner B cell follicle 

1h and 6h after injection by imaging flow cytometry. We could see a clear trend of shift 

of Mfge8-EGFP from MZ area (indicated by the CD19+CD21/35hiCD23lo MZ B cells) to 

the inner B cell follicle (indicated by the CD19+CD21/35midCD23hi follicular B cell) over 

time (Figure 17 A, B). From these Mfge8-EGFP+ cells we measured the co-expression 

of CD169 and found a constant frequency of around 15% of Mfge8-EGFP+ cells co-

expressed CD169 (Figure 17 C, D). Bright detail similarity (BDS) co-localization 

analysis (Figure 17 E) and Image-stream flow cytometry images (Figure 17 F) 

indicated that the Mfge8-EGFP signal strongly colocalized with CD169 (similarity score 

>1). In conclusion, CD169+ EVs probably constitute only a minor source of antigen 

accumulating on FDCs, as only about 15% of all Mfge8-EGFP+ EVs on B cells where 

positive for CD169.  

Figure 16. Mfge8-EGFP colocalizes with CD169+ microvesicles in the FDC area. 
(A) Spleen sections from WT B6 mice, 6h after intravenous injection of 1.8nmol Mfge8-EGFP. 
Magnification: 20x, scale bar 50 um, Magnification: 40x scale bar 20 um. Staining antibodies: anti 
CD21/35 – PE, anti GFP – FITC, anti CD169 – APC, anti SIGN-R1 – BV421 
(B) Spleen section images taken from stimulated emission depletion (STED) microscope, CD21/35hi 

FDCs area is shown. Scale bar 10um.  
(C) Histogram shows the diameter of CD169+ signals, measured from image (B). 
(D) Images from confocal microscopy (scale bar 5um) and STED microscopy (scale bar 2um). Arrows 
indicate the colocalization of CD169+ and Mfge8-EGFP+ signals. Spleen sections were taken from WT 
B6 mice that was intravenously injected 1.8nmol Mfge8-EGFP for 6h.  
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6.4 PS-targeting antigen enhances germinal center reactions. 
 
Antigens deposited on FDCs are essential for regulating germinal center reactions and 

production of high-affinity antibodies (Heesters et al., 2014). A previous study has 

shown that the amounts of antigens captured by light zone B cells from FDCs 

determine their division capacity in the dark zone (Finkin et al., 2019). Therefore, 

based on these previous findings, we assumed that Mfge8-EGFP deposition on FDCs 

in unimmunized naïve mice could probably enhance the germinal center reaction, and 

could be the reason why Mgfe8-EGFP induced significantly more class switched 

Figure 17. Quantification of CD169 co-localization on Mfge8-EGFP+ cells. 
(A-B) Groups of WT B6 mice were injected with injected 1.8nmol Mfge8-EGFP. Spleen were analyzed 
after 1h or 6h by imaging stream flow cytometry. Mfge8-EGFP+ apoptotic cells were excluded by an 
image based convolutional autoencoder (CAE) deep learning algorithm (Kranich et al., 2020, Rausch 
et al., 2023, Rausch et al., 2021), and Mfge8-EGFP+ follicular B cells and MZ B cells were further 
analyzed (A-B).  
(C-D) Representative gating strategy (C) and analysis (D) of CD169 expression on Mfge8-EGFP+ FO 
B cells and MZ B cells. 
(E) Mfge8-EGFP+ CD169+ B cells were further measured the colocalization of the two signals by the 
bright detail similarity (BDS) co-localization analysis. Median similarity score (SS) is shown in the 
center of the figure, SS > 1 represents good colocalization. Mask: M01.  
(F) Representative images from image-stream flow cytometry show Mfge8-EGFP co-localizes with 
CD169 on different cell types. Scale bar 7 um. 
Data are shown as mean ± SEM. Each data point represents an individual mouse. Data are collected 
from 2 independent experiments. N =20. One-way-ANOVA with Bonferroni correction was performed. 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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antibodies. Therefore, we immunized mice with equimolar amounts of Mfge8-EGFP or 

EGFP. 14 days after the immunization, we took the spleens and stained PNA+ GCs. 

Compared to the EGFP immunization, mice immunized with Mfge8-EGFP generated 

significantly larger GCs with higher PNA signal intensity (Figure 18).  

 

 

 
 
We further tested the antigen specific GC B cells (EGFP+CD19+IgDloCD95+GL7+) by 

flow cytometry. 8 days post the immunization, only few EGFP+ GC B cells were 

detected from EGFP immunized mice, however, mice immunized with Mfge8-EGFP 

generated 8.25x more EGFP+ GC B cells. On day 14, when the GC reaction reached 

its peak (determined in the previous experiment), the numbers of EGFP+ GC B cells 

further expanded 1.65x and 2.6x in mice immunized with Mfge8-EGFP or EGFP, 

respectively. Although the GC B cell divisions in EGFP immunized mice seemed to be 

accelerated after day 8, Mfge8-EGFP immunization still induced 5.2x more EGFP+ GC 

B cells at the peak time point (Figure 19). 

 

Figure 18. Mice immunized with Mfge8-EGFP generate larger GCs. 
(A-C) WT B6 mice were immunized with either alum + 1.8 nmol EGFP or Mfge8-EGFP, spleens were 
taken 14 days after immunization and stained for PNA+ GCs and IgD+ follicular B cells (A). Scale bar 
50 um, Staining antibodies: PNA – FITC, anti IgD – eF450. Size of PNA+ GCs (B) and mean PNA 
signal intensity (C) were measured in ImageJ. Mean ± SEM are shown, n = 4. 
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6.5 Immunization with increasing EGFP doses promotes antibody production 
but not GC reactions. 
 
In contrast to a natural infection and inflammation, during which antigens are 

continuously supplied to the immune system, subunit vaccine components are more 

rapidly cleared after immunization, before high affinity IgG antibodies are produced 

(Tam et al., 2016, Pape et al., 2007, Moon et al., 2012). Therefore, antigen deposition 

on FDCs after single dose primary vaccination are associated with weak IgM 

antibodies, resulting in the suboptimal antigen concentration on FDCs to assist GC 

Figure 19. Mfge8-EGFP immunization promotes GC reactions. 
WT B6 mice were immunized with either alum + 1.8 nmol EGFP or Mfge8-EGFP, spleens were 
taken 8 or 14 days after immunization.  
(A-B) Representative gating strategy for EGFP specific germinal center B cells 
(EGFP+CD19+IgDloCD95+GL7+), plots shown are pre- gated on single live cells.  
(C) Absolute number (left) and percentage of general CD19+IgDloCD95+GL7+ GC B cells in CD19+ 

B cells (right) were measured 8 days and 14 days after immunization.  
(D) Absolute number (left) and percentage of EGFP binding GC B cells in total B cells (right) were 
measured 8 days and 14 days after immunization. Data are combined from 2-3 independent 
experiments. N = 65. Mean ± SEM are shown, and each data point represents an individual mouse. 
One-way-ANOVA with Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p 
≤ 0.0001.  
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reaction (Carroll, 1998, Boes, 2000). To test if escalated antigen doses in the primary 

immunization could promote GC reactions and humoral immune responses, four 

groups of mice were given increasing doses of EGFP (from 1.8nmol to 14.4 nmol), 14 

days after immunization, EGFP specific GC B cells were stained. Despite an 8x 

increase of the EGFP dose, antigen specific GC B cells did not increase accordingly. 

Similarly, mice immunized with twice as much Mfge8-EGFP (3.6 nmol) did not show 

more EGFP+GC B cells compared to mice receiving 1.8nmol Mfge8-EGFP (Figure 20 

A). However, serum antibody titers measured from EGFP immunized mice showed a 

positive correlation with the antigen dose, but mice immunized with 14.4 nmol EGFP 

were still less efficient in antibody production than 1.8 nmol Mfge8-EGFP 

immunization. Mice immunized with 3.6 nmol Mfge8-EGFP did not show higher 

antibody titer, this may imply the physiological maximum of antibody production 

capability was reached (Figure 20 B).  

 

 
 

6.6 PS-targeting antigens do not prolong GC reactions. 
 
The exact mechanism of how GC reactions terminate is still unclear, but the depletion 

of antigens on FDCs could be an essential reason (Victora and Nussenzweig, 2022, 

Arulraj et al., 2021). Considering Mfge8-EGFP was rapidly transferred onto the FDCs 

and therefore likely protected from extracellular proteases (Aung et al., 2023), we 

assumed that there was more available antigen on FDCs to sustain the GC reaction 

in mice immunized with Mfge8-EGFP than those who received conventional EGFP. 

Figure 20. Mfge8-EGFP immunization out-competes 8x molar excess of EGFP. 
(A-B) WT mice were immunized with increasing doses of EGFP (1.8, 3.6, 7.2, 14.4 nmol) or Mfge8-
EGFP (1.8, 3.6 nmol) separately, EGFP specific GC B cells were measured 14 days after 
immunization (A). Serum anti-EGFP IgG titers were measured from the same mice, shown as 
endpoint titer (OD>0.1) (B). Data are shown as mean ± SEM, each data point represents an individual 
mouse. Data are combined from 2 independent experiments. N = 54. One-way-ANOVA with 
Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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To test this, we immunized groups of mice with equimolar amounts of EGFP or Mfge8-

EGFP and measured EGFP+ GC B cells every 7 days. Mge8-EGFP immunization 

increased the number of GC B cells (Figure 21 A), but did not result in a prolonged 

GC reaction. For both immunizations, the GC B cell number reached the peak 2 weeks 

after immunization, then started to decline and completely disappeared within 4 weeks 

(Figure 21 A). We also measured the antigen binding capabilities of GC B cells over 

time, we found there was no difference in the median fluorescence intensity (MFI) of 

EGFP on early day 8. Along with the GC progress, the antigen binding GC B cells in 

Mfge8-EGFP immunized mice showed a significantly higher MFI of EGFP on day 14 

and day 21, which indicates that these cells express BCRs with higher affinity (Figure 

21 B). When the GC reaction entered the contraction phase, MFI of EGFP showed a 

slight decrease in both groups. This could be because high affinity GC B cells exited 

the GCs and differentiated into PCs, while low affinity GC B cells and newly recruited 

naïve B cells were left in the follicles.   

 

 

 
6.7 Immunization with PS-targeting antigen promotes GC B cell class switching. 
 
To better understand and compare GC reactions induced by PS-targeting antigens 

and conventional antigens, we immunized mice with either Mfge8-EGFP or EGFP. On 

day 14 after the immunization, EGFP+ PNA+ GC B cells were isolated, then single cell 

BCR and targeted mRNA sequencing was performed. The targeted mRNA panel 

Figure 21. Mfge8-EGFP immunization boosts, but does not prolong the GC reaction. 
(A-B) Groups of WT B6 mice were immunized with either alum + 1.8nmol EGFP or Mfge8-EGFP, 
EGFP specific GC B cells were measured on the indicated timepoints (A). MFI of EGFP on EGFP-
binding GC B cells are shown on different time points (B). Data are shown as mean ± SEM, each 
data point represents an individual mouse. N = 113. Data are combined from 2 independent 
experiments. T test was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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contains 397 genes that are critical for immune cell phenotyping, including 

immunoglobulin isotypes. Among the 30 most variable genes, genes related to the 

immunoglobulin isotypes were differentially expressed between the two groups 

(Figure 22 A). UMAP plots showed GC B cells from Mfge8-EGFP immunized mice 

were enriched in Ighg1 and Ighg2b clusters, while GC B cells from EGFP immunized 

mice were enriched in Ighm and Ighd clusters (Figure 22 B, C). These data indicated 

differential CSR between the two immunization groups. When we analyzed the isotype 

of all sequenced BCR transcripts, we found over 73 % of GC B cells expressed class-

switched BCRs in mice immunized with Mfge8-EGFP, however, only 42% of GC B 

cells from EGFP immunized mice expressed switched BCRs (Figure 22 D). This is in 

line with the serum antibody data obtained by ELISA (Figure. 11). Taken together, we 

demonstrated that CSR was significantly accelerated by PS-targeting Mfge8-EGFP. 
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6.8 Immunization with PS-targeting antigen promotes GC B cell somatic 
hypermutation. 
 
Somatic hypermutation is another important process that contributes to the generation 

of high affinity antibodies (affinity maturation). We calculated nucleotide mutations of 

each BCR variable region (VDJ genes) sequence compared to its corresponding 

Figure 22. Mfge8-EGFP immunization promotes class switch recombination. 
(A) WT B6 mice were immunized with either alum + 1.8nmol EGFP or Mfge8-EGFP. EGFP specific 
GC B cells were sorted 14 days post immunization. N = 10. Dot plots show the gene expression 
profiles (Mouse Immune Response Targeted Panel from BD) of each mouse (up), and average 
expression level of each immunization group.  
(B-C) Uniform Manifold Approximation and Projection (UMAP) plots of scRNA-seq analysis of sorted 
EGFP specific GC B cells (B), and the expression distribution of immunoglobulin heavy constant (Igh) 
genes (C). 
(D) Pie charts show the proportion of each Ig isotype within the GC B cell repertoires.  
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germline sequence. We found significantly more accumulated mutations in both heavy 

and light chains in the Mfge8-EGFP induced GC B cell repertoire compared to the 

EGFP induced repertoire (Figure 23 A). Then we calcuted the mutation frequency in 

each framework (FWR) and complementarity-determining region (CDR). We found 

SHM occured more frquently in CDRs, especially the CDR2. Furthermore, the 

mutation frequency was increased in every region in Mfge8-EGFP induced repertoire 

as compared to the EGFP induced repertoire (Figure 23 B). Next, we translated these 

nucleotide sequences into amino acid sequences, and found there were significantly 

more non-silent amino acid substitutions in the Mfge8-EGFP induced repertoire 

(Figure 23 C). In conclusion, by measuring mutations on both nucleotide and amino 

acid sequences, we demonstrated the somatic hypermutation was significantly 

promoted by PS-targeting Mfge8-EGFP. 

 

 
 

6.9 Immunization with PS-targeting antigen increases the selection strength. 
 
Affinity maturation is determined by both somatic hypermutation and the competition 

of available antigens on FDCs and help from Tfh cells. To measure the selection 

strength, we did a Bayesian estimation of antigen-driven selection (BASELINe) 

analysis. BASELINe analysis calculates the log-odds ratio between the expected and 

Figure 23. Mfge8-EGFP immunization promotes GC B cell somatic hypermutation. 
(A) Violin plots and box plots show observed nucleotide mutations in BCR heavy chain VDJ genes 
(up) and light chain VJ genes (down). 
(B) Bar graphs show observed nucleotide mutation frequency at each CDRs and FWRs in the BCR 
heavy chain variable region (up) and light chain variable region (down).  
(C) Violin plots and box plots show observed non-silent amino acid substitutions in BCR heavy chain 
(up) and light chain (down). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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observed frequencies of non-synonymous mutations, and then estimates a full 

probability density for the selection strength using a Bayesian statistical framework. 

FWRs are essential to keep the integrity of BCR structure, therefore mutations in 

FWRs are negatively selected, while CDRs show increased mutation frequency as a 

result of antigen-driven positive selection (Yaari et al., 2012, Yaari and Kleinstein, 

2015). The analysis of our dataset showed that the negative selection strength is 

similar between the two repertoires, however, the antigen-driven positive selection 

strength in Mfge8-EGFP immunized group was significantly higher (Figure 24). The 

increased selection strength could lead to the generation of antibodies with increased 

affinity. However, the current analysis was only based on an indirect statistical method. 

A strategy to compare antibody affinity of two repertoires directly could be done as 

Viant and his colleagues described in (Viant et al., 2020a). In this study they expressed 

the Fab region of each antibody clone and measured the dissociation constant. 

 
 

 
 
 
 
 
 
6.10 Immunization with PS-targeting antigen induces a more diverse GC B cell 
repertoire. 
 
Next, we analyzed clonal diversities of the two repertoires. For this, BCR sequences 

were clustered into clones by the maximum likelihood method. All expanding clones 

Figure 24. Mfge8-EGFP immunization increases the 
selection strength on day 14. 
 
The activation-induced deaminase (AID) preferentially 
initiates SHM in hotspot motif targets, such as 
in the context of WRC / GYW (W = A / T, R = A / 
G, Y = C / T) and especially at WGCW hotspot (Tang et 
al., 2020a). BASELINe analysis identifies observed 
frequency of  non-synonymous mutations, and calculates 
the expected frequency of  non-synonymous mutations 
from the corresponding germline sequences based on an 
underlying targeting model to account for SHM hot / cold 
spots and nucleotide substitution bias. Then, a posterior 
probability distribution function (PDF) is calculated for 
replacement frequency using a binomial likelihood 
function and a β prior. Next, a log-odds ratio between 
observed and expected replacement frequency is 
calculated and is referred as selection strength (Σ). 
Results from multiple sequences are aggregated to 
provide a single estimate of the selection strength PDF 
for a group of sequences. Two selection strength PDFs 
are compared by using numerical integration to obtain a 
one-sided p value. Selection strength in the FWR 
represents negative selection, selection strength in the 
CDR represents antigen-driven positive selection (Yaari 
et al., 2012).  
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(n > 2) were used to establish phylogenetic trees. Phylogenetic trees showed how 

somatic mutation gradually accumulated and differentiated from the germline 

sequence (green root point). When the difference reached the Hamming distance 

threshold (the minimum number of substitutions required to change one sequence into 

another), it was classified as a new clone and diverged. The tip of each branch 

represents the isotypes of the terminal clones. We found Mfge8-EGFP immunization 

created a more diverse GC B cell repertoire and all the terminal clones were class-

switched. Conventional EGFP immunization induced a much smaller GC B cell 

repertoire and some of the terminal clones were still unswitched IgM- producing clones 

(Figure 25 A). Statistical analysis of expanding clones are shown in Figure 25 B 

(Number in the middle is the total expanding clones of each repertoire.) Four clones 

were found in both repertoires (shared clones), representing 13.8% and 5.5% of the 

total EGFP induced repertoire and Mfge8-EGFP induced repertoire, respectively 

(Figure 25 C). In conclusion, targeting antigens to PS significantly promoted SHM and 

CSR, which led to the generation of more diverse GC B cells repertoire. 

 

 
 

Figure 25. Mfge8-EGFP immunization induces more diverse GC B cell repertoire. 
(A) Phylogenetic trees were plotted to compare the diversity of two repertoires induced by 
immunization.  
(B) Pie charts show expanded clones (n > 2) of the two repertoires, each colored slice represents 
one expanded clone. Total expanded clone number for each repertoire is shown in the center. 
(C) Pie charts show shared (public) clones and unique (private) clones between the 2 repertoires, 
percentage of shared clones is shown in the center.  
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6.11 Immunization with EGFP and Mfge8-EGFP show similar long-term antibody 
titers.  
 
Next, we tested if Mfge8-EGFP could induce long-term antibody protection. Serum 

anti-EGFP IgG titers were measured for an extended period. We found that Mfge8-

EGFP immunization induced very fast IgG production. Titers peaked around two 

weeks after immunization, then IgG titers remained at a constant level for at least 3 

months. EGFP immunization induced much slower IgG production, reached the peak 

4 weeks after immunization, and remained constant as well. While Mfge8-EGFP 

immunization induced significantly more IgG production in the first month after 

immunization, long-term IgG titers measured after two and three months showed no 

significant difference (Figure 26 D). We also measured CD19low CD138hi CD98+ short-

lived PCs in the spleen 14 days after immunization, and CD19low CD138hi EpCAM+ 

CXCR3+ LLPCs in the bone marrow 87 days after immunization. Consistent with the 

serum IgG data, Mfge8-EGFP immunization induced significantly more short-lived 

PCs, however, the percentage of short-lived PCs in total splenocytes were similar 

between the two groups, this may indicate that the rate of GC B cells finally 

differentiated to PCs were constant between the two groups, so that the PCs were 

proportional to the GC expansion (Figure 26 A, B). Intracellular staining of EGFP 

specific PCs showed that Mfge8-EGFP immunization induced more EGFP-binding 

PCs, although p = 0.06 (Figure 26 C). LLPCs measured 87 days after immunization 

showed no significant difference neither in the general LLPCs nor EGFP+ LLPCs 

(Figure 26 E-G). In conclusion, Mfge8-EGFP immunization showed significant 

advantage over EGFP in the first month after immunization, induced significantly more 

short-lived PCs and IgG, but it did not induce more long-term antibodies nor more 

LLPCs. 
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Figure 26. Immunization with EGFP and Mfge8-EGFP shows similar long-term antibody titers. 
(A) WT B6 mice were immunized with either alum + 1.8nmol EGFP or Mfge8-EGFP. FACS analysis 
of short-lived plasma cells (PCs). Representative gating strategy for EGFP specific CD19low CD138hi 

CD98+ short-lived PCs in the spleen 14 days after immunization, plots shown are pre- gated on single 
live cells. 
(B) Absolute number (left) and percentage of short-lived PCs in total splenocytes (right) are shown. 
One-way-ANOVA with Bonferroni correction was performed.  
(C) Absolute number (left) and percentage of EGFP specific short-lived PCs in total splenocytes 
(right) are shown. One-way-ANOVA with Bonferroni correction was performed, n = 15.  
(D) WT B6 mice were immunized with either alum + 1.8nmol EGFP or Mfge8-EGFP, trends of serum 
anti-EGFP IgG titers over time were measured by ELISA. Mean ± SEM of endpoint titers (OD>0.1) 
are shown. T test was performed on each time point. 
(E) FACS analysis of LLPCs. Representative gating strategy for EGFP specific CD19low CD138hi 

EpCAM+ CXCR3+ LLPCs in the bone marrow 87 days after immunization, plots shown are pre- gated 
on single live cells. 
(F) Absolute number (left) and percentage of LLPCs in total bone marrow cells (right) are shown. 
One-way-ANOVA with Bonferroni correction was performed.  
(G) Absolute number (left) and percentage of EGFP specific LLPCs in total bone marrow cells (right) 
are shown, n = 15. One-way-ANOVA with Bonferroni correction was performed. Data are shown as 
mean ± SEM, each data point represents an individual mouse. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001.  
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6.12 Secondary immunization with PS-targeting antigen induces faster antibody 
memory recall responses. 
 
Although a single dose immunization with PS-targeting Mfge8-EGFP did not show 

more IgG titers after 1 month, it was possible that Mfge8-EGFP induced more MBCs 

that could provide superior antibody protection upon rechallenge with the same 

antigen. To test this, two groups of mice were immunized with either 1.8nmol Mfge8-

EGFP + alum or EGFP + alum. 29 days later, both groups were rechallenged with 

1.8nmol EGFP + alum, serum samples were collected (Figure 27 A red triangle). We 

found both groups showed similar anti–EGFP IgG titers after boost with EGFP (Figure 

27 B: green line and black line), which indicated that primary immunization with PS-

targeting Mfge8-EGFP may not generate more MBCs, although direct measurement 

by FACS may be required. However, we included a third group of mice that were 

primarily immunized with Mfge8-EGFP and were boosted with Mfge8-EGFP again. 

This group (blue line) showed significantly more (3x) IgG titers than other two groups 

on day 36 (7 days after boost) and around 2-fold more on day 43 (14 days after boost), 

although the difference was not significant (Figure 27 B). The lines of IgG titers showed 

a clear trend to converge on the later time point, and the advantage of Mfge8-EGFP 

decreased over time, just as what we have seen in the primary immunization (Figure 

26 D). These data indicated that Mfge8-EGFP may not induce more MBCs, but 

facilitated the activation of MBCs, which reside in a specialized niche in the SCS 

region, and they are closely associated with memory Tfh cells, as well as 

CD169+ macrophages (Inoue and Kurosaki, 2024). 

 

 

Figure 27. Secondary immunization with Mfge8-EGFP induces faster antibody memory recall 
responses. 
(A) Schematic representation of B cell memory experiment setup. Red triangles represent the dates 
when the serum samples were collected from mice. Black triangles represent the date of immunization. 
(B) Serum IgG titers were measured on the indicated timepoints. Data are shown as mean ± SEM. N 
= 15.  One-way-ANOVA with Bonferroni correction was performed on each time point. *p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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6.13 PS-targeting antigen enhances T cell responses. 
 
6.13.1 PS-targeting antigen induces more T follicular helper cells. 
 
Tfh cells play critical roles in regulating GC reactions, by providing CD40L signalling 

and various of cytokines such as IL-4 and IL-21 to support GC B cell survival, 

proliferation and antibody affinity maturation (Weinstein et al., 2016, Crotty, 2019). GC 

B cells with diverse BCR affinity compete for antigens presented on FDCs, then 

receive uneven Tfh cells’ help depending on the amount of peptide-MHC II complexes 

presented on the GC B cell. The strength of Tfh cells’ help determines the fate of GC 

B cells: They either re-enter DZ for more rounds of proliferation and SHM, or they 

differentiate into PCs and MBCs (Gitlin et al., 2014, De Silva and Klein, 2015, Inoue 

et al., 2018).  Since Tfh cells are important regulators of humoral immunity and long-

term B cell memory, successful induction of substantial Tfh cells is an important 

criterion for evaluating vaccine efficiency and prediction of the magnitude of GCs and 

neutralizing antibodies (Havenar-Daughton et al., 2016, Pauthner et al., 2017).  

 

To compare Tfh cells number induced by PS-targeting Mfge8-EGFP and EGFP 

immunization, CD4+CD44+CD62L-CXCR5+PD-1+ Tfh cells were analyzed by flow 

cytometry 8 days post immunization. In comparison to unimmunized naïve mice, 

conventional EGFP immunization was not efficient in inducing Tfh cells, the difference 

was not statistically significant. In contrast, mice immunized with Mfge8-EGFP 

contained a significant quantity of Tfh cells, which was 3x higher than in EGFP 

immunized mice. 14 days post immunization, we did not observe a further expansion 

of Tfh cells (Figure 28 A, B, C). This is consistent with previous studies that found Tfh 

cells’ responses normally reach their peak between day 7 and day 9 (Baumjohann et 

al., 2011, Botta et al., 2017, Lederer et al., 2020). Moreover, we found very strong 

positive correlations between Tfh cells and either total GC B cells or EGFP+ GC B cell 

numbers (Figure 28 D). Histology staining of spleen sections from immunized mice 

showed that Mfge8-EGFP immunization induced much larger Tfh cells population 

(CD4+ PD-1+), and the staining of Tfh cells completely overlapped with the entire PNA+ 

GC area (Figure 28 E). 

 
 



90 

 

 

Figure 28. Mfge8-EGFP induces more T follicular helper cells. 
(A) WT B6 mice were immunized with either alum + 1.8nmol EGFP or Mfge8-EGFP, Tfh cells in spleen 
were analyzed by flow cytometry 8 and 14 days after immunization. Representative gating strategy for 
CD4+CD44+CD62L-CXCR5+PD-1+ Tfh cells. Plots shown are pre-gated on single live CD4 cells. 
(B-C) Absolute number (B) and percentage of Tfh cells in CD4 T cells (C). Data are shown as mean ± 
SEM, each data point represents an individual mouse. Data are combined from 2 independent 
experiments. N = 47. One-way-ANOVA with Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001.  
(D) Spearman correlations of Tfh cells and total GC B cells (upper figure), or EGFP binding GC B cells 
(lower figure) are shown. 
(E) WT B6 mice were immunized with either alum + 1.8nmol EGFP or Mfge8-EGFP, spleens were 
taken 14 days after immunization and stained for CD4+PD-1+ Tfh cells and PNA+ GCs. Scale bar 50 
um.  
Staining antibodies: anti PD 1 – PE, anti CD4 – APC, PNA - FITC, anti IgD – eF450. 
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6.13.2 PS-targeted antigen induces more effector CD4 and CD8 T cells. 
 
Next, we tested the activation of effector T cells. Splenocytes from EGFP or Mfge8-

EGFP immunized mice were isolated 7 days after immunization, then re-stimulated in 

vitro for 4h with the EGFP81-95 (QHDFFKSAMPEGYVQ) peptide, which is a MHC II 

restricted epitope in C57BL/6 mice as shown previously (Mould et al., 2021, Skelton 

et al., 2001). Specific CD4 effector T cell activation was measured by IL-2 and IFN- γ 

production. We found mice immunized with Mfge8-EGFP generated significantly more 

EGFP specific CD4 effector T cells than those immunized with equimolar amounts of 

EGFP. Immunization with four times more (7.2nmol) EGFP slightly improved CD4 T 

cell responsiveness, but was still less efficient than 1.8nmol Mfge8-EGFP (Figure 29). 

 

 

 
 
CD8 T cell responses were measured by IFN-γ and CD107a expression after EGFP120-

128 (DTLVNRIEL) peptide re-stimulation. Here, we did not observe any differences 

Figure 29. Mfge8-EGFP induces more effector CD4 T cells. 
(A) Experimental setup is depicted in the flow chart. Representative gating strategy for activated 
EGFP specific CD4 T cells (CD4+CD44+ IL-2+ IFN- γ+) after restimulation by EGFP81-95 peptides are 
shown on the right. Plots shown are pre-gated on single live cells.  
(B) Absolute number (left) and percentage of activated EGFP specific CD4 T cells of total CD4 T cells 
(right). N = 16. Data are shown as mean ± SEM, each data point represents an individual mouse. 
One-way-ANOVA with Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p 
≤ 0.0001.  
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between peptide-stimulated and unstimulated cells (Figure 30 A, B). Unspecific 

stimulation with ionomycin (a calcium ionophore) + PMA (a protein kinase C activator) 

showed that Mfge8-EGFP immunized mice generated significantly more IFN-γ 

producing and degranulating (CD107a+) CD8 T cells than mice immunized with EGFP 

(Figure 30 C), this could be interpreted as a reference of activated CD8 T cell 

response. 

 

 

Figure 30. Mfge8-EGFP induces more effector CD8 T cells. 
(A) Experimental setup is depicted in the flow chart. Representative gating strategy for activated EGFP 
specific CD8 T cells (CD8+CD44+ CD107a+ IFN-γ+) after restimulation by EGFP120-128 peptides. Plots 
shown are pre-gated on single live cells. 
(B) Absolute number (left) and percentage of activated EGFP specific CD8 T cells in total CD8 T cell 
population (right).  
(C) Absolute number (left) and percentage of activated CD8 T cells in total CD8 T cell population (right) 
after PMA/ionomycin stimulation. Data are shown as mean ± SEM, each data point represents an 
individual mouse. N = 16. One-way-ANOVA with Bonferroni correction was performed. *p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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6.14 RGD motif is not required for the immune-boosting effect of Mfge8-EGFP. 
 
Mfge8 is a dual binding protein that bridges PS+ apoptotic cells and αvβ3 and αvβ5 

integrins on macrophages through its C1-C2 domains and RGD motif respectively 

(Kamińska et al., 2018, Lemke, 2019). We have shown before that Mfge8-EGFP 

accumulated in the lymphoid follicles, and we hypothesized that it was because of the 

PS-binding capacity of Mfge8. To find out if the RGD motif plays a role in lymphoid 

follicle targeting and its immune boosting effects, we created a truncated C1C2-EGFP 

protein, in which EGF domains and the RGD motif were deleted (Figure 31 A). When 

C1C2-EGFP was injected into the mice intravenously, it accumulated in the MZ of 

lymphoid follicle and then transferred to the FDC network, similiarly to full length 

Mfge8-EGFP (Figure 31 B). 

 

 
 

Figure 31. C1C2-EGFP is transported to FDCs. 
(A) Schematic illustration and comparison of C1C2-EGFP and Mfge8-EGFP fusion protein (images 
were created and licensed by Biorender). 
(B) Spleen sections from WT B6 mice, stained 1h and 16h after intravenous injection of 1.8nmol 
C1C2-EGFP or conventional EGFP. Scale bar 50 um. Staining antibodies: anti CD21/35-PE, anti 
GFP- FITC, anti CD68-APC. 
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Subsequently, we tested immune responses induced by C1C2-EGFP immunization. 

We found serum antigen specific antibody titers (Figure 32 A, B), day 14 EGFP specific 

GC B cells (Figure 32 C, D) and Tfh cells (Figure 32 E, F) were all significantly 

increased, compared to mice immunized with equimolar amounts of EGFP. However, 

when compared to mice immunized with equimolar amounts of full length Mfge8-

EGFP, it showed no significant difference (number of GC B cells: p = 0.18; percentage 

of GC B cells: p = 0.43; number of Tfh cells: p = 0.27; percentage of Tfh cells: p = 

0.99). Therefore, targeting antigens to PS+ structures alone, could bring antigens to 

the lymphoid follicles and promote B cell and T cell immune responses. Lack of the 

RGD motif did not negatively affect this process. 

 

 

Figure 32. RGD motif is not required for the immune-boosting effect of Mfge8-EGFP. 
(A-B) WT B6 mice were immunized with equal 1.8nmol of EGFP, C1C2-EGFP or Mfge8-EGFP with 
alum I.P. Bar graphs show serum anti-EGFP IgM titers measured on day 8 (A) and IgG titers 
measured on both day 8 and day 14 (B). 
(C) Representative gating strategy for EGFP specific GC B cells. Plots shown are pre-gated on single 
live CD19+ IgDlo CD95+ GL7+ GC B cells. 
(D)  Statistical analysis of absolute number of EGFP specific GC B cells is shown on the left, 
percentages of EGFP+ GC B cells in total CD19+ B cells is shown on the right.  
(E) Representative gating strategy for Tfh cells. Plots shown are pre-gated on single live CD4+ CD44+ 

CD62L-  T cells. 
(F)  Statistical analysis of absolute number of Tfh cells is shown on the left, percentage of Tfh cells 
in total CD4 T cells is shown on the right. Data are collected from 2 independent experiments. Mean 
± SEM are shown, and each data point represents an individual mouse. One-way-ANOVA with 
Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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6.15 Antigens conjugated to multimerized mC1 domains promote B cell 
responses. 
 
Based on the above data showing that PS binding via C domains is sufficient to target 

antigens to the lymphoid follicles, we generated a fast antigen-coupling platform that 

would allow rapid attachment of a PS-binding domain to any protein antigen. For this 

we used C1-tetramers. C1-tetramers consist of  the PS binding mouse C1 domain 

(mC1) produced in E. coli. Purified mC1 was biotinylated and then tetramerized with 

streptavidin (SA) that was conjugated to OVA (OVA-SA) (Figure 33 A). When the OVA-

SA-mC1 tetramers were injected into the mice, we observed OVA accumulated in the 

MZ of lymphoid follicles first, then later was deposited on FDCs, whereas conventional 

OVA-protein was not detected in lymphoid follicles from mice injected with OVA-SA, 

lacking the PS-targeting properties (Figure 33 B). 
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Next, serum OVA specific IgG titers were compared among mice immunized with 

single doses of equimolar amounts of OVA, OVA-SA, SA-mC1 tetramer + free OVA 

or OVA-SA-mC1 tetramer. 7 days after immunization, OVA-SA-mC1 tetramer 

immunized mice produced at least 48x more OVA specific IgG than mice immunized 

with OVA, OVA-SA, SA-mC1 tetramer + free OVA. 14 days after immunization, serum 

IgG titers increased 6.7x in mice immunized with OVA-SA-mC1 tetramer, but mice 

immunized with OVA, OVA-SA, SA-mC1 tetramer + free OVA increased 80x in the 

second week post immunization, however, IgG titers in mice immunized with OVA-SA-

Figure 33. OVA-SA-mC1 tetramers are transported to FDCs. 
(A) Schematic representation of the construction of OVA-SA-mC1 tetramer (images were created 
and licensed by Biorender). 
(B) Spleen sections from WT B6 mice, stained 1h and 6h after intravenous injection of 1.1nmol OVA- 
SA-mC1 tetramer or OVA-SA. Scale bar 50 um. Staining antibodies: anti CD21/35-PE, anti OVA-
FITC, anti CD68-APC. 
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mC1 tetramer were still at least 4x  higher than the rest of groups (Figure 34 A, B). We 

also observed that SA conjugation alone did not promote antibody responses to OVA, 

neither did SA-mC1 tetramer. OVA has to be conjugated to the PS targeting SA-mC1 

tetramer to boost antibody response against OVA.  

 

Considering the existence of SA as another strong antigen in the OVA-SA construct, 

we wanted to know whether the antibody response to one antigen could affect the 

response to the other, as a result of competition of conjugated antigen. We tested the 

serum anti-SA IgG in these mice and found mice immunized with SA-mC1 tetramer + 

free OVA and mice immunized OVA-SA-mC1 tetramer produced same level of anti-

SA IgG, indicating that addition of a PS-binding domain to OVA enhanced also anti-

SA responses, and the conjugated two antigens induced antibody responses 

independently (Figure 34 C). 

 

 
 
GC reactions in these mice were also compared on day 14. We found immunization 

with OVA-SA-mC1 tetramer induced significantly more GC B cell than mice immunized 

with OVA or OVA-SA (Figure 35 B). Mice immunized with SA-mC1 tetramer + free 

OVA produced slightly fewer GC B cells than mice immunized with OVA-SA-mC1 

tetramer, but significantly more than mice immunized with OVA or OVA-SA. This might 

be due to the SA endowed with a PS-binding domain that caused targeting to FDCs 

and generation of GC B cells. However, when we measured the OVA specific GC B 

cells, mice immunized with SA-mC1 tetramer + free OVA did not show any difference 

Figure 34. OVA-SA-mC1 tetramer immunization promotes antibodies production. 
(A-B) WT B6 mice were immunized i.p. with alum mixed with either 1.1nmol OVA, SA-OVA, SA- 
mC1 tetramer + free OVA or OVA-SA-mC1 tetramer separately. Serum anti-OVA antibody titers 
were measured on day 7 (A) and day 14 (B).  
(C) Bar graphs show serum anti-SA antibody titers measured on day 14. Data are shown as mean 
± SEM, each data point represents an individual mouse. N = 60. One-way-ANOVA with Bonferroni 
correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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as compared to mice immunized with OVA or OVA-SA. In contrast, mice immunized 

with OVA-SA-mC1 tetramer induced 5-7x more OVA specific GC B cells than the 

control groups. These results provide additional evidence that OVA has to be 

conjugated to a PS targeting domain to promote GC reactions against OVA (Figure 35 

A, C). 

 

 
6.16 Immunization with OVA-SA-mC1 tetramer generates robust B cell memory. 
 
Next, we compared the memory B cell responses of mice immunized with OVA or 

OVA-SA-mC1 tetramer. Mice receiving either immunization were boosted with equal 

amounts of OVA 4 weeks after primary immunization, and serum antibody titers were 

measured every 7 days. We found mice immunized with OVA-SA-mC1 tetramer 

rapidly reached the peak IgG titers, mice immunized with OVA showed significant 

lower IgG titers at the early time points, but slowly caught up. On day 28, mice 

Figure 35. OVA-SA-mC1 tetramer immunization promotes GC reactions. 
Groups of mice were immunized with single doses of equimolar amounts of OVA, OVA-SA, SA-
mC1 tetramer + free OVA or OVA-SA-mC1 tetramer. Splenocytes were isolated 14 days after 
immunization and stained for OVA specific GC B cells. 
(A) Representative gating strategy for OVA specific GC B cells. Plots shown are pre-gated on single 
live cells.  
(B) Statistical analyses of total GC B cells, absolute number (left) and percentage in CD19+ B cells 
(right). 
(C) Statistical analyses of OVA specific GC B cells, absolute number (left) and percentage in CD19+ 

B cells (right). Data are shown as mean ± SEM, each data point represents an individual mouse. 
Data are combined from 2 independent experiments. N = 41. One-way-ANOVA with Bonferroni 
correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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immunized with either OVA or OVA-SA-mC1 tetramer showed similar levels of serum 

IgG. However, one week after the boost, mice initially immunized with OVA-SA-mC1 

tetramer showed two-fold higher anti-OVA IgG titers. Another week later, the 

difference increased to 3-fold, but was not statistically significant (Figure 36 A, B). 

Serum anti-OVA IgM levels were similar between the two immunization groups at all 

measured timepoints (Figure 36 C).  

 

 
 

6.17 PS-targeting antigens elicit strong CTL responses. 
 
6.17.1 OVA-SA-mC1 induces more activated CD8 T cells. 
 
CD8 T cells play critical roles in eliminating intracellular pathogens and controlling 

virus infections. However, many traditional vaccines are known to be inefficient in 

inducing CD8 T cell response (Hirai and Yoshioka, 2022). We therefore tested if PS-

targeting antigens could improve the CD8 T cell response. For this, mice were 

immunized with either OVA, OVA-SA or OVA-SA-mC1 tetramer. 7 days after 

immunization, splenocytes were isolated and stimulated in vitro with various MHC I 

peptides OVA55, OVA107 and OVA257 separately (Karandikar et al., 2019). Epitope 

specific CD8 T cell activation was measured by IFN-γ production and the 

degranulation marker CD107a. We found mice immunized with OVA-SA-mC1 

Figure 36. OVA-SA-mC1 tetramer immunization generates robust B cell memory. 
(A) Schematic representation of B cell memory experiment setup.  
(B-C) Serum IgG titers (B) and IgM titers (C) were measured on the indicated timepoints. Data are 
shown as mean ± SEM. Data are combined from 2 independent experiments. N = 20. T test was 
performed on each time point. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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tetramer induced significantly more activated CD8 T cells that produced IFN-γ and 

degranulated (IFN-g+CD107a+) after cognate peptide restimulation. Activated CD8 T 

cells in OVA, OVA-SA immunized mice showed no significant difference (Figure 37).  

 

 
 
6.17.2 OVA-SA-mC1 immunization induces more efficient CTL killing of target 
cells. 
 
We further tested the CTL in vivo killing capability by injecting a mix of equal numbers 

of CFSEhi OVA257 peptide-pulsed and CFSElo peptide-free syngeneic splenocytes into 

recipient mice that received OVA-SA or OVA-SA-mC1 tetramer immunization 7 days 

earlier. CTL killing efficiency was measured by the ratio (r) of CFSEhi to CFSElo cells 

Figure 37. OVA-SA-mC1 induces more activated CD8 T cells. 
(A) Schematic representation of CD8 T cell re-stimulation experimental setup and gating strategy for 
activated OVA specific CD8 T cells. Mice were immunized separately with 0.7nmol of OVA, OVA-SA 
or OVA-SA-mC1 tetramer mixed with anti-CD40 antibody. 7 days later, isolated splenocytes were 
stimulated with OVA257 peptides in vitro. Activated CD8 T cells are shown as IFN- γ+ CD107a+. Plots 
shown are pre-gated on single live CD8+ CD44+ cells.  
(B) Statistical analyses of absolute number (upper panel) and percentage of activated CD8 T cell in 
total CD8 T cell population (lower panel) after OVA 257 peptide re-stimulation. 
(C) Statistical analyses of absolute number (left) and percentage of activated CD8 T cell in total CD8 
T cell population (right) after OVA 55 (upper panel) or OVA107 peptides (lower panel) re-stimulation. 
Data are shown as mean ± SEM. Each data point represents an individual mouse. N = 28. One-way-
ANOVA with Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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collected from blood 2h, 4h and 8h after injection, lower CFSEhi /CFSElo ratio indicated 

efficient CTL elimination of target cells coated with cognate peptides. We found mice 

immunized with OVA-SA-mC1 tetramer were significantly more efficient in killing 

OVA257 coated cells. As early as 2h after injection, most peptide-coated cells were 

eliminated. In contrast, mice immunized with OVA-SA reacted to peptides presenting 

cells much slower (Figure 38).  

 

 

Figure 38. OVA-SA-mC1 induces more efficient CTL killing. 
(A) Schematic representation of in vivo CTL killing assay setup. 1:1 mixed CFSEhi OVA257 peptide-
pulsed and CFSElo peptides-free allogeneic splenocytes were injected into recipient mice that 
received OVA-SA or OVA-SA-mC1 tetramer immunization 7 days earlier. CTL killing efficiency was 
measured by the ratio of CFSEhi to CFSElo cells (r) collected from blood 2h, 4h and 8h after injection.  
(B) Statistical analysis of the ratio of CFSEhi to CFSElo cells (r) collected from blood 2h after injection. 
Data are shown as mean ± SEM. Each data point represents an individual mouse. Data are collected 
from 2 independent experiments. N = 23. One-way-ANOVA with Bonferroni correction was performed. 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
 
 
 
  
 
 
 

 



102 

6.18 Immunization with OVA-SA-mC1 tetramer generates robust CD8 T cell 
memory. 
 
Next, we evaluated the memory CD8 T cell response. Mice initially immunized with 

either OVA or OVA-SA-mC1 tetramer received a booster immunization 4 weeks later. 

The  boost contained a mixture of 50μg OVA55, OVA107 and OVA257 peptides, together 

with 100μg poly I:C and 50μg anti-CD40 antibody. 4 days after the boost, splenocytes 

were isolated and re-stimulated with various MHC I peptides separately. Memory recall 

responses were assessed by quantifiying IFN-γ +CD107a+ CD8 T cells. We found that, 

when re-stimulated with OVA257 peptides, mice immunized with OVA-SA-mC1 

tetramer as primary immunization induced significantly more IFN-g+CD107a+ activated 

CD8 T cells after boost than mice initially immunized with OVA (Figure 39 A, B). 

However, re-stimulation with OVA107 and OVA55 peptides did not generate adequate 

responses compared to their respective unstimulated control. These data are contrary 

to the acute 7-day immunization, in which CD8 T cell immune responses were elicited 

by both the immunodominant epitope (OVA257) and subdominant epitopes (OVA55 and 

OVA107). Memory recall responses in both immunization groups were dominated by 

the CD8 T cells that recognized the immunodominant OVA257 (Figure 39 C). In 

conclusion, OVA-SA-mC1 tetramer could more efficiently induce acute CD8 T cell 

response and develop robust CD8 memory after a single dose of immunization, but it 

did not expand the memory CD8 T cell repertoire.  
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6.19 OVA-SA-mC1 tetramer immunization induces more Tfh cells. 
 
The number of Tfh cells was measured 14 days after immunizing mice with either 

OVA, OVA-SA, SA-mC1 tetramer + free OVA or OVA-SA-mC1 tetramer. Mice 

immunized with OVA-SA-mC1 tetramer had more Tfh cells than mice immunized with 

OVA, OVA-SA or SA-mC1 tetramer + free OVA, although the difference was not 

significant. Due to the inability to analyze antigen-specific Tfh cells , immunization with 

Figure 39. OVA-SA-mC1 immunization generates robust CD8 T cell memory. 
(A) Schematic representation of CD8 T cell memory recall assay setup and gating strategy for 
activated OVA specific CD8 T cells. Mice were immunized separately with 0.7nmol of OVA or OVA-
SA- mC1 tetramer mixed with CPG. 27 days later, all mice received the same boost with a mixture of 
OVA55, OVA107 and OVA257 peptides, together with poly I:C and anti-CD40 antibody as adjuvant. 4 
days later, isolated splenocytes were stimulated with OVA257 peptides in vitro, activated CD8 T cells 
were shown as IFN-g+CD107a+. Plots shown are pre-gated on single live CD8+ CD44+ cells.  
(B) Statistical analyses of absolute number (left) and percentage of activated CD8 T cell in total CD8 
T cell population (right) after OVA 257, OVA 107 and OVA 55  peptide re-stimulation. Data are shown as 
mean ± SEM. Each data point represents an individual mouse. N = 15. One-way-ANOVA with 
Bonferroni correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
(C) Comparison of CD8 T cell responses to different OVA epitopes between acute immune response 
and memory recall response.  
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SA-mC1 tetramer + free OVA also showed more Tfh cells than mice immunized with 

OVA or OVA-SA, probably because of the presence of PS-targeting SA, which could 

also induce considerable amount of the SA-specific Tfh cells (Figure 40). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 40. OVA-SA-mC1 tetramer immunization induces more Tfh cells. 
(A) Representative gating strategy for Tfh cells. WT mice were immunized i.p. with either 1.1nmol 
OVA, SA-OVA, SA-mC1 tetramer + free OVA or OVA-SA-mC1 tetramer. Tfh cells were measured 14 
days after immunization. Plots shown are pre-gated on single live CD4 cells.  
(B) Absolute number (left) and percentage of Tfh cells in CD4 T cells (right). Mean ± SEM are shown, 
and each data point represents an individual mouse. N = 50. One-way-ANOVA with Bonferroni 
correction was performed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
 
 
 
 
  
 
 
 

 

 
 
 
 



105 

7. Discussion 
 
7.1 PS-targeting antigens are transferred to FDCs in unimmunized naïve mice.  
 
7.1.1 PS-targeting antigens are transferred to FDCs independent of C3. 
 
PS is a type of phospholipid in plasma membranes that is asymmetrically confined to 

the inner membrane leaflet in healthy live cells, and is exposed to the outer surface in 

apoptotic cells (Suzuki et al., 2013, Suzuki et al., 2014). EVs are cell-derived 

membrane-bound particles that are abundant in the blood stream and lymphatic fluid, 

they also expose PS on their surface (Groß et al., 2024, Rausch et al., 2023). From 

our unpublished data, over 95% of CFSE+ membrane particles in the serum are PS 

positive, they are assumed to be EVs because over 90% of these PS+ particles 

express exosome markers CD81 or CD9 (data from Lavinia Flaskamp). In addition to 

their abundance in the serum, due to their small size, EVs show high curvature, which 

leads to preferential binding of EVs by Mfge8 (Shi et al., 2004).  Therefore, targeting 

antigens to PS by Mfge8 will preferentially target antigens to EVs. We hypothesized 

that these PS-targeting antigens would be brought to the organs and tissues where 

EVs accumulate. Previous studies have shown that EVs in the circulation are rapidly 

captured by CD169+ macrophages and accumulate in the SCS of lymph nodes and 

MZ of the spleen (Saunderson et al., 2014). Here in our study, we targeted antigens 

to PS via Mfge8 or only the C1 domain. We found these PS-targeting antigens 

accumulated in the MZ of the lymphoid follicles after injection, either intravenously or 

intraperitoneally.   

PS-targeting by mC1 tetramer or C1C2-EGFP, in which RGD motif is absent, could 

still accumulate in the marginal zone. These data indicated that direct capture by 

macrophages via RGD-integrin interaction may not be the dominant mechanism 

contributing to their accumulation in the MZ.  On the other hand, the majority (60-95%) 

of PS-targeting antigens colocalized with exosome markers CD81 or CD63, indicating 

those antigens were brought to the MZ mainly through EVs accumulation.  

PS-targeting antigens that accumulated in the MZ were found to be deposited on 

FDCs at the later time points. Surprisingly, this happened in unimmunized naïve mice 

that did not have pre-existing antigen-specific antibodies. Antigen deposition on FDCs 

is known to depend on the formation of immune complexes, which requires  specific 
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antibodies and participation of complement system (Kranich and Krautler, 2016). As a 

control, we injected EGFP into both EGFP-naïve mice and pre-immunized mice and 

observed anti-EGFP staining in FDC area in pre-immunized mice only. These data 

ruled out the possibility of false positive results caused by the detection antibody. In 

addition, serum anti-EGFP antibody tested in WT naïve mice showed no pre-existing 

EGFP specific antibody, neither natural antibody that cross-reacted to EGFP. These 

data showed an immune complex independent way of transporting PS-targeting 

antigens to FDCs. 

The acquisition of antigens by FDCs is depended on the binding of their complement 

receptors (CR1/CD35 or CR2/CD21) to antigens opsonized with C3d (Victora and 

Nussenzweig, 2022, Heesters et al., 2014). The activation and cleavage of C3 is 

initiated by the specific antibody binding to the pathogen (classical pathway), but can 

also be activated by MBL, which binds to glycoproteins and glycolipids on pathogens 

that contain mannose residues, then activates the classical pathway without specific 

antibody (Abbas, 2005, Pouw and Ricklin, 2021). After ruling out the pre-existence of 

EGFP specific or cross-reactive antibodies in naïve WT mouse, we next thought that 

the glycosylated PS-targeting antigens may activate the mannose-binding lectin 

pathway and they were targeted to FDCs in a complement dependent way, as similar 

observations were also documented with HIV nanoparticles (Tokatlian et al., 2019). 

However, when we injected PS-targeting antigens into unimmunized naive C3 KO 

mice, PS-targeting antigens were still transported to FDCs. These data demonstrated 

that deposition of PS-targeted antigens onto FDCs is independent of the complement 

system. 

7.1.2 CD169+ microvesicles transport PS-targeting antigens to FDCs. 

We tried to explore the potential mechanisms contributing to this antigen deposition. 

Considering that PS-targeting antigens accumulated in the MZ were attached to EVs, 

we hypothesized that EVs (or certain type of EVs) could pass-through the MZ 

macrophages’ capture, entering the lymphoid follicle and were preferentially captured 

by FDCs. We injected PKH26 labeled EVs (isolated form BMDC or DC2.4 cell culture) 

into the naïve WT mice, but we didn’t see these EVs on FDCs, on the contrary, they 

remained in the MZ for over 16h (data not shown). Previous research, in which CD169 

macrophages were depleted, showed exosomes invaded splenic red pulp and cortex 
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of lymph nodes, rather than B cell follicles or FDCs (Saunderson et al., 2014). These 

data implied that EVs in the circulation were unlikely to penetrate MZ macrophages 

and directly bind to FDCs. However, we should keep in mind that both of the two 

studies used only DC-or B cell-derived EVs that were produced in vitro. These 

observations could not rule out the possibility that EVs derived from other cell types, 

or EVs generated under physiological condition, may express different 

integrin/receptor patterns that enable them to be preferentially captured by FDCs. 

Another difference to our study was that the PKH26 labeled EVs can be detected in 

the MZ even 16h after injection, which is opposite to the previous research which 

suggested EVs (labeled by biotin) captured in the MZ are rapidly eliminated within 2h 

(Saunderson et al., 2014). This controversial result may be due to the limitations in the 

EVs staining and tracking methods. PKH26 may not be a proper dye to study EVs 

metabolism, because PKH26 is known to be taken up by macrophages and remain 

stable for around a month (Murphy et al., 2008). The persistent signal in the MZ we 

saw in our study could be PKH26 residues that remained after macrophage engulfed 

those labeled EVs. Besides, PKH26 tends to form microaggregates that are 

preferentially taken up by macrophages, these fake signals could make it difficult to 

track EVs. 

In additional to the hypothesis that the same EV carried PS-targeting antigens to the 

MZ and then transported to FDCs, an alternative hypothesis is that EVs in the 

circulation brought PS-targeting antigens to the MZ. The macrophages in the MZ 

captured and endocytosed these EVs, then the PS-targeting antigens were re-sorted 

into new EVs by ESCRT machinery and transported to FDCs. Previous studies have 

showed that CD169+ macrophages capture Mfge8 bound PS+ viral-like particles 

(VLPs) via αvβ3 integrins, the transient abutment of the FDCs network and direct 

contact to the overlying CD169+ macrophages could allow the direct transfer of VLPs 

to FDCs (Park and Kehrl, 2019). Besides, there are also studies which demonstrated 

that CD169+ macrophage derived EVs are associated with nearby IL-17 committed 

innate-like lymphocytes and FDCs (Gray et al., 2012, Chen et al., 2022). In our study, 

we also found by histological analyses that CD169+ particles (average diameter 

300nm, assumably microvesicles) were abundant in the FDC area. The other SIGN-

R1+macrophages, were not shown to release microvesicles into FDC area. However, 

further quantification indicated only 15 % of PS-targeting antigens that have been 
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transported into the inner B cell follicles were carried by CD169+ EVs. One of the 

limitations of this study was that we could not isolate FDCs leaving the associated EVs 

intact (enzyme digestion), therefore, we could only assume that a similar percentage 

of CD169+ EVs were attached to FDCs. Future studies could reveal if FDCs 

preferentially take up EVs from CD169+ macrophages. 

The fact that only 15 % of PS-targeting antigens in the B cell follicles were CD169+ 

also indicated that other transportation mechanisms might have been involved.  Direct 

transfer by FDC – CD169+ macrophage contact is very likely to be another method. 

Besides, we tried to test if PS-targeting antigens that have been transported onto the 

FDCs colocalized with CD81+exosomes, however, these attempts failed, probably due 

to the strict requirement of staining antibody required for STED microscope. Therefore, 

it is still an open question that whether exosomes originate from MZ cell types 

contribute to the transportation of PS-targeting antigens to FDCs. 

Although in our entire study, we hypothesized that PS-targeting antigens were 

transported from MZ to FDCs. However, we cannot rule out the possibility that rather 

than being passively transported, soluble PS-targeting antigens may infuse into the B 

cell follicles as soon as they entered the lymphoid follicles, FDC surface is covered by 

exosomes (Denzer et al., 2000), providing adequate PS for PS-targeting antigens to 

bind, although the signals were masked or overshadowed by most PS-targeting 

antigens accumulated in the MZ. Protein antigens degraded much slower in the B cell 

follicle, especially near FDCs than in other areas of lymphoid follicles. This is because 

of the differences in the protease expression and activity in these regions (Aung et al., 

2023). As a result, PS-targeting antigens accumulated in the MZ were gradually 

degraded, while those entered the follicles were better preserved, causing the 

impression that PS-targeting antigens were transported from the MZ to FDCs. This 

may also explain why only 15% of Mfge8-EFP in the follicle were CD169+, probably 

because CD169+ macrophages derived EVs only account for 15% of total PS+ EVs in 

the lymphoid follicles, B cells and FDCs are also major sources of EVs. 
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7.2 PS-targeting antigens induce fast serum immune responses. 
 
7.2.1 PS-targeting antigens induce rapid IgG production. 

One of the most important findings in this study is that PS-targeting antigens induced 

rapid IgG production. Although the peak titers and long-term titers are similar between 

the PS-targeting antigens and conventional antigens, the significant advantage of PS-

targeting antigens in the first month, especially the fast IgG production in the first two 

weeks are of great value. In the situation of pandemics, the faster the immune 

protection is established, the more people are saved. Besides, herd immunity will be 

established much faster which provides another layer of protection to the population. 

The possibility of using PS-targeting antigens as a method of post-exposure 

prophylaxis is another attractive topic. 

Another big advantage of using PS-targeting antigens as vaccines is that immunization 

with pure PS-targeting antigens without adjuvant (alum) was sufficient to induce 

considerable antibody responses. On the contrary, conventional antigens were largely 

depending on adjuvant to induce serum immune response. This self-adjuvanting effect 

of PS-targeting antigens could be because PS-targeting antigens attached on EVs 

mimicked	the size dimension and spatial structure of pathogens. The immune system 

has evolved to recognize particulate antigens that are microscale or nanoscale, which 

are the size dimensions of viruses and bacteria. Therefore, PS-targeting antigens 

attached on EVs may facilitate antigens uptake by APCs (Zhao et al., 2023, Smith et 

al., 2013). Precipitation of antigens on aluminum hydroxide particles enhance antigen 

internalization by DCs, which is one of the mechanisms that alum promotes immune 

responses (Morefield et al., 2005). In our study, mice immunized with EGFP + alum 

were divided into low and high IgG groups, those mice in the low IgG group were 

similar to mice immunized with pure EGFP without alum, and produced around 104 

folds lower IgG than Mfge8-EGFP immunization, these data indicated that alum could 

only inefficiently improve the immune responses to EGFP in some mice, but the self-

adjuvanting effect of PS-targeting antigens was more homogenous and stable. 

IgG titers after a single-dose immunization showed no significant difference between 

conventional antigens immunization and PS-targeting antigens immunization after one 

month. When these immunized mice were re-challenged with the same conventional 
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antigen after 4 weeks, both two groups generated comparable secondary antibody 

responses. This result may indirectly suggest that immunization with PS-targeting 

antigens did not generate more memory B cells after primary immunization. However, 

when we use PS-targeting antigens as booster, we observed significantly higher IgG 

titers one week after booster, although this advantage shrank over time and showed 

a clear trend to have similar long-term IgG titers as other groups. These data indicated 

that using PS-targeting antigens as booster could accelerate MBCs reactivation. The 

potential mechanism is that resting MBCs stay in specialized compartments in the 

SCS region in lymph nodes and also MZ and perifollicular areas of the spleen (Inoue 

and Kurosaki, 2024, Allie and Randall, 2020, Elgueta et al., 2015, Liu et al., 1988), 

where they reside in close proximity with memory Tfh cells and CD169+ macrophages. 

CD169+ macrophages capture particulate antigens and immune complexes from the 

blood circulation. As soon as MBCs recognize the specific antigen on CD169+ 

macrophages, they present peptide-MHC II complexes and rapidly activate the nearby 

memory Tfh cells (Ise et al., 2014, Moran et al., 2018, Zhang et al., 2022). MBCs in 

turn are also activated, they either differentiate into PCs or enter the GC to form recall 

GC responses (Inoue and Kurosaki, 2024). In our study PS-targeting antigens are 

carried by PS+ EVs, trapped in the MZ, and facilitate antigen presentation and 

activation between CD169+ macrophages, memory Tfh cells and MBCs. This may 

cause accelerated initiation of memory recall responses. 

7.2.2 PS-targeting antigens promote GC reactions. 

Antibody responses against protein antigens and the generation of high affinity class-

switched IgG is the result of GC reaction. In our study, we showed that immunization 

with PS-targeting antigens significantly improved GC reaction both quantitatively and 

qualitatively: GC B cell proliferation was increased at its peak, both immunoglobulin 

SHM and CSR were accelerated. However, the duration of GC reaction was not 

prolonged by PS-targeting antigens, both reached the peak 2 weeks after 

immunization, then declined and disappeared within 4 weeks. As for the mechanisms 

of how PS-targeting antigens improves GC reaction, we hypothesize that PS-targeting 

antigens could assist B cell responses not only at B cell activation stage, but also 

during the GC reaction: PS-targeting antigens that accumulated in the lymphoid 

follicles could facilitate the encounter and interaction between antigens and cognate 

B cells, causing rapid B cell activation (BCR cross-linking. Additionally, B cell clones 



111 

that enter the GC reaction are only a subset of all cognate naïve B cells. The number 

of B cells that enter the GC reaction is determined by the features of the antigen and 

the competition between B cells for limited T cell help at the T-B border: primed B cells 

migrate to the T-B border, where they present peptide-MHC complexes to Tfh - 

committed CD4 cells. B cells that received adequate help from Tfh cells progress 

toward the GC path. Studies have found that B cells express low affinity BCRs are not 

selected to enter the GC reaction, but they can be recruited to GCs when the 

availability of Tfh cells’ help is increased or competition from other clones is eliminated 

(Victora and Nussenzweig, 2022, Shih et al., 2002, Schwickert et al., 2011, Dal Porto 

et al., 1998). In our study, PS-targeting antigens accumulated in the lymphoid follicles 

providing increased amounts of antigen for B cells to bind. Meanwhile, significantly 

more Tfh cells were induced. Therefore, we speculate that more B cell clones, even 

those with lower BCR affinity to the antigens were selected to GC path. The large 

number of B cells to initiate GC reaction may explain the fast expansion of GC B cell 

population in the first week after immunization.  

During the GC reaction, newly generated GC B cells bearing mutated BCRs compete 

for antigens on FDCs, then present peptide-MHC complexes to Tfh cells and receive 

survival signals in return, only GC B cells expressing relatively high affinity BCRs got 

the chance to survive (positive selection). This process points out that the amount of 

antigens deposited on FDCs are important regulators that control the magnitude of 

GC reaction, and also determine when the GC reaction ends (Victora and 

Nussenzweig, 2022). Many studies have tried to target antigens to FDCs, and they 

have proved that it is a valid method to improve GC reaction. For example: Tokatlian 

and his colleagues created heavily glycosylated HIV envelope antigen (gp120 or 

gp140) nanoparticles, which were rapidly shuttled to the FDCs network in a MBL and 

complement dependent manner. GC reactions, Tfh cells and IgG titers were all 

significantly enhanced in mice immunized with FDC-targeting nanoparticles, 

compared to mice immunized with de-glycosylated nanoparticles that no longer 

localized FDCs (Tokatlian et al., 2019). Aung and his colleagues used the same 

glycosylated nanoparticles and showed in another study that targeting antigens to 

FDCs could better preserve the structural integrity of antigens, which selectively 

enhanced B cell responses to original antigens rather than irrelevant antigen 

degradation intermediates (Aung et al., 2023). Lycke and his colleagues developed a 
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novel adjuvant CTA1-DD, which contains a dimer of the D fragment of the protein A 

in Staphylococcus aureus and a cholera toxin derived ADP-ribosylating CTA1 

subunit.  CTA1-DD could activate complement and bind to CR1/CR2 on FDCs. They 

fused CTA1-DD with matrix protein 2 ectodomain epitope (CTA1-3M2e-DD) of human 

influenza A virus.  Immunization with this FDC-targeting antigen increased both Tfh 

cells and GC B cells, as a result, it significantly promoted antigen specific antibodies, 

which greatly reduced the mice morbidity after a potentially lethal infection with 

influenza virus (Mattsson et al., 2011, Eliasson et al., 2008, Schussek et al., 2020). 

Other attempts, such as immunization with pre-formed immune complexes also 

showed antigen deposition on FDCs. Antigens on FDCs undergo low level of 

degradation, and the B cell responses were positively correlated to the duration of 

antigens displayed on FDCs (Martinez-Riano et al., 2023). To sum up, targeting 

antigens to FDCs significantly improves B cell responses. However, currently existing 

methods to target antigens to FDCs all require activation of complement system and 

formation of immune complexes.  

In our study, we showed that PS-targeting was a complement independent method to 

deposit antigens on FDCs. We hypothesized that this was one of the most important 

reasons that PS-targeting antigens enhanced GC reactions: With more antigens 

available on FDCs and more Tfh cells, this allowed more GC B cells pass the positive 

selection and survive. Besides, the amount of antigens light zone GC B cells capture 

from FDCs induces proportional Myc expression, which determines the number of cell 

divisions in the dark zone (Finkin et al., 2019). All these mechanisms could contribute 

to the increased GC B cell proliferation after immunization with PS-targeting antigens. 

In conclusion, we propose two potential mechanisms that PS-targeting antigens 

promoted GC reactions: by facilitating B cell activation and enable more B cells to seed 

GC, as well as increasing antigen deposition on FDCs that enable more GC B cells 

pass positive selection and undergo more cell divisions. Whether these two 

mechanisms contributed equally to promote the GC reaction, or if only one of them 

played the dominant role is still an open question. To further clarify mechanisms, how 

antibody responses are enhanced by PS-targeting antigens, we will extend the study 

to include more animal and antigen models that target antigens to the MZ, but not 

deposit on FDCs (depletion of FDCs by pharmacological inhibition of lymphotoxin 
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signaling)(Aguzzi et al., 2003), and target antigens to FDCs but not accumulate in the 

MZ (target antigen to CD21/35 in CD169 knock out mice)(Bernhard et al., 2015).  

7.2.3 PS-targeting antigens induce a more diverse GC B cell repertoire. 

Optimal vaccines are expected to induce antibodies against highly conserved epitopes 

that are critical to the pathogenicity. However, not all pathogens express conserved 

antigens, and the most immunogenic structures of a pathogen are often the most 

variable components. This is driven by the selection pressure from the immune system 

(antigenic drift and shift). Therefore, vaccines that can induce broad antibody 

repertoires are especially favorable to protect against highly variable pathogens that 

are prone to evade the immune responses. Besides, a diversified antibody repertoire 

can also indue cross-protection against new variants of the original pathogen (Pollard 

and Hill, 2011). Many studies have been performed to broaden antibody repertoires 

induced by vaccines. For example, Khurana and colleagues have shown that oil-in-

water adjuvant MF59 not only promoted the antibody production against H5N1 flu, it 

also increased the antibody repertoire diversity. These antibodies bind to a broad 

variety of H5N1 antigens, they could also bind to hemagglutinin from other strains 

more effectively (Khurana et al., 2010). Wiley and his colleagues have demonstrated 

that by adding TLRs agonists (TLR 4/7/8) to the malaria vaccine formulation, diversity 

of IgG repertoire was significantly increased, it also broadened the range of 

polymorphic variants these antibodies could bind (Wiley et al., 2011). Other factors, 

such as time interval between immunizations, was also shown to affect antibody 

repertoire in a COVID-19 vaccine study. Here, long-interval vaccination induced 

increased size of BCR repertoire and led to higher and broader antibody responses 

that could neutralize various SARS-CoV-2 variants (Guo et al., 2023). Besides, 

repeated boost was also shown to affect memory B cell repertoire: immunization with 

three doses of Moderna (mRNA-1273) or Pfizer-BioNTech (BNT162b2) mRNA 

vaccine generated diverse memory B cell repertoires and increased antibody breadth 

that can neutralize diversified variants such as Omicron (Muecksch et al., 2022). In 

our study, we have shown that SHM was significantly promoted by PS-targeting 

antigens. As a result, the size of GC B cell repertoire was larger and more diverse in 

mice immunized with PS-targeting antigens than those immunized with conventional 

antigens. This could lead to the production of antibodies with broader protection. 

Although the long-term IgG titers and the number of LLPCs showed no significant 
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difference, the repertoire diversity could still be different and worth further 

investigation. 

Diversity of antibody repertoire is not only crucial for broad protective immunity, but 

also affects secondary B cell responses after consecutive exposures to the same or 

antigenically related pathogens. Tas and his colleagues demonstrated that the 

quantity and affinity of antibodies induced during the primary immune responses affect 

the naive B cells recruitment to GCs after secondary challenge.  The effects can be 

either enhancing or restrictive: antibody repertoires that are diverse, low-affinity, and 

with low-titers will enhance recruitment. In contrast, if the antibody repertoires consist 

of high titers of mono-epitope-specific antibodies with high affinity, it will restrict the 

cognate naive B cell recruitment to secondary GCs (Tas et al., 2022). According to 

this finding, vaccines that induce low-titers, low-affinity but diverse antibody repertoire 

will potentially boost secondary humoral responses when the host encounters mutated 

strains. In our study, PS-targeting antigens induced more diverse and higher titers of 

IgG. How will it affect the secondary GC reaction will be an interesting topic, and the 

conclusion will be important to guide the development of broad protective vaccines.  

7.2.4 Immunization with PS-targeting antigens improves the quality of 
antibodies. 

The serum antigen specific antibodies tested by ELISA and GC B cell BCR sequencing 

analysis showed that immunoglobulin isotype switching (BCR class-switching 

recombination) was significantly promoted by PS-targeting antigens. On day 4 after 

immunization with PS-targeting antigens, class-switched IgG was readily detectable. 

In contrast, antigen specific IgG was not detected until day 8 in mice immunized with 

conventional antigens. Furthermore, the day 14 GC B cell repertoire showed that over 

70% of GC B cell expressed class-switched BCR after immunization with PS-targeting 

antigens, while only around 40% of GC B cells expressed class-switched BCR in mice 

immunization with conventional antigens. IgG is usually of higher affinity. Due to the 

time limit of this study, we were not able to express pure BCRs from dominant GC B 

cells clones and directly measure binding affinities (dissociation constant) by biolayer 

interferometry (Viant et al., 2020a). However, we got some indirect evidence that could 

imply higher affinity of antibodies induced after immunization with PS-targeting 

antigens: first of all, GC B cells showed significantly higher MFI for antigen binding, 
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which represents higher affinity in previous studies (Sundling et al., 2021, Viant et al., 

2020b). Secondly, BCR sequencing results showed that there were significantly more 

somatic mutations on both heavy and light chains. The number of mutations was 

shown to be positively correlated with the number of cell divisions in the dark zone and 

the BCR affinity (Viant et al., 2020a). Thirdly, the BASELINe (Bayesian estimation of 

antigen-driven selection) analysis showed that antigen-driven positive selection 

strength in PS-targeting antigens immunized mice was significantly higher, the 

increased selection strength could lead to the generation of antibodies with higher 

affinity (Yaari et al., 2012). In summary, the data we showed may imply that PS-

targeting antigens may induce antibodies with higher affinity. 

The BASELINe analysis showed increased selection strength on day 14 after 

immunization with PS-targeting antigens. This result was opposite to our expectation 

because we thought there were more antigens deposited on FDCs, therefore we 

expected the selection strength to be decreased to allow more GC B cell to survive. 

To explain the increased positive selection strength, we hypothesized that the 

selection strength undergoes a dynamic change over time: in the early stage of GC 

reaction, there was more PS-targeted antigen available on FDCs, which allowed more 

cells (even low-affinity GC B cells) to pass selection and continued proliferation (low 

selection strength in the early stage). These GC B cells kept exponential expansion 

and consumed proportional more antigens on FDCs, while antigens were not supplied 

continuously. Therefore, in the later stage of GC reaction, there were more GC B cells 

competing for fewer residual antigens on FDCs. As a result, the selection strength 

gradually increased in the later time point of GC reaction. This could explain why the 

GC reaction was not prolonged and the positive selection strength was higher on day 

14 after PS-targeting antigen immunization. It could also explain why the speed of GC 

B cell division is significantly faster in the first week, but relatively slower in the second 

week than mice immunized with conventional antigens. More studies are needed to 

prove this hypothesis, first thing to do is to measure selection strength on the early 

stage of GC reaction, but this can be difficult due to the low GC B cell number in the 

early time point. On the other hand, BASELINe analysis is only a statistical tool to 

estimate the selection strength, its result can be used as a reference. Data form well-

designed animal experiments are required to draw a final conclusion. 
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7.3 PS-targeting antigens induce robust T cell responses. 

T cells are key regulators of adaptive immune responses. After activation by APCs, 

CD4 T cells differentiated into various Th cells (mainly Th1 and Th2) and Tfh cells. As 

for CD8 T cells, they mainly differentiate to CTLs that directly kill target cells (de la 

Roche et al., 2016, Halle et al., 2016). Here in our study, by targeting antigens to PS, 

we found significantly more Tfh cells were induced, and that was one of the reasons 

GC reaction was significantly promoted. Besides, we also found that immunization 

with PS-targeting antigens induced significantly more activated antigen -specific CTLs, 

which led to very efficient elimination of target cells in vivo. Moreover, immunization 

with PS-targeting antigens also generated robust memory response. These data 

indicated that targeting antigens to PS is a promising method to induce strong and 

long-lasting protection against viral infections, it also points out the potential to use it 

as a platform for tumor vaccines. 

Although we did not investigate the mechanisms by which PS-targeting antigens 

promoted T cell responses, some hypotheses were proposed. First of all, as we have 

discussed earlier, PS-targeting antigens that coated on EVs could mimic the size 

dimension and spatial structure of real pathogens, thus facilitate APCs’ antigen 

presentation (Zhao et al., 2023, Smith et al., 2013).  

Secondly, previous researches have implied that CD169+ macrophages (including MZ 

metallophilic macrophages in spleen, SCS and medullary macrophages in lymph 

nodes) may be important mediators. Due to their special anatomic locations that are 

exposed to blood and lymph, blood and lymph-borne antigens that are captured by 

these macrophages are then presented to T cells, CD8a+DCs and B cells (Crocker 

and Gordon, 1989, Martinez-Pomares and Gordon, 2012, Backer et al., 2010, 

Bernhard et al., 2015, Asano et al., 2011). As we have shown in the results, PS-

targeting antigens accumulated in the MZ, and were efficiently captured by 

CD169+ macrophages probably via EVs. This could facilitate the antigen presentation 

by metallophilic macrophages and enhance the activation of T cells. Besides, previous 

study has shown that CD169+ macrophages were sufficient to cross-prime a broader 

CTL repertoire, including those recognizing less potent epitopes. In contrast, cross-

presenting DCs only elicit CTLs with limited specificity towards strong epitopes 

(Bernhard et al., 2015). In our study we found that CTLs from mice immunized with 



117 

PS-targeting antigens showed significant higher responsiveness to all three epitopes 

with various affinities to MHC I, whereas CTLs from mice immunized with conventional 

antigen only responded to the most potent epitope. These data implied that 

CD169+ macrophages may contribute to the boosted CTLs responses after 

immunization with PS-targeting antigen, but due to the time limit of this study, we 

couldn’t verify this hypothesis by testing the immune responses in CD169 deficient 

mice, this will be an important work in the future. Memory recall responses in both 

immunization groups were all dominated by CTLs that recognized the 

immunodominant epitope. This could because T cells that recognize immunodominant 

epitopes or conserved epitopes are more likely to differentiate to long-term memory T 

cells (Kuse et al., 2022). 

Thirdly, DCs are one of the major cell types that release and also bind EVs (Diaz-

Garrido et al., 2022, Lindenbergh and Stoorvogel, 2018, Lindenbergh et al., 2020, 

Torralba et al., 2018). Therefore, PS-targeting antigen may not only target antigens to 

FDCs, but also target antigens to other conventional migratory and resident DCs via 

EVs associated on them. Targeting antigens to DCs has been achieved in a variety of 

studies, one of the most used methods to target antigens to DCs is to conjugate or 

genetic fuse the antigens to the Fc region of antibodies that recognize endocytic 

receptors on DCs, including DEC-205, Clec9A and Clec12A (Macri et al., 2016). For 

example: DEC-205 is expressed predominantly on CD8+ DCs (Witmer-Pack et al., 

1995). Immunization with OVA conjugated anti DEC-205 antibodies induced robust 

antigen specific CD8 T cells activation and promoted their differentiation. CD4 T cell 

activation was also improved. However, the antigen presentation was only prolonged 

by MHC I molecules (Dudziak et al., 2007, Bonifaz et al., 2004, Bonifaz et al., 2002). 

DEC-205 targeting can be used both prophylactically to prevent infections, and also 

therapeutically to treat mice that already possessed tumors nodules (Mahnke et al., 

2005, Bonifaz et al., 2004, Volckmar et al., 2017). OVA conjugated to anti Clec9A 

antibodies was shown to induce the proliferation of antigen specific T cells and 

promoted the production of OVA specific antibodies (Sancho et al., 2008, Caminschi 

et al., 2008). Other studies also demonstrated that mice immunized with antigens 

conjugated to anti-Clec9A antibodies induced more Tfh cells to support GC reaction, 

antibody affinity maturation and MBCs formation (Lahoud et al., 2011, Park et al., 

2013). Other DCs targeting methods, such as ligand-based DC targeted vaccines, 
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which conjugate antigens to pattern recognition receptor ligands (e.g CpG, which is a 

TLR9 ligand) were shown to induce stronger CD4, CD8 and antibody responses as 

compared to free antigens (Chen et al., 2016, Tighe et al., 2000a, Tighe et al., 2000b, 

Horner et al., 2001). Mannosylation of the antigens or mannan-decoration of antigen-

loaded nanoparticles were also shown to bind mannose receptor on DCs, and it 

enhanced antigen specific T cell responses (Hamdy et al., 2011). With the data we 

currently have, we cannot conclude that the PS-targeting antigens also accumulate 

antigens on DCs, whether the PS-targeting antigens, or EVs coated with PS-targeting 

antigens can be preferentially captured and endocytosed by DCs to enhance antigen 

presentation. But this will be another important research topic in the future. 
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8. Conclusions 
In this study, we used the PS binding protein Mfge8 or tetramerized PS binding C1 

domains of Mfge8 as antigen carriers to target antigens to PS. After injection, PS-

targeting antigens were detectable in the MZ of the lymphoid follicles probably due to 

the uptake of PS+ EVs by macrophages in the MZ. Several hours later, the PS-

targeting antigens were only detectable on FDCs, we assume that they were 

transported from the MZ to FDCs in a complement-independent way, EVs from 

CD169+ macrophages partially contributed to this antigen transportation.  

The PS-targeting antigens coated on EVs may facilitate the antigen uptake and 

presentation by DCs. Subsequent antigen deposition on FDCs greatly boosted every 

aspect of GC reaction. SHM, affinity maturation and CSR were all promoted, resulted 

in a larger size and more diverse GC B cell repertoire. Boosted GC reaction led to 

more short-lived PCs and significantly higher titers of antigen specific antibodies within 

the first month after immunization, although long-term antibody titers and LLPCs 

showed no difference. 

Concomitant with boosted GC reaction, PS-targeting antigens also induced 

significantly more Tfh cells that positively correlated with the GC B cells number. 

Besides this, the number of antigen specific CTLs was also increased, resulting in 

more efficient elimination of target cells as compared to mice immunized with 

conventional antigens. 

In conclusion, in this study, we proved that targeting antigens to PS by Mfge8 is a 

promising vaccination method and can improve both B- and T- cell responses. 
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