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ABSTRACT

Previous studies establish that extracellular vesicles (EV) pulsed with antigen induce
a specific humoral immune response, resulting in protective immunity. Our laboratory
has created a fusion protein composed of MFG-E8 and the green fluorescent marker
eGFP (MFG-E8-eGFP). It attaches to the membrane of extracellular vesicles based
on MFG-ES8’s property binding to phosphatidylserine (PS). Injecting the fusion protein
induces quicker immune responses to eGFP than eGFP alone. This finding is
comparable to studies, where EVs pulsed with antigen generate a specific humoral
response in vivo. Injected MFG-E8-eGFP quickly accumulate in and around the
germinal centres (GCs), while eGFP injected alone does not. Based on these results,
we propose MFG-ES8 as a carrier of antigen to follicular dendritic cells. We research
whether this principle may apply to viral antigens, which hardly produce neutralising
antibodies (nAbs) during infection. The lymphocytic choroid meningitis virus (LCMV)
is widely used for immunosuppression and T-cell exhaustion research. Its GP1 is the
primary protein for viral binding to the host cell and viral neutralisation. We fused the
GP1 of the chronic LCMV variant Clone 13 to MFG-E8 (MFG-E8-260L-GP1). Second,
we cloned the GP1 of the Armstrong LMCV (176N) similarly (MFG-E8-176N-GP1), an
acute strain causing readily cleared infections within days. Third, we fused MFG-ES8 to
the nucleoprotein (NP) of LCMV (MFG-E8-NP). The NP produces a more rapid
humoral response than GP1. We purified the fusion protein MFG-E8-176N-GP1 from
stably transfected HEK cells via high-affinity FLAG chromatography. Then we injected
it into mice naive to LCMV to evaluate the production of anti-GP1 nAbs. In a
neutralisation assay, we demonstrated that the serum from MFG-E8-176N-GP1
injected mice induced lower plague-forming units than the control MFG-E8-eGFP.
Moreover, MFG-E8-176N-GP1 caused lower PFU than the well-established GP1 nAb,
KL-25. As a result, we concluded the presence of GP1 nAbs in the serum of MFG-E8-
176N-GP1 injected mice. Consequently, it would be interesting to see if this principle
applies to the other two fusion proteins, predominantly to MFG-E8-260L-GPL1. It could

give hints towards a new vaccine approach for immunosuppressive viruses.



ZUSAMMENFASSUNG (deutsch)

Frihere Studien zeigen, dass mit Antigen gepulste extrazellulare Vesikel (EV) eine
spezifische humorale Immunantworten auslésen und somit zu einer schitzenden
Immunitat fuhren. Unser Labor hat ein Fusionsprotein kreiert, das aus MFG-E8 und
dem grin fluoreszierenden Marker eGFP (MFG-E8-eGFP) besteht. Es heftet sich an
die Membran von EVs aufgrund der Eigenschaft von MFG-E8 an Phosphatidylserin
(PS) zu binden. Die Injektion des Fusionsproteins I6st eine schnellere Immunreaktion
gegen eGFP aus als eGFP allein. Dieses Ergebnis ist vergleichbar mit Studien, in
denen mit Antigen gepulste EVs in vitro eine spezifische humorale Reaktion in vivo
auslésen. Injiziertes MFG-E8-eGFP reichert sich schnell in und um die Keimzentren
an, wahrend allein injiziertes eGFP dies nicht tut. Auf der Grundlage dieser Ergebnisse
haben wir MFG-E8 als Antigentréager zu follikulare dendritische Zellen vorgeschlagen.
Wir wollten untersuchen, ob dieses Prinzip auch fir virale Antigene gilt, die bei einer
Infektion kaum neutralisierende Antikdrper (nAk) bilden. Das lymphozytaren
Choriomeningitis Virus (LCMV) wird héufig zur Erforschung von Immunsuppression
und T-Zell Erschépfung eingesetzt. Sein GP1 ist das wichtigste Protein fur die Bindung
des Virus an die Wirtszelle und die Neutralisierung des Virus. Wir fusionierten das
GP1 der chronischen LCMV-Variante Klon 13 mit MFG-E8 (MFG-E8-260L-GP1). In
ahnlicher Weise klonierten wir das GP1 des Armstrong LMCV (MFG-E8-176N-GP1),
eines akuten Stammes, dessen Infektion innerhalb weniger Tage ausheilt. Als drittes
protein fusionierten wir MFG-E8 mit dem Nukleoprotein (NP) von LCMV (MFG-ES8-
NP). Das NP erzeugt eine schnellere humorale Reaktion als GP1. Wir reinigten MFG-
E8-176N-GP1 aus stabil transfizierten HEK-Zellen mittels hochaffiner FLAG-
Chromatographie auf. Wir injizierten es in Mausen, um die Produktion von GP1 nAk
zu untersuchen. In einem Neutralisationstest konnten wir nachweisen, dass das
Serum von Mausen, denen MFG-E8-176N-GP1 injiziert worden war, weniger Plaque-
bildende Einheiten (PFU) bildete als das Kontrollserum von MFG-E8-eGFP injizierten
Mausen. Es zeigte zudem weniger PFU als der bekannte GP1-nAk, KL-25. Daraus
schlossen wir auf das Vorhandensein von anti-GP1 nAk im Serum von MFG-E8-176N-
GPL1 injizierten Mausen. Folgend wére es interessant zu sehen, ob dieses Prinzip auch
fur die beiden anderen Fusionsproteine gilt, vor allem fur MFG-E8-260L-GP1. Dieses

kénnte Hinweise auf einen neuen Impfstoffansatz fir immunsuppressive Viren liefern.
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1 INTRODUCTION

1.1 Lymphocytic choriomeningitis virus

1.1.1 LCMV belonging to the family of the Arenaviridae

Arenaviridae are named after their sandy (Latin, arenosus) appearance under the
electron microscope (1-3). Their grouping is mainly based on unity in their common
Large and Small RNA (3,4). The family of the Arenaviridae is divided into three
genera depending on the viral host: Mammarenavirus, Reptarenavirus, and
Hartmanivirus (3,5). The genus of the Reptarenavirus and Hartmanvirus infect reptile
hosts. Mammarenaviruses infect mammalian hosts (3,5). Mammarenaviridae are
subdivided into new and old-world viruses based on their genetic, geographic, and
epidemiological relationship (4,5). New world viruses located in South and North
America are sectioned into A, B, C, and D. Clade B viruses, which include Junin,
Machupo, Guanarito, and Sabia virus cause hemorrhagic fever (5,6) using
transferrin-1 receptor as their mode of propagation (7).

Familiar representatives of the old-world viruses are the Lassa fever virus (LFV)
present in West Africa and the Lymphocytic choroid meningitis virus (LCMV) located
in America and Europe (CDC, 2013). Together with clade C, new world viruses use a-
dystroglycan (DG) as a receptor of viral propagation (8-10). LFV's host is the
multimammate rat causing haemorrhagic fever (CDC, 2019) (11). The displayed
symptoms are indistinguishable from other haemorrhagic fevers starting with febrile
illness leading to mucosal bleeding, convulsions and death (12—-14). In recovery, 29
% of seropositive patients with neurological sequelae display deafness (12,15,16). The
natural host of LCMV is the mouse, in which the non-cytopathic virus can persist. The
virus is transmitted to humans via direct contact with animal excrement, via aerosol or
vertical from human to human. In immunocompetent humans, LCMV causes an
undifferentiated febrile illness or meningitis. In immunosuppressed transplant patients,
who receive organs from LCMV-infected donors, the virus leads to severe
manifestations of aseptic meningitis and haemorrhagic symptoms with high fatality
rates (17,18). The congenital infection leads to severe neurological malformations with

cognitive impairment in newborns (19,20).
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1.1.2 Discovery of LCMV

Lymphocytic choroid meningitis virus has been discovered in 1933 by Armstrong and
Lillie in a patient with a general poor health condition. The patient has presented with
acute meningeal symptoms during the St. Louis encephalitis epidemic. The virus
transferred into monkeys and mice shows prominent lymphocytic infiltrations around
choroid plexi, different from the virus causing the St. Louis epidemic (21). LCMV has
been born.

Intracerebral injections of passaged LCMV into immunocompetent adult mice cause
fatal meningitis (21,22). Intravenous, subcutaneous, and intraperitoneal injections
cause a readily cleared infection in up to 10 days (23-25). An MHC-restricted CTL
response and not Abs mediate the viral clearance (10,22,26—28). In utero or newborn
mice infected with acute LCMV generate a persistent infection resulting from T-cell
exhaustion. Mice that recover from a chronic illness by adoptively transferred LCMV-
specific T-cells display a competent immune response against acute LCMV re-
challenge (29-31). This contradicts the theory of deletion of LCMV-specific CD8 T-
cells during neonatal LCMV infection in the thymus, called negative selection (23). In
this theory, it has been thought that the omission of LCMV-specific T-cells induces
viral persistence due to the viral antigen being recognised as “self-antigen”.

Mice infected in immunosuppressed states (CD8”, CD4™, perforin”, TNF-alpha™)
suffer from the persistent disease despite the LCMV strain. This changes the virus’
phenotype months after inoculation from acute to chronic (23,24,28). Two years after
Armstrong’s findings, Traub et al. discovered that the first LCMV strain establishing a
chronic infection without preceding immunosuppression (25). Intracerebral injection of
LCMV in adult mice induces a persistent benign disease with enlarged spleens and
signs of congestive hepatopathy instead of lethal meningitis (25).

Four decades after Traub’s and Armstrong’s discovery, the strains Armstrong 53b and
Clonel3 LCMV were cloned and sequenced (32,33). Clone 13 LCMV (LCMVci13) is
derived from a mouse’s spleen infected neonatally with Armstrong 53b virus leading
to chronic infection. LCMVci13 has a Lysine at amino acid 260 (260L) comparable to
WE and Traub virus, while Armstrong LCMV (LCMVam) has a Phenylalanine at this
position, determining their viral phenotypes. At amino acid (aa) 176 of the GP1, the
Armstrong virus contains an asparagine (176N), while LCMV¢j13 includes an aspartic

acid (D). This aa change does not affect viral tropism or persistence (34,35). However,
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it plays a role in our terminology of the LCMVam GP1. LCMV-WE shares 94 % of
amino acids with LCMVam and LCMVc13 variants, implicating their close descendant
and volatile evolution of the LCMV (24).

1.1.3 Organization of LCMV genome

Similar to other Arenaviridae, the genome of LCMV has two single-stranded RNA
segments, the Large (L) and Small (S) RNA. Both RNA strands code in an anti-
sense fashion for different proteins in 3"-5" and 5°-3" directions. The L RNA codes for
the Zink finger protein in sense direction and in anti-sense order for L protein, which
contains the viral RNA polymerase for replication (3,32). The S RNA codes for the
Glycoprotein precursor (GPC) in anti-sense and sense direction for the NP (3,6). A
non-coding intergenic region separates each RNA strand. The site-1 protease (S1P)
cleaves the GPC post-translationally to its surface proteins GP1 and GP2 (3,36,37).
Cryo-electron microscopy reveals that LCM virions are spherical vesicles composed
of lipid bilayer decorated by GP1/GP2 spikes (2). Each spike composes 3 GP1/GP2
complexes. The Zink finger (Z) protein locates below the lipid bilayer acting as matrix
protein for the GP1/GP2 heterodimers. It anchors the viral spikes on the virion
surface (2,36). The NP encapsulates the viral RNA inside the virion, forming
ribonucleoproteins (RNP). The RNP complexes connect to the L protein containing

the viral polymerase to initiate viral replication (3).

1.1.4 Invading host cells

GP1 and GP2 attach non-covalently to each other forming trimers on the surface of
the virion (2,37,38). GP2 is a distinct stalk anchoring on the virion surface, while the
GP1 forms a spherical head for attachment to the host cell (2,37,38). GP1 utilises the
a-DG receptor for attachment to the viral host cell. Its ability is due to its high-affinity
binding to a-DG, competitively replacing extracellular matrix protein laminin
(8,34,39,40). a-DG is an extracellular receptor binding to laminin, agrin, perlecan, and
neurexin, all ECM proteins in different tissues (41-43). It is non-covalently attached to

B-DG, located in the cell membrane. B-DG anchors the actin-based cytoskeleton to
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the ECM via the adaptor proteins dystrophin and utrophin (42,44,45). a-DG’s wide
expression in human and rodent tissue explains the broad host range of the LCMV
(46).

The a-DG, GP1/GP2 virion complex is endocytosed into vesicles and transported
within the endosomal compartment to the late endosomes (47,48). In the pre-fusion
state, the crystal structure of GP2 consists of a signal peptide and fusion peptide at
the C-terminus, which is connected to a heptad repeat (HR) 1 pattern. HR1 has 3
alpha-helical subunits fused via a T-loop to HR2 at the GP2"s N-terminus. The T-loop
connects GP2 with GP1 via 2 anti-parallel B-strands forming a B-sheet (37).

The acidic milieu within the endosomal compartment induces the pH-dependent
dissociation of GP1 and GP2 (47,49,50), followed by a conformational refolding of
GP2. The result is the formation of a GP2 homotrimer separated from GP1, called a
fusion state. HR1 and HR2 form a single a-helix, similar to the T loop. Three copies of
each HR build a stable trimeric a-helical bundle, a hairpin structure. The C and N
terminus connect to a hydrophobic fusion peptide and loop. Both anchor the GP2 in
the endosomal vesicle’s host membrane, leading to membrane fusion and pore
formation (37,38,51,52).

Viral RNA locates in the cell cytoplasm through the fusion pore, where its replication

starts.

1.1.5 Replication of the virus

The Ribonucleoprotein mediates transcription and translation through its NP and L
protein, which carries the RNA-dependent RNA polymerase (53). Function analysis
and mutagenic experiments demonstrate that the L protein contains an endonuclease
similar to the Influenza PA subunit (54). It facilitates cap snatching, using host RNA as
primers to kick off viral transcriptions of the NP and L protein, the early gene transcripts
during the LCMV life cycle (53,55). The process of cap snatching from host RNA is
well established for the influenza virus (56,57).

After sufficient transcription and translation of NP, RNA depended RNA polymerases
read through the intergenic regions to produce whole-stranded anti-genomic RNA
necessary for replication and transcription of the late gen products, the GPC and Z

protein (53,55). The late gen transcripts move to the rough endoplasmic reticulum,
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where translation and glycosylation of the GPC take place (3,5,53). The Side-1
protease cleaves the GPC to its GP1/GP2 heterodimeric surface molecules in the late
Golgi. Whereas the same protease processes the close related Lassa virus in the cis

Golgi compartment using a different coded Site-1 protease binding site (58-60)

1.1.6 Importance of the Site-1 Protease

Site-1 protease (S1P), also called Membrane-bound transcription factor peptidase,
resides in the cis, medial, and late Golgi apparatus of eukaryotic cells (58,59). The
protease is responsible for the cleavage of host and viral proteins inducing cascades
of downstream activation (61,62).

In vitro, S1P-deficient cell lines fail to propagate LCMV from cell to cell (58,63).

The breeding of S1p™ mice is impossible because of embryogenic lethality during d 4
of embryogenesis (61).

LCMVci13 infected mice with hypomorphic expression of S1P have decreased viral
titres and no viral persistence compared to controls.

Infecting hypomorphic S1P mice with a recombinant (rec) LCMVci13 variant containing
a furin binding site instead of an S1P binding site prompts viral rescue due to
enzymatic availability (64).

Commonly in LCMV, the binding site for the S1P is coded as RRLA25 (58,59), with a
consensus motif of R-(R/K/H)-L-(A/L/S/T/IF)265. Mutations beyond this consensus
motive lead to complete or partial inhibition of GPC cleavage depending on the
location of the modification. Accordingly, the following LCMV GPC mutants are not
cleaved by S1P: R262A, R263A, and L264A (59).

While the in vitro surface expression of the GPC is not altered by the absence of
cleavage, the infectivity is. This concludes that S1P is unnecessary for transporting
the protein to the surface. However, for the cell-to-cell propagation of the virus, the
cleavage of the GPC is vital (37,59,64).

Interestingly, Burri et al. suggest that the binding site’s motive might hint at the location
of endosomal processing. The Lassa virus” GPC contains the S1P binding site RRLA
but is processed in the cis-Golgi apparatus instead of the late Golgi (58—60). Cloning
the Lassa virus” S1P binding site into LCMV and replacing RRLL with RRLA leads to
the processing of the GPC in the cis-Golgi apparatus instead of the late Golgi (58).
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Finally, after endoproteolytic processing, GP1/GP2 heterodimers decorate the surface
of the virion. These two GPs have specific sites for Ab-mediated binding.

1.1.7 Epitope mapping for antibody binding in LCMV

Competitive antibody-binding assays exhibit that different LCMV strains have common
epitopes for antibody-mediated binding and neutralisation. Traub, CI13 and LCMV-WE
are all chronic strains, and Armstrong the prototype for acute strains (65). The
discovered antibody (Ab)-binding topography is described as follows (26,65):

A major common conformational epitope GP-1A overlaps with epitope B; second, a
minor linear GP-1C epitope is detected among chronic and acute strains. GP1-A
locates on top of the GP1 near the S1P binding area on the rounded head of the viral
spike (26,37). LCMVam has another GP1-D epitope. It resides nearby, is highly
mutagenic and can induce viral neutralisation overlapping with specific GP1-A Abs
(65,66). The GP1-A and -D epitopes locate near the a-DG binding site. They are the
major neutralising sites for Abs by blocking attachment of GP1 to the a-DG receptor
on the host cell (34,67). The GP1 main body has 6 N-linked glycosylation sides on its
upper B-sheet (37,68). 1 glycan at aa 124 (37,68) shields the neutralising GP1-A
epitope since recLCMVci13 lacking this glycan exhibits enhanced sensitivity to KL-25
(68). KL-25 is a commonly used Ab for LCMV neutralisation experiments and known
to bind specifically to the GP1-A epitope (26).

The GP2 has 3 epitopes, A, B and C, without neutralising abilities. They locate in aa
370-378 on the stem of the viral spike (38,69), residing on the T-loop connecting GP1
and GP2 in a prefusion state (37). 3 N-linked glycosylation sites are situated on the
GP2’s T-loop shielding the mentioned Ab binding sites (37,38).

The GP2 binding Abs primarily have a non-neutralizing activity. Nevertheless, in the
presence of excess complement factors, they induce virion lysis (69,70). GP1 binding
Abs and neutralizing Abs of low affinity also cause complement-mediated virion lysis.
Both decrease the spread of infection early after viral inoculation in the absence of
high-affinity neutralizing Abs (nAbs) (71). Multiple studies conclude that the GP1 is the
central region responsible for Ab-dependent virion lysis and viral propagation
(26,28,65,72).
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1.1.8 Pathogenesis of LCMV

GP1 has the characteristic of binding to a-DG in high or low affinity, which determines
the tropism of the virus as it affects the chronicity of the disease. Chronic LCMV strains
including CI13, Traub, or WE, share a high affinity to a-DG. The association to this
extracellular matrix receptor codes in the following 3 aa (24,34,37) located on the lower
helix loop face of the GP1 (37): 260L, 153S and 155Y. These mutations induce a
chronic infection independently of the LCMV backbone (34,37).

Acute strains missing these mutations have a 2-3 log lower affinity to a-DG and a
different viral tropism. Thus, these strains infect different cell types (37,73,74).
LCMVarm use another unknown receptor for viral propagation (34,37,73,75). It could
benefit from an apoptotic mimicry, an alternative propagation mechanism to a-DG
mediated cell entry (74,76). The parental Armstrong virus differs further from his
“Clone” 13 in having lysine in positions 1079 instead of glutamine coding for its viral
polymerase in the L protein of the viral RNP (34,75,77). This aa change leads to
increased viremia during the early stage of infection, contributing to increased T-cell
exhaustion due to augmented antigen loads (35). Paradoxically, Sullivan et al. note
that only 16% of observed LCMV persistent phenotypes acquire the K1079Q mutation
(34). The pathogenesis during the first days post-infection is similar in acute and
chronic LCMV. Each virus infects the marginal zone (MZ) cells in the splenic white
pulp (24,75). Three days post-infection (d.p.i.), acute strains start to infect the splenic
red pulp’s MPs (24,75). A cytotoxic lymphocyte response at 7 d.p.i. follows the
infection. Chronic LCMV strains continue to infect the splenic white pulp’s CD11c+,
DEC-205+ dendritic cells in an a-DG depended manner leading to an aborted cytotoxic
lymphocyte (CTL) response (24,34,75,78). Infected dendritic cells (DC) downregulate
MHC-1, MHC-II, and costimulatory molecules for T-cell activation but recover these
with viral clearance (79). The ability of LCMV to infect bone marrow-derived DCs and
their hematopoietic precursors leads to failure of maturation, proliferation and
migration of mature CD11c+ DCs to the spleen (79).

During LCMVam infection, the stimulation of DCs with FLT3 ligand leads to a 20-fold
increment of CD11c+ DCs in the spleen. In LCMVci3 infected mice, DC mobilisation
with FLT3 ligand fails (79,80). In persistently infected mice, DCs upregulate the
negative immune regulators programmed cell death (PD)-ligand 1 and IL10 to prevent

immunopathology (81-83).
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The upregulation of negative immunomodulators, including Lymphocyte-activation
gene 3 (LAG3), TIM3 (see abbreviations) and PD1, contributes to T-cell exhaustion,
caused by persisting viremia and chronic T-cell stimulation (84,85). This
overexpression leads to decreased CD4 and CD8 T-cell functions, described as a
stepwise reduction of IL2, TNFa and IFNy production (84—86). The Unresponsiveness
of CD4 and CD8 T-cells can be reversed by IL10-receptor and PD1 Abs (83,87-89),
which respond best in dual therapy. The LAG3 negative immunomodulator on T-cells
shows promising results in different studies reversing T-cell exhaustion (84,90). Its
inhibition, especially in dual treatment with anti-PD-L1 Abs, induces temporary viral
remission and restores CD8 T-cell function (90). The clonal deletion corresponds
primarily to CD8 T-cells. CD4 T-cells do not mainly undergo clonal deletion. They
adjust their phenotype from IL2- to IL21-producing T-cells similar to a Tfh-phenotype
(91). Tfh-cells are essential for a sufficient Ab response. This context is in line with the
crucial task of nAbs for viral remission during the protracting phase of chronic viral
infection (92).

1.1.9 Neutralizing antibodies in LCMV infections

Immunocompetent mice can clear LCMVcizz-infections within 2-3 months (90).

Mice infected with chronic LCMV in which the CTL response is abolished, the
emergence of nAbs is detected at around 30 d.p.i. with start of virus clearance from
the blood (26,28,93). But due to the emergence of viral mutants at around 70 d.p.i.
clearance is quickly reversed, and the virus persists (28,93). While in high-dose
infected WT mice, low-affinity GP1 nAbs reveal late at 80 d.p.i. with high titres of GP2
and NP Abs (26). In WT mice infected with a low dose of virus, no GP1 nAbs are
found, but GP2 and NP Abs are readily detectable (26). A low number of emerging
GP1 nAbs suggests that a small B-cell repertoire recognises the viral protein.
Therefore, it needs a large amount of antigen (ag) to activate B-cells (26). In CTL-
deficient and high-dose infected WT mice, high viremia translates into activation of B-
cells and the emergence of Abs due to higher availability of ag and perseverance of
follicular architecture (26,28). Interestingly WT mice show an early emergence of

specific GP1 Abs with no or little neutralising capacity but very late emergence of nAbs

17



at 80 d.p.i. CTL-deficient mice develop nAbs at 30 d.p.i. (26). The late emergence of
nAbs in persistently infected immunocompetent mice could have several reasons:
First, high-dose infection with chronic LCMV strains induces profound CTL-mediated
destruction of follicular architecture. Losing immune structures inhibits the cellular and
humoral response from 7 d.p.i. due to the loss of the ag-presenting machinery and T-
cell support (24,34,79). Immunosuppression and persistent infection follows
(24,28,34,94). Second, the virus produces mutations in its variable regions of the
receptor loops surrounding the virus’s binding site. They contribute to the evasion of
ag from nAbs (26,95).

The WE-LCMV mutants present at around 70 d.p.i. have mutations at the following
variable regions of the virus, at aa 119-133, 175-185, and 211-214 (28). These aa
reside on loops 1, 2 and 3, respectively, of the GP1’s lower helix (37). Interestingly,
aa 119 is the only position where mutations result in the evasion from nAbs in
transgenic mice expressing the heavy and light chain of the KL-25 Ab (72). Itis a well-
established nAb specific for the GP1-A epitope (26,28,65). The isolated alteration
suggests that either aa 119 binds directly in or induces a conformational change of the
receptor region (28,72).

WT mice infected with recLCMVci13 deficient in glycan at aa 119 prompt the production
of nAbs from 4 d.p.i. From 12 d.p.i. The LCMVci3 mutants cause lower viral titres due
to effective viral clearance by nAbs. Complete viral clearance from blood is achieved
at 19 d.p.i. WT LCMVciwz infected mice achieve viral clearance at around 60 d.p.i. (68).
We can summarise that LCMV has various strategies to evade the immune response
(26): First, destroying the follicular architecture by an initial elicited CTL response,
resulting in inhibition of the GC reaction and production of Abs. The destruction of the
splenic white pulp containing CD11c+ DCs leads to poor CTL response and impaired
humoral response. The host’s inability to clear the virus via CTL or nAbs leads to high
viremia resulting in T-cell exhaustion and virus persistence. Second, changing the viral
genetic makeup in its variable or receptor regions due to humoral mediated pressure
by newly emerging nAbs. Third, successfully hiding nAbs binding regions by glycan
shields (68). Similar strategies are used successfully by viruses like HIV or Hepatitis

B and C invading immune cells and disrupting proper immune response.
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1.2 Germinal centre response

1.2.1 Production of high-affinity antibodies

To initiate a germinal centre response, an ag needs to be presented by a follicular
dendritic cell, macrophage or DC to a specific B-cell in the follicle.

Early as 1 d.p.im. T-cell start to upregulate B-cell lymphoma-6 (Bcl6) after interaction
with ag-presenting DCs (96,97). In turn, T-cells start to express a Tfh-phenotype with
C-X-C chemokine receptor (CXCR) 5, PD1 and the activation marker GL7 (98). Bcl6
upregulation is essential for the differentiation of Tfh-cells. B-lymphocyte-induced
maturation protein 1 (Blimpl) antagonises Bcl6 and the Tth-phenotype (99,100). Ag-
specific Tfh-cells migrate into the interfollicular channels, where they undergo
interaction with cognate B-cells (98). At 3 d.p. im. Tfh-cells migrate into the follicle 1 d.
earlier than GC B-cells.

At d. 4 of the germinal centre (GC) response, pre-GC B-cells with higher affinity to
presented ag outcompete lower affinity pre-GC B-cells and migrate into the follicle
(101,102). The pre-selection process of high-affinity clones is due to the limiting factor
of ag-specific Tfh-cell support (102,103). B-cells with the highest affinity to ag have a
higher density of surface peptide MHC and receive more Tfh support prompting more
cell proliferation. Thus, high-affinity pre-GC B-cells become GC seeding B-cells (102).
High-affinity clones enter the follicle by upregulating Bcl6 and CXCRS5 to migrate along
the C-C motif chemokine (CCL) 13 gradient into the GC (98,104). GC seeding cells
become B-cell blasts. When they increase in numbers, they displace IgM+ IgD+
follicular B-cells to the mantle zone forming an early GC. At d 7, several rounds of cell
division have taken place, segregating the follicle into a dark area and light zone,
respectively, in a CXCR5 and CXCR4 pole (98,103-105). Centroblast in the dark zone
express CD86 low, CD83 low and CXCR4 high (103,106). They respond to CCL12
expressing reticular cells (106). Centrocytes in the light zone react to CCL13 produced
by FDCs via overexpression of CXCR5 (CXCR4 low), CD83 high, and CD86 high
(103,104,106,107).

Mice deficient in CXCR4 exhibit loss of dark and light zone segregation. Loss of
CXCR5 prompts a disorganised follicle architecture, but dark and light zone
differentiation persist (104).

The maintenance of follicle polarity in CXCR5 deficient mice is possibly due to the

presence of Sphingosine-1-phosphate receptor 2 (S1Pr2) in the follicle centre
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supporting its compartmentalisation (108). CXCR4 and CXCRS5 deficient mice can still
induce affinity maturation, questioning their importance for the differentiation of the GC
response (106,109,110). Mice deficient in Bcl6 are not able to generate GC
organisation. Thus, it is thought to be the master regulator of the GC reaction
(111,112).

The dark zone comprises rapidly dividing blasts undergoing activation-induced
deaminase (AID)-driven somatic hypermutation (SHM) in its variable regions CDR1,
CDR2 and CDR3, increasing affinity to the presented ag (113,114).

Still, whether AID-driven class switching occurs before SHM or after it, the question
must be asked. Liu et al. suggest the onset of class switch recombination (CSR) after
the start of SHM due to the detection of germline transcripts in CD77+ B-cells, which
have been thought to be centrocytes. But it is shown that CD77 is a universal marker
for activated B-cells, centrocytes and centroblasts (115).

Most recent research indicates that CSR occurs before GC formation and the
extrafollicular primary immune responses at the T-B border. Thus, higher
Apurinic/apyrimidinic Endonuclease 1 (APE1) expression exists outside the follicle
than inside the follicle in GC B-cells (116). APEL1 is responsible together with AID and
Uracil-DNA glycosylase (UNG) for class switch recombination (CSR). At the same
time, APE2 and AID are necessary SHM (117,118). APE2 is higher expressed in the
follicle (116). At d 3 and d 6, single-cell gPCRs for germline transcripts (GLT) are
analysed. At d 6, pre-GC B-cells have 53% y1-GLTs, contrary to GC B-cells, which
have 3% y1-GLTs. Similar percentages are seen in y2-GLTs. These findings indicate
that CSR is not a characteristic of mature GC B-cells but pre-GC B-cells (116).

After GC B-cells have undergone SHM in der dark zone to increase their affinity to ag,
B-cells migrate into the light zone to become centrocytes. The light zone also
comprises Tfh-cells, Follicular dendritic cells (FDC) and tingible body macrophages
(103).

Centrocytes compared to centroblasts, are morphological alike in 2-photon
microscopy experiments but not rapidly dividing. Instead, they upregulate genes for
apoptosis, CD40 and B-cell receptor signalling (103).

Centrocytes recognise ag presented by FDCs via their B-cell receptor (BCR). The
higher the affinity of the BCR to ag, the more ag centrocytes can internalise and
present to Tfh-cells as peptide MHC Il complexes. The more ag B-cells present via

peptide-MHCII complexes, the more survival signalling the centrocytes receive from
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Tfh-cells via Inducible T-cell Co-Stimulator (ICOS), CD40L and IL-21 and IL-4
(102,103). This process is called affinity maturation and leads to the selection of B-
cells expressing high-affinity B-cell receptors. 70% of centrocytes entering the light
zone undergo apoptosis and are removed by tingible macrophages (MP) with the help
of MFG-E8 produced by FDCs (103,119). 30 % of B-cells receive enough survival
signals (103). These centrocytes upregulate CXCR4 and migrate back into the dark
zone along a CXCL12 chemokine gradient to undergo another round of affinity
maturation. With upregulation of CXCRS5, B-cells migrate back into the light zone for
selection. Or the B-cell leaves the GC after positive selection to become a memory or
plasma B-cell to produce high-affinity Abs (120,121).

1.2.2 Complement-mediated antigen delivery to FDCs

FDCs localise in the light zone of the GC. They are essential for presenting ag during
affinity-based B-cell selection (122—-124). To act as the ag library in the GC, ag has to
be delivered to the FDCs. Immune complexes carry ag into the centre of the follicle.
Immune complexes are formed by ag, IgM or IgG and a C3 or C4 degradation product
(122). They are carried via afferent lymph vessels to the lymph node and blood into
the spleen. Due to their large size, immune complexes (IC) cannot enter directly into
the lymph conduit. Different subsets of MPs capture ICs working as flypaper and
doorkeeper for ag (125,126).

In the lymph node, subcapsular sinus MPs catch ICs in a complement receptor 1 and
complement receptor (CR) 2-dependent manner (122,127,128). CR1 captures C3b,
C3b, C4b and iC4b bound ICs. CR2 catches C3d and iC3b mediated ICs (126,129).
Subcapsular sinus (SCS) MPs do not phagocytose the ICs due to their low lysosomal
and endocytic activity (128). The ICs move along their dendrites on the floor of the
SCS to be carried on by follicular B-cells on their trailing ends, also called Uropod, as
seen in multiple two-photon microscopy experiments (126,127,130). The formation of
Uropods result from B-cell activation during Immunoglobulin capping (131).
Immunoglobulin, microvilli and vesicles redistribute to the B-cell’s trailing end
displaying a dendrite-like structure (131). So eventually, during the Uropod formation,
CRs are redistributed, and its formation shows the CR-mediated capturing of ICs. MZ
B-cells shuttle them onto FDCs using CR1 and CR2 (127,128). The shuttling of ICs
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and B-cell between SCS and FDC is likely chemokine-dependent but needs further
research (128). Deleting CR2 and C3 leads to a blunted immune response by
decreased capturing of ICs.

The IC-mediated ag delivery mechanism is researched by Ferguson et al. in the
spleen. Injected IgM-ICs deposit in the MZ onto metalophilic MPs and are captured by
MZ B-cells (123). Later, MZ B-cells and IgM-bound ICs reside in juxtaposition to FDCs.
This movement pattern suggests a transfer of the IgM-IC complex via MZ B-cells and
a connection between the B-cells and the FCDs.

However, in adoptive transfer experiments, follicular B-cells cannot replace the MZ B-
cell task when either cell line is depleted. Knocking out all B-cells leads to the failure
of IgM-IC transport to the FDCs and the trapping of IgM-IC on the MPs (123).
Interestingly, adoptively transferred MZ B-cells incubated with IC can migrate to FDCs
in MP-deficient mice. The ability to transport IC to the FDCs without MPs suggests a
humoral response is possible without capturing MP but depends on an opsonin.
Injecting IgM-IC into CR2 and C3-deficient mice shows negligible binding outside the
metallophilic MPs and no binding inside the follicle (123). The absence of ICs indicates
that an intact complement system is crucial for capturing ICs and the resulting adaptive
immune response.

Injected HIV-like particles are captured by MPs similar to ICs. HIV-like particles are
commonly named virus-like particles (VLP). They are vesicle-like structures composed
of a lipid layer with integrated immunogens for eliciting a humoral immune response
(132). Injected VLP transfer into a Milk Fat Globule-Epidermal Growth Factor 8 (MFG-
E8) rich area onto FDCs independently from B-cells. The expansion and contraction
of the FDC network interact directly with the SCS MP, eliciting the transfer of the VLPs.
In transfer experiments with genetically modified B-cells cognate to the HIV envelope
protein GP120, display prolonged contact duration with SCS MPs carrying VLPs
compared to non-cognate B-cells (126,130). This concludes that IC transfer from MPs
toward FDCs might still be CR2 dependent, and the MFG-ES8 rich area is a general
gating area for ag delivery to FDCs (126).

We can assume different ag delivery mechanisms during a viral infection. During an
early time point of the disease, the delivery mechanism might be due to a different
opsonin than at a later point when IgM production increases and, in turn IC formation.
Injected HIV-like particles do not infect cells (132). They could simulate an early time

point during HIV infection, in which virus particles enter the human lymphoid system
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(126). Consequently, MFG-ES8 is an opsonin for ag delivery to FDCs, especially during
the early time point of viral iliness.

1.3 MFG-E8

1.3.1 The composition and function of MFG-E8

Milk fat globule-epidermal growth factor-factor 8 (MFG-EB8), also called Lactadherin,

is a glycoprotein containing 3 N-linked glycosylation. It is mainly produced by immature
dendritic cells, MPs, retinal pigmental, mammary epithelial cells and FDCs (133-138).
A long and alternative spliced short isoform of MFG-E8 is found in the mouse. The
long-spliced version consists of one signal peptide on its N-terminus, which releases
the protein into the extracellular space. Besides, it has two epidermal growth factor
domains, a highly conserved arginine—glycine—aspartate (RGD) motive for avB; and
avBs integrin-mediated binding. Further, it comprises a proline-/threonine-rich region
between the C1 and epidermal growth factor domains. The PS binding region has a
two-factor-VIlI-homologous domain (C1C2) at its C-terminus (139,140). The proline-
/threonine-rich area is responsible for the high-affinity binding of C2 to PS. The
receptor acts as an "eat me signal” of apoptotic cells for MPs (138,141,142) or as
apoptotic mimicry of enveloped viruses to invade host cells (76,143-145). The RGD
domain of MFG-ES8 binds to av3z and avfs integrins on MPs inducing phagocytosis of
apoptotic cells. The short spliced version of MFG-E8 misses the proline-/threonine-
rich regions, decreasing the affinity to PS and its ability to induce phagocytosis
(135,138,146). Viable cells keep PS inside their phospholipidic cell membrane with
help of a scramblase. In response to apoptotic stimuli, a flippase transfers PS outside
the cell membrane (147,148). Deficiency of MFG-E8 leads to a lupus-like disease due
to the development of auto-Ab against exposed DNA of unremoved apoptotic cells
(142,149) (119). Thus, Mfge8™ mice present with splenomegaly and enlarged follicles
attributable to increased IgG production by plasma cells (119). In WT mice, CD68+
tingible body MPs remove sufficiently apoptotic B-cells from the GC with the help of
MFG-ES8. In Mfge8™ mice, tingible MPs can recognise but not phagocytose apoptotic
B-cells. Thus, these mice develop many anti-nuclear and anti-dsDNA Abs in serum

inducing renal failure by glomerulonephritis (119,142). But in human systemic lupus
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erythematosus (SLE) patients, high levels of MFG-ES8 are present. This is caused by
MFG-E8 antagonising integrin-mediated binding of MPs to apoptotic cells (142,149).
Upregulation of cytokines in chronic inflammatory diseases like SLE increases levels
of MFG-E8 in serum to remove apoptotic cells (142,149). Therefore, MFG-ES8 is a
regulator of the immune response downregulating autoimmunity by increasing
phagocytosis. Another mechanism in SLE is to remove the apoptotic cell debris by the
vicious cycle of auto-Ab production and the induction of ICs. Most recently and
discussed below in more detail, Mfge8” mice display decreased ag loading of FDCs.
Injection of recMFG-E8 improves ag delivery to FDCs. Thus MFG-E8 can be
suggested as a delivery tool for ag onto FDCs promoting a humoral response (126).

1.3.2 MFG-E8, an antigen delivery tool to FDCs

MFG-ES8 has 3 binding domains, 1 RGD domain connecting to avz and avfs. Second,
it has a C1C2 domain binding to phosphatidylserine (PS).

HIV and other enveloped viruses use PS as a mode of viral propagation by binding to
proteins, including MFG-E8 (144,145). Applying MFG-E8 with a blunted RGD cellular
binding site inhibits viral propagation in vitro, implicating the importance of the RGD
motive for cellular and viral interaction (144,145). Ag arriving from the afferent
lymphatics are usually too big to enter the lymph conduits directly. Their size makes it
essential for the ag to bind to an opsonin recognised by lining MPs (126). Many studies
identify MFG-E8 as a mediator of phagocytosis through avfs on MPs (150,151). The
role of SCS MPs is contrary in the presence of MFG-ES8.

Phan et al. reveal that SCS MPs CD169+ have lower endocytic and phagocytic activity
due to lower expression of lysosomal-associated membrane protein 1 (LAMP-1) (128).
SCS and MZ MPs process ag on their cellular surface instead of phagocytosing it. This
characteristic promotes ag presentation to the underlying GC for further processing
(127,128,130). HIV-like particles are captured by lining MPs similar to ICs. Their
common name are virus-like particles (VLP). They are vesicle-like structures
composed of a lipid layer with integrated immunogens (132).

Park et al. propose that MFG-E8 is an opsonin for the ag delivery to FDCs based on

the VLP’s characteristic in binding via PS to MFG-E8 similar to a virion.
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Flow cytometry demonstrates in vitro binding between MFG-E8, VLPs, and avpa.
Injecting VLPs into mice induces an 85 % colocalization of avfsz with VLPs in an MFG-
E8-rich compartment in the GC. This area locates below the SCS MPs and directly
contacts the FDC network. In this zone, the high colocalization between aV@3, VLP
and MFG-E8 implicates the linkage in vivo (126). Interestingly, injected fluorescent ICs
overlap below the SCS in the MFG-E8-rich area with VLPs. However, no ties between
IC and MFG-ES8 in vitro are described (127,128).

Deleting the RGD binding domain of MFG-ES8 in conjunction with the ay part of avBzin
MPs abolishes ag delivery to FDCs. The result is the deposition of ICs on MPs
surrounding the medullary sinuses, which phagocytose deposited IC and do not
present them on the cell surface. The processing of the ag complexes to the GC is
inhibited (128).

In contrast to the RGD-av mediated inhibition, FDC loading in Mfge8” mice is not
wholly impaired. The capturing of ICs by MPs increases compared to WT mice,
implicating multiple effective IC tethering mechanisms. However, the injection of
recMFG-E8 into Mfge8” mice increases ag loading on FDCs (126). Enhanced IC
delivery indicates that MFG-E8 is an opsonin similar to IgM. MFG-E8 directs ag to
FDCs and elicits a humoral response (123,126).

Because VLPs highly mimic virions (132) and virions resemble exosomes in build
(152), exosomes might similarly use MFG-E8 as a delivery mechanism.

MFG-E8 is a component of the membrane of extracellular vesicles secreted by
immature DCs (153,154)
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1.4 Extracellular vesicles

1.4.1 Characteristics of extracellular vesicle

Various cell types secrete extracellular vesicles, including DCs, T-cells, B-cells and
MPs. Extracellular vesicles (EV) are highly immunologically active (155). Depending
on their origin, they contain different immunologic markers and differ in their task and
names (156,157). A clear differentiation based on immunologic surface markers is
difficult due to overlapping (155,158). EVs are subdivided into exosomes,
microvesicles and apoptotic bodies. Exosomes are roughly in size between 40-200
nm, microvesicles are up to 1 um in length, and apoptotic bodies are 1-5 ym (157).
Macrovesicles are created instead by low-speed centrifugation. Smaller EVs are
produced by up to 100.000x g and segregated by sucrose gradient or immunologic
markers (157,159).

In the cell, exosomes and multivesicular bodies are assembled as intraluminal vesicles
from the lining membrane of the endosomal compartment. Intraluminal vesicles fuse
with the lysosome undergoing degradation or leave the multivesicular bodies through
exocytosis. Macrovesicles break off the cellular plasma membrane as blebs instead
of being secreted. Markers of macrovesicles are associated with the corresponding
plasma membrane (160).

EVs contain specific cytosolic proteins related to their production in the endosomal
compartment (161). Further, they have miRNA and mRNA, which fuse with the host
cell membrane and elicit viral-independent genetic transfer (162—-164). The membrane
of EVs consists of a bi-phospholipid layer. The lipid membrane contains several
immunologic active transmembrane proteins depending on the secreted cell type.
Immature DC-derived exosomes express MFG-E8 and PS (153,154). The bi-lipid layer
of T-cells, B-cells, DCs and derived EVs have a separate array of active immunologic
proteins from the tetraspanin family, including CD9, CD63, CD81 and CD82 (161,165).
Peptide MHCIlI and MHCI complex presentation make EVs effective ag-presenting

particles modulating the cellular and adaptive immune response (153,154,165,166).
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1.4.2 Exosomes delivering antigen to FDCs

Peripherally injected exosomes rapidly migrate to secondary lymphoid organs. They
transfer onto MZ-lining DCs and metalophilic MPs (167,168) (Kranich et al.
unpublished results) and MZ B-cells 2-3 h after injection (169,170) (Kranich et al.
unpublished results). The capturing mechanism of exosomes by ag-presenting cells is
essential for an immune response induced by exosomes. Exosomes themselves
hardly create T-cell activation in vivo. Without functional MHCI and MHCII, exosomes
fail to generate solid CD4+ and CD8+ T-cell priming in vivo (167,171,172).

All splenic DC subtypes internalise exosomes and process them in the endosomal
compartment. Immature to a lesser degree than mature DCs (167,168). The inhibition
of endosomal processing in DCs leads to a failure of T-cell activation in vitro (168,171).
Though in vitro experiments display successful T-cell activation without internalisation
but by fixed externalisation of exosomes (167,173).

MZ B-cells show significant amounts of captured exosomes (1,3,4), which is more
associated with binding than internalisation (167,169). So far, well-known is the
complemented mediated delivery of ag via MZ B-cells to FDCs has been discussed
before. Cd197 mice produce fewer MZ B-cells, leading to decreased transport of ICs
to FDCs (123). OVA-pulsed exosomes injected into Cd197 mice exhibit reduced Ab
production compared to WT mice (170). This could be due to a disturbed
microenvironment in the MZ leading to decreased accumulation of DCs (174),
translating into a reduced exosome transport. In confocal microscopes, peripherally
injected DCs home to secondary lymphoid organs delivering exosomes to
neighbouring DCs in the MZ (167).

Or second, it shows an essential transport mechanism of MZ B-cells for exosomes to
FDCs. The finding of C3 on the membrane of exosomes produced by B-cells supports
the notion of a complement-mediated delivery mechanism of exosomes to FDCs
(175).

Immunoelectron microscopy detects exosomes carrying peptide MHCII complexes
along the dendrites of FDCs (6). Due to the expression of tetraspanin proteins, peptide
MHCI and MHCII complexes, these exosomes are of ag-presenting cell origin (166).
Low phagocytic and endocytic capabilities of FDCs and the expression of CD55 and
CD59 on antigen-presenting cell-derived exosomes inhibit phagocytosis. Thus,

exosomes can stay on the surface over a more extended period, resistant to
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complement-mediated opsonisation and lysis (176). This leads to the effective
presentation of their peptide MHCII complexes to TCRs inducing T-cell activation
(175,176).

Co-cultured biotinylated B-cell-derived exosomes with human tonsil tissue are more
effective in binding to FDCs than any other cell type in the tonsil tissue (166). Because
B-cells are the primary transporter of ag to FDC, it supports the idea of exosome
transport in the GC similar to ICs. Finally, ELISA, WB and FACS experiments display
that exosomes carry native ag anchored in or on their cell membrane for BCR
activation to induce a GC reaction (170,177). It is evident in different studies that ag-
pulsed exosomes produce a specific humoral immune response with protective
immunity against invading pathogens (178,179). Similarly, apoptotic vesicles derived
from tuberculosis-infected MPs induce protective immunity against tuberculosis.
Statistical significant lower PFU is detected in the vesicle immunised mice compared
to the controls (171).

1.4.3 Capturing mechanism of Exosomes

So far, the most accepted is the CR1/2 mediated capturing and transfer of ag-immune
complexes on FDCs, which has been discussed before (122,127,128). The prior
mentioned detection of C3 on the membrane of B-cell-derived exosomes influenced
T-cell activation in vitro. Therefore, it supports the idea of a complement-mediated
capture via CR1 and CR2 by B-cells. Different receptors might be used by other
immune cells to capture exosomes. In the previous chapter, MFG-ES8 is suggested as
an opsonin for ag capture, increasing ag loading to FDCs (123,126). MFG-E8 could
similarly enhance exosome capture and delivery to FDCs.

The opsonin is highly expressed by immature and less by mature DC-produced
exosomes (153,154). Morelli et al. demonstrate in a competitive RGD binding domain
essay decreased exosome endocytosis by DCs. Therefore, MFG-E8 is an opsonin for
exosomes towards immature exosomes due to their higher endocytic capabilities than
mature DCs (168).

Exosomes from mature DCs expressing little MFG-E8 are more T-cell stimulatory due

to their overexpression of MHCII complexes and costimulatory molecules (154,180).
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Moreover, Mfge8” exosomes do not alter the activation of CD4+ T-cells compared to
WT exosomes (153,154).

Especially the intercellular adhesion molecule 1 (ICAM-1) is highly expressed on
exosomes from mature DCs, influencing T-cell activation positively (154,173). ICAM-
1 plays a significant role in T-cell differentiation through its receptor lymphocyte-
associated antigen-1 (LFA-1) (181). The ICAM-1/LFA-1 interaction drives T-cells into
an inflammatory phenotype due to the induction of unresponsiveness to tissue growth
factor-beta (181,182). Exosomes demonstrate a similar pattern. The activation of
many costimulatory molecules, primarily ICAM-1, in mature DC-derived exosomes
gives rise to a T-effector inflammatory phenotype (167,172). While immature DC-
derived exosomes generate an immunosuppressive T-regulatory cell phenotype,
enhancing allograft survival in vivo (180,183,184).

ICAM-1-expressing exosomes are captured via its natural ligand LFA-1 by T-cells in
vitro (185) and DCs in vivo (173). LFA-1 Abs suppress in a dose-dependent manner
capturing of DC-derived exosomes by T-cells (185). Lfa’ mice demonstrate lower T-
cell activation mice due to diminished capture of exosomes. However, no complete
inhibition of T-cell activation was observed (173). lcam”’ exosomes injected into WT
mice reduce but do not abolish T-cell activation (154).

These results indicate that the ICAM-1/LFA-1 relationship plays a significant role in
binding exosomes by mature DCs and subsequent T-cell activation.

Moreover, exosomes from mature and immature DCs differ in function and, therefore,
are captured by different receptor types.

The Lfa’” and Ilcam™ knockout experiments demonstrate that more than one receptor-

ligand interaction is responsible for exosome capturing due to partial inhibition.

1.4.4 The function of Phosphatidylserine

Exosomes consist of a lipid bilayer containing PS (186,187). Usually, the enzyme
flippase keeps PS in the cytosolic side of the cell and is exposed during apoptosis via
the calcium-dependent scramblase (147,188,189). Exosomes originating from the
endosomal pathway express PS outside their cell membrane independently of
apoptosis (168,169,187,190). This natural ligand to MFG-E8 acts through its C1C2
domain as an “eat me signal” for apoptotic cells (138,141,142). Therefore, MFG-E8
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can bind to exosomes expressing PS. In DCs, MFG-E8 increases endocytosis of
exosomes in vitro (168) but does not influence T-cell activation in vivo (153,154).
Through the C1C2 domain, the fusion protein MFG-E8-eGFP fluorescently labels PS+
exosomes attached to lymphocytes in vivo (169).

Kranich et al. detect that the fusion protein MFG-E8-eGFP, which lacks the RGD maoitif,
bind with similar frequency to exosome-decorated lymphocytes like the full-length
MFG-ES8 in vivo (169). This finding indicates that MFG-ES8 binds to exosomes, not via
the RGD avBs/avpBs relationship, but binds to PS with its C1C2-binding domain. Also,
MFG-E8 does not induce the association between immune cells and exosomes (169).
The exposure of PS on living MZ B-cells seems to be apoptosis-independent.
However, it is not shown if the exposure of PS is due to captured PS* exosomes or
due to the cell-intrinsic display of PS (191). Therefore, it remains possible that the
transfer of vesicles carrying ag during the GC reaction by MZ B-cells is responsible for
this finding.

1.5 Aims

Previous work from the group suggested that chimeric fusion proteins with MFG-E8
induced much more potent and rapid immune responses than the proteins in question
alone. Such results were obtained, for example, with GFP and with MFG-E8-eGFP.

In the present work, we aimed to investigate whether this principle also held for viral
proteins, possibly leading to enhanced production of nAbs. To this end, we produced

different MFG-ES8 fusion proteins from viral components of LCMV.
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2 MATERIAL AND METHODS

2.1 Methods

2.1.1 Agarose-Gel electrophoresis

We applied Agarose-Gel electrophoresis to establish the size of DNA fragments after
cloning steps including Gibson Assembly, Ligation and restriction hydrolysis.
Depending on the length of the researched DNA fragment, a concentration of 0.5-4%
agarose was used. 50 ml or 120 ml TAE was applied depending on the number of
samples. 5 yl of 0.1% Ethidium bromide solution was added to make DNA bands
visible under UV light. The gels were run for 45 min with a constant 120V.

To estimate the DNA’s length, a 100 bp and 1 kb DNA ladder was used depending on
the predicted size of the tested DNA. Gel Doc XR+ with Image Lab 5.2.1 (BIO rad,
Munich, Germany) visualised bands under ultraviolet light and photographed the gel.

2.1.2 Transformation of chemically competent E. coli.

After successful cloning, we transformed E. coli bacteria with the plasmid construct for
more significant production of DNA via Miniprep.

For every transformation, 5 ul of ligation mix (see section 4.2.3 ligation mix) was added
to 100 pl of chemically competent E. coli (SurePack Gold, Stragene).

Chemically competent E. coli were incubated with the ligation mix for 30 minutes on
ice. They were heat-shocked for 30 seconds at 42°C. They were placed on ice for 1
min before adding 800 ul of lysogeny broth (LB) (Roth, Karlsruhe, Germany) medium
without antibiotics.

The bacteria were placed into a shaker (Thermomixer compact, Eppendorf, Germany)
at 37°C for 1 h, at 950 rounds per minute (RPM). 50 pl of the transformation mix was
centrifuged at 5000 RPM. The pellet was resuspended in a 50 yl LB medium and
plated onto plates containing the appropriate antibiotics (ampicillin or kanamycin) with
a Pasteur pipette. The next day, colonies were picked and grown in a 5 ml LB medium
with the appropriate antibiotics. Screening of the selected clones was done with colony

PCR restriction digest analysis.
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2.1.3 Bacterial culture

Positive colonies from the LB medium plate were used to inoculate the LB medium
either with ampicillin or kanamycin, depending on the antibiotic resistance of the
plasmid DNA.

The probes were taken with a Pasteur pipette and transferred into bacterial culture
tubes containing 5 ml LB medium. For every positive bacteria colony, at least 3
cultures with a volume of 5 ml were prepared. The number of cultures depended on

the amount of DNA required. They were placed into a bacteria shaker overnight.

2.1.4 Colony PCR

E. coli colonies from LB plates were taken and placed into a single PCR tube. Onto
every sample, 15 ul of the master mix was added.

15 pl of the master mix were prepared like follows:

10.5 yl dH20

Three yl MyTag ® Red DNA polymerase buffer (Bioline, London, United Kingdom)
0,6 pl (10 uM) Primer 1

0.6 pl (10 uM) Primer 2

0.3 ul of MyTag® Red DNA polymerase (Bioline)

The PCR was running in a T3 thermocycler (Biometra, Goéttingen, Germany) with the

following program:

Step 1: 95°C 5 min.
Step 2: 95°C 15 sec.
Step 3: 54°C 15 sec.
Step 4: 72°C 10 sec.
Step 5: 4°C.

Steps 2-3 were repeated 27 times. The result was controlled on an agarose gel and

stored at 4°C. Primer used for colonies PCR is listed in the appendix.
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2.1.5 One-Step ISO Assembly of Overlapping dsDNA

After multiple cloning steps, we produced DNA templates containing Mfge8 260L Gpl
r262a and Mfge8 176N Gp1l r262a (Fig.5).

We used the Gibson Assembly method to introduce cloned DNA fragments into
plasmid Vectors. The instructions from Gibson et al.”s paper Enzymatic Assembly of
Overlapping DNA Fragments, chapter five, were followed (192).

The Gibson assembly (GA) 5 Iso reaction buffer contained Phusion DNA Polymerase
(Thermo-Fisher, USA), Taq ligase (Thermo-Fisher, USA), and T5 Exonuclease
(Thermo-Fisher, USA) (193).

The exonuclease chews back overlapping ends of annealing DNA fragments to crease
sticky ends. The polymerase filled the gaps created by the exonuclease, and the Taq
ligase replaced the nicks (193).

The GA ligation mix contained 0.02 pmol of vector substrate and 0.2 pmol of DNA
fragment. Both components were used in equimolar amounts.

5x GA reaction buffer was added in a ratio of 1:4. The GA ligation mix was incubated
at 50°C for one hour. The reaction mix was analysed by agarose gel electrophoresis

for the correct product size.

2.1.6 Isolation of DNA from agarose gel

After running an agarose gel in the electrophoresis device, the desired DNA fragments
on the gel were visualised under UV light, Gel Doc XR+ (BIO rad laboratories, Munich)
and cut out with a scalpel. DNA fragments were purified with GeneJet Gel Extraction
Kit (Thermo-Fisher, USA) following the manufacturer’s instructions. The DNA was
eluted with an elution buffer (see section 2.2.3, chemicals and buffers). The DNA
concentration was measured with a SimpliNano™ spectrophotometer (Biochrome
Ltd., Cambridge, United Kingdom) and stored at -20 °C.

2.1.7 Protein harvesting from cell supernatant

Transfected human embryogenic kidney cells (HEK) (Sigmar-Aldrich) were cultured in

a serum-free medium for protein production. The amount of serum used depended on
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the desired protein production depending on the cell count and cell viability. The exact
steps from HEK-cell culture to protein production were described in sections 2.1.21-
2.1.23. Here we described a method to produce protein, less purified for testing
reasons of correct protein expression before using complex purification steps
described in section 2.1.23.

Serum-free supernatant from transfected HEK cells was centrifuged at 4100 rpm, at
4°C to remove cells and debris. The SN was taken and centrifuged at 30000 rpm, four
°C for 90 minutes. For the concentration of the supernatant (SN), Vivaspin, 20
centrifugal concentrators (Sartorius, Gottingen, Germany) were used. The
membranes of the spinning tubes were first washed with dH20 and then with serum-
free medium. The SN was spun at 4100 rpm for 20 minutes to 1 ml. The concentrate
was frozen in 100 pl aliquots in liquid nitrogen and stored at -80°C. We determined the
protein concentration with the ELISA technique.

2.1.8 ELISA

A 96-well plate was coated with ab diluted in coating buffer (see section 2.2.3
chemicals and buffers) overnight at 4°C.

The plate was washed in ELISA washing buffer (see section 2.2.3, chemicals and
buffers).

After 2 h of blocking with 0.1% tween 20 blocking buffer (see section 2.2.3), it was
shaken off, and 100 pl of blocking buffer was placed in every well except in the first
wells.

Each sample was applied in duplicates with 200 pl of sample in the first wells and
diluted in serial dilution steps of 1:2 from row B till H obtaining 100 pl of equal sample
size per well. Each ELISA plate contained the desired sample, a standard 50 ng/ml of
purified MFG-E8-eGFP and a blank containing 1x PBS (see section 2.2.3). Serial
dilution steps of the blank and standard from row B till H was performed in the same
manner as the researched sample.

The plate was incubated for 2 h, at room temperature (RT). Afterwards, it was washed
6 times in ELISA washing buffer (see section 2.2.3 chemicals and buffers).

The primary Ab was added and incubated for 2 h at RT.
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For an anti-MFG-E8 ELISA to determine protein concentration in HEK SN or purified
protein of cloned constructs, we used antiMFG-E8 IgG unlabeled (Origene, Herford,
Germany, BAF2805) in 1:1000 dilution as primary Ab.

The plate was washed 6 times and incubated with a secondary Ab HRP labelled IgG
(Jackson Immuno Research, TA809279) in 1:10000 dilution for 1 h.

It was washed four times in ELISA washing buffer and 2 times in 1x PBS (see section
2.2.3, chemicals and buffers).

Stabilized chromogen (SeraCare, Massachusetts, USA) was applied with 100 pl per
well and incubated. After good colouring of the standard 100 ul stop solution (see
section 2.2.3, chemicals and buffers) was applied to each well.

The absorbance was read at A450 nm with Versa max absorption-ELISA-microplate-
reader (Molecular Devices, LLC., San Jose, California, USA). The measured light
absorbance represented the means of the protein values and was rendered by a
standard curve produced by SoftMax Pro 7.0.3 (Molecular Devices, LLC.). 4-
Parameter logics determined protein concentration in SN or purified protein of

transfected HEK cells expressing cloned constructs.

2.1.9 SDS-page and Western Blot

The tested protein or SN was denatured in sodium dodecyl sulfate (SDS) at 95°C in
the ThermoStat plus (Eppendorf, Germany) for 5 min. The samples were centrifuged
at 13000 rpm for 1 min, with the centrifuge 5415 D (Eppendorf, Germany). The
samples were frozen overnight at -20°C.

The next d the samples were thawed at RT and heated for 1 min at 95°C; then
centrifuged, vortexed and centrifuged again.

The gel was placed into a Western blot (WB) cassette (Bio-Rad, Munich, Germany),
containing running buffer (see section 2.2.3, chemicals and buffers). Equal amounts
of samples were loaded into the pockets of the SDS gel. 10 pl of pre-stained protein
ladder PageRuler™ (Thermo Fisher, USA) was applied as a control. The WB cassette
was connected to the electrophoresis device (Bio-Rad, Germany) and run for
approximately 1 h at 80V After the samples passed the stacking gel, the voltage was

increased to 120V and run for another 3 h.
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The gel was wrapped into the WB sandwich using one Amersham™ Protran™ 0.45
pgm nitrocellulose blotting membrane (GE Healthcare, Chicago, Illinois, USA) above
the SDS gel and two Whatman cellulose paper (Thermo-Fisher) from each side.

The WB sandwich was placed into a WB cassette containing transfer buffer (see
section 2.3.3, chemicals and buffer) at 4°C and ran for 90 min at 90V. to transfer the
separated proteins from the SDS gel onto the blotting membrane.

The success of the transfer was determined by the protein ladder being visible on the
nitrocellulose membrane. The membrane was placed into a blocking buffer (see
section 2.2.3) overnight at 4°C or for 2 h, at RT. The membrane was incubated at RT
with the primary ab diluted in blocking buffer for 2 h and 1 h with the secondary Ab.
After incubating with Ab, the membrane was washed 4 times in ELISA washing
solution (see section 2.2.3) to remove excess Ab. The membrane was rinsed with PBS
in the last washing step before applying enhanced chemiluminescence (ECL) WB
substrate.

The membrane was placed into enhanced ECL WB substrate (PerkinElmer Inc., MA,
USA) and developed onto Amersham Hyperfilm™ ECL (GE Healthcare).

2.1.10 Coomassie blue staining

A 12 % SDS gel was loaded with samples and pre-stained Protein Ladder
PageRuler™ (Thermo-Fisher, USA). After running the SDS gel in a WB cassette (Bio-
Rad, Munich, Germany), the SDS gel was shaken in 50 ml of fixation solution (see
section 2.2.3, chemicals and buffers) for 1 h. The gel was washed in dH20 4 times for
15 min. Afterwards, the gel was incubated in 50 ml 0.25% R-250 Coomassie® Brilliant
Blue (AppliChem GmbH, Darmstadt, Germany) staining solution overnight. The
subsequent background staining was removed with distilled H2O till bands appeared

clearly.

2.1.11 Polymerase chain reaction

Polymerase chain reaction (PCR) is a method to exponentially amplify DNA
fragments with the help of primers, polymerase enzyme and nucleotides. Primers

can induce single point mutations or add longer sequences including DNA fragments
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coding for restriction enzyme binding sites. This property was useful for the cloning
of complex plasmid DNA.

Heat-resistant polymerase used nucleotides as building bricks to amplify DNA
fragments. Template DNA was needed as a base for the annealing of the primers and
the action of the polymerase.

The PCR was done in a T3 thermocycler (Biometra, Gottingen, Germany).

The time of the PCR was determined by the time primers needed for annealing and
elongation and by the number of base pairs (bp) contained in the desired PCR product.
The DNA templates were diluted to a 2 ng/ml concentration with double distilled H20.
Primers were diluted with double distilled (dd) H-O to a concentration of 10 yM. The
PCR mixes were pipetted as follows to a volume of 100 pl.

75.2 yl dH20

3 pl dNTPs

10 Pfx buffer (Thermo-Fisher, USA)

2 ul MgS04 (NEB, Ipswich, Massachusetts, USA)

3 ul primer 1

3 ul primer 2

3 ul template DNA (2 ng/ml)

0.8 ul Platinum Pfx polymerase (Thermo-Fisher, USA)

2.1.12 Restriction hydrolysis

Restriction hydrolysis (RH) was used to cleave double-stranded DNA with a particular
endonuclease, which binds and cleaves specifically to one binding sequence.

Vector and insert DNA were cleaved by specific endonucleases to create
complementary sticky ends for ligation.

There were either Agel or Xbal (New England Biolabs, Ipswich, MA, USA) restriction
enzymes used. The instruction of the manufacturer was followed.

The RH mix contained Cut Smart buffer (New England Biolabs) and was prepared as

follows:
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Vector RH mix (1x):
15 pl DNA (1pg/ul)

7 ul buffer Cut Smart
1 pl restriction enzyme
47 ul ddH20

Insert RH mix (1x):
50 pl ddH20

20 pl DNA (1 ug/ul)
8 Ml buffer cut smart

2 ul restriction enzyme

The RH mix was placed into the T3 thermocycler (Biometra, Géttingen, Germany) with
the following program: Agel and Xbal are activated by the same temperatures.

Thermocycler program:

1. Enzyme activation: 37°Cfor 10 h
2. Enzyme inactivation: 65°C for 65 min
3. Storage: 4°C

The digest was controlled by agarose gel electrophoresis and used for further

dephosphorylation and ligation.

2.1.13 Dephosphorylation

After incubation of the restriction hydrolysis (RH) mix, the RH mix was
dephosphorylated to prevent relegation of the plasmid

For dephosphorylation, Antarctic Phosphatase and Antarctic Phosphatase buffer
(New England Biolabs, USA) were used. The information provided by the
manufacturer was followed. The dephosphorylation mix was prepared as described

below:
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70 yl RH mix
8.2 ul Antarctic Phosphatase buffer
3 ul Antarctic Phosphatase

The dephosphorylation mix was placed into a T3 thermocycler (Biometra, Germany)

with the following program:

1. Enzyme activation: 37°Cfor3h
2. Enzyme deactivation: 80 °C for 2 min
3. Storage: 4°C
2.1.14 Isolation of plasmid DNA from bacteria

DNA extracted from bacteria was either generated with Gen Jet Plasmid Miniprep Kit
(Thermo-Fisher, Waltham, Massachusetts, USA) or via conventional miniprep. Using
the Thermo-Fisher miniprep kit, the manufacturer’s instructions were followed
precisely. It was used for a small amount of DNA, up to 20 pg. The principle made use
of the below in more detail described alkaline lysis to liberate DNA from transfected E.
coli. The DNA was obtained via repetitive washing cycles via centrifugation through a
silica membrane containing spin columns. The pellet was adsorbed in elution buffer
(see section 2.2.3, chemicals and buffers), measured its DNA concentration, and
adjusted as described below.

For large-scale production of DNA, Alkaline lysis followed by phenol: chloroform
extraction was applied and prepared as follows: The d before the procedure, 6, 5 ml
culture tubes LB medium containing were inoculated with transformed E. coli bacteria.
The bacterial cultures were incubated shaking overnight at 37°C, 5 % COa..

The cultures were centrifuged for 10 min, at 4200 rpm. The SN was discarded, and
the pellets were resuspended in 900 pl STE. 2-3 pellets were combined in 900 ul STE
and placed in a 2 ml tube. The resuspended cells were centrifuged again as described
before. All liquid was removed. 200 pl, Alkaline lysis solution 1 (see section 2.2.3,
Chemicals and Buffers) was added to each pellet. The solution was resuspended and

vortexed thoroughly.
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Then 400 pl of Alkaline 2 solution (see section 2.2.3) was added to each tube and
inverted carefully five times. 400 pl of Alkaline 3 solution (see section 2.2.3) was added
and inverted five times. The mix was incubated for 3-5 min on ice. Afterwards, the
mixture was centrifuged at 4200 rpm for 10 min. and the SN was transferred into a
fresh tube. 3 ml RNase A (100 mg/ml) was added and incubated for 7 min at 57°C in
a Thermo Stat plus (Eppendorf, Hamburg, Germany). 30 ul of Proteinase K (10 mg/ml)
was added and vortexed.

In the next step, the Phenol: Chloroform extraction was performed. After incubation
with Proteinase K, 900 ul Phenol: Chloroform: Isoamyl Alcohol 25:24:1, Saturated with
10 mM Tris, pH 8.0, 1 mM EDTA (Sigma-Aldrich, St. Louis, Missouri, USA) was added
and mixed well.

The mixture was centrifuged for 10 min at 4200 rpm. Two phases appeared in the
tube. The upper phase was transferred into a fresh tube. 450 ul Chloroform was added
and mixed carefully. The mix was centrifuged as described before. The upper phase
was pipetted into a new tube, and 900 pl ethanol absolute was added. It was incubated
for 5 min at RT. The mixture was centrifuged for 15 min at 4200 rpm, the SN was
removed carefully without losing the pellet. The pellet was washed with 200 pl of 70%
ethanol. Excess fluid was removed, and the pellet dried at RT. After the pellet became
see-through from white, it was resuspended in 150 pul of elution buffer. The elution
buffer (see section 2.2.3, chemical and buffers) was taken from the Gen Jet Miniprep
kit (Thermo-Fisher, USA).

The DNA concentration was determined by the SimpliNano™ spectrophotometer.
(Biochrome Ltd., Cambridge, United Kingdom) and was adjusted to 1 pg/ml with

elution buffer.

2.1.15 DNA Transfection for the establishment of transient cell
lines

Before transfection, 2.4x10° HEK cells were seeded out in adherent 14 cm diameter

dishes with 8 % FCS DMEM (Gibco). An eGFP expression plasmid was used to

assess transfection efficacy.

1 h before transfection, the medium was refreshed. The working volume was 21 ml in

the 14 cm diameter dishes.
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The transfection mix was prepared (2.1x): 105 yl DNA (1 pg/ml) was added to 819 ul
dH20. 126 pl 2.5 M CaCl2 was added and vortexed. 1050 ul of 2x HBS, pH 7.05 was
added dropwise while vortexing. We added 5.25 ul of 200mM Chloroquine to a final
concentration of 200mM.

The DNA mix was added dropwise and uniformly to the cells. The dish was carefully
shaken to mix the DNA with the cell medium. The cell dish was placed into the
incubator at 37°C, 5% CO.. After 16 h, the transfected cells were washed twice with
PBS, and the medium was changed to serum-free Excell 293 medium.

The cells were incubated at 37 °C, 5 % CO: for 3 d. 1 d after transfection, efficacy was
determined by evaluating the eGFP expression of transfected plasmid controls with
fluorescent microscopy (Leica DM IRB, Leica Microsystems Wetzlar GmBH, Wetzlar,
Germany). After the 3 d, the protein was harvested from the cell SN and further

analysed by WB and ELISA for correct protein size and concentration.

2.1.16 DNA Transfection for the establishment of stable cell
lines

The day before transfection for the establishment of stable cell lines, HEK 293T

1.2x1068 cells were seeded out in adherent 10 cm diameter dishes in 8 % FCS DMEM.

The negative control contained no DNA in the transfection mix.

1 h before transfection, the medium was refreshed. The working volume was 10 ml.

The transfection mix was prepared as follows (1x): 50 pl of DNA (1ug/ml) was added

to 390 pl of dH20 in a 15 ml falcon. Then 60 ul, 2.5 M, CaCl2 was added and vortexed.

500 ul of 2x HBS, pH 7.05, was added dropwise while vortexing. 2.5 pl of chloroquine

(100 mM) was added to a final concentration of 25 mM.

The DNA mix was added dropwise and uniformly to the cells. The dish was carefully

shaken to mix DNA and medium. The cell dish was placed into the incubator at 37°C,

5% CO:s.

16 h after transfection. cells were washed twice with PBS, and the DMEM medium

changed.

The next d hygromycin (100 pg/ml) was added to the transfected HEK-cells to select

stable expressers.
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The selection process with antibiotics was continued over two weeks until the cells
showed a regular growth pattern. The cells were evaluated for their viability and growth
by light microscopy. Subsequently, the cells were adapted on a serum-free medium,

which was necessary for the large-scale protein production in the cell fermenter

Gen Primer Annealing
temperatur
e
mMfge8_GS_fw | CTCTGGGGAGAGACCACACCCAAGCTGTC | 77°C
TAGAGAATTCTTTTCCCGCGTCCGC

GP1_176N_R262 | CGTCATCGTCCTTGTAGTCGGAGCCACCG | 79°C
A v CCGCCTGCAAGTCTGGCAGTGAAGAATTT
GG

GP1_260L_R262 | CGTCATCGTCCTTGTAGTCGGAGCCACCG | 79°C

A v CCGCCTGCAAGTCTGGCAGTCAAGAATTTG
G
GP1_rv2 AAGCTTCCCTATACATGGTGGCGGCTCTAG | 74°C

ATTATTTGTCGTCATCGTCCTTGTAGTCGG

Tab. 1 Primer used for cloning and sequencing of MFG-E8-260L-GP1 R262A and

-GP1-176N R262A

The table displayed the primer used for cloning of constructs MFG-E8-260L-GP1 R262A and MFG-E8 176 R262A
and their respective annealing temperatures for the PCR. The primers were as well used for DNA sequencing for
the construct DNA. The same MFG-ES8 forward primer was used (mMfge8_GS_fw). The GP1 reverse primer was
only used for sequencing purposes (GP1_rv2).
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2.1.17 Organ harvesting and single-cell suspension

Mice were killed in a CO2 chamber. Afterwards, the mice were pinned onto the
dissecting board.

The mouse was opened up via the midline section to remove the spleen, lymph nodes
and thymus.

The organs were placed into a tube containing FACS buffer on ice for preservation.
A single-cell suspension of the thymic cells was produced by grinding the thymus
through a MACS ® SmartStrainer (100 um) (Miltenyi Biotec, Bergisch Gladbach,
Germany) and rinsing the cell strainer with FACS buffer (see section 2.2.3 chemicals
and buffers).

The suspension was centrifuged at 1400 rpm for 5 min. Red blood cell lysis was
performed when blood was visible in the sample.

For red blood cell lysis, the pellet was resuspended with 5 ml of ACK buffer (see
section 2.2.3) for 5 min. Afterwards, 10 ml of FACS buffer was added to neutralise the
suspension. The solution was centrifuged, and the SN was discarded. The pellet was
resuspended in 3 ml FACS buffer. Cell count and viability were determined using a
Casy® counter (Innovatis AG, CASY-Technology, Reutlingen, Germany).

Thymic cells were applied for induction of apoptosis with staurosporine and for
measuring the binding ability of the MFG-E8 fusion proteins to apoptotic thymocytes:
MFG-E8-260L-GP1, MFG-E8-176N-GP1 and MFG-E8 NP LCMV.

2.1.18 Induction of apoptosis

Thymic cells were produced by single-cell suspension and counted by a Casy®
counter (Innovatis AG).

1 ml of the cell suspension was plated into a 12 cm dish with a 9 ml RPMI medium
(see section 2.2.3 chemicals and buffers). 20 ul staurosporine (0.1 mg/ml) was added
and mixed by careful movement of the dish. The mix was incubated for 2 h at 37 °C,
with 5 % CO.. 1 dish with thymocytes but without staurosporine was used as a control
to assess apoptosis induction.

Afterwards, the cells were detached from the dish by pipetting and placed into a 15 ml
falcon. The cells were centrifuged and washed three times in sterile 1x PBS and stored
at 4°C.
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Apoptotic thymocytes were used for the coating efficacy measurement of MFG-E8 and
the cloned constructs containing MFG-ES8.

2.1.19 Flow cytometry: Fluorescence-activated cell sorting

Flow cytometry is a method to measure and differentiate cell populations and their
characteristics by using their light-scattering properties. These properties are either
the size, granularity or fluorochrome coupled ab staining of a cell.

Fluorochrome coupled Ab were used to detect specific intra- or extracellular
characteristics in a cell population.

Each cell has to bypass several lasers; then, the emitted light is passed through
different bandpass filters and detected by other sensors. The signal produced is
enhanced and analysed with the Software FlowJo (Becton, Dickinson & Company,
USA). Flow cytometry was applied for measuring the coating efficacy of the MFG-E8-
containing constructs to apoptotic thymocytes. The cells were either coated by cell SN
of stably transfected HEK cells expressing MFG-E8 containing constructs or purified
protein. Staining was performed by a biotinylated anti-MFG-E8 Ab and fluorochrome-
coupled SA-APC (Caltag, UK). The FACS data was acquired by FACS Canto 2
(Becton, Dickinson & Company, Franklin Lakes, New Jersey, U.S.). Further data

analysis was performed with Flow Jo software version 10.4 (Becton Dickinson).

2.1.20 Preparation of FACS staining

To prepare the FACS staining, all steps were performed on ice (4°C) and covered from
light sources. The staining volume was 100 pl. Every centrifugation step was done for
5 min at 1500 rpm.

1x10°® apoptotic thymocytes were pipetted into each desired well of 96 well tissue
culture plates. It was centrifuged, and the SN was discarded.

The cells were coated with 100 pl protein SN or purified protein dilution and incubated
for 25 min. We used 1:2 diluted HEK SN expressing MFG-E8 NP (0.32 ug/ml), SN of
HEK expressing MFG-E8-260L-GP1 in 1:3 dilution and purified MFG-E8-176N-GP1 in
1:3 dilution. 100 ng of recMFG-E8 (100 ug/ml) was used to control coating efficacy.

Unstained staurosporine-treated thymocytes were the negative control.
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The plate was centrifuged, and the SN was discarded. The pellet was resuspended in
100 pl of 1:300 biotinylated monoclonal anti-MFG-E8 IgG (R&D Systems cat. #
BAF2805) dilution and incubated for 25 min. 100 ul of FACS buffer was added, the
plate was centrifuged, and the SN was discarded. The cells were centrifuged and
resuspended in 200 pl of FACS buffer for another three times to remove the unbound
Ab.

The pellet was resuspended in 100 pl of 1:700 fluorochrome coupled, Streptavidin-
allophycocyanin (SA-APC) (Caltag, UK) dilution and incubated for 25 min. The
washing procedure was repeated as described before.

In the last step, the pellet was resuspended in 200 ul of FACS buffer and pipetted
through a polyamide mesh into a 5 ml FACS tube. 200 pl of FACS buffer was added
additionally. The FACS tubes were stored on ice and covered from light exposure
before acquiring the FACS data.

Controls were produced evenly using staurosporine untreated cells or apoptotic
thymocyte staining without SA-APC or biotinylated anti-MFG-ES8.

Third, we used MFGE8-eGFP (1:500) without additional antibodies to stain apoptotic
thymocytes. Here the steps were followed as described above. Instead of incubating

with ab, FACS buffer was used when prepared on the same plate.

2.1.21 Culture of HEK 293T cells

HEK 293 T cells were cultured in Greiner T75 or T175 flask, depending on if the
expansion of cells was required.

The cells were grown to confluency in DMEM 8% FCS medium, containing 1 %
Penicillin/ Streptomycin (PS) and split twice per week.

The vitality and cell count were observed using a Casy cell counter (Innovatis AG,

Germany) and light microscopy.

2.1.22 Adaptation of HEK 293T cells

For the large-scale production of cloned construct protein, stable HEK cell lines

expressing MFG-ES8 fusion proteins had to be adapted from 8% FCS containing
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DMEM medium (see section 2.2.3, chemicals and buffers) to serum-free Excell 293
medium (see section 2.2.3).

The cells were adapted in steps from 25%, 50%, and 75%, to 100% serum-free
medium.

To increase the concentration of the serum-free medium, the cells needed to show a
healthy morphology and growth pattern. A healthy growth pattern was determined as
confluency within 5 d with a splitting ratio of at least 1:4. The cells were then placed
into an FCS medium containing a higher percentage of serum-free medium. This
procedure was done till 100% serum-free medium was reached. Morphology and
growth pattern were estimated by light microscopy.

After the cells were adapted to a 100% serum-free medium, the cells had to be
adapted to shaking cultures. Shaking cultures should adapt the cells to rotation
motions in the cell fermenter.

Cells had to be seeded in a high ratio into a 250 ml corning Erlenmeyer flask containing
50 ml serum-free Excell 293 medium. The flasks were shaken at 80 rpm in the
incubator Galaxy 170 S (New Brunswick, Eppendorf). The vitality and cell count were
observed by using a Casy cell counter (Innovatis AG, Germany)

With achieving 80 % vitality count and surviving splitting ratio of 1:8, the cells were

ready for large-scale production in the cell fermenter.

2.1.23 Protein purification

The constructs MFG-E8-176N-GP1, MFG-E8-260L-GP1 and MFG-E8 NP LCMV were
transfected into HEK cells, selected to stable cell lines by their respective plasmid
hygromycin antibiotic resistance and adapted to serum-free medium and shaking
cultures. The procedure was recently published by Kranich et al. (169). The steps were
similarly followed. The cells were grown in a Labfors Bioreactor (Infors, Switzerland)
for 5 d in 3 liters of serum-free Excell 293 medium (Sigma). The cells were
continuously monitored for vitality using a Casy cell counter (Innovatis AG, Germany)
The SN was harvested and centrifuged (300g, 10 min) to remove cells and debris.
0,5% Triton was added to the SN to solubilise membrane vesicles. Incubation followed

for 1 h on a magnetic stirrer.
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The SN was then centrifuged once more for 1:30 h at 30.000 g to clear the protein of
the left-over cell debris. The protein was filtered using first a 1.2 um filter, followed by
a 0.2 ym filtration on ice. Recombinant MFG-E8 proteins were captured by FLAG
affinity chromatography using M2-FLAG agarose beads (Sigma-Aldrich, USA). FLAG-
bound protein was eluted using 7,5 mg Flag peptide (Genscript, China) in 25 mM
HEPES 2% Glycerol, 200 mM L-Arginine, 200 mM L-Glutamic acid and 150 mM NacCl,
pH 7.4. The eluate was concentrated using a spin column (Sartorius, Géttingen,
Germany) with the cut of the value of 30 kDa. Gel Filtration was applied to the eluate
in an Akta prime system with a Superdex 200 Increase 10/300 GL column (GE
Healthcare, USA) at -6°C in the cold room. The protein concentration was determined
using a Spectrophotometer (Biochrome, UK).

The final purified product MFG-E8-176N-GP1 was stored in 25 mM HEPES 2%
Glycerol, 200 mM L-Arginine, 200 mM L-Glutamic acid and 150 mM NaCl at pH 7.4
snap-frozen in liquid nitrogen and held at 80°C.

2.1.24 Plague assay

Before performing the neutralisation assay, a plague assay had to be applied to
determine plaque count and plaque-forming units per ml (PFU/ml) of the used virus
batch.

We performed the virus batch production and virus titer determination in-house with
the AG Baumjohann from the Institute for Immunology of the Ludwig-Maximilians-
University, Munich.

To evaluate the best ab’s neutralising efficacy, we wanted to achieve a plague count
between 30 and 60 per well. For this reason, we prepared 1:10000 and 1:20000
LCMVarm dilutions. For controls, we applied cells only to exclude viral contamination.

Vero cells were trypsinised from T 75 cell culture flask and diluted in 5 % FCS DMEM
to 8x10° cells per ml. 200 pl of the Vero cell dilution was pipetted in triplets onto the
24 well tissue culture plate. The Vero cells were overlaid with 200 ul of the virus
dilutions or medium only for controls. Incubation was done for 3 h at 37 %, 5 % COa..

A mix of 2x DMEM (Gibco), 2x Penicillin/Streptomycin, and 10 % FCS was prepared
in a ratio of 1:1 with 2 % methylcellulose (Viscosity 400 cP) (Sigmar Aldrich, Cat.
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#M0430). 400 ul of the mix were used to overlay each well carefully. The plate was
incubated for 60-72 h, after which the staining was performed.

The SN was aspirated carefully without touching the cell layer. 400 ul of 4%
paraformaldehyde (PFA) was pipetted dropwise against the side of the well to fixate
the cells. It was incubated for exactly 30 min. 400 pl of 1:100 Triton-x (Sigmar-Aldrich,
USA) solution was added to permeabilise the cell membranes. It was incubated for 20
min. The Triton solution was aspirated and washed with 400 ul PBS. 200 ul of 5 %
FCS PBS was added and set for 30 min.

Afterwards, it was aspirated, and 200 ul of unlabelled anti-LCMV NP VL-4 Rat IgG2,,
« (Bio Cell, Cat. #AB_10949017) 1:100 Ab dilution was added. It was incubated for 1
h at RT. It was washed twice with 400 pl PBS.

200 pl in 1:100 dilution of secondary Ab, polyclonal HRP labelled goat anti-rat 1gG
(Jackson Immuno Research, Cat. #112-035-003) was applied to each well. It was
incubated for 1 h. The SN was aspirated and washed twice with 400 pl 1x PBS. O-
Phenylenediamine (OPD) substrate solution was prepared by dissolving one tablet of
OPD (Thermo-Fisher, USA) in 12.5 ml 0.1 M citric acid, 12.5 ml 0.2 M NA2HPO4, 25
ml dH20 and 50 pl H202 (Sigmar-Aldrich, USA).

400 ul of the substrate was added to each well and incubated for 15 min until visible
colouring of the plaques appeared. The number of plagues was counted, and the
PFU/ml was calculated. After establishing the plaque assay, we set up the

neutralisation assay using the GP1 nAb KL-25.

2.1.25 Neutralization assay using anti-GP1 LCMV antibody

To set up a neutralisation assay using the serum of immunised mice, we first needed
a sophisticated control. Therefore, we used the KL-25 Ab, a well-known anti-GP1
LCMV nAb. It was received from the Pinschewer AG of the University of Basel. To test
its efficacy for optimal titration, we incubated it with LCMVarm.

KL-25, anti-GP1 LCMV nAbs were incubated for 30 min on ice in dilutions of 1:100,
1:300 and 1:10000 with 1:10000 and 1:20000 LCMVarm virus dilution. The virus was
diluted in 5 % FCS DMEM (Gibco). 400 ul of the mix was used to overlay each well
carefully. The plate was incubated for 60-72 h, after which the staining was performed

as described in the plague assay. The number of plagues was counted under light

48



microscopy, and the PFU/ml was calculated. We continued immunising C57BL/6 mice
with MFG-E8 176N and MFG-E8-eGFP purified protein.

2.1.26 Mice used for experiments

C57BL/6 mice were obtained from Jackson Immuno Research (Cambridge, UK) and
bred at the Core animal facility of the Biomedical Center Munich under SPF conditions.

2.1.27 Immunization of mice

Three C57BL/6 mice were injected intraperitoneally with 30 ul (50 ug) MFG-E8-eGFP
mixed with 100 pl sterile alum and 70 pl arginine glutamine buffer. 4 C57BL/6 mice
were injected intraperitoneally with 33.1 pl (50 ug) MFG-E8-176N-GP1 protein mixed
with 100 pl sterile alum and 66.9 pl arginine glutamine buffer. The injections were
repeated after two weeks. 7 d after the second injection, blood from the mice was

taken by cutting into the tail vein. We proceeded with the production of serum.

2.1.28 Serum production

The blood received from the mouse tail vein was collected in BD Vacutainers (Beckton
Dickinson, Franklin Lakes, New Jersey, USA). The guidelines of the manufacturer
were followed. The blood was incubated in the tubes for 30 min at RT and centrifuged
for 10 min at 2000 g. Aliquots of the serum were snap-frozen in liquid nitrogen and
frozen at -80°C.

The serum was evaluated for the presence of nAbs against LCMVam by a

neutralisation assay.
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2.1.29 Neutralization assay using serum of immunised mice

Different amounts of serum from each injected mouse with MFG-E8-176N-GP1 protein
were obtained. The serum was divided by two, and each sample was incubated as a
doublet with 1:10000 LCMVam dilution. Different amounts of serum were incubated
with the virus. The volume was equalised using a 5% FCS DMEM (Gibco) medium.

It was overlaid on Vero cells and incubated for three days at 37°C. Staining was done
for anti-NP of the LCMVam (see section 2.1.24, plaque assay). Plaques were counted,
and the PFU/ml was calculated.

Serum from MFG-E8-eGFP immunised mice was used as negative controls due to no
expectations of development nAbs against LCMVam. The obtained Serum was again
divided by 2, laid over Vero cells of the same plate and incubated for 3 d at 37 °C.
Different amounts of serum were incubated. Staining was done, plaques counted and
PFU/ml calculated. KL-25 GP1 LCMVam 1:100 diluted ab was used as the positive
control (see section 2.1.25, Neutralization assay using anti-GP1 LCMV antibody). 400
pl of the antibody dilution was laid over Vero cells and incubated for 3 d at 37 °C.
Staining was performed in the same manner. Plagues were counted and PFU/ml was

calculated.

2.1.30 Statistics

The statistics were calculated using GraphPad Prism software version 8.3.0 for
Windows (GraphPad Software, San Diego, California USA). P-values were analysed

by applying the T-test and Welch test. Statistical significance was defined as P<0,05.
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2.2 Materials

2.2.1 Consumable supplies

Consumables

Company

Disposable cell strainer (100 um nylon)

Falcon a Corning Brand,
One Riverfront Plaza, Corning, USA

Disposable glass Pasteur pipettes

VWR International bvba, Leuven,
Belgium

Serological pipette, sterile (10 ml)

Greiner, Frickenhausen, Deutschland
TipOne filter

TipOne filter tips (10 pl, 200 pl, 1000 i)

STARLAB GmbH, Hamburg, Germany

Laboratory gloves Latex Gentle Skin
Grip

PCR strips tubes (0.2 mL)

VWR International, West, Belgium

Reaction container 1.5 ml, 2 ml

Eppendorf, Hamburg, Germany

Reaction container 5 ml (FACS)

BD, Franklin Lakes, NJ, USA

Petri dish

Greiner Bio-One GmbH, Germany

Tissue culture plates (96 wells-U and 24

well sterile)

VWR International bvba, Leuven,

Belgium

Tissue culture flasks (T25, T75 and
T175)

Nunc

Erlenmayer flasks (250 ml, 500 ml,
1000 ml)

Disposable injection needle (26 G x %"),
(23 G X '2"), (21 G x 12")

Terumo Medical Corporation, Tokyo,

Japan

Photographic film

Amersham Hyperfiim™ ECL, GE
Healthcare, Chicago, lllinois, USA

Disposable syringe (1+5+20 ml)

Reaction

Braun, Melsungen, Germany

0.45 pm nitrocellulose blotting

membrane

Amersham™ Protran™ GE healthcare,
Chicago, lllinois, USA
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Cell strainer MACS ® Smart Strainer (100 pym) ,
Miltenyi Biotec, Bergisch Gladbach,
Germany

2.2.2 Devices

Devices Company

Spectrophotometer, SimpliNano™, Biochrome Ltd.,
Cambridge, United Kingdom

PCR machine T3 Thermocycler (Biometra,

Goettingen, Germany)

Temperature adjuster

ThermoStat plus (Eppendorf, Hamburg,

Germnay

Agarose gel reader

Gel Doc XR+ with the software Image
Lab 5.2.1 (BIO rad laboratories, Munich,

Germany)

ELISA Microplate reader

Versa max absorption-ELISA-
microplate- reader (Molecular Devices,
LLC., San Jose, California, USA)

Pipettes

Gilson, Middleton, WI, USA

Water bath

Grant Instruments Ltd., Barrington
Cambridge, UK

Vortex-Genie2

Scientific Industries, Bohemia, NY, USA

Magnetic stirrer

Ika Labortechnik, Staufen, Germany

Bench centrifuge

Centrifuge 5415 D, Eppendorf,

Germany

Centrifuge

Rotixa RP, Hettich, Tuttlingen, Germany

Incubator

Laminar airflow cabinet

Heraeus, Hanau, Germany

Cell counter

CASY cell counter and analyser, OMNI
life

science, Bremen, Germany
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Gel electrophoresis BIO-RAD, Hercules, CA, USA
Flow cytometer FACS Canto II, BD, Heidelberg,

Germany

2.2.3 Chemicals and buffers

All chemicals were obtained from Merck (Darmstadt, Germany), Roth (Karlsruhe,
Germany) or Thermo-Fisher unless stated differently. All buffers and solutions are
prepared with double distilled water (ddH20).

Buffers and solution Components
Alkaline lysis solution 1 (ALS1) 50 mM Glucose

25 nM Tris-Cl pH 8.0
10mM EDTA pH 8.0

Alkaline lysis solution 2 (ALS2): 0.2 N NaOH
1% SDS
Alkaline lysis solution 3 (ALS3): 60ml 5M Potassiumaccetate

11.5 ml glacial acetic acid
28.5 ml H20

ACK lysis buffer 8.29 g NH4CI

1 g KHCO3

37.2 mg Na2EDTA

H20 add 1 It

pH 7.2-7.4 adjusted with HCI
sterilised by 0.2 um filtration

STE 10mM Tris-Cl pH 8.0
0.1 M NacCl
1mM EDTA pH 8.0
Coomassie blue staining solution 0.25 % R-250 Coomassie® Brilliant

Blue (AppliChem, Darmstadt, Germany)
20 % methanol

10 % acetic acid

53



70% H20

Fixation solution for Coomassie blue

10% acetic acid

staining 30 % methanol
60% H20

2x HBS 280 mM NacCl
50 mM HEPES

1,5 mM Na2HPO4-Dihydrate

pH 7.05 adjustment with NaOH, sterile
filtration with 0.2 um filters.

Storage at -20 °C (max. six months)

50x TAE Buffer

50x TAE Buffer

242 g Tris

57,1 ml 100% Acetic acid v/v)
100 ml 0,5 M EDTA (pH 8,0)
H20 ad 11|

PBS

150 mM NacCl

10 mM Na2HPO4

2 mM KH2PO4

pH 7,4, adjustment with 5 N NaOH

FACS buffer

1x PBS
2% FCS

PBS for cell culture

Dulbecco’s PBS without Ca2+ /Mg2+
(PAA)

Elution buffer

10 mM Tris-HCI, pH 8.5

5x SDS sample buffer

50 % Glycerin

250 mM Tris, pH 6,8 adjusted with HCI
500 mM DTT

10 % SDS

0,5 % Bromophenol blue

SDS running buffer 192 mM Glycin
25 mM Tris
0.1 % SDS

Separating gel 12% H20 (6.6 ml)
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30 % acrylamide mix (8 ml)

1.5 M Tris/HCL, pH 8.8 (5 ml)

10 % SDS (200 pl)

10 % ammonia persulphate (200 pl)
TEMED (20 pl)

Stacking Gel 5%

H20 (2.1 ml)

30 % acrylamide mix (500 pl))

1 M Tris/HCL, pH 6.8 (380 pl)

10 % SDS (30 pl)

10 % ammonia persulphate (30 pl)
TEMED (3 pl)

RIPA Lysis buffer

1 M NaCl

1% Nonident P-40

0.5% Sodium deoxycholate
0.1% SDS

50 mM Tris, pH 7.4

Transfer buffer

192 mM Glycine
25 mM Tris

20 % Methanol
0.002 % SDS

ELISA Washing buffer

1x PBS, 0.1% Tween-20

5x I1SO reaction buffer

25 % PEG-8000

500 mM Tris HCL pH 7.5
50 nM MgCl;

50 mM DTT

1 mM of each dNTPs

5 mM NAD

CaCl2

2.5 M CacCl2
Sterile filtration with 0.2 ym filters
Storage at -20 °C

Coating buffer

0.1 M sodium carbonate buffer pH 9.6
1.58 g Na2CO3
2.94 g BaHCO3
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In 500 ml ddH20

Methylcellulose

10g (viscosity 400 cP, Sigmar-Aldrich
Cat. #M0430) in 500 ml dH20

Arginine glutamine buffer

3.5 mM L-Leucine

18 mM L-Arginine

5.7 mM L-Glutamic acid
350 mM NaCl

0.5 % Triton X

Elution buffer

Sample/ blocking buffer

1x Casein Blocking Buffer with 0.1%
tween® 20

FCS containing cell culture medium for
HEK 293T cells

Dulbecco’s modified Eagle medium
(DMEM) GlutaMAX™ (Gibco)

5-8% fetal calve serum (inactivated)
1% Penicillin Streptomycin (PS)

Serum-free medium for HEK 293T cells

Excell 293

20 nM HEPES

1% L-glutamic acid
1% PS.

Cell culture medium for thymocytes

RPMI medium 1640 (1x) + GlutaMAX™-
| (Gibco)
1% PS

Cell culture medium for Vero cells

1. DMEM GlutaMAX™ (Gibco), 5 %
FCS (inactivated), 2 % PS

2. 2x DMEM with L-Glutamine
without Na Pyruvate and
NaHCO, 9000 MG/L Glucose

Stabilized chromogen

KPL TMB Microwell Peroxidase
Substrate System (Cat. # 5120-0053):
1. 100 mL KPL TMB Peroxidase

Substrate
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Substrate Solution B

2. 100 mL KPL Peroxidase

STOP solution for ELISA 0.5M H2S04
2.2.4 Antibodies for WB
Epitope | Clones Conjug. | Isotype Dilution | Origin Cat.
number
Anti- 18A2— Unlabele | Hamster | 1:1000 Origene, | TA80927
MFG-E8 | G10 d IgG Herford, |9
Germany
IlgG (H + | Polyclona | HRP Rabbit 1:3000 Abcam, ab5745
L) I Anti- Cambridg
Armenian e, UK
hamster
19G
Anti- Monoclon | HRP Mouse 1:1000 Sigma- A8592
FLAG al, M2 19G1 Aldrich,
clone St. Louis,
Missouri,
us
Anti- Monoclon | unlabeled | Mouse 1:4000 Sigma- F3165
FLAG al, M2 19G1 Aldrich
clone
IgG (H) Polyclona | HRP Goat IgG | 1:5000 Southern | 1020-05
I Biotech
Anti- VL-4 Unlabele | Rat 1gGza, | 1:1000 Bio Cell AB_ 1094
LCMV NP d K 9017
IgG (H + | Polyclona | HRP Goat Anti- | 1:10000 | Jackson | TA80927
L) I Rat, 1gG Immuno 9
Research
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2.2.5 Antibodies for ELISA

Epitope | Clones Conjug. | Isotype Dilution | Origin Cat.
number
Anti- Polyclona | Biotin Goat IgG | 1:300 R&D BAF2805
MFG-E8 ||GoatlgG Systems
Streptavi A-APC 1:700 Caltag,
din Buckingh
am, UK
2.2.6 Antibodies for FACS
Epitope | Clones Conjug. | Isotype Dilution | Origin Cat.
number
Anti- 18A2 - | unlabeled | Hamster | Origene, | 1:1000 BAF2805
MFG-E8 | G10 IgG Herford,
Germany
IgG (H + | Polyclona | HRP Goat Anti- | Jackson | 1:10000 | TA80927
L) I Rat, IgG | Immuno 9
Research
2.2.7 Antibodies for neutralisation assay
Epitope | Clones Conjug. | Isotype Dilution | Origin Cat.
number
Anti- VL-4 Unlabele | Rat IgGz,, | 1:100 Bio Cell AB_1094
LCMV NP d K 9017
IgG (H + | Polyclona | HRP Goat Anti- | 1:100 Jackson | 112-035-
L) I Rat, 1gG Immuno | 003
Research
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3 RESULTS

3.1 Generation of recombinant MFG-E8 NP protein.

NP of the LCMV produces a more rapid humoral immune response than GP1 (26).
Based on that principle, we generated MFG-E8-NP (Fig.1) as the control for our
immunisation and neutralisation experiments. The fusion protein contains a FLAG-tag
necessary for purification with FLAG high-affinity chromatography (194). We applied
the long spliced version of MFG-ES8, having the C1C2 domain and a proline-threonine-
rich region (138,141,142).

We fused the NP to the C terminus of MFG-E8 via an oligo linker sequence. At its C
terminus, the construct contained a FLAG-tag (Fig.2A). The cloned DNA was inserted
into the commercial vector pcDNA3.1(+) (Thermo-Fisher, USA), which included a
cytomegalovirus promoter for high protein expression in mammalian cells. The vector
expresses 2 antibiotic resistances, one against ampicillin for selection of transformed
E. coli and one against hygromycin for creating stably expressing mammalian cell
lines.

Moreover, the vector includes multiple cloning sites in forward and reverse direction
available for insertion of cloned DNA via RH and ligation. We utilised pcDNA3.1(+)
MFG-E8-eGFP as the base for our final construct pcDNA3.1 MFG-E8-NP-FLAG. The
base vector construct was digested by its respective enzymes producing pcDNA3.1
MFG-ES8. Digested Lcmv Np was then ligated into the vector resulting in pcDNA3.1
MFG-E8-NP. Annealed FLAG-tag oligonucleotides were ligated into pcDNA3.1 MFG-
E8-NP giving rise to the final vector construct pcDNA3.1 MFG-E8-NP-FLAG.

The newly created plasmid was successfully sequenced to confirm the Np and Mfge8
(See tab. 2, primers used for sequencing of MFG-E8-NP). We continued to transform
the construct DNA into competent E. coli. Positive clones were selected for large-scale
DNA production and transfection into HEK cells.

For protein expression we applied HEK293T cells derived from human embryogenic
kidney cells (HEK) (195). Transfection was performed utilizing the CaP04 method.
Next, we tested cell SN of the transfected HEK cells for protein expression. To check
the size of our recombinant protein, we applied WB staining using anti-FLAG Ab (194).
We detected bands for MFG-E8-NP at the expected molecular weight at approximately
120 kDa (Fig. 2B), for MFG-E8-eGFP at about 80 kDa. Both bands were consistent

59



with the calculated protein sizes. Staining for recMFG-E8 was absent because it
contained a HIS-tag and not a FLAG-tag.

We concluded that HEK cells transfected with pcDNA3.1 MFG-E8-NP-FLAG correctly
expressed the protein. Stable cell lines expressing recombinant MFG-E8-NP were
adapted to serum-free medium, larger volumes and shaking grounds to acclimate
them to conditions in a cell fermenter for large scale protein production. After reaching
good viability in shaking cultures, the cells were snap-frozen and stored in liquid
nitrogen.

We measured the concentration of MFG-E8-NP in SN of stably expressing HEK cells
with an anti-MFG-E8 ELISA. The estimated protein concentration of MFG-E8-NP in
SN of stably transfected HEK cells was 0,32 pg/ml applying 4-Parameter logics. The
result confirmed that the transfected HEK cells express MFG-E8-NP in small but
sufficient amounts. To assess MFG-E8's functionality as part of the recombinant
protein, we tested its coating efficacy to staurosporine treated thymocytes applying
FACS staining. Apoptotic thymocytes were overlaid with SN of HEK cells expressing
MFG-E8-NP. FACS staining was acquired for MFG-E8 using a biotinylated anti-MFG-
E8 Ab (R&D Systems) followed by Streptavidin A-APC (Caltag, UK). MFG-E8-NP
labelled 2,95% of the apoptotic thymocytes. The positive control recMFG-E8 detected
66.6 %, while the background of unstained cells was 0.56 % (Fig. 2C). We concluded
that the PS binding domains C1C2 of recombinant MFG-E8-NP were functional. The
low labelling frequency might be due to low amount of functional MFG-E8-NP in SN.
In addition, NP folding could eventually interfere with PS-binding sites of the MFG-E8

fusion protein.
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Fig. 1 Cloning of Mfge8-Np

We utilized the construct pcDNA3.1 MFG-E8-eGFP based on the commercial vector pcDNA3.1(+) from Invitrogen
(Thermo-Fisher, USA) as cloning vector. The plasmid construct was evaluated by sequencing with the primer MFG-
E8_3end_pcDNAS.1 to control if the vector contained the correct FLAG-tag sequence. We cleaved the construct
pcDNA3.1 MFG-E8-eGFP-FLAG with the enzymes Agel and Xbal by restriction digestion. This cloning step
removed Egfp-Flag. The result pcDNA3.1 MFG-E8, 7661bp, was first controlled with 0.5% agarose gel
electrophoresis. Second, the vector DNA was dephosphorylated to maintain the cleavage. After dephosphorylation,
the product was purified using a PCR purification kit (Thermo-Fisher). Lcmv Np containing Agel and Xbal cutting
sites was cleaved by restriction enzyme digestion. The DNA template containing Np was then ligated into the
plasmid yielding pcDNA3.1 MFG-E8-NP. Afterwards, the construct DNA was transformed into chemo competent
E. coli. The transformed E. coli bacteria were controlled with colony PCR. DNA of the positive colony was
sequenced twice in 3 steps: LCMV_NP_fw_pos622 LCMV_NP_fw_pos1372 for the correct position of the Lcmv
Np sequence. MFG-E8_3end_pcDNA3.1. for the correct Mfge8 sequence.

DNA was produced by conventional mini prep for the next ligation step. pcDNA3.1 MFG- E8-NP was cleaved by
Xbal and dephosphorylated. The product was extracted with a GenJet PCR purification kit (Thermo-Fisher
Scientific, USA) and controlled by 0.5% agarose gel electrophoresis. FLAG-tag oligos were annealed and
confirmed using 4% agarose gel electrophoresis. The annealed FLAG-tag oligos were cleaved by Xbal and ligated
into pcDNA3.1 MFG-E8-NP (9338 bp), obtaining the final construct pcDNA 3.1 MFG-E8-NP-FLAG (9831 bp). The
final vector construct was transformed into competent E. coli bacteria and evaluated with colony PCR. From positive
E. coli colonies, DNA was produced by miniprep and sequenced with LCMV_NP_fw_pos1372 for correct Np
expression. One positive clone without mutation was obtained and used for DNA transfection into HEK293T cells.
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Gen Forward primer (5°- Reverse primer (5- 3") | Annealing
3) Temperature

NP at CCTTGGCTTGCTTT | AGTCTTTCAC 59°C

aa622 ACACAGTC ATCCCAAACTCTTACC

NP at GGTTCTAAGCTGTC | AGTCTTTCAC 59°C

aal372 AAGGCTCC ATCCCAAACTCTTACC

MFG-E8 | GTGTCCTTCCAGT AGTCTTTCAC 59°C
CCTGG ATCCCAAACTCTTACC

Tab. 2 Primers used for Sequencing of Mfge8-Np
This table contains the primers used to sequence pcDNA3.1 MFG-E8 NP-FLAG.
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Fig. 2 Evaluation of MFG-E8-NP

(A) displays a schematic representation of the fusion protein MFG-E8-NP. It is composed of MFG-E8 with its PS-
binding region C1C2, the RGD-domains connected to its C terminal with the Nucleoprotein (NP) and the FLAG-
tag.

(B) Western Blot staining for anti-Flag: Different volumes, 12 pl and 1 pl, from SN of stably transfected HEK cells
expressing MFG-E8-NP, purified MFG-E8-eGFP and recMFG-E8 were loaded onto an SDS gel, transferred onto
a membrane and stained for anti-FLAG using unlabelled anti-FLAG mouse 1gG1 M2 (Sigma-Aldrich, US, Cat. #
F3165), followed by polyclonal HRP labelled rabbit anti-Armenian hamster IgG1 (1:3000, Abcam, Cambridge, UK,
Cat. #ab5745). Bands were detected for MFG-E8-eGFP and MFG-E8-NP at expected sizes. No band was seen
for recMFG-E8 and 1 pl of MFG-E8-NP. RecMFG-E8 contains a HIS-tag.

(C) shows the ability of MFG-E8-NP to coat staurosporine treated thymocytes. The data shown was from one
experiment. Supernatant from HEK cells stably expressing MFG-E8-NP (1:2) stained 1x108 apoptotic thymocytes.
The binding frequency (BF) was measured by flow cytometry. We stained for MFG-E8 using a biotinylated MFG-
E8 Ab followed by streptavidin A-APC.
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3.2 Generation of MFG-E8-R262A-GP1(260L/176N)

The GP1 of the LCMV is next to MFG-ES8, one of the interests of this research. Itis the
viral protein responsible for attachment to host cells. Furthermore, it is the location for
ab mediated binding and neutralization of the virus. In contrast to the NP, it induces
hardly a humoral response, due to its vigorous strategies evading recognition by the
host’s adaptive immune response (1.1.9 Neutralizing antibodies in LCMV infections).
We fused MFG-ES8 to GP1 to enhance the humoral response against the GP1.

A FLAG-tag is crucial for large scale production via FLAG affinity chromatography.
Therefore, it was necessary to evaluate the correct FLAG-tag expression by the cloned
constructs. To this end, we evaluated MFG-E8-260L-GP1 and MFG-E8-176N-GP1 via
WB staining for valid FLAG-tag expression but could not detect any signal. As a
possible reason for the absence, we noticed the well-characterised S1P binding site
within Lcmv-Gp1, located at aa 265. Such an S1P binding site would allow cleavage
of the following FLAG-tag located at the C-terminal end of the GP1. In vivo, the S1P
binding site is vital for viral endoproteolytic processing of the GPC to GP1 and GP2.
GPL1 is responsible for attachment to a-DG of host cells. Studies show that abolishing
this binding site in genetically modified LCMV strains leads to inhibition of viral cell-to-
cell propagation due to loss of GPC differentiation into GP1 (58,59). We expected that
the S1P binding site was responsible for the absence of the FLAG-tag due to cleavage
during endosomal processing in HEK cells. We inserted an R262A mutation into the
260L-GP1 and 176N-GP1 of their respective fusion proteins. This modification is
shown in multiple studies to silence the S1P-activity (37,59). The DNA of MFG-E8-
260L-GP1 and MFG-E8-176N-GP1 was enzymatically cleaved. The desired mutation
was inserted together with their respective Gpl and the Flag-tag in various cloning
steps (Fig. 3A, B). We confirmed the r262a mutation by sequencing in each construct
(See tab. 1 Primer used for cloning and sequencing of MFG-E8-260L-GP1 R262A and
-GP1-176N R262A). HEK cells stably expressing the constructs were developed. SN
was assessed for protein expression via WB staining. We calculated molecular
weights using the Ape plasmid editor (v. 3.0.0, April 9, 2021). The size 77 kDa was
gauged for both fusion proteins, MFG-E8-260L-GP1-R262A and MFG-E8-176N-GP1-
R262A. Staining for anti-MFG-E8 displayed large and blurry bands due to strong
protein expression by the transfected HEK cells (data not shown). Staining the SN of
HEK cells expressing MFG-E8-176N-GP1 and MFG-E8-260L-GP1 displayed bands
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at approximately 130 kDa (Fig. 7B). We confirmed MFG-E8 expression in all
constructs due to positive staining. Next, we continued staining for anti-FLAG. No
bands were revealed applying unlabelled anti-FLAG mouse IgG1 M2 (Sigma-Aldrich)
utilised to dye the FLAG-tag of MFG-E8-NP (Fig. 2B). We repeated the anti-FLAG
staining with a monoclonal HRP labelled mouse IgG1l ab (Sigma-Aldrich). Bands
ranged between 120 and 130 kDa for the fusion proteins containing the GP1-R262A,
MFG-E8-260L-GP1 and MFG-E8-176N-GP1 (Fig. 4, 7C). All recombinant proteins
expressed the FLAG-tag correctly, including those containing the R262A mutation.
The bands of the GP1 containing proteins run at 130 kDa compared to MFG-E8-eGFP
at 70-90 kDa. The larger size is due to heavy N-linked glycosylation of the GP1 during
posttranslational processing in the Golgi apparatus (37). Even MFG-E8 is a GP
containing 3 N-linked glycosylation contributing to slowing migration during the SDS
page. The apparent glycosylation of the fusion proteins confirms that GP1 is similarly
expressed to the original viral protein. A correctly presented GP1 is vital for the
induction of nAbs to LCMV. Studies demonstrate that changing the N-linked glycan
makeup of the GP1 alters its antigenic behaviour (68). Therefore, we did not remove
the glycans from the GP1 by PNgase F. Due to possible immunological changes
induced by the R262A modification, we preceded with MFG-E8-260L-GP1 and MFG-
E8-176N-GP1 without the S1P mutation. The question of why a directly labelled ab

was more sensitive in detecting the FLAG-tag stayed elusive.
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Fig. 3 Cloning of MFG-E8-260L-GP1-R262A and MFG-E8-176N-R262A

(A) displays the cloning of the MFG-E8-260L-GP1-R262A construct. It was based on the vector construct pD2528
(Newark, CA, USA) MFG-E8-260L-GP1. Two PCR steps were applied as follows: In the first step, we created a
DNA template (T1) containing Mfge8 and Gp1l of the LCMV¢j13 with a point mutation at the amino acid position 262
of the GP1 exchanging arginine for alanine (R262A). This mutation changes the S1P binding site from KFFTRR to
KFFTAR and abolishes its activity. In the second PCR step, we added a FLAG-tag to the template (T2) Mfge8-
2601-Gp1-r262a, yielding Mfge8-260I-Gpl-r262a-Flag. The product was restricted by its respective enzymes and
ligated into the digested pD2528 vector with the “one-step ISO assembly of overlapping dsDNA method” presented
by Gibson et al. (2,3). All cloning steps were controlled by DNA sequencing. The final vector constructs pD2528
MFG-E8-260L-GP1-R262A-FLAG was transfected into HEK cells using the CaPO4 method. We evaluated correct
protein expression via Western Blotting and ELISA.

(B) visualizes the cloning strategy of MFG-E8-176N-GP1. The vector construct was cloned similarly. A template
(T1) was produced by PCR containing Mfge8 and Gp1 from the LCMVam. At amino acid residue 262 of the GP1,
we introduced a point mutation, exchanging arginine for alanine (R262A). This mutation changes the S1P binding
site from KFFTRR to KFFTAR. It was based on the vector construct PD 2528 (Newark, CA, USA) MFG-E8-176N-
GP1. The template (T2) was digested by its respective enzymes and ligated with the “one-step ISO assembly of
overlapping dsDNA method” presented by Gibson et al. (192,193) into the digested pD2527 vector. The construct
DNA was transfected into HEK cells, stabilised, and purified by FLAG affinity chromatography and peptide elution.
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Fig. 4 Detection of FLAG-tag in all MFG-E8-GP1 fusion proteins
MFG-E8-176N-GP1-R262A, MFG-E8-260L-GP1-R262A, MFG-E8-176N-GP1, MFG-E8-GP1 and MFG-E8-eGFP
were loaded onto an SDS-gel, transferred onto a membrane and stained with a direct HRP labelled 19gG1 anti-FLAG
antibody (Sigma-Aldrich). Bands were detected in all constructs at expected sizes. The GP1 fusion proteins run
higher due to glycosylation of the GP1.

3.3 Purification of MFG-E8-176N-GP1

Following the cloning the experiments, we purified MFG-E8-176N-GP1 from SN of
stably transfected HEK. The purification step was necessary for the immunisation of
mice.

SN from stably transfected HEK cells expressing MFG-E8-176N-GP1 was utilised to
purify protein using FLAG affinity chromatography. To quantify the protein
concentration, we applied an anti-MFG-E8 ELISA. A 4-parametric analysis calculated
the final concentration of the protein. The result of the MFG-E8-176N-GP1 purification
process was 1.5 mg/ml (Fig. 5).

Following, we controlled the purified protein's correct size and potential contamination
with SDS page and Coomassie staining. The expected molecular weight was 77 kD.
However, due to heavy glycosylation of the GP1, the recombinant protein ran at 130
kDa (Fig. 6B)., as noticed in previous WB staining (Fig 4,7B, C). No other bands were
obtained, which indicated no contamination with other proteins. We concluded correct
protein expression by MFG-E8-176N-GP1 transfected HEK cells used for large scale

protein production.
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Fig. 5 Quantification ELISA of MFG-E8-176N-GP1

(A) presents the quantification of protein gained from transfected HEK cells. An ELISA plate was coated with an
MFG-E8 18A2 antibody (Ab) and stored at 4 °C overnight. MFG-E8-176M-GP1 diluted in1:1000 and 1:10000 was
pipetted into the first wells. Serial 1:2 dilution was performed. Biotinylated anti-MFG-E8 ab was used as the
secondary ab. After applying stabilised chromogen (SeraCare, USA), the light absorbance was measured by Versa
max microplate reader (Molecular Devices, USA), represented in a standard curve seen in figure A. The standard
MFG-E8-eGFP is designated as the red-lined graph. The blue chart displays the 1:10000 dilution, the green one
the 1:1000 dilution of MFG-E8-176N-GP1. The standard curve is based on the mean values of the protein
concentration.

(B) legend to (A).

(C) for calculating the protein concentration, 4-Parameter logics were applied as shown.

(D) values of plot (A) were inserted into the formula (C) to calculate the protein concentration. The final
concentration of the purified MFG-E8-176N-GP1 protein was 1.5 ug/ml. The graphs and tables were produced by
SoftMax Pro 7.0.3 (Molecular Devices, USA).
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3.4 The function of MFG-E8 GP1 (176N/260L) fusion proteins

We tested the function of the recombinant proteins by evaluating their binding efficacy
to apoptotic thymocytes. Binding would show us if the C1C2 domain of the MFG-E8
containing fusion proteins were functional. We applied FACS staining for MFG-E8
using a biotinylated MFG-E8 Ab (R&D System) followed by Streptavidin A-APC
(Caltag, UK) to measure the labelling efficacy. We acquired the following results using
different dilutions of the protein. Coating with 600 ng/ml MFG-E8-176N-GP1 dilution
had a binding frequency of 55.8 %, 300ng/ml 50.1 % and the 150 ng/ml dilution 40.3
%. 100 ng/ml recMFG-E8 had a comparably higher coating efficacy of 63.9 %. A
binding frequency of 0.18 % was found in unstained thymocytes (Fig. 6C).

SN of MFG-E8-260L-GP1 stably expressing HEK cells was utilised to coat apoptotic
thymocytes in a separate experiment. We prepared the FACS staining evenly. The
binding frequency was counted 14.4 % (Fig. 7D).

We concluded that MFG-E8-176N-GP1 and MFG-E8-260L-GP1 bound to PS.
Therefore, MFG-EB8 as part of the fusion proteins was functional.

300 ng/ml of MFG-E8-176N-GP1 was the optimal coating dilutions to achieve similar
coating efficacy to recMFG-ES8. Higher protein concentrations induced more extensive
background staining and did not represent valid results. Higher protein concentration
required compared to recMFG-E8 might be due to GP1 interfering with MFG-E8’s
C1C2 domain inhibiting binding to PS. We proceeded using the purified MFG-E8-
176N-GP1 for an immunisation protocol to find out if GP1 linked to MFG-E8 induces
nAbs against LCMVam.
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Fig. 6 Purified MFG-E8-176N-GP1

(A) presents the fusion protein MFG-E8-176N-GP1. MFG-E8 was fused to the N-Terminus of the LCMVam, GP1
and to the FLAG-tag.

(B) shows the Coomasie staining (Thermo-Fisher) of MFG-E8-176N-GP1 purified via FLAG chromatography. 200
ng of MFG-E8-176N-GP1 (77 kDa), 100 ng of MFG-E8-eGFP (82 kDa) as positive and HEK lysate as negative
control were loaded onto an SDS gel. The gel was stained overnight in Coomassie staining solution. H,O washed
off the Coomassie. Bands were detected at the expected size. MFG-E8-176N-GP1 run higher than MFG-E8-eGPF
due to the heavy glycosylation of GP1.

(C) displays the functionality of MFG-E8-176N-GP1 by measuring its binding efficacy to staurosporine treated
thymocytes. 1x10° apoptotic thymocytes were coated with purified MGF-E8-176N-GP1 (1.5 mg/ml). Fluorescent
anti-MFG-ES8 staining was performed with biotinylated anti-MFG-E8 IgG, 1:300 (R&D Systems, Cat. # BAF2805)
and Streptavidin A-APC, 1:700 (Caltag, UK). The Coating efficacy was measured using 300 ng/ml of MFG-E8-
176N-GP1 achieving 48,9 % coating efficacy. Unstained apoptotic thymocytes were the negative control. RecMFG-
E8 was utilised as a positive control.
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Fig. 7 Functionality of MFG-E8-260L-GP1

(A) presents the fusion protein MFG-E8 connected at its C Terminal to GP1 of the LCMV¢13 strain bound to a
FLAG-tag.

(B) shows the Western Blot (WB) staining for MFG-ES8 in the supernatant (SN) of MFG-E8-GP1(260L/176N). The
SN of the stably transfected HEK cells expressing MFG-E8-176N-GP1 or MFG-8-260L-GP1 were loaded with
recMFG-E8 and MFG-E8-eGFP protein onto an SDS gel transferred onto a nitrocellulose membrane. Blotting was
done with an anti-MFG-E8 18A2-G10, and HRP labelled Armenian hamster IgG. Bands for MFG-E8-260L-GP1 (77
kDa), recMFG-E8 (60 kDa) and MFG-E8-eGFP (82 kDa) were detected at the expected size. Blurred staining was
acquired for MFG-E8-176N-GP1.

(C) displays the WB staining for the FLAG-tag. Equal amounts from the SN of stably transfected HEK cell lines
expressing MFG-E8-176N-GP1 and MFG-E8-260L-GP1 (77 kDa) were loaded onto an SDS gel. recMFG-ES8 (60
kDa) and MFG-E8-eGFP were the control proteins (82 kDa). The gel was transferred onto a nitrocellulose
membrane and stained for anti-FLAG. Bands were detected. The GP1 incorporating constructs run higher than
MFG-E8-eGFP due to N-linked glycosylations.

(D) demonstrates the coating capability of MFG-E8-260L-GP1 to staurosporine treated thymocytes. SN from HEK
cells stably expressing MFG-E8-260L-GP1 was utilised to coat 1x106 apoptotic thymocytes. Staining was
accomplished with biotinylated anti-MFG-ES8 IgG, 1:300 (R&D Systems, Cat. # BAF2805), followed by Streptavidin
A-APC, 1:700 (Caltag, UK). The binding frequency (BF) was measured using flow cytometry.
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3.5 Antibody detection in mice

MFG-E8-eGFP injected in mice induces an accelerated humoral immune response to
eGFP shown by ELISA experiments (Kranich et al. unpublished results). Comparably,
we evaluated the presence of nAbs to GP1 using an Ab mediated neutralisation assay.
B6 mice naive to LCMV were injected either with MFG-E8-176N-GP1 or with MFG-
E8-eGFP protein at equimolar protein amounts. The injections were done twice in 2
weeks. 7 d after the second injection, serum of the mice was taken and assessed with
a plaque-forming neutralisation assay for nAbs against LCMV arm.

The serum of MFG-E8-eGFP injected mice was designed as the negative control
because there were no nAbs against LCVMam to be expected.

LCMVarm incubated with the serum of MFG-E8-176N-GP1 injected, mice exhibited a
lower PFU/mI mean than mice injected with MFG-E8-eGFP (Fig. 8A, B). The mean
difference was 0.00333 PFU/mI. However, the PFU difference to the negative control
was statistically insignificant (t-test, P=0.0670; Welch’s test, P=0.1128).

The PFU/ml mean of LCMVam incubated without serum or ab was higher than the
virus incubated with the serum of MFG-E8-176N-GP1 injected mice (Fig. 8A).

The PFU/ml mean difference between these wells was 0.01083 PFU/ml concluding
the result statistically significant (t-test, P<.0001; Welch’s test, P<.0001).

The PFU/ml mean of LCMVam only was higher than the one obtained upon incubation
with the KL-25 ab. The mean difference was 0.00458 PFU/ml (Fig. 8A). The outcome
was statistically significant (t-test, P= 0.058; Welch’s test P=0.0066).

The PFU/mI mean of KL-25 ab, the positive control, incubated with the virus was higher
than with serum of MFG-E8-176N-GP1 injected mice (Fig. 8A). The mean difference
was 0.0625 PFU/ml and statistically significant (t-test P=0.0002; Welch's test
P=0.0008).

The PFU/mI mean of virus only was higher than the virus incubated with the serum of
MFG-E8-eGFP injected mice (Fig. 8A). The mean difference was 0.01083 PFU/ml,
which was statistically significant (t-test, P=0.0024; Welch’s test P=0.0049).

Virus incubated with KL-25 ab revealed a higher PFU/ml than virus incubated with the
serum of MFG-E8-eGFP injected mice (Fig. 8A). The PFU/mI difference was 0.002917
PFU/ml resulting in statistical insignificance (t-test, P=0.1741; Welch's test,
P=0.1798).
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First, KL-25, a well-established GP1 nAb, was successful as a control for this
experiment. KL-25 displayed statistically significant lower PFU/ml (Welch’s test
P=0.0066) than virus only. Therefore, the KL-25 ab contained adequate neutralising
capacity (Fig. 8A).

Both fusion proteins MFG-E8-176N-GP1 and MFG-E8-eGFP generated lower PFU/mI
than virus only. This result could indicate that the sera of immunised mice contained
proteases, complement factors and unspecific immunoglobulins which have affected
viral lysis. Interestingly, both fusion proteins caused lower PFU/ml than KL-25, a
specific anti-GP1 nAbs exemplified to induce viral lysis. Consequently, the amount of
immunologically active substances in their sera was far greater than in the used KL-
25 dilution. However, MFG-E8-eGFP's PFU/ml mean was more soaring than MFG-
E8-176N-GP1 and statistically not significantly different from KL-25. Additionally,
MFG-E8-176N-GP1 yielded lower PFU/mI (t-test, P=0.0670) close to significance than
MFG-E8-eGFP (Fig. 8B). Accordingly, it was possible that result was due to the
presence of nAbs against LCMVarm in serum of MFG-E8-176N-GP1 immunised mice.
The concern was that different amounts of serum from each mouse were incubated
with the same LCMV concentration. Some of the mice yielded more serum than others.
As a result, the comparison of the PFU/mI between the sera obtained from each mouse
is inaccurate. The greater the amount of serum used for an assay, the more lysis-
inhibitory factors might have been present. Equal parts of serum incubated with the
same virus concentration would be validly comparable. However, a larger test group
of mice or repetition of the experiment was not possible due to the limited amount of
protein. Both could have drawn a clearer picture of whether nAbs were present in the
sera of MFG-E8-176N-GP1 immunised mice.
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Fig. 8 Comparison of infectious titres

Three C57BL/6 mice were injected intraperitoneally with MFG-E8-eGFP. 4 mice of the same breed were injected
with MFG-E8-176N-GP1. The injections were repeated after 2 weeks. 7 d after the second injection, blood from
the tail vein of the mice was taken, and serum was produced. The serum was divided by two, and each sample
was incubated as doublets with the same 1:10000 LCMVam. dilution. The serum amount per doublet (wells, n=6,
n=8) was equal, the amounts between doublets differed. The volume was balanced using a 5% FCS DMEM (Gibco)
medium. The mix was overlaid on Vero cells and incubated for 3 d at 37°C. Staining was completed for the
nucleoprotein of the LCMVam. Plaques were counted, and the PFU/mI was figured. Serum from MFG-E8-eGFP
immunised mice were used as the negative control. KL-25, anti-GP1 antibody LCMVam, was applied as a positive
control in 1:100 dilution and incubated in triplets with the (n=6) same virus dilution. Plaques were counted and
PFU/mI calculated. The histograms display the measured viral titres (PFU/ml) from LCMVam. incubated with KL-
25 antibody, serum from mice (n=3) injected with MFG-E8-eGFP, serum from mice (n=4) injected with purified
MFG-E8-176N-GP1 and virus only. (A) shows infectious titres from all conditions to LCMVam only. (B) shows the
comparison of infectious titers from the serum of MFG-E8-eGFP and MFG-E8-176N-GP1 injected mice incubated
with LCMVam. The data presented originated from one experiment. Each dot in the graph indicates one well.
Statistical significance is denoted by asterisks (ns P > 0.5; *P < 0.05; **P < 0.01; ***P < 0.001; T-test or Welch-test
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4 DISCUSSION

4.1 Successful cloning of constructs

We verify the successful induction of the R262A mutation into the fusion proteins
MFG-E8-260L-GP1 and MFG-E-176N-GP1, yielding MFG-E8-176N-GP1- R262A
and MFG-E8-176N-GP1-R262A. Each fusion protein express GP1, MFG-E8 and a
FLAG-tag shown by sequencing and WB. We conclude that the S1P is not vital for
expressing our fusion proteins in HEK cells. Burri et al. demonstrated that the S1P
binding site is essential for processing the viral GPC into GP1 and GP2. The
induction of the R262A mutation in recLCMV lead to the failure of viral propagation
(58,59). That S1P-deficient LCMV clones could not present GP1 contradicts in some
way our findings. HEK cells correctly express our GP1-fusion protein despite
abolishing the S1P binding site. Transport of native GPC in the absence of a
functional S1P-binding site to the cell surface was examined (196). However, our
GP1 did not need further cleavage from the viral precursor protein. We figur that the
binding site is active in GPC composition, cleaving it into GP1 and GP2. The MFG-
E8-GP1 fusion proteins differ from the original GPC in design. Consequently, they
are independent of the S1P processing. Various studies showed that different
proteases can achieve correct GP1 cleavage with their respective binding sites at
the same aa position. Exchanging the S1P-binding site of recLCMV with a different
coded S1P of the Lassa virus or a furin binding site of the HIV, resulted in correct
LCMV-GP1 expression. However, cleavage occurred in a different part of the Golgi
apparatus than in native LCMV-GP1 (58,64).

Despite assuming that our MFG-E8-GP1 fusion proteins are processed differently
than the native LCMV-GP1, correct GP1 expression is feasible in other parts of the
Golgi apparatus. Therefore, we believe that our GP1-MFG-ES8 fusion proteins induce

an accurate humoral response to GP1
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4.2 Correct glycosylation of the GP1 in HEK cells

The GP1 of the LCMV was highly enriched in glycans, shielding the virus from lysis by
nAbs (37,68). GPs run slower on the SDS pages and display larger sizes due to their
large glycan expression (26). Similar, our MFG-E8-GP1 fusion proteins advance in
WB slower than MFG-E8-eGFP. Thus, it hints at proper glycosylation of the GP1 in
HEK cells. Therefore, we can consider that the GP1's antigenicity is preserved during
cloning procedures. Eschli et al. used PNGase F digestion to deglycosylate their 1gG-
GP1 fusion protein to display its actual protein size. Thereby they proved that proper
glycosylation in the transfected mammalian cells occurs (26). An aspect of future
experiments can be to demonstrate the actual size of the MFG-E8-GP1 fusion proteins
via PNGase F digestions. Further determining correct protein folding, Eschli et al.
characterized their IgG-GP1 fusion protein by epitope mapping of known neutralising
and binding Ab sites, respectively GP1-A, GP1-B and GP1-C (26,65). They applied an
ELISA with specific Ab to each binding site, including our KL-25 ab, to map the GP1.
Specific binding to each epitope was obtained, and correct protein folding of GP1 in a
non-trimeric, native state was concluded. These discoveries support the notion that
valid GP1 expression is possible in our MFG-E8-GP1 fusion proteins expressed by
HEK cells. However, epitope mapping of GP1 fusion proteins would be an exciting

aspect to further research correct protein folding of the GP1.

4.3 PS binding of constructs

Several studies demonstrated that apoptotic cells express PS as an "eat-me-signal”
on their outer cell membrane to elicit MFG-ES8 binding for removal by MPs (133,141).
In this context, we demonstrate that the MFG-E8-GP1/NP fusion proteins bind to PS
expressing thymocytes. The induction of PS by staurosporine underlines its
characteristic as an inductor of apoptosis (171,196). These findings were in line with
Kranich et al. recently published study where the fusion protein MFG-E8-eGFP bound
to apoptotic thymocytes via its C1C2 domain. Kranich et al. created the fusion protein
with similar cloning and expression techniques using FLAG affinity chromatography

as a purification method (169).
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4.4 Induction of neutralizing antibodies

Our LCMV neutralisation assay confirms that the KL-25 ab has sufficient neutralisation
power to LCMVam (26). This finding aligns with Ab studies for similar LCMV
neutralisation assays (26,71). Kranich et al. demonstrated that living lymphocytes
capture MFG-E8-eGFP marked EVs due to their characteristic of expressing PS (169).
Therefore, we present MFG-E8 as a new in vivo pulsing method for exosomes.
Different studies showed that peripherally injected exosomes produced by ag-pulsed
DCs provide protective immunity against invading pathogens (178,179). In
immunohistochemical staining, MFG-E8-eGFP accumulated in and around the GC,
while eGFP only did not. Kranich et al. revealed that MFG-E8-eGFP generates an
accelerated B-cell activation compared to eGFP only injection with increased specific
ab titres to eGFP (Kranich et al. unpublished results). Our finding that MFG-E8-176-
GP1 induces lower PFU/ml than the negative control MFG-E8-eGFP exhibits a
positive trend towards the production of nAbs. This result supports studies from
Kranich et al., where MFG-ES8 is established to be a carrier of ag to FDCs, accelerating
the humoral immune response. Histochemical staining of the MFG-E8-176N-GP1
binding to GC was unfortunately not part of the present thesis-project. Staining spleen
sections for anti-GP1 and anti-MFG-E8 are future challenges to further characterize
the properties of this molecule.

Measuring GP1 ab titres by ELISA is another critical experiment to make a definitive
statement about quantification and the presence of Abs. It is also necessary to further
guantify the neutralising capacity of the emerged nAbs in the serum of our immunised
mice. We demonstrate that MFG-E8-176N-GP1 induces lower PFU than KL-25.
However, potentially many proteases and complement factors in the serum influences
the results. Studies show that early binding Ab preceded the production of nAbs
(26,71). Complement-mediated lysis inhibited viral spread

during an earlier time point of LCMV (71). Purifying the serum for GP1-specific ab from
different timepoint post immunisation and comparing their neutralising efficacy could
have solved that issue.

Eschli et al. differentiated between the emergence of nAbs and binding Ab elegantly
by applying a competitive binding assay to GP1 (26). They used a competition assay
to evaluate the binding efficacy of nAbs in the serum of mice by ELISA. Thereby they

noticed the emergence of nAbs from 30 d.p.i. in CTL-deficient mice with less impaired
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GCs compared to WT-mice where nAbs occurs at 80 d.p.i. (26). We detected
neutralisation of LCMV at 21 d.p. im. by serum of MFG-E8-176N-GP1 injected mice.
This time point is 9 d before the earliest detection of nAbs described in the literature.
The result demonstrates the potential acceleration of the humoral response induced
by MFG-ES8, but it requires further studies. Additionally, infecting the immunized mice
with LCMV could have tested clinically if they developed protective immunity against
the viral disease.

We can summarise that we have promising results, making further experiments
compelling.

The fusion protein MFG-E8-260L-GP1 was ready to be purified, but could not be
analysed for the sake of time. It would be interesting to see if immunisation with this
protein could exhibit similar results.

Immunisation experiments with these MFG-E8-coupled constructs could hint at
vaccine approaches towards HIV or Lassa fever virus. Both are still enormous burdens
to mankind. The fusion protein MFG-E8-NP was cloned, transfected, and ready to be
purified. A strong non-neutralising Ab response against the NP would have been
expected (26). Therefore, it would be potentially better comparable than using MFG-
E8-eGFP as control.
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5 SUMMARY AND OUTLOOK

In the present doctoral thesis, recombinant fusion proteins based on MFG-E8 were
produced. The aim was on the one hand to test or optimize the production of such
proteins and on the other hand to apply and functionally analyze these proteins. In the
short time available, it was possible to answer both main questions. Future projects
should now deal with the in vivo application and evaluation of the proteins, and
hopefully show that the use of such modified viral proteins leads to an increased and
improved production of virus nAbs. Based on the pandemic situation lately, it became
apparent that new vaccination approaches are still needed. Vaccination with
recombinant proteins, which mixed with adjuvants leads to protection from SARS-
CoV-2 infections, was recently approved by the EMA for the EU. Novavax's protein
vaccine is based on the receptor binding domain of the SARS-CoV-2 virus and leads
to abs and protection against infection. If our approach was used here, this receptor
binding domain coupled to MFG-E8 eventually would be able to induce stronger and

faster ab responses. But such studies would have to be performed in the future.
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