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INTRODUCTION

1 Introduction

1.1 Regulated intramembrane proteolysis (RIP)

Proteolysis is a post—translational modification. The enzymatic hydrolysis of peptide bounds is
irreversible. It plays a role in the regulation of cellular processes as for example in transcription
and cell signalling, but it is also involved in degradation of proteins. Most proteases cleave
in an aqueous environments. A subgroup of proteases is specialised in cleaving substrates
even within the the hydrophobic bilayer of biological membranes. These enzymes are called

intramembrane—cleaving proteases (I-CLiPs; Wolfe etal., 1999).

I-CLiPs are involved in a process referred to as regulated intramembrane proteolysis (RIP),
which describes sequential cleavage of single pass transmembrane proteins. Substrates of
RIP are type | or type Il integral proteins, which are classified by their orientation within the
membrane. Type | orientated proteins harbour their C—terminus within the cytosol, while type
Il orientated proteins show an opposite topology. Apart from releasing proteins from the mem-

brane, RIP is also involved in regulation of cellular functions.

soluble )
ectodomaim C/N—peptide

/

P4

proteolysis of
ectodomain intramembrane proteolysis of NTF/CTF

Figure 1: Scheme of regulated intramembrane proteolysis. A membrane bound substrate is short-
ened by regulated ectodomain shedding. The remaining N— or C—terminal fragment (NTF/CTF) un-
dergoes intramembrane proteolysis. This leads to the release of a C— or N—peptide, respectively. An
intracellular domain (ICD) is released to the cytoplasm and may function as transcriptional regulator,
signalling molecule or is further degraded.

The process itself works as follows (see figure 1). First, a transmembrane substrate is cleaved
close to the membrane by a protease, releasing the ectodomain. At the plasma membrane,
the proteolysis is called shedding and releases the soluble ectodomain into the extracellular
space. The proteolysis of the ectodomain is tightly regulated and performed for example by
family members of the A Disintegrin And Metalloproteases (ADAMs), matrix metallo proteases
(MMPs), g—site APP cleaving enzymes (BACEs), neutrophil-derived proteases or cysteine
proteases (Lal and Caplan 2011, McCarthy etal., 2017, Becker-Herman etal., 2005). After

ectodomain shedding, the remaining N-terminal (type Il integral protein) or C—terminal (type |
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integral protein) fragment (NTF/CTF) is cleaved within the membrane by an I-CLiP (Wolfe etal.,
1999). A luminal C/N—peptide and an intracellular domain (ICD) is thereby released from the
membrane. The ICD can regulate transcription, cell signalling or is further degraded (McCarthy

etal., 2017).

1.1.1 Intramembrane—cleaving proteases (I-CLiPs)

Proteases can be defined by their catalytic centres. According to this classification, I-CLiPs
of four different families are described so far, namely, metallo proteases, serine proteases,
aspartyl proteases and glutamate proteases (McCarthy etal., 2017). |-CLiPs are not only
involved in the RIP process, but can also cleave transmembrane proteins which harbour a short
ectodomain, such as tail-anchored proteins (Boname etal., 2014, Bergbold and Lemberg 2013,
Laurent etal., 2015). Furthermore, it was shown that also a type Ill transmembrane protein,
a protein with two transmembrane domains (TMDs) harbouring N— and C—terminus within the
cytosol, can be a direct substrate for intramembrane cleavage (Voss etal., 2012). An overview

of the |-CLiP families is shown in table 2 and figure 2.

Table 2: Overview of intramembrane cleaving protease families.
Signal peptide peptidase (SPP); SPP like (SPPL); transmembrane domain (TMD).
Modified from Weihofen and Martoglio 2003, Beel and Sanders 2008 and Mentrup etal., 2017a.

Protease I-CLiP Number of Catalytic Essential  Substrate
family TMD motif co—factors topology
Metallo- Site 2 6 HExxH (TMD 2) No Type Il
proteases protease LDG (TMD 4)
Serine Rhomboid- 7 GxSG (TMD 4) No Type |
proteases like H (TMD 6)
Glutamate Ras converting 8 E (TMD 4) No Type Il
protease enzyme 1 H (TMD 5)
HxxxN (TMD 7)
Aspartyl Presenilin-1/2 9 YD (TMD 6) APH-1a/b  Typel
proteases GxGD (TMD 7)  Nicastrin
PEN2
SPP 9 YD (TMD 6) No Type Il
GxGD (TMD 7) tail anchored
SPPL2a/b/c 9 F/YD (TMD 6) No Type Il
GxGD (TMD 7)
SPPL3 9 YD (TMD 6) No Type Il
GxGD (TMD 7) Type llI

The process of intramembrane cleavage was first linked to the sterol-regulatory element-binding
proteins (SREBPs) SREBP—-1 and SREBP-2 (Sakai etal., 1996). The responsible I-CLiP was
identified one year later as the golgi residual zinc metalloprotease site—2 protease (S2P; Raw-

son etal., 1997, Rawson 2013). The type Ill transmembrane protein SREBP-2 is first cleaved
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within the loop between the two TMDs by the site—1 protease (S1P). The resulting fragment with
the type Il orientated TMD is then proteolysed by S2P (Rawson 2013). The released SREBP-2
fragment regulates expression of genes involved in lipid metabolism (Sakai etal., 1996). Pro-
teolysis of S2P substrates is regulated by protein trafficking. Under steady—state conditions
substrates reside within the endoplasmatic reticulum (ER), but re—localise to the golgi appara-

tus, where the protease S1P and S2P are localised, in a regulatory manner (Rawson 2013).

(\

RHBDL2

SPPL2b y-secretase RHBDL3
complex
endosome
mitochondria
( ) sPpL3
late endosome
lysosome J
y-secretase PARL
complex
SPPL2a Golgi apparatus RHBDL1
SPPL2c SPP

RHBDL4 ‘

S2P  Ras converting

enzyme 1
endoplasmatic reticulum

Figure 2: Subcellular localisation of I-CLiPs. Schematic overview of subcellular localisation of
rhomboid—like (RHBDL) serine proteases (orange) including presenilins—associated rhomboid-like pro-
tein, mitochondrial (PARL), metallo protease site—2 protease (S2P; blue), glutamate proteases (yellow)
and aspartyl proteases (green) of the signal peptide peptidase (SPP) / SPP—like (SPPL) family and
presenilins within y—secretase complex. Adapted from Urban 2016.

The serine protease family of rhomboids was first described in Drosophila melanogaster. There,
rhomboid-1 cleaves spitz, the ligand for the epidermal growth factor receptor. The ablation of
the protease in Drosophila melanogaster drives abnormal rhomboid—shaped head skeleton
and led to the name of the protease family. Based on sequence homology, Rhomboid—like
(RHBDL) proteases were discovered in all kingdoms of life, also in mammals. Members are
localised to the ER, golgi, mitochondria and plasma membrane (Freeman 2008). Substrates of
Rhomboid-like proteases are type | orientated. Since the family members are localised within
the cell in different compartments, they have a diverse substrate spectrum. For example, the
plasma membrane localised mammalian RHBDL2 releases the epidermal growth factor and is

involved in growth regulation (Adrain etal., 2011).
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The most recently described family of I-CLiPs is formed by a glutamate protease called ras
converting enzyme 1 (Manolaridis etal., 2013). The protease is conserved in pro— and eu-
karyots. In eukaryotic organisms it localises to the ER and its prenylated type Il orientated

substrates are involved in cell signalling processes (Hampton etal., 2018).

Presenilins were the first members discovered in the aspartyl protease family. The conserved
catalytic center between TMD six and seven is formed by a YD - GxGD motif (Steiner etal.,
2000, Yamasaki etal., 2006). Based on sequence homology to the presenilins and conserva-
tion of the catalytic motifs, the signal peptide peptidase (SPP) / SPP-like (SPPL) family was
identified (Weihofen etal., 2002, Ponting et al., 2002, Grigorenko et al., 2002). Presenilins were
identified in search of proteases involved in cleavage of the amyloid precursor protein (APP)
participating in Alzheimer’s disease (De Strooper etal., 1999, Wolfe etal., 1999, Haass and
Steiner 2002). Later on, it was found that the cleavage is performed by a complex comprising
the catalytic subunits presenilin—1 (PS1) or PS2 with the co—factors anterior pharynx defective-
1 (APH-1), presenilin enhancer—2 (PEN-2) and nicastrin (Francis etal., 2002, Lee etal., 2002,
Gu etal., 2003). Six y—secretase complexes of different compositions are assumed due to
isoforms of PS1 and PS2 as well as APH—1a and APH-1b. The different complexes show dis-
tinct affinity for their over 80 known type | substrates (Haapasalo and Kovacs 2011). Besides
APP, the Notch-receptor is one of the in vivo validated substrates. The Notch ICD released by
~—secretase was shown to play a role in regulation of transcription (De Strooper etal., 1999,

Jorissen and De Strooper 2010).

y-secretase complex SPP/SPPL

ST e

PEN-2 APH-1a/b Presenilin-1/2 Nicastrin

Figure 3: Comparison of aspartyl proteases. Presenilins require the co—factors anterior pharynx
defective-1 (APH-1), presenilin enhancer—2 (PEN—-2) and nicastrin for proteolytical activity, forming the
~—secretase complex. In contrast, SPP/SPPL—family members do not need accessory proteins, accord-
ing to current models. The topology of both protease families are inverted to each other, as well as
the topology of their substrates (depicted in red). Presenilins cleave type | orientated proteins, while
SPP/SPPLs show specificity to type Il orientated substrates. Adapted from Haapasalo and Kovacs 2011
and Voss etal., 2013

The mammalian SPP/SPPL family is constituted of five members, namely, SPP, SPPL2a, SPPL2b,
SPPL2c and SPPL3. In comparison to presenilins, membrane topology of SPP/SPPL fam-

ily proteases is inverted. Based on the different orientation of the catalytic center, substrate



INTRODUCTION

topology within the membrane is also inverted, as they are type Il orientated in the case of
SPP/SPPL family proteases (Friedmann etal., 2004). In contrast to presenilins, no co—factors
are described so far for SPP and SPPLs (see figure 3; Nyborg etal., 2004, Voss etal., 2013).

The protease SPP localises to the ER were it cleaves signal peptides (Mentrup etal., 2017a).
The substrate spectrum of SPP does also include other type Il orientated fragments of proteins
than signal peptides (see table 2; Mentrup etal., 2017a). For example, SPP can be involved
in ER-associated protein degradation (ERAD; Avci and Lemberg 2015). SPP can also prote-
olyse tail-anchored proteins without premature shedding (Boname etal., 2014, Mentrup etal.,
2017a).

SPPL3 cleaves proteins with large ectodomains directly without preceding cleavage by other
proteases (Mentrup etal., 2017a). It localises to the golgi apparatus where it cleaves and
thereby inactivates glycan—modifying enzymes and other proteins involved in glycosylation
(Voss etal., 2014, Kuhn etal., 2015). It can also directly cleave the type Ill foamy virus en-
velope protein (FVenv) derived from a zoonotic retrovirus (Voss etal., 2012). In addition to
its proteolytic activity, SPPL3 also harbours a protease—independent function by mediating

protein—protein interactions (Makowski et al., 2015).

1.1.2 SPPL2 proteases

SPPL proteases contain nine TMDs, exposing the C—terminus to the cytoplasm (Voss etal.,
2013). A signal sequence at their N-terminus leads to insertion into the ER membrane during
protein synthesis, which is cleaved off afterwards (Friedmann etal., 2004). All SPPLs are
glycosylated, while SPPL2a harbours the highest degree of glycosylation (Friedmann etal.,
2004). The catalytical center is formed by a YD motif in TMD six of SPPL2a and SPPL2b or
by a FD motif in TMD six of SPPL2c together with a GFGD sequence in TMD seven of all
three proteases. Additionally, they contain a PALL motif within their ninth TMD (Krawitz et al.,
2005, Voss et al., 2013, Mentrup etal., 2017a). Even though SPPL2c harbours catalytic motifs,
proteolytic activity of SPPL2c has not been demonstrated yet (Mentrup etal., 2017a).

SPPL2c stays within the ER after its synthesis (Friedmann etal., 2006), while SPPL2a and
SPPL2b exit the ER. SPPL2a localises to the endolysosomal system due to a YXXg sort-
ing motif (Friedmann etal., 2006, Behnke etal., 2011). This motif is lacking in the plasma
membrane—localised SPPL2b protease (Friedmann etal., 2006, Behnke etal., 2011). By over-
expression studies, SPPL2b was also found to localise in the Golgi and to lysosomes (Martin
etal., 2008, Krawitz etal., 2005). In overexpression experiments, minor amounts of SPPL2a
were also found at the plasma membrane (Behnke etal., 2011). However, only its lysosomal

localisation was confirmed in vivo (Schréder etal., 2007, Schneppenheim etal., 2014b).
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Besides their differences in intracellular localisation, the expression profiles within tissues vary.
SPPL2a protein is ubiquitously expressed throughout the murine organism with lower levels
observed in brain tissue (Schneppenheim etal., 2014b). In contrast, SPPL2b protein shows
highest expression within the brain and in bone marrow. Low amounts of SPPL2b protein
can be detected in other organs (Schneppenheim etal., 2014b). No protein expression data
for SPPL2c are described. SPPL2c messenger ribonucleic acid (mRNA) can be detected in

murine brain, heart, skin and testis (Friedmann et al., 2004).

1.1.3 In vitro substrates of SPPL2 proteases

In contrast to the large number of substrates for presenilins, only a few proteins are known
to be cleaved by SPPLs. Evidence for majority of substrates was obtained by overexpression
systems. CD74 is the only in vivo validated substrate so far, while the function of cleavage
of the other substrates in vivo are not well defined (see table 3; Schneppenheim etal., 2013,
Beisner etal., 2013, Bergmann etal., 2013, Schneppenheim etal., 2014a, Mentrup 2018).

Table 3: SPPL family member substrates. /n vivo validated substrate CD74 is written in bold. FVenv

abbreviates foamy virus envelope protein, NRG1 abbreviates neuregulin 1, CLN5 abbreviates ceroid-
lipofuscinosis neuronal protein 5. Adapted from Mentrup etal., 2017a.

Protease Substrate type Substrate Reference
SPPL2a  Type Il protein  TNF« Fluhrer etal., 2006,
Friedmann etal., 2006
FasL Kirkin etal., 2007
ITM2B Martin etal., 2008
CD74 Schneppenheim etal., 2013,

Beisner etal., 2013,
Bergmann etal., 2013,
Schneppenheim etal., 2014a

TMEM106B Brady etal., 2014
Type lll protein  NRG1 Fleck etal., 2016
FVenv (viral) Voss etal., 2012
SPPL2b  Type Il protein  TNF« Fluhrer etal., 2006,
Friedmann etal., 2006
ITM2B Martin etal., 2008
Transferrin receptor Zahn etal., 2013
CLN5 Jules etal., 2017
Type Il protein  NRG1 Fleck etal., 2016
FVenv (viral) Voss etal., 2012

SPPL2c - -

The pro—inflammatory cytokine tumor necrosis factora (TNFa) was the first substrate described
for SPPL2a and SPPL2b (Fluhrer etal., 2006). TNF«a converting enzyme (TACE / ADAM17) is
involved in the shedding of the type Il orientated TNF« from the cell membrane, releasing a

soluble TNFa ectodomain and a intramembranous NTF (Black etal., 1997, Moss etal., 1997,
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Zheng etal., 2004). The NTF is further degraded by SPPL2a and SPPL2b (Fluhrer etal., 2006,
Friedmann etal., 2006). Thereby, an ICD is released, which was shown to induce Interleukin—
12 (IL-12) expression, as this was reduced in activated human dendritic cells (DCs) after pro-

tease knockdown or inhibition (Friedmann et al., 2006).

Another member of the TNF—family, the first apoptosis signal ligand (FasL), was also discovered
as a SPPL2 substrate. Soluble FasL is shed from the plasma membrane by ADAM10 (Schulte
etal., 2007, Kirkin etal., 2007). The membrane bound NTF is a substrate for SPPL2 proteases
(Kirkin etal., 2007). The released FasL ICD translocates to the nucleus, where it might exert a
role in regulation of transcription (Kirkin etal., 2007). The Fas ligand (FasL) is expressed on T
cells and natural killer (NK) cells. Binding of the membrane bound FasL to its receptor leads to
induction of cell death, while the soluble form leads to survival within the Fas expressing cell.
The Fas/FasL system is involved in homeostasis of T cells, but also in mediating killing of viral

infected cells and tumour cells (Yamada etal., 2017).

1.2 The role of the SPPL2a substrate CD74 in the immune system

The NTF of the invariant chain (CD74, li) is the only in vivo validated substrate for SPPL2a
(Schneppenheim etal., 2013, Beisner etal., 2013, Bergmann etal., 2013, Schneppenheim
etal., 2014a). Even though SPPL2b can cleave CD74 in overexpression experiments, it plays

no apparent role in CD74 NTF proteolysis in vivo (Schneppenheim etal., 2014Db).

CD74 serves as a chaperone for major histocompatibility complex Il (MHCII). It is involved in
endosomal trafficking, cell migration and macrophage migration inhibitory factor (MIF) signalling
(see figure 4; Schroder 2016). Under steady—state conditions, CD74 is expressed in cells of

the immune system, specifically in B cells, macrophages and DCs (Momburg etal., 1986).

CD74 plays an important role in antigen presentation towards T cells, as it serves as a chap-
erone for MHCII alpha and beta chain assembly and correct folding within the ER. The luminal
class ll-associated invariant chain peptide (CLIP) of the CD74 protein binds to the MHCII com-
plex within its peptide binding groove, thereby blocking this binding site (Bijimakers etal., 1994).
The complex enters the trans Golgi network and reaches the endolysosomal compartment ei-
ther directly or via the plasma membrane and endocytosis (Broeke etal., 2013, Schréder 2016).
Within specialised lysosomes, the MHC class Il compartment (MIIC), the luminal part of CD74
is trimmed by proteases (Matza etal., 2003). CLIP is separated from the membrane bound
part of CD74 by cathepsin S (CatS)—-mediated proteolysis in DCs, B cells and epithelial cells
(Driessen etal., 1999, Nakagawa etal., 1999, Beers etal., 2005). The CLIP segment within the
MHCII peptide binding grove can be exchanged with antigenic peptides. After peptide acqui-

sition, MHCII translocates to the plasma membrane, presenting the peptide to T cells (Broeke
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etal., 2013). The remaining CD74 membrane bound part is the NTF of CD74. This is the sub-
strate for SPPL2a intramembrane proteolysis, releasing an CD74 ICD (Schneppenheim etal.,
2013, Beisner etal., 2013, Bergmann etal., 2013, Schneppenheim etal., 2014a). This small
CD74 fragment can enter the nucleus, where it may activate transcription of secreted frizzled-
related protein 2 (SFRP2; Mentrup etal., 2015). Furthermore, the CD74 NTF proteolysis is
associated with B cell maturation and survival, as it may activate transcription via the transcrip-
tion initiation factor TFIID 105—nuclear factor ’kappa-light-chain-enhancer’ of activated B cells
(TAF;105-NFxB) complex (Shachar and Flavell 1996, Matza etal., 2001, Matza etal., 2002a,
Matza etal., 2002b).

Figure 4: CD74 in antigen presen-
antigenic peptide |v|||: @ tation and MIF signalling. (1) CD74

loaded MHCII homotrimers bind to the cytokine MIF
m at the cell surface.  The subse-

(D(D (D oXC CD44 m quent signalling relies on the co—
factors CD44 or CXCR4 and induces

/ B cell survival. (2 Within the en-
doplasmatic reticulum, CD74 serves

((D as MHCII chaperone. (3) The com-

plex reaches specialised lysosomes,
the MHCII compartment, either di-

)o Cathepsin S rectly or via endocytosis from the
=4 MHCII plasma membrane. (@ CD74 lumi-
compartment i~ CD74 NTF nal domain is shortened by endoso-

C_%Z;fi'de oo {QQ mal proteases within the MHCII com-

olgi partment. MHCII is released upon

DEReRe apparatus CD74 cleavage by Cathepsin S. (5

“““ SPPL2a Peptide loaded MHCII translocates to

\ the plasma membrane for antigen pre-

/—, CD74 ICD sentation. (6) The CD74 N-terminal

7 CD74 fragment (NTF) is the substrate of

‘[ & & w SPPL2a, releasing CD74 intracellular

| SFRP2 domain (ICD) into the cytoplasm. It
— can enter the nucleus and may acti-

vate transcription. Scheme adapted
from Schréder 2016.

[\ Nucleus endoplasmatic reticulum

CD74 is also present at the cell surface (Koch etal., 1982), where it serves as a receptor
for the pro—inflammatory cytokine MIF (Leng etal., 2003). The co—receptors CD44 or C—X-C
chemokine receptor type 4 (CXCR4) are indispensable for receptor endocytosis and activation
of signalling cascades (Shi etal.,, 2006, Schwartz etal., 2009, Schréder 2016). MIF is an
important cytokine for B cell survival and activation in healthy and leukemic B cells (Binsky

etal., 2007, Gore etal., 2008, Sapoznikov etal., 2008).

1.3 The SPPL2 knockout mouse models

Knockout mouse models for SPPL2a and SPPL2b were generated to study the physiological

role of both proteases. While the SPPL2a—deficient mice exhibit striking immunological B cell



INTRODUCTION

defects, for SPPL2b”" mice no obvious phenotype was described so far (Schneppenheim etal.,
2013, Beisner etal., 2013, Bergmann etal., 2013, Schneppenheim etal., 2014b). Furthermore,
the SPPL2a”"SPPL2b" double knockout mouse does not display a more severe immunological
phenotype than the SPPL2a~ mouse, leaving the physiological role of SPPL2b unknown until
now (Schneppenheim etal., 2014b).

Three independent SPPL2a knockout mouse strains were generated by two different approaches.
Beisner etal., 2013 and Bergmann etal., 2013 aimed to identify novel genes involved in im-
mune function and therefore both used the mutagen N—ethyl-N—nitrosourea (ENU) to induce
random mutations in the mouse genome. Among the generated mutants, the SPPL2gmu/mut
mice were identified by decreased numbers of blood B cells in both studies (Beisner etal., 2013,
Bergmann etal., 2013). The SPPL2a”- mouse by Schneppenheim etal., 2013 was generated

by targeted insertion of a neomycin—cassette into intron 2 of the SPPL2a gene.

In all three SPPL2a—deficient strains a maturation block of B cells is observed at splenic
transitional stage 1 (T1; Schneppenheim etal., 2013, Beisner etal., 2013, Bergmann etal.,
2013). DCs are also reduced in number in lymphatic tissues of SPPL2a”" and SPPL2g™u/mut
mice, while T cell numbers remain normal (Schneppenheim etal., 2013, Beisner etal., 2013,

Bergmann etal., 2013).

SPPL2a™" B cell
CD74 NTF
\J |l BCR
;“\ L pSyk
’\ LPIP3
| pAkt
1 BCR
TFoxO1 e | pFOXO1
1Bim, p27
nucleus B cell maturation arrest cell

Figure 5: Influence of the CD74 NTF accumulation on B cell development. The NTF of CD74
accumulates in endosomal compartments of SPPL2a—deficient B cells. This leads to increased numbers
of endosome—derived vacuoles. The surface levels of the B cell receptor (BCR, IgM) are reduced due
to increased endocytosis. Subsequently, BCR signalling via spleen tyrosine kinase (Syk) is diminished,
leading to increased activity of the transcription factor FoxO1. Transcription of proapoptotic Bim and cell
cycle inhibitor p27 is enhanced by FoxO1, leading to arrest of B cell maturation. Adapted from Huttl
2015 and Schréder 2016.
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The residual B cells in SPPL2a—deficient mice show compromised function. In the serum
of SPPL2a—deficient mice, antibody titers are significantly reduced. A detailed analysis of
the remaining cells revealed that the CD74 NTF accumulates in lysosome—associated mem-
brane protein 2 (LAMP—-2) positive endosomes in B cells as well as in DCs of SPPL2a”" mice
(Schneppenheim etal., 2013, Beisner etal., 2013, Bergmann etal., 2013, Schneppenheim
etal., 2014b, Hittl 2015). SPPL2a”" B cells show an accumulation of endosome—derived
vacuoles (Schneppenheim etal., 2013, Schneppenheim etal., 2017). In addition, the endo-
cytic trafficking within SPPL2a”- B cells is reduced, while the endocytosis of the B cell receptor
(BCR, IgM) is enhanced. This leads to reduced surface BCR levels and subsequent signalling,
as observed by decreased activation of spleen tyrosine kinase (Syk), Akt and of the NFxb path-
way (see figure 5; Hittl etal.,, 2015). In contrast to that, extracellular signal-regulated kinase
(ERK) is activated normally in SPPL2a"" B cells upon BCR ligation. The altered signalling ca-
pacity of the BCR on SPPL2a” B cells leads to induction of proapoptotic gene expression and
thus may lead to cell death of developing B cells. Furthermore, the calcium flux is reduced after

activation of the BCR (Schneppenheim etal., 2013).

It could be shown that the described phenotype in all three SPPL2a—deficient mouse strains is
caused by accumulation of the CD74 NTF. Additional ablation of CD74 (SPPL2a—CD74—double
knockout mouse) leads to a rescue of B cell numbers and function to the degree of the CD74
single knockout mouse as well as to a rescue of DC frequencies (Schneppenheim etal., 2013,
Beisner etal., 2013, Hittl etal., 2015).

1.4 Differentiation and function of DCs in mice

DCs are professional antigen presenting cells with surveillance function, as they continuously
process antigens and present them on MHCI and MHCII (Macri etal., 2017). Extracellular
antigens can be taken up by DCs and are presented on MHCII complexes, while intracellular
antigens are presented on MHCI complexes. Sensing of intracellular and extracellular danger—
and pathogen— associated patterns (DAMPs and PAMPs) by innate immune cells is mediated
by pattern recognition receptors (PRR). Sensing of the ligand by these receptors initiates sig-
nalling cascades leading to maturation and activation of DCs. They increase antigen processing
and MHC expression, migrate into the T cell zones of lymphoid organs and stimulate T cells

(Heuzé etal., 2013). Thereby DCs connect the innate and the adaptive immune system.

1.4.1 In vivo and in vitro differentiation of DCs and marker for murine DCs

Two major subtypes of DCs are formed by conventional DCs (cDCs), also called myeloid or

classical, and plasmacytoid DCs (pDCs). The shape of cDCs led to the name of the cell type,
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as they harbour “processes of varying length and width” (Steinman and Cohn 1973). The
pDCs were described later due to their capacity to produce large amounts of type | interferons
(IFNs; Macri etal., 2017). DCs develop from hematopoetic stem cells, which give rise to the
macrophage and DC progenitor (MDP) within the bone marrow (Figure 6; Geissmann etal.,
2010, Tussiwand and Gautier 2015). MDPs are precursors for monocytes and the common
DC progenitor (CDP). The latter differentiate into pDCs or cDC precursors (pre—cDCs). These
leave the bone marrow into blood vessels from where they colonise peripheral lymphoid or
non—lymphoid organs. Two types of cDCs (cDC1 and cDC2) develop from pre—cDCs there-
after. A further type of monocyte—derived DCs (moDCs) can emerge in peripheral tissues from
monocytes during inflammation (Geissmann etal., 2010, Tussiwand and Gautier 2015, Macri
etal., 2017). DC subsets can be defined by their expression of different compositions of surface
markers, listed in table 4.

Blood peripheral
Bone marrow vessels  tissues Figure 6: Development of DCs. The macrophage
DC progenitor (MDP) derives from hematopoetic
@ stem cells within the bone marrow. MDP give rise to
monocytes and the common DC progenitor (CDP).
Plasmacytoid DCs (pDCs) develop within the bone
marrow from CDP and settle peripheral organs via
the blood stream. Conventional DCs (cDCs) dif-
cDCA ferentiate within the peripheral tissue after the pre-
cDCs developed from CDP and left the bone mar-
row. Under inflammatory conditions, monocytes
can give rise to monocyte—derived DCs (moDCs).
@ Scheme modified from Geissmann etal., 2010 and

Monocyte Tussiwand and Gautier 2015.

Table 4: Markers defining DC populations. Markers in brackets display a low expression on indicated
population. Adapted from Ledn etal., 2007, Merad etal., 2013, Shortman etal., 2013, Segura and
Amigorena 2013, Durai and Murphy 2016.

Population Marker

pDC (CD11c), (MHCII), B220, Sra1, SiglecH, Bst2, CCR9
cDCH CD11c, MHCII, CD8, CD24, XCR1
cDC2 CD11c, MHCII, CD4, SIRPa

moDC CD11c, MHCII, CD11b, F4/80, Ly6C, GM—CSFR, LAMP-2, FceRlI, FcyRI

For characterisation of DC function, in vitro culture systems have been developed as these cells
are of low abundance in murine tissues. These culture systems are realised by application of
the granulocyte—macrophage colony—stimulating factor (GM—-CSF) or fms like tyrosine kinase

3 ligand (FLT3L) to bone marrow cultures.

The generation of DCs in culture was first described for GM—CSF, leading to a heterogeneous

composition of DCs, macrophages and granulocytes (Inaba etal., 1992, Lutz etal., 1999). The
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latter were shown to be reduced by longer culture period (Lutz etal., 1999). The origin and
phenotype of these DCs are a matter of debate. It was shown that GM—CSF cultures lead to
inflammatory moDCs and macrophages (Xu etal., 2007, Rogers etal., 2017). However, it was
also demonstrated that the DCs in this culture arise from CDP (Helft etal., 2015). In another
study, the presence of pDCs was excluded in these cultures and cells are comparable to cDC2s
(Scheicher etal., 1992).

The culture of bone marrow cells with FLT3L leads to generation of DCs, which show high
similarity to pDCs, cDC1s and cDC2s (Brasel etal., 2000, Naik etal., 2005, Xu etal., 2007).

1.4.2 Pattern-recognition receptor (PRR) families

As described above, PAMPs and DAMPs are sensed by PRR on DCs. The ligation of the
receptors induces signalling cascades within DCs, leading to their activation and qualifying
them for T cell maturation induction. The two families of membrane bound PRR are C—type

lectin receptors (CTLR) and Toll-like receptors (TLR).

1.4.2.1 C-type lectin receptors (CTLRs)

CTLRs are single—pass transmembrane proteins. They all harbour at least one C—type lectin—
like domain (CTLD) in their extracellular part, which mediates binding of carbohydrates (Dambuza
and Brown 2015, Brown and Crocker 2016). Furthermore, they can also recognise lipids and
proteins. CTLR can bind to fungi as well as bacteria, viruses, dead cells and tumour cells (see
figure 7). With few exceptions, like DC—associated C—type lectin—1 (Dectin—1), ligand bind-
ing by these receptors is Ca®*—dependent. The activation of intracellular signalling pathways
is mediated by immunoreceptor tyrosine-based activation motifs (ITAMs). Dectin—1 harbours a
ITAM—like sequence within their cytoplasmic tail. Macrophage—inducible C—type lectin (Mincle),
Dectin—2 and Dectin—3 (also called MCL) have to associate with the ITAM—containing adaptor
molecule Fc Receptor ~v-chain (FcR~y). The interacting protein of the mannose receptor (MR),

required for signalling, is unknown (Dambuza and Brown 2015, Brown and Crocker 2016).

The canonical CTLR signalling is mediated by activation of the kinase Syk. Subsequently,
protein kinase C (PKC) activates ERK and NFxB. Transcription factors of the NFxB pathway,
but also the nuclear factor of activated T cells (NFAT) and interferon regulatory factor (IRF)
translocate to the nucleus and regulate gene transcription (Brown and Crocker 2016). A Syk—
independent signalling pathway was lately found for Dectin—1 mediated by rapidly accelerated
fibrosarcoma—1 (Raf—1), which leads to activation of NFxB (Gringhuis etal., 2009, Dambuza
and Brown 2015).

12
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The CTLRs myeloid inhibitory C-type lectin-like receptor (MICL) and DC immunoreceptor (DCIR)
comprise a tyrosine-based inhibition motif (ITIM) within their cytoplasmic tail, activating the
phosphatases Src-homology domain 2 (SH2)-containing cytoplasmic tyrosine phosphatase 1
(SHP-1) and SHP-2. These dephosphorylate and thus inactivate Syk among other kinases.
Endogenous ligands derived from dead cells can bind to MICL, thereby regulating immunity
(Brown and Crocker 2016, Redelinghuys and Brown 2011).

Dectin—1 plays a pivotal role in anti—fungal immunity by recognition of fungal s—glucans as the
yeast cell wall glucan Zymosan (Brown and Gordon 2001). The important role of Syk—mediated
Dectin—1 signalling is supported by the failure of Syk—deficient DCs to release IL-10 and IL-2
upon co—culture with yeast (Rogers etal., 2005). Dectin—1 ligation induces T helper cell type
1 (Ty1) and Ty17 differentiation mediated by DCs (LeibundGut-Landmann etal., 2007). The
recognition of Zymosan is enhanced by the interaction of Dectin—1 with TLR2 (Gantner etal.,
2003). These two receptors can also interact in the recognition of mycobacteria species (Yadav
and Schorey 2006). Furthermore, Dectin—1 was shown to be an important receptor in detection
of Mycobacterium bovis Bacille Calmette—Guérin (BCG) in macrophages and to be required for
IL—12p40 release in co—culture of splenic DCs with Mycobacterium tuberculosis (Yadav and
Schorey 2006, Rothfuchs etal., 2007).

Dectin—2 is also involved in fungal and bacterial recognition. Dectin—2 heterodimerises with
Dectin—3 to bind structures with high mannose content. Fungal recognition by Dectin—2 from
DCs drives Ty1 and Ty17 development (Kerscher etal., 2013). The recognition of mycobacte-
ria species is mediated by binding of Dectin—2 to Lipoarabinomannan (LAM; Yonekawa etal.,
2014). LAM can be also recognised by the MR (Schlesinger etal., 1994). Due to its different
domains, MR can recognise a broad range of ligands. Thereby the MR can induce immune re-
sponses towards fungi, bacteria, helmiths, viruses and also endogenous ligands. The induction
of MR—mediated immunity leads to T17 differentiation, but due to its broad range of ligands it

also plays a role in homoeostasis (Brown and Crocker 2016).

The CTLR Mincle is associated with the adaptor molecule FcR~ and Dectin—3. The latter is
involved in regulating surface expression of Mincle, which can be induced by inflammatory
stimuli, as for example lipopolysaccharides (LPS), mycobacteria species or TNFa (Kerscher
etal., 2013, Brown and Crocker 2016, Patin etal., 2017). Mincle primarily binds to microbial
glycolipids, like trehalose-6,6’-dimycolate (TDM; cord factor) from mycobacteria (Ishikawa et al.,
2009). Furthermore, it can bind to glycerol monomycolate from mycobacteria, but also compo-
nents from other bacteria and fungi and even from damaged cells (Patin etal., 2017). Mincle
and MCL promote Ty1 and Ty17 development. However, Mincle can also inhibit Dectin—1

mediated IL-12p70 release leading to T2 development (Wevers etal., 2014).
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Receptor: Dectin-2/ Dectin-1 Mincle/ MICL or
Dectin-3 Dectin-3 DCIR
Ligand: Mannan/LAM Zymosan TDB unknown /
dead cells

extracellular

intracellular

Caspase-1

IL-12, IL-6, TNFa, pro-IL-18 IL-1B IL-10, IL-2 ...

Figure 7: Signalling by receptors of the CTLR family. Receptors of the C-type lectin receptor
(CTLR) family harbour at least one C—type lectin domain (CTLD) within their extracellular domain for
recognition of indicated ligands. Subsequent signalling of immunoreceptor tyrosine—based activation
motif (ITAM)—containing or —associated CTLR is mediated by spleen tyrosine kinase (Syk) activation.
Immunoreceptor tyrosine—based inhibitory motif (ITIM)—containing receptors activate SH2—containing
cytoplasmic tyrosine phosphatase (SHP) phosphatases, which inhibit Syk. Syk triggers phospholipase
C~ (PLC~). This leads to calcium release, extracellular signal-regulated kinase (ERK) activation and
assembly of the CARD9—MALT-1-Bcl10 complex. The calcium is bound by calcineurin, which activates
nuclear factor of activated T cells (NFAT)—dependent interleukin—10 (IL—10) and IL—-2 transcription. ERK
activates NFAT, as well. Furthermore, the NFxB—mediated transcription is induced by ERK as well
as the CARD9-complex leading to expression of IL—12 family members, pro—IL—15 and further pro—
inflammatory cytokines. The ERK induced production of reactive oxygen species (ROS) induces the
inflammasome comprising of NLRP3, ASC and Caspase—1. The inflammasome cleaves pro—IL-15. A
Syk—independent activation of NFxB is mediated by Dectin—1 via rapidly accelerated fibrosarcoma—1
(Raf-1). Kinases depicted in blue, phosphatases in red, transcription factors in green, accessory protein
in yellow. Adapted from Drummond and Brown 2011 and Brown and Crocker 2016.
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1.4.2.2 Toll-like receptors (TLRs)

Another family of membrane bound PRR are the TLRs. They are important for detection of and
immunity against bacterial, viral, fungal, and protozoan PAMPs. Extracellular pathogens are
detected by TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11, while the endosomal localised TLR3,
TLR7, TLR8, TLR9 and TLR13 are sensing nucleotides from host, bacteria and viruses (O’Neill
etal., 2013, West etal., 2006).

All TLRs contain a Toll/IL—1 receptor homology (TIR) domain within their cytoplasmic tail,
which recruits myeloid differentiation primary—response protein 88 (MYD88) or TIR—domain—
containing adaptor protein inducing IFNS (TRIF) upon ligand binding. The plasma membrane—
resident TLRs all induce MYD88 association upon ligand recognition. The subsequent sig-
nalling cascade includes p38, JNK and NF—xB, leading to translocation of the transcription fac-
tors CREB, AP1 and NF-«B to the nucleus, where they induce expression of pro—inflammatory
cytokines, including TNFa and IL-15. Endosomally localised TLRs either bind to TRIF or
MYD88, inducing translocation of transcription factors of the IRF family and induce expression
of type | IFNs. In addition, they do activate p38, JNK and NF—«B, as described for the plasma
membrane TLRs. TLR4 can signal from the plasma membrane, as described above, but upon
receptor endocytosis it induces TRIF-mediated type | IFN release and a late—phase NF—xB

activation (West etal., 2006, O’Neill etal., 2013).

The best studied TLR ligand is the TLR4 ligand LPS from the outer membrane of gram—negative
bacteria. TLR4 signalling is supported by LPS binding to the soluble LPS—binding protein,
which delivers LPS to CD14 at the cell surface of innate immune cells. CD14 then transfers
LPS to the TLR4, which mediates the subsequent signalling (O’'Neill etal., 2013).

TLR2 forms heterodimers with either TLR1 or TLR6. As recognition of some TLR2 ligands are
neither dependent on TLR1 nor TLR6, TLR2 might also heterodimerize with non—TLRs. The
TLR2/1 complex recognises triacylated lipoproteins from bacteria and additional lipoproteins,
derived from mycobacteria or meningococci (Akira and Takeda 2004, West etal., 2006). De-
tection of fungi, but also bacteria and diacetylated lipoproteins from mycoplasma is the task of
the TLR2/6 complex (Akira and Takeda 2004, West etal., 2006).

1.4.3 T cell induction by DCs

Induction of effector T cells is mediated by DCs by three signals. The antigenic peptides are
presented on MHC complexes, as described above, costimulatory molecules on DCs bind to
receptors on T cells and cytokines, released by DCs, bind cytokine receptors on T cells (Reis
e Sousa 2006, Merad etal., 2013). The complex network of cytokines, released by DCs and

their effector functions are depicted in figure 8.
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Figure 8: DC cytokines in activation of innate and adaptive immune cells. Cytokines released by
DCs lead to differentiation and activation of T cells as well as NK cell induction. Cytokines in bold are
the canonical inducers of indicated cells. IL—10 negatively regulates MHCII surface expression. T helper
cell (Ty), regulatory T cell (Treg), cytotoxic T cell (CTL), macrophage (M®). Adapted from Pulendran
etal., 2010 and Tussiwand and Gautier 2015.

The classes of DCs are specialised to respond to different pathogens infecting the host. Intra-
cellular pathogens are mainly encountered by the cDC1 population. The release of IL-12p70
by cDC1s induces Ty1 development (Hsieh etal., 1993, Heufler etal., 1996). This cytokine
also plays a role in cytotoxic T cell (CTL) development (Schmidt and Mescher 2002, Kieper
etal., 2001). IFN~, produced by CTL and Ty1, leads to activation of macrophages for killing of
intracellular bacteria, as for example mycobacteria species (Cooper etal., 1993, Tascon etal.,

1998).

Immune defence against multicellular parasites is mediated by IL—4 release by cDC2s lead-
ing to T2 development (Le Gros etal., 1990, Hsieh etal., 1992, Silva-Filho etal., 2014). The
subsequent release of IL—-4, IL-5, IL-9 and IL-13 by T{2 leads to activation of additional cell.
Proliferation and immunoglobulin class—switching are induced in B cells, the numbers of gran-
ulocytes and goblet cells increase, macrophages become activated and smooth muscle cells
contract (Walker and McKenzie 2018). Extracellular bacteria and fungi are also targets of
cDC2s. The cDC2s release IL-23, IL-6 and transforming growth factor 5 (TGFg3) upon activa-

tion. These cytokines lead to polarisation of T cells towards Ty17 and survival of these (Bettelli
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etal., 2006, Veldhoen etal., 2006). In turn, Ty17 cells produce IL-17, IL-21 and IL-22, which
induce chemokine secretion by epithelial cells for neutrophil recruitment and IgG antibody pro-
duction in B cells (Ouyang etal., 2008, Mitsdoerffer etal., 2010).

Plasmacytoid DCs release high amounts of type | IFNs after recognition of foreign nucleic acids.
Type | IFNs are comprised of IFN—«, IFN-3, IFN—~x, IFN—§, IFN—¢, IFN—7, IFN-w and IFN—(. By
release of type | IFNs, pDCs play a major role in viral, but also bacterial immunity (Hanabuchi

and Liu 2011). Type | IFNs activate CTLs and virus—specific NK cells (Swiecki etal., 2010).

IL-2, IL-10 and TGFg induce development of regulatory T cells (Tregs; Hoeppli etal., 2015,
Workman etal., 2009). However, also DC—T cell contact without costimulatory molecules leads

to Treg development (Belkaid and Oldenhove 2008, Reis e Sousa 2006).

Besides cDCs and pDCs, which develop under steady—state conditions, monocytes can also
give rise to moDCs during inflammation. This DC population can release IL—12p70 and thereby

induce Ty1 development (Ledn etal., 2007, Flores-Langarica Adriana etal., 2011).

1.4.4 Modulations of immune responses by cytokines

Cytokines secreted by DCs have functions beyond activation of T cells. Two important pro—
inflammatory cytokines are TNFa and IL-13. TNFa is associated with general activation of
immune cells, tissue degeneration and regulated cell death, called apoptosis (Kalliolias and
Ivashkiv 2016). TNF« as well as IL-13 and IL-6 induce systemic inflammation, also referred to
as acute phase response. Release of proteins from the complement system is increased during
acute phase reaction. The complement system proteins opsonise pathogens, which can in turn

be sensed by phagocytic immune cells leading to resolution of the infection (Cray etal., 2009).

Besides acute phase protein release, IL—15 induces fever and leukocyte recruitment by epi-
thelial cells. Furthermore, it has survival and effector functions on neutrophils and monocytes
(Garlanda etal., 2013, Dinarello 2009). IL-13 can also regulate Ty17 response and influence

adaptive immunity (Zielinski etal., 2012).

IL-175 is expressed as a pro—form, that is proteolysed by a multimeric protein complex, called
the inflammasome. The canonical inflammasome contains the protease caspase 1 with a sen-
sor molecule of the nucleotide-binding oligomerization domain-like receptors (NLR) family and
the adaptor protein apoptosis—associated speck—like protein containing a caspase recruitment
domain (ASC). Induction of the inflammasome is a two—step process where the first signal
leads to increased expression of the sensor molecule and pro—IL—13 and a second signal to
proteolytic activation of the inflammasome. Ligation of a PRR serves as first signal, while var-

ious triggers are known for the second signal (Latz etal., 2013). Among these second signals
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is the recognition of intracellular produced reactive oxygen species (ROS) or sensing of ex-
tracellular adenosine triphosphate (ATP) with the P2X receptor, which is released by DCs or
macrophages (see figure 7, Gombault etal., 2012, Pelegrin and Surprenant 2006, Perregaux

and Gabel 1994).

In contrast to TNFa and IL-14, IL—10 serves as an anti—inflammatory cytokine and prevents tis-
sue damage (Couper etal., 2008). IL-10 sensing by immune cells leads to reduced expression
of pro—inflammatory cytokines, as for example IL-13, IL-6, IL-12 and TNF«. Furthermore,
IL—10 leads to reduced expression of leukocyte attractant chemokines. Moreover, IL-10 can
inhibit activation of immune cells and suppress proper MHCII—-peptide loading and trafficking to

the plasma membrane (Mittal and Roche 2015).

IL—2 can also serve as anti-inflammatory cytokine in a dose—dependent manner. At low doses
it induces Treg development, survival and functions, but no effector T cells (Ye etal., 2018).
At higher concentrations, IL-2 is known to promote Ty1 and Ty2 differentiation, but to inhibit
Ty17 development. It plays an important role in NK cell proliferation and function and CTL

development (Liao etal., 2013).

The IL-12 family cytokines are special as they form homo- or heterodimers of an alpha chain
(p19, p28 or p35) and a beta chain (p40 or Ebi3; Vignali and Kuchroo 2012). The best charac-
terised members are IL-12p70, formed by p35 and p40 as well as IL-23, composed of p19 and
p40. IL-12p70 and IL—23 have pro—inflammatory functions by induction of T cell differentiation,
as described above. Furthermore, the p40 subunit can form homodimers (IL—12p80) and an-
tagonise the function of IL—12p70 and IL-23 by binding to their receptors without induction of
signal cascades (Vignali and Kuchroo 2012). Contrary to that, IL-12p80 also attracts macro-
phages and induces DC migration. Furthermore, a protective role of IL—12p80 in mycobacteria

infections has been implicated (Cooper and Khader 2007).

1.5 The role of SPPL2a in human patients

SPPL2a deficiency is also described in humans. A microdeletion in chromosome 15 affecting
the SPPL2A gene was observed in patients with a neurodevelopmental brain disorder. This
deletion leads to a lack of the SPPL2a protein, in addition to the neuronal adaptor protein
complex—4 (Moreno-De-Luca etal., 2011, Schneppenheim etal., 2014a). The absence of the
adaptor protein complex—4 is causative for the neurological disease. However, the deficiency of
SPPL2a leads to an accumulation of the CD74 NTF in immortalised B cells derived from these
patients (Schneppenheim etal., 2014a). Unfortunately, no data about immune cell numbers are
available from these patients. Very recently, SPPL2a deficiency was also discovered in three

patients with Mendelian susceptibility to mycobacterial disease (Kong etal., 2018).
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1.5.1 Mendelian susceptibility to mycobacterial disease in SPPL2a—deficient patients

Mendelian susceptibility to mycobacterial disease (MSMD) describes the disseminated and
recurrent infection with weakly virulent mycobacteria. This rare disorder can occur following
disposition to the tuberculosis vaccination strain BCG or non—-tuberculous environmental my-
cobacteria. MSMD patients are also susceptible to salmonellosis, candidiasis, tuberculosis and
other intramacrophagic pathogens. Infections with weakly virulent mycobacteria are the most
common clinical manifestation in MSMD patients. Gene defects in the IL—12—IFN~ axis account

for the disease in about half of the patients (Bustamante etal., 2014).

Recently, the group of Dr. Casanova (The Rockefeller University, New York, USA) discovered
mutations in the SPPL2A gene by a genetic screen in three MSMD patients of two unrelated
families (Kong etal., 2018). These mutations lead to a premature stop codon and truncated
variants of the SPPL2a protein, lacking catalytic activity. The NTF of CD74 accumulates in
immortalised B cells, peripheral blood monocytes or fibroblasts derived from these patients.
Interestingly, no severe alterations in B cell populations or B cell function were observed in
patients. Instead, they show a significant reduction of the cDC2 subpopulation. Other DC
subpopulations showed only slight reduction (¢cDC1) or normal frequencies (pDC). Even though
numbers of different T cell populations were normal in these patients, a mycobacterium—specific
T cell subpopulation produces less IFNv than T cells from healthy controls upon BCG co-
culture. The loss of DCs, possibly in conjunction with altered function of the mycobacterium—
specific T cell subpopulation, is the reason for higher susceptibility to infection with weakly

virulent BCG mycobacteria in SPPL2a—deficient MSMD patients (Kong etal., 2018).

1.6 Aim of the study

B cells of SPPL2a—deficient mice display a strong phenotype comprising developmental and
functional defects (Schneppenheim etal., 2013, Bergmann etal., 2013, Beisner etal., 2013,
HOttl etal., 2015). Due to accumulation of the CD74 NTF, which strictly requires SPPL2a for
its proteolytical turnover, B cell development is blocked at splenic transitional stage 1 (T1) in
SPPL2a”" mice and remaining B cells show decreased B cell receptor (BCR or IgM) cell sur-
face expression as well as subsequent BCR signalling. In humans, SPPL2a deficiency leads
to normal development of B cells, but decreased frequencies of the conventional dendritic cell
2 (cDC2) population. This reduction causes mendelian susceptibility to mycobacterial disease
(MSMD), which is characterised by high susceptibility to infections with weakly virulent my-

cobacteria (Kong etal., 2018).
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Since in humans DCs are the cell type most heavily affected by SPPL2a—deficiency, it was
aimed to get further insight into the role of the intramembrane protease SPPL2a in DC devel-
opment and function. As the accumulation of the SPPL2a substrate CD74 led to the described
B cell phenotype in mice, its likely role in DCs should be addressed here. To investigate, if
mice display the same defect in DC populations as observed in SPPL2a—deficient humans, the
development of DCs in SPPL2a”" mice were intended to be analysed. For functional studies,
an in vitro culture system of bone marrow—derived DCs (BMDCs) will be established. A poten-
tial impact of SPPL2a—deficiency on DC differentiation in this system should be assessed first.
Systematic assessment of the responses towards pattern recognition receptor (PRR) stimu-
lations at the level of signalling pathway activation as well as cytokine induction and release
will be measured. As representatives of two major PRR families, in particular the C-type lectin
receptor Dectin—1 and the Toll-like receptor 4 will be studied. Based on the reduction of BCR
surface expression in B cells, it was planned to explore the cellular distribution, especially the
surface abundance, of these PRRs. Finally, with regard to the human disease, the impact of
SPPL2a on mycobacterial recognition by DCs should be evaluated. The obtained insights to
the physiological role of SPPL2a in DC function should be correlated with the clinical phenotype

of SPPL2a—deficient patients.
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2 Material & Methods

2.1 Material
2.1.1 Chemicals

Chemicals were obtained from Carl Roth (Karlsruhe, Germany) or Merck (Darmstadt, Ger-

many), if not stated otherwise. The purity grade was pro analysi.

2.1.2 Animals

C57BL/6N wild type (wt), SPPL2a”, CD747 and SPPL2a”"CD74 " knockout mice were bred
in the Victor—Hensen—Haus of the Christian—Albrechts—University of Kiel. Mice were housed
pathogen free in individually ventilated cages. Animal care and handling were strictly performed

according to local and national guidelines.

Originally, wt mice were obtained from Charles River and CD74”" mice from The Jackson
Laboratory (B6.129S-Cd74tm1Liz/J). CatS~” mice were kindly provided by Prof. Dr. Diana
Dudziak (Department of Dermatology, University Hospital of Erlangen, Germany). The gener-
ation of SPPL2a”" and SPPL2a”"CD74” mice (Schneppenheim etal., 2013), CD74”" mice
(Bikoff etal., 1993) and CatS” mice (Shi etal., 1999) was described before. All mice were
backcrossed for ten generations on a C57BL/6N background. Mice within experimental groups
were matched for sex and age. They were asphyxiated with CO, followed by cervical disloca-

tion.

2.1.3 Antibodies

Primary and secondary antibodies listed below were used for indirect immunofluorescence
(IF, section 2.2.1.5), Western Blotting (WB, section 2.2.2.7) and flow cytometry (FC, sections
2.2.1.1 and 2.2.1.6). Antibodies against Dectin—1 and SPPL2a were generated by Pineda
antibody-service (Berlin, Germany). For generation of polyclonal antibodies against the N—
terminus of Dectin—1, a peptide of the sequence KYHSHIENLDEDGYTQLDFC (amino acids
2—20 of Dectin—1) was used for immunisation of rabbits. A peptide of SPPL2a luminal domain
of the sequence HLSDIPPDGIRNKAVVVH (amino acids 77—94 of SPPL2a) was used for im-
munisation of rabbits to obtain polyclonal antibodies against the protease. Antibodies were

isolated from sera by affinity purification.
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Table 5: List of primary antibodies. WB: Western Blot; IF immunofluorescence; FC: flow cytometry;
Sigma—Aldrich (Missouri, United States); eBioscience, now Thermo Fisher Scientific (Massachusetts,
USA); BD Bioscience (California, USA); BioLegend (California, USA); Cell Signaling (Massachusetts,
United States); Pineda antibody—service (Berlin, Germany).

Antigen Conjugation Clone/ Host Isotype = Company Application
Epitope
Actin polyclonal rabbit Sigma—Aldrich  WB 1:5000
B220 Pe-Cy5.5 RA3-6B2 rat lgG2a x  eBiosience FC 1:800
CD103 FITC 2E7 hamster 1gG BioLegend FC 1:100
CD115 Biotin AFS98 rat lgG2a x  eBiosience FC 1:500
CD117 BV605 2B8 rat IgG2b « BD FC 1:200
CD11b AF700 RM4-5 rat lgG2ax BD FC 1:400
CD11b PE-Cy7 M1/70 rat IgG2b x  eBioscience FC 1:300
CD11c FITC N418 hamster 1gG eBioscience FC 1:100
CD11c PE N418 hamster 1gG eBioscience FC 1:100
CD11c PECF594 HL3 hamster 1gG1 BD FC 1:400
CD135 Pe-Cy5 A2F10 rat lgG2a v  BiolLegend FC 1:100
CD161b/c BUV395 PK136 mouse lgG2ax BD FC 1:400
CD19 PerCP-Cy5.5 1D3 rat lgG2a x  eBioscience FC 1:200
CD317 BV650 927 rat lgG2b, x  BioLegend FC 1:400
CD34 Bv421 MEC14.7 rat lgG2a x  BioLegend FC 1:200
CD3e FITC 145-2C11 hamster 1gG1 BD FC 1:400
CD3e PE 145-2C11 hamster 1gG1 BD FC 1:400
CD74 In-1 rat lgG2b x  BD Bioscience WB 1:5000
IF 1:200
CD86 BV605 GL-1 rat lgG2a x BiolLegend FC 1:800
CD8a APC 53-6.7 rat lgG2a x  eBioscience FC 1:400
Cofilin D3F9 rabbit IgG Cell Signaling  WB 1:1000
CX3CR1 BV711 SA011F11 mouse lgG2a « BiolLegend FC 1:400
Dectin-1 polyclonal rabbit Pineda WB 1:2000
aa 2-20 IF 1:200

Dectin—1 PE bg1fpj rat lgG2a x  eBioscience FC 1:100
Ly6C APC-e780 HK1.4 rat lgG2c «  eBioscience FC 1:200
Ly6G BV570 1A8 rat lgG2a x BiolLegend FC 1:200
Ly6G FITC 1A8 rat lgG2ax BD FC 1:400
Ly6G V450 1A8 rat lgG2ax BD FC 1:400
MerTK PE-Cy7 DS5MMER  rat lgG2a x  eBioscience FC 1:800
MHCII APC M5/114.15.2 rat lgG2b «  BioLegend FC 1:300
MHCII V500 M5/114.15.2 rat lgG2b x BD FC 1:200
pERK1/2 D13.14.4E rabbit IgG Cell Signaling  WB 1:1000
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Table 5 continued from previous page

Antigen Conjugation Clone/ Host Isotype  Company Application
Epitope

(T202/Y204)

pSyk C87CH rabbit IgG Cell Signaling  WB 1:1000

(Y519/Y520)

Sca-1 AF647 E13-161.7 rat lgG2a v  BioLegend FC 1:800

SiglecH PE 551 rat 1gG1 & BioLegend FC 1:400

SPPL2a polyclonal rabbit Pineda WB 1:2000
aa 77-94

tERK1/2 137F5 rabbit IgG Cell Signaling  WB 1:1000

TLR4 D8L5W rabbit IgG Cell Signaling  WB 1:1000

tSyk D3Z1E rabbit IgG Cell Signaling  WB 1:1000

undirected PE eBR2a rat lgG2a x  eBioscience FC 1:100

B-TCR BV570 H57-597 hamster 1gG BioLegend FC 1:400

Table 6: List of secondary antibodies. HRP: horseradish peroxidase; WB: Western Blot; IF im-
munofluorescence. Dianova (Hamburg, Germany), Life Technologies, now Thermo Fisher Scientific.

Antibody Conjugation Host Company Application
Anti-rabbit IgG  HRP goat Dianova WB 1:15000
Anti-rat 1I9G HRP goat Dianova WB 1:15000
Anti-rabbit IgG  Alexa Fluor 488 goat Life Technologies IF 1:300
Anti-rat 1gG Alexa Fluor 594 goat Life Technologies IF 1:300
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2.1.4 Pattern recognition receptor ligands

Ligands for different pattern recognition receptors (PRR) from C-type—lectin (CLEC) and Toll—-

like receptor (TLR) families were used to activate immune cells.

Table 7: Pattern recognition receptor ligands Lipoarrabinomannan and Mannan were coated on
bottom of plates. Toll-like receptor (TLR), C—type lectin—like receptors (CTLR), Mannose Receptor
(MR). Invivogen (Toulouse, France), Nacalai Tesque (Kyoto, Japan), Sigma—Aldrich (Sigma).

Ligand Solvent/ Stock Final quantity/ Company
resuspended in concentration concentration

Depleted Zymsoan endotoxin—free water 1 mg/mL 50 pg/mL Invivogen

(dZym) (Invivogen)

Heat—killed endotoxin—free water 10 mg/mL 250 pg/mL Invivogen

M. tuberculosis (Invivogen)

(HKMT)

Lipoarrabinomannan  water 1 mg/mL 200 ng/ Nacalai

(LAM) (delivered solved) 1.86.cm? Tesque

Lipopolysacchaides  water < 1 EU/mL 1 mg/mL 500 ng/mL Sigma

(LPS) 026:B06 endotoxin (Sigma)

Mannan water < 1 EU/mL 10 mg/mL 10 pg/ Sigma
endotoxin (Sigma) 1.86cm?

Zymosan endotoxin—free water 10 mg/mL 50 pg/mL Invivogen
(Invivogen)
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2.2 Methods
2.2.1 Cell biological methods

2.2.1.1 Analysis of DC populations in mice

Table 8: Buffers for DC analysis in mice. FACS: fluorescence—activated cell sorting; HBSS, PBS
and RPMI were from Thermo Fisher Scientific or Sigma—Aldrich; Fetal calf serum (FCS) from Biochrom
(Cambridge, United Kingdom), Collagenase IV from Worthington (New Jersey, USA), DNAse | from
Roche (Basel, Switzerland).

Buffer Ingredients

Digestion buffer 1x HBSS + 2% FCS, 50 ug/mL DNAse | + 75 IU/mL Collagenase IV
ACK solution 155 mM NH4CI, 10 mM KHCOg3, 0.1 mM EDTA; pH 7.4; filtered sterile
RPMI* RPMI + 2% FCS

FACS buffer PBS + 2% FCS

DC subsets were analysed in different murine organs in cooperation with Christian Lehmann
(AG Dudziak, Department of Dermatology, University Hospital of Erlangen, Germany). Minced
spleen, thymus and lymph nodes from mice were incubated in digestion buffer for 30 min at
37°C. Bone marrow was flushed from tibia and femur of mice hind legs with RPMI*. Cells from
all sources were passed trough a 100 um cell strainer (BD Bioscience). Cells were sedimented
for 10 min at 713 g and 4°C and were resuspended in ACK solution, if lysis of erythrocytes
was necessary. The reaction was stopped by addition of RPMI* after five minutes at room
temperature. In all cases, cells were rinsed through a 40 um cell strainer (BD Bioscience)
with RPMI*. Cell numbers were determined after three washes with RPMI*. Up to 108 cells
were used for antibody labelling. All further steps were performed in the dark at 4°C. Biotin—
coupled anti-CD115 diluted in FACS buffer was incubated on cells for 30 min first. Labelling of
cells with directly fluorophore coupled antibodies and streptavidin-Pe—Cy7 (BioLegend, 1:1000)
was performed in FACS buffer for 30 min as second staining step (see table 5 and 6). Cells
were washed twice after each staining step and resuspended in FACS buffer supplemented
with DAPI prior to flow cytometric analysis with a LSR Fortessa (BD Bioscience) cell analyser.

FlowJo software (Tree Star, Inc., Ashland, OR, USA) was used for data evaluation.

The evaluation of cell populations in organs was performed by Christian Lehmann. Doublets
of cells were excluded by side—scattered light area (SSC-A) and forward—scattered light width
(FSC-W). DAPI positive cells were excluded in a SSC-A to DAPI dot plot. Cells were selected
in FSC-A to SSC-A dot plot. Cells other than DCs were excluded. DCs were defined as
CD3/Ly6G CD11b'°“CD161". Conventional and plasmacytoid DCs (cDCs and pDCs) were de-
fined by a CD11c to PDCA-1 plot. While pDCs showed high PDCA-1 and intermediate CD11c
surface expression (PDCA-1"9"CD11¢"), cDCs were PDCA-1"CD11c¢"9". Further subdivi-
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sion of cDCs was performed in a CD11b to Ly6C dot plot. Two population were defined as
CD8* (cDC1) and CD11b* (cDC2).

2.2.1.2 Generation of bone marrow—derived immune cells

Table 9: Cell culture media. RPMI 1640 and Dulbecco’s modified Eagle Medium (DMEM; Thermo
Fisher Scientific, Waltham, Massachusetts, United States), fetal calf serum (FCS; Biochrom), penicillin
and streptomycin (Sigma—Aldrich).

Medium Ingredients

BMDC medium RPMI 1640 + 10% (v/v) FCS + 50 mM g—mercaptoethanol + 100 U/mL
penicillin + 100 pg/mL streptomycin
BMDM medium DMEM + 20% (v/v) FCS + 100 U/mL penicillin + 100 pg/mL streptomycin

Hind legs of mice were kept on ice in phosphate buffered saline (PBS; Sigma—Aldrich, endotoxin
tested) until preparation. Legs were handled wearing Vasco® OP sensitive single use surgical
gloves (B Braun, Melsungen, Germany) underneath a laminar flow work bench. Connective
tissue was removed from bones using sterile gauze swabs (Lohmann & Rauscher, Regens-
dorf, Germany). Tibia and femur were cut open on both sides. Single—use forceps (Servopax
GmbH, Wesel, Germany) were used for holding and single—use scalpels (B Braun, Tuttlingen,
Germany) were used for cutting per mouse leg pair. Bone marrow was flushed into a petri dish
with 5—10 mL of BMDC medium using a 27G x 3/4” cannula (Henke Sass Wolf, Tuttlingen, Ger-
many). Cells were separated by flushing through a 23G x 1 1/4” cannula (Henke Sass Wolf).
The resulting suspension was passed through a 100 um cell strainer (BD Bioscience) into a
50 mL tube and kept on ice. An aliquot of suspension was diluted 1:5 and then mixed 1:2 with
trypan blue (0.4%, Life technologies) to stain dead cells. Numbers of viable cells were deter-
mined by counting in a C-Chip Neubauer Improved Disposable Hemocytometer (NanoEnTek

Inc, Seoul, Korea) and calculation according to the manufacturer’s instructions.
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Figure 9: Scheme of BMDC generation. Bone marrow was obtained from murine tibia and femur by
flushing. Cells were cultured in DC medium supplemented with the growth factor GM—CSF for eight
days. Afterwards, suspension and adherent cells were collected. For signalling analysis by Western Blot
cells were re—seeded without growth factor. For longer cultivation periods, as for stimulation experiments
for mRNA isolation or enzyme—linked immunosorbent assay (ELISA) analysis, GM—CSF was added.

26



MATERIAL & METHODS

Generation of bone marrow—derived DCs (BMDCs) based on the protocol by Lutz etal., 1999
with minor changes. 5x108 cells were seeded within 10 mL BMDC medium supplemented
with 20 ng/mL recombinant murine GM—-CSF (Immunotools, Friesoythe, Germany) into a 10 cm
petri dish (Sarstedt). Cells were cultured at 37 °C, 5% CO., under humidified air conditions. After
three days, 10 mL BMDC medium supplemented with 20 ng/mL GM—CSF were added. After
another three days, 10 mL of culture were centrifuged for 10 min at 210 g and room temperature
(RT). The sedimented cells were resuspended in 10 mL BMDC medium supplemented with
10 ng/mL GM-CSF and added back to the culture. Suspension and adherent cells were used
for experiments or direct analysis after a total culture period of eight days. Suspension cells
were collected in a 50 mL tube. The dish was rinsed with PBS, which was collected as well.
Adherent cells were detached with Accutase (Thermo Fisher Scientific) for 10 min at 37°C. The
cells were washed off the dish and added to the collected cells into the 50 mL tube. Cells were
sedimented for 10 min at 210g at RT and resuspended in BMDC medium. Counting of cell
number was performed as described above using trypan blue to exclude dead cells. BMDCs

were seeded out for experiments as described in table 10.

Table 10: Overview of BMDC seeding for experiments. Penicillin (Pen) streptomycin (Strep)

Assay Plate Medium GM-CSF Volume Cells/mL
format
ELISA 24—well BMDC medium 10ng/mL 1 mL 0.5x10° cells/mL

ELISA of BCG co-culture 24—well BMDC medium 10ng/mL 1 mL 0.5x108 cells/mL
without Pen/Strep

RNA expression analysis 6—well BMDC medium 10ng/mL 1 mL 1.5x10° cells/mL

RNA expression analysis 6—well BMDC medium 10ng/mL 1 mL 1.5x10° cells/mL

of BCG co-culture without Pen/Strep

Western Blot 6-well BMDC medium 10ng/mL 1 mL 1.5x 108 cells/mL
protein expression analysis

Western Blot 6-well  RPMI medium - 1 mL 1.5x10° cells/mL
signalling analysis without additions

Bone marrow—derived macrophages (BMDMs) were generated as described for BMDCs with
modifications, according to a protocol based on Zhang etal., 2008. Front legs were included
to obtain additional bone marrow. Bones were flushed with BMDM medium. 3x 107 cells were
seeded in 10 mL BMDM medium supplemented with 50 ng/mL recombinant murine Macrophage
colony—stimulating factor (M—CSF, Immunotools). Three days later, 5mL BMDM medium con-
taining 50 ng/mL M-CSF were added. Only adherent cells were used for experiments after a
total culture period of seven days. Per well of a 24—well plate, 0.5x10° cells in 1 mL BMDM

medium supplemented with 50 ng/mL M—CSF were seeded out for subsequent ELISA analysis.
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2.2.1.3 Co—culture of BMDCs with Mycobacterium bovis Bacille Calmette—Guérin

Table 11: BCG medium. Oleic albumin dextrose catalase (OADC)

Component Concentration Company

Middlebrook-7H9-Bouillon  0.47% (w/v) BD Bioscience filtered
Tween 80 0.045% (viv)  Sigma—Aldrich J autoclaved | g0 e
Middlebrook OADC 10% (v/v) Sigma—Aldrich

Mycobacterium bovis Bacille Calmette—Guérin (BCG; Pasteur ATCC 35734) was obtained from
Prof. Dr. Ullrich Schaible (Research center Borstel, Germany). Bacteria were stored at -80°C
in 1 mL Middlebrook 7H9 medium supplemented with albumin dextrose catalase (Difco Labs,
Detroit, MI, USA) containing 30% glycerol. Two aliquots were thawed and added to 13 mL BCG
medium (Table 11). Bacteria were cultured in a upright standing 25 cm? tissue culture flask with
a ventilation cap at 37°C shaking at 150—200 rpm for two weeks. Cultures were split 1:5 all

two to three days.

Live BCGs were prepared as follows for co—culture with BMDCs. Bacteria were sedimented
for 10 min at 34529 and 4°C and washed once with PBS (Sigma—Aldrich, endotoxin tested).
The mycobacteria were resuspended in 1 mL PBS by pipetting five times through a 27G x
3/4” cannula (Henke Sass Wolf). A 1:10 dilution of the bacterial culture was prepared in 4%
paraformaldehyde (PFA) for determination of bacterial cell number. The optical density (OD)
was measured at 595 nm with a GeneQuant Pro photometer (Biochrom). An OD of 0.1 corre-
sponded to 5x 108 bacteria/mL in this dilution. Bacteria were diluted in BMDC medium without

penicillin and streptomycin and added to BMDC culture in a multiplicity of infection (MOI) of 10.

2.2.1.4 Stimulation of immune cells with different PRR ligands

Stimulation of BMDCs and BMDMs with different ligands (Table 7) was performed for indicated
durations. In untreated samples (-) an equivalent volume of the respective solvent was added.

For subsequent ELISA analysis, treatment was performed in technical duplicates.

The ligands Mannan and LAM were coated on the well-plate bottom before BMDCs were
seeded on top. The respective amount of ligand was added to 250 L water (endotoxin <
1 EU/mL; Sigma—Aldrich) within one well of a 24—well plate. Wells with 250 yL water (endotoxin
< 1 EU/mL; Sigma—Aldrich), but without ligand, served as untreated controls (-). The plate was

left to dry without lid within the fume hood over night at RT.
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LEAF™ Purified anti-mouse IL-10 (BioLegend; clone JES5-2A5) and LEAF™ Purified Rat
lgG1, x (BioLegend; clone RTK2071) were used at 10 ng/mL to block IL-10 in supernatants
from BMDCs in indicated experiments.

ATP (Sigma—Aldrich) was added in indicated experiments to activate the inflammasome (Per-
regaux and Gabel 1994). After 4 h of stimulation with 250 pg/mL HKMT, 5 mM ATP were added

for 30 min.

2.2.1.5 Indirect immunofluorescence

Cover slips (CS) were coated with 100 pg/mL poly—L—lysine (Sigma—Aldrich) in 6—well plates
over night at room temperature (RT). Afterwards, CS were rinsed with water (endotoxin <
1 EU/mL; Sigma—Aldrich) three times for one hour. BMDCs were collected as described in
section 2.2.1.2 and 1.5x10° cells were seeded in 1 mL RPMI medium without any additions
per well of the 6—well plate. Cells were left to adhere to the poly—L—lysine coated CS for two
hours at 37°C, 5% CO-, and humidified air conditions.

Table 12: Indirect immunofluorescence buffers. Sigma: Sigma—Aldrich

Buffer Ingredients

PBS pH 7.4 137 mM NaCl, 2.7 mM KCI, 10 mM NagHPO4, 1.8 mM KH2PO4
Permeabilization buffer 0.2% (w/v) saponine in PBS

Quenching buffer 0.12% (w/v) glycine + 0.2% (w/v) saponine in PBS

Blocking buffer 10% (v/v) FCS + 0.2% (w/v) saponine in PBS

Embedding buffer 17% (w/v) Mowiol 4-88 (EMD Millipore) + 33% (v/v) glycerol +

20 mg/mL DABCO (Sigma) + 1 ug/mL DAPI (Sigma) in PBS

For indirect immunofluorescence, CS were rinsed three times with PBS (see Table 12). Cells
were fixed with 4% PFA in PBS for 20 min at RT. After three washes with PBS, cells were
incubated in permeabilization buffer for 5min at RT. Free aldehyde groups were blocked with
qguenching buffer for 10 min at RT. After one washing step with permeabilization buffer, CS were
incubated in blocking buffer for at least one hour at RT. Primary and secondary antibodies
(Tables 5 & 6) were diluted in blocking buffer. A volume of 50 uL antibody solution was used
per CS. Staining with the primary antibodies was performed in a wet chamber over night at
4°C. The next day, CS were rinsed five times in permeabilization buffer. CS were incubated
with secondary antibody solution in a wet chamber for one hour at RT. CS were rinsed five
times in permeabilization buffer and two times in distilled water. Cover slips were mounted in
embedding buffer on glass slides and dried at 4°C prior to microscopic analysis. Pictures were
acquired with a FV1000 confocal laser scanning microscope (Olympus) equipped with an U

Pan S Apo 100 x oil immersion objective (N.A. 1.40) and the Olympus Fluoview Software.
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2.2.1.6 Flow cytometric analysis of BMDCs

Table 13: Buffer for flow cytometry. BSA: bovine serum albumin

Buffer Ingredients

MACS buffer BSA (Albumin fraction V) 0.5% (w/v)
EDTA 2 mM
in PBS pH 7.4

Suspension and adherent BMDCs were collected as described in section 2.2.1.2. Cells were
fixed and permeabilized using the BD Cytofix/Cytoperm™ kit (BD Bioscience) according to
manufacturer’s protocol for subsequent staining of total protein. Cells were not pre—treated
for staining of cell-surface antigens. Antibodies were diluted in BD Perm/wash™ buffer from
the fix/perm Kit for total protein staining or in magnetic activated cell sorting (MACS) buffer for
surface protein staining (Table 5). 1x10* cells were incubated with antibody solution in the dark
for 30 min on ice. After washing and resuspension in MACS buffer, cells were subjected to flow
cytometric analysis using a FACSCanto Il flow cytometer (BD Bioscience). Flow cytometry data
were analysed with FlowJo software (Tree Star). Cell populations were gated according to their
expression of CD11¢c, MHCIl and CD11b as described in detail in section 3.1.3. Subsequent
calculations were performed in Excel (Microsoft). Graphs were plotted and statistical analysis

was performed with GraphPad Prism software.

2.2.2 Biochemical methods
2.2.2.1 Preparation of protein extracts
Table 14: Buffers for protein extract preparation.

Buffer Ingredients
PBS complete PBS pH 7.4
4 mM EDTA, pH 8

1x Complete protease inhibitor cocktail (Roche)

Lysis buffer 50 mM Tris-HCI, pH 7.4
150 mM NaCl
1% (w/v) Triton X-100
0.1% (w/v) SDS
1x Complete protease inhibitor cocktail
4 mM Pefabloc® SC Protease Inhibitor (Carl Roth)
0.5 pg/mL Pepstatin A (Sigma—Aldrich)
4 mM EDTA
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Table 14 continued from previous page

Buffer Ingredients

Lysis buffer Lysis buffer

with phosphatase inhibitors 20 mM g-glycerophosphate
4 mM sodiumorthovanadate
20 mM NaF

1x phosphatase inhibitor mix (Roche)

5x SDS—-PAGE loading buffer 625 mM Tris-HCI, pH 6.8
500mM DTT
50% (v/v) glycerol
5% (w/v) SDS

Bromphenol blue

4x Tricine—PAGE loading buffer 150 mM Tris-HCI, pH 6.8
40mM DTT
40% glycerol
4% (w/v) SDS
0.05% (w/v) Coomassie Blue G-250

Suspension BMDCs were transferred to a 1.5 mL tube and centrifuged for 10 min at 210 g and
4°C. Adherent cells were scraped off in PBS complete. Already collected suspension cells
and adherent cells were combined and sedimented as described before. Adherent BMDMs
were washed once with PBS pH 7.4 and then harvested by scraping into PBS complete. Cells
were centrifuged at 210 g for 10 min at 4°C. Cells were lysed in lysis buffer with or without phos-
phatase inhibitors by pipetting. Lysis was performed on ice for one hour or 30 min for analysis of
phosphorylated proteins. During this incubation, samples were sonicated at level 4 for 20 sec at
4°C using Branson Sonifier 450 (Emerson Industrial Automation, Danbury, Connecticut). After-
wards, samples were centrifuged for 10 min at 17,000 x g and 4 °C. Suspension was transferred
into a fresh 1.5mL tube. 5pL lysate was used for measurement of protein concentration. The
appropriate volume of 5x sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) loading buffer was added to the remaining sample. 4x Tricine—SDS loading buffer was
added instead for Western blot detection of CD74. Samples were denaturated for 5min at 56 °C

or 95°C depending on proteins detected afterwards.
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2.2.2.2 Determination of protein concentration

Protein concentrations of cell lysates were measured in a 96—well plate using Pierce™ bicin-
choninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to manufacturer’s protocol. In brief, samples were diluted 1:10 in water in a total volume
of 25 uL. A bovine serum albumin (BSA) standard curve ranging from 2 pg/mL to 0 ug/mL was
used. BCA solution was prepared by mixing solution A and B in a ratio of 1:50. To each
measurement 200 uL BCA solution were added and incubated for 30 min at 37 °C. Absorbance
was measured at 562 nm using the Synergy HT multi detection reader (BioTek, Winooski, VT,
USA). Afterwards, concentrations were calculated by use of the linear standard curve in Excel
(Microsoft).

2.2.2.3 Biotinylation of BMDC surface proteins

Table 15: Buffers for biotinylation of surface proteins.

Buffer Ingredients
PBS-CM 0.1 mM CaCl, + 1 mM MgCl, in PBS, pH 8

Biotin solution 1 mg/mL Sulfo-NhS-SS-Biotin (Thermo Fischer Scientific) in PBS-CM
Quenching buffer 50 mM Tris-HCI in PBS, pH 8

Pulldown buffer ~ 50 mM Tris-HCI, pH 7.4
150 mM NaCl
1% (w/v) Triton X-100
0.1% (w/v) SDS
1x Complete protease inhibitor cocktail
4mM EDTA, pH 8.0

Suspension and adherent cells from 10 cm dishes were recovered as described above (sec-
tion 2.2.1.2). BMDCs were centrifuged for 10 min at 210g and 4°C. Cells were washed twice
with PBS—CM to adjust the pH and remove proteins derived from the cell culture media. Sus-
pension cells were split equally. One half of cells was resuspended in biotin solution (+biotin).
PBS—CM was added to the other half of the cells as a control (-biotin). Active biotin bound to
primary amines of surface proteins during incubation of 30 min on ice. Cells were sedimented
and resuspended in quenching buffer, containing primary amines, to stop the biotinylation re-
action for 10 min on ice. Two washing steps were performed with PBS—CM. Cells were lysed in
600 pL pulldown buffer for one hour on ice. Samples were sonicated and protein concentrations
were determined as described above (Sections 2.2.2.1 & 2.2.2.2). Sample concentrations were

adjusted to lowest concentrated sample by addition of pulldown buffer.
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Per sample, 100 uL immobilized streptavidin beads (Thermo Fischer Scientific) were equili-
brated. Therefore, beads were sedimented for 1 min at 6000 rpm and 4°C and resuspended
in 1 mL pulldown buffer. Beads were washed three times on a rotating wheel for 5min at 4°C.
500 uL sample were added to dry beads. Beads and sample were incubated on a rotating
wheel to ensure proper binding of biotinylated proteins to streptavidin at the beads for one hour
at 4°C. Appropriate volumes of 5x SDS—PAGE loading buffer were added to the remaining cell
lysates (input). After incubation, beads were centrifuged. The supernatant, containing proteins
which did not bind to the streptavidin—beads, was added to 5x SDS—PAGE loading buffer (un-
bound). The beads were washed five times in pulldown buffer to remove unbound proteins.
100 uL 1x SDS-PAGE loading buffer was added to the dry beads (bound). All three probes
(input, unbound & bound) per sample were denatured for 5 min at 95°C or 56 °C and afterwards

for 15 min at 37 °C.

2.2.2.4 Glycine-SDS PAGE

Table 16: Buffers for Tris—Glycine-SDS gel electrophoresis.

Buffer Ingredients

Stacking gel buffer 0.5M Tris-HCI, pH 6.8
0.4% (w/v) SDS
Separating gel buffer ~ 1.5M Tris-HCI, pH 8.8
0.4% (w/v) SDS
Electrophoresis buffer 0.193 M Glycine
25mM Tris
0.1% (w/v) SDS

Electrophoretic separation of proteins was performed using Glycine—-SDS—PAGE (also called
Laemmli-SDS—-PAGE), if not indicated otherwise. The system based on an discontinuous Tris—
glyine buffer system, according to Laemmli 1970. Gels of 1.5 mm thickness containing 10%
or 12.5% acrylamide in their separating gel were cast, depending on the molecular weight of
the protein of interest. Used buffers are listed in table 16. The pipetting scheme is shown
in table 17. The separation gel was prepared with 7.5mL (5.5cm hight of gel) of the respec-
tive separating gel mixture. The casting chamber was filled with the stacking gel mixture after
polymerisation of separating gel. Each gel contained ten pockets for loading of 20 ug protein.
10-20 yL of bound fraction from biotinylation of surface proteins were used (Section 2.2.2.3).
PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific) was applied for size de-
termination of proteins. Electrophoresis was performed in a Mini-PROTEAN® Electrophoresis

System (BioRad) in electrophoresis buffer at 80—-120 V for 2—3 hours.
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Table 17: Pipetting scheme for Tris—Glycine-SDS gels. Buffer compositions are listed in table 16.

Solution 5.25% 10% 12,5%
Stacking gel Separating gel Separating gel

Stacking gel buffer 1.35mL OmL OmL

Separating gel buffer 0OmL 2.6mL 2.6mL

30% acrylamide/bisacrylamide 1.75mL 3.3mL 4.2mL

(Roti-phorese® Gel

30 [37,5:1))

ddH>0O 6.85mL 4mL 3.1mL

10% (w/v) APS 60 pL 60 pL 60 pL

TEMED 30uL 30puL 30 uL

2.2.2.5 Tricine-SDS PAGE

Table 18: Buffers for Tris—Tricine—SDS gel electrophoresis.

Buffer Ingredients

3x Gel buffer 3 M Tris—HCI, pH 8.45
0.3% (w/v) SDS

Anode buffer 200 mM Tris—HCI, pH 8.9

Cathode buffer 100 mM Tris—HCI, pH 8.25
100 mM Tricine
0.1% (w/v) SDS

Separation of proteins smaller than 30kDa, as it is the case for the CD74 NTF, was performed
using Tricine—SDS—PAGE (Schagger and Jagow 1987, Schagger 2006). Gels of 1.5 mm thick-
ness were cast using the solutions listed in tables 18 and 19. Separating gel (16% acrylamide)
was cast 4.5cm high (5.7 mL) and covered directly with 1 cm (1.3 mL) of intermediate gel (10%
acrylamide). Casting chamber was filled with stacking gel (4% acrylamide) after intermediate
and separating gel polymerised. Gels contained ten pockets for loading of 20 ug protein or
Spectra Multicolor Low Range Protein Ladder (Thermo Fisher Scientific) for size determination
of proteins. Gels were run in a Mini-PROTEAN® Electrophoresis System (BioRad). Two differ-
ent buffers were used at anode and cathode for electrophoresis at 30—80V for approximate 6
hours (Table 18).
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Table 19: Pipetting scheme for Tris—Tricine-SDS gels. Buffer ingredients are described in table 18.

Solution Stacking gel Intermediate gel Separating gel
(4%) (10%) (16%)

50% acrylamide/ OmL OmL 3.29mL

bisacrylamide (16.6:1,

Applichem)

30% acrylamide/ 1.37mL 3.18mL omL

bisacrylamide (37.5:1)

2% biscacrylamide 91uL 261 L 338 uL

3x Gel buffer 2.5mL 3.33mL 3.33mL

Urea 3.69

ddH,0O ad 10 mL ad10 mL ad10 mL

10% (w/v) APS 75uL 50 uL 33.3uL

TEMED 7.5l 10 uL 10 uL

2.2.2.6 Western Blotting

Table 20: Buffers for Western Blotting.

Buffer Ingredients

Semidry transfer buffer 192 mM glycine
25mM Tris
20% (v/v) Methanol

Electrode buffer 300 mM Tris, pH 8.6
100 mM acetic acid

Proteins were transferred from gels onto nitrocellulose membranes (Whatman® Protran® nitro-
cellulose membrane, 0.2 um pore size, Whatman GmbH, Dassel, Germany). Blotting filter pa-
pers (Whatman® gel blotting paper, Whatman GmbH) and the nitrocellulose membranes were
equilibrated with semidry transfer buffer (Table 20) after Tris—Glycine—SDS PAGE. A sandwich
comprising of two blotting filter papers, the membrane, the gel and another two blotting filter
papers was assembled from anode to cathode in a Trans-Blot (R) SD Semi-Dry Transfer Cell
(BioRad). Proteins were transferred at constant current of 65 mA per blot for two hours at room
temperature. Transfer from Tris—Tricine-SDS gels was performed using Electrode buffer for
moistening of blotting filter papers and membranes. Current was set constant to 20 mA for 16 h
at 4°C.
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2.2.2.7 Immunodetection

Table 21: Buffers for immunodetection of proteins.

Buffer Ingredients

TBS-T 137 mM NaCl
25mM Tris-HCI, pH 7.4
2.7mM KCI

0.1% (v/v) Tween 20

Milk in TBS-T 5% (w/v) milk powder

in TBS-T
BSA in TBS-T 5% (w/v) BSA
in TBS-T
ECL 50 uL Lumigen ECL Ultra Solution A (Lumigen, Michigan, USA)

50 uL Lumigen ECL Ultra Solution B (Lumigen)
1mL 1.4mM Luminol in 0.1 M Tris-HCI, pH 8.8
100 pL 6.7 mM p-coumaric-acid in DMSO

3 uL 30% Ho0,

Binding sites on membranes were blocked with milk in tris buffered saline with 0.1% Tween 20
(TBS-T) after protein transfer. BSA in TBS—T was used instead when phosphorylated proteins
were detected. Primary antibodies were diluted in BSA in TBS—T when phosphorylated proteins
were detected, otherwise milk in TBS—T was used. Antibody dilutions were applied to the
membranes over night at 4°C. The next day, membranes were washed quickly three times with
TBS-T and then over 30 min in TBS—T at RT. The respective horseradish peroxidase (HRP)-
conjugated secondary antibody diluted in milk or BSA in TBS-T was applied to the membranes
for 1 h at RT. After washing as described before, membranes were incubated in ECL solution.
Chemiluminescent signals were detected using the ImageQuant™ LAS4000 (GE Healthcare,
Little Chalfont, UK). Signal intensities were measured with Imaged software. Calculations were
performed in Excel (Microsoft). Graphs were plotted and statistical analysis was performed with

GraphPad Prism software.

2.2.2.8 Measurement of secreted cytokines in conditioned media by ELISA

For harvesting of conditioned media, cell culture plates were cooled on ice. Medium was trans-
ferred into 1.5 mL reaction tubes to harvest cytokine—containing supernatants. Remaining cells
within the medium were removed by centrifugation for 10 min at 210g and 4°C. Supernatants

were transferred into a new 1.5mL reaction tube. Cell debris was sedimented at 17,000 x g
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for 10 min at 4°C. Supernatants were recovered and either stored at -20°C or directly used for

cytokine measurements.

Samples were directly used for cytokine measurement with the Proteome Profiler™ Mouse
XL Cytokine Array Kit (R&D systems, Bio—techne, Minneapolis, Minnesota, USA) according
to manufacturer’s protocol. Technical replicates were combined from supernatants of dZym
treated wt or SPPL2a- BMDCs and used for one membrane of the array. Chemiluminescent
signals were detected with the ImageQuant™ LAS4000. Signal intensities were measured with
Imaged software using the Protein Array Analyzer tool. Calculations were performed in Excel

(Microsoft). Graphs were plotted with GraphPad Prism software.

Figure 10: Composition of the Duo Set
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Enzyme-linked—immunosorbent assays (ELISAs) were performed according to manufacturer’s
protocol (Due Set, R&D systems), but with half of the volumes indicated (Scheme see figure
10). High—binding ELISA plates (Sarstedt) were coated with capture antibodies solved in PBS
(Sigma—Aldrich) over night at RT. Remaining binding sites were blocked with 1% (w/v) BSA in
PBS for at least one hour at RT after three washes with 0.05% (v/v) Tween in PBS. Conditioned
media was either used directly or diluted in respective culture medium. Serial dilution of respec-
tive recombinant cytokine of known concentration was prepared in culture medium and served
as standard control. Conditioned media and standard were incubated on plates for two hours
at RT. The capture antibody binds the targeted cytokine during that time. Unbound cytokines
and medium were washed off, as described before. Biotin—conjugated detection antibody was
diluted in 1% BSA in PBS (0.1% BSA with 0.05% Tween in TBS for IL-2 ELISA) and let bind
to captured cytokines for two hours at RT. Excessive antibody was washed off, as described
before. HRP—coupled streptavidin was diluted in 1% BSA in PBS (0.1% BSA with 0.05% Tween
in TBS for IL—2 ELISA) and incubated for 20 min on plates at RT. The biotin from the detection

antibodies couple to the HRP enzyme by binding to streptavidin. After three washing steps,
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substrate solution BM blue POD substrate, soluble (Roche) was added to each well. It contains
colorless 3,3’,5,5-Tetramethylbenzidin (TMB) and H»,O,. HRP reduces hydrogen peroxide and
oxidises thereby TMB, which becomes a blue color thereby. The addition of acid like 1 M H>SO4
after 20—40 min stops the reaction and the solution turns yellow. Absorbance was measured at
450 nm and 690 nm as control reference with the Synergy HT multi detection reader. Standard
curves and concentrations of samples were calculated with Excel (Microsoft). Graphs were

plotted and statistical analysis was performed with GraphPad Prism software.

2.2.2.9 Lactate dehydrogenase cytotoxicity assay

Damaged cells release cytosolic proteins as lactate dehydrogenase (LDH). The activity of this
enzyme can be measured by a coupled enzymatic test. LDH catalyses the conversion of lactate
to pyruvate and reduces thereby the coenzyme NAD* to NADH. The latter donates electrons for
the diaphorase mediated convertion of the yellow tetrazolium salt into a red formazan product.

The latter absorbance can be measured at 490 nm.

BMDCs were seeded in 96—well round bottom plates at a density of 1.5x108 cells/mL in 200 pL
per well. They were treated in technical duplicates with 250 ug/mL HKMT for 24 h or left un-
treated. In addition, cells were lysed with lysis solution from the Pierce LDH Cytotoxicity Assay
(Thermo Fischer Scientific) for 30 min prior to LDH cytotoxicity assay and served as positive
control. Supernatants were transferred as technical triplicates & 50 pL to a 96—well flat bottom
plate. Medium was used as blank. The assay was performed according to manufacturer’s proto-
col. Absorbance was measured at 490 nm and at a reference value of 680 nm with the Synergy
HT multi detection reader. Calculations were performed with Excel (Microsoft). Graphs were

plotted and statistical analysis was performed with GraphPad Prism software.

2.2.3 Molecular biology methods

2.2.3.1 Genotyping of SPPL2a"" and CD74”- mice

Mice tail biopsies were digested in DirectPCR® Tail (Peglab Biotechnologie GmbH, Erlangen,
Germany) supplemented with 200 pg/mL proteinase K (Roche) shaking at 750 rpm at 56 °C over
night. Subsequently, the enzyme was inactivated by heating the samples for 45 min at 85°C.
Samples were centrifuged for one minute at 17,000 x g to remove debris and hair particles.
Oligonucleotides (primer) listed in table 22 were used for determination of mice genotypes. A
polymerase chain reaction (PCR) using two primers spanning exon 2 of SPPL2a served for
genotyping of SPPL2a—deficient mice. A PCR comprising three primers was used for determi-

nation of CD74—deficient mice. A typical pipetting scheme is shown in table 23.
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Table 22: Primers for mouse genotyping. Primers were ordered at Sigma—Aldrich; ko: knockout; Fw:

forward; Rv: reverse.

Gene Primer Sequence 5’ to 3’ wt product ko product
mSPPL2a-Exon2-Fw  AAACTCATTGAAGGACTTGCTC

SPPL2a  \SppL2a Exon2-Rv  TTTCTAGGGAACTTGGAAGTC — 242bp 1323 bp
mCD74-Geno-Fw GGCTAGGTCCCAGTGTAGGC

CD74 mCD74-wt-Rv AATCAGCGCTCAAGGTCACT 1100 bp 1400 bp
mCD74-ko-Rv CGCTGACAGCCGGAACACGG

Table 23: Genotyping pipetting scheme. Components from Thermo Fisher Scientific.

Solution Volume
2mM dNTPs 2.5uL
DMSO 1.25pL
10x DreamTaq Buffer 2.5uL
Forward primer 1uL
Reverse primer(s) 1uL
DreamTaqg DNA polymerase 0.25pL
Template 1uL
ddH,0 ad 25 L

Polymerase chain reaction was performed to amplify genomic deoxyribonucleic acid (DNA) in

a thermo cycler (protocols shown in table 24).

Table 24: PCR protocols for genotyping.

Step CD74 PCR SPPL2a PCR
Duration Temp. Cycles | Duration Temp. Cycles

Initial denaturation | 3 min 94°C 5min 95°C
Denaturation 30sec 94°C 15sec 95°C

Annealing 1 min 66°C | 35 30sec 55°C | 40
Elongation 1.5min 72°C 3 min 72°C

Final elongation 2min 72°C 3 min 72°C

Pause 00 10°C 00 10°C

2.2.3.2 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to separate and visualise PCR products from geno-

typing (section 2.2.3.1). Agarose gels of 2% were prepared by melting 8 g agarose (Biozym
Scientific GmbH, Hess. Oldendorf, Germany) in 400 mL TAE buffer (Table 25). After boiling,

ethidiumbromide (Roth) was added and the solution was poured into the casting form. Appro-

priate volumes of 6x DNA loading dye (Thermo Fisher Scientific) were added to PCR samples

prior to loading on the agarose gel. GeneRuler 1 kb or 100 bp Plus DNA Ladder (Thermo Fisher
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Scientific) were used to determine the approximate size of PCR products. After electrophoresis
at 120V for 20—30 min, PCR products were visualized using Gel Jet Imager (Intas, Géttingen,

Germany) at a wavelength of 312 nm.

Table 25: Buffer for agarose gel electrophoresis.

Buffer Ingredients

TAE buffer 40 mM Tris
19.2 mM acetic acid
1mM EDTA pH 8.0

2.2.3.3 RNA isolation

NucleoSpin RNA Plus Kit (Machery-Nagel, Diren, Germany) was applied to isolate RNA from
BMDCs. Suspension cells were centrifuged for 10 min at 210g and RT. Adherent cells were
lysed directly in culture dish in LBP—buffer from the kit without prior detachment. Lysed ad-
herent cells were added to sedimented suspension cells. Lysates were either shock frozen
in liquid nitrogen and stored at -80°C or directly processed for RNA isolation according to the

manufacturer’s protocol. Isolated RNA was stored at -80°C.

2.2.3.4 Complementary DNA synthesis

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was used for gener-
ation of complementary DNA (cDNA). Concentration and purity of prepared RNA samples
were quantified photometric at absorbance wavelength of 260 nm with 320 nm as reference
and 280 nm to determine phenol contamination (260/280 ratio should be 2 for no contamina-
tion) with Synergy HT multi detection reader (BioTek, Winooski, Vermont). Up to 1 ug RNA
were used for cDNA synthesis. Equal RNA amounts were used within each experiment. RNA
aliquots were mixed with 1 uyL Random Hexamer Primers and adjusted with ddH,O to a total
volume of 12 uL. Samples were incubated for 5 min at 65°C. Subsequently, 4 ul Reaction buffer,
1 ul RiboLock RNase inhibitor, 2 ul 10 mM dNTP and 1 pl RevertAid reverse Transcriptase were
added as a master mix to each reaction. Synthesis of cDNA was performed for 60 min at 45°C.
Reaction was terminated by incubation for 5min at 70°C. Samples were stored at -20°C or

directly used for gene expression analysis.

2.2.3.5 Expression analysis by quantitative real-time PCR

Expression of target genes was addressed by quantitative real-time PCR (qRT-PCR) using the
Universal ProbeLibrary System Technology from Roche. Primers for genes of interest were

designed by use of universal hydrolysis probe library assay design center (Roche, table 26).
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Table 26: Primer pairs for gene expression analysis.

Gene Forward primer Reverse primer Probe
CD11b CAATAGCCAGCCTCAGTGC GAGCCCAGGGGAGAAGTG 76
CD11c GGAGCCTCAAGACAGGACAT GGATCTGGGATGCTGAAATC 20
Dectin-1  AGAGTGAAGGGCCATGGTT TGCATTTCTGACTTGAAACGA 88
HPRT1 CCTCCTCAGACCGCTTTTT AACCTGGTTCATCATCGCTAA 95
IL-13 TTGACGGACCCCAAAAGAT GAAGCTGGATGCTCTCATCTG 26
IL-2 GCTGTTGATGGACCTACAGGA  TTCAATTCTGTGGCCTGCTT 15
IL-10 CAGAGCCACATGCTCCTAGA TGTCCAGCTGGTCCTTTGTT 41
IL-12p19 TCCCTACTAGGACTCAGCCAAC AGAACTCAGGCTGGGCATC 19

IL-12p35 TCAGAATCACAACCATCAGCA  CGCCATTATGATTCAGAGACTG 49
IL-12p40 TTGCTGGTGTCTCCACTCAT GGGAGTCCAGTCCACCTCTAC 78

SDHa TGTTCAGTTCCACCCCACA TCTCCACGACACCCTTCTG 71
TLR4 CTGATCCATGCATTGGTAGGT  GGACTCTGATCATGGCACTG 2
TNFa CTGTAGCCCACGTCGTAGC TTGAGATCCATGCCGTTG 25
Tubila CTGGAACCCACGGTCATC GTGGCCACGAGCATAGTTATT 88

High specificity of the assay is achieved by the use of universal hydrolysis probe library set
mouse (Roche). The probe is labelled at the 5’ end with the reporter fluorescein amidite (FAM)
and at the 3’ end with a dark quencher dye. When incorporated into a PCR product, the reporter
gets cleaved off the probe due to the 5’-3’-exonuclease activity of the applied polymerase and

the FAM fluorescence can be detected (Figure 11).

fo:/r\]/qags ®P b @ Figure 11: Principle of Roches Universal ProbeLibrary

5w 3 —— System qRT-PCR. Intensity of fluorescein (FAM) signal is

3 Template used for determination of mRNA quantity. In addition to spe-

*EXtens'on cific primers, a probe of 8-9 nucleotides bind to the mRNA.

® The probes 5’ end carries the reporter fluorescein (FAM, R)

@ and at its 3’ end a quencher (Q) inhibiting fluorescence of FAM.

During elongation of the new synthesized strand, the FastStart

Tag DNA Polymerase cleaves the probe, separating the re-

porter from the quencher. The fluorescence of the released

‘ FAM reporter is detected by the LightCycler 480 Instrument I
@ with excitation filter of 465 nm and emission filter of 510 nm.

For each reaction, 4.5 uL LightCycler 480 Probes Master (Roche), containing buffer, nucleotides
and FastStart Taqg DNA Polymerase, were mixed with 0.5 uL cDNA. 5 uL of primer mix contain-
ing 0.2uM of the respective hydrolysis probe and 0.6 uM of forward and 0.6 uM of reverse
primer were added to the cDNA in Probes Master. A serial dilution of samples was performed
for each gene of interest (GOI) to evaluate primer efficiency (E). Reactions were performed in
technical duplicates with a LightCycler 480 Instrument Il (Roche). Filter of 465 nm was applied

for excitation and an emission filter of 510 nm for signal detection.
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The Cp value was calculated according to a threshold of signal intensity. The geometric
mean of the Cp of housekeeping genes tubulin (tub1a), succinate dehydrogenase (SDH) and
hypoxanthine—guanine phosphoribosyltransferase (HPRT) was determined. The ACp of each
GOl was calculated by subtraction of the geometric mean Cp of the housekeepers from the
GOI Cp. From each GOI the slope of serial dilution (m) was used to calculate the primer effi-
ciency E=10""M. The AACp was calculated by AACp=E-2CP. For better comparison between

samples AACp were normalised to mean of untreated wt AACp.
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3 Results

3.1 Absence of SPPL2a leads to reduced DC numbers in vivo, but not in vitro

3.1.1 Conventional DC2 population is reduced in spleens of SPPL2a~- mice

Based on observations made in EMU generated SPPL2a ™Mt mice and SPPL2a—deficient
patients (Kong etal., 2018, Beisner etal., 2013, Bergmann etal., 2013), DC populations in
spleens of our targeted mutated SPPL2a”" mice were analysed in cooperation with Chris-
tian Lehmann (AG Dudziak, Department of Dermatology, University Hospital of Erlangen, Ger-
many). The role of the SPPL2a substrate CD74 in our murine model system was addressed
by including SPPL2a”"CD74” mice. CD747 mice served as a control to be able to define
possible effects caused by the absence of this protein. Splenocytes were isolated from wt,
SPPL2a”", CD74” and SPPL2a”"CD74” mice. Cells were stained for surface markers and
the abundance of DC populations were analysed by flow cytometry as described in chapter

3.1.1 (Figure 12).
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Figure 12: Reduced cDC2 population in spleens of SPPL2a”" mice. Isolated splenocytes from wi,
SPPL2a’", CD74” and SPPL2a”"CD74” mice were stained for and defined by surface markers as
described in chapter 3.1.1. According to their expression of PDCA-1 and CD11c, conventional DCs
(cDCs) and plasmacytoid DCs (pDCs) were selected. The cDC population was further subdivided into
CD8* ¢DC1 and CD11b* cDC2. Single values are shown with mean + SD. A one—way Anova with a
post—hoc—Tukey’s testing was performed per population. *p < 0.05, ** p < 0.01. ** p < 0.001; n=4—11

The frequency of DCs in spleen was low in general, as expected, with pDC population being
smaller than cDC population. The pDC population is important for immune recognition and
defence against viral infections (Durai and Murphy 2016). No significant difference of pDC
abundance was observed between all genotypes analysed. The percentage of pDC showed
high variance between analysed spleens from SPPL2a " mice. The frequency of cDCs was sig-

nificantly reduced in SPPL2a " spleens to less than half of wt values. The additional ablation of

43



RESULTS

CD74 rescued this effect. Furthermore, the CD74 7 and SPPL2a”"CD74 " spleens contained
a 1.4-fold increased cDC population than wt spleens. This difference was statistically signif-
icant. The population of cDCs can be further subdivided into cDC1 and ¢cDC2 (Macri etal.,
2017). The major task of cDC1 is induction of immune defence against intracellular pathogens,
while cDC2 induce immune defence against extracellular pathogens (Durai and Murphy 2016).
Interestingly, the cDC1 population was unaffected by the lack of SPPL2a. Only ¢cDC2 popu-
lation was significantly reduced in spleens from SPPL2a”" mice compared to the three other
genotypes. This raises the question, if the absence of SPPL2a does also have an effect on

function of remaining DCs.

3.1.2 BMDCs as a model system for functional analysis

The analysis of function of DCs requires comparable populations. Direct isolation of DCs from
mice led to a low yield of cells (data not shown and percentage indicated in figure 12) and
isolation of specific subpopulations is elaborate. Furthermore, it cannot be excluded that the
isolation process affects already functionality of the cells. Therefore an in vitro system was
explored to generate DC from bone marrow. In vitro differentiation of DCs was analysed to
answer the question, whether it is affected by the absence of the protease SPPL2a as it was
the case in vivo. Furthermore, the expression of the protease and its substrate in this model
system was addressed. Bone marrow cells of wt and SPPL2a”- mice were cultured in the
presence of the growth factor GM—CSF over eight days in order to obtain bone marrow—derived
DCs (BMDCs, detailed protocol in chapter 2.2.1.2).
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CD74 subjected to Western Blot analysis. CD74 was detected with
(N-Term.) —15 an antibody recognizing an epitope at the N-terminus of CD74.
om ca Full length (FL) CD74 and CD74 N-terminal fragment (NTF)
e -0 are indicated with arrowheads. SPPL2a was only detected in
wt lanes. The membrane was reprobed for actin as loading
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BMDCs were then subjected to Western Blot analysis to validate the expression of SPPL2a and
CD74 in this culture system. Full length CD74 was detected in comparable amounts in both
genotypes. As expected, the CD74 NTF strongly accumulated in SPPL2a”- BMDCs, while
only a faint band was observed in wt cells (Figure 13). SPPL2a could only be detected in wt
cells. These were prerequisites for the GM—CSF BMDC culture system to be used for functional

assays.
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3.1.3 Analysis of cell marker surface expression reveals comparable differentiation of
wt and SPPL2a”- BMDCs

The analysis of DCs in mice revealed reductions in distinct DC populations in SPPL2a”" mice
compared to wt mice (see chapter 3.1.1). The reduction of the cDC2 subset could be due to
differentiation defects in SPPL2a " precursors. Thus, differentiation of BMDCs with regards to
possible differences between wt and SPPL2a " cells were examined by flow cytometry. Cells
were stained for DC markers CD11c, MHCIl and CD11b. CD11c & MHCII double positive cells
(CD11c*MHCII*) were defined as DCs (Figure 14 A). Detailed analysis of several experiments
revealed a significant but mild reduction of the CD11¢c*MHCII* population in SPPL2a - BMDCs
compared to wt. Double positive cells were further characterized by MHCII surface expression
into intermediate MHCII (MHCII™) and high MHCII (MHCIIMS" as described by Helft etal.,
2015, Figure 14 B). Abundance of MHCII"9" and MHCII™ populations was comparable between
both genotypes (Figure 14 B & C).
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Figure 14: Flow cytometric analysis of BMDC differentiation. BMDCs from wt and SPPL2a”" mice
were stained with fluorescently labelled antibodies against CD11c, CD11b and MHCII. Fluorescence
intensities were measured by flow cytometry. Cells were gated based on FSC, SSC (not shown). A Cells
positive for CD11c and MHCII (CD11c*MHCII*) were quantified. B Double positive cells were plotted
for CD11b and MHCII. MHCII™ and MHCIIMS" populations were gated for intermediate and high MHCII
surface expression, respectively. Bar diagrams show evaluations of seven independent experiments as
mean + SD. An unpaired, two—tailed Student's t—test was performed. *** p < 0.001; n=21

SPPL2a"- BMDCs, expressing large amounts of MHCII at their cell surface, had lower CD11c
surface expression than wt BMDCs (Figure 14, A left & middle). Thus, surface expression of

the single markers was evaluated to reveal possible alterations. Therefore, mean fluorescence
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intensities (MFI) of CD11c, CD11b and MHCII were examined in CD11c*MHCII* cells. Surface
expression of CD11c was significantly reduced in SPPL2a~”- BMDCs (Figure 15 A). The reduc-
tion was mild as SPPL2a”- BMDCs still expressed 88% of CD11c on their surface compared
to wt. SPPL2a”- BMDCs showed a significant but slight increase in CD11b surface expression
with 1.1—fold of wt (Figure 15 C). No alterations in MHCII surface expression were observed

between BMDCs of both genotypes (Figure 15 B).
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Figure 15: Surface expressions of CD11c and CD11b are slightly altered in SPPL2a"- BMDCs.
CD11c*MHCII* wt and SPPL2a” (2a’) BMDCs were analysed for median fluorescence intensities
(MFIs) of A CD11c, B MHCII and C CD11b. The MFI values were normalised to median of wt MFI
values per experiment. Single values of seven independent experiments are shown with mean + SD.
An unpaired, two—tailed Student's t—test was performed. ** p < 0.01, *** p < 0.001; n=21

The observed alterations in surface markers could possibly be explained by changes in tran-
scription, transport to or stability of the protein at the cell surface. Transcription of CD117c and
CD11b was compared between wt and SPPL2a”- BMDCs by qRT-PCR analysis. The analysis
revealed equal expression of CD11c and CD11b in both genotypes (Figure 16 A & B). Thus,

the altered surface expression of CD11c and CD11b as observed by flow cytometry cannot be

attributed to reduced protein expression.

Figure 16: Comparable expres-
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& W < a? test was performed; n=9.

In vitro differentiation of DCs was not affected to a relevant degree in the absence of SPPL2a.

Thus, BMDCs represent a valid system to analyse the impact of SPPL2a deficiency on DC

function.
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3.2 Functional analysis of in vitro differentiated DCs in response to pattern

recognition receptor stimuli
3.2.1 Altered response to Dectin—1 stimulation in SPPL2a”- BMDCs

After proving comparable differentiation of in vitro generated DCs, the effect of the absence of
SPPL2a on BMDC function was investigated. This was addressed by measurement of cytokine
secretion responses towards pattern recognition receptor (PRR) stimulation. The PRR C—type
lectin receptor (CLEC) Dectin—1 was chosen, because it activates the kinase Syk upon ligand
binding. In SPPL2a” B cells the Syk-coupled BCR showed reduced signalling capacity (Huttl
etal., 2015). Thus, it was hypothesised that also other Syk—coupled receptors could be affected
by the absence of SPPL2a. Depleted Zymosan (dZym) was chosen as a specific ligand for
Dectin—1 (Gantner etal., 2003).
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Figure 17: No general functional deficiency in SPPL2a”- DCs. Supernatants from wt or SPPL2a™"
BMDCs treated with depleted Zymosan (dZym) for 24 h were measured for chemokine and cytokine se-
cretion by a membrane-based sandwich immunoassay. Chemiluminescence intensities were detected.
36 chemokines and cytokines were selected by a threshold of signal intensity and normalized to wt.
Chemokines and cytokines with a relative increase or reduction in supernatants of SPPL2a”" BMDCs
compared to wt are depicted in red or green, respectively. n=1.

A cytokine array was performed in order to obtain a general idea of the responsiveness and
possible differences between wt and SPPL2a”- BMDCs. The array was applied to examine
possible cytokine secretion differences between wt and SPPL2a”- BMDCs. Cells were stim-
ulated with the Dectin—1 specific ligand depleted Zymosan (dZym) for 24 h and supernatants
were subjected to the cytokine array. 36 chemokines and cytokines were selected by a thresh-
old of signal intensity and normalized to wt values (Figure 17). Most chemokines and cytokines
were detected to comparable amounts in supernatants from BMDCs of both genotypes. TNF«
was one of the cytokines secreted equally by wt and SPPL2a”- BMDCs. Macrophage inflam-
matory protein 2 (MIP-2), CXCL1, CCL22, myeloperoxidase (MPQO) and osteopontin (OPN)
were increased in supernatants from dZym treated SPPL2a”- BMDCs. IL—10, IL—2, mono-
cyte chemoattractant protein 5 (MCP-5), dickkopf—1 (Dkk-1), CD26 and IL-27 were reduced in

supernatants from dZym treated SPPL2a”- BMDCs.
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Expression differences of key cytokines were validated by ELISA. MIP-2, IL-10, IL-2 and
TNF« were chosen from the array in addition to IL-13 (Figure 18). The increase of MIP-2
secretion by absence of SPPL2a could not be addressed due to technical problems of the
ELISA. In contrast to wt BMDCs, SPPL2a”- BMDCs released significantly less IL—10 upon
dZym treatment. A trend towards reduced IL—2 secretion by SPPL2a”- BMDCs was observed.
The cytokines IL-13 and TNFa were released to comparable amounts by wt and SPPL2a™"

BMDCs when treated with dZym. Overall, this is in line with the cytokine array data.

A IL-10 B IL-2 C IL-18 D TNFa.
2.5+ 2.5+ 1.5- 100-
*k*
o 2.04 % ~ 2.04 @ 3 80+
-— h - - L
2 1.5 = 1.54 } 5 10 {— _I_ S - -2
-
_§l 1.0 E 1.0- E TEI 40-
< 0.5 0.5 c € 204
0. e 0.0-—p——7 0.0-—p—7 0-—
\' '\¢ \ '\o \ ’\o \ ’\0
) ) ) )
t‘:b c‘? ‘I:b q:b

Figure 18: Reduced IL-10 secretion in depleted Zymosan treated SPPL2a”- DCs. Wit and
SPPL2a” (2a’) BMDCs were treated with 50 ug/mL depleted Zymosan (dZym) for 24 h. Supernatants
were measured for A IL-10, B IL-2, C IL-13 or D TNF« by ELISA. Single values are shown with mean
+ SD. An unpaired, two—tailed Student's t—test was performed. *** p < 0.001. Representative measure-
ments of five independent experiments with three biological replicates per genotype (n=3).

Transcription and release of cytokines are preceding steps before cytokine concentrations can
be measured in conditioned media by ELISA. Alterations in these steps could explain reduced
IL—10 and slightly decreased IL—2 concentrations in cell culture supernatants of dZym treated
SPPL2a”- BMDCs compared to wt. Cytokine expression was addressed by qRT-PCR. BMDCs
were stimulated for three, six or nine hours with dZym or left untreated and mRNA levels of /L—
10, IL-2, IL-15 and TNFa were quantified (Figure 19). The expression of IL—710 in wt BMDCs
increased up to 800—fold of untreated wt and reached a plateau after six hours. In contrast to
that, IL—10 transcription was significantly lower in SPPL2a”- BMDCs with a maximum at 90—
fold of untreated wt. Expression of IL-2 peaked at three hours of dZym administration in both
genotypes with the transcription being eight—fold lower in SPPL2a- compared to wt BMDCs.
After six hours of of Dectin—1 activation, /L—2 transcription was still 4.6—fold lower in SPPL2a ™"
than in wt BMDCs. The difference between genotypes was significant at both time points.
IL-15 and TNFo were expressed without significant differences between wt and SPPL2a™
BMDCs. Transcription of both cytokines showed strongest increase from untreated at three
hours of dZym treatment. Afterwards, /IL—15 expression slightly increased further, while TNF«

expression declined.
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Figure 19: Decreased IL-10 and IL-2 expression in SPPL2a”- BMDCs upon stimulation with
depleted Zymosan. BMDCs from wt and SPPL2a” (2a”") mice were treated with dZym for 3, 6 or
9h or left untreated. After RNA isolation, cDNA was synthesised. Transcription of A IL—10, B IL-2, C
IL—18 and D TNFa were determined by gRT-PCR. Means of normalised expression + SD are shown.
A two—way Anova with a post—hoc—Bonferroni testing was performed. *** p < 0.001; Representative
graphs from five (IL—10, IL-2 & IL—15) or three (TNFa) independent experiments with three biological
replicates per genotype (n=3).

Taking together, stimulation of Dectin—1 by dZym emerged with only partial alterations in com-
position of chemokines and cytokines in SPPL2a”- compared to wt BMDCs as shown by a
cytokine array. Thus, function of SPPL2a”- BMDCs was not completely modified. A clear
reduction of IL—10 and a slight decrease of IL-2 secretion in the absence of SPPL2a was con-
firmed by ELISA. These cytokines were already massively reduced on transcription level in
SPPL2a” compared to wt BMDCs. Thus, the reason for altered cytokine release lies between

pathogen contact and mRNA expression in SPPL2a”- BMDCs.

3.2.2 Increased TLR response in the absence of SPPL2a

Responses towards Toll-like receptor (TLR) stimulation were investigated to reveal if alterations
in cytokines were restricted to Syk—coupled receptors, like Dectin—1, or a more general effect of
SPPL2a deficiency. BMDCs from wt and SPPL2a”" mice were stimulated with LPS, a specific
ligand for TLR4, for 24 h (Poltorak etal., 1998). Supernatants were harvested and cytokine

concentrations were measured by ELISA.

Based on observations concerning Dectin—1 activation (section 3.2.1), IL-10, IL-2, IL-15 and
TNF«a were chosen as representative cytokines. While IL—10 and IL-2 were hardly detectable
by ELISA after BMDC stimulation with LPS, release of IL-13 and TNFa could be measured
(Figure 20). The absence of SPPL2a led to an increase of IL-14 in cell culture supernatants by
a factor of three compared to wt. Observed TNFa concentrations in supernatants of SPPL2a ™"
BMDCs stimulated with LPS showed a tendency towards an increased release compared to

wt, which was not significant.
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. Figure 20: Toll like receptor 4 activation
A1000_ IL*JB BGO- TNFa leads to increased IL-13 release by SPPL2a""
4 BMDCs. BMDCs differentiated from wt and
« 800- % s o SPPL2a”" (2a”") mice were stimulated for 24 h with
< L 40+ 500 ng/mL LPS. Supernatants were harvested and
=1 600+ = % cytokine concentrations of A IL-13 and B TNFa
75' 400- TE' were measured by ELISA. Single values are shown
E: P, > 20+ with mean + SD. An unpaired, two—tailed Student's
200+ € t—test was performed. *** p < 0.001. Representa-
0- 04 tive measurements of six (IL-15) or five (TNFa) in-
\' \,' \' \,' dependent experiments with three biological repli-

X\ . K\ ¢ cates per genotype (n=3).

flfb

Expression of cytokines was quantified to investigate possible reasons for increased IL—17 re-
lease measured by ELISA. BMDCs differentiated from wt and SPPL2a - mice were treated for
three to nine hours with LPS or left unstimulated. Levels of mRNA were measured by gRT-PCR
(Figure 21). In contrast to ELISA measurements, IL—10 and IL-2 expression was detectable
by gRT-PCR. As shown in figure 21, BMDCs from wt and SPPL2a- mice produced increas-
ing IL—10 mRNA over time of stimulation. Wt BMDCs expressed slightly more /IL-10 than
SPPL2a”- BMDCs with significant difference after nine hours of LPS treatment. At that time
point, IL—10 transcription by SPPL2a”- BMDCs was reduced to 80% of wt BMDCs. Compared
to IL-10, /IL—15 showed a slightly different expression pattern. Transcription of /L—15 strongest
increase from untreated to three hours of BMDC treatment with LPS. Expression slightly rose
from three to six hours and then decreased again. The detected mean mRNA levels of IL—1j
were 1.6— to 1.3—fold higher in SPPL2a”’- BMDCs compared to wt BMDCs for all treatment
time points, which did not reach statistical significance. /L—2 and TNFa showed a rather similar
expression kinetics with a maximal expression after three hours of LPS application followed
by a strong decrease. At three hours, SPPL2a”- BMDCs expressed 1.7—fold less /L—2 than
wt BMDCs. Only minor amounts of /L—2 mRNA were detectable at six and nine hours of LPS
treatment without significant differences between genotypes. In contrast to that, transcription of
TNFo was elevated in SPPL2a”" BMDCs in comparison to wt BMDCs. A significant difference
was detected after three hours of LPS treatment. TNFa transcription was 1.7—fold higher in
SPPL2a” BMDCs than in wt BMDCs at that time point.

Overall, BMDCs lacking SPPL2a released slightly more TNF« and significantly higher amounts
of IL—1 than wt BMDCs after TLR4 activation. This elevation was already detectable at mRNA
level. Thus, reasons for altered cytokine response of SPPL2a”- BMDCs appear to locate be-

tween LPS recognition and induction of expression.
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Figure 21: Increased IL-13 and TNFo expression in SPPL2a”- BMDCs upon LPS administration.
Cytokine expression in wt and SPPL2a” (2a”) BMDCs was induced by 500 ng/mL LPS. RNA was
extracted after three, six or nine hours of treatment as well as from untreated cells. After cDNA synthesis,
gRT-PCR was performed with primers for A IL—10, B IL-2, C IL—15 and D TNFa. Means of normalised
expression = SD are shown. A two—way Anova with a post-hoc—Bonferroni testing was performed.
*p < 0.05, *** p < 0.001; Representative graphs from two (/L—710 & IL-2) or three (IL-13 & TNF«)
independent experiments with three biological replicates per genotype (n=3).

3.3 Cytokine response towards mycobacteria in SPPL2a”- immune cells

3.3.1 Analysis of cytokine response of BMDCs to heat—killed Mycobacterium tubercu-

losis

Stimulation of single pattern—recognition receptors is rare in the course of immune reactions,
since most pathogens lead to activation of different families and family—-members of pattern—
recognition receptors. Accordingly, the response of wt and SPPL2a”- BMDCs towards a com-
plex ligand was analysed. For this purpose, heat—killed Mycobacterium tuberculosis (HKMT)
was chosen. This ligand stimulates especially Mincle and TLR2, but also Dectin—1, Dectin—2
and other receptors (Ishikawa etal., 2009, Underhill etal.,, 1999, Yonekawa etal., 2014, Ya-
dav and Schorey 2006, Schlesinger 1993, Tailleux etal., 2003). The mycobacterial ligand was
chosen for an additional reason. Mutations in the SPPL2a gene were found in patients with
mendelian susceptibility to mycobacterial disease (MSMD; Kong et al., 2018). Therefore, it was
aimed to analyse if an altered response of DCs towards mycobacteria could be a reason for the

disease in SPPL2a—deficient patients.

DCs differentiated from bone marrow of wt and SPPL2a”" mice were treated with HKMT for
24 h. Supernatants were collected and used for measurement of the cytokines IL-10, IL—
2, IL—15 and TNF« by ELISA (Figure 22). In conditioned medium of wt BMDCs 1.4 ng/mL
IL—10 were measured. This cytokine concentration was significantly reduced by three—fold
in SPPL2a”- BMDCs. IL—2 was secreted at low amounts with 120 pg/mL in wt BMDCs and

50pg/mL in SPPL2a”- BMDCs. This decrease of IL—2 concentration in supernatants from
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SPPL2a”- BMDCs was not significant. In contrast to IL—10 and IL-2, release of IL—14 and
TNFa was significantly higher in the absence of SPPL2a. SPPL2a”" BMDCs released two—
fold more IL-15 and 1.4—fold more TNF« than wt BMDCs.
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Figure 22: Reduced IL-2 and IL-10, but increased IL-13 and TNF« release in SPPL2a”- BMDCs
upon HKMT treatment. Wt and SPPL2a” (2a’") BMDCs were stimulated with 250 pg/mL HKMT for
24 h. Supernatants were harvested. Cytokine concentrations of A IL-10, B IL-2, C IL-13 or D TNFa
were measured by ELISA. Single values are shown with mean + SD. An unpaired, two—tailed Student's
t-test was performed. * p < 0.05, *** p < 0.001. Representative measurements of six (IL—10 & IL—
(2r2=g\)/e (IL-15) or seven (TNFa) independent experiments with three biological replicates per genotype
Expression of the cytokines measured by ELISA was monitored as possible reason for altered
cytokine release. Therefore, RNA was isolated from untreated and from three, six or nine hours
HKMT treated BMDCs. Expression analysis of IL—10, IL-2, IL—13 and TNFa was performed
by qRT-PCR (Figure 23). Transcription of /[L—10 increased steadily over the course of HKMT
treatment (Figure 23 A). Amounts of /L—10 mRNA were significantly decreased in SPPL2a™"
BMDCs compared to wt BMDCs at all time points of treatment. After nine hours, expression
of IL-10 in SPPL2a”- BMDCs was as low as 26% of wt. IL—2 expression reached a maxi-
mum at three hours HKMT treatment followed by a decrease in both genotypes (Figure 23 B).
After three hours, SPPL2a”- BMDCs showed a significant reduction in IL—2 transcription by
five—fold. At the other treatment time points, /L—-2 mRNA was already as low as in untreated
cells. Transcription of /IL—15 in wt BMDCs reached a maximum after three hours of HKMT
treatment (Figure 23 C). Then, expression of IL—1/ decreased in wt BMDCs. In contrast, /L—
15 expression was stable in SPPL2a~”" BMDCs at all time points of treatment measured. IL—13
expression was increased about two—fold in SPPL2a”- BMDCs compared to wt BMDCs at all
treatment time points. This difference was significant at six and nine hours of HKMT treatment.
Expression of TNF« increased in BMDCs from both genotypes to the same degree after three
hours of HKMT treatment (Figure 23 D). While expression of TNF«a decreased afterwards in wt

BMDCs, it stayed stable in SPPL2a”- BMDCs from three to six hours of treatment with HKMT

and decreased then. Mean values of TNFa transcription were increased significantly 2.3—fold
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and 2.1-fold in SPPL2a”- BMDCs compared to wt BMDCs after six or nine hours of treatment
with HKMT, respectively.

In contrast to dZym and LPS, HKMT activates a number of different receptors. The observed
changes in cytokine profiles could thus be a combination of what was observed for Dectin—1

and TLR4 activation alone.
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Figure 23: Altered cytokine expression in HKMT treated SPPL2a”- BMDCs. In vitro differentiated
DCs from wt and SPPL2a” (2a’") mice were stimulated with 250 pg/mL HKMT for three, six or nine
hours or left untreated. Isolated RNA was used for cDNA synthesis. Subsequently, expression of A
IL-10, B IL-2, C IL-1 and D TNFa was analysed by gRT-PCR. Means of normalised expression +
SD are shown. A two—way Anova with a post-hoc—-Bonferroni testing was performed. * p < 0.05, **
p < 0.01 *** p < 0.001; Representative graphs from six (/L—10), four (& IL—2) or five (IL—15 & TNF«)
independent experiments with three biological replicates per genotype (n=3).

3.3.2 Alterations in IL-13 expression and release are direct effects of SPPL2a deficiency

The release of IL-17 is tightly regulated (Latz etal., 2013). First, pro—IL—1/ expression and in-
flammasome assembly are induced. Second, the inflammasome is activated in order to cleave
pro—IL—14 into its biologically active form. The first signal for this activation is derived by a
pathogen—associated signal, as for example HKMT. The second signal is derived by a broad
range of signals, mainly danger—associated signals, as for example ATP (Pelegrin and Sur-
prenant 2006).

Increased IL—13 concentrations were measured in medium from SPPL2a”- BMDCs compared
to medium taken from wt BMDCs after 24 h stimulation with HKMT (Section 3.3.1). After six
hours of stimulation of BMDCs with HKMT, an increased expression of /L—13 was observed
in SPPL2a” BMDCs (see figure 23). These alterations could be induced due to secondary
effects, which were analysed further. Increased activation of the inflammasome in SPPL2a"
BMDCs could contribute to elevated IL—15 cytokine secretion from SPPL2a”" BMDCs com-
pared to wt. The activity of inflammasomes in wt and SPPL2a - BMDCs in response to HKMT
treatment was studied. A short time point of stimulation with HKMT was chosen to exclude tran-

scriptional differences between BMDCs from wt and SPPL2a”- mice. The treatment of BMDCs
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Figure 24: The absence of SPPL2a does not lead to increased inflammasome activity. DCs dif-
ferentiated in vitro from bone marrow of wt and SPPL2a” (2a’") mice were stimulated for 4.5h with
250 ug/mL HKMT. In the last 30 min, 5mM ATP was added. Untreated (-), ATP alone or HKMT alone
treated samples were included as controls. Supernatants were harvested and A IL-13 and B TNFa
were measured by ELISA. Single values are shown with mean + SD. A one—way Anova with a post—hoc—
Tukey’s testing was performed. ** p < 0.01 *** p < 0.001; Representative graphs from three independent
experiments are shown with three biological replicates per genotype (n=3).

with HKMT served as a first signal for assembly of the inflammasome and IL—13 expression.
Addition of ATP served as a second signal to fully activate the inflammasome. If assembly
and activation of the inflammasome in SPPL2a- BMDCs was accelerated in comparison to wt
BMDCs, the addition of ATP should lead to a higher increase of IL—13 in the supernatants of wt
BMDCs than in supernatants of SPPL2a - BMDCs. In vitro differentiated DCs were stimulated
with HKMT for four hours. ATP was added for additional 30 min to fully activate the inflamma-
some. Supernatants were harvested and subjected to cytokine measurements (Figure 24). No
IL—1 was detected in supernatants of untreated or ATP treated BMDCs (Figure 24 A). Secre-
tion of IL—1 by SPPL2a”" BMDCs was slightly but not significantly reduced compared to wt
after 4.5h of HKMT treatment.The addition of ATP to HKMT treated BMDCs led to increased
IL—18 release by 1.8—fold in wt and by 3.8—fold in SPPL2a”- BMDCs. Hence, this does not
support the theory of increased inflammasome activity in SPPL2a”- BMDCs compared to wt
BMDCs. Concentrations of TNF« in cell supernatants were determined to exclude activation of
cytokine expression by ATP alone (Figure 24 B). Release of TNFa was comparable between
genotypes and was not increased upon addition of ATP to HKMT stimulated BMDCs indicating

no activation of cytokine expression by ATP.

Increased measurements of IL-13 by SPPL2a~- BMDCs upon stimulation with HKMT can also
be mediated by enhanced cell death. Cytoplasmic proteins are released when plasma mem-
branes are damaged, among them uncleaved, biologically inactive pro—IL-15 and the enzyme
lactate dehydrogenase (LDH; Korzeniewski and Callewaert 1983, Afonina etal., 2015). The ap-

plied ELISA for IL—13 concentration measurement cannot discriminate between cleaved IL—153
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and the uncleaved pro—IL—13. This allows the measurement of elevated IL—13, if SPPL2a™
BMDCs were more prone to cell death upon HKMT treatment than wt BMDCs. Cell death is
measured by determining LDH activity using a colorimetric assay (see section 2.2.2.9). BMDCs
from wt and SPPL2a " mice were stimulated for 24 h with HKMT. The OD measured within the
assay reflects released LDH and correlates with cell death. The OD values were comparable
between samples from wt and SPPL2a”- BMDCs in both cases, untreated or HKMT stimulated
(Figure 25). The treatment of BMDCs with HKMT led to a slight increase in OD values com-
pared to untreated samples. The treatment with HKMT led to comparable rate of cell death in
wt and SPPL2a” BMDCs. If pro—IL—13 is measured by the ELISA, same levels were detected
in supernatants from HKMT treated BMDCs of both genotypes.

Figure 25: Comparable cell death in wt and

SPPL2a”- BMDCs upon HKMT treatment. Wt

and SPPL2a” (2a’) BMDCs were treated with

250 ug/mL HKMT for 24 h or left untreated. Me-

o dium was transferred to a 96—well plate and mixed

° 1:2 with the LDH kit reaction buffer. The reaction

% % was stopped after 1 h and absorption was mea-

sured at 490 nm and 680 nm. The A OD was calcu-

_$_ % lated by absorbance at 490 nm minus absorbance
1

LDH release

-
a
]

AOD 490 nm
o -
13 =)

[ [

at 680nm-. Single values from three biological

o
=)

\ v N v replicates with two technical replicates are shown

& Vs ) Vs with mean + SD. An unpaired, two—tailed Student's

Untreated HKMT t—test was performed. Assay was performed once
(n=3).

The difference in IL—17 release and expression between wt and SPPL2a - BMDCs did not oc-
cur directly, but only after about six hours of treatment with HKMT. Therefore, we hypothesised
that IL—15 expression might be regulated by cytokines, which are differentially released by wt
and SPPL2a”- BMDCs directly at the beginning of HKMT treatment. If this holds true, effects
on IL—13 would be indirect and not direct due to the absence of SPPL2a in BMDCs. We fo-
cused on the anti—inflammatory cytokine IL—10, since it has been shown to negatively regulate
IL—1 expression in monocytes (Waal Malefyt etal., 1991). Furthermore, a reduction of IL—10
release was observed in SPPL2a”- BMDCs (see chapter 3.3.1), which could lead to increased
IL—12 transcription and release. For disabling potential negative regulatory functions of IL—-10
on IL-17 it was neutralised in cell supernatants by anti—IL—10 antibodies. Accordingly, BMDCs
were treated with HKMT for 24 h in the presence of the anti—IL-10 antibodies or undirected
control antibodies (isotype). Supernatants were harvested and subjected to ELISA measure-
ments (Figure 26). Release of IL—13 was increased by three—fold in HKMT treated SPPL2a ™"
BMDCs compared to wt BMDCs in all three conditions (-, isotype and anti—IL—10, figure 26 A).
The addition of the neutralising IL-10 antibodies did not alter IL-173 release in BMDCs. IL-

12p70 cytokine concentrations were measured in conditioned media as a positive control for
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Figure 26: IL-10 secretion does not influence IL-153 production. BMDCs from wt and SPPL2a”
(2a”") mice were incubated with 250 ug/mL HKMT alone (-) or in addition to 10 pg/mL undirected anti-
body (isotype) or neutralising IL—10 antibody («lL—10). Supernatants were harvested and measured for
concentrations of A IL-13, B IL—12p70 and C TNF«. Means + SDs are shown. A one—way Anova with a
post—hoc—Tukey’s testing was performed. *** p < 0.001; Representative graphs from three independent
experiments are shown with three biological replicates per genotype (n=3).

the IL—10 blocking. Secretion of IL—12p70 has been reported to increase after addition of the
anti—IL—10 antibodies (Meyaard etal., 1996). The measured IL—-12p70 concentration in media
was increased in presence of the neutralising antibodies in both genotypes by three—fold (figure
26 B). Thus, functionality of the assay could be ensured. For excluding the activation of cells
by the presence of antibodies, the concentration of TNFa was measured in supernatants of
BMDCs. As shown in figure 26 C, the addition of the isotype did not alter TNF« release com-
pared to HKMT only treated cells. The treatment of HKMT and anti—IL—10 antibodies together
led to a slight but not significant increase of TNFa compared to HKMT treatment alone. Taken
together, no evidence for relevant roles of secondary effects on the release and measurement

of IL—1 was found.
3.3.3 IL-12 cytokine release from wt and SPPL2a”- BMDCs

After exclusion of secondary effects on IL-17 release, we focused on cytokine responses of
BMDCs towards HKMT administration. As shown in chapter 3.3.1, SPPL2a”- BMDCs re-
leased decreased amounts of the anti—inflammatory IL—10 and increased amounts of the pro—
inflammatory IL—175 after treatment with HKMT. This imbalance of anti— and pro—inflammatory
cytokines could lead to an increased uncontrolled initial immune response towards mycobacte-
fia in a SPPL2a”" immune system. Furthermore, three SPPL2a—deficient patients developed
MSMD, a disease in which the clearance of bacteria is disturbed (Kong et al., 2018). A potential
mechanism to explain the impaired bacterial clearance are changes in IL—12 production, which
is important for activation of Ty1 cells and subsequent intracellular killing of mycobacteria in-
fected macrophages. Therefore, HKMT mediated IL-12 release by BMDCs was addressed by
ELISA.
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Wt and SPPL2a”- BMDCs were stimulated with HKMT for 24 h prior to measurements of re-
leased cytokines of the IL-12 family by ELISA (Figure 27). For IL-23, IL—12p40 as well as
IL-12p70 no significant difference between wt and SPPL2a - BMDCs was observed. However,
a general tendency towards reduced release of all three cytokines from SPPL2a”" compared

to wt BMDCs was observed.
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Figure 27: Release of IL-12 family members from BMDCs after stimulation with HKMT. Condi-
tioned media from wt and SPPL2a” (2a”) BMDCs treated with 250 pg/mL HKMT for 24 h were har-
vested. Cytokine release of A IL-23, B IL-12p40 and C IL-12p70 was measured. Single values are
shown with mean + SD. An unpaired, two—tailed Student’s t—test was performed. Representative mea-
surements of three (IL—12p70), four (IL—12p40) or five (IL-23) independent experiments with three bio-
logical replicates per genotype (n=3).

The observed lack of a significant reduction of IL-12 release in SPPL2a”- BMDCs is surprising
in context of data published by Friedmann etal., 2006. They showed that the inhibition of SPPL
activity in human monocyte-derived DCs leads to four—fold reduced IL-12 release compared
to not inhibited cells when stimulated with LPS. Furthermore, they could show that SPPL2a is
necessary for IL—12 production by knockdown of SPPL2a in human monocyte-derived DCs.
Therefore, conditioned media from LPS or dZym stimulated wt and SPPL2a”- BMDCs were
re—probed for IL-12 to rule out effects by HKMT-mediated activation of multiple receptors at
once on IL-12 release (Figure 28). However, no differences in secretion of IL-23, IL-12p40 or
IL-12p70 were observed between wt and SPPL2a”- BMDCs after LPS treatment. Activation of
BMDCs by dZym led to a mild decrease in IL-23 and IL—12p40 release by SPPL2a”" BMDCs
compared to wi, which did not reach statistical significance. IL—12p70 could not be detected in

supernatants form dZym treated BMDCs.

Taken together, secretion of IL—12 family members by SPPL2a~- BMDCs was not altered in
response to the TLR4 ligand LPS. The stimulation of BMDCs with the Dectin—1 ligand dZym or
the complex ligand HKMT led to slight reductions in release of these cytokines by SPPL2a ™
BMDCs compared to wt. Thus, SPPL2a deficiency did not affect IL-12 release to a major

degree under the conditions tested.
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Figure 28: IL-12 family members are released without significant difference between wt and
SPPL2a"- BMDCs upon dZym or LPS treatment. Supernatants from wt and SPPL2a” (2a”) BMDCs
treated with 50 pg/mL dZym, 250 pg/mL HKMT or 500 ng/mL LPS for 24 h were harvested. Cytokine
concentrations of A IL-23 and B IL-12p40 were measured for all treatment conditions in media. IL—
12p40 was measured in supernatants from BMDCs treated with C HKMT or D LPS. Single values
are shown with mean + SD. An unpaired, two—tailed Student's t-test was performed. Representative
measurements of three (IL—12p70 HKMT, IL—12p70 LPS, IL-12p40 dZym & IL-12p40 LPS), four (IL—
12p40 HKMT, IL-23 dZym & IL-23 LPS) or five (IL—23 HKMT) independent experiments with three
biological replicates per genotype (n=3).

3.3.4 Analysis of BMDC cytokine responses upon BCG co—culture

As shown in chapter 3.3.1, the stimulation of SPPL2a /- BMDCs with HKMT led to a significant
reduction of IL—10 and a slight reduction of IL-2 release compared to wt BMDCs. Furthermore,
a significant increased production of IL—13 and a slightly increased production of TNFa was
observed in SPPL2a- BMDCs in comparison to wt BMDCs. These alterations were detected
on transcriptional and secretory level. In contrast to that, the release of IL—12 family members
was only mildly affected by SPPL2a deficiency. However, heat—killed bacteria such as HKMT
display ligands for PRR differently than intact bacteria. Furthermore, SPPL2a—deficient patients
with MSMD suffer from infection with BCG. This is a live bacterium with reduced virulence
compared to Mycobacterium tuberculosis. It was intended to explore cytokine release of wt
and SPPL2a"- BMDCs upon co—culture with intact BCG.

Figure 29: Increased IL-15 release by
A 800~ IL-1p B 5 TNFa SPPL2a” BMDCs in BCG co—culture. 1.5x108
. wt and SPPL2a” (2a”" ) BMDCs were co—cultured
weood T s 4 with 15x10° BCG (Multiplicity of infection=10)
- %— L for 24h. Conditioned media were harvested and
= = 37 measured for A IL—13 and B TNFa concentrations

~ 400 = % . .
€ = £ 2- by ELISA. Single values are shown with mean
?2200- > + SD. An unpaired, two-tailed Student's {-test
< 14 was performed. ** p < 0.01. Representative
0- 0- measurements of two independent experiments
T \,' T \,' with three biological replicates per genotype are

4&& > 4&‘ > shown (n=3).
Vv Vv
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Cell supernatants were harvested after co—culture of wt and SPPL2a”- BMDCs with BCG for
24 h. Cytokine concentrations of IL-2, IL-10, IL-13 and TNFa were determined by ELISA. The
incubation of BMDCs with BCG did not lead to detectable secretion of IL-2 and IL—10 by this
method. Comparable to HKMT treatment (see figure 22), SPPL2a”- BMDCs secreted signifi-
cantly more IL-13 than wt BMDCs when co—cultured with BCG (Figure 29 A). The release was
increased by 1.7-fold in SPPL2a”- BMDCs compared to wt. In contrast to that, the concen-
tration of TNFa in conditioned media was not significantly different between both genotypes
(Figure 29 B). To address reasons for the increased IL—1 release, the expression of cytokines
was measured by qRT-PCR. In vitro differentiated DCs were co—cultured for three or six hours
with BCG or left untreated. The expression of IL—10, IL-2, IL—13 and TNF«a was monitored by
gRT-PCR. IL-2 was not detectable by this method.
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Figure 30: Comparable expression of IL-10, IL-15 and TNFo in wt and SPPL2a”- BMDCs after
six hours of BCG co—culture. Wt and SPPL2a” (2a”") BMDCs were incubated with ten—fold more
BCG cells (MOI=10). RNA was extracted and used as template for cDNA synthesis after three or six
hours of BCG co—culture or from untreated cells. Transcription of A IL—10, B IL-15 and C TNFa was
determined by qRT-PCR. Means of normalised expression + SD are shown. A two—way Anova with a
post—hoc—Bonferroni testing was performed. Representative graphs from two independent experiments
with three biological replicates per genotype are shown (n=3).

Expression of IL-10 increased to 25—fold of untreated wt in both genotypes at six hours of
BCG co—culture (Figure 30 A). IL—17 transcription rose to 10—fold of untreated wt at six hours
of BCG treatment without differences between wt and SPPL2a”- BMDCs (Figure 30 B). The
treatment of BMDCs with BCG led to increased TNFa expression in wt BMDCs compared to
SPPL2a” BMDCs (Figure 30 C). However, in a repetition of the experiment, SPPL2a - BMDCs
expressed more TNFa than wt BMDCs. Overall, the expression of IL—10, IL—15 and TNFa was
comparable after six hours of BCG co—culture, which might be different at later time points.

As described above, IL-12 family members are important for Ty1 activation and thus induction
of intracellular killing of infected macrophages. Therefore, we were again interested in the
release of these cytokines. The secretion of the IL—12 family members by 24 h BCG infected
BMDCs was measured by ELISA in conditioned media. While in media from SPPL2a”- BMDCs

almost no IL-23 was detectable, wt BMDCs secreted substantial amounts of IL-23. Release
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of IL-12p40 and IL-12p70 by SPPL2a”- BMDCs was significantly decreased by seven and
three—fold, respectively compared to wt BMDCs (Figure 31).
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Figure 31: SPPL2a deficiency impairs secretion of IL-12 family cytokines by BMDCs upon BCG
co—culture. In vitro differentiated DCs from wt and SPPL2a” (2a”") BMDCs were incubated with ten—
fold more BCG cells (MOI=10) for 24 h. Supernatants were cleared from cells and used for cytokine
measurement of A IL-23, B IL-12p40 and C IL-12p70 by ELISA. Single values are shown with mean +
SD. An unpaired, two—tailed Student's t—test was performed. * p < 0.05; ** p < 0.01; *** p < 0.001. Rep-
resentative measurements of two independent experiments with three biological replicates per genotype

(n=3) are shown.

This reduced secretion of IL—12 family members could be due to reduced expression. There-
fore, QRT-PCR analysis was performed as described above. Because IL-23 is a heterodimer
formed by a p40 and a p19 subunit and IL-12p70 is comprised of p40 and p35, expression of
IL-12p19, IL—12p40 and IL—12p35 was examined (Figure 32). IL—12p19 mRNA amounts in-
creased to the same degree in wt and SPPL2a”- BMDCs three hours of BCG co—culture. From
three to six hours, IL—12p19 expression stayed stable in wt BMDCs, but slightly decreased in
SPPL2a”- BMDCs. Transcription of IL—12p40 rose during the course of co—culture with BCG in
wt and SPPL2a” BMDCs. After six hours of BCG infection, SPPL2a - BMDCs expressed sig-
nificantly less IL—12p40 than wt BMDCs with a reduction by 1.5—fold. For IL—12p35 a tendency
towards reduced expression in SPPL2a”- BMDCs compared to wt BMDCs was observed after

six hours of BCG infection.

It could be that reduction of IL—12p40 expression alone accounted for reduced concentrations
in conditioned media from SPPL2a - BMDCs of all three IL—12 family members. Nevertheless,

the reduced release of IL-12 might play an important role in MSMD patients with SPPL2a
deficiency.
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Figure 32: Induction of IL-12 cytokine expression is reduced in SPPL2a”- BMDCs in BCG co—
culture. DCs differentiated from bone marrow of wt and SPPL2a” (2a”") mice were treated with BCG
at a multiplicity of infection of 10 (MOI=10) or left untreated. After extraction of RNA at indicated time
points, cDNA was synthesised and used for gRT-PCR. Transcription of A IL—-12p19, B IL—12p40 and C
IL—12p35 were determined. Means of normalised expression + SD are shown. A two—way Anova with a
post—hoc—Bonferroni testing was performed. Representative graphs from two independent experiments
with three biological replicates per genotype are shown (n=3).

3.3.5 Macrophage responses to mycobacterial stimuli are not altered by SPPL2a defi-
ciency

The pathways and receptors, which were investigated in DCs, do also play an important role in
macrophages. Thus, it was aimed to explore responses of another immune cell type towards
mycobacteria species. Bone marrow—derived macrophages (BMDMs) were incubated with
HKMT for 24 h. Supernatants were harvested and subjected to cytokine measurements by
ELISA. The lack of SPPL2a in BMDMs did not alter cytokine release upon HKMT administration
(Figure 33). BMDMs from wt and SPPL2a”" mice secreted comparable amounts of IL—10, IL—
2, IL-13 and TNFa. Release of IL-12 family members was also not reduced (data not shown).

This does not support a contribution of macrophages to MSMD in SPPL2a—deficient patients.
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Figure 33: Normal cytokine response of SPPL2a”- macrophages towards heat-killed mycobac-
teria. BMDMs from wt and SPPL2a” (2a’") mice were treated with 250 ug/mL HKMT. Supernatants
were harvested after 24 h. Concentrations of A IL-10, B IL-2, C IL-13 and D TNF«a were determined
by ELISA. Single values are shown with mean + SD. An unpaired, two—tailed Student's t—test was per-
formed. Representative measurements of three (IL-10, IL—15 & TNF«) independent experiments or the
only measurement performed (IL-2) with three biological replicates per genotype (n=3).
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3.4 CD74 protein abundance plays a major role in effects of SPPL2a knockout
3.4.1 Lower CD74 protein levels and NTF accumulation in BMDMs compared to BMDCs

The described results raised the question, why the loss of SPPL2a affected DCs but not
macrophage function. Accumulation of the SPPL2a substrate CD74 NTF led to functional
defects in B cells (Huttl etal., 2015). The lack of SPPL2a led to accumulation of the CD74
NTF in BMDCs, as well (Figure 13). Macrophages and DCs both express SPPL2a and CD74
according to the transcription database BioGPS (http.//biogps.org). One explanation might be
differences of CD74 and SPPL2a protein levels or altered CD74 NTF degradation between both

cell types.
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Figure 34: Macrophages accumulate less CD74 NTF than DCs. BMDCs and BMDMs were lysed and
subjected to Western Blot analysis. A Western Blot analysis of CD74 and SPPL2a. CD74 was detected
with an antibody directed against the N—terminus of the protein. The full length (FL) and N-terminal
fragment (NTF) of CD74 are indicated with arrow heads. Actin was used as loading control. B CD74 FL
and NTF as well as actin intensities were quantified using ImagedJ. Measured intensity of the NTF or FL
CD74 were divided by the intensity of actin. Means of ratios + SD are shown. A one—way Anova with a
post—hoc—Tukey’s testing was performed for the CD74 FL and the CD74 NTF. *** p < 0.001; n=3.

Protein abundance of CD74 and SPPL2a were analysed in BMDMs to validate expression data
obtained from BioGPS on protein level. In addition, BMDM protein levels were compared to
BMDC protein levels. BMDMs and BMDCs from wt and SPPL2a”" mice were lysed and sub-
jected to Western Blot analysis (Figure 34 A). SPPL2a was observed in wt BMDCs as well as
in wt BMDMs, whereby abundance was variable in BMDMs. As expected, SPPL2a was neither
detectable in SPPL2a”- BMDCs nor in BMDMs. Full length (FL) CD74 was detectable in wt
BMDCs while only a weak band was visible in wt BMDMs. According to quantification of signal
intensities, wt BMDMs expressed 60—fold less CD74 FL compared to wt BMDCs (Figure 34
B). The CD74 NTF highly accumulated in SPPL2a”- BMDCs while in SPPL2a”- BMDMs only
minor amounts of the CD74 NTF were detected. Quantification of signal intensities revealed
a significant 23—fold reduced expression of the CD74 NTF in SPPL2a”- BMDMs compared
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to SPPL2a”- BMDCs. Accordingly, CD74 could be the trigger for the observed phenotype in
BMDCs. Reduced CD74 protein levels in non—affected BMDMs compared to affected BMDCs

are a first hint towards this theory.

3.4.2 Cathepsin S knockout BMDCs show milder phenotype than SPPL2a”- BMDCs

For further validating the theory of accumulating CD74 NTF in SPPL2a”- BMDCs as an im-
portant trigger for the observed phenotype, another CD74-related system was investigated.
CD74 is cleaved by different endosomal proteases including cathepsin S (CatS) to generate
the SPPL2a substrate CD74 NTF. As it was already shown that a CD74 fragment accumulates
in CatS” B cells and DCs (Nakagawa etal., 1999, Schneppenheim etal., 2017), cytokine se-
cretion in CatS” BMDCs was measured to examine the influence of another CD74 fragment
on BMDC function.
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Figure 35: CatS”- BMDCs show similar but milder cytokine phenotype than SPPL2a~- BMDCs.
BMDCs from wt, CatS” and SPPL2a”" (2a’") mice were treated with 250 pg/mL HKMT for 24 h. Su-
pernatants were harvested. Cytokine concentrations of A IL-10, B IL-2, C IL-15 and D TNFa were
measured by ELISA. Mean + SD are shown. A one—way Anova with a post—hoc—Tukey’s testing was
performed. * p < 0.05 *** p < 0.001; n=4

In vitro differentiated DCs from wt, CatS” and SPPL2a”" mice were stimulated with HKMT for
24 h. Cell supernatants were collected and cytokine concentrations of IL-10, IL-2, IL-13 and
TNFa were measured by ELISA (Figure 35). IL—10 secretion was highest in wt BMDCs and
lowest in SPPL2a”- BMDCs. CatS” BMDCs showed intermediate IL—10 release compared to
wt and SPPL2a - BMDCs after stimulation with HKMT. Differences in IL—10 secretion were sig-
nificant between wt and SPPL2a”" BMDCs as well as between CatS~” and SPPL2a”" BMDCs.
A similar pattern was observed for IL-2 release. The absence of CatS led to a significant
reduction of IL-2 release of 2.1—fold compared to wt. Concentrations of IL-2 in conditioned

media from SPPL2a”- BMDCs were significantly reduced compared to wt and also compared
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to CatS”- BMDCs. Again, CatS” BMDCs showed intermediate cytokine release compared to
wt and SPPL2a”- BMDCs upon HKMT treatment. In contrast to that, the mean concentration
of IL—13 in conditioned media from HKMT stimulated CatS”- BMDCs increased compared to
wt. The highest IL-13 concentrations were measured in SPPL2a~- BMDC supernatants. Dif-
ferences were not significant. The release of TNFa was comparable between all genotypes.
Overall, the accumulation of another CD74 fragment than in SPPL2a”- BMDCs also led to al-
tered cytokine release. However, the observed cytokine phenotype was milder in CatS” than
in SPPL2a” BMDCs compared to wt.
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Figure 36: CatS”- BMDCs accumulate less CD74 NTF than SPPL2a"- BMDCs. Lysates from wi,
CatS” and SPPL2a” (2a’) BMDCs were subjected to Western Blot analysis. A lllustration of CD74
fragments accumulating in CatS~ and SPPL2a”" cells B CD74 was detected with an antibody targeting
the N—terminus of the protein. The full length (FL) and the two occurring N—terminal fragments (NTF1 &
NTF2) are indicated with arrowheads. Cofilin served as loading control. C Intensities of signals derived
from the CD74 NTF and cofilin were measured with Imaged. An area including the size of both NTFs
was selected in each lane for NTF intensity determination. A ratio of NTF intensity to cofilin intensity
was calculated. Mean ratios + SD are shown. A one—way Anova with a post—-hoc—Tukey’s testing was
performed. * p < 0.05 *** p < 0.001; n=4-5

Because differences between SPPL2a”" and CatS”" BMDCs regarding the CD74 NTF abun-
dance could be a reason for the observed milder cytokine phenotype, protein levels of CD74
were determined in wt, CatS” and SPPL2a”- BMDCs by Western Blot analysis. Lysates of
wt, CatS™ and SPPL2a”" BMDCs were analysed for CD74 using an antibody targeting an N-
terminal epitope (Figure 36 B). Full length CD74 was detected at comparable amounts in all
three genotypes. The CD74 NTFs occurred in CatS” and SPPL2a”- BMDCs but not in wt
BMDCs. A larger CD74 NTF (NTF 1) was observed in CatS”- BMDCs and a smaller one (NTF
2) in SPPL2a”- BMDCs. A faint band of the CD74 NTF 2 was detected in CatS”" BMDCs.
The CD74 NTF abundance in CatS” BMDCs was reduced compared to SPPL2a - BMDCs.
Analysis of NTF signal intensities revealed significant reduction of the CD74 NTF by 3.5—fold in
CatS” BMDCs compared to SPPL2a”- BMDCs (Figure 36 B).
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Overall, the lack of Cathepsin S led to intermediate cytokine release upon HKMT administration
compared to wt and SPPL2a”" BMDCs in regard to IL—10, IL-2 and IL-13. This was also
observed for other ligands (data not shown). CatS”- BMDCs accumulated less CD74 NTF and
a larger fragment than SPPL2a” BMDCs. In macrophages CD74 expression was much lower
than in DCs and they did not show altered cytokine response. Together, these observations
pointed towards an important role of the CD74 NTF in functional alterations upon SPPL2a
ablation in BMDCs.

3.4.3 Cytokine responses can be rescued by additional ablation of CD74

Data obtained from SPPL2a”- BMDMs and CatS~” BMDCs provided strong indications for a
major role of CD74 in the cytokine expression phenotype observed in SPPL2a”- BMDCs. Ad-
ditional ablation of CD74 in SPPL2a”- BMDCs would prevent the CD74 NTF accumulation and
could thus clarify if a CD74 NTF accumulation is the reason for the observed alterations in
immune responses in SPPL2a”- BMDCs. Cytokine responses towards HKMT, LPS and dZym
treatment were analysed including CD747 and SPPL2a”-CD74”- BMDCs. Cytokine mea-
surements by ELISA of several independent experiments were normalized to concentrations

secreted by wt BMDCs.

IL-10 release upon HKMT administration was significantly reduced in SPPL2a”- BMDCs, as
observed before (Figure 37 A). SPPL2a”"CD74- BMDCs released IL-10 to a comparable
amount than wt BMDCs upon HKMT treatment. The mild reduction of IL—2 concentrations in
media from HKMT stimulated SPPL2a”- BMDCs was lost in SPPL2a”"CD74"- BMDCs (Fig-
ure 37 B). Here, IL—2 release was even slightly increased in SPPL2a”-CD74”- BMDCs com-
pared to wt. This rescue of IL—10 and IL-2 secretion in HKMT stimulated SPPL2a""CD74 7"
compared to SPPL2a”- BMDCs was also observed in supernatants from BMDCs after dZym
treatment (Figure 37 E & F)). Here, the increase of SPPL2a”"CD74 " IL-2 release compared
to wt BMDCs was even significant. IL—3 cytokine concentration was increased upon HKMT or
LPS treatment in conditioned medium from SPPL2a”- BMDCs compared to wt (Figure 37 C
& Q). In both cases the additional ablation of CD74 led to IL- release comparable to the wt
situation. Concentrations of IL—4 released by SPPL2a”- BMDCs were significantly increased
compared to all other genotypes investigated. The slight increase of TNFa release upon HKMT
treatment in SPPL2a- BMDCs was significant compared to wt TNF« release (Figure 37 D).
Concentrations of TNFa were significantly reduced in SPPL2a”-CD74”- BMDCs compared to
SPPL2a” BMDCs after stimulation with HKMT. SPPL2a”-CD74~- BMDCs did even release
less TNFa than wt BMDC, but so did the CD747- BMDCs.
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Figure 37: Absence of CD74 in SPPL2a”- BMDCs rescues cytokine phenotype. In vitro differen-
tiated DCs from wt, SPPL2a” (2a”"), CD74” and SPPL2a”"CD74 " (DKO) mice were stimulated with
250 pg/mL HKMT, 50 pg/mL dZym or 500 ng/mL LPS. Supernatants were collected after treatment for
24h. A IL-10, B IL-2, C IL-15 and D TNFa were measured by ELISA following HKMT application. E
IL—10 and F IL-2 concentrations were determined in media from dZym treated cells. Concentrations
of G IL-15 were analysed in conditioned media after LPS treatment. Data from several experiments
were normalised to mean of respective wt. Mean of fold wt + SD are shown. A one—-way Anova with a
post—hoc—Tukey’s testing was performed. * p < 0.05, ** p < 0.01 *** p < 0.001; n=8-12 of three or four
independent experiments.

It was also investigated, if the rescue of cytokine release in SPPL2a /CD74”- BMDCs com-
pared to SPPL2a”- BMDCs was already observed at the transcription level. Thus, the ex-
pression of cytokines in response to dZym or HKMT treatment was analysed by pRT-PCR
(Figure 38). IL—10 expression upon dZym as well as HKMT stimulus was significantly higher in
wt, CD74” and SPPL2a”-CD74”- BMDCs compared to SPPL2a”- BMDCs after six hours of

treatment. The same was observed for IL—-2 expression after three hours.

Summing up, cytokine secretion and expression in SPPL2a”"CD74 - BMDCs was mainly com-
parable to wt BMDCs, while SPPL2a”- BMDCs showed alterations. The additional ablation of
CD74 in SPPL2a”- BMDCs rescued the observed cytokine release phenotype. Thus, it can be
concluded that the accumulation of the CD74 NTF in SPPL2a”- BMDCs caused the observed
cytokine phenotype.
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Figure 38: Cytokine expression in SPPL2a”-CD74~- BMDCs is comparable to wt. BMDCs from wt,
SPPL2a” ( 2a’), CD74” and SPPL2a”-CD74” (DKO) mice were stimulated with 50 pg/mL dZym or
250 pg/mL HKMT for three or six hours or left untreated. Extracted RNA was used for cDNA synthesis.
Expression of A /[L-10 and B /L-2 induced by dZym as well as C IL—10 and D /L—2 upon HKMT ad-
ministration was analysed by qRT-PCR. Means of normalised expression + SD are shown. A two—way
Anova with a post-hoc—Bonferroni testing was performed. Significances account for wt, CD74”- and
SPPL2a”"CD74" compared to SPPL2a”- BMDC. ** p < 0.01 *** p < 0.001 Representative graphs from
two (D) or three (A—C) independent experiments with three biological replicates per genotype are shown
(n=3).

3.5 Altered receptor surface expression leads to differential cytokine response
in SPPL2a"- BMDCs

3.5.1 Comparison of wt and SPPL2a”- BMDC cytokine responses upon stimulation of

different receptors

Since we could show that the CD74 NTF accumulation caused altered cytokine responses
in SPPL2a”- BMDCs, it was aimed to investigate possible reasons for the differences in cy-
tokine expression and release. It was concluded from the experiments described before that
the CD74 NTF influenced SPPL2a”- BMDCs at stages of ligand recognition, signal trans-
duction or induction of expression. For better defining receptors affected by the absence of
SPPL2a, a large panel of ligands for different receptors was analysed. Therefore, cytokine re-
sponses of BMDCs towards three further pathogen—derived molecules were investigated and
summarised (Table 27). As described above, Zymosan is a ligand for Dectin—1 and TLR2/6.
LAM is a glycoprotein derived from from Mycobacterium tuberculosis cell wall, which activates
TLR1/2, MR and Dectin—2 (Means etal., 1999, Tapping and Tobias 2003, Schlesinger etal.,
1994, Yonekawa etal., 2014). Mannan stimulates the MR as well and can also activate TLR4
(Stahl and Schlesinger 1980, Tada etal., 2002).

When comparing the cytokine release between SPPL2a”- BMDCs and wt BMDCs upon differ-
ent stimuli mostly only slight or even no differences were observed. Thus, SPPL2a”- BMDCs
did not show a general defect in response towards different stimuli. However, reduction in IL—10

and IL—2 release and induction of IL-17 release by SPPL2a”- BMDCs compared to wt were
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prominent throughout all stimulations. It is of note that the reduction in IL-10 and IL-2 was
always detected with ligands for CTLRs, such as Dectin—1. The induction of IL—1/ release by
SPPL2a”- BMDCs correlated with TLR stimulation.

Table 27: Cytokine secretion of SPPL2a compared to wt BMDCs. Compilation of results from
ELISA measurements of seven different cytokines from supernatants of wt and SPPL2a”- BMDC, which
were treated with one of the seven indicated ligands for 24 h. Comparable (=), reduced (-), increased
(+) and tendencies towards reduced (=/-) or increased (=/+) cytokine release by SPPL2a”- BMDCs
compared to wt BMDCs are indicated. Some cytokines could not be detected (n.d.) by ELISA. MR
abbreviates mannose receptor.

Ligand dZym HKMT LPS Zym Mannan | LAM BCG
Receptor / | Dectin-1 | TLR2 TLR4 TLR2/6 | TLR4 TLR2/1 TLR2
Cytokine Mincle Dectin-1 | Dectin— | MR Mincle
Dectin-1 2/3, Dectin-2 | Dectin-1
Dectin-2 MR Dectin-2
& others & others
IL-10 - - n.d. - - - n.d.
IL-2 - =/- n.d. - - - n.d.
IL-13 = + + = + + +
TNF« = =/+ =/+ =/+ = =/+ =
IL-23 =/- =/- = = = = -
IL-12p40 =/- =/- = = = = -
IL-12p70 n.d. = = = n.d. =/+ -

The observed differences in cytokine expression and release between wt and SPPL2a”- BMDCs
might be due to differences in the distribution of certain receptors or alterations in signalling
pathways. Especially, stimulation with complex ligands such as HKMT or BCG showed cy-

tokine alterations similar to what was observed for Dectin—1 or TLR4 stimulation alone.

3.5.2 Alterations of Dectin—1 receptor function and distribution in SPPL2a”- BMDCs

The accumulation of the CD74 NTF in SPPL2a”- BMDCs led to changes in cytokine transcrip-
tion and release. Especially reduced IL-10 and IL—2 expression in SPPL2a”- BMDCs upon
Dectin—1 activation were observed (see chapter 3.2.1). Therefore, upstream events were ex-
plored for abnormalities to evaluate reasons for the altered cytokine responses in SPPL2a™"
BMDCs.

Dectin— 1 signalling was explored by activation of kinases proximal and distal to the receptor
upon ligand binding. Wt, SPPL2a”", CD74”- and SPPL2a” CD74” BMDCs were stimulated
with dZym for 15 min or left untreated. Cell lysates were subjected to Western Blot analysis.
Amounts of phosphorylated as well as total protein levels of the kinases Syk and ERK were

examined (Figure 39 A).
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Figure 39: Reduced Syk activation in SPPL2a~- BMDCs upon Dectin—1 stimulation. Wt, SPPL2a ™"
(2a”), CD74" and SPPL2a” CD74~ (DKO) BMDCs were stimulated for 15 min with 50 pg/mL depleted
Zymosan (dZym) or left untreated. A Cells were lysed and protein levels of phosphorylated (p) and to-
tal (t) Syk and ERK were determined by Western Blotting. Cofilin served as loading control. B Signal
intensities of total and phosphorylated Syk were measured with Imaged. A ratio of pSyk/tSyk was calcu-
lated and normalised to treated CD74 pSyk/tSyk ratio. C As described for B, a normalised pERK/tERK
ratio was calculated. Mean + SD. An unpaired, two—tailed Student's {—test was performed. n.s. not
significant; *** p < 0.001 Three independent experiments were analysed n=3.

Abundance of total Syk and ERK were comparable between genotypes and time points of treat-
ment. Syk was activated in wt, CD74 and SPPL2a”-CD74"- BMDCs after 15min of dZym
treatment as observed by increased phospho—Syk (pSyk) detection. BMDCs lacking SPPL2a
showed reduced phosphorylation of Syk upon Dectin—1 stimulation compared to BMDCs of
the other genotypes. Phosphorylation of ERK increased after dZym treatment in BMDCs of all
genotypes. A ratio of signal intensities of phosphorylated to total Syk was calculated (Figure
39 B). The dZym treatment led to significant increase of pSyk/tSyk ratio in wt, CD74 7 and
SPPL2a”"CD74”- BMDCs but not in SPPL2a”- BMDCs. Analysis of the signal intensity ratio
of pERK/AERK revealed a significant increase of ERK activation upon dZym administration in
BMDCs of all genotypes (Figure 39 C).

The kinase Syk is phosphorylated directly at the receptor Dectin—1 and ERK is activated more
distally (Drummond and Brown 2011, Brown and Crocker 2016). Therefore, surface expres-
sion of Dectin—1 was examined. Surface and total receptor expression were determined by
flow cytometry. Intact or permeabilised wt, SPPL2a”", CD74"- and SPPL2a""CD74~- BMDCs
were stained with a commercially available fluorophore—coupled antibody directed against the
extracellular part of Dectin—1. Staining with an undirected fluorophore—conjugated antibody
was performed as a control (isotype). Histograms of Dectin—1 stainings of wt and SPPL2a”"
BMDCs pointed towards reduced Dectin—1 surface expression in SPPL2a”- BMDCs (Figure 40
A). Intensities of total Dectin—1 staining were increased compared to surface Dectin—1 stain-

ings. Dectin—1 has an intracellular pool and is not only located at the cell surface. For quantifi-
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cation of the results Dectin—1 surface and total measurements of wt, SPPL2a”", CD74” and
SPPL2a”’-CD74” BMDCs from independent experiments were normalised to wt surface ex-
pression and combined (Figure 40 B). This analysis showed a significant reduction of Dectin—1
surface expression on SPPL2a” BMDCs to 0.5-fold of wt. Surface expression of Dectin—1 on
CD747 and SPPL2a-CD74~- BMDCs was comparable to wt. Amounts of total Dectin—1 were
not significantly different between all genotypes. Wt BMDCs expressed 1.6—fold more Dectin—1
in total than they display at their surface, but total amounts of Dectin—1 showed high variability.
Total Dectin—1 was 1.3—fold of wt surface levels in SPPL2a”" BMDCs and 1.2—fold of wt surface
levels in CD74 7 as well as SPPL2a”"CD74 - BMDCs. The data obtained by flow cytometric
Dectin—1 measurement revealed reduced surface Dectin—1 expression on SPPL2a”- BMDCs,

but no decrease in total Dectin—1 protein levels.
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Figure 40: Reduced Dectin—1 surface expression in SPPL2a”- BMDCs measured by flow cytom-
etry. Intact or permeabilised wt, SPPL2a” (2a”"), CD74” and SPPL2a” CD74” (DKO) BMDCs were
stained for surface or total Dectin—1, respectively. The used antibody recognises an extracellular epitope
of Dectin—1 and was directly fluorophore —conjugated. As a control the respective isotype was used. In-
tensities of stainings were detected by flow cytometry. A Histograms of surface or total isotype (gray
filled) and Dectin—1 staining of wt (green line) and SPPL2a”" (red line) BMDCs. B Mean fluorescence
intensities were normalised to wt surface Dectin—1 for surface and total stainings. Mean of fold wt sur-
face + SD are shown. A one—way Anova with a post—hoc—Tukey’s testing was performed. *** p < 0.001;
n=9-15 of 3-5 independent experiments.

This reduction was validated by another method. For this purpose, biotinylation of surface
proteins was performed. Intact wt, SPPL2a”, CD747" and SPPL2a”-CD74"- BMDCs were
incubated with non cell-permeable biotin containing an active group, which binds to proteins
at the cell surface. Biotinylated proteins were extracted with streptavidin—beads after cell lysis.
Proteins bound to the beads (bound fraction) and total lysates (input) of biotinylated BMDCs
were analysed by Western Blot (Figure 41). The cytosolic protein cofilin was used as a loading
control of the input and quality control of the method, as it should not be biotinylated and thus
not detectable in bound fraction. Indeed, cofilin was only detectable in the input at compara-
ble levels, but not detectable in the bound fraction. Dectin—1 was detected with an antibody

directed against the intracellular N-terminus of the protein. No differences for Dectin—1 FL
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protein were observed in total lysates. Dectin—1 FL protein was reduced in SPPL2a”- BMDCs
compared to the other genotypes within the bound surface expressed fraction. Thus, CD74—
dependent reduction of Dectin—1 surface expression in SPPL2a”- BMDCs was confirmed by

two independent methods.
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Figure 41: Biotinylation of cell surface proteins reveals reduced Dectin—1 on SPPL2a”- BMDCs.
Wt, SPPL2a” (2a” ), CD74” and SPPL2a”-CD74" (DKO) BMDCs were incubated with activated
sulfo—~NhS—-SS-biotin. Cells were washed and biotinylation was stopped. Lysates were made. An
aliquot was kept as input. Biotinylated proteins were isolated from lysates using streptavidin—coupled
agarose beads (bound). Input and bound fraction were subjected to Western Blot analysis. Dectin—1
was detected with an antibody directed towards an epitope at the N—terminus. Blot was re—probed for
Cofilin. Representative blot of three independent experiments.

As shown in figure 41, an additional Dectin—1 band of approximately 15kDa accumulated in
SPPL2a”’- BMDCs. This fragment has to be an N—terminal fragment (NTF) as the Dectin—
1 antibody was directed against the N-terminus. The NTF was reduced in total lysates of
SPPL2a”"CD74” BMDCs compared to SPPL2a”" BMDCs. A Dectin~1 NTF occurred in
the bound fraction of SPPL2a”- BMDCs, but not in the bound fraction of SPPL2a”"CD74 7"
BMDCs. This accumulation of the Dectin—1 NTF in SPPL2a”- BMDCs was further analysed.
BMDCs were stimulated with the Dectin—1 ligand Zymosan to provoke degradation of the re-
ceptor. Cell lysates of untreated or two hours Zymosan treated wt, SPPL2a”", CD74”" and
SPPL2a’-CD74" BMDCs were used for Western Blot analysis. Dectin—1 was detected with
an antibody directed against the N-terminal part of the protein (Figure 42 A). As expected,
Dectin—1 FL protein decreased upon Zymosan treatment in BMDCs of all genotypes. The
Dectin—1 NTF signal intensity increased in SPPL2a”" and SPPL2a”"CD74 " BMDCs upon Zy-
mosan treatment compared to NTF amounts in untreated BMDCs. For quantification purpose a
ratio of Dectin—1 NTF to FL (NTF/FL) was calculated (Figure 42 B). This revealed a significant
increase of the Dectin—1 NTF in untreated SPPL2a”- BMDCs compared to the other geno-
types. In Zymosan treated SPPL2a”- BMDCs the NTF/FL ratio was also significantly increased
compared to wt and CD74 - BMDCs. The Dectin—1 NTF accumulation in SPPL2a”- BMDCs
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was reduced by additional depletion of CD74. This observation led to the conclusion that the

accumulation of the CD74 NTF disturbed the degradation of Dectin—1.
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Figure 42: Dectin-1 NTF accumulates in SPPL2a”- BMDCs. BMDCs from wt, SPPL2a” (2a”),
CD74” and SPPL2a” CD74 (DKO) mice were treated with 50 pg/mL Zymosan for two hours or left
untreated. Cell lysates were subjected to Western Blot analysis. A Immunodetection of Dectin—1 with
an antibody directed against the N-terminus of the protein. Actin served as loading control. B Signal
intensities of Dectin—1 N—terminal fragment (NTF) and full length (FL) were quantified with Imaged and
a ratio was calculated. Means of NTF/FL ratio + SD are shown. A one—-way Anova with a post—hoc—
Tukey’s testing was performed for either untreated or Zymosan stimulated samples. * p < 0.05; ** p <
0.01; n=3.

Total Dectin—1 amounts were comparable between wt and SPPL2a”- BMDCs. Influence of
protein transcription on surface Dectin—1 expression was unlikely. Nevertheless, expression
of Dectin—1 was measured by qRT-PCR to validate this. RNA from wt, SPPL2a”, CD74""
and SPPL2a”-CD74~- BMDCs were subjected to qRT-PCR analysis of Dectin—1 (Figure 43).
Transcription was normalised to wt. All four genotypes expressed similar amounts of Dectin—1.

The mRNA levels of other CTLRs were also equal between all genotypes (data not shown).
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Figure 43: Dectin-1 expression is comparable between

1.5 wt, SPPL2a’", CD74”- and SPPL2a”-CD74”- BMDCs.
RNA was isolated from wt, SPPL2a” (2a”"), CD74" and
SPPL2a”-CD74” (DKO) BMDCs. It was used as a tem-
plate for cDNA synthesis. Expression of Dectin—1 was de-
termined by gqRT-PCR. Means of normalised expression +
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Total amounts of Dectin—1 were comparable between wt and SPPL2a”- BMDCs while surface
expression was reduced in the latter. This suggested an altered distribution of Dectin—1 in
SPPL2a” BMDCs. Thus, the localisation of Dectin—1 in SPPL2a- BMDCs was investigated.

Since the accumulation of the CD74 NTF appeared to play a major role in the decrease of

72



RESULTS

Dectin—1 surface expression an indirect immunofluorescence staining was performed to exam-
ine, if Dectin—1 localised in CD74 positive compartments. Labelling of endogenous proteins in
BMDCs was performed with antibodies directed against the N-termini of CD74 and Dectin—1
for confocal fluorescence microscopy (Figure 44). Dectin—1 was detectable at the cell border
and within the cell in wt BMDCs. SPPL2a knockout led to Dectin—1 staining mainly localised
approximate to the cell nucleus. Dectin—1 staining in SPPL2a”- BMDCs showed ring—like struc-

tures and Dectin—1 partially co—localised with CD74.

wt SPPL2a"

Figure 44: Dectin—1 re-localises to CD74—positive compartments in SPPL2a-deficient BMDCs.
Visualisation of endogenous CD74 (red) and Dectin—1 (green) in wt and SPPL2a”- BMDCs by indirect
immunofluorescence. Cells adhered to poly-L-lysine coated cover slips prior to fixation and permeabil-
isation. Primary antibodies were directed against the N—termini of CD74 and Dectin—1. Secondary
antibodies were fluorescently labelled with Alexa Fluor 488 (AF488) for Dectin—1 or AF647 for CD74
visualisation. Bars=20 um.

3.5.3 Increase of TLR4 surface levels and expression in SPPL2a”- BMDCs

It was aimed to investigate, if the reduced Dectin—1 surface levels in SPPL2a”- BMDCs is a
receptor specific or a general effect. Therefore, surface abundance of another pattern recog-
nition receptor was addressed. Since IL—13 and TNFa release was increased by SPPL2a™
BMDCs compared to wt when stimulated with the TLR4 ligand LPS this receptor was chosen
for experimental analysis.

Flow cytometric detection of TLR4 failed due to lack of a functional antibody. Biotinylation
of surface proteins was performed, as described before, to examine surface abundance of
TLR4. Cells without addition of biotin served as a control. As shown in figure 45, TLR4 was
detected to comparable amounts in input of biotinylated wt, CD74” and SPPL2a”"CD74 "
BMDC samples, while slightly more TLR4 was observed in SPPL2a”" BMDCs. No TLR4 was
detected in bound fraction when cells were not incubated with biotin prior to lysis. This indicates
that the beads do not unspecifically bind TLR4. SPPL2a”- BMDCs showed increased TLR4
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Figure 45: TLR4 surface expression is increased upon ablation of SPPL2a. Wt SPPL2a” (2a”),
CD74” and SPPL2a” CD74 (DKO) BMDCs were incubated with activated biotin or with buffer only
as a control. Cells were lysed and an aliquot was taken (input). Streptavidin—coupled beads were
added to the remaining lysate. After washing, beads were eluted with SDS—PAGE—-sample buffer buffer
(bound). Samples were subjected to Western Blot analysis of TLR4. Actin was used as loading control.
Representative blot from two independent experiments is shown.

staining compared to wt, CD74 - and SPPL2a”-CD74 - BMDCs in bound fraction when biotin
was added. This indicates increased surface abundance of TLR4 in SPPL2a” BMDCs.
Increased expression could explain increased total and surface TLR4 protein levels. Tran-
scription of TLR4 was quantified in wt, SPPL2a”", CD74” and SPPL2a”"CD74 " BMDCs by
gRT-PCR. Transcript levels were normalised to wt (Figure 46). Expression of TLR4 was sig-
nificantly increased by 1.3—fold in SPPL2a”- BMDCs compared to wt and SPPL2a""CD74 "
BMDCs. In contrast to that, expression of other TLRs was not different between genotypes
(data not shown).

Thus, increased IL-15 and TNF« secretion in SPPL2a”- BMDCs could be at least partially

explained by increased surface expression of TLR4.
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Figure 46: TLR4 expression is slightly increased in
SPPL2a”- BMDCs. Transcription of TLR4 was measured in
wt, SPPL2a” (2a”"), CD74” and SPPL2a”"CD74” (DKO)
BMDCs by qRT-PCR after extraction of RNA and cDNA syn-
thesis. Means of normalised expression + SD are shown.
A one—way Anova with a post—hoc-Tukey’s testing was per-
formed. * p < 0.05; n=3-9 of 1-3 independent experiments.
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4 Discussion

The intramembrane protease SPPL2a plays an important role in the homoeostasis and function
of the immune system as displayed by B cell defects in SPPL2a—deficient mice (Schneppen-
heim etal., 2013, Beisner etal., 2013, Bergmann etal., 2013, Huttl etal., 2015). In humans,
the absence of the protease is described in patients with MSMD (Kong etal., 2018). Interest-
ingly, these patients harbour normal B cell numbers, but a reduction in the cDC2 population.
To further elucidate the role of SPPL2a in DC development and function, a SPPL2a 7 mouse
model system was used. While the frequencies of DCs were analysed directly within spleens
of mice, an in vitro differentiation system was applied for functional studies. In B cells, the accu-
mulation of the SPPL2a substrate CD74 was causative for the observed phenotype. Therefore,
CD747 and SPPL2a”-CD74 " mice were included in this study to explore the effect of this
substrate in the DC system. DCs connect the innate and the adaptive immune system (Macri
etal., 2017). They detect foreign antigens with their PRRs and induce differentiation and main-
tenance of effector and regulatory T cells thereafter. DCs induce clearance of infections, but
also lead to regulation of immune response (Macri etal., 2017). The different DC subtypes
possess specialised tasks within the immune system. The pDC subset is important for defence
against viral infections, cDC1s are mediators for immunity against intracellular pathogens and
the cDC2 subpopulation sense extracellular parasites and bacteria (Durai and Murphy 2016).
Thus, deregulation of composition of DC subsets as well as alterations in the response of DCs

towards pathogens can lead to recurrent infections as well as tissue damage.

This DC network was disturbed in the absence of the intramembrane protease SPPL2a in
mice. The cDC2 subpopulation was reduced in SPPL2a” mice compared to wt, while cDC1
and pDC populations were detected to comparable amounts. Key findings of the functional
analysis of BMDCs are summarised in figure 47. The absence of SPPL2a led to accumulation
of its substrate, the CD74 NTF, in BMDCs. These cells showed altered surface levels of different
PRRs, which was reflected by altered responses towards different PRR ligands. Especially, the
release and expression of the cytokines IL-10 and IL—2 were reduced upon CTLR ligation and
IL—13 expression and release was increased when TLRs were activated. The CTLR Dectin—1
was localised in CD74 positive vesicular structures and thus reduced at the cell surface while
the TLR4 surface levels were increased on SPPL2a”" BMDCs compared to wt. The altered
receptor surface levels and cytokine responses in SPPL2a”" BMDCs led to the assumption
that CTLR—response pathways could be hampered while TLR—response pathways might be
enhanced by the accumulation of the SPPL2a substrate CD74 NTF.
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Figure 47: Schematic summary of SPPL2a”- BMDC phenotype. The ligation of the CTLR Dectin—1
with depleted Zymosan (dZym) as well as the ligation of the TLR4 with LPS on BMDCs led to activation
of signalling cascades, transcription and release of cytokines. The ablation of SPPL2a leads to the
accumulation of the CD74 NTF in the endosomal system. The surface Dectin—1 levels were reduced
in SPPL2a”- BMDCs and the receptor relocated to CD74 positive compartments. The subsequent
signalling was reduced and less IL-10 and IL—2 were transcribed and released. The surface expression
of TLR4 was increased in SPPL2a”- BMDCs as well as the release of IL—13.

4.1 The CD74 NTF accumulation is causative for altered SPPL2a DC develop-
ment in vivo and SPPL2a”- BMDC function in vitro

The important role of the intramembrane protease SPPL2a in DC differentiation in vivo and
function in vitro was demonstrated in this study, as described above. Since SPPL2a is an
intramembrane protease, this effects were likely mediated by the accumulation of a prote-
olytic substrate. Increased amounts of the SPPL2a substrate CD74 NTF were observed in
SPPL2a”- BMDCs and are causative for B cell defects already described in SPPL2a—deficient
mice (Schneppenheim etal., 2013, Beisner etal., 2013, Bergmann etal., 2013, Hlttl etal.,
2015).

Further findings supported the assumption that the CD74 NTF accumulation led to the de-
scribed DC phenotype. Only minor amounts of the CD74 NTF were detectable in SPPL2a™"
BMDMs, which had no obvious functional defect. Cytokine responses of SPPL2a”- BMDMs
were comparable to wt BMDMs in BCG—co—cultures. When evaluating the CD74 levels of
BMDMs and comparing it to BMDCs, a significant difference was observed. Wt BMDMs ex-
pressed much less CD74 FL protein and SPPL2a - BMDMs accumulated significantly reduced
amounts of the CD74 NTF compared to BMDCs of the respective genotype. Such a difference
of CD74 expression between macrophages and dendritic cells was also observed by others in

cells directly isolated from mice, strengthen our observations (Stables etal., 2011).
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For further analysis of the role of CD74 in the observed DC phenotype, a CatS knockout model
also accumulating CD74 fragments was applied (Schneppenheim etal., 2017). CatS is the pro-
tease which generates the SPPL2a substrate, the CD74 NTF. CatS” BMDCs released IL—13,
IL-10 and IL-2 in concentrations, which lay between concentrations measured in conditioned
media from wt and SPPL2a~- BMDCs upon HKMT treatment. Thus, CatS” BMDCs displayed
a milder phenotype than SPPL2a”- BMDCs. The analysis of the CD74 NTF protein levels re-
vealed that the accumulating fragment was less abundant in CatS - BMDCs than in SPPL2a "
BMDCs, pointing towards a dose dependent effect of CD74 accumulation. Such a dose depen-
dency was already observed in B cells from SPPL2a " and CatS " mice (Schneppenheim et al.,
2017). The impact of CD74 fragment accumulation on DC function is displayed by reduced mi-
gration capacity of CatS” DCs compared to wt DCs (Faure-André etal., 2008). Migration of
DCs from periphery towards lymph nodes is important for induction of T cell responses (Heuzé
etal., 2013). As CD74”- DCs migrate faster than wt DCs, the increased levels of the CD74
fragment in CatS”" DCs reduces the migration capacity of CatS”" DCs (Faure-André etal.,
2008). In SPPL2a” BMDCs, increased amounts of the CD74 NTF accumulated compared to
CatS” BMDCs. Therefore, it seems likely that SPPL2a”- BMDCs migrate even slower than
CatS” BMDCs.

The final proof of CD74 NTF causing differentiation and functional defects in DCs was the
rescue of the SPPL2a " phenotypes in SPPL2a”-CD74 - double knockout mice and BMDCs.
Cytokine release by SPPL2a”-CD74 " BMDCs as well as DC frequencies in SPPL2a”"CD74 "
mice were comparable to wt BMDCs and mice, respectively. This proves that the CD74 NTF

accumulation is causative for the SPPL2a”- DC phenotype described here.

4.2 Potential role of further SPPL2a " substrates in the SPPL2a "~ DC phenotype

We cannot exclude that further substrates of SPPL2a could also influence DC differentiation
and function. Another SPPL2a substrate known to be involved in immunity is TNF« (Fluhrer
etal., 2006, Friedmann etal., 2006). Friedmann et al., 2006 published that TNF« ICD, released
upon SPPL2a and SPPL2b cleavage, would induce IL-12p70 expression. They use a chemical
compound for inhibition of SPPL2a and SPPL2b activity and knockdown SPPL2a or SPPL2b
in human monocyte—derived DCs. In all cases, cells release reduced amounts of IL-12p70
after stimulation with LPS compared to unaltered human monocyte—derived DCs. The overex-
pression of the TNFa ICD rescues this effect. The used inhibitor does also affect proteolytic
activity of other SPP/SPPL proteases and the knockdown of SPPL2a as well as the inhibitor
would also affect CD74 degradation. However, in our murine BMDC system we could not ob-
serve a general defect of IL-12p70 expression by SPPL2a”- BMDCs, but only in the case of
the BCG—co—culture. Furthermore, if accumulation of the SPPL2a substrate TNFa NTF had an
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effect in our system, it should be preserved in the SPPL2a"CD74 - BMDCs, which is not the
case. Thus, it is unlikely that uncleaved TNFa has an effect on the explored DC function in our
murine model system. One has to admit, that we did not investigate SPPL2b knockout BMDCs,
where TNF« ICD release could play a role. Furthermore, Friedmann etal., 2006 explored hu-
man cells, while murine cells are used in this study. All in all, other substrates from SPPL2a
than the CD74 NTF might also affect DC function, but either to a minor degree or functions
we did not address here. Thus, the CD74 NTF accumulation in SPPL2a” mice and BMDCs

causes differentiation defects as well as functional alterations observed.

4.3 How could the CD74 NTF accumulation cause the observed DC phenotype?

The mechanism of the CD74 NTF accumulation causing SPPL2a”- DC differentiation defects
in vivo and altered receptor surface levels and cytokine response in SPPL2a”- BMDCs in vitro
remains elusive and can only be speculated at this moment. Possible mechanisms are de-
picted in figure 48. In the absence of the intramembrane protease SPPL2a the CD74 NTF
cannot be cleaved. This lack of cleavage could either cause the observed alterations as an
CD74 ICD cannot be released and thus is missing for possible transcriptional regulation or
by the presence of the CD74 fragment itself. A major role of the ICD seems unlikely, as the
SPPL2a”"CD74” mice displayed normal frequencies of DC populations and receptor levels.
Furthermore, Cytokine expression upon activation of SPPL2a”"CD74 - BMDCs was compa-
rable to the wt situation. Thus, the high abundance of the CD74 NTF most likely caused the
described DC phenotype.

CD74 can trimerise at the cell surface and serves as a receptor for the cytokine MIF (Schroder
2016). The accumulating CD74 NTFs could interfere with that function, since also truncated
versions of CD74 are still capable to trimerise (Ashman and Miller 1999). On the one hand,
the MIF—mediated signalling could be enhanced, as truncated CD74 could continue signalling.
On the other hand, MIF-mediated signalling could be inhibited by the CD74 NTF, as it could
interfere with the CD74 FL trimerisation or binding to co—factors. MIF knockout leads to reduced
Dectin—1 expression, but also decreased TLR4 expression on macrophages as well as reduced
IL-10, IL-2 and TNFa response upon co—culture of macrophages with mycobacteria (Das
etal., 2013, Roger etal., 2001). Furthermore, MIF 7~ mice suffer from more severe infections
with intracellular parasites due to reduced IL-12 production and decreased maturation of DCs
(Terrazas etal.,, 2011). Thus, the MIF knockout displays some similarities with our SPPL2a
knockout, but there are also differences like the reduced TLR4 expression, which is increased in
SPPL2a”- BMDCs. In the absence of CD74, MIF signalling would also be affected. Therefore
the normal development and function of DCs from SPPL2a”"CD74~ mice argue against a

predominant role of MIF signalling in our SPPL2a " system.
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Figure 48: Possible mechanisms of CD74 NTF influencing SPPL2a~~ DC functions. (1) CD74 ho-
motrimers bind to the cytokine MIF at the cell surface. The subsequent signalling relies on the co—factors
CD44 or CXCR4. Truncated intracellular CD74 NTFs could trimerise and continue signalling. The CD74
NTF could also inhibit MIF-signalling. (2) The CD74 NTF could hinder membrane protein degradation
via ESCRT. These undegraded or partially degraded proteins could recycle to the plasma membrane (3)
Increased amounts of CD74 negative loaded cytoplasmic tail could lead to enhanced membrane fusion
processes or (4) inhibit binding of proteins to vesicles. (5) CD74 interaction with proteins as Myosin |I
could be enhanced, leading to increased endocytosis. (6) CD74 interaction with transcription factors
could hinder their nuclear translocation, thereby influencing transcription. (7) Interactions of the CD74
NTF with proteins not described so far are also possible. Scheme adapted and expanded from Huttl
2015 and Schroder 2016.

In a CD74 NTF—dependent manner, degradation of Dectin—1 was hampered in SPPL2a"
BMDCs as a Dectin—1 NTF accumulated. Upon ligand binding, Dectin—1 is internalised in a
dynamin— and actin—dependent manner and delivered to lysosomal compartments (Goodridge
etal., 2012, Hernanz-Falcon etal., 2009, Herre etal., 2004). Lysosomal proteases degrade
the full length receptor, which terminates also receptor signalling (Hernanz-Falcoén etal., 2009,
Mansour etal., 2013, McCann etal., 2005). In general, membrane proteins can be degraded
via the endosomal sorting complexes required for transport (ESCRT) pathway (Schmidt and
Teis 2012, Piper and Katzmann 2007). The accumulating CD74 fragment in SPPL2a”- BMDCs
could have impaired the ESCRT pathway and thus degradation of membrane proteins. These
proteins would then accumulate and they could modulate sorting of surface receptors, signalling

or cytokine release and thus influence these pathways in SPPL2a” BMDCs.

The accumulating Dectin—1 fragment in SPPL2a - BMDCs is of special importance in regard to
SPPL2a substrate determination. As the Dectin—1 fragment was reduced in SPPL2a”"CD74 "
BMDCs compared to SPPL2a”- BMDCs, it is not a SPPL2a substrate, even though it has the
required type Il orientation. The accumulating Dectin—1 fragment in SPPL2a - BMDCs showed

that one has to be careful when searching for new SPPL2a substrates, as type Il membrane
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proteins can accumulate in SPPL2a”- BMDCs, without being a substrate. Therefore analysis
of SPPL2a”"CD74 " cells or mice should always be included in experiments using SPPL2a ™"

cells or mice for SPPL2a substrate determination, to exclude CD74 NTF—mediated effects.

Based on the capability of CD74 to induce endosome fusion (Nordeng etal., 2002), disturbed
endosomal trafficking could also contribute to the observed SPPL2a”- BMDC phenotype. The
endosome fusion is mediated by the net negative charge in the CD74 cytoplasmic tail (Nordeng
etal., 2002), which is also present in the CD74 NTF. The increase in amount of the CD74 NTF
could lead to increased membrane fusion processes and therefore affect intracellular pathways
as for example receptor sorting. Alterations in membrane fusion processes are reflected by
increased numbers of vesicles in SPPL2a " B cells (Schneppenheim etal., 2013). However, no
obvious morphological alterations of the endocytic system were observed in SPPL2a”- BMDCs
(Hattl 2015). A more detailed analysis is required for membrane fusion processes and vesicle

numbers including functions of this system in SPPL2a - BMDCs.

Furthermore, the increased amount of negatively charged CD74 NTF in SPPL2a”- BMDCs
could lead to an increased negative charge of the whole vesicle and thus hamper binding of
cytosolic proteins to proteins within the vesicle membrane. To test this, the CD74 (D6R) mu-
tant, in which the negative charged amino acid in the cytoplasmic tail is exchanged, could be
expressed in SPPL2a”"CD74”- BMDCs and surface levels of Dectin—1 and TLR4 or cytokine
response upon activation could be compared to SPPL2a”- BMDCs. To determine which pro-
teins are affected, CD74 positive vesicles could be isolated together with associated proteins
from wt and SPPL2a”" BMDCs. It could then be analysed which proteins are missing at vesi-
cles from SPPL2a”- BMDCs.

In contrast, it would also be possible that the high amount of the CD74 NTF in SPPL2a™"
BMDCs could lead to an enhanced recruitment of proteins binding to the CD74 cytosolic tail.
Two proteins known to interact with CD74 are heat shock protein 70 (HSC70; Lagaudriére-
Gesbert etal., 2002) and Myosin Il (Faure-André etal., 2008, Vascotto etal., 2007). It has
been reported that overexpression of CD74 is responsible for formation of enlarged vesicles by
recruitment of the uncoating ATPase of clathrin-coated vesicles HSC70 (Lagaudriere-Gesbert
etal., 2002). Myosin Il is important for vesicle transport within B cells (Vascotto etal., 2007).
The CD74 NTF could also lead to such alterations in membrane and vesicle trafficking in our
SPPL2a” BMDCs, thereby affecting surface levels of receptors, as observed for Dectin—1 and
TLR4. Furthermore, CD74 was shown to be able to bind to transcription factors as p65 of
the NFx family and Runx1/3 (Gil-Yarom etal., 2017). When the CD74 NTF could also se-
quester these transcription factors, it could thereby impact their translocation into the nucleus

and thereby alter transcription, as observed for some cytokines and TLR4 in SPPL2a - BMDCs.
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To further elucidate the pathological function of the CD74 NTF, known CD74 FL interaction
partners should be also validated for the CD74 NTF. Furthermore, new CD74 NTF interact-
ing proteins could be explored. Immunoprecipitation (IP) of the CD74 NTF from SPPL2a”"
BMDCs, where the fragment was observed in high abundance, could be performed followed
by mass spectrometry. These data then would require validation by endogenous IP or by the
use of overexpression systems, depending on availability of antibodies against possible CD74
NTF interaction partners. Validation of the possible influence of known and newly identified
CD74 interaction partners on BMDC function could be performed with BMDC cultures from re-
spective knockout mice in combination with inhibition of SPPL2a activity. Prerequisite of this
method would be that these knockout mice are viable and that the SPPL2a inhibition is suf-
ficient to mimic the SPPL2a knockout BMDC phenotype. An investigation of the CD74 NTF
interaction partners in participation of the observed SPPL2a”- BMDC phenotype could also
be performed by modulating interaction partners with small interfering RNA (siRNA)—mediated
knockdown in our SPPL2a”- BMDCs followed by analysis of surface receptor abundance or

cytokine responses.

4.3.1 Possible CD74—-dependent mechanisms for altered Dectin-1 and TLR4 surface

levels

Further elucidation of the mechanism causing the altered Dectin—1 and TLR4 surface levels on
SPPL2a”- BMDCs would also help to understand how the CD74 NTF accumulation leads to
the DC phenotype. Possible mechanisms are summarised in figure 49. Since mRNA levels of
Dectin—1 were comparable between SPPL2a”" and wt BMDCs, altered expression is unlikely
to account for reduced Dectin—1 surface levels. The increased surface abundance of TLR4 on
SPPL2a”- BMDCs was reflected by increased TLR4 mRNA levels compared to wt. Several
transcription factors positively and negatively regulate TLR4 transcription, among them PU.1
and IRF family members (Rehli etal., 2000, Roger etal., 2005). For further investigation of the
mechanism behind enhanced TLR4 transcription, the transcription factors affected by SPPL2a
deficiency need to be determined. Therefore, a method called proteomics of isolated chromatin
segments (PICh) could be applied (Déjardin and Kingston 2009). Specific nucleic acid probes
against TLR regulatory regions would be used to isolate genomic DNA with the associated
transcription factors, which can be identified by mass spectrometric analysis. Another approach
would be isolation of nuclei followed by Western Blot analysis of transcription factor abundance.

In both cases wt BMDCs would serve as a control.
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Figure 49: Possible mechanisms for altered Dectin—1 and TLR4 surface levels on SPPL2a""
BMDCs. This scheme shows a theoretical model how the surface abundance of Dectin—1 and TLR4
could be influenced in SPPL2a”- BMDCs. Pathways which might be enhanced (+), reduced (-) or un-
affected (=) are marked. (1)—(®) Possible reasons for reduced Dectin—1 surface levels: (1) Dectin—1
expression was unaffected in SPPL2a”- BMDCs. (2) Transport of Dectin—1 towards the plasma mem-
brane could be hindered. (3) Increased translocation of Dectin—1 from the Golgi to the endolysosomal
compartment could be possible. (4) Enhanced internalisation of Dectin—1 might play a role, maybe
due to reduced association with other surface proteins like CD37. (5) Increased amounts of Dectin—
1 were found within intracellular vesicles. (6) A Dectin—1 NTF might recycle from the endolysosomal
compartment to the plasma membrane, where it could interfere with full length Dectin—1 to hamper
Dectin—1—protein—interaction. (7)—({?) Possible reasons for elevated TLR4 surface levels: (7) Enhanced
expression of TLR4 was detected. (8) TLR4 could be transported to the plasma membrane more rapidly.
) Internalisation of TLR4 might be reduced. {0 Degradation of TLR4 could be reduced. 3 Recycling
of TLR4 to the plasma membrane may be enhanced.

The elevated expression solely could explain the increased TLR4 surface abundance. How-
ever, stability of the receptor at the cell surface could also be enhanced in SPPL2a”" BMDCs.
At least after ligand binding, TLR4 internalisation is calcium—dependent (Chiang etal., 2012).
SPPL2a™ B cells display reduced calcium influx upon BCR activation (Hittl etal., 2015). It is
possible that SPPL2a”- BMDCs also exhibit altered calcium homoeostasis, which could affect
TLR4 internalisation. Furthermore, TLR4 can be recycled from endosomes back to the plasma
membrane (Liaunardy-Jopeace and Gay 2014). As discussed above, degradation of mem-
brane bound proteins could be affected by SPPL2a—deficiency, thereby leading to increased
TLR4 levels, which reach the membrane causing enhanced TLR4 surface abundance. Fur-
ther elucidation of these processes in SPPL2a”- BMDCs are required to determine if these

processes could interfere with TLR4 surface levels.

Disturbance of correct surface expression was also observed for Dectin—1, which was reduced
on SPPL2a”- BMDCs compared to wt BMDCs. The general mechanisms of the CD74 NTF

causing alterations in sorting of membrane proteins are described in detail above. An NTF of
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Dectin—1 was observed at the cell surface of SPPL2a~- BMDCs. Full length Dectin—1 does not
recycle to the plasma membrane once it is internalised (Esteban etal., 2011). Thus, surface
abundance of the Dectin—1 fragment could display another result from disturbed membrane
protein trafficking. The Dectin—1 fragment at the cell surface could have influenced Dectin—1
surface stability, for example by interfering with Dectin—1 interaction with other surface proteins.
One known Dectin—1 interacting protein is the tetraspanin CD37 (Meyer-Wentrup etal., 2007).
CDg37 stabilises Dectin—1 at cell surface, as macrophages of CD37 knockout mice display in-
creased internalisation of Dectin—1 (Meyer-Wentrup etal., 2007). Increased internalisation of

surface proteins in SPPL2a " cells is already known for the BCR on B cells (Hiittl etal., 2015).

Besides surface stability, routes towards the plasma membrane could be disturbed, leading to
reduced arrival of Dectin—1. Dynamics of Dectin—1 surface levels but also of other surface pro-
teins in general could be adressed similar to experiments performed for the BCR, for example
by labelling surface proteins with a biotinylated antibody. Since we had problems with detecting
endogenous TLR4 by flow cytometry, immunofluorescence or biotinylation of surface proteins
could be applied in combination with a time course of LPS treatment of wt and SPPL2a™"
BMDCs to determine TLR4 dynamics. The applied LPS should induce TLR4 internalisation
(Zanoni etal., 2011). In general, immunofluorescence could help to analyse distribution and lo-
calisation of surface proteins in SPPL2a”- BMDCs when combined with stainings for organelle

markers.

Taken together, several mechanisms are possible for the CD74 NTF affecting sorting of mem-
brane proteins as well as intracellular processes as signal transduction or protein expression.
It could well be that not a single mechanism, but several play together to cause the observed
SPPL2a” DC phenotype.

4.4 The role of SPPL2a in DC development in vivo and differentiation in vitro

A significant reduction in the cDC2 population was observed in spleens of SPPL2a”" mice,
while cDC1 and pDC frequencies were comparable to wt. Furthermore, the DC populations
of SPPL2a”"CD74” mice were comparable to wt. These observations fit to previous work
analysing DC populations in SPPL2a™//mut mice (Beisner etal., 2013, Bergmann et al., 2013).
Thus, independent mouse models for SPPL2a deficiency could show the importance of the
protease and CD74 in differentiation of cDC2s. Lately, in human patients with MSMD, mutations
in the SPPL2A gene were described, leading to proteolytical inactive SPPL2a protein (Kong
etal., 2018). Interestingly, these patients displayed no overt alterations in B cell abundance,
but reduced numbers of cDC2s (Kong etal., 2018). Thus, SPPL2a deficiency leads to reduced

cDC2 population in mice and man.
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Why was only this specific DC subpopulation affected by the absence of SPPL2a? As the
additional ablation of CD74 in SPPL2a—-deficient mice led to normal cDC2 frequencies in this
study and in the one of Beisner etal., 2013, the abundance of CD74 in the DC populations
could play a role. The idea of reduced CD74 levels in pDCs as compared to cDCs is supported
by the observation that human pDCs have the lowest MHCII protein level of DCs (Nizzoli etal.,
2013). As CD74 has more functions besides serving as chaperone for MHCII, the abundance of
MHCII is only an indirect indication for CD74 protein levels. Therefore, direct analysis of CD74
protein abundance in the different DC populations is required. Interestingly, human peripheral
blood monocyte—derived cDC2 accumulate highest levels of CD74 compared to B cells, pDCs
and cDC1s when SPPL2a is inhibited by a chemical compound (Kong etal., 2018). Therefore,
different CD74 protein levels are possible in the DC populations, explaining why only the cDC2
population was affected by SPPL2a deficiency. In humans, early DC precursor populations,
giving rise to cDC2s, are reduced at a stage, when MHCII expression is initiated (Kong etal.,

2018). Whether this is also the case in our murine system needs to be evaluated.

How the CD74 NTF accumulation leads to reductions in the cDC2 populations remains elusive.
The accumulating CD74 NTF could induce apoptosis. However, when splenic DC population in
our mice were analysed by flow cytometry, no alterations in dead cell staining by DAPI could be
observed (data not shown). This does not exclude apoptosis, as the cells may already be dead
at the time point of analysis or die before they reach the examined organ, as already speculated

for B cells (Huttl etal., 2015).

4.4.1 Known factors in DC differentiation and homeostasis

So far, no mechanism behind reduced numbers of the cDC2 population in SPPL2a—-deficient
mice is known. In literature several factors are described to be important for DC development.
As we observed altered surface abundance of Dectin—1 and TLR—4 on SPPL2a”- BMDCs, it
could be possible that the surface expression of receptors for survival and growth factors was
reduced on SPPL2a” DCs and DC precursors. Reduced surface levels are known for the BCR

on B cells, which leads to reduced survival signalling (Huttl etal., 2015).

One example for a receptor with a critical function on DC development is signal regulatory
protein o« (SIRP«; Saito etal., 2010, Washio etal., 2015). lts ligand CD47 is broadly ex-
pressed and as SIRP« is an inhibitory receptor for phagocytosis, ligation prevents host cell
destruction (Barclay and Berg 2014). The underlying mechanism of SIRP« influencing DC de-
velopment remains unknown ((Saito etal., 2010, Washio etal., 2015). SIRPa”" mice display
reduced frequencies of the cDC2 population (Saito etal., 2010, Washio etal., 2015), similar
to our SPPL2a”" mice. The same population is missing in Epstein—Barr virus—induced gene

2 (EBI2)—deficient mice (Yi and Cyster 2013). The receptor EBI2 plays an important role in
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mediating DC migration, which might affect DC numbers (Yi and Cyster 2013, Barington etal.,
2018). As discussed above, reduced migration capacity of SPPL2a” DCs could be possible.

This could then also affect DC numbers in spleen in our SPPL2a " mice.

Factors on other cells could also influence DC frequencies. The lymphotoxin 5 (LT3) / LT3
receptor (LTSR) axis is also known to ensure correct DC frequencies and localisation within
organs (Wu etal.,, 1999). While the LTSR is expressed on DCs, B cells harbour LT/ at their
cell surface (Wang etal., 2005, Tumanov etal., 2002). SPPL2a—deficient mice lack mature B
cells (Schneppenheim etal., 2013, Beisner etal., 2013, Bergmann etal., 2013). This could
influence the numbers of DCs in spleens. However, humans with SPPL2a deficiency do not
display altered B cell frequencies, but a reduction in the cDC2 population (Kong etal., 2018),

arguing against a contribution of B cells to the DC phenotype.

Apart from altered surface receptors, differences in transcription factor expression or nuclear
translocation of transcription factors due to SPPL2a—deficiency, as discussed before, could
have influenced DC differentiation. transcription factors of the IRF family play a pivotal role not
only in DC but also in B cell, T cell, monocyte, granulocyte and NK cell differentiation (Tamura
etal., 2008). IRF8 deficiency leads to reductions in both the pDC and cDC populations (Tsu-
jimura etal., 2003b, Tsujimura etal., 2003a, Aliberti etal., 2003). Thus, this transcription factor
might not be of major relevance in our SPPL2a " mice, as the pDC and cDC1 development was
not affected. IRF4— and IRF2—deficient mice display a defect in cDC2 development (Suzuki
etal., 2004, Gabriele etal., 2006), reflecting a similar situation of DCs in SPPL2a 7 mice. Nu-
clear localisation of IRF transcription factors in early DC developmental stages in SPPL2a™

mice and further analysis of SPPL2a~- BMDCs would be interesting.

Defects in IRF transcription factors could only play a minor role in our studies due to a major
difference to the differentiation of DCs from IRF—8 and IRF—4 knockout mice. In vitro SPPL2a ™"
BMDC development was comparable to wt BMDCs in our study but development of IRF4 or
IRF8—deficient BMDCs is impaired (Suzuki etal., 2004, Tsujimura etal., 2003a). A difference
between in vivo and in vitro DC differentiation is not novel. Even though their in vivo DC
differentiation is affected, normal in vitro DC differentiation is observed in BMDCs derived from
LT BR—deficient and SIRPa—deficient mice (Abe etal., 2003, Saito etal., 2010). Furthermore,
in vitro DC differentiation from human donor stem cells was not affected by the addition of a
chemical compound for SPPL2a activity inhibition (Kong etal., 2018). However, commercial
available inhibitors have limitations in their capacity to block SPPL2a—activity. Though, the in
vitro culture system does not reflect the in vivo differentiation, it serves as a good system for
functionality studies of DCs. These may be confirmed in DC populations directly isolated from

mice.
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4.5 Can the altered Dectin—1 and TLR4 surface levels and Dectin-1 signalling

explain cytokine differences between wt and SPPL2a”- BMDCs?

The examination of the SPPL2a”- BMDC functionality was performed by cytokine secretion
measurements upon activation of cells with different pathogen—derived ligands for several PRRs.
Reduced IL-10 and IL—2 concentrations were measured in supernatants of SPPL2a”- BMDCs
compared to wt following stimulation with CTLR ligands, including the Dectin—1 ligand dZym
and the complex ligand HKMT, which activates several CTLR and TLR. Increased IL—13 con-
centrations were measured in supernatants of SPPL2a”" BMDCs compared to wt when stim-
ulated with TLR ligands, including LPS and HKMT. These differences in cytokines released
were already observable at the mRNA expression level. Therefore, SPPL2a deficiency mainly
affects stages of ligand recognition, signal transduction and induction of cytokine expression.
Even though, effects of SPPL2a knockout on cytokine secretion processes cannot be excluded

and have not been analysed so far.

The altered surface abundances of Dectin—1 and TLR4 observed on SPPL2a”- BMDCs could
have influenced the cytokine response. Increased surface receptor levels of TLR4 were de-
tected by biotinylation of surface proteins on SPPL2a”- BMDCs compared to wt BMDCs.
Murase etal., 2018 and Chiang et al., 2012 showed that, when TLR4 internalisation is inhibited,
LPS activated BMDCs express enhanced levels of TNFa. TNFa release was not significantly
enhanced in SPPL2a”- BMDCs compared to wt BMDCs, but its expression after three hours
was significantly increased. In SPPL2a”- BMDCs the expression and release of IL—13 was
enhanced by ablation of SPPL2a. Murase et al., 2018 did not measure IL—13 expression. How-
ever, increased TLR4 surface levels could explain increased IL—14 expression by SPPL2a™"
BMDCs compared to wt but it does not explain why release of other cytokines, as IL-12p70,
was not altered upon TLR4 activation. To further explore this difference in expression of certain

cytokines, signalling pathways should be analysed.

Dectin—1 surface expression was reduced in SPPL2a”- BMDCs compared to wt as well as
CD74” and SPPL2a” CD74” BMDCs. BMDCs, derived from Dectin—1 knockout mice, re-
lease reduced amounts of IL—10 and IL-2, while TNFa expression is comparable to wt BMDCs,
when treated with Zymosan (Robinson etal., 2009). This corresponds to observations made
for SPPL2a”- BMDCs when treated with dZym. But different ligands for Dectin—1 were used
in these two studies. Zymosan is a preparation from Saccharomyces cerevisiae yeast cell wall
and activates Dectin—1 as well as the TLR2/6 (Underhill etal., 1999, Ozinsky et al., 2000, Brown
and Gordon 2001). The affinity of Zymosan to TLR2/6 can be eliminated by treating Zymosan
with hot alkali (dZym; Gantner etal., 2003). Thus, in the SPPL2a”- BMDCs treated with dZym
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no TLR should participate in activation of cytokine production and release However, we could
not control if dZym solely activated Dectin—1 in our experimental settings. Zymosan and dZym
can also be detected by Dectin—2 (Robinson etal., 2009, Rosas etal., 2011). Thus, surface
expression of this CTLR should be investigated in SPPL2a”- BMDCs. Furthermore, we can-
not exclude involvement of complement receptors, as the used FCS was not heat—inactivated.
Complement factors are part of the innate immune system (Nesargikar etal., 2012). They coat
foreign carbohydrate patterns and target them to complement receptors, as for example, on
DCs (Nesargikar etal., 2012).

Apart from altered surface receptor levels, subsequent signalling pathways could be influenced
by SPPL2a deficiency in BMDCs as depicted in figure 50. A reduction of phosphorylated and
thus active kinase Syk was observed in SPPL2a”- BMDCs after treatment with dZym. Syk
knockout BMDCs release almost no IL—10 or IL-2 after Zymosan treatment, while IL—12p70 is
detected at normal levels in conditioned media (Rogers etal., 2005). This fits to cytokine re-
leases observed in SPPL2a”- BMDCs after dZym treatment. Therefore, the reduced activation
of Syk could have led to reduced IL-10 and IL-2 release in the SPPL2a~- BMDCs. Again, the

stimulant was slightly different between the studies.

The accumulating fragment of Dectin—1 at the cell surface of SPPL2a”- BMDCs could interfere
with initiation of the signalling cascade. This could be tested by overexpression of the Dectin—1
NTF in a cell line, that harbours endogenous Dectin—1, and evaluation of Syk activation after
Dectin—1 stimulation in comparison to a control without Dectin—1 NTF overexpression. Another
possibility for reduced Syk phosphorylation could be an enhanced activity of phosphatases de-
phosphorylating Syk in SPPL2a " BMDCs. SHP—1 and SHP-2 are such phosphatases (Maeda
etal., 1999, Dustin etal., 1999, Okazaki etal., 2001). By Western Blot analysis their activation
status could be investigated in SPPL2a - BMDCs and compared to wt, as they are also phos-
phorylated. Reduced activation of Syk was already observed in SPPL2a” B cells after BCR
stimulation (Hittl etal., 2015). Surface levels of the BCR were also reduced in the SPPL2a™
B cells. Thus decreased activity of Syk could be caused by the reduced receptor levels or
by a more general Syk affecting mechanism. To answer this question a Syk—coupled recep-
tor with normal surface abundance needs to be identified and signalling cascade needs to be

investigated.

Besides Syk, further kinases are activated upon Dectin—1 ligation. Dectin—1 can signal via
the kinase Raf-1 in a Syk—independent manner (Gringhuis etal., 2009). Furthermore, Raf-1
activates NFxB—mediated transcription of cytokines (Gringhuis etal., 2009). This could explain
why some cytokines are still released to normal levels in SPPL2a”- BMDCs even though Syk

is less activated. To validate this theory, the activation status of Raf-1 has to be investigated.

87



DISCUSSION

IL—10 and IL-2 release is also regulated by ERK activation (Slack etal., 2007). This kinase
was phosphorylated and thus active in comparable amounts in SPPL2a "~ and wt BMDCs after
dZym treatment. Thus, ERK does not lead to normal IL—10 and IL-2 release in our experimental
setup. However, the normal ERK activity could explain why cytokines like TNF« are released
in comparable amounts by SPPL2a”" and wt BMDCs after dZym treatment. How is it possible
that ERK is activated normally, when the Dectin—1 receptor surface levels were reduced as
well as activation of the receptor proximal kinase Syk in SPPL2a”- BMDCs compared to wt?
Normal activation of ERK by reduced Syk phosphorylation was already observed in B cells,
when the BCR was activated (HUttl efal., 2015). ERK might be activated by signalling cascades
derived from other receptors activated upon dZym treatment, as described above. As in B cells
the BCR was activated with antibodies directed against it, receptors for antibodies on B cells
could have been stimulated in that experimental approach (Huttl etal., 2015), thereby inducing
ERK phosphorylation. However, B cells only express one receptor for antibodies, which has
inhibitory functions and does not activate ERK (Nimmerjahn and Ravetch 2008). Thus, more
likely, the CD74 NTF could interfere with signalling cascade transduction in DCs and in B cells,
thereby inducing ERK. That CD74 overexpression can induce ERK activation has been shown

in human embryonic kidney cells (Liu etal., 2008).

SPPL2a” DC extracellular . . . . . .
Dectin-1 dZym Figure 50: Possible mechanisms for dZym-induced signalling
® and cytokine response alterations in SPPL2a”- BMDCs. The-
— oretical model how signalling and cytokine responses of dZym
< treated SPPL2a”" BMDCs are affected. Pathways which might
Syk be enhanced (+), reduced (-) or unaffected (=) are marked. (1)
3 S 2 The reduced Dectin—1 surface level could lead to the reduced Syk

activation. (2) The Dectin—1 NTF could influence Dectin—1 medi-
ated Syk-signalling. () Enhanced activity of SHP phosphatases
could lead to reduced Syk activity. (4) Reduced Syk could lead to

reduced induction of NFAT-dependent or —independent IL-10 and

IL-2 transcription. (5) ERK was as activated as in wt BMDCs. This
@ C,;\IDT7F4 could have been mediated by Raf-1, further dZym detecting re-
[ TNFa= ceptors or influence of signalling cascades by the CD74 NTF. The
OOOOK normal activation of ERK could have led to normal TNF« transcrip-
Ca2+ IL-1O t|on
“? NFAT IL-2 intra-
Nucleus cellular

Despite reduced input from Syk, the expression of cytokines could be affected by SPPL2a
deficiency downstream of signalling. The expression of IL-10 and IL-2 is mediated by acti-
vation of transcription factors of the NFAT family (Goodridge etal., 2007). The activation of
NFAT is Ca®*—dependent. The calcium homoeostasis in SPPL2a”- BMDCs might be altered,
as it was observed in SPPL2a” B cells (Hiittl etal., 2015). Translocation of NFAT in stimulated
SPPL2a”- BMDCs was intended to measure by nuclear extraction, however results were incon-

clusive (data not shown). Thus, further analysis of nuclear localisation of transcription factors
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for cytokines are required. The normal ERK activation indicates further signalling cascades

and regulations being involved in our experimental setup.

4.5.1 The impact of altered PRR levels on Mycobacteria detection

We were interested in the role of SPPL2a deficiency in DC function with regard to mycobacteria
recognition and induction of immunity against the bacteria, as patients with MSMD harbour
mutation within the SPPL2A gene. Alterations of surface abundance of receptors in SPPL2a ™"

BMDCs could indicate functional deficiencies of these cells to detect mycobacteria.

Could the observed decreased Dectin—1 surface levels on SPPL2a”- BMDCs account for al-
tered cytokine responses towards HKMT and in BCG co—cultures? Dectin—1 is required for
TNF« release, when BMDMs are co—cultured with BCG but not with Mycobacerium tubercu-
losis (Yadav and Schorey 2006). To block Dectin—1, Yadav and Schorey 2006 either used a
specific antibody against the receptor or laminarin, a soluble S—glucan that binds but does not
activate Dectin—1 and thereby blocks the receptor. In our studies with BMDCs, TNF« release
was comparable between SPPL2a” and wt BMDCs in BCG co—cultures. This could be ex-
plained by the different immune cell types used in the studies. Furthermore, on SPPL2a™
BMDCs other TNF« release—activating receptors might be increased, as observed for TLR4.
Laminarin—mediated inhibition of Dectin—1 on DCs, isolated from spleens of wt mice, causes
reduced release of IL-12p40 and IL—-12p70 in co—cultures with Mycobacerium tuberculosis
(Rothfuchs etal., 2007). Furthermore, splenic DCs from Dectin—1—deficient mice secrete de-
creased levels of IL—12p40 in Mycobacerium tuberculosis and BCG co—cultures (Rothfuchs
etal., 2007). This cytokine was also reduced in conditioned media from SPPL2a”- BMDCs
either treated with HKMT or when co—cultured with BCG. IL-12p70 was also decreased in
SPPL2a”- BMDC co—cultures with BCG. These alterations in cytokine release from SPPL2a ™
BMDCs upon mycobacterial stimulation could derive from reduced Dectin—1 surface levels. In
an in vivo infection model of wt and Dectin—1—deficient mice with Mycobacerium tuberculosis
no difference in histology of infected organs or survival of mice is observed (Marakalala etal.,
2011). However, Dectin—1—deficient mice display reduced bacterial burden in comparison to
the wt mice, which could have a significant influence on disease outcome (Marakalala etal.,
2011). Thus, Dectin—1 has a role in mycobacteria detection and reduced Dectin—1 surface
levels on SPPL2a”- BMDCs could have influenced cytokine responses towards mycobacteria

species.

The increased surface receptor levels of TLR4 on SPPL2a”- BMDCs could also influence re-
sponses in BCG co—cultures or HKMT treatment. An involvement of TLR4 in mycobacteria

recognition is discussed controversial in literature. On the one hand, TLR4”" mice suffer from
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more severe infection with Mycobacterium tuberculosis and even die in contrast to wt mice
(Abel etal., 2002). On the other hand, studies of Reiling etal., 2002 show that TLR4” mice
can clear Mycobacterium tuberculosis infections as sufficient as the wt controls. The dosis of
the bacteria were differed between the studies and could explain the discrepancy. Thus, in-
creased TLR4 receptor surface levels in SPPL2a~- BMDCs could play a role for mycobacteria

recognition under certain conditions.

Other important receptors for mycobacteria recognition are TLR2 and the CTLR Mincle (Basu
etal., 2012, Matsunaga and Moody 2009). Both receptors have even a pivotal role of BCG
clearance in vivo (Heldwein etal., 2003, Behler etal., 2012 Behler etal., 2015). In SPPL2a™"
BMDCs the mRNA levels of TLR2 and Mincle were not altered compared to wt. However,
as seen for Dectin—1, this does not exclude a change in surface abundance. Therefore, sur-
face levels of these receptors should be analysed. The functionality of TLR2—mediated re-
sponses was tested with the mycobacteria—derived ligand LAM ( Means etal., 1999, Tapping
and Tobias 2003). As for TLR4 activation, enhanced IL—17 release was detected in SPPL2a ™"
BMDCs compared to wt. More specifically for TLR2 would be the synthetic triacylated lipopro-
tein Pam3CSK4 (Aliprantis etal., 1999, Ozinsky et al., 2000). This could be applied to test TLR2
response more defined. The functionality of Mincle on SPPL2a~- BMDCs could be adressed
by treatment of BMDCs with the mycobacterial glycolipid trehalose-6,6’-dimycolate (TDM; cord
factor) or its synthetic form trehalose-6,6-dibehenate (TDB; Matsunaga and Moody 2009).

4.6 The physiological relevance of SPPL2a deficiency in infections

Having discussed the receptors in detail, the question raises what the observed alterations in
SPPL2a” mice and SPPL2a”- BMDCs would mean for a mycobacterial infection in general. In
the MSMD patients with SPPL2a deficiency, the lack of the cDC2 subset causes the disease,
as they are the main producers of IL—12p70, the cytokine inducing the required T cell response
(Kong etal., 2018, Nizzoli etal., 2013). The same DC subset is missing in the SPPL2a”" mice
(Bergmann etal., 2013 and section 3.1.1). SPPL2a—deficient mice are also more susceptible
to BCG infections (Kong etal., 2018). However, in contrast to the human situation, in mice the
cDC1 population is the main source of IL—12p70 (Hochrein etal., 2001). This DC subpopulation
was unaffected in SPPL2a”" mice. At least in mice, the reduced frequency of a DC population
cannot solely explain why SPPL2a deficiency causes increased susceptibility for mycobacterial

infections.

SPPL2a—deficient mice cannot give rise to mature B cells and remaining B cells display func-
tional defects (Schneppenheim etal., 2013, Bergmann etal., 2013, Beisner etal., 2013, Hittl

etal.,, 2015). As B cells are involved in clearance of mycobacteria infections (Achkar etal.,
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2015), this could contribute to reduced BCG clearance in the SPPL2a " mice. Contribution of
B cells could be excluded by transfer of sorted wt B cells into SPPL2a”" mice prior to BCG
infection. In a similar approach, cDC2s from either wt or SPPL2a" mice could be sorted and
transferred into SPPL2a”" mice. Thereby the question could be adressed, if reduced num-
bers of DCs in SPPL2a”" mice or also altered functionality of SPPL2a”" DCs affect course of

disease and BCG clearance in vivo.

Reduced capability of macrophages to clear mycobacterial infection could contribute to in-
creased susceptibility to mycobacterial infections in SPPL2a—deficient mice and man. Killing
capacities of BMDMs against mycobacteria were examined in cooperation with Maike Bur-
meister (AG Schaible, Research center Borstel, Germany). This analysis revealed that killing
capacities against BCG and Mycobacterium tuberculosis are comparable between BMDMSs de-
rived from wt or SPPL2a”" mice (data not shown). Together with normal cytokine responses by
SPPL2a” BMDMs, these findings indicate that DC abundance and function play an important

role in mycobacterial infections of SPPL2a—deficient mice and man.

When SPPL2a”- BMDCs were co—cultured with BCG, they released significantly decreased
amounts of the IL—12 family members IL-12p70, IL-12p40 and IL-23. The importance of
IL—12p70 in mycobacterial infections is known, as it induces the required Ty1 differentiation
for bacterial clearance in SPPL2a”- BMDCs (Hsieh etal., 1993, Heufler etal., 1996, Méndez-
Samperio 2010). Not only IL-12p70, but also IL-23 plays an important role in defence against
mycobacteria (Cooper etal., 2002). Furthermore, reduced IL-12p40 in media of BCG co—
cultured SPPL2a”- BMDCs compared to wt, could negatively influence bacterial removal. Al-
though IL-12p40 is thought to inhibit IL—-12p70 and IL-23 functions, it plays an important role
of induction of DC migration and T cell differentiation (Khader et al., 2006). A general protective
role of IL-12p40 is shown in BCG infections of mice (Hélscher etal., 2001). Furthermore, the
lack of the IL—12p40 receptor is a common genetic feature in MSMD (Bustamante etal., 2014).
Thus, the reduction of IL—12 family member release observed in SPPL2a- BMDCs could ac-
count for the reduced clearance of BCG in SPPL2a—deficient mice and man, as T cells cannot

be activated to an appropriate degree.

Besides the IL—12 family members other cytokines are also of importance for the induction of
immunity against BCG. IL—15 can induce IFN~ release from T cells, which is required for acti-
vation of intracellular killing in infected macrophages (Tominaga etal., 2000). IL—13 is also pro-
tective in the early phase of mycobacterial infections (Yamada et al., 2000). SPPL2a”- BMDCs
released significantly increased amounts of this cytokine in BCG co—cultures. One can spec-
ulate that the concentrations released by SPPL2a” DCs are too high, leading to increased

tissue damage and unregulated immune response and thus are not protective any longer. This
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assumption is underlined by several studies. In humans, polymorphisms in IL—13 expression
regulation are known and patients with the polymorphism leading to higher IL—15 expression
are also the patients with a more severe course of tuberculosis (Zhang etal., 2014). Mice defi-
cient for negative regulation of IL-5—mediated signalling and IL-5 expression display increased
liver necrosis and mortality rate compared to wt mice when infected with Mycobacterium tuber-

culosis (Garlanda etal., 2007).

In BMDC-BCG co—cultures no IL-10 release was detectable and /L—10 expression at mea-
sured time points was comparable between SPPL2a”- and wt BMDCs. However, HKMT treated
SPPL2a” BMDCs released decreased IL—10 amounts compared to wt. Induction of IL—10 re-
lease is an immune evasion mechanism of mycobacteria (Redford etal., 2011) and it inhibits
the intracellular killing by infected macrophages (Gazzinelli etal., 1992). IL—10 also inhibits pro-
duction of the destructive ROS and protects from tissue damage in general (Gazzinelli etal.,
1992, Couper etal., 2008). On the one hand, the decreased release of IL-10 in HKMT treated
SPPL2a”- BMDCs could lead to a better clearance of mycobacterial infections. On the other
hand, the reduced anti-inflammatory and tissue—protective function could cause enhanced tis-
sue damage and create an environment for better mycobacteria survival. After BCG infection,
IL—10—deficient mice can clear the infection better than wt mice, when analysed after a short
time of less than 80 days after infection (Murray and Young 1999, Jacobs etal., 2000). How-
ever, when IL-10—deficient mice are infected with a low dose of Mycobacterium tuberculosis,
they display increased inflammation, represented by enhanced TNF« serum levels, compared

to wt mice after 185 days of infection (Higgins et al., 2009).

SPPL2a deficiency could lead to an enhanced general immune activation upon mycobacteria
infection with destructive outcome and reduced mycobacterial clearance, as cytokines for ap-
propriate T cell induction are decreased. Thus, the altered cytokine response of SPPL2a DCs
could, together with reduced DC frequencies, cause the increased susceptibility to mycobac-
terial infections. The observed alterations in released cytokines and surface receptor levels
of SPPL2a”- BMDCs could also influence other diseases than infections with mycobacteria
species only. Reductions of Dectin—1 abundance are associated with increased susceptibility
for fungal infections in mice and man (Taylor etal., 2007, Ferwerda etal., 2009). Defects in
IL—10 expression and IL—10 mediated signalling are found in patients with inflammatory bowel
disease (Glocker etal., 2011). Furthermore, deficiency of IL-2 release or receptor signalling
are associated with severe combined immunodeficiency (SCID; Weinberg and Parkman 1990,
Gilmour etal., 2001). SPPL2a deficiency causing SCID in mice and man is unlikely, as the
SPPL2a” mice, are not conspicuous ill and SPPL2a—deficient patients do not suffer from se-

vere infections. To address the susceptibility of SPPL2a " mice towards inflammations within
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the bowel or fungal infections, appropriate mouse models could be applied. Colitis could be
induced by application of the chemical product dextran sulfate sodium (DSS) and severity of
disease could be compared between wt and SPPL2a”" mice (Manicassamy and Manoharan
2014). SPPL2a”- and wt mice could be infected with Candida albicans and bacterial burden in
organs and survival could be analysed (Conti etal., 2014). Based on the observed cytokine al-
terations in SPPL2a”- BMDCs, it is tempting to speculate that patients with SPPL2a deficiency

would also suffer from other diseases than MSMD. However, this was not reported yet.

Within this study, we focused on DCs and their function. The above described diseases are
caused by global defects, not only affecting DCs. However, it could be possible that SPPL2a
deficiency in these contexts are not described yet, as it was not tested in patients. Therefore,
human SPPL2a—deficiency could be searched for in patients, for example with inflammatory

bowel diseas, to further elucidate the (patho—)physiological role of SPPL2a.

4.7 Outlook

SPPL2a—deficiency affects DC development and function in a CD74—dependent manner with
important consequences on their ability to clear mycobacterial infections. Due to its potential to
block development of B cells and DCs, SPPL2a is discussed as therapeutic target for autoim-
munity (Velcicky etal., 2018, Mentrup etal., 2017b). The observed altered differentiation in vivo
and functionality in vitro of DCs, as reflected by changes in surface receptor levels and cytokine
responses, could have serious consequences besides increased susceptibility towards infec-
tions with weakly virulent mycobacteria, when SPPL2a would be inhibited in patients. To be
aware of and eventually counteract adverse effects of SPPL2a inhibitors, mechanistically ex-
ploration of the consequences of SPPL2a inhibition require further investigation, as discussed
with potential approaches in detail above. First, the reasons for reduced cDC2 frequencies in
SPPL2a”" mice requires further exploration. Since the CD74 NTF accumulation caused the
described SPPL2a” DC phenotype, the focus should lie on the precise molecular role of this
substrate. To further elucidate the function of the CD74 NTF, interaction partners need to be
identified, validated and evaluated for their contribution to the SPPL2a”- DC phenotype. The
molecular mechanism of the CD74 NTF affecting degradation of membrane proteins should
be investigated, as well as the potential role of the negatively charged CD74 cytoplasmic tail.
Further elucidation of the mechanism behind the altered Dectin—1 and TLR4 surface levels
on SPPL2a”- BMDCs would also help to better understand how the CD74 NTF accumula-
tion causes the DC phenotype. Thereby, the analysis of their endosomal trafficking would be
of major interest. Surface levels of additional receptors should be addressed in an unbiased

approach. In regard to mycobacterial defence, especially TLR2 and Mincle require further at-
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tention. Finally, the impact of the functional defect of SPPL2a - DCs affecting immune defence
against mycobacterial infections should also be assessed in the context of other diseases, in
particular those caused by intracellular bacteria. Therefore, suitable infection or disease models

should be applied.
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5 Summary

Deficiency of the intramembrane protease SPPL2a is known to affect B cell development and
function in murine model systems. In contrast, in SPPL2a—deficient patients B cell frequencies
measured in peripheral blood are normal. Instead, they display a reduction of the conventional
DC 2 (cDC2) population, causing mendelian susceptibility to mycobacterial disease (MSMD).
Therefore, it was aimed to further elucidate the role of SPPL2a in DC development and func-
tion, especially in regard to responses towards mycobacterial infections. Furthermore, due
to its critical role for B cell defects in SPPL2a—deficient mice, the relevance of the SPPL2a
substrate CD74 for possible DC alterations was studied. For this purpose, DCs from either
SPPL2a™ or SPPL2a”"CD74” mice were analysed in vivo and in vitro by various cell bio-
logical methods. SPPL2a”" mice displayed a reduction of the cDC2 population, which was
CD74—dependent. In vitro differentiated SPPL2a - BMDCs were in general responsive towards
different pattern recognition receptor (PRR) ligands with specific alterations in signalling and cy-
tokine expression. Surface levels of the PRR Dectin—1 were reduced, while Toll-like receptor
4 (TLR4) surface expression was increased on SPPL2a”- BMDCs. This may contribute to the
observed reduced IL-10 and IL-2 expression following Dectin—1 activation and enhanced IL-15
release when TLR4 ligands were applied to SPPL2a”- BMDCs. These alterations in cytokine
responses were also observed when heat—killed Mycobacterium tuberculosis was used to ac-
tivate SPPL2a”- BMDCs. These effects were dependent on the CD74 NTF accumulation, as
they were reversed in SPPL2a”"CD74 " BMDCs. Furthermore, upon co—culture with Mycobac-
terium bovis Bacille Calmette-Guérin (BCG), the pathogen to which SPPL2a—deficient patients
show an increased susceptibility, SPPL2a "~ BMDCs released reduced amounts of IL—12 family
cytokines, which are important to induce clearance of mycobacteria.

In summary, SPPL2a—deficiency affects DC development and function in a CD74—dependent
manner with important consequences on their ability to clear mycobacterial infections. The al-
tered surface abundance of PRR receptors and the disturbed cytokine response observed in
SPPL2a”- BMDCs possibly contributes to MSMD in SPPL2a—deficient patients. Reductions of
the anti-inflammatory cytokine IL-10 together with enhanced IL—1/ responses could lead to
enhanced inflammatory responses with increased tissue damage, thereby creating an environ-
ment supporting the spreading of mycobacteria. Reduced release of IL—12 family members by
SPPL2a” BMDCs could result in impaired induction of T helper cell type 1 responses, which
are required for clearance of mycobacteria. Thus, the results from this thesis reveal that MSMD
in SPPL2a—deficient humans is not not only caused by the reduced frequency of cDC2 popu-

lation, but also by a functional deficit of the remaining DCs.
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ZUSAMMENFASSUNG

6 Zusammenfassung

Eine Defizienz der Intramembranprotease SPPL2a beeinflusst die Entwicklung und Funktion
von B—Zellen in murinen Modellsystemen. Im Gegensatz dazu sind bei SPPL2a—defizienten
Patienten B—Zellzahlen im peripheren Blut im Normbereich. Stattdessen zeigen sie eine Re-
duktion in der Population der konventionellen dendritischen Zellen 2 (cDC2), was zu einer
mendelschen Anfalligkeit fir Erkrankungen durch Mykobakterien (MSMD) fihrt. Im Rahmen
dieser Arbeit sollte daher die Rolle von SPPL2a bei der DC—Entwicklung und —Funktion geklart
werden, insbesondere im Hinblick auf Reaktionen auf mykobakterielle Infektionen. Dartiber hin-
aus wurde aufgrund seiner kritischen Rolle in B—Zelldefekten bei SPPL2a—defizienten Mausen
die Relevanz des SPPL2a—Substrats CD74 fir mdgliche DC—Veranderungen untersucht. Zu
diesem Zweck wurden DCs von SPPL2a” oder SPPL2a”"CD74” Mé&usen in vivo und in
vitro mit verschiedenen zellbiologischen Methoden analysiert. SPPL2a”- Méuse zeigten eine
CD74-abhéngige Reduktion der cDC2-Population. In vitro differenzierte SPPL2a”- BMDCs
reagierten auf verschiedene Mustererkennungsrezeptor (PRR)—Liganden mit spezifischen Ver-
anderungen in Signalwegen und der Zytokinexpression. Auf der Oberflache von SPPL2a™
BMDCs war der PRR Dectin—1 reduziert, der Toll-dhnlichen Rezeptor 4 (TLR4) erhéht. Dies
konnte zu der beobachteten reduzierten IL—10— und IL-2—Expression nach der Aktivierung von
Dectin—1 und einer verbesserten IL-13—Freisetzung nach Aktivierung von TLR4 in SPPL2a™
BMDCs beigetragen haben. Diese Veranderungen der Zytokinreaktionen wurden ebenfalls bei
Verwendung von hitzeabgetdtetem Mycobacterium tuberculosis zur Aktivierung von SPPL2a "
BMDCs beobachtet. Diese Effekte waren abhangig von der CD74 NTF—Akkumulation, da sie
sich in SPPL2a”"CD74”- BMDCs wieder vergleichbar zum Wildtypen darstellten. SPPL2a”
BMDCs setzten reduzierte Mengen an Zytokinen der IL—12—Familie frei, die flr die mycobak-
terielle Beseitigung wichtig sind, wenn sie mit Mycobacterium bovis Bacille Calmette—Guérin
(BCG) ko—kultiviert wurden, dem Erreger, gegenliber dem SPPL2a—defiziente Patienten eine

vermehrte Anfalligkeit zeigen.

Zusammenfassend lasst sich sagen, dass eine SPPL2a—-Defizienz abhangig von CD74 die
Entwicklung und Funktion dendritischer Zellen beeinflusst, mit Auswirkungen auf ihre Fahigkeit,
mykobakterielle Infektionen zu erkennen und zu beseitigen. Die veranderte Oberflachenhaufig-
keit der PRR—Rezeptoren und der gestérten Zytokinreaktion, die in SPPL2a”- BMDCs beob-
achtet wurden, tragen mdglicherweise zur MSMD bei SPPL2a—defizienten Patienten bei. Ver-
minderte Freisetzung des entzindungshemmenden Zytokins IL-10 zusammen mit vermehrter
IL—15—Antwort kdnnte zu starkeren Entziindungsreaktionen mit erhéhter Gewebeschadigung

fihren, wodurch eine Umgebung geschaffen wird, die die Verbreitung von Mykobakterien be-
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glinstigt. Reduzierte Freisetzung von IL—12—Familienmitgliedern durch SPPL2a”- BMDCs kén-
nen zu einer beeintrachtigten Induktion von Typ1-T-Helferzell-Antworten fuhren, die fir die
Beseitigung von Mykobakterien erforderlich sind. So zeigen die Ergebnisse dieser Arbeit, dass
MSMD in SPPL2a—defizienten Patienten nicht nur durch die reduzierte Haufigkeit der cDC2—
Population verursacht, sondern auch durch ein funktionelles Defizit der verbleibenden DCs

beeinflusst werden kann.
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