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Abstract 9

Abstract

Gastrointestinal disorders manifesting with chronic intestinal inflammation are grouped as
inflammatory bowel diseases (IBD). The pathogenesis of IBD is influenced by genetic
predisposition, dysregulation of the immune system, the intestinal microbiome, and environmental
factors. Very early onset IBD (VEO-IBD; disease onset below 6 years of age) is a life-threatening,
often intractable form of IBD. VEO-IBD is often the first sign of an underlying inborn error of
immunity and can be caused by rare monogenic disorders. To provide rationale arguments for
treatment decisions and develop personalized therapies, genetic diagnosis and elucidation of
detailed pathomechanisms is critical. However, most patients lack definitive genetic diagnosis
and in patients with known defects the molecular pathomechanisms remain largely elusive.

To identify novel mutations in known and yet unknown genes, our laboratory performed a whole-
exome sequencing-based screen on one of the internationally largest cohorts of VEO-IBD
patients. In this screen, novel mutations in the genes (i) IL2RG, (ii) CD33, and (iii) TREM2 were
identified in three independent families. The aim of my dissertation was to unravel the underlying
molecular pathomechanisms of novel mutations in these three genes and analyze their functional
consequences on immune cell phenotypes by using innovative human disease model systems.

(i) A novel mutation in IL2RG could be identified in two siblings, which was predicted to produce
an early frameshift and cause a severe SCID phenotype. However, detailed expression analysis
could show that the frameshift mutation was partly rescued by a cryptic intronic splice site.
Functional analysis demonstrated that the mutant IL-2Ry caused defective IL-4 and IL-21
signaling, but normal IL-2, IL-7, and IL-15 responses. As a phenotypic correlate, | could detect a
defective B cell differentiation and an atypical SCID phenotype reminiscent of /L27R deficiency.

(i) Detailed immunophenotyping of peripheral blood cells from a patient with compound
heterozygous mutations in CD33 demonstrated an aberrant and increased expression of CD33
in various immune cell populations. Studies on patient cells and CRISPR/Cas9-engineered
iPSC-derived hematopoietic cells revealed an altered CD33 isoform expression pattern,
increased myeloid differentiation of CD33-mutated hematopoietic progenitor cells, as well as
defective bacterial killing and an increased production of IL-1f in response to immune alarmins
in macrophages.

(i) The homozygous TREMZ2 mutation identified in a patient was shown to cause altered
molecular weight of TREM2 protein in immunoblotting studies. Functional assays showed that the
TREM2 mutation led to defective pro-inflammatory cytokine secretion and aberrant M1
macrophage polarization upon stimulation of macrophages with LPS indicating impaired
TLR4-mediated signaling in human TREM2 deficiency. Furthermore, TREM2 deficiency was
associated with an reduced capacity of hematopoietic stem and progenitor cells to differentiate
towards macrophages.

Taken together, | could identify novel mutations in three candidate genes for intestinal
inflammation, that encode cell surface receptors expressed on innate and adaptive immune cells
and that affect the function of hematopoietic cells in humans. My studies shed light on the
molecular mechanisms regulating expression and function of these three candidates.
Furthermore, | could show that the identified mutations alter functional responses of different
immune cells and might contribute to intestinal inflammation in these patients. This dissertation
will facilitate a better understanding of important mechanisms in immunity, help to unravel novel
pathomechanisms in common immune-related disorders, and might allow identification of
therapeutic strategies in future.
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Interleukin-2 receptor gamma
Interleukin-4 receptor

Interleukin-4 receptor subunit alpha
Interleukin-6 cytokine family signal transducer
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IL-7R
IL7RA
IL-7Ra
IL-9R
IL-9Ra
ILC
InsP3
iPSC
IRF
ITAM
ITIM
JAK
KD

Kl

KO

LB
LOAD
LP
LPS
MAG
MAPK
M-CSF
MDP
MDS
MDSC
MHC
MNP
mRNA
mTOR
MyD88
Neu5Ac
NF-kB
NHD
NK
NKT
NLR
NLRC
NLRP
NOD2
PAMP
PBMC
PBS
PCR
PD
PFA
PI3K
PIC
PID
PKC
PLCy

Interleukin-7 receptor

Interleukin-7 receptor subunit alpha
Interleukin-7 receptor subunit alpha
Interleukin-9 receptor

Interleukin-9 receptor subunit alpha

Innate lymphoid cell
Inositol-1,4,5-trisphosphate

Induced pluripotent stem cell

Interferon response factor

Immunoreceptor tyrosine-based activation motif
Immunoreceptor tyrosine-based inhibitory motif
Janus kinase

Knock-down

Knock-in

Knock-out

Luria/Miller

Late-onset Alzheimer’s disease

Lamina propria

Lipopolysaccharide

Myelin-associated glycoprotein
Mitogen-activated protein kinase
Macrophage colony-stimulating factor
Muramyl dipeptide

Myelodysplastic syndromes
Myeloid-derived suppressor cells

Major histocompability complex
Mononuclear phagocyte

messenger ribonucleic acid

Mammalian target of rapamycin

Myeloid differentiation primary response 88
N-acetylneuraminic acid

Nuclear factor kappa-light-chain-enhancer of activated B cells
Nasu-Hakola-Disease

Natural killer

Natural killer T

NOD like receptor

NLR family CARD domain containing

NLR family pyrin domain containing
Nucleotide-binding oligomerization domain-containing protein 2
Pathogen-associated molecular pattern
Peripheral blood mononuclear cells
Phosphate-buffered saline

Polymerase chain reaction

Parkinson’s disease

Paraformaldehyde

Phosphoinositide 3-kinase

Protease inhibitor cocktail

Primary immunodeficiency

Protein kinase C

Phospholipase C gamma
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PLOSL

PMA
PMSF
PNP
PRDM1
PRR
PTPN
PVDF
qRT-PCR
RAG
RAGE
RFP
RIPK
RNA
RORyt
ROS
RPMI
S100A9
SAMP
SCF
SCID
SDS
SEM
SH2
SHIP1
SHP
Siglec
SNP
SOCS3
ST3Gal4
ST6Gal1
STAT
sTREM2
SYK
T-bet
TEMED
Ten

TFS
TGF-B
TH

TJ

TLR
TNFAIP3
TNF-a
TPO
Tregs
TREM
TRIM22
TTC7A

Polycystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy
Phorbol 12-myristate 13-acetate

Phenylmethylsulfonylfluorid

Purine nucleoside phosphorylase

PR/SET domain 1

Pattern recognition receptor

Protein tyrosine phosphatase non-receptor type
Polyvinylidene fluoride

Quantitative reverse transcription polymerase chain reaction
Recombination activating

Receptor for advanced glycation end-products
Red fluorescent protein

Receptor-interacting serine/threonine-protein kinase
Ribonucleic acid

Retinoic acid receptor-related orphan receptor-yt
Reactive oxygen species

Roswell Park Memorial Institute

S100 calcium binding protein A9

Self-associated molecular pattern

Stem cell factor

Severe combined immunodeficiency

Sodium dodecyl sulfate

Standard error of the mean

Src homology 2

SH2 domain containing inositol polyphosphate 5-phosphatase 1
Src homology region 2 domain-containing phosphatase
Sialic acid binding immunoglobulin type lectins
Single nucleotide polymorphism

Suppressor of cytokine signaling 3

ST3 beta-galactoside alpha-2,3-sialyltransferase 4
ST6 beta-galactoside alpha-2,6-sialyltransferase 1
Signal transducer and activator of transcription
Soluble TREM2

Spleen associated tyrosine kinase

T-box expressed in T cells
Tetramethylethylenediamine

T follicular helper cells

Thermo Fisher Scientific

Transforming growth factor beta

T helper

Tight junction

Toll-like receptor

TNF alpha induced protein 3

Tumor necrosis factor a

Thrombopoietin

Regulatory T cells

Triggering receptor expressed on myeloid cells
Tripartite Motif Containing 22

Tetratricopeptide repeat domain 7A
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TYK2
uc

Vav
VEGF
VEO-IBD
WES

WT
ZAP70

Tyrosine Kinase 2

Ulcerative colitis

Vav guanine nucleotide exchange factor

Vascular endothelial growth factor

Very-early onset inflammatory bowel disease
Whole-exome sequencing

Wild-type

Zeta chain of T cell receptor associated protein kinase 70
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1. Introduction

1.1 Inflammatory bowel diseases

Inflammatory bowel diseases (IBD) are hallmarked by chronic gastrointestinal inflammation and
commonly present with diarrhea, abdominal pain, fever, rectal bleeding, and weight loss."®
Approximately 6.8 million people globally suffer from IBD, which poses a significant burden for
health systems worldwide.® 7 The majority of patients (3.6 million) is located in Europe and the
United States and IBD was considered a disease of western countries historically.> ¢ 8 However,
in the last centuries the incidence and prevalence of IBD also increased in developing

countries.® ®

Crohn’s disease (CrD) and ulcerative colitis (UC) are the common forms of IBD.>* CrD usually
manifests with disseminated transmural inflammation in the complete gastrointestinal tract and
UC affects continuous regions in the rectum and the colon.? * '° Histologically, CrD is
characterized by infiltrating T cells and macrophages and UC presents with micro-abscesses
formed by neutrophils in the intestinal epithelium.? & '© Furthermore, loss of goblet cell-derived
mucus and cryptitis can be more often observed in UC.% 8 0 To categorize patients that do not fit
into the CrD-UC dichotomy, IBD-unclassified (IBDU) was described as a third group.'"'3
However, recent findings indicate that IBD is more heterogenous and can present with a wide

spectrum of phenotypes.'" 2

With a peak age of onset of 15-30 years, IBD is usually diagnosed in young adults, but IBD
patients suffer from a chronic and relapsing disorder over their whole life.? 3% '* Of note, IBD
symptoms (e.g., diarrhea, urgency, and tenesmus), certain treatments (e.g., ostomy), as well as
prolonged hospitalization can cause a major impact on the life quality and mental health of IBD
patients.® Individual, economical, and social consequences of IBD are exacerbated by physical,
neurological, dermatological, ophthalmological, hepatic, biliary, skeletal, and immunological
co-morbidities as well as an increased risk for colorectal cancer.® 112 15 Classical treatment
options for IBD comprise different immunomodulators (e.g., aminosalicylates, corticosteroids,
cyclosporine A, methotrexate, and thiopurines), but biologics (e.g., monoclonal antibodies
targeting tumor necrosis factor a (TNF-a), a4 integrins, the common p40 subunit, and the

interleukin (IL-) 6 receptor) gained importance for the treatment of IBD.® '8 7 These monoclonal
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antibodies were a breakthrough in IBD therapy and can induce long-term clinical remission in
many patients, but they still have major drawbacks including (i) the requirement of combination
therapies with immunosuppressant drugs, (ii) development of anti-drug antibodies, (iii) loss of
response over time, (iv) adverse effects (e.g., infections, arthralgia), as well as (v) high numbers
of non-responsive patients.'” '® Furthermore, comprehensive data on long-term adverse effects
and withdrawal strategies for biologics are still missing."” Despite medical and scientific progress,
IBD can still be lethal and between 50 - 80 % of CrD patients require surgical intervention in the
first 10 years after diagnosis.> 5 17 19 20 Therefore, further research on the molecular

pathomechanisms is needed to identify novel and curative treatment options.

1.1.1 Pathogenesis of IBD

The intestine represents a large contact area between the environment and the inner body.?" 2
Consequently, one of the main tasks of the intestinal epithelium is to build a tight barrier protecting
our body from potential exterior hazards. However, the gastrointestinal barrier cannot be

completely impermeable, as it needs to allow uptake of nutrients and secretion of waste products.

The intestine is colonized by commensal microbes that help to fulfill its digestive and protective
functions in healthy humans, but can pose a significant threat when the intestinal barrier is
disturbed.?" 22 To further protect the inner body from pathogens overcoming the intestinal barrier,
the gastrointestinal tract is equipped with specialized immune cells that form a multilayer
surveillance system.” ® 22 These immune processes need to be tightly regulated to tolerate the
presence of commensal microbes and rapidly destroy pathogens at the same time. Small
dysbalances can result in detrimental effects and diseases like IBD. In particular, aberrant
immune responses towards environmental or microbial agents may cause chronic gastrointestinal
inflammation.® 2 Therefore, genetic, immunological, epithelial, environmental, and microbial

aspects need to be considered in IBD pathogenesis (Figure 1)."4 1!
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Figure 1: Pathogenesis of IBD is
multifactorial.

IBD is caused by dysregulation of
environmental factors, the microbiome,
epithelial barrier function, or immunity in a
genetically susceptible host. Dysbiosis can
be trigger and result of disturbed intestinal
homeostasis. Figure modified from 2
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1.1.2 Genetic susceptibility
An inheritable component has long been recognized in IBD pathogenesis, since one of the major
risk factors for IBD is an affected first-degree relative.> 4 ?* Furthermore, studies demonstrated a
higher concordance of disease in monozygotic twins compared to dizygotic twins indicating that
genetic susceptibility plays a major role in IBD pathogenesis.> 4 2527 Although these studies
showed that the association of IBD and genetic factors is stronger for CrD than UC, both share

certain genetic risk factors (Figure 2A)."4 25 26

Further evidence for the role of genetic predisposition in intestinal inflammation was provided by
animal models including IBD (non-)susceptible mouse strains, genetically engineered mice, and
chemically-induced models.* 2 2° Nearly all of these experimental models result in aberrant
function of innate (including intestinal epithelial cells) and adaptive immune cells indicating the
importance of intestinal immune dysbalance in IBD pathogenesis (see also sections 1.1.5 and
1.1.6).282° Of note, the development of intestinal inflammation is dependent on the presence of
microbiota in most of the animal models, as germ-free mice usually do not develop disease (see

also section 1.1.4).2°

Genetic susceptibility for IBD in humans was proven by linkage and association studies identifying
genetic loci associated with CrD and UC pathogenesis.?® 303 Replicated loci include
nucleotide-binding oligomerization domain-containing protein 2 (NODZ2), class |l major
histocompability complexes (MHC), and IBD5.2 303 NOD?2 is a cytosolic sensor for muramyl
dipeptide (MDP), which is a peptidoglycan present in the cell wall of most bacteria, and thus is
involved in recognition of bacteria by innate immune and epithelial cells.® 3 3537 Despite being

a strong genetic risk factor, homozygosity for a NOD2 single nucleotide polymorphism (SNP)
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does not invariably lead to CrD suggesting an influence of environmental factors in IBD

pathogenesis.>

A B
Mendelian - g Comp.
Monogenic Polygenic
Frequency
uc CrD Penetrance
WES/WGS GWAS
VEO-IBD
Mendelian
disease Family Population
C

Insights into pathomechanisms
and biological functions

Pathogenic variants

Beneficial variants

I

Insights into biological functions

Figure 2: Genetics of IBD.

(A) CrD and UC share many risk factors for IBD pathogenesis, but also have specific subtype risk
factors. Mendelian inheritance modes are more frequent for VEO-IBD. (B) Whereas rare
mendelian diseases are caused by monogenic causes with high penetrance and severe
consequences for protein function, more frequent diseases are caused by polygenic factors and
show complex inheritance modes. (C) Functional studies on genetic variants provided insights
into central biological functions of intestinal immunity and helped to understand pathogenesis of
various diseases. Figure based on 1':38

Our understanding of genetic risk factors for IBD and other diseases was significantly expanded
by genome-wide association studies (GWAS).3840 |n total, 240 genetic loci have been associated
with IBD pathogenesis.'" 12 23 41 Of note, the majority of these loci (i.e., ~ 67.5 % in a large

study #?) is associated with CrD as well as UC and only a few loci modify the risk for one specific

type indicating common (genetic) pathomechanisms between CrD and UC (Figure 2A).38 42
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Identification of interleukin 23 receptor (IL23R) as IBD risk factor was one of the first and major
contributions made by GWAS. The most significant SNP in IL23R (R381Q) reduces the risk of
CrD and UC up to three times.? 43 R381Q was later shown to be a loss-of-function allele, which
reduces IL-23R-mediated signaling and affects the number and function of T helper (TH) 17
cells.38 4446 These functional studies on the R381Q allele linked the IL-23/IL-17 pathway to IBD
development, but also increased our understanding of fundamental processes in IL-23 and IL-17
signaling demonstrating the potential of functional genomics for science and medicine.'" 38
Furthermore, these data provided rationale arguments for the usage of anti-p40 (common IL-12

and IL-23 subunit) for the treatment of IBD."" 38 47.48

Although GWAS helped to determine important mechanisms in IBD, these approaches are limited
to known SNPs with higher frequency, moderate effects on pathogenesis (e.g., 7.5 % or 14 % for
UC and CrD), and lower penetrance (Figure 2B)."" 28 38. 4249 \Wjith cost-effective availability of
next-generation sequencing technologies, less frequent and previously unknown SNPs with
stronger effects could be associated with IBD pathogenesis.'" 3 % Since the coding regions of
genes are estimated to contain 85 % of strong effect variants, whole exome sequencing (WES)

is a powerful tool to identify these highly penetrant, but rare variants (Figure 2B)."" 3850

In most cases, IBD is inherited in a non-mendelian fashion indicating that genetic susceptibility is
determined by polygenic risk factors and IBD is thus considered a complex genetic disease.®
From an evolutionary perspective, moderate effect SNPs (i.e., no effect, advantageous or
disadvantageous) are not subject to selection pressure, as their effect is probably not influencing
the individuum or the population.3® Therefore, many variants with moderate effect are present in
the (“healthy”) human genome, but only some combinations of certain alleles cause a phenotype
and thus predispose to a certain disease. However, susceptibility to a genetic disorder depends
not only on the number and strength of certain risk factors, but also on protective variants
(Figure 2C). Pathogenic and beneficial genetic factors for a specific disorder are thus in a
homeostasis in each individuum and need to be considered for understanding disease

pathogenesis and gain insights into molecular mechanisms of immunology and pathology.

Overall, the genetic loci identified by different techniques were enriched in several important

pathways including microbe effectors, epithelial barrier regulators, adaptive immunity, cellular
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stress pathways, fibrosis, cytokine networks, and inflammasome regulators (Figure 3)."" These

pathways and their role in IBD pathogenesis will be discussed in detail in sections 1.1.5and 1.1.6.
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Figure 3: Genetics reveal important pathways involved in IBD pathogenesis. Figure based on '’

1.1.3 Pediatric IBD

IBD in children is substantially different from adult forms and pediatric IBD mostly results in more
severe disease.® %' 52 The pediatric IBD population itself shows considerable heterogeneity and
different groups based on the disease onset have been defined: Neonatal IBD (< 28 days of age),
infantile onset IBD (< 2 years of age), very-early onset (VEO)-IBD (< 6 years of age), early-onset
(EO)-IBD (< 10 years of age), and pediatric-onset IBD (< 17 years of age).>® In line, the proportion
of IBDU is higher in pediatric IBD (34 % in infantile onset IBD vs. 21 % in VEO-IBD vs. 6 % in

adult patients).38 %



1 Introduction 25

Childhood and adolescence represent a critical time window for physical, psychological, social,
and emotional development.5? Therefore, pediatric IBD poses more challenges to treating
physicians. In detail, physical development is impeded by long-lasting high levels of
pro-inflammatory cytokines, nutritional shortage, and exposure to steroidal drugs, which can also
result in other medical complications.5? 5558 Psychological development and well-being is affected
by stigmatized symptoms (e.g., diarrhea), unclear healing perspectives, and reduced quality of
life.% %2 Lastly, long-term hospitalization and increased sickness absence in school hinder social
and emotional development in patients.> 52 Altogether, additional complications, unique disease
behavior, and biological characteristics warrant the design of therapeutic options specifically

adapted to children.

Pediatric IBD differs also from a genetic point of view, since the proportion of monogenic diseases
is higher in children.'> % In detail, around 8 % of patients with VEO-IBD and around 14 % of
patients with infantile onset are estimated to suffer from monogenic IBD."> % In 2009, the first
truly monogenic form of IBD, IL-10R deficiency, was described in pediatric patients.®® Afterwards
more than 75 different monogenic defects causing IBD(-like) symptoms have been identified,
which can be categorized into the following groups: (1) epithelial barrier, (2) adaptive immunity,
(3) hyperinflammatory and autoinflammatory disorders, (4) phagocytosis, and (5) regulation of
immune responses.'? %6164 Of note, these groups largely overlap with genetic loci identified in
polygenic IBD and insights from pediatric IBD help to understand pathomechanisms in adult IBD
as well as other immune-related diseases. Functional studies on monogenic defects not only
defined novel concepts of immunology and biology, but also helped to identify novel treatment
options for these patients. New therapies include hematopoietic stem cell transplantation (HSCT),
which has been established as curative treatment for IL10R deficiency and other defects caused
by primary immunodeficiencies (PID)."2 53.60.63.65 However, HSCT is associated with risks and for
many monogenic diseases curative treatments are not available. Therefore, it is still necessary to
further investigate pathomechanisms in monogenic forms of IBD, which can help to identify

individualized or general therapeutic options for IBD.

1.1.4 Environmental and microbiotic influences on IBD pathogenesis

The low concordance in twin studies as well as temporal and geographical changes of IBD

epidemiology suggest a contribution of environmental factors in IBD pathogenesis. 25 26. 66



1 Introduction 26

Although the contribution of external influences is a long established fact, specific risk factors,
their causality, and especially the underlying pathomechanisms are still poorly understood.®”
Elucidation of risk factors is also hindered by technical and conceptual limitations. For example,
environmental factors presumably play a role in pathogenesis long before the patient develops
symptoms, but retrospective evaluation of environmental exposure is often not possible.?” 8
Furthermore, external influences might not be an on-off switch for pathology, but rather the
accumulation of exposures to (multiple) risk factors modifies disease.®” Despite these limitations,
different environmental factors (e.g., antibiotics, smoking, diet, stress, hypoxia) have been

proposed to play a role in IBD pathogenesis (Figure 4)." ¢6.67

Pollution Breastfeeding

Mental health
-

Geography

Figure 4: Environmental and microbiotic influences play a role in IBD pathogenesis.
Different environmental factors influence intestinal homeostasis directly or by causing dysbiosis
of the intestinal microbiome. Figure based on %

Many of these environmental factors can influence intestinal homeostasis directly but can also
affect the gut microbiota adding further complexity to the role of external factors in IBD

pathogenesis (Figure 4).%5 871 The importance of the intestinal microbial flora for IBD
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pathogenesis is well established, as the development of intestinal inflammation in experimental
mouse models is fully dependent on the presence of commensal intestinal microbiota." 2°
Furthermore, intestinal inflammation can cause dysbiosis in IBD patients, which might result in
advantages for pathogens or render commensal symbionts pathogenic.5¢ 7274 Ultimately,

dysbiosis can thus amplify and exacerbate disease.

Analogous to European and North American countries in the mid of the last century,
industrialization and urbanization is paralleled by a rise of IBD prevalence in developing countries
over the last decades confirming the role of environmental factors in IBD pathogenesis." 66677576
Urban surroundings, for example, increase the risk of IBD, which is presumably caused by
differences in pollution, diet, hygiene, and lifestyle between rural and urban areas.®® 7> 77 Of note,
the risk of developing IBD is highest for people living in urban areas during their childhood and
adolescence indicating that IBD diagnosed in adults might be influenced by exposure to certain

risk factors at a very different age.®® 77

Usage of antibiotics in childhood is one of the proven risk factors for IBD pathogenesis.®® 7880 An
obvious mechanism for the role of antibiotics in IBD is their effect on the intestinal microbiome
and different studies in humans could show that antibiotic administration has short-term and

long-term effects on composition of human gut bacteria, which might result in dysbiosis.®6 8182

Based on the digestive function of the gastrointestinal tract, diet is an obvious risk candidate for
IBD pathogenesis. However, identification of protective or fatal nutrients is often hindered by
(i) the complexity of human eating behavior, (ii) high variation in studies, and (iii) difficulties in
retrospective assessments.®® 5 Animal models have helped to provide links between diet and
intestinal inflammation, since different studies showed that certain dietary components can
contribute to colitis development.5% 7. 8. 84 |n humans, studies on vegans/vegetarians showed
that different alimentation can lead to dysbiosis, which, in turn, can cause intestinal
inflammation.8% 8 Importantly, exclusive enteral nutrition (EEN) has become an important tool to
induce remission in pediatric CrD demonstrating the role of diet in pathogenesis as well as

sustainment of disease.52 87-89

Since many people experience intestinal symptoms during episodes of stress, mental health is a
well-known modulator of intestinal functions and homeostasis. The central nervous system (CNS)

can regulate the function of different cell types in the intestine such as epithelial, immune, and
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neuronal cells, which can affect intestinal motility, secretion, and permeability as well as immune
cell function.®” % However, the CNS can also influence the intestinal microbiome via different
signaling molecules.®” % |t seems obvious that stressful events or episodes can cause
pro-inflammatory milieus in the gut and/or dysbiosis. Indeed, different studies could show that

higher stress levels are associated with risk of relapse or aggravation of IBD.57: 1. 92

1.1.5 Role of the epithelial barrier in IBD

Loss of epithelial barrier integrity or function is one mechanism involved in IBD pathogenesis
(Figure 3).> " Epithelial cells form physical barriers to separate the outside from the inside of the
body and are thus the first line of defense of the host immune system against external threats
(e.g., toxins, pathogens).®® °* The epithelial barrier also generates a safe distance between the
commensal flora and the host immune system, which prevents non-desirable, chronic activation
of intestinal immune cells by microbial antigens.®® % However, intestinal epithelial cell (IEC) layers
cannot be impermeable since they need to allow transport of nutrients and fluids across the
barrier.> % To allow these controversial functions, IEC are linked by apical junctional complexes
(AJCs) built by tight junctions (TJs) and adherens junctions (AJs), which seal the intercellular
space and limit diffusion of particles from the gut lumen inside the body.® %3-% Since TJs are critical
for barrier function, their permeability is tightly, but dynamically regulated.®* % Interestingly,
several studies in animal models and humans could demonstrate dysregulated TJs and increased
paracellular permeability in IBD.> % %-101 Gince TJ permeability is also modulated by
pro-inflammatory cytokines (e.g., interferon (IFN)-y and TNF-a), increased permeability might be
a result of intestinal inflammation.®* %192 Vice versa, higher barrier permeability can be a source
of immune activation due to increased detection of microbial or dietary antigens.% % 192 Of note,
altered intestinal permeability can be also observed in healthy family members of IBD patients

indicating genetic predisposition.% 7

Besides physical separation, specialized IEC also generate a chemical barrier, which contributes
to the protection from the environment. Goblet cells, secrete mucins that form a gel-like mucus
layer, which slows movements and limits the contact between microbiota and host cells.3 1. 94103
Paneth cells, contribute to chemical barrier formation by production of antimicrobial peptides

(AMPs), which regulate and control the microbiome.? . 95 104,105
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Important evidence for the role of IEC in intestinal homeostasis was provided by studies on
pediatric IBD patients identifying multiple genetic deficiencies that affect epithelial cells. A
prominent example are autosomal-recessively inherited mutations in tetratricopeptide repeat
domain 7A (TTC7A), which result in VEO-IBD presenting with immunodeficiency, intestinal
atresia, and variable extraintestinal manifestations.'%-11% Aberrant immune cell functions caused
by TTC7A deficiency could be cured by HSCT, but the IEC-intrinsic defects remained after HSCT
and resulted in relapse or death of the patients.'® "' Recently, the spectrum of genes affecting
immune as well as epithelial cell compartments was expanded by patients suffering from caspase
(CASP) 8 and receptor-interacting serine/threonine-protein kinase (RIPK) 1 deficiency, which
both cause dysregulated cell death."'>""* Data on the effect of HSCT in these patients is scarce
and further research on epithelial defects is needed to identify and develop new therapeutic

approaches for these patients.'™

1.1.6 Role of intestinal hematopoietic cells in health and disease
The epithelial barrier separates the content of the gut lumen including microbial and dietary
antigens from the inner body providing a first line of defense. If the barrier is compromised, luminal
components can enter the compartments below the IEC barrier (Figure 5).""> To protect the host
against dangers, the lamina propria (LP) is patrolled by various immune cells, which can mount
powerful response to invading pathogens and render the intestine an important human immune

organ (Figure 5).115-118
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Figure 5: Immune mechanisms in IBD pathogenesis.

Genetic susceptibility, environmental factors, or dysbiosis can cause damages to intestinal
epithelial cells (IECs), which results in translocation of luminal components into the lamina propria
(LP). Mononuclear Phagocytes (MNP) recognize translocated components and activate adaptive
immune responses. Failure of clearance of luminal components and/or regulation of immune
responses results in chronic intestinal inflammation, which will lead to extraintestinal
complications. Figure modified from °
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Intestinal innate immune cells: Pathogen recognition and clearance

Mononuclear phagocytes (MNPs), which include monocytes, macrophages, and dendritic cells
(DCs) can be considered the second line of defense against invading pathogens.''® These innate
immune cells are armed with a variety of functions and pathways to detect, take up, and destroy
threats for the host."" Furthermore, MNPs serve as vanguard, which can mount complex adaptive
immune responses upon detection of danger.'® However, due to their unique surrounding
intestinal MNPs need to tolerate microbial and dietary antigens without causing uncontrolled
inflammation.? '"® Hence, MNPs contribute to establishment of tolerance, pathogen clearance,
activation of adaptive immune responses, inflammation, and wound healing in the intestinal
mucosa.''® 119 To fulfill this complex functions, MNPs express a variety of pattern-recognition
receptors that detect pathogen-associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs) and elicit intracellular signaling pathways resulting in expression of
cytokines (e.g., IL-1B, IL-6, IL-8, IL-23, TNF-a), chemokines, adhesion molecules, and regulators
of adaptive immune responses (e.g., cluster of differentiation (CD)40, CD80, CD86 and inducible
T cell co-stimulator (ICOS))."? The importance of microbe detection mechanisms is exemplified
by the association of variants with IBD risk in genes related to NOD2 function (e.g., RIPK2,
Tripartite Motif Containing 22 (TRIM22), and TNF Alpha Induced Protein 3 (TNFAIP3), see also
section 1.1.2) and variants in Caspase Recruitment Domain Family Member (CARD) 9, which is
an adaptor protein for immunoreceptor tyrosine-based activation motif (ITAM)-containing surface
receptors involved in microbe detection.'3 1. 23 120. 121 Taken together, pathogen-sensing
pathways are important to maintain intestinal homeostasis and are deregulated in IBD

pathogenesis (Figure 3).

Monocytes in the peripheral blood constitute 8 % of all leukocytes, but there are at least three
different types including CD14*CD16" classical monocytes, CD14*CD16* intermediate
monocytes, and CD14CD16* non-classical monocytes.® 22 123 Monocytes differentiate from
common myeloid progenitor cells in the bone marrow and travel to peripheral organs via the blood

stream (Figure 6).119 124,125
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Figure 6: Schematic overview of hematopoiesis.

Figure based on 1% 124125 HSC: Hematopoietic stem cell; MPP: multipotent progenitor; CoMP:
Common myeloid progenitor; LMPP: Lymphoid-primed progenitor; CLP: Common lymphoid
progenitor; CDP: Common dendritic cell progenitor; GMP: Granulocyte-Macrophage progenitor;
MEP: Megakaryocyte-Erythrocyte progenitor; NK: natural killer cell; pDCs: plasmacytoid dendritic
cells; DCs: Dendritic cells.

The majority of monocytes are short-lived classical monocytes, which mature to macrophages in
peripheral organs based on the local environment of cytokines and growth factors.!% 122, 126
Macrophages (i) remove pathogens, toxins, and cell debris, (ii) recycle metabolites, (iii) regulate
tissue homeostasis, and (iv) are the primary sensors of internal dangers to the host.'?” Murine
models have shown that macrophages play a prominent role in maintaining intestinal
homeostasis.> 2% 12 |n detail, mice with macrophages defective for Signal Transducer And
Activator Of Transcription (STAT) 3 or IL10 knock-out (KO) mice demonstrate increased
production of pro-inflammatory cytokines (e.g., IFN-y, IL-1B, IL-6, IL-12, IL-23, and TNF-a) from
macrophages.? 28129 Although the gut is one of the few organs where resident macrophages are
permanently replenished from blood-derived monocytes, mature macrophages were shown to
persist for more than 6 weeks in the gut.'® 130 Interestingly, tissue-resident macrophages in other
organs are derived from early progenitor cells during embryogenesis and are thus more long-lived
than intestinal macrophages.''® 31135 Mature intestinal macrophages show strong phagocytic
and endocytic properties, but they show significantly reduced cytokine and chemokine production
in response to stimulation compared to monocytes, which probably indicates an anergic state of

long-lived mature macrophages tolerant to the continuous presence of microbial and dietary
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antigens in the gut."® '3 Comparable to IECs, mature intestinal macrophages also show
down-regulation of important bacterial sensors like Toll-like receptor (TLR) 2 and TLR4 explaining
reduced responsiveness to microbial stimuli."® 13 Furthermore, the intestinal microenvironment
induces down-regulation of other pro-inflammatory molecules like triggering receptor expressed
on myeloid cells (TREM) 1, which contributes to expression of different cytokines including TNF-a,
IL-1B, IL-6, and C-C Motif Chemokine Ligand (CCL) 2, in mature intestinal macrophages.''® 136 137

Of note, TREM1 expression is increased in IBD patients and enhances experimental colitis.'’

Nevertheless, intestinal macrophages are still the main source of pro-inflammatory cytokines
(e.g., IFN-y, TNF-a, IL-6, and IL-23), which are also increased in the LP of IBD patients." 119 138
Furthermore, the number of pro-inflammatory immature macrophages is increased in IBD
patients." 119 138 13 The higher presence of immature macrophages might be fueled by an
increased extravasation of peripheral blood monocytes caused by changes in the intestinal
cytokine/chemokine environment in IBD patients (see also cytokine networks).''s: 140, 141
Anti-TNF-a and anti-a437 therapies reverse this trend in IBD patients and reduce the number of

pro-inflammatory, immature macrophages. % 142-144

The functional dichotomy of macrophages in the intestine ranging from pathogen recognition and
immune system activation to tolerance induction and intestinal homeostasis is fulfilled by a
spectrum of intestinal macrophage subsets.''® 119.127. 130 Traditionally, macrophages have been
divided into M1 pro-inflammatory and M2 anti-inflammatory macrophages, which are generated
in response to TLR signaling and IFN-y or IL-4 and IL-13, respectively."'® 27 However,
macrophages can be also functionally classified as host defense (corresponding to M1), wound

healing, and immune regulatory macrophages.''® 127

Cytokine networks control intestinal homeostasis

Cytokine and chemokine networks determine the recruitment, differentiation, maturation,
proliferation, and function of immune cells. Pro-inflammatory cytokines are mainly produced by
LP macrophages and T cells upon loss of barrier integrity triggered by environmental factors in a
genetically-predisposed host (Figure 5 and sections 1.1.2, 1.1.4, and 1.1.5).""% Genetic and
animal studies demonstrated that dysregulation of cytokine networks results in inflammation and
contributes to IBD pathogenesis (Figure 3)."" The success of therapies targeting different

cytokines (e.g., TNF-a and p40) in IBD treatment proves the importance of cytokines as driver of
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intestinal inflammation.""® Cytokine networks are complex and are continuously expanded by
novel scientific insights, but, based on the clinical application, TNF-a, IL-13, and IL-23 will be

discussed below.

TNF-a is the most prominent example of dysregulated cytokines in IBD. TNF-a is produced by
macrophages, T cells, fibroblasts, and adipocytes in the LP as a membrane-bound form and
cleaved by a disintegrin and metalloprotease (ADAM) 17 generating soluble TNF-q. 115 138, 145,146
Levels of both forms are increased in IBD patients resulting in (i) activation of macrophages and
T cells, (ii) induction of angiogenesis, (iii) loss of barrier integrity, and (iv) increased cell
death.'® 147150 |n response to TNF-a stimulation target cells up-regulate or release a variety of
other cytokines/chemokines and effector molecules amplifying inflammatory responses and
promoting intestinal inflammation.'®' Of note, uncleaved TNF-a bound to cell membranes seem
to exert larger effects on intestinal inflammation than soluble TNF-a as indicated by reduced

efficacy of clinical antibodies targeting solely soluble TNF-a.'15 152,153

IL-18 is a prominent cytokine in hyperinflammatory diseases and its levels are also increased in
IBD."%41%8 Furthermore, the concentration of IL-18 was shown to be a marker for IBD disease
severity. 54 155,159,160 |n comparison to other cytokines, the secretion of IL-18 depends on the
activity of inflammasomes, which are supramolecular complexes of various proteins.’>® To
activate inflammasomes, two independent stimuli are necessary.'>* 155 181 The first signal, which
is also called priming, is usually induced by recognition of DAMPs or PAMPs by pattern
recognition receptors (PRR) (e.g.,TLRs, C type lectins (CTLs), or NOD-like receptors
(NLRs)).154. 155 161 Most of these priming signals lead to activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), activator protein 1 (AP-1), and interferon
response factors (IRFs).'% 155 161 Ultimately, the priming signal results in expression of central
inflammasome components including inflammasome-sensor proteins, pro-CASP1, pro-IL-1f3 and
pro-gasdermin D (GSDMD). 154195181 The number of different inflammasome-sensor proteins with
cell-type specific expression was expanded continuously over the last years and well-known
examples include absent in melanoma 2 (AIM2), NLR family CARD domain-containing protein 4
(NLRC4), NLR family pyrin domain containing (NLRP) 1, NLRP3, NLRP6, and PYRIN.'®2 Many

inflammasome sensor proteins are implicated in pathology and especially immune and intestinal
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diseases. For example, NLRP3 inflammasome activity was associated with IBD pathogenesis in

animal models and humans. 54 155, 163-169

Inflammasome activation is inhibited until a second stimulus, which is detected by the
inflammasome sensor proteins and is usually also a DAMP or PAMP."®2 For NLRP3
inflammasomes, these second activation signals include potassium efflux, lysosome leakage,
reactive oxygen species (ROS), and/or mitochondrial dysfunction.'® 8" Upon activation,
inflammasome sensor proteins oligomerize and recruit CASP1 either directly or via the adaptor
protein apoptosis-associated speck-like protein containing a CARD (ASC).'8". 162 170 Thjg
oligomerization process triggers self-cleavage of pro-CASP1 molecules resulting in full activation
and cleavage of effector molecules (e.g., pro-IL-1B, pro-IL-18 and pro-GSDMD).'6". 162, 171-173
Mature GSDMD forms a cell membrane pore and results in pyroptosis, which is a
CASP1-mediated, pro-inflammatory form of cell death that is characterized by release of
cytokines through membrane pores and subsequent cell lysis (i.e., IL-18 and IL-18).161.173-177
Released mature IL-1B has pleiotropic functions in intestinal immunity and is targeting a variety
of immune cells, which promotes inflammation. For example, IL-1p recruits neutrophils to the
intestinal LP and stimulates release of other pro-inflammatory cytokines like IL-6, IL-8, and
TNF-a."% Furthermore, IL-1B induces polarization of pro-inflammatory Tu17 cells, which are
important mediators of intestinal inflammation and link IL-1(8 levels produced by innate immune

cells to adaptive immune responses (discussed in detail below, Figure 7).%* 1%

The role of IL-1B in inflammation is shown by different human pathologies, which are
characterized by excessive IL-18 production and present with detrimental hyperinflammation
affecting different organs including the gut. For example, intestinal inflammation in chronic
granulomatous disease (CGD), which causes increased susceptibility to infections and severe
intestinal inflammation, can be treated with the IL-1 receptor antagonist anakinra.'" 178 Further
evidence for the role of IL-1[3 in IBD was provided by VEO-IBD patients with IL-10R defects, which
also show elevated IL-1B levels.'®® Hence, IL-1B represents a central hub in cytokine networks

between T cells and macrophages controlling intestinal homeostasis (Figure 7).

IL-12 and IL-23 represent key cytokines for the transmission of innate immune signals after
recognition of PAMPs and DAMPs by MNPs towards the adaptive immune system.''> Whereas

IL-12, which is a heterodimer of p35 (encoded by IL12A) and p40 (encoded by /L12B), induces a
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Tw1 fate, IL-23, which is composed of p19 (encoded by IL23A) and p40 subunits, is stimuating
the generation of Tw17 cells.!" 115 179184 J| 12B was associated with an increased risk for IBD by
GWAS and different members of the IL-12 cytokine family (i.e., IL-12 and IL-23) are upregulated
in the tissue of CrD patients.” ' 115 18518 The importance of IL-12/IL-23 cytokines is
demonstrated by the efficacy of antibodies targeting the p40 subunit in clinical trials, which
induced amelioration of disease in CrD patients and patients refractory to anti-TNFa

treatment.1" 47, 115

Intestinal adaptive immune cells: Execution and regulation of immune responses

Activation of lymphocytes by MNPs mounts highly effective immune responses to clear pathogens
and other threats. Failure of these clearance mechanisms can result in disease (e.g.,
immunodeficiency), but excessive adaptive immune responses due to lack of regulatory
mechanisms can also cause tissue damage, exacerbation of intestinal inflammation, and
ultimately intestinal pathology (Figure 5).2 ' 15 To control these critical immune responses, there
are complex regulatory cytokine networks between innate immune cells (i.e., macrophages) and

adaptive immune cells (i.e., CD4* Tn cells) (Figure 7).'%"

T cells, which can be considered the third line of defense, are activated by MNP-mediated
presentation of antigens on MHC molecules. Antigen presentation is essential for pathogen
clearance, resolution of inflammation, and intestinal homeostasis, as demonstrated by the
association of genes encoding MHC class Il proteins with risk for IBD (see also HLA locus in
Figure 3)."" '8 T cells are considered the pivot of IBD pathogenesis, since CD4* Tw cells critically
orchestrate innate and adaptive immune responses in the gut and their type defines the
pathomechanisms in IBD (Figure 7)." 2 %0 Although more T cell fates have been identified, Tn1,
Tu2, and Tu17 cells play the major role in intestinal immunity and their function in IBD
pathogenesis is well characterized. Interestingly, the cytokine networks shaping CD4* Tw cell
polarization and responses differ in CrD and UC, since they are characterized by Tn1 and Th2

responses, respectively.’- 2 115, 191-194
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Figure 7: Regulatory cytokine networks between Macrophages and T cells.

(A) Pro-inflammatory cytokines (e.g., IFN-y and TNF-a) induce differentiation of classically
activated macrophages, which produce IL-1B, IL-6, IL-12, IL-23, and IFN-y and stimulate
polarization of Tu1 and Tu17 cells. (B) Th2 cytokines like IL-4 and IL-13 stimulate development of
wound healing macrophages that contribute to repair of epithelial damage. ECM = Extracellular
matrix. (C) IL-10 in combination with other stimuli induces differentiation of regulatory
macrophages that in turn contribute to IL-10 production, which is important for regulating immune
responses. Figure modified from 127

Tn1 cells are adapted to fight viruses and intracellular bacteria and their polarization is induced
by an IL-12-dependent increase in IFN-y expression.'82-184. 195201 |EN-y induces phosphorylation
of STAT1, which results in expression of the TH1 master transcription factor T-box expressed in

T cells (T-bet).195-197. 202,203 Besjdes inducing Tx1 fate, IFN-y is also the hallmark cytokine secreted
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by Tu1 cells and stimulates phagocytosis, antigen presentation, ROS production, and
pro-inflammatory polarization of macrophages, which help to fulfill the task of Tu1 immunity and

clear intracellular pathogens.'®’

In contrast to CrD, UC is dominated by Tu2-like immune responses and cytokine
networks.' 2 115193, 194 T,9 cells fulfill important roles in the defense against parasites and
contribute to allergic reactions.'® 294 They are characterized by expression of the transcription
factor GATA binding protein 3 (GATA3) and secretion of IL-4, IL-5, and IL-13.115 196.205208 Of
note, expression of GATA3 is upregulated in response to IL-4-mediated signaling via
STAT6.19%209213 The Tp2 hallmark cytokines IL-4 and IL-13 stimulate development of
arginase-expressing macrophages, which produce precursors of extracellular matrix (ECM)
components and contribute to wound healing (Figure 7).127- 214216 Excessive TH2 responses and
activity of wound-healing macrophages can result in increased collagen production and fibrosis,

which is observed in IBD patients.'?7 215217, 218

TH17 cells critically contribute to protection against fungi and extracellular bacteria and are
abundantly found in the intestinal mucosa.'® 9% 219 Ty17 cells are characterized by the master
transcription factor retinoic acid receptor-related orphan receptor-yt (RORyt; encoded by RORC)
as well as secretion of IL-17 cytokines (e.g., IL-17A and IL-17F), which are enriched in the gut of
IBD patients.!"® 196.219-225 T,17 polarization of naive CD4* T cells is enhanced by IL-6, IL-21, and
IL-23, but the most potent Ty17 fate-inducing cytokine is transforming growth factor beta (TGF-§),
which was recently identified to be defective in VEO-IBD patients. 9% 196,219, 222,226 | contrast, Ty1
and TH2 cytokines block the differentiation of TH17 cells.®% 227228 ||_-17-induced signaling results
in production of several pro-inflammatory cytokines including granulocyte-macrophage colony
stimulating factor (GM-CSF), IL-1B, IL-6, and TNF-a, chemokines, as well as AMPs, which can
feedback to IECs and MNPs.'15 219.228-232 Of note, several genetic studies have implicated the
IL-23/TH17 axis in intestinal inflammation, as several IBD risk genes have been identified to play
arole in this axis including RORC, IL23R, Interleukin-6 cytokine family signal transducer (IL6ST),
G protein-coupled receptor 65 (GPR65), Interleukin-17 receptor alpha (IL17RA), Tyrosine kinase

2 (TYK2) and STAT3 (Figure 3)."4

Without resolution of inflammation, continuous Tw cell activity will result in chronic inflammation

and disease (Figure 5)."5 Regulatory T cells (Tregs) play a critical role to shut down excessive or
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autoreactive immune responses. At intestinal epithelial barriers Tregs prevent autoimmunity, but
also dampen the immune response towards microbial and dietary triggers to ensure intestinal
homeostasis.?* 234 The variety of tasks for Trgs in the intestine is reflected by their frequency,
which increases from 10 % of all CD4* T cells in other organs to 20 % in the small intestine and
30 % in the large intestine.?3> 235 Most Tregs express the transcription factor forkhead box P3
(FOXP3), anti-inflammatory cytokines like IL-10 and TGF-B, and inhibitory molecules like
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4).233 234.236-240 Many of these characteristic
markers for Tregs are dysfunctional in human diseases and most of these disorders cause severe
gastrointestinal inflammation demonstrating the importance of Trgs for intestinal
homeostasis.®% 65 226.241.242 T ... numbers are reduced in the small intestinal LP upon removal of
specific antigens, which indicates that small intestinal Tregs mostly regulate homeostasis towards
dietary antigens.?* 24 On the other hand, development of colonic Tregs depends largely on an
intact microbiome, which is demonstrated by the reduced numbers of Tregs in the large intestinal
LP of germ-free mice.?33 235244 Therefore, Tregs represent a central hub controlling the cytokine

environment in the intestine and innate as well as adaptive immune responses.

1.1.7 Immune defects in IBD

Currently there are at least 456 different genetic defects (including 26 preliminary recognized
ones) known to cause PID in humans.?*% 246 Around one third of these inborn errors of immunity
can present with gastrointestinal disease, which demonstrates the importance of a
well-functioning immune system for intestinal homeostasis.'" 247 Gut symptoms are often the first
to be recognized in PID patients, which might be a consequence of the continuous collision
between a malfunctioning immune response and the intestinal microbiome.'! Importantly, these
severe phenotypes and children with VEO-IBD represent model systems for studying immune

pathomechanisms in IBD.

1.2 Role of IL-2Ry-mediated signaling in immunity

A rare, but well-studied group of primary immunodeficiencies is severe combined
immunodeficiency (SCID), which is characterized by absence of T cell populations and complete
or partial dysfunction of other lymphoid populations (i.e., B and natural killer (NK) cells).248-2%0

SCID patients present with severe, recurrent bacterial, fungal, and/or viral infections in the first
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months of life causing death in the first year of life without treatment.?5-253 Of note, many SCID
patients develop failure to thrive, chronic diarrhea, and suffer from gastrointestinal infections
reminiscent of IBD, which indicates disturbed intestinal homeostasis due to dysregulated immune
responses.?%% 251, 253, 254 \Whereas all usual SCID forms show absence of T cells, different SCID
forms can be grouped by theirimmunophenotype of B and NK cells (T"B*NK*, T"B"NK*, T"B*NK",
and T"B"NK™ forms).2%": 255256 This phenotypic variation is a result of different genetic entities and
SCID phenotypes were shown to be caused by mutations in around 20 genes, which affect
different immune cell mechanisms including defective hematopoiesis (e.g., Adenylate kinase 2
(AK2)), lymphocyte survival (e.g., adenosine deaminase (ADA), purine nucleoside phosphorylase
(PNP)), cytokine signaling (e.g, interleukin 2 receptor subunit gamma (IL2RG), interleukin 7
receptor subunit alpha (IL7TRA), janus kinase (JAK) 3), T cell receptor function (e.g.,
recombination activating (RAG) 1, RAG2, CD45, deoxyribonucleic acid (DNA) cross-link repair
1C (DCLR1C)), and thymus function (e.g., Forkhead Box N1 (FOXN1)).2%':252.2% The maijority of
SCID cases (approximately 25 - 40 %) presents with mutations in the gene IL2RG, which encodes
the y-subunit of the IL-2 receptor (IL-2Ry) and is also known as common gamma chain (yc), as it
is also part of the receptors for IL-4, IL-7, IL-9, IL-15, and IL-21.257-260 With more than 200
mutations, IL2RG harbors the largest number of distinct SCID-causing mutations, which are
distributed over the complete gene.?%% 257: 261 Since IL2RG is located on the X chromosome, yc
deficiency is also called X-linked SCID or SCID-X1.257- 262, 263 Deggpite being a rare disease with
an incidence of 1:40,000-75,000 per live births, SCID-X1 is the most common human inborn error
of immunity.2%¢-257.264 Although there were also gene therapy approaches tested, the only curative
treatment available is HSCT, which is associated with side effects and low efficacy especially in

case no HLA-matched sibling is available.?57- 265-267

1.2.1 Molecular mechanisms of IL-2Ry signaling

Phenotypically, SCID-X1 is characterized by lack of T and NK cells and dysfunctional B cells
(T'B*NK- SCID), which is caused by the lack of central cytokine pathways and their consequences
for the development and/or function of different (non-)hematopoietic cells (Figure 8).2% The yc
cytokine family are cytokines with a four-helix bundle fold that all signal via heterodimeric
or -trimeric receptors incorporating IL-2Ry as shared subunit (Figure 8).258 268-274 Of note, IL-2Ry

is indispensable for signaling of all of these receptors.?%® 264 Upon ligand binding, all yc cytokine
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receptors recruit JAK1 and JAK3, which activate different downstream signaling cascades
resulting in phosphorylation of different STAT transcription factors (Figure 8).2%275-277 The central
role of JAK/STAT signaling for yc cytokine receptors is demonstrated by humans with
autosomal-recessive mutations in JAK3, which develop T'B*"NK" SCID with similar phenotypes as

SCID-X1 patients.". 2%8. 278,279

IL-2Ra |L-15Ra
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Figure 8: Overview of y; signaling pathways.

IL-2Ry is the critical signaling subunit of interleukin-2 receptor (IL-2R), interleukin-4 receptor
(IL-4R), interleukin-7 receptor (IL-7R), interleukin-9 receptor (IL-9R), interleukin-15 receptor
(IL-15R), and interleukin-21 receptor (IL-21R) complexes, which are heterodimeric (IL-4R, IL-7R,
IL-9R, and IL-21R) or heterotrimeric (IL-2R and IL-15R). Major downstream signaling molecules
of yc receptors include JAK1, JAK3, STAT1, STAT3, STAT5, and STAT6 and their activation
controls pleiotropic functions. Figure modified from 258264

1.2.2 IL-2

In 1976 a soluble factor indispensable for growth of T cells was discovered, which was later
named IL-2.258.280 | -2 is predominantly produced by CD4* T cells and the interleukin-2 receptor
(IL-2R) is one of the two heterotrimeric receptors in the yc cytokine family.?%* 274 Usually, IL-2 first
binds to the a subunit of the IL-2R (IL-2Ra) and subsequently the § subunit (IL-2RB) as well as
the IL-2Ry subunit are recruited.?®* 28! |L-2Ra, IL-2RB, and IL-2Ry are also called CD25, CD122,
and CD132, respectively.?®* Three different cytokine-receptor combinations were shown to exist:
(1) IL-2/IL-2Ra, (2) IL-2/IL-2RB/IL-2RYy, and (3) IL-2/IL-2Ra/IL-2RB/IL-2Ry.?%* 282 |nterestingly, the

affinities of the three receptor complexes to IL-2 differ substantially: low affinity for only IL-2Ra
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(Ke = 10® M), intermediate affinity for IL-2RB/IL-2Ry (Kgs = 10° M), and high affinity for
IL-2/IL-2Ra/IL-2RB/IL-2Ry (Kg = 101" M).26% 282 |_-2R-mediated signaling is mostly mediated by
STATS5 and promotes (i) proliferation and survival of T and NK cells, (ii) Treg development, as well
as (i) Tv1, TH2, and TH9 polarization (Figure 8).258 264283286 Fyyrthermore, IL-2 can inhibit TH17
polarization and cause activation-induced cell death of T cells in large concentrations (Figure
8).228 258, 264 || .9Ry is expressed on a wide variety of cell types allowing different signaling
processes, so target cell specificity for certain cytokines needs to be established by the unique
subunits of the IL-2R. For IL-2, specificity is established by IL-2R[, which can be co-expressed
with IL-2Ry on different T, B, and NK cell subsets.?%® 264 Sensitivity to IL-2 signaling is regulated
by expression of IL-2Ra.?®” Whereas IL-2Ra is constitutively expressed on Tregs, other T cell
subsets acquire IL-2Ra expression only after activation.?27-2%2 Consequently, Tregs usually express
the high affinity IL-2R and thus respond to lower IL-2 concentrations.?”-2%93:2% | |ine, mice lacking
IL-2 or IL-2RB show impaired Treg development causing lymphoproliferation and autoimmune
disease, but still have functional effector T cells.?8”- 2% 2% This demonstrates that IL-2 is critical
for Treg development, but at least partially dispensable for effector T cell function 7. 295, 296
Interestingly, IL-2-deficient mice also develop UC-like disease due to the absence of Tregs and
expansion of Tregs With low-dose IL-2 treatments was proven to ameliorate colitis in a mouse
model of IBD and human autoimmune diseases in clinical settings demonstrating the importance
of Tregs for intestinal homeostasis.?8” 2% 297 |n summary, IL-2 mediates important survival and
polarization signals for T and NK cells, but is not critical for their development, which indicates

that loss of T and NK cells in SCID-X1 patients is caused by other yc cytokines.?58

1.2.3 IL-4

Whereas IL-2 is primarily known to regulate T cells, IL-4 promotes B cell differentiation and
function (Figure 8).258 29%-300 However, IL-4 is also a key cytokine for polarization of TH2 cells and
wound-healing macrophages demonstrating the central role of yc cytokines in innate and adaptive
immunity and the connectivity between these different cell populations (see section
1.1.6).127,212, 216,258,301, 302 ||__4 is produced by a variety of immune cell types including lymphocytes
like CD4* Th cells and natural killer T (NKT) cells as well as granulocytes and mast cells. 258 303-310
From a mechanistic perspective, IL-4 is an exceptional yc cytokine, as it can also signal

independent of IL-2Ry and it induces phosphorylation of STAT6, which is unique in the family of
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Yc cytokines (Figure 8).2%% 303 |L-4 can be bound by two different heterodimeric receptors
consisting of the Interleukin-4 receptor subunit alpha (IL-4Ra) and IL-2Ry (type | interleukin-4
receptor (IL-4R)) or IL-4Ra and Interleukin 13 receptor subunit alpha 1 (IL-13Ral) (type I
IL-4R).258. 273,303, 311-314 Of note, type | IL-4R expression is predominantly found in hematopoietic
cells, but type Il receptors are mostly found on non-hematopoietic cells.?®® %% However, B cells
and myeloid cells are responsive to IL-4 and IL-13, which is only possible if IL-4Ra and IL-13Ral
are present on the surface of these cells indicating that these cells express both types of the
IL-4R 258,303, 315,316 SC|D-X1 patients usually present with normal numbers of B cells, but impaired
immunoglobulin (Ig) production, which might indicate that IL-4 contributes to B cell functionality,
but is dispensable for their development.?%8 317:318 However, IL-4-mediated signaling was shown
to be still functional in B cells from SCID-X1 patients, which might be mediated by type Il IL-4Rs
independently of IL-2Ry.3'7-31® Pan-hypogammaglobulinemia and B cell dsyfunctions in SCID-X1
patients and also other SCID diseases might be also a consequence of dysfunctions of other yc
cytokines (e.g., IL-21) or Ty and T follicular helper (Trn) cells, which are indispensable for support

of B cell development and function 248 317319

1.2.4 IL-7

IL-7 is primarily produced by non-hematopoietic cells (e.g., stromal and epithelial cells) and is
indispensable for T cell development.?%8:320.321 || -7 signals via a heterodimeric receptor consisting
of Interleukin 7 receptor subunit alpha (IL-7Ra), which is also known as CD127, and IL-2Ry
(Figure 8).2%8. 272,320,322 || _.7Ra is expressed during different developmental stages of B and T
cells and constitutively in naive T cells.32% 323-3%0 Binding of IL-7 to its receptor induces STAT5-
and phosphoinositide 3-kinase (PI3K)-mediated signaling and promotes expression of
anti-apoptotic molecules (e.g., B-Cell CLL/Lymphoma 2 (BCL2)), but inhibits pro-apoptotic factors
(e.g., BCL2 associated X, apoptosis regulator (BAX), BCL2 associated agonist of cell death
(BAD)).258. 320,325, 331-335 Fyrthermore, IL-7 augments proliferation by blocking the cyclin-dependent
kinase inhibitor p27.32%: 3% |n total, IL-7-mediated signaling supports survival and proliferation of
target cells.3?° In contrast to the IL-2R, IL-7Ra expression is down-regulated upon IL-7 stimulation
and/or activation of T cells, which removes pro-survival signals from IL-7 in effector T cells and
might allow deactivation of T cell responses.®?? 32 The essential role of IL-7 in T cell development

is demonstrated by patients with mutations in the IL7RA gene encoding the IL-7Ra subunit, which
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present with T'B*NK* SCID.3?% 32" Consequently, loss of T cells in SCID-X1 patients is probably

mostly caused by impaired IL-7 signaling.

1.2.5 IL-9

IL-9 represents the hallmark cytokine of TH9 cells and is predominantly produced by this CD4* T
cell subset, but also Tregs, TrH, mast cells, innate lymphoid cells (ILCs), and some B cells
contribute to IL-9 production.®¥7-343 Binding of IL-9 to the heterodimeric Interleukin-9 receptor
subunit alpha (IL-9Ra)-IL-2Ry complex induces phosphorylation of STATS and contributes to (i)
enhanced mucus production from goblet cells, (ii) mast cell proliferation, and (iii) recruitment of
mast cells and eosinophils.?%8 271, 337, 344-348 || _9 has been shown to increase inflammation in
allergy and to contribute to anti-tumor responses.?58 337. 349-3%1 |nterestingly, TH9 cells are
increased in the LP of UC patients, which indicates an important role of IL-9 in intestinal
inflammation.2%® 352 353 Moreover, IL-9 induces (i) pro-inflammatory cytokine production by
granulocytes, (ii) dysregulation of IEC barrier integrity, (iii) reduction of IEC proliferation and (iv)
impairment of wound-healing demonstrating that IL-9 can promote intestinal inflammation and
pathology.?%® 352 353 |n fact, mice deficient for IL-9 show less severe chemically-induced colitis,
which makes IL-9 and Tx9 cells interesting candidates for novel therapies in IBD.%5? Since defects
in other yc cytokines impair T cell development, the contribution of IL-9 deficiency to SCID remains
unclear. However, mouse studies suggest that loss of IL-9 function might be rather

beneficial.3%2 353

1.2.6 IL-15

IL-15 is produced by hematopoietic MNPs and non-hematopoietic cells like epithelial cells,
keratinocytes, fibroblasts, stromal cells, myocytes, and neural cells.?% 354-363 || -2R and IL-15R
are the only heterotrimeric receptors of the ycfamily and both depend on the IL-2R and IL-2Ry
subunit for signaling.28 269 354364 |n contrast to IL-4Ra, IL-7Ra, IL-9Ra, and interleukin-21
receptor (IL-21R), the additional third subunits, IL-2Ra and interleukin-15 receptor subunit alpha
(IL-15Ra), contain sushi domains and are thus structurally different from the others 258 365 366
Together with their chromosomal proximity, the structural similarity between IL-2Ra and IL-15Ra
might indicate that they developed from a gene duplication event.?® However, IL-2Ra and

IL-15Ra differ in the affinity to their respective cytokine.3®* Whereas IL-2 shows low affinity to
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IL-2Ra, IL-15 is bound with high affinity by IL-15Ra.%%* Furthermore, IL-15 signaling was shown
to be mostly mediated in frans, which means that the IL-15Ra bound to IL-15 interacts with
IL-2RB-IL-2Ry complexes on a different cell (Figure 8).2%8 364.367. 368 | these neighboring cells,
IL-15 induces phosphorylation of STAT5, which controls the development, survival, proliferation,
and function of different cytotoxic immune cells including CD8" memory T cells, NK, and NKT
cells. 258,270, 354, 364, 367-374 |y fact, IL-15 is indispensable for their development, as 11157 and 1115ra™
mice show absence of CD8" memory T cells and NK cells.2%8 270. 354, 364, 375 Therefore, defective

IL-15 signaling likely causes the loss of NK cells in SCID-X1 patients.

1.2.7 IL-21

IL-21 is mostly secreted by Tu17, Tru, and NKT cells, but can be also expressed in other CD4* T
cell populations and other hematopoietic cells.?%8: 318 376-380 The heterodimeric IL-21R consists of
the IL-21Ra subunit and the common IL-2Ry subunit and primarily induces phosphorylation of
STAT3 upon activation (Figure 8).25 268,378, 379, 381-383 || .91 sjgnaling contributes to (i) induction
of TH17 cell polarization, (ii) Trn cell development, (iii) inhibition of Th9 and Treg generation, and
(iv) proliferation and memory formation of CD8* T cells, and (v) cytotoxicity of NK
cells. 181,258, 318,378, 384-39 Eqr innate immune cells, IL-21 can (i) induce apoptosis of DCs, (ii)
promote phagocytosis of macrophages, and (iii) inhibit pro-inflammatory molecule secretion from
mast cells.318 395 3% However, the most important functions of IL-21 are affecting B cells. First,
IL-21-mediated activation of STAT3 and PR/SET domain 1 (PRDM1) was shown to be essential
for the development of plasmablasts from naive B cells indicating a critical role for IL-21 in B cell
maturation (Figure 8).258 317.318 Fyrthermore, IL-21 modulates Ig production of B cells, which was
demonstrated by IL21R” mice and in SCID-X1 patients after HSCT.3'" 3'® Whereas 1gG1
subtypes are reduced in 1121r" mice, IgE serum levels are increased.?'® 31 Of note, 1121r7 1147
mice show impaired IgE production indicating that increased IgE in single l121r-deficient mice is
controlled by IL-4.3'® 3° |L-21 signaling controls important functions relevant to intestinal
inflammation including activation of the IL-23/Th17-axis.?3% The importance of IL-21 for
intestinal homeostasis is demonstrated by (i) an increased concentration in the LP of IBD patients,
(i) SNPs associated with IBD pathogenesis in genes linked to IL-21 signaling (e.g., IL21, STATS3,
IL23R, RORC) (Figure 3), and (iii) pediatric patients with mutations in the IL21R gene, which

present with recurrent respiratory and gastrointestinal infections, diarrhea, cholangitis, and liver
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disease.'! 318, 397, 399402 |nterestingly, IL-21R deficiency was also associated with chronic
infections with cryptosporidium, which can cause intestinal pathology.?'® 4% In line with
experiments from mice and SCID-X1 patients, IL-21R-deficient patients developed normal
numbers of B cells, but aberrant function of B cells in response to IL-21.318 4% Analogous to murine
models, IL-21R-deficient patients also showed increased IgE production and decreased IgG
upregulation upon IL-21 stimulation.?'® 4%° Furthermore, defective T cell proliferation and function

as well as cytotoxicity of NK cells could be observed.318. 400

1.2.8 Atypical SCID

SCID is characterized by impaired T cell development caused by mutations in different genes and
increased susceptibility to infections. However, several studies reported patients with mutations
in SCID genes that present with normal or even increased numbers of T cells, milder phenotypes
and/or later onset of disease.?*® 252 These specific phenotypes were classified as atypical or
“leaky” SCID.?*8 252 \Whereas classic SCID is defined by a disease onset in the first year of life,
onset of atypical SCID can be delayed up to adulthood.?%? Atypical SCID forms are caused by
hypomorphic  mutations, somatic reversion, somatic mosaicism, or maternal
engraftment.?48. 252403405 Erom g genetic perspective, atypical forms are often caused by
mutations in ADA, RAG1/2, or IL2RG.?5? Analogous to classical SCID, atypical SCID is also
characterized by recurrent infections, which most frequently include pneumonia, but more rarely
also result in systemic bacterial, fungal, or viral infections.?®? Furthermore, atypical SCID can
present with autoimmune cytopenia, lymphoproliferation, skin rashes, and importantly 1BD.2%2
Most patients with atypical SCID show lymphopenia with low numbers of CD3* and CD4" cells,
but CD8* cells were less often affected.?>> Moreover, most patients have normal Ig levels.?®?
Phenotypic heterogeneity, late disease onset, unknown mutations, complex genotype-phenotype
correlations, and less severe symptoms can complicate diagnosis of atypical SCID. Since the
curative treatment HSCT has the highest success rate in younger patients unaffected by
infections, delayed diagnosis and treatment might have severe consequences for the affected

patients warranting an early identification of atypical SCID.
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1.3 CD33-mediated inhibition of immune cells

Homeostasis is central for the operability of most biological systems in the human body and many
of the most prevalent diseases in modern human society (e.g., diabetes, allergy, autoimmunity,
atherosclerosis, neurodegenerative disorders) might be caused by loss of homeostasis and lead
to chronic inflammation.*® Maintaining homeostasis at the intestinal barrier is very challenging,
as intestinal immune cells need to maintain homeostasis, establish tolerance for commensal
microbial and dietary antigens, but also need to be prepared for invading pathogens. Analogous
to activating receptors, immune cells express a variety of inhibitory receptors, which (i) regulate
activating signals, (ii) reestablish homeostasis by deactivating the immune response, (iii) prevent
autoimmunity, and (iv) avoid unnecessary activation.?” Inhibitory receptors also allow immune
cells to differentiate between background noise and actual threats by providing a threshold for
activation (threshold receptors), but also shut down actively ongoing immune responses (negative
feedback receptors).*®” Most inhibitory receptors are characterized by an immunoreceptor
tyrosine-based inhibitory motif (ITIM), which is the counterpart of ITAMs in activating receptors
and is fulfilling its inhibitory function by recruiting phosphatases.*?’-4'> An important protein family
containing a variety of inhibitory receptors is formed by sialic acid binding immunoglobulin type

lectins (Siglecs) and CD33 represents a prototype of this family.*16. 417

1.3.1 Sialic acids

Sialic acids are the most frequent terminal sugar on complex glycans in eucaryotes and are also
found ubiquitously in the human body, which allows them to mediate pleiotropic functions.*'® Sialic
acids are named based on their discovery in saliva mucins (Greek: sialon) and are derivatives of
neuraminic acid, which is a nine-carbon sugar that is rarely found in nature as a free
molecule.*'% 42° In humans the term sialic acid mostly refers to N-acetylneuraminic acid (Neu5Ac),
which is a N-substituted form of neuraminic acid with an acetyl group at position 5 of the carbon
backbone. 418417, 419,421-424 Eor gctivation, Neu5Ac is transferred onto cytidine triphosphate (CTP)
in the nucleus by CMP-Neu5Ac synthetase generating cytidine monophosphate (CMP)-sialic acid
conjugates, which are then transported into the golgi apparatus.*1% 421. 425429 Here, various
sialyltransferases catalyze the transfer of sialic acids via a2,3-, a2,6-, or a2,8-linkage onto glycans
found on proteins, lipids, or other molecules.*'% 42':42% Mice that lack an important enzyme in sialic

acid biogenesis (UDP-GIcNAc 2-epimerase) die during early embryogenesis exemplifying the
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importance of sialic acids for mammalian development.4'® 430 Furthermore, functional deficiencies
in sialyltransferases (e.g., ST3 beta-galactoside alpha-2,3-sialyltransferase 4 (St3Gal4) and ST6
beta-galactoside alpha-2,6-sialyltransferase 1 (ST6Gal1)) can result in defects in immunity
demonstrating the importance of sialic acids for immune cells.**": 432 Of note, sialic acids are
usually added as the last sugar molecule on complex glycans and thus represent a “cap”, which

can be recognized by Siglecs.416 421,429

1.3.2 Siglecs

Siglecs can be mostly found on the surface of innate immune cells allowing regulation of activating
surface receptors like TLRs and NLRs.*'® 42! However, nearly all immune cell types (except
resting T cells) express at least one Siglec demonstrating the central role of Siglecs in regulating
immunity.*'® Based on their evolutionary proximity and conservation, the Siglec protein family is
divided into two groups.#16.417.421.433 The first group has a low sequence similarity, but is found in
most mammals and includes Siglec-1 (also known as Sialoadhesin or CD169), Siglec-2 (CD22),
Siglec-4 (myelin-associated glycoprotein, MAG), and Siglec-15.416 417. 421 The second group is
named CD33-related Siglecs based on their prototype member and is characterized by high
sequence similarity and variability across species and includes Siglec-3 (also named CD33),
Siglec-5 to Siglec-11, Siglec-14, and Siglec-16.416: 417. 421, 433 Of note, studies on CD33-related
Siglecs are hindered by the lack of appropriate in vivo model systems, as humans express a more
diverse repertoire of CD33-related Siglecs compared to other mammals, like mice and
rats.416. 417,421,433 Grycturally, Siglecs are type | transmembrane proteins, which are characterized
by a N-terminal ligand binding V-set Ig domain and C2-set I|g domains in their extracellular part.*'6
Depending on the number of C2-set Ig domains, Siglecs can bind ligands in cis or in
trans.#16.417.419. 421 However, due to the high concentration of sialic acids on the cell surface of
mammalian cells (up to > 100 mM), Siglecs probably bind mostly to ligands in cis.#'6: 434
Sialoadhesin (Siglec-1) contains 17 C2-set Ilg domains and probably binds ligands in trans

representing an exception in the Siglec family.#16. 43

Sialic acids serve as self-associated molecular pattern (SAMP) and Siglecs allow immune cells
to differentiate between self and non-self.416: 417. 421,436 Most Siglecs provide a constant inhibitory
signal to immune cells, which dampens activation and is only overcome upon recognition of a real

threat.416- 417. 419,421 Upon binding of sialic acids, the ITIM and ITIM-like motifs in the intracellular
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domain of inhibitory Siglecs are tyrosine phosphorylated by kinases of the Src family, which allows
binding of the SH2-domain containing protein tyrosine phosphatase non-receptor type (PTPN) 6
(also known as Src homology region 2 domain-containing phosphatase (SHP)-1) and PTPN11
(also known as SHP-2).416. 417,419,421, 437439 pTPNG and PTPN11 dephosphorylate many different
downstream targets including central TLR and NLR signaling components, which results in
inhibition of cellular activation, proliferation, cytokine production, and adhesion as well as

increased cell death.416. 417, 419, 421

1.3.3 CD33

Although CD33 is the prototype of CD33-related Siglecs and shares many features with other
Siglecs, it has some unique characteristics. In common with many other Siglecs, CD33 binds
a2,3- and a2,6-linked sialic acids and contains one ITIM and one ITIM-like matif in its intracellular
domain, which recruit PTPN6 and PTPN11 upon activation (Figure 9C).#'" 440-443 |n humans,
CD33 is the only inhibitory Siglec with a single C2-set domain, which generates the smallest
possible extracellular domain for Siglecs and positions the ligand binding domain close to the cell
surface (Figure 9B).4% 444 Therefore, it is likely that CD33 preferably binds ligands in cis rather

than in trans.*16. 444

CD33 is expressed by different myeloid populations including monocytes, macrophages, and
DCs.#416.417. 421,443, 445 \\ hereas other Siglecs are expressed only in fully differentiated cells, CD33
starts to be expressed on the surface of progenitor cells during myelopoiesis indicating a potential
inhibitory role during myelopoiesis.*16 446449 |n fact, activation of CD33 substantially inhibits
proliferation and differentiation of myeloid progenitors as well as monocyte-derived DCs in
vitro.446-448 Furthermore, CD33 activity was linked to apoptosis of cells during differentiation.446-448
CD33 is a commonly used marker for myeloid progenitor cells, monocytes, and macrophages,
but recent evidence showed that CD33 can be also expressed by activated lymphoid cells

including T and NK cells indicating a broader function of CD33 in regulating immunity.450 451

Previous studies have identified two major isoforms of CD33 (Figure 9A).450453 Whereas the
canonical, larger isoform is built by 7 exons and is named CD33M (Figure 9A), the smaller, less
frequent isoform is named CD33m and is characterized by skipping of exon 2, which encodes the
V-set domain of CD33 (Figure 9B).#%0: 452.453 |n contrast to CD33M, which is expressed on the

plasma membrane, CD33m has been suggested to be located in peroxisomes or other
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intracellular vesicular structures.*%? 453 However, in over-expression models CD33m was also
detected on the cell surface.*+ 45 Since the V-set domain was shown to mediate ligand binding,
CD33m was proposed to be a loss-of-function form of CD33, but recent evidence suggests that

CD33m has a V-set-independent function or might result in a gain-of-function 444 452-455
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Figure 9: Structure and signaling of CD33.

Schematic overview of CD33 (A) messenger ribonucleic acid (mMRNA) and (B) protein. (C) Figure
legend for schemes. (D) CD33 mediates inhibitory signals via recruitment of SHP1 (PTPN6) and
SHP2 (PTPN11) phosphatases. CD33 signaling is turned off by endocytosis and degradation.
Information on mRNA structure obtained from Ensemble Genome  Browser
(https://grch37.ensembl.org/index.html; Human reference genome GRCh37.p13). Figure
modified from 416 421, 442,451

CD33 is considered a threshold receptor, which is constitutively active and prevents unwanted
activation of immune cells by generating a barrier that activating signals have to overcome before
the immune cell reacts.*?” In line, knock-down (KD) or antibody-mediated inhibition of CD33 in
human peripheral blood monocytes results in release of pro-inflammatory cytokines (e.g., IL-8,
TNF-a, and IL-1B), which would disturb homeostasis without a real trigger.**® Similarly, removal
of cell surface sialic acids by neuraminidase treatment also causes release of pro-inflammatory
cytokines.**® Mechanistically, pro-inflammatory cytokine release upon CD33 inhibition was

mediated by p38 Mitogen-Activated Protein Kinase (MAPK) and regulated by PI3K.*%® As

discussed above, Siglecs inhibit activating receptors like TLRs and NLRs to prevent autoimmunity
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and tissue damage caused by excessive immune responses. In the case of CD33, studies have
shown that CD33 can inhibit signaling of TLR4, which detects different PAMPs but is mostly
known as receptor for lipopolysaccharide (LPS) from bacterial cell walls.*4? In detail, CD33 was
shown to bind sialic acids on the surface of the TLR4 co-receptor CD14, which is involved in
binding and presentation of LPS and other PAMPs.**? Presence of CD33 reduced the
presentation of LPS from CD14 to TLR4 and the uptake of LPS presumably via inhibition of

NF-kB-mediated signaling.*4?

To allow appropriate activation of the immune system and clearance of pathogens in case of
infections, the inhibitory signals of CD33 need to be overwritten and turned off. To overcome
CD33-mediated inhibition, PAMPs (e.g., LPS) induce expression of suppressor of cytokine
signaling 3 (SOCS3), which can bind to phosphorylated tyrosines in the ITIM motifs of CD33 and
competes with PTPN6 and PTPN11 (Figure 9C).#*74% SOCS3 recruits other proteins to form an
E3 ubiquitin ligase complex that induces ubiquitination of CD33.457-4%° Ultimately, ubiquitination
increases endocytosis of CD33 and targets CD33 and SOCS3 for proteasomal degradation
thereby counteracting the inhibitory functions of CD33 (Figure 9C).457-4%% SOCS3 was shown to
control several important signaling pathways in innate and adaptive immune cells and its absence
increases macrophage activation and results in more severe inflammation in different disease
models.*6% 461 |mportantly, SOCS3 expression is also increased in different colitis models and
loss of SOCS3 results in enhanced dextran sulfate sodium (DSS)-induced colitis, which links

CD33 regulatory pathways and intestinal inflammation.46°
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1.3.4 Siglecs and CD33 in health and disease

Role of Siglecs in intestinal immunity

In aqueous solutions with neutral pH carboxy groups of sialic acids are deprotonated and are
negatively charged. Since the cell surface of many cells contains high concentrations of sialylated
glycans, most cells present negative charges on their surface, which establishes repulsive forces
between different cells.*'® 462 |In the blood, negative charges established by sialic acids prevent
aggregation of erythrocytes and provides a barrier between blood cells and vascular endothelial

cells that is only overcome upon activation of extravasation.4!9 462

Of note, sialic acids are also present on mucins and are thus a primary component of mucus,
which provides a chemical and physical barrier against commensal and pathogenic bacteria at
healthy epithelial surfaces.*!® 463466 Dyring intestinal inflammation and dysbiosis, microbiota
(e.g., Bacteroides vulgatus) were shown to produce neuraminidase, which releases sialic acids
from the surface of IECs fueling dysbiosis.*¢ Inhibition of bacterial neuraminidase was shown to
ameliorate chemically-induced colitis in mice indicating an important role of sialic acids in
intestinal homeostasis.*6” Similarly, removal of sialyl(a2,3)lactose (also called 3'-Sialyllactose or
3SL) from feeding milk reduced severity of colitis induced by DSS or by KO of the //710 gene
(spontaneous colitis).*6® 46° Mechanistically, 3SL was shown to induce the release of Tu1 and
TH17 cytokines from DCs in a TLR4-dependent fashion and these cytokines were shown to
promote intestinal inflammation (see section 1.1.6).46° Recently, 3SL was shown to bind to CD33,
activate CD33 downstream signaling via PTPN6, and induce SOCS3-mediated degradation of
CD33 via proteasomes suggesting that 3SL and/or sialic acid binding by CD33 could also play a
role in intestinal homeostasis.*’® 3SL binding to CD33 also stimulated differentiation of
megakaryocytes and induced apoptosis in myeloid cancer cell lines, which was abrogated in

CD33 KD cell lines.*"0

Several pathogens (e.g., Neisseria meningitidis, Haemophilus influenzae, Campylobacter jejuni,
Pseudomonas aeruginosa and group B Streptococcus) evolved sialic acids on their surface
hijacking their role as SAMPs and suppressing immune activation.*'” 47475 For example, sialic
acids on the surface of group B Streptococcus were shown to activate Siglec-9, which inhibits
oxidative burst reactions and extracellular trap formation resulting in less bacterial killing.4!” 476

Furthermore, Siglec-9 inhibited production of pro-inflammatory cytokines like IL-6 and IL-1(, but
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increased the secretion of anti-inflammatory IL-10 demonstrating a central role of Siglecs in

shaping the cytokine environment during homeostasis and infection.'” 477

The prototype Siglec CD33 was shown to modulate development of different human pathologies
including acute myeloid leukemia (AML), Alzheimer’s disease (AD), Allergy, and myelodysplastic

syndrome (MDS) (Figure 10).
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Figure 10: Siglecs and CD33 in disease.

Various pathogens and cancer cells have been shown to hijack Siglec-mediated immune
suppression to evade recognition by the immune system. Siglecs are known to play important
roles in different human pathologies (e.g Cancer, AD, allergy, and MDS) and are interesting
therapeutic targets. Figure based on 416,417, 419, 446-448, 476-483

CD33 represent an important target in AML

Besides external threats, also internal threats, like cancer cells, hijack the function of Siglecs to
suppress immunity.*1% 478 |n fact, leukemia, ovarian cancer, colorectal cancer, and breast cancer
cells were shown to be hypersialylated inhibiting the response of the immune system.*'% 478 Based
on its expression pattern in myeloid progenitor cells as well as mature monocytes/macrophages
and DCs, CD33 was identified as an attractive target for the treatment of AML and an anti-CD33
antibody coupled to the toxin calicheamicin (gemtuzumab ozogamicin; also known as GO or
Mylotarg) was approved for the treatment of AML in the United States.*!"-484-486 GO binds to CD33
and induces endocytosis, which results in toxin-induced death of the targeted cell.*®> Although
GO improved the survival of AML patients, it was withdrawn from the market in several countries

due to safety concerns and adverse effects.*®* 487 Previously, CD33 was thought to be expressed



1 Introduction 53

at much later stages of myeloid differentiation, but it was shown that CD33 can be already
expressed in hematopoietic stem or progenitor cells (HSPC).*®” Targeting of these HSPC by GO
might explain prolonged cytopenia observed in some patients after the treatment.*®” Discovery of
the second CD33 isoform, CD33m, also raised questions regarding the efficacy of GO, as the
targeted epitope of GO is in the V-set domain, which is lacking in CD33m.*®* Consequently,
CD33m is not bound by GO and CD33m-expressing tumor cells might escape GO-mediated

cytotoxicity building a potential reservoir for relapse.*®*

CD33 SNPs are associated with late-onset Alzheimer’s disease (LOAD)

Around 28 million people worldwide suffer from AD, which makes AD the most frequent form of
dementia.*'® 48 AD most commonly presents as LOAD, which is defined by a disease onset after
65 years of age.*® GWAS implicated CD33 as one of the most important genetic risk factors for
LOAD pathogenesis.*19 481, 489-491 | |ing, AD patients express increased levels of sialic acids and
CD33.41%:481 |n the brain, CD33 is mostly expressed in microglia, which are macrophage-like cells
and represent the tissue-resident innate immunity in the CNS.#%? Similar to IBD, over-reactive
macrophages/microglia in the CNS contribute to pro-inflammatory environments causing chronic
inflammation and tissue damage.*®° Importantly, AD is characterized by increased activation of
NLRP3 inflammasomes and production of its downstream effectors IL-18 and IL-18.480. 493494 |y
line, microglia and monocyte-like THP1 cells that lack CD33 or express CD33m showed increased
Spleen Associated Tyrosine Kinase (SYK) and Extracellular Signal-Regulated Kinase (ERK)
signaling activity and higher basal expression of IL1B, IL6, IL8, and IL10 messenger ribonucleic
acid (mRNA).*®® Microglia contribute to phagocytosis of AR, which might be defective or
dysregulated in AD causing increased deposition of AR plaques in the brain.*" 4% Recognition
and clearance of DAMPs (e.g., AB) by microglia depends also on balanced signals between
activating and inhibitory receptors during homeostasis and CD33 risk alleles might modify this
balance.*®! Indeed, the identified LOAD risk allele in CD33 was shown to augment the expression
of CD33M on the surface of microglia and reduce the capacity of microglia to phagocytose A
plaques.*®' In contrast, the protective allele reduced CD33 surface expression and enhanced
uptake of AR by microglia prompting the hypothesis that CD33-mediated signaling inhibits
microglia phagocytosis and thus contributes to AD pathogenesis.*®' The protective allele was later
shown to increase skipping of exon 2 and expression of the small CD33m isoform indicating that

reduced sialic acid binding by CD33m might enhance phagocytosis of AR plaques.48' 492, 497, 498
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Initially, it was hypothesized that CD33m represents a loss-of-function isoform due to the missing
ligand binding domain, but a SNP generating a premature stop codon in exon 3 was not conferring
protection to AD questioning the protective effect of CD33 loss.*%> 4% Recently, two different
studies suggested that CD33m actually enhances phagocytosis of different substrates, which
might be in line with a gain-of-function role of CD33m.*%* 45 However, possible mechanisms and
functions of CD33m still remain elusive and their elucidation is complicated by controversial

reports about the subcellular localization of CD33m 444, 451-453, 492

A possible hypothesis for the role of CD33m is that the ITIM motifs in the cytoplasmic tail of CD33
can also function as ITAMs.** In fact, the ITIM sequences in CD33 resemble the ITAM consensus
sequence and similar ITIM sequences in other proteins have been shown to be able to recruit
SYK and Zeta Chain Of T Cell Receptor Associated Protein Kinase 70 (ZAP70) that mediate
activating signals.** Furthermore, CD33m could also change dimerization properties, as the lack
of the V-set domain leaves important cysteine residues unpaired, which might allow unknown
disulfide bridges.*** Independent of the protective role of CD33m, increased CD33M expression
is associated with increased risk and thus CD33M represents an interesting target for the
treatment of AD. In fact, a gene therapy approach reducing CD33 expression was shown to
ameliorate AR plaque burden and decrease the expression of microglial CD11c, Tir4, II1b, Ccl2,
and Tnfa, which demonstrates the important role of CD33 in controlling microglial function.5%

CD33 in allergy

Many widespread diseases are caused or triggered by modern lifestyle, which often leads to

dysregulation of homeostatic processes including immune responses.>®' Allergies are a prime
example of modern lifestyle-triggered dysregulation of immunity and represent a major disease
burden affecting hundreds of million people worldwide.*? 501 Allergic responses result in
production of allergen-specific IgE antibodies that are bound by mast cells, eosinophils, and
basophils via the high-affinity IgE receptor (FceRlI).5°" 502 Known allergens are recognized by
FceRI-bound IgE molecules, which induces cross-linking of several IgE-receptor complexes on
the cell surface and results in release of cellular messengers like histamine, prostaglandins, and
leukotrienes.%°" 502 The function of IgE was recently shown to depend largely on the presence of
sialic acids, as desialylated IgE dampened mast cell degranulation and anaphylactic
responses.%? Interestingly, recruitment of CD33 to IgE-FceRI complexes suppressed activation

and cytokine release (i.e., TNF-a, IL-4, IL-6, and IL-13) of mast cells indicating an important
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function of CD33 in regulation of FceRl complexes and mast cell activation.*®? Importantly, CD33
ligands were able to prevent anaphylaxis and bronchoconstriction in transgenic animal models,
which makes CD33 an attractive target for desensitization of mast cells during allergen

immunotherapy.*8?

Role of CD33 in myelodysplastic syndromes

MDS is a type of neoplasm characterized by cytopenia, which is caused by hematopoiesis
defects.483 503,504 |n the over 70 year old population, MDS represent one of the most frequent
hematological disorders with an incidence greater than 20 per 100000 persons.%* 505 Chronic
inflammation and immune cell activation is assumed to be a driver of MDS phenotypes.*&3
Continuous production of cytokines (e.g., GM-CSF, Macrophage Colony-stimulating factor
(M-CSF), IL-1B, IL-6) also contributes to the development of myeloid-derived suppressor cells
(MDSCs), which were found in high numbers in MDS patients.*3% %% MDSCs, derive from
granulocyte or monocyte progenitor cells, respectively, and have strong immunosuppressive
capacity controlling activation of T, B, and NK cells in a variety of pathologies (e.g., cancer,
autoimmunity).5% In line with their inhibitory role, human MDSCs express high levels of CD33,
which is also used as marker to identify MDSCs.*% In fact, activation of CD33 by the immune
alarmin S100 Calcium Binding Protein A9 (S100A9) was shown to be associated with higher
numbers of MDSCs in MDS patients.*®® In detail, binding of S100A9 to CD33 increased the
release of TGF-3 and IL-10, which are known to exert strong immunosuppressive effects and
presumably inhibit proliferation of HSPC.48 Moreover, transgenic over-expression of S100A9 in
mice resulted in a MDS phenotype characterized by dysplastic cytopenia.*®® Vice versa, blocking
of CD33 prevented this phenotype demonstrating the central role of the S100A9-CD33 axis in the
development of MDSCs and pathogenesis of MDS.#8% Of note, increased numbers of MDSC were

also observed in IBD patients and murine colitis models.%%”

S100A9 (also known as MRP14) is produced by monocytes and neutrophils and usually forms
heterodimers with S100A8 (also known as MRP8).5% 5 Since expression of S100 proteins is
induced by a wide variety of stimuli including heat, infection, stress, and trauma, they are also
known as immune alarmins, which activate various effector mechanism and serve as biomarker
for several inflammatory diseases.?®® Importantly, S100 protein levels are also increased in IBD

and are used routinely as marker for ongoing intestinal inflammation.5'% %' Furthermore, S100A9
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levels are also increased in the cerebrospinal fluid (CSF) of AD patients and might contribute to
production of AB plaques via stimulation of TLR4.480 512. 513 Therefore, S100A8/A9 play an

important role in the complete human body and serve as central alarmin and disease mediator.

S100A8/A9 proteins have intracellular and extracellular functions.®%® Intracellularly, S100 proteins
bind divalent cations (e.g., Ca?" and Zn?') and influence cytoskeletal rearrangements and
oxidative burst responses.?% 514-516 Extracellularly, S100A8/A9 can induce leukocyte recruitment,
release of cytokines, proliferation, differentiation, and apoptosis of different target cells.508 517-523
The variability of S100A8/A9 is demonstrated by their binding to several receptors including

Receptor For Advanced Glycation End-Products (RAGE), TLR4, and CD33.483. 508

Interestingly, blocking of NLRP3 inflammasomes and pyroptosis in HSPC of MDS patients
ameliorated proliferative capacity indicating that inflammasomes might be the reason for the
cytopenia observed in MDS.%2* Importantly, NLRP3 inflammasome activation and pyroptosis was
triggered by S100A9, as removal of S100A9 with an CD33-IgG chimera showed similar effects

and reduced levels of inflammasome effector molecules (e.g., CASP1 and IL-1[3).%%

1.4 TREM2

TREMZ2 is a cell surface receptor binding negatively charged sugars and lipids including DAMPs
like phosphatidylserine, apolipoprotein E (ApoE), and AB.4%% 525 |nitially, TREM2 was shown to
recognize bacteria and is also known to bind PAMPs like LPS.492525-527 As indicated by the name,
TREMZ2 is expressed in myeloid cells including DCs, monocytes, macrophages, microglia, and
osteoclasts.5?% 52 TREM2 mRNA contains 5 exons and TREM2 protein is part of the Ig
superfamily of receptors containing one V-set domain for ligand binding, a positively charged

transmembrane domain, and a short intracellular C-terminal domain (Figure 11A-C).527 530, 531

1.4.1 Dual function of TREM2 intracellular signaling

In contrast to CD33, TREM2 has no intracellular signaling motif and is thus dependent on
interaction with DNAX-activating protein of 12 kDa (DAP12; also known as TYROBP) for
mediating its signals inside the cell (Figure 11C).528 529.532,533 Conversely, DAP12, which exists
as disulfide bond-linked homodimer on the cell surface, has a short extracellular domain and

contains an intracellular ITAM motif (Figure 11C).52° %34 The interaction of TREM2 and DAP12 is
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stabilized by attraction between positively charged residues in TREM2 and negatively charged
residues in DAP12 inside their respective transmembrane domains.?2% 533.535 Of note, DAP12 is
known to be the signaling partner of many other cell surface receptors including NK cell- and T
cell-specific receptors and myeloid-specific receptors (e.g., TREM1) and mediates signaling of

activating Siglecs (e.g., Siglec-14, see also section 1.3.2).42. 528 532,536
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Figure 11: Overview of TREM2 structure and TREM2-DAP12-mediated signaling.

(A) Schematic overview of TREM2 mRNA. (B) Figure legend. (C) Schematic overview of TREM2
signaling. TREM2 can induce (high avidity ligands) or inhibit (low avidity ligands) cellular activation
via various intracellular signaling pathways controlling cell survival, proliferation, motility, and
phagocytosis. (D) TREM2 signaling is turned off by ectodomain shedding. Information on mRNA
structure obtained from Ensemble Genome Browser (https://grch37.ensembl.org/index.html;

Human reference genome GRCh37.p13) and UniProt (https://www.uniprot.org/). Figure adapted
from 528, 529, 537

Activation of TREM2 or any other DAP12-associated cell surface receptor by ligand binding
induces phosphorylation of tyrosines in the ITAM motifs of DAP12 dimers by Src kinases, which
allows recruitment of Syk to the complex (Figure 11C).5% 529.538-541 QYK js known to activate
several important signaling cascades including ERK, PI3K, Phospholipase C Gamma (PLCy),
NF-kB, and Vav Guanine Nucleotide Exchange Factor (Vav) in various cell types
(Figure 11C).528.529, 53541 |n detail, phosphatidylinositol-3,4,5-trisphosphate generated by

activated PI3K serves as membrane adaptor for several important signaling effectors like LAT,
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which serves as platform for recruitment and activation of Growth Factor Receptor Bound Protein
2 (GRB2), PLCy, and Vav.5% %2545 Active GRB2 induces ERK-mediated signaling, PLCy
produces the second messenger diacalyglycerol (DAG, activates Protein Kinase C (PKC)) and
inositol-1,4,5-trisphosphate (InsP3, induces Ca?* influx), and Vav mediates remodeling of the
actin cytoskeleton (Figure 11C).5% 529 546, 547 Fyrthermore, PI3K also modulates AKT
Serine/Threonine Kinase (AKT) and mammalian Target of Rapamycin (mTOR) signaling
(Figure 11C).5% 52 Ultimately, TREM2 signaling regulates cellular survival, proliferation,

phagocytic activity, and motility of myeloid cells (Figure 11C).525 526,529, 540, 548-550

TREM2 and DAP12 were also shown to have inhibitory functions in cells and their opposing role
is proposed to depend on the avidity of the ligand.52® 529 53 Whereas high avidity ligands induce
the above-described activating signaling, low avidity ligands result in inhibition of similar signaling
cascades.5%8 529. 539 Mechanistically, low avidity ligands might induce phosphorylation of a single
tyrosine in the ITAM motif, which recruits the phosphatase PTPNG instead of the kinase SYK to
the TREM2-DAP12 complex.#44 528,529,539 Apglogous to CD33, PTPN6/11 and/or Src homology 2
(SH2) domain containing inositol polyphosphate 5-phosphatase 1 (SHIP1) activity causes
dephosphorylation of downstream targets counteracting the activity of SYK and resulting in
cellular inhibition.%? 529 53 However, the mechanisms behind the dual role of DAP12 are still
controversial, might be cell type-specific, or include other signaling pathways.? For example,
TREM2-DAP12-mediated activation of PLCy might inhibit TLR signaling by depletion of
phosphatidylinositol-4,5-diphosphate, which is a necessary adaptor for important TLR signaling
components (e.g., MyD88).5% 55! |n line, TREM2-DAP12 signaling was shown to inhibit
pro-inflammatory cytokine production in response to different TLR and Fc receptor ligands (e.g.,
LPS, CpG, Zymosan) in murine macrophages.®® %2 Correspondingly, TREM2-deficient

macrophages showed increased pro-inflammatory cytokine production.330: 552

1.4.2 Functions of soluble TREM2

In contrast to CD33, TREM2 activity is not regulated by endocytosis, but by digestion of the
receptor on the cellular membrane. In a first step, TREM2 is cleaved by members of the ADAM
family between His157 and Ser158 and the ectodomain is shedded from the cell surface
(Figure 11D).52% 537. 553 Gince the ligand binding domain of TREM2 remains intact, the produced

fragment is also called soluble TREM2 (sTREM2). Despite ADAM10 being able to cleave TREM2,
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shedding is mostly attributed to ADAM17, which is also responsible for producing mature TNF-a
(see also section 1.1.6).52% 53  After ectodomain shedding, the residual
transmembrane-cytoplasmic fragment of TREM2 is further cleaved by y-secretase producing a
C-terminal fragment (CTF) that can be further digested inside the cell (Figure 11D).5%3-5%
Although no specific receptor could be determined yet, stimulation of microglia with sSTREM2 was
shown to improve survival and induce expression of cytokines like IL-18, IL-6, IL-10, and TNF-a
(Figure 11D).52% %54 Whereas survival advantages and inhibition of apoptosis were mediated by
AKT-Glycogen synthase kinase beta (GSK)-B-catenin signaling, increased production of
cytokines was dependent on the NF-kB pathway.%%* Besides intrinsic signaling functions, sSTREM2
might also act as competitive antagonist of membrane-bound TREM2 by capturing TREM2
ligands and reducing the activation of TREM2-DAP12.52%:554.5% Of note, levels of STREM2 in the
CSF were shown to increase with age and were also found to be higher in patients with
(early-stage) AD.5%%%9 Since TREM2 shedding is induced by activation, increased levels of

sTREM2 might indicate a change in microglial activation during aging and in early AD.5%®

1.4.3 TREM2 in health and disease

Many neurodegenerative disorders (e.g., AD, Parkinson’s disease (PD), Frontotemporal
dementia (FTD), Huntington's disease, and Amyotrophic lateral sclerosis (ALS)) are
characterized by CNS inflammation, which might be mediated by innate immune cells and might

be the cause for neurotoxicity and -degeneration (Figure 12).47% 480

In the CNS, innate immunity is established by microglia, which can be abundantly found in the
brain.47% 559,560 Microglia in the CNS express PRRs and their over-reaction to different host factors
(e.g., AB plaques, huntingtin, ST00A8/A9, and chromogranin A) might cause chronic inflammation
and result in neurotoxicity, which is reminiscent of the response of intestinal macrophages
towards microbiota (see also section 1.1.6, Figure 12).47% 480, 561863 |n |ing, many
neurodegenerative diseases are characterized by increased levels of pro-inflammatory cytokines
(e.9., TNF-a, IL-1B, IL-18, S100A9) and inflammasome activity (i.e., mostly NLRP3
inflammasomes), which are also markers for IBD (see section 1.1.6).48% 4% Similar to IBD,
IL-12/IL-23 cytokines are also upregulated in AD and contribute to increased AR production. & 564
Accumulation of unfolded proteins and aggregation of AB is a hallmark of neurodegenerative

diseases like AD (Figure 12).4”° Upon binding of these proteins to PRRs on the microglia surface,
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the aggregates are endocytosed.*® %65 566 Defective clearance of these accumulated proteins by
microglia is a likely pathomechanism common to different diseases and changes in microglial
function due to senescence or during ageing probably contribute to phagocytosis defects
(Figure 12).47%.%7 However, neurodegeneration might be also promoted by inflammatory cytokine
release upon activation of microglia by accumulated proteins.#”® Therefore, regulation of
microglial/macrophage responses is critical to maintain homeostasis in the intestine, CNS, and

other organs.
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Figure 12: Microglial mechanisms in neurodegenerative disease.

Two different types (homeostatic vs. inflammatory microglia) of microglia control tissue
homeostasis in the CNS. Different factors can cause dysregulation of balance between
homeostatic and inflammatory microglia. Genetic susceptibility and other factors can result in
reduced clearance of toxic protein aggregates, which can cause neurodegeneration. Figure
adapted from 479 480
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TREM2 mutations cause defects in macrophage-like cells leading to Nasu-Hakola-Disease

Autosomal recessive mutations in TREM2 and DAP12 have been shown to cause
Nasu-Hakola-Disease (NHD), which is also known as polycystic lipomembranous osteodysplasia
with sclerosing leukoencephalopathy (PLOSL).52% 568569 NHD is a neurodegenerative disorder
manifesting with dementia, osteoporosis, and bone cysts and usually is lethal before the age of
50.529. 570, 571 However, symptoms of NHD usually manifest in much younger patients starting
between 20-30 years of age.5®® The specific symptoms of NHD are most likely explained by the
macrophage-like cell types affected by TREM2 deficiency, as TREMZ2 is expressed in microglia
of the CNS and in osteoclasts found in bones.52% 571. 572 Microglia in the CNS of NHD patients
show an activated phenotype and probably contribute to neuronal loss in the white matter.572 573
Furthermore, TREM2 and DAP12 mutations were shown to affect differentiation and bone
absorption of osteoclasts, which probably results in osteoporosis and bone cysts in NHD

patients.5"!

DAP12 has also an important role in signaling of M-CSF via colony stimulating factor 1 receptor
(CSF-1R).%° In fact, mutant DAP12 impaired M-CSF-induced proliferation and survival of
macrophages and also affected the capacity of myeloid progenitor cells to differentiate towards
mature myeloid cells, which might explain defects in microglia and osteoclasts in NHD.%*° Some
homozygous TREM2 mutations have been reported to cause “only” FTD, which manifests with
an NHD-like phenotype without bone defects.5% 54 However, why certain TREM2 mutations
affect osteoclasts biology and some not remains unclear.

TREM2 function in AD

Several mutations in TREMZ2 have been identified to cause NHD or FTD or increase the risk of

neurodegenerative disorders like AD, PD, and ALS.574576 Although these variants probably result
in loss-of-function of TREMZ2, they differ in their effect on the function of TREM2.5’” Whereas the
FTD-causing mutations, p.T66M and p.Y38C, affect folding of TREM2 and prevent transport to
the cell surface, the p.H157Y mutation causes increased shedding of TREM2, which results in
reduced activity.53"- 574 575 R47H, another mutation causing NHD and increasing the risk for AD,
impairs lipid binding of TREM2 and thus also decreases activity of TREM2.578 57° Since p.T66M
and p.Y38C prevent TREM2 to reach the cell surface, sSTREM2 cannot be shedded from cells
carrying these mutations. Consequently, patients homozygous for these mutations show no

STREM2 in the CSF.%"®
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TREM2 defects have been shown to result in decreased phagocytic activity and chemotaxis as
well as increased production of pro-inflammatory cytokines (e.g., IL-6, TNF-a, and CCL2) by
microglia.537: 549. 589,575 From a pathomechanistic view, reduced phagocytosis and defective lipid
sensing probably impacts the clearance of toxic AR plaques in the brain, which leads to toxic
effects and neurodegeneration.537: 549. 599, 575,579 | |ine, TREM2-deficient microglia were also
shown to display defective chemotaxis and reduced migratory capacity might exacerbate
ineffective clearance of toxic misfolded proteins.>*® Furthermore, increased release of
pro-inflammatory cytokines might cause enhanced tissue damage and neurotoxicity contributing
to the pathogenesis of AD.4® %% In summary, TREM2 defects demonstrate the importance of
microglia in the CNS and highlight that a chronic inflammatory environment can result in dramatic

tissue damages and disease.

TREMZ2 in intestinal homeostasis

The role of TREM2 in regulation of phagocytosis and inflammatory cytokine secretion by microglia
in the CNS is well studied. However, the role of TREM2 in other organs remains controversial. In
the intestine, TREM2* cells are absent in healthy human mucosa, but can be detected in samples
of IBD patients.%% %' |n line, chemically-induced colitis induces up-regulation of TREM2
expression in the colon tissue of mice.%8 %' |n comparison to wild-type (WT) mice, Trem2 KO
mice showed reduced weight loss, disease activity, endoscopic, and histological scores upon
induction of acute colitis.5® %' Trem2-deficient mice showed decreased mucosal expression of
pro-inflammatory cytokines (e.g., IL-1B, TNF-a) and matrixmetalloproteinases in their mucosa in
a colitis model.58 58! Surprisingly, CD11c* cells isolated from Trem2 KO mice also showed
reduced release of pro-inflammatory cytokines (e.g., IL-1B3, IL-6, IL-12, and TNF-a) in response
to different TLR ligands, which is in contrast to previous reports.58 %' Furthermore, Trem2
CD11c* were less effective in killing of Salmonella typhimurium (S. typhimurium) and induction of

T cell proliferation.58% 58

Although presence of TREM2 might exacerbate acute colitis, TREM2 was also demonstrated to
be important for efficient epithelial wound-healing in a murine colonic injury model.%%? In this
model, loss of TREM2 was accompanied by increased production of TH1 cytokines like TNF-a
and IFN-y, but reduced levels of Th2 cytokines like IL-4 and IL-13, which is in line with inhibition

of TLR signaling by TREM2 and indicates that TREM2 deficiency might also cause inflammatory
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damages in the intestine.®? Furthermore, Trem2 KO was shown to shift macrophage fates

towards an pro-inflammatory M1 phenotype.>?

In summary, TREM2 likely plays a critical role in regulation of innate immune responses in the

intestine, but further research is needed to shed more light on its exact mechanisms.

CD33 and TREM2

As discussed above, CD33 and TREM2 are both associated with risk of AD and both modulate
phagocytic as well as inflammatory activities of macrophages and microglia in the CNS.4%?
However, AD risk polymorphisms lead to up-regulation of CD33 and loss of TREM2 function,
which shows that CD33 and TREM2 have actually contrary effects on microglial function in the
CNS.#92.583 |n fact, loss of CD33 improves cognition and reduces accumulation of AR plaques in
AD mouse models, but loss of TREM2 causes accumulation of AB.58* Of note, beneficial effects
of reduced CD33 on AB accumulation and restoration of cognition were blocked by additional KO
of Trem2 in AD mouse models, but effects of Trem2 KO were unaffected by Cd33 KO, which
indicates that CD33 mediates its effect upstream of TREM2.58* The opposing role of CD33 and
TREM2 is also reflected on a transcriptional level, as Cd33 KO resulted in increased expression
of genes involved in phagocytosis and inflammation, but Trem2 KO caused reduced
expression.?® Similarly, transcriptional changes caused by loss of Cd33 in microglia are
dependent on the presence of TREM2 confirming that CD33 acts upstream of TREM2 in
microglia.%®* Of note, inflammasome-related genes were shown to be a central component of
transcriptional changes induced by Cd33/Trem2 KO in microglia identifying inflammasome
dysregulation as an interesting candidate for CD33/TREM2-mediated pathogenesis.®®* However,
CD33 and TREMZ2 do not affect each other’s signaling directly, but share substantial overlapping
signaling pathways, which are regulated by the opposing role of the kinase SYK and the

phosphatases PTPN6/11 (Figure 13).58
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Figure 13: CD33 and TREM2 control overlapping signaling pathways.
CD33 and TREM2 can inhibit important signaling hubs via activation of phosphatases PTPN6 and
PTPN11. TREM2 can activate similar pathways via SYK signaling. Most pathways converge at
activation of inflammasomes and phagocytosis. Figure based on 479 585

Other TREM2 signaling components in intestinal disease

TREM2 signaling is controlled and mediated by the activity of SYK (Figure 11C and Figure 13).
Recently, autosomal-dominant gain-of-function mutations in SYK have been identified to cause
severe multi-organ inflammation with very-early onset IBD.5% Inflammation affected skin, lung,
joints, and liver of the patients, but also caused CNS inflammation in some of the patients.?® The
identified mutations caused increased activity of SYK which is in line with an autoinflammatory
disease phenotype and indicates the importance of proper regulation of SYK signaling in immune

and intestinal homeostasis.

Hematopoietic cell-specific PLCy2 is another important downstream effector of TREM2
(Figure 13) and PLCy2 KO mice exhibit immunodeficiency characterized by impaired B cell
development and FcR signaling in mast cells, platelets, and macrophages.®”” % PLCy2 has
important functions in regulating human peripheral immunity, as loss-of-function and
gain-of-function of PLCy2 were shown to cause either detrimental immunodeficiency or
autoinflammation and PLCy2-associated antibody deficiency (APLAID), respectively.5”” 588589 Of
note, APLAID frequently presents with enterocolitis indicating dysregulation of intestinal
immunity.5® Humans with dominant gain-of-function mutations in PLCG2 present with absent
(class-switched) B cells, hypogammaglobulinemia, early-onset skin inflammation, recurrent

infections, and detrimental autoinflammation indicating that correct regulation of PLCy2 signaling
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is critical for the function of immune cells.5”” 58590 Autoinflammatory diseases are caused by
over-activation of innate immune cells (e.g., neutrophils and macrophages) and are mostly
characterized by increased activity of inflammasomes and IL-1B production.>®' In line, PLCG2
hypermorphic mutations also cause increased release of pro-inflammatory cytokines from
macrophages and DCs.5%? Interestingly, hypermorphic mutations in PLCG2 have been shown to

also confer protection against AD connecting intestinal and brain inflammatory diseases.?””
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2. Objective

IBD is characterized by chronic intestinal inflammation and affects 6.8 million patients worldwide
representing a global health burden.® 7 Life-threatening forms of IBD are seen in patients with
VEO-IBD, which is defined by a disease onset before 6 years of age and can be caused by
monogenic defects. VEO-IBD affects patients in important developmental phases, is
accompanied by detrimental comorbidities, and is often refractory to therapy, which poses
enormous risks for the patients and substantial challenges for treating physicians. Therefore,
diagnosis of genetic causes and elucidation of underlying pathomechanisms is critical to provide
rational arguments for treatment options. Furthermore, insights from studies on VEO-IBD patients
can also help to understand pathomechanisms of common inflammatory diseases, which might
allow definition of novel therapeutic avenues. Most monogenic defects in VEO-IBD cause
dysregulation of intestinal immunity and many primary immunodeficiencies present with VEO-IBD
indicating a central role of immune cells in the pathogenesis of IBD. Using a WES-based screen,
we identified novel mutations in IL2RG, CD33, and TREM2, which are all known to control
development and/or function of immune cells, as potential cause of VEO-IBD. The aim of this
thesis was to elucidate how the identified mutations cause immune dysfunction and result in

pathogenesis of IBD.
2.1 Specific aims: IL2RG

1.  Identification of immune dysfunctions caused by a hypomorphic IL2RG mutation.
2. Elucidation of novel splicing mechanisms in I[L2RG mRNA.

3. Evaluation of differential effects of the IL2RG defect on immune cell function.

2.2 Specific aims: CD33

1. Analysis of mechanisms controlling expression and function of CD33.
2.  Deciphering the unexplored role of CD33 in hematopoiesis.

3.  Elucidation of perturbed functional responses of CD33-deficient myeloid cells.

2.3 Specific aims: TREM2

1.  Generation of model systems to study TREM2 deficiency.
2. Analysis of TREM2 functions in myelopoiesis.

3.  Exploration of TREM2-dependent functional responses of macrophages.
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3. Material and Methods

3.1 Materials

3.1.1 Antibodies and dyes

Antigen Conjugate Clone Use Order No. Company
anti-goat IgG HRP - WB sc-2354 SCB

anti-goat IgG HRP - WB 705-035-003 Dianova
anti-mouse HRP - WB 554002 BD Biosciences
anti-mouse IgG  HRP - WB 405306 BioLegend
anti-rabbit IgG AF488 - FC A11008 TFS

anti-rabbit IgG AF633 - FC A21070 TFS

anti-rabbit IgG HRP - WB 7074S CST

anti-rabbit IgG HRP - WB W401B Promega
B-Actin HRP C4 WB sc-47778 SCB

Calnexin - Polyclonal WB SPA-860 Enzo

CASP1 ; Polyclonal  WB (E);%%-smm— Enzo

CASP1 - EPR16883 WB ab179515 Abcam

CCR4 PE-Cy7 L291H4 FC 359410 BioLegend
CCR6 BV786 11A9 FC 563704 BD Biosciences
CCRG6 BV785 GO034E3 FC 353422 BioLegend
CCR7 BV421 G043H7 FC 353208 BioLegend
CD3 APC-Fire750 SK7 FC 344840 BioLegend
CD3 BUV395 SK7 FC 564001 BD Biosciences
CD3 BUV496 UCHT-1 FC 612940 BD Biosciences
CD3 PacificBlue SK7 FC 344824 BioLegend
CD3 - OKT3 Stim.  16-0037-85 eBioscience
CD4 BV711 SK3 FC 563028 BD Biosciences
CD4 BUV395 RPA-T4 FC 564724 BD Biosciences
CD8 APCFire750 RPA-T8 FC 301066 BioLegend
CD8 BUV496 RPA-T8 FC 564804 BD Biosciences
CD8 BUV737 SK1 FC 612754 BD Biosciences
CD8 BUV737 SK1 FC 564629 BD Biosciences
CD8 PE-Cy5 RPA-T8 FC 561951 BD Biosciences
CD10 PE HI10a FC 555375 BD Biosciences
CD11c BV421 B-ly6 FC 562561 BD Biosciences
CD11c BV421 Bu15 FC 337226 BioLegend
CD11c PE-Cy7 S-HCL-3 FC 371508 BioLegend
CD14 APC M5E2 FC 301808 BioLegend
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CD14
CD14
CD14
CDh16
CDh16
CD19
CD19
CD20
CD21
CD21
CD25
Cb27
Cbh27
CDh27
CD28
CD28
CD33
CD33
CD33
CD33
CD33
CD34
CD38
CD38
CD38
CD45
CD45
CD45
CD45RA
CD45RA
CD45R0O
CD56
CD57

CD86

CD123
CD127
CD132
CD163
CD273
CD274
CXCR3

BB700
BV650
FITC

APC

APC
BUV395
PerCP-Cy5.5
PE-Cy7
BUV737
BUV737
PE
APC-R700
BV785
BV786
BB700

APC

PE
PE-Cy7
PE-Cy7
BV421
APC
APC
BV650
BV480
FITC
PE
BUV737
BUV737
BB515
PE-CF594
BB515

BVv421

BV785
APC

PE

PE

BV786
APC
PE-CF594

M5E2
M5E2
M5E2
3G8
3G8
SJ25C1
HIB19
2H7
B-Ly4
B-Ly4
M-A251
M-T271
0323
L128
L293
CD28.2
WM5E3
WM53
HIM3-4
P67.6
P67.6
561
HB-7
HB-7
HB-7
HI30
HI30
HI30
HI100
HI100
UCHLA1
NCAM16.2
NK-1

2331
(FUN1)

6H6
A019D5
AG184
GHI/61
MIH18
MIH1
1C6

FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
Stim.
Stim.
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC

FC

FC
FC
FC
FC
FC
FC
FC

745790
301836
555397
561248
302012
563549
302230
560735
612788
564437
555432
565116
302832
563327
745905
302902
MCA1271
551378
12-0339-41
333952
366618
343610
345807
356606
356620
566115
304038
31255X
564442
612846
564529
564849
565285

562432

306032
351316
555900
333606
563843
563741
562451

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BioLegend
BioRad

BD Biosciences
eBioscience
BD Biosciences
BioLegend
BioLegend

BD Biosciences
BioLegend
BioLegend

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

BD Biosciences

BioLegend
BioLegend
BD Biosciences
BioLegend
BD Biosciences
BD Biosciences

BD Biosciences
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FVS780 -

IgD BB515
IgG -

IgM BV421
IgM BVv421
IL-1B -
IL-2Ry -
HLA-DR BV711
HLA-DR BV711
HLA-DR PE-Cy7
NLRP3 -

pSTAT3 AF488

pSTAT3
(pY705)
pSTAT5

pSTAT5
(pY694)

PE-CF594

pSTAT6
(pY641)

S100A9 HRP
STAT5 -
STAT3 -

TCR a- PE/Cy5
TCR y-0 PE
TLR4 PE
TREM2 -
TREM2 -

Table 1: List of antibodies.

IAB-2
G155-178
G20-127
UCH-B1
Polyclonal
Polyclonal
G46-6
L243
G46-6
D2P5E

4/P-
STAT3

D3A7

47/Stat5

47/Statd
(pY694)

Polyclonal

MRP 1H9
Polyclonal
84/Stat3
IP26

B1

TF901
Polyclonal
D8l4C

FC
FC
Stim.
FC
FC
WB
WB
FC
FC
FC
WwB

FC

WB

FC

WB

FC

WB
WB
WB
FC
FC
FC
WB
WB

565388
565243
553454
562618
747878
AF-201-NA
PA5-26461
563696
307644
560651
13158S

557814

91458

562501

611965

9361S

sc-53187 HRP
9363S

610190
306710
555717
564215
AF1828
91068

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
R&D

TFS

BD Biosciences
BioLegend

BD Biosciences
CST

BD Biosciences

CST
BD Biosciences

BD Biosciences

CST

SCB

CST

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
R&D

CST

CST, Cell Signaling Technologies; SCB, Santa Cruz Biotechnologies; TFS, Thermo Fisher
Scientific; FC, flow cytometry; Stim., Stimulation; WB, Western Blot.

3.1.2 Buffer recipes

Component Manufacturer Concentration Mass/Volume
Tris base Carl Roth 48 mM 5.82¢g
Glycine Carl Roth 39 mM 293¢
Methanol Honeywell 20 % (v/v) 200 mL

dH20 - - to1L

Table 2: Formulation for Bjerrum Schafer-Nielsen buffer.
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Component Manufacturer Volume
10X Cell lysis buffer CST 100 uL
PIC Sigma Aldrich 60 pL
PMSF Alpha Diagnostics 10 uL
2 mM Na3zVO4/dH20 Sigma Aldrich 830 pL

Table 3: Formulation for cell lysis buffer. CST, Cell Signaling Technologies.

Component Manufacturer Mass/Volume
Glycerol Carl Roth 30 mL
Bromophenol blue Carl Roth 10 mg

Adjust to pH 8.0

dH20 - to 100 mL

Table 4: Formulation for 6X DNA loading dye.

Component Manufacturer Mass/Volume
20 % SDS Carl Roth 4 mL
Glycerol Carl Roth 4 mL
1.0 M Tris HCI pH 6.8 Carl Roth 2mL
Bromophenol blue Carl Roth 5 mg

Table 5: Formulation for 6X Laemmli buffer.
Aliquots were stored at — 20 °C. Before usage, 4 % (v/v) B-mercaptoethanol (Sigma) was added
freshly. SDS, Sodium dodecyl sulfate

Component Manufacturer Mass/Volume
LB-Medium (Luria/Miller) Carl Roth 25¢g
dH20 - to1L

Table 6: Formulation for LB medium.

Component Manufacturer Mass/Volume
LB-Medium (Luria/Miller) Carl Roth 259
Agar-agar Kobe 1 Carl Roth 15¢

dH20 - to1L

Table 7: Formulation for LB plates.

Mixture was sterilized, cooled down under constant stirring, supplemented with antibiotics, and
added to plates (10 mL per 10 cm petridish).
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Component Manufacturer Mass/Volume
NaCl Carl Roth 800 g

KCI Carl Roth 204g
NazHPO4 Carl Roth 142 g

KH2PO4 Carl Roth 245¢g

Adjust pHto 7.4

dH20 - to1L

Table 8: Formulation for phosphate-buffered saline (PBS).

Component Manufacturer Concentration
PBS see Table 8 -
Tween 20 Applichem 0.05 % (viv)

Table 9: Formulation for PBS-T washing buffer.

Component Manufacturer Concentration
Tris base Carl Roth 25mM

Glycine Carl Roth 190 mM

SDS Carl Roth 0.1 (vlv)
Adjust pH to 8.3

dH20

Table 10: Formulation for running buffer.

Component Manufacturer Concentration Mass/Volume
Naz2HPO4 Carl Roth 133 mM 13.49¢
KH2PO4 Carl Roth 133 mM 517 g

dH20 to1L

Table 11: Formulation for Serenson buffer.

Component Manufacturer Concentration
Glycine Carl Roth 200 mM

SDS Carl Roth 1.0 (viv)
Tween 20 Applichem 0.01 % (v/v)
Adjust pH to 2.2

dH20

Table 12: Formulation for stripping buffer.
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Component Manufacturer Concentration
Tris base Carl Roth 25 mM
Glycine Carl Roth 190 mM

Ethanol or Methanol
Adjust pH to 8.3
dH20

VWR or Honeywell

Table 13: Formulation for transfer buffer.

10 % (v/v)

Component Manufacturer Mass/Volume
Tris base Carl Roth 216 g
Boric acid Carl Roth 1109
0.5 M EDTA (pH 8.0) Carl Roth 80 mL
dH20 - to2L

Table 14: Formulation for Tris-boric acid-EDTA (TBE) buffer.

Component Manufacturer Concentration
Tris base Carl Roth 10 mM

EDTA Carl Roth 1 mM

Adjust pH to 8.0

dH20 -

Table 15: Formulation for Tris-EDTA (TE) buffer.

3.1.3 Chemicals

Product Order Number Company
Agar-Agar, Kobe I, 5210.2 Carl Roth
Agarose A8963,0500 Applichem
Ammonium peroxodisulfate (APS) A3678-25G Sigma Aldrich
B-estradiol E8875-1G Sigma Aldrich
B-mercaptoethanol M7522/M6250 Sigma Aldrich
Boric acid 6943.3 Carl Roth
Bromophenol blue A512.1 Carl Roth
Dimethyl sulfoxide (DMSO) D8418 Sigma Aldrich
Di-sodium hydrogen phosphate (Na2HPO4) P030.2 Carl Roth
Deoxy nucleoside triphosphate (ANTP) A9823,1000 Applichem
Doxycycline hyclate D9891-5G Sigma Aldrich
Ethanol 83813.440 VWR
Ethidium Bromide A1152,0010 Applichem
Ethylenediaminetetraacetic acid (EDTA) 8043.2 Carl Roth
Giemsa’s azur eosin methylene blue 1.09204.0500 Merck
Glycerol 37831 Carl Roth
Glycine 3908.3 Carl Roth
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Hydrochloric acid K025.1 Carl Roth
LB-Medium (Luria/Miller) X968.4 Carl Roth
Lipopolysaccharide (LPS) L2654 Sigma Aldrich
May-Griinwald’s eosin-methylene blue 1.01424.0500 Merck
Methanol 32213-2.5L Honeywell
Nigericin N7143-5MG Sigma Aldrich
Paraformaldehyde (PFA) sc-281692 Santa Cruz
Phenylmethylsulfonylfluorid (PMSF) PMSF 16-S-50 Alpha Diagnostics
Phorbol 12-myristate 13-acetate (PMA) ab120297 Abcam
Phosphoric acid (H3PO4) 6366.1 Carl Roth
Potassium chloride (KCI) 6781.1 Carl Roth
Potassium dihydrogen phosphate (KH2PO4) P018.2 Carl Roth
Protease inhibitor cocktail (PIC) P8340 Sigma Aldrich
Roti-Stock 20 % sodium dodecyl sulfate (SDS) 1057.1 Carl Roth
Rotiphorese 30 % Acrylamide 3029.1 Carl Roth
Sodium bicarbonate S-5761 Sigma Aldrich
Sodium carbonate 1.06398 Merck
Sodium chloride (NaCl) 9265.2 Carl Roth
Sodium hydroxide P031.2 Carl Roth
Sodium orthovanadate S6508-10G Sigma Aldrich
Tetramethylethylenediamine (TEMED) 2367.3 Carl Roth
Tris base 5429.2 Carl Roth
Tris HCI 9090.3 Carl Roth
Triton X-100 T8787 Sigma Aldrich
Tween 20 142312.1611 Applichem
Versene solution 15040066 TFS

Table 16: List of chemicals. TFS, Thermo Fisher Scientific.

3.1.4 Consumables

Product Order Number Company
100 mm dish 83.3902.300 Sarstedt
12-well plate 83.3921.300 Sarstedt
12x75 mm tubes with strainer cap 352235 Corning/Falcon
24-well plate 83.3922 Sarstedt
35 mm dish 27150 StemCell
48-well plate 83.3923 Sarstedt
5-alpha Competent E. coli C2988J NEB
6-well plate 83.3920 Sarstedt
60 mm Gridded Scoring Dish 100-0085 Stemcell
96-well flat bottom plate 83.3924 Sarstedt

96-well round bottom plate 83.3925.500 Sarstedt
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Advanced DMEM/F12

Ampicillin

Bambanker

BlueRay Prestained Protein Marker
Bovine Serum Albumin (BSA)
Brilliant stain buffer

Cell lysis buffer (10X)

4-20 % Crit TGX Stain-Free Gel 26W
Cytoslides

DMEM, high glucose, no glutamine
EasySep Human CD14 Positive Selection Kit Il
Essential 6 medium

Fetal bovine serum (FBS)
Ficoll-Paque

Filter cards

Gentamycin

GlutaMax

Growth Factor Reduced Basement Membrane
Matrix (Matrigel)

HEPES

IMDM

L-Glutamine

Lipofectamine2000

Lysing Solution 10X Concentrate

MaxiSorp Clear Flat-Bottom Immuno Nonsterile
96-Well Plates

MethoCult H4435 Enriched
Milk powder

mTeSRplus

Nitrocellulose membrane

OptiMEM

Phosphate-buffered saline (PBS)
Penicillin/Streptomycin

Polyvinylidene fluoride (PVDF) membrane
Puromycin

Roti Nanoquant

RPMI 1640 Medium, GlutaMAX Supplement
Sodium pyruvate

StemPro-34 SFM Complete Medium

SuperSignal West Pico Plus Chemiluminescent
Substrate

12634-028
A9518
BBO1
PS-103
AG6588,0100
563794
9803S
5678095
311-100
11960044
17858
A1516401
10270106
17-1440-03
305-200
15750060
35050-038

356231

15630056
21980065
25030123
11668019
349202

439454

H4435

T145.3

100-0276
(former: 05825)

10600006
11058021
14190-169
15140-122
10600023
A11138-03
K880.1
61870010
11360088
10639011

34577

TFS

Sigma Aldrich
Niippon Genetics
Jena Bioscience
Applichem

BD Biosciences
CST

BioRad
Tharmac

TFS

StemCell

TFS

TFS

GE Healthcare
Tharmac

TFS

TFS

Corning

TFS
TFS
TFS
TFS
BD Biosciences

TFS

StemCell
Carl Roth

StemCell

GE Healthcare
TFS

TFS

TFS

GE Healthcare
TFS

Carl Roth

TFS

TFS

TFS

TFS
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SuperSignal West Dura Extended Duration
Substrate

Syringe filter (sterile, 0.22 ym)
Syringe filter (sterile, 0.45 um)
T25 flask

T75 flask

T175 flask

TMB Solution (1X)
TrypanBlue

Whatman filter paper

Wypall X60 sheets

34076

SLGPO33RS
514-0063
83.3910.002
83.3911.002
83.3912.002
00-4201-56
15250-061
WHA10426892
8380

TFS

Millipore/Merck
VWR

Sarstedt
Sarstedt
Sarstedt

TFS

TFS

Sigma Aldrich
Kimberly Clark

Table 17: List of consumables. CST, Cell Signaling Technologies. TFS, Thermo Fisher Scientific.

3.1.5 Cytokines and Inhibitors

Product Order Number Company
Basic fibroblast growth factor (bFGF) 100-18B Peprotech
bFGF 78003 StemCell
Bone morphogenetic protein (BMP) 4 120-05 Peprotech
BMP4 78211.1 StemCell
CHIR99021 361571 Millipore
CHIR99021 72054 StemCell
Cyclosporine A 30024-25MG Sigma
Fms like tyrosine kinase 3 (FLT3) Ligand 300-19 Peprotech
FIt3/Flk-2 Ligand 78009.2 StemCell
Granulocyte colony stimulating factor (G-CSF) 300-23 Peprotech
G-CSF 78012 StemCell
GM-CSF 300-03 Peprotech
GM-CSF 78015.3 StemCell
IL-2 AF-200-02 PeproTech
IL-3 200-03 Peprotech
IL-3 78040 StemCell
IL-4 200-04 PeproTech
IL-10 200-10 Peprotech
IL-10 78024.1 StemCell
IL-7 AF-200-07 PeproTech
IL-15 200-15 PeproTech
IL-21 200-21 PeproTech
IFN-y 300-02 Peprotech
IFN-y 78020 StemCell
M-CSF 300-25 Peprotech
M-CSF 78057.2 StemCell
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RiboLock RNase Inhibitor EO0381 TFS
Rho kinase inhibitor (Y-27632) Y-5301-10 mg Biotrend
Rho kinase inhibitor (Y-27632) 72304 StemCell
S100A9 9254-S9-050 R&D
S100A9 A42590 Invitrogen
SB431542 S1067 Selleckchem
SB431542 72234 StemCell
Stem cell factor (SCF) 300-07 Peprotech
SCF 78062 StemCell
SCR7 74102 StemCell
TGF-B 100-21 Peprotech
TGF-B 78067 StemCell
Thrombopoietin (TPO) 300-18 Peprotech
TPO 78210.1 StemCell
Vascular endothelial growth factor (VEGF) 100-20 Peprotech
VEGF 78073.1 StemCell
Table 18: List of cytokines and inhibitors. TFS, Thermo Fisher Scientific.
3.1.6 Enzymes and accessories
Product Order Number Company
Accutase SCRO005 Merck Millipore
Collagenase Type IV 7909 StemCell
FastAP Thermosensitive Alkaline Phosphatase EF0651 TFS
FastDigest BamHI FD0054 TFS
FastDigest Bpil FD1014 TFS
FastDigest EcoRl FDO0275 TFS
FastDigest Hindlll FDO0504 TFS
FastDigest Xhol FD0694 TFS
FAST SYBR Green 4385610 TFS
illustra ExoProStar GEUS78211 Sigma Aldrich
Neuramidase from C. perfringens (Sialidase) 11585886001 Roche
OneTaq polymerase Mix M0482L NEB
PNGase F P0704S NEB
PowerUp SYBR Green A25777 TFS
Protease 19155 Qiagen
Q5 High Fidelity Polymerase M0491S NEB
Q5 buffer B9027S NEB
T4 ligase ELO011 TFS
T4 Polynucleotide Kinase M0201S NEB
Trypsin-EDTA T3924-100ML Sigma Aldrich

Table 19: List of enzymes and accessories. TFS, Thermo Fisher Scientifc.
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3.1.7 Instrumentation

Name Company Usage

Amaxa Nucleofector Il Lonza Electroporation

Axioplan 2 Imaging Zeiss Microscopy

Cellspin | Tharmac Centrifugation

ChemiDoc XRS+ BioRad Detection of western blots

CoolCell Freezer Container

Criterion™ Vertical Electrophoresis
Cell

FACSARIA Il
GelDoc XR+
Gel tray

Gel caster
LSRFortessa

Mini-PROTEAN® Tetra
electrophoresis system

Mini-Sub Cell GT Horizontal
Electrophoresis System

NanoDrop 2000
NextSeq500/550
StepOnePlus
Synergy H1

Trans-Blot® Turbo™ Transfer System
Table 20: List of instrumentation. TFS, Thermo Fisher Scientific.

Corning/Omnilab
BioRad

BD
BioRad
BioRad
BioRad
BD

BioRad

BioRad

TFS

lllumina

Applied Biosystems
BioTek

BioRad

Cell cryopreservation
SDS-PAGE

FACS

Detection of agarose gels
Casting of agarose gels
Casting of agarose gels
Flow cytometry

SDS-PAGE, Wet blotting

Agarose gel electrophoresis

Analysis of DNA/RNA
NGS (WES)

gPCR

Microplate reader

Semi-dry blotting
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3.1.8 Kits
Product Order Number Company
CloneJET PCR Cloning Kit K1231 TFS
CytoTox 96 Non-Radioactive Cytotoxicity Assay G1780 Promega
Gateway LR Clonase Il Enzyme Kit 11791020 TFS
High-Capacity cDNA Reverse Transcription Kit 4368813 TFS
Human IL-1 beta/IL-1F2 DuoSet ELISA Kit DY201 R&D
Human Stem Cell Nucleofector Kit 2 VPH-5022 Lonza
Human TNF ELISA Set 555212 BD Biosciences
PlasmoTest™ - Mycoplasma Detection Kit rep-pt1 InvivoGen
PureLink RNA Mini Kit 12183018A TFS
QIlAamp DNA blood mini kit 51106 Qiagen
QIAquick Gel Extraction Kit 28706 Qiagen
Qiagen Plasmid Plus Maxi Kit 12965 Qiagen
Rneasy Plus Mini Kit 74136 Qiagen
Zymoclean Gel DNA Recovery Kit D4002 Zymo
Zyppy Plasmid Miniprep Kit D4020 Zymo

Table 21: List of kits. TFS, Thermo Fisher Scientific.
3.1.9 Plasmids
Name Usage Order No.  Company
pSpCas9(BB)-2A-GFP  Delivery of gRNA-Cas9 particles 48138 Addgene
pSpCas9(BB)-2A-RFP  Delivery of gRNA-Cas9 particles Cloned in the lab
pENTR1A (w48-1) Entry vector for gateway cloning 17398 Addgene
Destination vector for gateway
PB-TAC-ERP2 ;'r%r;;rge";’,“g gﬁ;‘?’r‘;yfe'ir')‘:r'tzgﬁz'e 80478 Addgene
puromycin selection cassette
pcDNA3.1(+) Mammalian expression vector V79020 TFS
pJet1.2 Subcloning vector TFS
Table 22: List of plasmids. TFS, Thermo Fisher Scientific.

3.1.10 Primer
Primer Name Target 5’ - 3’ sequence Usage
DI49_lI2rgexon1fw IL2RG TACCACCTTACAGCAGCACC gDNA PCR
DI50_lI2rgexon1rev IL2RG CCCTTCCCACTCCACTTTTCA gDNA PCR
DI61_GAPDH_fw GAPDH TGCTGGGGAGTCCCTGCCACA gPCR
DI62_GAPDH_rev GAPDH GGTACATGACAAGGTGCGGCTC gPCR
DI131_CD33_E2_fw CD33 GAAGCTGCTTCCTCAGACATGC gDNA PCR
DI132_CD33_E2_rev CD33 CCTAAACCCCTCCCAGTACCAG gDNA PCR
DI133_CD33_E5_fw CD33 TCACCCCTCTCTACATGCTGGA gDNA PCR
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DI134_CD33_E5_rev
DI163_IL2RG_E1_fw
DI164_IL2RG_E1_rev
DI165_IL2RG_E2_fw
DI166_IL2RG_E2_rev
DI167_IL2RG_E5-8_fw
DI168_IL2RG_E5-8_rev
DI169_IL2RG_E1-3_fw
DI170_IL2RG_E1-3_rev1
DI171_IL2RG_E1-3_rev2
DI180_IL2RG_alt_rev
DI181_IL2RG_alt_fw
DI210_CD33_gPCR_fw
DI211_CD33_gPCR_rev
DI280_CD33_alt_gPCR_fw
DI281_CD33_alt_gPCR_rev
DI284_CD33_T2_gPCR_fw2
DI285_CD33_T2_gPCR_rev2
DI348_PB_fw

DI349_PB_rev

DI355_CD33splicereporter_
Mut1_fw
DI356_CD33splicereporter_
Mut1_rev
DI357_CD33splicereporter_
Mut2_fw
DI358_CD33splicereporter_
Mut2_rev

DI359_CD33splice_SDM_fw
DI360_CD33splice_SDM_rev
DI363_CD33_E3_fw
DI364_CD33_E3_rev
DI432_CD33_E6-7_q_fw2
DI433_CD33_E6-7_q_rev2
DI448 _CD33_E1-2_fw
DI449_CD33_E1-2_rev
DI450_CD33_E2_fw
DI451_CD33_E2_fw
DI1466_TREM2_E3_fw
DI467_TREM2_E3_rev
DI468_CD33_E4skip_fw1
p-2019-071

p-2019-072

pENTattL2rev

pJet1.2 Seq fw

CD33
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
IL2RG
CD33M+m
CD33M+m
CD33M
CD33M
CD33m
CD33m
PB

PB
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
CD33
TREM2
TREM2
CD33
TREM2
TREM2
attL2

pJet1.2

CTACACCAGGTCCATCCTCTTCAC
GTTCCTGACACAGACAGACTACACC
GGGCAGCTGCAGGAATAAGAGG
CCTGACCACTATGCCCACTGACT
ATGCAGAGTGAGGTTGGTAGGCT
CCCAATCCACTGGGGGAGCAAT
CACCACTCCAGGCCGAAAAGTT
GAGCAAGCGCCATGTTGAAGC
ACCCCAGGGGATCACCAGATT
AGATAGTGGCTGCACTTCTGGAC
CCCTCCAGTCCCAGATTTCCCA
CTGGTGGGAAATCTGGGACTGGA
CCAGCTCAACGTCACCTATGTTCCA

TGAAGAAGATGAGGCAGAGACAAAGAGC

CAGGAGGAGACTCAGGGCAGATTC
GGGTTCTAGAGTGCCAGGGATGAG
CCCTGCTGTGGGCAGACTTGA
GGCAGCTGACAACCAGGAGAAGA
CCATAGAAGACACCGGGACCGAT
TTCGAGGCCGCGTTTTAGC

TCAGGTGAGGCACAGGCTTCAGAAGTGG

TGCCTCACCTGACACATGCACAGAGAGC

TTTCTGCAGGGAAACAAGAGACCAGAGCA

CCCTGCAGAAAAAAAGATTTGGGGTGAATTC

GATCTTCCGGATGGCTCGAGTTTT
TCCATGGCAGCTGAGAATATTGTAGG
GGGGTAAAGCCTGTCGTGCTTAG
ACCTGAGCCATCTCCTGGAAAGATAC
GGAATGACACCCACCCTACCACA
TTTCAGTGGGGCCATGTAACTTGGA
TTCCTCAGACATGCCGCTGCT
ACCGTCACTGACTCCTGCACTT
GCTGCAAGTGCAGGAGTCAGTG
GAACTGGGGAGTTCTTGTCGTAGTAGG
ATAAGTGGGGAAACTGAGGCTTATGG
GGGAGCTGATATTCAGGAGTCGTAG
AGCTCAACGTCACCTGGAAACAAGA
ATAAAGGTTCTCCCGCCAAGGTT
AGCTGGTGGAGGGGTGTTTAC
ACATCAGAGATTTTGAGACACGGGC
CGACTCACTATAGGGAGAGCGGC

gDNA PCR
gPCR
gPCR
qPCR
qPCR
gPCR
gPCR
cDNA PCR
cDNA PCR
cDNA PCR
gPCR
qPCR
qPCR
gPCR
gPCR
qPCR
qPCR
gPCR
Sequencing
Sequencing
SDM
SDM
SDM
SDM
SDM
SDM
gDNA PCR
gDNA PCR
qPCR
gPCR
gPCR
qPCR
qPCR
gPCR
gDNA PCR
gDNA PCR
qPCR
gDNA PCR
gDNA PCR
Sequencing

Sequencing
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pJet1.2 Seq rev pJet1.2 AAGAACATCGATTTTCCATGGCAG Sequencing
pLKO1 pLKO1 GACTATCATATGCTTACCGT Sequencing
T7 T7 TAATACGACTCACTATAGGG Sequencing
ué ué GAGGGCCTATTTCCCATGATTCC Sequencing

Table 23: List of primer. SDM, site-directed mutagenesis.

3.1.11 Software

Name Company Version Usage

FACSDiva BD Biosciences 8.0.1 Acquisition of flow cytometry data

FlowJo FlowJo 10.2 Analysis of flow cytometry data

Gen5 BioTek 1.11.5 Analysis of microplate reader data

ImageLab BioRad 6.0 1 Acquisition an_d analysis of agarose gel
electrophoresis and western blot data

NanoDrop 2000 TFS 1.6.198 Analysis of DNA/RNA purity

NovaFold DNASTAR 15 De novo prediction of protein structures

Prism GraphPad 8.4.0 Creat|(_)n of graphs and statistical
analysis

15 and ; .
SeqMan Pro DNASTAR 17.2.0 Analysis of DNA sequencing data
StepOnePlus ~ APplied 23 Analysis of qRT-PCR data
Biosystems

Protean 3D DNASTAR 15 Alignment and analysis of protein
structures

PyMol Schrodinger 240 Alignment and analysis of protein
structures

Visicam Image BEL Engineering  7.1.1.7 Generation and analysis of microscopy

Analyser

pictures

Table 24: List of software. TFS, Thermo Fisher Scientific.

3.2 Methods

3.2.1 Immunophenotyping of human blood cells

Immunophenotyping was performed by the flow cytometry core facility at the Comprehensive

Childhood Research Center at the Dr. von Hauner’s Childrens Hospital (CCRC Hauner). Human

peripheral blood was stained with three different antibody panels (T cells, B cells, Myeloid cells)

analogous to section 3.2.10. For each panel, 150 pL peripheral blood was used. Antibody

cocktails were prepared in 50 uL brilliant stain buffer (BD Biosciences) and added to the peripheral

blood. For single stain controls, 200 pL peripheral blood was mixed with 1 pL of a single antibody

conjugated to the same fluorochrome. For staining, mixture was incubated at room temperature
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for 15 minutes. Cells were resuspended in 1 mL of a 1X dilution of Lysing Solution 10X
Concentrate (BD Biosciences) to lyse erythrocytes and fix immune cells in parallel. After
incubation at room temperature for 5 minutes, fixed cells were pelleted at 200 xg for 5 minutes at
room temperature and supernatant was removed by aspiration. Cells were washed in 10 mL PBS
(Thermo Fisher Scientific (TFS)) and pelleted as before. Cells were resuspended in 200 yL PBS
and measured using a LSRFortessa flow cytometer (BD Biosciences). Data were acquired using

FACSDiva™ software (BD Biosciences) and analyzed using FlowJo software (TreeStar).

3.2.2 DNA isolation and sequencing

Genomic DNA was isolated from peripheral blood samples in the sequencing facility at CCRC
Hauner using QIAamp DNA blood mini kit (Qiagen) according to manufacturer’s instructions (see
also 2%%). Rare sequence variants were identified using next generation sequencing on a
NextSeq500 or NextSeq550 machine (lllumina) in the sequencing facility at CCRC Hauner as
published before.??6 2% Al identified variants were confirmed by Sanger sequencing and
segregation of variants with disease phenotype was analyzed in all available family members. In
detail, a polymerase chain reaction (PCR) was prepared according to Table 25 and was
performed as summarized in Table 26. Amplified fragments were purified as described in section
3.2.3 and were sent for sequencing at Eurofins Genomics (Ebersberg, Germany) or GENEWIZ

(Leipzig, Germany).

Component Company  Volume [pL] Mass [ng]
OneTaq 2x Master Mix NEB 125 -

Primer fw 1.25 -

Primer rev 1.25 -

gDNA - 20-100
DMSO Sigma 1 -
Nuclease-free H20 ad 25 -

Table 25: PCR mixture for Sanger sequencing.
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Temperature [°C] Duration Cycles
Lid at 110 - -

94 4' 1

94 30"

56 30" 40

68 1

68 10' 1

4 0 1

Table 26: PCR program for Sanger sequencing.

3.2.3 Enzymatic and electrophoretic purification of DNA
To purify DNA generated using PCR for downstream sequencing applications, enzymatic
digestion of primers was performed. In brief, 1 pL illustra ExoProStar (Sigma Aldrich) was added

after PCR and mixture was incubated at 37 °C for 18 minutes and at 80 °C for 18 minutes.

For other applications and in case enzymatic digestion cannot be used (e.g., multiple PCR
products), DNA was purified using agarose gel electrophoresis. In detail, agarose (Applichem)
was mixed with Tris-Borate-EDTA (TBE) buffer (homemade, Table 14) in appropriate
concentrations for the size of the targeted DNA fragment (e.g., higher agarose concentration for

smaller DNA fragments. Standard concentration: 1 %).

The suspension was heated in a microwave until agarose (Applichem) was completely dissolved
and the solution was poured into a gel tray (BioRad) placed into a gel caster (BioRad). Ethidium
bromide (Applichem) was added to a final concentration of 0.028 % (v/v). After the gel was
polymerized, gel was submerged in TBE buffer (homemade, Table 14) in a Mini-Sub Cell GT
Horizontal Electrophoresis System (BioRad). Samples were mixed with DNA loading buffer
(homemade) and loaded onto the gel. DNA fragments were separated based on their size at
120 V for 30 — 60 minutes by electrophoresis and purified using QIAquick gel extraction kit

(Qiagen) or Zymoclean Gel DNA recovery kit (Zymo) according to manufacturer’s instructions.

3.2.4 Isolation of PBMCs and granulocytes from human blood

Human blood was acquired from patients, family members, and healthy donors to sodium heparin
or KsEDTA tubes by venipuncture. Whole blood was diluted with PBS (TFS) to 35 mL and carefully

loaded onto 15 mL Ficoll-Paque (GE Healthcare) solution. Samples were centrifuged at 558 xg
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(1600 rpm) for 25 minutes with acceleration set to 2 and deceleration set to 0 to separate plasma,

peripheral blood mononuclear cells (PBMCs), and erythrocyte/granulocyte fractions.

The PBMC-containing fraction was transferred to a fresh tube and washed two times with 50 mL
PBS (TFS). PBMCs were pelleted at 300 xg and 4 °C for 5 minutes and resuspended in medium
for functional assays. Live cells were counted using a Neubauer hemocytometer and Trypan blue

(TES) exclusion staining.

The remaining supernatant of the Ficoll-Paque (GE Healthcare) gradient was removed by
aspiration. To remove contaminating erythrocytes, the granulocyte-containing pellet was
resuspended in 12 mL dH20 and incubated for 3 minutes at room temperature. To stop the lysis
reaction, 4 mL 0.6 M KCI (Carl Roth) was added. Granulocytes were pelleted at 300 xg for 5
minutes at room temperature and resuspended in medium for functional assays. Live cells were

counted using a Neubauer hemocytometer and Trypan blue (TFS) exclusion staining

3.2.5 Generation of EBV-LCLs

To generate Epstein-Barr virus (EBV) supernatant, B95-8 cells (purchased from the German
Collection of Microorganisms and Cell Cultures GmbH (DSMZ)) were cultured in complete RPMI
(Table 40) at 37 °C and 5 % CO: in a humidified incubator for 3 days. Cell suspension was
harvested and cells were removed by centrifugation for 10 minutes at 300 xg and 4 °C.

EBV-containing supernatant was filtered (0.45 ym, VWR) and stored at - 80 °C until usage.

To generate EBV-transformed lymphoblastoid cell lines (EBV-LCLs) from peripheral blood of
patients and relatives, 4.0 - 8.0 - 108 PBMCs (see section 3.2.4 for isolation) were resuspended
in 1.25 mL complete RPMI (Table 40) and 1.25 mL EBV supernatant was added. The cell-virus
suspension was incubated at 37 °C and 5 % CO2 in a humidified incubator for 24 h. To remove
T cells, 2.5 mL complete RPMI (Table 40) and 5 L of cyclosporine A (0.01 % in the final volume,
in this case 5 pL to 5 mL, Sigma) was added. Cell suspension was further incubated at 37 °C and
5 % COz2 in a humidified incubator for 3 weeks and each week 5 mL complete RPMI was added.
Increased cell proliferation and formation of macroscopic clumps indicated successful generation

of EBV-LCL.
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3.2.6 Cell culture

Adherent cells (HEK293T, purchased from DSMZ) were cultured in sterile cell cultureware

(Sarstedt) with complete DMEM medium (Table 27) at 37 °C and 5 % CO2 in a humidified

incubator.
Reagent Manufacturer Concentration
DMEM, high glucose TFS
FBS TFS 10 %
L-Glutamine (200 mM) TFS 2 mM
Penicillin-Streptomycin TFS 1%
HEPES (1M) TFS 10 mM
Sodium pyruvate (100 mM) TFS 1mM

Table 27: Formulation of complete DMEM. TFS, Thermo Fisher Scientifc

Cells were routinely passaged when reaching 80 % confluency. To harvest adherent cells,
medium was removed, and cells were washed once with PBS (TFS). Cells were detached using
Trypsin-EDTA (Sigma Aldrich) solution at 37 °C for 5 minutes and the live cell count was
determined using a hemocytometer combined with Trypan blue (TFS) exclusion. Cells were
pelleted at 300 xg for 5 minutes at 4 °C and supernatant was removed. Cells were re-seeded to

cultureware in fresh medium.

Suspension cells (EBV-LCL, section 3.2.5), PBMCs, and granulocytes were cultured in sterile cell
cultureware (Sarstedt) with complete RPMI medium (Table 40) at 37 °C and 5 % CO: in a
humidified incubator. To passage suspension cells, cells were harvested, pelleted at 300 xg and
4 °C for 5 minutes and resuspended in fresh medium. Live cell count was determined using a

hemocytometer and Trypan blue exclusion. Cells were reseeded to cultureware in fresh medium.

For cryopreservation, cells were pelleted at 300 xg, 4 °C for 5 minutes, resuspended in 10 %
DMSO/FBS (Sigma/TFS), and transferred to cryovials. Cell suspension was frozen at - 80 °C
using a CoolCell freezing module (Corning/Omnilab) ensuring a constant temperature reduction

of - 1 °C/minute. For longterm storage, frozen cells were transferred to liquid nitrogen.

For thawing of cryopreserved cell lines, frozen cells were thawed at 37 °C in a waterbath, mixed
with complete medium, and pelleted at 300 xg, 4 °C for 5 minutes. Cells were resuspended in

fresh medium and transferred to cell cultureware.
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3.2.7 mRNA expression analysis

Total mRNA was isolated from cell lysates using RNeasy Plus Mini Kit (QIAGEN) or PureLink
RNA Mini Kit (TFS) according to manufacturer’s instructions. RNA concentration was measured
using NanoDrop2000 (TFS). Reverse transcription of mMRNA to cDNA was performed using High-
Capacity cDNA Reverse Transcription Kit (TFS) following manufacturer’s instructions. The

reverse transcription mix was prepared according to Table 28 and reaction was performed as in

Table 29.
Component Manufacturer Volume (1X) [uL]
10x RT buffer TFS 2
25x dNTPs TFS 0.8
10x Random primers TFS 2
RiboLock TFS 1
Reverse Transcriptase TFS 1
RNA (up to 2 ug) TFS X
Nuclease-free water - ad 20

Table 28: Reaction mixture for reverse transcription. TFS, Thermo Fisher Scientific

Temperature [°C] Time [min]
Lid at 110 indefinite
25 10

37 120

85 5

4 indefinite

Table 29: Program for reverse transcription reaction.

Generated cDNA was either analyzed by quantitative real time PCR (gRT-PCR) or by PCR in
combination with agarose electrophoresis and Sanger sequencing. For gRT-PCR, the reaction
mix was prepared as in Table 30 (FAST SYBR Green Master Mix or PowerUp SYBR Green
Master Mix, both TFS) and was performed on the StepOnePlus Real-Time PCR System (Applied
Biosystems) as in Table 31. qRT-PCR data were analyzed using StepOnePlus Software (Applied

Biosystems) and fold changes were calculated using the AACt method.
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Component Manufacturer Volume [pL] Mass [ng]
SYBR Green TFS 3.5 -

Primer fw - 0.5 -

Primer rev - 0.5 -

cDNA - - 5-20
Nuclease-free water - ad 10 -

Table 30: Reaction mixture for gRT-PCR. TFS, Thermo Fisher Scientific

Temperature [°C] Time [s] Cycles
Lid at 110 - -

50 120 1

95 120 1

95 3

60 30 40

95 15 1

60 60 1

0.3 increments to 95 °C for melting curve
95 15 1

Table 31: Program for qRT-PCR.

For cDNA sequencing, PCR was performed as described in section 3.2.2. DNA products were
purified using agarose electrophoresis (see section 3.2.3) and sequenced at Eurofins Genomics

(Ebersberg, Germany) or GENEWIZ (Leipzig, Germany).

3.2.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

For generation of cell lysates, cells were resuspended in cell lysis buffer (Cell signaling
technologies) containing protease inhibitor cocktail, 1 % PMSF (Alpha Diagnostics), and 2 mM
sodium orthovanadate (Sigma Aldrich) and lysed on ice (Table 3). All buffers and tubes were pre-
chilled on ice to avoid degradation of proteins or loss of phosphorylation. Remaining cell debris
was pelleted at 21000 xg and 4 °C for 15 minutes and supernatant was transferred to a fresh,
pre-chilled tube. Protein concentration was determined using Roti Nanoquant (Carl Roth)
according to manufacturer’s instructions. Absorption at 450 and 590 nm was determined using
the Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek) and the Gen5 software (BioTek).
In some experiments cell lysates were treated with PNGase F (NEB) for 2 h at 37 °C to

deglycosylate proteins according to manufacturer’s instructions. 6x Laemmli buffer (homemade,
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see Table 5) containing B-mercaptoethanol (Sigma Aldrich) was added to the cell lysates and
lysates were incubated at 96 °C for 5 minutes. For the Mini-PROTEAN Tetra Vertical
Electrophoresis Cell (BioRad) system, polyacrylamide gels with different percentages depending
on the size of proteins to be analyzed were prepared according to Table 32 and Table 33. For

the Criterion™ Vertical Electrophoresis Cell, 26 well precast gels were bought from BioRad.

Component Manufacturer Volume [pL]
1.5 M Tris HCI (pH 8.8) Carl Roth 2900

10 % SDS Carl Roth 77.5
Rotiphorese (Acrylamide) Carl Roth X

20 % APS Sigma Aldrich 37.6
TEMED Carl Roth 5.75

H20 5720 - x

Table 32: Formulation of acrylamide separation gels for SDS-PAGE.

Component Manufacturer Volume [pL]
0.5 M Tris HCI (pH 6.8) Carl Roth 360

10 % SDS Carl Roth 28.75
Rotiphorese (Acrylamide)  Carl Roth 487.5

20 % APS Sigma Aldrich 18.8
TEMED Carl Roth 2.87

H20 1950

Table 33: Formulation of stacking gels for SDS-PAGE.

Gels were placed into the cell and the chamber was filled with running buffer (Table 10). Samples
and BlueRay prestained protein marker (JenaBioscience) were loaded on gels. To focus proteins,
SDS-PAGE was performed with 80 V until proteins reached the separation gel. Proteins were

then separated at 120 V based on their molecular weight.

3.2.9 Western Blot

To detect specific proteins, proteins were transferred from SDS-PAGE gels (see section 3.2.8) to
polyvinylidene fluoride (PVDF, GE Healthcare) or nitrocellulose (NC, GE Healthcare) membranes
by western blot. PVDF and NC membranes were activated for 1 minute in ethanol or water,

respectively. All components were equilibrated in buffer before western blotting.
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For wet blotting, one foam pad, three Whatman® filter papers, one SDS-PAGE gel, one blotting
membrane, another three Whatman® filter papers, and another foam pad were assembled in
transfer buffer (Table 13) and placed into a Mini Gel Holder Cassette (BioRad). The loaded
cassette and a cooling unit was mounted in a Mini Trans-Blot® cell (Mini-PROTEAN® Tetra

electrophoresis system, BioRad). Protein transfer was performed at 100 V for 60 minutes on ice.

For semi-dry blotting, six Wypall X60 sheets (Kimberly Clark), one blotting membrane, one
SDS-PAGE gel, and another six Wypall X60 sheets (Kimberly Clark) were assembled in Bjerrum

Schafer-Nielsen buffer (Table 2) and placed into a Trans-Blot Turbo Cassette (BioRad).

Excess buffer was removed from the loaded cassette and the cassette was placed into the
Trans-Blot® Turbo™ Transfer System (BioRad). Protein transfer was performed with the following

program: 25 Limit V, 2.5 Const A, 12 minutes.

After transfer, membrane was blocked in 5 % milk powder/PBS (Carl Roth/TFS) or 5 % BSA/PBS
(Applichem/TFS, for detection of phosphorylated proteins) for 1 h at room temperature under
constant shaking. Primary antibodies were incubated over-night at 4 °C in blocking buffer and
horseradish peroxidase (HRP)-coupled secondary antibodies were incubated for 1 h at room
temperature under constant shaking. Excess antibody was removed by washing membranes
three times for 10 minutes in PBS-T (Table 9). In between stainings with different antibodies,
remaining antibodies were removed by incubating the membrane for 10 minutes in stripping buffer
(Table 12) under constant shaking. Chemiluminescence was induced by SuperSignal West Pico
Plus Chemiluminescent Substrate (TFS) or SuperSignal West Dura Extended Duration Substrate

(TFS) and measured using the ChemiDoc XRS+ System (Bio-Rad).

3.2.10 Flow cytometry

For detection of proteins on the cell surface of living or fixed cells, flow cytometry was performed.
Adherent cells (iPSC-derived macrophages, HEK293T) were enzymatically detached as
described above. Antibody cocktail for staining was usually prepared in 2 % FBS/PBS
(TFS/homemade). If more than one antibody coupled to a brilliant violet dye was used, the
antibody cocktail was prepared in a 1:1 mixture of 2 % FBS/PBS (TFS/homemade) and brilliant
stain buffer (BD Biosciences). Cells were resuspended in antibody cocktail and incubated at 4 °C

for 30 minutes or at room temperature for 20 minutes. Excess antibody was removed by washing



3 Material and Methods 89

in PBS (homemade) and cells were resuspended in 2 % FBS/PBS (TFS/homemade). Fluorescent
signals were detected using an LSRFortessa flow cytometer (BD Biosciences) and the FACSDiva

software (BD Biosciences). Data were analyzed using FlowJo Software (TreeStar).

3.2.11 Phospho flow

For quantification of phosphorylation levels of distinct signaling molecules, phospho flow was
performed. PBMCs from patients, family members, and healthy donors were isolated as
described in section 3.2.4. Procedure was performed as published in 2%. In brief, 1 - 106 PBMCs
were serum starved in plain RPMI (TFS) for 15 minutes on ice and then treated with IL-2 (100 ng
mL-"), IL-4 (100 ng mL™), IL-7 (100 ng mL™"), IL-15 (10 ng mL""), or IL-21 (50 ng mL™") for 0, 5, 10,
or 30 minutes at 37 °C (all cytokines from Peprotech).?%® To allow staining of intracellular signaling
molecules, fixation was performed with 4 % PFA/PBS (Santa Cruz) for 3 minutes at room
temperature. Permeabilization was conducted using ice-cold methanol (Carl Roth) for 10 minutes
on ice.?%® Antibody cocktails were prepared in flow cytometry staining buffer (2 % FBS/PBS, TFS).
Different cocktails were added to fixed, permeabilized samples and incubated at room
temperature for 30 minutes. Fluorescent signals were measured on a LSRFortessa Flow

Cytometer (BD Biosciences) and were analyzed using FlowJo software (TreeStar).?%

3.2.12 Stimulation of STAT-mediated signaling

To analyze activation of important yc signaling pathways, 0.5 - 10 EBV-LCLs or 1.0 - 10° PBMCs
were starved for 18 h (EBV-LCLs) or 4 h (PBMCs) at 37 °C and 5 % CO2in a humidified incubator.
To induce phosphorylation of STAT3 and STAT5, cells were stimulated with 100 ng mL" IL-2
(Peprotech) or 50 ng mL™" IL-21 (Peprotech) for 0, 10, or 30 minutes at 37 °C and 5 % CO2in a
humidified incubator. Cold 2 mM sodium orthovanadate solution (NasVO4 in PBS, Sigma Aldrich)
was added to stop the reaction, cells were transferred to tubes, and pelleted at 300 xg and 4 °C
for 5 minutes. Cell pellets were resuspended in cell lysis buffer (see section 3.2.8) and incubated
for 1 h on ice. Proteins were separated by SDS-PAGE and analyzed by immunoblotting (see

section 3.2.8 and 3.2.9).
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3.2.13 In silico modeling of protein structures

As described in 2%, de novo models of WT and mutated IL-2Ry were generated with NovaFold
and Protean 3D software (DNASTAR). PyMol software (Schrodinger) was used to align the de

novo structures to published protein structures of different cytokine-receptor-complexes.593-5%

3.2.14 T cell stimulation
PBMCs were isolated from peripheral blood as described in section 3.2.4 and resuspended in
complete RPMI (TFS). Flat-bottom 96-well plates were coated with 2 -5 ug mL" anti-CD3
(eBioscience) for 2 h at 37 °C. PBMCs were added to pre-coated plates and mixed with either
complete RPMI (anti-CD3 only) or with complete RPMI (TFS) supplemented with 1 ug mL"’
anti-CD28 (BioLegend) (anti-CD3+anti-CD28). As negative control, cells were added to uncoated
wells without co-stimulation. Cells were incubated for 24 - 96 h at 37 °C and 5 % CO2 until analysis

by flow cytometry (see section 3.2.10).

3.2.15 Generation of vectors for CRISPR/Cas9-mediated genetic
engineering
Targets for guide RNA (gRNA) and homologous-directed repair (HDR) templates were chosen
using Benchling (www.benchling.com) and Synthego Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) Design Tool (www.synthego.com/products/bioinformatics/crispr-
design-tool). Cloning procedure was performed according to previously published protocols.5%
To linearize PX458 plasmids containing CRISPR-associated 9 (Cas9) from Streptococcus
pyogenes and a fluorescent selection marker (Green fluorescent protein (GFP) or Red fluorescent

protein (RFP)), the following reaction mix was prepared (Table 34).

Reagent Mass/Volume
Empty vector (pSpCas9(BB)-2A-GFP or -RFP) 4 ug
10xFastDigest Buffer 5l
FastDigest Bpil 2 ul

FastAP 2 ul
Nuclease-free water to 50 pl

Table 34: Reaction mixture for linearization of Cas9 plasmids.


http://www.synthego.com/products/bioinformatics/crispr-design-tool
http://www.synthego.com/products/bioinformatics/crispr-design-tool
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The reaction mix was incubated at 37 °C for 30 minutes and the linearized backbone was purified
using agarose gel electrophoresis followed by gel extraction (please see section 3.2.3). The DNA

concentration was determined using NanoDrop (TFS, please refer to 3.2.17).

For each Cas9 target site, two complementary DNA oligos (Oligo FW and Oligo REV) with gRNA
sequences and Bpil restriction site overhang were designed according to 5% and ordered from
Integrated DNA Technologies (IDT, 25 nmol single-stranded DNA, Coralville, lowa, USA).

Sequences of ordered oligos are summarized in Table 35.

Name Target Direction Usage Sequence

Guide 1 CD33 Forward Ki1 CACCGGGCTTCAGAAGTGGCCGCAA
Guide 1 CD33  Reverse KI1 AAACTTGCGGCCACTTCTGAAGCCC

Guide 2 CD33 Forward KI2 CACCGCAGAGCAGGAGTGGTTCATG
Guide 2 CD33  Reverse KiI2 AAACCATGAACCACTCCTGCTCTGC

Guide E3_KO_1 CD33 Forward KO CACCGGGCCGGGTTCTAGAGTGCCA
Guide E3_KO_1 CD33  Reverse KO AAACTGGCACTCTAGAACCCGGCCC
Guide E3_KO_2 CD33 Forward KO CACCGTCCAGCGAACTTCACCTGAC
Guide E3_KO_2 CD33 Reverse KO AAACGTCAGGTGAAGTTCGCTGGAC

Guide 1B TREM2 Forward KI, KO CACCGTGGAGATCTCTGGTTCCCCG
Guide 1B TREM2 Reverse KI, KO AAACCGGGGAACCAGAGATCTCCAC
Guide 2 TREM2  Forward KO CACCGGGGTCTTTCCTAAAACCCGT
Guide 2 TREM2 Reverse KO AAACACGGGTTTTAGGAAAGACCCC

Table 35: Oligos for cloning of guide sequences into Cas9 plasmids.
Bbsl overhang is marked in grey and additional G for U6 promoter efficacy in blue. The residual
sequence represents the guide.

To anneal and phosphorylate both complementary oligos the following reaction mixture was

prepared (Table 36).

Reagent Volume
Oligo FW (100 uM) 1ul
Oligo REV (100 uM) 1ul

10x T4 Ligation buffer 1ul

T4 PNK 0.5 ul
Nuclease-free water to 10 pl

Table 36: Reaction mixture for annealing and phosphorylation of gRNA oligos

The reaction mix was incubated at 37 °C for 30 min and at 95 °C for 5 minutes. To allow better

annealing, the temperature was reduced slowly to room temperature. The annealed
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double-stranded oligo (dsOligo) was diluted 1:250 in nuclease-free water. For ligation of dsOligo

and linearized backbone, the following reaction mixture was prepared (Table 37).

Reagent Mass/Volume
Linearized backbone 50 ng

Diluted dsOligo 1ul

10x T4 Ligation buffer 1ul

T4 ligase 0.5yl
Nuclease-free water to 10 pl

Table 37: Reaction mixture for ligation of Cas9 plasmids and dsOligos.

The mix was incubated at 22 °C for 1 h and transformed into competent bacteria (please refer to
section 3.2.16). Integration of dsOligo was confirmed by sequencing using pLKO1
(GACTATCATATGCTTACCGT) or U6 (GAGGGCCTATTTCCCATGATTCC) standard primer
from Eurofins Genomics. Sequencing was performed by Eurofins Genomics (Ebersberg,
Germany) or GENEWIZ (Leipzig, Germany). Confirmed clones were expanded and plasmids
were isolated and purified (please refer to section 3.2.16 and 3.2.17). Final plasmid will be called

CRISPR vector in downstream applications (e.g., section 3.2.19)

3.2.16 Transformation of plasmid DNA into competent bacteria
5-alpha Competent Escherichia coli (E. coli) (NEB) were mixed with plasmid DNA and incubated
on ice for 20 minutes. Mixture was heat-shocked at 42 °C for 90 s and immediately rescued on
ice for 2 minutes. 500 uL plain lysogeny broth (LB) medium (Table 6) was added and bacteria
were cultured at 37 °C and 200 rpm for at least 1 h. Bacteria were pelleted at 800 xg for 5 minutes
at room temperature and 400 pL supernatant was removed. Bacteria were resuspended in
remaining supernatant and plated to LB plates containing appropriate antibiotic (homemade,
Table 7). Plates were cultured inverted at 37 °C over-night. On the next day, colonies were picked
and transferred to 4 mL LB medium (Table 6) containing appropriate antibiotics. Mini-Prep
cultures were grown at 37 °C, 200 rpm over-night and pelleted on the next day at 3200 xg and
4 °C for 15 minutes. Pellets were either frozen at - 20 °C for later DNA isolation or resuspended
in 700 pL plain LB medium (Table 6). 600 uL bacterial suspension were used for DNA isolation
by mini prep (see section 3.2.17) and the remaining 100 yL were stored at 4 °C. After analysis by

restriction digest or sequencing, positive mini-preps were selected and stored bacterial
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suspensions were used to inoculate 200 mL LB medium (Table 6) containing appropriate
antibiotics. Alternatively, isolated mini-prep plasmids were used to re-transform bacteria and were
used to inoculate 200 mL LB medium (Table 6). Maxi-Prep cultures were grown at 37 °C, 200 rpm
over-night and pelleted on the next day at 3200 xg and 4 °C for 15 minutes. Plasmid DNA was

isolated from pelleted bacteria as described in section 3.2.17.

3.2.17 Isolation of plasmid DNA from bacteria

Plasmid DNA from mini-prep cultures (see section 3.2.16) was isolated using Zippy Miniprep Kit
(ZymoResearch) following manufacturer’s instructions. DNA from maxi-prep cultures (see section
3.2.16) was isolated using QIAGEN Plasmid Plus Maxi Kit (QIAGEN) according to manufacturer’s
protocol. DNA concentration and purity were determined using NanoDrop (TFS). In brief, 1 L of
DNA solution was loaded on the NanoDrop (TFS) machine and DNA concentration was
determined by measuring absorbance at 260 nm. DNA purity was assessed by determining

absorbance at 230 and 280 nm.

3.2.18 Maintenance of iPSC

Human induced pluripotent stem cells (iPSCs) were generated from male foreskin fibroblasts by
the iPSC core facility at the German Research Center for Environmental Health (Helmholtz Center
Munich). For thin layer coating, extracellular matrix (Matrigel, Corning) was diluted 1:100 in
Advanced Dulbecco's Modified Eagle's Medium (DMEM)/F12 (TFS), distributed on cell culture
multi-well plates or dishes, and incubated at 37 °C for at least 1 h. After coating, plates/dishes
were washed with PBS (TFS), mTeSRplus medium (StemCell) was added, and plates/dishes
were pre-warmed at 37 °C. Human iPSC were added, distributed equally by shaking and cultured
in a humified incubator at 37 °C and 5 % CO.. For routine passaging, medium was aspirated and
iPSC colonies were washed with PBS (TFS). Collagenase IV (1 mg mL™", StemCell) solution was
added for 45 - 60 minutes at 37 °C and colonies were fragmented by pipetting. To stop the
enzymatic reaction, mTeSRplus medium (StemCell) was added and colonies were pelleted at
200 xg for 3 minutes at room temperature. Supernatant was removed by aspiration, colonies were
resuspended in mTeSRplus medium (StemCell) and splitted (ratio 1:10 to 1:100) to coated,
pre-warmed plates. Medium was changed every day or every two days depending on colony

density. For cryopreservation of iPSC, colonies were detached using Collagenase IV (StemCell)
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as described above and fragmented by pipetting. Colonies were pelleted at 200 xg for 3 minutes
at room temperature and resuspended in Bambanker solution (1 mL per 6-well of iPSC, Nippon
Genetics). After aliquoting colonies to cryovials, tubes were frozen at — 80 °C and transferred to
liquid nitrogen on the next day for long-term storage. For thawing of cryopreserved iPSC, cell
culture plates or dishes were coated and prepared as described above. Frozen cell suspension
was thawed in a 37 °C water bath and quickly transferred to Advanced DMEM/F12 (TFS).
Colonies were pelleted at 200 xg for 3 minutes at room temperature, resuspended in mTeSRplus
(Stemcell), and added to prewarmed, coated plates or dishes. To prevent cell death, 10 uM
Y-27632 (Rho kinase inhibitor, Biotrend or StemCell) was added to the medium for one day. iPSC
were routinely tested for mycoplasma contamination using PlasmoTest™ - Mycoplasma

Detection Kit (InvivoGen).

3.2.19 CRISPR/Cas9-mediated genetic engineering of iPSC

To reduce cytotoxicity, 10 uM Y-27632 (Rho kinase inhibitor, Biotrend or StemCell) was added to
the medium for 3 - 24 h before electroporation. Multiwell cell culture plates were coated with
Matrigel (Corning) as described in section 3.2.18, mTeSRplus medium (StemCell) containing
10 uM Y-27632 (Rho kinase inhibitor, Biotrend or StemCell) was added, and the plates were
prewarmed at 37 °C. To harvest the cells, medium was aspirated, iPSC colonies were washed
with PBS (TFS), and colonies were dissociated using Accutase (EMD Millipore) for 10 minutes.
Reaction was stopped by addition of mTeSRplus medium (StemCell). To generate single cells,
cell clumps were mechanically broken by pipetting. 0.75 - 1.5 - 108 single cells were pelleted at
200 xg for 3 minutes at room temperature and supernatant was removed by aspiration. To prepare
the nucleofection solution, 18 pL supplement and 82 pL nucleofector solution (both from Human
Stem Cell Nucleofector Kit 2, Lonza) were mixed and prewarmed at 37 °C. The cell pellet was
resuspended in 100 yL prewarmed nucleofection solution and 5 ug CRISPR vector (see section
3.2.15) was added. For generation of knock-ins (Kl), 5-10 yL HDR template (Ultramer DNA oligo

ordered from Integrated DNA Technologies, Coralville, lowa, USA) was also added (Table 38).
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Name Target Mutation Sequence

CTCATGGCTCTGCCTCCCATAGACCCCCTGGATCACCGGG

ATGCTGGAGATCTCTGGTTCCCCGGEGAGTCTGAGAGCTT
Oligo1  TREM2 c.451G>A CBAGGATGCCCATGTGGAGCACAGCATCTCCAGGTACAGC
GATGGGTCTTTCCTAAAACCCGTGGGCAGACTTCCACCCTG
CAGAG CCCCACGGGGGTGGGGGCTGGG
GTACCAAATACAGTTACAAATCTCCCCAGCTCTCTGTGCAT
GTGICAGGTGAGGCACAGGCTTCAGAAGTGGCCGCAAGEG

Oligo1  CD33 C.415A>T AAGTTCATGGGTACTGCAGGGCAGGGCTGGGATGGGACCC
TGG TACTGGGAGGGGTTTAGGGGTAAAGC
TGTTTATCTAGATTAGAATTCACCCCAAATCTTTTIITTCTGCA

. GGGAAACAAGAGACCAGAGCAGGAGTGGTTCATGGEGCCA

Oligo2  CD33 C.746-8delG  175GAGGAGCTGGTGTTACAGCCCTGCTCGOTCTTTGTCTC

TG CCTCATCTTCTTCATGTGAGCAT

Table 38: Sequences of templates for HDR after Cas9-mediated genetic engineering.In both
oligos, targeted mutations are marked i@l and PAM site mutations (G>C) in blue.

The cell-DNA suspension was transferred to an electroporation cuvette (Lonza) and
electroporation was performed using program B-016 using the Nucleofector Il device (Lonza,
Basel, Switzerland). After nucleofection, cells were transferred to multi-well plates with
prewarmed medium and cultured at 37 °C and 5 % CO:zin a humified incubator. The medium was
refreshed on the next day and 10 uM Y-27632 (BioTrend or StemCell) was added. For generation
of Kls, the medium was also supplemented with 10 uM SCR7 (StemCell) to inhibit
non-homologous end joining. Two days after nucleofection, cells were harvested using accutase
(EMDMillipore) as described above and filtered into tubes with strainer cap (Falcon/Corning).
Cells were pelleted at 200 xg for 3 minutes at room temperature and resuspended in 250 pL
prewarmed mTeSRplus medium (StemCell) containing 10 uM Y-27632 (BioTrend or StemCell).
Cells expressing the desired selection marker (GFP, RFP, or GFP+RFP) were sorted into mTeSR
plus (StemCell) with 10 yM Y-27632 (BioTrend or StemCell) and 1 % v/v Penicillin-Streptomycin
(TFS) using a FACSAria Ill machine (BD Biosciences) in the Flow Cytometry core facility at the
CCRC Hauner (Munich, Germany). Per reaction, a 10 cm cell culture dish was coated with
Matrigel as described in section 3.2.18 and prepared with 6 mL of fresh mTeSRplus (StemCell),
4 mL of conditioned medium (0.2 um filtered supernatant of wild-type iPSC cells), 10 uL of
Y-27632 (StemCell) and 1 % v/v Penicillin-Streptomycin. 3000 — 5000 sorted cells were added to
the prepared, prewarmed dish and cultivated in a humidified incubator at 37 °C and 5 % CO..
Residual cells were used for genotyping. Conditioned medium containing Y-27632 (BioTrend or
StemCell) and Penicillin-Streptomycin (TFS) was refreshed on day 2 and 3 after sorting. Later,
medium was refreshed with fresh mTeSRplus medium (StemCell) every two days. When colonies
reached sufficient size, a part of each colony was picked using a pipette and transferred to a

coated, prepared 24-well plate (see section 3.2.18 for coating procedure). The remaining colony



3 Material and Methods 96

was used for DNA isolation and sequencing (see section 3.2.2). Clones with confirmed edits were

expanded and cryopreserved as described in section 3.2.18.

3.2.20 Differentiation of iPSC towards macrophages

The procedure for generation of macrophages from iPSC described hereafter is based on
previously published protocols®®” and personal communication from the Center for iPS Cell
Research and Application (CiRA) at Kyoto University (Kyoto, Japan). Differentiation of iPSC was
performed in 6-well cell culture plates, which were coated with Matrigel (Corning) as described in
section 3.2.18. After coating, plates were washed with PBS (TFS), mTeSRplus (StemCell) was
added, and plates were prewarmed at 37 °C. To harvest iPSC colonies, medium was removed,
cells were washed with PBS (TFS), and cells were incubated with Collagenase IV (StemCell) for
45 - 60 minutes (see section 3.2.18). The colonies were detached by pipetting aiming to minimize
colony fragmentation. Larger colonies were pelleted at 10 xg for 1 minute at room temperature. If
colony vyield was too low, centrifugation was repeated at 200 xg for 3 minutes at room
temperature. The supernatant was aspirated, and the pellet was resuspended in 0.2 mL of
mTeSRplus (StemCell) avoiding excess pipetting, which might generate to small colonies.
Number of colonies was determined and 10 — 20 colonies were transferred to each prewarmed
6-well for differentiation. iPSCs were cultured at 37 °C, 5 % COz2 in a humidified incubator and
medium was refreshed every two days until colonies reach a diameter of approx. 1 mm (usually
3-4 days after seeding). To induce hematopoiesis, medium containing different cytokine/inhibitor
cocktails was changed on day 0, 2, 4, and 6 according to Figure 14 and Table 39.

On day 6 of differentiation, 6 colonies were selected based on size and differentiation status.
Additional colonies were removed by aspiration. After day 6, half medium was removed and
refreshed every 3-4 days according to Figure 14 and Table 39. Progress of differentiation was
routinely monitored by analyzing CD45, CD34, CD33, and CD14 on floating cells using flow
cytometry. Floating cells were harvested between day 18 — 40 every 3-5 days and CD14*
monocytes/macrophages were purified by magnetic cell separation using the EasySep Human
CD14 Positive Selection Kit Il (StemCell). To generate mature macrophages, purified cells were
seeded and cultured for additional 6 - 7 days in complete Roswell Park Memorial Institute (RPMI)

medium (Table 40) containing M-CSF (Peprotech or StemCell).
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Selection of 6 Isolation of
colonies CD14* cells
Day 0 2 4 6 12-15 18-40 +7
Primitive . . Hematopoetic
streak-like Hemangioblast-like progenitor cells Monocytes Macrophages
VEGF
BMP4 SCF IL-3 GM-CSF
Cytokines | CHIR99021 SCF TPO FitaL SCFIL=3 TPO Fit3L M-CSF M-CSF
VEGF bFGF VEGF M-CSF FIt3L
SB431542
Medium mTeSRplus Essential 6 StemPro-34 Complete RPMI
Coating Matrigel-coated plates Uncoated

Figure 14: Scheme for differentiation of iPSC towards macrophages.

Day Reagent Final Concentration

BMP4 80 ng mL""
0-2 CHIR99021 3 uM
VEGF 80 ng mL""
VEGF 80 ng mL""
0.4 SCF 50 ng mL"’
bFGF 25 ng mL"
SB431542 2 UM
SCF 50 ng mL""
IL-3 50 ng mL""
4-6 TPO 5ng mL"
FLT3L 50 ng mL""
VEGF 50 ng mL"’
M-CSF 50 ng mL""
SCF 50 ng mL""
6-15 TPO 5ng mL"
IL-3 50 ng mL"’
FLT3L 50 ng mL"’
M-CSF 50 ng mL"’
15-40 GM-CSF 25 ng mL""
FLT3L 50 ng mL""
+0 - +7 M-CSF 100 ng mL"’

Table 39: Medium changing routine for macrophage differentiation.
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Reagent Manufacturer Concentration
RPMI 1640 Medium, TFS )

GlutaMAX Supplement

FBS TFS 10 %
Penicillin-Streptomycin TFS 1%

HEPES TFS 10 mM

Sodium pyruvate TFS 1 mM

Table 40: Formulation of complete RPMI. TFS, Thermo Fisher Scientific

3.2.21 Differentiation of iPSC towards granulocytes

The procedure for generation of granulocytes from iPSC described hereafter was established in

the laboratory by Dr. Yoko Mizoguchi and is based on previously published protocols®® and

personal communication from the Center for iPS Cell Research and Application (CiRA) at Kyoto

University (Kyoto, Japan). Differentiation of iPSC towards granulocytes was performed analogous

to section 3.2.20, but cytokine/inhibitor cocktails were adapted to support granulocyte

development. To induce differentiation, medium was changed on day 0, 2, 4, 6, and 8 according

to Figure 15 and Table 41.

Day 0 2
Primitive

streak-like
BMP4

Cytokines | CHIR99021
VEGF

Medium mTeSRplus

Coating

4

Hemangioblast-like

VEGF

VEGF

Selectionof 6

colonies

6 8 17 20-40

Hematopoetic progenitor cells Granulocytes

SCF IL-3 G-CSF
SCF SCF TPO FIt3L SCF IL-3 TPO FIt3L SCF
bFGF bFGF . el

SB431542 || SB431542 -

Essential 6 StemPro-34

Matrigel-coated plates

Figure 15: Scheme for differentiation of iPSC towards granulocytes.
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Day Reagent Final Concentration
BMP4 80 ngmL""
0-2 CHIR99021 3 uM
VEGF 80 ngmL™"
VEGF 80 ngmL""
0t SCF 50 ngmL""
bFGF 25 ngmL™"
SB431542 2 UM
SCF 50 ngmL"
IL-3 50 ngmL"
6-8 TPO 5 ngmL"’
FLT3L 50 ngmL"’
VEGF 50 ngmL-"
SCF 50 ngmL"
17-40 G-CSF 50 ngmL"’
IL-3 50 ngmL-"

Table 41: Medium changing routine for granulocyte differentiation.

On day 6 of differentiation, 6 colonies were selected based on size and differentiation status.
Additional colonies were removed by aspiration. After day 8, half medium was removed and
refreshed every 3-4 days. Progress of differentiation was routinely monitored by analyzing CD45,
CD34, CD33, and CD14 on floating cells using flow cytometry. Mature, floating granulocytes were
harvested between day 20 — 40 every 3-5 days by removing the medium and adding fresh

medium.

3.2.22 Cytospin analysis

For cytospin analysis, 30000 to 50000 cells were resuspended in 100 uL 2 % FBS/PBS (TFS).
Coated cytoslides (Tharmac) were prepared with filter cards (Tharmac) and funnels. Cell
suspension was added to the funnel and slides were centrifuged for 5 minutes at 500 xg in a
Cellspin | centrifuge (Tharmac). Cytoslides with cells were air dried over-night at room
temperature and stained in May-Griinwald's eosine-methylene blue solution (Merck) for 2
minutes at room temperature. Slides were washed two times in dH20 for 2 minutes to remove
residual staining solution. Giemsa's azur eosin methylene blue solution (Merck) was diluted 1:20

in Sgrensen buffer (Table 11) and was added to the slides for 17 min at room temperature. Slides



3 Material and Methods 100

were washed two times in dH20 for 2 minutes to remove residual staining solution and dried
over-night at room temperature. Cells were analyzed and counted using an Axioplan 2
microscope (Zeiss) equipped with a VisiCam 3.0 and the Visicam Image Analyser Software (BEL

Engineering).

3.2.23 Purification of monocytes from PBMCs
To purify and generate monocytes, PBMCs were pelleted at 300 xg and 4 °C for 5 minutes. The
supernatant was removed and PBMCs were resuspended in RPMI plain (TFS) at a concentration
of 2.0 - 108 mL". PBMCs were seeded to cell culture plates and incubated for 3 h at 37 °C and 5
% CO2 in a humidified incubator. After adherence of monocytes, medium was removed and cells
were washed with warm RPMI plain (TFS). Pre-warmed RPMI complete (TFS, see Table 40) was
added and cells were incubated over-night at 37 °C and 5 % CO:2 in a humidified incubator.

Monocytes were used on the next day for functional experiments.

3.2.24 Molecular cloning

Mutations in CD33 were predicted to affect mRNA splicing. To analyze effects on splicing in
heterologous cellular models, a CD33 mini-gene focused on splicing of exon 2 and 5 (Figure 16)
was designed with the help of Dr. Jens Bohne (MHH Hannover) and was ordered from Integrated

DNA Technologies (Coralville, lowa, USA).

CD33M mRNA CD33 mini-gene
c.415A>T €.746-8delG C.415A>T €.746-8delG

x i |
cosanll I H—1 D .

intron 4 intron 6 intfron 3 intron 4 intron 6
removed shortened removed

Figure 16: Schematic representation of CD33 mini-gene composition.

CD33 mini-gene oligo (CD33-SPR) was introduced into pJet1.2 vector (TFS) by blunt-end cloning
using the CloneJET PCR Cloning Kit (TFS) following manufacturer’s instructions and according

to Table 42.
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Reagent Manufacturer Volume [pL] Amount

2X reagent buffer TFS 10

Fragment for ligation Integrated DNA Technologies  x 0.15 pmol ends
pJet1.2/blunt TFS 1 0.05 pmol ends
T4 ligase TFS 1

Nuclease-free water - to 20 L

Table 42: Reaction mixture for blunt end cloning into pJet1.2. TFS, Thermo Fisher Scientific

Ligation was incubated for 1 h at room temperature and directly transformed into competent
bacteria (NEB, for transformation procedure see section 3.2.16) and plated on
Ampicillin-containing agar plates (Table 7). For clone expansion and plasmid isolation please
refer to sections 3.2.16, 3.2.17, and 3.2.3. Clones were analyzed for integration of CD33
mini-gene oligo by digestion with FastDigest (FD, TFS) restriction enzymes. In detail, the following

reaction mix was prepared (Table 43).

Reagent Manufacturer Volume [pL]
Plasmid (pJet1.2-CD33-SPR) 10

FD Xhol TFS 1

10X FastDigest buffer TFS 2
Nuclease-free water 7

Table 43: Reaction mixture for Xhol digestion. TFS, Thermo Fisher Scientific

Mixture was incubated at 37 °C for 60 minutes and enzymes were inactivated at 85 °C for 20
minutes. Restriction pattern was analyzed by agarose gel-electrophoresis (see section 3.2.3).
Positive clones were sequenced at Eurofins Genomics (Ebersberg, Germany) using the T7
standard primer (5-TAATACGACTCACTATAGGG-3’). Selected clone was expanded as
described in section 3.2.16, isolated as summarized in section 3.2.17, and identity was confirmed
by Sanger sequencing at Eurofins Genomics (Ebersberg, Germany) using the pJet1.2 Seq fw
(5’-cgactcactatagggagagcggce-3’) and pJet seq rev (5’-aagaacatcgattttccatggcag-3’) primer.

Site-directed mutagenesis was performed as described in 5. For introduction of the c.415A>T
mutation, the mini-gene was amplified from the 5’-end to the mutation site (Reaction #1) and from
the mutation site to the 3’-end (Reaction #2) with primers carrying the targeted point mutation.
The reaction mixture, used primer, and the PCR program are summarized in Table 44, Table 45,

and Table 46, respectively.
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Reagent Manufacturer Volume [pL]
Q5 High Fidelity Polymerase NEB 1

Primer fw - 1

Primer rev - 1
pJet-CD33-SPR - 10 ng
DMSO Sigma 1

Q5 reaction buffer NEB 2

dNTPs Applichem 2
Nuclease-free H20 - to 20

Table 44: Site-directed mutagenesis PCR for introduction of c.415A>T mutation.

Primer Name Sequence Reaction #
DI359 CD33splice_ SDM_fw gatcttccggatggctcgagttit 1
DI356_CD33splicereporter_ Mut1_rev tgcctcacctgAcacatgcacagagage 1
DI355_CD33splicereporter_Mut1_fw Tcaggtgaggcacaggcttcagaagtgg 2
DI360_CD33splice_SDM_rev tccatggcagctgagaatattgtagg 2

Table 45: Site-directed mutagenesis primer for introduction of c.415A>T.
Nucleotides with point mutation are capitalized.

Temp. [°C] Duration Cycles
Lid at 110 - -

8 5 1
8 30"

68 30" 25
72 2

72 10" 1
4 e 1

Table 46: PCR program for site-directed mutagenesis.

PCR products were separated and purified by agarose gel-electrophoresis as described in section

3.2.3. To ligate the fragments of reaction #1 and #2, a PCR from the 5'- to the 3’-end of the CD33

mini gene was performed (Reaction #3) as summarized in Table 47, Table 48, and Table 49.

The first 10 cycles were run without primer.



3 Material and Methods 103

Reagent Manufacturer Volume [pL]
Q5 High Fidelity Polymerase NEB 1
Fragment of reaction #1 - 10 ng
Fragment of reaction #2 - 10 ng
DMSO Sigma

Q5 reaction buffer NEB

dNTPs Applichem

Nuclease-free H20 - to 18
Primer fw - 1
Primer rev - 1

Table 47: PCR mixture for ligation of mutagenized fragments.

Primer Name Sequence Reaction #
DI359 CD33splice_ SDM_fw gatcttccggatggctcgagtttt 3
DI360_CD33splice_SDM_rev tccatggcagctgagaatattgtagg 3

Table 48: Primer for full length amplification of mutated fragments.

Temp. [°C] Duration Cycles

Lid at 110 - -
98 5' 1
98 30"

50 30" 10
72 2'

8 Pause 1
98 2' 1
98 30"

66 30" 30
72 2'

Table 49: PCR program for full length amplification of mutated fragments.

The final PCR product was purified by agarose gel-electrophoresis as described in section 3.2.3
and blunt-end ligated into pJet1.2 vector (TFS) using the CloneJET PCR Cloning Kit (TFS)
following manufacturer’s instructions and analogous to Table 42. The ligation reaction was
incubated at 4 °C over-night and transformed into competent bacteria according to section 3.2.16.
For expansion and plasmid isolation, please refer to sections 3.2.16, 3.2.17, and 3.2.3. To analyze
incorporation of point mutations, plasmids were sequenced using DI359 CD33splice_SDM_fw
(Forward, 5’-gatcttccggatggctcgagtttt-3') or DI132 (Reverse,

5-CCTAAACCCCTCCCAGTACCAG-3’) primer at Eurofins Genomics (Ebersberg, Germany).
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For introduction of mutation 2 (c.746-8delG), the mini-gene was amplified from the 5’-end to the
mutation site (Reaction #4) and from the mutation site to the 3’-end (Reaction #5) with primers

carrying the targeted point mutation. The reaction mixture, used primer, and the PCR program

are summarized in Table 50, Table 51, and Table 52, respectively.

Reagent Manufacturer Volume [pL]
Q5 High Fidelity Polymerase NEB 1
Primer fw - 1
Primer rev - 1
pJet-CD33-SPR - 10 ng
DMSO Sigma 1

Q5 reaction buffer NEB 2
dNTPs Applichem 2
Nuclease-free H20 - to 20

Table 50: Site-directed mutagenesis PCR for introduction of ¢.746-8delG mutation.

Primer Name Sequence Reaction #
DI358_CD33splicereporter_ Mut2_rev ccctgcagaAAaaaagatttggggtgaattc 4
DI359_CD33splice_SDM_fw gatcttccggatggcetcgagtttt 4
DI357_CD33splicereporter Mut2_fw TTtctgcagggaaacaagagaccagagca 5
DI360_CD33splice_ SDM _rev Tccatggcagctgagaatattgtagg 5

Table 51: Site-directed mutagenesis primer for introduction of c.746-8delG.
Nucleotides surrounding point mutation (deletion) are capitalized.

Temp. [°C] Duration Cycles
Lid at 110 - -

98 5' 1

98 30"

60/66 30" 25

72 2'

72 10' 1

4 © 1

Table 52: PCR program for site-directed mutagenesis.
Reaction #4 was performed at 60 °C and reaction #5 at 66 °C annealing temperature.

PCR products were separated and purified by agarose gel-electrophoresis as described in section
3.2.3. Further procedure was performed analogous to mutation 1 (please see above for details).
To analyze incorporation of point mutations, plasmids were sequenced using either

DI131_CD33_E2_fw (5-GAAGCTGCTTCCTCAGACATGC-3’) or DI360_CD33splice_SDM_rev
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(5’-Tccatggcagctgagaatattgtagg-3’) primer at Eurofins Genomics (Ebersberg, Germany).
Selected clones were expanded (Maxi-Prep) and isolated as described in section 3.2.16 and

3.2.17, respectively.

For stable, doxycycline-inducible expression in heterologous cellular models, CD33 mini-genes
with patient-specific mutations were cloned into the PB-TAC-ERP2 vector (Addgene) using
Gateway cloning. To generate entry clones for Gateway cloning, CD33 mini-genes were inserted
into pENTR1A vector (Addgene) by restriction digest. pJet1.2-CD33-SPR vectors with
patient-specific mutations and pENTR1A vector (Addgene) were digested with Xhol (TFS) at 37
°C for 45 minutes as described above (analogous to Table 43). The restriction enzymes were
inactivated at 85 °C for 20 minutes and the generated fragments were purified by agarose gel
electrophoresis as described in section 3.2.3. Inserts were ligated into digested pENTR1A
analogous to previous descriptions Table 42. The ligation reaction was transformed into
competent bacteria according to section 3.2.16 and plated to Kanamycin-containing agar plates.
For clone expansion and plasmid isolation, please refer to sections 3.2.16 and 3.2.17. To test the
presence of inserts in entry vectors, plasmids were digested with EcoRI (TFS) as in Table 53 at

37 °C for 15 minutes and at 85 °C for 5 minutes.

Reagent Manufacturer Mass/Volume
Plasmid 500 ng

FD EcoRI TFS 1L

10X FastDigest buffer TFS 2L
Nuclease-free water to 20 L

Table 53: Reaction mixture for EcoRI digestion of pPENTR1A-CD33-SPR plasmids. TFS, Thermo
Fisher Scientific

Restriction pattern was analyzed by agarose gel-electrophoresis as described in section 3.2.3.
Positive clones were additionally sequenced at Eurofins Genomics (Ebersberg, Germany) using
the pENTattL2rev standard primer (5-ACATCAGAGATTTTGAGACACGGGC-3’). Selected
clones were expanded to Maxi-Preps as described in section 3.2.16 and isolated as summarized

in section 3.2.17.

For generation of expression/destination vector, 150 ng entry clone (P ENTR1A-CD33-SPR), 150

ng destination vector (PB-TAC-ERP2), 2 uL TE buffer (homemade), and 1 pL of LR Clonase Il
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enzyme (TFS) were mixed and incubated for 24 h at room temperature. To terminate the reaction,
1 uL Protease solution (Qiagen) was added and proteins were digested at 37 °C for 10 minutes.
The reaction was transformed into competent bacteria (NEB) according to section 3.2.16 and
plated to ampicillin-containing agar plates. For clone expansion and plasmid isolation, please
refer to sections 3.2.16 and 3.2.17. To test presence of inserts in entry vectors, plasmids were

digested with BamHI (TFS) as in Table 54 at 37 °C for 120 minutes and at 85 °C for 10 minutes.

Reagent Manufacturer Volume [pL]
Plasmid 5

FD BamHI TFS 1

10X FastDigest buffer TFS 2
Nuclease-free water to 20

Table 54: Reaction mixture for BamHI digestion of pPENTR1A-CD33-SPR plasmids. TFS, Thermo
Fisher Scientific

Restriction pattern was analyzed by agarose gel-electrophoresis as described in section 3.2.3.
For confirmation, positive clones were additionally sequenced at Eurofins Genomics (Ebersberg,
Germany) using DI348 PB fw (Forward, 5-CCATAGAAGACACCGGGACCGAT-3’) and
DI349 PB rev (Reverse, 5'-ttcgaggccgcegttttage-3’) primer. Selected clones were expanded to
Maxi-Preps as described in section 3.2.16 and isolated as summarized in section 3.2.17. Identity

of plasmids was confirmed by digestion with BamHI (TFS) and sequencing as before.

3.2.25 Generation of HEK293T cells expressing doxycycline-
inducible mini-genes
HEK293T (DSMZ) were harvested by removal of medium by aspiration, washing with PBS (TFS),
and detachment by addition of Trypsin-EDTA (Sigma-Aldrich) (see also section 3.2.6). Cells were
incubated for 5 minutes at 37 °C with Trypsin-EDTA (Sigma-Aldrich) and reaction was stopped
with complete medium. 20000 cells were seeded per 24 well and incubated at 37 °C and 5 % CO:
over-night. To prepare transfection mixes, Opti-MEM medium (TFS) was mixed with
Lipofectamine2000 (TFS) and plasmids and incubated for 30 minutes at room temperature. Mix
was added to the cells and cells were incubated at 37 °C and 5 % CO:2 over-night. On the next
day, medium was removed, and complete DMEM medium (Table 27) was added and cells were

cultured at 37 °C and 5% CO:zin a humidified incubator for two days. To select positive cells,
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complete DMEM medium (Table 27) supplemented with 1 ug mL"" puromycin (TFS) was added,
and cells were incubated at 37 °C and 5% COzin a humidified incubator until cells could be used
for assays. Cells were maintained in complete growth medium supplemented with 1 pg mL"™"
puromycin (TFS) at 37 °C and 5 % CO:zin a humidified incubator. To induce mini-gene expression,
1 ug mL" doxycycline (Doxycycline hyclate, Sigma Aldrich) dissolved in dH20 and sterile filtered)
was added and cells were cultured at 37 °C and 5 % CO:zin a humidified incubator until harvest
and analysis. Successful induction of mini-gene expression was confirmed by monitoring mCherry

expression using a fluorescent microscope.

3.2.26 Analysis of hematopoiesis using CFU assays

To analyze the capacity of iPSC-derived HSPC for proliferation and differentiation, a colony
forming unit (CFU) assay was performed using methylcellulose-based semi-solid matrix
(MethoCult H4435 Enriched, Stemcell Technologies) according to manufacturer’s instructions. In
detail, potential HSPCs were harvested at Day 8 or 9 of iPSC differentiation towards granulocytes
or macrophages (see 3.2.20 and 3.2.21), pelleted at 300 xg for 5 minutes at 4 °C, and
resuspended in IMDM medium (TFS). 10000 cells were mixed with methylcellulose-based
semi-solid  matrix  (MethoCult H4435 Enriched, Stemcell Technologies) and
Penicillin-Streptomycin (TFS). After mixing, cell suspension was aliquoted to 35 mm dishes in
triplicates. CFU assays were incubated at 37 °C and 5 % CO:2 in a humidified incubator until

analysis.

3.2.27 Gentamycin protection assay
Salmonella enterica typhimurium (S. typhimurium) were a kind gift from the laboratory of Tobias
Schwerd (Dr. von Hauner’s Children’s Hospital, LMU Klinikum, Munich). Colonies of S.
typhimurium were used to inoculate LB mini cultures containing ampicillin as selection antibiotic
(see 3.2.16 for details) and were cultured at 37 °C and 200 rpm over-night. On the next day,
culture was diluted 1:10 and OD600 was determined using the Synergy H1 Hybrid Multi-Mode

Microplate Reader (BioTek). Concentration of bacteria was calculated using the formula below:

bacteria 5
C[T] = 0D600 * 1010
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Another LB mini culture was inoculated with 107 bacteria and incubated at 37 °C and 200 rpm for
3.5 h. OD600 was determined using Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek).
The final concentration of S. typhimurium was calculated using the formula below:

S. typhimurium

T ] = ODgqp * Dilution = 5.06 * 108

c[

To analyze bacterial uptake and killing of macrophages, cells were detached using versene (TFS)
for 15 minutes at 37 °C and 5 % CO: in a humidified incubator. Detached cells were pelleted at
300 xg for 5 minutes at 4 °C and cells were resuspended in complete RPMI (without antibiotics)
(TFS). 50000 cells were seeded in a 96-well flat bottom plate in triplicates and incubated at 37 °C
and 5 % CO:2 in a humidified incubator for 4 to 12 h to ensure adhesion of the cells. After adhesion,
50 uL S. typhimurium suspension was added (MOI=10) and the plates were centrifuged at 2000
xg and room temperature for 2 minutes. For infection, plates were incubated at 37 °C and 5 %
COz2 for 1 h in a humidified incubator. Afterwards, cell culture medium was removed, and cells
were washed once with PBS (TFS). Complete RPMI medium (TFS) supplemented with
100 yg mL" gentamycin (TFS) was added and cells were incubated at 37 °C and 5 % CO for 2
h in a humidified incubator to kill extracellular bacteria. Cells were washed two times with PBS
and were lysed in 200 pL 1 % Triton-X100 (Sigma Aldrich) diluted in dH20. Samples were plated
in different dilutions (10 uL volume) on LB plates (Table 7) by adding the suspension on top and
let it run down the plate. Bacteria were grown over-night at 37 °C and colonies were counted on

the next day.

3.2.28 Culture, differentiation, and stimulation of BLaER1 cells

BLaER1 cells were a kind gift of Prof. Dr. Veit Hornung (LMU Munich) and were cultured and
differentiated according to previously published protocols.®% ' BLaER1 cells were routinely
cultured as suspension cells in complete RPMI (Table 40) at 37 °C and 5 % CO: in a humidified
incubator using T25 flasks. To induce trans-differentiation, BLaER1 cells were resuspended in
complete RPMI supplemented with 10 ng mL™" IL-3 (Peprotech), 10 ng mL"' M-CSF (Peprotech),
and 100 nM B-estradiol (Sigma Aldrich) and 200.000 cells were seeded in 48-well plates
(Sarstedt). BLaER1 cells were then differentiated for 6 days at 37 °C and 5 % CO: in a humidified
incubator and medium was refreshed after 2 and 4 days. Trans-differentiation of cells was verified

by analysis of CD14 and CD33 expression by flow cytometry (see section 3.2.10). To analyze
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effects of CD33 and Siglecs on inflammasome activation, differentiated BLaER1 cells were
pre-stimulated with 10 pg mL™" anti-CD33 (BioRad), 10 ug mL™" IgG (BD Biosciences), or 0.15 U
neuraminidase (sialidase, Sigma/Roche) for 48 h at 37 °C and 5 % CO2 in a humidified incubator.
Afterwards, inflammasome expression was primed using 20 ng mL™" LPS (Sigma) for 2.5 hours
and inflammasome effectors were activated using 6.5 uM Nigericin (Sigma) for additional 0.5

hours. Inflammasome was analyzed as described in section 3.2.29.

3.2.29 Analysis of inflammasome activation
Inflammasomes are activated by two stimuli, which include a priming signal that upregulates
expression of inflammasome effectors and a second signal that activates maturation of
inflammasome effectors. Furthermore, priming can be performed with different parameters

including timing and dosage of the priming stimulus.

Inflammasome experiments were performed in complete medium containing 10 % FBS (TFS),
which was supplemented with 50 - 100 ng mL"' M-CSF (Peprotech or StemCell) for long term
stimulation experiments with macrophages. In some experiments, primary monocytes were pre-
stimulated with 10 yg mL"' anti-CD33 (BioRad) for 6 h in complete medium. To analyze
inflammasome activation, cells were stimulated with priming signal for 3 - 4 h in total for short
term experiments and for 19 h for long term experiments. For priming of monocytes/macrophages,
LPS (Sigma Aldrich) was used at a concentration of 20 ng mL" in short term experiments or at a
concentration of 200 ng mL-" in long term experiments. For priming of granulocytes, LPS (Sigma
Aldrich) was used at a concentration of 250 ng mL™'. S100A9 (R&D/Invitrogen) was used at a
concentration of 10 pg mL™" for macrophages and granulocytes. To induce activation of
inflammasome components, nigericin (Sigma Aldrich) was used at a final concentration of 6.5 yM

for0.5-2 h.

After stimulation, supernatants were harvested to fresh tubes, centrifuged at 300 xg and 4 °C for
5 minutes to remove floating cells, and cleared supernatants were distributed for different assays.
25 — 50 uL supernatant were used for cytotoxicity assays (see section 3.2.31), 30 yL were mixed
with 6 yL 6X Laemmli buffer (Table 5) and frozen at — 80 °C for immunoblot analysis of
supernatants (see section 3.2.8 and 3.2.9), and the remaining supernatant was frozen at — 80 °C

for cytokine analysis by ELISA (see section 3.2.30). Stimulated cells were lysed in 30 pL cell lysis
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buffer (Table 3) and frozen at — 80 °C for immunoblot analysis of cell lysates (see section 3.2.8

and 3.2.9).

3.2.30 Enzyme-linked Immunosorbent Assay

Cytokine concentrations in cell culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA) according to manufacturer’s instructions. In detail, MaxiSorp Clear
Flat-Bottom Immuno Nonsterile 96-Well Plates (TFS) were coated with coating antibody
overnight. IL-1B coating antibody (R&D) was dissolved in PBS (TFS) and TNF-a coating antibody
(BD Biosciences) was dissolved in 0.1 M sodium carbonate coating buffer (0.713 g NaHCOs,
0.159 g Na2COs in 100 mL dH20, pH 9.5) Plates were washed four times with PBS-T (Table 9).
Unspecific binding was blocked with a 0.2 pm filtered solution of 1% BSA/PBS
(Applichem/homemade, pH 7.3, ,reagent diluent*) or 10 % FBS/PBS (TFS/homemade, pH 7.0,
“assay diluent”) for 1 h at room temperature and the washing step was repeated once. Samples
and standard were diluted in reagent or assay diluent and added for 2 h room temperature to the
plate. Unspecific cytokines were removed by repeating the washing step four times. A mixture of
detection antibody and Streptavidin-HRP in reagent or assay diluent was added to the plate and
was incubated at room temperature for 2 h. Plate was washed six times as before. TMB substrate
solution (eBioscience) was added and incubated at room temperature for up to 20 minutes.
Reaction was stopped with 1 M H3POa4 (Carl Roth) and absorption at 450 nm was determined
using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek) and the Gen5 software

(BioTek).

3.2.31 Cytotoxicity assay
To assess cytotoxicity, lactate dehydrogenase (LDH) concentration in cell culture supernatants
was analyzed using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) according to
manufacturer’s instructions. In detail, cell culture supernatants were mixed at a 1:1 ratio with
CytoTox 96 Reagent and incubated for 15 - 30 minutes at room temperature. Lysed cells were
used as maximum control. Reaction was stopped by addition of Stop solution (same volume as
supernatant/reagent) and absorbance at 490 nm was determined using the Synergy H1 Hybrid
Multi-Mode Microplate Reader (BioTek). Background absorbance was subtracted, and

cytotoxicity was calculated according to following formula:
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Absorptiongg h;m (Sample)

o Ton] — %
Cytotoxicity [%] = 100 Absorption,gg nm (Maximum LDH Release)

3.2.32 Phorbol 12-myristate 13-acetate stimulation

To induce shedding of TREM2, 150.000 macrophages were seeded in 24-well plates in complete
RPMI (Table 40) supplemented with 100 ng mL"' M-CSF (Peprotech/StemCell) and cultured
over-night at 37 °C and 5 % CO: in a humidified incubator. On the next day, macrophages were
stimulated with 200 nM Phorbol 12-myristate 13-acetate (PMA) (Abcam) in complete RPMI
(Table 40) for 0, 1, 2, or 3 h at 37 °C and 5 % CO: in a humidified incubator. After stimulation,
supernatants were harvested to fresh tubes, centrifuged at 300 xg and 4 °C for 5 minutes to
remove floating cells, and cleared supernatants were frozen at — 80 °C for further assays. Cells
were lysed in 60 uL cell lysis buffer (see section 3.2.8), cell lysates were transferred to a 1.5 mL,
and stored on ice. Protein concentration was determined using RotiNanoquant (Carl Roth)
according to manufacturer’s instructions and samples were diluted with 1X cell lysis buffer to
adjust the concentration. Cell lysates were frozen at — 80 °C and analyzed by immunoblotting by

our collaboration partner at AG Prof. Christian Haass (DZNE, LMU Munich).

3.2.33 Macrophage polarization
To polarize macrophages towards a pro- (M1) or anti-inflammatory (M2) fate, macrophages were
stimulated with complete RPMI (Table 40) supplemented with (i) no cytokines (M0), (ii) 50 ng mL""
LPS (Sigma Aldrich) and 20 ng mL™" IFN-y (M1), or (iii) 20 ng mL™" IL-4, 20 ng mL"" IL-10, and 20
ng mL™" TGF-B (M2) for 24 h at 37 °C and 5 % COz2 in a humidified incubator. All cytokines were
purchased from PeproTech or StemCell. After 24 h, cells were detached using versene (TFS) for
20 minutes at 37 °C and 5 % CO: in a humidified incubator. To assess successful polarization,

cells were analyzed by flow cytometry (see section 3.2.10).

3.2.34 Statistical analysis
Statistical analysis was conducted using Prism software (GraphPad). Statistical significance was
calculated using unpaired t test. Multiple comparisons were corrected using the Holm-Sidak
method. p < 0.05 was defined as limit for statistical significance. P values are shown in figures
using asterisks according to the following scheme: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars

represent standard error of the mean (SEM), if not otherwise specified.
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3.2.35 Ethics
Patients were treated at the Children’s Hospital Zagreb (IL-2Ry), UZ Leuven (CD33), or Gazi
University Hospital (TREMZ2). Samples of study participants were acquired upon written consent.
The studies followed all ethical standards defined by the 1964 Helsinki declaration and its
amendments. Furthermore, studies and experiments were approved by the institutional review
board at the University Hospital, LMU Munich, and were in agreement with the legal and ethical

statutes.
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4. Results

4.1 Novel IL2RG mutation causes IL-21R deficiency-like

phenotype due to alternative splicing

Please note that the results presented in this part of the thesis were previously published in lllig, D.
et al. 2019.2% The clinical history and associated data were provided by our collaboration partners
from the Children’s Hospital Zagreb (Croatia). Previously published figures are reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal of
Clinical Immunology, Alternative Splicing Rescues Loss of Common Gamma Chain Function and

Results in IL-21R-like Deficiency, lllig, D. et al. 2019, see Apendix A.?®

4.1.1 IL2RG mutation in two patients causes IL-21R deficiency-like
phenotype
Two brothers (A.ll-1, P1 and A.ll-2, P2) from a non-consanguineous family with Romani
background were diagnosed with chronic diarrhea (P1: infantile-onset, since 6 months of age; P2:
neonatal-onset, since birth) at the Children’s Hospital Zagreb (Croatia) (Figure 17A). The clinical
history and routine immunological analysis of both patients has been provided by our collaboration

partners from the Children’s Hospital Zagreb (Croatia).?®

In the first months after birth, P2 developed perianal abscesses that have been treated by surgical
drainage. Additionally, both patients suffered from recurrent respiratory tract infections (i.e., otitis
media, sinusitis), hepatomegaly (combined with splenomegaly for P2), and dilatation of the bile
duct (i.e., ductus choledochus in P1) (Figure 17B). Moreover, P1 presented with recurrent viral
infections, bacterial pneumonia, as well as failure to thrive and was diagnosed with arthritis of the
left elbow and interphalangeal joints in both hands at the age of 4.5 years. At the same age, P1
also developed disseminated, eosinophil-rich skin granulomas associated with necrotic debris in
their centers. Histological analysis of liver biopsies from P1 showed cholangitis, chronic
inflammatory infiltrates, as well as macro- and microvesicular steatosis (Figure 17B).
Furthermore, magnetic resonance cholangiography revealed dilatation of hepatic ducts
(Figure 17B) and imaging indicated infection of the biliary system with Cryptosporidium, which

was also detected in stool samples of P1.
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Figure 17: Identification of two patients with IL-21R-like deficiency.

(A) Pedigree of index family with father (A.l-1), mother (A.l-2), index patient (A.ll-1, P1), second
patient (A.ll-2, P2), and healthy brother (A.lIl-3). (B)(i) Patient 1 (P1) suffered from
hepatosplenomegaly with dilatation of the hepatic duct and ductus choledochus as shown by
magnetic resonance cholangiography. (ii, iii) Histological assessment of small intestinal biopsies
from P1 demonstrated reduced villus length and high frequencies of lymphocytes, plasma cells,
eosinophils, and mastocytes. (iv, v) Visualization of chronic inflammatory infiltrates in the portal
spaces of the liver of P1 by PAS (iv) and H&E (v) staining. Bile ducts showed proliferation and
invasion of mononuclear cells into their walls. Data were generated by collaboration partners at
the Children’s Hospital Zagreb (Croatia). Figure from 255, Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Journal of Clinical Immunology,
Alternative Splicing Rescues Loss of Common Gamma Chain Function and Results in IL-21R-
like Deficiency, lllig, D. et al. 2019, see Apendix A.2%

Routine immunological workup of both patients was performed at the Children’s Hospital Zagreb
(Croatia) and showed variable effects on different cell populations (Table 55). P1 presented with
increased numbers of CD3* T cells and normal numbers of CD4* T cells, but P2 had normal CD3",
and reduced CD4" T cell numbers. Whereas P1 showed an absolute and relative increase in
eosinophils, P2 had normal absolute numbers, but increased relative frequencies of eosinophils.
Common to both patients, CD8" T cell numbers were increased, which also resulted in an inverted
CD4*/CD8* T cell ratio (P1: 0.32, P2: 0.125, Normal range: 0.9 — 3.1) for both patients.?>® The

numbers of CD16*CD56* NK cells and CD19" B cells were unaffected in both patients.

Population P1[x10°L"] P2 [x10°L"] Normal range [x10°L"]
CcD3t 5.788 2.355 1.32-3.3

CD4* 1.482 0.232 0.62-24

cD8s* 3.529 1.853 0.39-1.1

CD16*CD56* 0.353 0.309 0.19-0.74

CcD19* 0.847 1.081 0.27 - 2.050

Eosinophils 2.54 (13 %) 0.4 (9 %) <0.7 (< 6 %)

Table 55: Immune cell numbers in blood of patients during routine workup.
Data were generated by collaboration partners at the Children’s Hospital Zagreb (Croatia).?®
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Since inverted T cell ratio might indicate HIV infection, both patients were tested for HIV and were
found negative. Functionally, T cells showed mildly reduced proliferation upon stimulation with
Phytohemagglutinin (P1: 16, P2: 10, normal: >17) and Concanavalin A (P2: 6, normal: >7).
Analysis of B cell function during routine clinical workup at the Children’s Hospital Zagreb
demonstrated increased levels of IgM and IgA in both patients. In P1, total IgE and I1gG levels
were also increased, but IgG subtypes were reduced (P1: IgG1 1.77 g L™, normal range:
3.62 - 12.28 g L'; 1IgG2 < 0.34 gL, normal range: 0.57 - 2.9 g L™"). Furthermore, vaccination
against hepatitis B and morbilli-parotitis-rubella failed to induce antibody responses in both

patients indicating a functional defect in the B cell compartment.

In view of unavailable genetic diagnosis, B cell defects in both patients were treated by IVIG
substitution (600 mg kg™ per month). To prevent and/or treat recurrent infections, P1 and P2 were
given azithromycin (20 mg kg per day) and trimethoprim/sulfamethoxazole. Furthermore,
medication of both patients included ursodeoxycholic acid, vitamin supplements, and hypercaloric
enteral nutrition. After genetic diagnosis (see below), both patients received haploidentical HSCT
with the mother as donor. Tragically, both patients died 60 days after HSCT due to GvHD

complications (P1) or infections (P2) at the age of 6 and 4 years, respectively.

Since the observed distinct phenotype with diarrhea, chronic respiratory tract infections,
cholangitis, and liver pathology associated with Cryptosporidium infection was reminiscent of
IL-21R-deficient patients, patient samples were sent from the Children’s Hospital Zagreb (Croatia)
to the Dr. von Hauner’s Children’s Hospital (Munich, Germany) for genetic and immunological
workup.4%% 492 To dissect the immunological status of both patients in detail, multicolor flow

cytometry of peripheral blood was performed (Figure 18).

In line with defective responses to vaccination and altered levels of Ig levels, both patients showed
reduced frequencies of CD19*CD20*CD27*IgD* marginal-zone and CD19*CD20*CD27*IgD"
class-switched B cells suggesting impaired B cell maturation, which might indicate a common

variable immunodeficiency (Figure 18 lower panel).

Analysis of CD45R0O and CCR7 expression in CD4" and CD8* T cells demonstrated normal
development of T cells in both patients (Figure 18 upper and middle panel). However, frequencies
of CD45RO"CCR7* naive CD8"* cells were reduced in both patients, which might be secondary to

chronic infections observed in the patients (Figure 18 middle panel).
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Figure 18: Identification of dysfunctional B cell maturation in both patients.

Representative analysis of peripheral blood CD3*CD4" T cells, CD3*CD8" cytotoxic T cells, and
CD19°CD20" B cells from a healthy donor (HD), father (A.I-1), mother (A.l-2), brother (A.ll-3),
patient 1 (A.ll-1, P1), and patient 2 (A.1l-2, P2). Both patients showed normal T cell development,
but reduced frequencies of CD19"CD20*CD27*IgD* marginal-zone and CD19*CD20"CD27*IgD"
class-switched B cells. Figure from 2%, Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Journal of Clinical Immunology, Alternative Splicing
Rescues Loss of Common Gamma Chain Function and Results in IL-21R-like Deficiency, lllig, D.
et al. 2019, see Apendix A.?%

Development of CXCR3*CCR6™ Tn1, CXCR3CCR6" Th2, and CXCR3"CCR6* Tn17 as well as

CD127-CD25" Tregs was unchanged in the patients (Figure 19).
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Figure 19: Normal TH cell polarization and Treg development in both patients.

Representative analysis of peripheral blood CD3*CD4*CD45R0O* TH cells and CD3*CD4" Treg
cells from a healthy donor (HD), father (A.I-1), mother (A.I-2), brother (A.lI-3), patient 1 (A.ll-1,
P1), and patient 2 (A.ll-2, P2). Both patients showed normal polarization of CXCR3*CCR6™ Tn1
and CXCR3'CCR6" Th17 cells as well as similar development of CD127'°"CD25* Treg cells
compared to healthy controls.
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Since the phenotype was reminiscent of IL-21R deficiency and the infantile onset was suggestive
of a monogenetic disorder, WES was performed on genomic DNA isolated from peripheral blood
of both patients at the sequencing core facility of the CCRC Hauner. Bioinformatic analysis
focusing on rare and deleterious variants revealed a hemizygous mutation in IL2RG
(ENST00000374202, X:70331302-70331303) deleting a single guanine (c.87delG) in exon 1. On
the protein level, the mutation was predicted to cause a frameshift (p.Asn31MetfsTer12), which
results in generation of a premature stop codon in exon 2. To confirm segregation of the identified
mutation with disease in the affected family, genomic DNA of both patients and all unaffected
family members (father, mother, brother) was analyzed by Sanger sequencing (Figure 20). As
expected, both patients (A.ll-1, P1 and A.llI-2, P2) carried the hemizygous c.87delG mutation
confirming the WES results. In line with an X-linked recessive inheritance, the mutation was found
heterozygous in the mother (A.I-2), but all healthy males in the family (father A.lI-1 and younger

brother A.1I-3) were wild-type.

IL2RG (c.87delG)
G Figure 20: Confirmation of segregation of
Al-1 R . IL2ZRG mutation by Sanger sequencing.
VYV VYV ji\f\ WES identified a c.87delG mutation in the gene
Gl/delG IL2RG in both patients. Sanger sequencing of
Al-2 A DNA from peripheral blood from both patients

(A.l-1, P1 and A.l-2, P2) and unaffected
relatives (Father: A.I-1, Mother: A.I-2, and
healthy brother: All-3) demonstrated

All-3 segregation of the mutation with the disease
phenotype. Figure from 2%, Reprinted by
NIE permission from Springer Nature Customer
(P1) Service Centre GmbH: Springer Nature, Journal
of Clinical Immunology, Alternative Splicing
Rescues Loss of Common Gamma Chain
,5(\;;)2 Function and Results in IL-21R-like Deficiency,

_;I \f\j‘s\ lllig, D. et al. 2019, see Apendix A.2%®

RefSeq CAAT TCTGACGCCCAA TGGGA
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4.1.2 IL-2Ry expression is rescued by alternative splicing

Since no major developmental defects in T cells could be observed, the immune phenotype of
both patients did not correspond to T-B*NK™~ SCID-X1 suggesting residual function of IL-2Ry.
However, deleterious mutations in IL2RG, like in this case, are known to usually cause severe
SCID in humans and early premature stop codons increase the probability of MRNA decay, which
would result in complete loss of IL-2Ry. Therefore, expression of IL2RG in patient cell-derived

EBV-LCLs was analyzed using gRT-PCR, immunoblotting, and flow cytometry (Figure 21).
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Figure 21: Normal IL2RG mRNA and IL-2Ry protein expression in patient EBV-LCLs.

(A) gRT-PCR-based analysis of IL2RG mRNA expression in healthy donor (HD), father (A.l-1),
mother (A.I-2), brother (A.ll-3), patient 1 (A.ll-1, P1), and patient 2 (A.ll-2, P2) EBV-LCLs
demonstrated comparable expression in all samples (n = 3). (B) Immunoblotting of EBV-LCL
lysates showed normal IL-2Ry protein expression in patients (representative analysis of n = 3
independent experiments). (C) Representative flow cytometry analysis showed normal IL-2Ry
surface expression in EBV-LCLs from all donors (n = 2). Figure from 2%, Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal of Clinical
Immunology, Alternative Splicing Rescues Loss of Common Gamma Chain Function and Results
in IL-21R-like Deficiency, lllig, D. et al. 2019, see Apendix A.?%

Levels of IL2RG mRNA were found comparable between healthy donors (HD), healthy family
members (A.l-1, A.I-2, A.ll-3), and both patients (A.ll-1, P1; A.ll-2, P2) indicating that mutated
IL2RG mRNA is not subject to mRNA decay (Figure 21A). Furthermore, immunoblotting showed

similar expression of IL-2Ry in patient EBV-LCLs as compared with healthy controls (Figure 21B).
To assess presence of IL-2Ry on the surface of patient cells, EBV-LCLs were analyzed by flow
cytometry demonstrating IL-2Ry surface levels comparable to controls and healthy relatives

(Figure 21C).

Taken together, expression and surface transport of IL2RG seems to be unaffected by the
identified frameshift mutation indicative of an unknown mechanism rescuing IL2RG expression
and function. Since the mutation is located in exon 1 and the potential premature stop codon is

located in exon 2, an alternative start site might prevent the inclusion of the mutation or the stop
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codon in the mRNA. However, IL2RG mRNA lacking exon 1 would probably lose the information
encoding the signal peptide necessary for transport of IL-2Ry to the cell surface, which would also
result in loss of IL-2Ry function and SCID. As the mutation is close to the 5’ splice site of intron
1-2, another potential explanation for resolution of the frameshift would be alternative splicing. In
fact, the Ensemble Genome Browser (https://grch37.ensembl.org/index.html; Human reference
genome GRCh37.p13) lists several different transcripts for IL2RG mRNA produced by alternative
splicing (Figure 22A). Interestingly, the transcript IL2RG-002 uses an alternative 5’ splice site of
intron 1-2, which is located further downstream of the canonical splice site (Figure 22A). In a
wild-type setting, the alternative splice site produces a premature stop codon directly with the
base triplet at the boundary of exon 2 (Figure 22B), which will prevent expression of functional
IL-2Ry. In combination with the identified deletion at c.87, however, the premature stop codon,
which is introduced by alternative splicing at the boundary of exon 2, is resolved (Figure 22B).
Moreover, the combination of c.87delG and alternative splicing also restore the wild-type amino
acid sequence starting with exon 2 (Figure 22B). The last amino acid of the alternative exon 1
with ¢.87delG is an alanine, which is also the last amino acid of the canonical exon 1 and
increases the overlap between mutant and wild-type IL-2Ry. Ultimately, c.87delG combined with
alternative splicing of exon 1 results in 16 mutant amino acids. However, important motifs before
the mutation (e.g., signal peptide) and after the mutation (e.g., transmembrane domain and

signaling domain) remain unchanged, which might allow at least partial function (Figure 22B).

To test this hypothesis, a fragment of cDNA, which was generated from EBV-LCLs, was amplified
using two different primer pairs. Whereas the first pair (reaction 1) was designed to amplify exon
1-3, the second pair (reaction 2) generated a PCR fragment spanning exon 1-4 (Figure 22C).
Analysis of PCR products from both primer pairs by agarose gel electrophoresis revealed an
additional band present only in the patients, but not in the controls (Figure 22C). Sequencing of
the PCR fragments confirmed deletion of ¢.87G in cDNA of patient EBV-LCLs and showed
additional signals downstream of the canonical splice site. The additional base reads were
identical with the IL2RG sequence from intron 1 demonstrating inclusion of intronic sequences in
the patients, but not in the controls. To quantitatively assess the amount of alternatively spliced
IL2RG mRNA in the patients, RNA isolated from EBV-LCLs was analyzed by gRT-PCR using two
different pair of primers (Reaction 3 and Reaction 4 in Figure 22). Both reactions demonstrated

significantly increased expression of alternatively spliced IL2RG mRNA in EBV-LCLs from both
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patients compared to controls. Interestingly, the alternative transcript was also detectable in

healthy controls indicating rare usage of the alternative splice site in normal cells.
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Figure 22: Loss of protein expression is rescued by alternative splicing.

(A) Overview of listed IL2RG transcripts in the Ensemble Genome Browser (Reference Genome
GRCh37.p13). (B) Schematic hypothesis of effects on IL-2Ry protein sequence by alternative
splicing of exon 1 combined with c.87delG. (C) Analysis of cDNA isolated from EBV-LCLs of
healthy donor (HD), father (A.I-1), mother (A.l-2), patient 1 (P1), and patient 2 (P2) using PCR
reactions with two different sets of primers (reaction 1 and reaction 2). Representative image of
agarose gel electrophoresis demonstrated additional bands in patient samples. Representative
Sanger sequencing analysis showed additional signature downstream of the canonical splice site.
(D) qRT-PCR analysis of alternatively spliced IL2RG mRNA using two different primer pairs
demonstrated significantly increased expression of novel isoform in both patients (Error bars
represent 95 % confidence interval; n = 4). Figure from 2°. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Journal of Clinical Immunology,
Alternative Splicing Rescues Loss of Common Gamma Chain Function and Results in IL-21R-like
Deficiency, lllig, D. et al. 2019, see Apendix A.2%
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4.1.3 IL2RG mutation mimics IL-21R-like deficiency

Since the patients showed normal numbers of T and NK cells, the specific patient phenotype
strongly suggested that the mutation of 16 amino acids in the N-terminal domain of IL-2Ry does
not cause complete abrogation of signaling. To assess the effect of the identified mutation on
signaling of different yc cytokines, phosphorylation of downstream signaling molecules was
analyzed in PBMCs using phospho-flow and immunoblotting (Figure 23). For phospho-flow,
PBMCs were stimulated with IL-2, IL-4, IL-7, IL-15, or IL-21 for O, 5, 10, or 30 minutes,
respectively, and CD3" and CD3" cells were analyzed for phosphorylation of STAT5 (pSTATS,
IL-2, IL-7, or IL-15), STAT3 (pSTATS3, IL-21), or STAT6 (pSTATS, IL-4). STAT5S phosphorylation
in response to IL-2 was mostly comparable between healthy controls and both patients, but the
patients showed reduced levels of pSTAT5 in CD3™ and CD3* cells after 30 minutes of IL-2

stimulation indicating enhanced downregulation of the signal.

In contrast IL-7 and IL-15 signaling was unaffected by the mutation, as no significant difference
between control and patient samples with respect to STAT5 phosphorylation could be detected.
Of note, IL-21-induced phosphorylation of STAT3 was significantly reduced in CD3" patients’ cells
after 10 and 30 minutes of stimulation indicating that the patient mutation affects IL-21 signaling.
Furthermore, CD3" patient cells showed also significantly reduced pSTAT3 after 5 minutes of
stimulation. In CD3", pSTATS3 levels were also lower after 10 and 30 minutes, but the difference

was not significant.

While a comparable increase in phosphorylation of STAT6 upon IL-4 stimulation for 5 minutes
could be observed in CD3" patient cells, levels of pSTAT6 didn’t increase further over time in
patient cells in comparison to control samples. Moreover, IL-4 stimulation also resulted in
phosphorylation of STAT6 in CD3* cells of controls but failed to induce STAT6 activation in CD3"*
patient cells indicating disturbed IL-2Ry-mediated IL-4 signaling in patients. To confirm
cytokine-specific defects of mutated IL-2Ry, IL-2 and IL-21-mediated signaling was independently
analyzed by immunoblotting. In this experimental setting, healthy donor or patient EBV-LCLs were
stimulated for 0, 10, or 30 minutes with IL-2 or IL-21 and phosphorylation of STAT3 and STAT5
was analyzed. In line with phospho-flow data, IL-2 induced phosphorylation of STATS in both
patients, but levels were lower compared to healthy controls. Furthermore, healthy donor

EBV-LCLs demonstrated substantial phosphorylation of STAT3 and STATS after IL-21
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stimulation, but STAT3 phosphorylation was strongly reduced and STAT5 phosphorylation was
not detectable in patient cells. Taken together, functional studies demonstrated that both patients
show normal responses to IL-2, IL-7, and IL-15, but defective signaling upon stimulation with I1L-4
and IL-21. Whereas IL-2, IL-7, and IL-15 are known to be critical for T and NK cell development,
IL-4 and IL-21 are necessary for B cell maturation. In line, the patients showed defective B cell

maturation but normal T and NK cell development.
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Figure 23: IL2RG mutation functionally mimics IL-21R deficiency.

(A) Representative phospho-flow analysis of STAT3, STAT5, and STAT6 phosphorylation in CD3"
and CD3*PBMCs isolated from healthy donors (HD) or both patients upon IL-2, IL-4, IL-7, IL-15,
or IL-21 stimulation for 0, 5, 10, or 30 minutes (n = 2) (B) Representative immunoblot analysis of
STAT3 and STATS phosphorylation in EBV-LCLs from a healthy-donor (HD), patient 1 (A.1l-1), or
patient 2 (A.ll-2) upon stimulation with IL-2 or IL-21 for different time points. Figure from 2%.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Journal of Clinical Immunology, Alternative Splicing Rescues Loss of Common Gamma Chain
Function and Results in IL-21R-like Deficiency, lllig, D. et al. 2019, see Apendix A.2%°
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The mutated 16 amino acids are found at the N-terminus of the protein, so they are closely located
to the cytokine binding site of IL-2Ry, and they might affect differential binding of certain cytokines.
Since the protein structures of IL-2Ra, IL-2Rp, IL-2Ry, IL-4Ra, and IL-15Ra have been resolved,
binding of IL-2, IL-4, and IL-15 to their respective receptor complex (IL-2R (PDB: 2B5I), IL-4R
(PDB: 3BPL), and IL-15R (PDB: 4GS7)) can be analyzed using structural analysis.>®*%% However,
terminal domains of proteins are often unstructured and/or flexible, which makes them hard to
access for crystallization and structural analysis. In line, the N-terminal end of IL-2Ry is not
included in the published protein structures. To compare the N-terminal domains of wild-type and
mutant IL-2Ry, both were modeled de novo and were aligned to the published structure of IL-2Ry

in the three complexes (IL-2R, IL-4R, and IL-15; Figure 24).
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IL-2Ry (Mutant Model)
[ 'L 2Ry (WT Model)

Figure 24: Structure prediction suggested distinct effects of mutant IL-2Ry on y. receptors.
Alignment of de novo generated protein structures of wild-type (WT) and mutant IL-2Ry with
solved crystal structures of the (IL-2R (PDB: 2B5l), IL-4R (PDB: 3BPL), and IL-15R (PDB:
4GS7).5%-5% Figure from 2%, Reprinted by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Journal of Clinical Immunology, Alternative Splicing Rescues
Loss of Common Gamma Chain Function and Results in IL-21R-like Deficiency, lllig, D. et al.
2019, see Apendix A.2%

In the overlapping parts the predicted structures were largely similar to the published protein
structures, indicating that the prediction provides a good model for IL-2Ry. Whereas wild-type
IL-2Ry shows a largely structured N-terminal domain with two B-sheets, mutant IL-2Ry is
predicted to be more compact and less structured. The compactness of the N-terminal domain
might increase the distance of mutant IL-2Ry to the bound cytokines. Furthermore, the cytokines
are less enclosed by the mutant N-terminal domain as compared to the wild-type. The IL-2R and
the IL-15R are heterotrimeric and are built by an additional subunit that increases the affinity of
the cytokine to the receptor, which might enhance the binding of the cytokine despite reduced

stabilization by the ligand binding domain of IL-2Ry. In line, signaling of heterotrimeric receptors

with mutant IL-2Ry might allow functional IL-2 and IL-15 signaling. However, affinity of cytokines
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to receptors without additional subunit might be strongly reduced and cause altered signaling of

IL-4 and IL-21.
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4.2 Novel mutations affecting expression and function of
CD33

4.2.1 Identification of a VEO-IBD patient with biallelic CD33
mutations

A patient from a non-consanguineous family (Figure 25A) presented with severe, refractory

VEO-IBD and vasculitis to collaborating physicians at the UZ Leuven (Leuven, Belgium).

c¢.415A>T; p.Thr139Ser C.746-8delG
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8 bp polypyrimidine tract

Mutant CD33 mRNA sequence: ...caccccaaatctitttt tctgcagGGAAACAAGAGACCAGAGCAGGA. ..
|
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Figure 25: Biallelic CD33 mutations in a VEO-IBD patient.
(A) Pedigree of index family including father (B.I-1), mother (B.I-2), patient (B.II-1, P1), and
healthy sibling (B.1I-2). (B) Sanger sequencing of gDNA isolated from peripheral blood confirmed
segregation of mutations with disease phenotype. (C) Schematic overview of CD33 mRNA and
protein structure. CD33 is expressed as two isoforms (CD33M and CD33m), which differ in exon
2 splicing. Index mutations are located in exon 2 (c.415A>T, p.T139S) and in the 3’ splice region
of intron 4-5 (c.746-8delG). (D) c.746-8delG extends polypyrimidine tract in the 3’ splice region of
intron 4-5. WT, wild-type.

WES on gDNA isolated from peripheral blood cells revealed compound heterozygous mutations
in CD33 (Mutation 1: 19:51728851, ENST00000262262, c.415A>T, p.Thr139Ser; Mutation 2:

19:51738403, ENST00000262262, c.746-8delG) in the patient. Sanger sequencing confirmed
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segregation of the mutations with disease phenotype in samples from healthy relatives
(Figure 25B). In detail, the father (B.I-1) and the healthy sibling (B.11-2) carried the c.415A>T
mutation and the mother (B.l-2) was heterozygous for the c.746-8delG mutation (Figure 25B).
Mutation 1 is located at the 3’ end of exon 2 (fourth from last base pair before the 5’ splice site of
intron 2-3) and causes a substitution of Threonine139 to Serine (Figure 25C). However,
bioinformatic analysis predicted that the c.415A>T mutation results in activation of a cryptic splice
donor site, creation of an additional exonic splicing silencer (ESS) element, and disruption of a
canonical exonic splice enhancer (ESE) motif, which may alter canonical splicing of exon 2. Of
note, exon 2 is known to be skipped in the CD33m isoform, which results in a smaller CD33

protein lacking the ligand binding V domain (Figure 25C).

Mutation 2 causes a deletion of a guanosine at position ¢.746-8 in the 3’ splice region of intron
4-5 upstream of exon 5, which encodes the transmembrane domain of CD33. 3’ splice regions
contain a polypyrimidine tract that is an important binding site for splice enhancers and
silencers.®%? The length and continuity of the polypyrimidine tract can control the strength of the
3’ splice site (i.e., how often the splice site is used for splicing of the pre-mRNA).6%2 Of note, the
guanine at position ¢.746-8 is the only purine that disrupts the polypyrimidine tract in the 3’ splice
site of intron 4-5 (¢.746-5 to ¢.746-16) of CD33 pre-mRNA (Figure 25D). Therefore, deletion of
€.746-8G by mutation 2 increases the length of the polypyrimidine tract from 8 bases to 11 bases

and might alter the strength of the 3’ splice site in intron 4-5 of CD33 pre-mRNA (Figure 25D).

4.2.2 Patient mutations cause aberrant CD33 expression in
peripheral blood cells

CD33 is routinely used as marker for myeloid cells. To characterize the effects of the mutations
on CD33 surface expression, patient immune cells in the peripheral blood were analyzed by high

dimensional immunophenotyping (Figure 26).

Immune cells that usually have a high CD33 expression (e.g., CD14*CD16" classical monocytes)
showed comparable CD33 levels between the patient and the controls (see panel 1 in
Figure 26A). However, cells that usually present with low expression of CD33 on the surface
including CD16° granulocytes (presumably eosinophils, see panel 2 in Figure 26A) and
CD11c*CD123" myeloid DCs (see panel 3 in Figure 26A) expressed substantially higher CD33

levels in the patient. Of note, analysis of CD3'CD19" myeloid cells in the patient blood further
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demonstrated presence of CD33 on cells that usually do not express CD33 (see panel 4 in
Figure 26A). In detail, CD33 expression could be observed in CD56™CD16™ cells in the patient,
but not in healthy controls. This population includes CD56"CD16* mature NK cells but might also
consist of immature CD56* myeloid cells, which usually cannot be detected in peripheral blood.
Furthermore, immunophenotyping revealed lack of HLA-DR*CD16* monocytes in peripheral
blood of the index patient (see panel 1 in Figure 26B). Interestingly, HLA-DR and CD16
expression was downregulated in CD33M" cells, but normal in CD337°" patient cells compared

to healthy controls (see panel 2 and 3 in Figure 26B).
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Figure 26: Aberrant CD33 expression in patient peripheral blood cells.

(A) Immunophenotyping of two healthy donors (HD), healthy travel control, or patient peripheral
blood cells using multicolor flow cytometry revealed increased CD33 expression in various
immune populations. CD33 expression levels are color coded. (n = 2 independent experiments)
(B) Immunophenotyping analysis showed increased CD33 expression and reduced expression
of HLA-DR and CD16 in patient monocytes. CD16™ granulocytes presented with aberrant CD33
expression and numbers of CD33*CD16* granulocytes were increased in the patient.

Aberrant expression of CD33 in the patient was confirmed in an independent flow cytometric
analysis of samples from the patient, healthy controls, and healthy relatives (father, mother,

sibling) of the patient using different antibodies recognizing CD33M and CD33M+m (Figure 27).

CD14* cells demonstrated only minor differences in CD33 expression levels, but CD14" cells from
the patient showed substantial CD33 expression (Figure 27). In healthy controls and the father,
CD14" cells mostly lacked expression of CD33 indicating aberrant expression of CD33 in the

patient (Figure 27). Patient CD14" cells all expressed CD33M on their surface since there was
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no difference between both tested antibodies. However, CD33m might be co-expressed with
CD33M on the surface, which cannot be assessed with available CD33 antibodies. Patient
granulocytes had also slightly increased CD33 expression. In contrast to PBMCs, granulocytes
isolated from patient blood were only partly positive when using an antibody specific for CD33M
but were completely positive for CD33M+m, which indicates that some granulocyte populations

express only CD33m (Figure 27).
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Figure 27: Increased CD33 expression in CD33'°¥ cell populations.

Flow cytometry analysis using two CD33-specific antibodies demonstrated increased CD33
expression in patient CD14" cells and granulocytes, but only slightly increased CD33 expression
in CD14" cells.

Although CD33 is known as myeloid cell marker, it was shown to be also expressed on
lymphocyte populations after activation indicating a broader function of CD33 in regulating
immune cell activation.*>® 4! Therefore, lymphocyte populations were analyzed by multi-color
immunophenotyping and CD33 expression was assessed using flow cytometry (Figure 28).
Immunophenotyping revealed normal lymphocyte development associated with an increased
frequency of CCR6*CXCR3" TH17 cells in the peripheral blood of the patient compared to healthy
controls (Figure 28A). Furthermore, flow cytometry showed increased frequencies of
CD33"CD3*CD19" T cells and CD33*CD3CD19* B cells indicating that increased CD33
expression is affecting both lymphocytes and myeloid cells (Figure 28B). To further assess
expression of CD33 in lymphocytes of the patient, T cells were activated with immobilized
anti-CD3 and soluble anti-CD28 and CD33 expression was analyzed over time (Figure 28C). In

line with data from myeloid subsets, a significantly increased CD33 expression could be detected
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on activated CD4* T cells from the patient compared to healthy controls (Figure 28C). Whereas
CD33 expression on the surface of the cells from the father was indistinguishable from healthy
controls, cells isolated from the mother showed intermediate CD33 expression, which was also
significantly up-regulated compared to healthy controls indicating an involvment of the
€.746-8delG mutation in CD33 up-regulation (Figure 28C). Furthermore, no difference in CD33
expression could be observed for activated CD8" T cells suggesting that the observed phenotype

might be specific for CD4* T cells (Figure 28C).
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Figure 28: Altered lymphocyte phenotypes in index patient.

(A) Immunophenotyping of two healthy donors (HD), healthy travel control, or patient peripheral
blood cells using multicolor flow cytometry revealed increased frequency of CCR6*CXCR3 Tu17
cells. (B) Flow cytometry analysis of CD33 expression in CD3*CD19" T cells and CD3"CD19* B
cells demonstrated increased frequencies of CD33* cells in the patient. (C) Representative
analysis of CD33 expression in CD4* or CD8" T cells stimulated with anti-CD3/anti-CD28 for 1-4
days revealed significantly increased CD33 levels in patient CD4* T cells (n = 2 independent
experiments).
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4.2.3 Generation of patient-specific iPSC using CRISPR/Cas9-
mediated genetic engineering

The access to primary patient material is limited due to clinical and logistic reasons. However,
studies on myeloid cells are critically dependent on fresh blood samples, as they are easily
affected by prolonged transport times and/or cryopreservation. iPSC-derived myeloid cells allow
characterization of CD33 mutations independent of primary patient material in physiological
model systems. Therefore, iPSC with CD33 KO and patient-specific KI were generated using
CRISPR/Cas9-mediated genome engineering (Figure 29). KO clones with two different deletions
(185 and 184 bp deletions) were successfully generated. These deletions cause frameshifts that
result in an immediate premature stop codon in exon 3 (184 bp deletion) or in a more downstream

stop codon (185 bp deletion) (Figure 29A).

Furthermore, homozygous c.415A>T (Figure 29B) and c.746-8delG (Figure 29C) iPSC clones
could be successfully generated by genetic editing allowing modelling of patient specific

phenotypes in iPSC-derived myeloid cells.

A
CRISPR/Cas9 184 bp 185 bp
target sites CD33M deletion deletion
Yy V domain (ligand binding)
CD33M mRNA 6] 7 | C2 domain
TR Transmembrane domain
184 bp deletion - g D

| Cytoplasmic domain
185 bp deletion i

B [
c.415A>T; p.Thr139Ser c.746-8delG
Reference CATGTGACAGGTG Reference CTTTTTTGTCTGCAG

Figure 29: Generation of patient-specific KI and KO iPSC lines by CRISPR/Cas9-mediated
genetic engineering.

(A) Schematic overview of strategy and outcome of CRISPR/Cas9-mediated KO of CD33 in iPSC.
Cas9 guide RNAs were designed to target two positions in exon 3 of CD33 and to cause a deletion
of 185 bp, which results in a frameshift and a premature stop codon. In some clones, 184 bp were
deleted, which causes a frameshift, but with an immediate stop codon in exon 3. (B, C)
Representative Sanger sequencing analysis demonstrated successful homozygous Kl of
c.415A>T (B) or ¢.746-8delG (C) in iPSC lines.
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4.2.4 CD33-mutant iPSC-derived cells show altered CD33 surface
expression

To characterize both mutations in a physiologically relevant model, a protocol was established to
generate CRISPR/Cas9-edited iPSC-derived macrophages carrying CD33 KO or patient-specific
Kl mutations. Progress and efficiency of macrophage differentiation was evaluated over time
using flow cytometry. On day 9, the majority of CD45" hematopoietic cells differentiated from
wild-type iPSC showed expression of the stem cell marker CD34 and myeloid marker CD33 but
lacked expression of the monocyte marker CD14 suggesting that these cells have an early

myeloid progenitor cell identity (Figure 30).

As expected, cells differentiated from CD33 KO iPSC lacked CD33 surface expression proving a
successful, homozygous KO generated by CRISPR/Cas9-mediated genetic engineering. In
contrast to observations from primary patient material, CD33 expression was also not detectable
on the surface of cells homozygous for CD33°4'***T which might be caused by a dysregulated
CD33 isoform balance. CD33¢746-8¢ICG cg|ls showed normal surface expression of CD33. CD33
KO and CD33 KI cells demonstrated increased frequencies of CD34" cells suggesting a faster

differentiation of CD33-mutated cells (Figure 30).

During differentiation, the number of CD34* stem or progenitor cells decreased, while the number
of CD14" monocytes/macrophages increased in all genotypes over time indicating successful
hematopoiesis and efficient generation of iPSC-derived monocytes/macrophages (Figure 30).
Although numbers of CD34* cells were rapidly decreasing after day 9, CD33 KO and CD33 KiI
cell lines showed consistently lower CD34" cell numbers compared to wild-type samples during
differentiation. However, this reduced frequency of progenitor cells was not paralleled by an
increased number of CD14* monocytes/macrophages. Finally, up to 70 % CD14*
monocytes/macrophages could be detected on day 19 of differentiation allowing analysis of CD33

mutants in a relevant physiological model.
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Figure 30: CD33-mutated

expression.

iPSC-derived macrophages revealed altered CD33 surface

Representative flow cytometry analysis of hematopoietic cell surface markers (CD34, CD33,
CD14) during differentiation of macrophages from wild-type (WT), knock-out (KO), and patient-
specific knock-in (Kl) iPSC over time shows efficient development of CD45" CD14* monocytes or
macrophages. KO and CD33%4'°**T cells show absent CD33 expression on the cell surface (n =
5 independent experiments).
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Successful generation of iPSC-derived monocytes/macrophages was independently confirmed
by cytospin analysis demonstrating presence of normal monocytes/macrophages at similar

frequencies in samples from all genotypes (Figure 31).
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Figure 31: Cytospin analysis revealed similar composition of generated cells.

Representative cytospin analysis of hematopoietic cells generated from CD33 knock-out (KO),
CD33°415%°T (KI1), and CD33°746-8%G (K|2) iPSC demonstrates successful generation of
monocytes/macrophages.

To allow analysis of CD33 expression and function in non-macrophage cells (i.e., granulocytes),
CRISPR/Cas9-edited iPSC carrying CD33 KO or patient-specific KI mutations in CD33 were also
differentiated towards granulocytes. Differentiation of granulocytes and development of CD33
expression was analyzed using flow cytometry and cytospin (Figure 32A,B). Analogous to
observations from macrophage differentiations, CD33 KO and CD33°¢4'***T hematopoietic cells
displayed no CD33 surface expression at any time of differentiation (Figure 32A). As expected,
hematopoietic cells did not upregulate CD14 and CD33 surface expression over time indicative
of successful generation of neutrophil granulocytes with low monocyte contaminations
(Figure 32A). In line, cytospin analysis showed presence and maturation of mature neutrophils

with increasing frequency over time proving efficient differentiation of granulocytes from iPSC

(Figure 32B).
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Figure 32: iPSC-derived granulocytes showed altered CD33 isoform expression.

(A) Flow cytometry analysis of hematopoietic cell surface markers during differentiation of
granulocytes from wild-type (WT), knock-out (KO), and patient-specific knock-in (Kl) iPSC over
time showed efficient development of CD45'CD14 granulocytes (n = 3 independent
experiments). KO and CD33°4154>T cells showed absent CD33 expression on the cell surface (B)
Representative cytospin analysis of hematopoietic cells generated from CD33 knock-out (KO),
CD33°415%°T (K|1), and CD33°746-8IG (K|2) iPSC demonstrated successful generation of
neutrophils over time.

4.2.5 CD33 mutations cause dysregulated CD33 isoform balance

Both mutations were predicted to alter splicing of CD33 pre-mRNA by bioinformatic analysis and
iPSC-derived macrophages demonstrated aberrant surface expression of CD33 indicating a
dysregulated isoform balance. Therefore, expression of CD33 isoforms was analyzed on the

mRNA level in peripheral blood monocytes by gRT-PCR (Figure 33A).
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Figure 33: c.415A>T mutation resulted in increased exon 2 skipping.

(A) Analysis of CD33 mRNA expression in peripheral blood monocytes from healthy donors (HD),
healthy relatives, and the index patient (P1) showed slightly increased expression of CD33 in the
index family (n = 2 independent experiments). (B) gqRT-PCR analysis of CD33 mRNA expression
in HEK293T cells over-expressing CD33 mini-genes with patient-specific mutations revealed
significantly increased expression of CD33m isoforms in cells expressing CD33¢4154*T (n =2 - 4
independent experiments).

In both experiments, slightly increased expression of total CD33 mRNA (CD33M+m) could be
detected in the patient as compared with two healthy controls, which is in line with increased
CD33 surface expression detected by flow cytometry (Figure 33A). However, in the second
experiment healthy relatives also showed increased CD33 expression comparable to the patient
(Figure 33A). The overall higher CD33 mRNA expression was accompanied by an increased
expression of both CD33 isoforms. Considering that the largest expression variations of CD33
were detected on non-monocytes in immunophenotyping, larger differences on the mRNA level
as well as isoform balance might be masked in monocytes, as they naturally express high CD33

levels. Furthermore, differential effects of the two mutations might be overseen due to a



4 Results 136

heterozygous state and might be comparable to healthy relatives but could cause disease in

combination.

To further characterize the effects of the identified patient mutations on CD33 pre-mRNA splicing,
doxycycline-inducible CD33 mini-genes carrying patient-specific mutations were stable
overexpressed in HEK293T cells and CD33 expression was analyzed by qRT-PCR (Figure 33B).
In line with bioinformatic predictions, the first mutation (c.415A>T) altered splicing of exon 2 and
resulted in significantly increased expression of the small CD33m isoform compared to wild-type
(Figure 33B). For the second mutation (c.746-8delG) no difference could be observed in this
setting, which might be due to differences in splicing machineries in different cell types or the

design of the mini-gene.

Lack of CD33 surface expression in CD33°41%A*TiPSC-derived cells (Figure 30) and the observed
increase in the CD33m/CD33M ratio in CD33 mini-gene experiments indicate a severe change in
CD33 mRNA expression. Therefore, CD33 mRNA expression and isoform balance was also
analyzed in greater detail in iPSC-derived macrophages by qRT-PCR detecting exonic fragments

specific for distinct isoforms (Figure 34).

Interestingly, CD33 KO macrophages with different deletions (185 bp in KO25 and 184 bp in
KO27) showed distinct effects on expression of CD33 mRNA (Figure 34A). Whereas CD33
mRNA expression was unaffected in KO25 clones, it was strongly reduced in KO27 clones
(Figure 34A). Since the 184 bp deletion causes an earlier premature stop codon (in exon 3) and
the 185 bp deletion results in a longer frameshift and a later premature stop codon, the difference
is probably explained by nonsense-mediated mMRNA decay of CD33 mRNA in the KO27 clone.
Both deletions cause loss of binding sites for Exon A2 and Exon 2-3 primer pairs, which cannot
be detected in both KO clones confirming homozygous deletions in the CD33 gene (Figure 34A).
Of note, CD33°4'5**T clones showed substantially reduced expression of the CD33M isoform
(detected by Exon 2, Exon 2-3) paralleled by a higher expression of the CD33m isoform (detected
by Exon A2) (Figure 34A). Overall, a shifted isoform ratio towards the CD33m isoform
CD33¢415~>T clones (Figure 34B) and a higher overall frequency of CD33m (Figure 34C) could

be detected in CD33%4"5**T clones.
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Figure 34: Altered mRNA expression in CD33 mutant iPSC-derived macrophages.

(A) Representative qRT-PCR analysis of CD33 mRNA expression in macrophages differentiated
from wild-type (WT), CD33 knock-out (KO), CD33¢41%AT (K|1), or CD33°746-84€IG (K|2) iPSC clones
revealed increased expression of CD33m (Exon A2) and novel Exon A4 isoforms in
CD33-mutated cells (n = 2 - 5 independent experiments). CD33 KO macrophages with deletion
of 185 bp (KO25) and 184 bp (KO27) showed different CD33 mRNA expression indicative of
nonsense-mediated mMRNA decay in KO27 macrophages with earlier premature stop codon
(Figure 29). (B) Quantification of CD33m (Exon A2) isoform expression relative to CD33M (Exon
2-3) revealed aberrant isoform balance (n = 2 - 5 independent experiments, mean of 2 clones for
each KiI). (C) Quantification of CD33m (Exon A2) isoform expression relative to total CD33
(CD33M+m, Exon 6-7) revealed increased expression of the CD33m isoform (n = 2 - 4
independent experiments, mean of 2 clones for each KI). (D) Quantification of Exon A4 isoform
expression relative to total CD33 expression showed increased abundance of the Exon A4
isoform in CD33 mutated macrophages (n = 2 - 4 independent experiments, mean of 2 clones for
each Ki).

As exon 4 is built by only 48 basepairs and represents the smallest exon in CD33 mRNA, exon 4

might be prone to exon skipping and might be also affected by alternative splicing. Therefore,
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exon 4 skipping was analyzed by qRT-PCR with primers specific for the exon 3-5 boundary.
Interestingly, exon A4 CD33 mRNA could be detected in all genotypes indicating that the size of
exon 4 indeed increases the probability of skipping of this exon, which was not described before.
Furthermore, macrophages with homozygous Kls of both mutations showed an increased
frequency of exon A4 CD33 mRNA when normalized to the total CD33 mRNA expression (Exon
6-7) indicating that both mutations might increase the probability of exon 4 skipping (Figure 34D).
Since ¢.746-8delG alters the 3’ splice site of intron 4-5, it is plausible that this might change
inclusion of exon 4 in mature CD33 mRNA. However, the effects of exon 4 skipping on protein
function have still to be elucidated and more detailed studies using new generation of mini-genes

have been initiated.

CD33 mRNA expression was also analyzed in iPSC-derived granulocytes by gRT-PCR
(Figure 35). Analogous to macrophages, the homozygous CD33%4"5**T mutation caused reduced
expression of the CD33M isoform (Exon 1-2, Exon 2, Exon 2-3) and increased expression of the
CD33m (Exon A2) isoform proving the strong effect of this variant on exon 2 skipping (Figure 35).
In fact, reduction of CD33M expression was similar to KO of CD33 indicating nearly complete

absence of the ligand-binding CD33M isoform in CD33°%4'**T cells (Figure 35).
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Figure 35: Altered CD33 isoform balance in iPSC-derived granulocytes.

Representative gqRT-PCR analysis of CD33 mRNA expression in granulocytes differentiated from
wild-type (WT), CD33 knock-out (KO), CD33%4154>T (K|1), or CD33¢746-84€lG (K]2) iPSC clones
revealed increased expression of CD33m (Exon A2) and reduced CD33M (Exon 1-2, Exon 2,
Exon 2-3) isoforms in CD33-mutated cells (n = 1 independent experiment).

4.2.6 Altered hematopoiesis of CD33-mutated iPSC-derived
hematopoietic progenitor cells

CD33 expression is upregulated early during hematopoiesis and is a marker for myeloid

progenitor cells, but its function in hematopoietic progenitor cells is still not clear.
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CRISPR/Cas9-edited iPSC lines allow to study the role of CD33 during hematopoiesis in vitro.
Here, the hematopoietic differentiation potential of iPSC-derived CD33 KO and Kl HSPCs was

analyzed using a CFU assay in semi-solid methylcellulose medium (Figure 36).
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Figure 36: CD33 mutants showed altered myelopoiesis.

(A) Cells from CD33 knock-out (KO), CD33%41#>T (KI1), and CD33¢746-8dIC (K|2) generated
significantly increased colony numbers in a CFU assay in semi-solid methylcellulose compared
to wild-type (WT) (n = 3 independent experiments). (B) Representative analysis of colony type
revealed similar composition in all samples. BFU: Burst-forming unit. CFU: Colony-forming unit.
E: Erythrocyte. G: Granulocyte. M: Macrophage.

Interestingly, CD33 KO cells, CD33¢4154°T (KI1), and CD33¢-746-8¢IG (K|2) generated significantly
higher numbers of colonies compared to WT cells indicating increased proliferation and/or faster
differentiation kinetics in CD33-mutated cells (Figure 36A). Of note, increased number of colonies
was not associated with changes in colony composition, as similar frequencies of different
erythrocyte and myeloid colony types could be observed in all genotypes (Figure 36B). In line,

CD33 KO and CD33 KI cells demonstrated increased frequencies of CD34" cells during

macrophage differentiation suggesting a faster differentiation of CD33-mutated cells (Figure 30).

4.2.7 Mutant CD33 alters bacterial killing of macrophages
In the CNS CD33 was shown to regulate phagocytosis of microglia.*®> 4" In fact, SNPs changing
the CD33M/CD33m isoform balance were shown to have pathogenic or beneficial effects on AD
pathogenesis by inhibiting or activating microglial phagocytosis, respectively.*®' Therefore,
phagocytosis and bacterial killing of CD33-mutated iPSC-derived macrophages was analyzed
using gentamycin protection assays upon challenge with S. typhimurium, which is a pathogen

relevant for intestinal pathology (Figure 37).
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" Figure 37: Reduced bacterial killing in
e CD33-mutated cells.
' Quantification of S. typhimurium colonies in a
gentamycin protection assay showed higher
number of surviving bacteria in CD33 knock-out
(KO), CD33c415A>T (K|1), or CD33¢-746-8delG (K|2)
iPSC-derived macrophages compared to
wild-type (WT) macrophages (n = 5 - 8
independent experiments, mean of 2 different
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Compared to wild-type iPSC-derived macrophages, CD33 KO as well as patient-specific Kl cells
showed increased numbers of surviving intracellular S. typhimurium bacteria (Figure 37). Since
loss of CD33 function or expression of the small CD33m isoform caused increased phagocytosis
by microglia, this observation might be explained by increased uptake of S. typhimurium bacteria
in CD33-mutated cells and might indicate that both mutations represent loss-of-function alleles.
However, this result would be also in line with defective bacterial killing of CD33-mutated cells.
Further studies are required to assess whether CD33 mutations affect uptake and/or killing of

bacteria by macrophages and if phagocytosis (e.g., cell debris) of other targets is defective.

4.2.8 CD33 mutations alter inflammasome activity in macrophages
Inflammasomes play a central role in IBD pathogenesis (see also section 1.1.6 and Figure 3) and
dysregulation of inflammasome activity can cause increased IL-1B production and
hyperinflammatory conditions. Interestingly, blocking of CD33 as well as removal of sialic acids
from the cell surface by sialidase was shown to result in IL-1 release independent of other

activating stimuli indicating an inhibitory role of CD33 for inflammasome activation.%®

CD33 controls cell death in macrophage-like BLaER1 cells

The role of CD33 on inflammasome activation was evaluated in BLaER1 cells, which can be
trans-differentiated towards CD14* monocyte-like cells using IL-3, M-CSF, and B-estradiol

(Figure 38A).500.601 Of note, trans-differentiated BLaER1 cells also express CD33 on their surface
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making them a suitable model to test CD33 function (Figure 38A). Since there is no specific CD33
ligand available, CD33 was targeted using an anti-CD33 antibody that was shown to induce IL-13
release similar to CD33 KD in previous studies.*%® As expected, IL-1B release was only detected
in BLaER1 cells primed with LPS and activated with Nigericin, but not in cells stimulated with LPS
alone (Figure 38B). While cells pre-treated with anti-CD33 for 48 h showed no production of
IL-1B3, substantially higher release of LDH independent of inflammasome activation could be
detected indicating cell death in response to anti-CD33 treatment (Figure 38B). In line, release
of CASP1 could be detected by immunoblotting in supernatants from cells treated with anti-CD33.
Since CASP1 and especially pro-CASP1 is usually retained in cells, presence in cell supernatants
is a marker for cell membrane disintegrity and release of cytosolic proteins during cell death
(Figure 38C). Immunoblotting of cell lysates confirmed reduced production of pro-IL-13

(Figure 38C).
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Figure 38: CD33 activity affected inflammasome and cell death in BLaER1 cells.

(A) Representative flow cytometry analysis of BLaER1 differentiation demonstrated successful
generation of CD33*CD14* monocyte-like cells. (B) Representative analysis of inflammasome
activity by ELISA and LDH release assay in trans-differentiated BLaER1 cells after pre-stimulation
with 1gG, anti-CD33, or Sialidase for 48 h indicated reduced inflammasome activation and
increased cell death in cells treated with anti-CD33 (n = 3 independent experiments). (C)
Representative immunoblot analysis of Caspase-1, IL-1B, and actin in trans-differentiated
BLaER1 cells after pre-stimulation with 19G, anti-CD33, or Sialidase for 48 h confirmed reduced
inflammasome activation and increased cell death in cells treated with anti-CD33 (n = 3
independent experiments).

Of note, removal of sialic acids by sialidase resulted in IL-1 secretion without addition of LPS
and Nigericin indicating pre-mature activation (Figure 38B). However, IL-18 production by

sialidase-treated cells was reduced after stimulation with LPS and nigericin, which might indicate
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disturbed inflammasome activation (Figure 38B). In line, immunoblotting of cell lysates from
inflammasome experiments showed increased expression of pro-IL-1B in sialidase treated cells,
but no cleavage of IL-1 could be detected indicating that sialidase treatment causes expression
of pro-IL-1B8 and disturbs inflammasome activation (Figure 38C). Pre-mature IL-13 secretion
detected by ELISA might be caused by release of pro-IL-1B in the supernatant, which also

indicates cell death.

Primary monocytes of the index family show hyperinflammatory signature

The phenotypes of IBD and vasculitis observed in the index patient are suggestive of an inborn
error of immunity associated with increased pro-inflammatory cytokine secretion. In this regard,
CD33 was shown to influence TLR4 signaling, which can trigger pro-inflammatory cytokine
release and inflammasome activation.*42 4% Therefore, inflammasome activation was analyzed in
primary monocytes derived from peripheral blood in two independent experiments (Figure 39).
In the first experiment, patient monocytes showed an IL-1B hypersecretion upon stimulation with
LPS and nigericin as compared with healthy donors (Figure 39A). Of note, patient monocytes
secreted more IL-1( after LPS priming indicating premature activation of these cells (Figure 39A).
In a second experiment, an increased IL-1[3 secretion could be observed in all individuals of the
index family (mother, father, patient) compared to healthy controls and a travel control indicating

a pro-inflammatory genetic signature in the family (Figure 39B).

Interestingly, pre-treatment of primary monocytes with anti-CD33 for 6 h resulted in higher IL-13
levels in healthy donor samples but did not increase IL-1 production in cells from the affected
family members, which might indicate CD33-dependent inflammasome activation in the index
family (Figure 39C). Furthermore, anti-CD33 treatment induced IL-1 release independent of

LPS/Nigericin-mediated inflammasome activation in line with previous publications.*%

Unlike ELISA analysis, immunoblotting of supernatants from cells, which were not treated with
anti-CD33 suggested increased levels of mature IL-1f in patient samples compared to the parents
(Figure 39D left panel). Interestingly, S100A9 could be detected in supernatants of monocytes
isolated from the mother and the patient whereas no expression could be observed in

supernatants from healthy controls nor the father (Figure 39D).
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Figure 39: Increased inflammasome activity in monocytes of the index family.

(A) First analysis of IL-1B secretion by peripheral blood monocytes from two healthy donors (HD)
and the index patient (P1) by ELISA indicated increased IL-1 secretion by cells from the index
patient. (B) Repetition of (A) with additional family members (Father: B.I-1, Mother: B.l-2) and a
travel control (TC) revealed increased IL-1B secretion by cells from the complete index family.
(C) Analysis of LPS/Nigericin-mediated inflammasome activation after pre-incubation with
anti-CD33 for 6 h demonstrated influence of CD33 on increased IL-1B secretion. (D) Immunoblot
analysis of cell supernatants generated in (C) and (B) confirmed increased inflammasome
activation in the index family without pre-stimulation and show higher S100A9 production in B.1-2
and P1. Anti-CD33-treated cells of HD showed similar IL-1(3 secretion compared to index family.
(E) Immunoblot analysis of cell lysates with (C) or without (B) anti-CD33 pre-treatment indicated
increased inflammasome activation in the index family. Of note, P1 shows highest IL-13
production after pre-incubation with anti-CD33.

In line with observations in the ELISA, supernatants from anti-CD33-treated cells showed similar
IL-1B levels in all samples indicating a regulatory function of CD33 in inflammasome activation

(Figure 39D right panel).
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Intracellular activation of inflammasomes in monocytes was analyzed by immunoblotting of cell
lysates (Figure 39E). Corresponding to the ELISA data, the index family showed increased IL-13
production compared to the travel control without anti-CD33 treatment (Figure 39E left panel).
However, immunoblotting suggested increased pro-IL-1B levels in the patient indicating higher

activation of NF-«kB signaling in patient cells (Figure 39E left panel).

Anti-CD33 stimulated expression of pro-IL-1B independent of LPS in all samples indicating
induction of NF-kB signaling and cellular activation upon modulation of CD33 (Figure 39E right
panel). After pre-treatment with anti-CD33, patient cells showed substantially increased levels of
mature IL-1B upon inflammasome activation (Figure 39E right panel). Of note, more intracellularly
retained mature IL-13 might explain why there was no difference detectable by ELISA between

healthy family members and the patient.

CD33 mutations cause increased inflammasome activation in iPSC-derived macrophages

To shed light on the role of CD33 on inflammasome activation and to assess the effect of
patient-specific mutations on inflammatory functions of macrophages, classical inflammasome

activation by LPS and Nigericin was analyzed in iPSC-derived macrophages (Figure 40).

As expected, substantial IL-1f secretion could be only detected in iPSC-derived macrophages
activated with LPS and Nigericin demonstrating the relevance of this advanced disease model
system (Figure 40). In contrast to primary monocytes, no detectable difference in IL-1B
expression, maturation, or secretion could be observed for any genotype by ELISA or
immunoblotting indicating that CD33 might not directly regulate LPS-mediated inflammasome
activation in this setting (Figure 40). The observed discrepancy between primary and
iPSC-derived model systems might be caused by (i) different cell types, (ii) genetic background,

and (iii) pre-activation of primary cells.
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Figure 40: LPS-induced inflammasome is not altered by CD33 mutations.

(A) Representative analysis of IL-13 secretion from macrophages differentiated from wild-type
(WT), CD33 knock-out (KO), CD33%41%**T (KI1), or CD33°746-8%IG (K|2) iPSC clones by ELISA
indicated normal LPS/Nigericin-mediated inflammasome activation (short term, n = 4 independent
experiments, 2 different clones for KO, KI1, KI2 used in experiments). (B) Representative
immunoblot analysis of cell lysates and supernatants from (A) confirmed normal inflammasome
activation (n = 3 independent experiments, 2 different clones for KO, Ki1, KI2 used).

Since CD33 was shown to influence S100A9-mediated cellular activation and an increased
S100A9 secretion could be observed in monocytes from the patient and mother,
S100A9-mediated inflammasome activation was analyzed (Figure 41). Similar to experiments
using LPS for priming of inflammasome, secretion of mature IL-13 was only detected upon co-
stimulation of S100A9 in combination with the second trigger Nigericin (Figure 41A). However,
in contrast to LPS-stimulated macrophages, inflammasome activation by S100A9 induced higher

levels of IL-1B in macrophages carrying the homozygous, patient-specific mutations indicating an

increased response after S100A9 stimulation (Figure 41A).

In parallel, S100A9 stimulation caused substantially increased cell death in macrophages with Ki
of patient mutations indicating dysregulated inflammasome responses in these cells
(Figure 41B). Immunoblotting of cell lysates confirmed increased levels of mature IL-1B in
CD33-mutated cells but did not show any difference in pro-IL-13 expression (Figure 41C).
Similarly, immunoblotting of cell culture supernatants showed increased mature IL-1[3 levels in
macrophages with CD33 KO or Kl of patient-specific mutations in CD33 (Figure 41D).
Furthermore, increased cell death could be detected in CD33-mutated cells confirming previous

observations (Figure 41D). Of note, detection of pro-IL-1f in the supernatant without addition of
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Nigericin indicates that S100A9 alone might induce death in CD33-mutant cells independent of
inflammasome activation, which might indicate dysregulated cell death and/or inflammatory

responses (Figure 41D).
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Figure 41: CD33 mutants cause increased S100A9-mediated inflammasome activity.

(A) Representative ELISA of IL-1B secretion from macrophages differentiated from wild-type
(WT), CD33 knock-out (KO), CD33°41%4>T (KI1), or CD33°746-8¢IG (K|2) iPSC clones indicated
increased S100A9/Nigericin-mediated inflammasome activation (n = 4 independent experiments).
(B) Analysis of LDH release from macrophages differentiated from wild-type (WT), CD33
knock-out (KO), CD33°45*>T (KI1), or CD33¢746-8delG (K|2) iPSC clones showed increased
cytotoxicity for CD33-mutated cells after S100A9 and S100A9/Nigericin stimulation (n = 3
independent experiments). (C) Immunoblotting of cell lysates (C) and supernatants (D) from (A)
confirmed efficient inflammasome activation and increased IL-1B cleavage and secretion (n = 1
independent experiments).

4.2.9 CD33-mutant granulocytes show altered inflammatory function
In addition to primary macrophages, inflammasome activity was also assessed in primary
granulocytes isolated in the second experiment. In line with monocyte data, granulocytes from
the index family (except for the mother) showed increased IL-1B production compared to healthy

controls confirming the hyperinflammatory signature in the index family (Figure 42).
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Furthermore, CD33-mutated iPSC-derived granulocytes were assessed for their inflammatory
responses. Analogous to macrophages, inflammasome activation in response to LPS/Nigericin
or S100A9/Nigericin was analyzed (Figure 43). Similar to macrophages, a comparable release
of IL-1P3 could be observed from granulocytes with different genotypes upon stimulation with LPS
and Nigericin suggesting normal TLR4-mediated inflammasome activation in CD33-mutated
granulocytes (Figure 43A). There was similar LDH release from wild-type and mutant
iPSC-derived granulocytes upon LPS or LPS/Nigericin stimulation (Figure 43B). Analogous to
macrophages S100A9-mediated inflammasome activation was tested in iPSC-derived
granulocytes. In line with observations in macrophages, CD33¢746-8delG granulocytes also
produced higher amounts of IL-13 upon co-stimulation of S100A9 and Nigericin (Figure 43C).
Furthermore, S100A9 alone also induced IL-1B secretion in CD33¢746-8dlG granulocytes
(Figure 43C). However, no difference could be observed for CD33 KO and CD33°415A>T
granulocytes compared to wild-type, which is different to iPSC-derived macrophages. Whereas
S100A9 induced increased LDH release indicative of higher cytotoxicity in CD33-mutant
macrophages, no difference could be observed for iPSC-derived granulocytes suggesting

differential responses or kinetics in different cell types.
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Figure 43: Increased inflammasome activation in CD33-mutated iPSC-derived granulocytes.

(A) Representative analysis of IL-13 secretion from granulocytes differentiated from wild-type
(WT), CD33 knock-out (KO), CD33°41%A*T (K|1), or CD33°746-8¢IC (K]2) iPSC clones by ELISA
indicated normal LPS/Nigericin-mediated inflammasome activation (n = 4 independent
experiments). (B) Representative analysis of LDH release from granulocytes differentiated from
wild-type (WT), CD33 knock-out (KO), CD33%4154>T (K|1), or CD33¢746-84€lG (K]2) iPSC clones
showed comparable cytotoxicity (n = 3 independent experiments). (C) Representative ELISA
results of IL-1B secretion from granulocytes differentiated from wild-type (WT), CD33 knock-out
(KO), CD33°415%°T  (KI1), or CD33¢7468elG (K]|2) (PSC clones indicated increased
S100A9/Nigericin-mediated inflammasome activation in granulocytes expressing CD33¢.746-8dlG
(n = 2 independent experiments). (D) Representative analysis of LDH release from granulocytes
differentiated from wild-type (WT), CD33 knock-out (KO), CD33%41%4*T (KI1), or CD33¢746-8¢lG
(KI2) iPSC clones showed comparable cytotoxicity for all tested genotypes (n = 1 independent
experiments).
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4.3 TREM2 deficiency as a novel genetic entity causing VEO-
IBD

4.3.1 ldentification of a patient with homozygous TREM2 mutation
A male patient born to non-consanguineous parents with Turkish descent presented with severe,
infantile-onset IBD and neuromuscular developmental disorders at Gazi University Hospital

(Ankara, Turkey) (Figure 44A).
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Figure 44: Identification of a patient with homozygous missense mutation in TREM2.

(A) Pedigree of index family with father (C.I-1), mother (C.I-2), and index patient (C.1I-1, P1).
(B) Sanger sequencing confirmed homozygous presence and segregation of c.451G>A mutation
in the index family. (C) Schematic overview of TREM2 mRNA and protein structure. The index
mutation (c.451G>A,; p.Glu151Lys) is located close to the TREM2 shedding site.



4 Results 150

Since the infantile onset suggested a monogenetic cause of the disease, genomic DNA was
isolated from peripheral blood samples and subjected to WES at the sequencing core facility of
the CCRC Hauner. Using bioinformatic analysis filtering for rare, deleterious variants, we
identified a homozygous missense mutation in TREM2 (6:41127561, ENST00000373113;
c.451G>A; p.Glu151Lys). Sanger sequencing confirmed the presence of the homozygous
c.451G>A mutation in the patient and showed that both parents were heterozygous carriers

proving segregation of the mutation with the disease phenotype in the family (Figure 44B).

The identified c.451G>A is located in exon 3 and results in exchange of the negatively charged
Glutamine 151 with a positively charged Lysine (p.Glu151Lys, E151K, Figure 44C). Of note,
Glu151 is located only 6 amino acids upstream of the ADAM cleavage site, which can be found
between position 157 and 158 and is important for shutdown of TREM2 signaling. Since Glu151
is upstream of the cleavage site, it is one of the most C-terminal amino acids in sTREM2 after

shedding from the cell surface (Figure 44C).

4.3.2 Generation of patient-specific iPSC using CRISPR/Cas9-
mediated genetic engineering

TREM2 is involved in controlling the homeostasis in the CNS and gut by regulating responses of
microglial or macrophages to DAMPs and PAMPs. Therefore, TREM2 represents an interesting
candidate for causing IBD as well as neurological disorders, which both are observed in the index
patient. Unfortunately, the patient succumbed at 8 months of age. Since there is no access to
primary biospecimens due to the early death of the patient, the functional effects of the mutation
could only be studied using cellular model systems. iPSC-derived macrophages represent a
suitable model since they express TREM2 in high levels, show (near-)physiological responses,
and can be generated in a large scale. Furthermore, usage of isogenic iPSC lines allows

exploration of functional defects by distinct patient mutations in a genetically defined setting.

iPSC clones carrying the ¢.451G>A mutation identified in the patient were genetically engineered
using CRISPR/Cas9-mediated genome editing. Homozygosity of the engineered mutation was
confirmed by Sanger sequencing (Figure 45A). Furthermore, TREM2 KO iPSC were generated
by inducing a homozygous deletion of a 79 bp large fragment in exon 3 of the TREM2 gene

(Figure 45B).
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Figure 45: Successful genetic engineering of patient-specific iPSC lines.

(A) Schematic overview for the generation of TREM2 KO iPSC. CRISPR/Cas9-mediated genome
engineering resulted in deletion of 79 bp in exon 3 and intron 3 of TREM2. 52 bp were deleted in
exon 3 of mature TREM2 mRNA, which causes a frameshift and premature stop.
(B) Representative Sanger sequencing chromatogram confirmed successful introduction of
€.451G>A mutation in iPSC clones.

4.3.3 TREM2 deficiency alters myelopoiesis
TREM2 mutations in patients with NHD were shown to disturb osteoclast differentiation. To
assess if TREM2 mutations affect differentiation of monocytes, hematopoiesis of patient-specific
iPSC-derived hematopoietic progenitor cells was analyzed using a CFU assay in semi-solid

methylcellulose medium (Figure 46).
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Figure 46: Altered myelopoiesis in TREM2-deficient iPSC-derived HSPCs.

(A) Cells from TREM2E'3K (KI) iPSC generated decreased numbers of colonies in a CFU assay
in semi-solid methylcellulose compared to wild-type (WT) (n = 2 independent experiments).

(B) Analysis of colony type revealed reduced frequencies of granulocyte-macrophage (GM) and
macrophage (M) colonies in TREM2 knock-out (KO) and TREM2E'5' (Kl) cells compared to
wild-type (WT). In parallel, TREM2 KO showed increased frequencies of Erythrocyte (E)
colonies TREM2E'5'X cells showed higher frequencies of granulocyte (G) colonies (n = 2
independent experiments). BFU: Burst-forming unit. CFU: Colony-forming unit.
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Cells derived from TREM2E'®'KiPSC demonstrated a reduced number of colonies compared to
WT cells indicating a reduced capacity of TREM2-mutant hematopoietic progenitor cells to
generate mature myeloid/erythrocyte cells (Figure 46A). Of note, analysis of CFU assays
revealed quantitative differences during hematopoiesis. In detail, TREM2 KO and TREM2E'5'K
caused increased generation of erythrocyte and granulocyte colonies, respectively (Figure 46B).
In parallel, TREM2-deficient cells showed reduced frequencies of macrophage colonies
suggesting a dysbalanced myelopoiesis with block of macrophage development In

TREM2-deficient cells.

To functionally characterize the identified TREMZ2 variant, patient-specific iPSCs were
differentiated towards monocytes. Flow cytometry showed comparable frequency of CD45*CD14*

cells in TREM2 WT, KO, and KI cells (Figure 47A).

Interestingly, TREM2 KO and TREM2E'®'K cells showed reduced numbers of dead cells and
increased numbers of CD45" hematopoietic cells at day 15 - 18 of the differentiation during all
performed experiments (n = 3 for Kl, n = 2 for KO), which might suggest a survival or proliferation
advantage of TREM2-deficient cells compared to WT cells (Figure 47A). Of note, TREM2E'5'K
cells showed a similar phenotype to TREM2 KO cells indicating that TREM2E'5'K might represent
a loss-of-function allele. TREM2 KO and TREM2E'5'K iPSC-derived CD45* hematopoietic cells
demonstrated an increased level of CD14 expression at day 15 - 18 of the differentiation
confirming the similarity between TREM2 KO and TREM2E&'®'K cells (Figure 47B). It is known that
CD14 expression increases during macrophage differentiation but might be also induced by
PAMP-mediated macrophage activation and associated with a pro-inflammatory macrophage
fate. Thus, higher CD14 levels in TREM2-deficient monocytes might be explained by faster

differentiation or by an altered activation state.

iPSC-derived monocytes were matured to macrophages and their purity was analyzed by flow
cytometry (Figure 47C). Independent of the genotype, CD45*CD14*CD33" could be successfully
generated with high purity (= 94.5 %, Figure 47C). In murine Trem2” microglia expression of
CD11c (Integrin aX, encoded by the gene ITGAX), which is an important integrin for adhesion
and extravasation of monocytes, was shown to be downregulated.3*® %4 Interestingly, CD11c

expression was reduced in human iPSC-derived TREM2 KO macrophages, but not in
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TREM2E¥'K cells indicating that this phenotype is not affected by the patient mutation

(Figure 47D).

A Cc
Exp.2 Day 15 Exp.3 Day 18+7
WT TREM2 KO ) TREM2E151€ WT TREM2 KO TREM2E151K
47.6 52.1 ":74.2 255 375.2 24.5 95.0 97.7 5 94.5
o | - e | &)
Dead CD14
36.7 | 707 |1 99.0 99.6
jii = @
k| ¢ <
8 g — 3 o 1
%) = - 1 S - (=
CD45 CcD14
B D
Exp.1 Day 15 Exp.2 Day 15 Exp.3 Day 18 Exp.2 Day 19+6
' owTt awr
[A) 0Ko KO
I { CE151K CJE151K
%] F, | o
= s \ =
3/ \ 3
o \ \ o ] /
CD14 CD14 CD33 CD11c —

Figure 47: TREM2-deficient iPSC-derived monocytes showed higher CD14 expression.

(A) Representative flow cytometry analysis of floating cells after 15 days of differentiation from
wild-type (WT), TREM2 knock-out (KO), TREM2 knock-in (TREM2E'%'K) iPSC demonstrated
successful generation of CD45* hematopoietic cells. TREM2 KO and TREM2E'5' cells showed
reduced frequencies of dead cells and higher frequencies of CD45" cells (n=3 experiments for K,
n = 2 experiments for KO). (B) CD14* monocytes could be successfully generated from iPSC as
indicated by flow cytometry. Increased CD14 expression could be observed in TREM2 KO and
TREM2E'K after 15-18 days of differentiation (monocyte stage) in three independent
experiments. (C) Flow cytometry of macrophages matured from iPSC-derived monocytes
revealed successful generation of highly pure populations of CD45*CD14*CD33* macrophages
in all genotypes (WT, TREM2 KO, and TREM2E'5K) (D) WT, TREM2 KO, and TREM2E'5K
macrophages showed similar expression levels of CD14, CD33, and TLR4 as indicated by flow
cytometry analysis. Reduced CD11c expression could be observed in TREM2 KO iPSC-derived
macrophages.

TREM2 shedding is induced upon activation of macrophages by different signals and can be
successfully stimulated by PMA treatment.’®® Since the index mutation is located in close
proximity to the ADAM cleavage site, TREM2 shedding upon PMA treatment was analyzed by
immunoblotting (Figure 48). As expected, mature TREM2 levels were strongly reduced after 1 h
of PMA treatment in wild-type macrophages (Figure 48A,B). In parallel, levels of cleaved TREM2
C-terminal fragments were increasing indicating effective shedding (Figure 48A). In cell lysates
from TREM2 KO macrophages no expression of TREM2 could be detected using two different
antibodies binding to C-terminal (Figure 48A) or N-terminal (Figure 48B) epitopes of TREM2
confirming efficient modification by CRISPR/Cas9-mediated genome engineering. TREM2E15K

macrophages demonstrated normal shedding of mature TREM2 upon PMA stimulation, but
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substantially increased levels of mature TREM2 could be observed in unstimulated conditions
using a C-terminal antibody (Figure 48A). Interestingly, TREM2E'5"K showed a reduced molecular
weight compared to WT samples, which might be caused by altered post-translational

modification of mutant TREM2 (Figure 48A,B).
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Figure 48: Mutant TREM2 shows aberrant molecular weight.

Immunoblotting for both blots was performed by the laboratory of Prof. Dr. Christian Haass
(DZNE, LMU Munich). (A) Usage of a C-terminal epitope-specific antibody demonstrated efficient
knock-out (KO) of TREM2 and effective shedding of TREM2 in wild-type (WT) and patient-specific
knock-in (TREMZ2E''K) samples upon PMA stimulation. Reduced molecular weight could be
observed for the TREM2E'5"® mutant. (B) Detection of TREM2 using an antibody specific for a
N-terminal TREM2 epitope confirms deletion of TREM2 in KO samples and efficient shedding of
TREM2 upon PMA stimulation. In line with the C-terminal antibody, reduced molecular weight
could be observed for the TREM2E''K mutant. Calnexin was used as loading control.
Immat. = Immature, CTF= C-terminal fragment.

4.3.4 TREM2 deficiency affects inflammatory responses of
macrophages
TREM2 was shown to induce phagocytosis of microglia and contribute to clearance of apoptotic
neurons and protein aggregates by microglia in the CNS.52% %27. 340 Similarly, macrophages in the
gut are critical to phagocytose and clear pathogens and other danger signals in the intestinal LP
allowing surveillance of this important compartment. Therefore, iPSC-derived macrophages were
analyzed for their ability to handle S. typhimurium in a gentamycin protection assay (Figure 49).
Overall, uptake and/or killing of S. typhimurium was not affected by loss of TREM2. However,
S. typhimurium might not be binding to TREM2 and/or induce other types of phagocytosis (i.e.,
macropinocytosis). Therefore, effects of TREM28'%'K on phagocytosis of other bacterial species

and substrates are currently investigated.
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Figure 49: Killing of S. typhimurium is not affected by

TREM2 mutation.
° Kiling of S. typhimurium by iPSC-derived
macrophages from wild-type (WT), TREM2 knock-out
(KO), and patient-specific TREM2 knock-in (E151K)
was assessed using gentamycin protection assays (n
= 3 independent experiments for WT, E151K, n = 2 for
KO). Experiments were normalized to the mean
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In mouse experiments, loss of Trem2 in intestinal macrophages caused increased expression of
genes characteristic for pro-inflammatory M1 macrophages and reduced levels of genes relevant
for anti-inflammatory M2 macrophages indicating an altered polarization of intestinal Trem2”
macrophages.®? Interestingly, attenuated healing of the intestinal mucosa in Trem2’ mice was
shown to be caused by reduced M2 macrophage-derived IL-4 and IL-13.%2 Therefore,
polarization of TREM2 KO or TREM2E'5'K iPSC-derived macrophages towards pro-inflammatory
M1 and anti-inflammatory M2 macrophages was analyzed by flow cytometry upon challenge with

LPS and IFN-y or IL-4, IL-10, and TGF-(3, respectively (Figure 50).
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Figure 50: Mutant TREM2 causes reduced expression of pro-inflammatory
macrophage associated markers after polarization.

Representative flow cytometry analysis of wild-type (WT), TREM2 knock-out (KO), and
patient specific TREM2 knock-in (TREM2E'%'K) macrophages after polarization towards a MO,
pro inflammatory M1, or anti-inflammatory M2 fate. TREM2 KO and TREM2E''K showed
defective development of M1 macrophages as shown by reduced expression of CD86 and CD274
(n = 5 independent experiments).
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Up-regulation of pro-inflammatory markers (CD86, CD274, HLA-DR) on the cell surface
demonstrated that wild-type macrophages could be successfully polarized towards a M1 fate. On
the other hand, M2 polarization conditions effectively induced (i) high expression of CD163 and
CD273 (PD-L2), (ii) intermediate expression of CD274 (PD-L1), and (iii) reduced expression of
CD86.5%* Unpolarized TREM2 KO and TREM2E'5'K macrophages did not showed substantially
different phenotypes compared to wild-type cells (MO, Figure 50, upper panel). However, both
TREM2 KO and TREM28'®'K caused reduced expression of CD274 and up-regulation of CD86
upon induction of M1 polarization. Additionally, TREM2-mutated macrophages also failed to
increase expression of HLA-DR in some experiments, but this effect was variable. Taken together,
TREM2 KO and TREM2E'S'® macrophages that were treated with M1 stimulants demonstrated a
surface phenotype reminiscent of M2 macrophages suggesting an impaired development of
pro-inflammatory macrophages upon loss of TREM2 in humans. Unlike TREM2 KO cells,
TREM2E3K glso showed reduced expression of CD163 after stimulation of M1 or M2 polarization

indicating that the patient mutation might has some additional effect on macrophage polarization.

TREM2 was shown to regulate expression of pro-inflammatory cytokines and can have an
activating or inhibitory role depending on the avidity of its ligand. To further characterize the effect
of the identified TREM2E'5'K mutation on inflammatory responses and function of macrophages,
activation of important inflammatory pathways was analyzed. In a long-term stimulation assay,
iPSC-derived macrophages were first primed with LPS and then NLRP3 inflammasomes were
activated using Nigericin to induce K* efflux. To determine inflammasome activity, IL-1 secretion
into the supernatant was measured by ELISA and expression as well as activation of
inflammasome effectors was analyzed by immunoblotting of cell lysates and supernatants
(Figure 51).

As expected, substantial release of IL-1f by wild-type cells was only detected after full activation
of the inflammasome with both stimuli. Interestingly, both TREM2 KO and TREM2E'5' secreted
reduced levels of IL-1B indicating reduced activation of the NLRP3 inflammasome (Figure 51A).
Reduced IL-1B concentrations in the supernatant can be a result of reduced expression of
pro-IL-1[3, impaired cleavage of IL-1[3, or defective release of IL-1B via gasdermin pores. Analysis
of pro-IL-1f3 expression in cell lysates by immunoblotting revealed reduced expression levels of
pro-IL-1B in TREM2 KO and TREM28'%'"K macrophages (Figure 51B). Since expression of IL-13

in this experimental setting depends on LPS-induced signaling, reduced pro-IL-1 levels indicate
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defects in priming of macrophages rather than inflammasome activation. In line with reduced
IL-13 secretion measured by ELISA, immunoblotting of cell supernatants also demonstrated

reduced levels of mature IL-1B in TREM2 KO and TREM28'%'"K macrophages (Figure 51C).
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Figure 51: Mutant TREM2 disturbs IL-18 production by macrophages.

(A) Representative ELISA analysis of IL-13 concentration in supernatants from wild-type (WT),
TREM2 knock-out (KO), and patient-specific TREM2 knock-in (TREM2E'5'K) macrophages
primed with LPS for 17 h (long-term) and stimulated with nigericin for additional 2 h revealed
reduced IL-1B secretion from TREM2 KO and TREM2E'%K cells (n = 3 independent experiments
for WT, Kl, n = 1 for KO). (B) Representative immunoblot analysis of cell lysates from WT, TREM2
KO, and TREMZ2E'S'K cells showed reduced expression of pro-IL-1B after LPS stimulation.
Notably, pro-IL-1B could be detected in TREM2 KO and TREM2E'®'K macrophages show
expression of pro-IL-1B (n = 3 independent experiments for WT, KI, n = 1 for KO).
(C) Representative immunoblot analysis of supernatants from WT, TREM2 KO, and TREM2E'5K
cells confirmed reduced secretion of mature IL-1B after inflammasome activation (n = 3
independent experiments for WT, Kl, n = 1 for KO).

To further substantiate these findings, inflammasome activation was also assessed using short
term and low dose LPS priming conditions. In line with long term stimulation, TREM2 KO and
TREM2E"%"K macrophages also showed reduced IL-1B secretion after short term stimulation with
LPS (Figure 52A). However, the difference was not as pronounced as compared to long term
stimulation and TREM28'%'K macrophages showed an intermediate phenotype between TREM2
KO and wild-type cells. Analogous to long term stimulation experiments, but less pronounced,
reduced pro and mature IL-1B levels could be also confirmed by immunoblotting confirming

different regulation of LPS mediated signaling (Figure 52B).
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Figure 52: Analysis of short term inflammasome activation in mutant TREM2 macrophages.

(A) Representative ELISA analysis of IL-18 concentration in supernatants from wild-type (WT),
TREM2 knock-out (KO), and patient-specific TREM2 knock-in (TREM2E'5'K) macrophages
primed with LPS for 2.5 h (short-term) and stimulated with nigericin for additional 0.5 h reveals
reduced IL-1B secretion from TREM2 KO and TREM2E'%'K cells (n = 2 independent experiments
for WT, KI; n =1 for KO). (B) Representative immunoblot analysis of cell lysates and supernatants
from WT, TREM2 KO, and TREM2E''X cells confirms reduced expression of pro- and mature
IL-1B after LPS stimulation and inflammasome activation (n = 1 independent experiment).

LPS-mediated signaling via TLR4 induces expression of IL-1(, but also leads to production of
other inflammasome-independent pro-inflammatory cytokines. To assess, if the reduced
expression of cytokines upon LPS stimulation in TREM2-mutated cells is inflammasome-specific
or also affects other cytokines, secretion of TNF-a was analyzed (Figure 53). ELISA revealed
reduced TNF-a secretion upon LPS stimulation in TREM2 KO and TREM2E'5'K macrophages
indicating that the TREM2 mutant disturbs not specifically inflammasome activation, but rather

LPS-mediated signaling in general (Figure 53).

Figure 53: Mutant TREM2 disturbs TNF-a
production by macrophages.

Representative ELISA analysis of TNF-a
concentration in supernatants from WT, TREM2
KO, and TREM2E'S'K macrophages primed with
LPS for 18 h (long-term) revealed reduced TNF-a
secretion from TREM2 KO and TREM2E'®'K cells.
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Taken together, TREM28'%'K macrophages largely resembled TREM2 KO macrophages and
demonstrated defective inflammatory responses. Interestingly, TREM2 deficiency impairs

TLR4-mediated activation of macrophages causing reduced production of pro-inflammatory
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markers as well as cytokines, which might prevent efficacy of macrophage functions and altered
responses to infections/dangers. TREM2 deficiency might represent a novel genetic entity

causing VEO-IBD associated with defective macrophage functions.
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5. Discussion

5.1 Novel IL2RG mutation causing atypical SCID due to

alternative splicing

SCID is a devastating disease, which causes loss of adaptive immunity and impairs defense
strategies that nature has developed to protect the human body from pathogens. Consequently,
SCID patients suffer from severe infections and usually die in the first year of life without
treatment.?50-2%3 Besides severe infections, SCID patients often present with chronic
gastrointestinal inflammation, which is probably caused by lack of tolerance to intestinal
microbiota and demonstrates the importance of a healthy immune system for intestinal
homeostasis.?%0 251 253, 2% Mostly due to the lack of attention for rare diseases from the
pharmaceutical industry, the only available curative treatment option for SCID-X1 is HSCT. To
avoid severe side effects and transplant-related complications, early genetic diagnosis is critical
for the successful treatment of SCID-X1 by HSCT.8% Therefore, newborn screening approaches,
which help to identify patients with SCID mutations early in life, are necessary, but are not even
performed in all countries in Europe.®® However, screening approaches might fail to detect
atypical SCID, as it might present with different immune phenotypes. To allow efficient diagnosis
of atypical SCID, novel causative mutations need to be identified and new pathomechanisms

have to be elucidated providing the knowledge for rationale-based treatment decisions.

5.1.1 IL-21R deficiency-like phenotype in a patient with IL2RG
mutation
| have identified a novel deleterious mutation in IL2RG as cause for atypical SCID in two brothers.
The mutation has been predicted to cause an early deleterious frameshift in exon 1 of IL2RG.
Unexpectedly, both patients did not present with typical SCID symptoms, but with a phenotype
reminiscent of IL-21R-like deficiency including cryptosporidiosis, chronic diarrhea, recurrent
respiratory tract infections, hepatomegaly, and dilatation of the bile duct.*% 402 Furthermore, both
patients showed normal T and NK cell development, which are usually impaired in typical SCID
patients.?®® Since the IL2RG mutation was undoubtedly detected in peripheral blood of both
patients, somatic mosaicism and maternal engraftment of T cells could be excluded as reasons

for the presence of T cells. In line with IL-21R deficiency, class-switched B cells were nearly
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absent in both patients indicating defective B cell maturation. Both patients showed severe
disease courses and treatment (i.e., HSCT) decision was depending on a precise genetic
diagnosis. However, the discrepancy between genotype and phenotype did not allow an
unequivocal genetic diagnosis and warranted mechanistic studies on the molecular

pathomechanisms of the mutation.

5.1.2 Novel intronic splice site rescues IL-2Ry expression

A frameshift starting in exon 1 of a mRNA usually causes nonsense-mediated decay resulting in
complete loss of mMRNA and protein expression. However, | could detect normal IL2ZRG mRNA
and IL-2Ry protein expression in patient EBV-LCLs, corresponding to a normal T and NK cell
development. The strong discrepancy between the genotype with a deleterious IL2RG mutation
and the normal IL-2Ry expression indicated an unknown molecular mechanism resolving the
frameshift and a partial rescue of yc signaling. Therefore, | have tested whether the consequences
of the deletion might be cleared by alternative start sites or alternative splicing of mRNA. Since
exon 1 contains the signal peptide of IL-2Ry and the identified mutation is located at the end of
exon 1, an alternative start site downstream of exon 1 would have to precede a complete novel
exon with a similar sequence. Genetic duplication during evolution might result in near-identical
genetic sequences, but it is rather unlikely that genetic duplication leads to a position of the
sequence that serves as alternative start exon. In contrast, cryptic splice sites are numerous in
the human genome and can be activated by changes in the conditions of the splicing reaction.
Alternative splicing could either remove the codon carrying the deletion, which would be possible
with an exonic cryptic splice site, or by incorporation of additional bases to resolve the frameshift,
which can be achieved by intronic cryptic splice sites. Here, | could show that an intronic cryptic
splice site exists in intron 1-2 of IL2RG, that is rarely used in healthy individuals, as it leads to a
non-sense transcript. However, in combination with the identified patient mutation the cryptic
splice site results in a productive IL2RG transcript, which is partially functionally. This remarkable
coincidence of increased usage of an intronic cryptic splice site thus rescued IL-2Ry expression

and contributed to the atypical IL-21R deficiency-like phenotype observed in both patients.
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5.1.3 Mutant IL-2Ry causes IL-21R-like deficiency

The novel isoform generated by a combinatorial effect of the patient mutation and alternative
splicing results in a mutant protein with 16 inserted amino acids in the N-terminal domain of
IL-2Ry. My functional studies showed that mutant IL-2Ry did not cause substantial defects in IL-2,
IL-7, and IL-15 signaling, corresponding to the atypical SCID phenotype with normal numbers of
T and NK cells. In contrast, | could observe significantly reduced signaling in response to IL-4 and
IL-21, which is in line with a phenotype reminiscent of IL-21R deficiency.*%® 492 Since both
cytokines are important for B cell development, this finding explains abrogated B cell maturation
in both patients. However, due to limited access to patient material | could not address, if defective
B cell development is a consequence of missing signals in B cells or a result of dysfunctional Trn
cells, which are a major source of IL-21 and their functions are critically dependent on IL-21
signaling.?>® Presumably, lack of IL-21 signaling disturbs both B and Trn cell functions causing

the near-complete absence of class-switched B cells in the patients.

Previously, it was shown that IL-2Ry-deficient B cells are still responsive to IL-4, which might be
a result of signaling by type Il IL-4R complexes built by IL-4Ra and IL-13Ra in B cells.38 607. 608
In contrast, our patients showed abrogated IL-4 responses indicating that IL-4 signaling cannot
be rescued by type Il IL-4R complexes. Since mutant IL-2Ry is still expressed on the surface of
patient cells, loss of IL-4-mediated signaling might be a result of a dominant-negative effect of
mutant IL-2Ry. Accordingly, mutant IL-2Ry might form a complex with IL-4 and IL-4Ra, which
does not induce an intracellular signal, but prevents formation of type Il IL-4R complexes by
sequestering IL-4Ra from IL-13Ra. Further studies are required to assess if mutant IL-2Ry can

interact with IL-4Ra and how the mutation might impair signaling by type Il IL-4R complexes.

IL-21 is important but not essential for the development of Th17 cells, as they can still be produced
in 1121r"- mice.2'® 384 |n line, | could not observe any difference in the frequencies of Th cell subsets
in the peripheral blood of both patients. On the other hand, IL-4 signaling is important for many
different immune subtypes including Tu2 cells, granulocytes, and macrophages, but limited

access to patient material did not allow further studies on IL-4 signaling in other cell types.

To analyze the differential effect of the mutation on different yc cytokines, | generated a model for
mutant IL-2Ry using de novo structural prediction and aligned it to known protein structures of

different yc complexes.>®35% |nterestingly, the model indicated a more unstructured N-terminal
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domain of the mutant protein, which increased the distance between the IL-2Ry cytokines and
the mutant IL-2Ry. Furthermore, the cytokines were less enclosed by mutant IL-2Ry indicating
reduced interaction strength. Ultimately, changes in the N-terminal domain of IL-2Ry might cause
reduced cytokine binding. Of note, IL-4 and IL-21 use similar binding sites on IL-2Ry, which might
explain that both are affected by the mutation. In contrast, IL-7 was shown to use distinct binding
sites on IL-2Ry compared to other yc cytokines, which might be less affected by the identified
mutation and allow normal IL-7 function.®®® Lastly, in the heterotrimeric IL-2 and IL-15 receptor
complexes, the additional third subunit, which increases the affinity of receptor and cytokine,
might create sufficient interaction strength between the cytokine and receptor allowing normal

IL-2- and IL-15-mediated signaling observed in patient cells.

5.1.4 Implications for diagnosis and treatment of atypical SCID
Early genetic diagnosis is critical for the treatment of typical and atypical SCID. Cost-effective
availability of next-generation sequencing as well as newborn screening approaches have
significantly improved diagnosis rates of SCID.?¢%. 610-613 However, both techniques show inherent
limitations in identifying mutations with complicated or unusual pathomechanisms. Most genetic
analysis focus on exonic mutations, as the effects of changes in non-coding regions of the human
genome are still difficult to predict. On the other hand, exonic mutations might not necessarily
cause a phenotype due to a change in the amino acid sequence of the protein, but also cause
effects for mRNA expression, splicing, and maturation. Of note, this is especially true for
synonymous mutations. Furthermore, effects of mutation in non-coding regions might affect not
necessarily the closest gene, but also causes changes in expression of more distant genes, which
further complicates the analysis. In this study, | demonstrated that an unusual phenotype is
caused by a severe mutation in /L2RG that was partially rescued by a novel splicing mechanism,
which shows that a functional workup is critical to understand unusual pathomechanisms of novel
variants. | am convinced that elucidation of atypical genetic disease mechanisms like the one
studied here will provide the knowledge to better understand basic biological and immunological
mechanisms; thereby improving rates and speed of genetic diagnosis. Consequently, these

insights allow early treatment decisions and will ultimately save many future lives.
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5.2 A biallelic CD33 mutation as potential novel cause for

inflammatory phenotypes

Since CD33 is a routine marker for myeloid cells and known to modulate different immune-related
pathologies, it represents an attractive target in different diseases.5' Despite this important role,
there are still many open questions about the function of CD33, making it difficult to predict the
full spectrum of efficacy or unwanted side effects of anti-CD33 therapies. Therefore, deciphering
the role of CD33 can increase our knowledge on the development and function of myeloid cells
and help to improve therapies for various diseases including inflammatory, neurological, and
hematological disorders. However, studies on CD33 are hindered by species differences between
mouse and humans, as murine CD33 shows a different expression pattern and has an activating
function.*'® Furthermore, increasing evidence suggests that different CD33 isoforms have distinct
functions, which is complicating the role of CD33 in humans.*#* 452455 Rare mutations affecting
genes important for immune cell function can help us to improve our understanding of the basic
mechanism controlling the immune system. In line, CD33 SNPs were shown to modulate the
function of microglia in the CNS resulting in an altered clearance of neurotoxins, which influences
the risk of developing LOAD.*8' Analogously, | hypothesize that rare mutations in CD33 might
affect the functions of immune cells outside of the CNS and shed light on the general function of

CD33 in humans.

5.2.1 Identification of a patient with a biallelic germline CD33
mutation
In this thesis, | have identified a biallelic mutation in the CD33 gene in a patient suffering from
severe VEO-IBD accompanied by vasculitis refractory to conventional state-of-the-art treatment.
Manifestation of inflammation in the gut and vascular system strongly indicated an underlying
immune defect, since both compartments are built by different cell types (i.e., epithelial vs.
endothelial cells), but share the presence of immune cells in high abundancy. In comparison to
the intestine, the vascular system rarely encounters external toxins or pathogens and vasculitis
might be suggestive of an immune defect that causes over-activation or dysfunction of immune

cells.

The identified mutations are found close to splice sites of the CD33 pre-mRNA and were predicted

to influence splicing efficacy. Of note, the mutation c.415A>T is located at the end of exon 2,
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which encodes the ligand-binding domain of CD33 and is differentially spliced in CD33M and
CD33m isoforms. The function and localization of CD33m are still controversial and different
studies came to contrary conclusions.#4 452455 \Whereas some studies propose the CD33m
represents a loss-of-function isoform due to a missing capability to bind sialic acids, others
suggested that CD33m might be a gain-of-function isoform that is constitutively active.*%* 4% In
some studies, CD33m was found to be located intracellularly (i.e., in peroxisomes), but other
reports have detected CD33m also on the cell surface.*# 452 453 These contrary observations
might be caused by the usage of different antibodies, over-expression vs. primary cellular models,
and cell type-specific differences. Further studies are needed to address the exact role of different

CD33 isoforms.

5.2.2 CD33 mutations cause altered mRNA and protein expression in
immune cells

Since both mutations were predicted to alter splicing of CD33 pre-mRNA, | analyzed CD33
expression by qRT-PCR in primary cells and could observe increased levels of CD33 in the
patient but also in the healthy relatives. However, the identified compound heterozygosity might
mask pronounced effects in the index patient, as the mutations might not have a cumulative or
even contrary effect. Therefore, | generated doxycycline-inducible CD33 mini-genes and
over-expressed them in HEK293T cells. Of note, | could observe a significantly increased
expression of small CD33m isoforms in cells expressing the ¢.415A>T mutation. Since c.415A>T
is located at the 3’-end of exon 2, it is likely that this mutation affects the 5’ splice site of intron
2-3 and causes increased skipping of exon 2, which alters the isoform balance of CD33. As the
function of the small CD33m isoform remains controversial, we will continue to evaluate the
functional consequences in relevant physiological models. In contrast, | could not observe any
difference for the ¢.746-8delG mutation in this experimental setting. However, splicing might be
subject to other regulatory mechanisms in different cell types and immune cells might show
different isoform expression. As | removed or shortened introns to reduce the size of the
mini-gene, the role of the ¢.746-8delG mutation might be also masked by the design of the CD33
mini-gene. In particular removal of intron 3 and fusing of exon 3-4 might prevent skipping of exon
4, which was observed in experiments with iPSC-derived macrophages. Therefore, | will design

and over-express a novel generation of mini-genes containing intron 3 and analyze CD33
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expression in subsequent experiments. Furthermore, we will tag the CD33 mini-gene to analyze
protein expression and localization of different CD33 isoforms by immunoblotting and

immunofluorescence microscopy.

To analyze CD33 expression in a physiological disease model, | generated iPSC lines with KO of
CD33 and patient-specific Kls of CD33 using CRISPR/Cas9-mediated genetic engineering in
order to differentiate iPSC-derived macrophages and granulocytes. Of note, CD33%4154°T cells
showed a strongly reduced or absent CD33 surface expression in the hematopoietic stages during
differentiation. Mini-gene studies demonstrated that cells expressing c.415A>T have a
significantly increased expression of the small CD33m isoform, which might be localized mostly
intracellularly based on published literature.*® Therefore, absent CD33 surface expression might
be due to an increased CD33m/CD33M ratio in CD33%415**T hematopoietic cells. Indeed, RNA
expression analysis in CD33%4'5**T macrophages and granulocytes demonstrated an inverted
CD33 isoform ratio accompanied by a strong reduction of CD33M expression indicating that the
c.415A>T mutation strongly augments skipping of exon 2 during CD33 pre-mRNA maturation. Of
note, CD33M expression levels in CD33°4'5*°T cells were comparable to CD33 KO cells indicating
a nearly complete loss of CD33M expression. In mini-gene over-expression models | could not
observe such a profound loss of CD33M expression confirming the necessity to analyze

pathomechanisms in more physiological-relevant disease models.

Moreover, mMRNA expression analysis in iPSC-derived myeloid cells also revealed a previously
undescribed splicing mechanism in CD33, which results in skipping of exon 4. Interestingly, both
patient mutations caused an increased expression of CD33 mRNA lacking exon 4, which encodes
the C-terminal end of the extracellular domain in front of the transmembrane domain. The role of
exon 4 remains unclear, as there are no specific descriptions or structural data available.
However, loss of exon 4 will reduce the distance of the V-set and the C2-set domain from the cell
membrane, which might prevent mutant CD33 to bind certain ligands that are found more far
away from the surface. Since the cell membrane is crowded with membrane proteins and is
electrostatically charged, proximity of the extracellular domain to the cell surface might cause
structural problems by steric hindrance or electrostatic repulsion, which might change the activity

of mutant CD33.



5 Discussion 167

On a protein level, peripheral blood cells showed increased or altered expression of CD33 on the
surface of various immune cell populations, which is in line with mRNA expression data from
primary cells but might sound contrary to the observed reduction in iPSC-derived model systems.
However, the patient carries a compound heterozygous mutation and thus distinct effects on
splicing of both mutations might affect the phenotype differentially than the homozygous model
systems. Since my data in heterologous cellular models suggest that the c.415A>T mutant results
in a loss of CD33M expression, the aberrant surface expression pattern might be reflected solely

by the effects of the ¢.746-8delG mutation.

Detailed immunophenotyping of peripheral blood cells showed that populations characterized by
high CD33 expression levels in healthy donors showed only mild upregulation of CD33 in the
patient whereas cell populations with absent or low expression of CD33 in healthy individuals
showed a strong up-regulation of CD33. For example, eosinophils usually down-regulate CD33
expression during differentiation and mature eosinophils demonstrate only low levels of CD33 on
the surface.?'® In contrast, more than 90 % of CD45M"CD 16" eosinophil-like cells from the patient
showed high CD33 expression levels, which might be due to defective eosinophil maturation or
aberrant expression of CD33 in mature eosinophils. The detection of eosinophil and granulocyte
progenitors might indicate a hematological disorder, which could not be observed in the patient.
Furthermore, CD33 expression was also strongly increased in CD3:CD19°CD56* cells, which
weren’t positive for CD33 in healthy donor samples. Although this population includes
CD56*CD16* NK cells, CD33 expression was also seen in CD16" populations. Similar to
granulocytes, CD33"CD56* cells might represent immature NK cells precursors or mature NK
cells that aberrantly express CD33 in the periphery.6'® 617 Taken together, the
immunophenotypical characterization suggested that patient peripheral blood cells showed an
altered regulation of CD33 expression or that immature CD33" cells are enriched in the periphery
due to defective hematopoiesis. Immature cell populations might react very differently to external

stimuli and might cause immune defects and/or inflammatory syndromes.

In addition, detailed immunophenotyping revealed reduced expression of the activation markers
HLA-DR and CD16 in patient CD33* peripheral blood cells (i.e., monocytes). Remarkably, the
difference in expression was most pronounced for CD33* patient monocytes, which may indicate

a role of CD33 in monocyte activation.
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Furthermore, | could detect altered distribution of T helper cells accompanied by increased
frequencies of CXCR3'CCR6* Th17-like cells and decreased frequencies of CXCR3" Th1-like
cells in the patient compared to healthy controls. Since Ty17 cell development can be driven by
IL-1B, increased frequencies of Tu17 cells might be caused by premature activation of CD33*
cells and release of pro-inflammatory cytokines. However, numbers of TH17 cells are increased
in many IBD patients and might be not a specific symptom but represent rather a sign of severe
inflammation. Although CD33 is used as marker for myeloid cells, it was shown that CD33 can be
also expressed on lymphocytes upon activation. Therefore, | also analyzed CD33 expression on
lymphocytes and found that higher proportions of patient lymphocytes were positive for CD33 on
the cell surface. Furthermore, patient CD4* T cells showed significantly stronger up-regulation of
CD33 mean fluorescence intensity after ex vivo stimulation, which is in line with our observation
that cell with lower expression of CD33 have a stronger CD33 expression in the patient.
Interestingly, cells from the father were indistinguishable from healthy donor samples but cells
isolated from the blood of the mother demonstrated an intermediate phenotype. Since the mother
is a heterozygous carrier of the c¢.746-8delG mutation, this observation is in line with the
hypothesis of that the expression pattern in the patient might be primarily caused by the
€.746-8delG mutation. In detail, if the ¢.746-8delG mutation is responsible for the observed
aberrant expression pattern, | would expect an intermediate or masked phenotype in
heterozygous carriers (i.e., the mother), as they still have a wild-type copy of the gene. In
homozygous or homozygous-like carriers (i.e., the patient when considering the loss of
expression by c.415A>T) | would expect a strong upregulation, as seen in the patient. In summary,
| hypothesize that the ¢.746-8delG mutation causes an altered splicing of intron 4-5 and/or exon 4,
which leads to aberrant expression of CD33 on the cell surface. In the patient the combination of
both mutations results in a homozygous-like state of the second mutation, which may result in the
observed expression differences. However, the role of CD33 in lymphocytes remains unclear and
needs to be analyzed in further studies. Lack of primary patient material limited the studies on
CD33 mutated T cells. Therefore, | will generate humanized mouse models that will be
reconstituted by CRISPR/Cas9-engineered iPSC-derived HSPCs allowing more detailed analysis

of human T cell development and function in vivo.
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5.2.3 CD33 mutations affect hematopoiesis

Immunophenotyping of peripheral immune cells demonstrated increased expression of CD33 in
various immune cell lineages, which might be caused by aberrant expression of CD33 in mature
immune cells or by presence of CD33* immature immune cell types in the periphery. CD33 is
known to be expressed early in hematopoiesis and thus might have an inhibitory role on immune
cell development. Therefore, | analyzed the effect of CD33 mutations on hematopoiesis of
iPSC-derived HSPCs using an CFU assay in semi-solid medium. Interestingly, | could observe a
significantly increased colony formation of CD33 KO, CD33%4154*T and CD33¢746-8dG cells
indicating an enhanced proliferation and/or differentiation potential of mutant CD33 HSPCs. In
contrast to published studies, | could observe a regulatory effect of CD33 on hematopoiesis. Thus
these studies warrant caution for available treatments using CD33 as target, since altered HSPC

biology and differentiation might also result in malignant or exhausted immune phenotypes.

5.2.4 CD33 modulates inflammatory responses of myeloid cells

CD33 is known to influence phagocytosis and it was shown that reduced CD33M or higher
CD33m expression is a critical determinant of microglial ability to clear neurotoxins like AB
plaques in LOAD.*% 481 Since | could demonstrate a shift in isoform homeostasis and an aberrant
CD33 expression caused by the identified compound heterozygous mutation, | analyzed the
ability of iPSC-derived macrophages to phagocytose and kill bacteria. Although with variable
intensity across individual experiments, | could observe an increased number of surviving
intracellular S. typhimurium in CD33 KO and KI macrophages. This observation can be explained
by increased uptake of the bacteria or by defective intracellular killing of the bacteria. Since
S. typhimurium induces macropinocytosis to enter cells, it is more likely that the increased number
of surviving bacteria represents a defect in bacterial killing then increased phagocytosis.
Confirming experiments with other bacterial species are currently established. The variability of
the experiments might be caused by differences in number and replication phase of bacteria,
which is hard to adjust perfectly. Although no substantial differences in surface marker expression
could be detected in iPSC-derived macrophages, variable outcomes of the experiments could be
also caused by different states of polarization at different time points. To further assess the effect
of both mutations on phagocytosis, phagocytic capacity needs to be assessed directly (e.g.,

uptake measurements by flow cytometry) and with different stimuli.
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Besides inhibition of phagocytosis, CD33 was also shown to inhibit cellular activation in a
steady-state and targeting of CD33 using antibodies, KD of CD33, or removal of CD33 cis-ligands
resulted in increased pro-inflammatory cytokine release (i.e., IL-13, IL-8, and TNF-a) indicating a
central role of CD33 in controlling myeloid cell homeostasis.*>*® To confirm this role, | treated
trans-differentiated CD14"CD33* macrophage-like BLaER1 cells with anti-CD33 and sialidase
and analyzed inflammasome activation.t% ¢ |n line with published data, removal of cis ligands
by sialidase induced release of IL-1B.%% Interestingly, | could show that stimulation with anti-CD33
impaired production of IL-1B. In parallel, anti-CD33 induced strong release of LDH into the
supernatant indicating increased cell death of anti-CD33-treated cells. LDH might be released
into the supernatant after rupture of the cell membrane during necrosis or via gasdermin pores
inserted into the cell membrane during pyroptosis, which is executed after inflammasome
activation. In contrast to apoptosis, necrosis and pyroptosis are inflammatory forms of cell death
causing immune cell activation and amplification of inflammation. Dysregulated cell death
mechanisms can cause severe inflammation and, in line, our group recently demonstrated that
disturbed cell death responses can cause inflammatory syndromes presenting with
VEO-IBD.""2 "3 Cell death might be induced by various cellular pathways, but the strong
response to anti-CD33 indicates an important role of CD33 in controlling survival and activation
of cells in steady state. Although molecular mechanisms of anti-CD33 antibodies are still
controversial, the similarity between the effects of CD33 KD and anti-CD33 suggests that the
CD33-targeting antibody has a blocking effect on CD33 function. Taken together, the BLaER1
cell model suggested that loss of CD33 function results in inflammatory cell death in macrophages
and that removal of sialic acids causes pre-mature activation of macrophages. CD33-mediated
inflammatory cell death might explain the observed autoinflammatory phenotype in the patient,

which needs to be confirmed in primary patient material and more sophisticated model systems.

In a first experiment with primary patient material, | could observe an increased IL-1$ production
after activation of the NLRP3 inflammasome by LPS and Nigericin in patient monocyte-derived
macrophages. When analyzing the complete index family in a second experiment, | observed
similarly high IL-1p production in monocyte-derived macrophages and granulocytes of healthy
family members. IL-1B production of all family members measured by ELISA was still strongly
increased compared to unrelated controls indicating rather a genetic predisposition towards an

increased inflammatory response of the complete family. Notably, substantial release of IL-13
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could be detected in samples from the index family after LPS priming without inflammasome
activation indicating a pre-mature activation of the cells or presence of other second stimuli in

these cells.

On the other hand, immunoblot analysis of cell supernatants revealed highest production of
mature IL-1p in patient cells and intermediate production in cells from the father and the mother.
Although tested with high dilution, differences between ELISA and immunoblotting might be
caused by an upper detection limit of the ELISA, which might prevent detection of very high IL-13
concentrations in the patient. Furthermore, the ELISA might cross-react with immature IL-18
masking differences of active IL-1B. Immunoblotting of cell lysates confirmed increased
expression of pro- and mature IL-1p in the index family, but differences between the patient and

the healthy family members were less pronounced.

Interestingly, anti-CD33 treatment caused an increased IL-1B secretion in healthy donor
monocytes but did not affect IL-1p production by cells from the index family suggesting that cells
from the index family are either not responsive to anti-CD33 stimulation or reached a maximum
IL-1B8 production. Stimulation with anti-CD33 also caused release of IL-13 without
LPS/Nigericin-mediated inflammasome activation confirming the role of CD33 in controlling
cellular activation in steady-state in a primary cell model. In line, immunoblot analysis revealed
IL-1B expression in cell lysates pre-treated with anti-CD33 without LPS/Nigericin stimulation.
Furthermore, anti-CD33 stimulation resulted in cleavage of CASP1 and release of mature CASP1
into the supernatant independent of inflammasome activity, which may be a sign of pyroptosis
and confirmed the observation of increased cell death in response to anti-CD33 in BLaER1 cells.
Differences in the outcome of cell death responses might be also due to variations in the

experimental conditions between BLaER1 cells and macrophages.

Furthermore, immunoblotting of cell supernatants revealed increased secretion of S100A9 by
macrophages from the mother and the patient, but not in samples from the father or healthy
donors. S100A9 production was independent of LPS/Nigericin stimulation or even reduced upon
inflammasome activation in both samples. Since S100A9 was shown to interact with CD33
increased S100A9 expression and/or secretion might be linked to altered CD33 expression and
function in both samples, but at the moment it is not clear how mutant CD33 might regulate

S100A9 expression or secretion.
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To shed light on the role of the two CD33 mutations on inflammasome activation, | generated
iPSC-derived macrophages and granulocytes and tested inflammasome responses after different
stimuli (i.e., priming with LPS or S100A9). Interestingly, | could not observe a consistently
increased IL-1B production upon priming with LPS in both cell models (i.e., macrophages and
granulocytes), but after priming with S100A9 in macrophages. Increased IL-1p production was
accompanied by higher LDH release indicative of enhanced pyroptosis in macrophages upon
stimulation with S1T00A9. In granulocytes, only CD33¢746-84iG cells demonstrated increased IL-1B
production and LDH release in response to S100A9. As hypothesized before, CD33°746-8%€I1C might
cause altered CD33 expression in cells expressing low levels of CD33 (e.g., granulocytes) and,
as CD33 might bind S100A9, increased CD33 expression caused by c.746-8delG might alter the
response to S100A9. This might be also in line with increased production of S100A9 in carriers

of the ¢.746-8delG allele (i.e., mother and patient).

5.2.5 Studies on CD33 help to understand pathomechanisms in
different diseases
In summary, | could identify a germline compound heterozygous mutation in CD33 that changes
the expression of CD33 on mRNA and protein level in various immune cell populations. Altered
CD33 expression was associated with increased proliferation/differentiation of HSPCs, reduced
bacterial killing, and increased inflammasome activation in macrophages and granulocytes. Of
note, enhanced IL-1[3 secretion could be the driver of the inflammatory phenotype in our index
patient resulting in IBD and vasculitis, which was observed in the patient. Furthermore, an
IL-1B-mediated inflammation in the patient might explain failure of treatment with routine biologics
targeting TNF-a. Higher IL-1pB levels would be also in line with increased frequencies of Tu17 cells
detected in immunophenotyping. Therefore, our study provides important arguments to test
therapies targeting IL-18 (e.g., Anakinra), which are currently not routinely used in VEO-IBD

patients.

CD33 mutations were shown to modulate the risk of LOAD development by changing the
phagocytic activity of microglia.*®! Here, | identified novel variants affecting the splicing of CD33.
In fact, CD33%#'5*>T causes a near-complete loss of CD33M expression and a substantial
increase in CD33m expression. Therefore, the identified mutations can help us to increase the

understanding of mechanisms regulating CD33 expression and function. However, identification
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of additional patients with germline CD33 mutations will be necessary to shed light on the
enigmatic role of CD33. Since higher CD33m expression was shown to be protective for LOAD,
our study might help to develop novel strategies to change CD33 isoform balance and treat LOAD
in future.*8". 498, 500 However, our study also cautions that alteration of CD33 expression might
have pathogenic effects in other organs that need to be considered before using CD33-based

treatments.

In addition, our study raises questions regarding the usage of CD33-targeted therapies in various
other disease settings. Gemtuzumab-Ozogamicin (GO) is an CD33-directed monoclonal antibody
and is approved for the treatment of AML but showed substantial side effects.*8* 486487 Of note,
the epitope of GO is located in the V-set domain of CD33 encoded by exon 2. Increasing evidence
on the expression of CD33m in various immune cells suggests that GO might not affect cells that
express CD33m and thus might not target all malignant cells.*®* Especially humans with SNPs in
CD33 that change the isoform balance of CD33 might not be fully responsive to GO treatment.*3
Although cell death is desired for cancer cells, CD33 antibodies also target normal hematopoietic
cells and early progenitor cells, which might affect the balance of hematopoiesis and cause
prolonged cytopenia after treatment.*8” More importantly our studies demonstrated that anti-CD33
antibodies that bind in the same domain result in strong induction of inflammatory cell death in

myeloid cells and this inflammation might cause severe side effects.

5.3 TREMZ2 deficiency affects TLR4-mediated inflammatory

responses

TREMZ2 is a cell surface receptor predominantly expressed on different myeloid cells that binds
negatively charged proteins and lipids.*%> 525 TREM2 has no intracellular signaling domain but
relies on DAP12 to transduce its signal inside the cell.528 529,532,533 TREM2-DAP12 signaling and
its functional consequences are diverse and can be activating or inhibiting depending on the
context, cell type, and tissue.5? 52° Therefore, the effect of TREM2-DAP12 signaling in mice and
humans is still actively investigated. The important role of TREM2 is exemplified by TREM2
mutations in patients with NHD that suffer from neurodegeneration, osteoporosis, and bone
cysts.%®® In NHD, TREM2 deficiency results in phagocytic defects and pro-inflammatory

phenotypes of macrophage-like cells (i.e., microglia and osteoclasts), which ultimately leads to



5 Discussion 174

tissue inflammation and destruction.%6% 571,572,575 | |ine, murine models demonstrated a protective

role for TREM2 in development of experimental autoimmune encephalomyelitis.58'. 618 619

Besides regulation of myeloid cells in the CNS and the bones, TREM2 has been also shown to
regulate the function of intestinal myeloid cells (i.e., DCs and macrophages).%% %' TREM2* cells
are enriched in the LP of IBD patients and experimental mouse models of colitis. 38 58 |n contrast
to CNS and bones, TREMZ2 is considered to have a pro-inflammatory effect in intestinal myeloid
cells, as loss of TREM2 ameliorated chemically-induced colitis in an experimental model.%®
However, the role of TREM2 in intestinal homeostasis is still discussed controversial, as TREM2
KO caused impaired wound healing in another model.%®2 These conflicting results might be
caused by differences in the experimental study design or might reflect the dual role of TREM2 in

regulating intracellular signaling.5?°

Identification of rare mutations and elucidation of their pathomechanisms in NHD and FTD
critically contributed to an improved understanding of TREM2 function and regulation,%6% 571572, 575
Similarly, rare TREM2 mutations might cause intestinal inflammation and thus also help to expand

the knowledge on the role of TREM2 in intestinal myeloid cells and intestinal homeostasis.

5.3.1 TREM2 mutation changes molecular properties of TREM2
protein and alter myelopoiesis
Here, | identified a homozygous mutation (p.E151K) in TREM2 in a patient with severe VEO-IBD
and neuromuscular development disorder. Interestingly, the mutation has been previously
associated with an increased risk for AD.5° Structural analysis suggested that the mutation is
located in the extracellular domain close to the shedding site of TREM2. Other mutations at the
shedding site were reported to have detrimental effects on the function of TREMZ2 and to increase
the risk of AD.5%7 Unfortunately, the index patient succumbed to his disease at an age of 8 months,
which prevented detailed studies on primary patient material, but indicates a severe form of
VEO-IBD. To study the effects of the identified mutation on TREM2 function, | generated iPSC
cells with KO of TREM2 and KI of the patient-specific mutation using CRISPR/Cas9 engineering.
Immunoblotting demonstrated successful KO of TREMZ2 and revealed a reduced molecular weight
of the TREM2E'®'K mutant as compared with WT TREM2. Preliminary experiments by our
collaboration partner (AG Haass, DZNE, LMU Munich) showed that this shift is not caused by an

altered glycosylation pattern of mutant TREM2, which might indicate that other post-translational
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modifications are affected by the TREM2 mutation or that the mutation changes the electrostatic

properties of the peptide.

Although iPSC-derived macrophages could be successfully generated, TREM2 KO and Ki cells
showed reduced cell death and increased frequencies of CD45" cells during differentiation. Cell
death is a normal phenomenon during in vitro differentiation, as cells that mature into different
immune subsets (e.g., lymphocytes) miss the correct survival cues and undergo apoptosis.
Reduced cell death in TREM2-deficient cells may indicate either a changed potential to

differentiate towards myeloid subsets or a faster progression towards myelopoiesis.

In line, CFU assays with iPSC-derived HSPCs showed quantitative and qualitative differences in
differentiation of TREM2-mutant cells compared to wild-type cells. TREM2 KO and TREM2E'%K
cells both showed a reduced potential to generate colonies containing macrophages, which was
associated with an increased frequency of erythrocyte-containing (KO) or granulocyte-containing
(TREMZ2E'5'K) colonies indicating that TREM2 deficiency disturbs differentiation of macrophages.
Since TREM2 is not expressed in erythrocytes and granulocytes, the simultaneous increase in
other colony types suggests that TREM2 might be involved in lineage determination during
myelopoiesis. In line, TREM2 mutations identified in NHD patients disturb differentiation of
macrophage-like osteoclasts and TREM2/DAP12 were shown to influence survival of
macrophages and microglia by regulating CSF-1R and mTOR signaling.5%% 571621625 Fyrthermore,
TREM2 was recently shown to interact with CSF-1R indicating a regulatory role of TREM2 for
M-CSF-mediated signaling in macrophages.®?® High concentration of supplemented M-CSF
during macrophage differentiation might rescue survival disadvantages of TREM2-deficient cells

and might explain succesfull generation of iPSC-derived macrophages.®%6

Interestingly, CD45" hematopoietic cells during the monocyte differentiation stage expressed
higher levels of CD14, which is a sign of a pro-inflammatory and/or activated state in monocytes.
However, it might be also caused by faster differentiation of monocytes towards macrophages,

as no different immunophenotype could be observed in mature macrophages.
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5.3.2 TREM2 deficiency is associated with impaired pro-
inflammatory functions of human macrophages
TREM2 and DAP12 were shown to have dual effects on intracellular signaling.5?® 52° This
dichotomy might explain differential results in various studies showing that TREM2 deficiency can
result in increased or reduced pro-inflammatory cytokine release.530: 548 552, 580,627, 628 Tq test the
effects of the identified mutation on macrophage functions, | analyzed inflammasome activation
and macrophage polarization. Interestingly, | could observe decreased pro-inflammatory cytokine
production (e.g., IL-1B, TNF-a) by TREM2 KO and KI cells upon LPS stimulation indicating an
activating effect of wild-type TREM2 in TLR4-mediated signaling of macrophages. Of note,
similarities between TREM2 KO and Kl indicated that the TREM2E'5 variant is a loss-of-function
allele. Different outcomes of experiments might be caused by different experimental settings (e.g.,
concentration of stimuli, duration of stimulation), but might also reflect differences between mouse
and human. To clarify these differences, further experiments to assess different stimuli and

kinetics will be performed.

TREM2 was also shown to inhibit polarization of M1 macrophages in mice.? In contrast, our
studies showed that TREM2-deficient macrophages failed to up-regulate important M1 markers
like the co-stimulatory molecule CD86 in response to LPS and IFN-y stimulation. For other M1
surface markers like CD274 (PD-L1) | could observe only minor differences in the expression
pattern. Smaller effects for some markers (e.g., CD274) might be explained by stronger effects

of IFN-y-mediated signaling independent of LPS.8%

Reduced pro-inflammatory cytokine secretion and reduced CD86 expression in response to LPS
stimulation can both be explained by an impaired or inhibited TLR4-mediated signaling in
TREM2-deficient cells. TREM2-mediated effects on other surface molecules during macrophage
polarization might be masked by efficient IFN-y-induced signals. Therefore, macrophage
polarization needs to be further assessed upon stimulation with LPS £ IFN-y in the future in order
to study whether TREM2 deficiency causes inhibition of TLR4 signaling. Furthermore, effects of
TREM2 deficiency on macrophage development and polarization needs to be analyzed in
different model systems. Ultimately, effects of altered macrophage polarization on T cell

polarization needs to be assessed further.
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The identified mutation is located in the extracellular domain and thus is also present in STREM2
after shedding. In detail, the E151K variant is located at the C-terminal end of sSTREM2 and thus
might influence binding of sSTREM2 to its receptor, which has not been identified yet. Furthermore,
the mutation might change the cleavage site of TREM2, which would result in the production of
an altered sTREM2. Despite similarity between TREM2 KO and KiI, an influence of sTREM2
cannot be excluded. Therefore, in prospective experiments, purified sSTREM2E'%'K will be used to

stimulate cells in order to exclude effects of the mutation in sSTREM2.

5.4 Role of immune cells in IBD pathogenesis

In this thesis, | identified novel mutations in three different genes (i.e., IL2RG, CD33, and TREM?2),
which all encode cell surface receptors expressed on different immune cell populations. The
described patients suffered from a broad spectrum of phenotypes affecting various organs
(e.g., liver, skin, nervous system), but all shared chronic intestinal inflammation as their primary
diagnosis demonstrating the importance of the immune systems for intestinal homeostasis.
Whereas the mutations in IL2RG predominantly affected lymphocytes, my studies suggested that
CD33 and TREM2 mutations cause primarily defects in myeloid cell subsets. However, my studies
also illustrate the connectivity between innate and adaptive immunity in maintaining intestinal
homeostasis. First, the atypical SCID-X1 phenotype caused by the mutation in IL2RG is
characterized by defective B cell proliferation and impaired IL-4 and IL-21 signaling. However,
IL-4 also induces polarization of M2 macrophages, which control intestinal wound healing and are
thus critical for repairing damages of the intestinal mucosa. On the other hand, CD33 and TREM2
mutations caused altered secretion of pro-inflammatory cytokines by myeloid cells, which are
important cues for differentiation and polarization of T cells. CD33 and TREM2 mutations also
resulted in a changed expression of co-stimulatory surface molecules (e.g., HLA-DR, CD86),
which might indicate a disturbed antigen presentation by MNPs to T cells in the index patients.
Furthermore, increased CD33 expression in T cells of the index patient with a compound
heterozygous mutation demonstrated that myeloid receptors can also be expressed on
lymphocytes and might also alter their function evidencing the complex network between various

immune cells.
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5.5 Unusual pathomechanisms in genetic diseases

VEO-IBD and primary immunodeficiencies are often caused by rare, monogenic mutations that
have severe consequences on protein function.3® 245 246 |n the beginning non-coding mutations
were largely ignored in the analysis of genetic data, as their role could not be assessed or
explained. However, advances in the understanding of human cellular biology and sequencing
technologies questioned the DNA-RNA-Protein dogma and resulted in the identification of a
growing number of mutations with unexpected pathomechanisms. Here, | found two examples
how alterations in splicing can dramatically change the function of proteins and/or the
development of disease. Alternative splicing of CD33 pre-mRNA resulted in an altered expression
of isoforms and changed the phenotype and functions of various immune cell subsets, which may
lead to inflammatory phenotypes. Interestingly, the c.415A>T mutation in CD33 is an exonic
mutation that was first identified as a missense mutation. However, without a detailed functional
workup the strong effect on splicing might have been overseen and would have resulted in a
wrong interpretation of the genetic data. On the other hand, | could show that a cryptic intronic
splice site rescued the expression of a deleterious /L2RG mutation and partially reverted the loss
of yc function resulting in an atypical SCID phenotype. These findings advocate that genetic
analysis pipelines and screening approaches need to consider molecular pathomechanisms
outside of the dogma of coding mutations in order to identify more complex genetic diseases,

which will ultimately help to cure more patients with severe disorders.

5.6 Rare diseases help to understand human biology

Dysfunction of innate and adaptive immune cells results in defective recognition and clearance of
pathogens, overreactive immune responses, and impaired regulation of inflammatory processes,
which ultimately causes chronic inflammation and the severe phenotypes observed in the
described patients. Genetic diagnosis is key to understand the disease of these patients, provide
appropriate treatments, and find curative approaches. However, our studies showed that many
pathomechanisms might be not straightforward and need to be clarified by a detailed functional
workup. Following this approach, | could provide definitive diagnosis to the two IL2RG-deficient
patients and initiate HSCT as a curative approach. Unfortunately, both patients died due to

complications, which will be a memorial for us to identify novel mutations and provide fast genetic
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diagnosis. The gained insights, however, will help future patients with similar diseases, so that
they can be cured in an efficient timeframe. Furthermore, findings from the studied genes will
shed light on fundamental biological mechanisms in immunity, define novel therapeutic targets,
evaluate established treatment options, and might help to better understand pathomechanisms

in other diseases.
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