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1 SUMMARY  

 Children with primary immunodeficiency disorders (PID) suffer from severe diseases 

which are characterized by an increased susceptibility to infections but may present with 

variable phenotypes (e.g., allergies, autoinflammation). PID are caused by rare monogenic 

germline mutations affecting the development and/or function of the immune system. To date, 

mutations in more than 430 genes have been identified to cause a PID [1]. The affected 

individuals often require intensive, lifelong medical care because treatment options are limited. 

Therefore, the elucidation of molecular mechanisms in PID is critical for the development of 

new treatment strategies for children with life-threatening immune diseases. 

  

 In this PhD thesis, I have characterized two monogenic entities of pediatric PID. First, 

we have reported biallelic loss-of-function mutations in transforming growth factor beta 1 

(TGFB1) as a novel cause for PID. Three patients with TGF-ɓ1 deficiency presented with 

severe immunodeficiency, inflammatory bowel disease (IBD) and encephalopathy. 

Immunological analysis revealed defective T cell differentiation and activation. Biochemical 

assays confirmed a disturbed secretion, stability, and bioavailability of the mutant TGFB1 

alleles. Our studies highlighted an indispensable role of TGF-ɓ1 for intestinal immune 

homeostasis and neurological development in humans. Second, we have identified novel 

homozygous mutations in Ras guanyl releasing protein 1 (RASGRP1) in three children from 

two unrelated families. The patients showed severe immune dysregulation, including signs of 

autoimmunity and Epstein-Barr-Virus (EBV)-associated B cell lymphoproliferation. 

Immunological studies pointed to perturbed T cell development and plasticity in our 

RASGRP1-deficient patients, as indicated by CD4+ T cell lymphopenia, abnormal T cell 

receptor (TCR) Vɓ repertoires, reduced TCR excision circles (TREC) and increased 

frequencies of TCRgd cells. As molecular pathomechanism, altered MAPK/ERK signaling 

could be detected in RASGRP1-deficient T cells. 

 

 In summary, we identified novel germline mutations in TGFB1 and RASGRP1 causing 

severe PID. Our findings contribute to a better understanding of pathological pathways in PID, 

highlighting TGF-ɓ1 and RASGRP1 as critical regulators of immune development and 

homeostasis. Our studies lay the foundation for the optimization of personalized treatment for 

children with PID but also provide critical insights for common immune- and 

autoinflammatory-related disorders. 
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1 ZUSAMMENFASSUNG 

 Kinder mit primären Immundefekten (PID) zeigen häufig einen schweren 

Krankheitsverlauf, der im Wesentlichen durch ein erhöhtes Infektionsrisiko charakterisiert ist, 

aber auch heterogene Krankheitsausprägungen aufweisen kann (z.B. Allergien oder 

Autoinflammation). PID werden durch seltene angeborene Gendefekte, die vorwiegend die 

Entwicklung und/oder Funktion des Immunsystems stören, verursacht. Bis heute wurden mehr 

als 430 genetische Entitäten als Ursache für PID identifiziert [1]. In vielen Fällen benötigen die 

Erkrankten eine intensive und teilweise lebenslange medizinische Betreuung, weil nicht immer 

kurative Therapieoptionen zur Verfügung stehen. Daher ist die Erforschung der 

zugrundeliegenden molekularen Mechanismen von PID entscheidend für die Entwicklung 

neuer Behandlungskonzepte von Kindern mit diesen lebensbedrohlichen immunologischen 

Erkrankungen. 

  

 Diese Dissertation beschreibt zwei monogenetische Erkrankungen die frühkindliche 

PID verursachen. Im ersten Fall beschreiben wir biallelische loss-of-function-Mutationen im 

Gen transforming growth factor beta 1 (TGFB1). Drei Patienten mit TGF-ɓ1-Defizienz zeigten 

eine schwergradige Immunschwäche, chronische-entzündliche Darmerkrankung und 

Enzephalopathie. Immunologische Untersuchungen konnten einen Defekt in der 

Differenzierung und Aktivierung von T Zellen nachweisen. Funktionelle biochemische 

Experimente zeigten eine gestörte Sekretion, Stabilität und Bioverfügbarkeit der mutierten 

TGF-ɓ1-Proteine. Damit verdeutlichten unsere Studien die unverzichtbare Rolle von TGF-ɓ1 

für die intestinale Immunhomöostase und neurologische Entwicklung im Menschen. Im 

zweiten Fall haben wir neue homozygote Mutationen im Ras guanyl releasing protein 1 

(RASGRP1)-Gen in drei Kindern von zwei nicht verwandten Familien identifiziert. Die 

Patienten zeigten einen schweren Immundefekt und entwickelten eine Autoimmunerkrankung 

bzw. Epstein-Barr-Virus (EBV)-assoziierte B-Zell Lymphoproliferation. Unsere Studien 

wiesen auf eine gestörte T-Zell Entwicklung hin, was sich durch eine reduzierte CD4+ T-

Zellzahl, ein abnormales T cell receptor (TCR) Vɓ Repertoire, eine verringerte Anzahl an TCR 

excision circles (TREC) sowie eine erhöhte Frequenz von TCRgd-positiven T-Zellen 

widerspiegelte. Als molekularen Pathomechanismus konnten wir einen Defekt im 

MAPK/ERK-Signalweg in RASGRP1-defizienten T-Zellen beobachten. 
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Zusammenfassend haben wir neue Keimbahnmutationen in den Genen TGFB1 und 

RASGRP1 als Ursachen für PID identifiziert. Unsere Ergebnisse tragen zu einem besseren 

Verständnis der Krankheitsentstehung auf molekularer Ebene in PID bei und zeigen TGF-ɓ1 

bzw. RASGRP1 als kritische Regulatoren der Immunentwicklung und -homöostase auf. Diese 

Studien legen das Fundament für die Optimierung von personalisierten Behandlungen für 

Kinder mit PID, liefern gleichzeitig aber auch wichtige grundlegende Erkenntnisse für andere 

häufige immunologische und autoinflammatorische Erkrankungen. 
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2 INTRODUCTION  

2.1 Primary immunodeficiency disorders 

Primary immunodeficiency disorders (PID) comprise a heterogeneous collection of 

inherited diseases which are commonly caused by mutations in genes involved in innate or 

adaptive immune mechanisms [2]. Although many rare immune disorders typically harbor a 

monogenic origin which follows a classical Mendelian inheritance pattern, the 

pathomechanisms are sometimes complex and polygenic [3]. From a clinical point of view, the 

majority of PID patients presents with an increased susceptibility to infections, as well as higher 

morbidity and mortality [4]. Nonetheless, PID phenotypes are extremely variable and may 

include allergy, lymphoproliferation, chronic inflammation, autoimmunity, and cancer [5]. The 

disease onset strongly depends on the underlying immunodeficiency and manifests mainly in 

early childhood, but in some cases PID can occur during adulthood [6]. Since the second half 

of the 20th century the number of clinically classified PID has increased steadily and up to date 

more than 430 disorders have been characterized [1]. Even though PID are still considered rare 

diseases their true incidence and prevalence remain difficult to predict [7]. Recent 

epidemiological studies suggest a noticeable trend pointing to a global surge in the incidence 

of PID, particularly in countries with increased frequency of consanguineous marriages [8-12]. 

The International Union of Immunological Societyôs (IUIS) Expert Committee on Primary 

Immunodeficiencies regularly provides an elaborate and up-to-date catalogue of óinborn errors 

of immunityô, listing genes, disease names, as well as their clinical and laboratory features [13]. 

Based on this catalogue, nine main categories for PID have been defined documenting the most 

frequently observed phenotypes: 1) combined immunodeficiencies, 2) combined 

immunodeficiencies with syndromic features, 3) antibody deficiencies, 4) diseases of immune 

dysregulation, 5) defects of phagocyte number or function, 6) defects in intrinsic and innate 

immunity, 7) autoinflammatory diseases, 8) complement deficiencies, and 9) phenocopies of 

inborn errors of immunity. 

 

Clinically, the identification of PID is still challenging, since in many cases no clear 

genotype-phenotype correlations can be defined [3]. However, recent advances in next-

generation sequencing (NGS) technologies have fostered the elucidation of genetic 

backgrounds in PID patients, converging to 10-15 newly identified PID genes per year [14]. 

Moreover, complementary approaches utilizing single cell transcriptome analysis [15], 

proteome analysis [16], multi-parameter tissue imaging [17], and mass cytometry (CyTOF) [18] 
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have facilitated the identif ication of abnormal gene expression and dysregulated pathways in 

immunocompromised patients allowing a more detailed categorization of PID characteristics. 

Since many PID constitute lif e-threatening conditions, early diagnosis is key to offer suitable 

treatment options for the affected patients. Standard therapies commonly include antimicrobial 

and anti-inflammatory drugs, immunoglobulin supplementation, biologicals, or other 

immunosuppressive agents [19-21]. Hematopoietic stem cell transplantation (HSCT) might be 

considered as curative treatment for the underlying immunodeficiency, with high success rates 

and lifelong remission [22]. Recent advances in gene editing of patient-derived hematopoietic 

stem cells or the use of induced pluripotent stem cells (iPSC) may provide other suitable therapy 

options in the future [23, 24]. 

 

2.1.1 Lymphoproliferative disorders 

Individuals living with a PID routinely present with a pronounced immune 

dysregulation and thus many patients are subjected to a higher risk for secondary diseases, in 

particular malignancies [25]. The most common malignancies observed in PID comprise 

digestive tract cancers, virus-induced cancers, and lymphoproliferative disorders (LD), 

including leukemia and lymphoma [26, 27]. Interestingly, the occurrence of solid tumors in PID 

did not differ from the frequency observed in the general population, therefore an improper 

recognition of cancer cells by the hostôs immune system might be the main cause for 

malignancy in PID rather than abnormal cell growth [28]. The probability for the development 

of cancer in PID patients was postulated to be 10,000-fold higher than in healthy individuals 

[29]. Latest studies suggest an overall 8 to 11-fold increased risk for hematologic malignancies 

in PID with a 4-25% risk in immunodeficient children where non-Hodgkin B cell lymphoma 

seems to be the most prominent type [30]. Intriguingly, clinical investigations have revealed 

that many PID are characterized by fundamental abnormalities in the lymphoid system, what 

may explain the high occurrence of LD [31]. Above all, mutations in immunity-related genes 

contribute significantly to LD in PID patients [5], especially, when monogenic defects interfere 

with DNA repair mechanisms or abrogate cellular immune surveillance [25]. As another 

pathomechanism, oncogenic viruses such as human papilloma virus, Kaposi's sarcoma-

associated herpesvirus, or Epstein-Barr virus (EBV) have been found to promote malignancy 

in PID, as they are capable of converting normal cells into hyperproliferating cancer cells, 

e.g. B cell lymphoma [32-35]. Current estimates predict that up to 98% of the worldôs 

population are positive for EBV, highlighting its extreme virulence [36, 37]. Most remarkably, 

PID that are characterized by dysfunctional T or NK cells, as for instance CD27 deficiency or 
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CD70 deficiency, often involve a high risk for EBV-induced lymphoproliferation [38]. 

Consequently, delicate genetic profiling of PID patients, including the functional analysis of 

target genes, provides valuable understanding on the (i) molecular pathomechanisms, (ii) 

biomarkers and predictors, and (iii) druggable targets of PID-related LD. 

 

2.1.2 Inflammatory bowel diseases 

Inflammatory bowel diseases (IBD) comprise chronic and relapsing inflammatory 

disorders of the gastrointestinal tract [39] with Crohnôs disease (CD) and ulcerative colitis (UC) 

being the most common forms [40]. CD can affect any part of the gastrointestinal tract and 

shows a discontinuous, transmural pattern which is often accompanied by stenoses and fistulae. 

In contrast, UC mostly affects superficial epithelial layers of the (sub-)mucosa and is foremost 

confined to the colon, while emanating from the rectum [41, 42]. In certain scenarios, the 

clinical and endoscopic features do not specifically match to CD or UC but rather show an 

overlapping phenotype of both entities [43]. This indifferent form, usually referred to as óIBD 

unclassifiedô, is more frequently observed in very young patients with an onset of disease below 

6 years of age. Importantly, these children often present with a more severe and refractory 

disease activity than adults [44].  

 

Common symptoms of IBD comprise abdominal pain, chronic diarrhea, and 

gastrointestinal bleeding; in addition, the disease may present with extraintestinal 

manifestations affecting joints, skin, and eye [42]. The peak age of onset of classic IBD lies 

between the second and fourth decade of life without a gender-specific prevalence [45]. 

Epidemiologically, IBD have become a worldwide concern, particularly in westernized and 

highly industrialized regions, with a global prevalence of more than 0.3% [46, 47]. The 

pathogenesis of IBD is complex and not completely understood but multiple factors have been 

associated with disease appearance, such as environmental, microbial, immunological and 

genetic determinants [48] (Fig. 1). Moreover, given the diverging incidence and prevalence of 

IBD between countries and populations, geographical[49], ethnical[50], and socioeconomic[51] 

parameters are also most likely contributing to the development of IBD. Interestingly, IBD has 

always been speculated to retain a familial background [52] and genome-wide association 

studies have suggested more than 200 genetic risk loci for IBD, but causality of these loci 

remains elusive [53]. However, based on the discrete and severe phenotypes in children with 

very early onset IBD (VEO-IBD), a higher contribution of the familial background has been 

proposed [54, 55]. At present, more than 50 distinct monogenic defects have been identified to 
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cause IBD [56], in particular encompassing genes which encode for critical components of the 

human immune system, such as interleukin 10 (IL-10) or the IL-10 receptor [57]. Vice versa, 

many PID show an onset with a clinical presentation reminiscent of IBD, especially in children 

less than 2 years of age [58, 59]. Likewise, recent reports indicated that approximately 5-50% 

of PID patients present with a pronounced gastrointestinal disease that usually differs from 

classic or late onset IBD in terms of its pathogenesis and unresponsiveness to conventional 

treatment [60].  

 

 

Figure 1: The pathogenesis of inflammatory bowel diseases. 
IBD are a group of complex disorders and the pathogenesis is associated with immunological, environmental, and microbial determinants 

which are strongly influenced by the genetic background of an individual. In young children with very early onset IBD, the disease might 

originate from monogenic defects that mainly affect genes implicated in immune function and pathogen defense. 

 

 

2.2 Transforming growth factor beta 1 

 In the late 1970ôs, Joseph De Larco and George Todaro isolated a mixture of low 

molecular weight polypeptides from supernatants of murine cell cultures which induced cell 

proliferation in vitro [61]. Todaro found out that human tumor cell lines released a similar type 

of polypeptides, which caused profound morphologic changes on rat and human fibroblasts, 

while this effect was completely reversible upon factor deprivation [62]. Few years later, two 

molecules with similar size could be purified from previously mentioned cell extracts which 

have been termed ótransforming growth factor alphaô (TGF-Ŭ) and ótransforming growth factor 

betaô (TGF-ɓ) [63]. The classification into óŬô or óɓô was based on the interaction with the 

epidermal growth factor (EGF) receptor and the requirement of EGF or an EGF-like 

polypeptide for functional activity [64]. In 1985, an American research unit at Genentech, San 

Francisco was successful in sequencing and cloning the cDNA of TGF-ɓ1 which has been 

isolated from human blood platelets [65]. Interestingly, Roberts et al. showed that TGF-ɓ1 
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exhibits dichotomous functions on cell proliferation which depends on the local 

microenvironment, particularly on growth factors and the expression of surface receptors of a 

cell at a given time [66]. Based on these studies, two additional isoforms, TGF-ɓ2 and TGF-ɓ3, 

sharing up to 82% sequence homology with TGF-ɓ1, could be discovered [67]. Remarkably, 

although all three isoforms are essential during pre-natal development, only TGF-ɓ1 is critically 

involved in regulation of the immune system at later stages [68]. Over the last decades more 

than 30 structurally-related molecules of the modern TGF-ɓ superfamily have been 

characterized, including bone morphogenetic proteins (BMPs), growth and differentiation 

factors (GDFs), or activins [69]. Up to date, TGF-ɓ1 has been considered as the prototype of 

this unique cytokine family, controlling a myriad of fundamental functions such as embryonic 

development, angiogenesis, cell differentiation, tissue repair, and immune homeostasis [70]. 

Moreover, TGF-ɓ1 has been also linked to certain pathologies, in particular abnormal skeletal 

and connective tissue disorders, fibrosis, and cancer [71]. 

 

2.2.1 Expression, structure, and secretion of TGF-ɓ1 

 TGF-ɓ1 is expressed by a large set of cells, especially epithelium, fibroblasts, and 

immune cells [72]. It is originally translated as a 390 amino acid pre-pro precursor, comprising 

a N-terminal signal peptide, the latency-associated peptide (LAP) domain, and the C-terminal 

mature growth factor [73] (Fig. 2). Within the endoplasmic reticulum (ER), the signal peptide 

is removed and two pro-TGF-ɓ1ôs are tethered together via three interchain disulfide bonds 

[74]. Following N-glycosylation in the trans-Golgi network, the pro-TGF-ɓ1 homodimer is 

cleaved by the protease furin, resulting in the formation of the small latent complex (SLC) by 

non-covalent association of homodimers of LAP and mature TGF-ɓ1 [75, 76]. In 2011, Shi et 

al. published the crystal structure of the SLC and demonstrated that mature TGF-ɓ1 is 

constrained and immobilized within the LAP homodimer by the óstraitjacket domainô, which 

not only prevents interaction of the cytokine with its cognate receptor but also protects it from 

rapid degradation [77] (Fig. 4a). Of note, in some cells the SLC can be conjugated with latent 

TGF-ɓ binding proteins (LTBPs) to form large latent complexes (LLC) which enable 

extracellular storage of the cytokine by binding to components of the extracellular matrix 

(ECM) [78]. To date, four human isoforms of LTBPs have been identified, although only 

LTPB-1, -3, and -4 bind to TGF-ɓ1 [79]. In T cells, the SLC can be similarly linked to the 

lymphocyte-specific surface protein GARP (glycoprotein A repetitions predominant), which 

plays an important role in controlling TGF-ɓ1 bioavailability in an immunity-related context 

[80, 81]. 
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Figure 2: Assembly and secretion of TGF-ɓ1. 
(i) The pre-pro-TGF-ɓ1 precursor is translated at the endoplasmic reticulum, comprising the N-terminal signal peptide, latency-associated 

peptide (LAP) domain and C-terminal mature growth factor. Two precursors form a pre-TGF-ɓ1 homodimer via disulfide bonds. (ii ) During 

Golgi translocation, the signal peptide is removed and dimeric pre-TGF-ɓ1 is cleaved by the proprotein convertase furin, releasing two 
homodimers of LAP and mature TGF-ɓ1 which non-covalently associate to the small latent complex (SLC). (iii ) Prior to TGF-ɓ1 secretion, 

the SLC can be covalently linked to a latent TGF-ɓ1 binding protein (LTBP), resulting in the formation of the large latent complex (LLC) 

which is usually stored in the extracellular matrix (ECM). 

 

 

2.2.2 TGF-ɓ1-mediated signaling 

 All members of the TGF-ɓ family signal through a dedicated transmembrane protein 

serine/threonine kinase receptor system comprising seven type I and five type II receptors in 

humans [82]. In few cases, TGF-ɓ signaling is co-regulated by type III receptors, which lack 

intrinsic kinase activity but mediate binding of ligands to type II receptors [83]. With respect 

to TGF-ɓ1, signals will be exclusively mediated through a unique combination of type II (TɓR-

II) and type I (TɓR-I) receptors [84] (Fig. 3). Upon ligand binding, a conformational change in 

TɓR-II  enables its constitutively active kinase to phosphorylate threonine and serine residues 

in the cytoplasmic motif of a proximal type I receptor, engaging its TɓR-I kinase activity [85, 

86]. Consequently, activated TɓR-I kinase promotes the signal by phosphorylation of 

cytoplasmic SMAD (small mothers against decapentaplegic [87]) proteins, which are signal-

driven transcription factors [88]. 
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Figure 3: Canonical TGF-ɓ1 signaling. 
(i) Free TGF-ɓ1 binds to a heterotetrameric TɓR-II and TɓR-I complex, inducing its intracellular kinase activity. (ii ) Phosphorylation of 

receptor-regulated SMAD2 and SMAD3 allow the association with the common mediator SMAD4, promoting nuclear transport of the phospo-

SMAD complex. (iii ) Within the nucleus, SMAD2/3/4 complexes associate with specific DNA binding sites, activating the transcription of 
TGF-ɓ1-associated target genes. 

 

 

 To date, eight human SMADs have been identified which are categorized based on their 

function into (i) receptor-regulated signal-transducing SMADs (R-SMADs 1, 2, 3, 5, and 8), 

(ii)  the common scaffolding SMAD4, and (iii)  inhibitory SMADs (I-SMADs 6 and 7) that 

antagonize TGF-ɓ1 signaling [89]. In case of TGF-ɓ1, specifically SMAD2 and SMAD3 are 

phosphorylated and rapidly associate with SMAD4, facilitating nuclear translocation of the 

SMAD2/3/4 complex that binds to dedicated DNA sequences and activates the expression of 

TGF-ɓ1 target genes [83]. The specificity of TGF-ɓ1 signaling is modulated by interaction of 

nuclear SMADs with lineage-determining transcription factors, including co-activators, co-

repressors, or chromatin remodeling factors [88]. Accordingly, TGF-ɓ1 is able to orchestrate 

the differential expression of few hundred genes in many distinct tissues [90]. In addition to the 

classic canonical signaling, other non-SMAD pathways can be stimulated by TGF-ɓ1, 

encompassing (i) the mitogen-activating protein kinases ERK, p38, and JNK, (ii) the 

PI3K/AKT/mTOR pathway, or (iii) other GTPases; thus, providing additional complexity and 

fine-tuning of TGF-ɓ-mediated cellular responses [91]. 

  

SMAD4
I-SMAD

PP

Nucleus

Transcriptionof

targetgenes

(i)

(iii)

(ii)
TɓR-II

TɓR-I

TGF-ɓ1

SMAD2/3

Coactivator

or repressor

Cell membrane

Inhibitory SMAD

SMAD2/3P

SMAD4

SMAD2/3P

SMAD4

SMAD2/3P



2 Introduction 

 

12 

2.2.3 Activation of latent TGF-ɓ1 

 Under physiological conditions, TGF-ɓ1 is produced and secreted as a latent complex 

which prevents its interaction with the TGF-ɓ1 receptor [92] (Fig. 2). Disassembly of this 

complex results in release of free TGF-ɓ1 molecules, a process that is commonly referred to as 

óTGF-ɓ1 activationô and strongly depends on cellular and environmental settings. Activation of 

latent (LAP-bound) TGF-ɓ1 can be induced by a variety of events which promote protein 

denaturation, e.g., heat, acidic or basic pH, mechanical force, or ionizing radiation [93]. 

However, the physiological significance of these mechanisms is controversially discussed [94]. 

 

 

Figure 4: Structure and activation of latent TGF-ɓ1. 
a) Basic architecture of latent TGF-ɓ1 indicating bowtie, arm, and straitjacket domains. Disordered segments are dashed, red arrows show the 
directions of forces during activation by integrins. Disulfide bonds are displayed in yellow and key side chains are shown in stick representation, 

including Asp of the RGD motif in cyan. Image adapted from Shi et al., Nature 474, 2011 [77]. b) Simple model of TGF-ɓ1 activation by 

shear force (from right to left): The LAP prodomain of latent TGF-ɓ1 interacts via its RGD motif with Ŭvɓx integrins on a neighboring cell. 
Traction is transferred from cytoskeletal proteins towards the latent complex, resulting in release of mature (free) TGF-ɓ1. Image adapted from 

Hinz B., Matrix Biology 47, 2015 [95]. 

 

 

On the other hand, the in vivo activation of latent TGF-ɓ1 is complex and remains to 

some extent unresolved. Based on cleavage motif analysis, a series of proteases (e.g., matrix 

metalloproteinases, plasmin, thrombospondin 1, calpain, and cathepsin D) have been postulated 

to process the SLC under physiological conditions [74, 96, 97]. Besides proteolysis, 

deglycosylation, reactive oxygen species (ROS), and integrins can activate latent TGF-ɓ1 in 

vivo [76, 93]. In particular integrins have been shown to play an elementary role for the 

physiological activation of complex-bound TGF-ɓ1, since they undergo a strong interaction 

with a consecutive arginine-glycine-aspartic acid (RGD) sequence found in TGF-ɓ propeptides, 

LTBPs, and other ECM proteins [98, 99]. Specifically integrin Ŭvɓ6 and Ŭvɓ8, which are mainly 
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expressed on epithelia, dendritic cells, as well as B and T lymphocytes, are predominantly 

involved in the activation process of latent TGF-ɓ1 [93], whereas integrins Ŭvɓ1, Ŭvɓ3, Ŭvɓ5 have 

been shown to mediate TGF-ɓ1 release from myofibroblasts [100]. Mechanistically, the most 

globally used model suggests that traction force and shear stress are transferred from the cellular 

actin cytoskeleton via integrins to a vicinal latent complex involving LTBPs [95] or GARP 

[101], resulting in relaxation of the straight jacket conformation and release of mature TGF-ɓ1 

[77] (Fig. 4b). 

 

2.2.4 Physiological functions of TGF-ɓ1 ï A master regulator of immunity 

 TGF-ɓ1 is a pleiotropic cytokine that regulates growth and tissue development but also 

plays a major role for immunity [102]. During embryonal development, TGF-ɓ1 controls 

transformation of stem cells into functional cells of neuronal, hematopoietic, mesenchymal, and 

epithelial lineages, thereby giving rise to specialized body tissues and organs [69]. At later 

stages, TGF-ɓ1 is pivotal for both tissue homeostasis and regeneration upon damage by 

controlling re-epithelialization, angiogenesis, and fibroplasia [103]. Importantly, Shull et al. 

highlighted the indispensable role of TGF-ɓ1 for the maintenance of immune homeostasis, 

because Tgfb1-/- mice presented with a lethal multiorgan inflammation characterized by 

excessive lymphocyte activation and proliferation [104]. In consecutive studies, knockout 

models of crucial components involved in TGF-ɓ1 signal transduction or cytokine activation 

showed overlapping autoimmune-driven inflammatory phenotypes with fatal outcomes [105, 

106]. As a result, TGF-ɓ1 was found to mediate strong anti-inflammatory effects by 

downregulating various pro-inflammatory cytokines such as TNF-Ŭ, IFN-g, IL-6, or 

inflammation-related chemokines [107]. In particular, TGF-ɓ1 has been recognized as central 

component of immunotolerance by controlling proliferation, differentiation, activation, and 

survival of almost any lymphocyte lineage (Fig. 5). Depending on cell type and context, TGF-

ɓ1 can either constrain or drive lymphocyte effector functions, as it stimulates resting 

(immature) cells while having a proliferation-dampening influence on activated immune cells 

[108]. Especially T lymphocytes are highly responsive to the growth factor: TGF-ɓ1 regulates 

early thymopoiesis, including positive and negative selection [109], and promotes survival and 

expansion of naïve T cells, natural killer T (NKT) cells [106], central memory T cells [110], as 

well as natural thymic and peripherally induced regulatory T cells (Tregs) [111]. Moreover, 

TGF-ɓ1 supports the differentiation of naïve CD4+ T cells into specialized T helper subsets 

such as Th9 or Th17 cells, which have elementary immune functions [93, 112, 113]. In addition 

to its effects on T cell development and homeostasis, TGF-ɓ1 modulates a vast number of other 
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immune-related events including phagocytosis, production of immunoglobulins, and 

chemotaxis [105]. 

 

 
 

Figure 5: TGF-ɓ1 regulates immune cells in the thymus and periphery. 
a) In the thymus, TGF-ɓ1-mediated signaling is crucial for the development of conventional T cells, Tregs, and NKT cells, but also for 

precursors of intraepithelial lymphocytes (IELs). b) In the periphery, TGF-ɓ1 regulates the activation, proliferation and differentiation of 
immune cells in both lymphoid and non-lymphoid tissues where it acts in combination with other factors, such as IL 2, IL 4, IL 6 or retinoic 

acid (RA) to support the development of peripherally induced regulatory T cells, Th9 or Th17 cells. By contrast, TGF-ɓ1 can also inhibit the 

development of effector subsets, such as Th1 or Th2 cells. In addition, TGF-ɓ1 controls effector function and chemotaxis of other immune 
cells such as granulocytes or antigen-presenting cells. BCR, B cell receptor; ID, inhibitor of DNA binding; ILC, innate lymphoid cell; TCR, T 

cell receptor; TEC, thymic epithelial cell; TFH, T follicular helper. Image adapted from Chen W. & Dijke P., Nat Rev Immunol. 16(12), 2016[105]. 

 

 

2.2.5 The role of TGF-ɓ1 in human disease 

 Dysfunction of TGF-ɓ1 and its signaling has been attributed to a large set of human 

diseases. For example, increased protein expression has been reported in IBD, atherosclerosis, 

cancer, and fibrosis [114-116]. Particularly in IBD, many patients showed significantly higher 

levels of the cytokine than healthy individuals, pointing to a malfunction in TGF-ɓ1 

homeostasis in the gut [117]. Similarly, reduced levels of phosphorylated SMAD3 and 

increased expression of the inhibitory SMAD7 in the inflamed intestinal mucosa of IBD 

patients suggested that perturbed TGF-ɓ1 signaling contributes to the development of 

gastrointestinal inflammation [118]. On a genetic basis, TGFB1 polymorphisms have been 

associated with an increased disease severity in cystic fibrosis [119], susceptibility for 

schizophrenia [120], and a greater risk for the development of cancer [121, 122]. Rare alleles 

in TGFB1, transmitted in an autosomal dominant way, are known to cause Camurati-

Engelmann disease (CED), which is characterized by abundant release of active, mature 
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TGF-ɓ1 due to a destabilized SLC [123]. CED patients present with atypical bone morphology 

(hyperostosis and sclerosis of the long bones and skull), muscular weakness, pain, and other 

mobility restraints [124]. Loeys-Dietz syndrome (LDS), in contrast, is associated with increased 

availability of free TGF-ɓ1 but is caused by heterozygous mutations in TGFBR1/2, SMAD2/3, 

or TGFB2/3 [125, 126]. LDS patients show perturbed cardiovascular, craniofacial, 

neurocognitive and skeletal development in association with abnormal connective tissue 

formation. Furthermore, autosomal dominant mutations in endoglin (ENG) and activin 

receptor-like kinase 1 (ALK1) result in increased TGF-ɓ1 and vascular endothelial growth 

factor (VEGF) levels and have been documented in hereditary hemorrhagic telangiectasia 

(HHT) which is characterized by multisystemic vascular dysplasia as well as recurrent 

hemorrhage [127, 128]. Since both ENG and ALK1 encode for constituents of the TGF-ɓ 

superfamily receptor complex, HHT is thought to be the result of impaired growth factor 

signaling caused by compromised interaction of TGF-ɓ ligands and the receptor complexes 

[129]. In addition, heterozygous mutations in SMAD4 and the ECM protein fibrillin-1 (FBN1) 

were identified as cause for Myhre syndrome [130] and Marfan syndrome [131], respectively. 

Myhre patients are characterized by short stature, short hands and feet, facial dysmorphism, 

muscular hypertrophy, deafness and cognitive delay, as a consequence of defective TGF-ɓ1-

mediated transcriptional control. Individuals with Marfan syndrome present with a multisystem 

connective tissue disorder, including cardiac and skeletal abnormalities as well as vision 

problems, which is speculated to be a result of increased bioavailability of TGF-ɓ1 as the 

mutated fibrillin-1 fails to stabilize the SLC [71]. Taken together, perturbations affecting 

TGF-ɓ1 bioavailability and TGF-ɓ signaling may cause severe developmental abnormalities in 

bones and connective tissue or impair psychomotor abilities. Moreover, mouse studies have 

highlighted the critical role of TGF-ɓ1 in controlling immunity and inflammation. 
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2.3 Ras guanyl releasing protein 1 

 Ras guanyl releasing protein 1 (RASGRP1) belongs to a group of proteins functioning 

as guanine nucleotide exchange factors (GEFs) [132] which catalyze the exchange of a G-

protein bound guanosine diphosphate (GDP) to guanosine triphosphate (GTP) in manifold 

biochemical processes [133]. Besides RASGRP1, three additional isoforms (RASGRP2-4) with 

a high degree of sequence conservation have been identified, and each of it interacts with 

distinct members of the Ras superfamily [134]. In general, Ras proteins are commonly 

considered as molecular on/off switches, as they cycle between active GTP-bound and inactive 

GDP-bound states. Accordingly, Ras proteins regulate important cellular processes such as 

proliferation, differentiation, and survival [135, 136]. However, the intrinsic GDP/GTP 

exchange rate of Ras proteins is relatively slow and consequently, the transmission of cellular 

signals would be limited by low nucleotide cycling turnover [137]. For that reason, GEFs, such 

as RASGRP1, act as catalysts to increase the GDP/GTP exchange rate by several orders of 

magnitude. As a result, activated GTP-bound Ras can initiate signaling via the MAPK/ERK 

protein kinase cascade with high efficiency [138], regulating the expression of more than 160 

transcription factors such as Ets-1, c-Jun, c-Myc, and NF-əB [139]. 

 

2.3.1 Expression, structure , and activation of RASGPR1 

 In humans, RASGRP1 is predominantly expressed in lymphocytes as well as in some 

cells of the brain, kidney and skin [140]. The structure of RASGRP1 (Fig. 6) includes a catalytic 

region, comprising a CDC25 homology domain and Ras exchange motif (REM), which 

specifically interact with Ras [133]. In addition, the protein harbors a pair of calcium-binding 

EF hands and a C1 domain which both bind to the second messengers calcium (Ca2+) and 

diacylglycerol (DAG) [132]. The function of the ca. 200 residual carboxy-terminal amino acids 

of RASGRP1, containing a coiled coil (CC) motif, has been recently shown to be critical for 

membrane localization, protein stability, and Ras activation [141]. Surprisingly, the crystal 

structure analysis of RASGRP1 revealed that the inactive molecule is preserved in an 

autoinhibited dimeric state, which does not allow membrane localization and Ras interaction, 

however, Ca2+ and DAG can conjointly induce conformational changes in both the CDC25 and 

EF hands motifs of RASGRP1, enabling Ras binding [142]. 
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Figure 6: Crystal structure and basic protein architecture of RASGRP1.  
a) The catalytic core of RASGRP1 includes the Ras exchange motif (REM) and CDC25 domain, which are followed by a regulatory module 
containing the EF domain, membrane binding C1 domain, and a predicted coiled coil (CC) motif. b) Crystal structure of the first four domains 

of RASGRP1. Two zinc ions in the C1 domain are shown as gray spheres. The CDC25-EF linker (red) traverses the Ras-binding site on the 

CDC25 domain. Linkers that could not be modeled due to poor electron density are shown with dotted lines. c) Dimeric, autoinhibited 
RASGRP1 may be stabilized by the coiled coil motifs. The residues between the C1 domain and the coiled coil (gray) are predicted to be 

primarily unstructured. Image adapted from Iwig et al., eLife 2:e00813, 2013 [142]. 

 

 

2.3.2 RASGRP1-mediated signaling 

 30 year ago, IL-2 has been defined as potent driver of Ras signaling in T lymphocytes 

which is paramount for subsequent cell proliferation and differentiation [143]. Yet, the 

complete repertoire of molecules which are involved into T cell-specific signaling cascades, 

including the Ras-MAPK/ERK axis remained largely unexplored. At that time, there was 

consensus that Ras activation in T cells is primarily initiated via son of sevenless 1 (SOS1), a 

GEF which is abundantly expressed in various cell lineages [144]. Consequently, it has been 

proposed that SOS1 is recruited to the plasma membrane upon T cell receptor (TCR) 

stimulation, leading to activation of Ras by mediating exchange of GDP with GTP [145]. 

However, the SOS1-indepentend activation of Ras has been recently proven in T cells. First, 

lymphocyte cytosolic protein 2 (SLP-76) and phospholipase C gamma 1 (PLC-g1) were shown 

to be essential for sustained Ras activation, because T cells deficient of these molecules were 

not able to signal through Ras [146]. And second, T cells subjected to DAG analogs such as 

phorbol 12-myristate 13-acetate (PMA) exhibited increased Ras signaling, suggesting that Ras 

activation requires a second messenger-mediated stimulus [147]. Based on sequence homology 

with other known Ras activating proteins, Ebinu et al. successfully identified RASGRP1 as a 
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potent Ras activator in T cells [132]. Here, RASGRP1 acts downstream of TCR signaling in 

response to increased intracellular Ca2+ and DAG levels [142]. Interestingly, in absence of TCR 

ligands, RASGRP1 is maintained in an inactive, dimeric conformation preventing DAG binding 

and consequently any interaction with Ras [134]. Upon TCR engagement the phosphorylation 

of cytoplasmic proteins and other adaptor molecules promotes an increase in intracellular pH 

as well as the formation of a multi-nucleated signaling complex with subsequent activation of 

PLC-g1 [148, 149]. This enzyme rapidly hydrolyzes phospholipids located on the plasma 

membrane, generating DAG and inositol-3-phosphate, while the latter triggers the release of 

Ca2+ from the ER. Although the process is not completely understood, latest models proposed 

that the coordinated increase in pH, DAG, and Ca2+ are key for the full activation of RASGRP1 

[134]. Ultimately, a conformational change in RASGRP1 activates and directs the GEF to the 

plasma membrane where it catalyzes the formation of active, GTP-loaded Ras [150] (Fig. 7). 

 

 
Figure 7: Model of RASGRP1 activation. 
Inactive RASGRP1 (left) is stabilized by the C1-dimer interface, which prevents membrane localization and blocks the Ras binding site 

between the CDC25-EF linker (red). This autoinhibited form of RASGRP1 is activated by diacylglycerol (DAG) binding which disrupts C1 
dimerization but allows membrane targeting, while Ca2+ binding to EF causes a conformational change which enables Ras interaction. 

Catalytically active RASGRP1 facilitates Ras-GTP formation, which drives MAPK/ERK signaling. Image adapted from Iwig et al., eLife 

2:e00813, 2013 [142]. 

 

 

2.3.3 The role of RASGRP1 in immunity  

 Mouse studies have demonstrated that RASGRP1 is a crucial factor for the development 

of T and B lymphocytes. Accordingly, genetic knockout of Rasgrp1 in mice resulted in severe 

immunodeficiency characterized by pronounced T cell lymphopenia [151]. Strikingly, 

RASGRP1-deficient mice developed a late-onset T cell-dependent autoimmune 

lymphoproliferative disease associated with impaired thymocyte migration and enhanced B cell 
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proliferation [152-156]. In this context, RASGRP1 has been shown to exhibit pro-survival 

functions in T cells by facilitating sustained ERK1/2 activation [157]. MAPK signaling has 

been shown to be exceptionally important during early T cell maturation, because it controls 

the transition of thymic progenitors from double negative to double positive into single positive 

T cells [158-160]. Moreover, RASGRP1 has been implicated in transcriptional regulation of 

genes that are central for T cell proliferation and survival, such as TCRŬ, CD69, and Bcl-2 

[161, 162]. In addition to the critical role in controlling T cell plasticity, RASGRP1 has been 

demonstrated to regulate the development and function of B cells [163], traditional NK [164] 

and invariant NKT (iNKT) cells [165], as well as the generation of TCRŬɓ+ CD8ŬŬ 

intraepithelial lymphocyte progenitors [166]. Thus, RASGRP1 exhibits pleiotropic functions 

that are fundamental for immune surveillance and pathogen clearance. Besides its immunologic 

relevance, Shahani et al. recently documented that RASGRP1 plays a role in brain formation 

and function, since RASGRP1-deficient mice presented with abnormal striatal motor activity 

associated with defective nerve cell-specific Ras signaling [167]. 
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2.4 Aim of this study 

PID are life-threatening diseases. The elucidation of the underlying molecular causes of 

PID are critical for the clinical diagnosis and may have implications for the management of 

patients. In particular, in-depth studies of perturbed immunological mechanisms in monogenic 

PID contribute to a better understanding of important pathways controlling development and 

function of the human immune system. This knowledge is of high relevance for the 

development of patient-specific therapies. The overall goal of this PhD thesis was to 

characterize patients who were suffering from severe immunodeficiency caused by biallelic 

germline mutations in TGFB1 and RASGRP1. 

 

Objective 1 

 

The first objective was to analyze the underlying immunological pathomechanisms in 

patients with TGF-ɓ1 deficiency who presented with acute immunodeficiency, VEO-IBD and 

encephalopathy. Patients were characterized by performing immunological assays on primary 

cells, including immunophenotyping of peripheral blood mononuclear cells (PBMC) and 

analysis of T cell function and activation. Secretion, stability, and bioavailability of the TGF-

ɓ1 mutant variants were assessed in heterologous cellular models by biochemical assays. 

 

Objective 2 

 

The second objective was to characterize three patients with novel homozygous 

mutations in RASGRP1 who showed severe immune dysregulation, including autoimmunity 

and EBV-associated B cell lymphoma. Here, we conducted immunological studies to (i) 

analyze the development and distribution of immune cell subsets and (ii) investigate defects in 

lymphocyte-specific signaling pathways. In particular, we characterized clonal TCR diversity, 

performed mitogen-induced proliferation assays, and analyzed MAPK/ERK signaling in 

heterologous Jurkat cells overexpressing patient-specific RASGRP1 mutants. 
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3 RESULTS 

3.1 Manuscript I: Human TGF-ɓ1 deficiency causes severe inflammatory bowel 

disease and encephalopathy 
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