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Summary

Diseases of immune dysregulation are frequently caused by single gene mutations in central
pathways of immune tolerance. They are characterised by heterogeneous clinical manifestations
with autoimmune symptoms based on defects in mechanisms regulating self-tolerance.
Identification of the genetic cause of such diseases has critical implications for the treatment of
patients. To identify underlying molecular etiologies, patients suffering from immune
dysregulation were subjected to whole-exome sequencing. Two patients bearing previously
undescribed mutations of LRRC32 encoding glycoprotein A repetitions predominant (GARP)
were identified. GARP has been recently described to be specifically expressed on regulatory
T cells (Tregs) and is important for their suppressive capacity. GARP is involved in TGFB1
activation by binding latent TGF1 in the cytoplasm and translocating it to the cell surface. The
importance of fully functional Tregs is well described for maintaining immunological self-
tolerance and homeostasis of the immune system. Tregs control destructive immune responses
against pathogens and limit reactions towards self antigens. However, the function of this TGFp1

source and the underlying mechanisms are not yet completely understood.

My PhD thesis presents data that reinforces the importance of GARP as a regulator of Treg
function and stability. It describes two patients with LRRC32 mutations, characterises the
function of GARP in cellular and molecular detail and demonstrates the importance of functional
Tregs for physiological immune homeostasis in men and mice. The study identifies a novel link
between GARP dependent TGFP signalling in Tregs and expression of the Treg specific histone
deacetylase (HDAC)9 that promotes Foxp3 deacetylation, which contributes to an instable
dysfunctional Treg phenotype.

The research shows that Tregs from patients with LRRC32 mutations have only minimal GARP
expression on the cell surface and reduced TGF signalling. Tregs from these patients further
show a strongly diminished Treg suppressor function and significant reduction in Treg numbers
and frequency. GARP functions are characterised in a novel molecular detail using a model of
conditional Garp-deficiency in mice. Here the study confirms increased susceptibility to
inflammatory diseases once GARP expression is decreased on Tregs. Consistent with the effects
observed in patients, Garp-deficiency in mice leads to absence of latent TGFf on the cell surface
of Tregs, reduced TGFf signalling and diminished suppressor function. Further, Treg from Garp-
deficient mice exhibit an unstable phenotype due to diminished Foxp3 protein acetylation and

stability. In sum, the PhD thesis reinforces the understanding of immunological mechanisms of



immune dysregulation and expands the knowledge of immunological function of GARP as an

important regulator of Treg stability.



Zusammenfassung

Erkrankungen mit Immundysregulation werden hiufig durch Mutationen einzelner Gene
verursacht, die wichtige Funktionen fiir die zentrale immun Toleranz tragen. Sie zeichnen sich
durch heterologe klinische Manifestationen aus, die auf Defekten in Mechanismen zur
Regulation der Selbsttoleranz beruhen. Die Identifizierung der genetischen Ursache solcher
Krankheiten hat entscheidende Auswirkungen auf die Behandlung der betroffenen Patienten.
Um die zugrundeliegende molekulare Atiologie bei Patienten zu erkennen die an
Immundysregulation leiden, wurden diese mittels whole exom sequencing untersucht. Dabei
wurden zwei Patienten identifiziert, die bisher unbeschriebene Mutationen in LRRC32
aufweisen. LRRC32 kodiert glycoprotein A repetions predominant (GARP). Erst kiirzlich wurde
beschrieben, dass GARP spezifisch auf der Oberfliche von regulatorischen T-Zellen (Tregs)
exprimiert wird und wichtig fiir deren suppressive Kapazitit ist. GARP ist zudem in die
Aktivierung von TGF1 involviert. Es bindet latentes TGFf1 im Zytoplasma und bewirkt die
Translokation an die Zelloberfldche. Die Bedeutung von voll funktionstiichtigen Tregs fiir die
Aufrechterhaltung der immunologischen Selbsttoleranz und Homdostase des Immunsystems
durch die Kontrolle von destruktiven Immunantworten gegen Pathogene und durch Limitierung
von Reaktionen gegen kdrpereigene Antigene, ist gut beschrieben. Thre Funktion als Quelle fiir
TGFB1 und die damit verbundenen Mechanismen sind allerdings noch nicht vollstindig

aufgeklart.

In meiner Dissertation prédsentiere ich Daten, die die Bedeutung von GARP als Regulator der
Treg-Funktion und Treg-Stabilitdt unterstreicht. Die Arbeit beschreibt zwei Patienten mit
LRRC32-Mutationen, charakterisiert detailliert die zelluldren und molekularen Funktionen von
GARP in Tregs und demonstriert die Bedeutung von GARP fiir die Funktionalitidt von Tregs zur
Aufrechterhaltung der Immunhomdostase in Mensch und Maus. Die Doktorarbeit préasentiert
eine neue Verbindung zwischen GARP-abhingigem TGF-Signalling und der Expression der
Treg-spezifischen Histone-Deacetylase HDAC9, welche die Deacetylierung von Foxp3 bewirkt

und zu einem instabilen dysfunktionalen Treg-Phanotyp beitragt.

Die Forschungsarbeit zeigt, dass Tregs von Patienten mit LRRC32-Mutationen nur eine
minimale GARP-Expression auf der Zelloberfliche und ein reduziertes TGFf-Signalling
aufweisen. Tregs dieser Patienten zeigen auBerdem eine stark verminderte Treg-
Suppressorfunktion und eine signifikante Reduktion der Treg-Anzahl und -Frequenz. Die

Funktionen von GARP wurden mit Hilfe eines Mausmodells mit konditionaler Garp-Defizienz



in einem neuartigen molekularen Detail charakterisiert. Maus-Experimente bestdtigten eine
erhohte Anfilligkeit fiir entzlindliche Erkrankungen, bei einer Verminderung der GARP-
expression auf Tregs. In Ubereinstimmung mit den Ergebnissen, die bei Patienten beobachtet
wurden, fiihrte der Garp-Mangel auch bei Miusen zu einer Abwesenheit von latentem TGFf auf
der Zelloberfliche von Tregs, reduziertem TGFB-Signalling und verminderter Treg-
Suppressorfunktion. AuBBerdem zeigten Tregs von Garp-defizienten Miusen einen instabilen
Phénotyp aufgrund von verminderter Foxp3 Protein-Acetylierung und -Stabilitit. Die
Ergebnisse der vorliegenden Dissertation ergdnzen und verbessern unser Verstindnis der
immunologischen Mechanismen der Immundysregulation und erweitern das Wissen iiber die

immunologischen Funktionen von GARP als wichtigem Regulator der Treg-Stabilitit.
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1 Introduction

1.1 The immune system

The human body is constantly exposed to infectious viral, bacterial, fungal or parasitic organisms
and thus has evolved the immune system to offer protection. Immunity is divided into two types
- the innate and adaptive immune responses that interact cooperatively. Innate responses are the
first instance of defence, carried out by granulocytes and macrophages, acting within minutes to
hours but nonspecific to the pathogens. Adaptive immunity is based on lymphocytes and
antibodies, providing highly specific defence against pathogens later during infection and offer
an additional long-lasting resistance to re-infection known as immunological memory (Alberts

et al., 2002; Janeway et al., 2001).

Lymphocytes are divided into two main groups: B lymphocytes (B cells) that can develop into
plasma cells and provide antibody-mediated immunity and T lymphocytes (T cells). T cells can
be further divided into two types: cluster of differentiation (CD)4" T cells that act as coordinators
and regulators of the adaptive immune response and CD8 T cells that can develop into cytotoxic
T cells capable of killing infected cells. Lymphocytes in a resting state with no previous specific
antigen contact are inactive “naive” precursor cells that require antigen stimulation and co-
signals by antigen-presenting cells (APCs) to become fully activated and to proliferate and
differentiate into antigen-specific effector cells (Murphy et al., 2012).

1.2 CD4" T cells

CD4" T helper (Th) cells interact through their T cell receptors (TCRs) with major
histocompatibility complex (MHC) class II molecules, presenting antigen peptide captured by
APCs. Additionally to TCR recognition a co-stimulatory signal from binding of CD28 to surface
molecules on APCs such as CD80 or CD86 is needed for sufficient activation (Schwartz, 1990;
Schwartz, 1992). The surrounding cytokine milieu, properties of the antigen and the MHC-
antigen-TRC interaction including co-stimulation define the expression of lineage specific signal
transduction molecules and transcription factors in course of the CD4" T cell activation. This
allows directed differentiation of naive CD4" T lymphocytes towards specific effector CD4"
T cell subsets that secrete their lineage specific cytokines (Smith et al., 1986). Initial cytokines
originate from APCs and innate immune cells. Differentiated T cells are then capable to produce

specific cytokines in an autocrine or paracrine manner.
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Th1 and Th2 effector cells were the first described CD4" T cell subtype, discovered by Coffman
and Mosmann in 1986 (Mosmann et al., 1986). Thl cells differentiate in the presence of
interleukin (IL)-12 and IL-18. Thl cells are important for the defence against infections by
bacteria or protozoa and are characterized by the cytokine production of interferon (IFN)-y,
interleukin IL-2, lymphotoxin-a (LTA), and tumor necrosis factor (TNF) (Annunziato and
Romagnani, 2009; Romagnani, 2006). Th2 cell develop under the influence of IL-4. They are
essential for parasitic clearance by enabling B cells to perform humoral immune responses. Th2
signature cytokines are IL-4, IL-5 and IL-13 (Annunziato and Romagnani, 2009; Mosmann et

al., 1986).

Th17 cells are a distinct T helper cell subset that is induced by the pro inflammatory cytokines
IL-1pB, IL-6, IL-21, IL-23 A and the transforming growth factor beta (TGFf) (Acosta-Rodriguez
et al., 2007; Bettelli et al., 2006; Volpe et al., 2009; Yang et al., 2008). Originally, they were
identified as mediators of autoimmunity. Th17 cells are involved in recruitment and activation
of neutrophils and may therefore be important for host defence against bacteria and fungi. They
produce their signature cytokines IL-17A and IL-17F as well as IL-22, IL-26 and chemokine
ligand 20 (CCL20) (Korn et al., 2009; Wilson et al., 2007).

The immune system offers powerful mechanisms to destroy agents of infection, however, this
destructive potential bears risks when it is deregulated and can lead to detrimental tissue and cell
damage in the course of autoimmune diseases. Despite of mechanisms that ensure
immunological tolerance towards endogenous tissue and harmless antigens, autoimmune
diseases occur as a result of unwanted, aberrant and defective immune responses (MacPherson

and Austyn, 2012).
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1.3 Primary immunodeficiency (PID)

PIDs, also referred to as inborn errors of immunity, is a heterogeneous group of disorders
characterized by impaired development and function of one or multiple components of the
immune system. PIDs manifest as increased susceptibility to infectious diseases, malignancy,
autoimmunity, autoinflammatory diseases, and allergy (Bousfiha et al., 2018). These conditions
result from monogenic germline mutations leading to loss of expression, loss of function or gain
of function of the affected protein (Picard et al., 2018). PIDs are distinct from secondary
immunodeficiencies that can be caused by viral or bacterial infections, immunoglobulin (Ig) loss,
and treatment with medication for immunosuppression as well as malignancy (Duraisingham et
al., 2014; Duraisingham et al., 2014; Srivastava and Wood, 2016). Primary immunodeficiencies
were traditionally considered to be rare diseases with occurrence of 1 in 10,000 to 50,000. In
1952 X-linked agammaglobulinemia (XLA) was the first PID to be described (Bruton, 1952;
Bucciol et al., 2019; Meyts et al., 2016). However, with ongoing discovery of novel primary
immunodeficiencies fueled by technological advances in gene identification and application of
next-generation sequencing the prevalence of these conditions is now considered to be at least 1
in 1,000 to 5,000. Meanwhile 430 genetic defects have been identified to cause these conditions
(Tangye et al., 2020). 1,800 to 2,000 genes of the human genome have been described to be
involved in immune responses, the discovery and study of PIDs has demonstrated that more than
20% of these immune related genes play non-redundant roles in immune regulation and host

defense (Fischer and Rausell, 2016; Tangye et al., 2020).

The clinical manifestation of PIDs is highly variable. Clinical heterogeneity exists also within
groups of patients with mutations in the same gene, but most disorders are characterized by
predisposition of individuals to recurrent, chronic, atypical or severe infections (Boyle and
Buckley, 2007). Primary immune deficiencies are also often associated with autoimmune
diseases with mutations resulting in defects in the regulation of self-tolerance. Disease
penetrance, variability in expression and interactions between genetic and environmental factors
can also contribute to the phenotypic diversity of patients suffering from PIDs (McCusker and
Warrington, 2011). PIDs can be broadly classified according to the component of the immune
system that is primarily disrupted. Diseases are associated with defects in innate and adaptive
immunity with patients prone to pathological infections. PIDs also include syndromes with

autoimmunity and immune dysregulation as a defining feature (Seidel, 2014).
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Disorders of adaptive immunity are primarily characterized by Tcell and B cell
immunodeficiency. T cells carry out cell-mediated immune responses. Defects occurring in
T cell development, differentiation or maturation result in T cell (cellular) immunodeficiency
disorders. Patients suffering from T cell defects may be lymphopenic, evident by abnormally
low levels of lymphocytes. However, normal T cell numbers are not indicative of their function
and further investigations are needed in patients with clinical symptoms consistent with

immunodeficiency (Bonilla et al., 2015; Notarangelo, 2010).

B cells play a major role in humoral immunity by production of antibodies. Disruptions in B cell
development or maturation lead to B cell (antibody-deficiency) disorders. B cell antibody-
deficiency disorders are the most frequent type of PIDs (Bonilla et al., 2015). They are a
heterogeneous group of disorders defined by increased susceptibility to bacterial respiratory tract
infections. Patients may display recurrent and often severe sinopulmonary infections after 6
months of age. Diarrhea, fatigue, sensorineural hearing loss and autoimmune manifestations are
also common. More than 50% of cases of humoral immunodeficiency are patients diagnosed in
adulthood (Bonilla et al., 2016). Humoral deficiency is often apparent in absent or reduced serum
Ig or is defined by normal or increased serum Ig levels with abnormal function (Conley et al.,
2009; Fischer et al., 2017; Oliveira and Fleisher, 2010). Common disorders of this category are
XLA, selective IgA deficiency and common variable immunodeficiency (CVID). CVID is a
heterogeneous disorder that usually has a later age of onset compared to other PIDs and occurs
in patients that are above the age of 10 years. It is defined by poor or absent response to
immunization, reduced serum concentrations of IgG and low levels of IgA or I[gM. Patients suffer
from recurrent sinopulmonary infections, autoimmune and granulomatous disease, enhanced risk
of malignancy like lymphoma and gastric carcinoma as well as gastrointestinal complications
(Conley et al., 2009). Milder forms of antibody-deficiency disorders, such as selective IgA
deficiency that is characterized by low or absent serum levels of IgA with normal IgG and IgM
levels, only cause a particular susceptibility to infections in one-third of patients (Bonilla et al.,

2005).

Since antibody production is mediated by B cells that require functional T cells, most T cell
impairments result in severe combined B cell and T cell immunodeficiency disorders (SCIDs)
(Boyle and Buckley, 2007; Notarangelo, 2010). Less profound disorders resulting from low
CD4, CD8 Tcell numbers, Bcell numbers or low Ig are classified as combined

immunodeficiencies (CID).
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Patients with SCID usually show symptoms within the first year of life with chronic diarrhea,
failure to thrive, skin rashes and severe recurrent infections (Bonilla et al., 2005). Infections in
SCID patients often lead to early mortality. Less severe CIDs include Wiskott-Aldrich syndrome,
DiGeorge syndrome and X-linked lymphoproliferative disease that are not characteristically
lethal and often present later in childhood with recurrent infections and clinical symptoms

varying on the specific syndrome (McCusker et al., 2018; Notarangelo, 2010).

Disorders of innate immunity can be divided into phagocyte (neutrophils, macrophages and
dendritic cells) and complement defects. Innate immune responses are the first line of defense
against bacteria, fungi and small parasites. It relies on recognition of conserved features of
pathogens and rapid activation to help eliminate the threats. The induction of the inflammatory
cascade is essential in the removal of invading organisms from the system. Inability of the innate
immunity to identify pathogens delays the induction of an appropriate immune response and can
lead to more severe infection (Murphy et al., 2012). Phagocytes eliminate invading pathogens
by phagocytosis. Complement proteins enable phagocytosis by identification and opsonization
of foreign antigens (Janeway et al., 2001). Deficiency in the function or development of any of
these mechanisms of the innate immunity can lead to PIDs. Patients with innate
immunodeficiency disorders may present symptoms at any age with unusual infections or
difficulties to resolve infections. Patients with phagocyte disorders affecting cell number,
function or both can experience pyogenic (puss-like) bacterial and fungal infections of the skin,
internal organs and the respiratory tract. Painful sores around the mouth are also common.
Chronic granulomatous disease (CGD) and hyper-IgE syndrome are common diseases caused
by phagocyte defects. Hyper-IgE syndrome results from a mutation in the signal transducer and
activator of transcription 3 (STAT3), affecting phagocytic cell recognition and osteoclast
function involved in bone remodeling. It is characterized by high IgE levels, staphylococcal
infections of the skin, lungs and bone as well as abnormalities in bone structure (Freeman and

Holland, 2010; Notarangelo, 2010).

PIDs with complement deficiencies are rare and account for less than 1% of identified cases.
Deficiencies in the complement pathway have clinical manifestations as systemic autoimmune
disease similar to lupus erythematosus (SLE-like syndrome) or show recurring infections with

encapsulated organisms (Bonilla et al., 2005; Notarangelo et al., 2006).

Furthermore, some forms of immunodeficiency are defined by autoimmune manifestations,

resulting from defects in the regulation of self-tolerance (Coutinho and Carneiro-Sampaio, 2008;
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Notarangelo et al., 2006). In many cases lymphocytes might be present but dysfunctional. They
are unable to prevent the development of autoreactivity and thus cause autoimmune diseases
(Lehman, 2015). Mutations in the autoimmune regulator (4/RE) disrupt central immune
tolerance by insufficient deletion of T cell clones that recognize self antigens with high affinity.
Mutations in AIRE cause autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy
syndrome. Mutations affecting regulatory T cells (Tregs) are one of the main factors that lead to
immune dysregulation. Mutations in Forkhead box P3 (FOXP3) for example cause
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome (Bennett et al., 2001). Mutations
in cytotoxic T lymphocyte-associated antigen 4 (CTLA4) result in CTLA4 haploinsufficiency
(Kuehn et al., 2014; Schubert et al., 2014).

Clinical presentation of PID patients is highly variable. Most disorders have, however, increased
susceptibility to infection as a common nominator. An early diagnosis of PID can be critical for
successful treatment and to prevent mortality. PIDs should be suspected in children and adults
that suffer from recurrent pneumonias and/or sinus, ear and cutaneous infections. Warning signs
are also failure of infants to grow normally or to gain weight, chronic diarrhea with weight loss,
recurrent organ or skin abscesses, persistent thrush, a need for intravenous antibiotics to clear
infections and a family history of PID (Modell et al., 2011). With a growing catalog of identified
mutations resulting in PIDs screening of patients that fall in these categories, the use of next

generation sequencing applications like WES can be a potent diagnostic tool.

The treatment of PID patients is complex and generally includes both definitive and supportive
strategies. CID and SCID can be treated with immunoglobulin replacement therapy or antibiotic
and antifungal prophylaxis to reduce the severity and frequency of infections. Definitive therapy
with bone marrow transplants (BMT) or hematopoietic stem cell transplantation (HSCT) can
prevent the fatality of SCID. The common therapy approach for B cell disorders is Ig
replacement therapy, which many patients will require indefinitely. Additionally, antibiotic and
antifungal therapy may be necessary depending on the etiology of the specific B cell disorder
(Shehata et al., 2010).

The treatment to manage innate disorders depends on the type of defect. Patients with phagocyte
disorders receive primarily supportive therapy including antibiotic and anti-fungal prophylaxis.
Cytokine replacement therapy and BMT are also options that have been shown to be effective in
patients with CGD (Bonilla et al., 2005). In cases of complement deficiencies patients are treated

with antibiotic prophylaxis to prevent recurring infections. Due to increased risk of infection,
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multivalent meningococcal vaccinations, pneumococcal and Haemophilus influenza vaccines

may be administered (McCusker and Warrington, 2011).

PID with autoimmunity can be challenging in patients, due to increasing risk for infections
resulting from medication to control autoimmunity. Treatments can include steroids,
Cyclosporine and cell depleting monoclonal antibodies (Amaya-Uribe et al., 2019). The
prognosis of patients with PIDs depends on the etiology of the disorder. In general, patient
outcomes and long-term survival have improved in the recent decades on the basis of advances
in BMT and HSCT techniques and routine vaccination that provide herd immunity and thereby

decrease the circulation of infectious disease.

1.4 Autoimmunity

The immune system evolved various mechanisms to control and prevent self-reactivity. An
irregularity in one or multiple of these mechanisms can result in a breakdown of tolerance. The
most common defects that are associated with autoimmune disease development affect
peripheral tolerance rather than central tolerance (Theofilopoulos et al., 2017). Initial triggers for
autoimmunity mostly involve recognition of self or foreign molecules by innate sensors.
Recognition leads to inflammatory responses and can engage latent autoreactive T cells and
B cells. Abnormal responses to self antigens have been connected to over 80 autoimmune
diseases. Autoreactive T cells that escape thymic deletion are found in most healthy individuals.
But even intermediate level of autoimmunity apparent as circulating autoantibodies and lesser
tissue infiltrates do not necessarily lead to clinical consequences, since they can be kept in check
by regulatory mechanisms. In other cases, even low level autoreactivity can lead to pathogenic
autoimmunity. Autoimmune diseases have high prevalence in the population (7-9%) and
especially occur in females. These are divided into organ-specific diseases, for example, Type-
1 diabetes (T1D), inflammatory bowel disease (IBD), and multiple sclerosis and systemic
diseases, for example, rheumatoid arthritis (RA) systemic lupus erythematosus (SLE) and
Sjogren’s syndrome. Autoimmune diseases are mainly driven by helper T cells and can be

mediated by autoantibodies or cytotoxic T cells (Theofilopoulos et al., 2017).

Most autoimmune reactions arise from a combination of genetic and environmental factors
(Kono and Theofilopoulos, 2017). Genetic susceptibility is mostly described as a sum of
common risk variants that on their own would only have small effects and be insufficient to

trigger autoimmunity (Gutierrez-Arcelus et al., 2016; Hunt et al., 2013). Genetic polymorphisms
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in immune-related genes can lead to defective regulation or reduced threshold for lymphocyte
activation. In autoimmune diseases both the adaptive and innate immune response are involved.
However, there exist also monogenic mutations that associate with so-called autoinflammatory

diseases, which arise from over-activation of the innate immune system alone (Park et al., 2012).

Among the several hundred loci connected to autoimmunity that often affect immune-system-
related genes, major histocompatibility complex (MHC) haplotypes have the broadest
association with autoimmune diseases. Genes including CTLA4, IL23R, PTPN22 and TYK2
have also been frequently described. Mutations in Foxp3, AIRE, IFIH1, DNASE1, TREX1, C1Q
or C4A are found in rare monogenic autoimmune diseases. Mutations like these have provided
insights to understand the pathogenesis of autoimmunity. However, these predisposing genetic

risk factors only account for a portion of the overall disease (Theofilopoulos et al., 2017).

It has been shown that autoimmunity displays a sex dimorphism with a higher incidence of
autoimmune diseases in females (Rubtsova et al., 2015). X-chromosome effects and gonadal
hormones contribute to the sex bias, which is more pronounced after puberty. Estrogen interferes
with B cell tolerance and enhances immune responses by regulating the expression of key
immunity factors such as AIRE, IFN-y and TLR trafficking protein UNC93B1 (Grimaldi et al.,
2006; Markle and Fish, 2014; Ter Horst et al., 2016). The gut microbiota, which is influenced
by sex hormones, also exhibits a sex dimorphism that may contribute to the differences in

autoimmunity observed in male and female (Markle et al., 2013; Yurkovetskiy et al., 2013).

Environmental factors can initiate or augment the activation of self-reactive lymphocytes.
Infections, diet, stress, microbiota, smoking as well as UV light irradiation have been described
as factors for autoimmune reactions (Marrie, 2004; Mills, 2011; Root-Bernstein and Fairweather,
2014). On the one hand infections have been described as triggers by epitope spreading and
strong innate pattern recognition receptor activation. On the other hand infections have been
reported to protect against experimental autoimmune encephalomyelitis and MS in mice (Ochoa-
Reparaz et al., 2010). Furthermore, the decrease of infections in industrialized countries resulting
from higher hygiene standards correlates with the increase of autoimmune diseases (Belkaid and
Hand, 2014; Fleming and Fabry, 2007), and a western diet defined by high salt, saturated fat,
protein and high sugar intake has been shown to associate with increased disease incidence
(Odegaard et al., 2012; Thorburn et al., 2014). Diet influences the gut microbiota, which is
strongly linked to the immune system (Kuhn and Stappenbeck, 2013). UV irradiation is known

as an environmental trigger for cutaneous lupus by causing apoptotic cell death. Apoptosis
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increases the stress of nuclear antigens, especially when dead cells cannot be cleared efficiently
(Kuhn et al., 2014). However, the mechanisms and interplay of environmental factors and

genetic predisposition that impact on autoimmunity are still little understood.

The human gut microbiota is an ecosystem of 500-1000 bacteria species beneficial for
physiological processes such as food digestion, competition for pathogens, metabolism and for
the proper function of the immune system. Therefore, the gut microbiota has strong implications
on human’s health (Kamada et al., 2013; Louis and O'Byrne, 2010; Neish, 2009). Disturbances
in the microbiota, called dysbiosis, have been observed in several autoimmune diseases like
inflammatory bowel disease (IBD), asthma and allergies (Thorburn et al., 2015; Trompette et
al., 2014; Wang et al., 2015). Dysbiosis commonly results in gut inflammation and alterations
of intestinal immunity (Chassaing and Gewirtz, 2014). Furthermore, it was shown that disturbed
microbiota could lead to Treg deficiency and activation of proinflammatory Th17 cells (Cani et
al., 2008; Veldhoen et al., 2008). Fermentation of dietary fibers and production of short-chain
fatty acids, particularly butyrate, are of special importance as they exert anti-inflammatory
effects and promote the generation of peripheral Tregs (Arpaia et al., 2013; Furusawa et al.,
2013; Smith et al., 2013). The bacterial product polysaccharide A offers immunological
protection by induction of IL-10 producing Tregs (Mazmanian et al., 2008; Neff et al., 2016).
Dysbiosis of oral microbiota has also been reported in humans with RA (Scher et al., 2016).
Porphyromonas gingivalis is an oral bacteria that has the ability to citrullinate host peptides,
generating citrullinated self antigens that promote autoimmune reactions in RA (Wegner et al.,
2010). Aggregatibacter actinomycetemcomitans has been shown to contribute to the production
of antibodies against citrullinated peptides in RA by activating citrullinating enzymes in
neutrophils and releasing citrullinated antigens (Konig et al., 2016). These findings suggest to

target dysbiosis as a new therapeutic approach for several autoimmune disorders.

Another central factor for autoimmunity is the escape of auto-reactive immune cells from the
thymus (T cells) and fetal liver or bone marrow (B cells) that can elicit destructive anti-self
responses. Autoreactivity occurs in the adaptive immune system due to the fact that lymphocyte
antigen receptor specificity is generated randomly (MacPherson and Austyn, 2012). While
negative selection eliminates the vast majority of autoreactive T cell through induction of
apoptosis (clonal deletion), rendered unresponsiveness (anergy) or Treg differentiation, it is
prone to substantial leakage (Kalekar et al., 2016; Legoux et al., 2015; Malhotra et al., 2016; Yu
etal., 2015). The APECED syndrome (autoimmune polyendocrinopathy-candidiasis-ectodermal

dystrophy) also known as APS-1 is an example for an autoimmune disease defined by inadequate



19

central deletion of autoreactive T cells. This rare disease is caused by mutations in the A/RE
gene, a transcription factor expressed in the medulla of the thymus mediating the expression of
peripheral-tissue-restricted self molecules that are essential for the elimination of self-reactive
T cells (Bansal et al., 2017). APECED is defined by the destruction of endocrine organs as a
result of inadequate T cell activity. Autoreactive B cells also escape central tolerance, ~55-75%
of early immature B cells display autoreactivity. The autoreactive fraction reduces to ~40% for
bone-marrow immature B cells and peripheral transitional B cells, and further to ~20% for
mature naive B cells (Meffre, 2011; Nemazee, 2017; Wardemann et al., 2003). This progressive
reduction of self-reactive B cells is achieved by apoptosis, anergy and changed non-autoreactive
receptor specificity (receptor editing) (Nemazee, 2017). Patients with SLE, RA, T1D, Sjégren’s
syndrome or multiple sclerosis are often associated with polyspecific B cell clones that produce

IgG pathogenic autoantibodies (Avrameas, 1991; Meffre, 2011; Nemazee, 2017).

In the context of a fully functional immune system escaped autoreactive T cells and B cells are
controlled by peripheral tolerance mechanisms in the form of inhibitory molecules, anergy,
ignorance and suppression by Treg cells (Theofilopoulos et al., 2017). Inhibitory molecules like
CTLA4, PDI1, LAG3, TIM3, VISTA, TIGIT and FcyRIIb are expressed on the surface of T cells
and B cells to limit excessive immune responses against foreign and self antigens. Deficiency in
some of these molecules result in autoimmune diseases driven by autoreactive lymphocytes,
which are commonly present in the peripheral, but kept in check in healthy individuals (Ceeraz
et al., 2017; Macauley et al., 2014; Okazaki et al., 2013; Paterson and Sharpe, 2010; Pincetic et
al., 2014; Schmitt et al., 2016). Lymphocytes acquire unresponsiveness known as anergy, when
T cells recognize antigens in absence of costimulatory molecules or when B cells lack T cell help
for activation (Fathman and Lineberry, 2007; Zikherman et al., 2012). However, T cell anergy
is a transient state mediated by molecules that limit proximal TCR signalling in combination
with transcriptional silencing and induction of regulatory factors. This state can be reversed
under inflammatory conditions. Anergic B cells have a half-life of ~5 days. To maintain
unresponsiveness, they are controlled by continuous low-level interactions with antigen and
inhibitory signalling by tyrosine kinase Lyn, tyrosine phosphatase SHP-1 and inositol
phosphatase SHIP-1. A conditional knockout in any of these molecules in B cells leads to
systemic autoimmunity in mice (Getahun et al., 2016; Lamagna et al., 2014). Autoreactive
T cells and B cells can also remain dormant in the periphery due to ignorance, in the case that
tissue-specific antigens are unattainable behind anatomical barriers or located in

immunologically privileged sites such as the brain, eye and testis. This sequestration can be
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impaired by infections and other causes of tissue damage and enable the activation of former

ignorant autoreactive cells, leading to disease development (Prasad et al., 2016).

CD4" CD25" Foxp3™ Tregs exert the most relevant suppressive effect on innate and adaptive
immune responses (Li and Rudensky, 2016; Morikawa and Sakaguchi, 2014). Treg suppression
requires cell-to-cell contact and is mediated by inhibitory molecules (CTLA4, IL-10, TGFp and
IL35), cytolysis, modulation of maturation and DC function, as well as interference with
metabolic processes (Liu et al.,, 2015; Procaccini et al., 2016). Functional and numerical
abnormalities in Treg cells associate with human autoimmune diseases. The propagation of
autoimmunity is often related to a progressive increase of the effector T cell to regulatory T cell
ratio. An exception are patients with psoriasis, who have increased Treg numbers in their
inflamed skin; but these Tregs show abnormal behaviour and are capable of producing increased
amounts of the pro-inflammatory cytokine IL-17 (Bovenschen et al., 2011). In autoimmune
diseases, these IL-17 producing Tregs are likely to contribute to inflammation and to tissue injury

(Zhou et al., 2009).

The innate immune system possesses sensors for foreign and self antigens that often precede and
ignite adaptive responses. When misguided their responses can contribute to autoimmunity
(Blasius and Beutler, 2010; Iwasaki and Medzhitov, 2015; Takeuchi and Akira, 2010).
Endosomal and cytosolic sensors that differentiate foreign and self nucleic acids have been
linked to multiple autoimmune diseases (Theofilopoulos et al., 2011). Important endosomal
sensors are TLR3 (double-stranded RNA), TLR7, TLRS8 (single stranded RNA), TLRO9
deoxyribonucleic acid (DNA); cytosolic sensors include RIG-I ribonucleic acid (RNA), MDAS
(long double stranded RNA) and multiple DNA sensors (Barber, 2014; Chen et al., 2016).
Activation of these sensors induces production of type I interferons and pro-inflammatory

cytokines like IL-1, IL-6, IL-12 and TNF, which promote inflammatory responses (Crow, 2014).

As discussed, there are various triggers and pathways that can contribute to the initiation and
propagation of autoimmune diseases. It is believed that autoimmunity arises from disruptions in

multiple processes that act individually or in combination.

1.5 Regulatory T cells

Tregs are a subtype of CD4" T cells that can suppress inflammation and play a critical role in

maintaining immunological self-tolerance and homeostasis (Sakaguchi et al., 2001; Shevach,
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2002). Tregs terminate immune responses when an infectious agent has been eliminated. They
can limit destructive responses directed against harmless or endogenous agents. While it is
important to inhibit autoimmunity and chronic inflammation, the negative aspect of Treg activity
needs to be taken into account. Increased numbers or activity of Tregs can, for example, obstruct

anti-tumor immunity (Liu et al., 2013).

Tregs are either thymus derived natural Tregs (nTregs) or induced Tregs (iTregs). iTregs are
formed in the periphery during adaptive immune responses; they can also be generated in vitro
(Curotto de Lafaille and Lafaille, 2009). Tregs constitute approximately 5-10% of the peripheral
CD4" T cell population. They are characterized by constitutive expression of the transcription
factor Forkhead box P3 (Foxp3) and high levels of IL-2 receptor a-chain (CD25). Foxp3 is the
key regulator of Treg function, development and maintenance of Tregs. The effectiveness of the
regulatory function of Tregs is, however, critically dependent on stable Foxp3 expression
(Brunkow et al., 2001; Fontenot et al., 2003; Hori et al., 2003). Transient Foxp3 expression can
be induce in CD4" T cells by TGFB1 and IL-2 stimulation, known as induced Tregs (iTregs). In
contrast to Tregs their Foxp3 expression is transient. In absence of TGFB1 iTregs lose Foxp3 as
well as their suppressive capacities (Tone et al., 2008). Stable expression of Foxp3 is primarily

ensured through Treg-specific demethylation of the FOXP3 gene (Polansky et al., 2008).

Tregs suppress immune responses against infections, tumor cells, and allergens by regulating the
activity of various immune cells including T cells, B cells, NK cells as well as monocytes and
dendritic cells (DC) (Belkaid, 2008; Knutson et al., 2007). Tregs act, however, primarily on
CD4" and CD8" T cells (Schmidt et al., 2012). Treg mediated suppression functions by cell-cell
contact and soluble factors. Four major mechanisms have been described: suppression by
inhibitory cytokines (TGFp, IL-10, and IL-35), suppression by metabolic disruption (IL-2
deprivation), suppression by cytolysis (secretion of granzyme A) and suppression by modulating
DC function and maturation by the co-inhibitory molecule CTLA4 (Asseman et al., 1999; Li et
al., 2006; Thornton and Shevach, 1998).

Treg derived TGFP can suppress NK cell and CD4" T cell activity in tumor microenvironments
(Strauss et al., 2007). Furthermore, TGFp is important for the inhibition of CD8" T cells in T1D
(Green et al., 2003). IL-10 was shown to be critical in Treg-mediated suppression of intestinal
and pulmonary inflammation (Asseman et al., 1999). IL-35 is an anti-inflammatory cytokine
produced by Tregs that limits early T cell proliferation, thus preventing Thl and Thl7
development (Collison et al., 2007). Tregs disrupt metabolic pathways through expression of



22

ectoenzymes CD39 and CD73 on their surface. Production and transport of cyclic adenosine
monophosphate (cAMP) into target T effector cells through gap junctions leads to the
upregulation of inducible cAMP early repressor (ICER). ICER inhibits NFAT and IL-2
transcription resulting in apoptosis by IL-2 deprivation (Kobie et al., 2006; Safinia et al., 2015).
The significance of IL-2 deprivation through Tregs by capturing available IL-2 facilitated by
their high CD25 expression remains disputed (Fontenot et al., 2003; Pandiyan et al., 2007). Tregs
are able to induce apoptosis in target cells through a cell-cell contact dependent mechanism. It
has been described that activated Tregs kill target cells through the perforin/granzyme pathway
by inducing serine protease granzyme A or B (Grossman et al., 2004). Furthermore, it has been
observed that CTLA4 leads to downregulation of CD80/CD86 on APCs, which limits their
ability to provide a co-stimulatory signal and to activate T cells (Takahashi et al., 2000; Vignali
et al., 2008).

CD25 is upregulated in murine and human CD4" T cells upon activation. For mice Foxp3 has
been shown to be a valuable Treg marker. In humans Foxp3 is less reliable for the identification
of Treg cells, as it can be transiently upregulated at low levels in activated effector T cells and
does not always correlate with suppressive capacity (Sakaguchi et al., 2010). GARP is a Treg-
specific surface molecule, which is expressed upon Treg activation that binds latent TGFf and
facilitates its surface localization. The GARP/latent TGFB1 complex regulates the bioavailability
and activation of TGFf by enabling the interaction with integrin aVB8 and release of active

TGFpB1 (Edwards et al., 2014; Wang et al., 2012).
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1.6 GARP

GARP, also known as leucine rich repeat containing protein 32 (LRRC32), is a latent TGF[
binding protein (LTBP) distinctly expressed in activated Foxp3™ Tregs, megakaryocytes and
platelets (Macaulay et al., 2007; Tran et al., 2009). The 80kDa, 662 amino acid transmembrane
protein shares over 80% identity between human and mouse. GARP consists of an extracellular
region containing 20 leucine rich repeats (LRRs) that build an alpha/beta horseshoe fold, a
hydrophobic transmembrane domain and a 15-residue C-terminal cytoplasmic domain (Lienart
et al., 2018; Ollendorff et al., 1994). The N-terminus of GARP contains a 17-residue signal
peptide, which is cleaved for the translocation of mature GARP to the cell surface (Chan et al.,

2011).

GARP binds latent TGFB1 by disulfide bonds (Cys192, Cys-331) in the cytoplasm and facilitates
its surface localization, thereby regulating the bioavailability and activation of TGFp (Wang et
al., 2012). TGF is a pleiotropic cytokine with potent immunoregulatory properties. The TGFp1,
- B2 and -B3 isoforms are expressed as latent, inactive cytokines that require several tightly
regulated steps for maturation (Robertson and Rifkin, 2013). TGFf1 is the predominant isoform
expressed by regulatory T cells. Newly synthesized homodimeric precursor pro-TGF is
processed by intracellular cleavage by furin, producing still inactive latent TGFp, non-covalently
bound to latency associated protein (LAP) that prevents receptor binding by masking the
interaction sites (Kehrl et al., 1986; Shi et al., 2011; Stockis et al., 2009). The mechanism how
Tregs process this complex to release mature TGF from LAP is not fully understood yet. But it
has been shown that metalloproteases and interactions with integrins ayvfs and ovfBs on the cell
surface release active TGFB1 and TGFB3 (Edwards et al., 2014; Munger et al., 1999; Taylor,
2009). Integrin owPs 1s expressed in stimulated Tregs and associates with the GARP/latent-TGFf3
complex. It was further demonstrated that antibodies against Bg can block TGFB1 activation in
human Tregs (Stockis et al., 2017). LAP contains an RGD motif that facilitates the interaction
with oy integrins, when the RGD motif is disrupted by mutation; mice resemble the phenotype
of TGFp1 deficiency (Rifkin, 2005; Yang et al., 2007). In contrast to other LTBPs the GARP-
LAP complex is not secrete to the extracellular matrix (ECM) but instead tethers to the cell
membrane (Miyazono et al., 1991; Tran et al., 2009). Soluble GARP that lacks the
transmembrane domain is not able to activate TGFB1 in the presence of oy integrins (Wang et al.,
2012). Induced expression of GARP in human embryonic kidney (HEK)293 cells facilitates
surface localization of latent TGFB1 but is also not sufficient to release mature TGFB1 (Brown

and Marshall, 2019). GARP regulates the bioavailability of mature TGFB by providing an
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interaction platform on the cell surface of Tregs for ay integrin dependent activation (Stockis et

al., 2017).
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Figure 1 GARP functions in TGFp maturation and activation

TGEF is synthesized as inactive homodimeric precursor pro-TGFp that is intracellular cleaved by furin, yielding
still inactive latent TGFP. GARP associates with latent TGFP. The GARP/latent TGF[3 complex associates with
alpha-beta integrins (aVp6 and aVB8) on the cell surface to release mature TGFB. Mature TGFJ interacts with
TGEFp receptors on the cell surface activating Smad signalling in both an autocrine and paracrine fashion. The
GARP/latent TGFPB complex can also be released from the cell surface as soluble GARP, but how TGFf is
activated from the soluble complex is not clear. Adapted from (Metelli et al., 2018).

It has been shown that GARP as a mediator of TGFP maturation is important for enhancing the
suppressive phenotype of Tregs, it is also involved in the maintenance of Treg-mediated
peripheral tolerance (Cuende et al., 2015; Hahn et al., 2013; Meyer-Martin et al., 2016).
Antibody inhibition (Cuende et al., 2015) and genetic suppression of GARP (Tran et al., 2009)
confirm that GARP is necessary for the activation of TGFB1 in Tregs and results in impaired
Treg suppression (Probst-Kepper et al., 2010; Stockis et al., 2009). GARP-deficient mice have
no detectable LAP on the surface of activated Tregs and patients with mutations in GARP show
markedly decreased levels of LAP upon activation, indicating that GARP is solely responsible
for the surface localization of the latent-TGFf complex in Tregs (Edwards et al., 2013; Lehmkuhl
et al., 2021).

Studies have shown that GARP is a specific marker for activated Treg and thus important for
their suppressive function. GARP expression on Tregs is upregulated after TCR stimulation. IL-

2 and IL-4 can induce GARP expression in murine Tregs. It is, however, not dependent on TGF[3
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since TGFB-deficient Tregs retain GARP expression. Foxp3 expression is required for GARP
expression, but not sufficient to induce GARP expression on its own (Edwards et al., 2013; Tran
et al., 2009; Wang et al., 2009). Gene expression of LRRC32 in human T cells is defined by the
methylation of two alternative promoters: upstream promoter 1 (P1) and downstream promoter
2 (P2). P2 is almost completely demethylated in both Tregs and Th cells, but several methylated
CpG islands within the downstream P1 promoter block the transcription of GARP in Th cells. In
Tregs this methylation in P1 is less significant and allows the binding of Foxp3 and subsequently
the binding of nuclear factor of activated T cells (NFAT) as well as nuclear factor kB (NF-kB)
to induce GARP transcription (Haupt et al., 2016). Additionally, GARP expression can be
regulated at the post-transcriptional level by microRNAs (miRNAs) (Zhou et al., 2013).

The abundance and activity of GARP can fine-tune the release of active TGFB1. TGFB1 released
by Treg has been mainly described to act in a paracrine manner for development of other Tregs
or Th17 cells (Edwards et al., 2013) and in mediating contact-dependent Treg inhibition (Cuende
et al., 2015). Reduced GARP levels were found to be associated with rheumatoid arthritis (RA)
(Haupt et al., 2016); patients with GARP mutations also showed severe autoimmune phenomena
(Lehmkuhl et al., 2021). In addition, GARP mutations were described to be prevalent in atopic
dermatitis (AD) and to increase the risk of food allergy, asthma and inflammatory bowel disease
(Manz et al., 2016; Weidinger and Novak, 2016). A407T is the most frequent mutation variant
of GARP in AD, the mutations result in an impairment of surface localization of GARP and

lower expression of LAP on Tregs (Manz et al., 2016).

1.7 Foxp3

The forkhead/winged-helix transcription factor Foxp3 is selectively expressed in Tregs and is
the key regulator of Treg function and development (Fontenot et al., 2003). Mutations in Foxp3
lead to the loss of Treg suppressor function resulting in severe autoimmune diseases in humans
such as Immune dysregulation, Polyendocrinopathy, Enteropathy X-linked (IPEX) syndrome or
X-linked autoimmunity and allergic dysregulation (XLAAD) syndrome (Gambineri et al., 2003;
Khattri et al., 2003; Wildin et al., 2001). A frameshift mutation in the Foxp3 gene in mice, known
as scurfy mice, results in defective T cell tolerance and lymphoproliferative disease that is fatal

within three to four weeks of age (Brunkow et al., 2001; Godfrey et al., 1991).

Human and murine Foxp3 protein share a high degree of homology. The 431 (human) and 429

(mouse) amino acid long proteins contain a zinc finger domain, leucine zipper for



26

oligomerisation, a repressor domain, a C-terminal DNA binding forkhead domain and a N-

terminal proline-rich domain (Hancock and Ozkaynak, 2009).

Foxp3 interacts with a variety of transcriptional factors acting as a repressor as well as activator
of gene transcription (Chen et al., 2006). Most notably Foxp3 associates with NF-kB (Bettelli et
al., 2005) and NFAT (Wu et al., 2006) blocking their ability to induce endogenous expression
of IL-2, IL-4 and IFN-y (Hori et al., 2003). A stable expression of Foxp3 is indispensable for the
maintenance of suppressive properties in human and murine Tregs. Moreover, Foxp3 is also
essential for the maintenance of immune homeostasis. Foxp3 activity is highly and specifically
regulated. On a transcriptional level stable Foxp3 expression relies on epigenetic modifications
in the Foxp3 gene. In natural occurring Tregs the highly conserved CpC-rich intronic region,
called Treg specific demethylated region (TSDR) or CNS2 is fully demethylated. In
conventional T cells (Tconvs) this region is methylated. Foxp3 expression can still be transiently
induced by TCR stimulations in combination with IL-2 and TGF in Tconvs, although the TSDR
region remains methylated. However, iTregs lose their Foxp3 expression and suppressive
identity in absence of TGFf stimulus and no stable expression can be imprinted in this manner

(Baron et al., 2007; Hori et al., 2003; Li et al., 2014; Zheng et al., 2010).

On a posttranslational level the activity and stability of Foxp3 is regulated by acetylation. It has
been shown that Foxp3 protein has a short half-life and that ubiquitin-mediated proteasomal
degradation can be prevented by acetylation of Foxp3 (van Loosdregt et al., 2010).
Polyubiquitination initiates at lysine residues, which are unavailable when acetylated. It was
shown that mutating all lysine residues into arginine in Foxp3 prevents polyubiquitination and
drastically increase Foxp3 protein levels (van Loosdregt et al., 2010). Foxp3 acetylation also
enhances Treg function by promoting DNA binding capabilities of Foxp3(Tao et al., 2007). The
acetylation state of Foxp3 is defined by the interplay of multiple histone acetyltransferases
(HAT) and histone deacetylases (HDAC) that exist in a Foxp3-associated super molecular
complex (Li et al., 2007; Samanta et al., 2008; van Loosdregt et al., 2010). The HATs p300 and
TIP60 have been defined as acetylation mediators of Foxp3, while Sirtuin 1, HDAC6, 7 and
HDACO act as their counterpart that deacetylate Foxp3 (Tao et al., 2007; Xiao et al., 2010).
Inhibition or knockout of histone deacetylases (HDACs) augments the suppressive function of
Tregs (Tao et al., 2007; van Loosdregt et al., 2010), while genetic deletion of acetyltransferases
(HATS) strongly attenuates Treg function and leads to fatal autoimmunity (Liu et al., 2014). By
fine tuning the expression and activity of HATs and HDACs the acetylation of Foxp3 can be
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promoted or reduced to modulate its protein stability. By defining the proteasomal turnover of

Foxp3, Treg function can be regulated on a posttranslational level.

1.8 Foxp3 protein acetylation

Post-translational lysine acetylation is a reversible process governed by the antagonistic
functions of HATs and HDACs (Carrozza et al., 2003). Acetylation of histone proteins was
discovered in the 1960s, when core histones were described to be acetylated at the g-amino group
of lysine residues (Allfrey et al., 1964; Phillips, 1963). Acetylation of lysine residues neutralizes
their positive charge that is necessary for a compact chromatin structure (Roth et al., 2001).
Broad acetylation of Histone H3 and H4 results in decondensation of chromatin domains and
renders them more accessible for transcription (Eberharter and Becker, 2002). HATs and
HDAC:s also regulate the acetylation of several non-histone proteins, such as p53, NF-«B, c-

Myc and Foxp3 (Zhang et al., 2012).

HDACO is a class Il HDAC (HDAC4, HDACS, HDAC6, HDAC7, HDAC9 and HDAC10) with
a catalytic domain at the N-terminus. Class II HDACs shuttle between the nucleus and the
cytoplasm; their deacetylase activity is Zn** dependent and sensitive to inhibition by Trichostatin
A (TSA) (Dokmanovic et al., 2007). While the expression of most HDAC:s is similar in Treg and
CD4+ non Treg cells, the expression of HDAC9 is significantly higher in regulatory T cells and
up to 30 times greater in activated Tregs compared to Tconvs (Tao et al., 2007). HDAC9
associates with Foxp3 and promotes its deacetylation. This interaction can be antagonized by
TCR and CD28 co-stimulation (Li et al., 2007). The importance of HDACO9 in controlling Treg
function is especially apparent in HDAC9” mice. In these mice Foxp3 acetylation is enhanced,
the frequency of CD4" Foxp3 T cells increased by ~50% and the suppressive capacity of Tregs
is three- to fourfold higher compared to wild-type controls (Beier et al., 2012; Tao et al., 2007).
Furthermore, HDAC9 is described as a negative regulator of Tregs. Zoeten et al. observed an
increased local HDAC9 expression in mice with colitis, while HDAC9” mice were resistant to
development of colitis (de Zoeten et al., 2010). The use of HDAC inhibitors TSA and
Nicotinamid (NAM) was shown to increase Foxp3 acetylation, and to improve Foxp3 stability
and Treg function. NAM is a specific inhibitor for Sirtuin-1 (Sirtl), of the HDAC III family(van
Loosdregt et al., 2010).
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1.9 Objectives of the thesis

Autoimmune diseases are frequently caused by single gene mutations in central pathways of
immune tolerance. GARP is a protein that is specifically expressed on regulatory T cells and is
important for their suppressive capacity. By binding latent TGFB1 and enabling interactions on
the cell surface GARP is involved in TGFB1 activation. However, the function of this TGFp1
source and the underlying mechanisms are not yet completely understood. This thesis presents
research results that highlight the importance of GARP as a regulator of Treg function and the
maintenance of peripheral tolerance. It reports one female and one male PID patient with
previously undescribed mutations in LRRC32, who suffer from severe immune dysregulation
and exhibit low GARP expression and Treg defects. By use of Garp-deficient mice the increased
susceptibility to inflammatory diseases in the absence of GARP was confirmed and the
underlying molecular mechanism deciphered. The study addresses the function of GARP in a
novel molecular detail and demonstrates the relevance of functional Tregs for physiological

immune homeostasis in men and mice.
The aims of my PhD thesis were:

1. to analyse patients with low GARP expression on Tregs due to mutations in LRRC32,

resulting in dysregulated immunity;

2. to characterise the underlying molecular mechanisms in cells of conditional GARP

knockout mice and patients, that culminate in functional Treg-defects;

3. to define the role of GARP in Tregs and its function as a source for TGFp1;

4. to analyse the effect of exogenous TGFB1 on the identified deregulations observed in

Garp-deficient Tregs.
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2.1.1 Reagents
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Reagent / Cytokine

Origin

Acrylamid/bis-acrylamid 30% (37.5:1)
Agarose

Albumin fraction V from bovine serum (BSA)
Ammonium chloride (NH4Cl)

Ammonium persulfate (APS)

Bromophenol blue

Carboxyfluorescein succinimidyl ester (CFSE)

Complete protease inhibitor cocktail

Chicken type II collagen

Cycloheximide (CHX)

Dimethylsulfoxid (DMSO)

Dithiothreitol (DTT)

DNA Gel Loading dye (6x)

Dulbecco’s Modified Eagle Medium (DMEM)

Deoxyribonucleotide triphosphate (ANTP) set (100

mM solutions)
Dextran sulphate sodium (DSS)

Dynabeads™ Protein G

ECL Western Blotting Detection Reagent
Ethanol (CoHsOH)
Ethylendinitrotetraacetic acid (EDTA)
EX-527

Merck, Darmstadt, Germany
Merck

Merck

Sigma-Aldrich, St. Louis, MO
Sigma-Aldrich

Merck

Life Technologies Invitrogen,
Carlsbad, CA

Roche, Penzberg, Germany

Chondrex, MD Biosciences, Oakdale,
MN

Sigma-Aldrich

Merck

Sigma-Aldrich

Life technologies Invitrogen
Life technologies Invitrogen

Life technologies Invitrogen

MP Biomedicals, Solon, OH

Thermo Fisher Scientific, San Diego,
CA

GE Healthcare, Munich, Germany
Merck
Sigma-Aldrich

Sigma-Aldrich
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Ficoll lymphoflot
Formaldehyde 37%

L-glutamine (CsH10N203)

Glycerol (C3Hs(OH)3)

Glycine (NH2CH,COOH)

Hank’s Balanced Salt Solution (HBSS)
Hydrochloric acid 37% (HCI)

IL-2 (Proleukin, recombinant human)
IL-2 (Proleukin, recombinant mouse)
Ionomycin

Isopropanol (C3H7;OH)
Lipofectamin™ LTX

Magnesium chloride (MgClz)
Methanol (CH30H)

Monensin

Nonyl phenoxypolyethoxylethanol-40
(NP-40)

Non-fat dry milk powder
Opti-MEM

Paraformaldehyde (PFA)
Penicillin G / streptomycin
Phorbol myristate acetate (PMA)
Phosphate buffered saline (PBS)
Potassium chloride (KCI)

Protan nitrocellulose menbranes

RediLoad Loading buffer (10x)

Roswell Park Memorial Institute (RPMI) 1640

Saponin

Biotest, Dreieich, Germany

AppliChem GmbH, Darmstadt,
Germany

Life technologies Invitrogen
Merck

Merck

Life technologies Invitrogen
Merck

Novartis, Basel, Switzerland
R&D Systems, Minneapolis, MN
Merk

Merck

Life technologies Invitrogen
Merck

Sigma-Aldrich
Sigma-Aldrich

Millipore, Billerica, MA

Real

Life technologies Invitrogen
Merck

Life technologies Invitrogen
Sigma-Aldrich

Life technologies Invitrogen
Merck

Whatman, Dassel, Germany
Life technologies Invitrogen
Life technologies Invitrogen

Sigma-Aldrich
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Sodium azide (NaN3)

Sodium chloride (NaCl)

Sodium dihydrogen phosphate (NaH,PO4)
Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)

SYBR safe DNA gel stain (10,000x)
TagMan Universal PCR mastermix 2x
Tetramethylethylenediamine (TEMED)
TGFB1 (recombinant human)

TGFP1 (recombinant mouse)

Merck

Merck

Merck

Merck

Merck

Life technologies Invitrogen
Life technologies Invitrogen
Merck

R&D Systems

R&D Systems

Triton X-100 Sigma-Aldrich
Trichostatin A (TSA) Sigma-Aldrich
Trypsin Sigma-Aldrich
Tween 20 Sigma-Aldrich
Vorinostat Sigma-Aldrich
Nicotinamide (NAM) Sigma-Aldrich
2.1.2 Antibodies
2.1.2.1 Antibodies for cell culture
Specificity Conjugate Clone Provider
Anti-human CD3 non OKT3 From our lab, Munich,
Germany
Anti-human CD28 non CD28.2 BD Biosciences, San
Diego, CA
Anti-mouse CD3 non 145-2C11 BD Biosciences

Anti-mouse CD28 non

37.51 BD Biosciences
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Specificity Conjugate Clone Provider
Anti-human CD3 Fluorescein UCHT1 Sigma-Aldrich

isothiocyanate

(FITC)
Anti-human CD4 Allophycocya RPA-T4 Biolegend, San Diego,

nin (APC) CA
Anti-human CD8 FITC SK1 BD Biosciences
Anti-human CD14 FITC UCHM-1 Sigma-Aldrich
Anti-human CD16 Phycoerythrin =~ 3G8 Biolegend

(PE)
Anti-human CD19 PE J3-119 Beckman Coulter,

Brea, CA
Anti-human CD20 FITC 2H7 BD Biosciences
Anti-human CD25 FITC M-A251 BD Biosciences
Anti-human CD25 PE M-A251 BD Biosciences
Anti-human CD45RA FITC HI100 BD Biosciences
Anti-human CD45RO PE UCHLI1 BD Biosciences
Anti-human CD56 PE MY31 BD Biosciences
Anti-human CD69 FITC FN50 BD Biosciences
Anti-human Foxp3 PE PCHI101 ebioscience, San
Diego, CA

Anti-human Foxp3 APC PCHI101 ebioscience
Anti-human GARP PE G14D9 ebioscience
Anti-human LAP PE/cyanine 7 TW7-16B4 Biolegend

(Cy7)
Anti-mouse CD3 FITC 17A2 ebioscience
Anti-mouse CD4 PE/Cy7 GK1.5 ebioscience
Anti-mouse CD19 PE 1D3 ebioscience
Anti-mouse CD25 PE PC61.5 ebioscience
Anti-mouse CD45.1 APC A20 Biolegend
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Anti-mouse CD45.2

Anti-mouse CD304 /
Neuropilin-1 (NRP1)

Anti-mouse CTLA4
Anti-mouse Foxp3
Anti-mouse Foxp3
Anti-mouse GARP
Anti-mouse IL-10
Anti-mouse LAP
Armenian hamster IgG
Goat anti-rabbit IgG

Goat anti-rabbit IgG

Goat anti-rat IgG

Goat anti-rat IgG

Mouse 1gG1

Mouse IgGl, «

Mouse IgG1, k

Rabbit anti-acetyl-lysine
Rabbit anti-acetyl-lysine

Rabbit anti-SMAD3

Rabbit anti-phospho-SMAD2

Ser465/467)/SMAD3
(Serd23/425)

Rabbit IgG XP®
Rat [gG2a, «
Rat IgG2a, x

Rat [gG2a, «

PE

PE/Cy7

APC
APC
non
APC
APC
APC
APC
PE

Alexa Fluor
(A)488

A488

A594

PE
PE/Cy7
PE

non
PE/Cy7

non

non

non
non
PE

PE/Cy7

104
3DS304M

UC10-4B9
FJK-16s
FIK-16s
YGICS86
JES3-16E3
TW7-16B4
eBi0299Arm
Polyclonal

Polyclonal

Polyclonal

Polyclonal

RMGI1-1
MOPC-21
MOPC-21
RM101
15G10

Polyclonal

D27F4

DAIE
eBR2a
eBR2a

eBR2a

Biolegend

Biolegend

Biolegend
ebioscience
ebioscience
ebioscience
Biolegend
ebioscience
ebioscience
R&D Systems

Thermo Fisher
Scientific

Thermo Fisher
Scientific

Thermo Fisher
Scientific

Biolegend
Biolegend

BD Biosciences
Abcam
Biolegend

Thermo Fisher
Scientific

Cell Signalling,
Danvers, MA

Cell Signalling
BD Biosciences
BD Biosciences

BD Biosciences
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Rat IgM, «

PE

R4-22

BD Biosciences

2.1.2.3 Antibodies for immunoprecipitation / western blot

Specificity Conjugate Clone Provider
Anti-mouse beta-actin Horseradish C4 Santa Cruz
peroxidase
(HRP)
Anti-mouse Foxp3 non FIK-16s ebioscience
Anti-rabbit IgG HRP Polyclonal Santa Cruz
Anti-rat IgG HRP Polyclonal Santa Cruz
Rabbit anti-acetyl-lysine non Polyclonal Millipore, Billerica,
MA
Rabbit anti-acetyl-lysine non RM101 Abcam
2.1.3 Ladders / Markers
Name Provider

Biotinylated protein ladder (9-200 kilo Dalton

(kDa))

GeneRuler DNA ladder (100 base pair (bp))

Prestained protein marker (11-245 kDa)

Cell Signalling

Fermentas, St. Leon-Rot, Germany

New Enland Biolabs, Ipswich

2.14 Serum

Name

Provider

Fetal calf serum (FCS)
Mouse serum
Normal human serum (NHS)

Rat serum

Life technologies

Sigma-Aldrich

From our lab, Munich,

Sigma-Aldrich

Germany
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Enzyme Supplied Reaction Buffer Provider
AmpliTag DNA polymerase 10x PCR Buffer II Life technologies
GeneAmp High Fidelity PCR 10x GeneAmp High Fidelity Life technologies
Enzyme Mix PCR buffer

Proteinase K non Roche

2.1.6 Single nucleotide polymorphism (SNP) genotyping assays

SNP location SNP ID Probe Sequence

LRRC32 1750909A3  G=victoria (VIC), CCAGGCTGAGTTCCAGCTCAC
intergenic A= fluorescein CTG[G/A]JCTTGACCTGCGGGA

region amidite (FAM) GAACAAACTG

LRRC32 1750909A4  G=VIC, AGCGGCTCAACCTGCAGGGG

intergenic A=FAM AACC[G/A]JAGTCAGCCCCTGT

region GGGGGGCCAGA

2.1.7 Primers for mice genotyping

Primers were synthesized by Eurofins Genomics, Ebersberg, Germany.

Name Primer Sequence (5’ to 3°)

10774cre forward primer CTGGAAAATGCTTCTGTCCGTTTGC
10775cre reverse primer AATCCATCGCTCGACCAGTTTAGTTACC
242001Ip forward primer ATGGCTTAGTTTCCCATAGAAGATACT

24201flp

reverse primer

ATCTGGTTGTCACTTAAATCCAGGTGACG
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2.1.8 TaqMan gene expression assays

Gene Assay ID Probe Interrogated Sequence
Human ACTB Hs99999903 ml VIC-probe NM 001101.2

Human LRRC32 Hs00973758 ml FAM-probe NM _001128922.1,
transcript variant 2 XM 005273902.3
Human HDAC9 Hs00206843 m1l FAM-probe NM _001204144.2,

NM _001204145.2,
NM 001204146.2

Mouse Actb Mm00607939 sl VIC-probe NM 007393.5
Mouse Foxp3 Mm00475162 m1 FAM-probe NM 001199347.1,
NM 001199348.1,
NM 054039.2
Mouse Hdacl MmO02391771 gl FAM-probe NM 008228.2
Mouse Hdac2 Mm00515108 m1 FAM-probe NM 008229.2
Mouse Hdac3 MmO00515916_ml1 FAM-probe NM 010411.2
Mouse Hdac4 MmO01299557 ml FAM-probe NM 207225.1
Mouse Hdac6 MmO01341125 ml FAM-probe NM 001130416.1,
NM 010413.3
Mouse Hdac9 MmO01293999 ml FAM-probe NM _001271386.1,
NM_024124.3

2.1.9 Vector list

Vector name Inserted sequence

GARP coding sequence (cds), +139-+2127

pcDNA3.1-GARP_wild-type (wt) bp of NM_001128922. 1

GARP cds, +139-+2127 bp of

DNA3.1-GARP_c.741G>A
pcDNA3.1-GARP_c.741G NM_001128922.1 ¢.741G>A

GARP cds, +139-+2127 bp of

PcDNAS.1-GARP_c.934C>T NM_001128922.1 ¢.934C>T

GARP cds, +139-+2127 bp of

DNA3.1-GARP_c.1262G>A
PcDNA3.1-GARP_c.1262G NM_001128922.1 ¢.1262G>A

pcDNA3.1-empty none
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Name

Origin

Acid Phosphatase, Leukocyte (TRAP) Kit
Affinity Script QPCR cDNA Synthesis kit
Amaxa Mouse T cell Nucleofector Kit
Amaxa Mouse T cell Nucleofector Kit V

CD4"' T cell Isolation kit, human

CD25 MicroBeads II, human
CD45RA MicroBeads, human
CD4" T cell Isolation kit, mouse
CD25" T cell Isolation kit, mouse

Cytofix/Cytoperm™ Fixation and
Permeabilization Solution

Dako REAL™ Detection System

FOXP3 Fix/Perm buffer set

High Pure PCR Template Preparation Kit
Human Foxp3 Buffer set

Mouse Foxp3 Buffer set

Phosflow™ Perm Buffer 111

Sigma-Aldrich

Agilent technologies, Santa Clara, CA
Lonza, Cologne, Germany

Lonza

Miltenyi Biotec, Bergisch Gladbach,
Germany

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

BD Bioscienes

DAKO, Hamburg, Germany
Biolegend

Roche

BD Bioscienes

BD Bioscienes

BD Bioscienes

True-Nuclear™ Transcription factor buffer Biolegend

set

RNeasy Plus Mini kit Qiagen
2.1.11 Devices

Name Origin

Bio-Rad PowerPac 1000
Biophotometer®D30

Biosafety Cabinet (NU-437-600)

Bio-Rad, Hercules, CA
Eppendorf

NuAire, Plymouth, MN




BZ-8100 Fluorescence Microscope

EC-140 Mini Blot Module

Fluorescence activated cell sorting (FACS)

Cytomics FC500
FUJIFILM LAS-3000
gentleMACS Dissociator
Heracell 240 COz2 incubator
MACSmix Tube rotator
Microcentrifuge 5415R
Microm HM 340E

MP225 pH Meter
Nucleofector™ II
PURELAB® Ultra

Rotixa 50 RS centrifuge
Unimax 1010 Orbital Shaker

UVT-28 MP transilluminator

Keyence, Osaka, Japan
E-C Apparatus

Beckman Coulter

Fujifilm, Tokyo, Japan

Miltenyi Biotec

Thermo Fisher Scientific
Miltenyi Biotec

Eppendorf

Thermo Fisher Scientific
Mettler Toledo, Columbus, Ohio
Lonza

Elga, Celle, Germany

Hettich AG, Bach, Switzerland
Heidolph GmbH, Schwabach, Germany

Herolab GmbH, Wiesloch, Germany

72 COULTER COUNTER Beckman Coulter
5427 R Centrifuge Eppendorf
9800 Fast Thermal Cycler Applied Biosystems, Foster City, CA
7500 Fast Real-time PCR System Applied Biosystems

2.1.12 Software
Name Origin
Excel 2011 Microsoft, Redmond, WA
I-TASSER Zhanglab, Ann Arbor, MI
Matlnspector Genomatix, Munich, Germany
Mayday 2.30 University Tiibingen
Prism 5.0a GraphPad, La Jolla, CA
PyMOL 2.0 Schrodinger, New York




39

STRUM

Zhanglab, Ann Arbor, MI

2.1.13 Buffers and solutions

Buffers and solutions

Composition

Radioimmunoprecipitation assay (RIPA)
Cell Lysis buffer

DNA Loading buffer (6x)

FACS buffer

Magnetic activated cell sorting (MACS)

buffer

Resolving gel (12.5%)

Stacking gel (4%)

SDS Blot buffer

SDS Running buffer

50 mM Tris-HCI, pH 7.6
150 mM NaCl

10 mM EDTA

0.1% SDS

0.5% NP-40

1x cOmplete™, EDTA-free Protease Inhibitor

Cocktail

50 mM EDTA
26.1% Glycerol
0.25% Bromphenol blue

PBS
2% FCS
0.01% NaN3

PBS
0.5% BSA
2 mM EDTA

380 mM Tris-HCI, pH 8.8

12.5% Acrylamide/bis-acrylamide
0.2% SDS

0.2% APS

10 pl TEMED

H>0 ad 10 ml

126.6 mM Tris-HCI, pH 6.8
4% Acrylamide/bis-acrylamide
0.1% SDS

0.1% APS

5 ul TEMED

H>O ad 5 ml

20 mM Tris-HCI, pH 7.6
140 mM NaCl
0.1% Tween20

12.5 mM Tris-HCI, pH 6.8
96 mM Glycine
0.05% SDS
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SDS Sample buffer

SDS Transfer buffer

Tris-Acetate-EDTA (TAE) bufter (50x)

Tris-buffered saline (TBS) buffer

Tris-buffered saline with 0.1% Tween
(TBST) buffer

Cytokine Fix buffer

Cytokine Perm buffer

62.5 mM Tris-HCI, pH 6.8
2% SDS

10% Glycerol

50 mM DTT

0.01% Bromophenol blue

12.5 mM Tris-HCI, pH 8.3
86 mM Glycine

0.05% SDS

20% Methanol

242 g Tris-HCl

57.2 ml acetic acid

50 mM EDTA (pH7.6)
HxOad 11

20 mM Tris-HCI (pH7.6)
140 mM NacCl

20 mM Tris-HCI (pH7.6)
140 mM NacCl
0.1% Tween-20

PBS (pH 7.4)
4% PFA

PBS

2% FCS
0.01% NaN3
0.1% Saponin
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2.2 Methods

2.2.1 Ethics

All patients and healthy individuals provided written informed consent. The study was approved

by the Ethics Committee of the Universities of Munich and Freiburg.

2.2.2 Whole-exome sequencing (WES)

All WES work was performed by members of AG Grimbacher from Albert-Ludwigs-University
of Freiburg. Genomic DNA was extracted from human peripheral blood mononuclear cells
(PBMCs) using QIAamp Kits (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. WES was accomplished by following the Agilent (Santa Clara, CA) custom Sure
Select exome sequencing protocol. SureSelect exome v5 probes were used to enrich the Exomes.
Libraries were sequenced twice (2 flow cells) on the HiSeq 2500 v4 with a 2X76bp protocol
generating 4 raw FASTQ files (sequence data files) per sample. Data pre-processing was
performed according to the GATK best practices (DePristo et al., 2011; McKenna et al., 2010;
Van der Auwera et al., 2013). The Data pre-processing included the following: 1) FASTQ files
were converted into a unmapped BAM file (PICARD tool FastqToSam), (2) tags were added to
the Illumina adapter sequences of the unmapped BAM file (PICARD tool
MarkIlluminaAdapters), (3) the unmapped tagged BAM file was converted to a FASTQ file
(PICARD tool SamToFastq), (4) alignment to reference genome build UCSC hg38 (BWA
MEM) was performed, (5) duplicated reads were identified (MarkDuplicates PICARD), (6)
BAM was recalibrated and (7) indel realigned. Variant calling was achieved with three different
variant callers, GATK Haplotype caller, FreeBayes and SAMtools. BASH and R scripts were
subsequently applied for (1) merging of the VCFs files, (2) identifying and unifying of
dinucleotide changes and (3) formatting of the data sets for the import into an in-house
specialized SQL database (GemmaDB) at the Centre of Chronic Immunodeficiency in Freiburg.
Annotation of variants was performed by the Ensembl’s Variant Effect Predictor (VEP) tool

(https://www.ensembl.org/info/docs/tools/vep/index.html). The allele frequency (AF) data was

extracted from the gnomAD exomes (v2.1.1) and genomes (v3) data sets

(https://gnomad.broadinstitute.org/downloads). The individual frequency was obtained by

transformation of the gnomAD AF data. Filtering of the variants was conducted by the selection
of variants with (1) an individual frequency below 1% either in the internal cohort and in
gnomAD (exomes or genomes) populations, which includes control cohorts such us the NHLBI-

GO Exome Sequencing Project or the 1000 Genomes project, (2) a “high” or “moderate” impact


https://www.ensembl.org/info/docs/tools/vep/index.html
https://gnomad.broadinstitute.org/downloads
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prediction, (3) an alternative allele frequency (AF1) bigger than 0.3 and read depth (DP) bigger
than 20, (4) matching of zygosity of an autosomal recessive or X-linked recessive mode of
inheritance, for the lack of family disease history it was no possible to identify de novo variants
without the parents of the patients (analysis of variants was performed in regards to association
with autosomal dominant conditions, results were limited to one transcript per variant (the one
with the highest score)), (5) resulting candidate variants were individually analysed considering

gene function and role in disease.

2.2.3 Genomic DNA isolation form mouse ear punches

Total DNA was extracted from mouse ear punches using the High Pure PCR Template
Preparation Kit (Roche) according to the manufacturer’s instructions. Ear punches were lysed
with 200 pl Tissue Lysis Buffer and 40 pl Proteinase K in 1.5 ml Eppendorf tubes and incubated
for 3 hours at 55°C. 200 pl Binding Buffer was added, mixed and incubated for 10 minutes at
70°C. 100 pl isopropanol (Merk) was added, mixed and Eppendorf tubes centrifuged at 13000
relative centrifugal force (rcf) for 5 minutes. The sample was transferred to a High Pure Filter
Tube placed in a 2 ml Collection Tube and centrifuged at 8000 rcf for 1 minute. The Filter Tube
was removed from the Collection Tube and assembled with a new Collection Tube. 500 ul
Inhibitor Removal Buffer were added to the Filter Tube and the assembly was centrifuged at
8000 rcf for 1 minute. The Filter Tube was removed from the Collection Tube and assembled
with a new Collection Tube followed by two washing steps with 500 ul Wash Buffer and
centrifugation at 8000 rcf for 1 minute. While washing the flow-through was discarded and the
Filter Tube placed in a fresh Collection Tube. After the last washing step, the Filter Tube was
transferred to a fresh Collection Tube and centrifuged for 10 seconds at full speed. For DNA
elution, the Filter Tube was transferred to a 1.5 ml Eppendorf tube, 200 pl prewarmed Elution
Buffer water was applied to the Filter Tube and the tube assembly was centrifuged at 8000 rcf
for 1 minute. All centrifugation steps were carried out in a 5415R microcentrifuge (Eppendorf)
with a fixed angle rotor. DNA concentration and quality was assessed by analysing the
absorbance ratio of 260 nm and 280 nm (A260/A2s80) using a Biophotometer®D30 (Eppendorf).

DNA was stored at -20°C, or at 4°C for immediate usage.
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2.2.4 Total RNA isolation

Total RNA was extracted from CD25" and CD25™ CD4" T cells using RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. After washing with PBS, 1-3x10° T cells
were lysed in 350 pul RLT buffer and homogenized by thorough vortexing. Homogenate was
transferred to gDNA Eliminator Spin Columns placed in a 2 ml Collection Tube and centrifuged
at 8000 rcf for 30 sec. Flow-though was mixed with 350 pl 70% ethanol and applied to a RNeasy
Mini Spin Column placed in a 2 ml Collection Tube. After centrifugation at 8000 rcf for 15 sec,
columns were washed with 700 ul RW1 Buffer followed by two washing steps with 500 ul RPE
Buffer. While washing the flow-through was discarded and columns placed in a fresh Collection
Tube. After the last washing step, columns were transferred to a fresh Collection Tube and
centrifuged for 1 minute at full speed. For RNA elution, columns were transferred to 1.5 ml
Eppendorf tubes, 30 ul RNeasy-free water was applied directly to the spin column membrane
and centrifuged at 8000 rcf for 1 minute. All centrifugation steps were carried out in a 5415R
microcentrifuge (Eppendorf) with a fixed angle rotor. RNA concentration and quality was
assessed by analysing the absorbance ratio of 260 nm and 280 nm (A2s0/A280) using a

Biophotometer®D30 (Eppendorf). RNA was stored at -20°C, or at 4°C for immediate usage.

2.2.5 Reverse transcription: complementary DNA (cDNA) synthesis

RNA was reversely transcribed into cDNA using AffinityScript QPCR ¢cDNA Synthesis Kit
(Agilent Technologies) according to the manufacturer’s instructions. 100 to 250 ng RNA were
reversely transcribed in RNase-free water in a total volume of 20 pl with 10 pl of First Strand
Mastermix (2x), 3.0 pl Oligo(dT) primer and 1 pl AffinityScript RT / RNase Block enzyme
mixture. Reaction was incubated for 5 minutes at 25°C for primer annealing, followed by 15
minutes at 42°C for cDNA synthesis. The last step with 5 minutes at 95°C terminated the cDNA

synthesis. cDNA was stored at -20°C, or at 4°C for immediate usage.

2.2.6 Polymerase chain reaction (PCR)

10 ng DNA or 1 pul cDNA was used as template for PCR reactions. DNA fragments were
amplified in a reaction volume of 25 pl. The reaction contained 1x PCR Buffer, 1x RediLoad™
Loading Buffer, 250 uM dNTPs, 0.5 pM Primermix, and 0.5 units AmpliTaq® DNA Polymerase
(all from Life Technologies). Cycling parameters were as follows: 95°C 5 min, 35 cycles at 95°C
30 sec, 60°C 30 sec, 72°C 1 - 2 minutes, and a final extension at 72°C for 7 minutes on a 9800

Fast Thermal Cycler (Life Technologies). PCR products were stored at -20°C.
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2.2.7 Real-time PCR

2.2.7.1 TagMan gene expression assays

Real-time PCR for detection of gene expression levels was performed in duplicates using
TaqMan Gene Expression Assays in a 7500 Fast Real-time PCR System (all from Life
Technologies). A TagMan Gene Expression Assay mix contains two unlabelled sequence
specific primers (forward and reverse). Additionally, it contains a primer probe labelled with a
reporter fluorescent dye at the 5’ end and a non-fluorescent quencher plus a minor groove binder
(MGB) attached at the 3’ end. Primer probe is either 6-carboxyfluorescein (FAM) or 2'-chloro-
7'-phenyl-1,4-dichloro-6-carboxy-fluorescein (VIC) labelled, with the reporter dye emission
being quenched while the probe is intact. During amplification the endogenous 5° exonuclease
activity of the TagMan DNA polymerase cleaves the probe, separating the dye from the quencher
which increases the reporter dye signal. Each PCR cycle releases several dye molecules,
resulting in an increase in fluorescence intensity in proportion to the amount of synthesized
amplicon. 1 pl cDNA was used in a 10 pl reaction volume consisting of 3.5 ul RNease-free
water, 5 pl 2x TagMan Universal PCR Master Mix and 0.5 pl 20x TagMan Gene Expression
Assay Mix (all from Life Technologies). The thermal cycling steps were the following: hot
enzyme activation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 10
seconds and annealing/extension at 60°C for 1 minute. Relative quantification was achieved by
calculating the difference in cross-threshold values (ACt) of the gene of interest and actin beta

according to the formula 22,

2.2.7.2 Analysis of allelic expression by allele-specific PCR

LRR(C32 allelic expression was examined by allele-specific PCR analysis using assays-by-design
for SNP genotyping (Thermo Fisher Scientific). SNP Genotyping assays consist of two
unlabelled PCR primers (forward and reverse), one VIC/MGB labelled probe detecting the major
allele sequence and one FAM/MGB labelled probe that detects the minor allele sequence. The
reporter dye emission is quenched while the probe is intact. During amplification the endogenous
5" exonuclease activity of the TagMan DNA polymerase cleaves the probe, separating the dye
from the quencher and increases the reporter dye signal. The PCR was run as triplicates with
0.25 ul cDNA in a 10 pl reaction volume consisting of 4.5 ul RNease-free water, 5 pl 2x TagMan
Universal PCR Master Mix and 0.25 pl 40x SNP Genotyping Assay Mix in a 7500 Fast Real-
time PCR System (Life Technologies). The thermal cycling steps were the following: hot

enzyme activation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 seconds and
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annealing/extension at 60°C for 1 minute. The dye emission was measured after 40 cycles in a

7500 Fast Real-time PCR System (Life Technologies).

2.2.8 Gene array

Mouse gene expression microarrays were used to analyse differences in gene expression in Garp-
deficient and control Tregs. Transcriptome analysis was performed by Agilent on Whole Mouse
Genome Oligo Microarray (Mouse GE 4x44K v2) (Agilent Technologies) using total RNA
purified from FACS-sorted Garp-deficient and control Tregs with five mice per group. The RNA
was extracted from Tregs using the RNeasy Plus Mini Kit (Qiagen) as described above. RNA
was reverse-transcribed into double-stranded cDNA and labelled with Cy3 dye. Cy3-labelled
cDNA was hybridised to Mouse GE 4x44K v2 Microarrays (Agilent Technologies).
Fluorescently labelled target sequences that bind to their probe sequence generate a signal. The
detected intensity data was subjected to quantile normalization. Fold changes of normalised data
were calculated to identify genes with greater than twofold differential expression.
Transcriptome and initial data analysis was performed by Agilent CrossLab. Treg relevant and
apoptosis associated genes were analysed for fold changes and significant differences in
expression. HDACs and HATs were analysed for fold changes and significant differences in
expression. Normalised log2 median centred intensities of selected genes were visualized by

Mayday (version 2.30) (Battke et al., 2010) using centring for display.

2.2.9 Agarose gel electrophoresis

1.2 % Agarose gel containing 1x SYBR Safe DNA Gel Stain (Life Technologies) was used for
gel electrophoresis and analysis of DNA fragments. 3 pl of the PCR product containing 1x
RedilLoad™ Loading Buffer (Life Technologies) was loaded per well. 2 pul GeneRuler DNA
ladder 100 bp (Fermentas) was loaded as marker. Gel electrophoresis was performed at 100 V
for 40 minutes in 1x TAE Buffer. DNA bands were visualized and photographed using a UVT-
28 MP transilluminator (Herolab).
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2.2.10 Mice

Conditional Lrrc32 knock out mice (C57BL/6.Lrre32"%;Cd4-Cre) were generated by genOway
(Lyon, France) by flanking the third exon of Garp with loxP sites (C57BL/6.Lrrc32%M) and
subsequent crossing homozygous floxed Garp mice with C57BL/6NTac-TgN(Cd4-Cre) mice
(Taconic, Laven, Denmark) bearing the cyclization recombination (Cre)-recombinase cassette
under the mouse Cd4 promoter. The genetic integrity of the homozygote Lrrc32 knock out mice,
which were received from genOway, was routinely monitored by genotyping the breeding pairs.
Control C57BL/6J (wild-type) and B6SJLF1/J mice expressing CD45.1 on T cells were
purchased from Janvier (Le Genest-Saint-Isle, France). B6.129S7-Ragl™™M™m/J mice were
obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were housed under specific-
pathogen-free conditions. Mice were used at 8 — 16 weeks of age and euthanized by carbon
dioxide (CO) inhalation using compressed CO; gas. All efforts were made to minimize
suffering, animal number, and stress / discomfort. All animal experiments were approved by the
Regierung von Oberbayern and performed in compliance with the guidelines of the German

Tierschutzgesetz.

2.2.11 Mice genotyping

For genotyping, DNA of C57BL/6.Lrrc32"%;Cd4-Cre mice breeding pairs was purified from ear
punches using the High Pure PCR Template Preparation Kit (Roche) as described above. 4 ng
DNA was analysed by PCR as described above. The Cre PCR detects the Cre-recombinase
coding sequence in the Cre-recombinase cassette of C57BL/6.Lrrc32%1:Cd4-Cre mice, which is
not present in wild-type C57BL/6J mice. The Cre PCR yields no amplification product for wild-
type C57BL/6 mice. The flippase (Flp) PCR detects the non-recombined allele of wild-type
C57BL/6 mice (0.5 kilobase (kb) (Figure 2 A) and the Flp-mediated excised locus (0.6 kb)
containing the Flippase recognition target (FRT)-site of C57BL/6.Lrrc32%1;Cd4-Cre mice
(Figure 2 B). FRT is a remnant of the excised FRT flanked neomycin selection cassette. PCR

products were analysed by agarose gel electrophoresis as described above (Figure 2 C).
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Figure 2 Representative genotyping of C57BL/6.Lrrc32%1;Cd4-Cre mice

(A) Schematic overview of endogenous Lrrc32 locus and Flp-excision of C57BL/6 mice. (B) Scheme of the
breeding strategy for the generation of C57BL/6.Lrrc3214;Cd4-Cre mice; Chr, chromosome; TSS, transcription
start site; E, exon. (C) Agarose gel of representative genotype analysis for Cre and Flp of two
C57BL/6.Lrrc32"1;Cd4-Cre breeding pairs and controls is demonstrated. PCR products from PCR without
sample (H,0), C57BL/6 mice and C57BL/6.Lrrc32"M.Cd4-Cre mice were used as control.
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2.2.12 Cell purification

All centrifugation steps were performed using a Rotixa 50 RS centrifuge. For washing cells were

centrifuged at 723 rcf for 5 minutes.

2.2.12.1 Isolation of human CD4" T cells

PBMCs were isolated by centrifugation of blood over a Ficoll (Biotest, Dreieich, Germany)
layer. 10 ml Ficoll was loaded under 20 ml blood diluted with 20 ml PBS and centrifuged at 400
rcf for 20 minutes without forced stop at room temperature. PBMCs were harvested and washed
once with PBS. CD4 positive T cells were purified by negative selection of PBMCs on the basis
of magnetic activated cell sorting (MACS) using human CD4" T cell Isolation Kit (Miltenyi
Biotec) according to the manufacturer’s instructions. Cells were resuspended in 40 pl MACS
buffer per 107 cells and incubated with 10 ul CD4" T cell Biotin-Antibody Cockail for 5 minutes
at 4°C. Non-CD4" T cells were thus labelled with biotin-conjugated antibodies against CD8a,
CD14, CDI15, CD16, CD19, CD36, CD56, CD123, TCRy/o, and CD235a (Glycophorin A).
Afterwards, another 30 ul MACS buffer per 107 cells and 20 pl of CD4" T cell MicroBead
Cocktail were added. Cells were incubated with the antibody mixture for 10 minutes at 4°C.
With this procedure, cells were magnetically labelled for negative selection by conjugation with
magnetic anti-Biotin MicroBeads. After washing with MACS buffer cells were resuspended in
1 ml MACS buffer per 10® cells and applied onto a LS MACS column placed in the magnetic
field. Magnetically labelled non-CD4" T cells resided in the column while the unlabelled CD4*
cells were collected in the flow through by washing the column three times with 3 ml MACS
buffer. CD4" T cell purity was assessed by flow cytometry and cells were used for experiments

or further MACS separation. Routinely >95% of isolated T cells were CD3/CD4 positive.

2.2.12.2 Isolation of human CD25" and CD25 CD4" T cells

CD25" CD4" T cells were purified from CD4" T cells by MACS positive selection using human
CD25 MicroBeads IT (Miltenyi Biotec) following the manufacturer’s instructions. CD4" T cells
were resuspended in 90 pl MACS buffer per 10 cells and incubated with 10 pl of human CD25
MicroBeads II per 107 cells for 15 minutes at 4°C. After washing with MACS buffer the cells
were resuspended in 500 pl MACS buffer per 10% cells and applied on a MS MACS column
placed in the magnetic field. An estimated maximum of 107 CD25 positive cells are able to bind
to the column, while unlabelled CD25" CD4" T cells were collected in the flow through by
washing the column three times with 500 ul MACS buffer. The MS column was removed from

the magnetic field and the magnetically labelled CD25" CD4" T cells were eluted with 1 ml
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MACS buffer by firmly pushing the plunger into the column. The flow through containing the
CD25 CD4" T cell fraction was transferred onto a LD column placed in the magnetic field to
remove remaining CD25" T cells and washed three times with 3 ml MACS buffer. Purified cells
were kept at 4°C until usage, their purity was assessed by flow cytometry. Routinely Tregs were

>90% CD25 positive and effector T cells (Teffs) >98% CD25 negative.

2.2.12.3 Isolation of human CD4  CD8 PBMCs

Human PBMCs were isolated as described above. In a first step CD8" cells were depleted from
PBMCs by MACS using CD8 MicroBeads (Miltenyi Biotec) following the manufacturer’s
instructions. Cells were resuspended in 80 ul MACS buffer per 107 cells and incubated with 20
ul CD8 MicroBeads (Miltenyi Biotec) for 15 minutes at 4°C. Cells were washed with MACS
buffer and resuspended in 1 ml MACS buffer per 10® cells. 1 ml with up to 10® labelled cells
was applied onto an LS MACS column placed in the magnetic field. CDS8 positive cells bind to
the column, while unlabelled CD8 negative cells were collected in the flow through by washing
the column three times with 3 ml MACS buffer. In a second step CD4" cells were labelled with
magnetic beads using the human CD4" T cell Isolation Kit (Miltenyi Biotec) as described above.
Up to 108 CDS depleted CD4 labelled PBMCs were applied onto a LS MACS column placed in
the magnetic field. Magnetically labelled CD4 cells resided in the column while the unlabelled
CD4" cells were separated and collected in the flow through by washing the column three times
with 3 ml MACS buffer. The LS MACS column was removed from the magnetic field and the
magnetically labelled CD8 CD4" cells were eluted with 5 ml MACS buffer by firmly pushing

the plunger into the column.

2.2.12.4 TIsolation of mouse CD4" T cells

Spleens were collected from mice and homogenized to a single-cell suspension in MACS buffer
using gentleMACS™ C Tubes in gentleMACS™ Dissociator (Miltenyi Biotec). The cell
suspension was filtered through 70 um Nylon Cell Strainer (BD Falcon, Bedford, MA) and
purified by MACS. CD4" positive T cells were purified by negative selection from splenocyte
cells using mouse CD4" T cell Isolation Kit (Miltenyi Biotec) based on the manufacturer’s
instructions. 107 cells were resuspended in 40 ul MACS buffer and incubated with 10 pl CD4*
T cell Biotin-Antibody Cocktail for 5 minutes at 4°C. Non-CD4" T cells were hereby labelled
with biotin-conjugated antibodies against CD8a, CD11b, CD11¢, CD19, CD45R (B220), CD49b
(DX35), CD105, Anti-MHC Class II, Ter-119, and TCRY/3. Another 30 pl MACS buffer per 10’
cells and 20 ul of CD4" T cell MicroBead Cocktail were added and incubated for 10 minutes at
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4°C. Cells were washed with MACS buffer and resuspended in 1 ml MACS buffer per 10® cells.
1 ml was applied onto an LS MACS column placed in the magnetic field. Magnetically labelled
non-CD4" T cells resided in the column while the unlabelled CD4" cells were collected in the
flow through by washing the column three times with 3 ml MACS buffer. CD4" T cells were
then used for experiments or further MACS separation. Routinely >95% of isolated T cells were

CD3/CD4 positive.

2.2.12.5 Isolation of mouse CD25" and CD25 CD4" T cells

CD25" CD4" T cells were purified by MACS from CD4" T cells by positive selection using the
mouse CD25 MicroBeads Kit (Miltenyi Biotec) following the manufacturer’s instructions, or
where indicated by fluorescence-activated cell sorting (FACS) at MoFlo (Beckman Coulter).
CD4" T cells were resuspended in 100 pl MACS buffer per 107 total cells and incubated with 10
ul of CD25-PE antibody for 10 minutes at 4°C. After washing with MACS buffer, cells were
resuspended in 90 pul MACS buffer per 107 cells and 10 ul Anti-PE MicroBeads. Cells were
incubated for 15 minutes at 4°C. After washing with MACS buffer the cell pellet was
resuspended in 500 ul MACS buffer per 108 cells and applied on an MS MACS column placed
in the magnetic field. No more than 10® cells were applied on an MS MACS column. Unlabelled
CD25 CD4" T cells were collected in the flow through by washing the column three times with
500 ul MACS buffer. The MS column was removed from the magnetic field and the magnetically
labelled CD25" CD4" T cells were eluted with 1 ml MACS buffer by firmly pushing the plunger
into the column. The flow through containing the CD25" CD4" T cell fraction was transferred
onto a LD column placed in the magnetic field to remove remaining CD25" T cells and washed
three times with 3 ml MACS buffer. Purified cells were kept at 4°C until usage, their purity was
assessed by flow cytometry. Routinely Tregs were >90% CD25 positive and Teffs >98% CD25

negative.
2.2.13 Cell culture
All cells were cultured at 37°C in a humidified atmosphere containing 5% CO> in Heracell 240

CO2 incubators (Thermo Scientific).

2.2.13.1 T cell culture

Freshly isolated human T cells were stimulated with plate-bound anti-CD3 (1 pg/ml) and soluble
anti-CD28 (1 pg/ml) (BD Bioscience) in RPMI 1640 cell medium supplemented with 50 U/ml
penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine (all from Life Technologies Invitrogen),
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10% normal human serum (NHS) and 10U/ml IL-2 (Novartis) for indicated amount of time. For
TCR stimulation with plate-bound anti-CD?3 flat-bottom cell culture plates were incubated with
anti-human CD3 (1 pg/ml) (BD Bioscience) in 50mM Tris-HCI1 (pH 9.5) over night at 4°C.
Before use coated cell culture plates were washed three times with HBSS (Life Technologies

Invitrogen). Cell concentrations of 0.5x10° cells/ml were used.

Freshly isolated murine T cells were cultured unstimulated or stimulated with plate-bound anti-
CD3 (2 pg/ml) and plate-bound anti-CD28 (10 pg/ml) (BD Bioscience) in RPMI 1640 cell
medium supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine,
10% FCS (all from Life Technologies Invitrogen) and 10 ng/ml IL-2 (R&D Systems) for
indicated amount of time. For TCR stimulation flat-bottom cell culture plates were incubated
with anti-mouse CD3 (2 pg/ml) and anti-mouse CD28 (10 pg/ml) (all from BD Bioscience) in
50 mM Tris-HCI (pH 9.5) over night at 4°C. Before use coated cell culture plates were washed
three times with HBSS (Life Technologies Invitrogen). 2 ng/ml mouse TGFB1 (R&D Systems)
was added when indicated. For serum starvation cells were incubated with serum free RPMI
1640 supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine (Life
Technologies Invitrogen) and 10 ng/ml IL-2 (R&D Systems) for 20 hours. Cell concentrations

of 10° cells/ml were used.

For cytokine analysis 10° freshly isolated murine Tregs were cultured in RPMI 1640 cell medium
supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine, 10% FCS
(all from Life Technologies Invitrogen) with 1ng/ml PMA, 2uM monensin (both from Sigma-
Aldrich) and 0.5uM 1onomycin (Merck) for five hours.

2.2.13.2 Maintenance of cell lines

HEK293 cells and T cell leukemia (Jurkat) cells were obtained from American Type Culture
Collection (ATCC) (Manassas, VA). HEK293 cells were maintained and split every 2 to 3 days
with DMEM cell medium supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2
mM L-glutamine and 10% FCS (all from Life Technologies Invitrogen). For splitting and
seeding HEK293 cells, the medium was removed, cells washed with PBS and the cell layer
dissociated with Trypsin (Sigma-Aldrich). Trypsinisation was stopped by adding DMEM
supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine and 10%
FCS (all from Life Technologies Invitrogen) and cells were diluted to appropriate

concentrations.
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Jurkat cells were maintained at 0.25-1x10° cells/ml and split every 2 to 3 days with RPMI 1640
medium supplemented with 50 U/ml penicillin G, 50pg/ml streptomycin, 2 mM L-glutamine
and 10% FCS (all from Life Technologies Invitrogen).

2.2.14 Analysis of Foxp3 protein stability

CHX (Sigma-Aldrich) was used to inhibit protein synthesis in Tregs to study Foxp3 protein
stability. CHX is a fungicide produced by the bacterium Streptomyces griseus that interferes in
the translocation step in protein synthesis and blocks translational elongation in eukaryotes
(Ennis and Lubin, 1964). CHX was dissolved in ethanol (40 mg/ml) and diluted in PBS for
working solutions. 6 pg/ml CHX (Sigma-Aldrich) was used in cell culture experiments to

determine the half-life of Foxp3.

Murine CD4" T cells were cultured unstimulated or stimulated with plate-bound anti-CD3 (2
pg/ml) and plate-bound anti-CD28 (10 pg/ml) (BD Bioscience) in RPMI 1640 cell medium
supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine, 10% FCS
(all from Life Technologies Invitrogen) and 10 ng/ml IL-2 (R&D Systems) for 3, 6, 9 and 20
hours in the presence of CHX. Foxp3 protein half-life was calculated on normalised Foxp3

frequencies by linear regression.

Human CD4" T cells were stimulated with plate-bound anti-CD3 (1 pg/ml) and soluble anti-
CD28 (1 pg/ml) (BD Bioscience) in RPMI 1640 cell medium supplemented with 50 U/ml
penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine (all from Life Technologies Invitrogen),
10% NHS and 10U/ml IL-2 (Novartis) for 6, 20 and 48 hours in the presence of 6 ng/ml CHX.
Foxp3 frequencies were assessed by intracellular flow cytometry. Foxp3 protein half-life was

calculated on normalised Foxp3 frequencies by linear regression.

2.2.15 In vitro suppression assay

The inhibitory capacity of CD25" CD4" Tregs from PID patients and healthy controls was
analysed by T cell proliferation assays. Freshly isolated human CD25  CD4" T cells were
resuspended in PBS at concentration of 100x10%ml and labelled with 10 uM CFSE (Life
Technologies Invitrogen) for 8 minutes at room temperature. Staining reaction was blocked with
equal volume of NHS as PBS cell suspension. After labelling cells were washed twice and
resuspended in 10% NHS/RPMI 1640 (Life Technologies Invitrogen). 50x10° CFSE-labelled
CD25 negative CD4" T cells were stimulated in a 96-well round-bottom plate with 1 pg/ml
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soluble anti-CD3 (OKT3) in the presence of 100x10° CD4/CD8 negative PBMCs and descending
amounts of Tregs (50x10%, 25x10°, 12.5x10° and no Treg cells) for four days. Teff to Treg ratios
of 1:1, 2:1, 4:1 and 1:0 were used in triplicates for each condition. At the end of the experiment
cells from three wells were combined and analysed by flow cytometry. CFSE is a cell permeable
fluorescent cell staining dye that covalently couples to intracellular lysine residues and other
amine sources via its succinimidyl group (Parish, 1999). CFSE fluorescence intensity is halved
with each cell division. Proliferative capacity of Tregs was assessed by flow cytometry based on

CFSE-dilution.

2.2.16 Transfection

2.2.16.1 Lipofectamine transfection

Lipofectamine transfection was performed to transfect HEK293 cells (ATCC) with plasmid
DNA using Lipofectamin™ LTX (Life Technologies Invitrogen). 0.25x10° cells were seeded in
12-well plates with 2.5 ml DMEM supplemented with 50 U/ml penicillin G, 50 pg/ml
streptomycin, 2 mM L-glutamine and 10% FCS (all from Life Technologies Invitrogen) and
transfected on the following day at a confluency of 70-90% with pcDNA3.1-GARPcds variants
GARP_wt, GARP c.741G>A, GARP ¢.934C>T and GARP_c.1262G>A (Thermo Fisher
Scientific) in complex with Lipofectamin™ LTX. An empty pcDNA3.1 vector in complex with
Lipofectamin™ LTX was used as control. On the day of transfection 0.4 pg plasmid DNA was
dissolved in 200 ul Opti-MEM and incubated with 3.5 pl Lipofectamin™ LTX (both from Life
Technologies Invitrogen) for 30 minutes at room temperature. Medium of prepared HEK293
cells was removed and 1ml DMEM supplemented with 50 U/ml penicillin G, 50 pg/ml
streptomycin, 2 mM L-glutamine and 10% FCS (all from Life Technologies Invitrogen) was
added. 200 ul DNA/Lipofectamin complexes were then added to the cultured cells. On the
following day the Medium was removed and 2.5 ml DMEM supplemented with 50 U/ml
penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine and 10% FCS (all from Life
Technologies Invitrogen) was added. The expression of GARP was analysed 48 hours post-

transfection by extracellular flow cytometry.

2.2.16.2 Amaxa transfection

Amaxa transfection was performed to transfect Jurkat T cells by using the Nucleofector® II
device and the Amaxa Cell Line Nucleofector kit V (both from Lonza) according to

manufacturer's instructions. For transfection, 10° cells were resuspended in 82 pl Cell Line
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Nucleofector® solution V and 12 pl supplement (both from Lonza). The pcDNA3.1-GARPcds
variants GARP_wt, GARP c.741G>A, GARP_¢.934C>T and GARP ¢.1262G>A (Thermo
Fisher Scientific) an empty pcDNA3.1 or the pmaxGFP (Lonza) expression vector were used
respectively. For transfection 1 pg plasmid DNA was directly added to the cell suspension and
the cel/DNA suspension was transferred to a cuvette (Lonza). The cuvette was placed in the
Nucleofector® II device (Lonza) and the appropriate program X-001 was selected. The cells
were retrieved from the cuvette after the transfection by adding 0.5 ml of pre-warmed RPMI
1640 supplemented with 50 U/ml penicillin G, 50 ug/ml streptomycin, 2 mM L-glutamine (all
from Life Technologies Invitrogen) and 10% NHS. Cells were transferred to a 12 well plate with
a final volume of 1.5 ml per well. The empty vector was used as negative control for GARP
expression, the pmaxGFP expression vector served as control for transfection efficiency.
Expression of GARP variants and GFP was analysed 48 hours after transfection by extracellular

flow cytometry.

2.2.16.3 Amaxa small interfering RNA (siRNA) transfection

Amaxa transfection was performed to transfect freshly isolated murine CD4" T cells with siRNA
by using the Nucleofector® II device and the Amaxa Mouse T cell Nucleofector kit (both from
Lonza) according to manufacturer's instructions. Briefly, 5x10° CD4" cells were resuspended in
82 ul Mouse T cell Nucleofector® Solution and 12 pl supplement (both from Lonza). For
transfection a final concentration of 100 nM Hdac9 siRNA (Thermo Fisher Scientific), 100 nM
siGENOME Non-Targeting siRNA Control Pools (Thermo Fisher Scientific) or 2.5 pg/100ul
pmaxGFP® Vector (Lonza) was used. The siRNA and the pmaxGFP® Vector (Lonza) were
directly added to the cell suspension and transferred to a cuvette (Lonza). The cuvette was placed
in the Nucleofector® II device (Lonza) using the appropriate program X-001. The cells were
retrieved from the cuvette after the transfection by adding 0.5 ml of pre-warmed RPMI 1640
supplemented with 50 U/ml penicillin G, 50 pg/ml streptomycin, 2 mM L-glutamine, 10% FCS
(all from Life Technologies Invitrogen) and 10 ng/ml IL-2 (R&D Systems) and transferred to a
12-well plate to a final volume of 2 ml medium per well. Amaxa advises T cell stimulation within
3 - 24 hours post transfection. Therefore, cells were incubated under non-stimulating conditions
for 3 hours and then transferred to an anti-CD3 (2 pg/ml), anti-CD28 (10 ug/ml) (BD Bioscience)
coated 24-well plate and incubated for one to four days. The pmaxGFP® Vector was used as
control to assess the transfection efficiency in CD4" T cells. Cells transfected with siGENOME

Non-Targeting siRNA Control Pools were used as negative control.
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2.2.17 In vivo mice experiments

2.2.17.1 Collagen-induced arthritis (CIA)

The susceptibility and disease progression of Garp-deficient and control mice was examined in
in vivo CIA experiments that were performed by colleagues of the group. Only the analysis of
the results was conducted by me. CIA was induced in 12-week-old mice by intradermal
injections of 200 pg chicken collagen (Chondrex) in complete Freund’s adjuvant (Sigma-
Aldrich) followed by a booster injection of 200 pg collagen in incomplete Freund’s adjuvant
(Sigma-Aldrich) on day 21. Mice were scored every two to three days assessing redness and
swelling of each limb (0-3): 0, normal; 1, slight swelling and/or erythema; 2, pronounced
edematous swelling; and 3, joint rigidity, allowing a maximum score of 12 per mouse. Hind paw
thickness was assessed at the day of first injection (day 0) and the experimental endpoint (day
38). Cartilage damage, inflammation, lymphocyte infiltration and osteoclast differentiation were
analysed in hind paws at the experimental endpoint by histological hematoxylin (Sigma-Aldrich)
and eosin (Merck, Darmstadt, Germany) (H&E) stainings and Tartrate-resistant acid

phosphatase (TRAP) stainings.

2.2.17.2 Experimental autoimmune encephalomyelitis (EAE)

Colleagues of the group performed EAE experiments to analyse the susceptibility and disease
progression of Garp-deficient and control mice in vivo. Only the analysis of the results was
conducted by me. EAE was induced by subcutaneous immunization of 12-week-old mice with
200pg MOGss.ss (R&D Systems) in complete Freund’s adjuvant and 400 ng pertussis toxin (both
from Sigma-Aldrich). On day 2 additional 400 ng pertussis toxin were administered by
subcutaneous injection. Mice were scored daily for signs of paralysis starting from day 7 after
immunization to the experimental endpoint (day 19). EAE clinical score was assessed as follows:
0, clinically normal; 1, limp tail; 2, weak hind limbs; 3, partially paralysed hind limbs; 4,
complete hind limb paralysis; and 5, death.

2.2.17.3 DSS induced colitis

The disease progression of Garp-deficient and control mice was examined in in vivo DSS
induced colitis experiments that were performed by colleagues of the group. Only the analysis
of the results was conducted by me. Colitis was induced in 8-week-old mice by administration
of 2% DSS (MP Biomedicals) in drinking water. Body weight was monitored daily for 9 days.

On day 9 mice were sacrificed. Colon sections were prepared and hematoxylin (Sigma-Aldrich)
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and eosin (Merck, Darmstadt, Germany) (H&E) stainings performed. Colon sections were
evaluated for colitis clinical score using the The Jackson Laboratory scoring system (0-12):
severity (0-3), ulceration (0-3), hyperplasia (0-3), area involved (0-3) (Bleich et al., 2004).

Lymphocyte patch numbers were counted in ten 100 pm sequential sections.

2.2.17.4 Adoptive transfer

The inhibitory capacity of CD25" CD4" Tregs from Garp-deficient and control mice was
analysed by in vivo T cell proliferation assays that were performed by colleagues of the group.
Only the analysis of the results was conducted by me. 2x10° CD45.1" CD25" CD4" T cells
purified from B6SJLF1/] mice were injected intravenously into 12-week-old B6.129S7-
Ragl1™Mom/J mice either alone or together with 5x10° CD45.2" Tregs purified from control
(C57BL/6J) or Garp-deficient (C57BL/6.Lrrc32%1:Cd4-Cre) animals with four to five animals
per group. The injected CD45.2" Tregs were on average 70% Foxp3™ cells for control and Garp-
deficient Tregs. Splenocytes were analysed by flow cytometry seven days post-transplantation.
Extracellular stainings of CD3, CD4, CD45.1 and CD45.2 provided information for
CD3/CD4/CD45.1 positive effector T cell numbers and frequencies in spenocytes and
respectively for the capacity of injected Tregs to suppress CD3/CD4/CD45.1 positive effector
T cell proliferation. Extracellular staining of CD3, CD4 and CD45.1 and simultaneous
intracellular staining of Foxp3 analysed CD45.1 negative CD3/CD4/Foxp3 positive Treg

numbers and frequencies at the end of the experiment.

2.2.18 Flow cytometry

Fluorescence activated cell sorting (FACS) was performed to analyse the expression of cell
surface molecules or intracellular proteins as well as protein modifications on a single cell level
using a Cytomics FC500 flow cytometer (Beckman-Coulter). Fluorescence signals were
determined using appropriate electronic compensation to exclude emission spectra overlap. Flow

Cytometry of surface molecules

For extracellular stainings 0.05-0.2x10% cells were washed with 500 pl FACS buffer,
resuspended in 50 pul FACS buffer and incubated with suitable directly fluorochrome-conjugated
antibodies (0.1 pg/stain) for 15 minutes at 4°C in the dark. Cells were washed with 500 ul FACS
buffer, resuspended in 200 pl FACS buffer and analysed by flow cytometry. All centrifugation
steps were performed with 3800 rcf for 2 minutes at 4°C in a 5427 R centrifuge (Eppendorf)

with a fixed angle rotor.
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2.2.18.1 Flow cytometry of intracellular proteins

For intracellular stainings of Foxp3 and acetylated lysine (AcK) 0.2-1x10° cells were fixed and
permeabilized using the FOXP3 Fix/Perm buffer set (Biolegend) according to the manufacturer’s
instructions. Cells were resuspended in 50 pl Perm buffer and incubated with appropriate
antibodies for 30 minutes at 4°C in the dark. Afterwards cells were washed once with 500 pl

FACS buffer, resuspended in 200 ul FACS buffer and analysed by flow cytometry.

For intracellular stainings of phosphorylated SMAD2/3 10° cells were fixed and permeabilized
using the Cytofix/Cytoperm™ Fixation and Permeabilization Solution with the Phosflow™
Perm Buffer III (both from BD Bioscience) according to the manufacturer’s instructions. After
fixation and permeabilization cells were washed and resuspended in 50 ul FACS buffer. Cells
were incubated with appropriate antibodies for 30 minutes at 4°C in the dark and washed once
with 500 pl FACS buffer, resuspended in 200 ul FACS buffer and analysed by flow cytometry.
For indirect stainings cells were incubated with unlabelled primary antibodies for 30 minutes at
4°C in the dark and washed once with 500 ul FACS buffer. Cells were then resuspended in 50
ul FACS buffer and incubated with suitable fluorochrome-conjugated secondary antibodies for
30 minutes at 4°C in the dark. Cells were washed three times with 500 ul FACS buffer and
resuspended in 200 ul FACS buffer for analysis. All centrifugation steps were performed with
3800 rcf for 2 minutes at 4°C in a 5427 R centrifuge (Eppendorf) with a fixed angle rotor.

2.2.18.2 Flow cytometry of cytokines

For cytokine stainings 10° cells were fixed with 4% paraformaldehyde (PFA) (Roth, Karlsruhe,
Germany) in PBS (pH 7.4) for 10 minutes at 37°C and permeabilized using FACS buffer with
0.1% Saponin (Sigma-Aldrich). Cells were resuspended in 50 ul FACS buffer with 0.1%
Saponin (Sigma-Aldrich) and incubated with appropriate antibodies for 30 minutes at 4°C in the
dark. Cells were washed twice with 500 ul FACS buffer with 0.1% Saponin (Sigma-Aldrich)
and resuspended in 200 pul FACS buffer for analysis. All centrifugation steps were performed
with 3800 rcf for 2 minutes at 4°C in a 5427 R centrifuge (Eppendorf) with a fixed angle rotor.

2.2.18.3 Fluorescence resonance energy transfer (FRET)

FRET was used in flow cytometry experiments for the analysis of intracellular Foxp3 protein

6 cells were fixed and

acetylation in Tregs from Garp-deficient and control mice. 10
permeabilized with the True-Nuclear™ Transcription factor buffer set (Biolegend) according to

the manufacturer’s instructions. Cells were resuspended in 50 pl Perm buffer and incubated with
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unlabelled primary antibodies for 30 minutes at 4°C in the dark. Cells were washed once with
500 pl Perm buffer and resuspended in 50 pl Perm buffer. Cells were incubated with suitable
fluorochrome-conjugated secondary antibodies for 30 minutes at 4°C in the dark. Cells were
washed three times with 500 pul FACS buffer and resuspended in 200 ul FACS buffer for
analysis. All centrifugation steps were performed with 3800 rcf for 2 minutes at 4°C in a 5427
R centrifuge (Eppendorf) with a fixed angle rotor. For measurement of Foxp3 acetylation, a
FRET antibody pair for Foxp3 detected with acceptor Alexa Fluor 594-labeled goat anti-rat IgG
secondary antibody and AcK detected with donor Alexa Fluor 488-labeled goat anti-rabbit IgG
secondary antibody (all from Thermo Fisher Scientific) were used. Isotype controls were used
to set up the parameters for FRET signal detection. Total Foxp3 was additionally assessed in
separate probes by indirect staining with Alexa Fluor 488-labeled goat anti-rat IgG as secondary
antibody. The FRET donor Alexa Fluor 488 was excited using a single laser configuration
(488nm). To optimize detection of the FRET signal for acceptor Alexa Fluor 594 emission, the
filter block configuration was modified for signal detection at 600-620nm, replacing the 615
DSP with 645 DSP and 620 SP with 620 BP.

2.2.19 Histological staining

Histological stainings were performed by colleagues of the group. Only the analysis was
conducted by me. Tissues from Garp-deficient and control mice were fixed in 4% PFA (Roth)
8-12 hours at room temperature and embedded in paraffin wax using standard histological
procedures. Paws were decalcified in 10% EDTA (Sigma-Aldrich), pH 7.2 for two weeks at 4°C
and washed over night in 70% ethanol prior embedment. 2 pm paraffin sections were prepared
at -20°C using the rotary microtom Microm HM 340E (Thermo Fisher Scientific). Paraffin
sections were stained with hematoxylin (Sigma-Aldrich) and eosin (Merck, Darmstadt,
Germany) (H&E staining) for morphological assessment. Immunohistochemistry for CD3 cell
infiltration was performed using unlabelled anti-CD3 antibodies and biotin-labelled secondary
antibodies (all from DAKO). Bound Antibodies were detected with a streptavidin-biotinylated
alkaline phosphatase complex (DAKO) and Fast Red as chromogenic substrate (Sigma-Aldrich).
TRAP stainings were performed to analyse osteoclast differentiation using the Acid
Phosphatase, Leukocyte (TRAP) Kit (Sigma-Aldrich) following the manufacturer’s instructions.
Stainings were examined and recorded by light microscopy (Keyence BZ 8100E).



59

2.2.20 Immunoprecipitation

Immunoprecipitation was performed to assess Foxp3 acetylation in Tregs from Garp-deficient
and control mice. 5-10x10° CD25" CD4" Tregs were lysed in 0.5-1 ml RIPA buffer containing
50 mM Tris-HCI, pH 7.6, 150 mM NaCl (Merk), 10 mM EDTA (Sigma-Aldrich), 0.1% SDS
(Merk), 0.5% NP-40 (Millipore), 1x cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche)
and incubated for 30 minutes at 4°C under rotation. DNA was sheared with a 0.4 um syringe and
lysate centrifuged at full speed for 10 minutes. The Supernatant was incubated with 2 pg/ml
unlabelled anti-Foxp3 monoclonal antibody (FJK-16s, ebioscience) in eppendorf tubes overnight
at 4°C under rotation. For immunoprecipitation 50 pl Dynabeads® Protein G (Thermo Fisher
Scientific) were washed with RIPA buffer and incubated with the cell lysate for 1 hour at 4°C
under rotation. The beads were washed tree times with 200 pul RIPA buffer. For washing
eppendorf tubes were placed on a magnet to remove the supernatant. The beads remained in the
tube and were removed from the magnet and resuspended with RIPA buffer. For protein elution
from the beads, the pellet was resuspended with 20 pl 2x SDS buffer and incubated for 10

minutes at 95°C.

2.2.21 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western Blot

Polyacrylamide gels for SDS-PAGE were prepared using the Mini-PROTEAN® Tetra Cell
Casting Module (Bio-Rad). 20 ml 12.5% resolving gel was prepared for four plate sets containing
7.5 ml 1 M Tris-HCI (pH 8.8), 8.25 ml 30% acrylamide/bis-acrylamide, 3.95 ml H>O, 200 pl
10% SDS, 20ul TEMED (all from Merk) and 200ul 10% APS (Sigma-Aldrich). After
polymerization 10 ml 4% stacking gel was poured containing 1.25 ml 1 M Tris-HCI (pH 6.8),
1.32 ml 30% acrylamide/bis-acrylamide (Merk), 7.3 ml H>0, 100 ul 10% SDS, 10 ul TEMED
(all from Merk) and 100pul 10% APS (Sigma-Aldrich). Samples were boiled, centrifuged at
16000 rcf for 5 minutes and loaded onto the gel. To estimate the molecular weight of the bands
prestained protein standard (11-245 kDa, New England Biolabs) and biotinylated protein ladder
(9-200 kDa, Cell signalling) were loaded to each gel. Gel electrophoresis was performed with
SDS-running buffer containing 25 mM Tris-HCI, 192 mM Glycine (Merk) and 0.1% SDS
(Merk) for 30 minutes at 100 V followed by 90-120 minutes at 200 V.

2.2.22 Waestern Blot

For detection proteins were transferred from gel onto a Protean nitrocellulose membrane

(Whatman, Maidstone, UK) using the EC140 Mini Blot Module (E-C Apparatus corporation,



60

Holbrook, UK). Transfer was run with SDS Transfer buffer containing 25 mM Tris-HCI, 192
mM Glycine (Merk), 0.2% SDS (Merk) and 20% methanol (Sigma-Aldrich) at 150 mA for 1.5
hours. After the transfer, membrane was washed with TBS buffer containing 20 mM Tris-HCI
(pH 7.6), 140 mM NaCl (Merk) for 5 minutes and blocked with 5% nonfat milk powder (Real)
in TBST buffer containing 20 mM Tris-HCI (pH 7.6) 140 mM NaCl (Merk) and 0.1% Tween-
20 (Sigma-Aldrich) for 1 hour at room temperature. Membrane was then washed three times
with TBST buffer for 5 minutes and incubated with primary antibody (1:200 — 1:1000 diluted in
TBST buffer containing either 5% BSA (Merk) or 5% nonfat milk (Real) for 1 hour at room
temperature or overnight at 4°C. After three washing steps the membrane was incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz) (1:10000 diluted in
TBST buffer containing 5% non-fat milk (Real) for 1 hour at room temperature. After three
additional washing steps with TBST buffer, membrane was incubated for 1 minute with 2 ml
ECL western blotting detection reagent (1:1 mixture of reagent 1 and reagent 2, GE Healthcare)
and developed 1-10 minutes using a FUJIFILM LAS-3000 (Fujifilm, Tokyo, Japan).

2.2.23 GARP promoter analysis for SMAD binding elements

Analysis of murine GARP promoter was performed by using MatInspector (Genomatix, Munich,

Germany).

2.2.24 Molecular imaging

Molecular images were generated with PyMOL (The PyMOL Molecular Graphics System,
Schrodinger, LLC) using the PDB file 6GFF as a template for the generation of visualisations
for GARP protein variants. Mutations found in patients were introduced into the PDB structure

using the mutation feature. The surface feature was used to identify solvent exposed residues.

2.2.25 Protein stability prediction

STRUM analysis was used to predict GARP protein destabilization (AAG) introduced by
mutations found in PID patients. Protein stability is defined by fold stability, which describes
the difference in Gibbs free energy between the unfolded (Gu) and folded (Gf) states AG = Gu
— Gf. A high AG value indicates high stability against denaturation (Huang and Gromiha, 2010).
How mutations alter protein stability can be measured by the free energy gap difference between
wild-type AGw and mutated variants AGm as AAG = AGm - AGw. A AAG below zero indicates
a destabilization caused by mutation. STRUM is a method that was developed by the group of
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Zhanglab at the university of Michigan to predict stability changes (AAG) of proteins upon
single-point mutation. STRUM adopts a gradient boosting regression approach by use of a
variety of features at different levels of evolutionary information and structural resolution
(Figure 3). The features of STRUM are the inclusion of sequence profile scores and combining
different methods of multiple sequence alignment. Structural profile scores reflect the likelihood
of a given amino acid or other properties at mutant position being found in the ensemble of a
structurally similar protein, and different energy functions based on an Iterative Threading
ASSEmbly Refinement (I-TASSER) model provide accurate environment information. I-
TASSER is a hierarchical approach to protein structure prediction and structure-based function
annotation. It identifies structural templates from the PDB by a multiple threading approach in a
first step with full-length atomic models constructed by iterative template-based fragment
assembly simulations. Then in a second step function insights of the target are derived by re-

threading the 3D models through the protein function database BioLiP.
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Figure 3 Flowchart of STRUM for mutation-induced stability change prediction.

Three sources of features from sequences (orange lines), threading alignments (green), and I-TASSER models
(blue) are trained by gradient boosting regression for AAG prediction. The final output is an all-to-all AAG table
and a visible mutation profile specifying the mutation probability to different amino acids at each position.
Adapted from (Quan et al., 2016).
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2.2.26 Statistical analysis

Statistical analysis was performed by using Student’s t-test. Kolmogorov-Smirnov test was used
for testing of normal distribution. p values less than 0.05 were considered statistically significant

and are indicated as: * — p <0.05, ** — p <0.01, ***p —<0.001, n.s. — not significant.
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3 Results

3.1 Characterization of LRR(C32 mutations causing severe
immundysregulation in PID patients

3.1.1 PID patients with LRRC32 mutations

Colleagues from AG Grimbacher identified two patients, one male one female, with previously
unknown LRRC32 mutations (Figure 4A, Table 1) by screening their patients at the Center for
Chronic Immunodeficiency using whole-exome sequencing. The patients demonstrated clinical
symptoms of a severe immune dysregulation characterized by recurring life-threatening
intestinal obstructions consecutive to chronic persistent mucosal autoinflammation in patient 1
(ptl) and by development of anti-granulocyte autoantibodies and subsequent leucopenia and

opportunistic infections in patient 2 (pt2).

In Patient 1 (male) 135,084 variants were identified in relation to the reference genome (build
hg38). Following filtering steps lead to 30 heterozygous candidate variants within genes that
were associated with autosomal dominant conditions and 17 compound heterozygous or
homozygous variants in genes that were previously not associated with a disease or autosomal
recessive conditions. The most promising candidates among these were two heterozygous
variants in the gene LRRC32. As shown in Figure 4B patient 1 has a nucleotide exchange (G2>A)
at position 741 leading to the exchange of the tryptophan codon at position 247 to a stop codon
(p.Trp247Ter) and a nucleotide exchange (C->T) at position 934 leading to the amino acid
exchange of arginine (Arg) 312 to cysteine (Cys) (p.Arg312Cys). The LRRC32 variant
p.Trp247Ter is a newly identified nonsense mutation. Variant p.Arg312Cys of LRRC32 is a rare
missense variant. In patient 1, the variants are located on the same allele according to Sanger
sequencing. With both variants on the same allele the p.Arg312Cys mutation does not come into
effect when the mutated GARP variant is expressed since the introduced stop codon p.Trp247Ter

terminates protein translation beforehand.
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In Patient 2 (female) 108,522 variants were identified regarding the reference genome. Further

filtering led to 33 heterozygous candidate variants in genes that were associated with autosomal

dominant conditions, as well as 29 compound heterozygous or homozygous variants in genes

that were formerly not associated with a disease or with autosomal recessive conditions. The

most promising candidates among these were two heterozygous variants in the gene LRRC32.

As demonstrated in Figure 4B patient 2 has the same nucleotide exchange (C—=>T) at position

934 leading to the amino acid exchange of arginine 312 to cysteine at one LRRC32 allele

(p.Arg312Cys) and a nucleotide exchange (G—>A) at position 1262 leading to the amino acid

exchange of arginine 421 to glutamine (GIn) at the second allele (p.Arg421Gln). Sanger

sequencing proved that these variants were on different alleles for patient 2.

Table 1. LRRC32 variants in PID patients

Pt.  Chromosomic  CDS Amino Variant type dnSNP AF AC/AN
change (hg38) change acid gnomAD  gnomAD
change exomes exomes
1 11-76660852-  c¢.741 p.Trp247 stop_gained - - -
C-T G>A Ter
11-76660659-  ¢.934  p.Arg312  missense variant 1s143082  0.000312  78/24970
G-A C>T Cys 901 37 6
2 11-76660659-  ¢.934 p.Arg312  missense variant rs143082  0.000312  78/24970
G-A C>T Cys 901 37 6
11-76660331- ¢.1262  p.Argd21  missense variant 15200320  0.000050 12/23830
C-T G>A Gln 285 36 6

Nomenclature conforming to both Ensembl’s canonical transcript ENST00000407242.6 and to RefSeq’s canonical
transcript NM_001128922.2. Pt.: patient; CDS: coding sequence; AF: allele frequency; AC: allele count; AN: allele

number.
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Figure 4 PID patients with mutated LRRC32 variants

(A) Exome sequencing data is shown with indicated variant numbers at the respective filtering step. freq.:
frequency in the internal cohort as well as in gnomAD exomes and genomes; hi/mo: high or moderate impact
prediction of mutations regarding gene function or structure on the basis of the variant type (missense variant is

LR

predicted as “moderate”, “stop_gained” variant as “high”); AF1: the frequency of readings including the
alternative allele; DP: read depth (number of readings that cover that variant); MOI: mode of inheritance; AD:
autosomal dominant; AR: autosomal recessive; XLR: X-linked recessive. (B) Schematic overview of the LRRC32
alleles in patient 1 and patient 2. The affected nucleotides and the resulting amino acids as well as their respective
positions are indicated. The wild-type variants are marked with green and the mutations variants with red. Based
on (Lehmkuhl et al., 2021).

3.1.2 GARP mutation analysis and protein stability prediction

For a better understanding of the described GARP mutations found in patients, the mutated
protein structures were predicted and visualized using PyMOL (Figure 5) on the basis of the
crystal structure of the GARP:latent TGFB1 complex, PDB entry 6GFF (Lienart et al., 2018).
GARP variants p.Arg312Cys as well as p.Arg421Gln are depicted with the latent TGFB1
complex (TGFB1 and LAP dimer) as solved in the crystal structure. The linker and
transmembrane domain of GARP are indicated. For the visualization, the described mutations
were introduced into the solved wild-type structure using the mutation feature in PyMOL and
are indicated by red arrows. The predicted protein structure of GARP variant p.Trp247Ter is a
shortened protein variant missing a substantial segment of GARP, including the transmembrane
domain (Figure 5). In patient 1 the stop codon introduced by the mutation leads to a premature
end of protein translation. Therefore, the following mutation p.Arg312Cys that is located on the

same allele does not come into effect in patient 1. Variant p.Trp247Ter, which lacks the
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transmembrane domain, is expected to be unable to tether to the cell surface and to be non
functional in terms of assisting in TGFp1 activation. The predicted GARP protein variants for
p.-Arg312Cys and p.Arg421GIn are both full-length proteins. In GARP p.Arg312Cys a
hydrophilic, positively charged arginine (Arg) at position 312 is exchanged to a uncharged
cysteine (Cys). In GARP protein variant p.Arg421Gln a positively charged arginine (Arg) is
exchanged to a uncharged glutamine (Gln). Based on the location the exchanged amino acids are

unlikely to interfere with the binding interfaces of GARP to latent TGFf1.

p.Trp247Ter p.Arg312Cys p.Arg421Gin

C-ter
Thr246

Ala662 Ala662

Figure 5 Predicted structure of GARP:TGFf1 complex

Predicted protein structures for the GARP mutation variants are depicted in complex with TGFB1 and LAP.
GARRP is coloured in green, TGFB1 in orange, LAP in grey. The mutated amino acids are marked in red and
pointed at by red arrows. The dashed line is a schematic representation of the transmembrane and the linker
domain of GARP, which were not resolved in the 6GFF crystal structure. N-ter: N-terminus; C-ter: C-terminus;
ec: extracellular; ic: intracellular. Based on (Lehmkuhl et al., 2021).
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Further analysis was performed in PyMOL. To estimate the effect of the amino acid exchange
introduced by the mutations the surface exposure of p.Arg312Cys and p.Arg421Gln was
analysed. Utilising the PyMOL surface feature it was shown that both residues are solvent
exposed (Figure 6). Arginine is a highly hydrophilic amino acid. Cysteine (p.Arg312Cys) and
glutamine (p.Arg421Gln) in contrast have polar side chains and are not hydrophilic. Although
these are not hydrophobic amino acids, the surface localization and solvent exposure of non-
hydrophilic side chains can be unfavourable and lead to protein instability or folding issues for

the mutated GARP variants (Figure 6).

C-ter C-ter

Figure 6 Surface structure of GARP variants

Surface representation of GARP based on crystal structure 6GFF visualized by PyMOL. GARP membrane
domain is located at the C-terminus. Amino acids affected by GARP SNPs variants are indicated in red:
p-Arg312Cys, p.Arg421Gln (patient 2).
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Consequences of mutations can be assessed by changes in thermal stability of proteins. STRUM
stability prediction (Zhanglab) was utilised to estimate the fold stability change AAG introduced
by the single-point mutations in GARP variants p.Arg312Cys- and p.Arg421Gln (Figure 7)
(Quan et al., 2016). STRUM predicted a reduced protein stability for both GARP mutation
variants. STRUM calculated a AAG value of -2.93 Kcal/mol for p.Arg312Cys and -2.79
Kcal/mol for p.Arg421GIn. The average destabilization introduced by point mutations calculated

by STRUM is around -0.5 Kcal/mol (Quan et al., 2016).

For more detailed insights an advanced STRUM analysis was performed, calculating AAG for
all possible single amino acid exchanges in the neighbouring regions (50 residue range) of the
mutated residues. The analysis of possible mutations revealed that the positions 312 and 421 that
were mutated in PID patients had the highest destabilization potential compared to the
neighbouring residues (Figure 7A). An analysis of the residue positions 312 and 421 predicted
AAG values for all possible amino acid exchanges. The AAG values for the mutations to Cysteine
(312) and Glutamine (421) found in patients were close to the average of all possible amino acid
exchanges (Figure 7B). Hydrophobic and non-hydrophilic amino acids were predicted to have
the highest destabilization effect (negative AAG values) for position 312 and 421 as would be
expected due to solvent exposure. The STRUM analysis indicates that the position of the
described mutations has a higher impact on to the destabilization than the nature of the amino

acid exchange itself.
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Figure 7 STRUM AAG prediction

(A, B) The residues neighbouring the GARP mutations were analysed by STRUM for protein stability changes
(AAG). (A) Bars show means of predicted AAG values for each amino acid exchange and indicate SEM for
residues 290-340 (left) and 400-450 (right). Mutations found in patients in position 312 and 421 are highlighted
in red. Mean of all positions is indicated as a red line. (B) The predicted AAG value for each potential amino acid
exchange for residue 312 (left) and 421 (right) is visualized as bars. The mutations found in patients Cysteine
“C* and Glutamine “Q” are highlighted in red. Mean of all amino acids is indicated as a red line.
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3.1.3 Expression of human GARP variants in HEK293 cells

The analysis by STRUM showed that the residue positions where the mutations occurred had
the highest potential to introduce destabilization compared to their neighbouring residues. The
mutated GARP variants found in patients were transfected and expressed in HEK293 cells to
examine a potential reduction in protein stability. Flow cytometry analysis of mutated GARP
variants showed no detectable protein expression for the GARP p.Trp247Ter encoding construct
and reduced GARP expression for p.Arg312Cys and p.Arg421GIn compared to wild-type GARP
(wt) (Figure 8). The mutation variants displayed a lower percentage of GARP expression as well
as lower GARP protein levels as indicated by low MFI values. A corresponding empty vector
(empty) was used as control. Assuming comparable transfection efficiency, this data suggests

that the examined GARP mutations result in a decreased protein stability.
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Figure 8 Protein expression of GARP variants
Surface expression of wild-type GARP and GARP mutation variants was analysed in transfected HEK293 cells
by flow cytometry. GARP staining histograms of a representative experiment are demonstrated. In total three

independent experiments were performed with similar results. empty: empty vector; wt: wild-type. Based on
(Lehmkuhl et al., 2021).

3.1.4 Clinical characteristics of PID patients

Patient 1 was a 65-year-old male. At the time of the investigation he was suffering from reduced
IgG levels, that resulted in a recurrent sepsis and severe intestinal obstructions. At age 54 he was
diagnosed with common variable immunodeficiency (CVID). Lymphocyte infiltration was
identified in the gut mucosa, but the infiltration was not as severe as usually observed with
enterocolitis that is associated with CVID. The patient was in therapy with intravenous
immunoglobulin substitution and supplementation with prophylactic antibiotics at the time of
blood collection. Patient 2 was a 49-year-old female who developed reoccurring infections of
the upper respiratory tract and suffered from diarrhoea. The symptoms resulted from chronic
autoimmune granulocytopenia caused by autoantibodies directed against granulocytes. Although

prescribed, she was not receiving prophylactic antibiotics at the time of blood collection.
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3.1.5 Allelic expression of LRRC32 variants in PID patients

To investigate whether both LRRC32 variants were expressed in the PID patients, Tregs were
purified from blood of healthy controls (hc) and the patients and the allelic expression of
LRR(C32 was analysed (Figure 9). Allele-specific PCR assays were generated by Thermo Fisher
Scientific for the GARP variants ¢.741G>A and ¢.1262G>A and utilised for the analysis of
LRRC32 messenger RNA (mRNA) expression. Unfortunately, due to the characteristics of the
nucleotide sequence of ¢.934C>T it was not possible to generate an assay for this variant.
Nonetheless, by duplexing the probes used for wild-type and mutant alleles it was still possible
to analyse the allelic LRRC32 expression completely, since both VIC (wild-type variant) and
FAM (mutant variant) emissions were detected in the GARP ¢.741G>A assay in Tregs from
patient 1 and in the GARP ¢.1262G>A assay in Tregs from patient 2. It was concluded that the
transcription of LRRC32 occurred in both patients from both alleles. The GARP wild-type and
the p.Trp247Ter GARP mutant variant were expressed in Tregs from patient 1. In the case of
patient 2, expression of the p.Arg312Cys- and the p.Argd21GIin GARP mutant variant was

observed in Tregs.
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Figure 9 Allelic LRRC32 expression in PID patients

Analysis of LRRC32 variant and wild-type expression. Tregs were purified and total mRNA extracted. mRNA
was analysed by allele-specific PCR for the GARP variants ¢.741G>A and ¢.1262G>A and their wild-type
counterpart. Mean values of triplicates are shown. The means of the patients are highlighted in red. The means
of seven healthy controls (hc) are indicated in grey. The probes for wild-type variants were labelled with VIC.
The probes of the mutant variants were labelled with FAM. Both probes were duplexed in one reaction. The
shaded area indicates the background fluorescence of the probes. Based on (Lehmkuhl et al., 2021).
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3.1.6 Immune and T cell populations in PID patients

Blood of patients was analysed for white blood cell types. In both patients, CD3" and CD4"
T cells were severely diminished (Figure 10A). Figure 10A (right side) shows laboratory values
from the Universitatsklinikum Freiburg compared to normal range. Figure 10A (left side) shows
results from flow cytometry staining performed at our laboratory compared to healthy controls
(hc). The frequency of Foxp3 positive Tregs in purified CD4" T cells was analysed by
intracellular flow cytometry. Interestingly, both patients displayed reduced Foxp3 frequencies

compared to health controls (Figure 10B).
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Figure 10 PID patient bloodcell analysis

(A) Left panel: Cell counts of red and white blood cells in the peripheral blood were analysed by a central
laboratory. The respective normal ranges as they are defined by the central laboratory for clinical tests are
depicted. Right panel: T cell, B cell, natural killer (NK) cell and monocyte cell counts were analysed in the
peripheral blood by flow cytometry. The results from the patients are highlighted in red. Individual results from
12 healthy controls and their mean values are indicated in grey. (B) Treg frequency within CD4" T cells was
determined by intracellular flow cytometry for Foxp3. Left panel: Foxp3 stainings of both patients and a
representative staining of a healthy control are demonstrated. Right panel: The results from the patients are
highlighted in red. Individual results from 11 healthy controls and their mean value are indicated in grey. Based
on (Lehmkuhl et al., 2021).
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3.1.7 Regulatory T cells of PID patients

GARP protein expression is upregulated on the surface of Tregs in response to TCR stimulation
(Zhou et al., 2013). Therefore, GARP expression was analysed by extracellular flow cytometry
on two-day-activated Tregs of patients and healthy controls. GARP expression was also
measured in freshly isolated Tregs to identify potential basal activation, which was not detected
(Figure 11A). LAP forms a complex with TGFf and can associate with GARP that facilitates its
surface localisation in Tregs (Miyazono et al., 1991; Stockis et al., 2009; Tran et al., 2009). LAP
detection is indicative for the presence of latent TGFf on the cell surface. Therefore, the surface
expression of LAP was also analysed in these Tregs. The GARP levels on the surface of Tregs
were notably reduced in both patients. Correspondingly, LAP expression on Tregs was also
lower in both patients compared to healthy controls. Interestingly, in contrast to the reduced
surface expression of GARP, LRRC32 mRNA expression of the patients was rather increased in
freshly isolated Tregs (day 0) and at the upper end of the normal range after two days (day 2)
(Figure 11B).
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Figure 11 GARP and LAP expression in Tregs from patients with LRRC32 mutations

(A) GARP and LAP cell-surface expression was assessed by flow cytometry in freshly isolated Tregs (day 0) and
after two-day stimulation with anti-CD3 and anti-CD28 (day 2). Representative staining histograms are shown
for both patients and a healthy control. The graph displays results from 11 healthy controls in grey and their mean
value. Patients are indicated in red. (B) LRRC32 mRNA expression was analysed by real-time PCR in duplicates
and is shown in relation to ACTB expression. Results of seven healthy controls and their mean value are
demonstrated. Patients are indicated in red. Based on (Lehmkuhl et al., 2021).
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As GARP regulates the surface localization of latent TGFf and thereby its processing and the
release of mature TGFP (Rifkin, 2005; Wang et al., 2012), TGFp signalling was analysed in

Tregs of PID patients and healthy controls. It was expected that TGF signalling, which is

defined by SMAD2/3 phosphorylation, would be reduced in patients with lower GARP

expression (Schmierer and Hill, 2007). Basal phosphorylation levels of SMAD2/3 were analysed

by intracellular flow cytometry and were indeed diminished in Tregs of PID patients (Figure 12).

As a control, total SMAD3 protein levels were also analysed and showed no differences in Tregs

from patients compared to Tregs from healthy controls (Figure 12). This indicates that reduced

GARP expression results in reduced TGFp availability and signalling as seen in patients with

LRRC32 mutations.
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Figure 12 SMAD?2/3 phosphorylation in Tregs
Basal SMAD2/3 phosphorylation levels and total SMAD3 expression was assessed by intracellular flow
cytometry in freshly isolated Tregs. Representative staining histograms of a healthy control and stainings of both
patients are demonstrated. The graph shows results from seven healthy controls and their mean value. Patients
are indicated in red. MFI; mean fluorescence intensity. Based on (Lehmkuhl et al., 2021).
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In a next step, Treg mediated suppression of effector T cell proliferation was analysed in vitro
(Figure 13A, B). Teffs in the presence of Tregs from patients showed an increased proliferation
compared to healthy controls, suggesting that Tregs with reduced GARP expression and
diminished TGFp signalling exhibit a lower suppressor function. It is therefore assumed that the
newly identified mutations in LRRC32 resulting in reduced GARP levels are responsible for the

reduction and dysfunctionality of Tregs that have clinical manifestations of severe immune

dysregulation.
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Figure 13 Treg mediated suppression

(A, B) The suppressive capacity of Tregs on the proliferation of CFSE-labelled CD25 negative CD4 positive Teffs
was analysed by flow cytometry after four days of cell culture in different Teff to Treg ratios with anti-CD3
stimulation. (A) Representative staining histograms for Teffs in absence of Tregs and in a 1:1 Teff to Treg ratio
are demonstrated. (B) The proliferation rate of Teffs in the absence of Tregs (1:0) was set to 100%. The
proliferation rate of Teffs in the presence of Tregs (4:1, 2:1, 1:1) was calculated respectively. The mean &+ SD of
the proliferation in eight individual healthy control T cell cultures is demonstrated in grey. Proliferation results of
T cell cultures from patients are indicated in red. Based on (Lehmkuhl et al., 2021).
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3.2 Analysis of molecular mechanisms defining the phenotype of Garp-
deficient Tregs

3.2.1 TGF signalling in Garp-deficient Tregs

Since the expression of GARP was markedly diminished on the Treg surface of PID patients,
conditional GARP knock out mice (C57BL/6.Lrrc32"".Cd4-Cre) were analysed to gain a deeper
understanding of the molecular mechanisms that lead to Treg dysfunction when GARP
expression is impaired. Flow cytometry stainings and real-time PCR analysis that were
performed by colleagues of our group showed that Tregs from Garp-deficient mice did not
express GARP. GARP expression could not be detected on the cell surface of activated Garp-
deficient Tregs (Figure 14A). Correspondingly, Garp-deficient Tregs did not bear LAP on the
cell surface. Real-time PCR analysis of freshly isolated and activated CD4" CD25 Tregs and
CD4" CD25" Teffs confirmed the knock out of GARP in CD4" T cells. It also showed the Treg
specificity of GARP. CD4" CD25" Teffs from wild-type (control) mice did not express GARP
(Figure 14B).
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Figure 14 Confirmation of GARP knock out in mice

(A) The surface expression of GARP and LAP was analysed in activated Tregs. Representative flow cytometry.
stainings are displayed. (B) Lrrc32 mRNA levels relative to Actbh expression were analysed by real-time PCR in
freshly isolated (d0) and stimulated (d1) Tregs (CD25+) and Teffs (CD25-). Results of six independent
experiments are demonstrated as mean + SD. Based on (Lehmkuhl et al., 2021).
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With a successful knockout of GARP and the lack of detectable LAP on the surface of Garp-
deficient Tregs, a reduced bioavailability of latent TGFf and diminished processing and release
of active TGFp is expected (Cuende et al., 2015; Edwards et al., 2014; Stockis et al., 2017).
Therefore, TGF signalling was analysed by intracellular flow cytometry. It was shown that
Garp-deficient Tregs have indeed a significantly lower basal SMAD2/3 phosphorylation than
Tregs from healthy controls. The total SMAD3 protein expression in Garp-deficient Tregs was

unaltered compared to controls (Figure 15).
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Figure 15 SMAD2/3 phosphorylation in Tregs

(A) Basal phosphorylation levels of SMAD2/3 and SMAD3 protein expression was assessed in freshly isolated
Tregs by intracellular flow cytometry. Representative staining histograms for SMAD2/3 phosphorylation
(pSMAD?2/3) and SMAD3 expression are shown for Garp-deficient and control Tregs. The results of one
representative experiment with five mice per group out of two independent experiments with five mice per group

are demonstrated. Mean values are indicated by horizontal lines. MFI: mean fluorescence intensity. Based on
(Lehmkuhl et al., 2021).

The deregulation of TGFp signalling in Garp-deficient Tregs is consistent with results seen in
PID patients with LRRC32 mutations. This indicates that the mutations and reduced GARP and
LAP expression in patients have similar effects on basal phosphorylation of SMAD2/3 as the
complete lack of GARP in Garp-deficient Tregs. They have, however, no effect on total SMAD3

protein levels, both in mice and humans.
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3.2.2 T cell populations in Garp-deficient mice

To define the phenotype of Garp-deficient mice splenocyte T cell populations were analysed.
Interestingly, and in contrast to results seen in patients, the frequencies of Foxp3" Tregs in the
CD4" T cell population were not decresed in Garp-deficient mice compared to control mice
(Figure 16A); instead Tregs expressed lower protein levels of Foxp3. Stainings of CD3, CD4
and CDS positive T cells demonstrated reduced CD3/CD4 T cell counts and unaltered CDS§
T cell counts in Garp-deficient mice compared to control mice (Figure 16B). These results are
consistent with findings from patients. Further, immunohistochemical stainings of tissue samples
were performed by colleagues form our group. Analysis of samples revealed spontaneous
intestinal inflammation indicated by more pronounced lymphocyte infiltrations in lung liver and

gut of Garp-deficient mice (Figure 15C).
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Figure 16 Phenotype of Garp-deficient mice

(A) Foxp3 frequencies in CD4" T cell populations were determined by intracellular flow cytometry.
Representative stainings and results of one representative experiment with five mice per group out of four
independent experiments with five mice per group are demonstrated. Mean values are indicated by horizontal
lines. MFI: mean fluorescence intensity. (B) Cell counts of CD3, CD4 and CDS8 T cells in spleens from 12 Garp-
deficient and 12 control 12-week-old mice are demonstrated. Mean values are indicated by horizontal lines. (C)
Lung, liver and gut from 10- to 12-week-old Garp-deficient and control mice were stained for CD3.
Representative tissue sections are shown. Based on (Lehmkubhl et al., 2021).
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3.2.3 Garp-deficiency in mice results in an inflammatory phenotype

Garp-deficient mice while living in a controlled pathogen free environment showed no obvious
phenotype. To investigate whether Garp-deficiency correlates negatively with the suppressive
capacity of Tregs and the maintenance of immune homeostasis, the immune system of Garp-
deficient mice was challenged by performing CIA, EAE and colitis in vivo experiments. These
experiments were performed by colleagues from our group and analysed by me. The
susceptibility of mice to develop autoimmune disorders was analysed. Garp-deficient mice

showed more pronounced symptoms and disease progression than control mice.

Garp-deficient mice, were unlike the control mice, susceptible to collagen-induced arthritis
(CIA) (Figure 17A) and developed severe aggravating arthritis (Figure 17B) apparent by an
increase in paw thickness (Figure 17C). Joint inflammation assessed by arthritis clinical scores
was significantly higher in Garp-deficient mice than in control mice at the indicated time points
reaching a maximum of 10.25 at day 35. Control mice did not develop severe arthritis and
displayed a maximum score of only 1.9 on day 26 (Figure 17B). Measurements of hind paws at
the start of the experiment compared to measurements performed at the experimental end point
showed a significantly higher increase in paw thickness in Garp-deficient mice than in control
mice (Figure 17C). At the end of the experiment, paws were analysed by histological TRAP
stainings. The stainings confirmed the severe inflammation that was observed in Garp-deficient
mice. The stained sections of Garp-deficient mice displayed cartilage damage, increased

osteoclast differentiation and severe lymphocyte infiltration into the joint cleft (Figure 17D).
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Figure 17 Collagen-induced arthritis in Garp-deficient mice.

(A) The graph shows the incidence frequency of collagen-induced arthritis. (B) The graph demonstrates the mean
+ SEM values of the assessed arthritis clinical scores. (C) Changes in paw thickness were analysed my
measurements at the first and final day post-immunization. (D) Representative TRAP staining are demonstrated
of paws at day 38. The results of one representative experiment with three to four mice per group out of three
independent experiments with three to five mice per group are demonstrated. Based on (Lehmkuhl et al., 2021).
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Comparable to results seen in CIA experiments, Garp-deficient mice displayed a 100%
susceptibility to experimental autoimmune encephalomyelitis (EAE) and developed severe
paralysing disease (Figure 18A, B). Both control and Garp-deficient mice showed notable EAE
development with a maximal clinical score at day 9. Garp-deficient mice however developed
harsher symptoms represented by consistently higher clinical scores and significantly higher
scores from day 11 to day 13 post immunization. The recovery of both groups started on day 10
but the control mice group reached total recovery two days earlier on day 17 and symptoms
reduced to half the value of the maximal score on day 11 compared to day 15 in Garp-deficient
mice (Figure 18B).
A B

-O-control -0~ control
-@- Garp-deficient -@- Garp-deficient

100~ 2.0
*

-
w
L

75+

504

EAE clinical score
P -
tn =

EAE incidence (%)

5 10 15 20 5 10 15 20

days post-immunization days post-immunization
Figure 18 Experimental autoimmune encephalomyelitis in Garp-deficient mice.
(A) Incidence frequency of paralysis during EAE experiments is shown. (B) EAE clinical scores are demonstrated
as mean = SEM (B). Results of one representative experiment with three to four mice per group out of three
independent experiments with three to five mice per group are displayed. Based on (Lehmkuhl et al., 2021).
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In addition, DSS-induced colitis experiments were performed by colleagues of our group
monitoring the body weight, clinical symptoms and evaluating colonic inflammation by
histology at the end of the experiment. Following DSS administration, Garp-deficient mice
developed severe colitis, resulting in a higher body weight loss, most apparent at day 8 and 9 of
the experiment; a significantly higher clinical score and increased lymphocyte infiltrations into

the mucosa in Garp-deficient mice (Figure 19A-D).
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Figure 19 DSS-induced colitis in Garp-deficient mice.

(A-D) DSS-induced colitis. (A) The body weight of GARP-deficient and control mice was monitored for nine
days, results are demonstrated as mean = SEM. (B) The graph shows the clinical scores assessed at the last day
of analysis. (C) The graph displays the number of colonic lymphocyte patches in ten 100 um sequential sections.
(D) A representative H&E colon staining is shown for GARP-deficient and control mice. A magnification of the
lymphocyte patch found in the colon section of the GARP-deficient mice is displayed. Results of one
representative experiment with six mice per group out of five independent experiments with five to six mice per
group are shown. Mean values are indicated as horizontal lines. Based on (Lehmkuhl et al., 2021).

In conclusion, the absence of GARP in Tregs from Garp-deficient mice similar to the reduced

GARP surface expression in Tregs of patients resulted in immune dysregulation.
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3.2.4 GARP controls Treg phenotype stability

In a next step, the regulatory capacity of Garp-deficient Tregs was investigated in in vivo
reconstitution experiments with Ragl-deficient mice. This experiment was performed by
colleagues from our group and analysed by me. CD45.2" CD25" CD4" Tregs were isolated from
control or Garp-deficient mice and injected into Ragl-deficient mice with CD45.1" CD25  CD4"
Teffs. As a control, a group of mice were injected with Teffs only. Around 70% of the transferred
control and Garp-deficient Tregs expressed Foxp3 (Figure 20A). The proliferation of CD45.1"
CD25 CD4" Teffs was analysed after seven days in spleens (Figure 20B). As demonstrated in
Figure 20C a strong Teff proliferation was observed in mice without the co-transfer of Tregs.
The expansion of Teffs was significantly inhibited when Tregs from control mice were present.
Meanwhile, the transfer of Garp-deficient Tregs had only small effects on controlling Teff
proliferation. Furthermore, the ineffective inhibition of Teff proliferation by Garp-deficient
Tregs was accompanied by a reduced recovery of Garp-deficient Tregs (Figure 20D). Both cell
count and Tregs frequency were reduced in the analysed spleens of Ragl-deficient mice when

Garp-deficient Tregs were transferred compared to control Tregs.
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Figure 20 Proliferation suppression of Garp-deficient Tregs in vivo.

(A) Representative Foxp3 staining histograms of isolated CD45.2" CD25" CD4" Tregs. (B-D) Adaptive transfer
of CD45.1" CD25" Teffs into Ragl-deficient recipient mice in absence or with Garp-deficient or control Tregs.
Results of one representative experiment out of four independent experiments with four to five mice per group
are demonstrated. (B) Representative CD45.1 und Foxp3 stainings of CD4" T cells recovered from spleens. (C)
Cell counts and frequencies of CD45.1" CD4" T cells in recovered spleens seven days after the adoptive transfer.
Results are demonstrated as mean + SD. (D) Cell counts and frequencies of CD45.2" Foxp3* CD4" T cells in
recovered spleens seven days after the injection. Results are demonstrated as mean + SD. Based on (Lehmkuhl
etal., 2021).

In a next step, colleagues analysed the suppressor function of Tregs from Garp-deficient and
control mice in vitro using CFSE labelled CD4" CD25" effector T cells (Figure 21). In contrast
to in vivo experiments, the suppressive capacity of Garp-deficient and control Tregs to limit

effector T cell proliferation showed no differences in vitro.

CD25- CD25- with Tregs
alone control Garp-deficient
2]
c
3
[=]
Q
CFSE

Figure 21 Suppressive capacity of Garp-deficient Tregs in vitro.

The suppressive capacity of Garp-deficient Tregs and control Tregs towards the proliferation of CFSE-labelled
CD4" CD25" effector T cells was analyses by flow cytometry. Representative staining histograms are shown for
proliferating CD4* CD25" T cells in the absence of Tregs and in the presence of control or Garp-deficient Tregs
in a 1:1 Teff to Treg ratio.
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To characterize the Treg phenotype stability, the frequency of apoptosis was analysed in different
cell types by colleagues from our group. In vitro experiments showed an increase in early
apoptotic cells within the CD25" CD4" T cell population. CD25 CD4" T cells and CD19" B cells
originating from Garp-deficient mice displayed no differences to control mice (Figure 22A). It
was further demonstrated that the amount of Tregs that entered late apoptosis after one and two

days in cell culture were higher in Garp-deficient Tregs compared to Tregs from control mice
(Figure 22B).
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Figure 22 Apoptosis of Garp-deficient Tregs.

(A) Annexin V* frequencies of freshly isolated CD25" CD4" T cells, CD25- CD4" T cells and CD19* B cells.
Mean values are indicated by horizontal lines. (B) The apoptosis rate of FACS-sorted Tregs stimulated with anti-
CD3 and anti-CD28 for two days was assessed by flow cytometry using annexin V and cell viability dye. One

representative experiment out of two independently performed experiments is demonstrated. Based on
(Lehmkuhl et al., 2021).
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3.2.5 Transcriptome analysis of Garp-deficient Tregs

To broaden the mechanistic understanding how GARP might regulate the Treg phenotype,
transcriptomes of freshly isolated and one day stimulated Garp-deficient and control Tregs were
compared and alterations in expression analysed (Figure 23). mRNA of five mice per group was
purified from FACS-sorted Tregs by colleagues from our group and provided to the Agilent
CrossLab to perform a Whole Mouse Genome Oligo Microarray (Mouse GE 4x44K v2)
transcriptome analysis. Agilent CrossLab provided initial data analysis by identifying genes with
greater than two-fold differential expression, further analysis was performed by me. Volcano
plots were generated to present an overview on differently expressed genes. Coloured dots above
the -log10 threshold of 2 (dotted line) are statistically significantly differently expressed genes
with a fold change ratio greater than two. The knocked out Lrrc32 gene of Garp-deficient Tregs

1s indicated.
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Figure 23 Volcano plots Whole Mouse Genome Oligo Microarray

Transcriptome analysis of mRNA purified from FACS-sorted control and Garp-deficient Tregs with five mice
per group was performed on a Whole Mouse Genome Oligo Microarray (Mouse GE 4x44K v2). Tregs were
either analysed (A) directly after purification or (B) after one day of stimulation. The intensity data were subjected
to quantile normalization. Fold changes of normalised data and significances were calculated for freshly isolated
and stimulated Tregs. Fold change is defined by the ratio of the median of the groups. Statistical analysis was
performed by using Student's t-test. Horizontal dotted line indicates the -log10 p-value of 2 which equals a p-
value of 0.01 and is defined as statistically significant in microarray data. Vertical dotted lines indicate the log2
fold change between -1 to 1 that equal fold change ratios between 0.5 and 2. Based on (Lehmkubhl et al., 2021).
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In order to identify mechanisms that lead to the increased apoptosis rates, which were seen in
Garp-deficient Tregs, the microarray data was analysed for genes associated with apoptosis and
cell cycle regulation (Figure 24A). Consistent with the apoptosis data, a significantly reduced
expression of Bcl2 was observed. Bcl2 encodes an anti-apoptotic molecule and reduced Bcl2
expression can promote apoptosis (Marsden et al., 2002). Additionally, the pro-apoptotic factor
Bik showed an increased expression in Garp-deficient Tregs and the expression of several
caspase genes, which are essential for apoptosis, was higher in Garp-deficient Tregs than in
control Tregs (Figure 24A) (Elangovan and Chinnadurai, 1997; Nunez et al., 1998). Garp-
deficient Tregs also displayed deregulations in multiple genes that are associated with cell cycle
regulation. Genes with two-fold or higher differential expression are shown in Figure 24B. The
microarray data indicates a deregulation in cell cycle control and apoptosis in Garp-deficient
Tregs that is consistent with the previously demonstrated flow cytometry results showing

increased apoptosis in Garp-deficient Tregs.
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Figure 24 Microarray analysis of genes involved in apoptosis and cell cycle regulation
(A) Heat maps show apoptosis related genes with a statistically significant difference in expression (B) Heat
maps of statistically significant and above two-fold differentially expressed genes involved in cell cycle

regulation. Based on (Lehmkuhl et al., 2021).
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Moreover, stimulation of Garp-deficient Tregs resulted in an increase in several effector
cytokines compared to stimulation of control Tregs (Figure 25). This indicates a broad

deregulation of cytokine expression as a consequence of missing GARP expression in Tregs.
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Figure 25 Microarray analysis of cytokines
Heat map of statistically significant and above two-fold differentially expressed cytokines in stimulated control
Tregs and stimulated Garp-deficient Tregs. Based on (Lehmkuhl et al., 2021).
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Further, Treg-characteristic genes were analysed. CD25, Nrpl, CTLA4 and IL-10 displayed
significantly diminished expression levels in freshly isolated Garp-deficient Tregs (Figure 26A).
However, the most striking observation was the significantly increased expression of Hdac9 in
Garp-deficient Tregs (Figure 26A). Hdac9 is a Treg specific histone deacetylase that regulates
Treg function and stability by the deacetylation of Foxp3 (Tao et al., 2007). It is therefore
plausible that increased Hdac9 expression in Garp-deficient Tregs results in reduced Foxp3
stability due to higher rates of Foxp3 deacetylation. To follow up on the discovered deregulation
of Hdac9 expression, other histone deacetylases as well as histone acetyltransferases (p300 and
TIP60) were analysed (Figure 26B). Interestingly, neither of the analysed non-Treg specific
histone deacetylases nor histone acetyltransferases displayed significant differences in gene
expression between Garp-deficient and control Tregs (Figure 26B).
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Figure 26 Microarray analysis of characteristic Treg genes, Hats and Hdacs

(A) Heat map of statistically significant differentially expressed genes characteristic for Treg phenotype. (B)
Heat map of gene expression of histone deacetylases and histone acetyltransferases. Based on (Lehmkuhl et al.,
2021).



92

To confirm microarray results that identified differentially expressed Treg specific genes in
Garp-deficient Tregs, intracellular flow cytometry experiments were performed. Indeed,
significantly diminished protein expression of CD25, NRP1 and CTLA4 was observed in Garp-
deficient Tregs (Figure 27A-C). The expression of these proteins was analysed in Foxp3 positive
Tregs. IL-10 expression was assessed using freshly isolated Tregs after stimulation with PMA,
ionomycin and monensin. Corresponding to the mRNA microarray data, the frequency of IL-10

producing Tregs was significantly higher in control Tregs than in Garp-deficient Tregs (Figure
27D).
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Figure 27 Expression of proteins characteristic for Treg

(A-D) Analysis of CD25, NRP1, CTLA4 and IL-10 expression by flow cytometry. (A-C) CD25, NRP1 and
CTLAA4 protein expression was analyzed in freshly isolated CD4" T cells after gating for Foxp3 expression. (D)
IL-10 expression was assessed in freshly isolated Tregs after stimulation with PMA, ionomycin and monensin.
Representative staining histograms are demonstrated with results of one representative experiment with five mice
per group out of two independent experiments with five mice per group. Mean values are indicated by horizontal
lines. MFI; mean fluorescence intensity. Based on (Lehmkuhl et al., 2021).
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To gain further confirmation for the microarray results, expression of Hdacs was analysed in
real-time PCR experiments performed by colleagues from our group. Only the analysis of the
results was performed by me. mRNA of purified Tregs from Garp-deficient and control mice
were analysed and showed a twofold higher Hdac9 expression in Garp-deficient Tregs (p=0.06)
(Figure 28). This result matches the microarray data. Further analysis of other Hdacs showed no
differences in Tregs from Garp-deficient and control mice, which is also consistent with the

results from the microarray.
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Figure 28 Hdac expression
Real-time PCR analysis of indicated histone deacetylases. mRNA levels are shown in relation to Actb. Results
of four independent experiments are displayed as mean + SD. Based on (Lehmkuhl et al., 2021).

3.2.6 Foxp3 protein acetylation

Protein acetylation of Foxp3 is defined by the activity of HATs and HDACs (Zhang et al., 2012).
The deregulation of the Treg specific histone deacetylase HDACO that was observed in Garp-
deficient Tregs is expected to lead to decreased Foxp3 protein acetylation. Since the expression
of p300 and TIP60 was unaltered, it can be assumed that increased HDAC9 expression shifts the
balance of acetylation and deacetylation for Foxp3 and promotes deacetylation. Protein
acetylation increases protein stability by protecting from ubiquitination (Drazic et al., 2016).
Therefore, decreased Foxp3 protein acetylation would result in unstable Foxp3. Thus, decreased
protein stability of Foxp3 is a possible explanation for the decreased MFI of Foxp3 that was
observed in Garp-deficient Tregs. In order to assess Foxp3 protein acetylation directly and to

confirm this expectation different methods were tested.
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Foxp3 acetylation analysis by immunoprecipitation

In a first step, analysis of Foxp3 protein acetylation in Tregs was attempted by

immunoprecipitation of Foxp3 and consecutive western blot staining for AcK. The

immunoprecipitation (IP) and supernatant (SN) was analysed, CD4" CD25 T cells were used as

control and beta-actin served as a housekeeping protein. Despite all efforts, this method did not

allow to quantify basal Foxp3 acetylation. The sensitivity remained insufficient with both of the

used antibodies for AcK(Figure 29A, B).
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Figure 29 Foxp3 acetylation immunoprecipitation

(A, B) Lysates of 10x10° CD4* CD25" Tregs (25+) and CD4" CD25™ T cells (25-) were immunoprecipitated (IP)
with anti-Foxp3 antibodies, western blots were probed for AcK, Foxp3 and beta-actin. Supernatant (SN) of lysed
cells was analysed. Anti-AcK antibodies (A) from abcam and (B) from cell signalling were used respectively.
Abcam anti-AcK antibodies were either incubated in milk (A top) or BSA (A bottom).
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3.2.6.2 Development of a FRET based FACS staining for Foxp3 acetylation

As an alternative to immunoprecipitation an intracellular FACS assay utilising FRET was
established to differentiate acetylated and unacetylated Foxp3 protein. CD4 positive T cells were
purified and stained by intracellular flow cytometry. Sequential staining with primary
unconjugated antibodies for AcK and Foxp3 followed by secondary antibodies with the
specifically selected fluorochrome FRET pair Alexa 488 (A488) for AcK and Alexa 594 (A594)
for Foxp3 generated a FRET signal upon excitation of the donor A488 when the acceptor A594
was in high vicinity. Using a single excitation laser at 488nm, the detector (FL3) was set up for
detection at 600-620nm, optimized for the emission maximum of A594 at 617nm (Figure 30).
The donor fluorochrome A488 that binds to AcK residues is directly excited by the 488nm laser.
The dotted lines highlight the FL3 detector region of 600-620nm. A488 alone has a low emission
in the FL3 detector range. The acceptor fluorochrome A594 emits strongly at this detector range,
but is not excited by the 488nm laser. In order to excite A594 bound to Foxp3 a FRET signal
originating from A488 is necessary. With this experimental setup a FRET signal detected in FL3

represents acetylated Foxp3.
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Figure 30 FRET detection scheme

Schematic overview of fluorochrome excitation and emission spectra and FRET signal detection. FRET donor
A488 is directly excited by the 488nm laser line (blue line); FRET acceptor A594 relies on nonradiative transfer
of energy from the excited donor for fluorescent emission. FRET detection from 600-620nm is indicated by
dotted black lines. Illustration generated by Fluorescence Spectra Analyser (Biolegend).
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In an initial proof of principle experiment, a very strong FRET signal was detected when freshly
purified CD4" T cells were stained with anti-AcK antibodies and both secondary antibodies
(A488, A595) were directed at AcK (Figure 31). Controls with single use of secondary antibody
showed low levels of A488 signal bleedthrough into the FL3 FRET detection channel (MFI
17.6); in addition, low emission of A594 (MFI 17.6) was detected. The FRET signal emission
by A594 located in proximity to excited A488 (A488 + A594) reached an MFI of 135.1. These
results demonstrated that the chosen secondary antibody pair A488 + A594 can emit a FRET
signal effectively (Figure 31).

Donor quenching of A488 was observed in the presence of A594. It reduced the signal of A488
in the FL1 detector (505-545nm) from MFI 159.7 to a MFI of 81.4 (Figure 31). This effect of
donor quenching is expected, but the lower signal in FL1 when both secondary antibodies are
present might be accentuated by the fact that these antibodies compete with each other to bind
the primary anti-AcK antibody, which reduced the total amount of A488 binding AcK compared
to single use of A488 secondary antibody. A594 secondary antibody that binds to AcK does not
emit in FL1.
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Figure 31 FRET staining proof of principle
A positive control for FRET was performed by targeting anti-AcK antibody with both secondary antibodies
(A488 and A594). Representative staining histograms for FL1 and FL3 detection are demonstrated.
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In a next step, FRET signal detection for Foxp3 protein acetylation was established. AcK with
secondary antibody A488 served as FRET donor and Foxp3 with secondary antibody A594 as
FRET acceptor (Figure 32). Three controls were used for each analysis: Isotype control for AcK
(Iso AcK) detected by A488 with Isotype control for Foxp3 (Iso Foxp3) detected by A594 (lower
left), Iso Ack detected by A488 with Foxp3 detected by A594 (upper left) and AcK detected by
488 with Iso Foxp3 detected by A594 (lower right). FRET signal of acetylated Foxp3 positive
cells was detected by staining of AcK wtih A488 and Foxp3 with A594 (upper right). Detection
of the FRET signal requires that an anti-Foxp3 antibody and an anti-AcK antibody bind to their
targets in close proximity. The signal from Foxp3 with A594 in absence of AcK primary
antibody (Iso AcK detected by A488 with Foxp3 detected by A594) was still detectable due to
the calculated 8% excitation efficiency by the 488nm Laser for A594. However, this background
signal was much weaker than the FRET signal of acetylated Foxp3 (Figure 32). Hence, this
established method proved to be effective to quantify the frequency of acetylated Foxp3 positive

Tregs.
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Figure 32 FRET staining acetylated Foxp3

Assessment of Foxp3 acetylation and controls. Representative stainings are demonstrated for the FRET antibody
pair AcK with Foxp3 and the controls Iso AcK with Iso Foxp3, Iso AcK with Foxp3 and AcK with Iso Foxp3. AcK:
acetylated lysin.
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3.2.7 Foxp3 acetylation in Garp-deficient Tregs

Foxp3 acetylation was assessed in freshly isolated CD4" T cells by intracellular flow cytometry
using the newly established protocol for FRET detection. The frequency of Tregs with acetylated
Foxp3 was significantly lower in Garp-deficient Tregs than in control Tregs (Figure 33). This
suggests that the up-regulation of Hdac9 in Garp-deficient Tregs results in diminished Foxp3
acetylation.
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Figure 33 Foxp3 acetylation

Foxp3 acetylation was analysed in freshly isolated CD4" T cells by intracellular flow cytometry using a FRET
antibody pair for Foxp3 and AcK. Representative stainings and results from one representative experiment with
five mice per group out of four independent experiments with five mice per group are demonstrated. Mean values
are indicated by horizontal lines. AcK: acetylated lysin. Based on (Lehmkuhl et al., 2021).

Moreover, total protein acetylation was also significantly lower in Garp-deficient Tregs than in
control Tregs (Figure 34). This could indicate that the increased Hdac9 expression that was seen

in Garp-deficient Tregs is sufficient to reduce the total acetylation level in Garp-deficient Tregs.
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Figure 34 Total lysine acetylation

Total lysine acetylation of Foxp3 positive Tregs was analysed by flow cytometry. Left panel demonstrates
representative stainings of control and Garp-deficient CD4" T cells. Right panel shows a summary of total lysine
acetylation in Foxp3 positive Tregs, the results of three independently performed experiments with five mice per
group are demonstrated.
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3.2.8 Analysis of acetylation-mediated Foxp3 protein stability

As it was shown that reduced HDACY9 expression in Garp-deficient Tregs correlates with
diminished Foxp3 acetylation, the protein stability of Foxp3, which is defined by its acetylation
state, was investigated. Experiments performed by colleagues from our group analysing the
Foxp3 expression of FACS sorted Tregs over the course of four days showed that Garp-deficient
Tregs had a more rapid decline of Foxp3 expression compared to control Tregs (Figure 35).
61.4% of control but only 39.9% of Garp-deficient Tregs expressed Foxp3 after one day of cell

culture.
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Figure 35 Treg stability

Tregs were purified by FACS-sorting from CD4" T cells of five to ten mice and stimulated with anti-CD3, anti-
CD28 for one to four days. Foxp3 expression was analysed by intracellular flow cytometry. Staining histograms
of one representative experiment out of two independent experiments are demonstrated. Based on (Lehmkuhl et
al., 2021).

The detection of the frequency of Foxp3 positive Tregs and their decline is dependent on Foxp3
protein expression and Foxp3 protein stability. To eliminate the influence of Foxp3 expression
and to focus on protein stability CHX, a protein synthesis inhibitor, was used in following cell
culture experiments. Since the protein stability of Foxp3 is defined by its acetylation (van
Loosdregt et al., 2010), it was expected that Garp-deficient Tregs lose their Foxp3 phenotype

more rapidly than control Tregs.
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The half-life of Foxp3 was determined by analysing the stability of Foxp3 positive Treg
frequencies in purified CD4" T cell populations. CHX was added to the cell media. Observed
Foxp3 frequencies were normalised and Foxp3 protein half-life was calculated by linear
regression. It was demonstrated that the half-life of Foxp3 was significantly lower in Garp-
deficient Tregs than in control Tregs. The half-life of Foxp3 was 11.9+1.0 hours in non-
stimulated Garp-deficient Tregs and 14.9+0.56 hours in non-stimulated control Tregs (p=0.02)
(Figure 36A). In Garp-deficient Tregs, anti-CD3 and anti-CD28 stimulation did not stabilize
Foxp3, on the contrary stimulation emphasized the difference between Garp-deficient and
control Tregs. Activated Garp-deficient Tregs had a half-life of Foxp3 of 12.1+0.47 hours as
compared to activated control Tregs with 18.4+0.56 hours (p<0.005) (Figure 36B). In regard to
the function of Foxp3 as the key transcription factor of Tregs, these results indicate that GARP
is important for the protein stability of Foxp3 and thereby for the phenotype stability of Tregs.
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Figure 36 Treg stability in presence of CHX

(A, B) Treg stability was analysed by assessing the frequency of Foxp3™ Tregs within CD4" T cells using
intracellular flow cytometry. CD4" T cells were cultured for 20 hours (h) in the presence of CHX without
stimulation (A) or with anti-CD3 and anti-CD28 stimulation (B). In the left panels representative stainings of one
experiment out of four independent experiments are demonstrated for the indicated time points. The graphs on
the right show the linear regression of normalised Foxp3* Treg frequencies of four independent experiments
displayed as means + SD and the individual results of Foxp3 half-lifes. Mean values are indicated by horizontal
lines. Based on (Lehmkuhl et al., 2021).
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3.2.8.1 Foxp3 protein stability in PID patients with LLRC32 mutations

After identifying deregulated HDAC9 expression and diminished Foxp3 protein stability in
Garp-deficient Tregs in mice, Tregs from patients with LRRC32 mutations and low GARP
expression were further analysed using real-time PCR and flow cytometry (Figure 37A, B). Real-
time PCR analysis of mRNA isolated from Tregs showed elevated HDAC9 expression in the
patients compared to health controls (Figure 37A).

In addition, purified CD4" T cell were cultured with CHX under stimulating conditions with
anti-CD3 and anti-CD28 to analyse the stability of Foxp3 positive Tregs of patients and healthy
controls. Tregs from patients with LRRC32 mutations displayed a reduced Foxp3 half-life. The
half-life of Foxp3 in patient 1 was 46.28h and in patient 2 41.64 hours as compared to
92.59+25.58 hours that was observed in Tregs from healthy controls. These results are consistent
with observations made in Garp-deficient mice. The results indicate that the reduced GARP
expression on Tregs affects TGFB1 availability and results in decreased Foxp3 protein stability

and Treg function.
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Figure 37 HDACY expression and Treg stability in human Tregs with LRRC32 mutations

(A) Real-time PCR analysis of HDACY in freshly purified Tregs. Relative HDACY9 mRNA levels are
demonstrated in relation to ACTB. Results of 10 healthy controls are displayed in grey, patients are indicated in
red. (B) Treg stability was analysed by assessing the frequency of Foxp3* Tregs within CD4" T cells using
intracellular flow cytometry. CD4* T cells were cultured for 50 hours (h) in the presence of CHX with anti-CD3
and anti-CD28 stimulation. Linear regression of normalised Foxp3™ Treg frequencies of patients are indicated in
red, linear regression of mean values of five healthy controls are displayed in grey as means = SD. Individual
results of Foxp3 half-lifes of patients and healthy controls are shown on the right. Mean values are indicated by
horizontal lines. Based on (Lehmkuhl et al., 2021).

3.2.8.2 Manipulation of acetylation-mediated Foxp3 protein stability

To modulate Foxp3 acetylation and Foxp3 protein stability, the histone deacetylase inhibitor

TSA was used in in vitro cell culture experiments. Various TSA concentrations were tested and
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their effect on total lysine acetylation and Foxp3 expression was analysed in control and Garp-
deficient Tregs by flow cytometry (Figure 38A, B). High TSA concentrations ranging from 0.5-
50 uM were effective to increase total lysine acetylation to up to sevenfold of the basal
acetylation within 20 hours of cell culture (Figure 38A). However, as a side effect of TSA and
the increased acetylation, Foxp3 frequencies were unfortunately diminished. To prevent the loss
of Foxp3 expression and induction of apoptosis by TSA lower concentrations ranging from 0.5-
50 nM were tested in a following experiment (Figure 38B). The 50 nM TSA concentration was
still effective to increase the overall acetylation level in Tregs but again at cost of Foxp3
frequency, which TSA was supposed to stabilize by promoting Foxp3 acetylation and protein
stability. The lower TSA concentrations (0.5 nM and 5 nM) did however, not affect acetylation
or Foxp3 frequency (Figure 38B).
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Figure 38 Acetylation and Foxp3 modulation by TSA

(A, B) CD4" T cells were cultured for 20 hours with various TSA concentrations and anti-CD3 and anti-CD28
stimulation. Foxp3 expression and total lysine acetylation was analysed by intracellular flow cytometry. Foxp3
frequency was normalised to the Foxp3 frequency of freshly isolated CD4" T cells. AcK MFI was normalised to
the AcK MFTI of freshly isolated CD4" T cells and displayed as fold change.
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In a next step, TSA concentrations were further adjusted (6.25 nM to 50 nM). A dose dependent

increase of total lysine acetylation was observed without the side effect of diminishing Foxp3
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frequencies (Figure 39A). Since Foxp3 frequencies seemed similar at different TSA
concentrations, Foxp3 protein levels were further analysed in Tregs by Foxp3 MFI values
(Figure 39B). In negative correlation to increased acetylation, a dose dependent decrease of

Foxp3 protein levels was observed in control and Garp-deficient Tregs (Figure 38B).
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Figure 39 Acetylation and Foxp3 modulation by TSA

(A, B) CD4" T cells were cultured for 20 hours with various TSA concentrations and anti-CD3 and anti-CD28
stimulation. Foxp3 expression and total lysine acetylation was analysed by intracellular flow cytometry. (A)
Foxp3 frequency was normalised to the Foxp3 frequency of freshly isolated CD4" T cells. AcK MFI was
normalised to the AcK MFI of freshly isolated Tregs and demonstrated as fold change. (B) Foxp3 MFI of control
and GARP-deficient Tregs is demonstrated for the various TSA concentrations at different time points.

To circumvent the side effects of TSA, CD4 positive T cells were incubated with TSA for only
three hours to increase acetylation. After the incubation period the cells were washed to remove
TSA from the medium to prevent the induction of apoptosis by long exposure to TSA. Cells
were then cultured in presence of CHX for 20 hours and Foxp3 frequencies were analysed. Short
exposure to TSA increased the overall lysine acetylation in Tregs but acetylation declined
quickly after washing; and no stabilization of Foxp3 frequencies were observed with this
approach. Additionally to TSA, HDAC inhibitors Vorinostat, EX-527 and NAM were tested at

different concentrations. Alternative HDAC inhibitors showed similar results with strong side
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effects diminishing Foxp3 frequencies in concentrations that were high enough to increase total

acetylation.

In summary, it has been shown that inhibition of HDACsS in in vitro cell culture experiments did
not increase the stability of Foxp3 positive Tregs by inhibition of HDAC9 and promotion of
Foxp3 acetylation. On the contrary: while increasing total lysine acetylation effectively, Foxp3
frequencies and Foxp3 protein levels were reduced by the presence of TSA and other HDAC
inhibitors. It is known that HDAC inhibitors can induce cell cycle arrest (Marks et al., 2001) and
activate intrinsic apoptotic pathways (Xu et al., 2006), which is why they are used in Cancer
therapies and studies (Dokmanovic et al., 2007). Studies examining cell viability ICso of TSA
and Vorinostat for SH-SYSY cells showed an ICso of 0.598 uM for TSA and 1.264 uM for
Vorinostat (Lauffer et al., 2013).

TSA and Vorinostat are HDAC class I + II inhibitors that block the activity of HDACs (1-10).
A study by Lauffer et al. determined the inhibition ICso values of TSA and Vorinostat for
individual HDACs (Lauffer et al., 2013). Their results show that HDAC9 (3.7 uM) and HDAC4
(2.4 uM) have the highest ICso value for TSA, while HDAC1,2,3,5,6,7,8,10 are inhibited by
much lower TSA concentrations ICso: 0,000141-0,871 pM. Vorinostat was the least effective in
inhibiting HDAC class 1la (HDAC4,5,7,9) with an ICs50>10 and more potent to inhibit
HDACI1,2,3,6,8,10; ICso: 0,00944-0,827 uM. This indicates that TSA and Vorinostat have the
least effect on HDAC9 and the observed increase in total lysine acetylation is more likely caused

by inhibition of other HDACs that are more sensitive to these inhibitors.

Selisistat and NAM are HDAC class Il inhibitors that block the activity of Sirtl. Inhibition of
Sirtl was reported to have positive effects on Foxp3 expression (Beier et al., 2011). Overall high
inhibitor concentrations that increased overall lysine acetylation effectively resulted in loss of
Foxp3 expression and induction of apoptosis that was detected by Annexin V stainings. The
required inhibitor concentration to effectively inhibit HDACDY is in conflict with the cell viability
ICso. However, lower inhibitor concentrations that did not reduce Foxp3 frequencies by
induction of apoptosis were still not effective to promote Foxp3 protein stability in these

experiments.

Since HDAC class I + II inhibitors are not only specific for HDAC9, siRNA experiments were
performed to reduce HDAC9 expression in Tregs and to stabilize Foxp3 by promoting Foxp3
acetylation. After transfection with HDAC9 specific siRNA CD4" T cells were cultured for three
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days and Foxp3 frequencies were analysed by flow cytometry. Unfortunately, the stress of the
transfection procedure had negative effects on Foxp3 frequencies in Tregs and Foxp3 could not

be stabilized.

3.3 GARP controls autocrine TGFp1 signalling in Tregs

Diminished TGFp signalling in Garp-deficient Tregs appears to be the most immediate effect of
low or missing GARP expression on Tregs. Our hypothesis is therefore that the decrease in
Foxp3 acetylation that leads to a reduction of Foxp3 protein stability in Garp-deficient Tregs is
a consequence of deregulated TGFPB1 signalling. To compensate for the diminished TGFf
signalling, control and Garp-deficient Tregs were treated with exogenous TGFB1 and its effects

were analysed.

In a first step the responsiveness of Tregs to exogenous TGF1 was assessed by flow cytometry
(Figure 40). Cells were serum starved for 20 hours followed by 30 minutes of TGFp1
stimulation. Upon TGFf1 stimulation control and Garp-deficient Tregs showed no longer
differences in SMAD2/3 phosphorylation. In contrast, freshly isolated and serum starved Garp-
deficient Tregs without TGFB1 stimulation displayed significantly diminished SMAD2/3
phosphorylation (Figure 40).
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Figure 40 TGFp signalling in response to exogenous TGFf1

SMAD?2/3 phosphorylation was analyzed by intracellular flow cytometry. Control and Garp-deficient CD4"
T cells were starved in serum free RPMI 1640 for 20h followed by 30 minutes in the presence or absence of
TGFB1 while stimulated with anti-CD3 and anti-CD28. Results of one representative experiment with five mice
per group out of two independent experiments with five mice per group are demonstrated. Mean values are
indicated by horizontal lines. Serum starv.: serum starvation. Based on (Lehmkuhl et al., 2021).

As it was possible to modulate TGF signalling in control and Garp-deficient Tregs by

exogenous TGFp1 to reach similar levels, the effects of exogenous TGFB1 and its potential to
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resolve the deregulation of HDACY expression, Foxp3 acetylation and Foxp3 protein stability

as seen in Garp-deficient Tregs was analysed.

Colleagues from our group stimulated control and Garp-deficient Tregs in presence and absence
of TGFB1 for 20 hours and analysed Hdac expression by real-time PCR (Figure 41A, B). In
response to exogenous TGFB1 the gene expression of Hdac9 was significantly reduced in control
and Garp-deficient Tregs. This indicates that high Hdac9 expression in Garp-deficient Tregs is
a consequence of a disruption in TGFB1 signalling (Figure 41A). Interestingly, Hdac9 is the only
deregulated Hdac in Garp-deficient Tregs and it is also the only Hdac that showed responsiveness
to TGFB1 with a reduction in relative gene expression up to 50% in control and Garp-deficient
Tregs (Figure 41B). Hdacl-4 and Hdac6 displayed no significant alteration in their gene

expression in response to TGFB1 stimulation (Figure 41B).
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Figure 41 TGFp1 effect on Hdac expression

(A, B) Real-time PCR analysis of different Hdacs in relation to Actb expression. mRNA was isolated from purified
Tregs after 20 hours in the presence or absence of TGFB1 with anti-CD3 and anti-CD28 stimulation. Results of
five independent experiments are shown. (A) Mean values are indicated by horizontal lines. (B) Hdac1-4, Hdac6
and Hdac9 expression modulations upon TGFB1 stimulation of five independent experiments were normalised and
are demonstrated as mean + SD. Based on (Lehmkubhl et al., 2021).

To further investigate the responsiveness of Hdac9 expression to TGFB1 stimulation, in silico
analysis of the Hdac9 promoter region was performed. Hdac9 promoter analysis confirmed the
results by predicting a binding site for the TGFf signalling mediators SMAD3 and SMAD4,
supporting the finding that the expression of Hdac9 is regulated by TGFp (Figure 42).
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Figure 42 Hdac9 promoter region analysis
Schematic overview of SMAD3 and SMAD4 binding elements prior the Hdac9 transcription start site (TSS).
Binding elements were identified by promoter analysis of murine Hdac9 using MatInspector by Genomatix.
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As HDACY regulates Foxp3 acetylation, the reduction of HDAC9 expression in Tregs upon

TGFp1 stimulation was further investigated. CD4" T cells from Garp-deficient and control mice

were cultured for 20 hours in the presence or absence of TGFB1. The frequency of Tregs

expressing acetylated Foxp3 was significantly increased by TGFp1 in Garp-deficient and control

Tregs (Figure 43). Moreover, the incubation with exogenous TGFB1 increased the frequency of

acetylated Foxp3 in Garp-deficient Tregs to the same frequency as observed in control Tregs

(Figure 43). This strengthens the hypothesis that the reduced Foxp3 acetylation in Garp-deficient

Tregs is a result of increased HDAC9 expression and that HDAC9 defines Foxp3 acetylation in

Tregs. The data suggests that exogenous TGFp1 is able to restore Foxp3 acetylation by reducing
HDAC9 expression.
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Figure 43 TGFp1 effect on Foxp3 acetylation
Foxp3 acetylation was analysed in CD4" T cells after 20 hours of anti-CD3 and anti-CD28 stimulation in the
presence or absence of TGFp1 by intracellular flow cytometry using a FRET antibody pair for Foxp3 and AcK.
Representative stainings and a summary of six independent FRET assay experiments with pooled CD4" T cells
from two mice per group are demonstrated. Mean values are indicated by horizontal lines. AcK: acetylated lysine.
Based on (Lehmkuhl et al., 2021).
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In addition, total lysine acetylation was assessed in Foxp3 positive Tregs in response to
exogenous TGFB1. CD4" T cells were cultured for 20 hours with anti-CD3 and anti-CD28
stimulation in the presence or absence of TGFB1 and analysed by intracellular flow cytometry
using directly labelled antibodies for AcK and Foxp3. Interestingly, exogenous TGFf1 also
resulted in a significant increase in total lysine acetylation in control and Garp-deficient Tregs

(Figure 44).
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Figure 44 TGFp1 effect on total acetylation

Total lysine acetylation of Tregs was assessed by intracellular flow cytometry. CD4" T cell populations gated for
Foxp3 were analysed after 20 hours of anti-CD3 and anti-CD28 stimulation in the presence or absence of TGFf1.
Left panel demonstrates representative stainings of control and GARP-deficient CD4" T cells. Right panel shows
summarized staining results from one representative experiment with five mice per group out of three
independent experiments with five mice per group. Mean values are indicated by horizontal lines.



109

With regard to the elevated Foxp3 acetylation after TGFB1 stimulation, Foxp3 protein stability
was analysed using CHX following an incubation period in presence or absence of TGFB1. The
half-life of Foxp3 was indeed normalised in Garp-deficient Tregs (23.83+2.26 hours) compared
to control Tregs (23.59+2.31 hours) (Figure 45, right panel), when they were cultured with
TGFp1 before the CHX incubation. When cells were preincubated without TGFf1 prior to CHX
incubation, Foxp3 half-life was still significantly shorter in Garp-deficient Tregs (17.95+1.28
hours) than in control Tregs (14.33+£1.36 hours) (Figure 45, left panel), as previously
demonstrated in experiments with no preincubation period (Figure 36). The restoration of
acetylation-mediated Foxp3 protein stability in Garp-deficient Tregs by exogenous TGFB1
indicates that the decreased Foxp3 stability observed in these Tregs in comparison to control

Tregs was a result of deregulated TGFf signalling.
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Figure 45 TGFp1 restores Foxp3 stability defect in GARP-deficient Tregs

CD4* T cell were cultured for 20 hours with anti-CD3 and anti-CD28 in presence or absence of TGFB1 before
CHX was added. Cells were incubated for another 20 hours and frequency of Foxp3 positive T cells was assessed
by intracellular flow cytometry. Linear regression and Foxp3 half-life were calculated based on normalised
frequencies of Foxp3. Left panel demonstrates data acquired after preincubation in the presence of TGF1; right
panel - in the absence of TGFB1. Results from four independent experiments are demonstrated as mean + SD.
Mean values are indicated by horizontal lines. Based on (Lehmkuhl et al., 2021).
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The positive effect of exogenous TGFB1 on acetylation-mediated Foxp3 stability was not
apparent when T cells were incubated with TGFB1 and CHX simultaneously, without a pre-
incubation period with TGFB1 alone (Figure 45). CHX inhibits protein translation, preventing
any alterations in protein levels introduced by TGFB1 including HDAC9. Foxp3 half-life in
control Tregs (without TGFB1 15.97+0.38 hours vs. 15.89+0.82 hours with TGF1) and in Garp-
deficient Tregs (without TGFB1 13.2240.15 hours vs. 13.17+0.31 hours with TGFB1) (Figure
46) was not increased and restored by TGFB1 in this experimental setup. This result demonstrates

that TGFB1 cannot directly influence the stability of Foxp3 when protein translation is inhibited.
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Figure 46 TGFp1 has no effect in presence of translation inhibitor CHX

CD4* T cells were cultured for 20 hours with anti-CD3, anti-CD28 and CHX in the presence or absence of
TGFB1. Frequency of Foxp3 in CD4" T cells was analysed by intracellular flow cytometry. Linear regression
and half-life of Foxp3 were calculated based on normalised Foxp3 frequencies. Left panel shows data of control
T cells, right panel data of Garp-deficient T cells. Results from three independent experiments are demonstrated
as mean = SD. Mean values are indicated by horizontal lines.

Further experiments studied the effect of exogenous TGFB1 on the stability of Foxp3 in absence
of CHX. Colleagues from our group purified Tregs and examined Foxp3 frequencies for three
days in presence and absence of TGFf1 in control and Garp-deficient Tregs by intracellular flow
cytometry. Only the analysis of this experiment was performed by me. Both Garp-deficient and
control Tregs showed significantly higher Foxp3 frequencies in presence of TGFB1 (Figure 47).
In absence of TGFB1 Foxp3 expression was lost faster in Garp-deficient Tregs than in control
Tregs, as shown in Figure 35. Interestingly, Garp-deficient Tregs had similar frequencies of
Foxp3 in the presence of TGFf1 as control Tregs without exogenous TGFf1 (Figure 47). Hence,
it was concluded that the lack of GARP expression limits TGFf signalling in Garp-deficient

Tregs which is needed for maintaining a stable Treg phenotype.
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Figure 47 TGFp1 effect on Foxp3 stability in Treg

(A) Purified Tregs from Garp-deficient and control mice were stimulated with anti-CD3 and anti-CD28 for one
to three days in the presence or absence of TGFB1. Foxp3 expression was analysed by intracellular flow
cytometry. Representative staining histograms of one out of five independent experiments are shown. (B) Results
of five independent experiments are demonstrated as mean + SD. Statistical analysis was performed using two-
way analysis of variance (ANOVA). ***p < (0.001, n.s. not significant.
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4 Discussion

Regulatory T cells are essential to control immune responses to pathogens and to sustain
homeostasis and immunological self-tolerance (Ohkura et al., 2013). Lack of stability or function
of Tregs can result in unchecked effector T cell expansion and production of pro-inflammatory
cytokines, leading to autoimmune diseases (Pesce et al., 2013). GARP binds and presents latent
TGFp1 on the cell surface of Tregs and is a critical factor for the activation of TGFB1 (Stockis
et al., 2017; Wang et al., 2012). This study shows in PID patients with mutated LRRC32 and
Lrrc32 knockout mice that diminished or absent GARP expression is a factor that contributes to
immune dysregulation by diminished TGFf availability, Foxp3 protein stability and suppressor

function in Tregs.

4.1 PID patients with LRRC32 mutations

It was evident that the immune systems of both PID patients with LRRC32 mutations are unable
to properly resolve an immune response. This resulted in chronically perpetuating inflammation,
a breakthrough of peripheral tolerance and in disease manifestation. In patient 1 persisting
inflammation of gut mucosa was observed over the course of decades. In patient 2 development
of auto-neutrophilic antibodies were apparent that resulted in a complete elimination of

neutrophils.

Within a cohort of PID patients, we identified two patients with mutations in LRRC32. Whereas
variants ¢.934C>T and c.1262G>A were already observed in the general population, variant
c.741G>A was characterized as a novel mutation. The data suggests that the mutations contribute
to a decrease of GARP expression on the Treg surface in both patients. The reduction of GARP
expression was also apparent in diminished TGFp availability. Accordingly, it is assumed that
Treg require a certain amount of GARP on their surface to function properly. This concept is
supported by previous findings of our group that showed diminished GARP expression on Tregs
from patients suffering from rheumatoid arthritis (Haupt et al., 2016). Moreover, Manz et al.
reported in 2016 that LRRC32 missense mutations lead to reduced GARP expression in patients
with atopic dermatitis (Manz et al., 2016). Tregs from PID patients in our study showed signs of
reduced suppressor function and Foxp3 protein stability that could explain the observed immune
dysregulation. The suppressor function was evaluated by proliferation experiments. Although
the patients displayed increased proliferation in the presence of Tregs compared to healthy

controls, the method could be criticised for its overall rather low proliferation rate of effector
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T cells in absence of Tregs. Furthermore, patient 2 displayed only minor differences in effector
T cell proliferation in the Teff to Treg ratios 4:1, 2:1 and 1:1 (Figure 13) which is unusual even

for Tregs with decreased inhibitory capacity.

In mice it has been demonstrated that GARP lacking Tregs can still facilitate anti-tumor
immunity but cannot suppress pathogenic T cell responses in an experimental colitis model with
T cell transfer, indicating that Tregs without GARP have impaired suppressive capabilities
(Salem et al., 2019). Finally, it was demonstrated that overexpression of GARP increased
inhibitory Treg function (Wang et al., 2008) and that downregulation of GARP impairs
suppressor function associated with a downregulation of Foxp3 (Probst-Kepper et al., 2009;

Probst-Kepper et al., 2009).

Several reasons for the diminished GARP protein expression resulting from LRRC32 mutations
can be discussed. Patient 1 expresses a wild-type GARP variant on one allele and a p.Trp247Ter
variant on the other allele. The introduction of a stop codon by this mutation lead to the
expression of a truncated protein missing the trans-membrane region that could not be detected
when expressed in HEK293 cells. This short variant is expected to be non functional and unable
to bind to the cell surface. Since both alleles are expressed, as shown in the allelic expression
analysis, the mutation results in a reduction in total GARP levels on the cell surface of activated

Tregs in patient 1.

Patient 2 has LRRC32 mutations in both alleles, expressing GARP variants p.Arg312Cys and
p-Arg421GIn. GARP variant protein stability predictions calculated a negative free energy
change (AAG) of -2.93 Kcal/mol for p.Arg312Cys and -2.79 Kcal/mol for p.Arg421Gln (Quan
et al., 2016). The values indicate a strong reduction of protein stability for both GARP mutation

variants.

Position 312 is a solvent exposed residue, the mutation p.Arg312Cys introduces a cysteine
instead of a strongly hydrophilic arginine. Although the sulthydryl group of free cysteine is polar,
cysteine behaves like a strongly hydrophobic residue in proteins and is typically located in
hydrophobic clusters like methionine, tryptophan and tyrosine (Nagano et al., 1999). An amino
acid exchange to a residue with hydrophobic properties at a solvent exposed location introduces
protein destabilization. Further analysis showed that the affected residues displayed the highest
average AAG of potential amino acid exchanges compared to the neighbouring regions. Thereby

the STRUM protein stability predictions indicated a special relevance of the affected residues
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for GARP stability that could explain the reduced GARP levels on Treg surface of patient 2 and
the reduced GARP levels seen in HEK293 cells transfected with the GARP mutation variants
compared to GARP wild-type transfection. The HEK293 transfection experiments were analysed
assuming equal transfection efficiency for each construct. To take potential differences in
transfection efficiency into account the co-expression of a reporter gene would have been a more

sophisticated approach.

Both patients developed their autoimmune disorders with age indicating that similar to classic
autoimmune diseases environmental factors were involved as triggers in the disease
manifestations. This conclusion was strongly supported by the observation that Garp-deficient
mice do not display a spontaneous phenotype but rather develop severe autoimmune disorders
in response to triggers. This indicates that LRRC32 might be a genetic factor that determines the
susceptibility to inflammatory disorders and is important to maintain the integrity of the immune

system.

4.2 TGFp signalling in Garp-deficient Tregs and Tregs from PID patients

The data suggests that the reduced availability of active TGFf in Tregs with diminished or
lacking GARP expression was responsible for the observed immunological phenotype. The
function of GARP as a Treg specific latent TGFB-binding protein (LTBP) and its importance for
TGFB maturation was confirmed by the diminished basal TGFp signalling that was observed in
Tregs of patients with mutated LRRC32 and in Tregs of Garp-deficient mice. Diminished TGFf
signalling was apparent in reduced SMAD2/3 phosphorylation. Tregs from Garp-deficient mice
that completely lack GARP also lacked LAP on their cell surface. Patients with GARP mutations
and reduced GARP expression on the surface of activated Tregs displayed reduced levels LAP
consistent with significantly diminished basal SMAD2/3 phosphorylation compared to healthy
controls. LAP detection is indicative for the presence of latent TGFp on the cell surface of human
and murine Tregs. These results suggest that no alternative pathways are able to compensate for
the absence or reduction of GARP to facilitate surface localization of latent TGFp in Tregs which
is critical for the maturation of TGFp (Stockis et al., 2017). The reduced levels of GARP/latent-
TGFp complexes on activated Tregs in patients are in contrast to increased basal LRRC32 mRNA
levels. The increased LRRC32 expression in patients could be attributed to a compensational

effect for the lack of functional GARP in Tregs.



115

Cuende et al. also highlighted the importance of functional GARP for TGFf maturation by
utilising an inhibitory anti-hGARP antibody in human Tregs. The antibody was able to disrupt
GARP dependent TGF3 maturation as shown by western blots analysis for pPSMAD2 (Cuende
et al., 2015). Disruptions in the maturation process of TGFf have a similar effect as a complete
lack of TGFpB. Edwards et al. demonstrated in TGFB1 dependent Treg-mediated Thl7
differentiation experiments that TgfB1- and Furin-deficient Tregs were completely unable to
provide active TGFBl and to drive Thl7 differentiation of co-cultured naive CD4"
T lymphocytes. Further they showed that the induction of Th17 differentiation in the presence
of Garp-deficient mice was reduced by ~75% compared to control Tregs (Edwards et al., 2014).

Furin is not sufficient for the activation of TGF, but it is necessary for the first instance of TGFf3
maturation by the cleavage of precursor pro-TGFf. After the cleavage LAP remains non-
covalently bound to TGFf and requires GARP for further processing of this complex to release
mature TGFp. Although Garp-deficiency did not show the same effect as TgfB1- or Furin-
deficiency, however, it demonstrated, that cell surface-bound GARP/latent-TGFp complexes
provide a significant portion of activated TGF1 that mediates Th17 induction. Similar to Th17
induction, the induction of Foxp3 expression of naive T cells in co-culture experiments with
activated Tregs was very ineffective when Garp-deficient Tregs were used (Edwards et al.,
2013). While GARP alone is not sufficient to activate TGFf1, it is required for the production
of active TGFBI in murine and human Tregs. Integrin oyfs has been reported to associate with
the GARP/latent-TGFP complex and to be essential for the release of active TGFf (Edwards et
al., 2014; Stockis et al., 2017; Wang et al., 2012). Similar to anti-hGARP antibody inhibition,
antibodies against g block TGFB1 activation in human Tregs (Cuende et al., 2015; Stockis et
al., 2017). Antibody-mediated inhibition of GARP and Integrin ovBs showed additionally to
reduced TGFp1 signalling an impairment of Treg suppressor function in in vivo graft versus host
disease (GVHD) experiments (Cuende et al., 2015; Stockis et al., 2017). Anti-hGARP antibody
inhibition also led to diminished suppression in in vitro experiments (Cuende et al., 2015). This
highlights the importance of GARP and TGFB1 maturation for the suppressor function of Tregs
and confirms the results we observed in Tregs from PID patients with mutations in LRRC32 and

in Garp-deficient Tregs.

This thesis provides indications that GARP-bound TGF1 functions as a TGFB1 source for
autocrine signalling in Tregs. Based on previous studies, it has been concluded that GARP-
associated TGFp1 acts in a paracrine manner mediating Th17 and iTreg generation rather than

being utilised by Tregs themselves (Cuende et al., 2015; Stockis et al., 2009). This conclusion
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was supported by the observation that Garp-deficient mice have normal Treg frequencies and

demonstrate normal Treg-mediated T cell suppression in vitro (Edwards et al., 2013).

However, the data showed a reduced Foxp3 expression stability of Garp-deficient Tregs in cell
culture and diminished Foxp3 protein half-life in Garp-deficient Tregs and Tregs from PID
patients with mutations in LRRC32 compared to control Tregs. Furthermore, patients had
reduced frequency of Tregs in CD4 T cell populations. In contrast, human Treg in GVHD
experiments were not depleted in the presence of anti-hGARP antibody (Cuende et al., 2015).
But in vivo experiments in mice demonstrated decreased Treg frequencies when anti-GARP

antibodies were used (Metelli et al., 2016).

Furthermore, TgfPl-deficient Tregs displayed a regular suppressive capacity in in vitro
experiments (Edwards et al., 2013; Piccirillo et al., 2002). In contrast, however, assessing the
suppressive capacity of Tgfbl- and of Garp-deficient Tregs in vivo demonstrated their
incapability to inhibit the development of colitis in a transfer model of inflammatory bowel
disease (Li et al., 2007; Salem et al., 2019). This result is consistent with our observation that
Garp-deficient Tregs show an apparently normal suppressive capacity in vitro but are unable to
control the expansion of effector T cell after adaptive transfer in vivo. Further, we demonstrated
that Garp-deficient Tregs were also unable to inhibit induced disease development in murine
autoimmune models. This indicates that in vitro analysis of Treg suppressive capacity can have

its limitations.

4.3 Altered gene transcription in GARP-deficient Tregs

The observed alterations in the gene expression of GARP-deficient Tregs can be an indicator for
the importance of GARP for Tregs. Among the identified genes with altered expression levels,
Hdac9 was particularly notable. Hdac9 is specifically expressed in Tregs and described as a
negative Foxp3 regulator by promoting its deacetylation resulting in unstable Foxp3 protein (Li
et al., 2015; Tao et al., 2007). Microarray analysis showed an increase in Hdac9 expression in
Garp-deficient Tregs. This was confirmed by real-time PCR experiments. Patients with GARP
mutations also displayed elevated mRNA levels of HDAC9 compared to healthy controls.

Acetylation of Foxp3 is defined by the activity of histone deacetylases and histone
acetyltransferases. When Foxp3 is acetylated it prevents its polyubiquitination and protects it

from proteasomal degradation and promotes thereby Foxp3 protein stability (van Loosdregt et
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al., 2010). In addition, acetylation is also necessary for exerting Foxp3-mediated transcriptional
repression and has been shown to correlate with increased chromatin binding (Li et al., 2007;
Samanta et al., 2008). Sirtl, HDAC7 and HDACG6 have also been reported to be involved in
Foxp3 deacetylation (Beier et al., 2011; de Zoeten et al., 2011; Li et al., 2007; van Loosdregt et
al., 2011). However, Hdac9 was the only differently expressed histone deacetylase in Garp-
deficient Tregs with a two-fold higher expression than control Tregs. HDAC9 is also the only
Treg specific HDAC with considerably higher expression in Tregs than non-regulatory CD4"
T cells (Tao 2007). Histone acetyltransferases p300 and TIP60 have been shown to interact with
Foxp3 promoting its acetylation and stability (Li et al., 2007). The mRNA levels of p300 and
Tip60 displayed no significant differences in our studies in control and Garp-deficient Tregs.
The deregulation of HDACO results in an imbalance in the equilibrium of HATs and HDACs
promoting Foxp3 deacetylation. The hypothesis is thus that Foxp3 is less acetylated and thereby
more unstable in Garp-deficient Tregs as a result of the abundance of HDAC9.

This expectation was confirmed by Foxp3 acetylation analysis with flow cytometry experiments
that utilize a FRET antibody pair for Foxp3 and acetylated lysine (AcK). The detection of the
FRET signal required that an anti-Foxp3 antibody and an anti-AcK antibody bind to their targets
in close proximity. The FRET analysis demonstrated significantly reduced Foxp3 acetylation

levels in Garp-deficient Tregs compared to control Tregs.

4.4 Acetylation-mediated Foxp3 protein stability

The lysine acetylation of Foxp3 is a reversible post-translational modification which defines
Foxp3 protein stability by preventing polyubiquitination and thereby proteasome-mediated
Foxp3 degradation (van Loosdregt et al., 2010). Protein acetylation is the attachment of an acetyl
group to the g-amino group of lysine residues or to the N-terminus of proteins. Poly-
ubiquitination initiates also at lysine residues. When these are obstructed by an acetyl group,
ubiquitination processes are unable to initiate and proteasomal degradation is prohibited (Drazic
et al., 2016). Deacetylation of lysine residues result in an increased susceptibility to poly-

ubiquitination and protein degradation by the proteasome.

Loosdregt et al. confirmed this concept with Foxp3 transfected HEK293 cells. Foxp3 acetylation
was increased when cells were co-transfected with p300 and in the presence of HDAC inhibitors
TSA and NAM. It was shown that the acetylation state of Foxp3 is able to modulate Foxp3

protein levels. Further the use of proteasome inhibitor MG132 as well as the mutation of all
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lysine residues to arginine in Foxp3 demonstrated similar stabilization of Foxp3 in HEK293 cells

as the promotion of acetylation (van Loosdregt et al., 2010).

Our data showed that the reduced Foxp3 acetylation in Garp-deficient Tregs correlates with
reduced Foxp3 protein stability as it was hypothesised. Basal Foxp3 protein levels and
expression stability of Foxp3 were significantly diminished in Garp-deficient Tregs compared
to control Tregs. Most importantly, protein stability experiments with CHX, which abolishes all
protein biosynthesis and excludes the influence of potential differences in gene transcription
during the incubation, demonstrated a diminished half-life of Foxp3 protein in Garp-deficient
Tregs. Corresponding to results in mice, the half-life of human Foxp3 protein was also impaired
in PID patients compared to healthy controls. Although the basal protein levels of Foxp3 were
reduced, frequency of Foxp3 positive Tregs was not affected by the lack of acetylation-mediated
protein stability in mice. In PID patients with GARP mutations, however, the frequency of Foxp3

positive Tregs was significantly diminished.

Despite the fact that HDAC inhibition can induce lymphocyte cell-cyle arrest and apoptosis
(Choi et al., 2005; Moreira et al., 2003) Tao et al. demonstrated in in vivo experiments that Tregs
from mice treated with TSA had increased Foxp3 acetylation and protein levels (Tao et al.,
2007). For this study different HDAC inhibitors were tested in vitro with murine CD4" T cells
to increase Foxp3 acetylation and to improve Foxp3 protein stability. However, beneficial effects
on Foxp3 stability could not be observed in cell culture experiments. HDAC inhibition increased
overall lysine acetylation effectively in higher doses, but Foxp3 expression was diminished. The
loss of Foxp3 expression was most likely caused by induction of apoptosis. Positive effects on
Foxp3 stability were also not observed when HDAC inhibitors were used in lower doses or short

term.

4.5 Analysis of TGFp1 effect on Garp-deficient Tregs

This study showed that defects and deregulations identified in Garp-deficient Tregs are directly
connected to TGFB1 deprivation. In the absence of GARP, TGFB1 maturation is limited and
pSMAD2/3 signalling reduced. When Garp-deficient and control Tregs were treated with
exogenous TGFB1, we observed a restored Treg phenotype in the form of direct and indirect
molecular effects of TGFB1 signalling. HDAC9 expression in Tregs was reduced up to 50% in
the presence of TGFB1. Garp-deficient Tregs treated with TGFB1 reached Hdac9 mRNA levels

similar to control Tregs without TGFB1 stimulation. Real-time PCR experiments revealed that
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TGFB1 has a specific inhibitory effect on HDAC9 expression while the expression of other
HDACs was unaltered in presence of TGFB1 in control and Garp-deficient Tregs. In
consequence to reduced Hdac9 mRNA levels Tregs displayed a significantly higher degree of
Foxp3 acetylation upon TGF1 stimulation. This effect was seen in control and Garp-deficient

Tregs. In both cases similar Foxp3 acetylation was observed in response to TGFB1 stimulation.

The responsiveness of Hdac9 mRNA levels to TGFB1 signalling can be explained by TGFp-
mediated transcriptional repression. SMAD binding elements (SBE) were identified within the
promoter region of HDAC9 with a predicted binding site for SMAD3 and SMADA4 respectively.
The N-terminal Mad homology domain 1 (MH1) of SMAD3 can bind to distinct promoters that
harbour the SBEs sequence GTCT or its palindrome AGAC (Shi et al., 1998). SMAD2 and
SMAD3 are direct mediators of TGFB1 signalling. Upon TGFf receptor activation SMAD2/3
are phosphorylated and translocated to the nucleus by SMAD4 (Horbelt et al., 2012). In a similar
manner Frederick et al. showed that TGFB-mediated repression of c-myc requires direct binding
of Smad3 to a repressive Smad binding element (RSBE) which Smad4 can also bind to
(Frederick et al., 2004).

By reducing HDACO levels in Tregs that enable increased Foxp3 acetylation, exogenous TGFp1
managed to restore the diminished Foxp3 acetylation and the reduced protein half-life of Foxp3
in Garp-deficient Tregs. Half-life of Foxp3 was equal in control and Garp-deficient Tregs after
they were incubated with TGFB1 before adding CHX to the cell culture. Significant differences
in Foxp3 half-life were, however, still observed when Tregs were pre-incubated without TGFf1.
Without pre-incubation, the presence of TGF1 showed no effect on the stabilization of Foxp3
neither for control or Garp-deficient Tregs. When protein biosynthesis and thereby protein
turnover is inhibited, TGFB1 does not alter the HDAC9 to HAT equilibrium by effecting mRNA
levels of Hdac9. It is therefore expected that TGFB1 is not modulating translation independent
pathways to benefit Foxp3 stability but rather takes indirect influence on Foxp3 acetylation by
reducing HDAC9 expression. TGFB1 also showed a stabilizing effect on Foxp3 frequency in

cell culture experiments without CHX.

To summarise, exogenous TGFB1 resulted in a considerable reduction of Hdac9 mRNA
expression in both Garp-deficient and control Tregs. Thereby, exogenous TGFB1 was able to
restore the decreased Foxp3 acetylation level as well as the diminished half-life of Foxp3 that

was observed in Garp-deficient Tregs.
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4.6 Phenotype of TGFp1 deprivation

The destabilization of Garp-deficient Tregs resulting from increased Foxp3 deacetylation was
likely the central mechanism defining the unstable phenotype of Garp-deficient Tregs. Stable
Foxp3 is essential for Tregs as it is the key regulator of Treg function and development (Fontenot
et al., 2003). Multiple studies have shown that Tregs lose their regulatory phenotype and acquire
the phenotype of an effector T cell when Foxp3 expression is downregulated or lost (Komatsu
et al., 2009; Miyara et al., 2009; Tsuji et al., 2009). In this study Garp-deficient Tregs displayed
an increased expression of several cytokines regardless of the types (Thl, Th2 or Th17). This
might be associated with a reduced Foxp3-dependent transcriptional repression that results in an
overall deregulated expression of cytokines in Tregs. It is further compelling that Garp-deficient
Tregs demonstrate a phenotype that is similar to that of Tregs from mice were Foxp3 expression
was attenuated by genetical engineering (Wan and Flavell, 2007). In consequence of the reduced
Foxp3 expression, Tregs from those animals displayed a decreased regulatory capacity and
expressed effector cytokines. The results of our study are therefore consistent with the hypothesis
that a certain level of Foxp3 is essential to promote Treg maturation and the formation of a stable
phenotype. Depis et al. showed that mice prone to develop lupus nephritis were associated with
unstable Tregs due to a reduced expression of Foxp3 (Depis et al., 2016). Moreover, it was
reported that reduced Foxp3 expression associates with the occurrence of immune disorders in
humans (Balandina et al., 2005; Huan et al., 2005). Thus, taken together, this study demonstrates
that Tregs display signs of TGFB1 deprivation when GARP is absent or diminished on their
surface. The reduced TGFp signalling results in increased Hdac9 expression and subsequently
in Foxp3 protein destabilization, as a consequence of reduced acetylation. Therefore, GARP

plays an important role in stabilizing the immune system.
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