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1 Summary

In an effort to unravel novel genes or gene functions related to primary
immunodeficiencies, the Immunology Screen of the German Mouse Clinic participated in
a large-scale mouse mutagenesis program. Mouse mutants generated using the
compound N-ethyl-N-nitrosourea (ENU) were screened for abnormalities in peripheral
blood. Novel mouse mutant lines with immunological phenotypes were identified, and

the most impressive mutant line TUB006 has moved into the main focus of this thesis.

The immunological defect was analyzed in detail: Flow cytometric analyses,
electrochemiluminescence assays, in vivo challenge with the intracellular pathogen
Listeria monocytogenes, histology and immunohistochemistry revealed that
heterozygous mutants exhibit a selective T cell defect. Heterozygous TUB0O06 mice have
a normal life span under specific pathogen-free mouse housing conditions, but they
succumb to Listeria infection. Homozygous TUB006 mutants lack T-, B- and NK
lymphocytes and develop systemic sterile autoinflammation, dermatosis and
lipodystrophy. The pathophysiology was analyzed at different levels: from the stem cell
in the bone marrow to the phenotype in the skin. The unraveled pathogenesis aspects

were complex and based on diverse interweaved factors.

Genetic analysis identified the causative point mutation resulting in the exchange from
glycine to tryptophan in a highly conserved position of multicatalytic endopeptidase
complex subunit-1 (MECL-1). MECL-1 represents a catalytic subunit of the immuno- and
thymoproteasome. In contrast to TUB006, MECL-1 knockout mice can compensate the

protein loss by redundant subunits and do not present severe immunodeficiency.

To clarify the molecular basis of the TUB006 disease, a multidisciplinary collaboration
was initiated, and the gained molecular data indicate that the TUB006 mutation causes
structural changes impeding the biogenesis of functional thymo- and
immunoproteasomes. Proteasomes are essential for cell survival, and the selective
elimination of cells expressing mutated MECL-1 leads to the immunodeficiency in
TUBO006 mice. Systemic sterile inflammation together with combined T-, B- and NK- cell
deficiency has not yet been annotated to a proteasome subunit mutation. Therefore, the
proteasome assembly defect in TUBOO6 mutants provides a novel molecular
pathomechanism for primary immunodeficiency that may also be relevant in humans
with immunological defects of unknown etiology.
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2 Introduction

2.1 ENU screening in the mouse

For improving our understanding of the mammalian immune system, as well as for
discovering novel genes or gene functions relevant to human disorders, mouse models
with spontaneous (Shultz and Sidman 1987, Joliat and Shultz 2001) or induced
mutations (Nelms and Goodnow 2001, Beutler, Jiang et al. 2006, Hoyne and Goodnow
2006, Rutschmann and Hoebe 2008, Soewarto, Klaften et al. 2009) have proven to be
invaluable. A large number of mutant mouse lines have been produced by knockout of
known genes. In contrast to such a ‘gene driven’ approach, the ‘phenotype driven’
approach allows identification of new genes or gene functions by screening of
chemically induced random mutants for phenotypes of interest. The synthetic mutagen
N-ethyl-N-nitrosourea (ENU) causes alkylation of nucleotides, thereby inducing genome-
wide point mutations (Barbaric, Wells et al. 2007). This mirrors human single nucleotide
variants (SNVs) causative for numerous monogenic disorders (Online Mendelian

Inheritance in Man database, http://www.omim.org). Thus, ENU became the standard

mutagen used in phenotype-driven mutagenesis screens worldwide in diverse model

organisms such as drosophila or zebra fish.

The pioneer large-scale ENU mutagenesis and phenotypic screening project in the
mouse model was launched in Munich (Hrabé de Angelis, Flaswinkel et al. 2000,
Rathkolb, Fuchs et al. 2000). The program of random genome-wide germline
mutagenesis particularly aimed at discovering mutant mouse lines with clinical
phenotypes as models for human diseases. Male mice were injected with ENU. After
injection, ENU distributes systemically and in particular targets early stem cell
spermatogonia. ENU alkylates genomic DNA during cell division by transferring its ethyl
group to nucleophilic sites of nucleic acids. The toxicity of ENU leads to temporal
sterility of ENU-treated males, but the fertility recovers in a dose- and strain-dependent
manner. The inbred strain C3HeB/Fe] was chosen for the Munich ENU mutagenesis
program due to its ability to tolerate high doses of ENU and to regain fertility to
relatively high percentage of 50% of injected males. ENU-treated males were mated with
untreated wild type female mice, leading to production of heterozygous offspring, which

were then screened for phenotypes of interest.
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It was calculated that each individual first-generation offspring is carrying an average of
approx. 30 independent protein-changing mutations (Beutler, Jiang et al. 2006, Cook,
Vinuesa et al. 2006). Most mutations represent A:T to T:A transversions at the
nucleotide level, leading to missense mutations at the protein level (Justice, Noveroske
et al. 1999). Analysis of the genomic distribution of ENU-induced SNVs showed that
resulting SNVs are not randomly distributed, but are overrepresented in genes with high
G+C content, and the mutated nucleotide is often flanked directly by C or G nucleotides

(Barbaric, Wells et al. 2007).

For many years, the bottleneck in ENU mutagenesis approaches remained the
identification of the underlying genetic alteration (Nelms and Goodnow 2001). The most
time-consuming part comprised the out- and backcrossing of the affected carrier to wild
types of a different genetic background to narrow down the chromosomal region of the
mutation by linkage of the phenotype to genetic markers (Soewarto, Klaften et al. 2009).
As genetic markers, SNPs (single nucleotide polymorphisms) - inheritable genomic
variations among different mouse strains - have proven to be an important tool (Klaften
and Hrabé de Angelis 2005). Even though this tool helps to reduce the chromosomal
region of the mutation, most cases still exhibit a variety of remaining candidate genes.
The former bottleneck has recently been overcome by development on Next generation

deep sequencing techniques (Metzker 2010, Fairfield, Gilbert et al. 2011).

2.2 Murine peripheral blood leukocyte subtypes and their phenotypic

characteristics

As part of the ENU mutagenesis program at the Helmholtz Zentrum Miinchen, the
Immunology Screen of the German Mouse Clinic (GMC) analyzed blood samples from
ENU-treated offspring for alterations in immune cell populations (Flaswinkel,
Alessandrini et al. 2000). Analysis of the peripheral blood is a minimally-invasive
method to evaluate the immune status. Furthermore, it facilitates serial analyses over

time and mirrors the standard diagnostic method for human immunodeficiencies.

Circulating blood is the primary transportation system within the body. It transports
oxygen and carbon dioxide, nutrients and metabolites, as well as signal molecules such
as hormones. Blood is composed of the liquid part (plasma) and the cellular part, which
has three primary components: red blood cells (erythrocytes), white blood cells
(leukocytes) and platelets (thrombocytes). Non-nucleated hemoglobin-containing
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erythrocytes transport oxygen to the tissues. Thrombocytes are irregularly shaped
particles responsible for blood coagulation. The various leukocyte types with specialized
functions and their essential role in the immune system are shortly reviewed in the
following chapters. Under baseline conditions, leukocyte subsets are strictly regulated
and genetically controlled (Petkova, Yuan et al. 2008, Lynch, Naswa et al. 2010).
However, physiological changes in the leukocyte frequencies occur depending on sex-,

ageing-, stress- or diet-related factors.

Polychromatic flow cytometry is a powerful method to investigate the heterogenic
complexity of leukocytes, since it allows for the definition and proportional assessment
of various subsets. In the next chapters, a short overview of the flow cytometric

characteristics of the respective leukocyte population is given.

2.2.1 The peripheral myeloid compartment

Myeloid cells of the peripheral blood (granulocytes and monocytes) are crucial
components of the innate immune system. Granulocytes are leukocytes containing
granules full of effector molecules. There are three types of granulocytes distinguished
by their staining capabilities: eosinophils, basophils and neutrophils. Granulocytes
patrol in the blood circulation as terminally differentiated cells, until they are recruited
into tissues in response to specific stimuli. The life span of short-lived granulocytes in
peripheral blood spans only hours to a maximum of several days (Ohnmacht and
Voehringer 2009, Bratton and Henson 2011). The eosinophil and rare basophil
granulocytes contribute to the development of allergic responses, and play a role in
protective immunity against parasites. Furthermore, they interact with other immune
cells and modulate immune responses (Mukai, Matsuoka et al. 2005, Rothenberg and
Hogan 2006, Karasuyama, Obata et al. 2011). Neutrophils are by far the most abundant
granulocyte type. From peripheral blood, neutrophils are recruited into tissues in
response to injury or infection (McDonald, Pittman et al. 2010). Within tissues,
neutrophils act as major effectors of acute inflammation either triggered by pathogens
or in their absence (sterile inflammation). The immediate release of aggressive effector
molecules such as reactive oxygen species (ROS), antimicrobial peptides, and proteases
efficiently eliminates pathogens, but also possess a host tissue-destructive potential
(Nathan 2006). After accomplishing the effector functions, neutrophils undergo

apoptosis and are recognized and cleared by macrophages (Rowe, Allen et al. 2002,
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Bratton and Henson 2011). Thereby, neutrophils are usually cleared very rapidly to
protect the host from overt tissue damage. Detection of morphologically dead
neutrophils is rare in tissues during resolution of inflammation. Thus, in the absence of
clearance defects, neutrophil removal is an efficient process that actively promotes

restoration of tissue structure and function .

Circulating monocytes are a heterogeneous population of precursor cells, which can be
further differentiated into tissue macrophages and dendritic cells (DCs; Auffray, Sieweke
et al. 2009, Epelman, Lavine et al. 2014). Likewise granulocytes, monocytes are
recruited to tissues and promote inflammatory response against microbial triggers

(Henderson, Hobbs et al. 2003, Serbina, Jia et al. 2008, Shi and Pamer 2011).

In classic flow cytometry, neutrophils were identified by their high side scatter (SSC)
signal that mirrors high granularity of these leukocytes (Robinson and Carter 1993).
Currently, the common strategy to identify myeloid cells in murine peripheral blood is
the combination of the surface markers Gr-1 and CD11b. Antibodies targeting the
myeloid differentiation antigen Gr-1 bind both Ly6C and Ly6G. The surface markers
Ly6G and Ly6C have been used extensively for flow cytometric analysis of the myeloid
compartment in mice. Co-expression of Ly6G and Ly6C is a sign of neutrophils (Rose,
Misharin et al. 2012), whereas Ly6C is expressed on dendritic cells, and subpopulations
of lymphocytes and monocytes. For further subdivision of myeloid cells, surface
expression of the integrin CD11b is used. Neutrophils express high levels of Gr-1 and
intermediate levels of CD11b, whereas mouse blood monocytes are commonly defined
by the surface co-expression of high levels of CD11b and intermediate levels of Gr-1
(Lagasse and Weissman 1996, Zhao, Evans et al. 2008). Alternatively, the marker 7/4 in
combination with intermediate Gr-1 levels can be used for monocyte identification

(Henderson, Hobbs et al. 2003).

The heterogeneous monocyte population can be subdivided into phenotypically and
functionally distinct subpopulations by the surface expression of Ly6C. Ly6Chigh
“inflammatory” monocytes are recent emigrants from the bone marrow and show the
capacity to migrate into sites of inflammation (Geissmann, Jung et al. 2003,
Sunderkotter, Nikolic et al. 2004). In contrast, Ly6Cl°¥ monocytes have lost this
potential. Ly6Clov “resident” monocytes show patrolling behavior in the blood vessels
and healthy tissues (Auffray, Fogg et al. 2007). Moreover, Ly6Chigh monocytes mature in

the circulation and are the precursors of Ly6Clov monocytes (Sunderkotter, Nikolic et al.
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2004). Blood DCs, another small subset of monocytic cells in peripheral blood, are

characterized by the expression of the integrin CD11c (Auffray, Sieweke et al. 2009).

2.2.2 The peripheral lymphoid compartment

Lymphocytes are categorized into three principle types: natural killer (NK) cells, T and B
cells. NK cells are component of the innate immune system and kill cancer cells and
virus-infected cells. T and B lymphocytes are components of the adaptive immune
system. B cells produce antibodies, while T cells can directly kill or modulate immune

responses against foreign cells, including cancer cells and virus-infected cells.

NK cells

NK cells are large granular lymphocytes that are able to recognize and kill transformed,
infected and foreign cells. NK cells share some features with T cells, for example the
requirement of major histocompatibility complex MHC class I (Yokoyama and Kim 2006,
Orr and Lanier 2010) and transcription factors T-bet and Eomes for maturation

(Gordon, Chaix et al. 2012).

Using flow cytometry, NK cells can be identified by their surface expression of markers
NKp46 and NK1.1 (Karlhofer and Yokoyama 1991, Walzer, Blery et al. 2007). Notably,
NK receptors show allelic divergence among different mouse strains, complicating the
flow cytometric identification of NK cells. For example, NK1.1 can be used to identify NK

cells on C57BL/6, but not on C3H or BALB/c backgrounds (Carlyle, Mesci et al. 2006).

Diverse NK cell subpopulations can be identified upon their expression of specific
markers such as CD11b, CD44, or Ly6C: CD11b-expressing NK cells represent the
mature population (Chiossone, Chaix et al. 2009); CD44 is an activation marker, which is
upregulated to high levels upon activation (Sague, S. L., et al. 2004); and Ly6C is higher

expressed in NK cells with memory-like properties (Sun, Beilke et al. 2009).

T cells

The T cell compartment in peripheral blood is a dynamic pool of cells that undergo
maturation, antigen encounter, acquisition of effector functions and memory cell
formation and maintenance (Woodland and Dutton 2003). The two most abundant
functionally distinct T cell lineages - CD4* and CD8* T cells - are discriminated by the

expression of co-receptors CD4 or CD8.
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CD4+ T lymphocytes are referred to as T helper cells. T helper cells modulate the activity
of other leukocytes by cytokine secretion, and play an essential role in B cell antibody
class switching as well as activation of CD8* T cells and innate immune cells.
Functionally distinct subsets of CD4* T cells develop in the context of infections or other
inflammatory conditions, distinguished by characteristic cytokine signatures. Although
the exact number of T helper subsets is still disputed, the physiological relevance of
subsets Tul, Tu2 and Tu17 is widely accepted (Grogan, Mohrs et al. 2001, Murphy and
Reiner 2002, Stockinger and Veldhoen 2007). Another subset of CD4" T cells - regulatory
T (Treg) cells - have critical function in suppression of autoimmunity (Williams and
Rudensky 2007). Many Treg cells express T cell receptors with high affinity for self-
peptide:MHCs (Apostolou, Sarukhan et al. 2002, Pacholczyk, Ignatowicz et al. 2006). In
adult mice, the regulatory T cell pool is maintained by self-renewal of mature regulatory
T cells (Rubtsov, Niec et al. 2010), but Treg differentiation can be also induced by
administration transforming growth factor (TGF)-f3 to CD4+* effector cells (Chen, Jin et al.

2003).

CD8* T cells harbor cytolytic and cytotoxic potential and are therefore termed cytolytic
T lymphocytes (CTL). The effector molecules secreted or expressed on the cell surface of
CD8* T cells mediate cell death by forming of pores in the cell membrane or pro-
apoptotic signaling (Bossi, Trambas et al. 2002, Russell and Ley 2002). Therefore,
generation of robust CD8* T cell responses is crucial for immune defense against
infections with viruses and intracellular bacteria as well as some tumors. Beside their
cytotoxic activity, activated CD8* T cells also secrete immune-stimulatory cytokines such
as interferon (IFN)-y, tumor necrosis factor (TNF)-a and interleukin (IL)-2. These
cytokines promote antiviral defense mechanisms, enhance effector functions of innate

immune cells, and induce further proliferation and activation of T cells.

The course of a T cell response begins with a naive T cell that encounters its
correspondent antigen for the first time. Within this priming phase, the T cell gets
activated and subsequently proliferates to produce numerous daughter cells with the
same specificity (clonal expansion). Thereby, a large effector cell population is
generated that is responsible for effector functions (e.g. cytokine secretion, acute
elimination of the pathogen). Thereafter, the effector phase is terminated by a dramatic

reduction of the effector cell population, leaving behind a small number of memory cells
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that continuously patrol various tissues and provide long-term immunity (Busch and

Pamer 1999, Reiner, Sallusto et al. 2007, Williams and Bevan 2007).

For flow cytometric identification of all mature T cells the expression of the T cell
receptor (TCR), but also the Pan-T cell markers CD3 or CD5 are appropriate (Azzam,
Grinberg et al. 1998). The T cell pool is divided by the expression of co-receptors CD4 or
CD8, and CD4+* as well as CD8* T cell populations can be further subdivided upon the cell
surface expression of numerous markers. L-selectin (CD62L), for example, is promoting
efficient lymphocyte homing to lymph nodes (Arbones, Ord et al. 1994, Catalina, Carroll
et al. 1996, Steeber, Green et al. 1996). Ly6C is a surface glycoprotein that was
historically considered as a T cell memory marker (Walunas, Bruce et al. 1995). In the
meantime, it was shown to be involved in many T cell processes such as cytolysis,
proliferation, IL-2 and IFN-y production, homing, and adhesion to endothelial cells
(Gumley, McKenzie et al. 1995, Jaakkola, Merinen et al. 2003, Hanninen, Maksimow et al.
2011). The hyaluronic acid-binding adhesion molecule CD44 mediates T cell trafficking
to inflamed sites (DeGrendele, Estess et al. 1997) and also provides co-stimulation

(Galandrini, Galluzzo et al. 1994).

A number of phenotypic differences between the different T cell subpopulations have
been described. Naive T cells are characterized by the surface expression of CD62L and
CD127 and low expression of the activation marker CD44 (Zhang, Joe et al. 2005, Zhao
and Davies 2010). During T cell activation, adhesion molecules, e.g. CD44 and CD11b are
upregulated, indicating altered migrating behavior that allows egress into sites of
inflammation. Short-living effector T cells lose the expression of CD62L and acquire the
CD44+CD62L- phenotype. Activation-induced upregulation of CD44 is retained long-term
also during memory phase. There are two distinct long-lived memory T cell populations:
effector memory (Tem) and central memory T cells (Tcm; Sallusto, Lenig et al. 1999).
CD127+CD62L- Tem preferentially migrate to peripheral tissues, displaying immediate
effector functions upon antigen re-encounter, while CD127+CD62L* Tcm circulate
through secondary lymphoid organs, have little effector function, but readily expand and
differentiate to secondary effector cells in response to antigen stimulation (Huster,

Busch et al. 2004, Masopust, Vezys et al. 2004, Sallusto, Geginat et al. 2004).

Phenotypic identification of memory T cells is further complicated by a process called
homeostatic proliferation. Thereby, naive T cells divide in the periphery without antigen

encounter and upregulate activation and memory markers such as CD44 and Ly6C
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(Goldrath, Bogatzki et al. 2000, Haluszczak, Akue et al. 2009). In lymphopenic
environment, homeostatic proliferation is pronounced, but it is unclear to which extent
it contributes to the T cell pool in non-lymphopenic mice (Goldrath and Bevan 1999,

Murali-Krishna, Lau et al. 1999).

A CD4+ T cell subset expressing high levels of Ly6C was identified that is specialized to
regulate plasma cell production (McHeyzer-Williams and McHeyzer-Williams 2004).

Another phenotypic marker for T cells is the IL-2 receptor CD25. In naive mice, most
CD4+ T cells expressing CD25 represent Treg cells. However, the definition of Treg cells by
co-expression of CD4 and CD25 can be misleading, since the upregulation of CD25 is also
observed in non-regulatory CD4+ cells upon activation (Malek and Castro 2010). For the
definite identification of the Treg subpopulation, intracellular staining of the lineage-

specific transcription factor Foxp3 is required (Hori, Nomura et al. 2003).

Besides the predominant CD4* helper and CD8* cytotoxic cells, some small populations
of T lymphocytes are present in peripheral blood: CD4 and CD8 double-positive (DP)
and double-negative (DN) T cell sublineages, gamma delta T cells, and NKT cells
(Zuckermann 1999, Martina, Noel et al. 2015, Fay, Larson et al. 2016). NKT cells form a
heterogeneous population of T cells that share some characteristics with NK cells
(Godfrey, Hammond et al. 2000). NKT cells influence immune responses in both
stimulating or suppressive manner (Kronenberg 2005). The key features of NKT cells
include TCR expression, CD1b restriction and rapid production of high cytokine levels,
particularly IL-4 and IFN-y. In mice, NKT cells are commonly defined as NK1.1*CD3*.
Like conventional T cells, NKT cells can be subdivided into functionally distinct CD4+, DN
and CD8* subsets (Godfrey, Hammond et al. 2000). Most NKT cells are developed in the
thymus, but extrathymical generation from T cells by upregulation of NK1.1 in the
periphery was also described (Slifka, Pagarigan et al. 2000). The majority of NKT cells
have a special type of invariant T cell receptor, which is generated by the rearrangement
of Va14-Ja18 segments. These cells are termed type I or invariant NKT (iNKT) cells. DN
T cells, which are not NKT cells, play a role in the development of autoimmune diseases

(Shivakumar, Tsokos et al. 1989, Sumida, Sakamoto et al. 1995).

Taken together, the complex T cell compartment is functionally diverse, complicating its
analysis by flow cytometry. However, great effort has been made to correlate functional

properties with phenotypical characteristics.
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B cells

B lymphocytes are the main players of humoral immunity due to their capability to
synthesize immunoglobulins (Ig). The B cell receptor (BCR, formed by the membrane-
bound form of immunoglobulin and other transmembrane proteins) signaling is
essential for the B cell development and activation. B cells are generated in the bone
marrow and circulate in the blood and secondary lymphoid tissues. When B cells
encounter their specific antigen in the lymphoid tissues and receive stimulatory signals
from T helper cells, B cells proliferate and its progeny undergoes alterations of the B
cells receptor by isotype switch recombination and somatic hypermutation. Thereafter,
B cells differentiate either into short-lived plasma cells, which produce large quantities
of antibodies or into long-lived memory B cells that respond rapidly upon re-encounter

with the same antigen (McHeyzer-Williams and McHeyzer-Williams 2005).

For the definition of B cells by flow cytometry, the surface expression of CD19 and/or
B220 is commonly used. CD19 might be the more reliable B cell marker than B220
(Rolink, ten Boekel et al. 1996). Some B cell subpopulations can be distinguished by
levels of surface IgD and IgM expression. IgM is the first antibody isotype expressed
during B cell development. Following egress from the bone marrow, B cells start
expressing a second Ig isotype, IgD. Thus, naive mature B cells are characterized as
[gM+*IgD+* B cells (Lutz, Ledermann et al. 1998, Geisberger, Lamers et al. 2006). After that,
I[gM is downregulated and the IgD*IgM- B cell compartment represent mature
recirculating B cells (Korner, Winkler et al. 2001). During B cell activation, the surface Ig
expression is switched to IgG and IgA, thus B cells after class switch appear IgM-IgD-B
cells (Reynaud, Descatoire et al. 2012).

Besides conventional B cells, a second B cell lineage exists known as B1 cells.
(Fagarasan, Watanabe et al. 2000). B1 cells are characterized by surface expression of
CD5. B1 cells express a distinctive repertoire of receptors and differ from conventional
(sometimes referred to as B2 cells) B cells. B1 cells are present in stable frequencies in
immunologically normal mouse strains, but show abnormal frequency alterations in
both directions in immunodefective mouse mutants (Hayakawa, Hardy et al. 1983,

Sidman, Shultz et al. 1986).
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2.3 Hematopoiesis

The lifespan of terminally differentiated leukocytes is limited, ranging from few hours
for granulocytes to several years for memory T cells. To replenish the peripheral
compartment, daily billions of leukocytes are generated. The strictly regulated process
of blood cell production and homeostasis is termed hematopoiesis. Blood cell
production is established during embryogenesis, first in the yolk sac, subsequently in
the liver, spleen, and eventually in the bone marrow. After birth, the bone marrow

remains the predominant site of hematopoiesis.
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Figure 1: Classical hematopoiesis model describes stepwise differentiation from pluripotent hematopoietic stem cells to
lineage-restricted progeny. Solid arrows show irreversible maturation events. Dashed arrows indicate multi-step differentiation to
terminally differentiated cells. LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-term hematopoietic stem cell; MPP,
multipotent progenitor cell; CLP, common myeloid progenitor; CMP, common myeloid progenitor; GMP, granulocyte-macrophage
progenitor; MEP, megakaryocyte-erythrocyte progenitor; EP, erythrocyte progenitor; MkP, megakaryocyte progenitor; GP
granulocyte progenitor; MacP, macrophage progenitor.

lineage-negative

Pluripotent hematopoietic stem cells (HSCs) are the origin of the full spectrum of
leukocyte lineages (Figure 1; Spangrude, Heimfeld et al. 1988, Weissman 2000). Long-
term HSCs (LT-HSCs) have the ability to self-renew and to differentiate to all lineages
throughout the entire life span of the organism (Morrison and Weissman 1994, Wilson,

Laurenti et al. 2008). Short-term HSCs (ST-HSCs) have a more limited self-renewal
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capability. ST-HSCs can reconstitute the hematopoietic system after transplantation into
an irradiated recipient, but fail to reconstitute a secondary recipient (Morrison and
Weissman 1994). HSCs give rise to non-self-renewing multipotent progenitor cells
(MPPs; Morrison, Wandycz et al. 1997), which in turn differentiate into lineage-
restricted progenitors. These include common lymphoid progenitors (CLPs; Kondo,
Weissman et al. 1997) and common myeloid progenitors (CMPs; Akashi, Traver et al.
2000). CLPs develop to T cells, B cells and NK cells. CMPs undergo differentiation to
either megakaryocyte/erythrocyte (MEPs) or granulocyte/macrophage progenitors
(GMPs). These committed progenitors in turn give rise to the terminally differentiated

erythrocytes and platelets or granulocytes and macrophages, respectively.

Beyond basic homeostasis, hematopoietic stress conditions such as blood loss or
infection demand rapid adaptation of the hematopoietic system by increasing cellular
output. To ensure production of the required leukocyte lineages, the balance between
the diverse hematopoietic differentiation pathways is highly regulated. For example,
lymphopoiesis and granulopoiesis show reciprocal regulation (Ueda, Kondo et al. 2005).
In response to infection, a program of accelerated granulocyte production is initiated
that enables fast defense against pathogenic invaders. Bacterial components and
inflammatory cytokines such as IL-1 stimulate granulopoiesis and the release of
neutrophils into the blood stream (Cain, Snowden et al. 2011). Such inflammation-
induces granulocyte expansion, also known as “emergency granulopoiesis”, engages the
total capacity of the bone marrow haematopoietic system and leaves no space for

lymphopoiesis (Manz and Boettcher 2014).

Thus, the bone marrow hematopoietic system adopts the needs of an organism and
supplies the required blood cell types in a highly orchestrated way during physiological

steady-state as well as under emergency conditions.

2.4 T cell development in the thymic microenvironment

As described above, the development of lymphocytes starts in the bone marrow. While B
cells differentiate terminally within the bone marrow, T cell precursors are recruited to
the thymus to complete their maturation (Perry, Pierce et al. 2003). The thymus is a bi-
lobed organ located above the heart. It is surrounded by a capsule and displays
morphological distinction into the outer cortex and inner medulla. The thymic stroma -

a network of thymic epithelial cells (TECs) - is essential for T cell differentiation, and
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impaired development of TECs leads to complete lack of T cells in the athymic nude

mouse (Nehls, Kyewski et al. 1996, Anderson and Takahama 2012).

T cell progenitors enter the thymus at the border of cortex and medulla. The maturating
thymocytes migrate outwards the cortex to the subcapsular region and then back
through the cortex into the medulla (Petrie and Zuniga-Pflucker 2007). The disparate
thymic regions provide specific microenvironments that convey differentiation events
such as proliferation, recombination of the TCR, lineage commitment, and clonal

selection, as described below in more detail.

Conventional T lymphocytes (CD4+ or CD8* TCRaf T cells) recognize antigens via the
TCR, which consists of two chains: a and (3. Both TCR chains are not germline encoded,
but rather generated during thymocyte maturation by individual somatic recombination
events. The most immature T cell progenitors in the thymus lack surface expression of
the TCR and the TCR-associated co-receptor complex CD3. Furthermore, they do not
express the T cell co-receptors CD4 or CD8 and are thus termed CD4/CD8 double-
negative thymocytes. While migrating outwards the cortex and accumulating within the
subcapsular region, T cell progenitors undergo V(D)] recombination, i.e. random
sequential gene rearrangement of the genomic regions encoding components of the 3
and a TCR chains (Schatz, Oettinger et al. 1992, Livak, Tourigny et al. 1999). V(D)]
recombination results in an individual TCR with a unique antigen specificity in each T

cell in order to achieve maximal diversity of the T cell repertoire.

Upon successfully rearranged TCRs and the associated complex CD3 on the cell surface,
thymocytes start migration back inwards. This developmental stage is associated with
the expression of both CD4 and CD8 co-receptors, thus thymocytes show CD4+ CD8*
double positive signature. Developing DP thymocytes expressing a functional TCR first
are screened for their ability to recognize self-peptides in association with MHC class I
or class Il molecules. Only thymocytes that can bind self-peptide:MHC with low avidity
receive a survival signal. This process, also known as positive selection, takes place in
the thymic cortex and is mediated by cortical thymic epithelial cells (cTECs; Laufer,
DeKoning et al. 1996, Nitta, Murata et al. 2010). T cells, which fail at positive selection,
undergo apoptosis. Positive selection eliminates potentially self-reactive high-avidity T
cells as well as T cells incapable of MHC recognition (Laufer, DeKoning et al. 1996, Starr,

Jameson et al. 2003).
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DP thymocytes differentiate into either CD4+*CD8- (CD4SP) or CD4-CD8* (CD8SP) T cells
and move then to the thymic medulla. Within the medulla, maturating T cells encounter
medullary thymic epithelial cells (mTECs) and thymic dendritic cells. These cell types
mediate elimination of self-reactive T cells in a process called negative selection (Starr,
Jameson et al. 2003, Perry, Lio et al. 2014). As a result, self-tolerance is established. T
cells successfully passed this last differentiation step maturate and finally are released

into the periphery as naive CD4* or CD8* T cells.

Most developing thymocytes die by apoptosis without successfully completing the
stepwise progression of thymocyte development. The functionally distinct thymic
epithelial microenvironments play a pivotal role in the establishment of an effective T

cell pool and preventing autoimmunity.

2.5 Antigensin T cell immunity

Each individual T cell carries TCRs of one distinct antigen specificity, and the pool of
individual T cells forms the highly diverse T cell repertoire of an organism. The TCRs
recognize peptide:MHC complexes, i.e. membrane-bound molecules of the MHC family
displaying processed protein antigens (Germain 1994). MHC class I molecules are
expressed on the surface of all nucleated cells, while MHC class II expression is limited to
professional antigen-presenting cells (APCs). T cell recognition of either peptide:MHC
class I or peptide:MHC class II complexes depends not only on the TCR specificity, but
also on expression of T cell co-receptors CD4 or CD8, which discriminates the CD8*

cytotoxic T cell and CD4+* T helper cell compartments (Germain 2002).

Extracellular or endosomal proteins are unselectively degraded by endosomal and
lysosomal proteases such as cathepsins. The resulting peptide fragments of 15 to 24
amino acids are preferentially loaded on MHC class Il molecules and presented to CD4+*

T cells (Villadangos 2001, Lennon-Dumenil, Bakker et al. 2002).

In contrast, MHC class [ molecules recognized by TCRs of CD8* T cells are loaded with
peptides from cytosolic origin. More than 90 % of all cytosolic proteins are degraded by
the proteasome - the major protease engaged in the non-lysosomal protein turnover. By
shaping the antigenic pool of peptides the proteasome constitutes a key component of
the CD8* T cell immunity. From cytosol, putative antigenic peptides are translocated into
the endoplasmic reticulum (ER) by the transporter associated with antigen processing

(TAP; Townsend and Trowsdale 1993). In the ER peptides associate with the binding
-25.



groove of nascent MHC class I molecules. After maturation, stable peptide:MHC
complexes are transported to the cell surface for their exposure to the extracellular

environment.

2.6 The proteasome

For cellular function and viability, degradation of misfolded and damaged proteins is
crucial. Protein homeostasis is mainly maintained by the ubiquitin-proteasome system,
the major proteolytic pathway. The key player of this system is the proteasome, acting
as the major cytoplasmic protease for controlled degradation of intracellular proteins.
Beyond basic protein homeostasis, proteasomes have wide-spread functions such as
control of signaling pathways, cell cycle and apoptosis regulators via selective
proteolysis (Hershko, Ciechanover et al. 2000), as well as generation of peptides for

major MHC class-I presentation (Pamer and Cresswell 1998, Sijts and Kloetzel 2011).

The 26S proteasome complex consists of a barrel-shaped 20S proteolytic core and two
19S regulatory particles located at the brims of the cylinder (Kish-Trier and Hill 2013).
The 19S particles bind ubiquitinated proteins, and translocate them into the proteolytic

chamber of the 20S core (Finley 2009).

The basic structure of the 20S proteasome is highly conserved among eukaryotes, but it
is also present in a simplified form in prokaryotes including archaea and bacteria
(Bochtler, Ditzel et al. 1997, Groll, Ditzel et al. 1997, Huber, Basler et al. 2012). The
cylindrical proteasome is formed by 28 subunits arranged in four stacked heptameric
rings. Proteasomes are formed by the two outer a-rings and two inner (-rings. Each
ring of eukaryotic proteasomes contains seven different (but similar) subunits (a1-7 and
B1-7) located at fixed positions. The proteolytic activity is limited to the three subunits
B1-, B2-, and 5.

Whereas simple eukaryotes like yeast express only one type of proteasome (Groll, Ditzel
et al. 1997), in vertebrates with adaptive immunity a second class of proteasome has
coevolved, termed the immunoproteasome (Groettrup, Kirk et al. 2010). The “classical”
proteasome, hereafter referred to as the constitutive proteasome, comprises the
constitutive catalytic subunits B1c, B2c and 35¢; and is predominantly expressed in all
non-hematopoietic cells. The immunoproteasome show a distinct enzymatically active
B-subunit composition: $1i (LMP2, low molecular weight protein 2), $2i (MECL-1,

multicatalytic endopeptidase complex-like-1) and 5i (LMP7; Figure 2; Groettrup et al,,
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2010). The nomenclature of the different subunits and their encoding genes are

summarized in Table 1.

Table 1: Nomenclature of diverse catalytic subunits of proteasomes

Subunit LMP-alias Mouse Human Gene
Constitutive subunits

Bilc LMP19 6 Y Psmb6

B2c LMP9 MC14 z Psmb7

B5c LMP17 MB X Psmb5
Specialized subunits

B1i LMP2 LMP2 LMP2 Psmb9

B2i LMP10 MECL-1 MECL-1 Psmb10

B5i LMP7 LMP7 LMP7 Psmb8

B5t Psmb11

The immunoproteasome is constitutively produced in lymphocytes and professional
APCs, but its expression can be induced also in non-immune tissues by the
proinflammatory cytokine IFN-y (Aki, Shimbara et al. 1994, Groettrup, Kraft et al. 1996,
Nandji, Jiang et al. 1996, Groettrup, Kirk et al. 2010). In some experimental settings, also
TNF-a, IFN-a, IFN-B and lipopolysaccharide (LPS) can induce immuno-subunit
expression (Van den Eynde and Morel 2001, Reis, Hassan et al. 2011). The
immunoproteasome generates the majority of MHC class-I antigens required for
efficient immune surveillance and pathogen clearance by CD8* T cells as proven by
knockout mice lacking individual or all three catalytic immuno-subunits (Fehling, Swat
et al. 1994, Van Kaer, Ashton-Rickardt et al. 1994, Basler, Moebius et al. 2006, Kincaid,
Che etal. 2012).

Some years ago, a third type of specialized proteasome has been discovered in the
murine and human thymus and termed thymoproteasome (Murata, Sasaki et al. 2007,
Tomaru, Ishizu et al. 2009). It is composed of LMP2, MECL-1 and a third,
thymoproteasome-specific catalytic subunit 5t (Murata, Sasaki et al. 2007; Figure 2).
The thymoproteasome is produced exclusively in cTECs, and 5t knockout studies
demonstrated its essential role in positive selection during CD8* T cell maturation (Xing,

Jameson et al. 2013).
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Immuno- Constitutive Thymo-
proteasome proteasome proteasome

B1 Bli LMP2 Blc O Bli LMP2
B2 B2i MECL-1 B2c MC14 B2i MECL-1
B5 B5i LMP7 B5c MB1 B5t

Figure 2: Mammalian proteasome diversity shown as schematic illustration of the three mammalian proteasome types and
their catalytic subunit composition. Grey: a-subunit, Light blue: non-catalytic -subunits, light red: catalytic constitutive (-
subunits, dark red: immuno-f-subunits, dark blue: thymoproteasome-specific subunit $5t.

Besides the three mentioned eukaryotic proteasome types, mixed-type proteasomes
with specific cleavage specificities were reported, incorporating combined subunit
composition: LMP2, f2c and LMP7; or 31c, f2c and LMP7; or 31¢c, MECL-1 and LMP7
(Dahlmann, Ruppert et al. 2000, De, Jayarapu et al. 2003, Guillaume, Chapiro et al. 2010).
To even more complicate the proteasome diversity, proteasomes with asymmetric
composition of  subunits were described, bearing two different 3-rings (Klare, Seeger

etal. 2007).

2.6.1 Immune functions of proteasomes

All three types of proteasomes, the constitutive proteasome, immunoproteasome and
thymoproteasome, generate antigenic peptides presented on MHC I molecules (Van den
Eynde and Morel 2001, Murata, Takahama et al. 2008). However, they have distinct
substrate specificities, resulting in production of different peptide repertoires. Even
though the constitutive proteasome can produce immunogenic peptides, the
immunoproteasome is more efficient in this process. Viral infections trigger cytokine
release, which in turn induce the expression of the immunoproteasome. This leads to
enhanced antigen presentation and support clearance of the pathogen.

Immunoproteasome-deficient mice exhibit a quantitatively and qualitatively altered
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antigen repertoire (Kincaid, Che et al. 2012). Besides, the immunoproteasome plays a
crucial role in T cell differentiation, survival and the release of proinflammatory
cytokines. The basis of this requirement is not yet understood, but the nuclear factor-xB
(NF-kB) pathway seems to be not involved (Muchamuel, Basler et al. 2009). Another
role assigned to the immunoproteasome is the efficient proteolysis of proteins damaged

by cytokine-induced oxidative stress (Seifert, Bialy et al. 2010).

The thymoproteasome in cTECs is involved in selection of thymocytes for the optimal
binding of their TCR to MHC:self-peptide complexes. The specific substrate cleavage
capability of the thymoproteasome is assumed to produce self-peptides that are bound
by TCR with low-affinity (Murata, Takahama et al. 2008). Positively selected T cells
show less cross-reaction with self-peptides presented by diverse non-cTEC cells,
thereby preventing autoimmunity. In thymoproteasome-deficient mice, the number of
CD8* T cells is substantially reduced, demonstrating the importance of the
thymoproteasome for thymocyte maturation (Murata, Sasaki et al. 2007). Furthermore,
in absence of thymoproteasome-mediated positive selection, mice exhibit severe defects
in CD8* T cell response and in the survival following influenza virus infection (Nitta,

Murata et al. 2010).

In summary, both the thymo- and the immunoproteasome are key players of the
adaptive immune system. The thymoproteasome is essential for shaping of an
immunocompetent and self-tolerant T cell repertoire, and the immunoproteasome

promotes immune competence and sufficient CD8* T cell responses to pathogens.

2.6.2 Proteasome biogenesis pathway

Proteasome assembly follows a complex, well studied but not yet completely
understood biogenesis program. Proteasome formation involves generation of all
subunits, their assembly and maturation, and requires numerous regulators and
chaperons (Murata, Yashiroda et al. 2009, Gallastegui and Groll 2010, Kunjappu and
Hochstrasser 2014). Assembly of the mammalian constitutive, immuno- and
thymoproteasome as well as the yeast proteasome basically follows the same principle.
The B-subunits are synthesized as inactive precursors with N-terminal propeptides that
protect from uncontrolled proteolysis and are essential for proteasome maturation
(Jager, Groll et al. 1999). The initial step of the proteasome formation involves the

assembly of subunits al- a7 to a heptameric a-ring. The a-ring thereafter serves as a
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docking platform for f-subunits (Nandi, Woodward et al. 1997), which are incorporated
in a well-defined sequence. One of the first 3-subunit that associates with the a-ring is
B2 (De, Jayarapu et al. 2003, Hirano, Kaneko et al. 2008). The C-terminal appendage of
B2 is essential for integration of the neighbor subunit 3 (Ramos, Marques et al. 2004).
Thus, 2 and its C-terminal tail is highly conserved in structure and sequence among
eukaryotic species in constitutive and immuno-f2-subunits (Murata, Yashiroda et al.

2009, Huber, Basler et al. 2012).

The resulting precursor complex consists of two rings (ai1-781-7) and is termed half-
proteasome or hemiproteasome. Final activation of (-subunits by autolytic cleavage of
their propeptides requires dimerization of two hemiproteasomes and structural
rearrangements (Chen and Hochstrasser 1996, Ditzel, Huber et al. 1998, Murata,

Yashiroda et al. 2009).

Readily assembled proteasomes have fix subunit composition and different types of
proteasomes have to be formed de novo. How the incorporation of constitutive vs.
alternative subunits is controlled is not yet completely understood. Immuno-subunits
are preferentially incorporated into nascent proteasomes (Griffin, Nandi et al. 1998, Bai,
Zhao et al. 2014). The proteasomal B5i subunit LMP7 undergoes accelerated
incorporation/activation compared to constitutive 20S proteasome assembly nearly

four-fold (Heink, Ludwig et al. 2005).

2.6.3 Proteasome-associated human diseases

Due to the essential functions of the proteasome, mutations in any of its components are
associated with diverse human diseases such as diabetes and cancer (Gomes 2013).
Mutations in the proteasome maturation protein (POMP) were associated with the
human keratosis linearis with ichthyosis congenitalis and sclerosing keratoderma
(KLICK) syndrome. POMP acts as an essential chaperone for proteasome assembly.
Differentiating keratinocytes are highly sensitive to proteasome insufficiency, thus

POMP mutations can lead to the skin disease (Dahlqvist, Klar et al. 2010).

In several autoimmune disorders, circulating extracellular proteasomes are observed in
plasma from patients. Although circulating proteasomes are also present in plasma from
healthy donors, a substantial increase is found in patients suffering from systemic lupus
erythematodes, mixed connective tissue disease, and rheumatoid arthritis (Zoeger, Blau

et al. 2006, Majetschak, Perez et al. 2008). Thus, extracellularly available proteasomal
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subunits, among others also the three immuno-subunits, act as autoantigens in systemic

autoimmune diseases (Scheffler, Kuckelkorn et al. 2008).

During the last years, three human syndromes have been associated with mutations in
LMP7, a catalytic subunit of the immunoproteasome: NKJO (Nakajo- Nishimura
syndrome; Arima, Kinoshita et al. 2011, Kitamura, Maekawa et al. 2011), JMP syndrome
(joint contractures, muscular atrophy, microcytic anemia, and panniculitis-induced
lipodystrophy; Garg, Hernandez et al. 2010), and CANDLE (chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature syndrome; Liu, Ramot et al.
2012). Since these syndromes share common features and are associated with
mutations in the LMP7 gene, it was suggested to group them under ALDD
(autoinflammation, lipodystrophy and dermatosis syndrome; OMIM entry 256040). All
these syndromes have in common the autoinflammation, dermatosis, and lipodystrophy.
Although the pathogenic mechanisms are not yet resolved, in ALDD patients following
observations were made: reduced mature proteasomes and proteasome activity,
increased proteasome assembly intermediates and increased ubiquitin accumulation
pointing towards inefficient protein turnover (Kitamura, Maekawa et al. 2011).
Therefore, an immunoproteasome assembly defect has been suggested as the
underlying pathomechanism (Arima, Kinoshita et al. 2011). However, molecular data

proving this hypothesis were not yet reported.
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3 Objective of this PhD thesis

At the beginning of the project, novel mutant mouse lines with immunological
phenotypes were identified in the ENU mutagenesis and screening program, and
previously established ENU mutant lines were reanalyzed. TUB0O06, one of the existent
mouse mutant lines, has moved into the focus of this PhD thesis due to its fascinating
phenotype. Using the available screening platforms, own establishments of novel
methods, as well as multidisciplinary collaborations helped to elucidate multiple aspects

of the TUB006 mouse line.

The in-depth characterization of the immune defect of the mutant line TUB006 was the
first objective of this study. Diverse elaborated techniques were applied, such as
multicolor flow cytometry, electrochemiluminescent detection of immunoglobulin
isotypes and cytokines, as well as pathology including histology and
immunohistochemistry. The obtained results demonstrated that heterozygous mutants
were characterized by a selective T cell defect. In homozygous mutants, SCID was

observed, along with dermatosis, lipodystrophy and systemic autoinflammation.

The second aim of this study was establishment of an in vivo challenge platform at the
Immunology Screen of the GMC. To evaluate the innate and adaptive immune response,
the Listeria monocytogenes infection model was successfully established (Klymiuk,
Kenner et al. 2012, Pozzi, Amodio et al. 2012, Come, Cvrljevic et al. 2016). Heterozygous
TUB006 mutants analyzed in the Listeria model showed an impaired T cell response and

substantial lethality upon infection.

The third major challenge was the identification of the genetic alteration underlying the
TUBOO6 disease. Deep whole exome sequencing revealed the missense point mutation
resulting in the single amino acid exchange G170W in MECL-1, the $2i-subunit of the
immuno- and thymoproteasome. This was surprising, since MECL-1 knockout mice do

not present the severe phenotype observed in TUB0O06.

The fourth major aim of this research project was to elucidate the underlying
pathomechanisms. Optimal antibody combinations and staining protocols were
established for thymocyte maturation patterns and quantification of thymic stromal cell

subtypes, as well as for identification of hematopoietic progenitors and stem cells in the
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bone marrow. Furthermore, bone marrow transfer experiments were performed in
order to deeper understand the pathogenesis in TUB006. All these analyses yielded
detailed insights into the underlying mechanisms leading to the severe disease in
TUB006 mice. As shown by breeding of the mutant line under sterile conditions, the
autoinflammation develops independently from microbiotic triggers. On cellular level,
overexpression of the mutant protein proved lethal for murine cells. Proteasomes are
essential for cell survival, and the selective elimination of cells expressing mutated

MECL-1 leads to the immunodeficiency in TUB006 mice.

In subsequent experiments with collaboration partners, the pathomechanism was
resolved on the molecular level. Mutagenesis of the yeast proteasome and X-ray
crystallography indicated that the severe TUB006 phenotype is caused by structural
changes in the C-terminal appendage of MECL-1, which prevent the biogenesis of
functional immuno- and thymoproteasomes. Due to preferential incorporation of MECL-
1 into nascent proteasomes, the production of functional proteasomes cannot be

rescued by incorporation of the respective constitutive subunit 32c.

The ENU program aimed at identification of novel mouse models for human diseases,
and TUBOO6 provides an excellent example. Mutations in other immunoproteasome
subunits have been associated with clinical symptoms in humans that closely resemble
key features of TUBOO6 mice. However, so far there is no existent mouse model for these
diseases, and TUBOO6 provides the first mouse model for pathological implications of
immuno- and thymoproteasome assembly defects. Diverse mutations in other
proteasomal subunits have been annotated to human autoinflammatory disorders; it is
probably only a question of time until MECL-1 mutations will be also identified in

humans with primary immunodeficiencies.

-33 -



4 Material and Methods

4.1 Materials

4.1.1 Equipment

Equipment
Bioplex reader

Centrifuges

ELISA reader

Flow cytometer

Heating block
Incubator

Laminar flow hood
LightScanner
Microscope
Microtome

MSD Instrument

NanoDrop

Neubauer counting device

PCR cycler
Photometer
Radiation facility

Sequencer

Shaker

Model, Supplier

Bio-Rad, Hercules, CA, USA

Biofuge fresco, Heraeus, Hanau, Germany

Biofuge 15 table top centrifuge, Heraeus, Hanau, Germany
Multifuge 3 SR, Heraeus, Hanau, Germany

Varifuge 3.0RS centrifuge, Heraeus, Hanau, Germany
Sunrise, Tecan, Maennedorf, Switzerland

LSR I, Becton Dickinson, Heidelberg, Germany

Gallios, Beckman Coulter, Brea, CA, USA

Thermomixer compact, Eppendorf, Hamburg, Germany
Cytoperm 2, Heraeus, Hanau, Germany

HERA safe, Heraeus, Hanau, Germany

Idaho Technology, Salt Lake City, UT, USA

Axiovert S100, Carl Zeiss, Jena, Gemany

Rotatory microtome HMS35, Zeiss, Jena, Germany
SECTOR S 600, MesoScaleDelivery, Rockville, MD, USA
Thermo Scientific, Braunschweig, Germany

Schubert, Miinchen, Germany

LightCycler, Roche Applied Science, Penzberg, Germany
BioPhotometer, Eppendorf, Hamburg, Germany
Eldorado 78, Helmholtz Zentrum Miinchen, Germany
HiSeq2000 system, [llumina, San Diego, CA, USA

Multitron Version 2, INFORS AG, Bottmingen, Schweiz

Slide-scanning system NanoZoomer 2.0 HT (Hamamatsu Photonics K.K.; Hamamatsu City, Japan)

Tissue homogenizer GentleMACS dissociator, Miltenyi Biotec, Bergisch Gladbach, Germany

Vacuum infiltration processor  TissueTEK VIP 5E-F2, Sakura, Iphen aan den Rijn, Netherlands

Water bath Ecoline 019, LAUDA, Lauda-Kénigshofen, Germany
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4.1.2 Chemicals and reagents

Reagent

Affinity Script cDNA Synthesis Kit

Ammonium chloride (NH4Cl)

Annexin AADvanced Apoptosis Kit

Ampure Beads

Big Dye Terminator

Bovine serum albumin (BSA)
Brefeldin A (Golgi Plug)
Calcium chloride (CaCly)
CleanSeq beads

Collagenase VIII
Cytofix/Cytoperm kit
3,3’-diaminobenzidine (DAB)
Dimethyl sulfoxide (DMSO)
DMEM

EosinY

Ethanol

Ethidium monazide (EMA)
Fetal calf serum (FCS)
Gentamycin

Goat or rabbit serum
Heparin

Hydrochloric acid (HCI)

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Gibco BRL, Karlsruhe, Germany

IFN-y (XMG1.2)
IL-2 (Proleukin S)
IL-15

[onomycin
L-Arginine

L-Glutamine

Supplier

Agilent, Santa Clara, CA, USA

Sigma, Taufkirchen, Germany

Thermo Scientific, Braunschweig, Germany
Beckman Coulter, Krefeld, Germany

ABI PRISM, Carlsbad, CA, USA

Sigma, Taufkirchen, Germany

BD Biosciences, Heidelberg, Germany
Sigma, Taufkirchen, Germany

Beckman Coulter, Krefeld, Germany

Sigma, Taufkirchen, Germany

BD Biosciences, Heidelberg, Germany

DCS Innovative Diagnostic Systems, Hamburg, Germany

Sigma, Taufkirchen, Germany

Thermo Scientific, Braunschweig, Germany
BioOptica, Milano, Italy

Sigma, Taufkirchen, Germany

Molecular Probes, Leiden, Netherlands
Biochrom, Berlin, Germany

Gibco BRL, Karlsruhe, Germany

Gibco BRL, Karlsruhe, Germany

Roche, Basel, Switzerland

Roth, Karlsruhe, Germany

BD Biosciences, Heidelberg, Germany
Novartis, Basel, Switzerland
PeproTech, Hamburg, Germany
Sigma, Taufkirchen, Germany

Roth, Karlsruhe, Germany

Gibco BRL, Karlsruhe, Germany
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Reagent

LCGreen Dye

LiChrosolve solvent
LightScanner Master Mix
Lineage cell depletion kit
Magnesium chloride (MgCl,)
Mayers acid Hemalum bluing
NaOH

Paraformaldehyde (PFA)
Penicillin

PermWash

Pertex mounting medium

Supplier

Idaho Technology, Salt Lake City, UT, USA
Merck Millipore, Darmstadt, Germany

Idaho Technology, Salt Lake City, UT, USA
Miltenyi Biotec, Bergisch Gladbach, Germany
Sigma, Taufkirchen, Germany

BioOptica, Milano, Italy

Roth, Karlsruhe, Germany

Sigma, Taufkirchen, Germany

Roth, Karlsruhe, Germany

BD Biosciences, Heidelberg, Germany

Medite, Burgdorf, Germany

Phorbol 12-myristate 13-acetate (PMA) Sigma, Taufkirchen, Germany

Phosphate buffered saline (PBS)
Proinflammatory Panel 1 Kit
Propidium iodide (PI)
Proteinase K

Phire Taq polymerase
Retronectin

RPMI 1640

EDTA

Streptomycin

Streptactin-APC

Streptactin-PE

SureSelectXT Mouse All Exon kit
Suc-LLVY-AMC

Thymus DNA

Triton X-100

TriReagent

Trypan Blue solution

Biochrom, Berlin, Germany
MesoScaleDelivery, Rockville, MD, USA
Molecular Probes, Eugene, OR, USA

Roche, Basel, Switzerland

Thermo Scientific, Braunschweig, Germany
Takara Bio, Saint-Germain-en-Laye, France
Gibco BRL, Karlsruhe, Germany

Sigma, Taufkirchen, Germany

Sigma, Taufkirchen, Germany

IBA, Gottingen, Germany

IBA, Gottingen, Germany

Agilent Technologies, Santa Clara, CA, USA
Bachem, Bubendorf, Switzerland

Sigma Aldrich Chemie, Steinheim, Germany
Biorad, Munich, Germany

Sigma, Taufkirchen, Germany

Sigma, Taufkirchen, Germany
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4.1.3 Buffers and media

All buffers were filtered using a Stericup 0.22 pM vacuum filtering system (Millipore,

Bedfore, USA) and pH was adjusted with NaOH or HCL

Buffer /Medium Composition
Ammoniumchloride-Tris (ACT) 0.17M NH.4CI

0.3 M Tris-HCl, pH 7.5
Collagenase VIII Buffer 95 ml RPMI

20.33 mg MgCl;

14.7 mg CaCl,

5 ml FCS
DMEM+ cell culture medium 1x DMEM

10% (v/v) FCS

0.025% (w/v)

L-Glutamine

0.1% (w/v) HEPES

0.001% (w/v) Gentamycin

0.002% (w/v) Streptomycin
FACS staining buffer, pH 7.45 1x PBS

0.5% (w/v) BSA

RPMI+ cell culture medium

0.02% (w/v)

1x
10% (w/v)
0.025% (w/v)

Sodium azide

RPMI 1640
FCS

L-Glutamine

0.025% (w/v) L-Arginine
0.1% (w/v) HEPES
0.001% (w/v) Gentamycin
0.002% (w/v) Streptomycin

YPD 1% (w/v) Yeast extract
2% (w/v) Peptone
2% (w/v) Glucose
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4.1.4 Antibodies

Unless declared otherwise, all antibodies have been titrated for optimal dilutions.

Antigen Conjugate Clone Supplier

B220 APC-AF750 RA3-6B2 Life Technologies, Carlsbad, CA, USA
B220 BV605 RA3-6B2 BioLegend, San Diego, CA, USA
B220 - 550286 BD Biosciences, San Diego, USA,
CD3e eF450 17A2 eBioscience, Frankfurt, Germany
CD3e BV510 17A2 BioLegend, San Diego, CA, USA
CD3e PE-eF610 145-2C11 eBioscience, Frankfurt, Germany
CD3e - A0452 DakoCytomation, Hamburg, Germany
CD3e - 145.2C11 BD Pharmingen, San Diego, USA
CD4 FITC H129.19 BD Biosciences, San Diego, CA, USA
CDh4 PerCP-Cy.5.5 RM4-5 TONBO Biosciences, San Diego, CA, USA
CD4 APC L3T4 BD Biosciences, San Diego, CA, USA
CD5 APC 53-7.3 BD Biosciences, San Diego, CA, USA
CD5 eFluor 450 53-7.3 eBioscience, San Diego, CA, USA
CD8a APC 5H10 Caltag, Hamburg, Germany

CD8a eFlour450 5H10 eBioscience, Frankfurt, Germany
CD8a FITC 5H10 Caltag, Hamburg, Germany

CD8a Pacific Orange 5H10 Invitrogen, Darmstadt, Germany
CD8a PE 5H10 BD Biosciences, San Diego, CA, USA
CD8a APC-AF750 5H10 Invitrogen, Carlsbad, CA, USA
CD11b PB M1/70.15 Life Technologies, Carlsbad, CA, USA
CD11c FITC HL3 BD Biosciences, San Diego, CA, USA
CD16/CD32 - 2.4G2 Caltag, Hamburg, Germany
CD16/CD32 FITC 2.4G2 BD Biosciences, San Diego, CA, USA
CD19 PE-Cy7 1D3 BD Biosciences, San Diego, CA, USA
CD19 PE-CF594 1D3 BD Biosciences, San Diego, CA, USA
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Antigen
CD25
CD25
CD28
CD44
CD44
CD45
CD45.1
CD62L
CD117 (c-Kit)
CD127
CD150
CD326 (EpCAM)
Gr-1

y6 TCR
IFN-y
Ly-51
MPO
NK1.1
NKp46
Scal
TCRpB
Tdt

TNF-a

mouse IgG, IgA, IgM

goat IgG

rabbit IgG

Conjugate
APC

PE

FITC
BV570
AF700
FITC
PE-Cy7
PE-Cy7
APC
PE
PE-Cy7
PO
FITC
APC

AF647

PE
PE
BV421

APC

PE-Cy7
(H+L)-Peroxidase
Biotin

Biotin

Clone

PC61

PC61

37.51

IM7

IM7

30-F11

A20

MEL-14

2B8

A7R34

Supplier

BD Biosciences, San Diego, CA, USA
BD Biosciences, San Diego, CA, USA
BD Pharmingen, San Diego, USA
BD Biosciences, San Diego, CA, USA
BioLegend, San Diego, CA, USA
BioLegend, San Diego, CA, USA

BD Biosciences, San Diego, CA, USA
BD Biosciences, San Diego, CA, USA
eBioscience, Frankfurt, Germany

eBioscience, Frankfurt, Germany

TC15-12F12.2 BioLegend, San Diego, CA, USA

G8.8
RB6-8C5
GL3
XMG1.2
6C3
RB-373-R7
PK136
29A1.4
D7
H57-597
A3524
MP6-XT22
polyclonal
BA5000

BA100
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Life Technologies, Carlsbad, CA, USA
BD Biosciences, San Diego, CA, USA
eBioscience, Frankfurt, Germany
BioLegend, San Diego, CA, USA
NeoMarkers, Fremont, CA, USA

BD Biosciences, San Diego, CA, USA
eBioscience, Frankfurt, Germany
BioLegend, San Diego, CA, USA

BD Biosciences, San Diego, CA, USA
DakoCytomation, Hamburg, Germany
BD Biosciences, San Diego, CA, USA
Sigma, Taufkirchen, Germany
Vector Lab, Burlingame, USA

Vector Lab, Burlingame, USA



4.1.5 Peptides and MHC multimers

Peptides were purchased from Biosynthan GmbH, Berlin, Germany and dissolved in
DMSO at a concentration of 1 pg/pl. LLO91.99 (GYKDGNEYI) peptide from listerial
Listeriolysin O (LLO) was used for restimulation of antigen-specific T cells. Conventional
MHC-I multimers for the detection of antigen-specific CD8* T cells were routinely
produced in our laboratory according to well-established protocols (Busch, Pilip et al.
1998). The H2-Kd4/ LLO91.99 Streptavidin-PE peptide-loaded MHC-I multimer was used

for detection of Listeria-specific CD8* T cells in BALB/c mice.

4.1.6 Primers

All oligonucleotides were synthesized and HPLC-purified by Sigma (Taufkirchen, Germany)
or Eurofins MWG Operon (Ebersberg, Germany). Primers were dissolved in ddH,O to a final

concentration of 100 pmol/pl.

Primer Sequence

Psmb10 LS L GTGGAAGCCATCACAGC

Psmb10 LS R CCTGCAGTGATCACACAG

Psmb10 seq L CAGCCTTTTAGAATGCAGCC

Psmb10 seq R CCTCATTTCCACTACCCAGC

MECL-1 Not1 fwd ATTAGCGGCCGCGCCACCATGCTGAAGCAGGCAGTGG
MECL-1 P2A rev AGTTCGTGGCTCCGGAACCTTCCACCTCCATGGCCTGC
MECL-1 P2A fwd GCAGGCCATGGAGGTGGAAGGTTCCGGAGCCACGAACT
GFP EcoR1 rev TAATGAATTCTTACTTGTACAGCTCGTCC

Pup1 fwd CCATCTAGACAGTCTGCTTTGTAGTGGGG

Pupl rev CCAAAGCTTATATTACCCTGTTATCCCTAGC

4.1.7 Plasmids

Plasmids Description Source
pRS315 CEN LEU2 Sikorski et al., 1989
mP71 mP71 retroviral vector Gift from Wolfgang Uckert
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4.2 Methods

4.2.1 Mice

Unless stated otherwise, mice were derived from in-house breeding. Prtpc (congenic
CD45.1* BALB/c mice) were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). MECL-1 knockout mice were kindly provided by Prof. Dr. Marcus Groettrup
(Universitat Konstanz). Hemizygous MECL-1-/6170W mice were generated by crossing

heterozygous TUB006 mice with MECL-1 knockout mice.

If not stated otherwise, mice were bred and housed under specific pathogen-free (SPF)
conditions at the mouse facility at the Technical University of Munich and the German
Mouse Clinic. Mice were kept in a 12/12-hour dark/light cycle and provided ad libitum
water and standard chow (total pathogen-free chow 1314: calcium content, 0.9%;
phosphate, 0.7%; and vitamin D3, 600 international units (IU); Altromin, Lage,
Germany). Hygienic monitoring was performed following Federation of European
Laboratory Animal Science Associations (FELASA) recommendations. Handling was
performed according to the federal animal welfare guidelines, and the local authorities

approved all animal studies.

TUB006 mutants were originally tentatively grouped into wild type, heterozygous and
homozygous groups according to their phenotype. Genotyping was performed

retrospectively after the mutation was identified.

For generation of germ-free TUB006 mice, 4-6 week old heterozygous TUB006 females
were superovulated by intraperitoneal (i.p.) injection of 7.5 IU pregnant mare serum
gonadotropin (PMSG), and 4 hours later 7.5 IU human chorionic gonadotropin (hCG),
and on the same evening paired with heterozygous TUB0O6 males. On the following
morning, successful mating was controlled by plug check; plug positive females were
shipped to Clean Mouse Facility (CMF), University of Bern (Bern, Switzerland). Upon
arrival, the females were euthanized and the transfer of two-cell embryos into
pseudopregnant female recipients was performed as described previously (Slack et al.

2009).

4.2.2 General statistical evaluation

Box plots indicate the median, the first and third quartiles, and the minimum and

maximum values. Statistical differences between groups were determined by the Mann-
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Whitney rank-sum using Prism v.6 (GraphPad Software, Inc., La Jolla, CA). Asterisks
indicate P values *<0.05, **<0.01, ***<0.001, ***< 0.0001.

4.2.3 Infection

Infection experiments were performed with the wild type L.m. strain 10403s (Bishop
and Hinrichs 1987) using standard protocols (Busch, Vijh et al. 2001). Briefly, brain-
heart infusion (BHI) medium was inoculated with 10 pl Listeria stock solution and
incubated under gentle shaking at 37°C until an ODsgo of 0.05 - 0.1. After adjustment of
the bacterial dose with phosphate-buffered saline (PBS) to an injection volume of 200 pl,
the infection of mice was performed by i.v. injection into the lateral tail vein. For
primary infection of BALB/c mice an infection dose of 0.5x LDso (1000 colony-forming
units, CFU for analysis on day seven) or 2.5x LDso (5000 CFU for analysis on day three)
was applied (Cheers, McKenzie et al. 1978). The exact infection dose was controlled by
plating of the injection solution triplicates on BHI agar plates and counting of the

colonies on the next day.

To estimate bacterial burden of organs, three or seven days after infection mice were
sacrificed. Spleens and livers were homogenized in the gentleMACS homogenizer
according to manufacturer’s recommendation. Serial dilution triplicates of Triton-lysed
organ homogenates (ranging from 1:10 to 1:1000) were plated on BHI agar plates. After
an overnight incubation at 37°C, CFU were quantified by counting colonies and taking
into account the dilution factor. Using this approach, the detection limit of living bacteria

is approximately 5x103 CFU per organ.

4.2.4 Cell preparation and flow cytometry

Peripheral blood leukocytes were obtained using heparinized capillaries through retro-
orbital bleeding of isofluran-anesthesized mice. Single cell suspensions from spleens and
thymocytes were prepared by homogenizing spleen tissue with the gentleMACS
homogenizer according to manufacturer’s recommendations. Thymic stroma cells were
obtained by mincing of thymi and subsequent digestion in 0.4 mg/ml collagenase VIII

and DNAse for 30 minutes.

For erythrocyte lysis, cell suspensions were treated with NH4Cl-Tris for 10 minutes.
Lysis was stopped by adding cold RPMI+, then cells were washed with fluorescence-

activated cell sorting (FACS) buffer. Numbers of cells were determined by counting
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appropriate dilutions in a Neubauer counting chamber, using Trypan Blue staining for

discrimination of dead cells.

Surface marker staining was performed in FACS buffer in 96 well U-bottom plates. Cells
were pre-incubated for 10 minutes with Fc block (anti-CD16/32, 1:400 of stock solution
2.5 pg/ul). Optionally, MHC multimer staining was performed for 30 minutes at 4°C in
the dark. Subsequently, staining with a combination of fluorescence-conjugated
antibodies was performed for 20-40 minutes at 4°C in the dark. Live/dead
discrimination was either performed with EMA (1:1000, stock at 2 pg/ul, 20 minutes
under light on ice) prior to staining procedure, or with propidium iodide (PI; 1:500,
stock at 2 pg/ul, 2 minutes in the dark at 4°C) after the staining procedure. Finally,
samples were washed three times in a total volume of 200 pl FACS buffer and

resuspended in FACS buffer for acquisition.

For intracellular cytokine staining, splenocytes were restimulated in vitro for 5 hours at
37°C in RPMI+ medium supplemented with 1 pg/ml LLO91.99 (GYKDGNEYI) or with 0.5
pumol/L PMA and 0.25 pg ionomyecin, or kept without stimulation (negative control with
DMSO). After 1 hour of incubation time, Brefeldin A (Golgi Plug) was added at 2 pg/ml.
Subsequently, cells were washed with PBS, incubated with Fc block, followed by surface
staining as described above. Subsequently, fixation and permeabilization was performed
using the Cytofix/Cytoperm kit according to the manufacturer’s recommendations,
followed by intracellular staining with anti-IFN-y in PermWash buffer for 30 minutes at
4°C. Subsequently, cells were washed once with PermWash buffer and twice with FACS

buffer, and resuspended in FACS buffer for acquisition.

Bone marrow cells were flushed thoroughly with PBS from mouse femurs and tibiae and
filtered through nylon cell strainer. Cells were preincubated with CD16/32-FITC, and
thereafter stained with biotinylated primary lineage antibody cocktail (Gr-1, CD11b,
B220, CD3, Ter119) for depletion of committed cell lineages. Thereafter, hematopoietic
progenitor cells were enriched using the lineage cell depletion kit and streptavidin-bead
magnetic cell separation (MACS) columns according to manufacturer’s
recommendations. After MACS enrichment, the standard staining procedure with

surface antibodies was performed as described above.

Analysis of retrovirally transduced cells was performed as follows: one day after

transduction (see 4.2.13), initial transduction efficacies were assessed by measurement
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of GFP producing cells by flow cytometry. GFP expression was analyzed after 24, 36, and
48 hours as a surrogate marker for MECL-1WT or MECL-16170W expressing cells. Annexin
V staining was performed 36 hours after transduction using Pacific Blue Annexin

V/SYTOX AADvanced Apoptosis Kit.

Flow cytometry data acquisition was performed using Gallios or LSR II flow cytometers
and further analyzed with FlowJo (Tree Star Inc., Ashland, OR; USA) software.
Fluorescence minus one (FMO) controls were used for gating to distinguish positive and
negative cell populations. Compensation was performed using single color controls.
Compensation matrices were calculated and applied using Flow]Jo software.

Biexponential transformation of the axes was adjusted manually when necessary.

4.2.5 Irradiation and bone marrow transplantation

For bone marrow chimera experiments, a license for animal testing has been applied for
and approved by the Regierung von Oberbayern (TVA 55.2-1-54-2532-57-12). Recipient
mice underwent total body irradiation delivered in 2 dose fractions of 5 or 3 Gy using
the ¢0Co facility Eldorado78. The dosimetry was calculated on the basis of the measured
air kerma K, within the cage used for irradiation of mice. K, was measured using a 1cm3
ionisation chamber. The measured Ki can be conversed into the energy dose in tissues
(Diissue) according to the US-National Institute of Standards. The conversion factor for
60Co radiation is 1.102, thus the administered dose was calculated using the following

equation:
Dtissue = Ka x1.102

Both fractions of irradiation were applied with a 4 hours break, and after the second
irradiation 1.5x106 bone marrow cells from donor mice were injected i.v. into the lateral

tail vein.

4.2.6 Plasmaimmunoglobulin, cytokine and autoantibody estimation

Blood samples were obtained from non-fasted anesthetized mice by puncture of the
retro-orbital sinus (Rathkolb, Decker et al. 2000). Plasma samples were obtained
immediately after blood withdrawal by centrifugation and were stored at -80°C before

analysis.

Plasma concentrations of immunoglobulin isotypes IgG1, 1gG2a, IgG2b, IgG3, IgM, and

IgA were determined by using bead-conjugated monoclonal anti-mouse Ig antibodies in
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a bead-based multiplex assay. Data was acquired using a BioPlex reader. The level of
each isotype was calculated over a standard curve fitted with Four-Parameter-Logistic

regression using Bio-Plex manager software.

Plasma autoantibody levels were quantified using standard enzyme-linked
immunosorbent assay (ELISA). ELISA plates were coated with rheumatoid factor or calf
thymus DNA for both single- and double-stranded DNA antibody detection. Serum was
diluted and loaded along with a positive control serum of MRL/Mp]J-Fas(lpr) mice and
negative control sample. Subsequently, goat anti-mouse secondary antibody (polyvalent
IgG, IgA, and IgM) was added. After incubation with the secondary antibody, substrate

was added and plates were read in an ELISA plate reader.

For determination of the cytokine concentrations (TNF-a, IFN-y, IL-1(, IL-4, IL-5, IL-6,
CXCL1, IL-12), the commercial MSD Proinflammatory Panel 1 (mouse) Kit was used
according to the manufacturer’s instructions. Data were acquired and analyzed using

the MSD instrument and the included MSD discovery workbench software.

4.2.7 Gross pathology, necropsy, histology and immunohistochemistry

Mice were sacrificed with CO2, body weight was measured before starting the necropsy
as described by Fuchs, Gailus-Durner et al. 2012. Briefly, mice underwent a visual
inspection of the integument followed by opening of the abdominal and thoracic cavities.
Organs were removed, weighted and immersion-fixed in 4% neutral buffered formalin.
Organs were trimmed according to the GMC-specific standard operating procedure
(SOP) and embedded in paraffin using a vacuum infiltration processor. Histo-slides were
prepared using a rotatory microtome to a thickness of 4 pm for hematoxylin and eosin

(HE) staining or 1 pm for immunohistochemistry.

HE staining was performed as follows: rehydration was done in a decreasing ethanol
series, rinsing with tap water, 2 minutes Mayers Acid Hemalum bluing in tap water
followed by 1 minute incubation with EosinY. Subsequent steps were dehydration in

increasing ethanol series, mounting with Pertex mounting medium and coverslips.

For immunohistochemistry, 1 um thick sections were rehydrated until deionized water.
Heat induced antigen retrieval was performed (0.1 M EDTA pH 8.0, 25 minutes at 96
°C/0.1 M citrate pH 6.0 10 minutes at 100°C under pressure) or enzyme-induced antigen

retrieval with Proteinase K (diluted 1:200, 8 minutes at RT). Serum block was carried
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out in 5% goat or rabbit serum for 1 hour. Primary antibodies used were: CD3, B220,
MPO, or Tdt, diluted 1:100 each, incubated overnight at 4°C. Secondary antibodies a-
goat-biotin (1:200) and a-rabbit-biotin (1:750) were incubated for 1 hour at room
temperature. Detection was performed by incubation with streptavidin-peroxidase for
15 minutes and incubation with DAB for 3 minutes. Counterstaining was performed
using Mayers Acid Hemalum for 10 seconds and bluing in tap water. Rehydration and
mounting was performed as described above. Images were taken by the NanoZoomer

slide-scanning system.

4.2.8 Exome sequencing

In-solution targeted enrichment of exonic sequences from two homozygous TUB006
mice and one wild type littermate control was performed using the SureSelectXT Mouse
All Exon 50 Mb kit. The generated libraries were indexed, pooled and sequenced as 100

bp paired-end runs on a HiSeq2000 system.

Read alignment to the mouse genome assembly mm9 was done with Burrows-Wheeler
Aligner (BWA, version 0.6.1) and yielded 10.6 Gb, 9.1 Gb and 8.3 Gb of mapped sequence
data corresponding to an average coverage of 109x, 103x and 76x for the two mutants
and the wild type mouse, respectively. SNVs and small insertion and deletions (indel)
detection with SAMtools (version 0.1.18) yielded 14,278, 14,256 and 14,254 good
quality non-synonymous coding variants. After filtering for homozygous variants
present in the two TUB006 mice but not in the wild type mouse and 145 control mice

with unrelated phenotypes, a single missense variant in the gene Psmb10 remained.

4.2.9 Genotyping

For LightScanner genotyping, a 77-bp genomic fragment was amplified from the Psmb10
gene in a LightCycler by polymerase chain reaction (PCR) using 50 ng of genomic DNA as
template, 200 uM of each deoxynucleotide triphosphate (dNTP), 0.4 U of PhireTaq
polymerase, 0.5 pM primers (Psmb10 LS L and Psmb10 LS R) in presence of 1 pM
LCGreen dye. PCR cycling conditions were as follows: 40 cycles of 98°C for 5 seconds,
63°C for 5 seconds, and 72°C for 5 seconds. After PCR amplification, melting curve was
acquired while heating from 84 to 94 °C in the high-resolution LightScanner melting
instrument. Analysis of the melting curves was performed using the LightScanner

software.
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For Sanger sequencing (Sanger et al. 1977), PCR was performed in 10 pl volumes in a
LightCycler. The amplification mixture included 50 ng of genomic DNA as template, 200
uM of each deoxynucleotide triphosphate (ANTP), 0.4 U of PhireTaq polymerase, 0.5 pM
primers (Psmb10 seq L and Psmb10 seq R), and LCGreen at 1 pM. PCR cycling
conditions were as follows: 40 cycles of 98°C for 5 seconds, 66°C for 5 seconds, and 72°C
for 5 seconds. PCR products were purified using AmPure beads and the preparation for
sequencing was performed using the BigDye Terminator Cycle Sequencing v.3.1 Kit
according to manufacturer’s protocol. Dye-terminator was removed using CleanSEQ
beads following the manufacturer’s recommendations, the DNA was resuspended in
LiChrosolve solvent and sequenced at the Genome Analysis Center (GAC) sequencing
facility at the Helmholtz Zentrum Miinchen. Analysis was performed using the

MacVector software, the Sequencher software or CLC Genomic Workbench 8 software.

4.2.10 Yeast mutagenesis, proteasome purification, crystallization and structure

determination

This part was performed in the laboratory of Michael Groll, Technical University of
Munich. The PUP1-TEV-ProA-His; cassette (Knop, Siegers et al. 1999) including 503 bps
of the endogenous PUP1 promoter and 229 bps of the tADH1 terminator was amplified
from genomic DNA isolated from the yeast strain W303-PUP1-TEV-ProA-H; (M. Groll,
unpublished results) using the primers Pupl fwd and Pup1 rev. The Xbal and HindlIII
digested PCR product was inserted into the vector pRS315, carrying the LEUZ selection
marker, to create pRS315-PUPI1-TEV-ProA-His;. Point mutants were created by
QuikChange site-directed mutagenesis using either the plasmid pRS315-PUP1 or
pRS315-PUP1-TEV-ProA-His7 as template DNA. Introduction of point mutations was
confirmed by sequencing. The mutant pRS315-pup1-TEV-ProA-His; and pRS315-pupl
plasmids were introduced into the yeast strain YWH10 puplA::HIS3 [pRS316-PUP1]
(Heinemeyer, Fischer et al. 1997), which is chromosomally deleted for the PUPI gene
and instead carries a URA3-PUP1-episome. After growth on synthetic complete medium
without leucine (CM leu-) transformants were selected on 5’fluoro-orotic acid (5’FOA)
for loss of the wild type URA3-PUP1-plasmid. Hereby, only yeasts encoding a mutant but

functional pup1 gene can survive.

Mutant yeast strains were grown in 18 | cultures at 30 °C in YPD into early stationary

phase. Cells were resuspended in 100 mM Tris/HCl pH 7.5, 500 mM NaCl, 20 mM
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imidazole and disrupted by French Press. Cellular debris was pelleted by centrifugation
for 30 minutes at 21,000 rpm and the cleared cellular extract was loaded onto a Ni?%*-
NTA chromatography column. The proteasome was eluted by applying a linear gradient
to 500 mM imidazole. The eluted protein fractions were immediately diluted in 100 mM
Tris/HCI pH 7.5 and 20% (v/v) glycerol in a 1:1 ratio, dialyzed against 20 mM Tris/HCl
pH 7.5 and 50 mM NaCl and loaded onto an anion exchange chromatography column. To
identify proteasome-containing fractions, protein samples were tested for their
proteolytic activity against the fluorogenic substrate Suc-LLVY-AMC (N-Succinyl-Leu-
Leu-Val-Tyr-7-Amino-4-methylcoumarin). Active fractions were pooled and subjected to
size exclusion chromatography (Superose 6 10/300; 20 mM Tris/HCI pH 7.5, 100 mM
NaCl). After incubation with TEV protease in a molar ratio of 1:100 for 15 hours at 4°C to
remove the ProteinA-H7-tag, the samples were concentrated with a 100 kDa cut-off
filter. This procedure separated the mutant proteasome from the TEV protease and the
cleaved tag and allowed buffer exchange to 10 mM 2-(N-morpholino)ethanesulfonic

(MES) pH 6.8.

Crystals were grown by the hanging drop vapour diffusion technique at 20°C. Protein
(33 mg/ml) and reservoir solutions (100 mM MES pH 6.8, 20 mM Magnesium acetate pH
6.8, 13% (v/v) 2-Methyl-2,4-pentanediol (MPD)) were mixed in a 2:1 ratio. Crystals
were cryoprotected with 5 pl 100 mM MES pH 6.8, 20 mM magnesium acetate pH 6.8,
30% (v/v) MDP and either immediately vitrified in liquid nitrogen or after soaking with

bortezomib for 24 hours in a final concentration of 1.5 mM.

Diffraction data were collected using synchrotron radiation of A = 1.0 A at the beamline
X06SA, Swiss Light Source (SLS), Villigen, Switzerland. X-ray intensities were analysed
with the program package XDS. The yeast wild type proteasome structure (PDB ID

1RYP) served as a search model for structure determination.

4.2.11 DNA and protein sequences

DNA and protein sequences were obtained from the NCBI nucleotide databasel) or
Universal protein resource Uniprot?. The ProtParam tool3 was used to calculate
physical and chemical parameters such as molecular mass, pl and the extinction
coefficient of protein sequences. For in silico processing of DNA and protein sequences,
design of cloning strategies, alignments of multiple DNA or protein sequences, the

MacVector software of CLC genomic Workbench 8 were used. For the calculation of
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protein surface areas the online tool PISA% (Protein interfaces, surfaces and assemblies

service) at European Bioinformatics Institute was used.

1 https://www.ncbi.nlm.nih.gov/nuccore

2) http://www.uniprot.org

3) http:/ /www.expasy.ch/tools/protparam.html

4 http://www.ebi.ac.uk/pdbe/prot_int/pistart.html

4.2.12 Generation of overexpression constructs

For overexpression experiments in murine cells, spleen mRNA from a heterozygous
TUB006 mouse was isolated using TriReagent and transcribed to cDNA using Affinity
Script Multiple Temperature cDNA Synthesis Kit. MECL1WT and MECL-16170W ¢cDNA was
amplified and linked to P2A GFP using an overlap extension method. MECL-1WT-P2A-
GFP and MECL-16170W-P2A-GFP were subsequently cloned into the mP71 retroviral

expression vector.

4.2.13 Retrovirus production and T cell transduction

Platinum E cells cultured in DMEM+ medium were transiently transfected with the
MECL-1WT-P2A-GFP and MECL-16170W-P2A-GFP constructs using a calcium phosphate
precipitation based method. Virus supernatant was harvested after 48 hours.
Subsequently a second virus supernatant with RPMI+ medium was produced for 24
hours. 24-well plates were coated with retronectin (6.25 pg/ml), anti-CD3e (0.5 pg/ml)
and anti-CD28 (0.1 ug/ml) diluted in PBS at 4°C overnight. Splenocytes were cultured in
RPMI+ containing anti-CD3e (0.5 pg/ml), anti-CD28 (0.1 pg/ml) and IL-2 (20 U/ml) for
24 hours prior to transduction. On the day of transduction, diluted retronectin was
removed and plates were coated with DMEM virus supernatant by centrifugation with
3000 g at 4°C. DMEM virus supernatant was removed and splenocytes were
resuspended in RPMI virus supernatant supplemented with human IL-2 (25 U/ml).
Spinoculation was performed at 800 g, 32°C for 1.5 hours. Transduced T cells were
subsequently cultured in RPMI+ with 25 ng/ml IL-15 and 25 U/ml IL-2 or left in the
anti-CD3e, anti-CD28 coated plates replacing the medium every two days with fresh

medium containing 25 U/ml IL-2.
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5 Results

As part of the ENU mutagenesis program, the Immunology Screen of the German Mouse
Clinic analyzed peripheral blood from offspring of ENU-treated mice to identify mutants
with immunological defects (Flaswinkel, Alessandrini et al. 2000, Hrabé de Angelis,
Flaswinkel et al. 2000, Gailus-Durner, Fuchs et al. 2005, Fuchs, Gailus-Durner et al.
2012). In order to identify immunological phenotypes in mutant mouse lines, multi-
color flow cytometry, ELISA and multiplex bead-based techniques were applied.
Thereby, peripheral blood was characterized in detail for proportions of main leukocyte

subsets and T cell subpopulations, immunoglobulin levels and autoantibodies.

5.1 Characterization of heterozygous TUB006 mutants

Initially, heterozygous TUB0OO6 mutants caught attention due to significantly reduced
proportions of CD8* and CD4* T cells in peripheral blood (Figure 3). Otherwise, they did
not display any visually apparent physical abnormalities and had a normal body weight

(Figure 4 A), behavior, and life expectancy.
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Figure 3: Reduced T cell frequencies in peripheral blood from heterozygous TUB006 mutants. T cell frequencies in peripheral
blood from heterozygous (het) mutants and wild type (WT) littermate controls shown as box plots (A) of pooled data from different
experiments, n=40 (WT), n=71 (het) and representative dot plots (B) of the T cell gate in the upper panel (pregated on living CD45+
cells, T cells defined as CD3* TCRpB* cells), and CD4 versus CD8 profiles of T cells (B, lower panel, gated on living CD45* CD3+ TCR{*
cells).

B, NK cell and granulocyte counts were comparable to that of wild type mice (Figure 4

B). No differences in immunoglobulin levels (IgM, IgA, IgG1, IgG2a, IgG2b, IgG3) were

-50 -



found between heterozygous TUB006 animals and wild type littermates (Figure 4 C).

Anti-DNA, and rheumatoid factor autoantibodies were below detection limit.
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Figure 4: Normal body weight, B cell, NK cell and granulocyte counts, as well as immunoglobulin concentrations in
heterozygous TUB006 mutants. A) Body weights of 6-8 weeks old males (n=21). B) Peripheral blood leukocytes: B cell (CD19*
B220+), NK cell (NKp46*) and granulocyte (CD11b*Ly6C*) counts were normalized to the mean of the wild type group; n=44 (WT),
76 (het). C) Plasma immunoglobulin titers from 12-week old mice (n=12).

To characterize the phenotype of heterozygous TUB006 mice, a histopathological
analysis was performed on seven heterozygous mice and six wild type littermate
controls at the age of 10 to 12 weeks. Spleen and thymus showed a clear phenotype,

other than that, no abnormalities were observed.

The normal murine spleen is a capsuled organ of a prolonged shape that comprises two
morphologically and functionally distinct compartments: the red and the white pulp.
The local distribution of lymphocytes in the white pulp follows a typical pattern: the
inner T lymphocyte-rich region is arranged around blood vessels, surrounded by the
outer B cell-rich region. The red pulp, that surrounds the white pulp, is devoid of
lymphocytes (Cesta 2006). Spleens from heterozygous TUB0O06 mutants showed a clear
morphological distinction of the white pulp (Figure 5 C and D). However, the T cell
numbers in the white pulp identified by immunohistological CD3 staining were strongly
reduced compared to the wild type controls (Figure 5 C and D), in line with the flow

cytometry data of peripheral blood.
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Figure 5: CD3 staining of spleen sections confirms T-lymphopenia. Representative wild type (A and B) and heterozygous
TUB006 mutant (C and D) are shown. Ascending magnifications from left to right. CD3-positive cells (T cells) appear brown.

Due to reduced T cell frequencies in blood and spleens of heterozygous TUB006 animals
it was of special interest to evaluate the thymic phenotype. For this purpose, an
immunostaining for Tdt (terminal deoxynucleotidyl transferase) of thymus sections was
performed. Tdt is expressed in immature thymocytes during the V(D)] recombination of

the TCR and thus was used as marker for the developing thymoctes in the thymic cortex.

As already determined during necropsy, three of seven heterozygotes were athymic. In
three of seven mutants, the thymus was normally sized and displayed regular thymus
morphology and a normal distribution of Tdt positive thymocytes in the cortex (Figure 6
A and B). One heterozygous TUBOO6 mutant displayed thymus atrophy with an

abnormal Tdt staining pattern (Figure 6 C and D).

More detailed flow cytometric characterization of splenic T cells from heterozygous
TUBO06 mice confirmed the results obtained previously. T cell frequencies were
markedly decreased in heterozygous spleens. The remaining T cells presented the key
attributes of T cells, i.e. expression of the pan-T cell markers CD3, CD5 and TCR beta
chain (Figure 7 A). The effect on CD8* T cells was more profound, since the majority of

mutant T cells were CD4+ (Figure 7 A).
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Figure 6: Terminal deoxynucleotidyl transferase (Tdt) staining of thymus sections from heterozygous TUB006 mutants. A
and B show a thymus without any abnormalities. C and D show an atrophic thymus. Ascending magnifications from left to right. Tdt-
positive cells (developing thymocytes) appear brown.

CD4* and CD8* T cells were subdivided by their surface expression of phenotypic
markers CD25, CD44, CD62L and Ly6C. Compared to the wild types, a higher proportion
of mutant CD4* T cells were positive for CD25. These CD25* CD4* T cells co-expressed
high levels of CD44 (Figure 7 B, top panel). The CD62L* CD44  naive-phenotype
compartment was decreased in mutant CD4+ T cells, skewed towards higher expression
of CD44. In particular, the frequency of CD44* CD62L- population was markedly
increased in CD4* T cells from heterozygous TUB0O0O6 mutants (Figure 7 B, bottom
panel). In line with the CD4+* T cell phenotype, mutant CD8* T cells also presented an
increased proportion of CD44 expressing cells and a clear decrease of the CD62L* CD44-
population (Figure 7 C, bottom panel). Furthermore, a markedly higher frequency of

mutant CD8* T cells was positive for the surface marker Ly6C* (Figure 7 C, top panel).

In both the CD4* and CD8* T cells the cell-surface signatures point towards an activated
phenotype. The observed upregulation of activation and memory markers CD44 and
Ly6C cold be due to the peripheral T cell division in in absence of antigen encounter. In
particular, considering the T-lymphopenic environment in heterozygous TUB006

mutants, homeostatic proliferation would be the most likely explanation for the
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revealed T cell surface marker pattern (Goldrath, Bogatzki et al. 2000, Haluszczak et al.

2009).
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Figure 7: Flow cytometric analysis of surface marker expression on splenic T cells from wild type (WT) and heterozygous (het)
TUBO0O6 mice. Representative dot plots are shown; numbers within the gates indicate percentages of parent gate.

CD4+ as well as CD8* T cells from heterozygous mutants showed phenotypic
characteristics clearly distinct from the wild type controls. However, the phenotypic
differences do not assure functional implications. To assess the functionality of the

mutated T cells, in vivo infection as described below is an excellent model.
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5.1.1 Analysis of the immune competence of heterozygous TUB006 mice in the Listeria

monocytogenes infection model

The immune competence of heterozygous TUBO0O6 mutants was assessed in vivo by
evaluation of the immune response to i.v. infection with Listeria monocytogenes. Listeria
infection induces an inflammatory response involving neutrophil granulocytes, NK cells,
and macrophages during the first 24 to 72 hours of infection. It substantially restricts
bacterial growth and is essential for early survival of infected mice (Pamer 2004). After
the early innate phase, Listeria-specific T cell responses become detectable, reaching
peak expansion around day seven p.i. (post infection; Busch, Pilip et al. 1998, Badovinac
and Harty 2002). In particular IFN-y-producing Listeria-specific CD8* effector T cells and
memory T cells are crucial for complete bacterial clearance and subsequent long-term
protection (Bancroft, Schreiber et al. 1987). Therefore, it is possible to assess the
competence of innate immunity by quantifying bacteria 48 to 72 hours after infection,
and the competence of T cell immunity at later points of time (e.g. day 7 p.i.; Busch, Pilip

et al. 1998, Busch, Vijh et al. 2001).

Heterozygous TUB006 mice and wild type littermates were infected with a low dose of
L.m.. In the early phase of infection (day three), bacterial burden in spleens and livers of
heterozygous mutants did not differ significantly from infected controls (Figure 8 A),
and mice of both genotypes were vital. Thus, the innate immune defense was not

substantially affected in heterozygous TUB006 mutants.
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Figure 8: Heterozygous TUB006 mutants are highly susceptible to L.m. infection. A,C) Bacterial burden in indicated organs
from heterozygous TUB006 mice and wild type littermates on day three (B) or seven (C) after infection. B) Survival curve of
heterozygous TUB006 mice and wild type controls.

However, later during the course of infection, heterozygous TUB006 mice showed a
significantly higher susceptibility to the pathogen. In fact, five to seven days p.i., all
infected heterozygous mice (n=14) failed to further control the infection and succumbed
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(Figure 8 B), whereas all littermate controls survived and showed good health
conditions. On day seven p.i, heterozygous TUB006 mice failed to eliminate the
pathogen, displaying considerable bacterial loads in spleen, while numbers of viable
bacteria recoverable from spleens of wild type mice were below detection limit, showing

sufficient clearance of the pathogen (Figure 8 C).

Since lack of L.m. clearance points towards a T cell defect, the antigen-specific T cell
response was analyzed in more detail. In BALB/c mice, the immunodominant Listeria
epitope - the antigen that provokes a stable and protective immune response by a large
population of CD8* T cells - is the peptide LLO91.99 presented on the H-2K¢ MHC I
molecule (Pamer, Sijts et al. 1997). Therefore, for identification of L.m.-specific CD8* T
cells H-2K4/LLO91.99 multimer staining was employed (Busch, Pilip et al. 1998).
Additionally, to assess the effector functions, splenocytes were restimulated in vitro with

LLOo91.99 and stained for cytokines.
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Figure 9: Analysis of the Listeria-specific T cell response on day seven after low-dose infection. A,C) H-2K4/LLOo¢1.99 multimer*
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In heterozygous TUB006 splenocytes, it was hard to detect any H-2K4/LLO91.99* CD8* T
cells (Figure 9 A and C). In accordance with this finding, CD8* T cells from heterozygous
TUBO006 mice failed to produce IFN-y upon restimulation with LLO91.99 peptide (Figure 9
B and D). In response to peptide simulation, in samples from heterozygous TUB006 mice
proportions of IFN-y* producing CD8* T cells remained as low as in the unstimulated
DMSO control, whereas in wild type CD8* T cells a ~10fold induction was observed.
However, CD8* T cells from heterozygous TUBOO6 mice were not generally deficient in
cytokine production, as demonstrated by the ability of a substantial T cell population
(although lower than in wild types) to produce IFN-y upon antigen-independent
stimulation with PMA and ionomycin (Figure 9 B and D). Noteworthy, some of the
infected heterozygotes died prior to day seven, and the T cell response and cytokine
production could be analyzed only in the survivors. Thus, a bias cannot be excluded, e.g.

a lethal effect of IFN-y production in mutants would lead to survival of low-producers.

In summary, in all analyzed heterozygous animals T cells in peripheral blood and
spleens were reduced, whereas the thymus phenotype was more heterogeneous. In
seven mice, three were athymic, three showed a normal T cell maturation pattern, and
one animal showed an atrophic thymus with loss of corticomedullary distinction and an
atypical Tdt staining pattern. The thymic defect is not of high penetrance in all mutants,
meaning that the reduced T cell frequencies are (at least partly) independent of the
thymus atrophy. Upon L.m. infection, T cells from heterozygous TUB006 mutants fail at

priming a sufficient and protective immune response.
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5.2 Homozygous TUB006 mutants exhibit a severe immunological phenotype

Mice showing the phenotype of reduced T cells were intercrossed to generate
homozygous mutants. In about 25% of the offspring a postnatal lethal phenotype
occurred, matching the predicted Mendelian frequencies and thus implying homozygous
genotype of these mice. The earliest time point for visual identification of homozygous
mutants was day 7-8, when fur growth is set off. Homozygous mutants showed
disruption of the fur by loci of irregular hair growth. At the weaning age of three weeks
all homozygous TUB006 were clearly distinguishable from their heterozygous or wild
type littermates by the general appearance, reduced body size, deformed ears and a
characteristic skin phenotype (Figure 10, dermatosis is described in section 5.2.4).
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Figure 10: Homozygous TUB006 mutants present severe phenotype. A) Macroscopic appearance of a TUB006 homozygous
mutant (left) and wild type littermate (right). B) Body weight data of 5-8 week old homozygous TUB006 mutants and wild type
littermates (n=8-10 per group).

At the age of six to ten weeks, the homozygotes developed moribund appearance and
died or had to be euthanized due to ethical reasons. During necropsy, neither thymus

nor lymph nodes were detectable in any of homozygous TUB006 mutants.

5.2.1 Severe combined immunodeficiency

To characterize the homozygous TUBOO6 phenotype in detail, flow cytometric and
histopathological analyses were performed. Thereby, profound lymphopenia was
observed. As demonstrated by flow cytometry, all major types of lymphocytes - T cells,
B cells and NK cells - were substantially reduced in blood samples from homozygous
TUB006 mice (Figure 11). Histopathological examination confirmed, that spleens of
mutant mice were devoid of lymphocytes and did not display the normal morphology of
red and white pulp distinction (Figure 12; for detailed description of the wild type

spleen architecture refer to section 5.1).
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Figure 11: Lack of lymphocytes in homozygous TUB006 mutants. Peripheral blood from wild type (WT) and homozygous
TUBO006 (hom) animals was analyzed by flow cytometry. T, B and NK cell stainings are shown as representative dot plots (A), plots
are gated on living CD45* cells, numbers indicate percentages of parent gate; or box plots of pooled data (B), n=44 (WT), n=11

(hom).
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Figure 12: Histopathological analysis of spleen sections confirms severe combined immunodeficiency (SCID). HE (top panel)
and immunohistological stainings of spleen sections for T cells (CD3, central panel) and B cells (CD19, bottom panel) of a
representative homozygous TUB006 mouse and wild type control are shown. Positively stained cells for CD3 or CD19 appear brown.
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Taken together, homozygous TUB0O06 mice display T- B- NK- severe combined
immunodeficiency (SCID). In accordance with the B cell deficiency, immunoglobulin

levels (IgM, IgA, 1gG1, IgG2a, IgG2b, IgG3) were below detection limits.

The remainder of T cells was analyzed for phenotypic characteristics by flow cytometry.
Surface expression of CD3, CD5 and TCRf3 chain was observed on a small number of cells
from homozygous TUB006 mutants, proving their belonging to the T cell lineage.
Virtually the entire remaining T cell population consisted of CD4* T cells, CD8* T cells
were extremely rare (0.002% of all splenocytes, Figure 13). A high proportion of T cells
from TUB006 homozygous animals displayed a CD25* CD44+* CD62L- phenotype (Figure
13). CD25* CD4+* cells co-expressed high levels of CD44, reflecting an activated state of

CD4+ T cells rather than an increased frequency of regulatory T cells.
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Figure 13: T cells of homozygous TUB006 mice show activated surface marker expression pattern. Flow cytometry data is
presented as dot plots of splenic T cells from a representative homozygous TUB006 mouse and wild type littermate. Numbers
indicate percentages of parent gate. The first two columns on the left show definition of T cells (CD3* CD5* cells in the first column
are further gated for TCRpB* cells in the second column). In the central column the CD4 vs. CD8 profile is shown, CD4* T cells are then
further gated for the surface marker analysis in the two columns on the right.

Reminiscent of the T cell phenotype in heterozygotes, the homozygous T cell surface
marker signature is typical for activated T cells, but also for homeostatic proliferation as

a consequence of repopulating lymphopenic hosts.

5.2.2 Granulocytosis

Immensely increased proportions of granulocytes (Gr-1* CD11b* cells) were observed
by flow cytometry in peripheral blood and spleens of homozygous TUB006 animals. Not
only the proportions, but also the absolute numbers of granulocytes were dramatically

increased in peripheral blood (Figure 14). Microscopic analysis of Giemsa stained blood
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smears confirmed that the increased cell population detected by flow cytometry
morphologically represents bona fide neutrophil granulocytes (Figure 14 B).
Interestingly, the nuclei of blood neutrophils show an atypical pattern of numerous

lobes. Such neutrophil hypersegmentation is usually not observed in healthy animals.
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Figure 14: Granulocytosis in homozygous TUB006 mutants. Gr1*CD11b* cells in peripheral blood from homozygous TUB006
mutant animals and wild type controls shown as a representative dot plot (A), box plot of pooled experiments as relative
percentages of CD45+ cells (C) or absolute counts, normalized to the mean of the wild type controls (D). n=11 (hom), n=44 (WT),
n=15 (RAG1 KO), n=2 (RAG IL-2 RG DKO). B) Representative blood smear from a homozygous TUB006 mouse. Four neutrophil
granulocytes are shown, three of them presenting hypersegmentation of the nucleus (indicated by red triangles).

To assess the question whether the granulocytosis is a compensational consequence of
the lymphocyte deficiency, peripheral blood leukocyte counts were compared to other
lymphocyte-deficient mouse lines. Recombinase-activating gene 1 (RAG1) knockout
mice (RAG1 KO) lack mature T and B lymphocytes (Mombaerts, [acomini et al. 1992).
The interleukin-2 receptor subunit gamma (IL-2 RG), also known as common gamma
chain or CD132, is a receptor subunit of at least six different interleukin receptors: IL-2,
IL-4, IL-7, IL-9, IL-15 and IL-21 receptor. In RAG1 and IL-2 RG double knockout mice
(RAG IL-2 RG DKO) the growth and maturation of lymphocytes is defective resulting in
lack of T cells, B cells, and NK cells (Lemischka and Moore 2003). Both RAG1 KO and
RAG IL-2 RG DKO mice displayed considerably lower granulocyte counts than the
homozygous TUB006 mutants (Figure 14 D). Thus, the granulocytosis in peripheral
blood of homozygous TUB006 mice is not a compensatory result of the lack of

lymphocytes.
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As a target for immunohistological identification of neutrophil granulocytes, the
characteristic lysosomal enzyme myeloperoxidase (MPO) was used. During the
neutrophil's respiratory burst, MPO produces the cytotoxic hypochlorous acid to kill
bacteria and other pathogens. MPO staining of tissue sections from homozygous TUB006
mice revealed granulocyte infiltrates in varying degrees and penetrance in liver, spleen

and lungs (Figure 15).

B006 ho

Figure 15: Myeloid infiltrates in spleen, liver and lung of homozygous TUB006 mutants point towards inflammation. Tissue
sections of indicated organs were analyzed by immunohistology using visualization of neutrophil granulocytes via myeloperoxidase
(MPO) staining. Sections from a representative eight-weeks old homozygous TUB006 mouse (hom) and wild type littermate (WT)
are shown. MPO-positive cells appear brown.
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5.2.3 Histopathological examination

To further characterize the phenotype of homozygous TUB006 mutants, six homozygous
mice entered the Pathology Screen, one male and five females. They were around one

month of age, weighting between 9 and 12 g. All organs of the animals were examined,

displaying various pathological changes, summarized in Table 2.

Table 2: Summary of the histopathological examination of six homozygous TUB006 animals

Patho-ID
Organ 10.2205 11/525 11/958 11/961 11/1082 11/1083
. Testicular . .
Genital organs - Not available Not available -
atrophy
Infiltrates of
granulocytes
Infiltrates of around blood
Lun ) granulocytes vessles, relaxed | ) )
9 around blood connective
vessles tissue around
vessles with
infiltrates
Increased Increased Increased No Increased Increased
extramedullary
extramedullary | extramedullary |extramedullary hematopoesis extramedullary | extramedullary
Liver hematopoesis, hematopoesis, hematopoesis, scattere% * | hematopoesis, hematopoesis,
granulocytes in | granulocytes in | granulocytes in . granulocytes in | granulocytes in
) ) ) . . ) granulocytes in ) . . )
sinusoids sinusoids sinusoids . ) sinusoids sinusoids
sinusoids
Areas of old Small areas of F|br9§|s ?nd. Cardiomyopathy,
Heart - - . . s calcification in P
infarction calcificati on calcification
the heart
. Slight tubular Slight tubular
Kidney - - Tubular atrophy |- atrophy atrophy
Increase in Increase in Increase in Increase in Increase in Increase in
granulocytes granulocytes granulocytes granulocytes granulocytes granulocytes
Spleen and and and and and and
megakaryocytes, | megakaryocyt megakaryocytes, | megakaryocytes, | megakaryocytes, | megakaryocytes,
no white pulp es, no white pulp | no white pulp no white pulp no white pulp no white pulp
Gut Infiltrates of Infiltrates of Infiltrates of infiltrates of Nests of
granulocyt es granulocytes granulocytes granulocytes granulocytes

The pathology screen confirmed our previous findings of athymia as well as the
extremely reduced body size of the homozygous animals as demonstrated by tibia
length of 13 mm and a body weight of 8.6 g in comparison to 27.9 g for the wild type

male mice. Granulocyte infiltrations were found in spleen, but also in liver, gut, and lung.
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5.2.4 Dermatosis

The coat of homozygous TUB0O06 animals appeared roughened and showed foci of
disrupted hair growth. This phenotype was progressive and in the further course
developed to alopecia and incrustations, especially at neck, shoulders, abdomen and in

some cases at extremities. At final stages, some animals developed ulcerous lesions.

For a deeper analysis of the skin abnormalities, dermatohistological methods were
applied. Microscopic analysis of HE stained skin sections revealed increased hypodermal
thickness, resembling murine models of systemic sclerosis (scleroderma; Pablos, Everett
et al. 2004). Furthermore, lack of adipose tissue (lipodystrophy) was observed, as well
as hyperparakeratosis, increased fibroblasts and blood vessels in the stratum corneum,
epidermal hyperplasia, scarring alopecia and also massive infiltration of neutrophil

granulocytes (Figure 16).

WT TUBO006 hom

200 um

Figure 16: Histological analysis of skin sections. HE staining of a representative eight-weeks old wild type (WT) and homozygous
TUB006 (hom) mouse. Homozygous sample shows abnormal thickening of the hypodermis, lack of the subcutaneous fat layer and
scarring alopecia. Infiltrations of neutrophil granulocytes are shown at higher magnification in the right panel.

The skin phenotype observed in homozygous TUB006 mice may be a direct result of
infection and/or chronic inflammation in the skin. Therefore, a closer look at the

inflammatory milieu was of interest.

5.2.5 Inflammatory milieu in homozygous TUB006 mice

Proinflammatory cytokines such as IL-1f, TNF-a and IL-6 are crucial mediators of
inflammatory responses in various organs and tissues and therefore contribute to the
pathogenesis of numerous (auto)inflammatory diseases: inflammatory bowel disease,
rheumatoid and osteoarthritis, as well as inflammatory skin disorder, among others
(Dinarello 2000; Gabay, Lamacchia et al. 2010; Croker, Lewis et al. 2011; Strober and
Fuss 2011; Wojdasiewicz, Poniatowski et al. 2014).
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Some of the pathological features found in TUBOO6 homozygotes, e.g. the massive
granulocyte expansion and infiltration of neutrophils into tissues are probably governed
by the cytokine milieu tending towards inflammation in these mice. Such inflammation-
induces granulocyte expansion, also known as “emergency granulopoiesis”, engages the
total capacity of the bone marrow hematopoietic system and literally leaves no space for
lymphopoiesis. The induction of this “emergency” system in TUB006 would explain that
B cells, present at birth, disappear when granulocytes expand. In order to analyze the
cytokine profile of TUBOO6 animals, plasma levels of cytokines IL-1(, IL-6, IFN-y, TNF-q,
IL-4, IL-2, IL-5, chemokine (C-X-C motif) ligand 1 (CXCL1), IL-10, and IL-12 were

determined.
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Figure 17: Cytokine profile in plasma of 32 homozygous TUB006 animals (hom) and wild type controls (WT).

Increased plasma levels of IL-1f3, IL-6 and TNF-a were observed in homozygous TUB006
mice. These proinflammatory cytokines point towards systemic inflammation and
probably govern infiltration of granulocytes into tissues in TUB0O6. Interestingly, IL-4

levels were also increased.

5.2.6 Altered hematopoiesis in the bone marrow

The increased granulocyte numbers and lack of lymphocytes in TUBO0O6 homozygotes
could be a downstream effect caused by initial changes in the hematopoietic system. To
determine whether defined steps during hematopoiesis are affected, multicolor flow

cytometry panels for identification of hematopoietic stem cells and downstream
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progenitor cells were established and relative proportions of the different

developmental stages were assessed.

Stem cells antigen-1 (Sca-1, also known as Ly6a, lymphocyte antigen 6 complex, locus A)
was one of the first identified markers expressed on the cell surface of stem and
progenitor cells of the hematopoietic system. In combination with the tyrosine kinase c-
Kit (alias CD117), Sca-1 is commonly used to characterize stem and progenitor cells.
Both stem and early progenitors are lineage negative (Lin-). Stem cells are enriched in
the Lin- Sca-1* cKit* (LSK) fraction. Lineage progenitors are characterized by cKit
expression in combination with other cell surface markers, such as signaling lymphocyte
activation molecule (SLAM) CD150 or the IgG Fc y Receptor III/II (FcyR or CD16/32).
MEPs and GMPs are contained within the Lin- Sca- cKit* compartment, GMPs being FcyR*
CD150- CD34*, and MEPs being FcyR- CD150* CD34- (Pronk, Rossi et al. 2007, Rieger,
Smejkal et al. 2009)). CLPs are Lin- Sca* cKitintermediate gnd 127+ (Kondo, Weissman et al.
1997).

WT TUB006 hom

CLP

0.609

lineage " cells
cb127*
—> c-Kit™ Sca-1*

MEP
lineage " cells
FcyR™ c-Kit*
—CD150" CD34"
T ER " T e "
GMP ]
lineage " cells e 0
c-Kit* CD150" Ew
—>FcyR* CD34*

T
100

vé 10t 0 0 ug‘ o ot
CD150 CD34

L T
0107 0

1 1‘04 N‘)} 1‘04
CD150 CD34

Figure 18: Alteration of hematopoietic precursors in the bone marrow. Flow cytometric analysis of common myeloid
progenitors (CLP, top panel), megakaryocyte-erythrocyte progenitors (MEP, central panel), and granulocyte-macrophage
progenitors (GMP, bottom panel) in the bone marrow from representative eight-weeks old homozygous (hom) TUB006 mouse and
wild type (WT) control.

A flow cytometry panel was designed that allows identification of CLPs of the lymphoid
branch, and MEPs and GMPs of the myeloid branch (for hematopoietic hierarchy refer to

Figure 1). Detailed analysis of lymphoid and myeloid precursors in the bone marrow
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revealed that the proportion of CLPs is essentially decreased in bone marrow from
homozygous TUB006 animals, whereas GMPs and MEPs are largely increased (Figure

18).

Consequently, the hematopoietic stem cell compartment of eight-weeks old mice was
analyzed, revealing intriguing findings. For flow cytometric identification of HSCs two
alternative gating strategy were followed. The first classical approach aimed at
identification of the LSK fraction. Since in homozygous mice no LSK fraction was
detectable (Figure 19, top panel), the second strategy was applied. SLAM family markers
CD48 and CD150 were used for identification of LT-HSCs, which are enriched within the
CD150* CD48- fraction (Wilson, Laurenti et al. 2008). However, both approaches
revealed similar results: The hematopoietic stem cells were drastically decreased in

homozygous TUB006 mice (Figure 19).
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Figure 19: Identification of the hematopoietic stem cell (HSC) compartment in the bone marrow. Flow cytometric evaluation
of lineage-negative Sca-1-positive c-Kit-positive cells (top panel) and lineage-negative CD150-positive CD48-negative cells (bottom
panel) in eight-weeks old wild type (WT), heterozygous (het) and homozygous (hom) TUB006 mice.

Taken together, in homozygous TUB0O06 mice a hematopoietic defect was observed, with
a virtual loss of the HSC compartment, strong decrease of the lymphoid precursors, and
a massive increase in progenitors of the myeloid branch. The changes in the
hematopoietic system most likely contribute to the downstream effects on
lymphopoiesis and lymphatic tissue engraftment in the periphery. However, the
phenotypic characterization of the hematopoietic precursors in the bone marrow does
not answer the question whether this is a primary defect or is influenced by extrinsic

factors.

-67 -



5.3 Identification of the underlying genetic alteration

In an initial mapping attempt to identify the chromosomal localization of the underlying
genetic mutation, heterozygous TUB006 animals were backcrossed twice with C57BL/6]
mice and the resulting offspring interbred to produce homozygous TUBO0O6 mutants
with clearly detectable phenotype. DNA from 44 phenotypically homozygous TUB006
mutants was analyzed using 137 SNP markers (Klaften and Hrabé de Angelis 2005). For
each marker analyzed, the logarithm of the odds (LOD)-score was determined. This
coarse mapping revealed a linkage of the phenotype to five of eight SNPs located on
chromosome 8 (LOD-Score > 3, Figure 20). The strongest linkage (LOD=16.7) could be
detected with rs13479998, corresponding to a genomic region of 116.69 Mb

(http://www.ensemble.org).
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Figure 20: Genetic mapping of the TUB006 mutation by single nucleotide polymorphism (SNP) analysis between C57BL/6]
and C3HeB/Fe]J strains.

The mapping approach still left a large candidate region. Comparison of the TUB006
phenotype with existing gene-targeted mice and human inherited disorders failed to

reduce the number of candidate genes.

For many years, the major bottleneck in ENU mutagenesis projects was the
identification of the causative mutation, which required time-consuming breeding and
analytical efforts. That has recently changed with the development of Next-generation
sequencing techniques, which represents the most efficient approach to identify the
genetic mutation in ENU mutants. The vast majority of mutagen-induced mutations
found to date is based on critical base pair changes in coding regions or splice sites.
Therefore, sequencing can focus on these regions (exome sequencing, Fairfield, Gilbert
et al. 2011, Hilton, Lewis et al. 2011, Sun, Mondal et al. 2012). In order to identify the
causative mutation in TUB006, deep whole exome sequencing was performed using
[llumina reversible termination technique (Zimprich, Benet-Pages et al. 2011). The false-

positive rate inherent in this technique can be reduced by analyzing more than a single
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mouse carrying the same mutation (Fairfield, Gilbert et al. 2011). Consequently, DNA
from two affected animals (assuming their homozygous genotype) and one wild type
littermate control was analyzed. The latter sample was included to rule out all variants
between our C3HeB/Fe] wild type animals from the reference sequence, which was
derived from another colony of C3HeB/Fe] animals. Strikingly, only one homozygous
point mutation was present in both analyzed affected mice but not in the controls.
Remarkably, this mutation was located exactly within the previously mapped candidate
region on chromosome 8 (position of the mutation chr8:108459981).
Psmb10 genomic sequence
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Figure 21: Location of the TUB006 mutation A) Genomic organization of the murine Psmb10 gene. The TUB006 mutation (G->T
transversion, depicted in red) is located in exon 7. The MECL-1 protein is generated in its inactive form containing the N-terminal
propeptide of 39 amino acids. B) Multi-species amino acid sequence alignment of active 3-subunits. Protein sequences are shown in
the one-letter amino acid code. Residue numbers are assigned according to the sequence alignment to the B-subunit of the archaeon
Thermoplasma acidophilum, as suggested by Huber at al., 2010.

The affected gene, proteasome subunit, beta type 10 (Psmb10, MGI: 1096380) encodes
for MECL-1, a catalytic subunit of the immunoproteasome and thymoproteasome. The
murine genomic sequence of the Psmb10 gene spans 2.3 kb and contains eight exons
(Figure 21 A; Cruz, Elenich et al. 1997). The identified point mutation is located in exon
7 of Psmb10 and leads to an amino acid exchange from glycine to tryptophan at position
170 of the mature MECL-1 protein (Figure 21). Alignment of the protein sequence
showed that glycine at position 170 is extremely conserved among species from the

archaeon Thermoplasma acidophilum, through yeast, to vertebrates (Figure 21 B).
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5.4 Establishment of genotyping protocols

Previously, the identification of heterozygous and homozygous TUB006 mutants had to
be performed by visual inspection of the mice and/or by flow cytometric evaluation of
peripheral blood leukocytes. However, to show that the phenotype correlates with the
genotype, the establishment of genotyping methods is required. Furthermore,
genotyping is needed for analysis of both embryos and young mice before onset of the
visible phenotype. Identification of the mutation was the milestone in the project that

facilitated establishment of genotyping protocols.

For fast and cost-efficient genotyping of heterozygous TUB006 mutants, heteroduplex
analysis using LightScanner technology was utilized (Wittwer, Reed et al. 2003). The
basis of this method is PCR, performed in the presence of the double-stranded DNA
binding dye LCGreen. After amplification, the double-stranded PCR product undergoes
continuous increase of temperature, and melting of the DNA strands releases the
fluorescent LCGreen dye. The DNA melting and quantification of the fluorescence signal

is performed in the LightScanner instrument.

In contrast to wild type and homozygous DNA, heterozygous TUB006 DNA contains two
sequences, differing in a single nucleotide. The sequence alterations of the DNA strands
lead to mismatched DNA hybrids called heteroduplexes. The melting temperature (tm) of
heteroduplexes is slightly lower than that of homoduplexes. The altered melting curves
enable identification of heterozygotes by curve shape and/or position. In order to find
the optimal genotyping conditions for the TUB006 mutation, different primer
combinations were designed and tested. The melting temperature had to be adjusted in
the PCR cycler program by adding 2°C to the tn initially calculated for primers, since
addition of LCGreen dye increases the melting temperature of DNA. Best results were
obtained with a short PCR product of 77 bp, amplified using the primer combination
shown in Figure 22 A. Clearly separated heteroduplex products were observed that

melted at lower temperatures than the homoduplex products (Figure 22 B, red curves).

Although the LightScanner genotyping showed excellent efficiency for identification of
heterozygotes, distinguishing of wild types and homozygotes did unfortunately not
perform well. To solve the problem of homozygote genotyping, classical Sanger

sequencing of PCR products had to be applied (Sanger et al. 1977). The optimal primer
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combination for PCR products suitable for Sanger sequencing and exemplary sequencing

results are shown in Figure 22 A and C.

A

|
TUB0O6 seq AATTGTCTAGACTTCAAGATTAACAAGTCCCCTGGTTAGAGTGTGGTAACACTAGGTCCATTTAACCTCATTTCCACTACCCAGCTGGAGGCTGCGCAAG

Exon7 |PsmbiOLSL [uaooe mut G->T Psmb10 LS R

-40 -20 1 20 40

Psmb10 seq L Exon 7

-140 -120 -100 -80 60
| 1 1

TUB0O6 seq AGCTGTTGGTGGAAGCCATCACAGCAGGGATCCTGAGTGACCTGGGCTCTTGGGGCAATGTGGATGCCTGTGTGATCACTGCAGGGGGTGCCAAGCTGCA

Exon 7 Psmb10 seq R
60 80 100 120 140
| |

TUB006 seq GAGAGCATTGAGCACCCCCACCGAGCCTGTGCAGAGGTAAGAGCACAGGAAGGGAGGGCTCTGTGTGTGTTCACACGTGTGCATGGACAGGCTGCATTCT

Psmb10 seq R Exon 8
60 150 200 220 240

|
TUB006 seq AAAAGGCTGGCCCTCCTCCCTTCTAGAGCTGGCCGTTACCGATTTGCTCCTGGAACCACACCTGTCCTGACCCGGGAAGTGAGACCCCTGACCCTGGAAC

Exon 8
280 280 300 320 340

| | |
TUB006 seq TTCTTGAGGAAACTGTGCAGGCCATGGAGGTGGAATGAAGTGGCCTGAGATGTAGAGTTTGGAATGAGGGTGAATAAATCCGGGAAACACAAACACTTAA

Primer sequence Purpose tm (PCR)
Psmb10 LS L GTGGAAGCCATCACAGC LightScanner genotyping 63°C
Psmb10 LSR CCTGCAGTGATCACACAG LightScanner genotyping 63°C
Psmb10 seq L CAGCCTTTTAGAATGCAGCC Sanger sequencing 66°C
Psmb10 seq R CCTCATTTCCACTACCCAGC Sanger sequencing 66°C

Temperature Shifted Curves
Difference Curves
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Figure 22: TUB006 genotyping. A) Genomic Psmb10 sequence of a homozygous TUB006 mouse. Localization of the TUB006
mutation and the optimal primer combinations for genotyping are shown. B) Melting curve analysis via LightScanner software.
Melting curves of DNA amplificates containing heteroduplexes (heterozygous samples) are depicted in red, grey curves show melting
curves without heteroduplexes (wild type or homozygous samples). C) Sanger sequencing of representative wild type and
homozygous TUB006 mutant.
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5.5 T and NK cell deficiency is inborn, while B cell deficiency and granulocytosis

develop later

The TUBOO6 phenotype may be based on deficient lymphocyte differentiation, enhanced
susceptibility to opportunistic infection(s) and therefore may lead to an expansion of the
granulocyte lineage. However, other lymphocyte-deficient mouse lines such as RAG1 KO
and RAG IL-2 RG DKO do not exhibit increased granulocytic infiltrations, particularly not
as drastically as observed in TUB0O0O6 homozygous mutants. Alternatively, it is possible
that (auto-) inflammation and associated accumulation of granulocytes represent the
primary TUBOO6 defect and cause the lack of the thymus and lymphocytes. With
lymphocytes still detectable in newborn TUB006 homozygotes and increased numbers
of granulocytes at this stage, granulocytosis in TUB0O06 homozygous mice might cause

the lack of lymphocytes.

Establishment of genotyping protocols facilitated examination of younger mice before
onset of the visible skin phenotype. In order to understand the development of the
pathology in TUBOO6 mice, leukocyte subsets in peripheral blood and spleens from
newborn TUBOO6 mice were analyzed by flow cytometry. T cells were profoundly
reduced in peripheral blood and spleens from homozygous TUB006 neonates (Figure 23
A and B). NK cells were also drastically decreased in the periphery, whereas B cell and
granulocyte frequencies were comparable to wild type levels (Figure 23 A and B). No
differences in immunoglobulin levels between wild types, heterozygous, and

homozygous neonates were observed (Figure 23 C).

These results demonstrate that the granulocytosis develops later than SCID. Since B cells
are present in newborns, a lymphocyte progenitor defect at this age can be excluded (for
analysis of lymphoid progenitors in the bone marrow from older mice refer to section

5.2.6).
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Figure 23: Phenotype of neonatal TUB006 mutants. Flow cytometric analysis of peripheral blood (A) and splenocytes (B) from 2-
5 days old homozygous (hom), heterozygous (het) and wild type (WT) pups shown as representative dot plots (A) or box plots (B) of
pooled data from 3 litters analyzed on 3 different days (n= 4-5 per group. Plasma concentration of antibody isotypes IgM, IgA, I1gG1,
IgG2a, IgG2b, IgG3 was measured in plasma obtained from two litters (2 and 5 days old, n= 2-3 per group).
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5.6 Thymus is present but abnormal in newborn TUB006 homozygotes

As mentioned before, in mice with pronounced homozygous TUB006 phenotype (more
than four weeks of age), the thymus was not detectable. In contrast to athymic
adolescent homozygotes, vestigial thymi were present in newborn homozygotes.
Although the thymi from heterozygous and particularly homozygous TUB006 mice were
substantially smaller in size compared to wild type counterparts, a general thymus

anlage defect can be excluded.

A detailed analysis of the medullary and cortical TECs in TUB006 thymi was performed
by flow cytometry. Stromal cells are first gated for absence of the leukocyte marker
CD45, then cTECs and mTECs can be distinguished by the cell surface expression of
epithelial cell adhesion molecule (EpCam) and Ly-51. Obtained data indicate that cTECs
were virtually absent in homozygous TUB0O06 thymi, whereas mTECs were readily

detectable (Figure 24).
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Figure 24: Thymic stroma defect in thymi from newborn TUB006 homozygotes. cTECs (EpCam*Ly51+*) and mTECs (EpCam*
Ly51-) from homozygous (hom) and wild type (WT) pups are shown as representative dot plots (left, plots are gated on living CD45-
negative cells) or scatter plots (right, n=2, from one two days old litter). Dot plots (left) are gated on CD45- cells; scatter plots (right)
show percentages of CD45- cells or total cell numbers per thymus.

The thymocyte differentiation was also examined by flow cytometry. TUBOO6
homozygous neonatal thymi revealed decreased frequencies of CD4SP and CD8SP
thymocytes compared to the control littermates (Figure 25), suggesting a stop of the

thymocyte development at the double positive (DP) stage.

Mice deficient for the thymoproteasome-specific subunit 35t showed impaired positive
selection of CD8* T cells, leading to a decrease of CD8SP thymocytes and CD8* T cells in
the periphery (Murata, Sasaki et al. 2007). In contrast to 5t-deficient mice, in thymi
from TUBOO6 mice both CD4SP and CD8SP thymocytes are reduced, although the CD4
defect is more leaky (Figure 25). Therefore, it is unlikely that the thymic TUB006
phenotype resembles solely thymoproteasome deficiency. The question remains

whether the observed defect is intrinsic to cells derived from the hematopoietic system,

-74 -



e.g. maturating T cells expressing the immunoproteasome, or if the defect is caused by
factors like thymus stroma cells, especially cTECs expressing the thymoproteasome.

Transplantation of the bone marrow from homozygous TUB006 mice into wild type

recipients would help to clarify this point.
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Figure 25: Impaired thymocyte maturation in homozygous TUB006 neonates. Thymocytes from 2-5 days old homozygous
(hom), heterozygous (het) and wild type (WT) pups shown as representative dot plots (left, plots are gated on living CD45-positive
thymocytes) or box plots of pooled data from 3 litters analyzed on 3 different days (right panels, n= 4-5 per group).
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5.7 Bone marrow transplantation experiments

The observed SCID and/or autoinflammation of TUBOO6 mutants might be caused by a
cell-intrinsic defect within the hematopoietic system. To address this question, bone
marrow transplantation experiments are the appropriate method, as described for other
mutant mouse lines at the German Mouse Clinic (Abe, Wechs et al. 2008). Bone marrow
cells from either wild type or homozygous TUB006 mice were used to reconstitute
either wild type or homozygous TUB0O06 recipients. Prior to intravenous administration
of donor bone marrow cells, recipients were exposed to radiation in order to remove the
endogenous hematopoiesis and clear the hematopoietic niches for donor-derived

hematopoietic precursors.

The resulting homozygous TUB006 mutants that received wild type bone marrow cells
will be henceforth designated as WT9TUB006 chimera. Chimeric mice generated by
administration of TUB0O6 or wild type bone marrow to wild type recipients are termed

TUB006>WT or WT3>WT, respectively.

TUBO0O6 bone marrow fails at reconstituting wild type recipients

If the TUBOO6 mutant phenotype was based on a hematopoietic cell-intrinsic defect,
transfer of bone marrow cells derived from sick individuals into healthy recipients
would transmit the disease to recipients. Pooled bone marrow cells derived from two
eight-week-old homozygous TUB006 donors were transferred into wild type recipients
(n=4) irradiated with two fractions of five Gy. As a control, wild type bone marrow was
transplanted to wild type recipients (Figure 26 A). Surprisingly, the mutant bone
marrow completely failed at reconstituting the wild type recipient. Numbers of
leukocytes in circulation remained low and all recipients died within few weeks after
transplantation (Figure 26 B). In contrast, WTWT chimera showed hematopoietic
reconstitution with CD45.2+ cells (Figure 26 C and D), proving that the newly produced

leukocytes are derived from the transplanted donor bone marrow.

In summary, data from the first bone marrow transplantation study hint towards a
hematopoietic defect in TUB006 mice, and is in line with the observation of extremely

low HSC content in the bone marrow of homozygous TUB006 mice.
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Figure 26: Bone marrow from homozygous TUB006 donors does not reconstitute wild type recipients. A) Experimental setup.
B) Survival curve shows lethality of TUB0O06-WT chimeric mice. C) Leukocyte counts acquired by flow cytometry of peripheral
blood from chimeric mice and untreated wild type controls shows reconstitution in WT9WT and failure in TUB0O06WT chimera
two weeks after transfer. D) Origin of leukocytes from the WT9WT chimera 14 days after bone marrow transplantation.

Inconsistent observations in WT=>TUBO0O06 bone marrow chimera

If the hematopoietic cell compartment solely was solely causing the disease, transfer of
bone marrow cells from a healthy donor would reconstitute the recipient’s leukocyte
pool including B and NK cells. To evaluate the therapeutic effect, transfer of wild type
bone marrow cells into irradiated homozygous TUB006 mutants was performed. As a

control, wild type bone marrow was transferred into wild type recipients.
First pilot study

In the first pilot experimental setting the bone marrow transfer experiment was

performed with TUB006 mice bred on the original genetic background C3HeB/Fe]. The
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same irradiation dose (two fractions of five Gy) was used as for wild type recipients in

the previously described TUBO06>WT and WT3WT chimera.
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Figure 27: Wild type bone marrow cells give rise to B cells, NK cells and granulocytes in homozygous TUB006 hosts. A)
Experimental setup. B) Flow cytometric analysis of peripheral blood leukocytes from WTSTUB006 bone marrow chimera two
weeks after bone marrow transfer of wild type bone marrow into homozygous TUB006 recipients. The left dot plot shows the
granulocyte gate (CD11b* Gr-1+ cells), the central dot plot shows the T cell gate (CD5* cells) and the NK cell gate (NKp46* cells). The
right dot plot shows the B cell gate (CD19+* cells). All plots are pregated on living leukocytes (CD45+ cells). C) Sanger sequencing of
DNA isolated from blood leukocytes from a wild type donor, homozygous TUB006 recipient before bone marrow transplantation,
and a representative WT3TUB006 bone marrow chimera two weeks after bone marrow transplantation. The TUB006 mutation
locus is highlighted by the red rectangle. The black peak shows the nucleotide G (wild type sequence), the red peak shows the
nucleotide T (homozygous sequence).

Blood samples from the resulting bone marrow chimera were analyzed one and two
weeks after bone marrow transfer. Unfortunately, there is no available congenic strain
at the C3HeB/Fe] background that would help to distinguish donor-derived and
endogenous recipient-derived leukocytes. Nevertheless, to be able to evaluate the origin
of blood cells in chimeric mice, DNA was extracted from peripheral blood leukocytes one
and two weeks after bone marrow transfer. Sanger sequencing of the mutated Psmb10
locus enables evaluation whether the leukocyte pool from chimeric mice contains
mutated sequence (endogenous recipient’s origin), wild type sequence (donor-derived

cells), or both (mixed chimera).

Flow cytometric analysis of peripheral blood revealed that on day 14 in WTSTUBO006

chimera, the B cell population is reconstituted to wild type levels (Figure 27 B).
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Furthermore, at low frequencies also NK cells as well as granulocytes were present.

However, the T cell compartment did not show reconstitution (Figure 27 B).

In order to exclude the possibility that the observed lymphopoiesis in the chimeric mice
is a consequence of the irradiation itself, it was required to verify that leukocytes were
derived from the transferred donor cells. Genetic analysis of DNA isolated from blood
cells of the WTSTUBOO6 chimera clearly showed the black peak of the wild type
sequence, with a tiny red peak of the mutant sequence (Figure 27 C), indicating that the
vast majority of leukocytes originates from wild type donor bone marrow. It is unclear
whether the small mutant signal is background or represents a small population of
endogenous recipient-derived leukocytes. However, even with potential low numbers of
endogenous leukocytes in the blood of chimeric mice, the data clearly demonstrate that
reconstitution with wild type bone marrow enables development of lymphocytes. These
results demonstrate that cell-exogenous factors required for B- and NK cell development
are present and functional in homozygous TUB006 mice. T cells are not reconstituted
most likely due to the absence of thymus in the homozygous recipients that is required
for T cell development and maturation. In the timeframe of observation (two weeks)

after bone marrow transfer there were no signs of granulocytosis.

Due to progression of morbidity in chimeric mice, a further follow-up of the experiment
was unfortunately impossible. The mice had to be euthanized two weeks after
irradiation. Considering the small body size of homozygous mutants, there is good

reason to assume that the irradiation dose was too high.
Second pilot study

In the second experimental setup, the aim was to avoid the high lethality observed in
homozygous TUB0O06 recipients of the first WT3TUB006 bone marrow transplantation
experiment. In an attempt to reduce the harmful effect of the irradiation, a lower
irradiation dose of two fractions of three Gy was applied (Figure 28 A). At the time of the
second pilot study backcross of the TUB0O0O6 mouse line onto the BALB/c genetic
background was accomplished. The congenic BALB/c strain was used to differentiate
between cells from donor and recipient origin using isotyping of the leukocyte surface

marker CD45 by flow cytometry.

Flow cytometric analysis of the peripheral blood gained from the generated

WT>TUB006 bone marrow chimera showed that almost all detected leukocytes were
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CD45.1* indicating their origin from the donor bone marrow (Figure 28). Wild type bone

marrow cells successfully engrafted the homozygous host.

Yet, leukocyte counts in the blood were rapidly increased in WT3TUB006 chimera to
the levels of untreated homozygous TUB006 mice, substantially exceeding the leukocyte
counts of the WTWT control chimera as well as the untreated controls (Figure 28 C).
Remarkably, the vast majority of cells found in the periphery turned out to be
granulocytes (Figure 28 D), while the lymphocyte compartment did not show
reconstitution (Figure 28 E and F). WTSTUB006 chimera generated in the second
experimental setting developed SCID and granulocytosis within few weeks after
transplantation. It indicates that the defect is based on extrinsic effects not inherent in
the hematopoietic cells, forcing the wild type bone marrow to produce high numbers of

granulocytes and repress lymphocyte production.
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Figure 28: WT=3TUB006 bone marrow chimera present granulocytosis. A) Experimental setup. B-F) Flow cytometric
evaluation of peripheral blood leukocytes two weeks after bone marrow transfer. B) CD45 isotyping to distinguish donor-derived
blood cells from endogenous recipient-derived leukocytes in WT3TUB006 chimera. C-F) leukocyte counts acquired from peripheral
blood by flow cytometry: living leukocytes (C), granulocytes (D), B cells (E) and T cells (F).

Taken together, depending on the experimental setup, diametrically opposed results for
the hematopoietic recovery were observed, showing that the TUB0O06 disease is complex
and is caused by diverse interweaved factors. Wild type bone marrow can give rise to B
and NK cells in TUB00O6 mice under some conditions, but under other circumstances is

forced towards granulopoiesis by non-hematopoietic factors.
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5.8 Impact of commensals on TUB006 phenotype

The TUBOO6 phenotype could be caused by enhanced susceptibility to opportunistic
infection(s) leading to an expansion of the granulocyte lineage. It is possible that at least
part of the detected phenotype is triggered by the presence of certain microorganisms. A
thinkable scenario would be that hyperkeratosis and alopecia sensitize the skin of
homozygous TUB006 mutants to skin damage, which allows bacteria to invade the
dermis. Subsequently, inflammation provides activation of the complement system,
release of cytokines from keratinocytes, expression of adhesion molecules on local blood
vessels and extravasation of neutrophils. Not only the skin, also the gut might be a
source of opportunistic pathogens, particularly considering the inborn severe T and NK
cell deficiency in TUBOO6 homozygotes. The decline in B cells and simultaneous
expansion of the granulocyte compartment might be a consequence of enhanced

susceptibility to opportunistic infection(s).

To evaluate the impact of commensals on the pathogenesis, the TUB0OO6 mutant
phenotype was analyzed after transfer of the line into a germ-free environment. The
results were intriguing: the disease developed identically under germ-free conditions.
Germ-free heterozygous as well as homozygous TUB006 mice represented a phenocopy

of mutants with a normal microflora (Figure 29), including homozygous lethality.
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Figure 29: Persistence of the TUB006 phenotype under germ-free breeding conditions. Flow cytometric analysis of peripheral
blood from wild type (WT), heterozygous (het) and homozygous (hom) TUB006 animals bred in a germ-free mouse facility.

This finding clearly demonstrates independence from microbiotic influence on the
pathogenesis in TUB0O06, leading to the assumption that the inflammation in TUB006

can be triggered exclusively by sterile stimuli.
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5.9 Validation of the mutation

Although our studies and the published information strongly suggest that the MECL-
1G170W mutation is causal for the observed TUB006 phenotype, involvement of further
mutations cannot be fully excluded. In order to validate the mutation, tail DNA samples
from more than 500 inbred mice were analyzed with a phenotype-genotype correlation

of 100%.

The TUBOO6 mutant mouse line was initially bred on the genetic background of the
C3HeB/Fe] inbred strain. To evaluate the influence of the genetic background on the
TUB006 phenotype, and to further validate the link between the identified MECL-1
mutation and the TUB006 phenotype, two congenic strains of the TUB006 mouse line
were generated. The causative mutation was thereby transferred to the inbred strains

C57BL/6 und BALB/c.

C3HeB/FeJ BALB/c C57BL/6
100 = g °
° —
g 80— °
>
8 60— y
R4
=2
Q
= 40—
6
2
20 =
I — T B S . ¢ I
N N NI A
g &  F& L g & f & g & & &
A N ‘l' N A 1) *' O A 2 *' O
S S S 9 S S
S S S
o o (c

Figure 30: Phenotype of homozygous TUB006 mutants on different genetic backgrounds. Flow cytometric evaluation of
peripheral blood leukocytes from homozygous TUB006 mutants bred on the indicated genetic backgrounds. All analyzed
homozygotes presented SCID and granulocytosis.

Heterozygous TUB006 animals were crossed to wild type C57BL/6 or BALB/c mice, and
the phenotype of the resulting offspring was analyzed. Mice showing the phenotype of
reduced T cell frequencies were again crossed to C57BL/6 or BALB/c mice. The
backcross generation N7 (C57BL/6) or N11 (BALB/c) was intercrossed to produce
homozygous offspring. Analysis of homozygous offspring revealed strong phenotype
persistence with symptoms identical to that of C3HeB/Fe] mice (Figure 30; the
phenotype is described in detail in sections 5.2, 5.5 and 5.6), underscoring the causal

relationship of the MECL-16170W mutation and the severe TUB006 phenotype.
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Notably, TUB006 mutants bred on the BALB/c background have a prolonged life span
when compared to C3HeB/Fe] or C57BL/6. The disease develops later and thymic tissue

is detectable until the age of three weeks.

However, even after backcross for more than ten generations, there is still a significant
probability of approx. 7% that a second closely linked mutation is contributing to the
phenotype (Keays, Clark et al. 2006). To further validate the causative mutation and to
analyze the gene dosage effect, TUB006 mice were crossed to MECL-1 knockout (MECL-
1 KO) mice. The resulting offspring should be heterozygous for the knockout allele, 50%
carrying one wild type allele (MECL-1/*) and 50% showing the hemizygous (MECL-1-
/G170W) genotype. Analysis of the hemizygous mice showed the key features of the
homozygous (MECL-16170W/G170W) TUB006 phenotype, i.e. lack of T cells and NK cells
(Figure 31). B cell- and granulocyte frequencies showed a high variance among

hemizygous individuals, but nevertheless hemizygotes showed substantial lethality.
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Figure 31: Validation of the mutation by phenotyping of the TUB006 x MECL-1 KO offspring. Comparison of the hemizygous
(MECL-1-/6170W) mjce with wild type (MECL-1+/+), heterozygous and homozygous MECL-1 knockout (MECL-1*/- and MECL-1--), and
heterozygous TUB006 (MECL-1+/6170W) mice. Flow cytometric evaluation of leukocyte frequencies in peripheral blood is shown.
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Even though the phenotype of hemizygous mutants strongly underscores the causal
relationship of the MECL-16170W mutation and the severe TUB006 phenotype, a formal
proof requires either correcting the mutation by reinserting the wild type sequence or a
de novo generation of the mutant. The recent development of the CRISPR-Cas9
technology has enabled new possibilities for gene editing in the oocyte. This system
utilizes the adaptive bacterial defense tool, clustered regularly interspaced short
palindromic repeats (CRISP) and CRISPR-associated protein 9 (Cas9) endonuclease that
cleaves DNA at specific target positions. The specificity of the target is determined by
guide-RNA, which can be designed to match the complementary genomic sequence of

interest.

The gRNA of the “classical” CRISPR-Cas9 recognizes 20 bp of genomic sequence and
allows Cas9 to induce double-strand DNA breaks. Due to a single recognition site and the
ability of the guide-RNA to tolerate up to five mismatches, it is prone to bind to off-target
sites. The novel CRISPR-Cas9 nickase strategy, however, minimizes off-target mutations
by using paired nickases (Mali, Aach et al. 2013, Shen, Zhang et al. 2014). In this
approach, two nickases are guided in a tail-to-tail orientation by two separate guide-
RNAs (20 bp each) to adjacent target regions and induce two neighboring single-strand
nicks on the opposite DNA strands, thus increasing specificity through doubling of target
site length. After cleaving with either Cas9 or Cas9 nickase, the cleaved site is repaired
by cellular repair mechanisms: non-homologous end joining (NHE]) or homology-
directed repair (HDR) in the presence of a recombination donor. Recently, this
technique has been shown to be suitable for introduction of point mutations (Inui,

Miyado et al. 2014).

genomic MECL-1 locus target of gRNA2 PAM
I

5'-CTACCCAGCTGGAGGCTGCGCAAGAGCTGTTGGTGGAAGCCATCACAGCAGGGATCCTGAGTGACCTGGGCTCTGGGGGCAATGTGGATGCCTGTGTGATCACTGCAGGGGGTGCCAAGCTGCAGAGAGCATTGAGCACCCCCACCGAGE-3"
3'-GATGGGTCGACCTCCGACGCGTTCTCGACAACCACCTTCGGTAGTGTCGTCCCTAGGACTCACTGGACCCGAGACCCCCGTTACACCTACGGACACACTAGTGACGTCCCCCACGGTTCGACGTCTCTCGTAACTCGTGGGGGTGGCTCG-5"

————
PAM target of gRNA1
ssODN (HDR template) 5-CTGCGCAAGAGCTGTTGGTGGAAGCTATTACCGCCGGCATTCTCTCCGACCTGGGCTCTTGGGGCAATGTGGACGCTTGCGTCATTACCGCCGGCGGTGCCAAGCTGCAGAGAGCATTGA-3

CRISPR/Cas9 nickase induces nicks

HDR (homology-directed repair)
genomic MECL-1 locus after successful substitution

5'-CTACCCAGCTGGAGGCTGCGCAAGAGCTGTTGGTGGAAGCTATTACCGCCGGCATTCTCTCCGACCTGGGCTCTTGGGGCAATGTGGACGCTTGCGTCATTACCGCCGGCGGTGCCAAGCT GCAGAGAGCATTGAGCACCCCCACCGAGC-3"
3'-GATGGGTCGACCTCCGACGCGTTCTCGACAACCACCTTCGATAATGGCGGCCGTAAGAGAGGCTGGACCCGAGAACCCCGTTACACCTGCGAACGCAGTAATGGCGGCCGCCACGGTTCGACGTCTCTCGTAACTCGTGGGGGTGGCTCG-5"

WT ...EAITAGILSDLGSGGNVDACVITAG...
G170W ...EAITAGILSDLGSWGNVDACVITAG...

Figure 32: Mutational strategy of introduction of the G>T substitution in Psmb10 using CRISPR/Cas9 technology. Schematic
illustration shows the genomic mouse Psmb10 locus encoding MECL-1, and locations of the guide-RNAs (gRNAs) and single-strand
oligodeoxynucleotide (ssODN). Site of the mutation is indicated in red, the silent nucleotide exchanges in ssODN are indicated in
purple.
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The CRISPR-Cas9 nickase technology was used to specifically target the genomic MECL-
1 locus in wild type C57BL/6 oocytes and recreate the TUB0O06 point mutation (Figure
32). Paired guide-RNAs for the TUB006 mutation locus were designed using a

computational online-tool (http://crispr.mit.edu/). The Cas9 nickase as well as two

gRNAs, each specific for one 20bp target sequence, were injected into the pronucleus of
C57BL/6 oocytes. Additionally, a single-strand oligodeoxynucleotide (ssODN) was co-
injected, containing the TUB006 mutation for HDR of the cleaved locus. This ssODN of
120 bp was modified by silent nucleotide exchanges to avoid recurrent cleavage. For
design of the modifications, the codon usage bias was taken into account (Wada, Wada

et al. 1992).

Unfortunately, at the time of finishing this PhD project, the generated offspring was not

yet old enough for phenotypic analysis and genotyping.
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5.10 Working hypothesis: MECL-1°"""Y mutation causes proteasome assembly

defect

In the case of coexistence of immuno-subunits and constitutive subunits, immuno-
subunits are incorporated preferentially into nascent proteasomes (De, Jayarapu et al.
2003, Heink, Ludwig et al. 2005, Bai, Zhao et al. 2014). In gene-targeted MECL-1-/- mice,
MECL-1 is absent but can be compensated by its constitutive counterpart 2c, leading to
formation of functional proteasomes. In contrast to the knockout context, in TUB0O6 the
mutated version MECL-16170W js expressed and presumably incorporated into
proteasome precursors during the assembly process. Gly170 is located in a structurally
highly conserved region of subunit 32 at the interface of the two proteasome -rings in
both the murine proteasomes and yeast proteasome (Groll, Ditzel et al. 1997, Huber,
Basler et al. 2012). Hence, its mutation to Trp was assumed to sterically hinder
dimerization of two hemiproteasomes and to interfere with proteasome assembly.
Protein structure modeling confirmed that the bulky MECL-16179W tryptophan side chain
sterically clashed with amino acids of the 36 subunit from the opposite proteasome ring
(Figure 33). Consequently, the mutation G170W may preclude dimerization of

hemiproteasomes and formation of enzymatically active proteasomes.

a
B

20S -
proteasome B

Figure 33: Basic structure of the 20S proteasome and structural modeling of the wild type and TUBO006
immunoproteasome. The framed pictures show the interaction between MECL-1 ($2i; orange) and 6 (blue) subunit from the
opposite B-ring. Left: wild type, right: TUB006.

In our working hypothesis based on protein modeling, the mutated MECL-1 retards the
proteasome assembly. Since proteasomes are essential for all eukaryotic cells, we
hypothesized that cells expressing MECL-16170W ghove a certain level might be defective

in proteasome assembly and consequently nonviable.
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5.11 Lethal effect of MECL-1°"""-overexpression

According to the working hypothesis, overexpression of the mutated MECL-1 is expected
to be lethal. In order to test this experimentally, a suitable retroviral vector was
designed for transduction and expression of mutated MECL-1G170W in primary
splenocytes. To analyze the impact of MECL-16170W-gverexpression in comparison to the
wild type protein, coding sequences of wild type MECL-1 and MECL-16170W were cloned
into the retroviral mP71 vector. For visualization and quantification of successfully
transduced cells expressing the MECL-1 transgene, reporter constructs with fluorescent
labeling of MECL-1 using GFP (green fluorescent protein) were generated. To ensure co-
expression of MECL-1 and GFP, a cloning strategy was applied that produces a fusion
gene under control of one promoter. The resulting bicistronic mRNA is translated to a
protein that contains sequences of both, the protein of interest (MECL-1) and the
reporter part (GFP). To assess whether the fusion of the reporter protein to MECL-1
affects the results, constructs containing two different linkers between MECL-1 and GFP
were generated. In the first setting the P2A self-cleavage motif cleaves the protein chain,
resulting in two separate proteins (Gao, Jack et al. 2012). In the second setting the self-
cleavage ability of P2A was abrogated by a mutation, leading to expression of one single

fused MECL-1 GFP protein. The design of the constructs is detailed in Figure 34 A.

The generated constructs were used to produce viral particles for transduction of
primary wild type splenocytes. Due to the fact that retroviruses infect only proliferating
cells, splenocytes were stimulated with agonistic anti-CD3 and anti-CD28 antibodies to
induce T cell proliferation 24 hours prior to transduction. Following retroviral
transduction, two parallel culture conditions for splenocytes were applied: either
prolonged stimulation with anti-CD3 and anti-CD28 antibodies, or incubation with IL-2

and IL-15.

One day after transduction, initial transduction efficacies were assessed by flow
cytometric evaluation of GFP producing cells. GFP expression was analyzed over time
(24, 36, and 48 hours after transduction) as a surrogate marker for MECL-1WT or MECL-
1G170W expressing cells. In addition, Annexin V staining was performed for identification

of apoptotic cells 36 hours after transduction.

- 87 -



\/\/

— ij

| MECL-1 and GFP
separate

%W

D ad MECL-1 and GFP

al fused
T e ere | > (@mowesm ore
”VJJ
B wt
CD3 CD28 stimulation IL-2 IL-15 stimulation ® MECL-1" GFP separate
20m 20m ® MECL-1" GFP fused

e ° JP— - ° MECL-18"°WGFP separate

& e s e RN e e m ® MECL-"GFP fused
O _—=Z ="~ 5] m?,:____

i ‘f\ 12 24 36 a8 X ., 12 24 36 48
£ . £ s
(] Ssec ° S
g S D -20= N
S -20= S55.® g e
2 . - .
° N S T

o g -40- o TR

-40= time (h) time (h)
Apoptotic cells
@ 40m
3 °
o o .
& 30m
Y [ ]
o
N 20= PY
T’ ————
5
£ 10
x
[
c
c
< O T T T .
WT G170W WT Gi70wW
separate fused

Figure 34: Overexpression of mutated MECL-1 causes cell death in murine splenocytes. A) Schematic illustration of the
constructs used for transduction. B) Kinetics of the GFP signal detected in the splenocyte population after transduction. Plots show
changes in GFP signal relative to transduction efficacy. After transduction, T cells were stimulated with anti-CD3 and anti-CD28
antibodies (left panel) or IL-2 and IL-15 (right panel). C) Apoptotic cells identified by Annexin V staining 36 hours after transduction
are plotted as percentages of transduced (GFP) cells. Data from one representative overexpression experiment are shown, in total
the experiment was performed twice with similar results. In each experiment splenocytes were transduced with two different virus
supernatants. Each point in the dot plots shows data from one separately transduced splenocyte sample.

The frequency of GFP* cells decreased over time in cells transduced with MECL-16170W jn
both the fused and the separate MECL-1 GFP versions (Figure 34 B). This finding
supports our hypothesis that MECL-16170W expression has lethal effects on cells. Since
both fusion and co-expression constructs yielded very similar results, a difference in the
stability of MECL-1 and MECL-16170W js unlikely to be responsible for the observed

effects. Furthermore, there is no evidence for stimulus-dependent effects. Both, the TCR-
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engaging CD3/CD28 and TCR-bypassing IL-2/IL15 stimulations lead to a similar
decrease of MECL-16170W-expressing cells (Figure 34 B). Annexin V staining 36 hours
post transduction revealed higher frequencies of apoptotic cells, showing an increase of

programmed cell death in MECL-16170W expressing cells (Figure 34 C).

Taken together, these results clearly demonstrate lethal effects of MECL-16G170W
overexpression on murine splenocytes. Furthermore, MECL-16170W transduced T cells

undergo rapid apoptosis independently of persistent TCR engagement.
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5.12 Yeast mutagenesis and structural data

In spite of the phylogenetic distance between yeast and mammals, the principle cellular
structures such as proteasomes are extremely conserved. This evolutionary
conservation legitimates to introduce the TUB006 mutation into the yeast proteasome
and analyze the impact of the amino acid exchange at molecular level. To prove the
working hypothesis, we conducted yeast mutagenesis experiments. Noteworthy, yeast
expresses only one proteasome type and any interruption of its assembly is lethal.
Subunits of the yeast proteasome will be henceforth designated as y- (yeast) subunits,

e.g. yB2 for the (2 subunit of the yeast proteasome.

For introduction of the TUB0O06 mutation into yeast cells, plasmid shuffling technique
was applied (Figure 35). As basis for plasmid shuffling, yeast lacking the chromosomal
yB2-subunit was used, complemented with a removable URA3-marked plasmid pRS316
encoding wild type yB2-subunit (Heinemeyer, Fischer et al. 1997). The TUB006 point
mutation G170W was introduced into another plasmid encoding the yf2 subunit - the
LEUZ-plasmid pRS315. The basic yeast strain was then transformed with the
constructed mutant plasmid pRS315-PUP1¢170W, Subsequently, transformants were
selected on 5’FOA plates for removal of the URA3-marked plasmid encoding wild type
yB2. As a result, the plasmid encoding wild type yB2 is removed and only the yeasts
successfully transformed with the plasmid encoding mutant yf326170W can survive. This

plasmid shuffling experiment demonstrated that the y[326170W mutant was not viable.

LEU2

Plasmid shuffling

Selection
on 5’FOA
plates

Basic yeast strain Transformant . - )
knockout for genomic yg2 knockout for genomic yp2 Selectant with funch-onal mutation
reconstituted with URA3-marked yB2 plasmid reconstituted with URA3-marked yB2 plasmid knockout for genomic yp2

transformed with LEUZ2 yB2™! plasmid transformed with LEU2 yB2™" plasmid

Figure 35: Schematic illustration of the plasmid shuffling technique in yeast. The basic y32-deficient yeast strain is rescued by
wild type yB2 on the URA3-marked plasmid. Transformation with the LEU2-Plasmid encoding yB26170A or y[B26170W (y32mut) and
subsequent selective pressure against URA3 using 5'fluoro-orotic acid (5'FOA) results in survival of yeast cells containing only the
yB2mut-encoding plasmid.

In parallel, the attenuated mutation G170A was introduced into the same position of
construct pRS315. In contrast to the bulky tryptophan, alanine has a small amino acid

residue and therefore would have less steric effects. Plasmid shuffling with the plasmid
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encoding the yB2G170A mutation was also lethal to yeast. By happy chance, fusing a
Protein A tag (ProA) to the C-terminus of the mutant yf3261704 subunit rescued the
viability of the resulting y[326170A-ProA mutant. Although y(2G170A-ProA yeasts showed a
pronounced growth defect, its viability indicated successful incorporation of the mutant
yB2G170A-ProA subunit into the yeast proteasome, at levels sufficient for some cells to
survive. In contrast to the yf326170A mutant, a C-terminal Protein A tag could not rescue
yB2G170W yeasts, hinting towards additional negative effects of the bulky tryptophan
residue on the proteasome biogenesis. Because expression of a proteolytically inactive
yB2 does not affect the viability in yeast (Heinemeyer, Fischer et al. 1997, Groll,
Heinemeyer et al. 1999), a general proteasome assembly defect was supposed to cause

the lethality of yp26170A, yB26170W and yB26170W-ProA,

Next, proteasomes of the viable y326¢170A-ProA mutant yeast were purified by affinity
chromatography and crystallized after removal of the Protein A tag. Structural data
demonstrate the incorporation of the point mutation G170A and correct y32 maturation
by autolysis of the yf32-propeptide. Using an isolation procedure based on activity assays
to identify proteasome-containing fractions, only active proteasomes were purified.

Therefore, assembly intermediates were not analyzed.

Overall, the structures of wild type and mutant y32-subunits were almost identical and
therefore showed a good superimposition. The root-mean-square deviation (RMSD, the
measure of the divergence of two aligned structures) between wild type and mutant
structures was 0.3 A, with the exception of the loop structure at the proximal part of the
long C-terminal tail. The loop area (positions 192-197) was strongly distorted and less
well defined in y3261704 compared to the wild type yfB2-subunit (Figure 36 A). Detailed
analysis of the site of mutation (Figure 36 B) revealed that exchange of glycine by
alanine on position 170 would lead to steric conflicts between Alal70 and Argl9 from
the same subunit yp2 (3.0 A), and between Ala170 and the C-terminal amino acid
Asp190 from subunit yB6 of the opposite B-ring (2.6 A). To avoid steric clashes, the
guanidine group of Argl19 and the carboxylate of Asp190 are shifted by up to 1.6 A.
These changes break the hydrogen bridges between the amino group of Arg19 and the
carboxyl group of Asp190 (wild type: 3.1 A; mutant: 5.1 A) as well as the amino group of
Arg19 and the C-terminus of subunit yp6 (wild type: 3.1 A; mutant: 4.5 A).

Furthermore, the mutation caused minor backbone distortions, which shortened the

distance between the oxygen atom of Ser171 and carbon atom of Pro192 from 3.5 A to
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2.9 A. This close contact flips Pro192 out of the hydrophobic pocket provided by Ile163,
Trp164, Val173 and Leu190 of yB32 (Figure 36 B). The reorientation of Pro192 leads to a
twist of the distal sequence Asn193-Glu196 outwards on the protein surface (Figure 36
B). The intra- and intersubunit contacts are destabilized by breaking of the hydrogen
bridges between Asn193 and Ser171 (wild type: 3.0 A; mutant: 9.6 A) as well as Arg195
and Glu139 of yB3 (wild type: 2.7 A; mutant: 11.7 A).

A

160 170 180 190
tf SAAKQRDSASGGMIDVAVITRK.DGYVQLPTDQIESRIRKL
yp2 QAGIWNDLGSGSNVDVCVMEIGKDAEYLRNYLTPNVREEKQ

mp2c AAGIFNDLGSGSNIDLCVISKS .KLDFLRPFSVPNKKGTRL
hB2c AAGIFNDLGSGSNIDLCVISKN.KLDFLRPYTVPNKKGTRL
bp2c AAGIFNDLGSGSNIDLCVISKS.KLDFLRPYSVPNKKGTRFE
cPz2c AAGVFNDLGSGSNIDLCVISKS .KLDFLRPYSVPNKKGTRFE
rPB2c AAGIFNDLGSGSNIDLCVISKS .KLDFLRPYSVPNKKGTRF
sP2c AAGIFNDLGSGSNIDLCVISKS.KLDFLRPYSVPNKKGTRF

mPB2i TAGILSDLGSGGNVDACVITAG.GAKLQRALSTPTEPVQRA
21 TAGILGDLGSGGNVDACVITKT .GAKLLRTLSSPTEPVKRS
2 TAGILGDLGSGGNVDACVITAA.GAKMLRALSSPTKPIERS
25 TAGILGDLGSGGSVDACVITGT .GAKLLRTLSSPTKPTERP
rp2i TAGILGDLGSGGSVDACVITAG.GAKLQRALSSPIEPVQRA
2 TAGILSDLGSGGNVDACVIMGT .GAKLLRTLSSPTKPTERS

Figure 36: Crystal structure of the yeast 261704 intersubunit contacts. A) Illustration of the mutant yeast proteasome subunit
yB261704 (brown) superimposed onto the yeast wild type yB2 subunit (gray) and the mouse immunoproteasome subunit MECL-1
(black) is shown on the left panel. Association of the subunits y32 and yB3 (purple) is shown on the right panel. Red arrows indicate
the site of the G170A mutation and the black arrows mark the resulting conformational changes in the yp2 C-terminal tail. B) Site of
mutation in subunit y32 and the surrounding hydrogen-bonding network. Glycine exchange on position 170 leads to reorientation of
residues 192-196 (black arrows). This results in breaking of hydrogen bonds (dotted lines) within y32 and with/between the
adjacent subunits y3 of the same B-ring and yf36 of the opposite half proteasome, depicted in black. Black double arrows indicate
steric clashes. C) Multi-species alignment of positions 160-200 of the 2 unit. The strictly conserved proline on position 192
arranges the 2 C-terminus for association with the neighboring $3 subunit. In the mutant proteasome, turning of Pro192 changes
the conformation of the 32 C-terminus. Species abbreviations in sequence alignment: t: Thermophilus acidophilum; y: Saccharomyces
cerevisiae; m: Mus musculus; h: Homo sapiens; b: Bos taurus; c: Canis familiaris; r: Rattus norvegicus; s: Sus scrofa; amino acid numbers
are assigned according to the -subunit of T. acidophilum.

The observed structural changes affect the orientation of the C-terminal tail of subunit
yB2G170A which is essential for eukaryotic hemiproteasome assembly. Even though wild

type and mutant yf32-subunits structurally superimpose well, the strongly distorted loop

structure Pro192-Glu197 has fatal effects on proteasome biogenesis. Structural data
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suggest that the C-terminal appendage of y[326¢1704 fails to properly associate with
subunit yf33 of the same -ring. The extension of the C-terminal tail by the Protein A tag
provides additional interaction surface and facilitates subunit interactions and
hemiproteasome formation. Thus, the Protein A tag compensates for the deleterious
conformational change in the ypB26170A-agppendage and enables survival of the mutant

yB2G170A yeasts.

The lethality of the mutant y326¢179W cannot be rescued by extending of the C-terminal
tail by Protein A tag, indicating that the bulky tryptophan residue leads to more severe

steric impact.
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6 Discussion

Primary immunodeficiencies (PID) comprise numerous diseases, key features of which
are absence or malfunction of one or more components of the immune system (Al-Herz,
Bousfiha et al. 2014). The genetic basis of these disorders is diverse, and a variety of
underlying mutations have been identified in the past decades (Notarangelo 2010,
Parvaneh, Casanova et al. 2013, Al-Herz, Bousfiha et al. 2014). However, there still are
numerous patients suffering from PID with undefined etiology. Identification of the
causative genetic alterations is pivotal for early diagnosis and development of
therapeutic strategies. Furthermore, identification of novel genes that are involved in
the pathogenesis as well as annotation of known genes to PID allows us to deepen our

understanding of the immune system and its pathophysiology.

To study human genes and diseases, model organisms like yeast, fish, flies and foremost
mice have been extensively used by researchers in academia and industry. The special
role of mouse models has several reasons. First, humans and mice share a lot of
molecular pathways, 99% of human genes are conserved in the mouse. Second, the
mouse is a well-studied model and numerous techniques for modifying the mouse
genome are well established. Third, the relatively fast breeding and small body size
allow high-throughput and large-scale studies. Fourth, mouse models can be used for

drug screening and evaluation of new therapies (Zambrowicz and Sands 2003).

However, increasing concerns arise about whether we need animal research in general
and mouse models in particular. However, for highly complex networks such as the
immune system, which crucially involves the cooperation of the bone marrow, thymus,
the lymphatic and vascular systems, as well as peripheral organs and even microbiota,
so far there is no conceivable experimental model that can mimic in vivo studies. For
investigations of basic mechanisms of human PID, mouse research has been
indispensable (Shultz and Sidman 1987, Joliat and Shultz 2001, Nelms and Goodnow
2001, Beutler, Jiang et al. 2006, Hoyne and Goodnow 2006, Rutschmann and Hoebe
2008). However, mouse models also bear limitations. In spite of a large number of
similarities, there are several differences in the immune system of humans and mice
(Mestas and Hughes 2004). For example, species-specific effects on neutrophils were
reported, in particular regarding their numbers in blood and a diverging anti-microbial

repertoire (Geering, Stoeckle et al. 2013). Lab mice also lack genetic variability, since
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most experiments are made with inbred mouse strains that are virtually identical in
their genomes. Furthermore, in contrast to humans, lab mice are housed in SPF
environment, making mouse experiments easier to reproduce and control, but also less
realistic as model system for humans. In addition, there are examples of drugs that were
ineffective in humans although they worked well in animals. Even though lab mice are
not always reliable as preclinical models, they have proven as an excellent model for
humans in a huge number of scientific experiments. Mouse husbandry conditions can
also shift the immune status of lab mice closer towards that of adult humans. Indeed,
recent work proved this implication by housing SPF lab mice together with free-living
mice and thereby exposing lab animals to common pathogens (Beura, Hamilton et al.
2016). Mouse research has also enabled great progress for therapies of a number of
serious diseases, e.g. successful treatment of acute promyelocytic leukaemia that was
previously mostly untreatable (Pandolfi, Stanley et al. 2015). Mice can also provide
functional information on unknown genes that were found to be associated with human
diseases by GWAS studies. Taken together, in spite of some limitations, mouse as a
model organism has been proven invaluable for understanding the genetics and

pathogenesis of PID.

Mice were also used in the large-scale mouse ENU mutagenesis approach (Hrabé de
Angelis, Flaswinkel et al. 2000) that enabled this study. One of the mouse mutant lines
identified within this screening approach has moved into the focus of this research
project. The detailed characterization of the unique immunological phenotype was the
first objective of this study. The main challenges, however, were the identification of the
underlying mutation and gaining insights into the pathomechanism leading to the

observed immunodeficiency.

6.1 Diverse aspects of T-lymphopenia and SCID in TUB006 mice

Abnormal leukocyte numbers in the periphery are associated with leukemia/lymphoma,
immunodeficiency, and autoimmunity. Despite the importance of processes that
regulate circulating leukocytes, details on the genetics and pathways involved remain to

be elucidated.

Heterozygous mutants macroscopically develop normally, and except of T cell reduction
show normal leukocyte numbers. In the Listeria monocytogenes infection model, there

was no evidence for defects in the innate immune response, since during the first three
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days infected mice showed good health conditions and comparable pathogen levels in
spleen and liver on day three. The inflammatory response to L.m. involving neutrophil
granulocytes, NK cells, and macrophages, which is crucial for early survival (Pamer
2004), was competent to control the infection in heterozygous mutants. However,
beginning with day five a rapid progression of the disease was observed, leading to fatal
susceptibility to the intracellular pathogen by day seven after infection. For complete
bacterial clearance, Listeria-specific IFN-y-producing CD8* effector T cells are
indispensable (Bancroft, Schreiber et al. 1987, Dalton, Pitts-Meek et al. 1993, Huang,
Hendriks et al. 1993). The T cell response was impaired in heterozygous TUB006
mutants, antigen-specific CD8* T cells were not detectable on day seven p.i., and peptide
stimulation failed to induce IFN-y production. These results demonstrate that the
TUBO006 phenotype in heterozygous mutants is numerically and functionally restricted

to T cells.

This impaired T cell response in heterozygous TUB006 mutants was interesting,
because the absence of immunoproteasome does not impair the responses against other
epitopes that are made by constitutive proteasomes and mice lacking either LMP2,
LMP7 or MECL-1 or both LMP7 and MECL-1, despite partially impaired CD8* response,
are capable of resolving infections with intracellular pathogens (Nussbaum, Rodriguez-
Carreno et al. 2005, Sijts and Kloetzel 2011). Although differences in the generation of
selected MHC I epitopes have been documented, the mice could readily cope with a
whole array of viruses and bacteria including Lymphocytic choriomeningitis virus
(LCMV), Vaccinia virus (VV) and Listeria with similar efficiency as wild types. To address
the possibility that the failure of controlling the infection in TUB0O0G6 is due to the altered
T cell repertoire, further research is required: it will be necessary to analyze the T cell
repertoire in mutant mice, as well as the T cell response to recombinant L.m. strain
expressing model antigens like ovalbumin (L.m.-ova) after completion of the TUB0O6-

backcross onto the C57BL/6 background.

Upon TCR-independent stimulation with PMA and ionomycin, T cells from infected

heterozygous TUB006 mutants were able to produce IFN-y. Although the frequency of

IFN-y producing CD8* cells was significantly lower compared to wild type splenocytes,

the general capability of producing INF-y rules out a complete T cell deficiency. The T

cell response and cytokine production was analyzed in mice that survived until day 7

p.i., thus a lethal effect of high-level IFN-y production in mutants and subsequent
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survival of cytokine low-producers would lead to biased observations. However,
diminished INF-y production after PMA and ionomycin treatment was also observed
previously by Rockwell et al. in LMP7 MECL-1 double-knockout splenocytes. Although
the exact mechanism and function of this regulation is yet unresolved, the
immunoproteasome plays a role in mRNA expression of some cytokines, particularly
INF-y (Rockwell, Monaco et al. 2012). TUB006 might be an appropriate model to study
the functional and mechanistic questions of the cytokine regulation by the

immunoproteasome in T cells.

The TUBOO6 T cell defect is most likely composed of multiple closely linked layers. First,
there is evidence that the immunoproteasome is constitutively expressed in T cells and
seems to have a pivotal but not yet understood T cell-intrinsic function (Zaiss, de Graaf
et al. 2008, Moebius, van den Broek et al. 2010). Second, T cell maturation in the thymus
is probably affected by the mutated thymoproteasome in TUB0O06 mice, leading to an
altered T cell receptor repertoire. Third, the proteasome/immunoproteasome
machinery supplies peptides for antigen presentation in the context of MHC I, and is
therefore essential for CD8* T cell survival and activation in an extrinsic manner.
Further studies of the TUBOO6 mouse model might help to unpuzzle in some part this
complex interplay and elucidate the thymoproteasome impact on T cell maturation, as
well as intrinsic and extrinsic roles of the immunoproteasome in T cell survival and

function.

Even though it is known that MECL-1 is constitutively expressed in T cells

(Immunological Genome Project, http://www.immgen.org), the functional and
mechanistic task of MECL-1 in T cells still remains to be elucidated. MECL-1 is part of
both the immunoproteasome and the thymoproteasome. An increased CD4+* to CD8* T
cell ratio was observed in heterozygous TUB0O06 mutants, and even more pronounced in
homozygotes. Similarly, the increased CD4/CD8 T cell ratio was observed in MECL-1-/-
mice (Basler, Moebius et al. 2006), and in mice deficient for the thymoproteasome-
specific subunit 5t (Murata, Sasaki et al. 2007). The thymoproteasome is responsible
for peptide production for positive selection during T cell maturation (Xing, Jameson et
al. 2013), hence the CD4/CD8 ratio of MECL1-/- mice may be influenced by the altered
positive selection in the thymus. On the other hand, the increased CD4/CD8 ratio
remains after transplantation of MECL1~/- bone marrow into wild type recipients, where
MECL-1 deficient T cell progenitors undergo normal maturation and differentiation in
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the wild type thymic environment (Zaiss, de Graaf et al. 2008). Thus, the underlying
regulatory mechanism of changes in the CD4* to CD8* T cell ratio is (at least in part)
thymus-independent and seems to be intrinsic to peripheral T cells. The phenomenon of
MECL-1 as T cell intrinsic factor was also demonstrated by Moebius et al., who reported
a loss of adoptively transferred MECL-1-/- T cells into infected hosts. This loss was not
due to graft rejection, but rather to a T cell intrinsic functional requirement for MECL-1
(Moebius, van den Broek et al. 2010). Taken together, it seems that the requirement for
immunoproteasomes for the expansion and survival of T cells is critical under certain

circumstances.

The special requirement of MECL-1 in T cells is supported by the selective gene dosage
effect on T lymphocytes TUB006 mice: the significant reduction of T cells in
heterozygous mice and a virtual T cell loss in homozygous mice. T cells might be the
most susceptible cell type, because in this cell population the most alterations are
combined: like the intrinsic cell defect combined with the developmental alteration in
the thymus. The thymoproteasome produces peptides for MHC I and is therefore
required for positive selection of CD8*, but not MHC Il-restricted CD4* T cells. In
thymoproteasome-deficient mice exclusively the positive selection of CD8* T cells is
affected, thereby reducing CD8SP thymocytes and CD8* T cells in the periphery, but not
CD4SP thymocytes or CD4* T cells (Murata, Sasaki et al. 2007, Xing, Jameson et al. 2013).
In contrast, homozygous TUB006 mice additionally show CD4SP thymocyte and CD4+ T
cell deficiency, which cannot be explained solely by defective thymoproteasome but
indicate that the developmental step from the DP to SP stage that accompanies positive
selection is profoundly hampered in both MHC I- and MHC IlI-restricted T cells. This
might result from the complete lack of the thymoproteasome-expressing cTECs in
TUB006 homozygotes. This is supported by the finding that transient cTEC depletion
leads to impaired development of both CD4+* and CD8* T cells (Rode and Boehm 2012). A
recently published study helps to determine the respective and potentially compounded
roles of the immunoproteasome and thymoproteasome deficiency. A spontaneous
mutation in the gene encoding the thymoproteasome-specific subunit 35t leads to
reduction of CD4SP and CD8SP thymocytes, as well as naive T cells in the periphery.
Both, CD4+ and CD8* T cells were affected, but the CD8* T cell defect was more severe,
very similar to the heterozygous TUB006 phenotype. The lymphopenia is a consequence

of substantial loss of cTECs and thymic tissue in these TN mutant mice (Nitta, Muro et al.
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2015). Likewise, TN and homozygous TUB006 mutants show atrophic thymus and
substantial loss of cTECs. The thymoproteasome is found exclusively in cTECs (Murata,
Sasaki et al. 2007, Tomaru, Ishizu et al. 2009, Xing, Jameson et al. 2013), while mTECs
contain immuno- and constitutive proteasome (Nil, Firat et al. 2004). Therefore, the
thymus defect in TUB006 mice was more pronounced in cTECs, while significantly more

mTECs were viable.

Maturation from DP to SP thymocytes is crucial for T cells to acquire capacity of self -
non-self discrimination, to be steadily replenished to the naive T cell pool in the
periphery and to ensure the functionality of the T cell repertoire. The maturation is
governed by interaction of TCRs with self-peptides in association with MHC molecules in
the thymus. Lack of cTECs has an impact on positive selection of both CD4SP and CD8SP
thymocytes. Correlating the degree of cTEC reduction with the consequences for CD8*
and CD4* T cell development could shed further light on the physiological function of
this particular cell type. The process of T cell development and repertoire formation has
been studied for decades, but the physiological and pathological importance of positive
selection is still controversial. When transferred into wild type recipients, thymi from
newborn homozygous TUB006 mice could provide an important tool for understanding
the complex T cell maturation process in more detail. In this system, wild type T cells
progenitors would undergo maturation and selection within the mutant defective

thymic stroma, which is characterized by a selective loss of cTECs.

Homozygous TUB006 mice develop SCID including lack of all major types of
lymphocytes: T, B and NK cells. Since other cell types such as NK- and B-cells are
unaffected by cTEC depletion, additional factors are assumed to cause SCID in TUB006
mice. At neonatal age, homozygotes show inborn deficiency in T and NK cells, but
normal B cell frequencies. T- and NK-lineages have in common their requirement for
MHC I encounter during maturation and developmental signals through IL-7 and IL-15.
However, mice deficient for MHC I surface expression have a functionally impaired but
numerically normal NK cell compartment (Orr and Lanier 2010), thus it is unlikely that
alterations in MHC I expression are causative for the NK cell deficiency in TUB006 mice.
NK cells are known to be sensitive to proteasome malfunction as they undergo apoptosis
upon treatment with proteasome inhibitors (Wang, Ottosson et al. 2009, Feng, Holmlund
et al. 2014). Furthermore, bortezomib down-regulates the expression of NKp46 on the
cell surface of non-apoptotic NK cells (Wang, Ottosson et al. 2009). It could be
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hypothesized that the absence of a functional proteasome could lead to the
disappearance of NK cells in TUB0O06. In case reports of Nakaja-Nishimura syndrome -
one of the ALDD syndromes - NK defects were described. In contrast to TUB006, NK
cells in these patients were numerically normal, but showed reduced activity (Tanaka,

Miyatani et al. 1993).

The differences in the neonatal B and T cells could also be based on their differential
regulation of basal immuno-subunit expression. Whereas the constitutive IFN signaling
is sufficient for B cells, the expression in T cells depends on two mechanisms: IFN-
dependent signal transducer and activator of transcription 1 (STAT1) activation as well
as IFN-independent IL-7 dependent STAT1 activation (Lee, Gimeno et al. 1999). The

regulation in NK cells is not yet dissolved.

T cell homeostasis is governed by TCR-MHC interactions and IL-7 stimulation. These
signals, ensuring T cell survival under steady-state conditions, lead to compensatory T
cell proliferation in lymphopenic environment (Takada and Jameson 2009). It was
shown that this process is associated with autoimmunity (King, Ilic et al. 2004). The
phenotype of T cells derived by peripheral homeostatic proliferation is skewed towards
a memory-like phenotype (Goldrath, Bogatzki et al. 2000). The same T cell phenotype is
observed in thymoproteasome-deficient mice (Nitta, Murata et al. 2010) and in TUB006
mutants and presumably reflects the reduced thymic output and typical changes during
thymus-independent homeostatic T cell proliferation in lymphopenic mice (Goldrath,
Bogatzki et al. 2000). To test whether T cell-intrinsic factors or factors provided by non-
T cells affect CD8* T cell activation, differentiation and maintenance in TUB006 mice,
adoptive T cell transfer experiments should be performed: analysis of T cell survival
after transfer of wild type T cells into homozygous and heterozygous TUB006 mutants
as well as the vice versa approach to transfer mutant TUBOO6 T cells into lymphopenic

RAG1 deficient hosts.

6.2 Granulocytosis and inflammation in TUB006 mice

In addition to SCID, homozygous TUBOO6 mutants exhibit granulocytosis and
autoinflammation of the skin and several organs, leading to early lethality. In most of the
analyzed organs granulocyte infiltrations were observed, except of the brain. This might
be due to the fact that leukocyte extravasation to the brain adopts a special mechanism

(Carvalho-Tavares, Hickey et al. 2000).
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Resolution of inflammation is crucial for the host. Under conditions where complete
healing does not occur, as in the setting of chronic infection or prolonged exposure to
injurious agents, the inflammatory response remains unresolved and can be detrimental
to the host. Macrophages and neutrophils persist and continue to secrete inflammatory
cytokines, ROS, proteases and growth factors that lead to inappropriate tissue
destruction, as well as fibroblast proliferation, aberrant collagen accumulation and
scarring or fibrosis. The complex developmental and functional relationships within the
immune system, as well as the influence of pathological changes have complicated

elucidating of the underlying pathomechanisms in homozygous TUB006 mice.

The pathological findings of severely increased granulocytes may be associated to
chronic myeloid leukemia (CML). Increased frequency of granulocytes in peripheral
blood and infiltrations of granulocytes in lung, liver, spleen, gut and skin are indications
of CML. The myeloproliferative disease is characterized by the abnormal proliferation
and accumulation of mature and maturing myeloid cells, and enlargement of the spleen
due to infiltration of the red pulp. Moreover, recently SNPs in human Psmb10 have been
linked to increased risk for CML (Bruzzoni-Giovanelli, Gonzalez et al. 2015). On the
contrary, athymic phenotype and SCID contradict the hypothesis of CML as underlying
disorder. Furthermore, the bone marrow transfer experiment showed that the
granulocytosis in homozygous TUB0OO6 host can also occur with donor-derived bone

marrow, ruling out CML as a pathomechanism in TUB0O06 mice.

Accelerated granulocyte production in response to infection or sterile stimuli is known
as emergency granulopoiesis. Emergency granulopoiesis is characterized by blood
leukocytosis, neutrophilia, and the appearance of hypersegmented immature neutrophil
precursor cells in the peripheral blood (known as left-shift), which are only present in
the bone marrow during physiological steady-state conditions (Manz and Boettcher
2014). These symptoms closely resemble the observations in homozygous TUB006
mice. Compared to the steady-state maintenance, the neutrophil production and egress
from the bone marrow switches to a differential regulation during emergency response,

involving IL-1 signaling (Hirai, Zhang et al. 2006, Cain, Snowden et al. 2011).

The granulocyte expansion temporally correlates with the B cell loss in TUB006 mice. B
cell and granulocyte frequencies are negatively correlated (Ueda, Kondo et al. 2005).
Emergency granulopoiesis is accompanied by decreased lymphocyte production (Manz

and Boettcher 2014). Therefore, expansion of the granulocyte lineage may lead to the B
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cell deficiency in TUBOO6 mice. Indeed, in the bone marrow from eight weeks-old
TUBO06 animals a strong reduction of lymphoid precursors was observed, and
simultaneous increase of the myeloid progenitors. This finding demonstrates that the

TUBO0O06 defect appears early during hematopoiesis.

The emergency granulopoiesis can occur in response to different stimuli, such as
infections or sterile stimuli. The lack of adaptive immune system in TUBOO6 mice
implies enhanced susceptibility to opportunistic infections. To evaluate the influence of
microbiota onto the pathogenesis in TUB006 mice, we transferred the mouse line into a
germ-free mouse facility. Interestingly, the phenotype of germ-free heterozygous as well
as homozygous TUB0OO6 mice developed identically to that of SPF-mice. Although the
influence of reactivation of endogenous retrovirus cannot be excluded (Yu, Lubben et al.
2012), the persistence of the TUBOO6 phenotype under germ-free conditions points

towards independence from microbiotic triggers and suggests sterile inflammation.

Similar to microbially induced inflammation, sterile inflammation is marked by fever,
increased production of hepatic acute phase proteins, recruitment of neutrophils and
macrophages to the site of inflammation and the production of proinflammatory
cytokines, particularly TNF-q, IL-6 and IL-1f (Chen and Nunez 2010, Joosten, Netea et al.
2013). One of the most potent triggers of sterile inflammation is cell death (Rock, Latz et
al. 2010). Sterile inflammation induced by cell death was shown to be dependent on the
Nlrp3 inflammasome and IL-1 (Chen and Nunez 2010). Mice deficient for the IL-1
receptor mice have a significant reduction of neutrophil recruitment to cell death-
induced sterile inflammation (Chen, Kono et al. 2007). The neutrophil attraction to sites
of skin necrosis is also governed by IL-1B (Sadik, Kim et al. 2011). In homozygous
TUB006 mice, the plasma levels of proinflammatory cytokines IL-1f, IL-6 and TNF-a
were increased. IL-1f acts as a key player in many chronic diseases, e.g. diabetes,
atherosclerosis, osteoarthritis and cancer (Dinarello 2011, Wojdasiewicz, Poniatowski et
al. 2014). This cytokine induces inflammatory responses in various organs and tissues
and is therefore one of the most potent proinflammatory cytokines (Dinarello 1984). IL-
1B and TNF-a show synergistic effects by activating of the same group of intracellular
signaling pathways and increasing inflammation (Wojdasiewicz, Poniatowski et al.
2014). Both cytokines stimulate upregulation of IL-6. IL-13 and IL-6 deficient mice fail to
develop a systemic inflammatory response to sterile stimuli (Fattori, Cappelletti et al.
1994, Kopf, Baumann et al. 1994, Zheng, Fletcher et al. 1995). IL-1f deficiency leads to
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failure of IL-6 induction (Fantuzzi, Ku et al. 1997). IL-1f3 can be produced by monocytes,
macrophages, DCs, B- and NK cells, as well as by neutrophils in mice with skin
inflammation. However, the cellular sources of cytokines in TUB006 are unknown. To
rescue the TUBOO6 phenotype, a therapeutic treatment with antibodies neutralizing IL-
1B would be a promising approach, as well as crossing of the TUB006 mouse line with

IL-1 or IL-1 receptor knockout mice.

In immunoproteasome-associated ALDD syndrome, a non-typical pattern of
inflammatory cytokines was described, distinct from the cytokine signature observed in
TUBOO6. Increased IL-6 and in some cases [FN-y levels were observed in sera (Agarwal,
Xing et al. 2010, Arima, Kinoshita et al. 2011, Liu, Ramot et al. 2012) and skin (Kitamura,
Maekawa et al. 2011) of these patients, notably without elevation of IL-1 and TNF-«a
(Agarwal, Xing et al. 2010).

Interestingly, besides the proinflammatory cytokines, also IL-4 levels were abnormally
high in homozygous TUB006 mutants. IL-4 possesses anti-inflammatory qualities and
suppresses production of inflammatory cytokines such as IL-12, IL-6 and TNF-a (Sriram,
Xu et al. 2014). Most likely, upregulation of IL-4 is a compensatory mechanism to
neutralize the harmful inflammation as described in patients with rheumatoid arthritis

(Rivas, Mozo et al. 1995).

6.3 Hematopoietic defect

Phenotypically, no HSC in bone marrow from homozygous TUB006 mice were observed.
However, to exclude that low frequencies not detectable by flow cytometry are still
present, functional HSC assays are necessary. The most important assay to assess HSC
function is the capability of an HSC to reconstitute the bone marrow of lethally
irradiated hosts. In this assay, wild type recipient mice are irradiated with a dose lethal
for the hematopoietic cells of the recipient mouse. Then, the recipient mouse is
transplanted with bone marrow cells from a homozygous TUB006 donor mouse. One
single HSC would be able to rescue the host by giving life-long multi-lineage
engraftment, showing both the capability of these cell to self-renew as well as to
differentiate into all hematopoietic lineages (Osawa, Hanada et al. 1996, Ema, Sudo et al.
2005). In contrast, if HSCs were absent or non-functional in TUB006 bone marrow, the
reconstitution of the system would not be possible. The latter variant was observed in

the TUB006>WT bone marrow chimera. The TUB006 bone marrow failed at
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reconstituting the host, showing a clear defect in the bone marrow from homozygous
TUBO006 mice at the donor age of eight weeks, in line with the undetectable stem cells in
TUBO006 mice. However, neutrophils were present in homozygous mice, and B cells were

present in newborns, assuming functionality of HSCs at least until a certain age.

HSC are spatially located in highly organized microenvironmental niches at the
endosteum of the bone. In response to stress or injury, HSC can be released into the
blood stream, a process called HSC mobilization. This system is also used in human
patients for stem cell collection from peripheral blood prior to stem cell transplantation
(Lemoli and D'Addio 2008). Increased release of leukocytes and HSC from the bone
marrow is also part of the immune system response to inflammation. Thereby, the
granulocyte colony-stimulating factor (G-CSF) that stimulates the bone marrow to
produce granulocytes and stem cells acts as one of the main mobilizing factors. The
mobilization of stem cells in response to severe chronic inflammation is a supposable

explanation for lack of HSC in the bone marrow from homozygous TUB006 mice.

Due to the failure of TUB0O06 bone marrow to engraft wild type hosts, the question is
still to be answered whether transfer of the mutant bone marrow can transmit the
TUBOOG6 disease. To assess this issue, as well as to evaluate the functionality of HSCs, the
TUB0O06>WT bone marrow transfer experiment should be repeated with younger

homozygous TUB0OO6 donors.

The vice versa bone marrow transfer of wild type bone marrow into homozygous
TUBO0O06 recipients showed quite contradicting results depending on the experimental
conditions. In one setting, recovery of B cells, as well as low frequencies of granulocytes
and NK cells were observed two weeks after bone marrow transfer. The T cell
compartment did not show reconstitution, most likely due to the absence of thymus in
homozygous recipients. However, this experiment shows that the TUB006 defect is
intrinsic to the hematopoietic system and can be rescued by transfer of wild type bone

marrow.

On the other hand, the second approach to generate WT3TUB006 chimera presented
granulocytosis and SCID two weeks after transplantation, showing that wild type bone
marrow can be forced towards granulopoiesis in response to extrinsic cues. In both
experiments, the vast majority of leukocytes originated from the transferred donor bone

marrow. There were three differences between the experiments. First, the genetic
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background of the mouse line was C3HeB/Fe] or BALB/c, respectively. Second, the age
of the recipients varied between five weeks in the first setting and more than eleven
weeks in the second setting. Third, the irradiation dose was reduced in the second
experiment (two fractions of three Gy instead of five Gy per fraction) in an attempt to
avoid the rapid lethality observed in the first experiment. The lower irradiation dose
might be not sufficient to eliminate all recipient-derived leukocytes, although the
peripheral blood leukocytes showed expression of the donor CD45 isotype two weeks
after bone marrow transfer. Which of these differences was crucial for the pleiotropic
hematopoietic effects, remains to be elucidated. However, the results clearly
demonstrate complexity of the TUB006 phenotype comprising defects on different
levels. Both intrinsic and extrinsic factors play crucial roles in the pathogenesis of the
immunodeficiency in the TUB006 mutant line. To clarify these opposing effects, further

bone marrow transfer studies will be needed.

6.4 Analysis of the cell-specific roles in the pathogenesis of TUB006 by generation

of conditional knock in mouse model

Engineering of a conditional MECL-16170W point mutation knock in mouse will allow
inducible cell type- or tissue-restricted expression of MECL-16170W_ This conditional
MECL-16170W  knock in mouse model will be useful to conclusively assess the

contribution of different cell types to the pathogenesis in TUB006 mice.

Targeting of the endogenous MECL-1 locus ascertains that endogenous promotor and
other regulatory sequences enable gene expression levels and patterns of MECL-16170W
identical to that of wild type MECL-1. The strategy was developed to insert a mutated
duplication of exon 7 on the complementary strand upstream of the endogenous exon 7.
The sequence containing both, wild type and mutated exons 7, is floxed, i.e. flanked by
antidromic loxP sites as depicted in Figure 37. This gene targeting strategy allows
normal expression of the endogenous wild type MECL-1 until induction of the mutant
MECL-1 via Cre-mediated recombination, since the mutant exon lies in opposite
transcriptional orientation within an intron. Cre expression and subsequent
recombination leads to the inversion of the floxed sequence, thereby inducing

expression of mutated MECL-1 and simultaneously, inactivation of the wild type allele.
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Exon 3 Exon 6 Exon 7 mut, Exon 7

Exon 1 Exon 2 Exon 4 Exon 5 FRT

Figure 37: Schematic illustration of the construction of the conditional knock in mouse mutant. The genomic sequence of
Psmb10 contains eight exons, the TUB006 mutation is located in exon 7. The mutational strategy is shown for creating mice in which
a point mutant allele replaces the wild type allele by expression of Cre recombinase. Mutant (light blue) and wild type (green) exons
7 are flanked by loxP sites (beige).

In order to insert the mutated exon 7 duplicate together with the loxP sites and
neomycine resistance (Neo) cassette, homologous recombination in embryonic stem
(ES) cells can be utilized. In case of inefficient recombination of the complete targeting
sequence including the distal downstream loxP site, transfection can be repeated, with
co-transfection of a supplementary Cas9 and gRNA expression vector. Assisted targeting
strategy using Cas9 nuclease to induce a DNA break within the targeting region (e.g.
insertion site of the downstream loxP element) was shown to enhance recombination
efficiency significantly. Successfully recombined ES cells are selected by adding
neomycin to the culture media, and thereafter the Neo cassette is removed by FLP-
mediated recombination in vivo. Selected ES clones are injected into blastocytes to
produce chimeric mice. Following germ-line transmission, the resulting heterozygous
mice will be intercrossed to produce homozygous offspring. Subsequently, the floxed
mouse line can be crossed to different mouse lines expressing Cre recombinase globally
or under control of cell type-restricted promotors, e.g. CD19 (B cells), CD4 (T cells),
Csflr (macrophages), KRT14 (keratinocytes) etc. To minimize effects on development of
the analyzed cell type, as well as to circumvent the early lethal phenotype, tamoxifen-

inducible Cre lines can be used.

6.5 Molecular impact of the MECL-1°"°" mutation

To understand the pathogenesis in TUB006, a closer look into the proteasome biology is
required. Besides the three known mammalian proteasome types, mixed-type
proteasomes incorporating the subunits LMP2, f2c and LMP7 or 1c, f2c and LMP7
were identified (De, Jayarapu et al. 2003, Guillaume, Chapiro et al. 2010), indicating that
the lack of certain subunits can be compensated by the incorporation of a redundant
subunit. For instance, LMP2 can be replaced by 2c, and LMP7 by (35c (Nandj, Jiang et al.
1996, Stohwasser, Kuckelkorn et al. 1996). In MECL-1 deficient mice the corresponding

constitutive subunit $2c fills in for MECL-1 and thus, proteasome assembly proceeds
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leading to either constitutive proteasomes or mixed types containing the subunits LMP2,
B2c, LMP7 or B2c, B1c, LMP7 (De, Jayarapu et al. 2003). Furthermore, mice lacking all
three immuno-subunits can still assemble constitutive proteasomes containing 32c, S1c,
and B5c. In B5t-deficient mice, cTECs compensatively assemble LMP2, MECL-1, and
LMP7-containing immunoproteasomes, and in 35t LMP7 double deficient mice $1c 2c
B5c-containing constitutive proteasomes (Xing, Jameson et al. 2013). In conclusion, a
eukaryotic cell is viable if it is able to produce any kind of functional proteasome.
Regarding the compensatory flexibility, lack of pronounced immunodeficiencies in mice
lacking one or a combination of non-constitutive proteasomal subunits is plausible. The
differences in proteasomal compositions lead to significant alteration of CD8* T cell
number and repertoire, but overall the resulting phenotypes are modest and the gene-
targeted mice are healthy (Fehling, Swat et al. 1994, Basler, Moebius et al. 2006, Murata,
Sasaki et al. 2007, Kincaid, Che et al. 2012). In contrast, the strong immune phenotype of
the TUB0O06 mutant mice differs from the knockout counterparts, implying a non-

compensable defect.

The principle proteasome structure as well as assembly pathway is strongly conserved
among species, from the yeast proteasome to the mammalian proteasome subtypes
(Marques, Palanimurugan et al. 2009, Huber, Basler et al. 2012). Proteasome assembly
starts with the formation of the a-ring, followed by association of the 3 subunits. The
subunits 7 and 2 carry C-terminal tails that are pivotal for interactions with other (3-
subunits. The C-tail of subunit 2 is crucial for the incorporation of the 3 subunit
(Ramos, Marques et al. 2004, Hirano, Kaneko et al. 2008). This tail-mediated 32-33
interaction is essential for the stability of the proteasome precursor and continuing of
the assembly line (Li, Kusmierczyk et al. 2007). Since defects of the proteasome

biogenesis are lethal, the C-tail of 2 is essential for cell survival.

To elucidate molecular aspects of the TUB006 mutation G170W, we introduced the
G170W and the attenuated G170A mutations into the analogous 32 subunit of the yeast
proteasome. Mutagenesis experiments in yeast revealed that the yf2-mutations G170W
and G170A were lethal. Lethal effects indicate defective proteasome assembly, since
inactivation of proteolytic activity does not affect yeast viability (Heinemeyer, Fischer et
al. 1997, Groll, Heinemeyer et al. 1999). Auspiciously, fusion of the yeast 32-C-terminus
to a Protein A tag rescued the mutant G170A and enabled crystallographic analysis of its
proteasome. Structural data showed rearrangements in a loop region of the C-terminal
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appendage of yp26170A, Without the Protein A tag, displacement of the y[32 tail disturbs
B3 association and hence disrupts the proteasome assembly pathway. The Protein A tag
fused to subunit yB32 extends the C-terminal tail of yB2 and stabilizes the yB2-y(3
interaction, thereby supporting hemiproteasome formation. Overcoming the
proteasome assembly failure by stabilizing the y32-y3 interactions enables survival of
the yeast cells. In contrast, the mutation G170W cannot be rescued by fusion of the
Protein A tag, implying that additional effects lead to proteasome maturation failure.
Tryptophan with its aromatic residue is the largest amino acid, its molecular size by far
exceeds the second smallest amino acid alanine. Even if Protein A tag fusion rescued the
yB2-yB3 interaction, the bulky tryptophan would probably sterically hinder the final

association of two hemiproteasomes.

Regarding these molecular insights into the proteasome assembly defect, the severe
immunodeficiency of TUB006 mutants can be explained by the following model. In cells
co-expressing constitutive and immuno-subunits, cooperative assembly preferentially
leads to the formation of homogenous immunoproteasomes (Bai, Zhao et al. 2014). In
particular, MECL-1 is preferentially incorporated into nascent proteasomes (De,
Jayarapu et al. 2003). Initial MECL-1 association requires LMP2, and LMP7 is
incorporated preferentially into MECL-1 and LMP2 containing proteasome precursors
(Groettrup, Standera et al. 1997, Griffin, Nandi et al. 1998). In TUB006, MECL-1G170W
together with LMP2 might be assembled into precursor complexes, but docking of
subunit 3 adjacent to MECL-16170W js impaired due to the structural changes of the C-
terminus of MECL-16170W, Proteasome intermediates composed of a heptameric a-ring,
MECL-16170W and LMP2 accumulate. In conclusion, all cells expressing MECL-16170W faj]
to assemble functional proteasomes and succumb. A very similar mutation on the same
position 170 in the thymoproteasome-specific subunit $5i was recently reported to be
lethal for cTECs. Interestingly, like 2 subunits, the subunit (5t is also endowed with a
C-terminal tail, which is absent in the subunits $5c and 35i (Murata, Sasaki et al. 2007).
The mutant B5t6170R subunit induces accumulation of thymoproteasome precursor

complexes leading to cell death in cTECs (Nitta, Muro et al. 2015).

According to our model, the expression of MECL-16170W and its preferential
incorporation into proteasomes leads to defective immunoproteasome as well as
thymoproteasome assembly and manifests in selective cell death of MECL-16G170W
expressing cells and eventually immunodeficiency. In support of this model, mutation of
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G170W in subunit 32 of the yeast proteasome is lethal. Moreover, retroviral
overexpression of MECL-16170W jn wild type splenocytes confirmed the lethal effect on
murine cells. Comparison of the observed phenotype in homozygous TUB006 mice with

online database of the Immunological Genome Project (http://www.immgen.org/)

demonstrates that cell types with a high constitutive expression of MECL-1 are absent,
e.g. cTECs and CD4SP and SD8SP thymocytes in the thymus, and T cells and NK cells in
the periphery. Cell death is a potent trigger of sterile inflammation marked by
neutrophil recruitment (Chen and Nunez 2010). Thus, this model also explains the
granulocytosis and neutrophil infiltration into tissues observed in homozygous TUB006

mutants.

In human LMP7-associated syndromes, an underlying immunoproteasome assembly
defect was suggested. Presumably, the assembly defect governed by LMP7 mutations is
more flexible than that caused by MECL-16170W and can be partly compensated by
formation of constitutive or mixed proteasomes. The incorporation of 32 (f2c or MECL-
1) during the proteasome biogenesis is the initial step of the beta-ring assembly, while
LMP?7 is the latest incorporated catalytic subunit. The function of f2c/MECL-1 exchange
is still elusive, because in contrast to the f1c/LMP2 and 35¢/LMP7 pairs, the exchange
of B2c¢ with MECL-1 does not lead to a change of neither proteolytic activity nor
substrate specificity (Huber, Basler et al. 2012). Thus, our data point towards a key
initiator role of MECL-1 in the formation of non-constitutive proteasomes. Apparently,
expression of the mutant version of the MECL-1 protein in TUBOO6 results in phenotypic
properties distinct from its knockout counterpart, demonstrating the power of
phenotype-driven “forward genetics” approach to identify a broader range of gene
functions by creating not only loss-of-function mutants but also gain-of-function, hypo-
/hypermorphs or dominant-negative mutations not discovered with the “reverse” gene-
driven approach (Justice, Noveroske et al. 1999, Nelms and Goodnow 2001, Cook,
Vinuesa et al. 2006).

6.6 Human relevance

The identification of causative mutations in mice with immunodeficiencies/clinical
phenotypes can lead to the discovery of novel human disease genes. Listeria
monocytogenes is a pathogen that is relevant for human disease. Immunocompromised

individuals are susceptible to infection with L.m.; in severe cases Listeria can cause
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sepsis and meningitis. This work indicates that heterozygous TUB006 mutants present a
selective deficiency in adaptive T cell immunity and are highly susceptible to L.m. The
high homology of the murine and human MECL-1 and the severe infection susceptibility
phenotype in heterozygous TUB006 mice indicate for the first time that MECL-1
mutations are relevant for human disease and suggest including MECL-1 as a candidate
gene for screening in human individuals with primary immunodeficiency of unknown
etiology. Rare homozygous carriers would develop a severe disease, and there is the
possibility that homozygous MECL-1 mutation would be lethal in humans. Nevertheless,
heterozygous MECL-1 mutations would appear with a higher incidence and lead to

lymphopenia and probably chronic infections.

So far, in heterozygous TUB006 mice a selective T cell defect was observed. In order to
further concretize the assumed symptoms in the human setting in several clinical areas,
a broader phenotyping in the GMC (Gailus-Durner, Fuchs et al. 2005) is intended.
Besides the Immunology Screen, where the TUB006 mutant was identified, the GMC
phenotyping pipeline includes analysis of behaviour, bone and cartilage development,
neurology, clinical chemistry, eye development, allergy, steroid metabolism, energy

metabolism, lung function, vision and pain perception, molecular phenotyping,

cardiovascular analyses and pathology (http://www.mouseclinic.de).  The
comprehensive phenotyping will help to understand the holistic effects of the TUB006

mutation, and finally support our search for human individuals with MECL-1 mutations.

The symptoms of the human LMP7-associated ALDD syndrome match in some part the
homozygous TUB006 phenotype, e.g. granulocyte infiltration into the skin,
autoinflammation and lipodystrophy (Garg, Hernandez et al. 2010, Arima, Kinoshita et
al. 2011, Kitamura, Maekawa et al. 2011, Liu, Ramot et al. 2012). However, none of the
patients described so far in case studies presented with SCID. The divergent disease
symptoms can be referred to three facts. First, the development of SCID in TUB006
animals might be explained by the fact that in contrast to ALDD-associated immuno-
subunit LMP7, MECL-1 is not only incorporated into the immunoproteasome, but is also
part of the thymoproteasome. Second, species-specific differences in the immune system
might also lead to observed differences between humans and mice (Mestas and Hughes
2004). Third, the genetic variability of human patients contrasts the mouse research
using inbred strains that are in theory genetically identical organisms. However,
TUBO006 mice bred on different genetic backgrounds shows that genetic variability in
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fact influences the phenotype of TUB006 mice. Although the key features of the disease
are identical, the severity differs. BALB/c mutants display doubled life span compared to
C57BL6 and C3HeB/Fe], and later onset of the disease. The strain-dependent
susceptibility may be ascribed to the complexity of IFN-y regulation. IFN-y secretion is
significantly higher in C57BL/6 and C3HeB/Fe] mice compared to BALB/c (Schroder,
Hertzog et al. 2004). Thorough literature research did not reveal any available mouse
model for the proteasome-associated human syndromes. In spite of the differences
between ALDD and TUBO006 symptoms, most of the symptoms are identical
Furthermore, it is generally accepted that there is no single perfect mouse model for
each disease. Instead, different models are usually used to study different aspects of a
given disease. Taken together, TUB0O06 is the first mouse model for ALDD and might

provide important insights for future therapy development.

The primary task of proteasomes to degrade proteins yields different effects on the
immune system, such as the selective degradation of regulatory proteins or production
of peptides for MHC I presentation. For this reason, proteasomes have become attractive
drug targets for treatment of cancer or autoimmune disorders. Tumor cells have
accelerated cell cycle and metabolism, requiring high turnover rates of proteins. This
often leads to increased levels of proteasomes in transformed cells, rendering them
highly sensitive to proteasome inhibition. Proteasome inhibitors have been explored in
clinical trials as therapeutic compounds for treatment of solid tumors and hematological
malignancies. For example, the proteasome inhibitor bortezomib has been approved for
the treatment of multiple myeloma (Borissenko and Groll 2007). In certain diseased, the
pathogenesis depends on elevated immunoproteasome levels (Lee and Kim 2011).
Mostly, these diseases are associated with inflammation and increased cytokine levels,
e.g. inflammatory bowel disease and Crohn’ s disease (Fitzpatrick, Small et al. 2007, Lee
and Kim 2011). Thus, selective immunoproteasome inhibitors have also become
attractive candidates as therapeutic compounds and proven their effectiveness in
autoimmune disorders (Muchamuel, Basler et al. 2009, Basler, Dajee et al. 2010). These
results together with the crystal structure analysis of the immunoproteasome (Huber,
Basler et al. 2012), has significantly stimulated proteasome research in academia and
industry. The results obtained in this study dealing with a hitherto undescribed
immunological defect based on a single point mutation in the immuno- and

thymoproteasome further underscore the significance of the proteasome research. The
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novel mouse model of primary immunodeficiency and its relevance for understanding

basic aspects of proteasome assembly might have a lot of implications.
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8 Index of abbreviations

A Angstrém

ALDD Autoinflammation, lipodystrophy and dermatosis syndrome

APC Antigen-presenting cell

BCR B cell receptor

BHI Brain-heart infusion

bp Base pairs

CANDLE Chronic atypical neutrophilic dermatosis with lipodystrophy and

elevated temperature syndrome

Cas9 CRISPR associated protein 9

CD Cluster of differentiation

CFU Colony-forming units

CLP Common myeloid progenitor
CMF Clean Mouse Facility

CMP Common myeloid progenitor
CRISPR Clustered regularly interspaced short palindromic repeats
cTEC Cortical thymic epithelial cell
CTL Cytolytic T lymphocyte

CXCL1 Chemokine (C-X-C motif) ligand 1
DAB 3,3’-diaminobenzidine

DC Dendritic cell

DKO Double knockout

DMSO Dimethyl sulfoxide

DN Double-negative

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphate
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DP
EDTA
ELISA
ENU

EP
EpCam
ER

ES
FACS
FcyR
FELASA
FMO
5’FOA
G-CSF
gRNA
CM leu-
GAC
GMC
GMP
GP
G170W
G170W
hCG
HDR
HE

HSC

Double-positive

Ethylenediaminetetraacetic acid

Enzyme-linked immunosorbent assay

N-ethyl-N-nitrosourea

Erythrocyte progenitor

Epithelial cell adhesion molecule

Endoplasmic reticulum

Embryonic stem

Fluorescence-activated cell sorting

Fcy Receptor 11 /11

Federation of European Laboratory Animal Science Associations
Fluorescence minus one

5'fluoro-orotic acid

Granulocyte colony-stimulating factor

guide-RNA

Complete medium without leucine

Genome Analysis Center

German Mouse Clinic

Granulocyte - macrophage progenitor

Granulocyte progenitor

Exchange of the amino acid number 170 from glycine to alanine
Exchange of the amino acid number 170 from glycine to tryptophan
Human chorionic gonadotropin

Homology- directed repair

Hematoxylin and eosin

Hematopoietic stem cell
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IFN Interferon

Ig Immunoglobulin

IL Interleukin

i.p. Intraperitoneal

IU International unit

Lv. Intravenous

JMP Joint contractures, muscular atrophy, microcytic anemia, and

panniculitis-induced lipodystrophy

INKT Invariant NKT

KLICK Keratosis linearis with ichthyosis congenitalis and sclerosing
keratoderma

KO Knockout

Lm Listeria monocytogenes

Lin- Lineage negative

LLO Listeriolysin O

LMP Low molecular weight protein

LOD Logarithm of the odds

LPS Lipopolysaccharide

LSK Lineage-negative Sca-1-positive cKit-positive

LT-HSC Long-term hematopoietic stem cell

MacP Macrophage progenitor

MACS Magnetic cell separation

MECL-1 Multicatalytic endopeptidase complex subunit-1

MEP Megakaryocyte - erythrocyte progenitor

MES 2-(N-morpholino)ethanesulfonic acid

MHC Major histocompatibility complex

MkP Megakaryocyte progenitor
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MPD
MPO
MPP
mTEC
Neo
NF-kB
NHE]
NK
NKJO
OMIM
PBS
PCR
PI

p.i
PMA
PMSG
POMP
RAG1
RMSD
ROS
Sca-1
SCID
SLAM
SNP
SNV

SPF

2-Methyl-2,4-pentanediol
Myeloperoxidase

Multipotent progenitor cell
Medullary thymic epithelial cell
Neomycine

Nuclear factor-xB

Non-homologous end joining
Natural killer

Nakajo- Nishimura syndrome
Online Mendelian Inheritance in Man
Phosphate-buffered saline
Polymerase chain reaction
Propidium iodide

Post infection

Phorbol 12-myristate 13-acetate
Pregnant mare serum gonadotropin
Proteasome maturation protein
Recombinase-activating gene 1
Root-mean-square deviation
Reactive oxygen species

Stem cells antigen-1

Severe combined immunodeficiency
Signaling lymphocytic activation molecule
Single nucleotide polymorphism
Single nucleotide variant

Specific pathogen-free

- 135 -



SOP

SSC

STAT1

ST-HSC

Suc-LLVY-AMC

T.

TAP

Tem

TCR

Tdt

TEC

Tem

TGF

Th

tm

TNF

YPD

Standard operating procedure

Side scatter

Signal transducer and activator of transcription 1
Short-term hematopoietic stem cell
N-Succinyl-Leu-Leu-Val-Tyr-7-Amino-4-methylcoumarin
Thermoplasma

Transporter associated with antigen processing
Central memory T cell

T cell receptor

Terminal deoxynucleotidyl transferase

Thymic epithelial cell

Effector memory T cell

Transforming growth factor

T helper cell

Melting temperature

Tumor necrosis factor

Regulatory T cell

Unit

Volume per volume

Wild type

Weight per volume

Yeast extract peptone dextrose
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