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given instant.έ 
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I Introduction 

I.1 The immune system 

The mammalian immune system is characterized by two subsystems, the innate or non-

specific and the adaptive immune system. With a multitude of diverse microbes to 

encounter on a daily basis, it protects the integrity of the human body from harmful 

environmental factors and the invasion of potential pathogens such as viruses, fungi, 

parasites or bacteria. To accomplish this task, an interactive network of lymphoid organs and 

a finely controlled series of specialized cell interactions are essential. In organisms, three 

lines of defense exist. At first, surface barriers prevent the attachment and entry of 

pathogens which include physical and chemical barriers, such as tight junctions formed by 

epithelial cells or the acid mantel on mucosal surfaces (Clarke et al. 2011; Johansson et al. 

2008). Once this barrier is overcome, cells of the innate immune system rapidly detect 

infiltrating pathogens and initiate a first immune defense. This is followed by the release of 

various mediators such as pro-inflammatory cytokines and chemokines leading to the 

recruitment of further immune cell subsets to the site of infiltration. The third line of 

defense is mediated by the adaptive immune system (I.1.3) which can establish persistent 

immunity and induce memory. 

 

I.1.1 Innate Immunity and toll-like receptor signaling 

The innate immune system is evolutionary older compared to the adaptive immune 

response and can be found in a variety of species such as insects and even plants 

(Abeysekara et al. 2016; Garcia et al. 2010; Liu et al. 2016). Basic mechanisms of innate 

immune functions are conserved among species, such as the existence of antimicrobial 

peptides named defensins which are able to clear or inhibit invading bacteria or parasites 

(Terkawi et al. 2017; Welkos et al. 2011). However, the innate immune system is 

characterized as semi-specific, meaning that besides physical and chemical barriers the 

innate immune system consists of different phagocytic cell types which are able to 

discriminate between self and structural conserved motifs of pathogens namely pathogenic-

associated molecular patterns (PAMPs) but has no capacity to discriminate between 



Introduction 

 
9 

 

different pathogens or to mount a specific response upon pathogen re-encounter. PAMPs 

are sensed via pattern recognition receptors (PRRs), including toll-like receptors (TLRs). Until 

today, 13 different TLRs have been identified in mammals whereas only 10 are functionally 

expressed in human (Hornung et al. 2002; Zhang et al. 2004a; Zhang et al. 2010). TLRs are 

predominantly expressed by immune cells and epithelial cells and form homo- or 

heterodimeric transmembrane receptors. They are further subdivided according to their 

location into either cell surface TLRs (1,2,4-6 and 10), mediating extracellular recognition of 

microbial membrane components such as proteins, lipids or lipoproteins; or into intracellular 

TLRs (3,7-9 and 11-13), mediating the recognition of pathogens within the endosomal 

compartment following endocytosis (Kawasaki and Kawai 2014). Accordingly, upon 

encounter with extracellular lipopolysaccharide (LPS), a membrane component of gram-

negative bacteria, TLR4 signaling becomes activated. In contrast, influenza virus is 

recognized by the intracellular receptors TLR3, recognizing double stranded RNA, and 

TLR7/8, sensing single stranded RNA thereby initiating immune cell recruitment and IFN 

responses to inhibit viral replication (Alexopoulou et al. 2001; Budimir et al. 2013; Forsbach 

et al. 2008; Hoshino et al. 1999; Le Goffic et al. 2007; Lund et al. 2004). However, the 

Toxoplasma gondii (T. gondii) actin-binding protein profilin is exclusively sensed via 

TLR11/12 homo- or heterodimers in mice whereas the protein is recognized via TLR5 in 

human, which neither express TLR11 nor TLR12 (Salazar Gonzalez et al. 2014). Ligation of 

TLR11/12 induces IL-12 production in antigen presenting cells (APCs), leading to the 

secretion of IFNɹ  όƛƴǘŜǊŦŜǊƻƴ ʴύ and iNOS (inducible nitric oxide synthase) expression (Cai et 

al. 2000; Raetz et al. 2013). In general, TLR ligation results in the induction of the MyD88 

(myeloid differentiation primary response protein 88) -dependent or the Tram/TRIF (TIR-

domain-containing adapter-inducing interferon- )̡ -dependent pathway (Figure 1). Activation 

of these pathways leads to the down-stream induction of the AKT (protein kinase B) or the 

MAPK pathways (mitogen - activated protein kinases), with the latter including ERK, p38 and 

JNK (c-Jun N-terminal kinase) and induces the activation of various transcription factors such 

as AP-1 (activator protein 1), IRFs (interferon regulatory factors) or NF-ˁ. όnuclear factor 

kappa-light-chain-enhancer of activated B cells). Activation of the mentioned transcription 

factors results in the subsequent production of inflammatory cytokines (Medzhitov et al. 

1998).  
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Figure 1 Schematic illustration of TLR signaling. TLR4 which is located at the cell surface recognizes amongst others LPS 
whereas profilin of T. gondii is recognized by TLRs 11 and 12 within the endosomal compartment. Upon ligation, the MyD88 
pathway is initiated leading to the ubiquitination of TRAF6 and further activation of the down-stream signaling pathways 
ERK, JNK, p38. TLR4 use two adaptor proteins TIRAP (toll-interleukin 1 receptor domain containing adaptor protein) or 
TRAM (TRIF-related adaptor molecule) to induce MyD88 or alternatively TRIF signaling which leads to PI3 kinase-mediated 
induction of the AKT pathway, NF-ˁ. ŀŎǘƛǾŀǘƛƻƴ and to the expression of members of the IRFs. Activation of transcription 
factors, such as NF-ˁ.Σ !t-1 and IRFs results in gene expression and synthesis of various pro- or anti-inflammatory cytokines 
and initiates cell proliferation. The presented figure is modified from (Broz and Monack 2013). 

 

I.1.2 Cell subsets of innate immunity 

I.1.2.1 Neutrophils 

Neutrophils are short-lived granulocytes and play an important role during inflammation as 

this cell type is rapidly recruited from the circulation and considered as the first line of 

defense against many pathogens. Neutrophils develop from hematopoietic stem cells (HSC) 

within the bone marrow. Due to activation, HSCs differentiate into granulocyte-monocyte- 

progenitors (GMPs). This differentiation is mediated by a complex interplay of various 

factors including G-CSF (granulocyte- colony-stimulating factor), growth factors and TLR-

driven activation. Especially the expression of the C/EBP (CCAAT-enhancer-binding proteins) 

transcription factors and the induction of transcriptional repressor GFi1 (growth factor 

independent 1 transcriptional repressor) determines the granulocyte lineage decision by 

preventing the differentiation into the monocyte lineage (Bartels et al. 2015; de la Luz Sierra 
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et al. 2010). GMPs give further rise to granulocyte progenitors (GPs) and eventually to 

mature neutrophils. Once neutrophils are recruited to the site of an infection, mediated 

through chemoattractants such as IL-8 and growth factors released by endothelial cells, 

neutrophil homeostasis is rapidly replenished through immediate recruitment of these cells 

from the bone marrow to the cardiovascular system (Grundy et al. 1998; Massena et al. 

2015; Wang et al. 2017). In the basal state only Ғ1% of mature neutrophils is circulating, 

emphasizing the role of the bone marrow as a reservoir (Semerad et al. 2002). Neutrophil 

migration, thereby, depends on the interplay between CXCR2 and CXCR4 (CXC-motif-

chemokine receptors type 2 and 4) expressed on neutrophils and their appropriate ligands 

CXCL-1, 2 and 12, respectively. Especially CXCR4 has been identified as a key restrictor of 

neutrophil release, as CXCR4-deficiency led to increased redistribution of neutrophils from 

the bone marrow to the circulation (Eash et al. 2009).  

One of the primary functions of neutrophils is pathogen clearance mediated by 

phagocytosis. Phagocytosis describes a process of Fc-receptor-mediated recognition and 

active ingestion of particles which are >0.5µm in diameter as well as the ingestion of 

pathogens, such as the intracellular parasite T. gondii, or apoptotic cells into vesicles named 

phagosomes. This process requires comprehensive cytoskeletal rearrangement and vesicle 

fusion (May et al. 1999). Once the pathogen is internalized and translocated to the 

phagosome, antimicrobial factors from granules and ROS (reactive oxygen species) create a 

toxic milieu leading to pathogen destruction within the phagosome. Neutrophils contain 

various specialized secretory organelles classified as azurophilic granules, specific granules 

and secretory vesicles (Abdel-Latif et al. 2004; Johnson et al. 2010; Pereira and Lowell 2003). 

Upon stimulation, a wide range of chemoattractants and anti-microbial mediators such as 

MPO (myeloperoxidase), elastase, TNF, IFNɹ or ROS are released from these structures via 

degranulation (Biswas et al. 2017; Giambelluca et al. 2014; Monteseirin et al. 2001; Sturge et 

al. 2013). However, some pathogens such as T. gondii are able to escape the phagosome.  To 

escape phagosomal destruction, T. gondii creates a parasitophorous vacuole using a similar 

mechanism as observed for its active cell invasion (Morisaki et al. 1995). 

In addition, neutrophils can undergo programed cell death named NETosis. Upon 

encountering microorganisms, the RAS/MAPK pathway is initiated leading to the activation 
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of NOX (NADPH oxidase complex) and ROS production (Hakkim et al. 2011). ROS further 

promotes the disintegration of the nuclear membrane and the transport of MPO and 

elastase from azurophilic granules to the nucleus. MPO and elastase synergize to degrade 

specific histones thus leading to partial chromatin decondensation. Finally, decondensed 

chromatin merges with granule toxins and is released from the cell by forming neutrophil 

extracellular traps (NETs) that trap and kill invading microorganisms within the extracellular 

space (Brinkmann et al. 2004; Fuchs et al. 2007; Papayannopoulos et al. 2010). In this 

context, neutrophils have been shown to efficiently entrap tachyzoites, the fast growing 

stage of T. gondii life cycle, thereby participating in direct microbial clearance (Abi Abdallah 

et al. 2012). 

 

I.1.2.2 Professional antigen presenting cells of the innate immune system 

Professional antigen presenting cells (APCs) including microglia, monocytes, macrophages 

and dendritic cells are required for the onset of adaptive immunity due to their expression of 

not only MHC class I but especially MHC class II complexes to T lymphocytes. Similar to 

neutrophils, APCs play an important role in the control and clearance of invading pathogens 

such as T. gondii or Influenza-A-Virus (IAV).  

Microglia are brain-resident immune cells of myeloid origin and represent together with 

astrocytes and oligodendrocytes the family of glia cells. Microglia are numerically the 

smallest glia subset and account for 5 up to 12% of the whole neuronal cell population in 

mice with varying densities depending on the brain region (Lawson et al. 1990). Progenitor 

cells arise from the yolk sac early during embryogenesis (at day 8.5 in mice), even before the 

blood-brain barrier is formed (Alliot et al. 1999). Once microglia populate the brain 

parenchyma, their maintenance is solely mediated through their high self-renewal potential, 

strongly depending on IL-1 receptor signaling (Bruttger et al. 2015). Due to their unique 

status as tissue resident immune cells, microglia play a vital role in CNS-homeostasis by 

clearing cellular debris and orchestrating immunity (Nimmerjahn et al. 2005). Following 

pathogen invasion, such as the intracellular parasite T. gondii, microglia are rapidly recruited 

to the site of infection where they undergo cluster formation termed as άmicrogliosisέ and 
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initiate proliferation (Gu et al. 2016; Liu et al. 2017c). Upon pathogen encounter, they 

change their morphology from ramified to amoeboid, this morphology enables the cell to 

engulf or phagocyte microorganisms mediated through the TREM2 (triggering receptor 

expressed on myeloid cells 2) and DAP12 (DNAX-activating protein of 12 kDa) signaling axis 

(Takahashi et al. 2005). Although microglia are susceptible to T. gondii infiltration, they can 

respond to the parasite through NO production, which inhibits intracellular replication of the 

parasite, or by releasing pro- inflammatory cytokines such as TNF, IL-мʲ ŀƴŘ IL-12, thereby 

maintaining immune response and contributing to parasite control (Chao et al. 1993; Umeda 

et al. 2017; Zhang et al. 2014). In response to T. gondii, microglia release chemoattractants 

CXCL10 and CCL5, thereby mediating the recruitment of T cells to the site of infection 

(Hwang et al. 2018; Mariani and Kielian 2009). Besides the initiation of an inflammatory 

process, pro-inflammatory cytokines released by microglia can also induce apoptosis of 

epithelial cells, thereby compromising the blood-brain barrier integrity and enable the 

infiltration of peripheral immune cells (Kacimi et al. 2011). Moreover, in an established 

infection, phagocytic microglia and macrophages have been shown to infiltrate and destroy 

T. gondii containing tissue cysts, a vacuole formed by the parasite, thereby promoting 

parasite clearance (Suzuki et al. 2010). Comparable to other myeloid cells, microglia serve as 

professional APCs able to present both MHC class I and II epitopes and express co-

stimulatory molecules, such as CD40, CD80 and CD86, thus initiating and maintain adaptive 

immunity (Mutnal et al. 2011). Furthermore, microglia can participate in the termination of 

brain inflammation due to the release of the anti-inflammatory cytokines TGF-ʲ ŀƴŘ L[-10 

(Gresa-Arribas et al. 2012; Ledeboer et al. 2002; Takahashi et al. 2005).  

Similar to neutrophils, monocytes arise from bone marrow resident HSCs that develop into 

multipotent precursors, characterized by the expression of Sca-1 (stem cells antigen-1) and 

CD117. These precursors further differentiate into either oligo-potent progenitor cells 

termed common lymphoid progenitor cells (CLPs) or common myeloid progenitor cells 

(CMPs) with the later resulting in committed monocyte progenitor (cMoP) formation (Akashi 

et al. 2000; Hettinger et al. 2013; Kondo et al. 1997) (Figure 2). Monocytes are further 

subdivided into two subsets according to their expression of CX3CR1 (C-X3-C Motif 

Chemokine Receptor 1), Ly6C (lymphocyte antigen 6 complex locus C) and CCR2 (C-C 

chemokine receptor type 2) into CX3CR1high, Ly6Clow and CCR2low mature monocytes, which 
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preferentially migrate to non-inflamed tissue and express high levels of MHC class II, PD-L1 

(programmed cell death 1 ligand) and have the potential to differentiate into dendritic cells; 

and short-lived inflammatory monocytes characterized as CX3CR1low, Ly6Chigh and CCR2high 

(Geissmann et al. 2003; Peng et al. 2009). Under basal conditions, less than 2% of Ly6Chigh 

monocytes are circulating in the vascular system. However, upon infection inflammatory 

Ly6Chigh monocytes are rapidly recruited to the site of infiltration, mediated by the binding of 

CCR2 to mainly C-C chemokine ligands CCL2 and CCL7 (Jia et al. 2008). Especially 

inflammatory Ly6ChighCCR2high monocytes are critical for host defense against the 

intracellular parasite T. gondii by controlling parasite burden within the brain mediated by 

the release of a variety of pro-inflammatory cytokines such as IL-12, TNF and due to iNOS 

production (Biswas et al. 2015). Deletion of CCRhigh cells in T. gondii infected mice results in 

enhanced inflammation within the small intestine due to increased neutrophil influx to this 

site, increased necrosis and reduced survival (Dunay et al. 2010). However, several studies 

indicate that monocytes also drive brain inflammation and neuronal degeneration (Howe et 

al. 2012; Varvel et al. 2016). Accordingly, depletion of monocytes has been shown to inhibit 

T cell recruitment from the perivascular space to the brain parenchyma in a non-lethal 

hepatitis virus infection model, resulting in reduced viral clearance but also in a delayed 

onset of encephalitis (Savarin et al. 2010).  

Another cell subset indispensable for antigen-presentation are macrophages. Macrophages 

are pivotal for tissue homeostasis and wound healing (Liu et al. 2011; Lucas et al. 2010). Lung 

resident alveolar macrophages (AM) are considered as the first line of defense to respiratory 

pathogens such as influenza virus. AM phagocytose virus particles and remnants of infected 

cells, thereby providing a strong MHC class I presentation. Depletion of AM results in 

decreased antigen-titers and inhibited CD8+ T cell activation during influenza infection (Kim 

et al. 2008). Macrophages arise from two distinct origins. Comparable to microglia, primitive 

macrophages descend from the yolk sac during early gestation and fate mapping 

experiments indicate that macrophages have a high self-renewal potential, thus challenging 

the former paradigm that monocytes transform into tissue-specific macrophages 

(Hashimoto et al. 2013; Yona et al. 2013). However, upon inflammation monocytes can 

differentiate into macrophages, thereby contributing to antimicrobial response by releasing 

pro-inflammatory cytokines (Bain et al. 2013; Rahman et al. 2017; Tagliani et al. 2011). 
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Although macrophages can be infiltrated by pathogens such as T. gondii, they also 

contribute to parasite control by inhibiting proliferation of infiltrated parasites and promote 

parasite killing mediated through the synthesis of IL-12, TNF, LCbʴ ŀƴŘ the production of ROS 

(Cedile et al. 2017; Franchi et al. 2007; Miller et al. 2007; Schneider et al. 2013). Moreover, 

TNF amplifiŜǎ ŎȅǘƻǘƻȄƛŎƛǘȅ ƻŦ LCbʴ-activated macrophages to kill intracellular T. gondii, 

providing a positive-feedback-loop (Sibley et al. 1991).  

Another antimicrobial mechanism, independent of IFNʴ ŜȄǇǊŜǎǎƛƻƴ, is the CD40/CD40L 

(CD40 ligand, expressed on activated T cells) interaction in macrophages. In this context, it 

has been shown that soluble CD40L can increase the ability of macrophages to control T. 

gondii replication in the brain of chronically infected mice by increasing the release of IL-12 

(Morgado et al. 2014; Reichmann et al. 2000). Furthermore, macrophages promote immune 

cell recruitment to the site of infection due to the secretion of IL-1ʲ ŀƴŘ CCL2 (Cedile et al. 

2017; Franchi et al. 2007; Miller et al. 2007; Schneider et al. 2013). However, macrophages 

have a high plasticity potential, mediating not only the induction but also contribute to the 

termination of inflammation by releasing anti-inflammatory cytokines TGF-  ̡ and IL-10 

during late stages of infections (Xiong et al. 2013). In return IL-10 down-modulates a variety 

of APC functions especially the expression of co-stimulatory molecules and cytokine release 

(Chadban et al. 1998; Fiorentino et al. 1991; Mottonen et al. 1998). 

However, the most sufficient antigen presenting cell subsets are dendritic cells (DCs). DCs 

are a heterogeneous cell population able to constantly circle between non-lymphoid tissues 

and lymphoid organs. Migration of these cells is dependent on CCR7 by utilizing CCL19 or 

CCL21 chemotaxis. In the absence of exogenous stimuli, DCs reside within different tissues in 

an immature form characterized by low expression of MHC class II and other co-stimulatory 

molecules. A variety of danger signals, pathogens or cytokines induce terminal 

differentiation of this cell type and turning DCs into the most potent professional APCs 

(Andoh et al. 2013; Hao et al. 2007). In this regard, DCs play an important role in immune 

surveillance and in the induction of adaptive immunity in response to T. gondii  due to the 

transportation of antigens that are captured in the periphery to secondary lymphoid organs, 

where naïve T cells are primed (Scandella et al. 2004; Tal et al. 2011). Furthermore, DCs are 

indispensable for T cell development within the thymus (I.1.3.1) and control the induction of 
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peripheral regulatory T cells in an IDO (indoleamine 2,3-dioxygenase) -dependent manner 

(Fallarino et al. 2006). Comparable to monocytes, DCs arise from multipotent precursors 

within the bone marrow, giving rise to CLPs which further differentiate into MDPs followed 

by a developmental stage termed common DC progenitors (CDPs). CDPs further develop into 

pre-cDCs or pre-pDCs (Puhr et al. 2015) (Figure 2). Pre-pDCs exclusively differentiate into 

plasmacytoid DCs (pDCs), which mainly release type I interferons upon viral infection but 

also produce IL-12 and small amounts of TNF in response to T. gondii (Dalod et al. 2003; 

Pepper et al. 2008; Vremec et al. 2007). Compared to conventional DCs (cDCs), pDCs have 

lower antigen-presenting capacities (Young et al. 2008). cDCs arise from the pre-cDC subset 

and can be further characterized by their expression of /5уʰ ƻǊ /5ммō ƛƴǘƻ 

CD11c+/5уʰ+CD11b- or CD11c+/5уʰ-CD11b+ myeloid derived dendritic cells (mDCs). cDCs 

are specialized in cross priming exogenous antigens to CD8+ T cells via MHC class I 

presentation (den Haan et al. 2000). A previous study emphasizes the importance of DCs in 

T. gondii control. Especially /5уʰ+ DCs have been demonstrated to express high levels of 

TLR11 and are also the key producer of IL-12, a cytokine ǿƘƛŎƘ ƛǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ LCbʴ 

synthesis. Batf3-/ - mice, displaying a specific deletion of /5уʰ+ DCs, showed reduced levels of 

LCbʴ ŀƴŘ those mice succumbed to T. gondii infection within 9 days following oral infection 

(Mashayekhi et al. 2011). Despite their T cell activating function, DCs can also silence T cell 

response by up-regulation of PD-L1 and PD-L2 or IL-10 release (Brown et al. 2003). Similar to 

macrophages, the release of IL-10 also neutralizes DC maturation by inhibiting the up-

regulation of co-stimulatory molecules, leading to auto-inhibition (Corinti et al. 2001). 



Introduction 

 
17 

 

 
Figure 2 Monocyte and Dendritic cell development. Bone marrow resident multipotent progenitor cells (HSC) develop into 
either common myeloid progenitor cells (CMP) giving rise to cMoP and further Ly6Clow and Ly6Chigh myeloid cells or common 
lymphoid progenitor cells (CLP). Upon inflammation Ly6Chigh monocytes can further differentiate into inflammatory 
macrophages. CLPs give rise to pre-pDCs or pre-cDC which further leads to the development of pDCs and CD8+h and CD11b+ 
cDCs. The presented figure is modified from (Sichien et al. 2017). 

 

I.1.3 Adaptive immune system  

In case the invading pathogens are not sufficiently cleared by cells of the innate immune 

response, four to seven days following pathogen encounter the adaptive immune system 

becomes activated. Although onset of adaptive immune response requires more time, it 

consist of a broader and more finely tuned repertoire to sense and discriminate between 

self- and non-self-antigens. Adaptive immunity requires a precisely regulated interplay 

between APCs and highly specialized effector cells that target the pathogen and establish 

persisting humoral immunity. A compromised adaptive immune system enables reactivation 

of opportunistic pathogens which can cause severe complications in an otherwise 

asymptomatic infection, as seen in the increased risk of HIV patients to develop a 

reactivation of an already persisting T. gondii infection, or might result in insufficient 

elimination of degenerated cells leading to the expansion of cancerous cells (Deiser et al. 

2016; Nissapatorn and Sawangjaroen 2011). However, if an adaptive immune response is 

initiated when there is no real pathogen exposure or is maintained after an infection is 

cleared, it might lead to the onset of autoimmune diseases. Cells of the adaptive immune 

response include antibody producing B cells as well as h  ̡and ɹ  ɻT cells.  
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I.1.3.1 T cell development 

The formation of a complete T cell repertoire that can react in a spatial and specific manner 

to extracellular stimuli requires a cascade of regulated developmental events. T cells are 

derived from bone marrow resident HSCs. Once those precursors migrate to the thymus, 

they undergo a series of maturation steps (Figure 3). Progenitor cells lack the expression of 

co-receptors CD4 and CD8, and are therefore termed double negative (DN), but can be 

distinguished according to their expression of the transmembrane receptor CD44 (adhesion 

molecule) and CD25 (interleukin-н ǊŜŎŜǇǘƻǊ ʰ ŎƘŀƛƴ) into four DN stages: DN1 (CD44+CD25-), 

DN2 (CD44+CD25+), DN3 (CD44-CD25+) and DN4 (CD44-CD25-) (Godfrey et al. 1993). During 

DN2 and DN3 recombination of T cell receptors (TCRs) Tcrd ( )ɻ, Tcrg ( )ɹ and Tcrb ( )̡ occurs, 

leading to either h  ̡TCRs ŘǳŜ ǘƻ ŀ ǇǊƻŎŜǎǎ ƴŀƳŜŘ ʲ-selection, where the ̡  chain is at first 

paired with an invariant pre- T cell receptor h  chain, or to ʴ ɻT cell lineage commitment at 

the end of DN3 (Janas et al. 2010; Prinz et al. 2006). Specific TCRs are randomly generated 

through somatic DNA rearrangement. In this context, D (diversity)-to-J (joining) 

rearrangement occurs first, followed by insertion of a V (variable) segment to the previous 

formed DJ complex. This process is mediated through the activation of RAG1 

(Recombination- Activating Gene 1) and RAG2 enzymes which generate blunt double-

stranded DNA breaks at recombination signal sequences, thereby enabling gene segment 

rearrangement (Schlissel et al. 1993). The gene expression of RAG enzymes is down-

modulated upon pre-TCR ligation (Wilson et al. 1994). 

Expression levels of pre-TCRh (Ptcra) mRNA increases throughout early stages of T cell 

development leading to pre-TCRh formation during DN3. Ptcra mRNA expression is 

diminished during DP stage and is terminated by mechanisms that leads to positive selection 

(von Boehmer 2005). The pre-TCR combined with the CD3 chains establishes the pre-TCR 

complex. Signaling through this complex, together with the interaction of Notch, initiates the 

transition of DN to CD4+CD8+ double positive (DP) T cells (Huang et al. 2003; Lin et al. 2000a; 

Tussiwand et al. 2011; van Oers et al. 1995). Tcra rearrangement exclusively occurs during 

DP stage where it replaces the invariant pre-TCRh (Trop et al. 2000).  

During the DP stage, functional TCRs and their co-receptors CD4 and CD8 interact with 

cortical thymic epithelial cells (cTECs) and bind with certain affinity to presented MHC class I 
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or II molecules resulting either in positive selection or in cell death by neglect. T cells that 

passed positive selection migrate to the medulla where they interact serially with different 

DC subsets. Cells that react with high affinity to self-antigens presented by DCs are 

negatively selected and eliminated within the medulla. Besides varying MHC affinities and its 

effects on T cell selection, TCR signal duration is thought to be another crucial factor where a 

sustained proximal signaling with low MHC affinity results in T cell survival (Moran and 

Hogquist 2012). However, the remaining T cells develop into single positive CD4+ or CD8+ T 

cells, according to their affinity to MHC class I (CD8+ T cells) or II (CD4+ T cells) leading to 

gene silencing of the other co-receptor and to their migration as naïve T cells to secondary 

lymphoid organs (Collins et al. 2011; Zou et al. 2001). 

 

 

Figure 3 T cell development. Schematic representation of early T cell development within the cortex region of the thymus is 
characterized by four double negative stages (DN1-4). Followed by a stage named immature single CD8 positive (ISP8) 
which further leads to the progression to a double positive (DP) stage where lymphocytes simultaneously express CD4 and 
CD8. V(D)J recombination of TCR̡ occurs during DN2 and DN3 whereas VJ TCR hrearrangement is limited to the DP stage, 
thereby replacing pre-T cell receptor h. During DP stage of maturation, T cells either interact with cTECs leading to positive 
selection or undergo apoptosis. Remaining DP cells migrate to the medulla where they interact with various DCs. Cells that 
bind with a high affinity to self-antigens are negatively selected and subsequently eliminated. Following selection, T cells 
develop into either CD4+ or CD8+ single positive cells and migrate to peripheral secondary lymphoid organs where CD4+ T 
cells can further differentiate into distinct Th subsets. The presented figure is modified from (Fayard et al. 2010). 

 

I.1.3.2 T cell migration and homing to secondary lymphoid organs (SLOs) 

T cell trafficking is not only necessary for naïve T cells to migrate into peripheral organs but is 

also required for immune surveillance and immune response. Within the periphery, T cell 

migration is preferentially orientated reverse to the direction of the blood flow, therefore 
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different physical mechanisms are required (Bartholomaus et al. 2009). T cell homing of 

naïve cells to SLOs is mainly mediated by endothelial cells and their expression of 

appropriate ligands. Endothelial cells serve as a barrier between blood and tissue. Therefore, 

to migrate from the blood to SLOs, T cells need to actively transmigrate through the 

epithelial barrier which is mediated through a cascade of three distinct steps. (1) At first, 

circulating T cells are recruited to high endothelial venules involving rolling along the luminal 

epithelial surface and interaction of selectins such as CD62L and glycoproteins or glycolipids, 

such as the CD62L ligand PNAD (peripheral lymph node addressin), expressed on the surface 

of endothelial cells. (2) A key point in T cell migration is their ability to arrest on vascular 

endothelial cells despite shear forces and their ability to crawl on the epithelium, thus 

enabling them to search out areas that allow (3) endothelial crossing either at intercellular 

junctions or directly through individual endothelial cells. Thus, enabling the interaction of 

naïve T cells and APCs inside the tissue parenchyma (Park et al. 2010). Upon T cell activation, 

mediated via the formation of an immunological synapse with an APC, T cells down-

modulate the expression of amongst other CD62L and simultaneously up-regulate the 

expression of adhesion molecules such as CD44 or the expression of various integrins such as 

LFA-1 (lymphocyte function-associated antigen 1), VLA-4 (very late antigen-4) or chemokine 

receptors CCR3 and CCR5, enabling effector T cells to specifically adhere to and cross 

through activated endothelial cells and migrate to the site of pathogen infection. Integrins 

are membrane-spanning, heterodimeric receptors that facilitate the interaction of the actin-

cytoskeleton and the extracellular matrix. Under basal conditions, integrins are in a non-

active or closed conformation. In T cells, integrin activation is amongst other mediated via 

the interaction of CCR7 and its ligand CCL21 which is constitutively expressed on high 

endothelial venules (Li and Springer 2017; von Andrian and Mempel 2003). To resist shear 

forces, especially LFA-1 and VLA-4 are essential, due to the interaction with VCAM1 and 

ICAM1 on endothelial cells. This interaction promotes the cell-cell contact between both cell 

types, simultaneously enabling the T cell to sense chemokines expressed by endothelial cells 

(Carman and Martinelli 2015). This interaction is even enhanced by CXCL12 which induces T 

cell adhesion due to up-regulation of the binding activity of LFA-1 to ICAM-1. However, 

CXCL12 has been shown to have a bi-directional function in T cell migration, mediating entry 

and exit from different tissue sites (Poznansky et al. 2000). 
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I.1.3.3 Differentiation of effector T cells 

Once naïve T cells migrate to SLOs, CD4+ T cells can differentiate into distinct T-helper (Th) 

subsets. This differentiation is mediated through the encounter with cognate antigens 

presented through MHC class II molecules by APCs, the engagement of the TCR and its signal 

strength as well as due to the induction of different cytokines and transcription factors 

(Figure 3). A strong TCR signal has been shown to favor Th1 whereas a weak signal induces 

preferentially Th2 T cell differentiation (Tao et al. 1997). These subsets have varying effector 

functions. Although Th2 T cells are required to eliminate extracellular pathogens such as 

helmiths, pathogens such as T. gondii induce a strong Th1 response. Th1 T cells are required 

for the protection against various intra- and extracellular pathogens as viruses, bacteria or 

parasites (Iijima et al. 2008). Once migrated to SLOs, naïve T cells differentiate into Th1 T 

cells mainly due to binding of IL-12 to the IL-12 receptor leading to the activation of STAT4 

(signal transducer and activator of transcription 4) and subsequent production of IFNɹ. IFNɹ  

serves as a positive feedback-loop to generate and maintain a Th1 phenotype by engaging 

with IFNɹ -receptor and thus inducing the expression of the Th1 lineage-specific T-box 

transcription factor (T-bet) via STAT1 signaling (Szabo et al. 2000; Szabo et al. 2002). During 

T. gondii infection, IL-12, which is expressed by cells of the innate immune response, induces 

Th1 differentiation and the subsequent release of IFNɹ by these cells. Since IFNɹ is the most 

important mediator of resistance against T. gondii, Th1 T cells are important for parasite 

control and host survival as this T cell subset expresses high levels of the cytokine (Gazzinelli 

et al. 1994). Moreover, CD4+ T cells promote sufficient B cell activation during the acute 

stage of T. gondii infection. Antibodies released by B cells are suggested to promote parasite 

clearance by direct killing of the parasite (Kang et al. 2000). Another mechanism of parasite 

control indirectly provided by Th1 T cells is the expression of CD40L, which in turn can 

activate antimicrobial effector functions in innate immune cells expressing CD40 such as 

microglia and macrophages (Andrade et al. 2005; Reichmann et al. 2000). The transforming 

growth factor ̡  (TGF- )̡ has been shown to inhibit the expression of IFN ɹand T-bet of Th1 T 

cells and therefore functions as a molecular switch to the generation of Th17 T cells. Th17 T 

cells represent a further subset of CD4+ T cells characterized by the expression of the 

essenǘƛŀƭ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŦŀŎǘƻǊ whwʴǘ όretinoic acid-related orphan receptor gamma t) and the 

release of IL-17 and play an important role in response to extracellular bacteria (Curtis and 
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Way 2009). However, studies using mice deficient for IL-17 receptor, demonstrated a role of 

this subset in T. gondii-induced pathology as those mice were more resistant to T. gondii 

infection and developed less tissue damage in various organs including ileum and brain 

(Guiton et al. 2010).  

In the presence of TGF- ,̡ and in absence of distinct inflammatory cytokines, regulatory T 

cells (Tregs) are induced instead of Th17 T cells. Tregs are a specialized subset of T 

lymphocytes and essential for maintaining peripheral tolerance and to reduce tissue damage 

caused by effector cells. Tregs are either generated within the thymus (tTregs) or 

differentiate within peripheral lymphoid tissues (pTregs). During thymic development, cells 

that have a higher affinity for self-peptides are preferentially selected for the Treg cell fate. 

This process is named agonist selection (Oh-Hora et al. 2013). In the periphery, TGF-  ̡ in 

combination with IL-2 induces the expression of lineage-specific transcription factor FoxP3 

(forkhead box P3) and thus induce pTreg generation, whereas different cytokines such as IL-

6, IL-4 and IFNɹ have been shown to interfere with TGF-  ̡related Treg differentiation (Korn 

et al. 2008; Wei et al. 2007; Zheng et al. 2007). Upon T. gondii infection, Tregs limit effector 

function of T cells by decreasing the availability of IL-2. Decreased levels of IL-2 leads to 

inhibited proliferation of both CD4+ and CD8+ T cells and thus to reduced tissue damage 

caused by inflammatory mediators  (Tenorio et al. 2011). However, CD4+ effector T cell 

commitment is not exclusive as these cells demonstrate a high plasticity potential. Recent 

studies suggest that especially Th17 can also acquire a Treg-like phenotype thereby 

participating in anti-inflammation (Gagliani et al. 2015).  

Besides CD4+ T cells, cytotoxic T lymphocytes (CTLs) also play a critical role in the elimination 

of intracellular pathogens such as Influenza A virus or T. gondii. The combination of TCR 

signaling, co-stimulation by APCs and cytokine milieu are factors influencing the size of the 

CTL pool where IL-2 has been identified to play a dual role by increasing and limiting clonal 

expansion through promotion of activation-induced cell death (AICD), a process that can be 

circumvent by the addition of IL-15 (Marchingo et al. 2014; Marks-Konczalik et al. 2000). 

Once activated by TCR engagement with its cognate peptide bound MHC class I complex, 

CD8+ T cells undergo rapid expansion and differentiate into mature CTLs. CTLs lyse infected 

target cells by expressing CD95-ligand or releasing the pore forming perforin and pro-
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apoptotic serine proteases termed granzymes into for instance T. gondii infected cells, 

leading to cell apoptosis of parasite bearing cells (He and Ostergaard 2007; Simon et al. 

1997). However, various studies demonstrated that cells infected with T. gondii can avoid 

cell death due to inhibition of CTL-induced apoptosis by interfering with intracellular 

signaling cascades (Molestina et al. 2003; Nash et al. 1998; Vutova et al. 2007). Although cell 

lysis can be induced upon Fas ligation or perforin exposure, this process often leads to 

parasite egress, enabling T. gondii to infect surrounding cells including CTLs (Persson et al. 

2007). However, especially during chronic infection, CD8+ T cells maintain immunity against 

T. gondii within the brain by establishing immune pressure and thereby preventing the 

reactivation of encysted bradyzoites (Gazzinelli et al. 1992).  

 

I.1.3.4 The role of effector T cells during Influenza A Virus infection 

Influenza A Virus (IAV) is an enveloped virus and belongs to the family of Orthomyxoviridae. 

IAV can be further distinguished according to their expression of surface glycoproteins 

hemagglutinin (HA), where 16 types are known, and neuraminidase which can be classified 

into nine serotypes. Both surface proteins are required to control the interaction with host 

cells. Hemagglutinin is required for virus attachment by binding to sialic acid of cell-surface 

glycoproteins and glycolipids of target cells (Gambaryan et al. 1997). Following viral 

replication, neuraminidase removes sialic acid from the surface of infected cells thereby 

enable viral spread (Liu et al. 1995). During seasonal outbreaks, IAV causes diseases in the 

upper and lower respiratory tract and is regarded as a constant threat to population health 

due to its pandemic potential of strains that replace HA or NA subtypes with novel ones 

(antigenic shift) or of strains gaining the ability to be transmitted from animals to human, 

thereby causing significant morbidity and mortality worldwide. Their constant changes of 

surface antigens, caused by an accumulation of point mutations, deletions or insertions also 

termed as antigenic drift can result in insufficient protection given by vaccination (Cox and 

Subbarao 2000; Das et al. 2013). The virus has a negative sensed, single-stranded, eight 

segmented RNA genome which is amongst other PRRs recognized by TLR7 or by TLR3 upon 

viral replication. Studies using TLR7-/ - mice demonstrated reduced viral clearance and a 

failure to establish vaccine-induced immune response. However, neither TLR3- nor TLR7-



Introduction 

 
24 

 

deficiency inhibits T cell effector function (Heer et al. 2007; Jeisy-Scott et al. 2012). During 

IAV infection, the peak of viral replication occurs around 2-3 days with viral clearance mostly 

observed between 5 to 10 days following contagion. Accordingly, first CTLs are detectable at 

day 5 with highest frequencies occurring on day 7 to 10 within the lungs of infected mice 

(Boianelli et al. 2015). CTLs support viral clearance by destroying infected cells mediated 

through perforin/granzyme-dependent granule exocytosis upon TCR ligation. Therefore, the 

absence of CTLs causes a delay of viral clearance and reduces survival when challenged with 

a virulent strain of IAV (Belz et al. 2002; Bender et al. 1992). However, Th1 T cells also 

express cytolytic mediators such as perforin and granzyme B in response to Influenza A virus 

and migrate to the lung during infection, therefore playing a pivotal role in viral clearance 

(Brown et al. 2012). Both CD4+ and CD8+ T cells can independently establish immunological 

memory which sufficiently protects the host against an otherwise lethal secondary infection 

(McKinstry et al. 2012). 

 

I.1.3.5 Memory T cells 

Following a primary immune response 90-95% of antigen-specific effector T cells undergo 

AICD. The remaining cell pool is highly heterogeneous and develops a memory phenotype 

with distinct features that differ in their functional as well as their proliferative, migratory 

and survival capacities (Harrington et al. 2008; Sallusto et al. 1999). Amounts of memory T 

cells rise progressively with age as naïve T cell generation declines due to thymic involution 

(Lynch et al. 2009). For homeostatic proliferation and survival, memory T cells require 

contact to cytokines, especially IL-7 and IL-15 (Chetoui et al. 2010; Tan et al. 2002). Memory 

T cells have a higher proliferative potential and are less dependent on co-stimulation 

compared to naïve cells, leading to a rapid reaction upon recurrent infection. Memory T cells 

can migrate to both, secondary lymphoid organs and peripheral tissue compared to naïve T 

cells which constantly circle between the blood and SLOs. Therefore, memory T cells play an 

important role in immune surveillance (Weninger et al. 2001). For both, CD4+ and CD8+ T 

cells, two classes of memory T cells can be distinguished: central memory (Tcm) and effector 

memory (Tem) T cells. Whereas Tcm express high levels of adhesion molecule CD44 (H-cam) 

and CD62L (L-selectin) as well as lymph node homing factor CCR7, both being required for T 
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cell entry into lymph nodes (Sallusto et al. 1999), Tem lack CCR7 and CD62L expression but 

up-regulate the senescence marker KLRG-1 (killer cell lectin-like receptor subfamily G 

member 1) (Joshi et al. 2007). Tem preferentially migrate to non-lymphoid organs or 

mucosal sites, which has been confirmed following influenza infection, and show lower 

proliferative capacities but a more rapid cytotoxic potential upon pathogen re-encounter 

compared to Tcm (Bingaman et al. 2005; Obhrai et al. 2006; Wherry et al. 2003). The 

enhanced response upon pathogen re-encounter constitutes the basis for vaccination. 

Recent research demonstrates that memory T cells provide host protection against 

serologically unrelated IAV strains. In this context, several studies indicate that especially 

memory CD4+ T cells are cross reactive therefore providing protection against multiple 

Influenza strains derived from antigenic drift (Reber et al. 2018; Richards et al. 2010). The 

importance of IAV memory CD8+ T cells has been illustrated during the H1N1 pandemic in 

2009 where patients with minor disease symptoms showed also enhanced numbers of pre-

existing IAV-specific CD8+ Tem (Sridhar et al. 2013). The underlying mechanism of how 

memory T cells are generated remains to be elucidated. Previously, it has been shown that a 

point mutation in the transmembrane domain of the TCR̡-chain caused an impaired 

memory formation whereas effector function was unchanged, suggesting a role of TCR 

signaling in T cell memory commitment (Teixeiro et al. 2009). Additionally, high amounts of 

transcription factor T-bet has also been shown to drive memory formation in favor of Tem 

generation (Intlekofer et al. 2007).   

 

I.2 CTL activation -the proteasome and its role during infectious diseases 

I.2.1  Structure and function of the 26S Proteasome 

The ubiquitin-proteasome-system is responsible for the generation of MHC class I epitopes 

in professional APCs, as well as during infections in other cell types such as epithelial cells, 

and therefore indispensable for a proper CTL activation. The proteasome is a highly 

conserved barrel-shaped multiprotein complex located within the cytosol and the cell 

nucleus (Reits et al. 1997). The functional proteasome complex is composed of the 20S core 

particle and at least one 19S regulatory particle. The 19S regulator can be located at one 
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(26S) or both ends of the 20S complex (with the later referred to as 30S proteasome). 

Another regulator is the IFN-inducible 11S complex. Proteasomes may also associate with 

both regulators simultaneously which is referred to as hybrid proteasome (Cascio et al. 

2002). The inner core of the proteasome is named 20S (Figure 4, left) and is composed of 

four stacked heteroheptameric ring structures, ƛƴŎƭǳŘƛƴƎ ǘǿƻ ƻǳǘŜǊ ʰ- ŀƴŘ ǘǿƻ ƛƴƴŜǊ ʲ-rings. 

Each of these ring structures contains seven subunits (1h-7Τ ʲ1-7Τ ʲ1-7; 1h-7) (Groll et al. 1997; 

Lowe et al. 1995). Proteasomes are a major part of the ubiquitin-proteasome-pathway 

(explained in I.2.2) and provide a threonine protease activity required for protein 

degradation (Seemuller et al. 1995). ¢ƘƻǳƎƘ ʰ- and ̡ -subunits reveal structural similarities, 

their functions are immensely different. The actual protease active sites are located within 

the inner chamber of the proteasome and are exclusively provided by three distinct subunits 

ƴŀƳŜƭȅ ʲ1 (Delta)Σ ʲ2 (Z) ŀƴŘ ʲ5 (MB1) resembling caspase-like, trypsin-like and 

chymotrypsin-like activity (Arendt and Hochstrasser 1997; Heinemeyer et al. 1997) with 

cleavage specificities after acidic, basic or hydrophobic amino residues, respectively (Figure 

4, right). The 19S regulator binds to the -hsubunits of the proteasomal core thereby serves 

as a gatekeeper. Structurally, the 19S regulatory complex is split into lid and base where the 

base is composed of six AAA-ATPases (Rpt1-6) that form a heterohexameric ring and four 

non-ATPase subunits (Rpn1, Rpn2, Rpn10 and Rpn13). Upon ATP binding to the C-terminal 

hydrophobic-tyrosine-X (HbYX) motif of RPt2, 3 and RPt5, the repressed conformation of the 

-hrings, that normally restricts substrate entrance, is released and thus enables substrate 

entry into the catalytic core (Gillette et al. 2008; Smith et al. 2007; Tomko et al. 2010). 

Therefore, proteins that are designated for degradation are recognized by these regulators, 

unfolded and translocated into the 20S catalytic core where the substrate is subsequently 

degraded (Thrower et al. 2000; Whitby et al. 2000). Before entering into the catalytic cavity, 

substrates are deubiquitinated, mediated by deubiquitinating enzymes named DUBs or by 

certain proteasomal subunits such as RPN11 which allows the ubiquitin to be recycled 

(Verma et al. 2002; Wang et al. 2016). 
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Figure 4 Composition and cleavage preferences of 26S proteasomes. The 26S proteasome is composed of two defferent 
complexes, the 19S regulator which translocates proteins into the inner core (20S) of the proteasome. The inner core is 
composed of four stacked ringǎ ǿƛǘƘ ǘǿƻ ƻǳǘŜǊ ʰ-ǊƛƴƎǎ ŀƴŘ ǘǿƻ ƛƴƴŜǊ ʲ-rings, harboring six proteolytically active subunits 
(left). Ubiquitin-tagged substrate is deubiquitinated via DUBs and subsequently degraded mediated by three proteolytically 
active subunits with different cleavage specificities, where ̡ м Ǉrovide a caspase-ƭƛƪŜΣ ʲн a trypsin-ƭƛƪŜ ŀƴŘ ʲр a 
chymotrypsin-like activity (right). The presented figure is modified from (Kloetzel 2004). 

 

I.2.2 The Ubiquitin Proteasome System (UPS) and its function 

In eukaryotic cells, the UPS serves as a primary quality control mechanism by degradation of 

misfolded, unassembled or damaged proteins (Amm et al. 2014; Seifert et al. 2010). 

Disturbances in this pathway can lead to an aggregation of toxic proteins that contributes to 

diseases and amongst other has been associated with neurodegenerative disorders such as 

IǳƴǘƛƴƎǘƻƴΩǎ (Diaz-Hernandez et al. 2003) ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ disease (AD). In AD, it has been 

ǎƘƻǿƴ ǘƘŀǘ ŀƳȅƭƻƛŘ ʲ42, a protein that aggregates in neuronal cells and is a critical factor in 

AD pathology, is ubiquitinated via the E3-ligase parkin and degraded through proteasomal 

activity. Inhibition of the proteasome with the inhibitor MG132 led to reduced degradation 

ƻŦ !ʲ in vitro (Rosen et al. 2010). Thus, proteins which are designated for degradation are 

ubiquitinated, requiring a sequence of three enzymatically steps (Figure 5). First, an E1-

activating-enzyme catalyzes the acyl-adenylation of ubiquitin at its C-terminus in an ATP-

dependent manner thereby forming an energy-rich thioester bond. Once ubiquitin is 

activated, it is recognized by an E2-conjungating enzyme and transferred to its active site 

cysteine. This process is followed by the recognition of an E3-ligase which facilitates the 

covalent ligation of ubiquitin to a lysine residue of a target substrate (Amm et al. 2014; 

Schulman and Harper 2009). The transferred ubiquitin can be polymerized by addition of 
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ubiquitin monomers resulting in the composition of poly-ubiquitin chains. Substrates that 

are either K11- or K48-linked (with the latter being more important for proteasomal 

degradation) are designated for proteasomal degradation while K63-linked proteins are 

targets of the lysosomal degradation pathway. However, recently it has been shown that 

K48/K63 branched chains can be recognized and degraded by the proteasome as well 

(Ohtake et al. 2018).  

Nevertheless, the UPS is not only involved in the maintenance of cell homeostasis but also 

plays a major role in the regulation of crucial cellular processes including the induction or 

prevention of apoptosis by modulating pro-apoptotic mediators such as p53 (Chen et al. 

2008; Concannon et al. 2007). Moreover, the UPS is involved in the regulation of cell cycle 

progression ōȅ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ cyclin dependent kinase inhibitors such as p21Cip1 or p27Kip1 

(Nguyen et al. 1999; Sheaff et al. 2000). Treatment with these inhibitors results in a blocked 

G1/S transition and therefore provokes cell cycle arrest. In addition, the UPS is involved in 

the regulation of a variety of inflammatory processes. On the one hand this pathway 

determines the availability of pivotal signaling molecules, as for instance by degrading the 

NF-ˁ. ƛƴƘƛōƛǘƻǊ Lˁ.ʰ, but it also has a fundamental role in CTL activation due to its 

involvement in MHC class I epitope generation (Tanaka et al. 2001; Vu et al. 2008). Peptides 

produced by the proteasome are transported to the lumen of the endoplasmatic reticulum 

(ER) via TAP (transporter associated with antigen processing), a heterodimer composed of 

TAP1 and TAP2. Once transported into the ER, precursor peptides designated for antigen 

presentation can be further trimmed by endoplasmic reticulum aminopeptidase (ERAP) 1 or 

2 (York et al. 2006). MHC class I molecules are heterodimers composed of a heavy -hchain 

and ̡ н-microglobulin. Within the ER lumen, the p:MHC-complex is assembled. For complex 

assembly, resident chaperones such as ERp57 (endoplasmic reticulum resident protein 57) 

mediating the folding of the MHC molecules thereby utilizing TAP which provides a scaffold 

(Zhang et al. 2006). In a next step, tapasin facilitates the binding of peptides to the newly 

assembled complex (Dong et al. 2009). This is followed by the dissociation of TAP which 

enables the newly generated p:MHC-complex to be transported through the Golgi to the 

plasma membrane, resulting in subsequent epitope presentation to CD8+ T cells (Spiliotis et 

al. 2000). 
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Figure 5 The ubiquitin-proteasome-system and its function. Proteins that are designated for degradation e.g. misfolded 
proteins or proteins that are no longer required are ubiquitinated. This process requires a sequence of three enzymatically 
steps at the expense of energy. At first, ubiquitin becomes activated due to an E1-activating enzyme. The activated 
ubiquitin is then conjugated to an E2-conjungating enzyme. This newly formed complex is further recognized by an E3-
ubiquitin-ligase which mediates the transfer of ubiquitin to its proper substrate. The ubiquitin tagged substrate is 
recognized by the regulatory complex of the proteasome which unfolds the protein and initiates the translocation into the 
catalytically core where the protein is subsequently degraded. In this manner, the UPS is responsible for the generation of 
MHC class I epitopes. Peptides, which can be further trimmed through aminopeptidases, are transported to the 
endoplasmic reticulum and loaded to the peptide-binding-groove of the newly assembled MHC class I complexes. En route 
to the plasma membrane, the p:MHC complex passes the Golgi apparatus, and the epitope is presented to CD8+ T cells, 
leading to the activation of these cells. The presented figure is modified from (Groettrup et al. 2010). 

 

I.2.3 Composition of the Immunoproteasome and its role in infectious diseases 

The immunoproteasome (i-proteasome) is an isoform of the standard-proteasome (s-

proteasome) which is constitutively expressed in cells of hematopoietic origin. Whereas the 
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s-proteasome is expressed in nearly all mammalian cells, i-proteasomes assembly can be 

induced upon stimulation with type I or II interferons or upon challenge with LPS in a variety 

of cell types (Arellano-Garcia et al. 2014; Reis et al. 2011; Seifert and Kruger 2008). 

Comparable to the s-proteasome, the i-proteasome incorporates three catalytically active 

subunits termed ̡ 1i or LMP2 (low-molecular-weight protein), ̡ 2i or MECL-1 (multicatalytic 

endopeptidase complex like 1) and ̡ 5i or LMP7 with similar but slightly altered cleavage 

preferences and significantly faster epitope generation compared to their s-proteasome 

equivalents (Seifert et al. 2010; Toes et al. 2001). However, intermediate proteasome, 

containing both s- and i-proteasome subunits, have been reported (De et al. 2003; Guillaume 

et al. 2010). A special variant of proteasomes is assembled exclusively in cTECs within the 

thymus. The incorporation of a subunit named ̡5t has been demonstrated to result in the 

generation of rather low-affinity-MHC class I ligands compared to proteasomes containing 

either ̡ 5 or ̡ 5i (Murata et al. 2007).  

In response to IFNɹ, not only i-proteasomes are induced but also ROS, leading to the 

accumulation of oxidant-damaged proteins. In this context, i-proteasomes have been shown 

to maintain cell viability due to an increased peptide degradation rate compared to s-

proteasomes alone and therefore can rapidly respond to infection-induced alterations within 

host cells (Ebstein et al. 2012; Ebstein et al. 2013; Opitz et al. 2011; Seifert et al. 2010). One 

of the best described roles of the immunoproteasome is its important role in MHC class I 

presentation, which is indispensable for CD8+ T cell activation during infectious disease. 

Therefore, the absence of i-proteasomal subunits and its effect on CD8+ T cells has been 

studied intensively. The absence of one or more i-subunits have been associated with 

decreased CD8+ T cell numbers and reduced effector function during T. gondii,  Brucella 

abortus and influenza virus infection accompanied by reduced IFN ɹ and granzyme B 

expression (Chen et al. 2001b; Guimaraes et al. 2018; Tu et al. 2009). Controversially, IFNɹ  

expression in LMP2/MECL-1-/ - mice, additionally treated with a LMP7 inhibitor, was not 

altered in a mouse model for choriomeningitis virus-infection (Basler et al. 2011), hinting to 

different functions of the i-proteasome under different infection conditions. As mentioned 

before, the proteasome has a function beyond mere antigen processing. Accumulating 

evidence indicates that i-proteasomes also influence the activation of NF- Bˁ pathway and 

expression of pro-inflammatory cytokines. In this regard, non-obese diabetic (NOD) mice, 
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which have an inherent defect in LMP2, showed defective activation of NF- Bˁ pathway due 

to decreased generation of p50 and p52, leading to reduced cell survival upon TNF 

stimulation. Moreover, LMP2-deficiency is associated with reduced expression levels of TNF, 

IL-6, IFNh  and IL-1  ̡in DCs upon IAV infection (Hayashi and Faustman 1999; Hensley et al. 

2010).  

 

I.3 Src homology domain containing phosphatase 2 (SHP2) 

I.3.1 The role of SHP2 in juvenile myelomonocytic leukaemia (JMML) 

JMML is a rare but aggressive myeloproliferative/myelodysplastic disorder that accounts for 

1-2% of all pediatric leukemia and is usually diagnosed in young children Җ 4 years of age. 

The disorder is clinically characterized by hepatosplenomegaly, pulmonary infiltrates, fever, 

monocytosis and thrombocytopenia due to overproduction of monocytes, macrophages and 

their progenitor cells (Arico et al. 1997). So far the only curative treatment is allogenic 

hematopoietic stem cell transplantation; however, even then JMML has a recurrence rate of 

50% (Smith et al. 2002). In Ғ35% of all JMML cases the cause of disease can be traced back to 

various single point mutations inside the PTPN11 gene locus encoding the Src homology 

domain containing phosphatase 2 (SHP2) (Tartaglia et al. 2003).  

SHP2 is a non-receptor tyrosine-protein phosphatase which contains two tandem Src 

homology (SH2) domains at its N-terminus (N-SH2 and C-SH2), followed by a tyrosine 

phosphatase catalytic PTP domain and a C-terminal tail, including two major tyrosine 

phosphorylation sites (Tyr542 and Tyr580) and a proline-rich motif (Freeman et al. 1992; Lu 

et al. 2001). In its basal state, the N-SH2 domain of SHP2 interacts with its PTP domain 

thereby blocking substrate access to the active site (Hof et al. 1998). Upon encounter with 

an appropriate ligand, containing phosphotyrosyl such as insulin receptor substrate (IRS), 

SHP2 changes from its closed and therefore inactive conformation to its active stage, 

thereby releasing the PTP domain (Figure 6). The free PTP domain catalyzes tyrosine 

dephosphorylation of various signaling molecules such as members of the Src kinase family 

(Sugimoto et al. 1994; Zhang et al. 2004b). Therefore, SHP2 influences a variety of signaling 



Introduction 

 
32 

 

pathways. Accordingly, the two most common point mutations of SHP2 associated with 

JMML, D61Y and E76K cause a consecutive active formation of the phosphatase and are 

associated with increased RAS/ERK and AKT signaling pathway activation (Mohi et al. 2005).  

 

 

Figure 6 Activation and function of SHP2. In absence of an appropriate ligand or receptor stimulation, the tyrosine-
phosphatase SHP2 remains in a closed conformation, blocking substrate access to the PTP domain. Upon binding of a pY 
ligand, SHP2 undergoes a conformational change, where the N-SH2 domain releases the catalytic PTP domain enabling the 
dephosphorylation of signaling molecules, thus regulating cellular growth, survival and migration through modulation of 
down-stream pathways RAS/ERK, JAK/STAT and PI3K/AKT. The presented figure is modified from (Qiu et al. 2014). 

 

I.3.2 SHP2 and its influence in signaling pathways 

I.3.2.1 SHP2 modulates JAK/STAT pathway 

As a phosphatase SHP2 influences a variety of signaling pathways, such as the JAK-STAT 

pathway, indispensable for a proper immune response. Engagement of IFNɹ with its 

heterodimeric receptor, composed of two chains IFNɹ R1 and IFNɹR2, leads to the 

oligomerization of this receptor. This process causes the pre-associated Janus family kinases 

(JAK) 1 and 2 to come into close proximity, thus enabling trans-phosphorylation of each 

other and intracellular domains of the receptor, e.g. tyrosine phosphorylation of residue 

Y440 within the IFNɹR1 chain, thereby providing a docking site for the transcription factor 



Introduction 

 
33 

 

STAT1. Subsequently, STAT1 is phosphorylated at serine residue Ser727 and tyrosine residue 

Tyr701, leading to homo- or heterodimerization e.g. with STAT3 (Briscoe et al. 1996; Shuai et 

al. 1994; Zhang et al. 2017). Dimerized STAT1 dissociates from the receptor and is 

translocated into the nucleus where it regulates gene expression by binding to GAS (gamma 

interferon activation site) elements (Huntelmann et al. 2014; Satoh and Tabunoki 2013). 

Studies using SHP2-/ - fibroblasts demonstrated an increased phosphorylation of JAK1 as well 

as a prolonged phosphorylation of both, Ser727 and Tyr701 in STAT1, whereas 

overexpression of the phosphatase diminishes IFNɹ-induced STAT1 phosphorylation. 

Therefore, SHP2 has been identified to modulate the inhibition of STAT1 signaling on two 

levels: by direct dephosphorylation of JAK1 and by inactivating pSTAT1, even when 

translocated to the nucleus (Wu et al. 2002; You et al. 1999). SHP2 has been identified as a 

negative regulator also for other STATs. Phosphorylation of STAT3 and 5 was shown to be 

inhibited in SHP2 over-expressing cells upon stimulation with GM-CSF or IL-3, respectively 

(Chen et al. 2004; Zhang et al. 2009). Accordingly, deletion of SHP2 also induced 

phosphorylation of STAT3 and promoted cell differentiation, resulting in larger tumor 

formation in a mouse model of esophageal squamous cell cancer (Qi et al. 2017).  Despite 

being a negative regulator, growing evidence suggests that SHP2 also promotes JAK/STAT 

signaling under distinct conditions. Recently it has been shown that STAT5 activation is 

impaired following prolactin stimulation in mammary gland cells obtained from SHP2ҍκҍ mice 

(Ke et al. 2006). Accordingly, following prolactin-induced JAK2 activation, SHP2 was found to 

prevent JAK2/SOCS1 (suppressor of cytokine signaling-1) interaction by deposhorylation of 

tyrosine residue Y1007, thus inhibiting SOCS1-induced ubiquitination and degradation of 

JAK2 (Ali et al. 2003).  

 

I.3.2.2 Modulation of RAS/ERK and PI3/AKT pathway by SHP2 

RAS/ERK as well as PI3/AKT pathways are major regulators of cell differentiation, 

proliferation and survival. In response to growth factors, including epidermal growth factor 

(EGF), platelete derived growth factor (PDGF) or fibroblast growth factor (FGF), RAS/ERK and 

PI3/AKT pathways are initiated. Binding of a growth factor to its concordant receptors, 

named receptor tyrosine kinases (RTKs), leads to dimerization of the extracellular domain of 
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the receptor which allows juxtaposition of the intracellular catalytic domains. Thus, enabling 

transphosphorylation of tyrosine residues due to kinase activity of the receptors itself 

(Downward et al. 1984; Garrett et al. 2002; Hazan et al. 1990). This process forms a docking 

site for the SH2 domains of adaptor molecules such as Grb2 (growth factor receptor-bound 

protein 2) therefore mediating the recruitment of substrate to the activated receptor. Grb2 

forms a complex with son of sevenless (SOS), thereby mediating the recruitment of SOS to 

the plasma membrane where it interacts with rat sarcoma (RAS). In its inactive state, the 

small G-protein RAS is guanosine diphosphate- (GDP)-bound. SOS, a guanine nucleotide 

exchange factor, mediates the activation of RAS by catalyzing the exchange of GDP to 

guanosine triphosphate (GTP), leading to a conformational change and enabling the 

engagement with down-stream signaling molecules (Buday and Downward 1993; Li et al. 

1992). Activated RAS further associates with the down-stream serine/threonine kinase RAF1. 

This interaction induces the activation of a kinase cascade leading to phosphorylation of 

MEK1/2 (mitogen-activated protein kinase kinase) and down-stream to the phosphorylation, 

and thus activation, of ERK1/2 (extracellular signalςregulated kinases) (Aoki et al. 2013; 

Kyriakis et al. 1992; Payne et al. 1991). A second interaction partner of RAS is the family of 

the phosphoinositide 3-kinases (PI3K). Activated PI3K converts PIP2 (phosphatidylinositol 

(4,5)-bisphosphate) lipids into PIP3 (phosphatidylinositol (3,4,5)-trisphosphate) at the plasma 

membrane. PIP3 binds to AKT enabling PDK1 (phosphoinositide-dependent kinase-1) to 

phosphorylate AKT in its activation loop. Activation of AKT results in cell cycle progression by 

inducing for instance cyclin-1, and cell survival by inhibition of pro-apoptotic mediators, such 

as forkhead box O3 (FOXO3) and members of the Bcl-2 family (Alessi et al. 1997; Guertin et 

al. 2006; Kennedy et al. 1999). 

SHP2 activity is required for sufficient activation of the RAS/ERK pathway in response to RTK 

stimulation. Studies using single point mutations within the PTP domain, which rendered the 

phosphatase catalytically inactive, confirmed a major role of the PTP domain of SHP2 in ERK 

activation (Kontaridis et al. 2006). Accordingly, blocking of SHP2 phosphatase activity by 

using specific SHP2 inhibitors led to decreased phosphorylation of ERK and AKT in human 

glioma cells in vitro where SHP2 has been associated with RAS activation. Although, SHP2 

dephosphorylates RAS by binding the protein preferentially in its GTP-bound stage, this 
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process is necessary for the RAS GTPase cycle. Thus, enabling RAS to associate again with its 

down-stream effectors and maintain signaling (Bunda et al. 2015).  

I.3.2.3 TCR signaling and SHP2 

In addition to the pathways mentioned above, SHP2 is also involved in the regulation of TCR 

signaling (Figure 7). The TCR complex mainly consists of an /h  ̡ heterodimer (with /ɹʵ 

expressed on a minor fraction of T cells) associated with a CD3-ŎƘŀƛƴΦ ¢ƘŜ ʰκʲ ƘŜǘŜǊƻŘƛƳŜǊ ƛǎ 

characterized by a constant region (C), connecting the receptor to the plasma membrane, 

and a variable part (V) containing the antigen-binding site. The associated CD3-chains, the 

ʶκʵ ŀƴŘ ʶκʴ ƘŜǘŜǊƻŘƛƳŜǊǎ ŀƴŘ ǘƘŜ ʸκʸ ƘƻƳƻŘƛƳŜǊ, are required for intracellular signal 

transmission (Birnbaum et al. 2014; Li et al. 2017). The TCR is crucial for T cell biology as it 

regulates T cell homeostasis, activation, and survival. TCR signaling is initiated upon 

recognition of antigenic peptides associated with either MHC class I or II (pMHC) presented 

on APCs. Nevertheless, T cells need a co-stimulatory signal, such as the engagement of CD28 

on T cells and CD80/CD86 on APCs, to become completely active (Damle et al. 1992; Gross et 

al. 1992). In addition, the association of the TCR with the pMHC complex also allows the 

interaction of the co-receptors CD8 and CD4 with MHC class I or II, respectively, which also 

participates in TCR signaling. The cytoplasmic part of the TCR-associated CD3 chains όʵΣ ʶΣ ʴ 

ŀƴŘ ʸύ Ŏƻƴǘŀƛƴǎ ƛƳƳǳƴƻǊŜŎŜǇǘƻǊ ǘȅǊƻǎƛƴŜ-based activation motifs (ITAMs) which are crucial 

for signal transduction. Since TCRs have no intrinsic catalytic activity, signaling downstream 

of the TCR requires a cascade of tyrosine phosphorylation which is orchestrated by the 

tyrosine kinases Lck (lymphocyte-specific protein tyrosine kinase) and Zap-70 (Zeta-chain-

associated protein kinase 70). In response to TCR stimulation, the Src family kinase Lck 

phosphorylates the ITAMs. Once phosphorylated, ITAMs bind to the SH2 domain of ZAP-70, 

bringing the kinase into close vicinity of Lck (Artyomov et al. 2010; Li et al. 2017; Straus and 

Weiss 1992; Turner et al. 1990). Phosphorylation of Zap-70 by Lck is required for full 

activation of ZAP-70. Upon activation, ZAP-70 in turn phosphorylates several tyrosine 

residues on LAT (linker for activation of T cells) (Paz et al. 2001; Yan et al. 2013). 

Phosphorylated LAT orchestrates the formation of a signaling complex, named LAT 

signalosome, including Grb2/SOS, GADS/SLP-76, t[/ʴ-1, ADAP (adhesion- and degranulation-

promoting adaptor protein), and the Rho-family guanine nucleotide exchange factor Vav1 
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(Coussens et al. 2013; Jackman et al. 1995; Lewitzky et al. 2001; Zhang et al. 2000). The 

formation of the LAT signalosome promotes the activation of additional downstream 

signaling pathways, thus leading to actin reorganization and transcriptional activation (Finco 

et al. 1998). CƻǊ ǘƘŜ ƭŀǘǘŜǊΣ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ t[/ʴ-1 is of particular importance. In this context, 

t[/ʴ-1 catalyzes the hydrolysis of the membrane lipid PIP2 to IP3. IP3 binds to its receptor in 

the endoplasmic reticulum leading to Ca+ flux into the cytoplasm and to the further 

activation nuclear translocation of the transcription factor NFAT (nuclear factor of activated 

T-cells) (Vig and Kinet 2009)Φ t[/ʴ-1 also generates DAG (diacylglycerol) which in turn 

ƳŜŘƛŀǘŜǎ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ tY/ʻ όǇǊƻǘŜƛƴ ƪƛƴŀǎŜ /-theta), a kinase required for the assembly 

of the CBM-complex. The CBM-complex further activates the IKK complex, composed of the 

ŎŀǘŀƭȅǘƛŎ LYYʰκʲ ǇǊƻǘŜƛƴǎ ŀƴŘ ǘƘŜ ǊŜƎǳƭŀǘƻǊ b9ahκLYYʴΦ IKK phosphorylates NF-ˁ. inhibitor 

Lˁ.h at two N-terminal serines, thereby inducing ubiquitin-dependent degradation via the 

ubiquitin-proteasome system. Degradation of Lˁ.h ŜƴŀōƭŜǎ the translocation of bCπˁB into 

the nucleus. Once in the nucleus, NF-ˁ. mediates the expression of transcription factors 

essential for T cell differentiation and proliferation (Adli et al. 2010; Alkalay et al. 1995; Lin et 

al. 2000b; Liu et al. 2017a). In addition, DAG activates RAS enabling subsequent induction of 

RAS/Raf/Mek/ERK-pathway leading to the activation of AP1 (activator protein 1), a 

transcription factor involved in cell division and apoptosis (Schmidt et al. 2012). 

Studies using a SHP2 cysteine459 to serine inactive revealed a link between SHP2 and TCR 

signaling. It appears that SHP2 forms a complex including Grb2 and PI3-kinase required for 

the activation of ERK2 upon TCR stimulation in Jurkat T cells (Frearson and Alexander 1998). 

In contrast, studies using the same mutation which mimics oxidation of the oxidation-

sensitive active cysteine within the PTP domain, thus leading to the inactivation of SHP2, 

indicated a negative role of SHP2 in TCR signaling. Oxidation of this site has been associated 

with ROS production upon TCR stimulation, thus suggesting that the function of SHP2 is also 

down-regulated upon TCR ligation. Using this mutant, it has been shown that 

phosphorylation of adapter molecule ADAP and GTP exchange factor Vav1 within the Gadsς

SLP-76 complex was increased upon inactivation of SHP2, leading to integrin clustering and 

therefore enhanced adhesion in Jurkat T cells (Kwon et al. 2005).  
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Moreover, SHP2 also plays an inhibiting role in the regulation of TCR signaling by interacting 

with inhibitory receptors (Figure 7). One critical regulator of T cell activation is the negative 

co-stimulatory receptor programmed-cell death 1 (PD-1) which counteracts positive co-

stimulatory signals such as CD28:CD80 interaction and therefore is essential in T cell 

maintenance and immune homeostasis. In activated T cells, PD-1 is increasingly expressed in 

a time-ŘŜǇŜƴŘŜƴǘ ƳŀƴƴŜǊ ƭŜŀŘƛƴƎ ǘƻ ¢ ŎŜƭƭ άŜȄƘŀǳǎǘƛƻƴέ ƻǊ ŀŎǘƛvation induced cell death. 

PD1 becomes activated upon engagement with its ligand PD-L1 and 2, with the latter 

predominantly expressed on APCs. Following activation, PD-1 forms microcluster with TCRs, 

thus inducing dephosphorylation of proximal signaling molecules via SHP2. Accordingly, 

binding of SHP2 to the phosphorylated ITSM (immunoreceptor tyrosine-based switch motif) 

of PD-1 ferries SHP2 into close proximity of its substrates, such as Lck and ZAP-70, thereby 

enabling termination of proximal TCR signaling (Latchman et al. 2001; Sheppard et al. 2004; 

Yokosuka et al. 2012). Also important, PD-1 ligation preferentially dephosphorylates CD28 in 

a SHP2-dependent manner, thus indirectly terminating TCR-induced T cell activation since 

co-stimulatory signal is necessary to maintain activation (Hui et al. 2017). Another critical 

negative regulator of T cell activation and proliferation is CTLA-4 (cytotoxic T-lymphocyte-

associated protein 4) which shares the same ligands as CD28 (Yokosuka et al. 2010).  Ligation 

of CTLA-4 reduces T cell:APC immunological synapse formation in a spatial-temporal manner 

(Schneider et al. 2008). Although CTLA-4 provides no direct binding site for SHP2, co-

precipitation experiments showed the association of this receptor and the phosphatase, 

indicating that SHP2 is involved in CTLA-4-mediated T cell inactivation by dephosphorylating 

e.g. the ¢/wʸ-chain (Lee et al. 1998; Schneider and Rudd 2000). Therefore, and in contrast to 

other cell types, SHP2 is associated with a rather negative role in TCR signaling by 

dephosphorylation of pivotal signaling molecules. 

 

I.3.2.4 SHP2 and its influence on NF- Bˁ signaling pathway 

The nuclear factor NF- Bˁ is a dimeric transcription factor and has mainly been studied for its 

inflammation promoting potential as activation results in the expression of various genes 

related to pro-inflammatory cytokines such as IL-1 and TNF, chemokines and adhesion 

molecules. Despite being required for an inflammatory response, NF-ˁ. ŀƭǎƻ modulates cell 
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survival. In mammalians five different variants of the transcription factor are known 

including NF-ˁ.м όǇмлрκǇрлύΣ bC-ˁ.н όǇмллκǇрнύΣ wŜƭ! όǇсрύΣ wŜƭ. ŀƴŘ Ŏ-Rel. Under normal 

conditions, NF-ˁ. ŘƛƳŜǊǎ ŀǊŜ retained in an inactive form within the cytoplasm due to its 

association with inhibitory Lˁ. ǇǊƻǘŜƛƴǎ, ǎǳŎƘ ŀǎ Lˁ.ʰΦ aƻǊŜƻǾŜǊΣ bC-ˁ. ƛƴƘƛōƛǘƻǊǎ Ŏŀƴ ŀƭǎƻ 

initiate dimer dissociation from the DNA and mediates the transport back to the cytoplasm 

(Arenzana-Seisdedos et al. 1997). For the activation of the nuclear factor two distinct 

pathways are known, the canonical and the non-canonical NF-ˁ. ǇŀǘƘǿŀȅΦ bC-ˁ. ŀŎǘƛǾŀǘƛƻƴ 

is initiated upon cytokine receptor triggering, due to stimulation with growth factors or TCR 

engagement and its proximal signaling (Figure 7). Induction of the NF-ˁ. ǇŀǘƘǿŀȅ ƛƴ ¢ ŎŜƭƭǎ 

results in the activation of the IKK complex (as described in I.3.2.3). ²ƘŜǊŜŀǎ LYYʲ ƛƴƛǘƛŀǘŜǎ 

the canonical pathway, the non-canonical NF- Bˁ pathway is mediated due to the activation 

of IKKh  (Zandi et al. 1997). In either case, the LYY ŎƻƳǇƭŜȄ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ Lˁ. ǇǊƻǘŜƛƴǎ ǿƘƛŎƘ 

are subsequently degraded by the proteasome thereby releasing NF- Bˁ dimers to the 

nucleus. For complete activation, proteolytic processing of the inactive precursors p100 or 

p105 to fully functional p52 or p50, respectively, is required. Processing of p100 is mediated 

by the activation of the NF- Bˁ inducing kinase NIK in the non-canonical pathway, whereas 

processing of p105 requires further proteasomal degradation (Palombella et al. 1994; Xiao et 

al. 2001). 

Comparable to the pathways described above, SHP2 also influences the NF- Bˁ signaling 

pathway thereby modulating inflammation. Studies using SHP2-/ - mutant in fibroblasts 

showed that the phosphatase modulates the activation of the non-canonical NF-ˁ. ǇŀǘƘǿŀȅ, 

leading to almost abolished expression of IL-6, independent of MAPK-activation. Moreover, 

SHP2 has been identified to constitutively associate ǿƛǘƘ LYYʰ. As a result, SHP2-deficient 

ŦƛōǊƻōƭŀǎǘ ŦŀƛƭŜŘ ǘƻ ŜŦŦƛŎƛŜƴǘƭȅ ǇƘƻǎǇƘƻǊȅƭŀǘŜ Lˁ.ʰ ƭŜŀŘƛƴƎ ǘƻ ǊŜŘǳŎŜŘ 5b!-dimer binding 

(You et al. 2001). In contrast, SHP2 was also shown to positively influence NF-ˁ. ŀŎǘƛǾŀǘƛƻƴ 

by promoting viral G protein-coupled receptor signaling expressed by kaposi sarcoma-

associated herpesvirus, whereas human embryonic kidney (HEK) cells additionally treated 

with SHP2 shRNA showed only reduced activation of NF-ˁ. in vitro, implying different roles 

of the phosphatase in NF-ˁ. ǎƛƎƴŀƭƛƴƎ depending on the cell type (Bakken et al. 2010). 
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Figure 7 Regulation of signaling pathways by SHP2. Upon TCR engagement with its cognate peptide-MHC complex, 
signaling is initiated leading to the recruitment of the Src family kinase Lck mediating the subsequent phosphorylation of 
ITAMs of the CD3ɹ, CD3ʁ, CD3ɻ and the y  chain within the cytoplasmic tail of the TCR. Phosphorylation of ITAMs initiates 
the recruitment of ZAP-70 and its phosphorylation via Lck. Activated ZAP-70 further phosphorylates four important tyrosine 
residues on LAT leading to the recruitment of diverse signaling mediators and generation of a multi-protein complex 
termed the LAT-signalosome. The LAT-signalosome induces down-stream signaling pathways such as NF- Bˁ due to PLCɹ or 
the MAPK and AKT pathways in a RAS-dependent manner. In order to prevent excessive T cell activation once the cascade is 
initiated, different mechanisms counteract TCR signaling. The co-inhibitor PD-1 terminates TCR signaling by activation of the 
phosphatase SHP2. SHP2 binds to the cytoplasmic ITSM domain while PD-1 forms micro-cluster with TCRs thereby brings 
SHP2 in close vicinity to proximal signaling kinases such as Lck and ZAP-70 resulting in dephosphorylation of these 
molecules. In a similar manner SHP2 counteracts signaling of co-stimulatory molecules by dephosphorylating CD28, thus 
blocking further T cell activation. In contrast, SHP2 also enhances MAPK and AKT signaling by dephosphorylating GTP-bound 
RAS which enables the protein to associate again with its down-stream effector molecules thereby maintaining signaling. In 
other cell types such as fibroblasts, SHP2 has been shown to associate with IKK hin thereby driving non-canonical NF- Bˁ 
signaling. The presented figure is modified from (Brownlie and Zamoyska 2013).  
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I.4 Toxoplasma gondii (T. gondii) 

T. gondii is an obligate intracellular parasite of the phylum Apicomplexa with an estimated 

distribution of more than 30% seropositive human worldwide (Flegr et al. 2014). An infection 

can cause severe symptoms such as encephalitis and respiratory symptoms in 

immunocompromised patients and developmental disorders in the unborn child, resulting 

from an acute infection and placental transmission of the parasite during pregnancy 

(Chemoh et al. 2015; Jenum et al. 1998; Nissapatorn et al. 2004). Toxoplasmosis is a zoonotic 

disease and one of the leading foodborne illnesses. Prevalence of T. gondii infection varies 

largely between countries, depending especially on culinary habits or contact to felids. 

Humans usually become infected by consuming tissue cysts of undercooked meat or by 

accidental ingestion of oocysts bearing unwashed vegetables or fruits. In addition, organ-

transplantation of previously infected donors can also cause toxoplasmosis in recipients 

(Khurana and Batra 2016). 

 

I.4.1 Life cycle of T. gondii 

T. gondii is a cyst forming parasite able to replicate asexually, with a wide range of warm-

blooded animals serving as intermediate hosts; or sexually in its definite host, including all 

members of the felidae family. Ingestion of parasite bearing tissue cysts leads to vacuole 

rupture mediated through gastric enzymes. Due to this process the former encysted 

bradyzoites, normally a latent or slow growing stage of T. gondii life cycle, invade host 

enterocytes of the small intestine causing intestinal inflammation (Dubey 1997; Dunay et al. 

2008). Whereas in all intermediate hosts bradyzoites differentiate directly into fast 

replicating tachyzoites within the intestine, in felines they first undergo several asexual 

expansion rounds by forming merozoites within schizonts (Figure 8). Merozoites develop 

further into micro- and macrogametocytes, where microgametocytes fertilize the latter and 

as a result generate diploid zygotes which then develop into unsporulated oocysts that are 

shed by feces. The oocysts undergo meiosis followed by mitosis to form infectious 

sporozoites. Within the host, both sporozytes and bradyzoites develop into tachyzoites and 

disseminate systemically throughout the whole organism using circulating cells, including 
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monocytes or DCs, as vehicle (Bierly et al. 2008; Ueno et al. 2014). To infiltrate cells, T. gondii 

tachyzoites use actin-dependent gliding motility which is a mechanism unique to family 

members of Apicomplexa. Gliding motility is mediated via the actin-binding protein profilin 

which promotes actin polymerization, further required for the active infiltration into host 

cells and to abandon the cell when parasite load becomes too vast (Plattner et al. 2008). In 

immune-competent hosts, tachyzoites are effectively controlled by cell mediated immunity 

leading to the conversion into slowly replicating bradyzoites. Through the formation of 

persisting tissue cysts with a carbohydrate-rich cyst wall, the parasite establishes a latent 

infection within the brain, heart and skeletal muscles for the lifetime of its host (Dubey 1997; 

Dubey and Frenkel 1976; Ferguson 2004).   

 

Figure 8 Life cycle of Toxoplasma gondii. Schematic representation of sexual and asexual replication of the opportunistic 
intracellular parasite T. gondii. Sexual replication only occurs in the definite host. Following ingestion of sporozoites or 
tissue cyst through consumption of an intermediate host, parasites infiltrate the lamina propria of the small intestine where 
at first several rounds of asexual amplification occur, producing merozoites (Schizogony). Merozoites further develop into 
micro (male) or female macrogametocytes which generate diploid zygotes developing further into unsporulated oocysts 
that are shed by feces. After sporulation, T. gondii withstand even harsh environmental conditions and can infect virtually 
all kind of warm-blooded animals as intermediate hosts. In the intermediate host, bradyzoites or sporozoites develop into 
the fast replicating stage named tachyzoites. Tachyzoites multiply asexually within a parasitophorous vacuole in the small 
intestine and disseminate through the whole organism e.g. into the brain. There they infect preferably neurons and after a 
few divisions remain as slow growing bradyzoites within persisting tissue cysts. The presented figure is modified from 
(Robert-Gangneux and Darde 2012). 
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I.4.2 Strategies of T. gondii to escape detection of the immune system 

The parasite has evolved various strategies to evade protective immunity and facilitate long-

term survival within its host, making T. gondii to one of the most successful pathogens. One 

of these mechanisms is the development into low proliferating bradyzoites and their 

subsequent cyst formation thus limiting antigen presentation of its host cell and acting as a 

barrier for antiparasitic compounds. A variety of pathogens have been shown to inhibit MHC 

class II antigen presentation including mycobacterium tuberculosis or human 

cytomegalovirus to maintain a persistent infection (Kincaid and Ernst 2003; Miller et al. 

1998). Similarly, T. gondii also mediates the down-modulation of MHC class II pathway by 

influencing JAK/STAT signaling. More precisely, the parasite inhibits the nuclear 

translocation of the activated down-stream molecule STAT1h which is necessary for the 

transcription of various IFNɹ-inducible genes (Luder et al. 2001). In addition, infection with 

tachyzoites influences other host cell signaling pathways thus rendering immune cells such 

as macrophages unresponsive to the antimicrobial cytokine IFNɹ ǿƘƛŎƘ ƛǎ ƴƻǘ ƻƴƭȅ ŜǎǎŜƴǘƛŀƭ 

for controlling parasite replication but also to induce macrophage activation (Lang et al. 

2012). Upon infection of macrophages or neutrophils, translocation of NF-ˁ. RelA is 

inhibited by the intracellular parasite, leading to diminished secretion of the pro-

inflammatory cytokines IL-12 and TNF. Further investigations revealed that T. gondii also 

triggers the release of the anti-inflammatory cytokine IL-10 by inducing STAT3 

phosphorylation (Butcher et al. 2001; Butcher et al. 2005). Another mechanism to 

circumvent immune detection is mediated through the prevention of host cell apoptosis. 

Following tachyzoit infection, the parasite manipulates apoptotic pathways by selective 

degradation of pro-apoptotic proteins such as BAX (Bcl-2-associated X protein) and BAD (Bcl-

2-associated death promoter) but not anti-apoptotic Bcl-2 (B-cell lymphoma 2) itself 

(Carmen et al. 2006). Therefore, T. gondii acquired a variety of mechanisms to escape 

immune surveillance thus ensure parasite survival and enables the parasite to establish a 

persisting infection. 
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Aim of this work 

The immunoproteasome has been shown to play a pivotal role during various infectious 

diseases but not in all; contradicting data raised the question of a pathogen-dependent 

inflammation-modulating role of the i-proteasome (Ersching et al. 2016; Guimaraes et al. 

2018; McCarthy et al. 2016). Previously, it could be demonstrated that mice lacking one of 

the i-proteasome subunits LMP2 or LMP7 have a reduced survival during the course of 

Toxoplasma gondii infection which was associated with reduced effector function and 

decreased proliferation of CD8+ T cells (Tu et al. 2009). However, effects of i-proteasome-

deficiency in cerebral toxoplasmosis remained elusive. In the first part of this work, the role 

of the i-proteasome in the context of T. gondii-induced chronic neuro-inflammation was 

analyzed. To fully study the effects of i-proteasome-deficiency and to avoid the formation of 

intermediate type proteasomes, protein complexes containing a mixture of both i- and s-

proteasome subunits, mice that are deficient for all three i-proteasome subunits MECL-1, 

LMP2 and LMP7 were used. The objectives of this study were to analyze the recruitment of 

various immune cells to the CNS as well as to study their activation pattern and how the i-

proteasome participates in the establishment of a chronic cerebral infection.  

Studies using consecutive active mutant forms of PTPN11 have demonstrated that the 

phosphatase SHP2 is involved in the pathogenicity of human diseases, especially leukemia. 

Therefore, SHP2 was identified as pro-oncogenic but its role in cancer progression remains 

controversial. Recently, a decrease of SHP2 has been linked to human hepatocellular 

carcinoma suggesting a tumor suppressive role of the phosphatase (Bard-Chapeau et al. 

2011). Along this line selective deletion of SHP2 in CD4+ cells demonstrated increased 

melanoma tumor progression (Zhang et al. 2013). The contrasting results strongly indicate 

that function of SHP2 differ depending on the cell type. Juvenile myelomonocytic leukemia 

(JML)-causing D61Y mutation of SHP2 has been studied mostly in cells of myeloid origin but 

not in the context of T cell function (Chan et al. 2009; Mohi et al. 2005). Therefore, in the 

second part of this work, it was analyzed whether D61Y mutation of SHP2 in T cells can drive 

the onset of pathologies such as leukemia, as well as general effects of this point mutation 

on development, survival and activation in T cells. To specifically target T cells, SHP2D61flox/wt 

were crossed to pre-T cell receptor alpha cre mice.  
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II Material and Methods 

II.1 Technical Equipment 

The following equipment was used in these studies. 

Equipment Supplier 

AutoMACS® Pro Separator Miltenyi 

Biometra Trio  Analytic Jena 

Cawomat 2000 IR  CAWO 

Centrifuge 5415 R Eppendorf 

Centrifuge Mega Star 1.6R  VWR 

FACSAriaTM III BD 

Heraeus Multifuge 3SR+ Thermo Fisher  

Heracell 240 Incubator Thermo Fisher  

Homogenisator, Precellys® Evolution VWR 

LSRIIFortessaTM BD 

LightCycler® 480 Instrument II Roche 

LightCycler® 96 Instrument Roche 

MACSQuant® Analyzer Miltenyi 

Microscope Primovert Zeiss 

Mini-PROTEAN® Tetra System  Bio-Rad 

Multiphor II electrophoresis unit 2117 GE Healthcare 

NanoDrop ONEc Thermo Fisher  

Neubauer improved counting chamber Marienfeld 

tŜǊŦŜŎǘ.ƭǳŜϰ DŜƭ-system  PeqLab 

Precision scale AX432 M-pact  Sartorius 

PowerPac Basic Bio-Rad 

Safe 2020 Class II Biological Safety Cabinets Thermo Fisher 

Thermomixer comfort Eppendorf 

Table 1 Technical Equipment 
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II.2  Chemicals, reagents, media and kits 

Chemicals, reagents and media that were used in this study are listed below. 

Chemicals/Reagents/Media Supplier 

-̡mercapthoethanol  Gibco 

Agarose PeqLab 

Allprotect® Tissue Reagent Qiagen 

Acrylamide  AppliChem 

Ammonium chloride (NH4CL) Sigma Aldrich 

Ammonium persulfate (APS) AppliChem 

Bovine serum albumin (BSA)  Roth 

Brefeldin A, 1000x  eBioscience 

Cell Stimulation Cocktail, 500x eBioscience 

cOmplete Roche 

Collagenase II  Gibco 

Collagenase D Roche 

DNase I Sigma Aldrich 

Easycoll  Merck 

Ethanol Roth 

Ethylendiamintetraacetate (EDTA) AppliChem 

Fetal calf serum (FCS) PAN Biotech 

GeneRuler 1kb Plus  Thermo Fisher 

Glycine AppliChem 

HEPES  Gibco 

Iscove's Modified Dulbecco's Medium (IMDM) Gibco 

Isopropanol  Roth 

Methanol Roth 

MEM Gibco 

Penicillin/Streptomycin PAA 

Percoll Sigma Aldrich 
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poly-l-lysine  Merck 

Ponceau S Roth 

ProteinaseK Thermo Fisher 

Page Ruler Prestained Protein Ladder Thermo Fisher 

Roti®-Nanoquant Roth 

RPMI 1640 Gibco 

Sodium azide (NaN3)  AppliChem 

Sodium chloride (NaCl)  AppliChem 

Sodium dodecylsulfate (SDS)  AppliChem 

SignalFireTM ECL Reagent  Cell Signaling 

Sucrose Sigma Aldrich 

Tetramethylethylendiamine (TEMED) Merck 

Trishydroxymethyl-aminomethane (Tris) AppliChem 

Trypan blue Sigma Aldrich 

Tween20 Fluka 

Table 2 Chemicals, Reagent and Media 

The following kits were used in these studies and are listed below. 

Kits Supplier 

CD8+ T cell isolation kit Miltenyi 

CellTraceϰ Violet Cell Proliferation Kit Thermo Fisher 

Foxp3 / Transcription Factor Staining Buffer Set eBioscience 

Pan T Cell Isolation Kit II, mouse Miltenyi 

peqGOLD DNase I digest kit  PeqLab 

peq-GOLD HP Total RNA Kit PeqLab 

RNeasy® Mini Kit QIagen 

Scriptum First  Bio&Sell 

TaqMan® Universal PCR Master Mix Life technologies 

Total ROS detection kit ENZO life science 

½ƻƳōƛŜ bLwϰ CƛȄŀōƭŜ ±ƛŀōƛƭƛǘȅ Yƛǘ BioLegend 

Table 3 Kits 
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II.3 Buffers 

The following buffers were used for these studies. 

Buffers   

ACK buffer (10x) 

pH7.2 

NH4Cl 

KHCO3 

EDTA 

ddH2O 

1.5 M  

100 mM  

1.25 mM 

400 ml 

Electrophoresis 

buffer 

(10x) 

Tris 

Glycine 

SDS 

250 mM 

2 M 

1% 

FACS I DPBS-/ - 

Fetal calve serum (FCS) 

 

2% (w/v) 

FACS II DPBS-/ - 

FCS 

NaN3 

EDTA 

500 ml 

2% (w/v) 

0.2% (v/v) 

2 mM 

Hom-buffer HEPES (pH7.4) 

Sucrose 

MgCl2 

cOmplete 

ddH2O 

20 mM 

0.32 M 

2 mM 

1x 

MACS buffer DPBS-/ - 

BSA 

EDTA 

 

0.5% (w/v) 

2 mM 

Migration assay 

buffer 

RPMI 1640 

HEPES 

 BSA 

 

10 mM 

0.1% 

Separation buffer  Tris (pH8.8) 

SDS (20%)  

ddH2O 

1.5 M 

0.5% 
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Separation gel  

(10%) 

 

Acrylamid 4K 30% 

TEMED 

10% APS 

1x Separation buffer 

ddH2O 

3 ml 

6.25 µl 

75 µl 

3.25 ml 

3.75 

Stacking buffer  Tris (pH6.8) 

SDS (20%)  

ddH2O 

0.5 M 

0.5 % 

 

Stacking gel buffer 

 

Acrylamid 4K 30% 

Stacking buffer 

TEMED 

10% APS 

ddH2O 

1.13 ml 

2.63 ml 

7.5 µl 

75 µl 

1.88 ml 

T cell medium (TCM) RPMI 1640 

FCS 

Penicillin/Streptomycin 

-̡mercaptoethanol 

MEM 

HEPES 

 

10% 

100 U/ml 

50 µM 

1% 

10 mM 

Table 4 Buffers and Media 

 

II.4 Animal models 

II.4.1 Mice 

All mice were hosted under germ-free conditions according to the guideline of the Central 

Animal Facility Institution of the University of Magdeburg (Saxony-Anhalt) and Greifswald 

(Mecklenburg-Western Pomerania) as well as treated in accordance with the German 

National Guidelines for the Use of Experimental Animals. Mice were kept using a 12 hour 

light/dark cycle with 2-5 mice per cage, access to water and food was provided at any time. 

Triple KO (C57BL/6J- MECL1tm1KonLMP2tm1KlrLMP7tm1Klr) mice were kindly provided by Keneth 
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L. Rock and generated as described (Kincaid et al. 2011). TKO mice were bred in the Central 

Animal Facility of Magdeburg or Central Animal Facility Institution of the University of 

Greifswald. C57BL/6J mice were used as controls and were either bred in the Central Animal 

Facility of Magdeburg, the Central Animal Facility Institution of the University of Greifswald 

or obtained from /ƘŀǊƭŜǎ wƛǾŜǊ όW!·ϰΣ WŀŎƪǎƻƴ [ŀōƻǊŀǘƻǊȅ). Conditional SHP2D61Yflox 

(B6.129S6-Ptpn11tm1Toa/Mmjax) mice were kindly provided by B. G. Neel and T. Araki. 

SHP2D61Yflox mice carry a stop-cassette, flanked by two loxP sites, between codon 2 and 3 in 

PTPN11, which is necessary to prevent the expression of the mutant SHP2 before Cre-

recombinase is initiated. Upon Cre-recombination the stop cassette is excised at the loxP 

sites, the single point mutation (G->T) at position 181 in Exon3 leads then to the amino acid 

substitution D61Y within the N-SH2 domain (Figure 9). Mice were bred on C57BL/6J 

background and crossed to Ptcratm1(icre)Hjf generated and kindly provided by H. J. Fehling or to 

CD4Cre (B6.Cg-Tg(CD4-cre)1Cwi N9). All strains were bred in the Central Animal Facility of 

Magdeburg and the Central Animal Facility Institution of the University of Greifswald.  

 

Figure 9 Schematic representation of the generation of SHP2D61Y mice. Mice carrying a floxed stop-cassette and the D61Y 
mutation in exon 3 of the PTPN11 gene. The stop-cassette is removed after Cre-expression leading to cell specific gain-of-
function mutation. The presented figure is modified from (Chan et al. 2009). 

 

II.4.2 Genotyping of mice 

Genomic DNA of mice was isolated using proteinase K mediated digestion of tail biopsies 

and subsequent isopropanol precipitation. To determine genotype of individual mice, 

polymerase chain reaction (PCR) was performed using 5ǊŜŀƳ¢ŀǉϰ DǊŜŜƴ .ǳŦŦŜǊ όмл·ύ set 

according to manufacturer instruction. Following primers (Table 5) and protocols (Table 6) 

were used. 
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Triple KO 

MECL-1 рΩ-TCT GCG TGT TCG AAT TCG-оΩ όKO) 

5Ω-AGC GTC AAT TGC AGG ACG-оΩ ό²¢) 

рΩ-CTC TGA AGC ACA TAG TCA CT-оΩ (reverse) 

WT:300 bp   

KO: 650 bp   

LMP2 рΨ-GCC TGA AGA ACG AGA TCA GC-оΩ όYhύ 
рΨ-GTT CCG GAC GGA AGA AGT C-оΨ ό²¢) 
рΨ-AGA ACG CAC CTT CTC ACC AG-оΨ όǊŜǾŜǊǎŜύ 

WT:300 bp   

KO: 500 bp   

LMP7 рΩ-CGG TCG CTA CCA TTA CCA GT-оΩ όYhύ 

рΩ-CAG TCC TGA AGA GGC CTA CG-оΩ ό²¢ύ 

рΩ-CAC TTT CAC CCA ACC GTC TT-оΩ όǊŜǾŜǊǎŜύ 

WT:400 bp   

KO: 650 bp   

 

SHP2 x Cre mice 

pTa рΨ-CCT GGG ATG GGA GTG GGA CCT G-оΨ (Cre) 

рΩ-GTG AGA GCC AAA TAG GGA GGC AAG A-оΩ (WT) 

рΩ-GAT CCA GCA CCA GAA GCA AGT GCC TA-оΩ (rev) 

WT:350 bp   

Cre: 280 bp   

CD4 рΩ-ACG ACC AAG TGA CAG CAA TG-оΩ (forward) 

рΩ-CTC GAC CAG TTT AGT TAC CC -оΩ (reverse)  

Cre: 350 bp 

SHP2D61Y рΩ-TGG AGC TGT TAC CCA CAT CA-оΩ (forward) 
рΩ-GCA CAG TTC AGC GGG TAC TT-оΩ όǊŜǾŜǊǎŜύ 

171 bp 

Table 5 Primers for genotyping mice 

 

Triple KO PCRs pTa Cre PCR CD4Cre PCR 

95°C 15 sec  94°C 2 sec  94°C 1 sec  

94°C 15 sec 

30 cycles 

94°C 20 sec 

35 cycles 

94°C 30 sec 

36 cycles 
58°C 30sec 60°C 30sec 60°C 30sec 

72°C 30sec 72°C 30sec 72°C 30sec 

72°C 7 min 72°C 5 min 72°C 5 min 

4°C Hold  4°C Hold  4°C Hold  

Table 6 PCR Protocols 

To determine the genotype of SHP2D61Y mice, high resolution melting analysis was 

performed using LightCycler480 instrument and the shown protocol (Table 7). This 

technique facilitated the detection of sequence variations in the amplified DNA. The 

differentiation of control and Shp2D61Y animals was carried out by comparing the relative 

signal difference in melting point as well as the shape of the melting curve. 
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Step C° Time 

Amplification 

95 5 min 

95 10 sec 

65-55; 0.5 each step 15 sec 

72 25 sec 

High resolution melting 

95 1 min 

40 2 min 

65 1 sec 

65-95 /  

Cooling 40 30 sec 

Table 7 Protocol high resolution melting analysis for genotyping SHP2D61Y mice 

 

II.4.3 Toxoplasma gondii and Influenza A Virus infection 

To analyze the role of the i-proteasome during Toxoplasma gondii infection, tissue cysts of 

the ME49 strain (type II) were used for infection. Therefore, five to ten months prior to the 

experiments, female NMRI mice were intraperitoneal injected with 10 T. gondii cysts. Brains 

of NMRI mice were harvested and mechanically homogenized using 1 ml sterile DPBS-/ -. 

Subsequently, cysts were counted using light microscopy and adjusted. Thereafter, 8-12-

week-old female Triple KO and C57BL/6J control mice were orally administered with 2 cysts 

in 200 µl PBS using gavage. 

For influenza A virus infection, stocks of A/Puerto Rico/8/34-OT1 (PR8-OT1) virus were kindly 

provided from the group of Prof. Bruder. Briefly, PR8-OT1 virus was generated as described 

before (Denton et al. 2011) and multiplied using Madin-Darby canine kidney (MDCK) cells. 

For our studies, eight to 12 week-old female SHP2D61Yfl/wt -pTa Cre and SHP2D61Ywt/wt -pTa 

Cre mice were anesthetized via intraperitoneal injection of ketamine/xylazine. Afterwards, 

mice were intranasally infected using 2.5 foci forming units of the PR8-OT1 virus dissolved in 

25 µl sterile PBS. 
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II.5 Experimental procedures 

II.5.1 Lymphocyte isolation 

Mice were deeply anesthetized with Isoflurane and perfused transcardially using 40 mL ice 

cold DPBS-/ -. Spleen, BM, thymus, brain and lymph nodes were removed quickly and 

collected in 3 mL FACS I on ice. Afterwards, thymocytes, splenocytes, cells of lymph nodes 

and BM cells were isolated non-enzymatically. Therefore, organs were mechanically 

homogenized through a 40 µm cell strainer. To lyse erythrocytes, splenocytes were treated 

for 1 ½ - 2 min with 2 mL ACK buffer on ice. Living cells were then counted using a Neubauer 

chamber and trypan blue staining and subsequently adjusted for further analysis.  

Lung and brain infiltrating leucocytes were isolated enzymatically. To isolate leucocytes from 

lungs, tissue was minced and incubated for 30 min at 37°C using IMDM medium 

supplemented with 0.2 mg/mL Collagenase D and 0.01 mg/mL DNase I. Digestion was 

stopped using 5 mM EDTA and cells were rested for another 5 min at 37°C. Afterwards, cells 

were mechanically homogenized using 70 µm cell strainer, centrifuged and resuspended in 

35% Easycoll (diluted in DPBS-/ -). Cells were then centrifuged for 6 min at 300 x g without or 

brakes at room temperature. Living cells were then counted using a Neubauer chamber and 

trypan blue staining and subsequently adjusted for further analysis.  

For the generation of single cell suspensions obtained from brains, organs were cut within a 

6-well plate and subsequently treated with digestion buffer containing 2 mg/mL Collagenase 

II and 10 units/mL DNase I. Homogenates were incubated for 20 min at 37°C in presence of 

5% CO2. Hereafter, mixtures were further homogenized using a 5 ml syringe and a 23G 1 ¼ 

needle. Homogenates were washed with FACS I and centrifuged at 350 x g for 7 min. 

Thereafter, percoll gradient was prepared starting with a 30% layer, followed by a 37% layer 

which was underlayed using a 5 ml syringe with a 20G 2 ¾ needle. Pellets were resuspended 

in 70% percoll and gently underlayed (Table 8). Afterwards, density gradient centrifugation 

was performed for 45 min with 500 x g at room temperature and without brakes. After 

centrifugation, lymphocytes and microglia became detectable between the 30 and 37% 

fraction (Figure 10). Myelin was removed and cells were subsequently collected, washed 

with FACS I and living cells were counted using a Neubauer chamber and trypan blue 

staining. 



Material and Methods 

 
53 

 

 

Figure 10 Percoll density gradient centrifugation scheme: Lymphocytes and Microglia isolation using a three fraction 
30:37:70% percoll gradient. After 45 min centrifugation step, myelin can be removed from the top and a distinct 
lymphocyte ring becomes visible in between 30 and 37% fraction. 

 

Layer Percoll (pre-diluted 1:10 with 

10x DPBS-/ -) = 100% 

Diluent 

30% 30% of 100% percoll 70% of DPBS 

37% 37% of 100% percoll 63% of HBSS with phenol red 

70% 70% of 100% percoll 30% of DPBS 

Table 8 Percoll dilution 

 

II.5.2 Fluorescence-activated cell sorting (FACS) 

II.5.2.1 Surface staining 

Prior to immunostaining, isolated leukocytes were incubated with 0.5 µg/mL anti-Fcɹ III/II 

receptor antibody in a 96-well plate for 20 minutes. Afterwards cells were washed 1x with 

FACS I and stained with indicated surface antibodies (Table 9) for 30 minutes in the dark. All 

steps were performed on ice. Afterwards, cells were treated with 2% PFA for 30 min (except 

for steady state analysis or cells used for qRT-PCR and ROS-detection-Assay), subsequently 

washed and resuspended in 100-200 µL FACS I. Samples were acquired using BD 

LSRIIFortessa flow cytometer or cell sorted using BD FACSAriaTM. Data were analyzed via 

FlowJo (v7.6.5 or v10.4 Treestar). 
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II.5.2.2 Intracellular staining 

Prior to surface staining, cells were incubated with 0.3 µg/mL BrefeldinA and PMA/Iono (1x 

Cell Stimulation Cocktail) for 4h at 37°C in presence of 5% CO2 or were incubated or 16h with 

plate-ōƻǳƴŘ ʰ-/5о ŀƴŘ ʰ-CD28 mAB (BioLegend) and treated with BrefeldinA during the last 

4h. Subsequently cells were surface stained, fixed and permeabilized according to 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴ using Foxp3 / Transcription Factor Staining Buffer Set. Samples 

were resuspended in 100-200 µl FACS II and further acquired using BD LSRIIFortessa flow 

cytometer. Data were analyzed via FlowJo (v7.6.5 or v10.4, Treestar). 

FACS Antibody Clone Origin Provider 

CD3 

 

 

145-2C11 

 

REA641 

armenian 

hamster 

BioLegend 

 

Milenyi 

CD4 GK1.5 

RM4-5 

rat BioLegend 

CD8 53-6.7 rat BioLegend 

CD11b M1/70 rat BioLegend 

CD11c N418 armenian 

hamster 

BioLegend 

CD25 3C7 rat BioLegend 

CD44 IM7 rat BioLegend 

CD45.2 104 mouse BioLegend 

CD62L MEL-14 rat BioLegend 

F4/80 BM8 rat BioLegend 

Fcɹ III/II  (¢Ǌǳ{ǘŀƛƴ ŦŎ·ϰ 

CD16/32) 

93 rat BioLegend 

FoxP3 FJK.16s rat eBioscience 

GM-CSF MP1-22E9 rat eBioscience 
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Granzyme B NGZB rat eBioscience 

H-2Kb SIINFEKL MHC 

Pentamer 

 Ovalbumin 257-

264 

ProImmun 

LCbʴ XMG1.2 rat BioLegend 

IL-2 JES6-5H4 rat BioLegend 

IL-10 JES5-16E3 rat BioLegend 

IL-12/IL-23p40 C15.6 rat BioLegend 

Ki67 SolA15 rat eBioscience 

KLRG-1 MAFA syrien hamster BioLegend 

Ly6C HK1.4 rat BioLegend 

Ly6G 1A8 rat BioLegend 

MHC class I AF6-88.5 mouse BioLegend 

MHC class II AF6120.1 mouse BioLegend 

TGF-ʲм TW7-16B4 mouse BioLegend 

TNF-  h MP6-XT22 mouse BioLegend 

Vʲ  ¢/w  Screening Panel various various BD Pharmingen 

Table 9 FACS antibodies 

 

II.5.3 qRT-PCR (Quantitative Real Time Polymerase Chain Reaction) 

II.5.3.1 qRT-PCR of whole brain population 

Following isolation brains were stored in Allprotect Tissue Reagent. For RNA extraction, 15-

20 mg of tissue was homogenized using 1.4 mm Precellys® ceramic beads. Total RNA was 

isolated with peq-GOLD HP Total RNA Kit including DNase I digestion. Relative cytokine gene 

expression was performed via TaqMan® RNA-to-CT
TM 1-Step Kit, Taq- Man® Universal PCR 

Master Mix (Applied Biosystems) and TaqMan® Gene Expression Assays (life technology) for 

PSMB8 (Mm00440207_m1), Ifnb (Mm00439552_s1), Ifng (Mm00801778_m1); Il10 

(Mm00439616_m1); Il12a (Mm00434165_m1), Nos2 (Mm00440485_m1); Tgfb1 

(Mm01178820_m1) and Tnf (Mm00443258_m1) with hprt (Mm01545399_m1) as reference 

gene. Parasite burden was quantified using SYBR green assay (Invitrogen) for encysted 
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bradyzoites TgBAG1 (forward 5' ς GACGTGGAGTTCGACAGCAAA; reverse 5' ς 

ATGGCTCCGTTGTCGACTTCT) and tachyzoites TgSAG1 (forward 5' ς 

ATCGCCTGAGAAGCATCACTG; reverse 5' ς CGAAAATGGAAACGTGACTGG) using GAPDH as 

reference gene. Gene expression was measured with LightCycler® 96 Instrument. Data were 

further normalized to mean values of respective control groups.  

 

II.5.3.2 qPCR of viral load 

Following isolation, lungs were mechanically minced and tissue was stored in Allprotect 

Tissue Reagent. Tissue was transferred to RLT lysis buffer and homogenized. RNA was 

isolated according to manufactures instruction using RNeasy® Mini Kit including DNase I 

digestion. cDNA was generated using Maxima First Strand cDNA Synthesis Kit for RT-qPCR 

according to manufactureǊΩs instruction. Absolute viral load was quantified using SYBR Green 

approach and the ŦƻƭƭƻǿƛƴƎ ǇǊƛƳŜǊ ŦƻǊ L!± ƴǳŎƭŜƻǇǊƻǘŜƛƴ όŦƻǊǿŀǊŘ рΩ-

GAGGGGTGAGAATGGACGAAAAAC-оΩ ŀƴŘ ǊŜǾŜǊǎŜ рΩ-CAGGCAGGCAGGCAGGACTT-оΩύΦ !ƭƭ 

samples were measured in triplicates using LightCycler® 480 Instrument II and a standard 

cDNA dilution series was tested in duplicates for each qPCR experiment performed.  

 

II.5.3.3 qRT-PCR of sorted myeloid cells 

Different myeloid cell subsets were obtained through fluorescence-activated cell sorting. 

Therefore, cells were isolated (as described in II.5.1) and surface stained with following 

antibodies CD11b, CD45, Ly6G, Ly6C and Zombie NirTM (as described in II.5.2.1). Following 

cell-sorting, cells were centrifuged, remaining liquid was removed and stored at -80°C. RNA 

was isolated according to manufacturer`s instruction using RNeasy® Mini Kit. Afterwards, 

cDNA was synthesized using Scriptum First. Relative gene expression was measured with 

LightCycler® 480 Instrument II using TaqMan® Universal PCR Master Mix and TaqMan® Gene 

Expression Assays for PSMB8/LMP7 (Mm00440207_m1), PSMB9/LMP2 (Mm00479004_m1) 

and PSMB10/MECL-1 (Mm00479052_g1). Results were further normalized to hprt 
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(Mm01545399_m1) mRNA. Target/reference ratio was calculated using LightCycler® 480 

software (version 1.5.0, Roche, Germany). 

 

II.5.4 Reactive Oxygen Species (ROS)-detection Assay 

After isolation, brain infiltrating leucocytes and microglia were stained with following surface 

markers (CD11b, CD45, Ly6C, Ly6G and ½ƻƳōƛŜ bLwϰ) as described above (II.5.2.1Surface 

staining). ROS detection ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴΦ .ǊƛŜŦƭȅΣ 

following isolation, cells were incubated for 30 min at 37°C in presence of 5% CO2, 

simultaneously control cells were treated with ROS inhibitor. Afterwards, cells were 

incubated for another 30 min at 37°C in the presence of Oxidative Stress Detection Reagent 

and subsequently measured using flow cytometry (BD LSRIIFortessa). 

 

II.5.5 Brain lysis for Western blot and Bradford-Protein-Assay 

Brains were lysed in 1 mL Hom-buffer using 1.4 mm Precellys® ceramic beads and 

centrifuged at 6000 rpm in a Precellys Homogenizer until the tissue was completely 

dissolved. Subsequently, samples were centrifuged at 13000g for 10 min at 4°C. Supernatant 

was collected and prepared for protein concentration measurement. 

 

II.5.6 SDS-PAGE and western blot 

For western blot analysis, proteins were separated according to their size using SDS-PAGE 

(sodium dodecyl sulfate polyacrylamide gel electrophoresis). Therefore, discontinuous 

electrophoresis was performed at 120V. Afterwards, proteins were blotted to a 

nitrocellulose membrane with 140 mA using semidry technique. Loading and transfer was 

controlled by Ponceau S staining. Thereafter, membranes were blocked in 5% milk for 45 

min and washed 3x (1M Tris buffered saline pH7.5 + 0.1% Tween 20), followed by overnight 

incubation with primary antibodies on a shaker at 4°C (Table 10). Afterwards, membranes 
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were washed and incubated for 1h at room temperature with horseradish peroxidase-

conjugated antibodies and subsequently visualized by enhanced chemiluminescence (ECL). 

 

Antibody dilution Origin Provider 

LMP7 1:10000 rabbit  

MB1 1:10000 rabbit  

-̡actin 1:10000 mouse Sigma-Aldrich 

-hmouse 1:10000  Dianova 

-hrabbit 1:10000  Dianova 

Table 10 Western blot antibodies 

 

II.5.7 Magnetic activated cell sorting (MACS) 

CD8+ T cells were magnetically sorted, using either /5уʰ ¢ /Ŝƭƭ Lǎƻƭŀǘƛƻƴ Yƛǘ or Pan T Cell 

Isolation Kit II, ŦƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴΦ .ǊƛŜŦƭȅΣ ŎŜƭƭǎ were collected in MACS 

buffer where cells of no interest were labeled with biotin-conjugated antibodies and 

incubated with magnetic beads, followed by the depletion of magnetically labeled cells using 

AutoMACS pro. 

 

II.5.8 Transwell CD8+ T cell Migration Assay 

Following MACS, purified CD8+ T cells were rested for 1h on ice. Migration assay was 

performed by seeding 2x106 cells in 200 µL assay medium into the upper chamber of 48-well 

transwell plate (Congstar). Strainer with a pore size of 5 µm were pre-coated with poly-l-

lysine (1:100 in PBS) for 20 min at 37°C prior to the experiment. Indicated concentrations of 

chemokines CXCL12 and CCL21 were used and diluted in 500 mL of migration assay medium 

(Table 11). Following 2.5 h of incubation at 37 °C and 5% CO2, cells were collected from the 

lower chamber and analyzed using MACSQuant® Analyzer. 
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Chemokine Concentration Supplier 

CCL21 250 ng/mL 

500 ng/mL 

Peprotech 

CXCL12 (SDF-1) 250 ng/mL 

500 ng/mL 

Peprotech 

Table 11 Chemokines for transwell migration assay 

 

II.5.9 Proliferation-Assay 

Prior to the experiment, 48-well plates were coated with 5µg/mL of -hCD3ʁ  mAB overnight 

at 4°C. T cells were purified from the spleen using the Pan T Cell Isolation Kit II and MACS 

technology. Following MACS, 1x106 T cells were labeled with violet cell tracer according to 

the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ instruction and co-stimulated in vitro with 5µg/mL of -hCD28 mAB for 3 

days in TCM. After incubation, T cells were washed and measured by FACS. Therefore, 

surface staining was performed using -hCD3, h -CD4 h -CD8 and dead cells were excluded 

using Zombie NIRϰ. 

II.5.10 Statistics 

Statistical analysis was performed with GraphPad Prism software (Version 7.0) using 

ǳƴǇŀƛǊŜŘ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ. If not mentioned differently, all graphs are represented as means ± 

SD, and significance is expressed as follows: * p<0.05; ** p<0.01; *** p<0.001.   
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III Results 

III.1 The role of i-proteasomes during T. gondii infection  

III.1.1 I-proteasome-deficiency leads to reduced frequencies of CD8+ T cells in the 

thymus and secondary lymphoid organs under steady state conditions 

The i-proteasome is essential for rapid and sufficient MHC class I antigen presentation to 

CD8+ T cells, especially during infection. Deletion of one or more catalytically active subunits 

has been associated with reduced presentation of MHC class I molecules, decreased CD8+ T 

cell activation and as a result decreased resistance against Brucella abortus, lymphocytic 

choriomeningitis virus and Trypanosoma cruzi infection (Basler et al. 2006; Ersching et al. 

2016; Guimaraes et al. 2018). In accordance with previously published data of LMP2 single 

KO and TKO mice (Hensley et al. 2010; Kincaid et al. 2011), analysis of T cell subsets showed 

ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǎƘƛŦǘ ƛƴ ǘƘŜ /5пΥ/5у Ǌŀǘƛƻ ǳƴŘŜǊ ǎǘŜŀŘȅ ǎǘŀǘŜ ŎƻƴŘƛǘƛƻƴǎΣ ƭŜŀŘƛƴƎ ǘƻ ŀƴ Ғ рл҈ 

reduction of cytotoxic T cells in secondary lymphoid organs such as the spleen (SPL), lymph 

nodes (LN) and mesenteric lymph nodes (mLN, Figure 11A). Further analysis of T cell 

maturation within the thymus showed that the observed difference in the CD4:CD8 ratio is 

already visible following T cell maturation when comparing frequencies of CD4:CD8 single 

positive cells (Figure 11B). 
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Figure 11 Shift of CD4:CD8 T cell ratio in naïve TKO mice. Flow cytometry analysis of T cells in naïve mice. Cells were gated 
on living single cells (A+B) and further gated on CD3 (A) Bar graphs show frequencies of CD4+ and CD8+ T cells within 
spleen=SPL, axillar and inguinal lymph nodes=LN, or mesenteric lymph nodes=mLN. FACS plot of splenic CD4+ and CD8+ T 
cells is shown as an example. (B) Bar graph shows stages of thymic T cell development; CD4 single positive, CD4+ /CD8+ 

double positive=DP, CD8 single positive and double negative cells=DN. Data are presented as mean + SD and are 
representative for two ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎ όƴҗо per group, Ǉғ лΦлмϝϝΣ лΦллмϝϝϝΣ лΦлллмϝϝϝϝ {ǘǳŘŜƴǘΨǎ ǘ-test). 

 

III.1.2  Immunoproteasome subunits are induced upon chronic T. gondii infection in 

myeloid cells 

To mimic a natural route of infection, C57BL/6J mice were orally infected with a low dose of 

the type II ME49 T. gondii strain. A strong expression of i-proteasome-subunits LMP7, LMP2 

and MECL-1 was detected on mRNA level in whole brain homogenates after 4 weeks of 

infection compared to uninfected control mice (Figure 12A). Similarly, on protein level i-

proteasome-subunit LMP7 was not induced in the brain under steady state conditions but 

detectable after 2 weeks following infection and even more increased after 4 weeks, 

whereas in TKO mice no LMP7 was induced (Figure 12B). We hypothesized that s-

proteasome subunits might be upregulated upon infection to compensate for the lack of i-
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proteasome complexes in TKO mice. Analysis of protein expression of the LMP7 

corresponding s-ǇǊƻǘŜŀǎƻƳŜ ǎǳōǳƴƛǘ a.м όʲр) in both, WT and TKO mice, showed an 

increased expression in TKO compared to WT mice but no further induction of this subunit 

was observed upon infection when compared to TKO control mice. In WT mice, however, a 

reduction of MB1 was observed starting at 2 weeks after infection and was even more 

distinct at 4 weeks following T. gondii infection as i-proteasome-subunits became 

increasingly generated (Figure 12B). Since it has been shown that myeloid cells express i-

proteasomes constitutively and influence the control of cerebral T. gondii infection (Biswas 

et al. 2015; Ebstein et al. 2012; Robben et al. 2005), LMP7 was analyzed more specifically in 

brain resident microglia and infiltrating myeloid cell subsets. In comparison to resting 

microglia, activated microglia showed a considerable upregulation of LMP7 mRNA. However, 

recruited myeloid cells are highly heterogeneous and display distinct differences such as 

their expression of pro-inflammatory cytokines (Biswas et al. 2015). Therefore, to analyze 

whether i-proteasome induction varies in different subsets, myeloid cells were further 

distinguished according to their expression of Ly6C into high, intermediate and low 

expressing cells and analyzed for their mRNA expression of LMP7. The expression of LMP7 

mRNA was even more prominent in recruited myeloid cells compared to activated microglia 

with highest amounts in Ly6Chigh and Ly6Cint cell subsets (Figure 12C). 

 

Figure 12 Expression of immunoproteasome subunits and standard proteasome subunit MB1 within the brain during 
Toxoplasma gondii infection. Brains of uninfected control or Toxoplasma gondii infected mice were quickly removed and 
used for further analysis. (A) Whole brain homogenate was used for measurement of mRNA levels of i-proteasome subunits 
LMP7, LMP2 or MECL-1 in uninfected mice (black) or T. gondii infected C57BL/6J mice (red) after 4 weeks of infection. 
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Values were normalized to gene expression of HPRT. (B) Whole brain homogenate of either naïve C57BL/6J WT and TKO 
mice or infected mice after 2 and 4 weeks was used for western blot analysis of immunoproteasome subunit LMP7 or 
standard proteasome subunit MB1. -̡actin is shown as loading control. (C) Cells were isolated and sorted from naïve and T. 
gondii infected mice. FACS panel shows gating strategy for sorted innate immune cells. Living single cells were characterized 
by their expression of the molecules CD45 and CD11b and divided into resting microglia (obtained from naïve mice) or 
activated microglia and myeloid cells (obtained from infected mice). Myeloid subset was further sorted according to their 
expression of Ly6C into high, intermediate or low expressing cells. Bar graph shows mRNA expression of LMP7 in different 
myeloid subsets. Values were normalized to gene expression of HPRT. Data are presented as mean + SD (A+C), each sample 
consists of pooled cells from six animals and was measured in triplicates. (p< лΦлллмϝϝϝϝ {ǘǳŘŜƴǘΨǎ ǘ-test). 

 

III.1.3  I-proteasome-deficiency increases susceptibility to T. gondii infection despite 

similar parasite burden 

As previously demonstrated for mice lacking only one of the i-proteasome subunits either 

LMP2 or LMP7 (Tu et al. 2009), i-proteasome-deficiency led to a more severe outcome 

during the course of infection. To analyze whether the combined deficiency of i-proteasome 

subunits results in a similar phenotype, C57BL/6J and TKO mice were monitored for 4 

consecutive weeks of infection and weighted daily. Starting 3 weeks post infection TKO mice 

underwent progressive loss of weight (Figure 13A), whereas WT mice reached a plateau 

upon chronic stage of infection (> 3 weeks). Since it has not been addressed in previously 

published studies, we suspected a reduced parasite control and therefore increased T. gondii 

burden in the brain of TKO mice, leading to a more severe course of disease. To clearly 

differentiate between the fast multiplying stage named tachyzoites and the latent encysted 

bradyzoites, which are associated with the chronic stage of infection, mRNA levels of T. 

gondii SAG1 and BAG1 gene were measured at two- or four-weeks following infection. Gene 

expression of SAG1, a major surface antigen involved in priming of host immune cells and 

exclusively expressed in tachyzoites (Nielsen et al. 1999; Rachinel et al. 2004), was 

comparable between both experimental groups. In comparison to the acute stage of 

infection, SAG1 mRNA was reduced after 4 weeks of infection in both WT and TKO brains. 

Accordingly, mRNA levels of the bradyzoite heat-shock protein BAG1 were not altered and 

equally increased at four weeks compared to the two week time-point (Figure 13B). These 

findings verify that differences regarding the severity, as observed during the course of 

infection, were not caused by TKO mice failing to control parasite replication and that 

parasites in both experimental groups underwent conversion into the encysted bradyzoite 

form of T. gondii life-cycle. 
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Figure 13 Weight loss during T. gondii infection and parasite burden within the brain. (A) Progressive weight loss in TKO 
mice. C57BL/6J WT and TKO mice were orally infected with 2 cysts of T. gondii and weight loss was monitored daily for four 
consecutive weeks. The data shown is representative for three independent experiments with 5 WT and 4 TKO mice. (B) 
Equal parasite burden for encysted bradyzoites (BAG1) or tachyzoites (SAG1) was quantified at 2 (black/white) or 4 
(red/blue) weeks post infection using qRT-PCR, values were normalized to GAPDH. The presented data resembles two 
independent experiments performed with n=7 mice per group for 4 weeks and was measured once with n=5 WT and 4 TKO 
mice for 2 weeks post infection. (Ǉғ лΦлмϝϝΣ лΦллмϝϝϝ {ǘǳŘŜƴǘΨǎ ǘ-test). 

 

III.1.4  Altered immune cell recruitment upon i-proteasome-deficiency 

In response to parasites infiltrating the CNS, a variety of host immune cells are subsequently 

recruited to the site of infection, causing severe inflammation within the tissue. Therefore, 

we aimed to analyze whether an increased recruitment of inflammation promoting cells to 

the CNS was responsible for the sustained weight loss observed in i-proteasome-deficient 

mice. Assessing the total cell numbers of infiltrating immune cells during chronic stage of 

disease (4 w.p.i.), no alterations in the amount of isolated leucocytes could be detected 

(Figure 14A, top) but a significant shift to fewer lymphocytes and more myeloid cells were 

observed in brains of TKO mice (Figure 14A, bottom). Analyzing brain infiltrating leukocytes 

in more detail, revealed no alteration in the frequencies of myeloid dendritic cells (mDCs) or 
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monocytes/macrophages but a significant reduction of CD11c+ expressing lymphocytes 

(Figure 14B) including, amongst others, CD8+ conventional and plasmacytoid dendritic cells 

(for convenience only further referred to as cDCs). 

 

 

Figure 14 Leucocyte recruitment and APC subsets. Cells, isolated from brains of T. gondii-infected mice at 4 weeks of 
infection, were gated on living single cells (not shown) and used for further FACS analysis. (A) Gating of different immune 
cell subsets according to their expression of CD45 and CD11b into CD45highCD11blow lymohocytes, CD45intCD11bint microglia 
and CD45highCD11bhigh infiltrating myeloid cells (panel left), no differences regarding total cell count of isolated leucocytes 
but a shift to decreased lymphocytes and increased brain infiltrating CD45high CD11b+ myeloid cells in TKO mice was 
observed (right panel). Graph shows total cell count of isolated leucocytes (Data is pooled of seven independent 
experiments, total n=24). Individual dot plot represents total cell numbers of CD45highCD11blow lymphocytes or 
CD45highCD11bhigh myeloid cells (# cells = total cell numbers). Data of lymphoid panel were pooled from nine independent 
experiments (total n=35) and myeloid panel from seven independent experiments (total n=24). (B) Lymphocytes were 
further gated on CD11chigh cDCs (conventional dendritic cells) and myeloid cells were separated according to their CD11c 
expression into CD11chigh mDCs (myeloid-derived dendritic cells) and CD11clow monocytes/macrophages (Macro/Mono). Bar 
graph represents frequencies of antigen presenting cell subsets within their respective parent group. Graph is 
representative of at least three inŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ƴҐр ƳƛŎŜ ǇŜǊ ƎǊƻǳǇΦ όǇғлΦлрϝΣ лΦлмϝϝ {ǘǳŘŜƴǘΨǎ ǘ-test, mean 
+ SD.) 
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III.1.5 I-proteasome-deficiency reduces MHC class I presentation and IFNɹ 

production in APCs 

In response to an infection ŀƴŘ ǘƘǳǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ LCbʴ ǊŜƭŜŀǎŜΣ MHC class I and II antigen 

presentation is upregulated to induce a sufficient CD8+ and CD4+ T cell response. It has been 

shown before that MHC class I presentation is considerable reduced in TKO mice under 

steady state condition and upon Trypanosoma cruzi infection in cells obtained from 

peripheral organs (Ersching et al. 2016). Therefore, MHC class I and II presentation of brain 

resident microglia were analyzed, at first under steady state condition. As expected from 

previous findings of professional APCs in secondary lymphoid organs, microglia of TKO mice 

showed a broad defect in surface expression of the H-2kb molecule compared to WT mice 

but not in the expression of MHC class II molecules (Figure 15A). To analyze whether the 

defect in MHC class I expression is recovered upon T. gondii infection and whether MHC 

class II presentation is altered upon infection as well, mean fluorescence intensities of MHC 

class I and II were analyzed four weeks after T. gondii administration in different APC 

subsets. As reported before, MHC class I presentation was strongly reduced not only in CNS-

infiltrating professional APCs as cDCs, mDCs and monocytes/macrophages but also in 

activated microglia (Figure 15B), whereas MHC class II expression was mostly unchanged and 

only slightly but constantly reduced in the macrophage/monocyte subset (Figure 15C). 

Moreover, expression level of co-stimulatory molecules CD80 and CD40 was not affected by 

i-proteasome-deficiency and only marginal increased in the monocyte/macrophage subset 

(Figure 15D+E). 
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Figure 15 MHC antigen presentation and expression of co-stimulatory molecules of brain-infiltrating APCs and tissue 
resident microglia. Cells, isolated from brains of naïve or T. gondii-infected mice after 4 weeks of infection, were gated on 
living single cells (not shown) and used for further FACS analysis. (A) Tissue resident naïve microglia (B+C) and different APC 
subsets (cDCs, mDCs, mono/macro and activated microglia) of infected mice were further analyzed for MHC class I and II 
surface expression. The Expression of co-stimulatory molecule (D) CD80 and (E) CD40 were analyzed in different APC 
subsets. The graphs are representative for two independent experiments with n=4 mice per group. Histograms show the 
representative mean fluorescence intensities of fluorochrome-conjugated antibodies against MHC class I or II and CD80 or 
CD40 for control (tinted) and TKO mice (no tint). Graphs represent the mean of fluorescence intensity. (p<0.05*, 
лΦлллмϝϝϝϝ {ǘǳŘŜƴǘΨǎ ǘ-test, mean + SD.)  
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On the basis of the observed differences in cell composition within the brain of TKO mice, an 

altered cytokine expression in different APC subsets was expected. Analysis of mDCs and 

monocytes/macrophages ǊŜǾŜŀƭŜŘ ǊŜŘǳŎŜŘ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ LCbʴ-producing cells in i-

proteasome-deficient APCs upon reaching the chronic state of infection (Figure 16A, 

bottom). This reduction was not observed after 3 weeks of T. gondii infection (Figure 16A, 

top). Since IL-12 release by APCs is required for Th1 T cell differentiation as well as for the 

activation of CD8+ CTLs (Wilson et al. 2008), MFI levels of IL-12 were measured in the 

indicated APC subsets but showed no reduction (Figure 16B). .ŜǎƛŘŜǎ LCbʴΣ ǘƘŜ ǇǊƻ-apoptotic 

cytokine TNF is also ǊŜǉǳƛǊŜŘ ŦƻǊ ǇŀǊŀǎƛǘŜ ŎƻƴǘǊƻƭΦ Lƴ ŎƻƴǘǊŀǎǘ ǘƻ LCbʴΣ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ ¢bC 

producing APCs were comparable between TKO and WT mice when reaching the chronic 

stage of infection (Figure 16C).  

Besides, during the chronic stage of disease, anti-inflammation is initiated characterized by 

the release of anti-inflammatory cytokines. Accordingly, frequencies of anti-inflammatory 

cytokine TGF- -̡producing myeloid APCs (Figure 16D) as well as levels of IL-10 (Figure 16E) 

were unaffected by i-proteasome-deficiency.  
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Figure 16 Expression of pro- and anti-inflammatory cytokines in APCs. (A-E) Cells, isolated from brains of T. gondii-infected 
mice after 3 or 4 weeks of infection, were gated as shown in Figure 14Φ ό!ύ LCbʴ ǎŜŎǊŜǘƛƻƴ ƻŦ !t/ǎ after 3 w.p.i (top) and 
significant reduction in IFN producing APCs after 4 w.p.iΦ .ŀǊ ƎǊŀǇƘǎ ǎƘƻǿ ǘƘŜ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ LCbʴ ŜȄǇǊŜǎǎƛƴƎ !t/ ǎǳōǎŜǘǎΦ 
Graphs are representative for two independent experiments with n=3 WT and 4TKO mice (3 weeks) or three independent 
experiments with n=5 mice per group όп ǿŜŜƪǎΩ ǘƛƳŜ Ǉƻƛƴǘύ. (C+D) Bar graphs show frequencies of TNF and TGF-ʲ ǇǊƻŘǳŎƛƴƎ 
APCs and are representative for two independent experiments with n=5 mice per group. (B+E) Individual point plots show 
mean fluorescence intensities of pro-inflammatory cytokine IL-12 and anti-inflammatory cytokine IL-10. Histograms show 
the representative expression levels of IL-12 and IL-10 for unstained (dotted) WT (tinted) and TKO mice (no tint). Data are 
representative for two independent experiments with n= 3 WT and 4 TKO mice. όǇғлΦлрϝΣ лΦлмϝϝ {ǘǳŘŜƴǘΨǎ ǘ-test, mean + 
SD). 

 

Another important regulator of cell resistance against the intracellular parasite T. gondii is 

the ability of innate immune cells to produce ROS (Shrestha et al. 2006). Recently, deletion 

of MECL-1 has been associated with reduced ROS production in an angiotensin IIςinduced 

atrial fibrillation model in vivo (Li et al. 2018). Therefore, to analyze more specific different 

APC subsets regarding their ability to produce ROS, myeloid cells which showed high mRNA 
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levels of i-proteasome subunit LMP7 during T. gondii infection were analyzed (Figure 12). To 

specifically measure ROS production of different APC subsets namely inflammatory 

monocytes, mDCs and macrophages, myeloid cells were further differentiated according to 

their expression of Ly6C, into high, intermediate or low expressing subsets, respectively. At 

first frequencies of these subsets were compared and showed a similar cell composition in 

both, TKO and WT mice (Figure 17A). In comparison to the previous findings of reduced IFNɹ 

producing cells, ROS production was comparable in all analyzed cell subsets (Figure 17B).  

 

Figure 17 Similar ROS production in different cells of myeloid-origin. Cells isolated from brains of infected WT and TKO 
mice after 2 weeks of T. gondii challenge. Cells were gated on single living myeloid cells and further subdivided in FACS 
according to their expression of surface molecule Ly6C. (A) FACS plot and graph shows similar frequencies of Ly6Chigh, 
Ly6Cint and Ly6Clow cells within the myeloid subset. Data is representative of three independent experiments with n=4 
mice per group. (B) Similar ROS production in myeloid cell subsets. Histograms show the representative mean fluorescence 
intensities of Fitc-conjugated antibodies against ROS in different LY6C subsets, WT (tinted) and TKO mice (no tint). Data is 
representative for one experiment with n=3 mice per group. 

 

III.1.6 Increased neutrophil recruitment but similar activation in TKO mice 

During T. gondii infection, the first line of host defense is mediated by monocytes and 

neutrophils. Whereas under basal conditions neutrophils are not detected within the brain 

parenchyma, their presence might lead to a more severe pathology during T. gondii infection 

(Dunay et al. 2010). However, neutrophils produce both, LCbʴ and TNF, thereby contributing 

to parasite control and clearance (Biswas et al. 2017). To clarify whether the enhanced 

susceptibility observed in TKO was influenced by neutrophils, the recruitment of this 



Results 

 
71 

 

immune cell subset to the CNS was analyzed. Whereas infiltration of Ly6C+Ly6G+ neutrophil 

granulocytes during the acute stage of infection (2 w.p.i) was comparable in both 

experimental groups, neutrophil frequencies were significantly enhanced in TKO mice upon 

reaching the chronic stage of infection (Figure 18A). To analyze whether the observed 

increase of neutrophils results in enhanced production of pro-inflammatory cytokines, 

synthesis of LCbʴ ŀƴŘ ¢bC ǿŜǊŜ measured. Even though frequencies were higher after 4 

weeks of infection, levels of IFNɹ ŀǎ ǿŜƭƭ ŀǎ ¢bC ǿŜǊŜ ǎƛƳƛƭŀǊ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ those 

observed from WT neutrophils (Figure 18B). 

 

Figure 18 Increased recruitment of neutrophils but similar levels of pro-inflammatory cytokines. Cells, isolated from T. 
gondii infected mice were gated on living single myeloid cells (not shown) and used for further FACS analysis. Neutrophils 
were identified by Ly6C+Ly6Ghigh expression. (A) Bar graphs represent neutrophil frequencies within myeloid cell subset 
after 2 (acute stage) or 4 weeks (chronic stage) of infection. Graphs are representative for two (acute stage) or three 
(chronic stage) independent experiments with n=4 mice per group. (B) Similar cytokine synthesis of pro-inflammatory 
ŎȅǘƻƪƛƴŜǎ LCbʴ ŀƴŘ ¢bC ŀŦǘŜǊ п ǿΦǇΦƛΦ Lndividual point plots are representative for three όLCbʴύ ƻǊ two independent 
ŜȄǇŜǊƛƳŜƴǘǎ ό¢bCύ ǿƛǘƘ ƴҐр ²¢ ŀƴŘ п ¢Yh ƳƛŎŜΦ IƛǎǘƻƎǊŀƳǎ ǎƘƻǿ ǘƘŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ƻŦ LCbʴ ƻǊ ¢bCΣ 
unstained (dotted), WT (tinted) and TKO mice (no tint). (p<0.05* {ǘǳŘŜƴǘΨǎ ǘ-test, mean + SD). 

 

III.1.7 Altered T cell composition but similar production of pro-inflammatory 

cytokines in T lymphocytes of TKO mice 

T cells are indispensable to control parasite replication and prevent reactivation of a latent 

infection. Steady state analysis of T cells obtained from TKO mice demonstrated an 

alteration in the CD4:CD8 T cell ratio with a shift to lower CD8+ frequencies under steady 

state conditions (Kincaid et al. 2011) (Figure 11). In addition, a previous study using TKO mice 
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reported reduced CD8+ T cell numbers during infection with the protozoa Trypanosoma cruzi 

(Ersching et al. 2016). Therefore, frequencies of CD4+ and CD8+ T cells were analyzed, 

showing a similar shift to reduced frequencies of CD8+ T cells upon T. gondii infection in 

spleen and lymph nodes, meaning that also during infection the reduction of CD8+ T cells 

could not be recovered to the same extent as in WT mice (Figure 19A). Interestingly, the 

same alteration in the CD4:CD8 ratio was observed in non-lymphoid tissues as the brain 

(Figure 19B, top), indicating that also the frequency of recruited and therefore activated 

CD8+ T cells is altered in this manner leading to reduced numbers of cytotoxic T cells in the 

CNS upon i-proteasome-deletion (Figure 19B, bottom).  

To clarify whether the migratory ability of CD8+ T cells was altered upon i-proteasome-

deficiency, transwell migration assay was performed. Therefore, isolated CD8+ T cells 

obtained from naïve WT or TKO mice were exposed to chemoattractant CXCL12 (also termed 

stomal derived factor 1) which is known to play a role in T cell homing to secondary 

lymphoid organs and to have a bi-directional function by recruiting resting T cells or causing 

them to actively move away in a concentration dependent manner (Poznansky et al. 2000). A 

strong reduction of 67% (500ng/mL) and 80% (250ng/mL) of migrated i-proteasome-

deficient CD8+ T cells compared to those isolated from WT mice was observed under both 

conditions (Figure 19C, left). Moreover, only  WT mice showed a reduced migration towards 

the higher CXCL12 concentration (500ng/mL) compared to the lower (250ng/mL) 

concentration (Figure 19C, right) whereas CD8+ T cells of TKO mice revealed a stronger 

migration towards the higher concentration of CXCL12 . To specifically analyze whether the 

recruitment to the CNS might be reduced in CD8+ T cells of TKO mice, CCL21, which has been 

shown to be upregulated only in inflamed CNS vascular endothelial cells but not in healthy 

brains, was added (Alt et al. 2002). Similar to CXCL12, an inhibition of 54% and 65% of 

migrated TKO CD8+ T cells compared to WT cells was observed when using 500ng/mL or 

250ng/mL of CCL21, respectively (Figure 19C, left).  
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Figure 19 Shift in the CD4:CD8 T cell ratio upon T. gondii infection and reduced migration of CD8+ T cells. Cells, isolated 
from T. gondii infected mice after 4 weeks of infection, were gated on living, single, CD3+ cells (not shown) and used for 
further FACS analysis. (A) Shift in CD4:CD8 T cell ratio. Shown are graphs of CD4+ and CD8+ T cells derived from WT and TKO 
mice in Spleen (left panel) and lymph nodes (right panel). Bar graphs represent frequencies of CD4+ and CD8+ cells within 
CD3+ T cell population of both spleen and lymph nodes. Data are representative for three independent experiments with 
n=3 mice per group. (B) Similar shift of CD4+ and CD8+ T cell frequencies during infection within the brain and reduced CD8+ 
T cell numbers. Bar graphs represent frequencies of CD4+ and CD8+ T cells within CD3+ T cell population or total cell 
numbers of both subsets calculated from living cells. Data are representative for four independent experiments with n=5 
(WT) and 3 (TKO) mice. (C) CD8+ T cells of naïve WT and TKO mice were magnetically sorted and transwell migration assay 
towards chemokines CXCL21 and CCL21 using either 250 ng/mL or 500 ng/mL was performed. Migrated WT control cells 
were set to 100% and migrated TKO CD8+ T cells are displayed as percentage in relation to WT cells (left) or presented as 
mean of total migrated CD8+ T cells (right). Cells were quantified by MacsQuant and data are representative for two 
independent experiments. (p<0.05*, 0.01**, p<0.001***, StuŘŜƴǘΨǎ ǘ-Test, mean + SD or as mean). 
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The observation that professional APCs displayed a marked reduction of H-2kb MHC class I 

molecules on their cell surface (Figure 15B) suggested a decreased activation of at least CD8+ 

T cells in TKO mice, as activation of this cell type is related to a sufficient MHC class I antigen 

presentation. To assess effector functions of both T lymphocyte subsets, cytokine production 

was used as an indicator of T cell activation. No alterations were observed in frequencies of 

LCbʴ producing CD4+ or CD8+ T cells (Figure 20A). Furthermore, levels of the pro-

inflammatory cytokine, and T cell growth factor, IL-2 were comparable in both experimental 

groups (Figure 20B). Comparable to those results, frequencies of CD8+ CTLs, producing the 

cytotoxic mediator granzyme B, were similar in both groups (Figure 20C). Similar frequencies 

of TNF producing cells in both, CD4+ and CD8+ T cells, further indicate an undisturbed 

effector and cytotoxic function of i-proteasome-deficient T cells within the brain during T. 

gondii infection (Figure 20D).  

In contrast to pro-inflammatory effector function, the induction of Tregs was significantly 

reduced within the brain of TKO mice upon chronic stage of infection. Although induction of 

these anti-inflammatory cells was not abolished per se, since also in i-proteasome-deficient 

mice an increase of Treg frequencies was observed upon chronic stage of disease when 

compared to Treg frequencies during the acute stage of infection (Figure 20E), the induction 

of Tregs remained significant lower compared to WT mice. 
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Figure 20 Similar cytokine production but reduced Treg induction in TKO mice. Cells, isolated from T. gondii infected mice 
after 3 (acute) or 4 (chronic) weeks of infection, were gated on living, single, CD3+ cells and CD4+ or CD8+ T cells (not shown) 
and used for intracellular FACS analysis (Aύ bƻ ŀƭǘŜǊŀǘƛƻƴ ƛƴ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ LCbʴ ǇǊƻŘǳŎƛƴƎ ŎŜƭƭǎΦ .ŀǊ ƎǊŀǇƘǎ ǎƘƻǿ 
frequencies of IFNɹ producing CD4+ or CD8+ T cells and are representative for two independent experiments with n=5 WT 
and 4 TKO mice. (B) Similar levels of pro-inflammatory cytokine IL-2. Individual point plot shows MFI of IL-2 expression and 
is representative for two independent experiments with n= 3 WT and 4 TKO mice. Histograms show the representative 
expression levels of IL-2 in CD4+ (left) or CD8+ (right) T cells, unstained (dotted) WT (tinted) and TKO mice (no tint). (C) Bar 
graph shows frequencies of granzyme B expressing CD8+ T cells.  Data is representative for one experiment with n=3 WT 
and 4 TKO mice. (D) Similar frequencies of TNF producing CD4+ (left panel) and CD8+ T cells (right panel). Bar graph 
represents frequencies of TNF producing cells within CD4+ or CD8+ T cell population with n= 4 WT and 3 TKO mice. Data are 
representative for two independent experiments. (E) Bar graphs show the frequency of CD4+ T cells expressing the 
regulatory T cell (Treg) specific transcription factor forkhead-box-protein P3 (FoxP3) after three weeks (left panel) and after 
four weeks of infection (right panel). Data are representative for 2 (3 weeks) and 3 (4 weeks) independent experiments with 
n=4 mice per group. (p<0.001*** {ǘǳŘŜƴǘΨǎ ǘ-Test, mean + SD). 
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III.1.8 Shift to a pro-inflammatory cytokine milieu within the brain of TKO mice 

Based on the observation that LCbʴ production in myeloid APCs was significantly reduced in 

i-proteasome-deficient mice upon reaching the chronic stage of ƛƴŦŜŎǘƛƻƴ ǿƘŜǊŜŀǎ LCbʴ 

release by T cells was unaffected, we aimed to analyze the cytokine milieu in whole brain 

parenchyma, to clarify whether cytokine expression is altered in whole tissue upon i-

proteasome-deficiency. Therefore, mRNA levels of pro- and anti-inflammatory cytokines 

were measured at four weeks post infection. In i-proteasome-deficient mice, gene 

expression of TNF as well as iNOS was significantly upregulated, whereas expression levels of 

LCbʴ ƻǊ L[-12 were only slightly elevated (Figure 21A). In comparison, induction of anti-

inflammation was not altered in TKO mice as mRNA levels of IL-10, TGF-  ̡ŀƴŘ LCbʲ were 

comparable to WT mice (Figure 21B).  

 

Figure 21 Shift to a pro-inflammatory cytokine milieu in brain parenchyma. Cytokine expression in whole brain 
homogenate was quantified via qRT-PCR and values were normalized to gene expression of HPRT and further to the mean 
of corresponding WT controls. (A) Relative mRNA expression of pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎ LCbʴΣ ¢bCΣ L[-12 and mediator 
iNOS as well as (B) anti-inflammation measured by relative mRNA expression of IL-10, TGF-ʲ ŀƴŘ LCbʲ ŀǊŜ ǎƘƻǿƴΦ 5ŀǘŀ ŀǊŜ 
ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘǿƻ ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴŎƭǳŘƛƴƎ ƴҐс ²¢ ŀƴŘ т ¢YhΣ όǇғлΦлрϝΣ {ǘǳŘŜƴǘΨǎ ǘ-test). 
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III.2 Function of the JMML causing SHP2D61Y mutation in T cells 

III.2.1 SHP2D61Y mutation exclusively expressed in T cells does not induce 

myeloproliferative diseases 

It has been previously shown that mice lacking SHP2 are embryonal lethal (Saxton et al. 

1997). Since the SHP2D61Y mice used in this study also carry a stop-cassette in PTPN11 

between codon 2 and 3, which is necessary to prevent the expression of the mutant SHP2 

before Cre-recombinase is initiated, homozygosity would be embryonic lethal at mid-

gestation. To therefore obtain viable mice carrying the pro-oncogenic mutation D61Y within 

the SH2 domain of the tyrosine phosphatase SHP2, heterozygous SHP2D61Y-floxed mice were 

used and crossed to CD4Cre mice. Upon Cre-activation, the gain-of-function mutation of 

SHP2 is initiated due to a single point mutation (G->T) at position 181 in exon 3, which leads 

to the amino acid substitution D61Y within the N-SH2 domain. This mutation prevents the 

interaction of the N-SH2 and the PTP domain thereby preventing a closed confirmation of 

the phosphatase (Schubbert et al. 2005; Tartaglia et al. 2006).  

The SHP2D61Y mutation in mice has been demonstrated to result in severe myeloproliferative 

disease, disruption of splenic architecture and cell infiltration into organs such as the liver 

(Chan et al. 2009). Similar to these observations, 1-year old SHP2D61Yflox/wt-CD4Cre mice 

developed severe splenomegaly (Figure 22A). The analysis of the spleens of control and 

SHP2D61Yflox/wt-CD4Cre mice revealed increased cell numbers but rather comparable 

frequencies of T cell subsets in the latter (Figure 22B). Since CD4 is not exclusively expressed 

in T cells but also in a subset of macrophages and DCs (Bialecki et al. 2011; Shaw et al. 2018; 

Zhan et al. 2016), conditional SHP2D61Yflox/wt mice were further crossed to pre-T cell receptor 

 h(pTa) mice, a receptor that is expressed only during thymic development on ʰ  ̡T cells thus 

ensuring that the SHP2D61Y mutation is exclusively expressed in T cells and not in other 

immune cell subsets. In contrast to mice crossed to CD4Cre animals, SHP2D61Yflox/wt-pTa Cre 

mice did not develop splenomegaly and cell numbers were comparable to those isolated 

from control mice (Figure 22A and B). 



Results 

 
78 

 

 

Figure 22 SHP2 mutation leads to splenomegaly and increased immune cell numbers only in CD4Cre but not in pTa Cre 
mice. SHP2flox/wt-CD4Cre, SHP2flox/wt-pTa Cre and Cre control mice were kept for 11 to 14 months; spleens were removed, 
photographed and further analyzed using FACS. (A) Splenomegaly was only observed in SHP2flox/wt-CD4Cre mice. (B) 
Splenocytes of naïve mice were isolated, gated on living single cells and used for further FACS analysis. Bar graph shows 
total cell numbers of SHP2flox/wt-pTa Cre mice, SHP2flox/wt-CD4Cre or Cre control mice (left) and frequencies of CD3+ T cells as 
well as frequencies of CD4+ and CD8+ T cells within the CD3+ T cell population for SHP2flox/wt-CD4Cre compared to control 
mice (right). Data is representative for two independent experiments with n=3 mice. όǇғлΦлрϝΣ {ǘǳŘŜƴǘΨǎ ǘ-Test, mean + SD). 

 

III.2.2 Altered T cell development in SHP2D61Y mice crossed to CD4 Cre mice but not 

in mice crossed to pTa Cre mice  

Previous studies of Lck-mediated deletion of SHP2 in T cells revealed an attenuated 

transition from DN3 to DN4 during the double negative stage of thymic T cell development, 

leading to lower frequencies of CD4/CD8 double positive cells (Nguyen et al. 2006). 

Analyzing thymic T cell development of SHP2D61Y mice, crossed to CD4Cre mice, showed 

comparable frequencies of double positive (DP), single positive CD4, CD8 T cells and double 

negative (DN) cells. Total cell numbers of these subsets also did not reveal significant 

difference between the two genotypes (Figure 23A). Although in comparison to the studies 

of Nguyen et al., a SHP2 gain-of-function mutation was used in this study, a similar increase 

at the DN2 (CD44+CD25+) and DN3 (CD44lowCD25+) stages were observed for both, 

frequencies as well as cell numbers, whereas frequencies and T cell numbers were highly 

reduced within DN4 thymocytes (CD44lowCD25low, Figure 23B), comparable to the findings by 
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Nguyen et al. (Nguyen et al. 2006). This observation suggests a block in the transition from 

DN3 to DN4 similar to what was observed in T cell specific SHP2-/ - mice.  

To investigate whether the observed differences in the transition to DN4 are caused by the 

D61Y mutation in T cells and not due to secondary effects of CD4+ APCs carrying the same 

mutation, thymi of SHP2D61Yflox/wt-pTa Cre and control mice were analyzed. First, frequencies 

of DP, DN, and CD4 and CD8 single positive T cells were measured. No differences in those 

subsets were observed (Figure 23C). Further analysis of DN stages also showed no 

differences between genotypes (Figure 23D). Similarly, quantifications of total cell numbers 

at different maturation stages did not reveal any alteration in thymic development in mice 

expressing the D61Y mutation exclusively in T cells.  

Since the aim of this study was to analyze the effects of the D61Y mutation in T cells, all 

further studies were performed using the more T cell specific pTa Cre mice. Taking into 

account that alterations in thymic development in CD4Cre mice were observed even before 

Cre-expression occurred, these mice were not included into further studies.  
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Figure 23 Altered thymic development in CD4Cre but not in pTa cre mice carrying the SHP2 D61Y mutation. Cells isolated 
from the thymus of SHP2D61Yflox/wt-CD4Cre, SHP2D61Yflox/wt pTa Cre mice and their corresponding Cre control mice were gated 
on single, living cells, CD11blow, CD11clow and used for further FACS analysis. (A+C) FACS plot and graphs show frequencies of 
double positive, double negative and CD4+ or CD8+ single positive T cells (upper panel) and cell numbers calculated on living 
cells (bottom). (B+D) Double negative cells were further subdivided into 4 DN stages. FACS plot and graphs show 
frequencies of DN1, DN2, DN3 and DN4 cells (upper panel) and cell numbers calculated on counted living cells (bottom). 
Data are representative for two independent experiment with n=3 CD4Cre mice and for three independent experiments 
with n=5 pTa Cre mice. (p<0.05*, 0.01**, p<0.0ллмϝϝϝϝ {ǘǳŘŜƴǘΨǎ ǘ-Test, mean + SD). 
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III.2.3 Alteration in T cell composition and enhanced CD44 expression in T cells 

obtained from SHP2D61Y mice 

On the basis of an undisturbed CD4+ and CD8+ T cell development within the thymus, the 

composition of T cell subsets was analyzed in lymphoid organs as the spleen and lymph 

nodes. Analyzing both, splenocytes and cells obtained from lymph nodes, comparable 

frequencies of CD3+ T cells but a shift in the CD4:CD8 T cell ratio with lower frequencies of 

CD8+ T cells was observed (Figure 24A and B).  

Due to the observed alterations in T cell composition within the spleen and the lymph nodes 

both, CD4+ and CD8+ T cells, were further analyzed regarding their proportions of naïve and 

central or effector memory T cells. Small changes in the frequencies of memory T cells were 

observed. Whereas CD4+ T cells obtained from the spleen showed increased frequencies of 

Tcm upon SHP2 gain-of-function mutation but no significant changes of this subset in CD8+ T  

cells, in lymph nodes, only the CD8+ T  cells showed increased frequencies of central memory 

T cells (Figure 24C and D). Moreover, analyzing the naïve T cell subset in more detail, T cells 

of SHP2 mutant mice showed enhanced CD44 expression resulting in an almost complete 

absence of CD62L+CD44low T cells within the spleen and lymph nodes upon steady state 

conditions (Figure 24E and F). 

Since CD44 is also upregulated during homeostatic proliferation in T cells, the question 

remained whether T cell proliferation was aberrant in SHP2D61Y T cells as observed in myeloid 

cells under steady state condition harboring the same mutation (Boyman et al. 2009). 

Although a hyperproliferation under steady state condition was not observed (III.2.1), 

increased proliferation might be induced following an initial T cell activation. Therefore, the 

proliferative capacity of both T cell subsets was analyzed in response to TCR and co-

stimulation in vitro, using violet cell tracer (VCT). T cells of both experimental groups 

proliferated in the presence of h-CD3 and h -CD28 mABs but the proliferation of SHP2D61Y 

carrying T cells was significantly reduced in both subsets when compared to WT T cells 

(Figure 25). 
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Figure 24 Alterations in the T cell composition in lymphoid organs of SHP2 mutant mice and reduced proliferation. Cells 
isolated from the spleen and lymph nodes of SHP2flox/wt-pTa Cre mice and control mice were gated on single living cells and 
used for further FACS analysis. Comparable frequencies of CD3+ T cells but shift in the CD4:CD8 T cell ratio in (A) spleen and 
(B) lymph nodes. FACS plots and graphs show frequencies of naïve (CD62L+CD44low/int), central memory (CD62L+CD44high) 
and effector memory (CD62LlowCD44high) T cells within CD4+ and CD8+ T cell subset in the (C) spleen and (D) lymph nodes. 
Graphs show shift in the frequencies of CD44 expression (CD44low and CD44int) within the naïve T cell population in CD4+ and 
CD8+ T cells in (E) the spleen and (F) lymph nodes. Data are representative for two independent experiments with n=5 mice. 
όǇғлΦлрϝΣ лΦлмϝϝΣ лΦллмϝϝϝΣ ǇғлΦлллмϝϝϝϝ {ǘǳŘŜƴǘΨǎ ǘ-Test, mean + SD). 
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Figure 25 Reduced Proliferation in T cells harboring SHP2 D61Y mutation. T cells obtained from the spleen were labeled 
with violet cell tracer (VCT) and stimulated with 5µg/mL of -hCD3/28 mABs. Histograms show the representative mean 
fluorescence intensities of multiple generations of T cells for CD4 (left) and CD8 (right) with SHP2wt (red), SHP2wt/fl (blue) 
and unstimulated control (grey). Data are representative for two independent experiments with n=5 SHP2wt/fl and 4 SHP2wt 
mice. (p<0.05*, {ǘǳŘŜƴǘΨǎ ǘ-Test, mean + SD). 

 

Due to the observed increased frequencies of Tcm in T cells of SHP2D61Y mice in lymphoid 

organs and since it has been demonstrated before that memory T cells preferentially migrate 

to the bone marrow which therefore contains a high proportion of long-lived memory T 

cells, T cell composition within this site was analyzed (Di Rosa and Gebhardt 2016). In 

contrast to the analyzed lymphoid organs, reduced frequencies of CD3+ T cells were 

observed in SHP2 mutant mice in comparison to WT mice, whereas bone marrow resident T 

cells showed the same shift in the CD4:CD8 T cell ratio (Figure 26A). 

In comparison to the analyzed lymphoid organs, CD8+ T cells of SHP2 mutant mice revealed 

higher frequencies of Tem within the bone marrow, whereas CD4+ T cells remained 

unchanged (Figure 26B). Comparable to the observation in lymphoid organs, especially CD8+ 

T cells showed a significant shift to an increased expression of the adhesion molecule CD44 

within the naïve T cell population (Figure 26C). 
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Figure 26 SHP2 D61Y mutation leads to an altered T cell composition and enhanced CD44 expression also in the bone 
marrow. Cells isolated from the bone marrow of SHP2D61Yflox/wt-pTa Cre mice and SHP2wt-pTa Cre control mice were gated 
on single, living cells and used for further FACS analysis. (A) FACS plots and graphs show composition of T cells and (B) 
proportion of naïve, central memory and effector memory T cells in both CD4+ and CD8+ T cell subset within the bone 
marrow. (C) Shift to enhanced expression of CD44 within the naïve T cell population, mainly in CD8+ T cells. Data is 
representative for two independent experiment with n=5 mice. (p<0.05*, 0.001***, p<0.0001** **  {ǘǳŘŜƴǘΨǎ ǘ-Test, mean + 
SD). 

 

Although the distribution of the main cell subsets within the thymus was comparable 

between WT and SHP2 mutant mice, the altered T cell composition observed in peripheral 

organs of SHP2 mutant mice raised the question whether SHP2 gain-of function mutation 

induces subtle alterations of thymic selection that were not detected by thymic FACS 

analysis. Therefore, we analyzed the TCR repertoire of mature T cells obtained from the 

spleen. All of the analyzed V̡-chains were expressed on both, CD4+ and CD8+ T cell subsets, 

obtained from SHP2D61Y-pTa cre mice and only minor differences were observed between 

the two genotypes (Figure 27).  
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Figure 27 Small differences in the TCR repertoire of T cells carrying SHP2D61Y mutation. Splenocytes were isolated from 
SHP2 mutant and control mice and gated on living single CD3+ and further on CD4+ or CD8+ T cells (not shown). The TCR 
repertoire was further characterized by FACS using different Fitc-conjungated V̡-antibodies. Graphs show frequencies of 
different TCR V̡-chains in CD4+ T cells (top) and CD8+ T cells (bottom) under steady state conditions. Data is representative 
for one experiment with n=3 mice per group. (p<0.05*, 0.01**,  0.0001**** 2way ANOVA Test, mean + SD). 
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III.2.4 Strongly enhanced CD8+ Tem formation in BM of aged SHP2D61Y-pTa Cre mice 

The aging of the immune system, also termed as immune senescence, results in structural 

alterations and in a functional decline of various cells. In addition, thymic involution leads to 

reduced differentiation of lymphoid precursor cells and thus to reduced naïve T cells. 

To analyze whether the SHP2 gain-of function mutation causes an alteration within the 

memory T cell population, as suggested by the findings of younger mice (Figure 24C+D, 

Figure 26B), SHP2D61Y-pTa Cre and control mice were maintained for 11-14 months and the T 

cell composition as well as memory formation in the bone marrow and spleen were 

analyzed. In contrast to the observations in younger mice (Figure 24A+B), a significant 

reduction of CD3+ T cells were observed in spleens of SHP2 mutant mice. The shift in the 

CD4:CD8 T cell ratio, with lower frequencies of CD8+ T cells, was also observed in aged mice 

in both spleen and bone marrow (Figure 28A+B). Whereas frequencies of naïve to memory T 

cells within the CD4+ compartment was not significantly different between the two 

genotypes, CD8+ T cells showed a pronounced shift from naïve to Tem cells in both bone 

marrow and spleen (Figure 28C+D) and a significant increase of Tcm in the spleen (Figure 

28D). 
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Figure 28 Alteration in the T cell compartment and increased formation of CD8+ Tem in aged mice carrying the SHP2D61Y 
mutation. Cells isolated from spleen and bone marrow of 11-14 month-old naïve SHP2D61Yflox/wt-pTa Cre mice and SHP2wt-
pTa Cre control mice were gated on single living cells and used for further FACS analysis. FACS plots and graphs show 
frequencies of CD3+ T cells in living cells and frequencies of CD4+ and CD8+ T cells within the CD3+ T cell population in (A) 
bone marrow and (B) spleen or proportion of naïve, central and effector memory T cells in both CD4+ and CD8+ T cell 
subsets within the bone marrow (C) and the spleen (D). Data is representative for two independent experiments with n=4 
control and 3 SHP2fl/wt mice. (p<0.05*, 0.01**, 0.001*** {ǘǳŘŜƴǘΨǎ ǘ-test, mean + SD). 

 

 




















































































































