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GThe true thoughts that go on inside us are just too fast and huge and all interconnected for
words to do more than barely sketch the outlines of, at most, one tiny little part of us at any
given instant

-David Foster Wallaee
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| Introduction

[.1 The mmune system

The mammahn 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 ofpotential pathogens such as viruses, fungi
parasitesor bacteria. To accomplish thiask an interactive network of lymphoid organs and

a finely controlled series of specialized cell interactians essential.In organisms, hliree
lines of defense exist. At firssurface barriersprevent the attachment and entry of
pathogenswhich include physical and chemical bars, such as tight junctions formed by
epithelial cells othe acid mantel on mucosaurfaces(Clarke et al. 2011; Johansson et al.
2008) Once this barrier is overcome, cells of the innate immune system rapidly detect
infiltrating pathogensand initiatea firstimmune defenseThis isfollowed bythe release of
various mediators such as pmaflammatory cytokines and chemokines leading to the
recruitment d further immune cell subsetso the site of infiltration The third line of
defense ismediated by the adaptive immune systefinl.3) whichcan establishpersistent

immunity and induce memory

[.1.1 Innate Immunity and tollike receptor signaling

The inrmte immune system is evolutionary oldeompared to the adaptive immune
responseand can be found in a variety of species such as insects and even plants
(Abeysekara et al. 2016; Garcia et 2010; Liu et al. 2016Basic nechanisms of innate
immune functions are conserved among specisgch asthe existence ofantimicrobial
peptides nameddefensirs which areable to clearor inhibit invading bacteria or parasites
(Terkawi et al. 2017; Welkos et al. 201However, he innate immune system is
characterized asemispecific meaning that bsidesphysical and chemical barriethe
innate immune systemconsists of different phagocytic cell types whielne able to
discriminate between self anstructuralconservedmotifs of pathogensxamelypathogenie

associated molecular patterns (PAMB3)t has no capacity to discriminate between



Introduction

different pathogens or to mount a specific response upon pathogeen@unter. PAMPs
are senseia pattern recognition receptors (PRRagludingtoll-like receptors (TLRd)ntil
today, 13 different TLRs have been idgied in mammalswhereas only 10 are functionally
expressed irhuman (Hornung et al. 2002; Zhang et al. 2004a; Zhang et al. 2ULBs are
predominantly expressed by immune cells and epithelial cells and form hamno
heterodimeric transmembrane receptors. They are further subdivided according to their
location into either cell surface TLRS2,46 and 10) mediating extracellularecognition of
microbial membrane componentich as poteins, lipids or lipoproteinor into intracellular
TLRs(3,7-9 and 1113), mediating the recognition of pathogenswithin the endosomal
compartment following endocytosis (Kawasaki and Kawai 2014RAccordingly, upon
encounter with extracellular lipopolysaccharidePS), a membrane component afg-
negative bacteria, TLR4 signaling becomes activated. In contrast, influenza virus is
recognizel by the intracellular receptors TLR3, recognizing double stranded RNA, and
TLR7/8, sensing single stranded RNA thereby initiating immune cell recruitment and IFN
response to inhibit viral replicatior{Alexopoulou et al. 2001; Budimir et al. 2013; Forsbach
et al. 2008; Hoshino et al. 1999; Le Goffic et al. 2007; Lural. 2004) However, the
Toxoplasma gondii(T. gondi) actinbinding protein profilinis exclusively sensed via
TLR11/12 homoor heterodimers in micevhereas theprotein is recognized vidLm in
human which neither express TLR11 nor TLR3&azar Gonzalez et al. 201H4igation of
TLR11/12 inducedl-12 production in antigen presenting cell®\PCs) leading to the
secretionof IFN ¢ A Y  SaNdFiNKOISEinducible nitric oxide synthjegpression(Cai et

al. 2000; Raetz et al. 2013 general,TLR ligation results in the induction thie MyD88
(myeloid differentiation primary response protein B&ependent orthe Tram/TRIF TIR
domaincontaining adapteinducing interferon ) -dependentpathway (Figurel). Activation

of these pathwaydeads to the downstreaminduction of the AKT (protein kinase B) or the
MAPKpathways(mitogen- activated proteinkinases)with the latterincluding ERKy38and

JNK (€Jun Nterminal kinase andinducesthe activation ofvarious transcription factors such

as APL (activator protein 1), IRFs (interferon regulatory factorej NFS . nuafear factor
kappalight-chainenhancer of activated B cejlActivation of the mentionedtranscription
factors results inthe subsequent produton of inflammatory cytokinegMedzhitov et al.
1998)
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Profilin

______________________________________________________________________________________

Figure1 Schematic illustrationof TLR signalingTLR4 which is located at the cell surface recognizes amongst others LPS
whereas profilin off. gondiiis recognized byrLRs 11 and Mithin the endosomal compartmentUpon ligationthe MyD88
pathway is initiated leading tthe ubiquitination of TRAF6 arfdrther activation ofthe down-stream signaling pathways
ERK, JNK, p38BLR4 use two adaptor proteins TIRAdH-{nterleukin 1 receptor domain containing adaptor protgior

TRAM TRIFrelated adaptor moleculeto induce MyD88 orlternatively TRF signalingwhichleads to P13 kinasenediated
induction ofthe AKT pathwayNFs . | O liakhddo thie exprgssion ofmembess of the IRFsActivation oftranscription
factors, such as NF . 2-1 dnd IRFeesults ingene expression and synthesis of varipts or antrinflammatory cytokines

and initiatescell proliferation.The presented figure is modified frofBroz and Monack 2013)

[.1.2 Cell subsets of innate immunity
[.L1.2.1  Neutrophils

Neutrophilsare shortlived granulocytes anglay an important role during inflammation as
this cell type $ rapidly recruited from the circulation and considered as the first line of
defense againsmany pathogens.Neutrophils develop from hematopoietic stem cells (HSC)
within the bone marrow. Due to activatioidSCdlifferentiate into ganulocytemonocyte
progenitors (GMPs). This differentiation meediated bya complex interplay ofvarious
factors including G:CSF (@nulocyte colonystimulating facto}, growth factors andTLR
driven activation Especially thexpressiorof the C/ EBRCCAAENhancefbinding protein$
transcription factos and the induction of transcriptional repressoiGFil growth factor
independent 1 transcriptional represodeterminesthe granulocyte lineage decision by

preventing thedifferentiationinto the monocye lineage(Bartels et al. 2015; de la Luz Sierra

10
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et al. 2010) GMPs giveurther rise to granulocyte progenitors (GPs) and eventually to
mature neutrophils.Once neutrophils are recruited to the site ah infection, mediated
through chemoattractantssuch aslL-8 and growth factors released by endothelial cells,
neutrophil homeostasis is padly replenished through immediate recruitment tfese cells
from the bone marrowto the cardiovascular systerfGrundy et al. 1998; Massena et al.
2015; Wang et al. 2017)n the basal state only¥1% of mature neutrophilss circulating
emphasizing the role of theone marrowas a reservoi(Semerad et al. 2002Neutrophil
migration, thereby, depends on the interplay between CXCR2 and CXCR@&notif-
chemokine receptors typ@ and 4) expressed on neutrophiland theirappropriate ligands
CXCl1, 2and 12, respectively. EspeciallXCR4as been identified as a kegstrictor of
neutrophil release as CXCRdeficiency led to increased redistribution of neutrophitem

the bone marrowto the circulation(Eash et al. 2009)

One of the primary functions of neutrophils is pathogen clearance medidtgd
phagocytosis. Phagocytosis describes a processcoéceptormediated recognition and
active ingestion of particlesvhich are >0.5um in diameter as well as thiegestion of
pathogens such as the intracellular parasife gondij or apoptotic ceks irno vesicles named
phagosome. This process requiresomprehensivecytoskeletal rearrangemerand vesite
fusion (May et al. 1999) Once the pathogen is internalized and translocated to the
phagosome, antimicrobial factors from granules and R®&ctive oxygen speciesjeate a

toxic milieu leading to pathogen destructiomithin the phagosome Neutrophils contain
variousspecialized secretory organelles classified as azurophilic granules, specific granules
and secretory vesiclg®bdetLatif et al. 2004; Johnson et al. 2010; Pereira and Lowell 2003)
Upon stimulation, a wide range of chemoattractants and -amitrobial mediators such as
MPO (myeloperoxidasgglastase, TNF, IFMr ROS areeleased fromthese structuresvia
degranulation(Biswas et al. 2017; Giambelluca et al. 2014; Monteseirin et al. 2001; Sturge et
al. 2013) However,some pathogens such ds gondiareable to escape the phagosomé&o
escape phagosomal destructiof, gondiicreatesa parasitophorousvacuole using a similar

mechanism as observed fits active cell invasiofMoriski et al. 1995)

In addition, neutrophils canundergo programed cell death named NETosi$pon

encountering microorganismshe RAS/MAPK pathway is initiated leading to Hetivation

11
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of NOX(NADPHoxidasecomple® and ROS productiofHakkim 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 synergiegraoel
specific histones thus leading to partial chromatin decondensation. Finally, decondensed
chromatin merges with granule toxins and is released from thelgeforming neutrophil
extracellular traps (NETSs) that trap and kill invading microorganvgithen the extracellular
space (Brinkmann et al. 2004; Ebs et al. 2007; Papayannopoulos et al. 2010)this
context, reutrophils have been showto efficiently entrap tachyzoites, the fast growing
stage ofT. gondiilife cycle,thereby participatingn direct microbial clearancéAbi Abdallah

et al. 2012)

[.1.2.2  Professional antigen presenting cadlsthe innate immune system

Professional antigen presenting cells (AR@sluding microglia, monocytes, macrophages
and dendritic cellaire required for the onset of adaptive immunity due to their expression of
not only MHC class but especially MHC clags complexes to T lymphocytes. Similar to
neutrophils, APCs play an immpant role in the control and clearance wivading pathogens

such agl. gondiior InfluenzaA-Virus (IAV.)

Microglia are brairresident immune cell®f myeloid origin andepresenttogether with
astrocytes and oligodendrocytethe family of glia cellsMicroglia are numerically the
smallest glia subset anaccountfor 5 up to 126 ofthe whole neuronal cellpopulationin
mice with varying densities depending on the brain regibawson etal. 1990) Progenitor
cells arise from the yolkac early during embryogenesé (lay 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 highreewal potentia)
strongly depending onlL-1 receptor sigaling (Bruttger et al. 2015)Due to their unique
status as tissue resident immune celisicrogliaplay avital role in CN$iomeostasisby
clearing cellular debri@nd orchestratingimmunity (Nimmerjahn et al. 2005)Following
pathogen invasiopsuch aghe intracelular parasiteT. gondii microglia are rapidly recruited

to the site of infection where theyndergo cluster formatiortermed as émicrogliosis and

12
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initiate proliferation (Gu et al. 2016; Liu et al. 2017¢)pon pathogen encounter, they
change their morphology fromamified to amoeboidthis morphology enables theell to
engulf or phagocyte mroorganisms mediated througkhe TREM2 t¢iggering receptor
expressed on myeloid cellg @d DAP12¥NAXactivating protein of 12 k&) signaling axis
(Takahashi et al. 2005)Ithough microglia are susceptible To gondiiinfiltration, they can
respond tothe parasitethrough NOproduction which inhibitsintracellular replication of the
parasite or by releasing proinflammatory cytokines such aENF,IL-m | ILsr2Rthereby
maintaining immune response and contributing to parasite con@lao et al. 1993; Umeda

et al. 2017; Zhang et al. 2014) response tdl. gondij microglia release chemoattractamt
CXCL10 and CClibereby mediating the recruitment of T cells to the site of infection
(Hwang et al. 2018; Mariani and Kielian 20(B¢sides the initiation of an inflammatory
process, pranflammatory cytokines rele@sl by microglia can also induce apoptosis of
epithelial cells thereby compromising the bloeHrain barrier integrity and enable the
infiltration of peripheral immune cell¢Kacim et al. 2011) Moreover, n an established
infection, phagocytic microglia and macrophages have been shown to infiltrate and destroy
T. gondiicontaining tissue cystsa vacuoleformed by the parasite, thereby promoting
parasite clearanc€Suzuki et al. 2010Comparable tamther myeloid cellsmicroglia serve as
professional APCs able to present both MHC class | and Il epitapd expressco-
stimulatory moleculessuch asCD40, CD80 and CD86, thus initiating and maintain adaptive
immunity (Mutnal et al. 2011)Furthermore,microgliacan participate in the termination of
brain inflammation due to thereleae of the anti-inflammatory cytokinesTGH I VIR L[

(GresaArribas et al. 2012;edeboer et al2002; Takahashi et al. 2005)

Similar toneutrophils, monocytes arise from bormaarrow residentHSCghat develop into
multipotent precursorscharacterized by the expression $€al (stem cells antigef) and
CD117. These precursors further differiaé into either oligo-potent progenitor ceb
termed common lymphoid progenitor cell§CLPs) ocommon myeloid progenitor cells
(CMPs) with the later resulting committed monocyte progenitofcMoP) formation(Akashi
et al. 2000; Hettinger et al. 2013; Kondo et al. 19@#yure 2). Monocytes are further
subdivided into two subsets according to their expression G%CR1 GX3C Motif
Chemokine Receptol), Ly6C lymphacyte antigen 6 complex locus) @nd CCR2 GC
chenokine receptor type Rinto CXCRI9" Ly6®" and CCR2' mature monocyteswhich

13
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preferentially migrate to noanflamedtissueand expess high levels of MHC classPIRL1
(programmed cell death 1 ligaphdnd have the potential to differentiate intoeshdritic cells;
and shortlived inflammatory monocytes characterized ass@XP%, Ly6@9" and CCRZ"
(Geissmann et al. 2003; Peng et al. 20@®der basal conditions, less th@foof Ly6Eiah
monocytes are circulating in the vascular systédowever, upon infectionnflammatory
Lye®9"monocytes are rapidly recruited to the site of infiltratianediatedby the binding of
CCR2 to mainlyGC chemokineligands CCL2 and CC(J)a et al. 2008)Especially
inflammatory Ly6C"CCR29" monocytes are critical for host defense against the
intracellular parasitel. gondiiby controllingparasite burden within the braimediatedby
the release of avariety of preinflammatory cytokinesuch as H12, TNF andlue toiNOS
production (Biswas et al. 2015Pdetion of CCR9"cellsin T. gondiiinfected miceresults in
enhanced inflammation within the small intestine dueit@reased neutrophil influx to this
site, increased necrosis and reduced surviainay et al. 2010However, several studies
indicate that monocytes also drive brain inflamtiea@ and neuronal degeneratiofHowe et
al. 2012;vVarvel et al. 2016)Accordingly, depletion of monocytéss been shown to inhibit
T cell recruitment from theperivascular spacéo the brain parenchyma in a ndethal
hepatitis virus infection modelresulting inreduced viral clearance but also indalayed

onset of encephalitigSavarin et al. 2010)

Another cell subset indispensable for antigemesentation aremacrophagesMacrophages
are pivotal for tissue homeostasasid woundhealing(Liu et al. 2011; Lucas et 2010) Lung
resident alveolar macrophages (Akfe considered as the first linef defense to respiratory
pathogens such as influenza virus. ANMagocytosevirus particles andemnants ofinfected
cells thereby providing a strong MHC class | presentation. Depletion of AM results in
decreased antigetiters and inhibited CDS8T cell ativation during influenza infectiofKim

et al. 2008) Macrophagesrise from two distinct origins. Comparable to microgliasitive
macrophages descend from the yolgac during early gestatiorand fate mapping
experiments indicate that macrophages have a highsgléwal potentia) thus challenging
the former paradigm that monocytes transform tan tissuespecific macrophages
(Hashimoto et al. 2013; Yona et al. 2018pwever, upon inflammation monocytes can
differentiate into macrophageghereby contributing to antimicrobial response by releasing

pro-inflammatory cytokinegBain et al. 2013; Rahman et al. 2017; Taglianile2@l1)

14
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Although macrophges can be infiltrated byathogens such ad. gondij they also
contribute to parasitecontrol by inhibitingproliferation of infiltrated parasitesand promote
parasite killingmediated through the synthesis 412, TNFL C b ! the pyodiction ofROS
(Cedile et al. 2017; Franchi et al. 2007; Miller e8D7; Schneider et al. 2013)ioreover,
TNF amplif a Oé (i 2 (i 2 Edctatad EmacFhages G kill intracelluldr. gondij
providing a positivdeedbackloop (Sibley et al. 1991)

Another antimicrobial mechanism, independent of {FN S E LINIB #h& ER4¢/CD40L
(CDA40 ligad, expressed on activated T cells) interaction in macrophdgesis context, it
has been shown that soluble CD40L can increase the ability of macrophages to Gontrol
gondiireplication in the brain of chronically infected mice by increasing the seled IE12
(Morgado et al. 2014; Reichmann et al. 20@®)rthermore, macrophages promote immune
cell recruitmentto the site of idection due to the secretion of Hl | GCRACedile et al.
2017; Franchi et al. 2007; Miller et al. 2007; Schneider et al. 2bt8)yever, macrophages
have a high plasticitpotential, mediating not only the induction budlso contributeto the
termination of inflammation by releasing astiffammatory cytokines TGF and 1L:10
during late stages of infecti@(Xiong et al. 2013)n return 11-:10 downrmodulates a variety
of APC functiongspecially theexpression oto-stimulatory moleculesand cytokine release

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

However, he most sufficient antigemresenting cell subsstare dendritic cells PCs) DCs
are a heterogeneous cell population able to constantly circle betweenrlyraphoid tissues
and lymphoid organs. Migratioof these cellds dependent on CCR¥ utilizing CCL19 or
CCL21 chemotaxik the absence of exogenous stimuli, DCs reside within different tissues in
an immature form characterized by low expression of MHC class Il and atstimulatory
molecules. A variety of danger signals, pathogens or cytokines indeceingl
differentiation of thiscell type and turning DCs into the most potent professioARICs
(Andoh et al. 2013; Hao et al. 200%) this regard DCs playan important role inimmune
surveillanceandin the induction of adaptive immunity in response To gondii due to the
transportation of antigens that areaptured in the peripheryo secondary lymphoid organs
where naive T cells are primé8candella et al. 2004; Tal et al. 20F)rthermore, DCs are

indispensable for T cell development within the thymu4&.8.1 and control the induction of

15
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peripheral regulatory T cells in dBO (indoleamine2,3-dioxygenasg-dependent manner
(Fallarino et al. 2006)Comparable tomonocytes DCs arise fronmultipotent precursors

within the bone marrow, giving rise t61Ps which further differentiate into MDPs followed

by a developmental stage termed common DC progenitors (COP$$urther developinto
pre-cDCs or prgDCs(Puhr et al. 2015fFigure2). PrepDCs exclusively differentiate into
plasmacytoid DCs (pDC#)hich mainly release type | interferongoon viral infection but

also produce H12 and small amounts of TN responseto T. gondii(Dalod et al. 2003;
Pepper et al. 2008; Vremec et al. 200Z€pmpared to onventiond DCs (cDCspDCshave

lower antigenpresenting capacitie€young et al. 2008¢DCs arise from the peDC subset

and can be further characterized by theiexpression of/ 5y n 2ZNJ / 5mMmM0
CD11¥ 5 yCGDl1lbor Clll1c/ 5 yOD11b myeloid derived dendritic cells (mDC&DCs

are specialized in crospriming exogenous antigens to CD8 cells via MHC class |
presentation(den Haan et al. 20004 previous stug emphasize the importance of DCs in

T. gondiicontrol. Especially 5 y DCshave been demonstrated to express high levels of
TLR11 andare also the key producer of H12, a cytokineg KA OK A& ySOSaal NE
synthesisBatf3’- mice, displayinga specific deletion of 5 y DCsshowed reduced levels of

L Cb ' thdse/micesuccumied to T. gondiiinfection within 9 daysollowing oral infection
(Mashayekhi et al. 2011Pespite their T cell astating function, DCs can also silence T cell
response by upegulation of PEL1 and PEL2 or IL10 releasgBrown et al. 2003)Similar to
macrophages, the release df-10 also neutralizes DC maturation by inhibiting the up

regulation of cestimulatory molecules, leading to autohibition (Corinti et al. 2001)

16
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Monocyte derived
Monocyte  Macrophage

CD8a*
or CD11b*
DCs

Figure2 Monocyte and Dendritic cell developmenBonemarrow resident multipotent progenitor cells (HSC) develop into
either common myeloid progenitacells (CMP) giving rise to cP@and further Ly8® and Ly6Ce"myeloid cellor common
lymphoid progenitor cells (CLPYpon inflammation Ly®@" monocytes can further differentiate into inflammatory
macrophagesCLPs givase to prepDCs or pre&eDCOwhichfurther leadsto the development of pDCs and @®D&nd CD11b
cDCsThe presented figure is modified frofBichien et al. 2017)

[.1.3 Adaptive immune system

In case the invading plaogens are not sufficiently cleared by cells of the innate immune
response, four to seven days following pathogen encounter the adaptive immune system
becomes activatedAlthoughonset of adaptive immune responsesquires more time,it
consist ofa broade and more finely tuned repertoire to sense and discriminate between
self and nonselfantigens. Adaptive immunity requires a precisely regulated interplay
between APCsand highly specialized effector cells that target the pathogen and establish
persistirg humoral immunity. A compromiseatlaptiveimmune system enables reactivation

of opportunistic pathogens which can cause severe complications in an otherwise
asymptomatic infection as seenin the increased risk of HIV patients to develop a
reactivation of an already persisting T. gondiiinfection, or might result in insufficient
elimination of degenerated cells leading to the expansion of cancerous(Ballser et al.
2016; Nissapatorn and Sawangjaroen 20H9wever, if anadaptive immune response is
initiated when there is noreal pathogen exposurer is maintained after an infection is
cleared, it might lead to the onset @utoimmune disease Cells of the adaptive immune

response include antibody produgimBcells as well asi and! 1T cells
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[.L1.3.1 T cell development

Theformation of a complete T cell repertoire that can react is@atial and specific manner
to extracellular stimuli requires a cascade of regulated developmental evéntels are
derived from bone marrow residérHSCsOnce those precursors migrate to the thymus,
they undergo a series of maturation ste(/agure3). Progenitor cells lack the expression of
coreceptorsCD4 and CD&nd are herefore termed double negativéDN) but can be
distinguished according to their expressiontloé transmembraneeceptor CD44 (adhesion
molecule) and CD25ngerleukint NB O S LJii) tnteJohir DNBtddest BN1 (CD#2D25),
DN2 (CD44CD25), DN3 (CD4€D25) and DN4 (CD4aD25 (Godfrey et al. 1993During
DN2 and DN3ecombination ofT cell receptors (TCRByrd(1), Tcrg(*) and Tcrb(i ) occurs,
leading to eithe iITCRRdzS (2 | LINReleSidnavhest lth¥l ScRainlisat first
paired with an invariant preT cell receptof chain,orto ! 4T celllineage commitment at
the end of DN3Janas et al. 2010; Prinz et al. 20@)ecificTCRsare randomly generated
through somatic DNA rearrangement. Irhigd context, D (diversityp-J (joining)
rearrangementoccus first, followed byinsertionof a V(variable)segment tothe previous
formed DJ complex This processis mediated through the activation of RAG1
(Recombination Activating Gene Y1 and RAG2 egmes which generate blunt double
stranded DNA breakat recombination signal sequencethereby enabling gene segment
rearrangement(Schlissel et al. 1993)The gene expression of RAG enzymes is dewn

modulateduponpre-TCR ligatioWilson et al. 1994)

Expression levels gire-TCR (Ptcrd mRNAincreases throughout early stages of T cell
development leading to pre-TCR formation during DN3. Ptcra mRNA expressionis
diminished during DP stage and is terminated by mechanisms that leads to posdigetion
(von Boehmer 2005)The pe-TCRcombinedwith the CD3chainsestablishesthe pre TCR
complex Signaling through this complgtogether with theinteraction d Notch, initiatesthe
transitionof DNto CD4CD8 double positive (DP) cell§fHuang et al. 2003; Lin et al. 2000a;
Tussiwand et al. 2011; van Oers et al. 1996yarearrangement exclugely occurs during

DP stage where it replacése invariantpre-TCR (Trop et al. 2000)

During the DP stageuifictional TCR and their coreceptors CD4 and CDS8 interact with
corticalthymicepithelial cellfcTECsand bind with certain affinity to presentedHCclass |
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or Il moleculesresulting either in positive selectioror in cell death by neglectT cells that
passed positive selection migrate to the medulla where they interact serially diffgrent
DC subsets. Cells that react with high affinity to safitigens presented by DCs are
negatively selected and eliminated withihe medullaBesides varying MHC affinities and its
effects on T cell selectiofCRsignal duration is thought to be another crucial facidrere a
sustained proximal signaling with low MHC affinity results in T stellivd (Moran and
Hogquist 2012)However, he remaining T cells develop into single positive GDAZD3 T
cells, accordig to their affinity to MHC class | (CDBcells) or Il (CD4A cells)leading to
gene silencing of the other eeceptorandto their migrationas naive T cells to secondary
lymphoid organgCollins et al. 2011; Zou et al. 2001)

corex Medulla
Negative Spleen
-sdection G
‘ —i IFNy
X TNFa
B-selection Positive F
] selection
TCR | TC GATA3 _

IL-4
Q 1 IL-13
R R
ST
x;% > IL-17
= 4
()
TCRB locus TCRa
rearrangement rearrangement = IL-10

Figure3 T cell developmentSchematic representation eéarly T cell development within the cortex region of the thymus is
characterized by four double negative stages (BBIN1Followed by a stage named immature single CD8 pogiB8B)

which further leads tahe progression t@a double positive (DPjtage where lymphocytesimultaneousy expres<CD4 and
CD8V(D)J recombination of TCRccurs during DN2 and DN3 whereas V) Tr€&rangement is limited tthe DP stage
thereby replacing preT cell receptof . DuringDP stage of maturation, T cells either interadth cTECs leading to positive
selection or undergo apoptosis. Remaining DP cells migrate to the medulla where they interacanatisDCs. Cells that

bind with a hgh affinity to selfantigens are negatively selected and subsequently eliminated. Following selection, T cells
develop intoeither CD4 or CD8 single positive cells and migrate to peripheral secondary lymphoid onghaese CDAT

cells ca further differentiate into distinctTh subsetsThe presented figure is modified frofRayard et al. 2010)

Ptcra mRNA

[.L1.3.2 T cell migratiorand homing to secondatymphoid organs (SLOs)

T cell trafficking is not onlyecessaryor naive T cell® migrate into peripheral organs big
also required for immune surveillan@nd immune responséVithin the periphery, T cell

migration is preferentially orientated reverse to the directiontbé blood flow, therefore
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different physicalmechanisms areequired (Bartholomaus et al. 2009 cellhoming of
naive cellsto SLOsis mainly mediated by endothelial cellsnd their expression of
appropriateligands Endothelial cellserve as a barrier between blood and tisstiberefore,
to migrate from the blood to SLOs, T cetised to actively transmigrate hrough the
epithelial barrier which isnediated through a cascade tiree distinct steps.(1) At first,
circulaing T cells are recruited tagh endothelial venulegvolvingrolling along the luminal
epithelial surfaceand interaction ofselectinssuchasCD62L and glycoproteis glycolipids
suchas the CD62L ligarRNAD(peripheral lymph node addressirexpressed 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 epithelilmnms
enabling them to search out areas that all@3) endothelial crossingither atintercellular
junctionsor directly through individual endothelial cell§hus, enabling the interaction of
naiveT cels and APGinsidethe tissue parenchyméPark et al. 2010)JJponT cellactivation
mediated viathe formation of animmunological synapse with aAPC T cells down
modulate the expression odmongst other CD62L and simultaneously -vggulate the
expression oadhesion molecules such as CD44her expression bvariousintegrinssuch as
LFAL (lymphocyte functiorassociated antigen)1VLA4 (very late atigen4) or chemokine
receptors CCR3 andCCRb5enabling effector T cells to specifically adhere to and cross
through activated endothelial celland migrate to the $e of pathogeninfection. Integrins
are membranespanning, heterodimeric receptors that facilitate the interaction of Hutin
cytoskekton and the extracellular matrix. Under basal conditions, integrinsimra non-
active orclosed conformationin T cells,ritegrin activationis amongst othemediated via
the interaction of CCR7 and its ligan@CL21which is constitutively expressedon high
endothelialvenules(Li and Springer 2017; von Andrian and Mempel 2008)resist shear
forces, aspecially LFA and VLAl are essentialdue to theinteraction with VCAN and
ICAML on endothelial cellsThis interactiorpromotesthe celtcell contact between both cell
types,simultaneouslyenablingthe T cell tosensechemokinesexpressed bgndothelial cells
(Carman and Martinelli 20157 his interaction is even enhancég CXCL1®hichinduces T
cell adhesion due to upegulation of the binding activity of LFAto ICAM1. However,
CXCL12 hdsen shown to have bi-directional functionin T cell migrationmediating entry

and exit from different tissue sitg®oznansky et al. 20Q0)
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.1.3.3 Differentiation of dfector T cels

Once naive T cells migrate to SLOs,"dDeklls can differentiate into distincthielper (Th)
subsets This differentiation ismediated through the encounter with cognate antigens
presented through MHC class Il molecules by APCs, the engagement of the TCR and its signal
strength as well as du& the induction of different cytokines and transcription factors
(Figure3). A strong TCR signal has been shown to favor Thl whereas a weak signasind
preferentially Th2 T cell differentiatiofTao et al. 1997)These subsets have varying effector
functions. Although Th2 T cells are required to eliminate extracellular pathogens such as
helmiths, pathogens such ag. gondi induce a strong Thl responsehl T cells are required

for the protection againsvariousintra- and extracellular pathogens as viass bacteriaor
parasites (lijima et al. 2008)Once migrated to SLOs, naive T cells differentiatie Th1 T

cells mainly de to binding of 1112 to the IL12 receptor leading to the activation of STAT4
(signal transducer and activator of transcriptionadid subsequent production of IFNIFN
serves as a positive feedbaldop to generate and maintaia Thl phenotype by enga

with IFN -receptor and thus inducing the expression of the Thl linesggific Toox
transcription factor (Ibet) via STAT1 signalif8zabo et al. 2000; Szabo et al. 20@)ring

T. gondiinfection, IL-12, which is expressed by cells of the innate immuneaasg, induces

Th1 differentiation and thesubsequentelease of IFNby these cells. Since IFi¢ the most
important mediator of resistance again3t gondii Thl T cells are important for parasite
control and host survival as this T cell subset exprelsggslevels of the cytokingGazzinelli

et al. 1994) Moreover, CD4 T cellspromote sufficient B cell activationduring the acute
stage ofT. gondiinfection. Antibodies released by B cese suggested to promotparasite
clearance by direckilling of the parasite(Kang et al. 2000Another mechanism of parasite
control indirectly provided by Thl T cells is the expression of CD¥#diich in turn can
activate antimicrobial effector functions in innate immune cells expressing CD40 such as
microglia and macrophagdéndrade et al. 2005; Reichmann et al. 200®)e transforming
growth factori (TGHF ) has been shown to inhibit the expression of {¥Md Fbet of Th1 T

cells and therefore functions as a molecutaritchto the generation of Th17 T cells. Th17 T
cells represent a further subset of CD# cells characterized by the expressiontioé
esseri A I £ G NJ y & O N refiincic AgidreftedopHamikceptongarimgand the

release ofll-17 and play an important role in response to extracellular bact@iartis and
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Way 2009) However, studies using mice deficient foilll_receptor, demonstrated a role of
this subset IinT. gadii-induced pathology as those mice were more resistanil tagondii
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 dflistinct inflammatory cytokinesiegulatory T
cells (Treg) are inducedinstead of Thl7 T cellsTregs are aspecialized 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 thyiftlieegs) or
differentiate within peripheral lymphoid tissugpTregs) During thymic development, cells
that have a higher affinity for seffeptides are preferentially selected ftne Treg cell fate.
This process is named agonist select{@hHora et al. 2013)In the periphery, TGF in
combination with 12 inducesthe expression ofineagespecific transcription factor FoxP3
(forkhead box P3) and thusducepTreg generation, whereatdifferent cytokines such as-IL
6, Il-4 and IFN have been shown to interfere with T&Related Treg differentiatior{Korn
et al. 2008; Wei et al. 2007; Zheng et al. 200HonT. gondiinfection, Tregdimit effector
function of T cells by decreasirige availability of IL-2. Decreased levels of-R_leads to
inhibited proliferation of both CD%and CD8T cellsand thus to reduced tissue damage
caused by inflammatory mediatorgTenorio et al. 2011)However,CD4 effector T cell
commitment is not exclusive as these cells demaatst a high plasticity potentiaRecent
studies suggest that especially Thl7 can also acquire a-likeegphenotype thereby

participating in antinflammation(Gagliani et al. 2015)

Besides CD4I cells, cytotoxic T lymphocytes (CTLs) also play a critical role in the elimination
of intracellular pathogens such as Influenza A virug ogondii.The combination of TCR
signaling, cestimulation by APCs and cytokine milieu are factaofkiencing thesize of the

CTL pool where 42 has been identified to play a dual role by increasing and limiting clonal
expansion through promotion of activatienduced cell deatl{AICD) aprocess that can be
circumventby the addition of IL15 (Marchingo et al. 2014; Marksonczalik et al. 2000)

Once activated by TCR engagement with its cognate peptide bound MHC class | complex,
CD8 T cells undergo rapidx@ansion and differentiate into mature CTIXILs lyse infected

target cells by expressing CD@fand or releasing the pore forming perforin and pro
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apoptotic serine proteases termed granzymes ifitw instanceT. gondiiinfected cells,
leading to cell apptosis of parasite bearing cellfHe and Ostergaard 2007; Simon et al.
1997) However, various studies demonstrated that cells infected wWitlgondiican avoid
cell death due toinhibition of CTinduced apoptosisby interfering with intracellular
signaling cascadd®olestina et al. 2003; Nash et al. 1998; Vutova et al. 208[fhough cell
lysis can be induced upon Fas ligation or perforin exposinis, processoften leads to
parasite egress, enabling gondiito infect surrounding cells including CTP®rsson et al.
2007) However, especially during chronic infection, CD&ells maintain immuty against
T. gondiiwithin the brain by establishing immune pressused thereby preventinghe

reactivation of encysted bradyzoité&azzinelli et al. 1992)

[.L1.3.4  The role okffector T cells during Influenza A Virus infect

Influenza A Virus (IAVs an enveloped virus and belongsthe family ofOrthomyxoviridae.

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. magglutininis required for virus attachment by binding to sialic aoicdtellsurface
glycoproteins and glycolipidef target cells(Gambaryan et al. 1997)Following viral
replication, neuraminidase removes sialic acid from the surface of infected cells thereby
enable viral spreadLiu 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 subtyyts novel ones
(antigenicshift) 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 imsediso
termed as antigenic drift can result in insufficient protection given by vaccingGox and
Subbarao 2000; Das et al. 2013he virus has a negative senssihglestranded eight
segmentedRNA genomevhich is amongt other PRReecognized by TLR7 or by TLR3 upon
viral replication Studies using TLR7mice demonstrated reduced viral clearance and a

failure to establish vaccinmduced immune response. However, neither LR TLRY
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deficiency inhibits T cell effector functidireer et al. 2007; JeisScott et al. 2012)During

IAV infection, the peak of viral replication occurs arour® @ays with viral clearance mostly
observed between 5 to 10 dayslifmving contagion. Accordingly, first CTLs are detectable at
day 5 with highest frequencies occurring on day 7 to 10 within the lwhgsfected mice
(Boianelli et al. 2015)CTLs support viral clearce by destroying infected cells mediated
through perforin/granzymedependent granule exocytosigoon TCR ligatiorTherefore, the
absence of CTLs causes a delay of viral clearance and reduces survival when challenged with
a virulent strain of IA\(Belz et al. 2002; Bender et al. 199Pjowever,Thl 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 ioleiral clearance
(Brown et al. 2012)Both CDZand CDS8T cells can independentBstablish immunological
memory whichsufficientlyprotects the host against an otherwise lethal secondary infection
(McKinstry et al. 2012)

[.L1.3.5 Memory T cells

Following a primary immune response-98% of antigerspecific effector T cells dergo
AICD The remaining cell pool is highly heterogeneous dadelopsa memory phenotype

with distinct features that differ in theifunctional as well asheir proliferative, migratory

and survivacapacitiegHarrington et al. 2008; Sallusto et al. 1998mounts of memory T
cells rise progressively with age as naive 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-flLand IE15 (Chetoui et al. 2010; Tan et al. 200R)emory

T cells have aigher proliferative potential and are less dependent on estimulation
compared to naive cells, leading to a rapid reaction upon recurrent infection. Memory T cells
can migrate to both, secondary lymphoid organs and pgeigl tissue compared to naive T
cells whichconstantly circle between the blood arg8l.OsTherefore memory T cellplayan
important role in immune surveillancéWeninger et al. 2001)or both, CD4and CD8T

cells, two classes of memory T cells can be distinguished: central mensonygfid effector
memory (Bm) T cellsWhereasTcm express fgh levels of adhesiomoleculeCD44 (Fcam)

andCD62L (selectin) as well aymph node homing factor CCRyoth being required for T
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cell entry into lymph nodeg¢Sallusto et al. 1999Yem lack CCR7 and CD62L expression but
up-regulate the senescence markdédLRGL (killer cell lectinlike receptor subfamily G
member 1) (Joshi et al. 2007)Tem preferentially migrate to nodymphoid organs or
mucosal sites which has been confirmed following influenza infectiamd show lower
proliferative capacities but a more rapid cytotoxic potential upon pathogeeneounter
compared toTcm (Bingaman et al. 2005; Obhrai et al. 2006; Wherry et al. 20032
enhanced responseaipon pathogen resncounter constitutes the lasis for vaccination.
Recent research demonstrates thatemory T cells provide host protection against
serologically unrelatedAV strains. In this contextegeral studies indicate thaespecially
memory CD#4 T cellsare cross reactive therefore providingrotection against multiple
Influenza strains derived from antigerdkift (Reber et al. 2018; Richards et al. 20Ibe
importance of IAV memory CD& cells has been illustrated duringet HIN1 pandemic in
2009 where patients with minor disease symptoms showsidb enhancediumbersof pre-
existing IAVspecific CD8Tem (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 domainof the TCR-chain cased an impaired
memory formation wheeas dfector function was unchanged, suggesting a role of TCR
signaling in T cell memory commitmefiteixeiro et al. 2009Additionally, figh amounts of
transcription factor Toet hasalsobeen shown to drive memory formation in favor o

generation(Intlekofer et al. 2007)

.2 CTL activationthe proteasome and its role during infectious diseases

.2.1 Structue and function of the 26S Proteasome

Theubiquitin-proteasomesystem isresponsible for the generation of MHC class | epitopes
in professional APCas well as during infections in other cell types such as epithelial cells
and therefore indispensable for a prope€TL activation The proteasome is a highly
conseved barrelshaped multiproteincomplex located within the cytosol and the cell
nucleus(Reits et al. 1997)Thefunctional proteasome complex composed of the 20S core

particle and at least ond9Sregulatory particle The 19S regulator can be located at one
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(26S) or both ends ofhe 20S complex (with the later referred to as 30S proteasome).
Another regulator is the IFMducible 11S complex. Proteasomes may also associate with
both regulators simultaneously which ieferred to ashybrid proteasome(Cascio et al.
2002) The inner core of the proteasome is named ZBgure4, left) andis composed of
four stacked heteroheptameric ring structurgsy Of dzR A y 3-I (ydR2 (i BR46irGNIy"S NJ |
Each of these ring structures contains seven subuhit$T( 1.7T 17§ "17) (Groll et al. 1997;
Lowe et al. 1995)Proteasomes & a major part of the ubiquithproteasomepathway
(explained inl.2.2 and provide a threonine protease activity required for protein
degradation(Seemuller etl. 1995) ¢ K 2 dzdakdi fsubunits reveal structural similarities,
their functions are immensely differenThe actualprotease adwe sitesare located within

the inner chamber of the proteasomand areexclusivelyprovided by three distinct subunits

Y I YSf gDelta)x » i(Z2) I Y Rs (MB1) resembling caspaskke, trypsinlike and
chymotrypsinlike activity (Arendt and Hochstrasser 1997; Heinemeyer et al. 196
cleavage specificities after acidic, basichydrophobic amino residues, respectly Figure

4, right). Thel9S regulatobindsto the h-subunits of the proteasomal core thereby serves
asa gatekeeper. Structurally, the 198gulatory complex is split into lid and base where the
base is composed dafix AAAATPases (Rp) that form a heterohexameric ring arfdur
non-ATPase subunittkpnl Rpn2, Rpnl10 and Rpy)1®ponATP bindingo the Gterminal
hydrophobictyrosineX (HbYXinotif of RPt2 3and RPt5, the repressed conformatiohthe
h-rings that normally restricts substrate entrance, is released and #wables substrate
entry into the catalytic core(Gillette et al. 2008; Smith et al. 2007; Tomko et al. 2010)
Therefore, poteins that are designated for degradation are recognizedh@ge regulators,
unfolded and translocated into the 20S catalytic core where the substrasebsequently
degraded(Thrower et al. 2000; Whitby et al. 200Before entering into the catalytic cavity,
substates aredeubiquitinated mediated by deubiquitinating enzymesmmed DUBs or by
certain proteasomal subunits such as RPN11 which allows the ubiquitin to be recycled

(Verma et al. 2002; Wang et al. 2016)

26



Introduction

Composition of 26S proteasomes Cleavage specificities

26S proteasome

- % ~ - Ey— DUBs
19S regulator 19S regulator

. 20S core

Lid + Base ———

Protein Substrate
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Figure4 Composition and cleavage preferences of 26S proteasariié®e 26S proteasome is composed of tdefferent
complexes, the 19S regulator which translocgpeoteins intothe inner core (20Sdf the proteasome. The inner cors
composed of four sigked ringd g A G K (-8R y 2 @z IS WR-Anggharbofingsix Srotdolitically active subunits

(left). Ubiquitintagged substrate is deubiquitinated \idUBs and subsequently degraded mediatedHsge proteoltically

active subunitswith different cleavagespecificities, wherel m rovide a caspasé A { S&trygsimf A 1 S lay R |
chymotrypsinlike activity (right)The presented figure is modified frofi{loetzel 2004)

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

In eukaryotic cells, the UR8rves as a primary quality control mechanism by degradation of
misfolded, unassembled or damaged proteidmm et al. 2014; Seifert et al. 2010)
Disturbances in this pathway can leadaiwaggregaion of toxic proteinsgthat contributes to
diseases and amongst othBasbeen associated with neurodegenerative aliders such as

| dzy G A y(BidzRen@rilez et al. 2003) Y R | f T dsBase(ABDNI AD, it has been
aK2gy (KI i3 aprotéinttiathaggregates in neuronal cells and is a critical factor in
AD pathology, is ubiquitinated via the -B@ase parkin and degraded through proteasomal
activity. Inhibtion of the proteasome with the inhibitor MG132 led to reduced degradation
2 T id vitro (Rosen et al. 2010Thus, proteins which are designated for degradation are
ubiquitinated, requiring a sequence of three enzymatically stdggufe5). First, an ElL
activatingenzyme catalyzethe acytadenylationof ubiquitin at its @erminus in an ATP
dependent manner thereby forming an energgh thioester bond Once ubiquitin is
activated, it is recognized by an-E@njungating enzymand transferred to itsactive site
cysteine This process is followed byethrecognition of a E3ligase which facilitateshe
covalent ligationof ubiquitin to a lysine residue of a target substrgiegmm et al. 2014,

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

are either K11 or K48linked (with the latter being more important for proteasomal
degradation)are designated for proteasomal degradation while #i6Bed proteins are
targets of the lysosomal degradation pathwayowéver, 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 URS not only involved in the maintenance of cell homeostasis but also
plays a major role in the regulation of crucial cellular processesiding theinduction or
prevention of apoptsis by modulating prapoptotic mediators such as p5&hen et al.
2008; Concannon et al. 200 Nloreover, the UPS is involved in the regulatiorcell cycle
progressiond & S RNJ R I dydliddgpergidnt kinase inhibitorsuchas p21°P! or p27€ipl
(Nguyen et al. 1999; Sheaff et al. 200D)eatment with these inhibitors resulis ablocked
G1/S transition and therefore provokeell cycle arrestin addition the UPSs involvedin

the regulation of a variety ofinflammatry processes. On the one hand this pathway
determines the availability ofipotal signaling moleculess for instanceby degrading the
NFS . AY KA 0 Buiilig &do has .afundamental rolsn CTL activation due to its
involvementin MHC class | epitope generatifhanaka et al. 2001; Vu et al. 200Bgptides
produced by the proteasome are transported to the lumen of the endoplasmatic reticulum
(ER) via TAPréinsporter associated with antigen processing heterodimer composed of
TAP1 and TAP2. Gn¢ransported into the ER, precursor peptides designated for antigen
presentation can be further trimmed bgndoplasmic reticulum aminopeptidageERAPY or

2 (York et al. 2006)MHC class | molecules are heterodimers composed of a Heakgin
andi Hmicroglobulin Within the ER lumen, the:dHGcomplex isassembled. For complex
assembly, resident chaperones such as ERpBdof#asmic reticulum resident protein b7
mediating the folding of the MHC moleculdgereby utilizing TAP which provides a scaffold
(Zhang et al. 2006)n a next step, tapasifacilitates the binding of peptides to the newly
assembled complexDong et al. 2009)This is followed by the dissociation of TAP which
enables the newly generatedMHGcomplex to betransported through theGolgi to the
plasma membrane, resulting in subsequent epitope presentation to" T@lls(Spiliotis et

al. 2000)
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Ubiquitin-Proteasome-Pathway
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Figure5 The ubiquitinproteasomesystem and its functionProteins 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 energit first, ubiquitin becomes activated @uto an Edactivating enzyme. The activated
ubiquitin is then conjugated to an E2njungating enzyme. Thisewly formedcomplex isfurther recognized by an E3
ubiquitin-ligase which mediates the transfer of ubiquitin to its proper substrate. The ubiqtatiged 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 foethigogeof

MHC class | epitopes. Peptides, which can be further trimmed through aminopeptidases, are transported to the
endoplasmic reticulum and loaded to the peptilendinggroove of the newly assembled MHC class | complexes. En route
to the plasma memiane, the p:MHC complex passes tBelgi apparatus, and the epitope is presented to €D&ells
leading tothe activationof these cellsThe presented figure is modified frof@roettrup et al. 2010)

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

The immunoproteasome(i-proteasomg is an isoform of the standardproteasome (s

proteasome) which isonstitutivelyexpressed in cells of herngpoietic origin. Whereas the
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s-proteasome is expressed in nearly all mammalian celpgpteasomes assembly can be
induced upon stimulation with type | or Il interferons or upon challenge with LPS in a variety
of cell types(ArellaneGarcia et al. 2014Reis et al. 2011; Seifert and Kruger 2008)
Comparable to the -proteasome, the -proteasome incorporates three catalytically active
subunits termed 1 or LMP2 (lowmolecularweight protein),i o or MECEL (multicatalytic
endopeptidase complekke 1) andi si or LMP7 withsimilar butslightly altered cleavage
preferencesand significantly faster epitope generation compared to theiprsteasome
equivalents (Seifert et al 2010; Toes et al. 20Q1However, intermediate proteasome,
containing both sand iproteasome subunits, have been reportfde et al. 2003; Guillaume
et al. 2010) A special variandf proteasomess assembledxclusively icTECs within the
thymus The incorporation o& subunit named s: has been demonstrated to resuh the
generation of rather lowaffinity-MHC class ligands compared to proteasomes containing

eitheri s ori 5; (Murataet al. 2007)

In response to IFN not only tproteasomes are induced but also ROS, leadinght® t
accumulation of oxidantiamaged proteins. In this contextproteasomes have been shown
to maintain cell viability due to an increased peptide degradation rate compared to s
proteasomes alonand therefore can rapidly respond to infectiamduced alteationswithin
host cells(Ebstein et al. 2012; Ebstein et al. 2013; Opitz et al. 2011; Seifert et al. Z01#D)
of the best described roles of the immunoproteasome isintportant role in MHC class |
presentation which is indispensable for CD8& cell activation during infectious disease.
Therefore, the absence ofproteasomal subunits and its effect on CDBcells has been
studied intensively. The absence of one orrmasubunits have been associated with
decreased CDS8T cell numbers and reduced effector function durifiggondii, Brucella
abortus and influenza virus infection accompanied by reduced !IFR¥id granzyme B
expression(Chen et al. 2001b; Guimaraes et al. 2018; Tu et al. 2@®troversially|FN
expression in LMP2/MEQ- mice, additionally treated with a LMP7 inhibitor, was not
altered in a mouse model for choriomeningitisuginfection (Basler et al. 2011hinting to
different functions of the fproteasome under different infeatin conditions.As mentioned
before, the proteasome has a function beyond mere antigen procesggumulating
evidence indicates thatproteasomes also influence the activation of-Ng- pathway and

expression of prenflammatory cytokinesin this regard,non-obese diabetic (NOD) mice
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which have an inherent defect in LMPshowed defective activation of NfB pathway due

to decreased generation of p50 and p52, leading to reduced aelliv&al upon TNF
stimulation. Moreover . MP2deficiency is associated with reduced expression levels of TNF,
IL-6, IFN and 11 in DCs upon IAV infectiqtdayashi and Faustman 1999; Hensley et al.
2010)

[.3 Src homology domain containing phosphata8¢SHP?2)

[.3.1 The role ofSHP2in juvenile myelomonocytic leukaem{@MML)

JMML is a rare but aggressive myeloproliferative/myelodysplastic disorder that accounts for
1-2% of all pediatric leukemia and is usually diagnosed in young chitfddeypears 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)n¥35% ofall IMML cases the cause of disease can be traced back to
various single poinmutations inside the PTPN1lgene locus encoding the Src homology

domain containing phosphatase 2 (SHP3rtaglia et al. 2003)

SHP2 is anon-receptor tyrosineprotein phosphatasewhich containstwo tandem Src
homology (SHR domainsat its Nterminus (N-SH2 and GH2), followed by dyrosine
phosphatasecatalytic PTP domain and @terminal tail including two major tyrosine
phosphorylation sitegTyr542 and Tyr58@nd aproline-rich motif (Freeman et al. 1992; Lu
et al. 2001) Inits basal statethe NSH2 domain of SHP2 interacts with it§# domain
thereby blockingsubstrate access tthe active site(Hof et al. 1998)Upon encounter with
an appropriate ligandcontaining phosphotyrosylsuch asinsulin receptor substrat€IRS)
SHP2 lecanges fromits closed and thezfore inactive conformation toits active stage
thereby releasingthe PTP domain(Figure 6). The free PTP domain catalyzes tyrosine
dephosphorylation of various signaling molecules such as membetse@rc kinase family

(Sugimoto et al. 994; Zhang et al. 2004b)herefore,SHP2 influences a variety of signaling
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pathways. Accordingly the two most common point mutatisof SHP2 associated with
JMML, D61Y and E76Bausea consecutive active formation of the phosphatase and are

associated with increased RERKand AKBignalhg pathwayactivation(Mohi et al. 2005)

Basal state: Ligand bound:
Inactive Active

tyrosine-phosphorylated
binding partner @lisubstratelie>,

O p Catalizes tyrosine

dephosphorylatior

blocking substrate access \J/'

Releases PTP
’ RTK / cytokine / TCR signaling

RAS/Erk JAK/STAT PI3K/Akt
pathway pathway pathway

Regulation of cellular growth, survival, differentiation and migration

Figure 6 Activation and function of SHE In absence ofan appropriate ligand oreceptor 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 changeere the NSH2 domain releases the catalytic PTP domain erptiim
dephosphorylationof signaling moleculgghus regulating cellular growth, survival and migration through modulation of
downstream pathways RAS/ERK, JAK/STAT and PI3Kheresented figure is modified frof@iu et al. 2014)

[.3.2 SHP2 and itsfluence in signaling pathways
[.3.2.1  SHP2 modulate3AK/STAT pathway

As a phosphatas&HP2 influences a variety of signaling pathways, such as th8THK
pathway, indispensable for a proper immune respon&agagement of IFN with its
heterodimeric receptor, compased of two chainsIFNR1 and IFNR2 leads to the
oligomerizationof thisreceptor. This process caus¢he pre-associatedlanus family kinases
(JAK) 1 ad 2to come into close proximity, thus enabling traplsosphorylation of each
other andintracellular domais of the receptor, e.g. tyrosine phosphoryteon of residue

Y440 withinthe IFNR1chain thereby providinga docking site fothe transcription factor
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STAT1Subsequently, $NT1 is phosphorylated aerine residue Ser72and tyrosine residue
Tyr701 leading tohomo- or heterodimerizatione.g. with STAT@riscoe et al. 1996; Shuai et
al. 1994; Zhanget al. 2017) Dimerized STAT1 dissociates from the receptor and is
translocated into the nucleus where it relates gene expressidoy binding toGAS gamma
interferon activationsite) element (Huntelmann et al. 2014; Satoh and Tabunoki 2013)
Studies using SHPZibroblasts demonstratedn increased phosphorylation of JAK1 as well
as a prolonged phosphorylation of bothSer727 and Tyr70lin STAT1,whereas
overexpressionof the phosphatase diminishes IFMduced STAT1 phosphorylation.
Therefore,SHPZhas beenidentified to modulate the inhibition of STAT1 signaling on two
levels by direct dephosphorylationof JAK1 andby inactivating pSTAT1 even when
translocated to tle nucleugWu et al. 2002; You et al. 1999HP2 ha been identified as a
negative regulatomalsofor other STATs.Hésphorylation of STAT3 andwas shown to be
inhibited in SHP2 oveexpressing cellsipon stimulation with GMCSF otL-3, respectively
(Chen et al. 2004; Zhang et al. 2Q0%ccordingly deletion of SHP2 alsenduced
phosphorylation of STATand promoted cell differentiation resulting in larger tumor
formation in a mouse model adsophageal squamous cell can¢&i et al. 2017) Despite
being a negative regulatogrowing evidencesuggests that SHP&lso promotes JAK/STAT
signaling under distinct condition®kecently it has been showtihat STATHSctivation is
impaired following prolactin stimulation imammary ¢and céls obtained fromSHP2 mice
(Ke et al. 2006)Accordingly, dllowing prolactininduced JAK activation,SHP2vas found to
prevent JAK2/®CS (suppressor otytokine signalingl) interaction by deposhorylation of
tyrosine residue ¥007, thus inhibitingSOCSinduced ubiquitination and degradatioof
JAKZAIi et al. 2003)

1.3.2.2  Modulation of RAZERKand PI3/AKT pathwayy SHP2

RAZERK as well as PI3/AKPpathways are major regulatos of cell differentiation,
proliferation and survival.ln response to growth factors, including epidermal growth factor
(EGH, platelete derived growth factofPDGlror fibroblast growth facto(FGF, RASERKand
P13/AKTpathways areinitiated. Binding of a growth factor to its concordant receptors,

named eceptor tyrosine kinasedRTIs), leads todimerization of theextracellular domairof
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the receptorwhich allowguxtaposition of theintracellularcatalytic domainsThus enabling
transphosphorylationof tyrosine residuesdue to kinase activityof the receptorsitself
(Downward et al. 1984, Garrett ei. 2002; Hazan et al. 1990)his process forms a docking
site forthe SH2 domains of adaptor moleculesch asGrb2(growth factor receptotbound
protein 2) therefore mediating the recruitrant of substrate to the activatedeceptor. Grii2
forms a complex with son of sevenless (S@fyeby mediating the recruitment of SOS to
the plasma membranevhere it interacts withrat sarcoma RA$. In its inactive state, e
small Gprotein RAS igguanosine diphosphate(GDRP-bound. SOS,a guanine nucleotide
exchange factgrmediates the activation oRASby catalyzing the exchange @&DPto
guanosine ftiphosphate (GTH, leading to a conformational change and enabling the
engagement with dow-stream signaling molecule@Buday and Downward 1993; Li et al.
1992) ActivatedRASurther associates with the dowstream serine/threonine kinase RAF1
This interactioninducesthe activation ofa kinase cascade leading to phosphorylation of
MEK1/2(mitogen-activated protein kinase kinayand downstream to the phosphorylatian
and thus activation of ERK1/2(extracellular signaregulated kinases(Aoki et al. 2013;
Kyriakis et al. 1992; Payne et al. 19%¥1)second interaction partner d®ASs the family of
the phosphoinositide &Kinases(PI3K). Activated PI3K conve®$R (phosphatdylinositol
(4,5)bisphosphate)ipidsinto PIR (phosphatidylinositol (3,4,5isphosphate at the plasma
membrane PIR binds to AKT enabling PDK1 ghosphoinositidedependent kinas€l) to
phosphorylate AKT in i&ctivation loop Activation of AKTesults incell cycle progressiony
inducingfor instancecyclinl, and cell survival by inhibition of prapoptotic mediatorssuch
asforkhead box O3FOX0O3) anthembers of the Be2 family (Alessi et al. 1997; Guertin et
al. 2006; Kennedy et al. 1999)

SHP2 activity is required for sufficient activation of RBEERK pathwayn response to RTK
stimulation Studies using single point mutations within the PTP doméiich renderedhe
phosphatasecatalyticallyinactive confirmed a major role athe PTPdomainof SHP2n ERK
activation (Kontaridis et al. 2006)Accordingly, bcking of SHP2 phosphatase activity by
using specific SHP2 ibitors led to decreased phosphorylation of ERK akdin human
glioma cellsn vitro where SHP2 has been associated viRASactivation Although, SHP2
dephosphorylatesRASby bindingthe protein preferentially in its GT®ound stage, his
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process is nexssaryfor the RASGTPase cycldhus enablingRASo0 associate again with its

downstream effectors and maintain signali(f@unda et al. 2015)

[.3.2.3 TCR signalingnd SHP2

In addition to the pathways mentioned aboy&HP?2 is also involved the regulation offCR
signaling(Figure 7). The TCR complex mainly consists ofhdn heterodimer (vith */4
expressedn a minor fraction of T cellsssociated wita CD30K | Ay ® ¢ KS h ki KS{
characterized by constant region (C), connecting the receptor to the plasma membrane
and a variable part\{) containing the antigetbinding site.The associated CEains, the

sk k4 YR ¥ kNB KSy BNERSY Jarerequiked 162 iRracélbInI signal
transmission(Birnbaum et al. 2014; Li et al. 201The TCR is crucial for T celllbgy as it
regulates Tcell homeostasis, activation, and survivdlCR signaling is initiated upon
recognition ofantigenic peptides associated with either MHC class | (@MHC)presented

on APCs. Nevertheless, T cells need-atitoulatory signalsuch as theengagement of CD28

on T cells and CD80/CD86 on AR&€become completelactive(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 cereceptors CD8 and CD4 with MHC class | or Il, respectively, which also
participates in TCR signalinthe cytoplasmic part of the T@Rsociated CD3 chaigst = & X
FYR YO0 O2ydlAya A-VatahAGiwioOBatils @TRNs) vihiRagecical
for signal transductionSince TCRs have mirinsic catalytic activitysignaling downstream

of the TCR requires eascade otyrosine phosphorylation which is orchestrated by the
tyrosine kinases Lclymphocytespecific protein tyrosine kina(and Zap70 (Zetachain
associated protein kinase Y0In response toTCRstimulation, the Src family kinasé.ck
phosphorylate the ITAMs. Once phosphorylated, ITAMs bind to the SH2 domaA#t70,
bringing the kinase into close vicinity lofk(Artyomov et al. 2010; Li et &#017; Straus and
Weiss 1992; Turner et al. 199@hosphorylation ofZap70 by Lck is required for full
activation of ZAR70. Upon activation,ZAR70 in turn phosphorylates several tyrosine
residues on LAT (linker for activation of T ce(Bpz et al. 2001; Yan et al. 2013)
Phosphorylated LAT orchestratethe formation of asignaling complex, named LAT
signalosomeincludingGrb2/30S GADS/SLP6,t [ #1,/ADAP (adhesieand degranulation

promoting adaptor protein), and the RHamily guanine nucleotide exchange factor Vavl
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(Coussens et al. 2013; Jackman et al. 1995; Lewitzky et al. 2001; Zhang et alTR&00)
formation of the LAT signalosome promotes the activation of additional downstream

sigraling pathways, thus leading to actin reorganization and transcriptional activéEiaono

etal. 1998)C2 NJ G4 KS f I G0 S NI is of KeticutaGrapbraicé. & thi €ontexf, / -

t [ {1 catalyzes thdwydrolysisof the membrane lipid PIP2 to IP®3 binds to its recepton
the endoplasmicreticulum leading to Caflux into the cytoplasm and to the further
activationnuclear translocatiorof the transcription factor NFAT olear factor of activated
T-celly (Vig and Kinet 2008 t-I dlso generateDAG (diacylglycerol) which in turn
YSRAIFIGSa GKS | O0A @I G iiEetd), 2kihase réqued foraHelBamSIy v
of the CBMcomplex The CBMcomplexfurther activatesthe IKK complexgomposed othe
OFGFfedAaol U WWR ki KSLINNERFSIk yKa(pRobidhdoy@itadh € Linhiitord
L % at two N-terminal serinesthereby inducingubiquitin-dependentdegradationvia the
ubiquitin-proteasomesystem Degradation ol. . Sy |th@ fra@slocationof b C Binto
the nucleus Once in the nucleus\F® .mediatesthe expression of transcription factors
essential for T cell differentiatiomd proliferation(Adli et al. 200; Alkalay et al. 1995; Lin et
al. 2000b; Liu et al. 2017dph addition,DAG activateR AS=nabling subsequerihduction of
RA®Raf/Mek/ERKpathway leading to the activation of APZXactivator protein 1) a

transcription factorinvolved incell division and aguiosis(Schmilt et al. 2012)

Studies using a SHRZsteing> to serineinactiverevealed a link between SHP2 and TCR
signaling It appears that SHP2 forms a complex including Grb2 ankifi8e required for
the activation of ERK2 upon RGtimulation in Jurkat dells(Frearson and Alexander 1998)
In contrast, studies using the same mutationwhich mimicsoxidation of the oxidation
sensitiveactive cysteine withirthe PTP domainthus leadingto the inactivation of SHR2
indicated a negative role of SHP2 in TCR signdlirglation of this site has been associated
with ROS productiorupon TCR stimulatigithus suggesting that the function of SHP2 is also
downrregulated upon TCR ligationUsing this mutant it has been shown that
phogphorylation of adapter moleculeDAPand GTP exchange factor Vawithin the Gadg,
SLP76 complexwas increasedipon inactivation of SHRZadingto integrin clusteringand

therefore enhanced adhesion in Jurkat T c@flaon et al. 2005)
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Moreover, SHR also playsminhibitingrole in the regulation of TCR signalinginteracting
with inhibitory receptors(Figure7). Onecritical regulator of T cell activation is the negative
co-stimulatory receptorprogrammedcell death 1(PD1) which counteracts positive co
stimulatory signals such a€D28:CD80nteraction and therefore is essentiah T cell
maintenance andmmune homeostasidn activated T cell$?D1is increasingly expressed in
atmeRSLISYRSY (G YIyySNI t S| RA Y Ivatibréinduted €ef tletith. a SEK |
PD1 becomes activatedpan engagement with its ligan@DL1 and 2 with the latter
predominantlyexpressed orAPCsFollowing activationPD1 formsmicrocluster withTCRs
thus inducing dephosphorylation of proximal signaling molecules SHP2 Accordingly,
binding of SHP2 tthe phosphorylated ITSM (immunoreceptor tyrosibased switch motif)
of PD1 ferries SHP2 into close proximity of its substrateach as Lck and ZAB, thereby
enabling termination of proximal CRsignaling(Latchman et al. 2001; Sheppard et al. 2004;
Yokosuka et al. 2012Alsoimportant, PD-1 ligation preferentially dehosphorylates CD2&

a SHPalependent mannerthus indirectly terminatingTCRnduced T cell activation since
co-stimulatory signal is necessary to maintain aciimat(Hui et al. 2017)Another critical
negative regulator of T cell activation and proliferation is CZl@ytotoxic Flymphocyte
associatéd protein 4) which shares the same ligands as CD2&kosuka et al. 2010).igation

of CTLA4 reduces T cell:APC immunological synapse formation in a sfgtipbral manner
(Schneider et al. 2008)Although CTL-A provides no direct binding siteor SHP2, co
precipitation expennents showed the association of this receptor and the phosphatase
indicating that SHP2 is involved@TLA4-mediatedT cell inactivation by dephosphorylating
e.g.the ¢ / whain(Lee et al. 1998; Schneider and Rudd 2008¢refore and in contrast to
other cell types SHP2is associated witha rather negative role in TCR sigimag by

dephosphorylation of pivotal signaling molecules.

1.3.2.4 SHP2 and its influence on B signaling pathway

The nuclear factor NFB is a dimeric transcription factor artths mainly been studied fats
inflammation promoting potential as activation redts in the expression of various genes
related to preinflammatory cytokines such as-lLand TNF, chemokines and adhesion

molecules. Despite being required for an inflammatory response, NF Imbdal&tescell
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survival. In mammaliars five different variants of the transcription factor are known

including NF . M 0 LIMn g K Wp MAIv ntn®& LIp H 0 X vREIUhder didrdeap 0 = wS
conditions, NF . R A Y &fdified ih &ilBnactive form within the cytoplasm due to its
assodation with inhibitory L ¢ . LINRdAC<A y1ad L ¢ . h<d, aRyWBSRIISINENE CC
initiate dimer dissociation from the DNA and mediates the transport back to the cytoplasm
(ArenzanaSeisdedos et al. 1997For the activation of the nuclear factor two distinct
pathways are known, the canonical and the amanonical NE . LI ( KSg.I 81O (bXCO I G A
is nitiated upon cytokine receptor triggerindue to stimulation with growth factors or TCR
engagement and its proximal signalirfgigure?). Induction of theNF* . LI GKgl & Ay ¢
results in the activation of théKK complexas described in.3.2.3.2 KSNBI & LYY AY
the canonical pathway, thaon-canonicalNFB pathway is mediated due to the activation

of IKK (Zandi et al. 1997)n either casetheL YY O2 YLJ SE LIK2aLK2NEBf I (S
are subsequently degraded by the protease thereby releasingNF*B dimers to the

nucleus For complete activatigrproteolytic processing of the inactive precursors p100 or

pl105 to fully functional p52 or p50, respectively, is required. Processing of p100 is mediated

by the activation othe NFB inducing kinase NIK in the naanonical pathway, whereas
processing of p105 requirdsrther proteasomal degradatio{fPalombella et al. 1994; Xiao et

al. 2001)

Comparable to the pathways describedbove, SHP2 also influences the-N-signaling

pathway thereby modulating inflammation.tuslies using SHP2 mutant in fibroblass

showed that the phosphatase modulates the activatiorthaf non-canonical Nf . LI G Kgl &
leading to almost abolished expression ob)lindependent of MAPJctivation Moreover,

SHP2 has been identified tmnstitutively associateg A (i K . As ¥ ¥e8u| SHP2leficient
FAONROEf Al FFEAESR (2 STTAOASY(t aimddkigdindJK 2 NB f
(You ¢ al. 2001) In contrast SHP2 waalsoshown topositively influenceNFS . | OGO A @ G A
by promoting viral G proteircoupled receptorsignaling expressed byajgosi sarcoma
associated herpesvirysvhereas mman embryonic kidneyHEK)cells additionally treated

with SHP2 shRNA showed only reduced activation &f NR vitro, implyingdifferent roles

of the phosphatase in NF. & A depdnding ghdhe cell typ@Bakken et al. 2010)
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Figure 7 Regulation ofsignaling pathways by SHP2 Upon TCR engagement witts cognatepeptideMHC complex,
signaling is initiated leading to the recruitment tbie Srcfamily kinaseL.ckmediating thesubsequent phosphorylation of
ITAMs of the CD3 CD38, CD3 and they chain within thecytoplasmic tail of the TCR. Phosphorylation of ITAMmtes
the recruitment ofZAR70and its phosphorylation viack ActivatedZAR70further phosphorylates four important tyrosine
residues on LAT leading to the recruitment of diverse signaling meesliand generation of a mulprotein complex
termed the LABignalosome. The LAIgnalosoménducesdown-stream signaling pathways suchMB¢B due to PLCor
the MAPK and AKT pathwaiyp aRASdependent mannerin order to prevent excessive T celligation once the cascade is
initiated, different mechanisms counteract TCR signaling. THiehiioitor PD1 terminates TCR signaling by activation of the
phosphatase SHP2. SHP2 binds to the cytoplasmic ITSM datilEnPDB1 formsmicro-cluster with TCRthereby brings
SHP2 in closeicinity to proximal signaling kinasesuch as Lck and ZAR70 resulting in dephosphorylationof these
molecules. In a similar manner SHP2 counteracts signadihgo-stimulatory molecules by dephosphorylating CPggis
blocking further T cell activatioin contrast SHP2 alsenhancesMAPK and AKT signaling by dephosphorylatingl&tiRd
RASwhichenablesthe proteinto associate again with its dowstreameffector molecules thereby maintaining signalihg.
other cell types such as fibroblasts, SHP2 has been shown to associate Wiih tK&eby driving norcanonical NFB
signalingThe presented figure is modified frofBrownlie and Zamoyska 2013)
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[.4 Toxoplasma gondiiT. gondi)

T. gondiiis an obligate intracellulgparasite ofthe phylumApicomplexawith an estimated
distribution of more than 30% seropositive human worldw{&éegr 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 ndupregnancy
(Chemoh et al. 2015; Jenum et al. 1998; Nissapatorn et al. 20049plasmosis is a zoonotic
disease and one of the leading foodborne illnesses. Prevalente gndiiinfection varies
largely between countries, depending especially on culinargittaor 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 alsuse toxoplasmosis in recipients

(Khurana and Batra 2016)

[.4.1 Life cycle off. gondii

T. gondiiis a cyst forming parasite abte 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 felidadamily. Ingestion of parasite beagntissue cysts leads to vacuole
rupture mediated through gastric enzymes. Due to this process the former encysted
bradyzoites, normally a latent or slow growing stageTofgondiilife cycle, invade host
enterocytes of the small intestine causing intestinal inflammafibobey 1997; Dunay et al.
2008) Whereas in all intermediate hosts bradyzoites differentiate directly into fast
replicating tachyzeés within the intestine, in felines they first undergo several asexual
expansion rounds by forming merozoites within schizomiigre8). Merozoites develop
further into micro- and macrogametocytes, whemicrogametocytedertilize the latter and

as a resulgeneratediploid zygotesvhich then develop into unsporulated oocysts that are
shed by feces.The oocyst undergo meiosisfollowed by mitosis toform 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 vehi¢Rierly et al. 2008; U et al. 2014)To infiltrate cellsT. gondii
tachyzoites use actidependent gliding motility which is a mechanism unique to family
members ofApiconplexa. Gliding motility is mediated via the actimnding 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(Paattner et al. 2008)in
immune-competent hosts, dchyzoites areffectively controlled by cell mediated immunity
leading to the conversion into slowly replicating bradyzoites. Through the formation of
persisting tissue cysts with @arbohydraterich cyst wall,the parasite establishes a latent
infection within the brain, heart and skeletal muscles for the lifeticth@ohost(Dubey 1997;
Dubey and Frenkel 1976; Fergus2io4)

Definite host Environment Intermediate host
feline mammals and birds

Schizogony Vi Sporozonte§ D|ssem|nat|on

Sporulated Oocytst

Q@.@ = W J;<

Merozoites Oocyte Tachyzoites
ooy
066 . [Chancicion] Y

Micro/ ’%

Macrogametocyte Bradyzoites Encysted Bradyzoites

Figure8 Life cycle ofToxoplasma gondiiSchematic representation of sexual and asexual replication of the opportunistic
intracellular parasiteT. gondii Sexual replication only occurs in the definite host. Following ingestion of sporozoites or
tissue cyst through consumption of an intermedi&iast, parasites infiltrate the lamina proprid 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 genewdifoid zygotes develapg furtherinto unsporulated oocysts

that are shed by feces. After sporulation, gondiiwithstand even harsh environmental conditions and can infect virtually
all kind of warrdblooded animals as intermediate hosts. In the intermégliost, bradyzoites or sporozoites develop into
the fast replicating stage named tachyzoites. Tachyzoites multiply asexually withiragitophorous vacuol@ the small
intestine and disseminate through the whole organism e.g. into the brain. Theranfexy preferablyneurons and after a

few divisions remain as slow growing bradyzoitaghiw persisting tissue cystShe presented figure is modifiefdom
(RobertGangneux and Darde 2012)
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[.4.2 Strategies ofl. gondiito escape detection of the immune system

The parasite has evolvedriousstrategies to evad@rotective immunity and facilitate lorg

term survival within its host, making. gondiito one of the most successful pathogens. One

of these mechanisms is the development into low proliferating bradyzoites and their
subsequent cyst formation thugmiting antigen presentatiorf its host celland acting as a
barrier for antiparasitic compound# variety of pathogens have been shown to inhibit MHC
class 1l antigen presentation includingnycobacterium tuberculosisor human
cytomegalovirus to maintain a persistent infectigiincaid and Ernst 2003;ilMr et al.

1998) Smilarly, T. gondiialso mediates the dowmodulation of MHC class Il pathway by
influencing JAK/STAT signaling. More precisely, the parasite inhibits the nuclear
translocation of theactivated down-stream moleculeSTAT which is necessary for the
transcrption of various IFNinducible genegLuder et al. 2001)in addition, infection with
tachyzoites influences other host cell signaling pathways thus rendering immune cells such
as macropages unresponsiv® the antimicrobial cytokine IFN g KA OK A& y20 2y f
for controlling parasite replicatiomut also to induce macrophage activatighang et al.
2012) Upon infection & macrophages or neutrophilstranslocation of NF . RelA is
inhibited by the intracellular parasite, leading to diminished secretion of the- pro
inflammatory cytokines HL2 and TNF. Further investigations revealed thatgondiialso
triggers the releaseof the anttinflammatory cytokine H10 by inducing STAT3
phosphorylation (Butcher et al. 2001; Butcher et al. 2005\nother mechani® to
circumvent immune detection is mediated through tipeevention of host cell apoptosis.
Following tachyzoit infection, the parasite manipulates apoptotic pathways by selective
degradation of preapoptotic proteins such as BAX Belssociated X prota) and BADRct
2-associated death promotgrbut not anttapoptotic Bcl2 B-cell lymphoma 2 itself
(Carmen et B 2006) Therefore, T. gondiiacquired 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 afecti
diseases but not in all; contradicting data raised the question of a pathdgpandent
inflammationmodulating role of the-proteasome(Ersching et al. 2016; Guimaraes et al.
2018; McCarthy et al. 2016lPreviously, 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 gondiinfection which was associated with reduced effector function and
decreased proldration of CD8T cells(Tu et al. 2009)However, effects of-proteasome
deficiency in cerebral toxoplasmosis remained elusive. In the first part of this workolée

of the proteasome in the context off. gondiinduced chronic neuranflammation was
analyzed. To fully study the effects gfroteasomedeficiency and to avoid the formation of
intermediate type proteasomesprotein complexes containing a mixtuaé both + and s
proteasome subunits, mice that are deficient for all thregrateasome subunits MEEIL,
LMP2 and LMPWere used The objectives of this study were to analyze the recruitment of
various immune cells to the CNS as well as to study their activasitiern and how the-i

proteasomeparticipates in the establishment of a chronic cerebral infection

Studies using consetive active mutant forms ofPTPN1lhave demonstrated that the
phosphatase SHP2 is involved in the pathogenicity of human diseases, especially leukemia.
Therefore, SHP2 was identified as jomcogenic but its role in cancer progression remains
controversid Recently, a decrease of SHP2 has been linked to human hepatocellular
carcinoma suggesting a tumor suppressive role of the phosphgBaetChapeau et al.

2011) Along this line selective deletion of SHP2 in CEells demonstrated increased
melanoma tumor progressiofZhang et al. 2013)The contrasting results strongly indicate

that function of SHP2 differ depending on the cell ty@eivenile 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 functiofChan et al. 2009; Mohi et al. 2009)herefore, 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 leukemaa well aggeneral effects of this gint mutation

on development, survival and activation in T c€lle specifically target T cells, SPP®wt

were crossed to prd cell receptor alpha cre mice
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Il Material and Methods

[I.1 Technical Equipment

Thefollowing equipment was used thesestudies.

Equipment Supplier

AutoMACS® Pro Separator

Miltenyi

Biometra Trio

Analytic Jena

Cawomat 2000 IR CAWO
Centrifuge 5415 R Eppendorf
Centrifuge Mega Star 1.6R VWR
FACSATrid 111 BD

Heraeus Multifuge 3SR+

Thermo Fisher

Heracell240Incubator

Thermo Fisher

HomogenisatorPrecellys® Evolution VWR
LSRIIFortes$d BD
LightCycler® 480 Instrument Il Roche
LightCycler® 96 Instrument Roche
MACSQuant® Analyzer Miltenyi
Microscope Primovert Zeiss
Mini-PROTEAN® Tetra System Bio-Rad

Multiphor Il electrophoresis unit 2117

GE Healthcare

NanoDrop ONE Thermo Fisher
Neubauer improved counting chamber Marienfeld

t SNFSOU syster6u DSt PeglLab
Precision scale AX432-pAct Sartorius
PowerPac Basic Bio-Rad

Safe 202@lass Il Biological Safety Cabinets

Thermo Fisher

Thermomixer comfort

Eppendorf

Tablel Technical Equipment
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[I.2 Chemicalsreagents mediaandkits

Chemicals, reagents amdediathat were used in thistudy are listed below.

Chemicals/ReagentMedia Supplier

i -mercapthoethanol Gibco
Agarose PeqLab
Allprotect® Tissue Reagent Qiagen
Acrylamide AppliChem
Ammonium chloride (N¥CL) Sigma Aldrich
Ammonium persulfate (APS) AppliChem
Bovine serum albumin (BSA) Roth
Brefeldin A, 1000x eBioscience
Cell Stimulation Cocktail, 500x eBioscience
cOmplete Roche
Collagenase lI Gibco
Collagenase D Roche
DNasel Sigma Aldrich
Easycoll Merck
Ethanol Roth
Ethylendiamintetraacetate (EDTA) AppliChem
Fetal calserum (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
Penicllin/Streptomycin PAA

Percoll Sigma Aldrich
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poly-I-lysine Merck
Ponceau S Roth
ProteinaseK Thermo Fisher
Page Ruler Prestained Protein Ladder Thermo Fisher
Roti®Nanoquant Roth

RPMI 1640 Gibco

Sodium azide (NaN AppliChem
Sodium chloride (NaCl) AppliChem
Sodiumdodecylsulfate (SDS) AppliChem
SignalFir€"ECL Reagén Cell Signaling
Sucrose Sigma Aldrich
Tetramethylethylendiamine (TEMED) Merck
Trishydroxymethyaminomethane (Tris) AppliChem
Trypan blue Sigma Aldrich
Tween20 Fluka

Table2 Chemicals, Reagent and Media

The following kits were used in these studies and are listed below.

Kits Supplier

CD8T cell isolation kit Miltenyi
CellTracet Violet Cell Proliferation Kit Thermo Fisher
Foxp3 /Mranscription Factor Staining Buffer Set eBioscience

Pan T Cell Isolation Kit I, mouse Miltenyi
peqGOLD DNase | digest kit PegLab
peqGOLD HP Total RNA Kit PeglLab
RNeasy® Mini Kit Qlagen

Scriptum First Bio&Sell
TagMan® Universal PCR Master Mix Life technologies
Total ROS detection kit ENZO life science
%2Y0AS bLwu CAEIO6fS =+Al 6 BioLegend

Table3 Kits
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[1.3 Buffers

The folowing buffers were used for thestudies.

L N

ACK buffer(10x)
pH7.2

Electrophoresis Tris 250 mM
buffer Glycine 2M

(10x) SDS 1%
— _
FACS Il DPBS$ 500 ml

FCS 2% (wiv)
NaNs 0.2% (viv)
EDTA 2 mM

Hom-buffer

MACS buffer DPBS
BSA 0.5% (w/v)
EDTA 2mM

Migration assay
buffer

Separation buffer Tris(pH8.8) 15M
SDS (20%) 0.5%
ddHO
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Separationgel Acrylamid 4K30% 3ml
(10%) TEMED 6.25 pl
10%APS 75 ul
1x Separation buffer 3.25 ml
ddHO 3.75
Stacking buffer Tris pH68) 0.5M
SDS (20%) 05 %
ddHO
Stacking gel buffer Acrylamid 4K 30% 1.13 ml
Stacking buffer 2.63 ml
TEMED 7.5 pl
10% APS 75 pl
ddHO 1.88 ml
Tcell medium (TCM RPMI 1640
FCS 10%
Penicillin/Streptomycin 100 U/mi
i -mercaptoethanol 50 uM
MEM 1%
HEPES 10 mM

Table4 Buffers and Media

1.4 Animal models

1.4.1 Mice

All mice were hosted under gerree conditions according to the guideline of the Central
Animal Facility Institution of the University of Magdeburg (Saxénigalt) and Greifswald
(MecklenburgWestern Pomerania) as well as treaté accordance with the Gman
National Guidelines for the Use of Experimental Animilce were kept using a 12 hour
light/dark cyclewith 2-5 mice per cage, access to water and food was provided at any time.
Triple KOC57BL/6IMECLTMKe MP 2K MP7M1KIN mice werekindly provided by Keneth
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L. Rock andenerated as describedKincaid et al. 2011)TKO mice werbred in the Cernal
Animal Facility of Magdeburg dCentral Animal Facility Institution of th®niversity of
Greifswald C57BL/6J mice were used as controls and vedteer bred in the Central Animal
Facility of Magdeburgthe Central Animal Facility Institution of the University of Greifswald
or obtained from/ KI N Sa wA @SN 0 W! ). xConditidHalOHPZ* [ | 6 21
(B6.129S6tpn11tmlToa/Mmjax) mice werkindly provided by B. G. Neel and T. Araki.
SHP281Yox mice carry a stogassette, flanked by two loxP sites, between codon 2 aird 3
PTPN1lwhich is necessary to prevent the expressiaf the mutant SHP2 befor€re
recombinase is initiated. Upo@rerecombination the stop cassette is excised at the loxP
sites, the single point mutation ¢(&T) at position 181 in Exon3 leads then to the amino acid
substitution D61Y within the 4$H2 domai (Figure 9). Mice were bred on C57BL/6J
background and crossed Rtcrdmi(cr®Hifgeneratedand kindly providedy H. J. Fehlingr to
CD4Lre (B6.Cgrg(CD<4re)1Cwi N All strains werebred in the Central Animal Facility of

Magdeburg and th€entral Animal Facility Institution of the University of Greifswald.

D=»Y®

loxP |oxP  G->T at position 181
]

— Exon 2 — ( STOP ) — Exon 3 |—

loxp D=>Y®

— Exon 2 = = Exon 3 |—

Figure9 Schematic representation ahe generation of SHF2Ymice. Mice carrying a floxed stepassette and the D61Y
mutation in exon 3f the PTPN1hene The stopcassette is removed aftaEreexpression leading to cell specific gaia
function mutation.The presented figure is modified fro@Chan et al. 2009)

[1.4.2 Genotyping of mice

GenomicDNA of mice wasisolatedusing proteimse Kmediated digestion of tail biopsies

and subsequent isopropanol precipitation. To determine genotype of individual mice,
polymerase chain reaction (PCR) was performed usiéS I Y ¢ I |j 1 DNB St . dzF T €
according to manufacturer instation. Followingprimers (Table5) and protocols(Table6)

were used
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Triple KO

MECLL  p-OCT GCG TGT TCG G &Q 6 WT300bp
5QAGC GTC AAT TGC AGGAQG )6 2 ¢ KOB50 bp
p-OTC TGA AGC ACA TAG T@A(EVerse)

LMP2  p-BCC TGA AGA ACG AGA TGAGC 6 Y h 0 WT300bp
p-BTT CCG GAC GGA AGAABWC)6 2 ¢\
p WGA ACG CAC CTT CTC A@CYAG 6 NB & P

LMP7  p-QGG TCG CTA CCA TTACOAGTSO Y h 0 WT:40bp
p-GAG TCC TGA AGA GGC CTATG 6 2 ¢ U (5650 bp
p-QAC TTT CAC CCA ACC GAQTT6 NB & €

SHP2 Xremice

pTa p-@CT GGG ATG GGA GTG GGA-C@Ir& WT:39 bp
p-OTG AGA GCC AAA TFEA GGC AAGOAWT) (=280 bp
p -GAT CCA GCA CCA GAA GCA AGT-GGevA

CD4 p-BCG ACC AAG TGA CAG CAA(XBwvard) Cre 350 tp
p-QTC GAC CAG TTT AGT TAL @verse)

SHP26YY  p -GG AGC TGT TAC CCA CAT(DAvard) 171 bp
p-GCA CAG TTC AGC GGG TAGITO NB @

Table5 Primers for genotyping mice

Triple KO PCR pTaCrePCR CD4LrePCR

95°C 15 sec 94°C 2 sec 94°C 1 sec

94°C 15 sec 94°C 20 sec 94°C 30sec

58°C 30sec 60°C 30sec 60°C 30sec

30 cycles 35 cycles 36 cycles

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

Table6 PCRProtocols

To determine the genotype of SHP2'Y mice, high resolution mlting analysis was
performed using LightCycler48hstrument and the shown protocol(Table 7). This
technique facilitated the detection of sequence variations in theamplified DNA The
differentiation of control and Shg2'Y animalswas carried out bycomparingthe relative

signal differencén melting point as well ahe shape othe melting curve
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Step c° Time
95 5 min
95 10 sec
Amplification
65-55; 0.5 each step| 15 sec
72 25 sec
95 1 min
40 2 min
High resolution melting

65 1 sec
6595 /

Cooling 40 30 sec

Table7 Protocol high resolutiormelting analysis for genotypin@HP2D61¥hice

[1.4.3 Toxoplasma gondand Influenza A Virugfection

To analyze the role of theproteasome duringfoxoplasma gondinfection, tissue cysts of

the ME49strain (type Il)were used for infectionTherefore, ive toten monthsprior to the
experiments, female NMRI mice were intraperitoneal injected withl 1§ondiicyss. Brains

of NMRI mice were harvested and mechanically homogenized using 1 ml sterilé-DPBS
Subsequenrly, cysts were counted using light microscopy and adjusiétereafter, 8-12-
week-old female Triple KO and C57BLIéontrol mice were orally administered with 2 cysts

in 200 ulPBSusing gavage.

For influenzaA virus infection stocks ofA/PuertoRico/8/340T1(PR80TL1) virus wer&indly
provided from the group of Prof. Bruder. BriefR80T1 virus was generated as described
before (Denton et al. 2011xand multipliedusingMadin-Darby canine kidney (MDC#8lIs.
For our studies, eight td2 weekold female SHP2D61"-pTaCreand SHP2D61%¥"t-pTa
Cremice wereanesthetizedvia intraperitoneal injection of ketaminedylazine Afterwards
mice were intranasally infected using 2.5 foci forming unit§efPR80T lvirusdissolvedn

25 ul sterile PBS.
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[1.5 Experimental procedures

[1.5.1 Lymphocytdsolation

Mice weredeeply anesthetized with Isoflurane aperfused transcardially usirg0 mL ice
cold DPBS. Spleen BM, thymus, bain and lymph nodesvere removed quickly and
collected in 3mL FACS on ice Afterwards,thymocytes,splerocytes,cellsof lymph nodes
and BM cells were isolated norenzymatically. Therefore, organs were mechanically
homogenied through a 40um cell strainerTo lyse erythrocytessplenocytes weré¢reated
for 1 ¥2- 2 min with2 mLACK buffer on icetiving ells werethen counted using a Neubauer
chamberand trypan blue stainingndsubsequentlyadjusted for further analysis.

Lung and kain infiltrating leucocytes were isolated enzymaticallg.isolate leucocytes from
lungs, tissue was minced and incubated for 30 main 37°C using IMDM medium
supplemented with 0.2 mg/mL Collagenase D and 0.01 mdhNlase |. 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 um cell straireartrfuged and resuspended in
35% Easycoll (diluted DPBS"). Cells were then centrifuged for 6 min at 30§ without or
brakesat 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 bramgsns wee cut withina
6-well plate and subsequently treated with digestion buffeontaining2 mg/mL Collagenase
Il and 10 unitdnL DNase | Homogenates werecubated for 20 mirat 37°C in presence of
5% C@ Hereafter, mixtures werdurther homogenizedusinga 5 ml syringe and 23G1 Y4
needle Homogenats were washed with FACS | and centrifuged at 36@ for 7 min.
Theeafter, percollgradient was prepared starting with30% layerfollowed by a 37%ayer
which was unddayed using a &l syringewith a20G 2 ¥needle Pellets were resuspended
in 70% percoll angently undedayed (Table8). Afterwards, densitygradientcentrifugation
was performed for 45 min with 50@ g at room temperatureand without brakes After
centrifugation, ymphocytesand microgliabecame detectable betweethe 30 and 37%
fraction (Figure10). Myelin wasremoved and cells were subsequently collectedyashed
with FACS Bnd living cells werecounted using a Neubauer chamband trypan blue

staining

52



Material and Methods

Percoll density gradient centrifugation

@

Figure 10 Percoll densitygradient centrifugation scheme Lymphocytes andicroglia 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 betwed@ and 37% fraction.

+ Myelin

} 30%
45 min 500g

5 +  Leukocytes and Microglia
37%

} 70% + cell

homogenate

Layer Percoll(pre-diluted 1:10 with Diluent
10x DPBS) = 100%

30% 30% of 100% percoll 70%o0f DPBS
37% 37% of 100% percoll 63%o0f HBSS with phenol red
70% 70% of 100% percoll 30%of DPBS

Table8 Percoll dilution

[1.5.2 Huorescenceactivated celsorting(FACS)

[1.5.2.1 Surface staining

Prior to immunostaining, isolated leukocytes weareubated with0.5 pg/m_ anti-Fe 11/11
receptor antibodyin a 96well plate for 20 minutes. Afterwards cells were washed 1x with
FACS I and stained with indicated surface antibofliable9) for 30 minutesin the dark. All
steps were performed on ice. Afterwards, cells were treated with 2% PF30forin(except

for steady state analysis aells used for qRPCR and R@fgtectionAssay), subsequently
washed and resuspended in 1#D0 pL FACS .| Samples wer acquired using BD
LSRFortessa flow cytometeor cell sorted usingdD FACSAIMA Data were analyzed via
FlowJo (v7.6.5 orl0.4Treestar).
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[1.5.2.2 Intracellular staining

Prior tosurface staining, cells weracubatedwith 0.3 ug/mL BrefeldinAand PMAllono (1x
Cell @mulation Cockta)l for 4h at 37°C in presence of 5%,00were incubated or 16h with
plate-d 2 dzy~/R5 ¢ |-GDB8 mARBioLegenjiand treated with BrefeldinA during the last
4h. Subsequentlycells were surface stained fixed and permeabilized according to
Y ydzF I O dzNB NEkig Fotp§ ATuaNsdzioih Ka@tgr Staining Buffer Sesamples
were resuspended in 16200 pl FACS and further acquired using BD LBFortessa flow
cytometer.Data were analyzed via Floavd/7.6.50r v10.4, Treestar).

FACS Antibody

CD3 1452C11 armenian BioLegend
hamster
REA641 Milenyi
GK1.5 rat BioLegend
RM45
536.7 rat BioLegend
M1/70 rat BioLegend
N418 armenian BioLegend
hamster
3C7 rat BioLegend
IM7 rat BioLegend
104 mouse BioLegend
MEL-14 rat BioLegend
BM8 rat BioLegend
Felll/ll (¢ NJz{ 4 I A 93 rat BioLegend
CD16/32)
FJIK.16s rat eBioscience
MP1-22E9 rat eBioscience
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Granzyme B NGZB rat eBioscience
H-2Kb SIINFEKL MHC Ovalbumin 257 Prolmmun
Pentamer 264
LChb! XMG1.2 rat BioLegend
IL-2 JES&H4 rat BioLegend
IL-10 JESH6E3 rat BioLegend
IL-12/1L-23p40 C15.6 rat BioLegend

Ki67 SolA15 rat eBioscience
KLRGL MAFA syrien hamster BioLegend
Ly6C HK1.4 rat BioLegend
Ly6G 1A8 rat BioLegend
MHC class | AF688.5 mouse BioLegend
MHC class I AF6120.1 mouse BioLegend
TGH m™m TWT16B4 mouse BioLegend
TNFh MP6-XT22 mouse BioLegend

Vi &dreening Panel various various BD Pharmingen

Table9 FACS antibodies

[1.5.3 gRFPCRQuantitativeReal Time Polymerase Chain Reaction)

[1.5.3.1 gRTFPCR oivhole brain population

Following isolatiorbrains were stored in Allproteckissue ReagenEFor RNA extraction, 15

20 mg of tissue was homogenized using 1.4 mm Pre@lbgramic beaddotal RNA was
isolated with pg-GOLD HP Total RNA iKitluding DNase | digestion. Relative cytokine gene
expresion was performed via TagMan® RNAG™ 1-Step Kit, TagMan® Universal PCR
Master Mix (Applied Biosystems) and TagMan® Gene Expression Assays (life technology) for
PSMB8 (Mm00440207_m31) Ifnb (MmO00439552_s1), Ifng (Mm00801778_m1); 110
(Mm00439616_m1); ll12a (MmO00434165 m1), Nos2 (Mm00440485 m1); Tgfbl
(Mm01178820_m1) andnf (Mm00443258 m1) witthprt (Mm01545399 m1las reference

gene. Parasite burden was quantified using SYBR green assay (Invitrogengysted
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bradyzoites TgBAG1 (forward 5 ¢ GACGTGGAGTTCGACAGCAAA; reverse, 5'
ATGGCTCCGTTGTCGACTTCT) and tachyzotgSAG1 (forward 5 g
ATCGCCTGAGAAGCATCACTG; revelsSEGAAAATGGAAACGTGACTGG) using GAPDH as
reference gene. Gene expression was measwil LightCycler® 96 InstrumerData were

further normalized to mean values #spectivecontrol groups.

[1.5.3.2 gPCR ofival load

Following isolation, lungs were mechanically minced and tissue was stored in Allprotect
Tissue ReagenfTissue was transferred t®LT lysis buffer and homogeed. RNA was

isolated according to manufactures instruction using RNeasy® Mini Kit inciDélage |

digestion cDNA was generated using Maxima First Strand cDN#heys Kit for RGPCR

according to manufactudsinstruction Absolute viral load was quantified using SYBR Green
approach and the T2t f 2gAy 3 LINAYSNI F2NJ L! - ydzOf
GAGGGGTGAGAATGGACGAAA/AC | Y R NRGEMMBECAGEOAGGACGTD @ ! f f
samples were measured in triplicatesing LightCycler® 480strument lland a standard

cDNA dilution series was tested in duplicates for each qPCR experiment performed.

[1.5.3.3 gRTFPCR of sorted myeloid cells

Different myeloid cell subsets were obtained throudliorescenceactivated cellsorting.
Therefore, cells werésolated (as describedn 11.5.1) and surface stained with following
antibodies CD11b, CD45, Ly6G, Ly6C and ZaxibBlé (as described inl.5.2.7). Following
cellsorting, cells were centrifuged remaining liquid was removeand storedat -80°C.RNA
was isolatedaccording to manufactures instruction usingRNeasy® Mini KiAfterwards,
cDNA was synthesid using Scriptum First. Relative gene expression was measiited
LightCycler®80 Instrument lusing TagMan® Universal PCR MasterdiikTagMan® Gene
Expression Assaysr PSMBA_MP7 (Mm00440207_m1PSMBAMP2 (Mm00479004_m1)
and PSMB1WMECLE1 (Mm00479052 g1) Results were further normalized tdprt
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(Mm01545399 _m}) mRNA. arget/reference ratiowas calculatedusing LightCycler® 480

software {ersionl.5.0, Roche, Germany).

[1.5.4 Reactive Oxygen Spesi®RO%detection Assay

After isolation, brain infiltratingducocytesand microglia were stained with following surface

markers (CD11b, CD45, Ly6C, Ly6GwgadY 0 A S) addéserimedabove (1.5.2.1Surface

staining. ROS detectios & LISNF2NXY SR | OO2NRAyYy 3 (G2 YI ydzFl
following isolation, cells were incubatedor 30 min at 37°C in presence of 5% £O
simultaneously contral cells were treated with ROS inhibitoAfterwards, cells were

incubated foranother30 min at 37°C ithe presence ofOxidative Stress Detection Reagent

and subsequently measured using flow cytomeB (LSH-ortessa).

[1.5.5 Brain lysis for Western blaind BradfordProteinAssay

Brains were lysed in 1 mHom-buffer using 1.4 mm Precei® ceramic beads and
centrifuged at 6000rpm in a Precellys Homogenizentil the tissue was completely
dissolved. Subsequently, samples were centrifuged at 130009 fiviri@t 4°C. Supernatant

was collected and prepared for protein concentration measurement.

[1.5.6 SDSPAGEand western blot

For western blot analysis, proteins were separated according to their size usiAgASIES
(sodium dodecyl sulfate polyacrylamide gel electrophoresis) Therefore, discontinuous
electrophoresis was performed at 120V. Afterwards, proteins were blotted to a
nitrocellulose membraneavith 140 mAusing semidrjtechnique Loadingand transfer was
controlled by PoncealsS staining Thereafter, memtanes were blocked in 5% milk for 45
min and washed 3KLM Tris buffered saline pH7.50+1% Tween 20followed by overnight

incubation with primary antibodies on a shaker at {7@ble10). Afterwards, membranes
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were washed and incubated for 1h at room temperature witbrseradish peroxidase

conjugated antibodies ansubsequentlyisualized by enhanced chemiluminesce(iEEL)

LMP7 1:10000 rabbit

1:10000 mouse SigmaAldrich

Table10Western blot antibodies

[1.5.7 Magneticactivatedcell sorting(MACS)

CD8 T cellswere magnetically sortedusingeither/ 5y h ¢ / St for PaiRCGell G A 2 Y
Isolation Kit 1 F 2f f 26 Ay 3 YI ydzF I Ol dzNB Wa&eicollecyed i NBESG A 2 y ©
buffer where cells of no interest werdabeled with biotin-conjugated antibodies and

incubated with magnetic beadllowed by the depletion of magneticallgbeled cells using
AutoMACS pro.

[1.5.8 Transwell CDSI cell Migration Assay

Following MACS purified CD8 T cellswere rested for 1h on iceMigration assay was
performed by seeding 2x2@ells in 200 plassaymedium into the upper chamber of 48ell
transwell plate(Congstar). Strainewith a pore size of 5 pnwere pre-coated with polyl-
lysine (1:100 in PBS) for 20 min at 37°C prior to the experinheditated concentrations of
chemokines CXCL12 and CCL21 wsezl anddiluted in 500 mL ofmigrationassaymedium
(Tablell). Following 2.5 h of incubation at 37 °C and 5%, €€lls were collected from the

lower chamber and analyzed ugiMACSQuant® Analyzer
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CCL21 250ng/mL Peprotech
500 ng/mL

250 ng/mL Peprotech
500 ng/mL

Table11 Chemokines for transwell migration assay

[1.5.9 ProliferationAssay

Prior to the experiment, 48vell plates were coated with 5gL of h-CD3 mABovernight

at 4°C.T cellswere purifiedfrom the spleenusingthe PanT Cell Isolation Kit Il andACS
technology. Following MAC®x1(® T cellswere labeled with violet cell tracer according to
the Y I y dzF I OnstdzdtiBnNaRd&o-stimulatedin vitro with 5ug' mL ofh -CD28mABfor 3
days in TCMAfter incubation, T cellsvere washed and measured by FACS. Therefore,
surface staining was performed usihgCD3,"-CD4h-CD8 and dead cells were excluded

using Zombie NbR

[1.5.10 Statistics

Statistical analysis was performed wiBraphPadPrism software (Version 7.0) using
dzy LI A NB R { (ilidzét Sghtiofedl differentlyBafigiiaphs are represented as means +
SD, and significance is expressefbdsws: * p<0.05; ** p<0.01; ***p<0.001.
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1l Results

.1 The role of iproteasomes during T. gondiiinfection

[11.1.1 I-proteasomedeficiency leads toeducedfrequencies ofcD8 T cells irthe

thymus andsecondary lymphoid organsider steady state conditions

Thei-proteasome is essential faapid and sufficient MHC class &ntigen presentation to
CDS8T cells, especially during infection. Deletion of one or more catalytically active subunits
has been associated witleducedpresentationof MHC class holecules decreased CDF

cell activation and as a result decreased resistance ag&ingtella abortuslymphocytic
choriomeningitis virus andrypanosoma cruznfection (Basler et al. 2006; Ersching dt a
2016; Guimaraes et al. 2018 accordance with previolyspublished data of LMP2 single

KO and TKO micglensley et al. 2010; Kincaid et al. 2QHralyss of T cell subsets showed

' AA3IYATFTAOLIYUG aKATO Ay GKS /5nY/ 5y NYGA2Z2 dzy
reduction of cytotoxic T cells in secondary lymphoid orgauthasthe spleen (SPL), lymph
nodes (LN) and mesenteric lymph nodes (mBEMjure 11A). Further analysis of T cell
maturation within the thymus showed that the observed difference in the :CD#& ratio is
already visible follomg T cell maturation whecomparing frequencies of CD4:CD8 single

positive cellsKigurel1B).
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Figurel1l Shift of CD4:CDg cell ratio in naive TKO micElow cytometry analysisf T cellsn naive miceCells were gated

on living single cell§A+B and further gatedon CD3(A) Bar graphsshow frequencies of CB4nd CD8T cells within
spleen=SPlaxillar and inguindlymph nodes=LNor mesenteric lymph nodes=mLN. FAQ& pf splenic CD4and CD8T

cells is shown as an examp(B) Bar graphshows stages of thymic T cell developmei@D4 single positive, CI€D8

double positiveDR CD8 single positivand double negative cells=DNData arepresented as meant SD andare
representative fotwo A Y RS LISY RSy (i Speld®dA N Syi@an m¢ ¥ Xo n A AMF F feB). N PAAAMEF F F F

[11.1.2 Immunoproteasome subunits are induced upon ahodl'. gondiinfection in

myeloid cells

To mimic a natural route of infection, C57Bleice were orally infected with a low dose of
the type Il ME49T. gondiistrain. A strong expression oproteasomesubunits LMP7, LMP2
and MECI1 was detected on mRNA level in whole brain homogenates after 4 weeks of
infection compared touninfected control mice Figure12A). Similarly, on protein leve} i
proteasomesubunit LMP7 was not inducad the brainunder steady state conditions but
detectable after 2 weeks following infection and even more increased after 4 weeks
whereas in TKO mice no LMP7 wasluced (Figure 12B). We hypothesizedthat s

proteasome subunits might be upregulategon infectionto compensate for the lack of i
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proteasome complexesin TKO mie. Analysis of protein expression of the LMP7
corresponding 4JNB G ST 42 YS & dpéndagtih, 8VT and WKOOmiggshowed an
increasa& expressionn TKO compared to WT mice but further induction ofthis subunit
was observedipon irfection when compared tor KOcontrol mice. In WT mice, howeveg
reduction of MB1 was observedstarting at 2 weeks after infectiorand was even more
distinct at 4 weeks followingT. gondii infection as i-proteasomesubunits became
increasinglygenerated(Figure12B). Since it has been shown that myeloid cedigpress 4
proteasomesconstitutivelyand influencethe control of cerebrall. gondiiinfection (Biswas
et al. 2015; Ebstein et al. 2012; Robben et al. 2008)P7 was analyzed more specifically in
brain resident microglia and infiltrating myeloid cell subseits comparison to resting
microglia,activated microglishowed a considerable upregulation of LMRRNA However,
recruited myeloid cells are highly heterogeneous and display distinct diffesesuch as
their expression of pranflammatory cytokinegBiswas et al. 2015 herefore, to analyze
whether proteasomeinduction varies in different subsets, myeloid cells were further
distinguished accordingot their expression of Ly6C inthigh, irtermediate and low
expressing cells and analyzed for their mMRNA expression of .LNWé@éxpression of LMP7
MRNA was even more prominent in recruited myeloid a@limpared to activated microglia

with highest amounts in Ly8€"and Ly6€! cell subsets(Figure12C).
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Figure 12 Expression of immunoproteasome subunits and standgmbteasome subunit MB1 within the brain during
Toxoplasma gondiinfection. Brains ofuninfected controlor Toxoplasma gondinfected mice were quickly removed and
used for further analysigA) Whole brain homogenate was used for measurement of mMRN&s@fi-proteasomesubunits
LMP7, LMP2 or MEQLIn uninfected mice (black) dr. gondiiinfected C57BL/6thice (red)after 4 weeks of infection
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Values were normalized to gene expresswinHPRT. (B) Whole brain homogenate of either n@%2BL6JWT and TKO

mice orinfected mice after 2 and 4 weeks was used faestern blot analysi®f immunoproteasome subunit LMP7 or
standard proteasome subunit MBil-actinis shownas loading controkC)Cells were isolated and sorted from naive and
gondiiinfected 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 dividedesting microgliadbtained fromnaive mice) or
activatedmicroglia and ryeloid cells(obtained frominfected mice) Myeloid subset was further sortegtccording totheir
expression of Ly6C into high, intermediate or low expressing Beltsgraph shows mRNA expression of LMP7 in different
myeloid subsetsValues were normaliz&to gene expressioof HPRTData are presented as mearSD(A+C)each sample
consists of pooled cells from six animals and was measured in tripligetes ®n n nmf F F ftes). G dzRSy G wa

[11.1.3 I-proteasomedeficiency increases susceptibilityTogondiinfectiondespite

similar parasite burden

As previously demonstrated for mice lacking only one of theoteasome subunits either
LMP2 or LMP7 (let al. 2009), -proteasomedeficiency led to a more severeutcome
during the course of infection. Tanalyze whether the combinedeficiencyof i-proteasome
subunits results in a similar phenotype, C57BLA&nd TKO mice were monitored for 4
consecutive weeks of infection and wetgl daily. Starting 3 weeks pasifection TKO mice
underwent progressive loss of weigliFigure 13A), whereas WT miceeached a plateau
upon chronic stagef infection (>3 weeks). Since it has not been addressed in previously
published studies, we suspected a reduced parasite controtiz@fore increased . gondii
burden inthe 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
bradyaites, which are associated witthe chronic stage of infection, mRNA levels Df
gondiiSAGland BAGlgenewere measured atwo- or four-weeksfollowing infection. Gene
expression oSAG1a major surface antigen involved in priming of host immune cells and
exclusively expressed itachyzoites (Nielsen et al. 1999; Rachinel et al. 2Q04)as
comparable between both experimental groups. In comparisontie acute stage of
infection, SAGIMRNA was reduced after 4 weeks of infection in both WT and TKO brains.
Accordingly mRNAlevek of the bradyzoite heashock proteinBAGlwere not altered and
equally increasedt four weekscompared to the two week timgoint (Figure13B). These
findings verify that differences regardirthe severity, as observed during the course of
infection, were not caused by TKO mice failing to control parasite replication and that
parasitesin both experimental groupsinderwent conversion intdhe encysted bradyzoite

form of T. gondiiife-cycle
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Figure13 Weight loss duringT. gondiiinfection and paasite burden within the brain (A) Progressive weight loss in TKO
mice.C57BL/BWT and TKO mice were orally infected with 2 cysfE. gbndiiand weight loss was monitored daily for four
consecutive weeks. The data showmepresentative forthree independent experiments with 5 WT and 4 TKO mice. (B)
Equal parasite burden for encysted bradyzoites (BAG1) or tachyzoites (#A&XHuantifiedat 2 (black/white) or 4
(red/blue) weeks post infectiorusing gRIPCR, Jaes were normalized to GAPDHhe presented data resembles two
independent experiments performed with n=7 mice per grdoip4 weeks and was measured once with n=5 WT and 4 TKO
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[11.1.4 Alteredimmune cell recruitment uponproteasomedeficiency

In response to parasites infiltrating the CNSasiety of hos immune cells arsubsequently
recruited to the site of infection, causing severe inflammation within the tisSierefore,

we aimed to analyze whether an increased recruitment of inflammation promoting teells
the CNSwas responsible for the suatned weight loss observed irproteasomedeficient

mice. Assessing the total cell numbers of infiltrating immune cells during chronic stage of
disease (4 w.p), no alterations in the amount oisolated leucocytes could be detected
(Figurel14A, top) but a significantshift to fewer lymphocytes and more myeloid cells were
observed in braisaof TKOmice (Figurel4A, bottom). Analyzingbrain infiltrating leukocytes

in more detai revealedno alteration inthe frequencies of myeloid dendritic cells (mDCs) or
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monocytes/macrophagesut a significant reduction offD11¢ expressing lymphocytes

(Figure14B) including amongst othersCD8 conventional and plasmacytoid dentici cells

(for convenience onlyurther referred toas cDCs).
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[11.1.5 I-proteasomedeficiency reduceMHC class | presentation and IFN

production in APCs

In response to an infectioh Y R (1 Kdzad Ay NXB & LMHE &I&ss ladd |l arfigen NS f
presentation is upregulated to induce a sufficient CBX8d CD4 T cellresponselt has been
shown before that MHC class | presentation is considerable reduced in TKO mice under
steady stagé condition andupon Trypanosoma cruzinfection in cells obtainedfrom
peripheral organgErsching et al. 2016Therefore, MHC class | and Il presentation of brain
resident microglia were analyzedt first under steady state condition. As expected from
previous findings of professional APCs in secondanpliyid organs, microglia of TKO mice
showeda broad defect insurface expression of the-2k® moleculecompared to WT mi

but not in the expression oMHC class Inolecules(Figurel5A). To analyze whether the
defect in MHC class | expression is recovered upogondiiinfection and whether MHC
class Il presentation is altered upaorfection as wellmean fluorescencentensitiesof MHC

class | and Il weranalyzed four weeks aftef. gondii administration in different APC
subsets As reported before, MHC class | presentation was strongly redumednlyin CNS
infiltrating professional APCas cDCs,mDCs andmonocytes/macrophagesut also in
activated microgligFigurel5B), whereas MHC class Il expression was mostly unchanged and
only slightly but constantly reduced in themacrophage/monocytesubset Figure 150).
Moreover, expression level of iimulatory molecules CD80 and CD40 was not affected by
i-proteasomedeficiency and only marginal incresas in the monocyte/macrophage subset

(FigurelsD+B.
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Figure 15 MHC antigen presentatiorand expression of catimulatory moleculesof brain-infiltrating APCs and tissue
resident microglia Cells, isolated from brains ofive orT. gondiinfected mice after 4 weeks of infection, were gated on
living single cells (not shown) and used fotlier FACS analysi@) Tissue residenhaivemicroglia(B+Q anddifferent APC
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representative mean fluorescence intensities of fluorochrecoajugated antibodies against MHC class | andd CD80 or
CD40for control (tinted) and TKO mice (no tintlsraphsrepresent the mean of fluorescence intensity. (p<0.05%
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On the basis afhe observed differences in cell compositi within the brain of TKO mican

altered cytokineexpressionin different APC subsetwas expectedAnalysis oimDCs and
monocytes/macrophagesNBE @S| f SR NB RdzOSR -plodllBingdediig Omk-5a 2 F
proteasomedeficient APCsupon reachingthe chronic state of infection(Figure 16A,

bottom). This reductiorwas not observed after 3 weeks &f gondiiinfection Figurel6A,

top). Sincell-12 releaseby APCs is required for Th1l T cell differentiation as well as for the
activation of CD8 CTLs(Wilson et al. 2008)MFI levels of H12 were measuredn the
indicatedAPGsubses but showed no reductiofFigurel6B).. S& A RS a L-apbptofic O KS L.
cytokine TNFis alsoNB I dzZA NER F2NJ LI N} aAdGS O2yUNREt® Ly (
producing APCs were comparalidetween TKO and WT mishen reaching the chronic

stage of infectior(Figurel6Q).

Besides duringthe chronic stag of diseaseanti-inflammation is initiatedcharacterized by
the release of antinflammatory cytokinesAccordingly frequenciesof anti-inflammatory
cytokine TG# -producingmyeloid APCqFigurel6D) as well as levels of 10 (Figure 16E)

were unaffected by-proteasomedeficiency.
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Figurel6 Expression of preand antiinflammatory cytokines in APC$AE) Cells, isolated from brains ®f gondiinfected

mice after3 or 4 weeks of infection, were gated as showrFigurel4d 6! 0 L Cb! ZafeONbpi fap)yand2 F 1t / &
significant reduction in IFN producing APCs after 4@.p.i. I NJ INJ} LIK& &K2¢ GKS TFTNBIdSyOrsSa 2
Graphs are representative ftwo independent experiments with n=3 WT and 4TKO mice (3 weekbkye®independent

experimeris with n=5 mice pergroup n 6 S S 1 & Q (CEDABarraplig shofvifréquencies of TNF andiTGALINE R dzOA y 3
APCs and are representative toro independent experiments with n=5 mice per gro(B+ Individual point plotsshow

mean fluorescence intensities of pimoflammatory cytokine H12 and antiinflammatory cytokine H10. Histograms show

the representative expression levelslbfl2 and IE10 for unstained (dotted) WTtifited) and TKO mice (nint). Data are

representative fortwo independent experiments with= 3 WT and 4 TKO miceLJF ndnpf I n dtasy mgant{ (G dzZRSy i 4
SD).

Another important regulator of cell resistance against the intracellular parasitgondiiis
the ability ofinnate immune cell¢o produce RO&Shrestha et al. 2006Recently, deletion
of MECLL has been associated with reduced ROS producitioan angiotensin Kinduced
atrial fibrillation modelin vivo(Li et al. 2018)Therefore, to analyze morgpecific different

APC subsets regarding their ability to produce ROS, myeloidaeth showedhigh mRNA
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levels ofi-proteasome subunitMP7 duringl'. gondiinfection wereanalyzedFigurel?2). To
specifially measure ROS production ofdifferent APC subsets namelynflammatory
monocytes, mDCs and macrophagesyeloid cellsvere further differentiated according to
their expression of.y6C into high, intermediate or low expressingubsets respectively At
first frequenciesof these subsetsvere comparedand showeda similar celtompositionin
both, TKOandWT mice(Figurel7A).In comparison to the previous findings reduced IFN
producing cellsSROS production was comparable in all analyadtsubsets Figurel7B).
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Figure 17 Simlar ROS production in different cellsf myeloid-origin. Cells isolated from brains of infected WT and TKO
mice after 2 weeks of. gondiichallenge. Cells were gated on single living myeloid cells and furtheivgidiiin FACS
according to their expression of surface molecule Ly6CFMS plot andrgph shows similar frequencies of LyGfhi
Ly6Cint and Ly6Clow cells withilre myeloid subset. Data is representative tbfee independent experiments with n=4
mice per group. (B¥imilar ROS production in myeloid cell subsets. Histograms showphesentative mean fluorescence
intensities ofFitcconjugatedantibodies againsROS in different LY6C subsets, WT (tinted) andritik®©(no tint).Data is
representative for onexperiment with n=3 mice per group.

[11.1.6 Increased neutrophil recruitment but similar activation in TKO mice

During T. gondiiinfection, the first line of host defensés mediated bymonocytes and
neutrophils. Whereas under basal conditions neutrophils are not detected within the brain
parenchyma, their presenaright lead to a moresevere pathologguringT. gondiinfection
(Dunay et al. 2010However neutrophilsproduceboth, L C bnd TNFthereby contributing

to parasite control and clearancdBiswas et al. 2017)lo clarify whether the enhanced

susceptibility observed in TKO was influenced by neutropliie recruitment of this
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immune cell subset to the CNS was analyx#tereasinfiltration of Ly6CLy6G neutrophil
granulocytes during the acute stage of infectiori2 w.p.i) was comparablein both
experimental groupsneutrophil frequencies were significantly enhanced in TKO nnpm

reaching the chroic stage of infectionHigure 18A). To analyze whether the observed
increase of neutrophils results in enhanced production of-jpfammatory cytokines,
synthesis oL Cb ! | Y R meéasuted. BvénNidugh frequenciesere higher after 4

weeks of infection, levels of IFN & ¢Sff & ¢bC ¢ SNEos@&dAYAf]l
observed fromWT neutrophilgFigurel8B).
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Figure 18 Increased recruitment of neutrophils but similar levels of pioflammatory cytokines Cells, isolated fronT.
gondiiinfected mice were gated on living single myeloid cells (not shown) and used for further FACS analysis. Neutrophils
were identified by Ly6Cy6@ish expression. (A) Bar graphs represent neutrophil frequencies within myeloid cell subset

after 2 (acute stag) or 4 weeks (chronic stage) of infection. Graphs are representativevio(acute stage) othree

(chronic stage) independent experiments with n=4 mice per group. (B) Similar cytokine synthesisnffapnmatory
Oel21AySa LChb: | yhiividwalbpoint pldtsi sBeNdepresentativé Xahive® 6 L C b ‘twp indepéhdent
SELISNAYSYy(Ga&a 6¢bC0 6AGK yI'p 2¢ YR n ¢Yh YAOS® 1 A&a023aN) YA
unstained (dotted), WT (tinted) and TKO mice (no tint). (p<0{05* dzR Stgst) ean+ 8D).

[11.1.7 Altered T cell composition but similar production of pnflammatory

cytokines inT lymphocytes oT KO mice

T cells are indispensable to control parasite replication and prevent reactivation of a latent
infection. Steady state analysis of T celbtained from TKO mice&lemonstrated an
alteration in the CD4:CD8 T cedtio with a shift to lower CD8frequenciesunder steady

state conditiongKincaid et al. 201 Jigurell). In addition, gprevious studyusingTKO mice
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reported reduced CD8T cell numbers duringpfectionwith the protozoaTrypanosoma cruzi
(Ersching et al. 2016)herefore, frequencies of CD&and CD8 T cells were analyzed,
showing a similar shift to reduced frequencies of CD&ells uporil. gondiiinfection in
spleen and lymph nagk, meaning that also during infection the reduction of CD&ells
could not be recovered to the same extent as in Wite (Figure19A). Interestingly,the
same alterationin the CD4:CD8 ratiavas observed in nefymphoid tissues as the brain
(Figure19B, top) indicating that also the frequency of recruited and therefore activated
CDS8T cells is altered in this manner leading to reduced numbers of cytotoxic Tinctiks

CNSupon proteasomedeletion (Figurel9B, bottom).

To clarify whether the migratory ability of CD3 cells was alteredipon tproteasome
deficiency, transwell migration assay was performedherefore,isolated CD8 T cells
obtained from naive WT or TKO mice were expdsethemoattractant CXCLZ1also termed
stomal derived factor 1which is known to play a role in T cell homing to secondary
lymphoid organsandto have abi-directional function by recruiting resting cells or causing
them to actively move awain a concentration dependent mann@Poznansky et al. 2003
strong reduction of67% (5006g/mL) and 80% (250ngmL) of migrated #proteasome
deficient CD8T cells compared to those isolated from Wilce was observednder both
conditions(Figurel9C, lef). Moreover, slly WT mice showed a reduced migration towards
the higher CXCL12 concentratiobOQng/mLl) compared to the lower (250ng/ml)
concentration (Figure 19C, righ} whereas CB" T cells of TKO mice revealed a stronger
migrationtowards the higher concentration of CXCLIRb specifically analyze whethitre
recruitment to the CNS might be reduced in CD&ells of TKO mice, CCL21, which has been
shown to be upregulkad only in inflamed CNS vascular endothelial cells but not in healthy
brains, was addedAlt et al. 2002) Similar to CXCL12an inhibition of 54% and 65% of
migrated TKO CD& cells compared to WT celig|as observedvhen using 5008g/mL or
250ng/mL of CCL21, respectivellyigurel9C, left).
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Figure19 Shiftin the CD4:CD8 T cell ratio updh gondiiinfection and reduced migration of CDd cells Cells, isolated
from T. gondiiinfected mice after 4 weeks of infection, were gated on living, single; G&I8 (not shown) and used for
further FACS analysis. (A) Shift in CD4:CD8 T cell ratio. Steognagins of CD4nd CD8T cells derived from WT and TKO
mice in Spleen (left panel) and lymph nodes (right panel). Bar graphs represent frequencies afcCBD8cells within
CD3 T cell population of both spleen and lymph nodes. Data are represeettdr three independent experiments with
n=3 mice per group. (B) Similar shift of €axdd CD8T cell frequencies during infection within the brain and reduced*CD8
T cell numbers. Bar graphs represent frequencies of*@bd CD8 T cells within CD3T cell population or total cell
numbers of both subsets calculated from living cells. Data are representatifeur independent experiments with n=5
(WT) and 3 (TK®jice. (C) CDF cells of naive WT and TKO mice were magnetically sorted and transwell migration assay
towards chem&inesCXCL21 and CCL21 using either 250 ng/mL or 500 ng/mL was perfiotigieded WT control cells
were set to 100% and igrated TKO CDST cells are displayed as percentaigerelation to WT cellgleft) or presented as
mean of total migrated CDS8T cells (right) Cells were quantified by Ma@siant and data are representative fowo
independent experimentgp<0.05*, 0.01**, p<0.001***, StR S y" {rsl mdan+ SDor as meajh
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The observationthat professional APCs displayed a marked reduction-2RPHMHC class |
molecules on their cell surfad€igurel5B) suggested a decreased activationabieastCD8

T cells in TKO migas activation of this cell type islatedto a sufficient MHC class | dgén
presentation. © assesgffector functions of bothr' lymphocyte subsetsytokine production
wasused as an indicator of T cell activatidio alterations were observed in frequencies of
L C bproducing CD4 or CD8 T cells (Figure 20A). Furthermore, levels of the pro
inflammatory cytokineand Tcell growth factoy IL-2 were comparable in both experimental
groups(Figure20B). Comparableto those resultsfrequencies oflCD8 CTLsproducingthe
cytotoxic mediatorgranzymeB, were similarin both groupgFigure20C) Smilar frequencies
of TNF producing cells in botikD4 and CD8 T cells further indicate an undisturbed
effector and cytotoxic functiorof i-proteasomedeficient T cellsithin the bran during T.

gondiiinfection (Figure20D).

In contrast to preinflammatory effector functionthe induction of Tregs was significantly
reduced within the brain of TK@iceupon chronic stage of infection. Although induction of
these anti-inflammatorycells was not abolished per ,s&ncealso in iproteasomedeficient

mice an increase of Treg frequencies was observed upon chronic stage of disease when
compared to Treg frequencies during the acute stafjmfection (Figure20E) the induction

of Tregs remainedignificantiower compared to WT mice
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Figure20 Similar cytokine production but reduced Treg induction in TKO micells, isolated frort. gondiinfected mice
after 3 (acute)or 4 (chronic)weeks of infection, were gated on living, single, Gfglisand CD4 or CD8T cellgnot shown)
and used forintracellular FACS analgsiA0 b2 Ff GSNI GA2y Ay TFTNBIljdzSyOASa
frequencies of IFNproducing CD4or CD8T cells and are representative fowo independent experimerst with n=5 WT
and 4 TKO mice. YBimilar levels of primflammatory cytokine H2. Individual point ploshows MFI of K2 expression and
is representéive for two independent experiments with n= 3 WT and 4 TKO mice. Histograms show the representative
expression leval of |12 in CD4+ (left) or CD8+ (right) T cells, unstained (dotted) WT (tinted) and TKO mice ((©) tBe).

27T

graph shows frequencies of granzyme B expressing Tbh8lls. Data is representative for one experiment with n=3 WT
and 4 TKO micegD) Simar frequencies of TNF producing Ckft panel) and CD8T cells (right panel). Bar graph
represents frequencies of TNF producing cells withintf@DZD8T cell population with n= 4 WT and 3 TKO mice. Data are

representative fortwo independent experirants. (B Bar graph showthe frequency of CDAT cells expressing the
regulatory T cell (Treg) specific transcription factor foddiboxprotein P3 (FoxP3jfter three weeks (left paneland after
four weeks of infection (right panel). Datae representativefor 2 (3 weeks) an@ (4 weeksjndependent experiments with

n=4 mice per group. (p<0.001*¢ (i dzR STest, Whaan$D).
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[11.1.8 Shift to a pro-inflammatory cytokine milieu withithe brain of TKO mice

Based onthe observation that. C production inmyeloid APCavas significantly reduced in
i-proteasomedeficient mice upon reaching thechronic stage of A Y F SOGA2Y G KSNBI
release by T cells was unaffected, we aimed to analyzeyhekine milieu in whle brain
parenchyma to clarify whether cytokine expression is altered in whole tissue upon i
proteasomedeficiency Therefore, mRNA levels of prand antiinflammatory cytokines

were measured at fourweeks post infection. In-proteasomedeficient mice, gene

expression of TNF agell as INOS wasgnificantly upregulated, where@xpression levels of

L Cb ' -12 WMdreloply slightly elevate(Figure 21A). In comparison, induction of anti
inflammation was not altered in TKO mice as mRNA levels10, TGF | Y R  ivedeb i
comparable to WT mic@=igure21B).

A B
pro-inflammatory anti-inflammatory
2 * 2
B4 . B9 WT
Q w3 Q | | |
e 3 g 4 ° o TKO
o g 34
Q2 g
2li % ”% % £ _%
gn gé 14 %I !..ﬂ"%
I 0 s 0

IFNy T IL-12 INOS IL- 10 TGFB IFNB

Figure 21 Shift to a preinflammatory cytokine milieu in brain parenchymaCytokine expression in whole brain

homogenate was quantified via giPTCR and values wenermalized to gene expression of HPRT and further to the mean

of corresponding WT controls. (A) Relative mRNA expression &f gpid £ I YYI (2 NB Oeé {d2dndmgdiator LCb! = ¢
iNOS as well as (B) aittflammation measured by relative mRNA expressibii-10, TGF | yR L Chbi FNB aKz2gyd
NBLINBASY(GlIGABS 2F (G662 AYRSLISYRSyd SELISNAYeSty(G&a AyOfdRAy3a yT
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1.2 Function ofthe JIMML causingHP2%Ymutation in T cells

111.2.1 SHP2%Ymutation exclusivelyexpressedn T cellsloes not induce

myeloproliferative diseases

It has been previouslyshovn that mice lacking SHP2 are embryonal letf@dxton etal.
1997) Sincethe SHP25Y mice used in this studyalso carrya stopcassettein PTPN11
between codon 2 and,3vhich is necessary to prevent the expression of the mutant SHP2
before Crerecombinase is initiatd, homozygosity would be embryonic lethal at mid
gestation To thereforeobtain viable mice carrying thgro-oncogenic mutation D61Within

the SH2 domain of thgrosine phosphatase SHP2, heterozygous 8HFbxed mice were
used and crossed to CD4Cre mithaon Creactivation, the gin-of-function mutation of
SHP4s initiated due toa singlepoint mutation (G->T)at position181in exon 3, whichleads

to the amino acid substitution D61Within the NSH2 doman. This mutation preventghe
interaction of the NSH2 andhe PTP domain thereby preventirggclosed confirmatiorof

the phosphatas€Schubbert et al. 2005; Tartaglia et al. 2006)

TheSHP25Ymutation in micehas been demonstrated to restt severe myeloproliferative
disease, disruption a$plenic architecture and cell infiltration into organs such as the liver
(Chan et al. 2009)Similar to these observationd-year old SHP261YlxwWt_.CDALre mice
developed severe splenomegaflfigure 22A). The analysis ofhe spleens of control and
SHP26YloxWLCDALre mice revealedincreased cell numbers but rather comparable
frequencies of T ceflubsetsin the latter (Figure22B). Since CD4 is not exclusively expressed
in T cells but also in a subset of maginages andCqBialecki etal. 2011; Shaw et al. 2018;
Zhan et al. 2016xonditional SRt mice werefurther crossed to preT cell receptor

h (pTa) micea receptorthat is expresseanly during thymic development oh i T cellghus
ensuring that the SHP2Y mutation is exclusively expressed in T cells aot in other
immune cell subsetdn cantrast to mice crossed to C@4e animals SHP2611oXWt.nTaCre
mice did not develop splenomegafind cell numbersavere comparable to those isolated

from control mi@ (Figure22A and B.

e



Results

A
SHP2 D61Y SHP2 WT
pTa cre CD4cre pTa cre CD4cre
£
o
i
B spL spL
Il SHP2 wt
60
P BWsHr2 pTacre w B SHP2 wt
= 2
° ; M sHP2™".cD4 cre § 40 M sHP2"".cD4 cre
£ b
> [o]
= o 20
0 0
counted cells CD3 CD4 CD8

Figure22 SHP2 mutation leads to splenaggaly and increased immune cell numbeosly in CD€rebut not in pTaCre

mice. SHP®Xwt-CDLre SHP®xwt-pTaCreand Crecontrol mice were kept for 110 14 months spleens were removed
photographedand further analyzed using FAQ®) Splenomegalwas only observed in SHFP2W-CD4Lre mice. (B)
Splenocyteof naive mice were isolated, gated onifliy single cells and used for further FACS anaBaisgraph shows
total cell numbers oSHP®*wt-pTaCremice, SHPZXWt-CDALreor Crecontrol mice(left) and frequencies cED3 T cellsas

well as frequencies of CBand CD8T cells within the CD3 cell ppulation for SHPZxwt-CD4Lre compared to control

mice (right). Data is representative fawo independent experiments with n=3 micg.LJF n ®n p f ZTegt, indaRr SP).4 Wa

I11.2.2 AlteredT cell development in SHF2Ymice crossed t&€D4Cremice but not

in mice crossed tpTaCremice

Previous studies otckmediated deletion of SHP2 in T cells revealed an attenuated
transition from DN3 to DN4uring the double negative stage of thymiiccell development
leading to lower frequencies of CD4/CD8 double positive d®liguyen et al. 2006)
Analyzing thymic T cell development 8HP251Y mice, crossed to CD@re mice, showed
comparablefrequencies ofdouble positive (DPXingle positiveCD4, CD8 T cebsd double
negative DN) cells. Total cell numbers of these subsets also did not resigglificant
differencebetween the two genotypegFigure23A). Althoughin comparison to the studies

of Nguyen et al.a SHP2 gaiof-function mutation was used in this stugy similar increase

at the DN2 (CD44€D25) and DN3 (CD4#%“CD25) stages were observedfor both,
frequenciesas well as cell numbersvhereas frequencies and T cell numbersre highly

reducedwithin DN4thymocytes(CD4£¥CD2%", Figure23B), comparable to theindings 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’'SHR2.

To investigate whether the observed differences in trensition to DN4 are caused biye
D61Y mutation in T cells and not due to secondary effects of B8P@s carrying the same
mutation, thymi of SHPZEMlowt_sTaCreand control mice were analyze#irst, frequencies
of DP, DN, and CD4 and CD8 singletigesi cells were measuredlo differencesn those
subsets were observedFigure 230). Further analysis of DN stagesalso showed no
differencesbetween genotypegFigure23D). Similarly, quantifications of total cell numbers
at different maturation stages did not reveal any alteration in thymic developmentioe

expressing the D61Y mutation exclusively in T cells.

Since the aim of this study was to analyze the effects of the D61Y mutation in ,Talells
further studies were performed usinthe more T cell specific pTaeQnice. Taking into
account thatalterations in thymic developmenh CD4Cre miceere observed even before

Creexpression occurred, these mice were mutluded into further studies
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Figure23 Altered thymic development in CD4Cre but not in pTa cre nieerying the SHP2 D61Y mutatioBells isolated
from the thymus of SHPLYfloxwtCDALrg SHPR61YloxwinTaCremice andheir correspondingCrecontrol mice were gated

on single, living cell<D11lsw-CD11ewand used for further FAGBalysis. A+Q FACS plot and graplshowfrequencies of
double positive, double negative and CBA CD8single positive T cel(sipper panel) and cell numbers calculated on living
cells (bottom).(B+D Double negative cells were further subdivided inftoDN stages FACS plot and graphshow
frequencies 0 DN1, DN2, DN3 and DN4 cdlipper panel) and cell numbers calculated on counted living cells (battom)
Dataare representative fotwo independentexperiment with n=3 COZre mice andfor three independent experiments
with n=5 pTeCremice (p<0.05*, 0.01**, p<0.8 N MF F F f  {TéstlaRery®D¥a
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[11.2.3 Alteration in T cell compositioandenhanced CD44 expression in T cells

obtained from SHPZYmice

On the basis of anndisturbedCD4 and CD8T cell development withithe thymus,the
composition of T cell subsetsvas analyzed inlymphoid organs ashe spleenand lymph
nodes Analyzing both splenocytes andcells obtained from lymph nodes,comparable
frequencies of CD3T cells buta shift in the CD4:CD8 T cell ratio with lower frequencies of
CDS8T cellswas observedFigure24A andB).

Due to the observed alterations in T cedimposition within the spleen and the lymph nodes
both, CD4and CD8T cells, were further analyzed regarding their proportions of naive and
central or effector memory T cells. Small changes in the frequencies of memory T cells were
observed. Whereas CD7 cellsobtained from the spleershowed increased frequencies of
Tcm upon SHP2 gagf-function mutation but no significant changes of this subset in"dD8
cells, in lymph node®nly the CD8T cells showed increased frequencies of central memory

T cdls (Figure24C and ) Moreover, analyzing the naive T cell subset in more detail, T cells
of SHP2 mutant mice showed enhanced CD44 expression resulting in an abnygsdete
absence of CD6ACD4#™ T cells within the spleen and lymph nodes upon steady state
conditions(Figure24E and [

Since CD44 ialso upregulated duringhomeostatic proliferationin T cells the question
remainedwhether T cell prbferation was aberrant in SHPZYT cells as observed in myeloid
cells under steady state conditiofnarboring the same mutatio(Boyman et al. 2009)
Although a hyperproliferation under steady state condition was not obser{iH®.J),
increasedproliferation might be induced following an initial T cell activatidbherefore, the
proliferative capacity of both T cell subsets wasalyzedin response to TCR and -co
stimulation in vitro, using violet cell racer (VCT)T cells of both experimental groups
proliferated in the presence df-CD3 and'-CD28 mABs but thergliferation of SHPZY
carrying T cells was significantly reduced in both subsets when compared to WT T cells

(Figure25).
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Figure24 Alterations inthe T cell composition in lymphoid organs of SHP2 mutant mécel reducedproliferation. Cells
isolated fromthe spleenand lymph nodesf SHP®*wt-pTaCremice and control mice were gated on single living cells and
used for further FACS analysBomparabldrequencies of CD3 cellsbut shift inthe CDACDST cell ratian (A) spleen and
(B)lymph nodes FACS plots and graphs show frequencies of naive (GIIB2ewint), central memory (CD6ZLDA44iah)

and effector memory (CDER2¥CD44iah) T cdéls within CDAand CD8T cell subset in théC)spleenand (D) lymph nodes.
Graphs show shift in the frequencies of CD44 expression (@Badd CD44") within the naive T cell population in Clashd
CD8T cells ifE)the spleenand F) lymphnodes Dataare representative fotwo independentexperimenswith n=5mice.
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Figure25 Reduced Proliferation in T cells harboring SHP2 D61Y mutafiocells obtained from the spleen were labeled
with violet cell tracer (VCT) and stimulated with 5ug/mLh 6é£D3/28 mABsHistogramsshow the representative mean
fluorescence intensitiesf multiple generationsof T cellsfor CD4 (left) and CD8 (right) with SHP2wt (red), SHRRIue)
and unstimulated control (grey). Dagae representative for two independent experiments with rsi3P2v and 4SHP2wt
mice.(p<0.05*{ (i dzR STest,Mean +iSD).

Due to the observed increaddrequencies of Tim in T cells of SHP2Ymice in lymphoid
organs and since it has been demonstrated before that memory T cells preferentially migrate
to the bone marrowwhich thereforecontains a high proportiorof longlived memory T

cells T cell composition withirthis site was analyzedDi Rosa and Gebhardt 2016h
contrast to the analyzed lymphoid organs, reduced frequencies<CbB T cellswere
observed inNSHP2 mutant mice in corapgson to WT micewhereasbone marrow resident T

cells showed the sanmhift in the CD4:CD8 T cell ratitiqure26A).

In comparison to the analyzed lymphoid orga@88 T cells of SHP2 mutant mice revealed
higher frequencies of Temwithin the bone marrow whereas CD4T cells remained
unchangedFigure26B). Comparable to the observation in lymphoid orgaespecially CD8

T cells showed a significant shift to an increased expression of the adhesion molecule CD44

within the naive T cell popuian (Figure26C)
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Figure26 SHP2 D61Y mutation leads @ altered T cell composition and enhanced CD44 expression also in the bone
marrow. Cells isolated fronthe bone marrow of SHP2!YfloxwtpTaCremice and SHP2wiTaCrecontrol mice were gated

on single, livingells and used for further FACS analy$s) FACS platand graphs shoveomposition of T cells and (B)
proportion of naive, central memory and effector memory T cells in both+*@Gbd CD8T cell subsetvithin the bone
marrow. (C)Shift to enhancedexpression of CD44 within the naiVecell population mainly in CD8T cells Data is

representative fotwo independentexperimentwith n=5 mice. (p<0.05%).001*** p<0.0001**** { {i dzR STEst, ¥haan #
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 obsenpedipmeral
organsof SHP2 mutant mice raised the question whether SHP2-ajainction 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 Mhains were expressed on both, C#id CD8T cellsubsets,

obtained from SHP2YpTa cre mice and only minor differences were observed between
the two genotypegFigure27?).
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Figure27 Small differences in the'CR repertoireof T cells carrying SHP2Ymutation. Splenocytes were isolated from
SHP2 mutant and control mice and gated on living single- @Bfurther on CD4 or CD8 T cells (not shown)TheTCR
repertoire wasfurther characterized by FACS using different-&dtcjungated V-antibodies. Graphs show frequencies of
different TCR M-chains in CD4T cells (top) and CB¥ cells (bottom) under steady state conditions. Data is representative
for one experiment with sR3mice per group(p<0.05*0.01**, 0.0001**** 2way ANOVA Tesmnean+ SD)
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I11.2.4 Strongly enhanced CD8em formation in BM ohged SHP2'XpTaCremice

The agingof the immune systemalso termedasimmune senescengeaesults in structural
alterationsandin a functionaldecline ofvariouscells In addition,thymic involution leads to

reduced differentiation of lymphoid precursor cedlad thusto reduced naive T cells.

To analyze whethethe SHP2 gahof function mutationcauses aralteration within the
memory T cellpopulation as suggested by the findings of younger mf{Eegure 24C+D,
Figure26B), SHP251YpTaCreand control micevere maintained for 1414 months andhe T
cell canposition as well asmemory formation inthe bone marrow and spleenwere
analyzed In contrastto the observations in younger micd-igure 24A+B),a significant
reduction of CD3T cellswere observed in spleens of SHP2 mutant mice. Sti& in the
CD4:CD8 T cell ratiwvith lower frequencies of CDd cellswasalsoobservedin aged mice
in bothspleen and bone marroFigure28A+B). Whereas frequencies of naive to memory T
cells within the CDZ4compartment was not significantly differentbetween the two
genotypes, CDST cells showed aronouncedshift from nave to Temcells in bothbone
marrow andspleen Figure28C+D) and a significantincreaseof Tcm in the spleerfFigure
28D).
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Figure28 Alteration in the T cell compartment and increasefdrmation of CD8 Tem inagedmice carrying theSHP261Y
mutation. Cells isolated fronspleen and bone marrowf 11-14 monthold naiveSHPR61YloxminTaCremice and SHP2wt
pTaCre control mice were gated orsingleliving cells and used for further FACS analysis. FAGSapbbtgrapls show
frequencies of CD3JT cells in living cells and frequencies of Gl CD8T cells within the CDJ cell population irfA)
bone marrowand (B) spleenor proportion of naive, centrahnd effector memory T cells in both CCahd CD8T cell
subses within the bone marrow(C) andthe spleen(D). Data is representative fawo independent experiments with n=4
control and 3 SHP2t mice (p<0.05*0.01**, 0.001** { {i dzR Stgst tegan+ 8D)
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