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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Chronisch entziindliche Darmerkrankungen (CED) sind immunvermittelte, rezidivierende
Erkrankungen des Gastrointestinaltrakts. Viele der Veranderungen, die bei CED auftreten,
stehen im Zusammenhang mit dem intestinalen Epithel, das fir die Aufrechterhaltung der
Homobostase im Darm entscheidend ist. Intestinale Epithelzellen (IEZ) bilden die
Grenzschicht zwischen der Mikrobiota und dem Immunsystem, und vermitteln damit
zwischen den beiden Hauptfaktoren intestinaler Entziindung. Das Ziel dieser Arbeit war es,
neue Zielproteine und zellulare Signalwege, die an entzindlichen Vorgangen in IEZ beteiligt
sind, zu identifizieren und zu beschreiben.

Mit Hilfe von 2D SDS-PAGE und Mikroarray Analysen wurden Veranderungen im Gen-
und Proteinexpressionsmuster intestinaler Epithelzellen aus Mausmodellen fur Kolitis
bestimmt. Die Auswertung dieser Daten wies darauf hin, dal® Zellorganellen, insbesondere
das Endoplasmatische Retikulum (ER) und die Mitochondrien, durch die Entzindung
beeintrachtigt werden. Unter anderem war Chaperonin (CPN) 60, ein Surrogatmarker der
»-mitochondrial unfolded protein response® (MtUPR) deutlich erhéht. In Zusammenhang mit
CED wurde bereits gezeigt, dal die ER UPR zur Entstehung von Entzindungen im
Gastrointestinaltrakt beitragt. Um die mtUPR genauer zu charakterisieren, wurde die murine
IEZ-linie Mode-K mit einer Deletionsmutante der mitochondriellen Ornithin-transcarbamylase
(OTCA) transfiziert. Durch selektives Ausldsen der mtUPR konnte eine Phosphorylierung
des ,eukaryotic translation initiation factor (elF2) a“ und von cJun beobachtet werden, zwei
Signalproteinen, die ebenso an der ER UPR beteiligt sind. Durch pharmakologische
Inhibition und siRNA-vermittelten Knockdown konnte eine Abhangigkeit der mtUPR
Signalkaskade von der Aktivitdt der mitochondriellen Protease ClpP und der ,double-
stranded RNA-activated protein” Kinase (PKR) gezeigt werden. Somit wurde PKR als ein
neues, zytoplasmatisches Signalprotein der mtUPR identifiziert. Diese Ergebnisse wurden
durch die Beobachtung bestétigt, daR es bei Pkr’” Mausen nach Dextran Natriumsulfat (DSS)
Behandlung zu keiner Erhéhung der CPN60 Level in IEZ kam. Dariiber hinaus waren Pkr”
Mause  widerstandsfahiger  gegenuber einer  DSS-induzierten  Kolitis.  Durch
immunhistochemische Farbungen und Western blot Analysen konnten wir zudem zeigen,
dafd in IEZ von CED Patienten und den murinen Kolitismodellen die vermehrte Expression
von CPNG60 bei Entzindung mit einer Induktion von PKR einherging.

Zusammenfassend deuten unsere Ergebnisse darauf hin, daf} sich die mtUPR tber PKR
in die krankheitsrelevante ER UPR Signalkaskade integriert und somit mitochondriellen
Stress in das komplexe Entziindungsgeschehen einbindet. Unsere Daten sprechen daher flir
eine direkte Rolle der mtUPR in der Pathogenese der CED. Folglich kdnnten die mtUPR und

speziell auch PKR Ziele fur neue Therapienansatze darstellen.






ABSTRACT

ABSTRACT

Inflammatory bowel diseases (IBD) are immune-mediated chronic disorders of the
gastrointestinal tract. Genetic risk factors as well as environmental triggers are implied in the
pathogenesis of these multifactorial diseases. Many alterations characteristic for IBD cluster
around intestinal epithelial cell (IEC) function; IEC are crucial for maintaining intestinal
homeostasis, constituting an interface between the two major factors influencing intestinal
inflammation, the microbiota and the immune system. The aim of this study was to identify
and characterize novel target proteins/signaling pathways involved in inflammatory
processes in IEC.

Applying 2D SDS-PAGE and microarray analysis, we screened for changes in gene and
protein expression in primary IEC from murine models of T cell-mediated colitis under
inflammatory conditions. Bibliometric analysis indicated cellular organelles including
endoplasmic reticulum (ER) and mitochondria to be highly affected. In particular, protein
expression profiling demonstrated marked changes in proteins assigned to the mitochondrial
compartment, including induction of chaperonin (CPN) 60, the hallmark protein of
mitochondrial unfolded protein response (mtUPR). UPR represent autoregulatory pathways
adjusting organelle capacity to the cellular demand and ER UPR in IEC has been shown to
contribute to the development of intestinal inflammation. Using the murine intestinal epithelial
line Mode-K and a mutated protein prone to misfold in the mitochondrial matrix, truncated
ornithine transcarbamylase (OTCA), we further characterized mtUPR-signaling. Selective
mtUPR-induction by OTCA-transfection triggered the phosphorylation of eukaryotic
translation initiation factor (elF2) a and cJun, events also observed under ER stress
conditions. Pharmacological inhibition and siRNA knockdown identified mtUPR-signaling to
be dependent on the activity of the mitochondrial protease ClpP and the double-stranded
RNA-activated protein kinase (PKR), adding a cytoplasmic mediator to the known mtUPR
signaling components. Confirming our in vitro results, Pkr’ mice failed to upregulate CPN60
in IEC upon dextran sodium sulfate (DSS) treatment and showed almost complete resistance
to DSS-induced colitis. Most importantly, immunohistochemistry and Western blot analysis
demonstrated a strong induction of CPN60 associated with enhanced expression of PKR
primary IEC from IBD patients and two murine models of colitis under inflammatory
conditions.

In conclusion, we hypothesize that PKR integrates mtUPR- into the disease-relevant ER
UPR-signaling cascade, thereby linking mitochondrial stress to intestinal inflammation. In
addition, our results suggest a direct role for mtUPR in the pathogenesis of IBD and identify

mtUPR-singaling and in particular PKR as new potential targets for disease-intervention.
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INTRODUCTION

1 INTRODUCTION

Chronic diseases comprise metabolically-driven pathologies such as obesity, insulin
resistance, type 2 diabetes, and cardiovascular disease but also immunologically mediated
disorders like allergies or inflammatory bowel diseases (IBD). The prevalence of chronic
diseases has rapidly increased in the second half of the twentieth century [1-3], associated
with the spread of the western lifestyle and now constitutes a global health problem [4]. Even
though phenotypically different, these diseases share similarities at the molecular and
cellular level [5]. In particular, inflammatory changes are characteristic not only for
immunologically mediated disorders but also metabolically-driven pathologies exhibit strong
inflammatory underpinnings [6]. Identifying common mechanisms underlying inflammation
will increase the understanding of chronic diseases and should lead to new treatment

approaches.

1.1 Inflammatory bowel diseases

IBD and its two main idiopathic pathologies ulcerative colitis (UC) and Crohn’s disease
(CD) are chronic remittent or progressive, immunologically mediated disorders that affect the
colonic mucosa and entire gastrointestinal tract, respectively. UC as well as CD are
multifactorial diseases and are characterized by alterations of the innate and adaptive
immune system, luminal and mucosa associated microbiota as well as epithelial function [3].
The current paradigm for the pathogenesis of IBD is a dysregulated interaction between the
intestinal mircobiome and the mucosal immune system in genetically predisposed
individuals, whereby onset and recurrence of disease are most likely triggered by unknown
environmental agents [7]. Under normal conditions, it is a characteristic feature of the
mucosal immune system that protective immune responses against enteropathogenic
organisms are allowed to proceed while responses to microorganisms of the microbiota are
prevented. The loss of this complex immune homeostasis in IBD might be due to insults
generated by disease-associated alterations such as reduced epithelial barrier function,
defective production of antimicrobial peptides, impaired intracellular handling of bacterial
products and an inadequate regulation of innate and adaptive immune responses [7,8].
Intestinal epithelial cells (IEC) are crucial for maintaining intestinal homeostasis, constituting
an interface between the two major factors influencing intestinal inflammation, the gut
microbiota and the immune system [9]. Directly interacting with enteric luminal bacteria as
well as with lamina propria immune cells and intraepithelial lymphocytes, IEC both sense and
determine the composition of the luminal microbiota by producing antimicrobial substances

[9,10] and on the mucosal side, modulate T cell responses within the lamina propria e.g. by
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producing cytokines like thymic stromal lymphopoietin (TSLP) [11]. Thus, failure to control

inflammatory processes at the IEC level may critically contribute to IBD pathogenesis (Fig.1).

. ® ‘ T T | . ®
‘_ . — Microbiome it i 81 ._ — Microbiome
. @ .- + homeostasis S (LS . @ .- « dysbiosis
. & & . -
* ) \n'. *
g T 1 IEC homeostasis P £ 3  IEC

* selective barrier [ | |+ barrier disruption
l . j . . . \ + homeostasis inflammation m « activation
Qihauéq’\k_
X 1‘ ‘I‘ v 1‘ 4

@ . ocar v GALT

\
\ @ 8° + homeostasis ’ « activation
\ 48 )
\ s J\S K
.‘L"‘ %Q M

Figure 1. Intestinal alterations in IBD cluster around IEC.

Unknown environmental triggers lead to loss of intestinal homeostasis leading microbial dysbiosis,
impaired IEC barrier function and activation of the gut-associated lymphoid tissue (GALT), finally
resulting in intestinal inflammation/IBD in the genetically predisposed host.

1.2 Unfolded protein responses

A cellular condition present in various diseases including IBD is endoplasmic reticulum
(ER) stress and the associated ER unfolded protein response (UPR) [12-14]. In eukaryotic
cells, distinct cellular processes occur in specialized organelles such as the endoplasmic
reticulum, mitochondria, peroxisomes and the Golgi apparatus. As a consequence, the
abundance and/or capacity of each organelle have to be tightly regulated to meet fluctuating
cellular demands. For example, this is reflected by enlarged mitochondria found in exercise-
conditioned muscle cells and secretory cells containing large amounts of ER [15,16].
Autoregulatory mechanisms have been proposed to control organelle abundance, whereby
sensor molecules monitor organelle function and, if the demand exceeds the capacity, elicit
retrograde signaling enhancing biogenesis [16]. The so-called unfolded protein responses
are a paradigm for this type of signaling (Fig.2). Maintaining protein homeostasis is essential
to all cells and is dependent on chaperones, which promote protein folding and prevent
protein aggregation [17]. Under normal conditions, chaperones of the heat shock protein
(HSP) family, HSP70 in the cytosol and glucose-regulated protein (GRP) 78 in the ER, bind
to stress-sensor proteins to repress their signaling [18,19]. Upon stress-induced
accumulation of unfolded proteins, these chaperones dissociate from their binding partners,

preferentially interacting with unfolded proteins.
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Figure 2. Schematic illustration of unfolded protein responses.

Accumulation of unfolded or misfolded proteins can be triggered by environmental factors like
bacteria or nutrients as well as host-derived signals such as inflammatory cytokines. The insufficient
protein folding capacity initiates a signaling cascade leading to the transcription of nuclear-encoded
genes involved in the organelle-specific protein folding machinery and in cellular stress response.
These signals result in augmentation of organelle capacity and lower the burden of unfolded proteins.

In the case of the HSP70, this leads to the release of the transcription factor HSF1
allowing its nuclear translocation and inducing genes involved in cytosolic protein folding
[19]. Similarly, dissociation of GRP78 activates three ER transmembrane proteins, IRE1
(inositol requiring enzyme 1), ATF6 (activation transcription factor 6) and PERK (PKR-like ER
kinase), initiating sophisticated downstream signaling to increase the ER folding capacity
[18]. Additionally to the cytosolic and the ER UPR, a third, cognate signaling pathway
responding to mitochondrial stress has been described, the mitochondrial UPR (mtUPR) [20-
22]. Although the underlying molecular mechanisms of the mtUPR are less understood,
studies in Caenorhabiditis elegans suggested that the initial signal might be peptides
generated from unfolded proteins of the mitochondrial matrix by the protease ClpP and their
efflux into the cytosol [23]. As a result mtUPR responsive genes, mitochondrial proteases
and chaperones such as chaperonin (CPN) 60 are activated, mainly through the transcription
factor C/EBP homologous protein (CHOP) [21,24,25]. Cytosolic, ER and mitochondrial UPR
are distinct signaling pathways targeting specific stress proteins of different cellular
compartments, even though ER- and mtUPR share features like the transcription factors
CHOP and activating protein (AP) 1 [18,21,24]. While cellular stress responses and
mitochondrial dysfunction represent key regulators of metabolically-driven disorders, the role

of mitochondria-related signaling in the pathogenesis of IBD is virtually unknown.
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1.3 ER unfolded protein response

In mammalian cells, the endoplasmic reticulum is essential for cholesterol production, for
calcium homeostasis, and for the transit of correctly folded proteins to the extracellular
space, the plasma membrane, and the exo- and endocytic compartments. Among the
conditions that challenge ER functions and elicit ER stress responses are changes in calcium
homeostasis or redox status, elevated protein synthesis, accumulation of unfolded or
misfolded proteins, energy deficiency and glucose deprivation, altered protein glycosylation,
cholesterol depletion, and microbial infections [18].

Three ER membrane-associated sensors, IRE1, ATF6 and PERK, mediate distinct
branches of the ER UPR. In unstressed cells, these transmembrane proteins are bound by
GRP78 (also referred to as immunoglobulin heavy chain-binding protein, BIP) in their
intraluminal domains and rendered inactive. Accumulation of mis- or unfolded proteins in the
ER triggers recruitment of GRP78 away from these sensors. Liberation of PERK and IRE1
results in dimerization and activation of the two kinases and engages a complex downstream
signaling pathway [18]. Activation of ATF6 requires release from the ER and migration to the
Golgi apparatus where it is cleaved by site 1 protease (S1P) and site 2 protease (S2P) to
generate an active transcription factor (nATF6) [26] (Fig.3). Together, the three branches of
the ER UPR aim to restore ER homeostasis by (I) enhancing the degradation of misfolded
proteins by ER-associated degradation (ERAD) (ll) translational attenuation through
phosphorylation of the a subunit of eukaryotic translation initiation factor (elF) 2 and (lll)
expanding the protein folding capacity of the cell through upregulation of ER chaperones like
GRP78. However, if the ER stress is prolonged or excessive, ER UPR can ultimately lead to
cell death via mitochondria-dependent and mitochondria-independent apoptotic pathways
[27,28].

IRE1

The most evolutionary conserved branch of the ER UPR is mediated by IRE1 [29], a
Ser/Thr protein kinase and endoribonuclease. Upon activation of IRE1a, a 26 nucleotide
intron is spliced out of the mRNA encoding the transcription factor X-box binding protein
(XBP) 1 [18]. This shift in the reading frame results in the translation of the active, spliced
form of the transcription factor, XBP1s, that comprises an N-terminal DNA-binding domain
and a potent transactivation domain at the C-terminus [30]. XBP1s, alone or as heterodimer
in conjugation with ATF6a, controls the upregulation of a broad spectrum of ER UPR-related
genes such as chaperones (e.g. GRP78), and proteins involved in ERAD and protein quality
control [31,32]. Since XBP1s also controls the expansion of secretory pathways by ER/Golgi

biogenesis [33,34], it is crucial for survival and function of secretory cells which are
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particularly susceptible to ER stress [10]. Recently, other mRNAs have been identified as
substrates for IRE1 under stress conditions. IRE1 degrades these mRNAs to prevent their
translation, a mechanism suggested to additionally alleviate ER stress [35]. Furthermore, the
cytosolic domain of activated IRE1 can bind to the adaptor protein TNFR-associated factor
(TRAF) 2 to activate the apoptosis signal-regulating kinase (ASK) 1 and cJun-N terminal
kinase (JNK) [36,37].

ATF6

A second ER UPR pathway is initiated by the type Il ER transmembrane proteins ATF6a
and ATF6[B, whose cytosolic domain encodes a bZIP transcription factor [18]. The active,
cleaved form translocates to the nucleus, binds to promoters containing ER stress elements
(ERSE), UPR elements (UPRE) and cAMP response elements (CRE) and enhances gene
transcription of xbp1 and many other ER UPR genes related to ERAD and protein folding
[32,38,39]. In addition, ATF6a may also modulate lipid biosynthesis and ER expansion under
stress conditions [40]. A number of recently identified ATF6 homologues add complexity to
this branch of the ER UPR. OASIS, CREBH, LUMAN/CREB3, CREB4 and BBF2H7 are ER-
anchored bZIP transcription factors that are processed at the Golgi in a similar way as ATF6
[18]. All these factors respond to ER stress and can activate UPR target genes [41], however
differences in activating stimuli, response element binding and distinct tissue distributions are
proposed. For example, OASIS might play a role in osteoblast activity and bone formation
[42], whereas CREBH is suggested to stimulate the acute phase response in the liver in
response to lipopolysaccharide and cytokines [43]. Notably, ATF6a- and ATF6B-single
knockout mice develop normally, in contrast to double-knockout mice which are embryonic
lethal [32,44]. In summary, these data hint towards redundancies in the ER UPR as well as
to a fine-tuned ER UPR in mammals that allows distinct responses depending on the

affected tissue, the cause and duration of stress.

PERK

The third branch of ER UPR is mediated by PERK and results in the inhibition of global
protein synthesis by phosphorylation of the elF2a [45]. Downstream, this leads to the
induction of ATF4 through alternative translation. Target genes of ATF4 comprise genes
involved in ER redox control (ER oxidoreductin (ERO) 1) and apoptosis (CHOP) as well as

regulators of glucose metabolism [46,47].
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Figure 3. Endoplasmic reticulum unfolded protein response and associated signaling.

The recruitment of the chaperone GRP78 to mis- or unfolded proteins in the ER lumen induces
signaling cascades mediated by the transmembrane proteins ATF6, PERK and IRE-1. Subsequently,
this causes activation of kinases, attenuation of global protein translation and recruitment of
transcription factors to UPRE, ERSE and ARE to evoke cellular stress responses.

In addition, ATF4 induces genes related to a negative feedback of elF2a phosphorylation,
such as growth arrest and DNA-damage inducible protein (GADD) 34, which targets protein
phosphatase (PP) 1 to the ER and promotes dephosphorylation of elF2a, thereby reversing
the shut-off of protein synthesis and facilitating recovery of cells from stress [48,49]. PERK-
dependent phosphorylation also triggers dissociation of Nrf2/Keap1 complexes, subsequent
nuclear translocation of Nrf2 and transcription of genes harboring antioxidant response
elements (ARE) in their promoters, a process thought to counteract oxidative stress evoked
by ER stress [50,51]. Besides PERK, three other kinases are known to have elF2a as a
substrate, double-stranded RNA-activated protein kinase (PKR), general control non-
derepressible kinase 2 (GCN2) and heme-regulated inhibitor kinase (HRI). Of those, only
PKR is described to participate in ER stress signaling [52] whereas GCN2 and HRI might be

activated under oxidative stress and amino acid starvation respectively.
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1.3.1. ER UPR and inflammation

Inflammatory pathways and the ER UPR are tightly interrelated through all three branches
of the ER UPR. IRE1 can activate JNK and thereby the transcription factor AP1 [53] and is
able to modulate the inflammation-related MAP kinases p38 and ERK, possibly by binding of
the adaptor protein Nck [54]. Moreover, IRE signaling might be interrelated to the
inflammatory NF-kB pathway through interaction with an inhibitor kB kinase (IKK)/TRAF2
protein complex [55]. Downstream of IRE1, XBP1 and xbp1 splicing are required to elicit
adequate antibody secretion in response to antigenic challenge in B cells [56,57] and are
essential for the production of antimicrobial peptides in Paneth cells [10].

ATF®6 itself, in addition to the suggested role of its homologue CREBH as regulator of
acute phase proteins such as serum amyloid and C-reactive protein in the liver [43], was
recently shown to activate the transcription factor NF-kB via Akt phosphorylation [58]. In
contrast, PERK-mediated translational suppression targets inhibitory kappa B (IkB), the
inhibitor of NF-kB, thereby triggering NF-kB nuclear translocation and expression of
inflammatory cytokines like interleukin (IL)-6 and tumor necrosis factor (TNF) [59,60]. Other
proinflammatory molecules including IL-8 and MCP-1 have been reported to be responsive to
experimental induction of UPR in vitro as well [61]. Specific inflammatory triggers may
activate different branches of the ER UPR, but there is evidence that not only ER UPR can
induce inflammatory changes, but also that inflammation in terms of activated inhibitor of NF-
kB kinase (IKK)-B can induce ER UPR [62]. In addition to the mechanisms mentioned above,
ER UPR and inflammatory pathways are interrelated by the generation of reactive oxygen
species (ROS) and nitric oxide (NO) [50,63]. Increased protein folding due to ER UPR
activation and formation of disulfide bonds results in the accumulation of ROS and oxidative
stress [64], whereas ROS generated by inflammation could aggravate ER stress. Similarly,
NO production triggered by inflammation can induce ER UPR through NO-induced inhibition
of protein disulfide isomerase (PDI) and subsequent accumulation of polyubiquitinated
proteins [63].

A prerequisite to effective immune responses is the sensing of danger signals such as
microbial-associated molecular pattern (MAMP) motifs. Distinct families of pattern-
recognition receptors, particularly cell- or endosomal membrane bound Toll-like receptors
(TLR), cytoplasmic retinoic acid-inducible gene (RIG) | like receptors and cytoplasmic Nod-
like receptors (NLR) carry out this function and activate transcriptional programs to
orchestrate adaptive immune responses. Interestingly, recent data suggest that TLR-
signaling can modulate ER UPR signaling and activate ER UPR-associated transcription
factors [65-67]. Treatment of mice with low dose of the TLR4 ligand lipopolysaccharide (LPS)
prior to induction of systemic ER stress prevented proapoptotic CHOP expression and tissue

damage. This effect was shown to be mediated in a TRIF-dependant manner by selective
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attenuation of ATF4 translation and its downstream target CHOP. The authors suggest that
this mechanism protects TLR-expressing cells from prolonged ER stress evoked during host
responses to pathogens [65]. Using TLR2 and TLR4-deficient mice, we could demonstrate
TLR-signaling to modulate ER UPR in IEC [66] and another study showed that TLR2 and
TLR4 specifically activated IRE1 and XBP1 in macrophages [67]. The latter study implies a
distinct function for XBP1 in host defense, since TLR-mediated XBP1s induction did not
induce ER UPR-associated target genes but was required for optimal and sustained
production of proinflammatory cytokines in macrophages [67]. Regarding ROS, it is
noteworthy that in a model of ischemia/reperfusion injury in which ROS participate, mice
deficient in TLR2 showed increased levels of interferon (IFN) y and IL-4 accompanied by
aggravated tissue damage [68] hinting towards an additional protective, TLR-mediated

mechanism in the context of ER UPR.

1.3.2. ER UPR and autophagy

Autophagy is a highly regulated lysosomal pathway involved in the turnover of long-lived
proteins and organelles. It is involved in cellular homeostasis, maintenance of immunologic
tolerance and host defense against pathogens [69-71]. Autophagy starts with the
envelopment of cytosol and/or organelles in an isolating membrane, forming an
autophagosome. Contrarily to phagosomes which posses a single membrane,
autophagosomes feature double-membranes [70]. Undergoing progressive maturation by
fusion with endolysosomal vesicles, an autolysosome is created in which the cargo is
degraded [69,70]. Next to the autophagic-lysosomal pathway, the ubiquitin-proteasomal
system is the second major degradation route in mammalian cells. During ER UPR and the
associated degradation of mis- or unfolded proteins, the ER employs both proteasomal
(ERAD) as well as autophagic pathways [53,72]. ER UPR-induced autophagy might
represent an alternative mechanism to dispose misfolded proteins in the ER lumen that
cannot be removed by ERAD, but is also implied in the degradation of damaged ER and the
counterbalance of the ER expansion during ER UPR [73]. Several canonical ER UPR
pathways have been implicated in the induction of autophagy [74] including conflicting data
about the necessity of different signaling components. The PERK/elF2a pathway has been
linked to the induction of autophagy [74,75] as well as the IRE1 pathway [72]. Using mouse
embryonic fibroblasts (MEF) deficient in IRE1 or ATF6 as well as embryonic stem cells
deficient in PERK, Ogata et al. presented evidence that accumulation of microtubule-
associated protein 1 light chain (LC) 3-positive autophagic vesicles upon treatment with
tunicamycin or thapsigargin, two chemical inducers of ER UPR, was dependent on IRE1, but
not on PERK or ATF6 [72]. In accordance with these data, the thapsigargin-induced

accumulation of LC3-positive vesicles was inhibited in MEF deficient in TRAF2, linking IRE1
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to autophagy via JNK [37]. Subsequent pharmacological inhibition of JNK in this model
system abrogated LC3 translocation suggesting the IRE1-TRAF2-JNK pathway to be
essential for ER UPR-induced autophagy in MEF [69,72]. Independently of innate UPR-
signaling, autophagy might also be triggered and/or amplified by ROS produced under stress

conditions [76].

1.3.3. ER UPR and apoptosis

The purpose of ER UPR is to adapt the ER to cellular demands and to overcome the
stress induced by mis- or unfolded proteins. However, the activation of ER UPR is not always
sufficient to cope with ER stress and prolonged or excessive ER stress ultimately lead to cell
death. Under ER stress, cell death is induced by apoptosis but the precise molecular
mechanisms that mediate the switch from adaptive pathways to the induction apoptosis are
still unclear. The first protease identified to mediate ER UPR-induced apoptosis was
caspase-12. Although cells from mice deficient in caspase-12 undergo apoptosis in response
to other death inducing signals, they show partially resistance to ER UPR induced apoptosis
[77,78]. Consistent with the function of the ER in regulating cellular free calcium levels,
caspase-12 is activated by calpains [77,79], cytoplasmic proteases that are activated by
calcium. Subsequent to its activation at the ER, caspase-12 is thought to cleave procaspase-
9, finally leading to the activation of caspase-3 via caspase-9 [80]. The ER stress induced
activation of procaspase-9 seems to be independent of the mitochondrial cytochrome c/Apaf-
1 pathway since the processing of procaspase-9 can occur in the absence of cytochrome ¢
release [81]. In humans, caspase-4 is implicated in ER UPR induced cell death whereas the
contribution of caspase-12 is arguable as the human gene contains several mutations
impairing its function [82,83].

Activation of PERK and downstream ATF4-mediated CHOP expression plays a
distinguished role in ER UPR-induced apoptosis [84-86], since the deletion of CHOP in
mouse cells reduces apoptosis upon ER stress [87], whereas CHOP overexpression is
sufficient to induce apoptosis in cell lines [88]. Several mechanisms by which CHOP elicits
apoptosis are proposed. CHOP has been shown to sensitize cells to ER stress induced
apoptosis through induction of Bim, a proapoptotic BH3-only member of the B cell ymphoma
(Bcl) 2 family, and concurrent down-regulation of the anti-apoptotic factor Bcl2 [88,89].
Furthermore, CHOP-mediated upregulation of ERO1, a thiol oxidase required for disulfide
bond formation during protein folding in the ER but also known to produce ROS as byproduct
of its activity, might contribute to the induction of apoptosis. Supporting this hypothesis,
reduced levels of ERO1 have been shown to strongly suppress ER UPR induced apoptosis
[64,90]. In addition, the PERK/ATF4 pathway contributes to mitochondria-dependent

apoptotic mechanisms under ER UPR. It induces a truncated form of the sarcoendoplasmic
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reticulum Ca*-ATPase1 (S1T) that promotes transfer of calcium from the ER to
mitochondria, mitochondrial calcium overload finally leading to activation of the mitochondrial
apoptotic pathway [91].

IRE1 plays a dual role in ER UPR induced apoptosis. Splicing of xbp1 is supposed to
mediate anti-apoptotic signals whereas the activation of JNK is assumed to be a rather pro-
apoptotic event. At late stages of ER UPR when apoptosis is induced, xbp1 splicing seems
to be attenuated and forced expression of XBP1s during these stages protects human cells
from apoptosis [92]. Interestingly, the pro-apoptotic Bcl2 family members Bak and Bax, which
are required for the induction of apoptosis under ER stress and regulate the release of pro-
apoptotic factors from the mitochondria and calcium from the ER [93-95], also bind to IRE1.
This interaction seems to be important for efficient xbp1 splicing during ER stress and is
independent from the pro-apoptotic activity of Bak and Bax at the mitochondria [96].

It has been suggested that during mild and strong ER stress all UPR sensors are
activated and evoke anti- as well as pro-apoptotic responses. The decision between
adaptation vs apoptosis might primarily depend on the intensity of the signal which needs to
overcome the low stability of pro-apoptotic mMRNAs and proteins in order to prevail the

activation of the apoptotic program [27].

1.3.4. ER UPR and metabolism

Protein folding and glycosylation in the ER are energy requiring processes and thus the
ER is very sensitive to energy fluctuations and depends on glucose availability. During ER
UPR, all three branches of ER UPR impact glucose metabolism as well as lipogenesis.

Pathways involved in glucose synthesis and breakdown are both transcriptionally
regulated by ER UPR, for example by using genome wide approaches, XBP1 has been
linked to glycolysis as well as glycogen synthesis [97]. Through interaction with CREB-
regulated transcription coactivator (CRTC) 2, also ATF6 has been linked to the regulation of
glucose synthesis in the liver [98]. Yet, the best characterized branch of the ER UPR in
context of glucose metabolism is the PERK pathway. PERK-deficient mice and mice
harboring a mutation that prevents phosphorylation of elF2a at serine 51 display defective
gluconeogenesis in the liver [86,99], linked to pancreatic islet cell dysfunction and death
triggered by ER failure [100]. Further addressing the role of elF2a phosphorylation,
Oyadomari et al. showed that mice expressing a fragment of Gadd34 in the liver, resulting in
forced elF2a dephosphorylation, encounter hypoglycemia during fasting due to impaired
gluconeogenesis and low liver glycogen levels. However, on high fat diet these mice show
improved glucose tolerance and diminished hepatosteatosis, probably as a result of reduced

lipogenesis [101].
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The family of sterol regulatory element-binding protein (SREBP) transcription factors is
resident in the ER and is crucial for the regulation of genes involved in cholesterol
metabolism or lipid synthesis [102]. SREBP transcription factors are classically activated in
response to insulin or low sterol levels, but they might also integrate lipid metabolism into ER
UPR. Indeed, lipid-lowering HMG-CoA reductase inhibitors (statins) have been shown to
activate ER UPR [103]. The ER is the site of triglyceride formation in liver cells as well as
adipocytes [104] and XBP1s regulates the transcription of genes involved in fatty acid
synthesis [97]. Accordingly, XBP1 expression is required for normal fatty acid and cholesterol
synthesis in the liver [105] and both XBP1 as well as elF2a have been shown to participate in
basal and/or diet-induced regulation of lipid metabolism [101,105]. PERK has also been
implicated in the regulation of fatty acid synthesis in mammary epithelial cells [106].
Moreover, using loss-of-function mouse models of multiple ER UPR proteins, all three
branches of ER UPR have been shown to cooperate in protecting the organism from ER
stress-induced deregulation of lipid metabolism [107]. Mice with genetic ablations of either
ER stress-sensing pathways (ATF6a, elF2a, IRE1a) or of ER quality control (p58") have
been shown to have a dysregulated response to tunicamycin-induced ER stress. This
included the suppression of metabolic transcription factors regulating lipid homeostasis but at
the same time development of hepatic steatosis, probably due to a loss of liver lipoprotein
production. Liver tissue from these mice exhibited signs of unresolved ER stress, partially
associated with perpetuated expression of CHOP. Underscoring the role of CHOP in this
setup, livers from CHOP-deficient mice maintained metabolic gene expression under
tunicamycin challenge [107]. CHOP can act as dominant-negative inhibitor of C/EBP family
members including CEBPa, a key mediator of lipid homeostasis. Interestingly, mice with a
postnatal, but not with a constitutive embryonic deletion of CEBPa also show a phenotype
including fatty liver, hypoglycemia and changes in gene expression profiles [108-110].
Contrarily to the observations mentioned above, that tunicamycin challenge increased
ectopic lipid accumulation in mice with a functional knockout of elF2a, Oyadomari et al. found
reduced hepatic lipid accumulation in mice overexpressing Gadd34 in the liver (silencing
elF2a phosphorylation) exposed to a high-fat diet [101,107]. These conflicting outcomes
might be explained by the level of ER stress induced by the different stimuli. While a more
physiological dietary stress might allow for gradual adaptation of elF2a-signaling depleted
cells, a strong death-inducing UPR evoked by tunicamycin might not, significantly impacting
the resultant phenotype. In summary, these findings suggest that ER UPR might be seen as
an adaptive response to handle high metabolic loads [111] and raise the possibility that
severe ER stress, by leading to profound metabolic disruption, is a contributing factor to the

development of hepatic steatosis.

21



INTRODUCTION

1.3.5. ERUPR and IBD

With respect to IBD, ER UPR at the epithelial cell level was implicated in promotion and
perpetuation of intestinal inflammation [10,112,113]. Consistently, recent work using mice
deficient in ER UPR-mediators (IRE13, XPB1, S1P) or mice with a mutation in the Muc2
gene links ER stress in the highly secretory subtypes of IEC, anti-microbial peptides-
producing Paneth cells and mucin-producing goblet cells, with antimicrobial defense and
intestinal inflammation [10,113,114]. Moreover, we provided first evidence that ER UPR in
IEC is relevant to patients with IBD [112], and Kaser et al. reported single-nucleotide
polymorphisms within the XBP71 locus in human IBD patients [10]. The commensal
microbiota is one of the key drivers of intestinal inflammation in IBD and pathways crucial for
sensing and controlling the composition of bacteria, like TLR signaling and autophagy
interact with ER UPR. Genome wide association studies (GWAS) have identified multiple
polymorphisms as disease susceptibility factors in CD such as the autophagy-related
ATG16L1 [115,116] and IRGM [117-119], and bacterial sensing-related NOD2 [120,121],
TLR4 [122] genes. Interestingly, several of these polymorphisms affect Paneth cells. NOD2-
as well as XBP1-deficient and ATG16L1-hypomorphic mice all display alterations in Paneth
cell structure and function, consistently with CD patients harboring the NOD2 or ATG16L1
alleles [123-125]. Perpetuation of bacterial sensing and reduced ability to eliminate bacteria
(via autophagy and antimicrobial peptides) might therefore be directly linked to ER UPR. Of
note, also luminal iron was shown to impact the composition of the intestinal microbiota as
well as epithelial ER UPR [126], and concomitant CREBH and CHOP have been implicated
in iron metabolism through regulation of the peptide hormone hepcidin [127]. The central role
of ER stress in intestinal inflammation is further emphasized by the suggestion that ER stress
and particularly XBP1 not only limit the antimicrobial activity of the epithelium but also

determine the sensitivity of the epithelium towards cytokines and bacterial signals [9,10].
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1.4 Mitochondrial dynamics

Due to the structure of mitochondria, mitochondrial protein homeostasis encounters
unique challenges. More than 98% of the total mitochondrial protein is encoded by the
nuclear genome, making it necessary to import cytosolically synthesized mitochondrial

precursor proteins [128].

1.4.1. Mitochondrial protein homeostasis

Mitochondria are enclosed by two membranes and are well-known for the production of
ATP from acetyl CoA in the tricarboxylic acid (TCA) cycle and the respiratory chain. Outer
and inner membrane separate two compartments, the intermembrane space and the matrix,
which is bound by the impermeable inner membrane that possess specific, gated channels
for metabolite and protein exchange [128,129]. Furthermore, the inner membrane harbors
five (in mammals) respiratory complexes involved in oxidative phosphorylation (OXPHOS)
and ATP production [129]. Within the matrix, several copies of circular mitochondrial DNA
are contained as well as the components required for its replication, transcription and
subsequent translation of the encoded proteins. Additionally, various enzymes essential for
metabolic processes such as TCA, fatty-acid oxidation, iron-sulfur cluster formation, and
heme synthesis reside in the matrix [128]. Enclosing matrix and inner membrane, the
intermembrane space forms cristae, long tubules or folds that project into the matrix as well
as a narrow intermembrane boundary between the inner and outer membranes [130].
Cytochrome ¢ which is involved in respiration in normal cells and apoptotic induction upon its
release into the cytosol and other potential apoptotic inducers are present in this
compartment [131,132].

Both in the outer and inner membrane, protein translocases enable precursor protein
translocation and/or integration into membranes. Translocase of the outer mitochondrial
membrane (TOM) acts as entry site and depending on targeting sequences, precursor
proteins are subsequently directed to their destination by translocase of the mitochondrial
inner membrane (TIM) family members [133]. Protein import into the matrix requires proteins
to be unfolded, in order to transit the protein translocase channels [134,135]. Following
import, signal sequences are cleaved and proteins are (re-)folded. The mitochondrial matrix
contains its own set of molecular chaperones facilitating the folding of newly synthesized or
imported proteins with the evolutionary conserved Hsp70 and Hsp60/10 (chaperonin60/10)
as main players [21,128]. Additional chaperones and proteases essential for protein
maturation and mitochondrial quality control residing in the matrix include ClpP, Lon, Yme1,
DnaJ and Hsp78 [128,136,137].
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Furthermore, expression of nuclear and mitochondrial DNA-encoded proteins has to be
accurately coordinated since 13 out of 89 subunits of the respiratory chain are encoded by
mitochondrial DNA in humans [128] and need to assemble into stoichiometric complexes
with nuclear-encoded proteins.

Thus, cellular stress leading to increased mitochondrial biogenesis [20], generation of
ROS [20,138] or metabolic alterations might impact mitochondrial protein homeostasis and
evoke mtUPR.
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Figure 4. Mitochondrial unfolded protein response in C elegans and primate cells.

The initial signal of mtUPR, peptides generated by CIpP and their translocation to the cytoplasma,
has been identified in C.elegans; Also, downstream transcription factors are known for both,
C.elegans as well as mammalian cells. However, cytoplasmic mediators of mtUPR-signaling are
largely unknown.

1.4.2. Mitochondrial unfolded protein response

Like ER UPR, mtUPR senses insufficient protein-handling capacity, i.e. misfolded,
misassembled or aggregated proteins and aims to restore protein homeostasis by expanding
the folding capacity of the organelle and enhancing protein degradation [128,139].

Experiments using cells depleted of mitochondrial DNA through ethidium bromide
provided first evidence for a mammalian mitochondrial-specific stress response [22].
Probably due to the disturbance of respiratory complex assembly and accumulation of
orphaned nuclear-encoded subunits in the mitochondrial matrix, an induction of Cpn60 and
Cpn10 was observed [22]. Consistently, overexpression of a truncated protein prone to
aggregate in the mitochondrial matrix (truncated ornithine transcarbamylase, OTCA)
increased the expression of Cpn60, Cpn10 and the mitochondrial protease ClpP in an

organelle-specific manner since ER-associated chaperones were not induced [21].
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Subsequent studies suggested a model in which protein aggregation in the mitochondrial
matrix results in the transcriptional activation of the transcription factor CHOP and its cofactor
C/EBPB via JNK2 and the transcription factor AP1 [21,24,25]. In turn, CHOP induces
mtUPR-target genes containing a CHOP-C/EBP element flanked by conserved sequences,
so-called mtUPR elements (MURE), in their promoters [25] (Fig.4). CHOP is engaged both
by ER- and mtUPR but deletion analysis of its promoter identified two adjacent but distinct
elements for transcriptional activation, providing evidence for a separate induction of the
CHORP gene in response to either UPR pathway [24,25]. Genetic approaches in C. elegans
further characterized the mtUPR and lead to the identification of additional signaling
components. In accordance with results obtained in mammalian cells [18,22], RNAi-mediated
knockdown of mitochondrial chaperones and proteases as well as factors required for
mitochondrial DNA expression activated mtUPR in worms that expressed green fluorescent
protein (GFP) under the control of the hsp-60 or hsp-6 (a homologue of mitochondrial Hsp70)
promoter [20].

A subsequent genome-wide RNAI screening identified additional nuclear genes involved
in mtUPR signaling, dve-1 encoding a putative homeobox-like transcription factor, ubl-5
encoding a small ubiquitin-like protein and clpp-1 encoding a mitochondrial matrix-localized
homologue of the E. coli CIpP protease [23,140]. Furthermore, HAF-1, an ATP-binding
cassette transporter similar to the yeast mitochondrial peptide transporter Mdl1p and the
mammalian transporters associated with antigen presentation (TAP) as well as ZC376.7, a
basic leucine zipper transcription factor were found to be essential for signaling mtUPR [141].
In summary, these results suggest a signaling cascade for mtUPR in which insufficient
protein-handling capacity within the mitochondrial matrix leads to the accumulation of
unfolded proteins and activation of mtUPR. The unfolded proteins are degraded by the
matrix-localized ClpP protease to peptides that are transported through the mitochondrial
inner membrane by HAF-1. Since small peptides like that generated by CIlpP have been
shown to be able to diffuse freely through the mitochondrial outer membrane into the
cytoplasm [142] an additional transporter out of the mitochondria might not be needed [143].
Downstream, the transcription factor ZC376.7 translocates to the nucleus, UBL-5 and DVE-1
form a complex and DVE-1 redistributes within nuclei and binds to the hsp-60 promoter. It is
unclear whether ZC376.7 and the DVE-1/UBL-5 complex interact, but since the mammalian
homologue of DVE-1, SATB2 functions as a global chromatin organizer, it has been
suggested that DVE-1/UBL-5 complex-induced chromatin rearrangements might facilitate
access of ZC376.7 to promoters of mtUPR target genes [143]. Ubl-5 itself is a target gene of
mtUPR probably representing an amplification circuit to enhance mtUPR signaling, and it has
been speculated that ZC376.7 might fulfill similar functions to CHOP in C. elegans, as worms

lack a conspicuous homologue of CHOP [143] (Fig.4). The importance of mtUPR-signaling in
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protecting the mitochondrial protein homeostasis by transcriptional upregulation of
mitochondrial chaperones has been demonstrated by knockdown or deletion of signaling
components, all of which sensitized worms to mitochondrial stress resulting in altered
mitochondrial morphology and decreased function, slowed development and shortened
lifespan [23,140,141,143]. Highlighting the disease-relevance of mtUPR, mtUPR-associated

signaling has recently been implicated as potential target in cancer therapy [144].

1.4.3. Mitochondrial biogenesis and mitophagy

MtUPR has been suggested to participate in the tightly and dynamically regulated
mitochondrial biogenesis program to adjust mitochondrial abundance to cellular energy
demands [15,145]. Mitochondria cannot be made de novo, but divide by a process that
recruits lipids and new proteins leading to organelle growth and finally fission [128]. Defects
in the respiratory chain and low cellular ATP levels have been shown to increase the number
of mitochondria [146,147] as well as external factors such as nutrients, hormones,
temperature, exercise, hypoxia, and aging impact mitochondrial biogenesis [128]. However,
the underlying mechanisms are not completely understood. Mitochondrial calcium release
has been implicated in mitochondrial retrograde signaling [148], NO [149,150], as well as
reduced mitochondrial membrane potential (Ay), accumulation of NADH or reduced FAD
[128] and the activation of AMP activated protein kinase (AMPK) by a high AMP:ATP ratio
[151]. As a consequence of these initial signaling events, nuclear and mitochondrial genes
encoding mitochondrial proteins as well as non-mitochondrial proteins involved in energy
metabolism are transcriptionally inducted [152,153]. Several transcription factors and
coactivators involved in mitochondrial biogenesis have been identified in mammals [154].
These include Tfam, NRF1, NRF2, SP1, YY1, CREB, MEF2 and PGC-1a [154] and through
interaction with various binding partners they constitute a regulatory cascade controlling the
expression of target genes in a tissue- and stimulus specific way. Recently, an additional
factor regulating total mitochondrial mass was identified, mitochondrial DNA absence
sensitive factor (MIDAS), a protein stimulating the synthesis of cardiolipin and total
mitochondrial lipids [155].

Furthermore, the morphology of mitochondria seems to be directly related to mitochondrial
function and respiratory activity. This was demonstrated by overexpression or knockdown of
mitochondrial fusion-relevant proteins, mitofusin (Mtfn) 2 and Optic atrophy protein (Opa) 1,
resulting in altered mitochondrial structures and respiration [156,157]. Small, mobile
mitochondria are needed for rapid distribution of ATP to subcellular sites with high energy
demand [158,159], whereas larger mitochondria are more efficient in producing ATP [160]. In
addition, mitochondrial fusion is important for maintaining mitochondrial DNA integrity [161].

Interestingly, fission has been described to produce metabolically different daughter units,
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segregating dysfunctional mitochondria and targeting them for mitophagy [162]. Moreover, it
has been suggested that serum withdrawal preferentially promotes mitophagic degradation
of mitochondria carrying mtDNA mutations [163]. Mitophagy is a specialized form of
autophagy degradating damaged, non-functional mitochondria thereby ensuring the
maintenance of a functional mitochondrial population. Several factors have been implicated
to selectively targeting mitochondria for autophagy such as the cargo adaptor protein Atg11
[164] and recently PINK1 has been shown to be a signal for the lack of mitochondrial fithess
[165]. Expression of PINK1 on individual mitochondria is regulated by voltage-dependent
proteolysis to maintain low levels of PINK1 on healthy, polarized mitochondria, while
facilitating the rapid accumulation of PINK1 on mitochondria that sustain damage. In turn
PINK1 provides the signal for selective recruited of Parkin to damaged mitochondria to
trigger their mitophagy [165]. Remarkably, Parkin has been shown to be transcriptionally
regulated by the ER UPR-associated transcription factor ATF4, strengthening the evidence
for an interconnection between mitochondrial and ER stress [166]. Damaged, dysfunctional
mitochondria display toxicity to cells possibly by enhanced ROS generation. Consequences
of ROS-mediated damage due to lack of active autophagy have been demonstrated in mice
with a liver-specific deficiency in Atg7 [167]. These mice show liver dysfunction associated
with accumulation of ubiquitin-positive protein aggregates as well as enhanced expression of
oxidative stress-inducible proteins demonstrating autophagy to be required to reduce
oxidative stress, and hence cellular damage [167,168]. Additional evidence for a protective
role of autophagy under inflammatory conditions came from a study suggesting that
autophagy preserves mitochondrial integrity, thereby preventing mitochondrial DNA
translocation to the cytosol [169]. In this model, depletion of autophagic proteins promoted
the accumulation of dysfunctional mitochondria, mitochondrial ROS production and activation
of the NALP3 inflammasome leading to the activation of caspase 1 and secretion of IL-1p
and IL-18 [169]. Consistently, Zhou et al. showed that mitophagy/autophagy blockade not
only lead to the accumulation of dysfunctional mitochondria and activation of the NLRP3
inflammasome, but also that NLRP3 and its adaptor ASC redistribute from ER structures to
ER/mitochondria organelle clusters upon inflammasome activation [170]. Thus, the authors
suggest that the NLRP3 inflammasome senses mitochondrial dysfunction and that this might

explain the frequent association of mitochondrial damage with inflammatory diseases [170].
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Figure 5. ER- mitochondrial network.

(Modified from Simmen et al.). On mitochondria-associated membranes (MAM), energy- and
metabolite exchanges as well as calcium fluxes occur between ER and mitochondria. These
processes directly impact ER protein folding since the ER chaperone system is dependent on ATP,
calcium and FAD for disulfide bond formation. Reactive oxygen species generated as a byproduct
during oxidative protein folding might affect the mitochondrial permeability transition pore and
calcium fluxes via SERCA and IP3R. Calnexin localization to the MAM is dependent on PACS?2,
whereas ERp44 regulates calcium release via interaction with IP3R.

1.5 ER-mitochondrial network

In living cells, mitochondria form a dynamic network, constantly remodeled by fission and
fusion events and should not be regarded as single organelles [128]. In fact, they are in close
contact with the ER via mitochondria-associated membranes (MAM) [171,172]. These
specialized ER domains are enriched in ER folding chaperones and oxidoreductases [173-
175], and are sites of calcium- and lipid exchange. Furthermore, the proximity of ER and
mitochondria might ensure the constant supply of the ER with ATP [176,177].

On the MAM, calcium release from the ER occurs at inositol 1,4,5-triphosphate receptors
(IP3R). Mitochondria can take up these local high amounts of calcium in a quasi-synaptic
manner [178] and upon mitochondrial calcium efflux sarcoplasmic/endoplasmic reticulum
calcium ATPases (SERCA) mediate calcium re-uptake into the ER [179]. This calcium flux is
regulated through calcium and redox-dependent interactions of IP3R and SERCA with ER
chaperones such as calnexin (CNX) and calreticulin (CRT) and oxidoreductases such as
ERp44, ERp57 and Ero1a [171,179]. ER-associated calcium signaling is not only important
during apoptosis [180]. ER chaperones like GRP78 depend on calcium and ATP [181] and

moreover, increased mitochondrial calcium levels promote the activity of ATP synthase [182].
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Another link between mitochondrial and ER metabolism at MAM is provided by Ero1a, a
oxidoreductase that oxidizes PDI, which in turn catalyzes the formation of disulfide bonds
within newly synthesized proteins in the ER [183-185]. Ero1a requires FAD derived from the
mitochondrial metabolism as cofactor and generates ROS as byproduct [183], probably
directly impacting mitochondrial permeability transition pore (MPTP), SERCA and IP3R [171].
Interestingly, Ero1a is induced under ER UPR [18] and at the same time riboflavin-deficiency
and therefore FAD metabolism impairs oxidative folding in the ER [186] (Fig.5). An additional
level of regulation of mitochondria-ER interaction is the regulation of MAM itself. Three
proteins are implicated in MAM-regulation in mammalian cells, Mtfn2 and the chaperones
GRP75 and phosphofurin acidic cluster sorting protein (PACS) 2 [187-189]. Mtfn2 is a
GTPase localized at the mitochondrial outer membrane and plays a central role in
mitochondrial fusion. Furthermore, it has been shown to mediate tethering of the ER to
mitochondria and to affect ER morphology as well as calcium homeostasis [189]. In contrast,
GRP75 bridges the mitochondrial voltage dependent anion channel (VDAC) to the regulatory
domain of IP3R thereby enhancing MAM formation [171,188]. Of particular interest in the
context of UPR is PACS2, since siRNA-mediated knockdown of this chaperone not only
uncouples ER from mitochondria but also induces ER UPR [187]. In summary, MAM
represent an interface linking protein folding in the ER to mitochondrial function via energy,
calcium and metabolite exchange.

Consistently, changes in calcium homeostasis and redox status or energy deficiency
trigger ER UPR and at the same time ER stress impacts mitochondrial gene expression
[166,190] and vice versa mitochondria have been shown to modulate ER UPR [191-193].
Confirming the fact that this organelle interplay is not one-sided, the generation of ROS can
be both, cause as well as consequence of ER UPR and mitochondrial dysfunction. Under
cellular stress conditions, mitochondria and ER also interact on more sophisticated levels.
Recent data present evidence that dysfunctional mitochondria contain endogenous high-
affinity human TLR4 ligands and induce TLR4-mediated inflammatory reactions [194],
suggesting a model in which mitochondria could impact TLR signaling and associated ER
UPR. Furthermore, it has been reported that nuclear genes encoding mitochondrial proteins
such as the mitochondrial matrix proteases Lon, mtHsp70, and Yme1 are induced by ER
stress [190]. Likewise, the ER-mitochondria interconnection plays a prominent role in the
caspase-mediated induction of neuronal cell death [192], and mitochondria modulate the ER
UPR under glucose deprivation conditions [191]. Conversely, it has been suggested that
mitochondria support ER function via adenylate kinase (AK) 2 [195] and mitochondrial
dysfunction triggers the ER stress response and aggravates hepatic insulin resistance [193].

In summary, ER and mitochondria form a tight, interrelated network and interact with

various cellular stress pathways.
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2 AIMS OF THE WORK

IBD pathology features various alterations in cellular functions and immune functions in its
complex etiology. Many of those cluster around IEC, which not only constitute a mechanistic
barrier but mediate between the two major factors influencing intestinal inflammation, the
microbiota and the immune system. Thus, failure to control inflammatory processes at the
IEC level may critically contribute to IBD pathogenesis [10,112,113] and vice versa, |IEC
represent a promising target for disease-intervention. Therefore, the present work aimed to
identify and characterize novel target proteins/signaling pathways involved in inflammatory
processes in IEC.

To screen for changes in gene and protein expression in IEC, an adoptive T cell transfer
model of colitis including IL-10 competent and IL-10 deficient T cell donor and recipient mice
was used. Applying this model allowed to distinguish between different levels of IL-10
availability and provided different grades of inflammation as outcome. IL-10 mediates various
anti-inflammatory and immunoregulatory functions and can be produced by subsets of T
cells, B cells, dendritic cells and parenchymal cells as well as IEC [196,197]. Spontaneous
enterocolitis in IL-10” mice was one of the first models of intestinal inflammation [198], and
the activation of ER UPR in IEC under inflammatory conditions was discovered in IL-10"
mice by a gel-based proteome approach [112].

Since analysis of microarray and proteome data indicated mitochondria to be highly
affected under inflammation, we further characterized mtUPR-signaling in vitro and evaluated

its disease-relevance in the context of intestinal inflammation in vivo.
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3 MATERIAL AND METHODS

31 Animals
3.1.1. Adoptive CD4" T cell transfer

CD4" T cells were isolated from splenocytes of previously germfree 129 SvEv (Wt) and IL-
10" 129 SvEv donor mice moved to specific pathogen-free (SPF) conditions 4 weeks before
spleenectomy. Using the magnetic bead-based CD4" T cell-isolation kit or the CD4" CD25"-
Regulatory T cell-isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), CD4" T cells
or CD4" CD25" and CD4" CD25 T cell subpopulations, respectively, were isolated according
to the manufacturer’s instructions. Briefly, splenocyte suspensions were prepared by cutting
and gently grounding donor spleens. CD4" T cells were enriched by negative selection using
anti-biotin microbeads coated with lineage-specific biotin-conjugated antibodies against non-
CD4" T cells and columns designed for cell depletion (LD columns, Miltenyi Biotec).
Unlabeled cells contained in the flow-through were collected. The purity of CD4" T cell-
isolation was determined by flow cytometric analysis and was >90% in all experiments. For
purification of CD25" and CD25 T cell subpopulations, CD4'CD25" T cells were positively
selected using anti-CD25 PE-conjugated antibodies and anti-PE microbeads as well as
columns designed for cell enrichment (MS columns, Miltenyi Biotec). Unlabeled cells
representing the CD4"CD25" T cell-depleted, CD4*'CD25 T cell enriched subpopulation were
collected from the flow-through, and CD4°CD25" T cells were obtained from the eluate.
Purity of CD4"CD25" T cells was >95% in all experiments as determined by flow cytometric
analysis.

In the first experiment, lymphocyte-deficient SPF 129 SvEv recombination-activating gene
(Rag) 2" and SPF 129 SvEv Rag2” x IL-10" mice were reconstituted at 8 weeks of age by
intraperitoneal injection of 3.5 x 10° CD4" T cells suspended in 300ul of PBS, derived from
either Wt or IL-10" mice. 1 and 4 weeks later, mice were killed by CO, anesthesia followed
by cervical dislocation. Reconstitution of mice was determined by flow cytometric analysis of
crude splenocyte suspensions and confirmed CD4" T cell presence as well as absence of
CD8" T cells and B220" B cells, respectively. Non-reconstituted Rag2” and Rag2” x IL-10"
mice served as controls. The number of mice was n25 in all groups.

In the second experiment (microarray), lymphocyte-deficient SPF 129 SvEv Rag2” and
SPF 129 SVEv Rag2” x IL-10" mice were reconstituted at 8 weeks of age by intraperitoneal
injection of 5 x 10° CD4*CD25 or CD4'CD25" T cells suspended in 300ul of PBS, derived
from either Wt or IL-10"" mice. 4 weeks later, mice were killed by CO, anesthesia followed by
cervical dislocation. Non-reconstituted Rag2” and Rag2” x IL-10" mice served as controls.

The number of mice was n=5 in all groups. Animal-use protocols were approved by the
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Institutional Animal Care and Use Committee (IACUC), University of North Carolina at
Chapel Hill.

3.1.2. Bacterial mono- and dual-association

Germ-free 129 SVEVTAC mice (Wt) and germ-free IL-10" 129 SVEVTAC mice were mono-
or dual-associated at 12-14 weeks of age with the colitogenic human oral isolate E.faecalis
strain OG1RF and/or E.coli NC101 (an endogenous isolate derived from an IL-10" mouse)
by gavage feeding and rectal swabbing with viable cultured bacteria, as previously described
[199,200]. The mice were maintained in the National Gnotobiotic Rodent Resource Center at
the University of North Carolina at Chapel Hill. Bacterial mono- or dual-association and
absence of contamination by other bacterial species were confirmed by culturing samples
from the small and large intestine at necropsy and culturing serial fecal samples, as
previously described [199]. Mice were killed by CO, anesthesia followed by cervical
dislocation 16 weeks later. Wt mice mono- or dual-associated with E.faecalis and/or E.coli
served as controls. The number of mice was n=5 in all groups. Animal-use protocols were
approved by the Institutional Animal Care and Use Committee (IACUC), University of North
Carolina at Chapel Hill.

3.1.3. DSS-induced colitis

Pkr” mice (129/terSv x BALB/C) harboring a targeted disruption of the catalytic domain of
PKR [201] were a generous gift from J.C. Bell (Ottawa Hospital Research Institute, Ontario,
Canada). At 12 weeks of age, male Pkr” and CTRL BALB/C mice received cycles of 1%
DSS in the drinking water for 7 days followed by 7 days of water to induce chronic colitis
[202]. Alternatively, 12 weeks old male Pkr” and CTRL BALB/C mice received 1% DSS in
the drinking water for 3 days. Mice were kept under conventional conditions and disease
activity index (DAI) was scored daily (criteria for scoring see Tab.1). Mice receiving water
served as controls. The number of mice was n25 in all groups. Mice were killed by cervical
dislocation. Animal-use protocols were approved by the Bavarian Animal Care and Use
Committee (AZ 55.2-1-54-2531-164-09).
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Table 1. Criteria for scoring the disease activity index (DAI)1 (adapted from Murphy et al., 1993)

Score Weight loss (%) Stool consistency2 Rectal bleeding

0 None Normal Negative

1 1-5

2 6-10 Loose Gross bleeding

3 11-15 Gross bleeding >1d
4 >15 Diarrhea Gross bleeding >2d

! Disease activity index (DAI) = combined score of weight loss, stool consistency, and bleeding/3.

2 Normal stool = well formed pellets; loose = pasty stool that does not stick to the anus; diarrhea =
liquid stool that sticks to the anus.

3.1.4. Assessment of barrier function (Ussing chamber)

For assessment of colonic barrier function in terms of transepithelial electrical resistance
(TER) and colonic permeability, Ussing chamber systems (Easy mount chambers,
Physiologic instruments, San Diego, USA) were used as previously described [203]. Briefly,
distal colon segments of 12 weeks old untreated female Pkr” and CTRL mice (n=5 in both
groups) was prepared as whole and mounted into slider with a recording area of 0.25cm?.
Apical and basolateral sides were bathed separately in 3ml Krebs solution. During
experimental procedures, the bath was maintained at 37°C and aerated continuously with
Carbogen (95% O2 and 5% CO2). After an equilibration period of 45min, colonic TER was
calculated from the short circuit current and the resulting voltage difference every hour.

Colonic permeability was determined by basolateral translocation of Sodium fluorescein
(Sigma Aldrich, Saint Louis, USA). After an equilibration period of 30min apical/luminal Krebs
buffer was replaced by Krebs buffer containing Sodium fluorescein (500ug/ml). 1h after
changing buffers, 100ul of Krebs buffer from the basolateral chambers was sampled. The
amount of translocated fluorescein was assessed by measuring fluorescence (Excitation:

485nm, emission: 515nm) using a fluorimeter (Thermo Scientific, Waltham, USA).

3.1.5. Histological scoring

Sections of the cecal tip and distal colon were fixed in 10% neutral buffered formalin
(Sigma Aldrich). Fixed tissues were hematoxylin- and eosin-stained and embedded in
paraffin.

Adoptive CD4" T cell transfer and DSS-induced colitis: Histological scoring was performed
by blindly assessing the degree of lamina propria mononuclear cell infiltration, crypt
hyperplasia, goblet cell depletion and architectural distortion, resulting in a score from 0 (not
inflamed) to 12 (massively inflamed), as previously described [204].

Bacterial mono- and dual-association: The histological score was assigned by blindly

assessing the degree of lamina propria mononuclear cell infiltration, crypt hyperplasia, goblet
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cell depletion, and architectural distortion resulting in a score from 0 (not inflamed) to 4

(inflamed), as previously described [205].

3.1.6. Isolation of primary mouse IEC

Primary IEC were purified as previously described [206]. Briefly, cecal and colonic tissue
was cut into pieces and incubated (37°C, 15min) in Mode-K cell culture media supplemented
with 1mM dithiothreitol (Roth, Karlsruhe, Germany). The tissue/IEC suspensions were
filtered, centrifuged (7min, 300g, RT) and cell pellets were resuspended in DMEM containing
5% fetal calf serum. The remaining tissue was incubated in 30ml PBS (10min, 37°C)
containing 1.5mmol/l EDTA (Roth, Karlsruhe, Germany). After filtration, the tissue was
discarded and the cell suspension from this step was centrifuged as above. Finally, primary
IEC were purified by centrifugation through a 20%/40% discontinuous Percoll gradient (GE
Healthcare, Uppsala, Sweden) at 600g for 30min. Primary IEC were collected for subsequent
protein and DNA/RNA isolation. Cell purity was assessed by determining the absence of
CD3" T cell contaminations and the presence of E-Cadherin, an epithelial cell marker,
respectively by Western blot analysis (Fig.1).

3.2 Patients

lleal and/or colonic tissue was obtained from patients with active CD or UC or from
patients with colorectal carcinoma undergoing surgical resections, as previously described
[112]. Whenever possible, non-inflamed and inflamed tissue regions of the same surgical
specimens were included for further analysis. Resected inflamed tissue underwent
histological evaluation and specimens were graded in respect to inflammation severity.
Control tissue presented normal macroscopical and histological aspect and all samples were
taken from bowel mucosa located at least 5cm from the tumor.

For immunohistochemical analysis samples were collected by Miquel Sans and Tiago
Nunes at the Hospital Clinic i Provincial/IDIBAPS, Barcelona, Spain. Total number of patients
included in the analysis were CTRL: n=5; UC: n=3; CD: n=5. For Western blot analysis
samples were collected by Gerhard Rogler at the Regensburg University Medical Center,
Regensburg, Germany. Total number of patients included in the analysis were CTRL: n=2;

UC: n=4; CD: n=3. All studies were performed in accordance with the declaration of Helsinki.

3.2.1. Isolation of primary human IEC

Isolation of primary human IEC from resected ileal and colonic tissue sections was

performed as previously described [207]. Briefly, the mucosa was stripped from the
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submucosa within 30 minutes after intestinal resection and the mucus was removed by
treatment with 1mM DTT for 15min. The mucosa was then incubated with 1.5mM EDTA in
Hanks’ balanced salt solution without calcium and magnesium and tumbled at 37°C for
10min. The supernatant containing debris and mainly villi cells was discarded. The mucosa
was incubated again with EDTA at 37°C for 10min. The supernatant of this isolation step was
collected. Subsequently, the remaining mucosa was vortexed and the supernatant was again
collected containing complete crypts, some single cells and a small amount of debris. To
separate IEC from contaminating non-epithelial cells, the suspension was allowed to
sediment for 15min. The sediment containing mainly complete crypts was collected and
washed twice with PBS. Primary IEC from the resected intestinal surgical specimens were

combined and collected in sample buffer.

3.3 Immunohistochemical labeling and quantification

Paraffin embedded tissue was cut into 5um sections using a Leica RM2255 and applied
up onto polylysine coated slides, air dried at room temperature for 1h and dried at 37°C over
night. Samples were deparaffinized and antigens were unmasked by 10min incubation in
boiling 10mmol/L sodium citrate buffer (pH 6.0) (Roth, Karlsruhe, Germany). Immunostaining
was performed according to the protocol provided by Cell Signaling. Anti-GRP78 (Sigma-
Aldrich, Saint Louis, MO), anti-CPN60, anti-PKR (M-515 for mouse and FJ-6 for human, all
from Santa Cruz, Europe) and anti-E-Cadherin (Abcam, Cambridge, UK) were used in
combination with Alexa Fluor 488 donkey anti-goat 1gG, Alexa Fluor 488 goat anti-mouse
and Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-rabbit (all from
Invitrogen Molecular Probes) to stain the respective immunoreactive protein. Rabbit IgG,
mouse IgG and goat IgG (all from Santa Cruz, Europe) were used as isotype controls. The
slides were counter stained with DAPI and mounted in vectashield (Vector laboratories).
Sections were viewed on a Leica confocal microscope using LAS AF Version 2.3.0 (Leica
Microsystems). Pictures were quantified using Volocity 5.4.1 Software (PerkinElmer).
Epithelial cell regions were defined as region of interest (ROI) and the mean intensity of the

fluorescence signal per pm? was measured.

3.4  Protein expression profiling
3.4.1. 2D SDS-PAGE

Protein from purified primary IEC was isolated and subjected to isoelectric focusing (IEF)
in the first dimension and SDS-PAGE in the 2nd dimension as previously described [112].

Briefly, primary IEC were resuspended in lysis buffer containing 7mol/l urea, 2mol/l thiourea,
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2% CHAPS, 1% DTT (all from Roth, Karlsruhe, Germany), protease inhibitor (Roche
Diagnostics, Mannheim, Germany) and 2% Pharmalyte (Amersham Biosciences, Freiburg,
Germany) and homogenized by ultrasonication. Total protein concentrations were
determined using the BioRad protein assay (Munich, Germany) and used for further analysis
or stored at -80°C. For IEF, 250ug of solubilized total protein was cup-loaded onto
rehydrated immobilized pH gradient strips (IPG, pH 3-10, 18cm, Amersham Biosciences).
Subsequent to the first dimension, IPG stripes were loaded onto 12.5% SDS-polyacrylamide
gels and gel electrophoresis was performed. After fixation, proteins were stained using a
Coomassie Brilliant Blue solution. For each individual mouse included in the experiments a
separate gel was generated and analyzed (n25 for each group). All gels from each
experimental setup were simultaneously submitted to all steps of 2-dimensional (2D)-gel
electrophoresis including |IEF, SDS-PAGE, Coomassie Brilliant Blue staining, and
quantitative analysis to minimize variability between samples. Coomassie-stained gels were
scanned (ImageScanner, Amersham Biosciences) and analyzed by ProteomWeaver
software (Definiens), including background subtraction and volume normalization. For each
experiment, gels from control- and treatment groups were compared. Spots picked for further
matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) MS analysis
significantly differed at least 1.4-fold from the control group in protein intensity according to

the Mann-Whitney-test (P<0.05) and were present in at least 8 of 12 gels.

3.4.2. Trypsin digestion of protein spots and MALDI-TOF-MS

Coomassie stained spots were picked, washed, dried, and digested using sequencing
grade modified trypsin (Promega) as previously described [112]. Mass analysis was
performed according to the method of Bruker Daltonics using the Autoflex Control software
and the mass spectrometer of Bruker Daltonics. Briefly, 2-3ml of the extracted protein
sample together with 2ml of 0.1% Trifluoroacetic acid was spotted onto the target using the
thin-layer affinity HCCA AnchorChip preparation by Bruker Daltonics. Proteins were identified
by using the Mascot Server 1.9 (Bruker Daltonics) based on peptide mass searches within
murine sequences only. The search parameters allowed the carboxyamidomethylation of
cystein and 1 missing cleavage. Mass accuracy was set to £100ppm. A significant Mascot
score obtained from protein spots derived from at least 4 different gels was selected as

criteria for positive identification of proteins.

3.5 Gene expression profiling

Total RNA was isolated from primary large intestinal epithelial cells (derived from cecal

and colonic tissue sections) using the column-based RNeasy Mini Kit (Qiagen, Hilden,
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Germany) according to the manufacturer’s instructions. RNA quality and concentration was
determined by spectrophotometric analysis (ND-1000 spectrophotometer, NanoDrop and
Agilent bioanalyzer) and the RNA integrity number (RIN) was >6 for all samples.

RNA preparation (starting with 200ng), RT, labeling, and hybridization were conducted
using the kits provided in the 3’IVT Express Kit and Control Reagents package (Affymetrix)
according to the Affymetrix Technical Manual. To assess efficiency and quality, RNA/DNA
samples taken at several steps of the protocol and were applied on 2% agarose gels. All
samples derived from either IL-10" (n=20) or Rag2” x IL-10" recipient mice (n=20) were
processed at the same time. Labeled RNA samples were hybridized to the murine genome
array NuGO_Mm1a 520177 (Affymetrix). In principle, each gene on the chip is represented
by 10 to 20 oligonucleotides, termed a “probe set.” The level of expression of a particular
gene is measured by hybridization of fluorescently labeled cDNA, synthesized from extracted
MRNA, to these sets. These expression values are typically unitless and have meaning only
in the context of a reference measurement [208]. The gene chips were washed and stained
using the GeneChip® Hybridization, Wash, and Stain Kit and a GeneChip® Fluidics Station
450 (all from Affymetrix). Subsequently, gene chips were scanned with a GeneChip Scanner
3000 (Affymetrix) and were visually inspected for irregularities. Data were analyzed using
Affymetrix GCOS Manager and the R- and Bioconductor-based [209,210] Management and
Analysis Database for Multi-platform MicroArray eXperiments for quality control and
statistical analysis (MADMAX, URL: https://madmax.bioinformatics.nl) or Genomatix
Chiplnspector.

MADMAX/Affymetrix statistical analysis pipeline: The used software and database version
were: R: version 2.12.0, Bioconductor: version 2.7, AnnotationDbi: version 1.12. and Custom
CDF library: nugomm1a520177mmentrezg.cdf with database version 13.0.1. gcRMA (slow)
was selected as normalization strategy and genes displaying average intensities below 20
were excluded from the analysis. The Limma (log2 based) Fold Change was calculated
comparing the respective T cell reconstituted group vs the appropriate control group (n=5 for
all groups). Changes were considered statistically significant according to the g-value of
IBMT regularised t-test or according to the raw P-value of IBMT regularised t-test when
comparing CD4°CD25" T cell reconstituted mice to the control groups, respectively.
Transcripts showing a fold change 21.74, corresponding to a log2 fold change 20.8 and a g-
value/P-value <0.05 were included in the subsequent analysis.

Heatmaps were generated using the MultiExperiment Viewer (TigrMEV) software [211].

Genomatix Chiplnspector: the log2 fold change for each sample and probe set vs each of
the 5 control samples was calculated and the mean fold change of the T cell reconstituted
group vs the control group was determined for each probe set. To test the significance of the

difference in gene expression at the single probe level, a single-sided permutation t test
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analysis was performed. The probes were then mapped onto the relevant transcripts using
Genomatix proprietary genome annotation. A transcript was considered as differentially
expressed if at least 3 associated probes showed a mean absolute log2 fold change that was
20.8 and a P-value <0.05.

3.6 Bibliometric analysis

Bibliometric analysis for cocitation was performed using Bibliosphere Pathway Edition
(Genomatix Software). Enrichment analysis of pathways and gene ontology (GO) terms was

conducted using the Genomatix Pathways System (GePS, Genomatix Software).

3.7 Cell culture, transfection and stimulation

The small intestinal epithelial cell line Mode-K [212] (passage 10-25) was grown in a
humidified 5% CO, atmosphere at 37°C to confluency in 12 well tissue culture plates (Cell
Star, Greiner bio-one, Frickenhausen, Germany). The Mode-K cell culture media was
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS), 1.0%
Glutamine and 0.8% antibiotic antimycotic (Invitrogen, Carlsbad, USA). Cell culture media
was changed prior to stimulation or transfection.

Mode-K cells (50% confluent) were transfected using FUGENE (Roche) for OTCA cDNA-
transfection and Lipofectamine (Invitrogen) for siRNA-transfection according to the
manufacturer’s instructions. The OTCA-plasmid [21] was provided by N. Hoogenraad (La
Trobe University, Melbourne, Australia). Synthetic Pkr (NM_011163)-specific and control
siRNA was purchased from Qiagen. 2ug/ml cDNA and 10nmol/l siRNA respectively, were
used for transfection. Whenever indicated, cells were stimulated with tunicamycin (500ng/ml)
or incubated with PKR-inhibitor (1umol/l), PD98059 (20umol/l) (all from Calbiochem), TCS-
JNK5a (20umol/l) (Tocris), Z-LY-CMK (1umol/l, Bachem), BABTA-AM (5umol/l), KN-93
(20umol/1) or AIP (20umol/l) (all from Biomol, international). Cell media was changed 8h after
transfection or prior the addition of the inhibitors or stimulation.

Murine embryonic fibroblasts (MEF) derived from mice harboring a targeted disruption of
the catalytic domain of PKR (see 3.1.2 and [201]) and genetic background controls (BALB/C)
were kindly provided by Nadine Waldschmitt (Chair for Biofunctionality, Technische
Universitat Manchen, Freising). MEF with a disruption of the Pact gene resulting in complete
ablation of protein expression [213] and genetic background controls (C57BL/6) were a
generous gift from G.C. Sen (Cleveland Clinic Foundation, Cleveland, USA). MEF were
grown in a humidified 5% CO, atmosphere at 37°C in 12 well tissue culture plates (Cell Star,
Greiner bio-one, Frickenhausen, Germany). The MEF culture media was Dulbecco’s

modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS), 0.1mM non-
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essential amino acids (NEAA), 2mM Glutamine, 1mM Pyruvate and 1% antibiotic antimycotic
(Invitrogen, Carlsbad, USA). Cell culture media was changed prior to and 6h after
transfection. Transfection with OTCA cDNA was performed according to the Moke-K cell
protocol.

All cell culture experiments were performed at least three times, until otherwise stated.

3.8 Mitochondrial Isolation

36h after OTCA transfection or 2h after tunicamycin stimulation respectively, Mode-K cells
were homogenized in STE buffer containing 250mmol/l saccharose, 5mmol/l Tris and
2mmol/l EGTA, pH 7.4 using a glass potter. Cells debris was removed by centrifugation
(1000g, 4°C). Subsequently, mitochondria were pelleted by centrifugation (11600g, 4°C). The
purified mitochondria were lysed in lysis buffer containing 7M urea, 2M thiourea, 2% CHAPS,
1% DTT (all from Roth, Karlsruhe, Germany) and protease inhibitor (Roche Diagnostics,

Mannheim, Germany) and homogenized by ultrasonication.

3.9 Western blot analysis

Purified primary IEC, MEF or Mode-K cells were suspended in lysis buffer containing
7mol/l urea, 2mol/l thiourea, 2% CHAPS, 1% DTT (all from Roth, Karlsruhe, Germany) and
protease inhibitor (Roche Diagnostics, Mannheim, Germany) and homogenized by
ultrasonication. Total protein concentrations were determined using the BioRad protein assay
(Munich, Germany). Samples were diluted with 5x SDS buffer and 25 / 50ug of protein were
subjected to electrophoresis on 10% or 15% SDS-PAGE gels. Anti-E-Cadherin, anti-CHOP,
anti-COXIV, anti-P-PERK, anti-PKR, anti-P-PKR, anti-P-PACT, anti-ATF4, (all from Santa
Cruz, Europe), anti-CD3, anti-CPN60, anti-P-cJun, anti-P-elF2a, anti-LC3, mouse anti-rabbit
IgG (light chain specific) (all from Cell signaling, Beverly MA), anti-GRP78, anti-OTC (Sigma-
Aldrich, Saint Louis, MO) and anti-B-Actin (ICN, Costa Mesa, CA) were used with the
appropriate HRP-conjugated secondary antibodies, goat anti-rabbit, goat anti-mouse and
rabbit anti-goat (all from DIANOVA, Hamburg, Germany) to detect the respective
immunoreactive protein, using an enhanced chemiluminescence light-detecting kit (GE,

Arlington Heights, IL). Western blots representative of the respective experiment are shown.
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3.10 Co-immunoprecipitation

Mode-K cells were transfected with OTCA for 34h. Co-immunoprecipitation was
performed according to the protocol provided by Cell Signaling. Briefly, whole cells were
lysed in lysis buffer (Cell Signaling, Beverly, MA) supplemented with PMSF (1mM). Cell
debris were removed by centrifugation (1400g, 10min) and supernatants were incubated with
anti-elF2a (Cell signaling, Beverly MA) anti-PKR, or control 1gG (rabbit or mouse) antibody
(all from Santa Cruz, Europe) at 4°C for 3h in a shaker. Subsequently protein A/G-beads
(Santa Cruz, Europe) were added and samples were incubated at 4°C over night in a shaker.
Beads were collected by centrifugation (5min, 8000g), washed twice with 1x lysis buffer (Cell
Signaling, Beverly, MA) and resuspended in lysis buffer containing 7M urea, 2M thiourea, 2%
CHAPS, 1% DTT (all from Roth, Karlsruhe, Germany) and protease inhibitor (Roche

Diagnostics, Mannheim, Germany) for subsequent Western blot analysis.

3.11  Chromatin Immunoprecipitation

36h after OTCA transfection respectively, Mode-K cells were fixed by incubation with
serum free medium containing 1% formaldehyde for 10min. Nuclear extraction and chromatin
immunoprecipitation were performed using the ChIP-IT Express Enzymatic kit (Active Motif;
Carlsbad, CA) according to the manufacturer’s instructions. Enzymatically sheared
chromatin extracts were normalized according to their DNA content and
immunoprecipitations were carried out at 4°C overnight using 2ug anti-p-cJun antibodies
(Cell Signaling Beverly, MA). Immune complexes were collected with protein G-coated
magnetic beads, washed and eluted from the beads. DNA was released from protein cross-
links by chemical reversion, followed by proteinase K digestion at 37°C. DNA from chromatin
which was not subjected to precipitation served as a loading control for the subsequent PCR
(input control). PCR was performed with total DNA (6ul, input control) and
immunoprecipitated DNA (6ul). The PCR products (10uL) were subjected to electrophoresis

on 1% agarose gels. Primer sequences, amplicon size and predicted promoter binding site:

precipitation = Amplicon Forward Primer Reverse Primer Promoter
size binding site
P-cJUN at Pkr 104 5’-aattgtcacagacatagcttggctggac-3’° 5’-ggaagcaactgggcacatggat-3'°  agttactcag®

* according to Genomatix software
bold: positions with high degree of conservation within the matrix
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3.12 DNA/RNA isolation, reverse transcription and real-time PCR

Total DNA and RNA was isolated using the column-based RNeasy Mini Kit or the
DNA/RNA Isolation Kit, respectively (both from Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. DNA and RNA concentrations and purity (A260/A280 ratio) was
determined by spectrophotometric analysis (ND-1000 spectrophotometer, NanoDrop
Technologies, Willigton, USA). Reverse transcription was performed using 1ug total RNA.
Real-time PCR was performed using 50ng crude DNA or 1ul cDNA in a Light Cycler ® 480
system (Roche Diagnostics, Mannheim, Germany) applying the Universal Probe Library
system [214] according to the manufacturer’s instructions. To determine the ratio of
mitochondrial (mt) to nuclear DNA, primer specific for mitochondrial and nuclear sequences
were designed and the ratio was calculated using the Ct values given by the Light Cycler®
480 software. Relative induction of gene mRNA expression was calculated using the Light
Cycler® 480 software and 18S expression for normalization. Primer sequences are given in
Tab.2. Data were expressed as fold change against untreated cells. The PCR products
(10ul) were subjected to electrophoresis on 2% agarose gels to determine amplicon

specificity.

Table 2. Primer sequences for real-time PCR

Forward primer Reverse Primer Probe#

grp78 (NM_022310.2) 5’-ctgaggcgtatttgggaaag-3’ 5’-tcatgacattcagtccagcaa-3’ 105
pkr (NM_011163.3) 5'-gttgttgggagggagttgac-3’ 5’-agaggcaccgggttttgtat-3’ 99
atf4 (NM_009716.2) 5’-atgatggcttggccagtg-3’ 5’-ccattttctccaacatccaatc-3’ 88
atf3 (NM_007498.3) 5’-gctggagtcagttaccgtcaa-3’ 5’-cgcctccttttcctctecat-3’ 80
trib3 (NC_000068.6) 5’-gtcgctttgtcttcagcaact-3’ 5’-tcatctgatccagtcatcacg-3’ 67
cpn60 (NM_010477.4) 5’-ggtggaaaaagggatcattg-3’ 5’-tcggctgtagttagcaaggag-3’ 3
coxl (NP_904330.1) 5’-cagaccgcaacctaaacaca-3’ 5'-ttctgggtgcccaaagaat-3’ 25
coxlV (NM_009941.2) 5’-tcactgcgctcgttctgat-3’ 5’-cgatcgaaagtatgagggatg-3’ 7
pgc-1a (NM_008904.2)  5'-gagcgaaccttaagtgtggaa-3’ 5'-tcttggttggctttatgagga-3’ 52
18s (NR_003278.1) 5’-aaatcagttatggttcctttggtc-3’ 5’-gctctagaattaccacagttatccaa-3° 55
nuclear DNA seq (Chr8) 5'-tttacaggatctccaagattcaga-3'°  5’-gatcaccccatgtgaacaaa-3’ 26

mt DNA seq (ChrM)

5’-caaatttacccgctactcaactc-3’

5’-gctataatttttcgtatttgtgttigg-3’

101
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3.13 Statistical analysis

All statistical computations were performed using SigmaStat software from Systat
Software expect Spearman's rank correlation coefficient, which was calculated using the
WInSTAT add-in for MSExcel. Data comparing treatment vs corresponding control group
were analyzed using unpaired t tests. Data comparing several treatments vs corresponding
control group were analyzed using One-Way or Two-Way ANOVA followed by an appropriate
multiple comparison procedure. If data were not normally distributed or comprised
discontinuous data, non-parametrical tests (Mann-Whitney/Rank sum test, ANOVA on ranks)
were used. Histopathology scores are expressed as means £SD of at least 5 mice per group.
Real-time PCR data are expressed as mean fold of control group +SD, of 2 independent
triplicates for the cell culture experiments. Differences between groups were considered

significant if P-values were <0.05.
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4 RESULTS

4.1 Markers of ER- and mitochondrial stress are induced in IEC under inflammatory
conditions

4.1.1. Protein expression profiling of IEC links ER- and mitochondrial stress in
experimental colitis

To identify novel target proteins differentially regulated under inflammatory conditions in
the intestinal epithelium, we performed protein expression profiling using total protein of
isolated large IEC of a murine model of T cell-mediated colitis. IEC purity was assessed by
determining the absence of CD3" T cell contaminations and the presence of E-Cadherin, an
epithelial marker, respectively by Western blot analysis (Fig.6A). Rag2”™ mice as well as
Rag2” mice backcrossed to IL-10"" mice were reconstituted with CD4" T cells from either Wt
or IL-10" donor mice. The CD4" T cell population consists of colitogenic CD25 as well as
regulatory CD25" T cells that mediate their protective function primarily by IL-10 [215]. Thus,
the severity of colitis was associated with the ability of the host as well as the transferred T
cells to produce IL-10 [215]. Histological analysis confirmed the presence of inflammatory
changes in both recipient mouse strains, developing gradually mild to severe colitis over 4
weeks (Fig.6B, Tab.3). 2D SDS-PAGE and MALDI-TOF-MS analysis identified differentially
regulated proteins comparing T cell-reconstituted mice with the appropriate control group.
The numbers of differentially regulated proteins increased from the early (1 week) to the 4
weeks time point, associated with the development of chronic colitis. Yet, Rag2” recipients
seemed to be more sensitive towards T cell transfer at the early time point in terms of
numbers of regulated proteins. Overall, T cells derived from IL-10" donor mice seemed to be
more efficient in inducing changes in IEC at the early time point, whereas after 4 weeks
equal numbers of regulated proteins were found in both groups, mice reconstituted with T
cells from Wt as well as IL-10" donors (Fig.7A). Approximately one third of regulated
proteins were identified in both recipient strains, indicating a subset of general target (stress-
related) proteins with altered expression under inflammatory conditions. A total number of
132 unique proteins could be identified (see appendix, Tab.A1). On the basis of literature
cocitation from NCBI PubMed, a bibliometric analysis was performed. The data-mining
program BiblioSphere was used to generate a protein-protein network tree. Due to the
restriction to co-cited proteins only 121 proteins were included in the network, clustering
around mitochondrial CPN60 which is involved in the folding of polypeptides in the
mitochondrial matrix [216] (Fig.7B).
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Table 3. Histological scores of Rag2”” and Rag2™ x IL-10" recipients following adoptive T cell transfer.

Recipient Time after Histological score (+SD)
mouse strain T cell transfer
Colon Cecum
i WtCD4"  IL-10" CD4" i wtCcD4"  IL-10" CD4"
T cells T cells T cells T cells

Rag2” 1 week 04+022 0.5%0.00 0.8+0.27 0.5+0.00 0.3+0.27 1.2+0.76**
Rag2'/' xIL-10" 1 week 04+022 0.7%0.27 0.4+£0.25 0.5+0.00 2.1+0.74* 1.8+0.87
RagZ'/' 4 weeks 0.7+£057 21+1.48 4.1+1.08" 0.3+£0.27 1.3+0.57 2.1+1.29*
Rag2” x IL-10" 4 weeks 06+022 20+1.84 3.8 +1.55* 0.9+0.42 3.8 +1.60" 7.8 £0.96*

* different from CTRL group, ** different from Wt CD4+ T cell group, ANOVA on Ranks followed by
Holm-Sidak test or Dunn’s test P<0.05
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Figure 6. Inflammatory changes following CD4" T cell transfer and purity of IEC isolation.
RagZ"' and RagZ"' x IL-10" recipients were adoptively transferred with CD4" T cells from Wt or IL-
10" mice (n=5 per group) and sacrificed 1 and 4 weeks later. (A) IEC of the large intestine were
isolated and checked for their purity by Western blot analysis using specific antibodies for CD3 as
lymphocyte- and E-Cadherin as IEC marker respectively. Protein was pooled for Western blot
analysis. Total protein lysate of splenocytes served as positive control. (B) Representative H/E
staining of distal colon sections of RagZ"' and RagZ"' x IL-10" recipients with histological score
indicated (100x magnification).
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CPNG60 is specifically upregulated by unfolded proteins in the mitochondrial matrix, and
therefore has been considered as a mtUPR target gene and as surrogate marker for mtUPR
[21]. Also included in the network was the endoplasmic reticulum chaperone GRP78, the
surrogate marker of ER UPR, linking ER- and mtUPR under inflammatory conditions. By
applying a GO-filter assigning genes to cellular components, overrepresented components
were identified by calculating Z-scores. With a Z-score of 14.99 (a Z-score above 2 can be
considered statistically significant, corresponding to a P-value of about 0.05) mitochondrial
proteins were highly overrepresented.

In total, 46 out of the 132 proteins originally identified in our proteome approach were
designated to the mitochondrial compartment. 37 of those were localized in the matrix and
comprised enzymes of the TCA, fatty acid and amino acid metabolism as well as oxidative
phosphorylation (Tab.A1). Interestingly, this pattern of proteins was also found in a study by
Haynes et al., in which proteins degraded and exported from mitochondria under conditions
that perturb mitochondrial protein folding were identified. The maijority of these proteins were
localized in the mitochondrial matrix and included proteins involved in various metabolic
pathways like TCA and subunits of the ATP-synthase [141]. In summary, these results
indicate that in addition to ER stress, also mitochondrial stress is present in IEC under

inflammatory conditions.
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Figure 7. Protein expression profiling links ER- and mitochondrial stress in intestinal
inflammation.

RagZ”' and RagZ"' x IL-107 recipients were adoptively transferred with CD4" T cells from Wt or IL-
10" mice (n=5). Mice were sacrificed 1 and 4 weeks later and primary IEC of the large intestine were
isolated. 2D SDS-PAGE and MALDI-TOF mass spectrometry were used to identify proteins
differentially regulated under inflammatory conditions. (A) Total number of differentially regulated
proteins in both recipient strains at both time points. The color code indicates the proportion of
proteins regulated in recipients reconstituted with T cells from Wt or IL-10"" mice or regulated
proteins present in both groups. (B) Genomatix BiblioSphere software was used to generate a gene-
gene network tree including all regulated proteins color-coded for the designated cellular
compartment. With a Z-score of 14.99 mitochondrial proteins are highly overrepresented.
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4.1.2. ER chaperone GRP78, mitochondrial CPN60 and PKR are induced in IEC in
experimental colitis

To confirm the results from the protein expression profiling, Western blot analysis was
performed for the ER- and mtUPR hallmark proteins GRP78 and CPN60. Supporting
previous results [112], GRP78 was induced in IEC under inflammatory conditions yet
preceding histological changes. CPNG0 followed the same pattern of expression. With regard
to our in vitro observations suggesting a role for PKR in mtUPR signaling (described in 4.2),
the expression levels of PKR were investigated. We did not identify PKR protein levels to be
altered in our proteome approach but due to technical limitations only a subset of proteins
can be identified using 2D SDS-PAGE and MALDI-TOF mass spectrometry [217]. Thus, we
checked the protein levels of PKR by Western blot analysis and found PKR to be induced in
IEC under inflammatory conditions accompanying histological changes (Fig.8A).
Immunohistochemical (IHC) analysis and fluorescence intensity measurements in colonic
tissue sections further verified the induction of GRP78, CPN60 and PKR in the intestinal
epithelium after T cell transfer (Fig.8B-D). Notably, under non-inflammatory conditions,
GRP78 seemed to be expressed predominantly in a restricted epithelial cell population, most
likely mucin-producing goblet cells, whereas under inflammatory conditions GRP78-
expressing cells could also be found in the lamina propria (Fig.8B). Immunohistochemical
double-stainings of CPN60 with GRP78, PKR and E-Cadherin respectively confirmed the
presence of the ER- and mtUPR hallmark proteins associated with the mtUPR signaling-
relevant PKR in IEC under inflammatory conditions (Fig.8D).

To further validate our findings, another bacterial-driven model of colitis, germ-free IL-107
mice mono- or dual-associated with non-pathogenic Enterococcus faecalis and/or
Escherichia coli strains, was used. It was previously shown that these bacterial strains
induce distinct disease phenotypes only in genetic susceptible hosts, namly IL-10" mice
[199]. Also in this model, inflammatory changes in the intestinal epithelium with concomitant
induction of GRP78, CPN60 and PKR, is evident (Fig.9, data excluding PKR Western blot,
have been published previously [218]). Taken together, these results strongly suggest that
the induction of PKR was not due to viral infections, as the animals were maintained under
specific pathogen-free environment or germ-free conditions ensuring the mono-/dual-

association, respectively.
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Figure 8. ER chaperone GRP78, mitochondrial CPN60 and PKR are induced in primary IEC in
response to colitogenic T cell transfer.

RagZ"' and RagZ"' x IL-10" recipients were adoptively transferred with CD4" T cells from Wt or IL-
10" mice (n=5 per group). Mice were sacrificed 1 and 4 weeks later and histopathological scoring
was performed. (A) The bar charts show the mean histopathologic score +SD. b different from a, f
different from e, h different from g and I, ANOVA on Ranks followed by Holm-Sidak test P<0.01; d
different from ¢, ANOVA on Ranks followed by Dunn’s test P<0.05. Pooled isolated large IEC were
analyzed for GRP78, CPN60 and PKR expression by Western blot. (B) Representative
immunohistochemical staining of GRP78, CPN60 and PKR in colonic tissue sections 4 weeks after T
cell transfer (GRP78, CPN60; PKR (green), DAPI (blue), 1,800x). (C) The bar charts show the mean
intensity/pm2 +SD of the fluorescence signal of each group. b different from a and c, e different from
d and f, One-Way-ANOVA followed by Holm-Sidak test, P<0.001. (D) Immunohistochemical double-
staining of CPN60 and GRP78, PKR and E-Cadherin respectively in colonic tissue sections 4 weeks
after IL-10" T cell transfer (GRP78, PKR, E-Cadherin (red), CPN60 (green), DAPI (blue), 1,800x).
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Figure 9. ER chaperone GRP78, mitochondrial CPN60 and PKR are induced in primary IEC in
bacteria-induced colitis.

Germ-free Wt and IL-107/ mice were mono-or dual-associated with E.faecalis and/or E.coli. Mice
were sacrificed 6 weeks later and histopathological scoring was performed. The bar charts show the
mean histopathologic score +SD, b different from ¢ and d, d different from a and ¢, ANOVA on Ranks
followed by Holm-Sidak test P<0.01. Isolated large IEC were analyzed for GRP78, CPN60 and PKR
expression by Western blot. Data, excluding PKR Western blot, have been published previously
[218].

4.1.3. ER chaperone GRP78, mitochondrial CPN60 and PKR are induced in IEC from
IBD patients

Most importantly, determining the relevance of our findings for human intestinal
inflammation, the induction of CPN60 and GRP78 associated with elevated PKR protein

levels was also observed in IEC from human IBD patients. This was not only true for patients
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with ulcerative colitis, but also for Crohn’s disease patients suffering from ileitis as shown by
Western blot (Fig.10A, data, excluding PKR Western blot, have been published previously
[218]) and immunohistochemical analysis (Fig.10B-D). Total number of patients included in
the analysis: UC: WB: n=4, IHC: n=3; CD: WB: n=3, IHC: n=5; CTRL (colorectal cancer):
WB: n=2, IHC: n=5. Together, these results indicate that, in addition to the recently
established role of ER UPR in IEC during onset and course of intestinal inflammation [219],

the involvement of mitochondrial UPR also seems to be a general disease feature.
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Figure 10. ER chaperone GRP78, mitochondrial CPN60 and PKR are induced in primary IEC
from IBD patients.

(A) Primary IEC were isolated from surgical specimen of patients with colorectal cancer (CC, non-
inflammatory control), active Crohn’s disease (CD) and ulcerative colitis (UC). UC patient 6: IEC of
non-inflamed (N) and inflamed (1) tissue regions. GRP78, CPN60 and PKR expression was analyzed
by Western blot. Patient 1-5 and 7-9 were analyzed on the same Western blot. Data, excluding PKR
Western blot, have been published previously [218] (B) Immunohistochemical staining of GRP78,
CPN60 and PKR in surgical specimen of patients with colorectal cancer (control), active CD or UC
(note: not the same patients as in A). (C) The bar charts show the mean intensity/pm2 1SD of the
fluorescence signal of each group (n=5 for CTRL and CD, n=3 for UC; 10 IEC regions per patient).
*different from CTRL, ANOVA on Ranks followed by Dunn’s test P<0.05. (D) Immunohistochemical
double-staining of CPN60 and GRP78, PKR and E-Cadherin respectively in surgical specimen of
patients with UC and CD (GRP78, PKR, E-Cadherin (red), CPN60 (green), DAPI (blue), 1,800x).

4.1.4. Autophagy is induced in IEC in experimental colitis

Autophagy is a highly regulated lysosomal pathway involved in the turnover of long-lived
proteins and organelles. It is involved in cellular homeostasis, maintenance of immunologic
tolerance and host defense against pathogens [69-71]. A specialized form of autophagy,
mitophagy, degradates damaged, non-functional mitochondria, ensuring the maintenance of
a functional mitochondrial population. During ER UPR and the associated degradation of
mis- or unfolded proteins, the ER employs both proteasomal (ERAD) as well as autophagic
pathways [53,72]. ER UPR-induced autophagy might represent an alternative mechanism to
dispose misfolded proteins in the ER lumen that cannot be removed by ERAD, but is also
implied in the degradation of damaged ER and the counterbalance of the ER expansion
during ER UPR [73]. Independently of innate UPR signaling, autophagy might also be
triggered and/or amplified by ROS produced under stress conditions [76].

Under inflammatory conditions, autophagy was induced in IEC in the adoptive T cell
transfer model as determined by LC3 Western blot analysis (Fig.11). Conversion of LC3-I to
LC3-l is indicative of autophagic activity and the amount of LC3-II correlates with the number
of autophagosomes [220]. Even though autophagy represents a cellular pathway commonly
activated under stress conditions, induction of autophagy in IEC might partially reflect ER-

and/or mitochondrial UPR-signaling.
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Figure 11. Autophagy is induced in primary IEC following T cell transfer.

RagZ"' and RagZ"' x IL-10" recipients were adoptively transferred with CD4" T cells from Wt or IL-
10" mice (n=5 per group) and sacrificed 1 and 4 weeks later. Pooled isolated large IEC were
analyzed for LC3-1 and LC3-Il presence by Western blot.

4.2 Mitochondrial unfolded protein response in the IEC line Mode-K
4.2.1. Truncated ornithine transcarbamylase induces mtUPR in IEC

To further study the role of mitochondrial UPR in the context of intestinal inflammation, we
transfected the murine intestinal epithelial cell line Mode-K with a truncated variant of the
mitochondrial matrix protein OTCA. The deletion prevents the imported protein from folding
properly in the mitochondrial matrix and produces a mitochondrial specific UPR [21]. To
show expression and mitochondrial translocation of OTCA and induction of mitochondrial
UPR by OTCA in Mode-K cells, Western blot analysis was performed with whole cell- and
mitochondrial lysates using an antibody recognizing both the truncated as well as the Wt
variant of OTC and one specific for CPN60 (Fig.12). The presence of OTCA in the
mitochondria and the associated induction of mitochondrial CPNG60 demonstrate
mitochondrial UPR-induction and -signaling in transfected Mode-K cells, confirming previous
results [218]. Induction of CPNG60 in whole cell lysates was only detectable at late time points

(>56h) (data not shown, published previously in [218]).
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Figure 12. Truncated OTC induces mtUPR in Mode-K cells.

Mode-K cells were transfected with OTCA cDNA for 36h. Mitochondrial- and whole-cell protein
lysates were used to analyze OTCA expression and translocation to the mitochondria as well as
CPNG60 recruitment to the mitochondria by Western blot. Cytochorome C Oxidase (COX) IV was
used as mitochondrial loading control.

4.2.2. Mitochondrial UPR integrates into ER UPR-signaling

In addition to OTCA transfection, Mode-K cells were stimulated with the ER UPR-inducer
tunicamycin (Tm), an inhibitor of protein gycosylation in the ER. Consistent with published
results, both treatments induced the transcription factor CHOP and the phosphorylation of
cJun, a component of the transcription factor AP1 [24,53] (Fig.13A). ER UPR is supposed to
employ the ER membrane-associated protein kinase IRE1 to activate JNK and downstream
AP1 [53], and to induce transcription of CHOP through an ERSE [25] or a C/EBP-ATF
composite site [47] in its promoter. In the case of mtUPR, it is suggested that the MEK/JNK2
pathway is utilized to activate AP1 [24] and that transcriptional activation of CHOP is
mediated via AP1 binding sites [25] in its promoter. CHOP-binding to the Cpn60 promoter is
required for CPN60 induction under mtUPR [24,25] and was also confirmed in Mode-K cells
[218].

In contrast, only tunicamycin-mediated ER UPR induced transcriptional activation of the
grp78 gene as shown by elevated mRNA levels and protein induction (Fig.13A), confirming
the finding that mtUPR does not affect expression levels of ER resident chaperones such as
GRP78 [21]. Surprisingly, both ER- and mtUPR led to phosphorylation of elF2a (Fig.13A). It
is established that this event efficiently inhibits translation, thereby protecting the cell from
further accumulation of unfolded proteins under ER stress [53], but this process has not been
previously described as a consequence of mtUPR. In the case of tunicamycin-induced ER

UPR, the ER membrane-associated PERK seems to be largely responsible for elF2a
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phosphorylation [53]. Also in Mode-K cells phosphorylation and thereby activation of PERK
was demonstrated by Western blot analysis following tunicamycin but not OTCA stimulation
(Fig.13B).

These data indicate that ER and mtUPR signaling converge at the level of elF2a
phosphorylation as well as at the activation of transcription factors AP1 and CHOP, although
probably utilizing different signaling cascades. The time point of maximal elF2a
phosphorylation following tunicamycin treatment or OTCA transfection respectively was

chosen for further analysis.

4.2.3. Mitochondrial UPR-signaling employs PKR

To identify the kinase responsible for elF2a phosphorylation upon mitochondrial UPR, we
screened for the recruitment of the four known mammalian elF2a kinases (HRI, GCN2, PKR
and PERK) following OTCA transfection. In response to mtUPR, we found PKR to be
selectively activated. PKR was first described for its role in antiviral defense [221] but has
since been shown to be involved in a broad variety of cellular stress responses [52]. It is a
serine/threonine kinase displaying two distinct kinase activities: autophosphorylation leading
to activation and the phosphorylation of elF2a [52]. Although it has been described
previously that PKR participates in ER UPR signaling [222,223], we found PKR only to be
induced under mtUPR (Fig.13B). This was demonstrated at the level of mRNA and total
protein as well as on the basis of the activation status represented by phosphorylated PKR
(Fig.13B). To rule out the possibility that PKR phosphorylation/induction was due to a non-
specific response toward transfection, Mode-K cells were transfected with GFP as well as
OTC and OTCA. PKR phosphorylation was only detectable in cells following OTCA
transfection (data not shown). In order to verify that the phosphorylation of elF2a is directly
mediated by PKR, we showed association of PKR with elF2a using co-immunoprecipitation
analysis (Fig.13C). The time point of maximal elF2a phosphorylation following tunicamycin
treatment or OTCA transfection respectively was chosen for co-immunoprecipitation.

Applying Genomatix Gene2Promotor software, we screened for putative transcription
factor binding sites in the Pkr promoter and found an AP1 binding-site predicted. Considering
the fact that we found the AP1 component cJun to be phosphorylated under mtUPR
(Fig.13A) and mtUPR employs AP1 to activate transcription of Chop [25] (which was
confirmed in Mode-K cells, data not shown), we performed chromatin immunoprecipitation
(ChlP) analysis to determine AP1-binding to the Pkr promoter. Indeed, phosphorylated cJun
and thus AP1-binding to the Pkr promoter was detected after mtUPR induction (Fig.13D).

Taken together, these results clearly show that PKR is selectively activated and induced

under mtUPR, and that the induction is mediated, at least in part, by the transcription factor
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AP1. Furthermore, PKR directly phosphorylates elF2a, thereby integrating mtUPR- into the

disease-relevant ER UPR-signaling cascade.
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Figure 13. Mitochondrial UPR integrates into ER UPR-signaling via PKR and AP1.

Mode-K cells were stimulated with tunicamycin (Tm) or transfected with OTCA cDNA. (A) Bar charts:
relative Grp78 gene expression 6h after Tm stimulation or 36h after OTCA transfection. Data are
shown as mean +SD, **P<0.01, t test. Phosphorylation of elF2a and cJun 3h after Tm stimulation or
30h after OTCA transfection, as well as GRP78 and CHOP expression 6h after Tm stimulation or 36h
after OTCA transfection analyzed by Western blot. (B) Bar charts: relative Pkr gene expression 6h
after Tm stimulation or 36h after OTCA transfection. Data are shown as mean +SD, **P<0.01 t test.
PKR- and PERK phosphorylation 30h after OTCA transfection/ 3h after Tm treatment and PKR
expression 36h after OTCA transfection/ 6h after Tm treatment analyzed by Western blot. (C) Cell
lysates were prepared 30h after OTCA transfection followed by immunoprecipitation (IP) with anti-
elF2a or anti-PKR antibody and Western blot analysis for PKR or elF2a. (D) AP1 recruitment to the
Pkr promoter 30h after OTCA transfection was analyzed by ChIP using an anti-p-cJun antibody and
subsequent PCR analysis. (C+D) Data are representative of two independent experiments.
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4.2.4. Mitochondrial UPR does not induce ATF4

Phosphorylation of elF2a not only results in the inhibition of global protein synthesis, but
also enchances the translation of several mRNAs encoding short upstream open reading
frames (UORF) [53], including the transcription factor ATF4. Under ER UPR, ATF4 is the
major activator of CHOP [99] and mediates its transcriptional activation via a C/EBP-ATF
composite site (a part of AARE1 (amino acid response element)) [25,224]. In Mode-K cells,
ATF4 was induced in response to tunicamycin treatment (Fig.14A) and also ATF4-binding to
the Chop promoter was detected by ChIP [218]. However, even though elF2a was
phosphorylated under mtUPR, neither elevated ATF4 protein- nor mRNA levels could be
detected (Fig.14A). A selective attenuation of translational activation of ATF4 has been
described before [65]. Yet, in the case of OTCA-induced mtUPR, Western blot analysis might
not be sensitive enough to detect ATF4 upregulation, since mRNA levels of two ATF4 target
genes, ATF3 and TRIB3, were significantly induced (Fig.14B,C).

14A B 3 X "
t
g° g 25 L
S s
3w
:’ : *%k
%2» E 5 S - .
kDa ¥, E
e ATF4 <o
34 — v S 90
72— £ g *T*
— R ad - o
. o |P-Akt 2
°
)
43 — | w— — — — H ;
B-Actin nzé ‘| .
N & N~V @
P & L Ff o L —
@) O 0O _ % _ - B

B = = % OTeA

Figure 14. Mitochondrial UPR does not induce ATF4 but Akt phosphorylation

Mode-K cells were stimulated with tunicamycin (Tm) or transfected with OTCA cDNA. (A) Bar charts:
relative Atf4 gene expression 6h after Tm stimulation or 36h after OTCA transfection. Data are
shown as mean +SD, **P<0.01, t test. Phosphorylation of Akt 3h after Tm stimulation or 30h after
OTCA transfection, as well as ATF4 expression 6h after Tm stimulation or 36h after OTCA
transfection analyzed by Western blot. Relative gene expression levels of (B) Atf3 and (C) Trib3
mMRNA 6h after Tm stimulation or 36h after OTCA transfection. Data are shown as mean +SD,
**P<0.01, t test.
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4.2.5. Mitochondrial UPR induces Akt phosphorylation

ER and mitochondria are in close contact via MAM [171,172], sites of calcium- and lipid
exchange [176,177]. On the MAM, calcium fluxes between ER and mitochondria occur at
IP3R and the associated signaling is not only important during apoptosis [180] but ER
chaperones like GRP78 are dependent on calcium [181]. MAM themselves are regulated by
Mtfn2 and the chaperones GRP75 and PACS2 [187-189]. IP3R, in particular IP3R3, as well
as PACS2 can be phosphorylated by the kinase Akt to regulate the ER- mitochondrial
network, and phosphorylation of these proteins is thought to mediate anti-apoptotic signals
[225,226]. Therefore we determined activation of Akt, as indicated by Akt phosphorylation, in
response to tunicamycin-induced ER UPR as well as OTCA-induced mtUPR and found Akt
activated upon both treatments (Fig.14A).

4.2.6. Mitochondrial UPR-mediated PKR-induction is Ca®* and PACT independent

Mitochondria to nucleus signaling, the so-called retrograde signaling, has mostly been
studied either by treating cells with ethidium bromide to deplete mtDNA content (pO cells) or
with uncouplers of OXPHOS such as CCCP, treatments that alter the mitochondrial
membrane potential. These treatments result in the elevation of cytosolic free Ca®" and
activation of calcium/calmodulin-dependent protein kinase (CaMK) and calcineurin
responsive genes [154]. Furthermore, CaMK is involved in AMPK-mediated mitochondrial
biogenesis in skeletal muscle cells in response to chronic energy deficits [151]. Interestingly,
it has been suggested that Ca®* release from the ER activates PKR via CaMKIl and PACT
[227]. PACT (the murine orthologue is also called RAX) is a cellular activator of PKR and can
activate PKR in the absence of infection [52]. Different stresses trigger PACT
phosphorylation [228], and only then does PACT bind and activate PKR [229].

Nevertheless, neither the calcium chelator BAPTA-AM, nor inhibitors of CaMK (KN-93)
and CaMKIl (AIP) were able to interfere with OTCA-induced mtUPR signaling (Fig.15A).
Furthermore, we were not able to detect phosphorylation of PACT at any time after the
transfection of cells with OTCA using Western blot analysis (data not shown) and more
importantly, Pact” MEF did not display altered mtUPR-signaling in terms of PKR induction
and elF2a phosphorylation (Fig.15B).
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Figure 15. Mitochondrial UPR-mediated PKR-induction is Ca2” and PACT independent.

Cells were transfected with OTCA cDNA. (A) Mode-K cells: 10h after transfection media were
changed and calcium chelator BAPTA-AM, CaMK inhibitor KN-93 or specific CaMKIl inhibitor AIP
were added. 36h after OTCA transfection PKR expression was determined by Western blot. Data are
representative of two independent experiments (B) Wt and Pact’” MEF were analyzed for PKR
expression and elF2a phosphorylation 32h after OTCA transfection by Western blot.

4.2.7. Mitochondrial UPR signaling is dependent on PKR

As PKR is not only known to phosphorylate elF2a but also to be an activator for signaling
cascades regulating stress-activated protein kinases such as JNK [52,230], we next
investigated the role of PKR in mtUPR signaling in more detail. Using specific siRNA to
knock down PKR and a PKR inhibitor, we examined the dependency of mtUPR on PKR-
mediated signaling. SIRNA knock down of PKR prior to OTCA transfection-induced mtUPR
completely abrogated elF2a and c-Jun phosphorylation as well as CHOP induction
(Fig.16A). By applying an imidazolo—oxindole derivative that acts as an ATP-binding site-
directed inhibitor of PKR, we were able to demonstrate that the mtUPR-mediated induction of
PKR itself was dependent on PKR activity as were the downstream events, elF2a and c-Jun
phosphorylation and CHOP induction (Fig.16B). The impairment of mtUPR-signaling was
additionally confirmed in Pkr”- MEF (Fig.16C).

Autoregulation of PKR expression upon its activation has been described before [231]. In
line with our results indicating tunicamycin-induced ER UPR-signaling not involving PKR in
Mode-K cells (Fig.13A,B), neither the siRNA-mediated knockdown of PKR nor the PKR
inhibitor had an impact on tunicamycin-induced ER UPR as measured by phosphorylation of
elF2a, cJun and CHOP (Fig.17A,B). Since previous results indicated that mitochondrial to
nuclear signaling in mtUPR utilizes a JNK pathway including MEK and JNK2 [24], we
determined the effect of the specific MEK inhibitor PD98059 and the JNK2/3-specific inhibitor
TCS JNK 5a on PKR-mediated signaling in mtUPR.
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Figure 16. Mitochondrial UPR signaling is dependent on PKR.

(A) Mode-K cells were transfected with siRNA specific for Pkr or control siRNA for 12h and
subsequently transfected with OTCA cDNA for 30h or 36h to determine protein phosphorylation
(elF2, cJun) and expression (PKR, CHOP), respectively. (B) Mode-K cells were pretreated with PKR-
inhibitor for 10h and subsequently transfected with OTCA for 30h or 36h to determine protein
phosphorylation (elF2, cJun) and expression (PKR, CHOP), respectively. (C) Wt and Pkr”” MEF were
analyzed for PKR expression and elF2a phosphorylation 32h after OTCA transfection by Western
blot.

Inhibition of MEK (Fig.18A) as well as inhibition of JNK2/3 (Fig.18B) was sufficient to
mimic the effects of the PKR inhibitor on mtUPR-mediated signaling. In C. elegans, it has
been shown that mtUPR is dependent on peptides generated by the mitochondrial protease
ClpP [23,141] and furthermore, OTCA has been shown to co-immunoprecipitate with ClpP
[21]. Therefore, we used the ClpP inhibitor Z-LY-CMK and could demonstrate for the first
time, to our knowledge, also the mammalian mtUPR to be dependent on ClpP activity
(Fig.18C).

Taken together, these data suggest that mtUPR is dependent on the mitochondrial
protease ClpP, which provides the initial signal for PKR activation. PKR in turn induces its
own transcription via MEK, JNK2 and AP1. Enhanced PKR-signaling then amplifies elF2a
and cJun phosphorylation thereby inducing CHOP, acting as transcription factor for the
Cpn60 gene. It is appealing to speculate that CPN60 thereafter translocates to the

mitochondria helping to abrogate the stress induced by unfolded proteins (Fig.35).
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Figure 17. Tunicamycin-induced ER UPR signaling is not dependent on PKR

(A) Mode-K cells were transfected with siRNA specific for PKR or control siRNA for 36h or (B)
pretreated with PKR inhibitor for 10h. Subsequently, cells were stimulated with tunicamycin (Tm) for
3h or 6h to determine protein phosphorylation (elF2, cJun) and expression (PKR, CHOP),
respectively. Data are representative of two independent experiments.
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Figure 18. Mitochondrial UPR-signaling employs MEK and JNK2/3 and is dependent on CIpP

Mode-K cells were pretreated with (A) MEK-inhibitor PD98059, (B) JNK2/3-inhibitor TCS-JNK5a or
(C) ClpP-inhibitor Z-LY-CMK for 10h. Subsequently, cells were transfected with OTCA cDNA for 30h
or 36h to determine protein phosphorylation (elF2, cJun) and expression (PKR, CHOP), respectively.

4.2.8. Mitochondrial UPR induces autophagy

Previous reports showed that the persistence of the mutated protein in OTCA-transfected
cells was short lived, propably due to protease-mediated degradation [21], a hypothesis
supported by our results. Autophagy/mitophagy represents another major cellular
degradation route that can deal with damaged organelles as well as misfolded, unsoluble
proteins which cannot be removed otherwise, and consistant with enhanced protease-

mediated degradation, also autophagy was induced under OTCA-induced mtUPR (Fig.19).
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Figure 19. Mitochondrial UPR induces autophagy
Mode-K cells were transfected with OTCA cDNA for 48h. Presence of LC3-1 and LC3-Il analyzed by
Western blot.

4.3  Pkr” mice

4.3.1. Pkr"” mice display enhanced colonic barrier function and increased
mitochondrial markers

To evaluate the disease-relevance of PKR-mediated mitochondrial stress-signaling in
vivo, we subjected Pkr’” mice with a deletion in the catalytic subunit of the Pkr gene [201] to a
DSS-feeding protocol to induce chronic colitis [202]. These mice do not have an obvious
phenotype showing no impairment in tumor suppression, anti-viral response, TNF-induced
apoptosis or elF2a phosphorylation [201]. In the context of intestinal inflammation, the
epithelial barrier plays a crucial role, since barrier dysfunction can permit luminal antigens to
enter the subepithelial tissues, resulting in the recruitment and activation of leukocytes [232].
Interestingly, Ussing chamber experiments indicated enhanced colonic barrier function in
untreated Pkr” mice as measured by reduced sodium fluorescein (NaF) translocation
associated with increased transepithelial electrical resistance (TER) (Fig.20A,B). In addition,
comparing colonic IEC from untreated Pkr” and control mice, Pkr”- mice exhibited elevated
CPN60 and COX4 baseline levels (Fig.20C, Fig.22A,C), associated with an increased ratio
of mitochondrial to nuclear DNA (Fig.22B), suggesting PKR-independent regulation of

CPN60 and mitochondrial biogenesis under normal conditions.

63



RESULTS

20A 130 B 0,20 - ‘ p=0.018
55 p=0.004 . T
. £ 0151
& 110 E
_S 100 g 0,10 4
< o
E %0 8 0,05 *
P w L
z 0,00 4
70
60 -0,058
CTRL Pkr -~ CTRL Pkr -+
C kDa
95 —
| S == GRP78
72 —
v s e il e | CPNGO
55 —
[l [ ——— PKR
55 — :
7| e e ——| COX4
B—| =—— —— = —— — — | [B-Actin
+ + + - - = CTRL mice

- = = 4+ + 4 Pkrmice

Figure 20. Pkr’ mice display enhanced colonic barrier function and increased mitochondrial
markers

Distal colon segments from 12 weeks old Pkr” and CTRL mice (n=5 per group) were mounted into
Ussing chamber systems and equilibrated with Krebs buffer (A) TER was calculated from the short
circuit current and the resulting voltage difference (B) amount of Sodium fluorescein translocated to
the basolateral compartment after 1h. Lines in the box plots represent the median and 25750
percentile. P values were calculated using unpaired t tests. (C) Baseline expression of GRP78,
CPN60, PKR and COX4 in colonic IEC from untreated individual mice analyzed by Western blot.

4.3.2. Pkr” mice show reduced sensitivity to DSS-induced colitis

After a second cycle of 1%DSS, control mice showed a significantly increased disease
activity index, including severe weight loss compared to Pkr” mice (Tab.4, Fig.21A).
Macroscopically, colons were thickened and shortened, indicating severe edema as well as
inflammation and consistently, H&E staining of distal colon sections displayed leukocyte
infiltration into the mucosa as well as IEC and crypt loss (Tab.4, Fig.21A).
Immunohistochemical staining and fluorescence intensity measurements of IEC regions
revealed increased expression levels of GRP78, CPN60 and PKR in DSS-treated control
animals, confirming the relevance of ER- and mtUPR as well as associated PKR-signaling
also in the DSS-induced model of colitis. Contrarily, Pkr”™ mice showed a selective loss of
CPN60 expression upon DSS-treatment whereas GRP78 expression remained unaltered
(Fig.21B,C). Additionally, the evelated CPN60 baseline protein levels in colonic IEC from
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Pkr”™ mice detected by Western blot (Fig.20C) could be confirmed by the

immunohistochemical analysis.

Table 4. Pkr” mice show reduced sensitivity to DSS-induced colitis. Pkr”™ and CTRL mice
received cycles of 1%DSS for 7 days followed by 7 days of water. The criteria for scoring the disease
activity index (DAI) are given in Tab.1.

Group Treatment Weight Stool Rectal DAI Colon Histological
loss consistency bleeding length (cm) score (0-12)

CTRL  Water 0+0 0+0 0+0 0+0 8.83+0.58  0.00+0.00
DSS 28+147° 36080 26+1.36® 3.0+1.19" 6.04+0.30“ 6.20+2.02%

Pkr”™  Water 0+0 0+0 0+0 0+0 9.00+0.73  0.58+0.25
DSS 02+040 0=%0° 0+0 0.07 +0.13° 7.42+0.56% 2.30+3.25°

@ statistically different from Water control group; ANOVA on Ranks followed by Dunn’s test, P<0.05.
b statistically different from treatment control group; ANOVA on Ranks followed by Dunn’s test, P<0.05.
¢ statistically different from treatment control group; Two-Way-ANOVA followed by Tukey test, P<0.001.
d statistically different from Water control group; Two-Way-ANOVA followed by Tukey test, P<0.001.
© statistically different from treatment control group; Two-Way-ANOVA followed by Tukey test, P=0.010.
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Figure 21. Pkr”” mice show reduced sensitivity to DSS-induced colitis.

Pkr” and CTRL mice received cycles of 1%DSS for 7 days followed by 7 days of water. (A)
Representative H/E staining of the distal colon of Pkr’~ and CTRL mice receiving DSS or water. (B)
Immunohistochemical staining of GRP78, CPN60 and PKR in colonic tissue sections of Pkr” and
CTRL mice receiving water or DSS (GRP78, CPN60, PKR (green), DAPI (blue), 1,800x). (C) The bar
charts show the mean intensity/um? +SD of the fluorescence signal of each group (n=5 per group). b
different from a and c, e different from d and g; d different from f, Two-Way-ANOVA followed by
Tukey test, P<0.01, h different from I, P<0.001, t test.
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Figure 22. Mitochondrial abundance declines in Pkr’” mice upon DSS-treatment.

Pkr” and CTRL mice received 1%DSS for 3 day (n=5 per group). Histological scoring (0-12) was
performed and colonic IEC were isolated. (A) The bar charts show the mean histological score +SD.
a different from b, c different from d, Two-Way-ANOVA followed by Tukey test, P<0.05. Expression of
GRP78, CPN60, PKR and COX4 in colonic IEC analyzed by Western blot. (B) mRNA expression
level of cpn60, nuclear encoded cox/V and mtDNA encoded cox/ normalized to 18s expression in
colonic IEC determined by real-time PCR. a different from b and ¢, Two-Way-ANOVA followed by
Tukey test, P<0.05. (C) Ratio of mitochondrial- to nuclear DNA in colonic IEC. b different from a and
¢, Two-Way-ANOVA followed by Tukey test P<0.022.

4.3.3. Mitochondrial abundance declines in Pkr’” mice upon DSS-treatment

To investigate early events during DSS-induced colitis, mice were administered 1%DSS
for 3 days and colonic IEC were isolated. Control as well as Pkr” mice remained healthy in
terms of DAI and weight during DSS-feeding, but showed a slight but significant increase in
the histological score in the distal colon, due to leukocyte infiltration into the mucosa and
submucosa (Fig.22A). GRP78 levels were not induced in IEC at this time point upon DSS
treatment, whereas CPN60 was increased in control mice, but showed a tendency to

decrease in Pkr” mice. At the same time, the mitochondrial marker COX4 remained
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unaltered in control mice and was diminished in Pkr” mice (Fig.22A,B). The induction of
CPNG60 and PKR without augmented COX4 expression suggests mtUPR to be activated in
control animals, while the concomitant decrease of cpn60, nuclear DNA-encoded cox/V and
mtDNA-encoded cox/ seen in Pkr” mice indicates a decline in mitochondrial abundance.
Determining the ratio of mitochondrial to nuclear DNA, these assumptions were confirmed as
the ratio remained stable in the control mice but decreased in Pkr’ mice upon DSS treatment
(Fig.22C). Since the reduction of mitochondria could be either a result of increased
mitophagy or impaired mitochondrial biogenesis (or both), autophagy as well as gene
expression levels of PGC-1a, the main transcription factor involved in mitochondrial
biogenesis, were determined. While autophagy was induced in IEC of control and Pkr”™ mice
upon DSS treatment (Fig.23A), only in Pkr” mice a drop in PGC-1a mRNA levels was
observed (Fig.23B).

These data implicate PKR to be essential for CPN60 induction under inflammatory
conditions thereby conferring protection on mitochondria. Yet, reduced mitochondrial

abundance was associated with augmented resistance to DSS-induced colitis.
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Figure 23. Mitochondrial biogenesis is impaired in Pkr’ mice upon DSS-treatment.

Pkr” and CTRL mice received 1%DSS for 3 day (n=5 per group) and colonic IEC were isolated. (A)
Presence of LC3-1 and LC3-Il analyzed by Western blot. (B) Pgc-1a mRNA expression normalized to
18s expressuion in colonic IEC determined by real-time PCR. a different from b, Two-Way-ANOVA
followed by Tukey test, P=0.007.
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44 Gene expression profiling of IEC as tool to identify novel target
proteins/signaling pathways in intestinal inflammation

Gene- as well as protein expression profiling can be used as a screening method to
identify novel target proteins/signaling pathways involved in inflammatory processes. For
example, GRP78 was initially found to be induced in IEC from IL-10" mice under
inflammatory conditions by a gel-based proteome approach [112]. Subsequently, this drew
the attention towards ER stress and helped identifying ER UPR as a disease-relevant
pathway in IBD. Previous studies using mRNA and protein from the same samples to
perform gene- as well as protein expression profiling showed that most proteins found to be
regulated by SDS-PAGE and MALDI-TOF mass spectrometry could be recovered in the
microarray analysis [233]. However, due to technical limitations of the gel-based proteome
approach [217], many changes such as induction of secretory proteins could only be
detected on mRNA level [233]. To get a more global impression of inflammation associated
changes in IEC, we performed microarray analysis of isolated large intestinal epithelial cells
(colon and cecum pooled). Rag2” and Rag2” x IL-107 recipient mice were reconstituted for
4 weeks with either CD4" CD25" (regulatory) T cells from Wt donors or CD4" CD25
(colitogenic) T cells from Wt or IL-10"" donor mice. This model allowed us to distinguish
between different levels of IL-10 availability and provided different grades of inflammation as
outcome (Fig.24). The importance of adaptive immune signals including IL-10 for the onset
and regulation of chronic intestinal inflammation has been shown in various animal models.
In particular, IL-10 has been shown to inhibited ER stress responses in the intestinal
epithelium [112], thereby directly conferring protection to IEC.

For microarray data analysis, two different strategies/software packages were applyied.
First, the Chiplnspector software from Genomatix, which calculates gene regulation based on
single probes instead of probe sets. This approach circumvents the problem that sequence
information can be outdated and genes can be translated into alternative transcripts, i.e.
probes cannot be assigned uniquely to different gene variants and the probes in a probe set
are often distributed among different transcripts of the same gene locus. As a consequence,
calculating signals from probe sets might not reflect the expression value of the gene
properly. For annotation, Chiplnspector uses the Genomatix genome annotation based on
ElDorado [234,235]. A drawback of this software is that only ratios between treatment- and
control group arrays are calculated and crude intensity values of gene expression are not

available.
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Figure 24. Histological changes in the large intestine of RagZ"' and RagZ"' x IL-10™" recipients
in response to regulatory or colitogenic T cell transfer.

RagZ”' and Rag2"’ x IL-10" recipients were adoptively transferred with either CD4" CD25" T cells
from Wt- or CD4* CD25 T cells from Wt or IL-107" mice (n=5 per group). Mice were sacrificed 4
weeks later and histopathological scoring was performed. (A) The bar charts show the mean
histopathologic score +SD in Rag2” recipients. a different from b and ¢, P<0.01, d different from e
and f, P<0.014, One Way ANOVA followed by Holm-Sidak test (B) The bar charts show the mean
histopathologic score +SD in RagZ"'x IL-10" recipients. a different from b and c, b different from c,
P<0.01, d different from e and f, e different from f, P<0.01, One Way ANOVA followed by Holm-Sidak
test. Representative H/E staining of (C) distal colon and cecum sections of RagZ'/' and RagZ"' x IL-
10" recipients with histological scores indicated (100x magnification).

Thus, we chose to analyse the data in parallel with the Management and Analysis
Database for Multi-platform MicroArray eXperiments (MADMAX). This software package
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uses probe sets to calcutate gene expression levels and uses custom CDFs for annotation
[236]. Gene intensity values of single samples can be obtained in this analysis, allowing to
generate heatmaps and calculating correlations between gene expression levels and
histological scores. The number of significantly regulated genes identified by either
Chiplnspector or MADMAX and of genes detected by both softwares can be found in figure
25 and table 5.
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Figure 25. Number and overlap of regulated genes in IEC of RagZ"' and RagZ"' x IL-10™
recipients in response to CD4" T cell transfer.

RagZ"' and RagZ"' x IL-10" recipients were adoptively transferred with either CD4" CD25™ T cells
from Wt- or CD4* CD25 T cells from Wt or IL-10" mice (n=5 per group). 4 weeks later mice were
sacrificed, large intestinal epithelial cells were isolated and microarray analysis was performed. Data
were analyzed using Genomatix Chiplnspector or MADMAX software, respectively.

Table 5. Number of regulated genes in IEC of RagZ"' and Rag2"' x IL-107 recipients according to
Genomatix Chiplnspector or MADMAX software and number of genes found in both analyses.

RagZ"' recipients RagZ"' x IL-107 recipients

CD4"' CD25" Wt CD4" IL-10" CD4* CD4' CD25" Wt CD4" IL-107" CD4*
T cells CD25 T cells CD25 T cells T cells CD25 T cells CD25 T cells
17 6503 5396 124 1247 1100 Chiplnspector
146 6242 2382 257 5411 1233 MADMAX
7 2482 922 31 861 624 Overlap
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RESULTS

4.4.1. Most highly regulated genes in IEC in response to CD4" T cell transfer

Most highly regulated genes for all comparisons and both recipient mouse strains
identified by Chiplnspector and MADMAX software are given in tables 6-17. In general, the
recovery rate of regulated genes was fairly high within both analyses. Following Wt CD4"
CD25 T cell transfer, more genes were significantly regulated than after IL-10" CD4* CD25
T cell transfer, even in Rag2” recipients developing comparable tissue pathology upon
reconstitution with colitogenic T cells from both genotypes. Additionally, there was a
tendency for more regulated genes in IEC from moderately inflamed Rag2” recipients
compared to severely inflamed Rag2” x IL-10" recipients. Of note, under non-inflammatory
conditions, transfer of regulatory T cells into Rag2™ x IL-10™ recipients triggered substantially
more gene expression changes compared to Rag2™ recipients. These data suggest that T
cell-derived IL-10 is (I) necessary to efficiently evoke counterregulation to inflammatory
signals and is (Il) sufficient to induce homeostatic changes in IEC from Rag2™” x IL-10"
recipients.

Among the most highly regulated genes were cytokines such as Cxc/2 (MIP-2) or S100a8
and S700a9 which form complexes also known as calprotectin [237] as well as genes involed
the inflammatory response (e.g. Ido7) [238] and arachidonic acid metabolism (Cyp2c55)
[239]. Furthermore, regulated genes were subjected to a transcription factor analysis using
Genomatix Bibliosphere. Differentially expressed genes clustered around IL-10 signaling-,
inflammation-, enterocyte differentiation- and colorectal cancer-associated transcription
factors SP1, AP1, HNF4a, ATF3, KLF5 and KLF6 [240-244], respectively.
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Table 6. Most highly regulated genes in IEC of Rag2'/' recipients 4 weeks after CD4" CD25" T cell
transfer according to Genomatix Chiplnspector software. Genes also identified by MADMAX software
as highly regulated are in bold type.

Rag2” +Wt CD4" CD25" T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold

ID name change ID name change

15511  Hspalb Heat shock 70 kDa protein 1B 2.04 13170 Dbp D site-binding protein -1.83

56338  Txnip Thioredoxin-interacting 1.78 192113 Atp12a Potassium-transporting -1.73
protein ATPase alpha chain 2

72082 Cyp2c55 Cytochrome P450 2C55 1.77 21685 Tef Thyrotroph embryonic -1.71

factor
68585 Rtn4 Reticulon-4 1.75 67038 2010109 RIKEN cDNA 2010109103 -1.71
103Rik gene

104158 Ces3 Carboxylesterase 3 1.71

18703  Pigr Polymeric immunoglobulin 1.71
receptor

70045 2610528 RIKEN cDNA 2610528A11 1.69

A11Rik  gene

12623 Ces1 Liver carboxylesterase 1 1.67

19122  Prnp Major prion protein 1.67

16600 Kif4 Krueppel-like factor 4 1.65

Table 7. Most highly regulated genes in IEC of RagZ'/' recipients 4 weeks after CD4" CD25" T cell
transfer according to MADMAX software. Genes also identified by Genomatix Chiplnspector software
as highly regulated are in bold type.

Rag2” +Wt CD4" CD25" T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold

ID name change ID name change

70335 Reep6 receptor accessory protein 6 2.77 13170 Dbp D site-binding protein -5.17

16859  Lgals9 lectin, galactose binding, 2.60 67038 2010109 RIKEN cDNA 2010109103 -3.67
soluble 9 103Rik gene

29858 Pmm1 phosphomannomutase 1 2.53 21685  Tef Thyrotroph embryonic -3.34

factor

66912 Bzw2 basic leucine zipper and W2 2.43 192113 Atp12a Potassium-transporting -2.55
domains 2 ATPase alpha chain 2

15958  I[fit2 interferon-induced protein 242 108154 Adamts6 a disintegrin-like metallo -2.48
with tetratricopeptide repeats peptidase with thrombo
2 spondin type 1 motif, 6

665146 Gm7517 predicted gene 7517 2.37 546644 Ly6g lymphocyte antigen 6 -2.25

complex, locus G

20454  St3gal5 ST3 beta-galactoside alpha- 2.36 381280 Hijurp Holliday junction recognition -2.17
2,3-sialyltransferase 5 protein

67266 Fam69a family with sequence 2.32 53376  Usp2 ubiquitin specific peptidase 2 -2.13
similarity 69, member A

104158 Ces3 Carboxylesterase 3 2.31 17752 M4 metallothionein 4 -2.02

11732  Ank progressive ankylosis 2.30 103964 Try5 trypsin 5 -2.00
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Table 8. Most highly regulated genes in IEC of Rag2'/' x IL-10" recipients 4 weeks after CD4" CD25"
T cell transfer according to Genomatix Chiplnspector software. Genes also identified by MADMAX
software as highly regulated are in bold type.

Rag2” x IL-10" +Wt CD4" CD25" T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold
ID name change ID name change
109901 Ela1 elastase 1, pancreatic 2.91 57262 Retnla resistin like alpha -2.36
71578  Sval1 seminal vesicle antigen-like 1 2.83 231591 Vmn2ri4 vomeronasal 2, receptor 14 -2.01
68891  Cd177 CD177 antigen 2.66 381917 Dnahc3  dynein, axonemal, heavy -1.93
chain 3
26366 Ceacam carcinoembryonic antigen- 2.64 67896 Ccdc80  coiled-coil domain containing -1.91
10 related cell adhesion 10 80
11522  Adh1 alcohol dehydrogenase 1 2.62 12652 Chga chromogranin A -1.87
(class 1)
68416  Sycn syncollin 2.48 237310 1122ra2 interleukin 22 receptor, alpha -1.86
2
76113  Lpo lactoperoxidase 2.45 237979 Sdk2 sidekick homolog 2 (chicken) -1.85
67701  Wfdc2 WAP four-disulfide core 2.30 12309 S100g $100 calcium binding -1.84
domain 2 protein G
219033 Ang4 angiogenin, ribonuclease A 2.22 69564  Iltgb1bp3 integrin beta 1 binding protein -1.84
family, member 4
66289  Mptx Mucosal pentraxin 2.20 208936 Adamts1 a disintegrin-like metallo- -1.83
8 peptidase with thrombo-

spondin type 1 motif, 18

Table 9. Most highly regulated genes in IEC of Rag2"’ x IL-10" recipients 4 weeks after CD4" CD25"
T cell transfer according to MADMAX software. Genes also identified by Genomatix Chiplnspector
software as highly regulated are in bold type.

Rag2” x IL-10" +Wt CD4" CD25" T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold
ID name change ID name change
21828 Thbs4 thrombospondin 4 5.44 17105  Lyz2 lysozyme 2 -5.26
23919 Insl5 insulin-like 5 4.44 93721  Cpn1 carboxypeptidase N, -4.04
polypeptide 1
68891 Cd177 CD177 antigen 4.28 231591 Vmn2r1i4 vomeronasal 2, receptor 14 -3.98
13615 Edn2 endothelin 2 3.85 14598  Ggt1 gamma-glutamyltransferase 1 -3.93
108017 Fxyd4 FXYD domain-containing ion 3.78 13809  Enpep glutamyl aminopeptidase -3.49
transport regulator 4
108105 B3gnt5 UDP-GIcNAc:betaGal beta- 3.64 16792 Laptm5 lysosomal-associated protein -3.24
1,3-N-acetylglucosaminyl- transmembrane 5
transferase 5
15433 Hoxd13  homeobox D13 3.63 14938 Gzma granzyme A -3.05
26366 Ceacam carcinoembryonic antigen- 3.47 19073  Srgn serglycin -2.81
10 related cell adhesion 10
13034 Ctse cathepsin E 3.32 12309 S100g $100 calcium binding -2.70
protein G
21825 Thbs1 thrombospondin 1 3.04 11854  Rhod ras homolog gene family, -2.60

member D
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Table 10. Most highly regulated genes in IEC of RagZ'/' recipients 4 weeks after Wt CD4" CD25 T cell
transfer according to Genomatix Chiplnspector software. Genes also identified by MADMAX software
as highly regulated are in bold type.

Rag2” +Wt CD4* CD25 T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold

ID name change ID name change

16149 Cd74 CD74 antigen 2.81 72082 Cyp2cb5 Cytochrome P450 2C55 -12.47

67402 Txndc8 thioredoxin domain containing 2.53 17831  Muc2 mucin 2 -10.78
8

51842 D2Ertd9 DNA segment, Chr 2, ERATO 2.43 666339 Muc3 mucin 3, intestinal -9.65

3e Doi 93, expressed

16869  Lhx1 LIM homeobox protein 1 2.41 16612  Klk1 kallikrein 1 -9.32

101113 Snx21 sorting nexin family member 2.39 68416  Sycn syncollin -9.32
21

100044 Copg2as coatomer protein complex, 2.31 20341  Selenbp selenium binding protein 1 -9.19

236 2 subunit gamma 2, antisense 2 1

20310 Cxcl2 chemokine (C-X-C motif) 2.31 13730 Emp1 epithelial membrane protein 1 -8.75
ligand 2

327954 Dnahc2 dynein, axonemal, heavy 2.31 14915 Guca2a guanylate cyclase activator 2a -8.57
chain 2

81014  V1rd4 vomeronasal 1 receptor 58 2.31 22236 Ugt1a2  UDP glucuronosyltransferase -8.28

1 family, polypeptide A2
20202 S100a9 S100 calcium binding 2.28 20501 Slc16a1  solute carrier family 16, -8.17

protein A9

member 1

Table 11. Most highly regulated genes in IEC of Rag2'/' recipients 4 weeks after Wt CD4* CD25 T cell
transfer according to MADMAX software. Genes also identified by Genomatix Chiplnspector software
as highly regulated are in bold type.

Ragz"' +Wt CD4" CD25 T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold
ID name change ID name change
320383 B230317 RIKEN cDNA B230317F23 30.28 14282  Fosb FBJ osteosarcoma oncogene -45.06
F23Rik  gene B
211232 Cpne9 copine family member IX 25.98 27979  Eif3b eukaryotic translation initiation ~ -41.40
factor 3, subunit B
16792 Laptm5 lysosomal-associated protein 16.16 108705 Pttglip pituitary tumor-transforming 1 -35.19
transmembrane 5 interacting protein
20310 Cxcl2 chemokine (C-X-C motif) 14.29 11502 Adam9 a disintegrin and -34.42
ligand 2 metallopeptidase domain 9
80515 A030009 RIKEN cDNA A030009H04 14.05 231070 Insig1 insulin induced gene 1 -32.48
HO4Rik  gene
20202 S100a9 S100 calcium binding 13.89 14590 Ggh gamma-glutamyl hydrolase -30.28
protein A9
14131 Fcgr3 Fc receptor, 1gG, low affinity 13.86 14248  Flii flightless | homolog -29.62
11} (Drosophila)
54352 Irx5 Iroquois related homeobox 5 13.74 76459 Car12 carbonic anyhydrase 12 -28.93
668544 Gm9232 predicted gene 9232 12.46 55980 Impa1 inositol (myo)-1(or 4)- -28.36
monophosphatase 1
16149 Cd74 CD74 antigen 11.95 12724  Clcn2 chloride channel 2 -27.42
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Table 12. Most highly regulated genes in IEC of Rag2'/' x IL-107 recipients 4 weeks after Wt CD4"
CD25 T cell transfer according to Genomatix Chiplnspector software. Genes also identified by
MADMAX software as highly regulated are in bold type.

Rag2” x IL-10" +Wt CD4" CD25" T cells vs CTRL
TOP10 downregulated

TOP10 upregulated

gene gene description fold gene gene description fold
ID name change ID name change
76509  Plet1 placenta expressed transcript 4.56 72082 Cyp2c55 Cytochrome P450 2C55 -21.86
1
76905 Lrg1 leucine-rich alpha-2- 4.50 14079 Fabp2 fatty acid binding protein 2, -9.58
glycoprotein 1 intestinal
20201 S100a8 S100 calcium binding protein 4.26 99663  Clcab chloride channel calcium -7.94
A8 activated 6
16149 Cd74 CD74 antigen 4.23 56857  SIc37a2 solute carrier family 37, -7.78
member 2
60440  ligp1 interferon inducible GTPase 1 3.92 156360 Hmgcs2  3-hydroxy-3-methylglutaryl- -7.67
Coenzyme A synthase 2
18393  Orc2l origin recognition complex, 3.78 11833  Aqp8 aquaporin 8 -7.11
subunit 2
14969 H2-Eb1 histocompatibility 2, class Il 3.63 14915 Guca2a guanylate cyclase activator 2a -6.73
antigen E beta
20762  Sprr2h small proline-rich protein 2H 3.51 17153  Mal myelin and lymphocyte -6.63
protein
234378 KIlhi26 kelch-like 26 3.34 12925  Crip1 cysteine-rich protein 1 -6.59
(intestinal)
12628 Cfh complement component 3.32 13730 Emp1 epithelial membrane protein 1 -6.59

factor h

Table 13. Most highly regulated genes in IEC of RagZ'/' x IL-107 recipients 4 weeks after Wt CD4"
CD25 T cell transfer according to MADMAX software. Genes also identified by Genomatix

Chiplnspector software as highly regulated are in bold type.

Rag2™” x IL-10” +Wt CD4" CD25 T cells vs CTRL
TOP10 downregulated

TOP10 upregulated

gene gene description fold gene gene description fold
ID name change ID name change
215654 Cdh12 cadherin 12 20.81 72082 Cyp2c55 Cytochrome P450 2C55 -41.26
22061  Trp63 transformation related protein 16.60 104158 Ces3 Carboxylesterase 3 -35.07
63
22775  Zik1 zinc finger protein interacting 16.18 13120 Cyp4b1  cytochrome P450, family 4, -32.31
with K protein 1 subfamily b, polypeptide 1
15930 Ido1 indoleamine 2,3-dioxygenase 14.85 235674 Acaalb  acetyl-Coenzyme A -27.28
1 acyltransferase 1B
77908 9230113 RIKEN cDNA 9230113P08 14.56 72269 Cda cytidine deaminase -24.62
PO8Rik  gene
258543 OIfr810  olfactory receptor 810 14.33 12623 Ces1 Liver carboxylesterase 1 -24.02
74946 4930472 RIKEN cDNA 4930472D16 14.14 15486 Hsd17b2 hydroxysteroid (17-beta) -20.90
D16Rik  gene dehydrogenase 2
17700  Mstn myostatin 13.86 55950 Bri3 brain protein I3 -19.64
65255  Asb4 ankyrin repeat and SOCS 13.59 170460 Stard5 StAR-related lipid transfer -17.62
box-containing 4 (START) domain containing 5
14969 H2-Eb1 histocompatibility 2, class Il 12.63 69083  Sultic2  sulfotransferase family, -16.36

antigen E beta

cytosolic, 1C, member 2
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Table 14. Most highly regulated genes in IEC of RagZ'/' recipients 4 weeks after IL-10" CD4* CD25 T
cell transfer according to Genomatix Chiplnspector software. Genes also identified by MADMAX
software as highly regulated are in bold type.

Rag2” +IL-10" CD4" CD25 T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold

ID name change ID name change

15930 Ido1 indoleamine 2,3- 19.97 72082 Cyp2c55 Cytochrome P450 2C55 -7.11
dioxygenase 1

20202 S100a9 S100 calcium binding 14.12 68416  Sycn syncollin -7.11
protein A9

20201 S100a8 S100 calcium binding 13.74 56857  Slc37a2 solute carrier family 37, -6.28
protein A8 member 2

76509 Plet1 placenta expressed transcript 12.55 18671 Abcb1a  ATP-binding cassette, sub- -3.76
1 family B, member 1A

16149 Cd74 CD74 antigen 12.30 12623  Ces1 Liver carboxylesterase 1 -3.61

14969 H2-Eb1  histocompatibility 2, class Il 12.21 21818 Tgm3 transglutaminase 3, E -3.39
antigen E beta polypeptide

76905 Lrg1 leucine-rich alpha-2- 11.71 13120 Cyp4b1 cytochrome P450, family 4, -3.36
glycoprotein 1 subfamily b, polypeptide 1

14961 H2-Ab1 histocompatibility 2, class Il 11.63 69083 Sult1ic2 sulfotransferase family, -3.32
antigen A, beta 1 cytosolic, 1C, member 2

60440 ligp1 interferon inducible GTPase 1 9.92 225997 Trpm6 transient receptor potential -3.25

cation channel, M6
22271  Upp1 uridine phosphorylase 1 9.78 235674 Acaalb acetyl-Coenzyme A -3.16

acyltransferase 1B

Table 15. Most highly regulated genes in IEC of Rag2” recipients 4 weeks after IL-10" CD4"* CD25" T
cell transfer according to MADMAX software. Genes also identified by Genomatix Chiplnspector
software as highly regulated are in bold type.

Rag2™” +IL-10" CD4" CD25 T cells vs CTRL

TOP10 upregulated

TOP10 downregulated

gene gene description fold gene gene description fold

ID name change ID name change

15930 Ido1 indoleamine 2,3- 306.02 68416  Sycn syncollin -19.46
dioxygenase 1

20201 S100a8 S100 calcium binding 216.55 56857 Slc37a2 solute carrier family 37, -16.38
protein A8 member 2

20202 S100a9 S100 calcium binding 188.70 69083  Sult1ic2 sulfotransferase family, -16.05
protein A9 cytosolic, 1C, member 2

76905 Lrg1 leucine-rich alpha-2- 142.76 21818 Tgm3 transglutaminase 3, E -13.93
glycoprotein 1 polypeptide

17329  Cxcl9 chemokine (C-X-C motif) 99.05 72082 Cyp2c55 Cytochrome P450 2C55 -13.63
ligand 9

14961 H2-Ab1 histocompatibility 2, class Il 80.90 13120 Cyp4b1 cytochrome P450, family 4, -13.60
antigen A, beta 1 subfamily b, polypeptide 1

60440  ligp1 interferon inducible GTPase 1 79.20 235674 Acaalb acetyl-Coenzyme A -13.08

acyltransferase 1B

20310  Cxcl2 chemokine (C-X-C motif) 78.98 100039 Gm2357 predicted gene 2357 -13.01
ligand 2 652

20311  Cxcl5 chemokine (C-X-C motif) 67.39 66859  SIc16a9 solute carrier family 16, -12.57
ligand 5 member 9

17224  Mcpt1 mast cell protease 1 62.10 225997 Trpm6 transient receptor potential -11.19

cation channel, M6
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Table 16. Most highly regulated genes in IEC of Rag2"' x IL-107 recipients 4 weeks after IL-107" CD4"
CD25 T cell transfer according to Genomatix Chiplnspector software. Genes also identified by
MADMAX software as highly regulated are in bold type.

Rag2” x IL-10" +IL-10" CD4" CD25" T cells vs CTRL
TOP10 downregulated

TOP10 upregulated

gene gene description fold gene gene description fold

ID name change ID name change

76509  Plet1 placenta expressed transcript 13.93 72082 Cyp2c55 Cytochrome P450 2C55 -41.93
1

20311  Cxcl5 chemokine (C-X-C motif) 11.16 12623 Ces1 Liver carboxylesterase 1 -7.89
ligand 5

76905 Lrg1 leucine-rich alpha-2- 11.16 15360 Hmgcs2  3-hydroxy-3-methylglutaryl- -7.73
glycoprotein 1 Coenzyme A synthase 2

15930 Ido1 indoleamine 2,3- 10.56 14079  Fabp2 fatty acid binding protein 2, -7.52
dioxygenase 1 intestinal

14969 H2-Eb1  histocompatibility 2, class Il 9.51 56857  Slc37a2 solute carrier family 37, -7.26
antigen E beta member 2

20202 S100a9 S100 calcium binding 9.06 18671 Abcbla  ATP-binding cassette, sub- -6.06
protein A9 family B (MDR/TAP), member

1A

20310 Cxcl2 chemokine (C-X-C motif) 8.88 68416  Sycn syncollin -6.06
ligand 2

192113 Atp12a  ATPase, H+/K+ transporting, 8.82 102022 Ces6 carboxylesterase 2A -5.82
nongastric, alpha polypeptide

20201 S100a8 S100 calcium binding 8.82 20887  Sultla1l  sulfotransferase family 1A, -5.74
protein A8 member 1

20762 Sprr2h  small proline-rich protein 8.28 14915 Guca2a guanylate cyclase activator 2a -5.43
2H

Table 17. Most highly regulated genes in IEC of Rag2"" x IL-107 recipients 4 weeks after IL-10" cD4*
CD25 T cell transfer according to MADMAX software. Genes also identified by Genomatix

Chiplnspector software as highly regulated are in bold type.

Rag2” x IL-10" +IL-10" CD4" CD25" T cells vs CTRL
TOP10 downregulated

TOP10 upregulated

gene gene description fold gene gene description fold

ID name change ID name change

20201 S100a8 S100 calcium binding 121.58 72082 Cyp2c55 Cytochrome P450 2C55 -184.08
protein A8

76905 Lrg1 leucine-rich alpha-2- 119.75 104158 Ces3 Carboxylesterase 3 -62.28
glycoprotein 1

20202 S100a9 S100 calcium binding 119.73 13120 Cyp4b1  cytochrome P450, family 4, -46.03
protein A9 subfamily b, polypeptide 1

20311  Cxcl5 chemokine (C-X-C motif) 112.45 12623 Ces1 Liver carboxylesterase 1 -34.44
ligand 5

15930 Ido1 indoleamine 2,3- 94.31 69083  Sultic2  sulfotransferase family, -26.57
dioxygenase 1 cytosolic, 1C, member 2

20762 Sprr2h  small proline-rich protein 89.98 72269 Cda cytidine deaminase -26.43
2H

17329  Cxcl9 chemokine (C-X-C motif) 74.33 235674 Acaalb  acetyl-Coenzyme A -24.80
ligand 9 acyltransferase 1B

20310 Cxcl2 chemokine (C-X-C motif) 55.57 68416  Sycn syncollin -18.16
ligand 2

16819 Lcn2 lipocalin 2 51.95 16956 Lpl lipoprotein lipase -15.68

20307 Ccl8 chemokine (C-C motif) ligand 50.18 56857 Slc37a2 solute carrier family 37, -14.76
8 member 2
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RESULTS

4.4.2. Data analysis of regulated genes in IEC in response to CD4" T cell transfer

To characterize the sets of regulated genes and to get an overview of the extensive data,
data analysis was performed to obtain biological terms and signal transduction pathways with
a significant enrichment of regulated genes. The Genomatix Pathway System (GePS) was
applied for these analysis. Since previous studies indicated changes in cellular organelles
under inflammatory conditions, Z-scores of selected gene ontology (GO) terms from the
domain “cellular components” are comprised in table 18 and table 19. Accordingly, selected
GO terms from the domain “biological process” are comprised in table 20 and table 21.
Taken together, these data confirm ER and mitochondria to be highly affected by
inflammatory processes in IEC and indicate cellular stress pathways to be activated. Of note,
inflammation also seems to have a profound impact on metabolic pathways including
OXPHOS. In mice reconstituted with CD4" CD25" T cells, no signal transduction pathways
with significant enrichment within the regulated genes were detected. Yet, several significant
pathways were found in the other groups (tables 22-25). Regarding the pathways observed,
rather the T cells transferred than the genotype of the recipient mice seemed to be the
crucial factor determining similarity between groups. In general, most significant pathways
can be assigned to inflammation such as pathways involved in apoptosis, cell cycle and
immune responses. Signal transduction pathways with the highest significance found in both
recipients mouse strains are shown in figure 26 for Wt CD4" CD25 T cell-reconsituted mice
and in figure 27 for IL-10" CD4* CD25 T cell- reconstituted mice. The pathways displayed
are the P21-activated kinase pathway and the IL-6 pathway for mice reconstituted with Wt
and IL-10" CD4* CD25 T cells, respectively.
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RESULTS

Table 18. Z-scores of selected GO terms from the domain “cellular components”. A Z-score above 2
can be considered statistically significant, corresponding to a P-value of 0.05. The gene sets used for
this analysis were regulated genes in IEC following T cell transfer according to Chiplnspector software.

term ID Z-scores
Rag2™ recipients Rag2™ x IL-10™
reconstituted with recipients reconstituted with
CD25"  WtCD25  IL-10"CD25 | CD25°  WtCD25  IL-10" CD25
T cells T cells T cells T cells T cells T cells
organelle GO0:0043226 3.72 20.77 14.23 1.10 12.32 10.41
nucleus GO0:0005634 2.49 7.52 9.24 -2.42 -0.04 5.66
cytoplasm GO0:0005737 2.69 23.52 13.94 2.09 16.33 11.78
mitochondrion G0:0005739 - 15.40 1.85 0.17 16.46 4.08
endoplasmic reticulum  GO:0005783 6.75 9.56 8.94 4.25 4.55 9.53
Golgi apparatus GO0:0005794 - 8.40 4.60 2.1 3.32 0.80

Table 19. Z-scores of selected GO terms from the domain “cellular components”. A Z-score above 2
can be considered statistically significant, corresponding to a P-value of 0.05. The gene sets used for
this analysis were regulated genes in IEC following T cell transfer according to MADMAX software.

term ID Z-scores
Rag2™ recipients Rag2™ x IL-10™
reconstituted with recipients reconstituted with
CD25" Wt CD25 IL-10" CD25 CD25" Wt CD25 IL-10" CD25
T cells T cells T cells T cells T cells T cells
organelle G0:0043226 2.39 23.72 16.51 3.40 22.92 9.81
nucleus G0:0005634 2.79 12.22 14.04 0.33 10.97 4.98
cytoplasm G0:0005737 1.53 25.20 14.65 413 24.63 11.90
mitochondrion G0:0005739 1.23 16.36 2.50 0.67 16.69 4.04
endoplasmic reticulum  GO:0005783 0.60 10.10 10.89 5.38 9.77 7.07
Golgi apparatus GO:0005794 - 7.09 3.72 0.84 6.35 1.97
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RESULTS

Table 20. Z-scores of selected GO terms from the domain “biological process”. A Z-score above 2 can
be considered statistically significant, corresponding to a P-value of 0.05. The gene sets used for this
analysis were regulated genes in IEC following T cell transfer according to Chiplnspector software.

term ID Z-scores

Rag2™ recipients Rag2™ x IL-10™ recipients

reconstituted with reconstituted with

CD25°  WtCD25  IL-107CD25 | CD25° WtCD25 IL-10" CD25
T cells T cells T cells T cells T cells T cells

apoptosis G0:0006915 3.83 5.22 5.20 0.28 419 5.79
autophagy G0:0006914 - 0.95 -0.19 - - -
cellular component G0:0044085 - 4.37 7.41 0.89 3.39 6.10
biogenesis
cellular component G0:0016043 1.87 5.59 8.64 - 1.75 4.45
organization
cellular metabolic G0:0044237 3.01 16.21 11.88 0.90 8.45 10.03
process
oxidative G0:0006119 - 7.79 3.84 - 7.99 -
phosphorylation
cellular response to GO0:0034599 - 3.77 2.91 - - 5.04
oxidative stress
ER unfolded protein GO0:0030968 - 2.75 4.22 - - 8.20
response
ER-nucleus signaling G0:0006984 - 2.89 4.63 - - 8.79
pathway
inflammatory response G0:0006954 - 2.62 6.79 - 0.70 6.32
response to stress GO0:0006950 2.97 4.74 6.52 1.17 1.55 8.62
response to wounding G0:0009611 - 2.21 5.72 1.35 0.37 6.17

Table 21. Z-scores of selected GO terms from the domain “biological process”. A Z-score above 2 can
be considered statistically significant, corresponding to a P-value of 0.05. The gene sets used for this
analysis were regulated genes in IEC following T cell transfer according to MADMAX software.

term ID Z-scores
Rag2” recipients Rag2” x IL-10™ recipients
reconstituted with reconstituted with
CcDh25" Wt CD25 IL-10™ CD25 CD25" WtCD25 IL-10" CD25
T cells T cells T cells T cells T cells T cells
apoptosis GO0:0006915 1.57 5.87 7.70 2.59 4.23 5.93
autophagy G0:0006914 - 2.97 0.97 - 3.76 3.96
cellular component G0:0044085 0.92 6.70 6.59 0.71 5.78 4.36
biogenesis
cellular component G0:0016043 -1.00 6.82 8.13 -0.48 5.49 3.56
organization
cellular metabolic GO0:0044237 4.13 19.61 12.77 3.37 16.8 7.83
process
oxidative G0:0006119 - 4.05 -0.53 - 2.66 -
phosphorylation
cellular response to G0:0034599 - 1.08 1.37 - 1.09 2.06
oxidative stress
ER unfolded protein G0:0030968 - 0.93 4.26 - - 4.35
response
ER-nucleus signaling G0:0006984 - 0.72 4.01 - -0.23 2.99
pathway
inflammatory response G0:0006954 - 3.74 7.62 1.90 3.61 6.70
response to stress GO0:0006950 -0.23 6.02 10.14 1.72 5.77 8.55
response to wounding G0:0009611 - 2.99 7.36 1.76 3.01 6.61
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RESULTS

Table 22. Signal transduction pathways with a significant enrichment of regulated genes. The gene
sets used for this analysis were regulated genes in IEC from RagZ'/' recipients reconstituted with Wt
CD4" CD25 T cells according to ChipInspector (Cl) or MADMAX (MM) software. Pathways also
identified in Rag2'/' x IL-10" recipients are in bold type.

pathway pathway ID analysis genes genes P-value
observed expected

Phosphatidylinositol PW_PI_M._MUSC. Cl 116 90.94 9.34E-04
Angiotensin PW_AGT_M._MUSC. Cl 40 26.36 1.44E-03
FBJ Murine Osteosarcoma Viral Oncogene  PW_FOSB_M._MUSC. Cl 7 2.67 3.91E-03
Homolog B
Protein Kinase G PW_PKG_M._MUSC. Cl 27 17.48 6.06E-03
Wiskott Aldrich Syndrome Like PW_WASL_M._MUSC. Cl 10 4.74 6.35E-03
Epidermal Growth Factor Receptor Family PW_EGF_M._MUSC. Cl 94 75.83 7.24E-03
Member ERBB3

MM 87 67.27 3.04E-03
Serum/Glucocorticoid Regulated Kinase PW_SGK_M._MUSC. Cl 24 15.40 8.28E-03
Mitogen Activated Protein Kinase PW_MAPK_M._MUSC. Cl 191 166.47 9.77E-03
P21(CDKN1A) Activated Kinase PW_PAK_M._MUSC. MM 31 16.82 1.08E-04
Apoptosis Inducing Factor, Mitochondrion PW_AIFM1_M._MUSC. MM 10 4.20 2.43E-03
Associated, 1
Integrin |':‘W_|NTEGR|N_M-_MUS MM 53 38.63 5.09E-03
ATP Binding Cassette, Subfamily C PW_ABCC_M._MUSC. MM 1 5.52 9.42E-03
(CFTR/MRP)
Apoptotic Peptidase Activating Factor 1 PW_APAF1_M._MUSC. MM 11 5.52 9.42E-03
Nuclear Factor (Erythroid Derived 2) Like2 PW_NFE2L2_M._MUSC. MM 15 8.41 9.49E-03

Table 23. Signal transduction pathways with a significant enrichment of regulated genes. The gene
sets used for this analysis were regulated genes in IEC from RagZ'/' x IL-107 recipients reconstituted
with Wt CD4" CD25 T cells according to Chiplnspector (Cl) or MADMAX (MM) software. Pathways
also identified in RagZ’/' recipients are in bold type.

pathway pathway ID analysis genes genes P-value
observed expected

ATP Binding Cassette, Subfamily C PW_ABCC_M._MUSC. Cl 7 1.22 1.16E-04

(CFTR/MRP)

Epidermal Growth Factor Receptor Family PW_EGF_M._MUSC. Cl 26 14.82 3.22E-03

Member ERBB3

Cystic Fibrosis Transmembrane Conductance  PW_CFTR_M._MUSC. Cl 6 1.56 3.76E-03

Regulator (ATP Binding Cassette Subfamily

C, Member 7)

Caveolin 1 PW_CAVEOLIN_M._MUS Cl 9 3.24 4.39E-03
C.

Parathroid Hormone PW_PTH_M._MUSC. Cl 9 3.59 8.68E-03

Nuclear Factor (Erythroid Derived 2) Like2 PW_NFE2L2_M._MUSC. Cl 6 1.85 9.02E-03

Platelet Derived Growth Factor PW_PDGF_M._MUSC. Cl 11 4.92 9.29E-03

Cyclin G2 PW_CCNG2_M._MUSC. Cl 2 0.17 9.44E-03

Integrin PW_INTEGRIN_M._MUS MM 55 37.30 7.08E-04
C.

P21(CDKN1A) Activated Kinase PW_PAK_M._MUSC. MM 28 16.24 9.78E-04

Tumor Necrosis Factor (TNF Superfamily, PW_TNF_M._MUSC. MM 78 57.86 1.45E-03

Member 2)

Leukemia Inhibitory Factor Receptor PW_LIF_M._MUSC. MM 12 6.09 8.01E-03

Hepatocyte Growth Factor Receptor PW_HGF_M._MUSC. MM 30 20.05 8.62E-03

LIM Domain Kinase PW_LIMK_M._MUSC. MM 14 7.61 9.18E-03
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Table 24. Signal transduction pathways with a significant enrichment of regulated genes. The gene
sets used for this analysis were regulated genes in IEC from Rag2'/' recipients reconstituted with IL-
10" CD4* CD25 T cells according to Chiplnspector (Cl) or MADMAX (MM) software. Pathways also
identified in Rag2'/' x IL-10" recipients are in bold type.

pathway pathway ID analysis genes genes P-value
observed expected
Aurora Kinase PW_AURORA_M._MUSC. Cl 20 10.11 7.54E-04
MM 17 6.33 5.81E-05
Minichromosome Maintenance Complex PW_MCM_M._MUSC. Cl 12 4.94 9.20E-04
MM 12 3.09 7.75E-06
Interleukin 6 (Interferon, Beta 2) PW_IL6_M._MUSC. Cl 43 28.69 2.04E-03
MM 37 17.96 6.60E-06
Phosphatidylinositol PW_PI_M._MUSC. Cl 93 72.18 2.91E-03
Interleukin 1 PW_IL1_M._MUSC. Cl 45 32.21 7.43E-03
MM 33 20.17 2.23E-03
S Phase Kinase Associated Protein 2 (P45) PW_SKP2_M. MUSC. Cl 11 5.41 9.10E-03
Polo Like Kinase 1 PW_PLK1_M._MUSC. MM 26 9.57 5.01E-07
Cell Division Cyckle 2, G1 To S And G2 To M PW_CDC2_M._MUSC. MM 34 15.02 1.49E-06
NF Kappa B PW_NFKB_M._MUSC. MM 81 49.61 1.88E-06
CHK1 Checkpoint Homolog PW_CHEK1_M._MUSC. MM 23 8.83 5.43E-06
Toll Like Receptor PW_TOLL_M._MUSC. MM 35 18.55 9.09E-05
Cell Division Cycle 25C PW_CDC25_M._MUSC. MM 13 4.27 9.46E-05
Tumor Necrosis Factor (TNF Superfamily, PW_TNF_M._MUSC. MM 54 33.56 1.61E-04
Member 2)
Receptor Interacting Serine Threonine Kinase = PW_RIPK_M._MUSC. MM 15 5.74 2.27E-04
Tumor Necrosis Factor Receptor PW_TNFRSF_M._MUSC. MM 45 27.53 3.89E-04
Superfamily (FAS, RANK, ETC.)
Cyclin D1 PW_CCND1_M._MUSC. MM 27 14.57 7.77E-04
BH3 Interacting Domain Death Agonist PW_BID_M._MUSC. MM 9 2.94 1.13E-03
Myeloid Differentiation Primary Response PW_MYD88_M._MUSC. MM 26 14.43 1.50E-03
Gene (88)
Cyclin E PW_CCNE_M._MUSC. MM 13 5.45 1.59E-03
Ataxia Teleangiectasia And RAD3 Related PW_ATR_M._MUSC. MM 17 8.10 1.67E-03
Interleukin 12 PW_IL12_M._MUSC. MM 21 10.89 1.69E-03
Interleukin 18 (Interferon Gamma Inducing PW_IL18_M._MUSC. MM 15 6.77 1.70E-03
Factor)
ATP Binding Cassette, Subfamily B PW_ABCB_M._MUSC. MM 7 2.06 1.94E-03
(MDR/TAP)
Granzyme A PW_GZMA_M._MUSC. MM 4 0.74 1.99E-03
Cyclin A2 PW_CCNA2_M._MUSC. MM 13 5.59 2.10E-03
Caspase PW_CASPASE_M._MUS MM 36 22.52 2.22E-03
C.
Signal Transducer And Activator Of PW_STAT_M._MUSC. MM 52 36.36 3.70E-03
Transcription
Granzyme B PW_GZMB_M._MUSC. MM 6 1.77 4.16E-03
Janus Kinase PW_JAK_M._MUSC. MM 35 22.52 4.16E-03
Baculoviral IAP Repeat Containing Protein, PW_BIRC_M._MUSC. MM 16 8.10 4.45E-03
Apoptosis Inhibitor
Interleukin 4 PW_IL4_M._MUSC. MM 22 12.51 4.68E-03
Ataxia Telangiectasia Mutated PW_ATM_M._MUSC. MM 18 9.57 4.71E-03
Lymphotoxin Alpha (TNF Superfamily, PW_LTA_M._MUSC. MM 7 2.36 4.94E-03
Member 1)
Leukemia Inhibitory Factor Receptor PW_LIF_M._MUSC. MM 9 3.53 5.06E-03
Interleukin 10 PW_IL10_M._MUSC. MM 23 13.40 5.32E-03
TNF Receptor Associated Factor PW_TRAF_M._MUSC. MM 28 17.52 6.58E-03
TNFRSF1A Associated Via Death Domain PW_TRADD_M._MUSC. MM 8 3.09 7.29E-03
Interleukin 1 Receptor PW_IL1R_M._MUSC. MM 10 4.42 8.27E-03
Interleukin 6 Singnal Transducer (GP130, PW_IL6ST_M._MUSC. MM 10 4.42 8.27E-03
Oncostatin M Receptor)
Hepatocyte Growth Factor Receptor PW_HGF_M._MUSC. MM 20 11.63 8.85E-03
Nucleotide Oligomerization Domain/Caspase PW_NOD_M._MUSC. MM 14 7.21 9.00E-03

Recruitment Domain Protein Family
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Table 25. Signal transduction pathways with a significant enrichment of regulated genes. The gene
sets used for this analysis were regulated genes in IEC from Rag2"' x IL-107 recipients reconstituted
with IL-10" CD4"* CD25 T cells according to Chiplnspector (Cl) or MADMAX (MM) software. Pathways
also identified in RagZ'/' recipients are in bold type.

pathway pathway ID analysis genes genes P-value
observed expected

Interleukin 6 (Interferon, Beta 2) PW_IL6_M._MUSC. (o] 26 9.82 2.81E-06

MM 31 11.07 6.46E-08
ATP Binding Cassette, Subfamily B PW_ABCB_M._MUSC. Cl 8 1.13 3.21E-06
(MDR/TAP)

MM 7 1.27 9.43E-05
Interleukin 1 PW_IL1_M._MUSC. Cl 26 11.03 2.57E-05

MM 29 12.43 9.69E-06
NF Kappa B PW_NFKB_M._MUSC. Cl 47 27.13 9.79E-05

MM 59 30.58 2.93E-07
Protein Kinase C PW_PKC_M._MUSC. Cl 52 31.96 2.14E-04
Tumor Necrosis Factor (TNF Superfamily, PW_TNF_M._MUSC. Cl 34 18.36 2.68E-04
Member 2)

MM 37 20.69 2.83E-04
Toll Like Receptor PW_TOLL_M._MUSC. Cl 22 10.14 3.78E-04

MM 30 11.43 4.96E-07
Signal Transducer And Activator Of PW_STAT_M._MUSC. Cl 35 19.89 5.86E-04
Transcription

MM 43 22.41 1.58E-05
Macrophage Stimulating 1 Receptor (C MET PW_MST1R_M._MUSC. Cl 5 0.81 5.92E-04
Related Tyrosine Kinase) (RON)
Lymphotoxin Alpha (TNF Superfamily, PW_LTA_M._MUSC. Cl 6 1.29 1.05E-03
Member 1)

MM 6 1.45 1.96E-03
Myeloid Differentiation Primary Response PW_MYD88_M._MUSC. Cl 17 7.89 1.85E-03
Gene (88)

MM 23 8.89 1.42E-05
Cyclin E PW_CCNE_M._MUSC. Cl 9 2.98 2.11E-03
Interleukin 10 PW_IL10_M._MUSC. Cl 16 7.33 2.16E-03

MM 17 8.26 2.91E-03
Interleukin 18 (Interferon Gamma Inducing PW_IL18_M._MUSC. Cl 10 3.70 2.99E-03
Factor)

MM 12 4.17 5.95E-04
Parathyroid Hormone PW_PTH_M._MUSC. Cl 12 4.99 3.35E-03
Cystic Fibrosis Transmembrane Conductance  PW_CFTR_M._MUSC. Cl 7 217 4.48E-03
Regulator (ATP Binding Cassette Subfamily
C, Member 7)
Minichromosome Maintenance Complex PW_MCM_M._MUSC. Cl 6 1.69 5.01E-03
Interleukin 12 PW_IL12_M._MUSC. Cl 13 5.96 5.52E-03

MM 17 6.71 2.47E-04
B Cell CLL/Lymphoma 2 PW_BCL2_M._MUSC. Cl 18 9.66 6.95E-03
Interleukin 1 Receptor PW_IL1R_M._MUSC. Cl 7 2.42 8.32E-03
Hepatocyte Growth Factor Receptor PW_HGF_M._MUSC. Cl 13 6.36 9.64E-03

MM 15 717 4.29E-03
Leukemia Inhibitory Factor Receptor PW_LIF_M._MUSC. MM 8 2.18 8.58E-04
Tyrosine Kinase 2 PW_TYK2_M._MUSC. MM 10 3.63 2.39E-03
Interleukin 6 Signal Transducer (GP130, PW_IL6ST_M._MUSC. MM 8 2,72 4.20E-03
Oncostatin M Receptor)
Tumor Necrosis Factor Receptor PW_TNFRSF_M._MUSC. MM 28 16.97 5.12E-03

Superfamily (FAS, RANK, ETC.)
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Figure 26. P21-activated kinase pathway.
Signal transduction pathway with the highest significance found in both RagZ"' and RagZ'/’ x IL-107
recipients following Wt CD4" CD25" T cells transfer. Genes upregulated are displayed in blue, genes
downregulated in red. Adopted from GePS.
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Figure 27. Interleukin 6 pathway.

Signal transduction pathway with the highest significance found in both Rag2” and Rag2” x IL-10™
recipients following IL-10" CD4" CD25 T cells transfer. Genes upregulated are displayed in blue,
genes downregulated in red. Adopted from GePS.
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RESULTS

4.4.3. Genes best correlated to the histological score in IEC upon CD4" T cell transfer

Correlations between gene expression levels and histological scores were calculated
using the Spearman’s rank correlation coefficient (rs), a non-parametric measure of statistical
dependence. Genes best correlated to the histological score of the cecum, colon or the
cumulative score are given in tables 26-31 for both recipient mouse strains. All genes with
expression levels displaying a correlation rs>0.8, generally considered as strong correlation,
are comprised in table A2 for Rag2™ recipients and table A3 for Rag2™ x IL-10" recipients.
Complementary heatmaps and graphs plotting gene intensity (according to MADMAX
software) vs histological score of best correlated genes can be found in figures 28-33.
Several of the most highly regulated genes also appeared among the genes which were best
correlated to tissue pathology, including /do71 and Cyp2c55. Other genes showing a strong
correlation are involved in immune responses (e.g. Lbp, Ccl3), response to hypoxia (e.g.
Edu1, Nox) and epithelial to mesenchymal transisiton (Nfatc7) which is linked to
fibrosis/fistulae in IBD [245,246], but also genes assigned to metabolic pathways (e.g. Nceh,
Aadac).
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Table 26. Genes best correlated to the histological score (cecum) in IEC of RagZ"' recipients 4 weeks
after CD4" T cell transfer according to Spearman’s rank correlation (rs) and using gene intensities
obtained by MADMAX software. The one-sided significance for ry was P<0.001 for all genes.

TOP10 genes best correlated (rs) to histological score (cecum) in RagZ"‘ recipients

genelD gene name description (r9) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
68713 Ifitm1 interferon induced 0.88  anterior/posterior molecular_functio integral to
transmembrane protein 1 pattern formation n membrane
75296 Fgfr1iop Fgfr1 oncogene partner 0.87 biological molecular cellular
process function component
12237 Bub3 budding uninhibited by 0.86 cellcycle /l/ NA kinetochore ///
benzimidazoles 3 homolog mitosis nucleus
80287 Apobec3 apolipoprotein B mRNA editing 0.85 NA catalytic activity nucleus ///
enzyme, catalytic polypeptide 3 cytoplasm
83490 Pik3ap1 phosphoinositide-3-kinase 0.85 signal protein binding membrane ///
adaptor protein 1 transduction nucleus
14159 Fes feline sarcoma oncogene 0.85 protein nucleotide/ cytosol
phosphorylation  protein binding
20393 Sgk1 serum/glucocorticoid regulated -0.84 apoptosis protein endoplasmic
kinase 1 serine/threonine  reticulum ///
kinase cytoplasm
226654 Tstd1 thiosulfate sulfurtransferase -like -0.85 biological molecular mitochondrion
domain containing 1 process function
13198 Ddit3 DNA-damage inducible -0.85 ER overload transcription nucleus ///
transcript 3 response factor activity cytoplasm
231832 Tmem184a  transmembrane protein 184a -0.85 NA NA integral to
membrane
28A B
EE— .
23 30 3
[Yp] w Lo wy Lo w w 2
O O «~ — — — — N O S T W M~ M~ © @, )
w (2] w w w w w w w w w w w w w [7]
T L, L, L, L, I, L L L £ L L I T T €
N ~ I~ O 0 I o T M M~ «— O N W0 w :3,
- - o O O o (=T - e o - O = o o
O 0O O O O O O O O O O O O o o 2
zZ E 22T 22 EEEZEZEEE g2
tgr || I BN Ifitm 1 5
Fafrlop @
Bub3 @
e [ ] Apobec3 &
i = Pik3ap1 £
[ ) Fes =
Sk i T i
Tstd1 0 2 4 6 8
Ddit3 Cecal histological score
Tmem184a

Figure 28. Genes best correlated to the histological score (cecum) in IEC of Rag2"' recipients
4 weeks after CD4" T cell transfer according to r, and using gene intensities obtained by
MADMAX software.
(A) Heatmap (B) Best correlated gene: interferon induced transmembrane protein 1 (/fitm1); intensity
vs histological score.
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RESULTS

Table 27. Genes best correlated to the histological score (cecum) in IEC of Rag2™” x IL-10" recipients
4 weeks after CD4" T cell transfer according to Spearman’s rank correlation (rs) and using gene
intensities obtained by MADMAX software. The one-sided significance for rs was P<0.001 for all

genes.

TOP10 genes best correlated (rs) to histological score (cecum) in RagZ'/'x IL-10™ recipients

geneID gene name description (rs) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
15930 Ido1 indoleamine 2,3-dioxygenase 1 0.92 involved in tryptophan 2,3- cytosol ///
inflammatory dioxygenase cytoplasm
response activity
76905 Lrg1 leucine-rich alpha-2-glycoprotein  0.92  brown fat cell molecular cellular
1 differentiation function component
16803 Lbp lipopolysaccharide binding 0.90 innate immune lipoteichoic acid  extracellular
protein response binding region
60440 ligp1 interferon inducible GTPase 1 0.90 GTP catabolic GTPase activity  cellular
process component
22139 Ttr transthyretin -0.89 transport hormone activity  extracellular
region
72082 Cyp2c55 cytochrome P450, family 2, -0.89 oxidation electron carrier endoplasmic
subfamily c, polypeptide 55 reduction activity reticulum
67971 Tppp3 tubulin polymerization-promoting  -0.89  biological molecular cytoplasm ///
protein family member 3 process function cytoskeleton
13614 Edn1 endothelin 1 -0.89 response to protein binding ///  extracellular
hypoxia receptor binding  space
70337 lyd iodotyrosine deiodinase -0.90 oxidation iodide peroxidase integral to
reduction activity membrane
67758 Aadac arylacetamide deacetylase -0.91 regulation of carboxylesterase  endoplasmic
(esterase) triglyceride activity reticulum
catabolic process
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Figure 29. Genes best correlated to the histological score (cecum) in IEC of RagZ"' x IL-10™
recipients 4 weeks after CD4" T cell transfer according to r, and using gene intensities
obtained by MADMAX software.
(A) Heatmap (B) Best correlated gene: indoleamine 2,3-dioxygenase 1 (/do7); intensity vs
histological score.
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RESULTS

Table 28. Genes best correlated to the histological score (colon) in IEC of Rag2”' recipients 4 weeks
after CD4" T cell transfer according to Spearman’s rank correlation (rs) and using gene intensities
obtained by MADMAX software. The one-sided significance for ry was P<0.001 for all genes.

TOP10 genes best correlated (rs) to histological score (colon) in Rag2"' recipients

genelD gene name description (r9) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
20302 Ccl3 chemokine (C-C motif) ligand 3 0.91 inflammatory cytokine/chemo-  extracellular
response kine activity space
20345 Selplg selectin, platelet (p-selectin) 0.91 cell adhesion protein binding /// plasma
ligand sugar binding membrane
20556 SlIfn2 schlafen 2 0.90 regulation of cell NA NA
proliferation
237038 Nox1 NADPH oxidase 1 0.90 response to ROS electron carrier integral to
activity membrane
667597 BC023105  cDNA sequence BC023105 0.90 NA NA NA
24108 Ubd ubiquitin D 0.88 protein protein binding nucleus ///
ubiquitination cytoplasm
12515 Cd69 CD69 antigen 0.88 NA calcium binding integral to
/Il sugar binding  membrane
15930 Ido1 indoleamine 2,3-dioxygenase 1 0.88 involved in tryptophan 2,3- cytosol ///
inflammatory dioxygenase cytoplasm
response activity
13198 Ddit3 DNA-damage inducible -0.87 ER overload transcription nucleus ///
transcript 3 response factor activity cytoplasm
13614 Edn1 endothelin 1 -0.89 response to protein binding ///  extracellular
hypoxia receptor binding  space
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Figure 30. Genes best correlated to the histological score (colon) in IEC of RagZ"' recipients 4
weeks after CD4" T cell transfer according to r, and using gene intensities obtained by
MADMAX software.
(A) Heatmap (B) Best correlated gene: chemokine (C-C motif) ligand 3 (Ccl3); intensity vs
histological score.
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RESULTS

Table 29. Genes best correlated to the histological score (colon) in IEC of Rag2” x IL-10" recipients 4
weeks after CD4" T cell transfer according to Spearman’s rank correlation (r;) and using gene
intensities obtained by MADMAX software. The one-sided significance for rs was P<0.001 for all

genes.

TOP10 genes best correlated (rs) to histological score (colon) in RagZ"'x IL-107" recipients

geneID gene name description (rs) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
110454 Ly6a lymphocyte antigen 6 complex, 0.96 NA NA anchored to
locus A membrane
76509 Plet Placenta-expressed transcript 1 0.93 wound healing NA integral to
1600029D21Rik membrane
14933 Gyk glycerol kinase 0.92 carbohydrate nucleotide nucleus ///
metabolic binding /// histone cytoplasm ///
process binding mitochondrion
320024 Nceh1 arylacetamide deacetylase-like -0.91 lipid catabolic carboxylesterase  endoplasmic
1 process activity reticulum
11409 Acads acyl-Coenzyme A -0.91 oxidation oxidoreductase mitochondrion
dehydrogenase, short chain reduction activity
66859 Slc16a9 solute carrier family 16, -0.91 transmembrane  symporter activity integral to
member 9 transport membran
14079 Fabp2 fatty acid binding protein 2, -0.92 long-chain fatty fatty acid binding membrane ///
intestinal acid transport /Il lipid binding microvillus ///
12351 Car4 carbonic anhydrase 4 -0.92 one-carbon metal ion binding anchored to
metabolic process  /// lyase activity membrane
70337 lyd iodotyrosine deiodinase -0.92 oxidation iodide peroxidase integral to
reduction activity membrane
102022 Cesb carboxylesterase 6 -0.92 protein amino hydrolase activity microsome
acid glycosylation
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Figure 31. Genes best correlated to the histological score (colon) in IEC of Rag2™ x IL-10"
recipients 4 weeks after CD4" T cell transfer according to r, and using gene intensities
obtained by MADMAX software.

(A) Heatmap (B) Best correlated gene: lymphocyte antigen 6 complex, locus A (Ly6a); intensity vs
histological score.
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RESULTS

Table 30. Genes best correlated to the histological score (cumulative) in IEC of Rag2™ recipients 4
weeks after CD4" T cell transfer according to Spearman’s rank correlation (r;) and using gene
intensities obtained by MADMAX software. The one-sided significance for rs was P<0.001 for all

genes.

TOP10 genes best correlated (rs) to histological score (cumulative) in Rag2'/' recipients

geneID gene name description (rs) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
80287 Apobec3 apolipoprotein B mRNA editing 0.90 NA catalytic activity ~ nucleus ///
enzyme, catalytic polypeptide 3 cytoplasm
83490 Pik3ap1 phosphoinositide-3-kinase 0.90 signal protein binding membrane ///
adaptor protein 1 transduction nucleus
20460 Stil Scl/Tal1 interrupting locus 0.89 negative NA cytoplasm
regulation of
apoptosis
19073 Srgn serglycin 0.88 regulation of protein binding Golgi membrane
cytokine /Il zymogen
secretion granule
14159 Fes feline sarcoma oncogene 0.87 protein nucleotide/ cytosol
phosphorylation  protein binding
18018 Nfatc1 nuclear factor of activated T- 0.87 epithelial to transcription nucleus ///
cells, cytoplasmic, calcineurin- mesenchymal activator activity ~ cytoplasm
dependent 1 transition
231832 Tmem184a  transmembrane protein 184a -0.87 NA NA integral to
membrane
20393 Sgk1 serum/glucocorticoid regulated -0.88 apoptosis protein endoplasmic
kinase 1 serine/threonine  reticulum ///
kinase cytoplasm
226654 Tstd1 thiosulfate sulfurtransferase -like -0.89 biological molecular mitochondrion
domain containing 1 process function
13198 Ddit3 DNA-damage inducible -0.91 ER overload transcription nucleus ///
transcript 3 response factor activity cytoplasm
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Figure 32. Genes best correlated to the histological score (cumulative) in IEC of RagZ"'
recipients 4 weeks after CD4" T cell transfer according to r, and using gene intensities
obtained by MADMAX software.
(A) Heatmap (B) Best correlated gene: DNA-damage inducible transcript 3 (Ddit3); intensity vs
histological score.
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Table 31. Genes best correlated to the histological score (cumulative) in IEC of Rag2” x IL-10"
recipients 4 weeks after CD4" T cell transfer according to Spearman’s rank correlation (rs) and using
gene intensities obtained by MADMAX software. The one-sided significance for rs was P<0.001 for all
genes.

TOP10 genes best correlated (rs) to histological score (cumulative) in RagZ'/'x IL-10™ recipients

geneID gene name description (rs) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
15930 Ido1 indoleamine 2,3-dioxygenase 1 0.93 involved in tryptophan 2,3- cytosol ///
inflammatory dioxygenase cytoplasm
response activity
60440 ligp1 interferon inducible GTPase 1 0.92 GTP catabolic GTPase activity  cellular
process component
76509 Plet Placenta-expressed transcript 1 0.91  wound healing NA integral to
1600029D21Rik membrane
15904 1d4 inhibitor of DNA binding 4 0.91 regulation of transcription nucleus
transcription regulator activity
14933 Gyk glycerol kinase 0.90 carbohydrate nucleotide nucleus ///
metabolic binding /// histone cytoplasm ///
process binding mitochondrion
67758 Aadac arylacetamide deacetylase -0.90 regulation of carboxylesterase endoplasmic
(esterase) triglyceride activity reticulum
catabolic process
72082 Cyp2c55 cytochrome P450, family 2, -0.91 oxidation electron carrier endoplasmic
subfamily ¢, polypeptide 55 reduction activity reticulum
20341 Selenbp1 selenium binding protein 1 -0.91 protein transport  selenium binding nucleus ///
cytoplasm
74134 Cyp2s1 cytochrome P450, family 2, -0.91 oxidation monooxygenase endoplasmic
subfamily s, polypeptide 1 reduction activity reticulum
70337 lyd iodotyrosine deiodinase -0.93 oxidation iodide peroxidase integral to
reduction activity membrane
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Figure 33. Genes best correlated to histological score (cumulative) in IEC of RagZ"' x IL-10™
recipients 4 weeks after CD4" T cell transfer according to r, and using gene intensities
obtained by MADMAX software.

(A) Heatmap (B) Best correlated gene: iodotyrosine deiodinase (Lyd); intensity vs histological score.
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4.4.4. Genes best correlated to the presence of IL-10 in IEC under non-inflammatory
conditions

The Spearman’s rank correlation test can assess the dependence also of ordinally scaled
data, in this case enabaling the assignment of values to IL-10 presence under non-
inflammatory conditions and calculating correlations between IL-10 presence and gene
expression levels. For assigning these values, the best distinguishable situations were
chosen. The values were set to 0 for unreconstitued RagZ"‘ x IL-107" mice; to 1 for
unreconstitued Rag2™ mice and to 2 for Rag2™ x IL-10" mice reconstituted with Wt CD4"
CD25" T cells. All genes displaying a correlation rs>0.8 are comprised in table A4, best
correlated genes, the respective heatmap and dot plot can be found in table 32 and figure
34. Of note, the gene best correlated as well as the gene best negatively correlated to IL-10
presence, Clic6 and Pth respectively, are both involved in cellular calcium homeostasis.
Furthermore, several genes participating in metabolic processes (Soc2b, Ggt1, Gbgt1),
associated with MAP kinase signaling (Gadd45y, Mapkapk3) and transcription factors
(Hoxd13, Rnf14) were found to be highly correlated to IL-10 presence.
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Table 32. Genes best correlated to the presence of non-T cell-/ T cell-derived IL-10 in IEC of
recipients 4 weeks after non-colitogenic CD4" CD25" T cell transfer according to Spearman’s rank
correlation (rs) and using gene intensities obtained by MADMAX software. The values assigned to the
presence of IL-10 were: 0 for unreconstitued Rag2™ x IL-10" mice; 1 for unreconstitued Rag2” mice
and 2 for RagZ"' x IL-10" mice reconstituted with Wt CD4* CD25" T cells. The one-sided significance
for rs was P<0.001 for all genes.

TOP10 genes best correlated (rs) to the presence of IL-107

geneID gene name description (rs) GO-BP GO-MF GO-CC
descriptions descriptions descriptions
209195 Clic6 chloride intracellular channel 6 0.94 ion transport voltage-gated ion integral to
channel activity membrane
23882 Gadd45g growth arrest and DNA-damage- 0.91 activation of protein binding nucleus
inducible 45 gamma MAPKK activity
15433 Hoxd13 homeobox D13 0.87 regulation of transcription nucleus
transcription regulator activity
14598 Ggt1 gamma-glutamyltransferase 1 -0.87 glutathione gamma-glutamyl- integral to
biosynthetisis transferase membrane
56736 Rnf14 ring finger protein 14 -0.87 regulation of small conjugating nucleus ///
transcription protein ligase cytoplasm
218977 Digap5 discs, large (Drosophila) -0.87 cellcycle /// cell- NA nucleus ///
homolog-associated protein 5 cell signaling cytoskeleton
227671 Gbgt1 globoside alpha-1,3-N- -0.87 carbohydrate metal ion binding integral to
acetylgalactosaminyl- metabolic /Il transferase membrane ///
transferase 1 process activity Golgi apparatus
235330 Ttc12 tetratricopeptide repeat domain -0.87 biological molecular cellular
12 process function component
78482 1700123L14 nucleoporin 50 pseudogene -0.93 intracellular molecular cellular
Rik transport function component
19226 Pth parathyroid hormone -0.94 cellular calcium hormone activity  extracellular
ion homeostasis space
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Figure 34. Genes best correlated to the presence of non-T cell-/ T cell-derived IL-10 in IEC of
recipients 4 weeks after non-colitogenic CD4* CD25" T cell transfer according to r, and using
gene intensities obtained by MADMAX software.

The values assigned to the presence of IL-10 were: 0 for unreconstitued RagZ"' x IL-10"" mice; 1 for
unreconstitued Rag2™ mice and 2 for Rag2” x IL-10"" mice reconstituted with Wt CD4* CD25" T
cells. (A) Heatmap (B) Best correlated gene: chloride intracellular channel 6 (Clic6); intensity vs
histological score.
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5 DISCUSSION

Although ER stress has been identified to participate during the onset and the course of
neoplasia, metabolic diseases and inflammation [12-14], and functional alterations of the
mitochondria and energy metabolism in general have been implicated in these diseases
[191,193,247], little is known regarding the cooperation of ER and mitochondria in the
development of these pathological conditions.. Considering our finding that PKR is
specifically induced under mitochondrial stress and the recent finding that PKR integrates
inflammatory signaling and metabolic homeostasis [248], leads to the suggestion that PKR
represents a possible link between metabolic and intestinal diseases. Moreover, mtUPR has
been implicated in cancer cell survival, demonstrating the disease-relevance of this pathway
[144]. Mitochondria and ER interact physically and functionally [172]; consistently, ER stress
impacts mitochondrial gene expression [166,190] and vice versa mitochondria have been
shown to modulate ER UPR [191-193].

5.1 PKR

Interestingly, we found that the highly selective mitochondrial UPR pathway employs PKR
to recruit ER UPR-associated signaling molecules, namely elF2a, cJun (AP1) and CHOP
(Fig.35). Although we did not find evidence for a contribution of PKR to ER UPR in our
experimental settings, it has been reported that PKR participates in thapsigargin-induced ER
stress and apoptosis [223] and contributes to GRP94 induction under ER stress [222] and is
involved in ER stress-induced neuronal cell death [249]. Moreover, PKR-mediated elF2a
phosphorylation has been shown to be responsible, at least in part, for the translational
inhibition of cytoprotective inducible heat shock proteins in colonic IEC under inflammatory
conditions [250]. Significantly, Nakamura et al. suggest that PKR-coordinated sensing and
signaling may represent a central mechanism for the integration of innate immunity with
metabolic pathways that are critical in metabolic diseases [248]. PKR can be activated by
various triggers including dsRNA, TLRs, growth receptor signaling, cytokines, palmitic acid,
metabolic stress and in response to cell stress [52,248]. In turn, it is able to modulate tumor
necrosis factor (TNF)-induced signaling [230], cJun N-teminal kinase (JNK) and IkB kinase
(IKK) [52,230] activity and can induce insulin receptor substrate (IRS) phosphorylation at
serine 307 thereby blocking insulin action [248]. These broad functions of PKR are reflected
by the observation that Pkr” mice, in response to high fat diet, exhibit significantly reduced
levels of several inflammatory cytokines such as TNF, IL-6, and IL-13, and the anti-

inflammatory cytokine IL-10, a potential target of PKR-signaling [248,251].

95



DISCUSSION

Endoplasmic reticulum Mitochondrion

2+
. Ca?*, Energy, -

< rd
ROS, Metabolites \

A
qIPERK IRE1==--~—
I

GRP78 CPN60

ERUPR ™Y 57 mtupr

Figure 35. Schematic illustration of mitochondrial- and ER UPR integration.

PKR is activated by ClpP-dependent mtUPR-signaling and in turn induces its own transcription via
MEK, JNK2/3 and AP1. Enhanced PKR signaling then amplifies elF2a- and cJun phosphorylation
thereby inducing CHOP expression, leading to transcriptional activation of the Cpn60 gene. ER- and
mtUPR signaling converge at the level of elF2a phosphorylation and the activation of transcription
factors AP1 and CHOP. As a consequence of ER- and mtUPR, nuclear encoded compartment
specific chaperones such as GRP78 and CPN60 are induced.

Regarding the diverse properties of PKR, one cannot exclude the possibility that the
induction of PKR seen in both animal models and in the human patients is not, or not solely,
due to mitochondrial signaling. However, our finding that PKR is selectively induced during
mtUPR and acts in concert with ER UPR-derived signals, implicates that PKR is a central

player in mitochondrial-nuclear communication.

5.2 Mitochondrial UPR signaling

Our data indicate that in mammalian cells, like in C.elegans, the efflux of peptides
resulting from the activity of CIpP may provide the initial signal for mtUPR [23]. Several
possibilities have been suggested how ClpP-generated peptides might activate downstream-
signaling [141,143]. Since peptides released from mitochondria in a HAF-1-dependent
manner originate from a broad spectrum of mainly matrix-localized proteins and differ in
amino acid composition and length [141], rather the rate of efflux than the peptides
themselves might provide a specific signal. Yet, the presence of a peptide-specific receptor
cannot be ruled out [141]. Alternatively, ClpP-mediated proteolysis might release a non-

peptide ligand which is subsequently transported by HAF-1 [141]. Of note, the related
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mammalian ABC transporter ABCB10 has been implicated in heme transport across the
mitochondrial inner membrane [252].

Alongside, it has been supposed that a mechanism analogous to the ER UPR, where
sensing of stress appears via binding of GRP78 to unfolded proteins [53], may exist in
mitochondria through the association of CPN60 with mutant proteins [128], targeting them for
proper reassembly or degradation (Fig.36). In this context, it is noteworthy that OTCA has
already been shown to co-immunoprecipitate with CPN60 as well as ClpP [21].

Free cytosolic Ca*" is a key player in mitochondria-to-nucleus signaling, the so-called
retrograde signaling [128]. Furthermore, it has been suggested that Ca?* release from the ER
activates PKR via CaMKII and that PACT in involved in this activation [227]. Nevertheless,
we did neither find evidence for a contribution of Ca* and CaMKIl nor PACT in our
experimental setup. To specify the cytosolic signal leading to PKR activation under mtUPR,

further investigations are needed.
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Figure 36. Proposed mechanisms of mtUPR-induction.

(Modified from Kirstein-Miles et al., and Haynes et al.) Under mitochondrial stress, ClpP degrades
unfolded proteins which are released from mitochondria in a HAF-1-dependent manner. The resulting
peptides (I) might activate a cytosolic peptide receptor or the efflux rate of peptides might provide a
signal (). Alternatively, ClpP-activity might release a specific ligand (Ill) with a cytocolic receptor.
The association of CPN60 with unfolded proteins represents another possibility for mtUPR-induction
(V).
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5.3  Pkr” mice

Strikingly, Pkr” mice showed almost complete resistance to DSS-induced colitis
associated with loss of CPN60 expression and decreased mitochondrial abundance in IEC
upon DSS treatment. Although it cannot be ruled to that the reduced sensitivity to DSS-
induced colitis seen in our experimental setup is due to other functions of PKR, the early
induction of PKR and CPN60 in control mice while CPN60 level remain unaltered in Pkr”
mice, provide strong evidence for a role of PKR in stress-induced CPN60 expression.
Concomitantly, DSS administration induced autophagy in IEC from treated mice, but
diminished the expression of the mitochondrial biogenesis-associated transcription factor
Pgc-1a exclusively in Pkr’” mice. Yet, baseline CPN60 protein levels were elevated in Pkr”
mice as well as the mitochondrial to nucleic DNA ratio.

This implies (1) that PKR is only relevant to CPN60-induction and mitochondrial biogenesis
under stress conditions and (ll) that the potential beneficial absence of a stress signal
amplifying ER UPR-signaling, might outweigh for the negative effects of a partial loss of
mitochondria (Fig.37). Along this line, it might be possible that mitochondria-protective effect
mediated by PKR might contribute to enhanced generation of ROS by damaged or
dysfunctional mitochondria. Similarly, increased mitochondrial biogenesis as well as impaired
fission and degradation of mitochondria, accompanying mitochondrial dysfunction and

aggravating ROS production, has been implicated in ageing [253].
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Figure 37. Possible consequences of PKR-signaling under stress conditions.

Genetic ablation of PKR leads to loss of mitochondrial abunce in IEC under DSS-treatment propably
due to decreased mitochondrial biogenesis. The mitochondria-protective effect mediated by PKR
might promote accumulation of dysfunctional mitochondria resulting in enhanced ROS production
and in addition, ER UPR-signaling might be amplified.

98



DISCUSSION

5.4  Mitochondria as integrators of cellular danger signaling

Next to the well-established functions of mitochondria in cell metabolism and during
apoptosis accumulating data have placed mitochondria at the center of diverse cellular
functions and suggest mitochondria as integrators of various signaling pathways (Fig.38). As
mentioned above, mitochondria participate in cellular calcium homeostasis and constitute a
major source of cellular ROS [128,132], thereby affecting processes such as autophagy and
inflammation [254-256]. Under conditions of nutrient deficiencies mitochondria have evolved
mechanisms to regulate the cell cycle [257]. Additionally, they have been suggested to serve
as a signaling platform by providing microdomains for molecule activation in their unique
membrane environment [258]. Moreover, since the description of a protein located in the
mitochondrial outer membrane, mitochondrial antiviral signaling (MAVS), required for the
production of type | interferon in response to viral infection in 2005 [259], mitochondria are
thought to modulate innate immune signaling. During viral infection, RIG-I binds single- or
double-stranded RNA and is recruited to the mitochondrial outer membrane to bind MAVS,
subsequently leading to activation of interferon-regulatory factors (IRF) and NF-kB, and
downstream to the production of IFN as well as proinflammatory cytokines [259,260].
Notably, with regard to mtUPR-induced PKR activation, PKR has also been shown to act in
concert with mitochondria-dependent RIG-I/MAVS-signaling to mount an efficient IFN-§-
secretion in response to rotavirus infection [261]. Recent work has confirmed the role of
mitochondria in immune responses by linking mitochondrial ROS production and autophagy
to the activation of the NLRP3 inflammasome [169,170] a multiprotein complex involved in
proteolytic maturation and release of IL-1B and IL-18 [262]. Notably, polymorphisms in
NLRP3 have been associated with CD in a candidate-gene study [263] and a SNP within the
IL-18 receptor accessory protein gene (IL18RAP) has been identified as risk factor for both,
CD as well as UC [264]. Consistently, IL-1B as well as IL-18 expression is enhanced in IBD,
particularly in the epithelium [265-267]. In line with these data, neutralization of IL-18 as well
as genetic ablation of caspase-1, a downstream effector of the NALP3 inflammasome
involved in IL-1B8 and IL-18 processing [268], has been shown to ameliorated DSS colitis.
Moreover, administration of anti-IL-1B was effective in experimental rabbit complex colitis
[269,270]. Therefore, it might be possible that the protective effect towards DSS-induced
colitis seen in Pkr” mice is related to inflammasome activation and IL-18 and IL-18
production, respectively. Hence, future experiments should address this question.
Interestingly, also ATG16L1, encoded by the CD-associated gene, has been demonstrated

to regulate inflammasome activation [271].
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Figure 38. Mitochondria as integrators of cellular danger signaling.

Several cellular signaling pathways converge on mitochondria. Mitochondrial function is reflected by
the protein folding environment in the matrix, metabolic rates, mitochondrial membrane potential (@A)
and generation of ROS. Whereas mitochondrial biogenesis-related pathways as well as mtUPR
might serve to sustain a functional mitochondrial population, mitochondria additionally represent a
signaling platform for inflammation-related signals.

5.5 ER UPR and mitochondrial dysfunction in IBD

During the last years, accumulating evidence implicated ER UPR at the epithelial cell level
in promotion and perpetuation of intestinal inflammation [10,112,113] and at the same time, it
has been sporadically suggested that chronic intestinal inflammation represents an energy-
deficiency disease involving mitochondria and featuring alterations in epithelial cell oxidative
metabolism [247,272]. Considering our findings, it is likely that mitochondrial and ER stress
cannot be regarded separately and that mitochondrial stress, as well as ER stress,
participates in the pathology of IBD.

Pathways including TLR signaling and autophagy, crucial for sensing and controlling the
composition of the commensal microbiota, the key driver of intestinal inflammation in IBD,
interact with  ER UPR as well as mitochondrial signaling. Besides IBD-associated
polymorphisms in autophagy- and bacterial sensing-related genes [115-118,122] a
polymorphism leading to lower expression levels in the promoter of the gene encoding the
mitochondrial carrier protein uncoupling protein (UCP) 2 was associated with CD as well as
UC [273]. Consistently with CD patients harboring the NOD2 or ATG16L1 alleles [123-125],
NOD2- as well as XBP1-deficient and ATG16L1-hypomorphic mice display alterations in
Paneth cell structure and function, but in addition, NOD1 and NOD2 have been
demonstrated to be critical for the autophagic response to invasive bacteria by recruiting
ATG16L1 to the bacterial entry site. Cells homozygous for the CD-associated frameshift
mutation of NOD2 failed to recruit ATG16L1 and displayed impaired bacterial autophagy,
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providing a functional link between the proteins encoded by the two most prominent CD-
associated genes [274]. In contrast, IRGM as well as UCP2 directly impact mitochondrial
function. By affecting mitochondrial fission, IRGM was shown to induce autophagy of
intracellular mycobacteria but also to influence mitochondrial membrane polarization and
cause Bax/Bak-dependent cell death, suggesting IRGM to be a double-edged sword in the
context of intestinal inflammation [275]. On the other hand, UCP2 is thought to promote a
metabolic shift from glucose oxidation to fatty acid oxidation and by controlling the speed of
the Krebs cycle, decrease the production of mitochondrial ROS [276-278]. Macrophages
stimulated with LPS have been shown to quickly down-regulate UCP2 in a TLR4- and MAP
kinase-dependent manner to increase mitochondrial ROS production, thereby linking UCP2
and immune cell activation [279].

It has been suggested that chronic intestinal inflammation might represent an energy-
deficiency disease involving the mitochondria and featuring alterations in epithelial cell
oxidative metabolism [247,272]. In particular, B-oxidation is implicated in CD pathogenesis
and a ploymorphism in SLC22A5 [280,281], encoding the carnitine transporter OCTN2, has
been described as risk factor in IBD. Carnitine is essential to the energy metabolism of IEC
by transporting long-chain fatty acids into mitochondria for B-oxidation [282]. Consequently,
genetic ablation of OCTN2 as well as pharmacological inhibition of intestinal fatty acid f3-
oxidation also results in experimental colitis [283,284]. Sustaining B-oxidation and thereby
energy supply might be particularly important in IEC metabolically challenged by alterations
in the microbiota and/or in the context of energy-consuming inflammatory processes [8].
Furthermore, several pathogens and their toxins specifically target mitochondria to disrupt
their function [285] and proinflammatory cytokine-evoked ROS generation is associated with
a drop in mitochondrial membrane potential [286]. Contrarily, treating epithelial cells with the
oxidative phosphorylation-uncoupler dinitrophenol (DNP) to induce mitochondrial stress,
caused a decrease in TER and increased translocation of E. coli [287]. Supporting the
relevance of these data, enterocytes of IBD patients have been reported to display swollen
mitochondria with irregular cristae indicative of impaired function [288,289]. In accordance,
reduced ATP levels have been found in the colon of some CD patients [290] and biopsies
from patients with IBD can be more susceptible to uncouplers of oxidative phosphorylation
[289].

Our results, demonstrating ER UPR as well as mtUPR to be activated in two murine
models of chronic, immune-mediated colitis as well as human patients with IBD, further
emphasizes the importance of mitochondrial signaling in intestinal inflammation. Moreover,
identifying PKR as mtUPR-mediator as well as integrator of ER UPR- and mtUPR-signaling,

strengthens the hypothesis of interrelated, disease-relevant organelle signaling.
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5.6 Screening for potential new target genes and cellular pathways

Mouse models of IBD have provided important insights into mechanisms that control
intestinal homeostasis and regulation of intestinal inflammation. For example, an early finding
in a T cell transfer models of colitis was the proinflammatory activity of TNF [291] and an
anti-TNF therapy has since been successfully implemented in IBD treatment [292].
Functional and genetic studies have highlighted the importance of IL-10 and IL-10-
associated signaling in mouse models of intestinal inflammation as well as in IBD [8].
Previous studies suggested that IL-10 may directly confer protective mechanisms to the
intestinal epithelium by affecting ER UPR [112]. The identification of new target genes is
essential to elucidate the molecular mechanisms employed by IL-10 to confer protection to
IEC. Vice versa, screening for alterations associated with tissue pathology might offer new
strategies to interfere with disease progression.

In addition to the proteomic approach, we used microarray analysis to get a global
impression of inflammation associated changes in IEC. Gene expression profiling can detect
changes missed by gel-based proteome approaches due to the technical limitations of these
methods [217]. However, changes in mMRNA level do not necessarily translate into altered
protein expression or functional changes and therefore the relevance needs to be confirmed
on additional levels. Another challenge is the analysis of the extensive data obtained by this
method. We applied two strategies/software packages, Chiplnspector as well as MADMAX
software, to profit from the different strengths and focuses of each. Looking at selected GO
terms from different domains in a hypothesis-driven way confirmed ER and mitochondria to
be highly affected by inflammatory processes in IEC and indicated cellular stress pathways
to be activated. In contrast, identifying the most highly regulated or best correlated genes can
help generating new hypotheses or showing new aspects of already known mechanisms.

Among the genes identified in our approaches to be highly regulated or associated with
tissue pathology or IL-10-signaling respectively, several are assigned to pathways/functions
relevant to metabolism and host-microbe interaction. IEC as well as innate and adaptive
immune system cooperate in maintaining a balanced composition of the microbiome, crucial
for intestinal homeostasis. Interestingly, transfer of regulatory T cells induced expression
levels of carcinoembryonic antigen-related cell adhesion molecule (CEACAM) 10.
CEACAM10 can interact with other members of the family, whereby CEACAM1 and
CEACAMG6 have been shown to be responsible for altered colonization patterns seen in IBD
by serving as ligand for bacteria [293,294]. Another striking finding is the decline of Cyp2c55
expression under inflammatory conditions. This enzyme contributes to the detoxification of
the intestinal-derived, hepatotoxic secondary bile acid lithocholic acid (LCA) [239,295] and
moreover, metabolizes arachidonic acid, primarily to 19-hydroxyeicosatetraenoic acid [296],

thus interacting with a metabolic pathway playing a prominent role in inflammation.
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Arachidonic acid gives rise to the eicosanoid family of inflammatory mediators, including
prostaglandin PGD2 and PGE2. Cyclooxygenase (COX1 and COX2) catalyze the production
of prostanoids from arachidonic acid, and nonsteroidal anti-inflammatory drugs (NSAID),
which share COX inhibition as a common feature, have been associated with relapses in IBD
[297]. Accordingly, mice deficient in COX1 and COX2 show increased susceptibility of to
DSS-induced colitis [298]. Furthermore, lipoxins derived from arachidonic acid are actively
involved in the resolution of inflammation [299,300] by inhibiting neutrophil and eosinophil
recruitment as well as stimulation of phagocytosis involved clearance of microorganisms and
apoptotic cells [300]. In addition, Cyp2c55 as well as Ido1 are involved in tryptophan
metabolism, paricipating in the generation of 6-hydroxymelatonin and formyl-N-acetly-5-
methoxykynurenamine respectively, from melatonin (Fig.39). Recently, melatonin has been
shown to possess powerful anti-inflammatory and antioxidant activities, protecting against
radiation-induced intestinal injury [301], improving intestinal permeability via regulation of
mitochondrial function in mice [302], and improving acetic-acid-induced colitis in rats [303].
The virtual shut down of Cyp2c55 gene expression under inflammatory conditions indicated
by our microarray analysis suggests this gene as a promising candidate to follow up in

additional animal models of intestinal inflammation and IBD.

Gstt2 | Cyp19a1 | Cyp4f14
Cyp2c55| Cyp2e1 | Cyp2f2
Melatonin 6-Hydroxymelatonin

Cyp3a4* |Cyp2a13*| Cyp1b1 y y

Cyp1a2 | Cyp1a1l | Cyp2j6*

Formyl-N-acetly-5-
methoxykynurenamine

Figure 39. Involvement of Cyp2c55 and Ido1 in melatonin metabolism.

(Adapted from Wikipathways) Cypcb5 and Ido1, two highly regulated genes under inflammation
participate in melatonin metabolism. Blue: genes downregulated, red: genes induced under
inflammation according to MADMAX software. * gene not included on the microarray.
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5.7 Conclusion and perspective

Cellular stress responses including metabolic, inflammatory, mitochondrial and ER UPR
pathways are common features of many diseases. These signaling pathways have been
extensively investigated regarding their contributions to numerous pathologies, leading to
improved characterization of specific cellular responses. Yet, accumulating evidence suggest
that these pathways cannot be regarded separately but are tightly interrelated (Fig.40).
Especially in multifactorial disorders like IBD, where several triggers may be needed for the
onset of pathology, it is indispensable to take various cellular processes such as protein
folding, secretion, organelle biosynthesis, bacterial sensing, autophagy, apoptosis and their
interaction into account for a better understanding of disease pathogenesis. Furthermore,
recent data highlight how a specific microbe can determine the phenotype of a host carrying
the autophagy-related ATG716L1 risk allele for inflammatory disease [304]. These complex
interactions underscore the necessity to identify cellular check points at which different

signals converge and which may thus be promising targets for therapeutical interventions.

Inflammation
Bacteria Nutrients

TNF
receptor

Insulin
receptor

@
© ROS Apoptosis
Autophagy
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Figure 40. Cellular stress responses form a tightly interrelated network.

Stress responses including metabolic, inflammatory, mitochondrial and ER UPR pathways are
interrelated and connected to bacterial and nutrient sensing. Polymorphisms in genes associated
with these cellular processes have been identified as disease susceptibility factors and underlie
several chronic diseases.

Mitochondrial signaling as well as ER UPR might represent those check points, integrating
disease-relevant functions such as energy supply, ROS generation and cytokine production.
Therapeutic approaches to improve mitochondrial- and ER function could have beneficial

outcomes on various (cellular and organ) levels. Notably, several chemicals already used to
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treat type 2 diabetes like PPAR agonists or salicylates have been shown to affect ER UPR-
associated pathways [305,306]. Moreover, studies with chemical chaperones, phenyl butyric
acid (PBA) and tauro-ursodeoxycholic acid (TUDCA), confirmed that the ER can be
chemically targeted to enhance its functional capacity and that multiple diseases could be
tackled by such strategies. In murine models of obesity and diabetes, administration of these
chaperones increased systemic insulin sensitivity, established normoglycemia, reduced fatty
liver disease and suppressed inflammatory signaling [307]. PBA and TUDCA were
furthermore shown to prevent ER stress-induced inhibition of apoB100 secretion, a feature
contributing to hepatic steatosis [308] and to ameliorate atherosclerosis in mouse models
[309]. Alongside, specific molecules of the ER UPR could be directly targeted. For example,
Salubrinal, a small molecule that prevents dephosphorylation of elF2a [310] has been shown
to confer protection against ER stress-induced cell death both in vitro and in vivo [311].
Likewise, specifically increasing the activity of XBP1s (e.g. by p85) could improve the
outcome of metabolically-driven as well as inflammatory diseases. The use of mitochondria-
specific antioxidants such as acetyl-L-carnitine and R-alphalipoic acid could complement
such strategies by additionally diminishing causes/consequences of ER stress [312].
Whether the data obtained from animal models can be translated into treatments for human
diseases is currently unknown, but they provide promising evidence for new therapeutic

approaches.
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APPENDIX

Table A1. Differentially regulated proteins in primary large IEC identified by 2D SDS-PAGE and
MALDI-TOF-MS analysis comparing recipients reconstituted with CD4" T cells derived from Wt or
IL-10"" mice with non-reconstituted mice.

gene  gene name description compartment RagZ"' RagZ"' xIL-107"
ID
1week 4 weeks| 1week 4 weeks
WHIL10"  WHIL10" | WHIL10"  WHIL10™
11364 Acadm acyl-Coenzyme A mitochondrion Ul Ul
dehydrogenase, medium
chain
11370 Acadvl acyl-Coenzyme A mitochondrion - Ul
dehydrogenase, very long
chain
11409 Acads acyl-Coenzyme A mitochondrion Ul
dehydrogenase, short chain
11429 Aco2 aconitase 2, mitochondrial mitochondrion -1t U] -
11637 Ak2 adenylate kinase 2 mitochondrion -] U]
11669 Aldh2 aldehyde dehydrogenase 2,  mitochondrion Ul U]
mitochondrial
12716  Ckmt1 creatine kinase, mitochondrion e U\ U]
mitochondrial 1, ubiquitous
13382 Did dihydrolipoamide mitochondrion -1
dehydrogenase
15107 Hadh hydroxyacyl-Coenzyme A mitochondrion -1t -
dehydrogenase
15356 Hmgcl 3-hydroxy-3-methylglutaryl-  mitochondrion -1
Coenzyme A lyase
15360 Hmgcs2 3-hydroxy-3-methylglutaryl-  mitochondrion -] Ul U]
Coenzyme A synthase 2
15488 Hsd17b4 hydroxysteroid (17-beta) mitochondrion -1
dehydrogenase 4
15510 Hspd1 heat shock protein 1 mitochondrion -1 T -1 -1
(chaperonin)
15929 Idh3g isocitrate dehydrogenase 3 mitochondrion -1
(NAD+), gamma
17448 Mdh2 malate dehydrogenase 2, mitochondrion -]
NAD (mitochondrial)
17995  Ndufv1 NADH dehydrogenase mitochondrion -]
(ubiquinone) flavoprotein 1
18673 Phb prohibitin mitochondrion -1
18746 Pkm2 pyruvate kinase, muscle mitochondrion 11- 1
20425 Shmt1 serine mitochondrion -]
hydroxymethyltransferase 1
(soluble)
20655 Sod1 superoxide dismutase 1, mitochondrion '/l
soluble
20917  Suclg2 succinate-Coenzyme A mitochondrion -]
ligase, GDP-forming, beta
subunit
22117  Tst thiosulfate sulfurtransferase, mitochondrion -] Ul Ul

mitochondrial
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gene  gene name description compartment Rag2™ Rag2” xIL-10™
ID
1week 4 weeks| 1week 4 weeks
WHIL10"  WHIL10™ | WHIL10™  WHIL10™"
22333 Vdact voltage-dependent anion mitochondrion -]
channel 1
52538 Acaa2 acetyl-Coenzyme A mitochondrion U]
acyltransferase 2
(mitochondrial 3-oxoacyl-
Coenzyme A thiolase)
54683 Prdx5 peroxiredoxin 5 mitochondrion - Ul
59010 Sqrdl sulfide quinone reductase- mitochondrion ./T
like (yeast)
66904 Pccb propionyl Coenzyme A mitochondrion l/l
carboxylase, beta
polypeptide
66945 Sdha succinate dehydrogenase mitochondrion -
complex, subunit A,
flavoprotein (Fp)
66988 Lap3 leucine aminopeptidase 3 mitochondrion T/T
68263 Pdhb pyruvate dehydrogenase mitochondrion -/T
(lipoamide) beta
68738 Acss1 acyl-CoA synthetase short- mitochondrion -1
chain family member 1
71679 Atp5h ATP synthase, H+ mitochondrion ll'
transporting, mitochondrial
FO complex, subunit d
72039 Mccet methylcrotonoyl-Coenzyme A  mitochondrion -] -
carboxylase 1 (alpha)
94279  Sfxn2 sideroflexin 2 mitochondrion -1
107029 Me2 malic enzyme 2, NAD(+)- mitochondrion -] Ul
dependent, mitochondrial
107271 Yars2 tyrosyl-tRNA synthetase, mitochondrion -]
mitochondrial
110198 Akr7a5 aldo-keto reductase family 7, mitochondrion Ul
member A5 (aflatoxin
aldehyde reductase)
110821 Pcca propionyl-Coenzyme A mitochondrion Ul -
carboxylase, alpha
polypeptide
218865 Chdh choline dehydrogenase mitochondrion -] -1
233870 Tufm Tu translation elongation mitochondrion -]
factor, mitochondrial
246221 Mpst mercaptopyruvate mitochondrion l/l
sulfurtransferase
268860 Abat 4-aminobutyrate mitochondrion U\
aminotransferase
12034 Phb2 prohibitin 2 mitochondrion, T/T
nucleus
26922 Mecr mitochondrial trans-2-enoyl-  mitochondrion, ./T
CoA reductase nucleus
66071 Ethe1 ethylmalonic encephalopathy mitochondrion, -7 -] -]
1 nucleus
51179 HAO2 hydroxyacid oxidase 2 (long  mitochondrion, -/i i/l Ul
chain) other
14827 Pdia3 protein disulfide isomerase endoplasmic T 1
associated 3 reticulum
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gene  gene name description compartment RagZ"' RagZ"' xiL-10™
ID
1week 4 weeks| 1week 4 weeks
WHIL10" WHIL10™ | WHIL10" WHIL10™
14828 Hspab heat shock 70kD protein 5 endoplasmic -1 T T
(glucose-regulated protein) reticulum
19035 Ppib peptidylprolyl isomerase B endoplasmic -
reticulum
67397 Erp29 endoplasmic reticulum endoplasmic -1
protein 29 reticulum
71853 Pdia6 protein disulfide isomerase endoplasmic -
associated 6 reticulum
72599 Pdiab protein disulfide isomerase endoplasmic -]
associated 5 reticulum
105245 Txndcb thioredoxin domain endoplasmic -1
containing 5 reticulum
67838 Dnajb11 DnaJ (Hsp40) homolog, endoplasmic -1
subfamily B, member 11 reticulum,
nucleus
12301 Cacybp calcyclin binding protein nucleus -1
12631 Cfl1 cofilin 1, non-muscle nucleus T/T
13207 Ddx5 DEAD (Asp-Glu-Ala-Asp) box nucleus -1
polypeptide 5
15384 Hnrpab heterogeneous nuclear nucleus 1
ribonucleoprotein A/B
15388 Hnrpl heterogeneous nuclear nucleus Ul Ul
ribonucleoprotein L
15481 Hspa8 heat shock protein 8 nucleus -1
16854 Lgals3 lectin, galactose binding, nucleus -
soluble 3
16905 Lmna lamin A nucleus -]
18102 Nme1 expressed in non-metastatic  nucleus TI'
cells 1, protein
19172 Psmb4 proteasome (prosome, nucleus T/T
macropain) subunit, beta
type 4
19181 Psmc2 proteasome (prosome, nucleus -1
macropain) 26S subunit,
ATPase 2
20341  Selenbp1 selenium binding protein 1 nucleus U\
51886 Fubp1 far upstream element (FUSE) nucleus A
binding protein 1
53379 Hnrpa2b1 heterogeneous nuclear nucleus 11-
ribonucleoprotein A2/B1
57320 Park7 Parkinson disease nucleus -1
(autosomal recessive, early
onset) 7
66870 Serbp1 Serpine1 mRNA binding nucleus -1 11
protein 1
68981 Snrpa1 small nuclear nucleus -1
ribonucleoprotein polypeptide
A
70984 4931406CO07Rik Ester hydrolase C11orf54 nucleus -]
homolog
76936 Hnrpm heterogeneous nuclear nucleus -1
ribonucleoprotein M
218490 Btf3 basic transcription factor 3 nucleus 11- A 11-
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gene  gene name description compartment RagZ"' RagZ"' xiL-10™
ID
1week 4 weeks| 1week 4 weeks
WHIL10"  WHIL10™ | WHIL10™  WHIL10™"
76491 Abhd14b abhydrolase domain other, nucleus -1
containing 14b
11461 Actb actin, beta, cytoplasmic other -1
11465 Actg1 actin, gamma, cytoplasmic 1  other -/t
11668 Aldh1a1 aldehyde dehydrogenase other -]
family 1, subfamily A1
11758 Prdx6 peroxiredoxin 6 other Ul - Ul
12306 Anxa2 annexin A2 other Ul U Ul
12346 Car1 carbonic anhydrase 1 other -] Ul U]
12349 Car2 carbonic anhydrase 2 other U Ul
12468 Cect7 chaperonin subunit 7 (eta) other U] -
13629 Eef2 eukaryotic translation other -1 11-
elongation factor 2
14381 G6pdx glucose-6-phosphate other -1
dehydrogenase X-linked
14694  Gnb2I1 guanine nucleotide binding other 1
protein (G protein), beta
polypeptide 2 like 1
14776  Gpx2 glutathione peroxidase 2 other e
14854 Gss glutathione synthetase other -1
14862 Gstm1 glutathione S-transferase, mu other l/l
1
14863 Gstm2 glutathione S-transferase, mu other - -]
2
14870 Gstp1 glutathione S-transferase, pi  other -]
1
15387 Hnrpk heterogeneous nuclear other -1
ribonucleoprotein K
16429 Itin1 intelectin 1 (galactofuranose  other 11- -
binding)
16669 Krt19 keratin 19 other - -
16691 Krt8 keratin 8 other e U]
16828 Ldha lactate dehydrogenase A other U\
16855 Lgals4 lectin, galactose binding, other -1
soluble 4
16952 Anxa1 annexin A1 other -1
18489 Pap pancreatitis-associated other -1 Wk
protein
18655 Pgk1 phosphoglycerate kinase 1 other 1
19186 Psme1l proteasome (prosome, other 11-
macropain) 28 subunit, alpha
20042 Rps12 ribosomal protein S12 other -/T
20316 Sdf2 stromal cell derived factor2  other T
20724  Serpinb5 serine (or cysteine) peptidase other T/'
inhibitor, clade B, member 5
20887 Sult1a1l sulfotransferase family 1A, other -] Ul
phenol-preferring, member 1
21351 Taldo1 transaldolase 1 other -] -1
21881 Tkt transketolase other -]
21991 Tpil triosephosphate isomerase 1  other ./i
22235 Ugdh UDP-glucose dehydrogenase other U]
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gene  gene name description compartment RagZ"' RagZ"' xiL-10™
ID
1week 4 weeks| 1week 4 weeks
WHIL10" WHIL10™ | WHIL10" WHIL10™
22330 Vdl vinculin other -1
22350 \Vil2 villin 2 other -]
23795 Agr2 anterior gradient 2 (Xenopus other 0
laevis)
23971 Papssi 3'-phosphoadenosine 5'- other ./i ./T
phosphosulfate synthase 1
23972 Papss2 3'-phosphoadenosine 5'- other ./l l/l l/l
phosphosulfate synthase 2
26440 Psma1 proteasome (prosome, other TI'
macropain) subunit, alpha
type 1
26441 Psma4 proteasome (prosome, other -1
macropain) subunit, alpha
type 4
26905 Eif2s3x eukaryotic translation other -1
initiation factor 2, subunit 3,
structural gene X-linked
26908 Eif2s3y eukaryotic translation other -/1
initiation factor 2, subunit 3,
structural gene Y-linked
27384  Akr1c13 aldo-keto reductase family 1, other Ul
member C13
50773 Ntbc 5',3'-nucleotidase, cytosolic  other -1
64336 Rplp0 ribosomal protein, large, PO other ./T
67089 Psmc6 proteasome (prosome, other Ul
macropain) 26S subunit,
ATPase, 6
67151 Psmd9 proteasome (prosome, other -/T
macropain) 26S subunit, non-
ATPase, 9
67738 Ppid peptidylprolyl isomerase D other -/T
(cyclophilin D)
74246 Gale galactose-4-epimerase, UDP  other -/l ./T
74840 Armet arginine-rich, mutated in other -1
early stage tumors
107652 Uap1 UDP-N-acetylglucosamine other 11-
pyrophosphorylase 1
113868 Acaala acetyl-Coenzyme A other 1
acyltransferase 1A
227753 Gsn gelsolin other -
229279 Hnrpa3 heterogeneous nuclear other - 1
ribonucleoprotein A3
230163 Aldob aldolase 2, B isoform other -]
268373 Ppia peptidylprolyl isomerase A other T/T
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Table A2. Genes best correlated (according to Spearman correlation coefficient, r>0.8) to histological
scores in RagZ'/' recipients and fold changes in gene expression of the different CD4" T cell
reconstituted groups vs non-reconstituted controls. The one-sided significance for r, was P<0.001 for
all genes with r;>0.8.

Genes best correlated (r:>0.8) to histological sore in Rag2™ recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . = o . Cumula-
T cells T cells T cells u tive
80287 Apobec apolipoprotein B mRNA editing -1.07 1.96 1.80 0.85 0.83 0.90
3 enzyme, catalytic polypeptide 3
83490 Pik3ap phosphoinositide-3-kinase adaptor 1.04 1.38 1.65 0.85 0.84 0.90
1 protein 1
20460 Stil Scl/Tal1 interrupting locus -1.09 1.41 1.59 0.82 0.85 0.89
19073 Srgn serglycin -1.04 4.75 53.52 0.81 0.87 0.88
14159 Fes feline sarcoma oncogene 1.02 1.70 2.26 0.85 0.75 0.87
18018 Nfatc1  nuclear factor of activated T-cells, -1.07 1.81 1.63 0.79 0.87 0.87
cytoplasmic, calcineurin-dependent 1
20302 Ccl3 chemokine (C-C motif) ligand 3 1.08 1.34 3.27 0.77 0.91 0.86
68713 Ifitm1 interferon induced transmembrane -1.21 3.58 8.76 0.88 0.78 0.86
protein 1
20345 Selplg  selectin, platelet (p-selectin) ligand -1.09 1.95 3.28 0.78 0.91 0.86
268880 Al4806 expressed sequence Al480653 -1.03 1.33 1.18 0.81 0.78 0.86
53
100340 SmpdI3 sphingomyelin phosphodiesterase, 1.08 1.81 6.67 0.81 0.86 0.85
b acid-like 3B
17225 Mcpt2  mast cell protease 2 -1.14 2.59 40.17 0.82 0.80 0.85
20556 Slfn2 schlafen 2 -1.00 1.47 4.88 0.75 0.90 0.85
60361 Ms4ad4b membrane-spanning 4-domains, -1.15 9.80 6.25 0.81 0.79 0.85
subfamily A, member 4B
80885 Niacr1  niacin receptor 1 1.02 1.64 3.87 0.78 0.86 0.85
71920 Epgn epithelial mitogen -1.08 2.47 2.86 0.79 0.84 0.85
65221 Slc15a3 solute carrier family 15, member 3 -1.04 1.59 212 0.79 0.81 0.84
237038  Nox1 NADPH oxidase 1 1.17 2.53 5.42 0.75 0.90 0.84
72512 Tmem1 transmembrane protein 173 -1.37 1.61 4.27 0.81 0.81 0.84
73
54354 Rassf5 Ras association (RalGDS/AF-6) -1.11 1.69 2.22 0.81 0.83 0.84
domain family member 5
17068 Ly6d lymphocyte antigen 6 complex, locus -1.23 2.19 31.74 0.79 0.85 0.84
D
245195 Retnlg resistin like gamma -1.19 2.46 14.25 0.80 0.83 0.84
226652 Arhgap Rho GTPase activating protein 30 -1.09 1.76 212 0.79 0.83 0.84
30
75296 Fgfriop Fgfr1 oncogene partner -1.11 1.30 1.27 0.87 0.65 0.83
170755  Sgk3 serum/glucocorticoid regulated-kinase  -1.01 1.23 1.89 0.76 0.86 0.83
3
238377 Gpr68 G protein-coupled receptor 68 -1.08 1.46 1.15 0.77 0.74 0.83
12477 Ctlad cytotoxic T-lymphocyte-associated -1.58 1.36 2.09 0.79 0.81 0.83
protein 4
18392 Orc1l origin recognition complex, subunit 1- 1.04 1.37 1.75 0.76 0.80 0.83
like (S.cereviaiae)
19200 Pstpip1  proline-serine-threonine -1.07 1.42 1.91 0.80 0.80 0.83
phosphatase-interacting protein 1
12237 Bub3 budding uninhibited by -1.04 1.21 1.34 0.86 0.68 0.83

benzimidazoles 3 homolog
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Genes best correlated (r:>0.8) to histological sore in Rag2™ recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells tive
237400 Mex3d mex3 homolog D (C. elegans) 1.04 1.78 1.50 0.74 0.82 0.83
234915 29341  cDNA sequence AK129341 1.12 1.57 1.82 0.78 0.83 0.83
14360 Fyn Fyn proto-oncogene 1.02 4.95 212 0.71 0.80 0.83
76509 Plet RIKEN cDNA 1600029D21 gene -1.23 3.69 12.70 0.73 0.85 0.82
16994 Ltb lymphotoxin B -1.09 1.97 3.59 0.77 0.83 0.82
16797 Lat linker for activation of T cells -1.17 1.90 1.64 0.79 0.75 0.82
14127 Fcerlg Fc receptor, IgE, high affinity I, 1.07 1.78 3.69 0.71 0.87 0.82
gamma polypeptide
218820 Zfp503  zinc finger protein 503 -1.33 2.37 1.47 0.76 0.78 0.82
71398 543042 RIKEN cDNA 5430427019 gene -1.16 1.32 1.35 0.84 0.71 0.82
7019
70435 Inf2 inverted formin, FH2 and WH2 -1.07 1.45 1.61 0.82 0.74 0.82
domain containing
208084  Pif1 PIF1 5'-to-3' DNA helicase homolog -1.15 1.96 1.53 0.83 0.73 0.82
20750 Spp1 secreted phosphoprotein 1 -1.07 2.1 4.85 0.76 0.85 0.82
246707 Emilin2  elastin microfibril interfacer 2 -1.08 1.31 3.93 0.79 0.76 0.82
22352 Vim vimentin 1.14 1.71 5.21 0.75 0.84 0.82
67052 Ndc80  NDC80 homolog, kinetochore -1.25 1.48 1.86 0.75 0.73 0.82
complex component (S. cerevisiae)
19659 Rbp1 retinol binding protein 1, cellular -1.01 1.43 1.47 0.79 0.73 0.82
54199 Ccrl2 chemokine (C-C motif) receptor-like 2 -1.01 1.22 2.46 0.71 0.86 0.81
13845 Ephb3  Eph receptor B3 -1.15 1.63 1.57 0.77 0.77 0.81
76589 Unc5cl  unc-5 homolog C (C. elegans)-like 1.06 1.29 1.98 0.79 0.75 0.81
12258 Serping serine (or cysteine) peptidase -1.07 1.45 3.75 0.73 0.87 0.81
1 inhibitor, clade G, member 1
16365 Irg1 immunoresponsive gene 1 -1.18 5.59 11.56 0.78 0.79 0.81
12265 Ciita class Il transactivator -1.12 2.80 2.83 0.73 0.85 0.81
18080 Nin ninein -1.08 1.45 1.66 0.75 0.81 0.81
20202 S100a9 S100 calcium binding protein A9 -1.25 13.89 188.70 0.73 0.85 0.81
(calgranulin B)
22780 Ikzf3 IKAROS family zinc finger 3 -1.01 1.66 1.83 0.72 0.77 0.81
15439 Hp haptoglobin -1.09 1.64 2.14 0.78 0.76 0.81
667597 BCO023 cDNA sequence BC023105 1.06 1.66 23.76 0.70 0.90 0.81
70461 g)(l)'t5<:3 CREB regulated transcription -1.04 1.64 1.43 0.71 0.78 0.81
coactivator 3
12516 Cd7 CD7 antigen -1.21 1.60 2.79 0.77 0.78 0.81
21832 Thpo thrombopoietin -1.14 1.33 1.27 0.82 0.71 0.81
193217 BCO018 cDNA sequence BC018473 1.36 6.63 3.28 0.71 0.78 0.81
20762 é;?'rZh small proline-rich protein 2H 1.03 2.80 29.54 0.71 0.87 0.80
17105 Lyz2 lysozyme 2 -1.23 1.72 6.52 0.81 0.76 0.80
20723 Serpinb  serine (or cysteine) peptidase -1.07 1.44 2.07 0.74 0.82 0.80
9 inhibitor, clade B, member 9
12266 C3 complement component 3 1.18 2.86 27.22 0.76 0.80 0.80
16331 Inpp5d  inositol polyphosphate-5-phosphatase  -1.05 1.44 1.90 0.73 0.82 0.80
19260 Ptpn22 Erotein tyrosine phosphatase, non- -1.32 1.93 4.24 0.80 0.70 0.80

receptor type 22 (lymphoid)
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Genes best correlated (r:>0.8) to histological sore in Rag2™ recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
22177 Tyrobp  TYRO protein tyrosine kinase binding 1.06 1.93 14.94 0.70 0.84 0.80
protein
108011  Apde1 adaptor-related protein complex AP- -1.04 2.50 1.36 0.80 0.72 0.80
4, epsilon 1
14938 Gzma  granzyme A 1.01 3.79 46.82 0.71 0.83 0.80
234779  Plcg2 phospholipase C, gamma 2 -1.20 2.06 1.23 0.83 0.67 0.79
16803 Lbp lipopolysaccharide binding protein -1.06 1.52 7.82 0.72 0.81 0.79
12282 Hyou1  hypoxia up-regulated 1 1.17 1.55 2.24 0.66 0.84 0.79
71982 Snx10  sorting nexin 10 -1.06 2.10 8.18 0.70 0.85 0.79
102084 NA NA -1.16 2.06 18.23 0.73 0.84 0.79
210992 Lpcat1 lysophosphatidylcholine 1.14 2.26 2.19 0.71 0.83 0.78
acyltransferase 1
56644 Clec7a C-type lectin domain family 7, -1.24 4.52 7.53 0.74 0.81 0.78
member a
20310 Cxcl2 chemokine (C-X-C motif) ligand 2 1.00 14.29 78.98 0.71 0.81 0.78
66439 201001 RIKEN cDNA 2010012005 gene -1.08 1.33 1.38 0.66 0.80 0.78
2005
20307 Ccl8 chemokine (C-C motif) ligand 8 -1.18 1.56 35.64 0.73 0.81 0.78
16193 116 interleukin 6 -1.04 2.70 5.21 0.71 0.82 0.78
67198 Spats2l spermatogenesis associated, serine- -1.04 1.40 1.86 0.68 0.84 0.77
rich 2-like
170625 Snx18  sorting nexin 18 -1.07 1.82 2.1 0.70 0.81 0.77
15490 Hsd17b  hydroxysteroid (17-beta) 1.10 1.52 2.01 0.66 0.82 0.77
7 dehydrogenase 7
328561  Apol10b apolipoprotein L 10b -1.01 6.17 20.95 0.69 0.82 0.77
76905 Lrg1 leucine-rich alpha-2-glycoprotein 1 -1.11 2.24 142.76 0.68 0.81 0.77
1000342 Gm114 predicted gene 11428 -1.07 1.97 12.83 0.71 0.83 0.77
51 28
56619 Clecd4e C-type lectin domain family 4, -1.06 1.61 4.16 0.71 0.81 0.77
member e
60440 ligp1 interferon inducible GTPase 1 1.72 9.44 79.20 0.67 0.85 0.76
110033  Kif22 kinesin family member 22 -1.06 2.18 2.85 0.63 0.84 0.76
16186 l12rg interleukin 2 receptor, gamma chain 1.09 1.22 1.75 0.69 0.81 0.75
229900 Gbp6 guanylate binding protein 6 1.06 3.51 7.03 0.68 0.83 0.75
24108 Ubd ubiquitin D 1.19 2.71 58.61 0.63 0.88 0.75
18301 Fxyd5  FXYD domain-containing ion -1.11 1.74 2.97 0.69 0.82 0.75
transport regulator 5
14969 H2-Eb1 histocompatibility 2, class Il antigen E ~ -1.08 9.79 55.31 0.65 0.82 0.74
beta
12515 Cd69 CD69 antigen 1.25 1.91 12.02 0.57 0.88 0.74
17329 Cxcl9 chemokine (C-X-C motif) ligand 9 -1.01 1.44 99.05 0.64 0.81 0.73
257632  Nod2 nucleotide-binding oligomerization 1.06 1.21 1.75 0.57 0.84 0.73
domain containing 2
16822 Lep2 lymphocyte cytosolic protein 2 -1.06 1.59 2.50 0.68 0.81 0.73
16543 Mdfic MyoD family inhibitor domain 1.02 1.49 2.13 0.63 0.81 0.73
containing
20304 Ccl5 chemokine (C-C motif) ligand 5 1.20 1.98 32.18 0.59 0.82 0.72
15930 Ido1 indoleamine 2,3-dioxygenase 1 1.04 5.09 306.02 0.58 0.88 0.72
18780 Pla2g2a phospholipase A2, group IIA 1.10 2.45 6.15 0.62 0.82 0.71
19271 Ptprj protein tyrosine phosphatase, 1.07 1.71 1.43 0.58 0.81 0.71

receptor type, J
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Genes best correlated (r:>0.8) to histological sore in Rag2™ recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
16149 Cd74 CD74 antigen 1.59 11.95 34.26 0.61 0.83 0.70
244882  Tnfaip8l tumor necrosis factor, alpha-induced 1.13 1.37 2.38 0.59 0.82 0.70
3 protein 8-like 3
15951 1fi204 interferon activated gene 204 1.03 1.40 2.47 0.62 0.80 0.69
24051 Sgcb sarcoglycan, beta (dystrophin- 1.07 1.36 2.90 0.52 0.81 0.69
associated glycoprotein)
14961 H2-Ab1 histocompatibility 2, class Il antigen 1.82 419 80.90 0.56 0.81 0.67
A, beta 1
12654 Chi3l1  chitinase 3-like 1 1.11 1.26 2.09 0.54 0.82 0.66
67556 Pigm phosphatidylinositol glycan anchor 1.42 1.82 2.31 0.46 0.81 0.61
biosynthesis, class M
53376 Usp2 ubiquitin specific peptidase 2 -2.13 -2.90 -3.82 -0.48 -0.82 -0.65
224019 Tmem1 transmembrane protein 191C 1.07 -1.22 -1.45 -0.56 -0.81 -0.70
91c
14199 Fhi1 four and a half LIM domains 1 -1.15 -4.63 -5.01 -0.61 -0.83 -0.70
12953 Cry2 cryptochrome 2 (photolyase-like) -1.81 -2.31 -3.23 -0.59 -0.82 -0.71
28135 Cep63  centrosomal protein 63 -1.16 -2.95 -1.87 -0.58 -0.82 -0.72
170716  Cyp4f1  cytochrome P450, family 4, subfamily 1.30 -2.76 -2.69 -0.67 -0.81 -0.75
3 f, polypeptide 13
67426 Cabc1  chaperone, ABC1 activity of bc1 1.16 -1.63 -3.92 -0.66 -0.85 -0.75
complex like (S. pombe)
12651 Chkb choline kinase beta -1.06 -6.57 -3.14 -0.63 -0.82 -0.75
20535 Sic4a2  solute carrier family 4 (anion -1.15 -3.70 -2.00 -0.64 -0.82 -0.75
exchanger), member 2
56643 Slc15a  solute carrier family 15 (oligopeptide -1.55 -3.43 -5.28 -0.67 -0.83 -0.75
1 transporter), member 1
231717 Fam10 family with sequence similarity 109, 1.01 -1.39 -2.08 -0.68 -0.85 -0.75
9a member A
28027 NA NA -1.11 -2.53 -1.62 -0.64 -0.80 -0.75
226781  SlIc30a solute carrier family 30, member 10 1.13 -1.48 -2.16 -0.69 -0.81 -0.76
10
11997 Akr1b7  aldo-keto reductase family 1, member  -1.45 -2.41 -3.91 -0.65 -0.86  -0.76
B7
69581 Rhou ras homolog gene family, member U 1.16 -1.41 -1.87 -0.70 -0.81 -0.76
70337 lyd iodotyrosine deiodinase 1.60 -1.63 -2.14 -0.73 -0.82 -0.76
66090 Ypel3 yippee-like 3 (Drosophila) 1.36 -1.84 -2.09 -0.73 -0.80 -0.76
13107 Cyp2f2  cytochrome P450, family 2, subfamily 1.61 -2.33 -3.39 -0.69 -0.83 -0.76
f, polypeptide 2
78887 Sfi1 Sfi1 homolog, spindle assembly -1.37 -3.42 -4.67 -0.66 -0.83 -0.76
associated (yeast)
69149 Kbtbd3  kelch repeat and BTB (POZ) domain -1.20 -2.77 -1.78 -0.64 -0.82 -0.76
containing 3
319176  Hist2h2 histone cluster 2, H2ac -1.04 -3.31 -3.20 -0.66 -0.85 -0.77
ac
67441 Isoc2b  isochorismatase domaincontaining 2b  -1.08 -2.20 -1.89 -0.64 -0.82 -0.77
14979 H2-Ke6 H2-K region expressed gene 6 -1.03 -2.66 -2.50 -0.68 -0.81 -0.77
225997 Trpm6 transient receptor potential cation -1.06 -12.81 -11.19 -0.67 -0.81 -0.77
channel, subfamily M, member 6
13614 Edn1 endothelin 1 1.02 -2.15 -4.41 -0.63 -0.89  -0.77
238023 Hexdc hexosaminidase (glycosyl hydrolase -1.11 -3.37 -2.58 -0.70 -0.83 -0.78
family 20) containing
107227 Macrod MACRO domain containing 1 1.24 -3.94 -5.28 -0.72 -0.84 -0.78

115



APPENDIX

Genes best correlated (r:>0.8) to histological sore in Rag2™ recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
75568 Capsl calcyphosine-like 1.70 -1.48 -1.79 -0.80 -0.67 -0.78
67023 Use1 unconventional SNARE in the ER 1 1.32 -3.24 -1.73 -0.81 -0.71 -0.79
homolog (S. cerevisiae)
66469 281040 RIKEN cDNA 2810405K02 gene 1.55 -3.13 -1.66 -0.78 -0.76 -0.80
5K02
16971 Lrp1 low density lipoprotein receptor- -1.13 -5.70 -2.77 -0.72 -0.77 -0.80
related protein 1
228730 Plk1s1 polo-like kinase 1 substrate 1 1.46 -2.95 -1.81 -0.80 -0.71 -0.80
67013 Omal  OMA1 homolog, zinc 1.04 -5.72 -2.29 -0.72 -0.76 -0.80
metallopeptidase (S. cerevisiae)
217138  Prr15l proline rich 15-like -1.06 -1.83 -1.80 -0.74 -0.79 -0.80
228765 Sdcbp2 syndecan binding protein (syntenin) 2 1.14 -2.30 -1.44 -0.81 -0.68 -0.80
70984 493140 RIKEN cDNA 4931406C07 gene 1.34 -6.39 -1.78 -0.78 -0.70 -0.80
6C07
432720 Akric1 aldo-keto reductase family 1, member  1.00 -11.66 -8.11 -0.75 -0.76 -0.80
9 C19
11774 Ap3b1  adaptor-related protein complex 3, 1.51 -4.18 -1.53 -0.77 -0.72 -0.80
beta 1 subunit
68347 061001 RIKEN cDNA 0610011F06 gene 1.07 -3.30 -2.39 -0.78 -0.73 -0.80
1F06
14871 Gstt1 glutathione S-transferase, theta 1 1.73 -3.78 -3.77 -0.82 -0.73 -0.80
104816  Aspg asparaginase homolog (S. cerevisiae)  1.00 -1.82 -1.78 -0.67 -0.86 -0.81
268663 Cdhr2  cadherin-related family member 2 1.03 -9.70 -2.42 -0.75 -0.72 -0.81
66601 Tmigd1 transmembrane and immunoglobulin -1.10 -2.24 -2.72 -0.76 -0.76 -0.81
domain containing 1
11551 Adra2a adrenergic receptor, alpha 2a -1.16 -12.73 -5.03 -0.75 -0.72 -0.81
70152 Mettl7a methyltransferase like 7A1 1.46 -3.74 -3.26 -0.79 -0.74 -0.81
1
56517 Slc22a  solute carrier family 22 (organic 1.22 -2.04 -1.59 -0.77 -0.78 -0.81
21 cation transporter), member 21
14794 Spsb2  splA/ryanodine receptor domain and 1.15 -1.23 -1.42 -0.80 -0.76 -0.81
SOCS box containing 2
320234 Ccdc66 coiled-coil domain containing 66 1.28 -1.52 -1.96 -0.81 -0.70 -0.81
20918 Eif1 eukaryotic translationinitiation factor 1 1.04 -1.67 -1.15 -0.71 -0.79 -0.81
18671 Abcb1a ATP-binding cassette, sub-family B 1.27 -9.21 -8.10 -0.80 -0.76 -0.81
(MDR/TAP), member 1A
67665 Dctn4  dynactin 4 -1.11 -2.03 -1.72 -0.75 -0.79 -0.81
56362 Sult1b1 sulfotransferase family 1B, member 1 1.1 -2.91 -1.68 -0.81 -0.70 -0.81
72948 Tppp tubulin polymerization promoting 1.49 -6.08 -3.11 -0.81 -0.72 -0.81
protein
110826  Etfb electron transferring flavoprotein, beta  1.12 -5.00 -1.69 -0.76 -0.78 -0.81
polypeptide
433023 Gm5485 predicted gene 5485 1.18 -5.10 -2.16 -0.82 -0.72 -0.81
72082 Cyp2c5 cytochrome P450, family 2, subfamily 1.41 -19.58 -13.63 -0.78 -0.74 -0.81
5 ¢, polypeptide 55
232087 Mat2a  methionine adenosyltransferase I, 1.05 -25.22 -1.81 -0.75 -0.74 -0.81
alpha
66847 Hint3 histidine triad nucleotide binding -1.05 -2.26 -1.70 -0.78 -0.76 -0.81
protein 3
68024 Hist1h2 histone cluster 1, H2bc -1.06 -2.05 -2.04 -0.75 -0.81 -0.81
bc
14263 Fmo5 flavin containing monooxygenase 5 1.23 -1.78 -1.89 -0.82 -0.66 -0.82
13370 Dio1 deiodinase, iodothyronine, type | 1.05 -7.45 -5.10 -0.75 -0.76 -0.82
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Genes best correlated (r:>0.8) to histological sore in Rag2™ recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
15370 Nrda1 nuclear receptor subfamily 4, group 1.23 -5.39 -3.39 -0.78 -0.81 -0.82
A, member 1
27375 Tjp3 tight junction protein 3 1.05 -2.72 -1.11 -0.79 -0.73 -0.82
66353 231000 RIKEN cDNA 2310007A19Rik 1.52 -1.30 -1.32 -0.78 -0.77 -0.82
7A19
66162 Bola2 bolA-like 2 (E. coli) 1.12 -19.87 -1.60 -0.74 -0.78 -0.82
15184 Hdac5 histone deacetylase 5 1.57 -1.64 -2.01 -0.79 -0.81 -0.82
231999 Plekha pleckstrin homology domain 1.37 -11.44 -2.24 -0.77 -0.72 -0.82
8 containing, family A member 8
17161 Maoa monoamine oxidase A 1.28 -3.20 -2.32 -0.77 -0.74 -0.82
224807 Tmem6 transmembrane protein 63b 1.03 -1.91 -2.11 -0.75 -0.84 -0.82
3b
53315 Sult1d1 sulfotransferase family 1D, member 1 1.09 -2.47 -2.55 -0.80 -0.74 -0.82
234673 Cesb carboxylesterase 5 1.10 -3.92 -2.14 -0.76 -0.75 -0.82
56857 SIc37a  solute carrier family 37 (glycerol-3- 1.18 -10.06 -16.38 -0.80 -0.80 -0.82
2 phosphate transporter), member 2
23970 Pacsin2 protein kinase C and casein kinase -1.10 -5.12 -1.51 -0.74 -0.77 -0.82
substrate in neurons 2
57276 Vsig2 V-set and immunoglobulin domain 2.03 -4.53 -3.87 -0.83 -0.71 -0.82
containing 2
102022 Ces6 carboxylesterase 6 -1.17 -6.45 -7.22 -0.76 -0.81 -0.82
14312 Brd2 bromodomain containing 2 -1.06 -9.57 -1.37 -0.76 -0.75 -0.83
72269 Cda cytidine deaminase 1.63 -4.79 -7.79 -0.78 -0.79 -0.83
22239 Ugt8a  UDP galactosyltransferase 8A 1.28 -2.75 -9.87 -0.78 -0.80 -0.83
19714 Rev3| REV3-like, catalytic subunit of DNA 1.03 -2.01 -1.40 -0.75 -0.79 -0.83
polymerase zeta RAD54 like
14149 Fdxr ferredoxin reductase 1.38 -2.42 -2.11 -0.80 -0.74 -0.83
20501 Sic16a  solute carrier family 16 (monocarbo- 1.08 -6.07 -2.00 -0.79 -0.72 -0.83
1 xylic acid transporter), member 1
234669 BCO015 cDNA sequence BC015286 -1.07 -2.96 -4.05 -0.78 -0.79 -0.83
286
58210 Sectm1 secreted and transmembrane 1B 1.12 -3.60 -2.03 -0.82 -0.72 -0.84
11833 Aqp8 aquaporin 8 -1.02 -5.78 -5.73 -0.81 -0.76 -0.84
67971 Tppp3  tubulin polymerization-promoting 1.26 -4.41 -6.62 -0.78 -0.87 -0.84
protein family member 3
18741 Pitx2 paired-like homeodomain 1.08 -3.20 -2.79 -0.82 -0.74 -0.84
transcription factor 2
211798 Mfsd9  major facilitator superfamily domain 1.04 -4.98 -1.58 -0.83 -0.74 -0.85
containing 9
231832 Tmem1 transmembrane protein 184a 1.10 -3.30 -1.16 -0.85 -0.76 -0.87
84a
20393 Sgk1 serum/glucocorticoid regulated kinase ~ 1.25 -4.11 -2.75 -0.84 -0.80 -0.88
226654  Tstd1 thiosulfate sulfurtransferase 1.03 -2.18 -2.07 -0.85 -0.82 -0.89
(rhodanese)-like domain containing 1
13198 Ddit3 DNA-damage inducible transcript 3 1.28 -2.83 -3.69 -0.85 -0.87 -0.91
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Table A3. Genes best correlated (according to Spearman correlation coefficient, rs>0.8) to histological
scores in Rag2” x IL-10" recipients and fold changes in gene expression of the different CD4" T cell
reconstituted groups vs non-reconstituted controls. The one-sided significance for r, was P<0.001 for
all genes with r;>0.8.

Genes best correlated (r:>0.8) to histological sore in Rag2™ x IL-10" recipients

geneID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10" CD25 Cumula-
Cecum  Colon A
T cells T cells T cells tive
15930 Ido1 indoleamine 2,3-dioxygenase 1 -1.54 14.85 94.31 0.92 0.85 0.93
60440 ligp1 interferon inducible GTPase 1 1.20 11.73 43.65 0.90 0.89 0.92
76509 Plet RIKEN cDNA 1600029D21 gene 2.21 8.26 16.97 0.86 0.93 0.91
15904 1d4 inhibitor of DNA binding 4 -1.06 1.66 1.99 0.87 0.87 0.91
14933 Gyk glycerol kinase 1.76 3.42 8.36 0.87 0.92 0.90
110454 Ly6a lymphocyte antigen 6 complex, locus 1.38 3.42 7.19 0.85 0.96 0.90
A
76905 Lrg1 leucine-rich alpha-2-glycoprotein 1 -1.38 6.00 119.75 0.92 0.84 0.90
16803 Lbp lipopolysaccharide binding protein -1.03 2.25 7.1 0.90 0.85 0.89
226844 Mfsd7b major facilitator superfamily domain -1.20 1.59 2.34 0.87 0.84 0.89
containing 7B
24108 Ubd ubiquitin D -1.65 5.93 26.05 0.85 0.84 0.87
78611 Btbd19 BTB (POZ) domain containing 19 -1.15 1.15 1.56 0.87 0.75 0.87
109019 Obfc2a oligonucleotide/oligosaccharide- 1.06 1.45 2.26 0.81 0.85 0.87
binding fold containing 2A
21832 Thpo thrombopoietin -1.05 1.27 1.58 0.87 0.82 0.87
60533 Cd274 CD274 antigen -1.40 1.48 3.16 0.86 0.80 0.87
237436 Gas2I3 growth arrest-specific 2 like 3 -1.05 1.47 2.83 0.82 0.88 0.86
100340 SmpdI3 sphingomyelin phosphodiesterase, 1.28 1.99 6.26 0.84 0.85 0.86
b acid-like 3B
73112 311000 RIKEN cDNA 3110003A17 gene -1.01 1.18 1.59 0.83 0.87 0.86
3A17
15894 Icam1 intercellular adhesion molecule 1 1.16 2.09 8.95 0.82 0.85 0.86
68713 Ifitm1 interferon induced transmembrane -1.36 3.48 7.40 0.87 0.79 0.86
protein 1
16365 Irg1 immunoresponsive gene 1 -1.23 2.45 11.35 0.86 0.83 0.86
102084 NA NA 1.06 3.48 16.19 0.82 0.87 0.85
12768 Cer1 chemokine (C-C motif) receptor 1 -1.12 1.32 2.54 0.86 0.77 0.85
74107 Cep55  centrosomal protein 55 -1.09 1.54 2.94 0.80 0.87 0.85
20306 Ccl7 chemokine (C-C motif) ligand 7 -1.04 1.45 4.55 0.82 0.84 0.85
69736 Nup37  nucleoporin 37 1.22 2.06 2.51 0.83 0.85 0.85
218973 Wdhd1 WD repeat and HMG-box DNA 1.16 1.46 217 0.83 0.84 0.85
binding protein 1
11687 Alox15  arachidonate 15-lipoxygenase -1.09 1.36 1.58 0.80 0.84 0.85
243753 201010 RIKEN cDNA 2010107G12 gene 1.12 1.44 2.70 0.85 0.79 0.85
7G12
14969 H2-Eb1 histocompatibility 2,class Il antigen E ~ -1.32 12.63 35.84 0.83 0.83 0.85
16688 Krt6b keratin 6B -1.08 1.32 1.80 0.83 0.82 0.84
22271 Upp1 uridine phosphorylase 1 1.07 8.75 19.29 0.82 0.85 0.84
15945 Cxcl10  chemokine (C-X-C motif) ligand 10 -1.25 2.53 15.46 0.83 0.82 0.84
21938 Tnfrsf1  tumor necrosis factor receptor -1.38 2.59 10.30 0.83 0.84 0.84
b superfamily, member 1b
14609 Gja1 gap junction protein, alpha 1 1.19 2.24 3.53 0.78 0.85 0.83
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10" CD25 Cecum  Colon CUmula-
T cells T cells T cells u tive
1000342 Gm114 predicted gene 11428 -1.08 2.30 6.46 0.84 0.80 0.83
51 28
20201 S100a8 S100 calcium binding protein A8 -1.36 10.65 121.58 0.83 0.84 0.83
(calgranulin A)
84652 Fam12 family with sequence similarity 126, -1.01 1.33 213 0.84 0.71 0.83
6a member A
76974 119000 RIKEN cDNA 1190003J15 gene -1.02 1.51 2.22 0.80 0.88 0.83
3J15
60530 Fignl1  fidgetin-like 1 -1.18 1.84 2.39 0.82 0.81 0.83
217847 Serpina serine (or cysteine) peptidase 1.04 1.95 15.19 0.79 0.84 0.83
10 inhibitor, clade A, member 10
56619 Clec4de C-type lectin domain family 4, -1.04 1.47 2.86 0.82 0.82 0.83
member e
17975 Ncl nucleolin -1.02 1.86 2.02 0.81 0.82 0.83
12508 Cd53 CD53 antigen -1.37 1.83 2.88 0.82 0.80 0.83
12263 Cc2 complement component 2 1.12 1.48 3.04 0.75 0.87 0.82
16176 I11b interleukin 1 beta -1.56 3.92 18.18 0.82 0.81 0.82
21950 Tnfsf9  tumor necrosis factor (ligand) -1.04 1.49 1.45 0.77 0.84 0.82
superfamily, member 9
14841 Gsg2 germ cell-specific gene 2 -1.03 1.54 2.22 0.80 0.77 0.82
328561 Apol10b apolipoprotein L 10b -1.26 7.27 39.11 0.81 0.84 0.82
20307 Ccl8 chemokine (C-C motif) ligand 8 -1.01 3.97 50.18 0.78 0.86 0.82
15186 Hdc histidine decarboxylase -1.14 1.26 5.97 0.83 0.76 0.82
72415 Sgol1 shugoshin-like 1 (S. pombe) -1.17 1.02 1.99 0.79 0.77 0.82
16153 1110 interleukin 10 -1.07 1.26 2.37 0.79 0.84 0.82
14289 Fpr2 formyl peptide receptor 2 -1.20 1.76 6.48 0.81 0.80 0.81
20202 S100a9 S100 calcium binding protein A9 -1.23 10.78 119.73 0.79 0.87 0.81
(calgranulin B)
16878 Lif leukemia inhibitory factor 1.17 2.29 6.15 0.78 0.80 0.81
54369 Nme6  non-metastatic cells 6, (nucleoside- -1.05 1.16 1.49 0.80 0.79 0.81
diphosphate kinase)
98415 Nucks1 nuclear casein kinase and cyclin- 1.05 1.98 1.95 0.79 0.72 0.81
dependent kinase substrate 1
234463 Tmem1 transmembrane protein 184C 1.03 2.47 3.94 0.80 0.81 0.81
84c
12364 Casp12 caspase 12 -1.12 1.65 2.99 0.81 0.66 0.81
18414 Osmr oncostatin M receptor -1.15 2.51 4.22 0.81 0.75 0.81
66811 Duoxa2 dual oxidase maturation factor 2 1.05 2.01 5.12 0.78 0.82 0.80
71982 Snx10  sorting nexin 10 1.31 3.34 6.47 0.77 0.87 0.80
14114 Fbin1 fibulin 1 -1.11 1.14 1.91 0.83 0.70 0.80
76574 Mfsd2a major facilitator superfamily domain 1.15 3.55 36.56 0.74 0.90 0.80
containing 2A
71920 Epgn epithelial mitogen -1.20 2.12 2.13 0.76 0.85 0.80
56644 Clec7a C-type lectin domain family 7, -1.55 2.45 16.90 0.79 0.81 0.80
member a
101602 467606 expressed sequence Al467606 -1.17 1.23 1.78 0.78 0.79 0.80
80879 Slc16a  solute carrier family 16 (monoca- -1.13 1.52 1.91 0.80 0.81 0.80
8 rboxylic acid transporters), member 3
22042 Tfrc transferrin receptor -1.02 1.15 1.40 0.78 0.84 0.80
14961 H2-Ab1 histocompatibility 2, class Il antigen 1.44 7.53 23.41 0.78 0.81 0.80
A, beta 1
65221 Slc15a  solute carrier family 15, member 3 -1.10 1.22 1.83 0.77 0.80 0.80
3
17329 Cxcl9 chemokine (C-X-C motif) ligand 9 -1.08 2.88 74.33 0.77 0.82 0.80
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
14373 G0s2 GO0/G1 switch gene 2 -1.11 1.67 5.38 0.78 0.82 0.79
330122  Cxcl3 chemokine (C-X-C motif) ligand 3 -1.08 2.66 12.61 0.81 0.78 0.79
20762 Sprr2h  small proline-rich protein 2H 1.46 6.68 89.98 0.73 0.90 0.79
16149 Cd74 CD74 antigen 1.17 12.05 18.25 0.77 0.81 0.79
13017 Ctbp2  C-terminal binding protein 2 -1.15 1.64 1.71 0.76 0.83 0.79
229900 Gbp6 guanylate binding protein 6 1.04 6.35 8.27 0.76 0.81 0.78
17002 Ltf lactotransferrin 1.06 4.53 9.36 0.73 0.86 0.77
68545 Ecscr endothelial cell-specific chemotaxis 1.22 2.16 11.44 0.74 0.83 0.77
regulator
11307 Abcg1  ATP-binding cassette, sub-family G -1.22 1.08 1.58 0.80 0.68 0.77
(WHITE), member 1
76074 Gbp8 guanylate-binding protein 8 -1.07 2.26 3.26 0.71 0.85 0.76
20556 Slfn2 schlafen 2 -1.06 2.37 5.85 0.74 0.82 0.75
19260 Ptpn22 protein tyrosine phosphatase, non- -1.00 1.44 2.02 0.70 0.81 0.75
receptor type 22 (lymphoid)
15958 Ifit2 interferon-induced protein with 1.30 3.07 9.17 0.67 0.82 0.75
tetratricopeptide repeats 2
21333 Tac1 tachykinin 1 1.87 5.86 33.53 0.72 0.83 0.74
114304  Sic28a solute carrier family 28 (sodium- 1.07 1.41 2.10 0.66 0.80 0.73
3 coupled nucleoside transporter),
member 3
11641 Akap2 A kinase (PRKA) anchor protein 2 1.27 1.53 1.61 0.66 0.80 0.71
20701 Serpina serine (or cysteine) preptidase 1.05 1.25 1.24 0.63 0.81 0.70
1b inhibitor, clade A, member 1B
277089 Gms5068 predicted gene 5068 1.22 1.65 2.32 0.63 0.81 0.69
16768 Lag3 lymphocyte-activation gene 3 1.01 1.38 1.31 0.57 0.82 0.66
215748 Cnksr3  Cnksr family member 3 -1.24 -4.24 -2.72 -0.61 -0.81 -0.67
11668 Aldh1a aldehyde dehydrogenase family 1, -1.04 -4.54 -4.67 -0.64 -0.82 -0.69
1 subfamily A1
66530 Ubxn6é  UBX domain protein 6 -1.10 -4.33 -1.64 -0.64 -0.81 -0.70
217732 231004 RIKEN cDNA 2310044G17 gene 1.25 -3.35 -2.86 -0.66 -0.81 -0.71
4G17
76768 Alpi alkaline phosphatase, intestinal -2.37 -14.65 -13.14 -0.63 -0.81 -0.71
16168 115 interleukin 15 -1.06 -5.69 -5.85 -0.69 -0.82 -0.71
56448 Cyp2d2 cytochrome P450, family 2, subfamily — -1.24 -3.64 -3.26 -0.66 -0.83  -0.72
2 d, polypeptide 22
59038 Pxmp4  peroxisomal membrane protein 4 -1.35 -4.81 -4.66 -0.66 -0.84 -0.72
14786 Grb7 growth factor receptor bound protein 7 -1.11 -7.71 -2.80 -0.67 -0.81 -0.72
66990 Tmem1 transmembrane protein 134 1.02 -1.60 -1.63 -0.71 -0.81 -0.72
34
56807 Scamp5 secretory carrier membrane protein 5 -1.22 -2.78 -2.17 -0.69 -0.81 -0.73
70510 Rnf167  ring finger protein 167 1.19 -5.00 -3.10 -0.68 -0.80 -0.73
77219 Ptgr2 prostaglandin reductase 2 -1.10 -2.53 -1.72 -0.67 -0.82 -0.73
68338 Golt1a  golgi transport 1 homolog A -1.21 -9.30 -2.74 -0.69 -0.82 -0.73
17161 Maoa monoamine oxidase A -1.11 -2.50 -2.22 -0.70 -0.82 -0.73
74901 Kbtbd1 kelch repeat and BTB (POZ) domain -1.07 -5.35 -6.13 -0.69 -0.83 -0.74
1 containing 11
14979 H2-Ke6 H2-K region expressed gene 6 1.08 -2.59 -2.43 -0.69 -0.84 -0.74
114664 Hsd17b hydroxysteroid (17-beta) -1.09 -1.98 -1.46 -0.70 -0.80 -0.74
11 dehydrogenase 11
11826 Agp1 aquaporin 1 1.22 -6.79 -4.71 -0.70 -0.81 -0.74
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10" CD25 Cecum  Colon CUmula-
T cells T cells T cells u tive
231396  Ugt2b3 UDP glucuronosyltransferase 2 -1.18 -3.27 -4.83 -0.70 -0.86 -0.74
6 family, polypeptide B36
13897 Es22 esterase 22 1.07 -3.15 -2.40 -0.72 -0.84 -0.75
115651 Adra2a adrenergic receptor, alpha 2a -1.23 -7.69 -7.08 -0.70 -0.85 -0.75
14605 Tsc22d3 TSC22 domain family, member 3 1.29 -6.37 -2.22 -0.71 -0.81 -0.75
12577 Cdkn1c cyclin-dependent kinase inhibitor 1C -1.77 -2.59 -3.71 -0.71 -0.85 -0.75
68616 Gdpd3  glycerophosphodiester phospho- -1.30 -3.29 -1.60 -0.72 -0.83 -0.75
diesterase domain containing 3
223646 Naprt1 nicotinate phosphoribosyltransferase 1.06 -4.94 -3.10 -0.71 -0.81 -0.75
domain containing 1
103551 E13001 RIKEN cDNA E130012A19 gene -1.51 -3.50 -4.21 -0.73 -0.81 -0.76
2A19
13487 Slc26a3  solute carrier family 26, member 3 -1.03 -3.93 -5.28 -0.74 -0.81 -0.76
328330 D13003 RIKEN cDNA D130037M23 gene 1.05 -1.81 -1.67 -0.70 -0.85 -0.76
7M23
17287 Mep1a meprin 1 alpha 1.15 -9.23 -10.42 -0.73 -0.83 -0.76
50776 Polg2 polymerase (DNA directed), gamma 1.23 -3.06 -1.92 -0.73 -0.81 -0.76
2, accessory subunit
17181 Matn2  matrilin 2 -1.78 -3.34 -8.94 -0.69 -0.83 -0.76
235674 Acaalb acetyl-CoA acyltransferase 1B -1.77 -27.28 -24.80 -0.72 -0.83 -0.76
66822 Fbxo25 F-box protein 25 -1.06 -5.89 -3.17 -0.71 -0.83 -0.76
14149 Fdxr ferredoxin reductase -1.04 -3.08 -3.16 -0.73 -0.82 -0.76
114654 Ly6g6d lymphocyte antigen 6 complex, locus 1.01 -1.60 -1.71 -0.72 -0.84 -0.76
G6D
16854 Lgals3 lectin, galactose binding, soluble 3 -1.04 -1.78 -1.61 -0.75 -0.80 -0.76
93721 Cpn1 carboxypeptidase N, polypeptide 1 -4.04 -10.81 -12.27 -0.76 -0.82 -0.76
227801 Dennd1 DENN/MADD domain containing 1A 1.04 -1.42 -1.56 -0.73 -0.82 -0.77
a
94282 Sfxn5 sideroflexin 5 1.21 -1.41 -1.47 -0.72 -0.85 -0.77
66273 181002 RIKEN cDNA 1810020D17 gene -1.05 -8.92 -2.52 -0.73 -0.80 -0.77
0D17
99663 Clca6 chloride channel calcium activated 6 -1.53 -10.48 -8.58 -0.73 -0.81 -0.77
225997 Trpm6 transient receptor potential cation -1.47 -12.08 -8.07 -0.73 -0.84 -0.77
channel, subfamily M, member 6
12651 Chkb choline kinase beta -1.21 -3.54 -2.73 -0.71 -0.81 -0.77
14672 Gna11 guanine nucleotide binding protein, -1.04 -2.53 -1.58 -0.73 -0.84 -0.77
alpha 11
13730 Emp1 epithelial membrane protein 1 -1.16 -3.15 -4.64 -0.76 -0.83 -0.77
217138 Prr15l  proline rich 15-like -1.21 -1.64 -1.79 -0.73 -0.81 -0.77
238055  Apob apolipoprotein B -1.03 -1.43 -2.04 -0.75 -0.81 -0.77
99586 Dpyd dihydropyrimidine dehydrogenase 1.42 -2.06 -3.50 -0.74 -0.82 -0.77
26357 Abcg2  ATP-binding cassette, sub-family G -1.12 -5.92 -4.29 -0.76 -0.83 -0.77
(WHITE), member 2
68024 Hist1h2 histone cluster 1, H2bc -1.19 -2.79 -3.04 -0.75 -0.84 -0.77
bc
20501 Slc16a  solute carrier family 16 (monocarbo- -1.01 -4.18 -3.57 -0.75 -0.82 -0.78
1 xylic acid transporters), member 1
380629 Heca headcase homolog (Drosophila) 1.04 -2.00 -2.07 -0.75 -0.83 -0.78
69083 Sult1ic2 sulfotransferase family, cytosolic, 1C, 1.09 -16.36 -26.57 -0.76 -0.84 -0.78
member 2
319604 Fam16 family with sequence similarity 168, 1.13 -1.50 -1.80 -0.81 -0.72 -0.78
8a member A
381409 Cdh26 cadherin-like 26 1.07 -1.44 -1.74 -0.72 -0.88 -0.78
20887 Sult1lal sulfotransferase family 1A, phenol- 1.28 -8.65 -9.05 -0.75 -0.81 -0.78
preferring, member 1
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
72948 Tppp tubulin polymerization promoting 1.45 -9.26 -11.07 -0.76 -0.80 -0.78
protein
104271 Tex15  testis expressed gene 15 1.30 -1.79 -4.08 -0.75 -0.83 -0.78
228765 Sdcbp2 syndecan binding protein (syntenin) 2 -1.23 -2.69 -2.73 -0.78 -0.80 -0.78
68738 Acss1  acyl-CoA synthetase short-chain 1.10 -4.61 -3.05 -0.76 -0.81 -0.78
family member 1
12346 Car1 carbonic anhydrase 1 1.01 -2.73 -3.26 -0.76 -0.85 -0.78
68347 061001 RIKEN cDNA 0610011F06 gene -1.04 -3.87 -2.87 -0.75 -0.83 -0.78
1F06
14794 Spsb2  splA/ryanodine receptor domain and -1.16 -1.98 -2.03 -0.75 -0.82 -0.79
SOCS box containing 2
53315 Sult1d1 sulfotransferase family 1D, member 1 -1.07 -3.04 -5.08 -0.77 -0.86 -0.79
66601 Tmigd1 transmembrane and immunoglobulin -1.42 -4.21 -5.07 -0.73 -0.90 -0.79
domain containing 1
234564 AUO018 expressed sequence AU018778 -1.08 -5.79 -3.98 -0.73 -0.88 -0.79
778
103711 Pnpo pyridoxine 5'-phosphate oxidase -1.14 -8.18 -5.03 -0.75 -0.85 -0.79
13850 Ephx2  epoxide hydrolase 2, cytoplasmic -1.12 -15.37 -11.56 -0.75 -0.86 -0.79
20517 SIc22a  solute carrier family 22 (organic -1.05 -4.35 -2.94 -0.75 -0.82 -0.79
1 cation transporter), member 1
67763 Prpsap phosphoribosyl pyrophosphate -1.03 -2.10 -1.76 -0.74 -0.89 -0.79
1 synthetase-associated protein 1
21818 Tgm3 transglutaminase 3, E polypeptide 2.34 -5.31 -5.18 -0.82 -0.73 -0.79
107227 Macrod MACRO domain containing 1 1.12 -6.79 -4.61 -0.78 -0.80 -0.79
268663 Cdhr2  cadherin-related family member 2 -1.16 -3.30 -3.20 -0.75 -0.85 -0.79
30794 Pdlim4 PDZ and LIM domain 4 1.10 -4.57 -5.02 -0.81 -0.80 -0.79
231717 Fam10 family with sequence similarity 109, 1.07 -1.22 -1.78 -0.77 -0.82 -0.79
9a member A
18671 Abcb1a ATP-binding cassette, sub-family B -1.11 -10.49 -14.68 -0.75 -0.87 -0.79
(MDR/TAP), member 1A
16956 Lpl lipoprotein lipase 1.02 -2.58 -15.68 -0.79 -0.80 -0.79
70152 Mettl methyltransferase like 7A1 1.1 -5.56 -6.57 -0.79 -0.83 -0.79
66071 Ethe1 ethylmalonic encephalopathy 1 -1.04 -3.20 -2.86 -0.76 -0.84 -0.79
20535 Sic4a2 solute carrier family 4 (anion -1.09 -2.35 -1.77 -0.75 -0.86 -0.79
exchanger), member 2
213522 Plekhg pleckstrin homology domain -1.34 -1.94 -2.99 -0.77 -0.83 -0.80
6 containing, family G member 6
72040 Cdhr5  cadherin-related family member 5 1.08 -2.40 -2.32 -0.80 -0.76 -0.80
22785 SIc30a solute carrier family 30 (zinc -1.28 -1.74 -2.23 -0.74 -0.90 -0.80
4 transporter), member 4
14635 Galk1 galactokinase 1 1.13 -2.52 -1.97 -0.79 -0.82 -0.80
114679  Selm selenoprotein M 1.37 -3.42 -3.33 -0.80 -0.78 -0.80
71597 Isx intestine specific homeobox -1.41 -3.87 -3.95 -0.75 -0.87 -0.80
11735 Ank3 ankyrin 3, epithelial 1.23 -1.39 -1.54 -0.81 -0.75 -0.80
13808 Eno3 enolase 3, beta muscle 1.13 -3.63 -2.21 -0.81 -0.77 -0.80
52521 Zfp622  zinc finger protein 622 1.05 -4.52 -2.95 -0.78 -0.79 -0.80
11732 Ank progressive ankylosis 1.50 -5.40 -7.79 -0.78 -0.83 -0.80
56857 SIc37a  solute carrier family 37 (glycerol-3- 1.34 -13.20 -14.76 -0.75 -0.87 -0.80
2 phosphate transporter), member 2
66734 Map1lc microtubule-associated protein 1 light ~ -1.04 -2.96 -2.66 -0.80 -0.75 -0.80
3a chain 3 alpha
433023 Gmb5485 predicted gene 5485 1.02 -5.88 -4.62 -0.77 -0.82 -0.80
67013 Omal  OMA1 homolog, zinc -1.04 -3.13 -2.53 -0.77 -0.86 -0.80

metallopeptidase (S. cerevisiae)
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10"CD25 | . . o - Cumula-
T cells T cells T cells u tive
67445 C1qtnf4 C1q and tumor necrosis factor related 1.32 -1.46 -1.49 -0.80 -0.79 -0.81
protein 4
67709 Reg4 regenerating islet-derived family, 1.23 -1.77 -2.63 -0.81 -0.76 -0.81
member 4
15360 Hmgcs  3-hydroxy-3-methylglutaryl- 1.15 -9.13 -12.37 -0.78 -0.82 -0.81
2 Coenzyme A synthase 2
74548 Gsdmc4 gasdermin C4 1.40 -1.56 -2.39 -0.82 -0.79 -0.81
54120 Gipc2  GIPC PDZ domain containing family, -1.05 -4.15 -3.40 -0.79 -0.81 -0.81
member 2
70113 Odf3b  outer dense fiber of sperm tails 3B -1.21 -1.79 -2.68 -0.79 -0.83 -0.81
18534 Pck1 phosphoenolpyruvate carboxykinase 1.28 -6.11 -10.80 -0.77 -0.85 -0.81
1, cytosolic
432720 Akric1 aldo-keto reductase family 1, member  1.13 -8.44 -9.61 -0.78 -0.88 -0.81
9 C19
54391 Rfk riboflavin kinase -1.19 -2.40 -3.06 -0.76 -0.88 -0.81
20148 Dhrs3  dehydrogenase/reductase (SDR 1.03 -3.04 -2.70 -0.76 -0.81 -0.81
family) member 3
12623 Ces1 carboxylesterase 1 1.20 -24.02 -34.44 -0.80 -0.81 -0.81
20363 Sepp1  selenoprotein P, plasma, 1 -1.38 -4.23 -5.41 -0.76 -0.89 -0.81
67564 Tmem3 transmembrane protein 35 -1.04 -1.36 -1.92 -0.82 -0.74 -0.81
5
1E+08 Gm164 ubiquinol-cytochrome c reductase 1.14 -2.30 -1.47 -0.82 -0.74 -0.81
18 subunit pseudogene
12411 Cbs cystathionine beta-synthase 1.35 -2.60 -3.85 -0.81 -0.77 -0.81
69726 Smyd3 SET and MYND domain containing 3 1.08 -1.39 -1.40 -0.80 -0.83 -0.81
20655 Sod1 superoxide dismutase 1, soluble 1.15 -2.26 -1.49 -0.80 -0.79  -0.81
20287 Sct secretin -1.36 -2.96 -2.96 -0.76 -0.88 -0.81
226654  Tstd1 thiosulfate sulfurtransferase 1.01 -1.95 -2.54 -0.79 -0.83 -0.81
(rhodanese)-like domain containing 1
56327 Arl2 ADP-ribosylation factor-like 2 1.20 -2.10 -2.12 -0.82 -0.80 -0.82
67405 Nts neurotensin -1.01 -2.62 -2.99 -0.77 -0.87 -0.82
73072 BC068 cDNA sequence BC068157 1.14 -1.22 -1.33 -0.79 -0.78 -0.82
157
13823 Epb4.1l erythrocyte protein band 4.1-like 3 -1.01 -1.65 -2.10 -0.77 -0.87 -0.82
3
14263 Fmo5 flavin containing monooxygenase 5 -1.24 -2.96 -3.41 -0.78 -0.83 -0.82
13120 Cyp4b1 cytochrome P450, family 4, subfamily ~ -1.30 -32.31 -46.03 -0.79 -0.84  -0.82
b, polypeptide 1
14963 H2-BI histocompatibility 2, blastocyst -1.69 -3.82 -3.60 -0.76 -0.88 -0.82
73822 F63011 RIKEN cDNA F630110N24 gene -1.04 -1.85 -2.04 -0.81 -0.83 -0.82
ON24
170716  Cyp4f1  cytochrome P450, family 4, subfamily 1.33 -3.26 -3.11 -0.79 -0.85  -0.82
3 f, polypeptide 13
71664 Mettl7b methyltransferase like 7B 1.01 -4.71 -5.58 -0.78 -0.88 -0.82
102566 Ano10  anoctamin 10 1.12 -3.24 -3.25 -0.85 -0.77 -0.82
67307 311004 RIKEN cDNA 3110049J23 gene 1.16 -2.15 -4.07 -0.83 -0.78 -0.82
9J23
232227 Igsec1 1Q motif and Sec7 domain 1 1.01 -1.90 -1.98 -0.84 -0.79 -0.82
225010 Lclat1 lysocardiolipin acyltransferase 1 1.17 -1.28 -1.24 -0.82 -0.79 -0.82
72269 Cda cytidine deaminase -1.35 -24.62 -26.43 -0.79 -0.86 -0.82
69864 181006 RIKEN cDNA 1810065E05 gene 1.03 -2.11 -3.07 -0.82 -0.83 -0.83
5E05
14533 Bloc1s1 biogenesis of lysosome-related -1.02 -2.20 -1.60 -0.80 -0.83 -0.83
organelles complex-1, subunit 1
67426 Cabc1  chaperone, ABC1 activity of bc1 1.44 -2.99 -4.66 -0.80 -0.84 -0.83
complex like (S. pombe)
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10" CD25 Cecum  Colon CUmula-
T cells T cells T cells u tive
13370 Dio1 deiodinase, iodothyronine, type | -1.21 -10.65 -9.79 -0.79 -0.87 -0.83
22238 Ugt2b5 UDP glucuronosyltransferase 2 -1.08 -6.09 -4.94 -0.77 -0.88 -0.83
family, polypeptide B5
13107 Cyp2f2  cytochrome P450, family 2, subfamily 2.17 -2.14 -4.16 -0.86 -0.75 -0.83
f, polypeptide 2
110075 Bmp3 bone morphogenetic protein 3 1.44 -2.57 -3.23 -0.81 -0.81 -0.83
225791 Zadh2  zinc binding alcohol dehydrogenase, 1.03 -1.91 -1.42 -0.80 -0.83 -0.83
domain containing 2
20441 St3gal3 ST3 beta-galactoside alpha-2,3- 1.37 -3.07 -2.59 -0.83 -0.79 -0.83
sialyltransferase 3
192654 Pla2g15 phospholipase A2, group XV -1.17 -2.39 -2.42 -0.83 -0.83 -0.83
12460 Ccs copper chaperone for superoxide 1.18 -3.77 -4.76 -0.83 -0.84 -0.83
dismutase
15184 Hdac5 histone deacetylase 5 1.30 -1.49 -2.07 -0.83 -0.83 -0.83
66090 Ypel3 yippee-like 3 (Drosophila) -1.02 -3.20 -3.69 -0.82 -0.90 -0.83
16548 Khk ketohexokinase 1.32 -1.88 -2.61 -0.85 -0.81 -0.84
66066 Gng11  guanine nucleotide binding protein (G~ -1.04 -2.37 -2.07 -0.79 -0.87 -0.84
protein), gamma 11
22235 Ugdh UDP-glucose dehydrogenase -1.06 -2.86 -3.12 -0.79 -0.88 -0.84
68416 Sycn syncollin 2.21 -5.11 -18.16 -0.82 -0.81 -0.84
12953 Cry2 cryptochrome 2 (photolyase-like) 1.20 -2.08 -2.87 -0.84 -0.85 -0.84
11997 Akr1b7  aldo-keto reductase family 1, member  -1.99 -4.27 -6.54 -0.79 -0.89 -0.84
B7
14079 Fabp2 fatty acid binding protein 2, intestinal -1.50 -4.69 -9.49 -0.80 -0.92 -0.84
12351 Car4 carbonic anhydrase 4 -1.22 -5.08 -6.80 -0.78 -0.92 -0.84
11833 Aqp8 aquaporin 8 -1.40 -5.69 -8.23 -0.83 -0.87 -0.84
320024 Nceh1 arylacetamide deacetylase-like 1 -1.02 -3.32 -4.79 -0.81 -0.91 -0.84
13047 Cux1 cut-like homeobox 1 1.27 -1.42 -1.84 -0.85 -0.80 -0.85
67460 Decr1 2,4-dienoyl CoA reductase 1, 1.12 -3.63 -1.52 -0.82 -0.82 -0.85
mitochondrial
216019 Hkdec1  hexokinase domain containing 1 -1.09 -3.52 -6.27 -0.80 -0.89 -0.85
57276 Vsig2 V-set and immunoglobulin domain -1.03 -7.17 -10.45 -0.81 -0.89 -0.85
containing 2
622404  Ccdc10 coiled-coil domain containing 107 1.20 -3.89 -3.07 -0.83 -0.86 -0.86
7
212398  Frat2 frequently rearranged in advanced T- 1.13 -2.27 -4.08 -0.83 -0.86 -0.86
cell ymphomas 2
217214  Nags N-acetylglutamate synthase -1.21 -1.71 -2.45 -0.82 -0.89 -0.86
102022 Cesb carboxylesterase 6 -1.85 -8.11 -13.52 -0.81 -0.92 -0.86
67971 Tppp3  tubulin polymerization-promoting 1.90 -6.14 -10.34 -0.89 -0.77 -0.86
protein family member 3
85308 Fam15 family with sequence similarity 158, -1.15 -2.03 -2.46 -0.84 -0.81 -0.87
8a member A
12925 Crip1 cysteine-rich protein 1 (intestinal) 1.00 -4.06 -5.09 -0.86 -0.87 -0.87
56695 Pnkd paroxysmal nonkinesiogenic 1.01 -1.28 -1.38 -0.85 -0.79 -0.87
dyskinesia
22239 Ugt8a  UDP galactosyltransferase 8A 1.30 -2.55 -5.92 -0.84 -0.88 -0.87
58210 Sectm  secreted and transmembrane 1B -1.19 -3.14 -5.17 -0.85 -0.89 -0.87
66353 231000 RIKEN cDNA 2310007A19Rik 1.10 -2.26 -2.58 -0.84 -0.85 -0.87
7A19
68943 Pink1 PTEN induced putative kinase 1 1.01 -1.65 -2.38 -0.86 -0.90 -0.87
11409 Acads  acyl-Coenzyme A dehydrogenase, -1.12 -2.75 -2.90 -0.83 -0.91 -0.88
short chain
12522 Cd83 CD83 antigen 1.21 -1.14 -1.49 -0.85 -0.88 -0.88
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Genes best correlated (r:>0.8) to histological sore in Rag2™” x IL-10" recipients

gene ID gene description gene expression Is: gene expression vs
name (fold change of CTRL) histo. score
CD25" WtCD25 IL-10" CD25 Cecum  Colon CUmula-
T cells T cells T cells u tive
319176  Hist2h2 histone cluster 2, H2ac -1.12 -2.32 -3.10 -0.83 -0.91 -0.88
ac
20393 Sgk1 serum/glucocorticoid regulated kinase 1.12 -2.86 -6.80 -0.88 -0.84 -0.88
1
68047 Mpnd MPN domain containing 1.15 -1.95 -1.55 -0.88 -0.85 -0.89
14915 Guca2a guanylate cyclase activator 2a 1.07 -3.69 -6.39 -0.87 -0.91 -0.89
(guanylin)
66859 Slc16a  solute carrier family 16 (monocarbo- -1.24 -2.93 -9.10 -0.85 -0.91 -0.89
9 xylic acid transporters), member 9
104158 Ces3 carboxylesterase 3 1.24 -35.07 -62.28 -0.86 -0.90 -0.90
13614 Edn1 endothelin 1 -1.02 -1.91 -4.91 -0.89 -0.84 -0.90
22139 Ttr transthyretin 1.65 -3.59 -5.01 -0.89 -0.85 -0.90
67758 Aadac  arylacetamide deacetylase (esterase) 1.39 -3.67 -5.20 -0.91 -0.80 -0.90
72082 Cyp2c5 cytochrome P450, family 2, subfamily ~ -1.06 -41.26 -184.08 -0.89 -0.90 -0.91
5 ¢, polypeptide 55
20341 Selenb  selenium binding protein 1 1.1 -3.00 -4.31 -0.88 -0.91 -0.91
p1
74134 Cyp2s1 cytochrome P450, family 2, subfamily 1.01 -2.34 -2.97 -0.87 -0.90 -0.91
s, polypeptide 1
70337 lyd iodotyrosine deiodinase 1.05 -2.73 -4.90 -0.90 -0.92 -0.93
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Table A4. Genes best correlated (according to Spearman correlation coefficient, rs>0.8) to the
presence of IL-10 and fold changes in gene expression after Wt CD4" CD25" T cell transfer to Rag2™
or RagZ"' x IL-10™ recipients vs non-reconstituted controls. The values assigned to the presence of IL-
10 were: 0 for unreconstitued RagZ'/' x IL-10" mice; 1 for unreconstitued RagZ'/' mice and 2 for RagZ'/'
x IL-10" mice reconstituted with Wt CD4* CD25" T cells. The one-sided significance for ry was
P<0.001 for all genes with rg>0.8.

Genes best correlated (rs>0.8) to the presence of IL-10

gene ID gene name description gene ez(pression: Is:

CD4" CD25" T cell transfer IL-10

(fold change of CTRL) presence
Rag2” Rag2” x IL10™

recipients recipients
209195 Clic6 chloride intracellular channel 6 -1.07 1.94 0.94
23882 Gadd45g growth arrest and DNA-damage-inducible 45 y 1.58 2.46 0.91
15433 Hoxd13 homeobox D13 1.80 3.63 0.87
20935 Surfé surfeit gene 6 1.03 1.29 0.85
67441 Isoc2b isochorismatase domain containing 2b -1.08 2.02 0.85
102626  Mapkapk3 MAP kinase-activated protein kinase 3 1.22 215 0.85
23996 Psmc4 proteasome 26S subunit, ATPase, 4 1.01 1.29 0.83
235130 Adamts15 a disintegrin-like and metallopeptidase with 1.1 1.78 0.83

thrombospondin type 1 motif, 15
240672  Duspb5 dual specificity phosphatase 5 1.57 2.30 0.83
13144 Dapk3 death-associated protein kinase 3 1.22 1.80 0.81
14645 Glul glutamate-ammonia ligase (glut. synthetase) 1.1 1.53 0.81
19064 Ppy pancreatic polypeptide 1.34 2.07 0.81
21991 Tpi1 triosephosphate isomerase 1 1.03 1.52 0.81
56473 Fads2 fatty acid desaturase 2 -1.01 1.97 0.81
67201 Glod4 glyoxalase domain containing 4 1.15 1.29 0.81
67963 Npc2 Niemann Pick type C2 1.07 1.59 0.81
110595 Timp4 tissue inhibitor of metalloproteinase 4 -1.15 2.18 0.81
380712  Tlcd2 TLC domain containing 2 1.05 1.75 0.81
16162 1112rb2 interleukin 12 receptor, beta 2 -1.14 -1.22 -0.81
18127 Nos3 nitric oxide synthase 3, endothelial cell -1.04 -1.29 -0.81
59043 Wsb2 WD repeat and SOCS box-containing 2 -1.11 -1.56 -0.81
66495 Ndufb3 NADH dehydrogenase 1 beta subcomplex 3 -1.06 -1.13 -0.81
67345 Herc4 hect domain and RLD 4 1.05 -1.22 -0.81
69802 Cox11 Cytochrome c oxidase assembly protein -1.43 -1.39 -0.81
214639 4930486L24Rik RIKEN cDNA 4930486L24 gene 1.06 -1.57 -0.81
432530 Adcy1 adenylate cyclase 1 -1.13 -1.50 -0.81
12577 Cdkn1c cyclin-dependent kinase inhibitor 1C (P57) 1.14 -1.77 -0.83
15199 Hebp1 heme binding protein 1 -1.17 -1.63 -0.83
66845 Mrpl33 mitochondrial ribosomal protein L33 -1.02 -1.14 -0.83
73344 1700034J05Rik RIKEN cDNA 1700034J05 gene -1.01 -1.35 -0.83
83603 Elovi4 elongation of very long chain fatty acids-like 4 -1.31 -1.44 -0.83
14588 Gfrad glial cell line derived neurotrophic factor family -1.00 -1.21 -0.85
receptor alpha 4

64011 Nrgn neurogranin -1.07 -1.66 -0.85
;800389 Gm1985 predicted gene 1985 1.10 -1.29 -0.85
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Genes best correlated (rs>0.8) to the presence of IL-10

gene ID gene name description gene expression: Is:
CD4" CD25" T cell transfer IL-10
(fold change of CTRL) presence
Rag2” Rag2” x IL10™
recipients recipients
14598 Ggt1 gamma-glutamyltransferase 1 1.06 -3.93 -0.87
56736 Rnf14 ring finger protein 14 -1.04 -1.20 -0.87
66358 2310004124Rik  RIKEN cDNA 2310004124 gene -1.23 -1.73 -0.87
218977 Dlgap5 discs, large homolog-associated protein 5 1.08 -1.39 -0.87
227671  Gbgt1 globoside alpha-1,3-N- 1.10 -1.35 -0.87
acetylgalactosaminyltransferase 1
235330 Ttc12 tetratricopeptide repeat domain 12 -1.06 -1.29 -0.87
78482 1700123L14Rik nucleoporin 50 pseudogene 1.04 -1.45 -0.93
19226 Pth parathyroid hormone 1.06 -1.26 -0.94
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