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1 Introduction

1.1 The emerging field of tumor necrosis factor

In 1975 an exciting article has been published ey of an endotoxin-induced
serum factor that caused necrosis of tumors. Bighper Carswell and colleagues
named first the necrosis inducing molecule as tumecrosis factor (TNF)
(Carswellet al, 1975). Cloning of the TNF gene in 1984 markedtéginning of
its “success story”. Over the next decade a whaneily of related molecules has
been identified with roles in cell death, survivatiifferentiation and
organogenesis. However, the dream of TNF as a polaticancer molecule has
soon dissolved, when introduction of the recombimaatein was found to induce
septic shock. In fact, TNF has been identified asgalator of inflammation and a
key molecule in the cytokine network of the immuwystem. This has led to the
development of TNF antagonists used in the treatroechronic inflammatory
diseases, where TNF is often overproduced, ragligalbroving the quality of life
of millions of patients with arthritis, inflammatpbowel disease and psoriasis.
Furthermore, therapeutic TNF antagonists have lested in Phase | and Il
clinical trials in patients with certain cancergiwpromising results (Harrisoet
al., 2007; Madhusudaat al, 2005). Therefore, TNF is considered as one of the
most exciting molecules in cancer biology, immuiggi@and medicine of the 21st

century.

1.2 The TNF molecule

1.2.1 Transmembrane and soluble TNF

Tumor necrosis factor (TNF) is the prototype molecof the TNF superfamily,
exerting a broad spectrum of activities throughniesmbrane bound (tmTNF) or

soluble form (STNF). TNF is a pleiotropic cytokires it is able to induce

differentiation, gene-expression, apoptosis or emsr in the immune and



neuroendocrine system depending on the type andlagtiate of the responding
cells. TNF is mainly expressed by immune cells somnocytes, macrophages,
dendritic cells, T and B cells, but also by otheil ¢ypes like keratinocytes,
adipocytes, cardiac myocytes, osteoblasts, endathahd epithelial cells.

Furthermore, endogenous TNF expression has beamtedpin several cancer
cells as well (Balkwillet al,, 2006).

The 26 kDa transmembrane TNF (tmTNF) is generatad & transcript of 1.7 kb
with an unusually long and atypical leader sequefi¢eere is a hydrophobic
region in this sequence which acts as a transmemahltamain consisting of 26
amino acid residues. A constitutive palmitoylatetnposition Cys47 between the
transmembrane and the cytoplasmic domain of tmThB&-lbeen also described.
The authors reasoned that its function may be airul the role of palmitoylation

of Src family of tyrosine protein kinases and Gtenas, where the modification

anchors the protein to membranes (Utsatal, 2001).
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Fig. I. Schematic structure of the transmembrane TNF

(A) TNF is synthesized as a monomer that folds antweta-sheet sandwich and assembles into a foattiimer (adapted
from Keystone & Ware, 2010) (B) Transmembrane T8l& type Il polypeptide composed of an extracelld@amain (177
aa. residues), a transmembrane domain (26 aauessidhaded) and an intracellular domain (30 aidues). Mature,
soluble TNF of 157 amino acid residues is cleavechftmTNF by TACE (black arrow) (adapted from Hatiuet al,
2010).

Upon stimulation by e.g. lipopolysaccharide (LP&gwly synthesized TNF
rapidly accumulates in the Golgi complex as a tYjpransmembrane protein

(Shuretyet al, 2000) and the molecule is then transported tgcteg endosomes
before delivery to the plasma membrane (Muretyal, 2005). Upon further



stimulation tmTNF can be cleaved by TNF-alpha cotvg enzyme (TACE)
between residues Ala76 and Val77 (Geaengl, 1994). Soluble TNF is released
from the cell surface as a homotrimer in the forinihoee mature 17 kDa TNF
molecules (Blaclet al, 2002) (Fig.1).

1.2.2 Biological activities of TNF

Since TNF exhibits both beneficial and patholodfeds, its expression requires
a rigorous control. Regulation of human TNF expmsss fairly complex,
involving controls at both transcriptional and ptianscriptional levels. The
promoter region of the human TNF gene containsrmapbex array of potential
regulatory elements. Binding sites for multiplenseription factors, including
AP-1, Egr-1, CRE, C/EBPb, and AP-2 have been shosvrmediate TNF
transcription in monocytic cells (Econometial, 1989; Popet al, 1994; Wedel
et al, 1996; Yacet al, 1997).

The synthesis of TNF can be induced by many differstimuli including
interferons, cytokines, tumor cells, irradiatiorypbxia, immune complexes and
platelet activating factor. Factors from bactenayses, and parasites can also
stimulate production of TNF through Toll-like retefs via nuclear facto«B
(NF«B) signaling (Kawai & Akira, 2006). Regulation oNF production occurs
mainly post-transcriptionally where 3' UTR sequeneceodulate translation and
degradation of TNF mRNA (Han & Beutler, 1990).

Soluble TNF mediates biological activities througpe 1 and 2 TNF receptors
(TNFR1 and TNFR2), which are expressed as pre-dssdntrimers on the cell
surface (Charet al, 2000). While TNFR1 is expressed in all nucleatetls,
TNFR2 is mainly expressed in immune cells, endatheatells and neurons.
TNFR1 is capable of directly inducing apoptosiotigh its death domain (DD).
TNFR2 does not contain DD and can be fully stimadabnly by the membrane
integrated form of the ligand (Gred#it al, 1995). Upon stimulation by soluble
TNF, TNFR2 is thought to be a ligand passing remephat after capturing
soluble TNF, rapidly transfers the molecule to TNFHartagliaet al. 1993).



Binding of STNF to its receptors triggers a seaéstracellular events that result
in the activation of transcription factors, suchNgskB and c-Jun. TNF-activated
complex signaling pathways mediate diverse biokgprocesses, including cell
growth, cell death, development, inflammatory oress responses. Notably,
binding of TNF to TNFR1 causes upregulation of pegatotic signals but it also
leads to the translocation of N@B into the nucleus, protecting the cell from
apoptosis. Whether stimulation of a cell leadsdivation or apoptosis, depends
on a complex interplay between the metabolic stathasmicroenvironment of the
given cell. Interestingly, TNF producind@ lymphocytes, macrophages and
endothelial cells expressing also TNF receptorplalys TNF responsiveness.
Autocrine functions of TNF have been implicated mmonocyte mediated
cytotoxicity (Smithet al, 1990) and in primary T cell activation (Pimentel-
Muifios et al, 1994). Non-immune cells producing both TNF andFRNcan be
completely resistant to TNF mediated cytotoxociBk@amotoet al, 1992) that
could be explained by the observation that ovemsgion of TNF leads to
disappearance of TNFR1 and 2 from the plasma mermab(Recosteret al,
1998). Intriguingly, a novel TNFR2 isoform has bekscribed expressed within
the cell and not on the cell surface. Activationtlas isoform leads to enhanced
NF-kB activation providing a possible mechanism fovaual of cells producing
both TNFR and TNF (Seitet al, 2001). Juxtacrine activities are also known for
TNF such as induction of inflammatory cytokines meighboring cells or
stimulating fibroblasts to express intracellulaesion molecule 1 (ICAM-1)
(Tilderset al, 1994). §stemic activities of TNF are associated with teersted
soluble form. Level of circulating TNF in healthyndividuals is nearly
undetectable, but increases dramatically in patho#b cases.

1.2.3 TNF and inflammation
The pivotal role in the immune response to badtefimgal, viral and parasitic

infections accounts for a beneficial function of H.Nt is a key mediator in the

local inflammatory immune response as it acts aaae phase protein which



initiates a cascade of cytokines and increasesulaspermeability, recruiting in
turn macrophages and neutrophils to the site @fciidn. TNF has been called a
sentinel cytokine or “the body's fire alarm” asnitiates the defence response to
local injury. LPS from the bacterial cell wall is &specially potent stimulus for
TNF synthesis. Expressed at high concentrations TdR lead to chronic
inflammation and organ injury. Acute release ofywéarge amounts of TNF
during sepsis may result in septic shock with g higortality rate. Moreover,
upregulation of TNF is known to play a critical @ah pathogenic disorders like
rheumatoid arthritis, psoriasis, ankylosing spoitidylasthma, septic shock and

inflammatory bowel disease.

1.3 Transmembrane TNF as a ligand

Since tmTNF can function in cell-to-cell contadtss considered to play a critical
role in ontogenesis and in local inflammation. $amito soluble TNF, tmTNF
exists as a homotrimer of uncleaved monomers amtklid both subtypes of TNF
receptors on target cells, however biological #iés are supposed to be
mediated mainly through TNFR2 (Gredt al, 1995). Leading to cell death or
activation of the target cells, expression of tmTébntributes to physiological
and pathological responses. Cytotoxic activitieshof NF have been reported for
various tumor cells (Horiuchet al, 2010) and HIV-infected lymphocytes
(Lazdins et al, 1997). Importance of tmTNF in inhibition of iatellular
pathogens has been also reported (Allenlgaet, 2008). In addition, tmTNF has
been shown to initiate T cell and macrophage mignagranuloma formation and
to be effective against acuM. tuberculosisinfection (Saundergt al, 2005).
Direct cell-to-cell contacts through tmTNF triggerctivation processes in
endothelial cells, B cells, T cells, monocytes altdcells (Horiuchiet al, 2010).
Furthermore, short term expression of tmTNF playsoeeostatic role in the
heart (Manret al, 2003) and the liver (Kresse al, 2005).



1.4 Transmembrane TNF as a receptor

In 1994 Smith and colleagues suggested that trambname ligands of the TNF
superfamily might elicit bidirectional signals, #s molecules are capable of
eliciting signaling also in the ligand expressirgll.cThis was based on the fact
that the cytoplasmic parts of the ligands are lyigtdnserved among species
(Smith et al, 1994). Indeed, binding of TNF receptors or agtimiantibodies to
tmTNF can induce signaling events causing cellvatibn, cytokine suppression
or apoptosis in the tmTNF expressing cells (Eisetat, 2000; Harashimat al,
2001). Since then the phenomenon of “reverse sigyidhas been described for a
number of TNF superfamily members and considerea dise tuning control

mechanism in the immune response (Eisshait, 2004).

1.4.1 Biological activities of TNF reverse signalm

In contrast to the well characterized functionsnoTNF as a ligand, the biological
functions of tmTNF as a receptor still remain to darified. TNF reverse
signaling has been reported to trigger activattohuman T cells and NK cells. In
addition to its co-stimulatory role and €aignaling inducing capacity in T cells
(Higuchi et al, 1997), tmTNF stimulation could induce the praitrt of high
amounts of IL-2 and adhesion molecules such asldetgse (Harashimeet al,
2001). Such a positive regulatory effect of TNFame signaling has been shown
in NK cells leading to increased cytotoxicity (étal, 2009).

TNF reverse signaling has also been described mooytes, where it served as a
silencing mechanism rather than a stimulatory gigeamulation of monocytes
with various TNF reactive agents, including TNF egior positive endothelial
cells conferred resistance to LPS (Eissstaal, 2000).

In the view of limited experimental data timevivo role of TNF reverse signaling
has remained elusive. Based on animal model studéesrse signaling could
have diverse effects on the helper cell and cyimlytinctions. Since TNF

signaling leads to anergy of monocytic cefisvitro, in innate immunity it might



limit the destructive potential of monocytes agatasget cellsFurthermore, TNF
reverse signaling has been proposed to be resperfeibresistance to TNFR
mediated cell death in cancer cells through cootisuactivation of NB
(Zhanget al., 2008).

1.4.2 TNF reverse signaling in anti-TNF therapies

TNF has been proposed as a mediator in variousologils including septic
shock, cancer, transplantation rejection, multgdéerosis, diabetes, meningitis,
ischemia-reperfusion, ulcerative colitis, rheumataithritis (RA) and Crohn's
Disease (CD). Strategies for preventing TNF agtivilh multiple types of
inflammation include neutralization of the cytokinga anti-TNF antibodies,
soluble receptors or receptor fusion proteins. AMNF agents (Fig. 2) have been
successfully applied to the treatment of CD and &Awell as other chronic
inflammatory diseases such as psoriasis, ankylospundylitis and Behcet's
disease (Tracegt al, 2008). Infliximab, adalimumab and etanercept higen
licensed treatments in the USA and Europe for ye@estolizumab pegol and
golimumab have been recently approved for clinieggé by Food and Drug
Administration (FDA).

Emerging data suggest that these drugs have neufiipictions and can act not
only as antagonists by blocking TNF interactionthwiiNF receptors. Antibody-
based drugs can initiate antibody dependent cyimtgxas well as inhibit
granuloma formation. Moreover, anti-TNF agentsabie to induce TNF reverse
signaling in tmTNF expressing cells leading to celttivation, cytokine
suppression or apoptosis (Horiugtial, 2010).

Reverse signaling through tmTNF has been showndace cytokine suppression
and endotoxin resistance which mechanism may apeaddo in anti-TNF
therapies (Eissnaat al, 2004). Since suppressor activities of anti-TM&gd have
been reported to involve the pathways of LPS indac(Kirchneret al, 2004),
suppression may occur by exhaustion of common Bignacomponents.

Although all TNF antagonist drugs can bind to tmTNfatibody-based drugs
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have been found to be more efficient in cytokinppsassion (Nesbitt al, 2007;
Scallonet al, 2002).

Numerousin vitro studies have been reported on apoptosis induditigtees of
anti-TNF drugs. Infliximab has been found to indapeptosis in peripheral blood
monocytes of healthy individuals and patients V@t (Lugeringet al, 2001). It
has also been shown that binding of infliximab ¢tvated Jurkat T lymphocytes
increases the Bax/Bcl-2 ratio and causes apoptddisreover, infliximab
treatment induced a rapid increase in the numbexpoptotic lamina propria T
lymphocytes in active CD patients (Mitoned al, 2005). Such a proapoptotic
effect of infliximab has also been shownvitro using lamina propria T cells and
peripheral blood T cells from CD patients (Di Salatet al, 2004). In addition to
in vitro data sets, infliximab could induce apoptosis ohoaytes and T cells in a
human-mouse chimerim vivo model. Both infliximab and adalimumab could
induce apoptosis in normal blood monocytes, huntatteamonocytic leukaemia
cells (THP-1) and normal blood T cells (Nesbitial, 2007; Shemt al, 2005).
Differences between clinical efficiencies of anhi agents may be explained by
difference in pharmacokinetics, tissue distribusiamd functional properties. TNF
neutralization by infliximab, adalimumab and etame@t has been a successful
treatment strategy for several autoimmune diseemesolling progression and in
some cases inducing remission by suppression okicy production. However,
infectious complications have been reported in-&Nti- treated patients, where
the treatment has been associated with an increaseaf infection probably
through interfering with innate immunity. Recently,thorough statistical study
proved that anti-TNF therapy is associated withignicant overall risk of
serious infections (Gallowayet al, 2011). Since increased incidence of
reactivation of latent tuberculosis has been regorfor clinical anti-TNF
therapies (Keanet al, 2001), testing for tuberculosis is now recommenbg

FDA for patients starting anti-TNF therapies.
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Fig. 2 Schematic structures of clinically used TNRntagonists.Infliximab is a mouse-human chimeric monoclondi-an
TNF antibody of IgG1 isotype. Adalimumab and golimab are fully human IgG1 monoclonal antibodiesnEteept is a
fusion protein of the extracellular domain of TNE-Bnd the Fc region of IgG1. Certolizumab pegal REGylated F(ab)

fragment of a humanized monoclonal anti-TNF antjp@daceyet al, 2008).

Although a dose-dependent risk of malignancies has beenteepm patients
with RA treated with anti-TNF antibody (Bongarét al, 2006), recent meta-
analysis of data did not reveal an increased tigkRlay et al, 2012). Notably,
FDA also investigates the possible association éetthe use of TNF blockers
and the development of lymphoma and other cancershildren and young

adults.

1.4.3 Molecular mechanism of TNF reverse signaling

Despite the apparent clinical relevance the modcllasis of TNF reverse
signaling is largely unknown. The cytoplasmic domaf the tmTNF is conserved
in different species (Wattst al, 1999) and does not possess any enzymatic
functions, hence probably acting through adaptatgims. Our research group
reported earlier that the cytoplasmic domain of TikliSerine phosphorylated in
LPS-induced tmTNF expressing cells (Pécsik al, 1995). Watts and his
colleagues further characterized these sites abstrate for casein kinase-1 and
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demonstrated that interaction of tmTNF with itsufdé receptor triggers rapid
dephosphorylation of tmTNF by a yet unknown setimebnine phosphatase and
a concomitant Ca signaling (Wattst al, 1999). However, phospho-amino acids
on receptors often provide docking sites for treeawly of signaling complexes.
We revealed earlier a functional nuclear local@asignal (NLS) sequence in the
intracellular domain of tmTNF, further pointing tod\TNF having receptor-like
properties (Domonkost al, 2000). Moreover, signal peptide peptidase-like
proteases (SPPLs), SPPL2a and SPPL2b have beenn stmwpromote
intramembrane proteolysis of tmTNF, leading to R-roduction in activated
human dendritic cells (Friedmamt al, 2006). The cytoplasmic serine residues of
tmTNF have been proved essential for infliximabdoed interleukin-10
production, apoptosis and GO/GL1 cell cycle armgbere Infliximab treatment was
shown to up-regulate Bax, Bak, and p21 expressMitofna et al, 2005).
Infliximab had apoptotic effect on circulating maytes of patients with active
CD through activation of caspase-8 and the mitodhahpathway (Llgeringgt

al., 2001).

Identifying molecules of pathways involved in TNéverse signaling became of
high importance in the last decade. TNF reverseatiigg induced the activation
of p38, a stress activated member of the mitogéneded protein kinase
(MAPK) family (Kirchneret al, 2004). In mouse macrophages reverse signaling
triggered at least two independent pathways thakdcbe distinguished by using
Protein Kinase C (PKC) inhibitors. The suppressofrthe LPS-induced death
factor was dependent on PKC, whereas the suppnestid®S-mediated cytokine
release was not (Eissnetral, 2000). Interestingly, the activation of TNF reser
signaling rendered macrophages refractory to aesu®ent activation of the
MAPK pathway by LPS (Kirchneet al, 2004). However, pathways activated by
TNF reverse signaling leading to cytokine suppmssiemained to be further
explored.

Molecular mechanism of apoptosis caused by TNFrseveignaling upon anti-
TNF therapies has been studied more intensivelytheumechanism still remains

elusive (Fig. 3). Upregulation of Bax and Bak arasghorylation of c-Jun N-
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terminal kinase (JNK) has been shown upon infldbAaraduced apoptosis in T
cells (Mitoma et al, 2005). Infliximab-induced monocyte apoptosis i C
patients required the activation of caspase-8, nl &3, while the authors
suggested that apoptotic signaling is rather tnggeby binding anti-TNF

captured soluble TNF to the TNF receptor (Lugerngl, 2001). Waetzig and
his colleagues found activation of MAPK cascadesblyble TNFR1 and anti-
TNF antibody in THP-1 monocytes. Intriguingly, thejpowed a secondary,
autocrine loop of transforming growth factor béf&F-beta) signaling that leads
to apoptosis (Waetzigt al, 2005).

Anti-TNF antibodies

Q Q Q O Transmembrane TNF
X ‘ |
l

g g
Caspase8 JNK TGFp
@ \ p§3 P38%APK NEeB
Caspase 3 @ @ Q 1 IL-1p

Bax/Bak Apoptosis ﬁ lll':l\ll\le

ﬁ( Mitochondrial ﬁ IL-10
Apoptosis permeability ﬁ E-selectin

Fig. 3 Reverse signaling induced through tmTNF

Engagement of tmTNF by antibodies induces reveoséside to inside) intracellular signaling cascaghich leads to
cytokine production and E-selectin expression dasstt with caspase-dependent apoptosis. Caspasts oapromote
apoptosis through its downstream effects on caspaas well as on proteins that influence mitochiagermeability,
Bax and Bak. TNF reverse signaling can inhibit gmeduction of inflammatory cytokines through NF-kigtivation,
induces apoptosis or growth arrest through MAPKagaed from Wonget al. 2008).
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1.5 Casein kinase 2-interacting protein-1 (CKIP-1)is a multifunctional

protein

Identifying signaling molecules recruited to the TiNF molecule and
investigating their role may help to unravel molacudetails of TNF reverse
signaling. To find potential proteins which interadgth the intracellular domain
of the tmTNF molecule Kohchie and his colleaguesemed a cDNA library of
LPS-activated mouse macrophages by yeast two-hybeithod. LPS-stimulated
mouse macrophage cells (RAW264.7) were used forcthestruction of the
library and the intracellular domain of the mous¢FTwas used as bait. Among
several molecules (e.g. heat shock proteins) alnmetein was found, which
activated the transcription of the reporter gerdicating an interaction with the
intracellular domain of the tmTNF. The protein w&smed as mouse TNF
intracellular domain interacting protein (mTIP; AF8675.1). The human
homologue (hTIP; AF168676.1) was cloned from a huhyanph node plasmid
library with a mouse probe. Subcloned cDNA codiagHuman and mouse TIP
used in this study were kindly provided by Dr. CH@hchie (Hiroshima
University, Japan). hTIP has been identified latsera human casein kinase 2-
interacting protein-1 (hCKIP-1; AF217956.1) (Bost al, 2000). Since then,
CKIP-1 has been found to interact with a serieproteins involved in cellular
functions like differentiation, cell motility ancett death.

CKIP-1 has a highly conserved DNA sequence in malsyreacoding a protein of
409 amino acid residues with a molecular mass pfegmately 50 kDa. CKIP-1
is composed of a plecstrin homology (PH) domaithat N terminus, a leucine
zipper (LZ) motif at the C terminus and five prairich motifs throughout the
protein. Furthermore, the protein has many poteniéaosphorylation,
glycosylation and N-myristoylation sites, indicafithat extensive modification of
the protein might alter its localization and adivi

PH domains are believed to target cellular memisrdnebinding specifically to
phosphatidyl inositol derivatives (Bottomley al, 1998). PH domains could also

interact with other proteins and mediate proteiotgin interactions (Lemmoet
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al.,, 1995). Indeed, it has been shown, that phogpHeositide 3-kinase
regulated the cellular localization of CKIP-1 asetf®H domain binds to
phosphatidylinositol 3-phosphate (Bost al, 2000). It has been reported that
CKIP-1 can bound to a broad spectrum of phosphadimi vitro through its PH
domain and dimerize through the LZ motif (Olstral, 2004; Safet al, 2004).
However, the role of dimerization remains to beifitad. CKIP-1 has been shown
to interact with c-Jun (Zhargt al, 2005), actin capping protein subunits (ACP
andp) (Cantonet al, 2005), ataxia telangiectasia mutated (ATM) king&sang
et al, 2006), Akt (Tokudaet al, 2007), interferon induced protein 35 (IFP35) and
N-myc interacting protein (Nmi) (Zhangt al, 2007) as well as Smurf-1 (Let
al., 2008). CKIP-1 tested in different cell types ditad diverse functionality.
CKIP-1 has been reported to recruit proteins lik2@nd nuclear ATM to the
plasma membrane in cancer cell lines (Olsteral, 2004; Zhanget al, 2006).
Moreover, it has been also shown that in varioumeeacell lines, CKIP-1 forms a
complex with Akt through its PH domain irrespectige Akt phosphorylation
status and activity, while the LZ motif of CKIP-1ags an important role in the
suppression of Akt kinase activity suppressing turgmowth (Tokudaet al,
2007). Similarly, CKIP-1 deficient mice undergo age dependent increase in
bone mass as a result of accelerated osteogereeisghh decreased Smurfl
activity (Lu et al, 2008). In osteosarcoma cells CKIP-1 affected ted
morphology through regulation of the actin cytoskeh, interacted with actin
capping protein and facilitated the phosphorylabdACP by CK2 (Cantoet al,
2005). Recently, CKIP-1 has been shown to posses®nagensus motif of
CARMIL proteins, which inhibit actin capping proteiinfluencing actin-based
lamellipodial dynamics (Takedeat al, 2010). In several epitheloid cells, CKIP-1
was cleaved by caspase-3 and the cleaved CKIPgingat repressed activator
protein-1 (AP-1) activity and promoted apoptosihddget al, 2005). The C
terminal domain of CKIP-1 possesses a LZ motif engredicted to form coiled
coils. Indeed, this C terminal fragment of the ncale has been shown to interact
with c-Jun. However, CKIP-1 lacks an adjacent basgion to the LZ or any
other DNA-binding motifs typical of basic LZ protss, indicating that CKIP-1 is
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not a transcription factor (Zharg al, 2005). CKIP-1 exerts a positive function in
skeletal muscle development. Its expression isegpiated upon induction of
C2C12 myoblast differentiation, and overexpressioh CKIP-1 enhances
myoblast differentiation (Saét al, 2004). It has been recently demonstrated that
CKIP-1 is essential for muscle precursor elongasiod fusion through regulation
of cell morphology and lamellipodia formation (Badsal, 2012).

CKIP-1 is mainly localized to the plasma membrameaterestingly, upon
stimulation, a portion of CKIP-1 could translocatéo the cytoplasm and to the
nucleus (Zhangt al, 2005). Moreover, it has been shown that CKIB-ahle to
shuttle between the plasma membrane and the nualengoblasts, where its PH
domain and a C terminal autoinhibitory region cdhoates the translocation (Xi
et al, 2010). Therefore, CKIP-1 appears to be a siggafimolecule playing
different regulatory roles in different cell types.

In peripheral blood mononuclear cells CKIP-1 isiateracting partner of IFP35
and Nmi, where the ratio of Nmi to CKIP-1 deternsirnthe stability of IFP35
thereby controlling cytokine signaling (Zhaeg) al, 2007). Data of expression
studies suggest that CKIP-1 expression can be atgllin haemopoietic cell
differentiation and enriched in certain subpopolagi of blood cells. However, the

role of CKIP- 1 in immunity is still unclear.
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2 Aims of the study

The research interest of our group has been fogusinthe biological role of the
TNF molecule. Since a novel molecule CKIP-1 hasnba&tentified as an
interacting partner of the pro-inflammatory tmTN#e hypothesized that CKIP-1
might have a role in immunity as well.

We aimed at elucidating possible functions of tbeeh protein CKIP-1 in innate
immunity.

Our specific aims were:

) to investigate the involvement of CKIP- 1 in the-inflammatory response of
human and mouse mononuclear cells;

II) to reveal the role of CKIP-1 in TNF reverse r&djng in human model cell
lines.

The thesis focuses on results with human moded.cell
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3 Materials and Methods

3.1 Cell culture

HEK?293 cells (ATCC, Manassas, VA) and their derixed were grown in a (1:1)
mixture of Dulbecco's modified Eagle's medium (Sign$t. Louis, MO) and
Ham's F-12 nutrient medium (Sigma) supplementeth i@ % fetal calf serum
(FCS) (Sigma) and 2 mM L-glutamine (Sigma). THPellscwere maintained in
OptiMEM (Life Technologies, Carlsbad, CA) with 2 BCS. For activation of
THP-1 monocytes cells were challenged by a mediomaining 10-1000 ng/mi
LPS (Sigma), 5Qug/ml Infliximab (Remicade; Centocor B.V., The Nathads),
150 pg/ml hlgG (Human gamma globulin; Human Bioplazma Kflungary) or 5
UM etoposide (Sigma).

Adherent THP-1 cells were generated by priming shspension cells with 25
ng/ml phorbol-12-myristate-13-acetate (PMA) (Sigrf@)72 h. Adherent THP-1
cells were treated with F(gblragment of Infliximab, generated by using Fgab)
Preparation Kit (Thermo Scientific, Rockford, IL).

3.2 Expression vectors

The human CKIP-1 coding sequence in pQBI-25 vestas kindly provided by
Dr. Chie Kohchi (Hiroshima University, Japan). T¢wling sequence was cloned
into pBluescript-SK+ (Stratagene, Santa Clara, G#jd into mammalian
expression vectors pcDNA3 (Invitrogen), pEGFPC1,CpBC1 (Clontech,
Mountain View, CA) and p3xFlag-Myc-CMV-26 (Sigmd)he 252 bp N terminal
fragment of tmTNF (TNFNterm) was fused to glutatiéds-transferase (GST) by
cloning the cDNA into pGEX-4T1 (Amersham Biosciesc&ermany) and was
fused to EYFP or to mCherry by cloning into pEYFPN2 pmCherryN2
(Clontech), respectively. In promoter activationpesiments construct pGL3-
TNFprom (pGL-3 from Promega) and pMB-luc (Clontech) were used, in

which the luciferase gene was controlled by the Tixémoter (-801 to +1) or a
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promoter sequence containing 5x KB-binding sites, respectively. The Path
Detect Trans Reporting System (pFA2-c-Jun, pFR-lpkg-MEKK, pFC-dbd)
was purchased from Stratagene. The mammalian epreplasmid for c-Jun
(pcDNAS3-c-Jun) was kindly provided by Dr. Imre Khosics (EOtvos L.
University, Hungary). Enzymes used fior vitro recombinant DNA techniques

were purchased from Fermentas and New Englandi&iola

3.3 Transient transfections and reporter gene assay

Plasmids pGL3-TNFprom and pNeB-luc were introduced into HEK293 cells by
Lipofectamine-2000 (Life Technologies) and stablenes were isolated after
G418 (Sigma) selection. Stable clones (Zxi&lls) were transiently co-
transfected in 24-well plates with 100 ng of expias vectors for CKIP-1 and c-
Jun using JetPEI (Poly Transfections, France) aaogrto the manufacturer's
protocol. Total amount of DNA transfected was kephstant by adding empty
vector. In luciferase assays cells were harveséet after transfection and total
cell extracts were prepared. Briefly, cells werevhated in 50 pl of lysis buffer
(Promega, Madison, WI). Crude cell lysates wereareld by centrifugation,
luciferase activity of 20 pl cell extracts was meas after injection of 20 pl
Bright and Glow substrate (Promega) in a Luminoséatent luminometer
(Labsystems, Oy, Finland). To analyze the effed€KfP-1 on the transcriptional
activity of c-Jun the PathDeté¥ Trans-Reporting System was used (Stratagene).
Transient transfections were performed using JetBEéfly, 10 HEK293 cells
were seeded in 24-well plates 16 h prior to trastgfa. Each point was co-
transfected with 500 ng of pFR-Luc, 100 ng of pF&2un and 100 ng of the
positive control vector pFc-MEKK or 100 ng of pQBCKIP-1. Parallel
experiments were performed by co-transfecting thetg vector pQBI-25. Cells
were grown in serum free medium for 6 h after tfectson, then 10 % FCS
containing culture medium was added and the cedievincubated for 24-36 h.
Total cell extracts were prepared for luciferassags as described above. For
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flow cytometry and fluorescence microscopy expentage THP-1 and HEK293
cells were transiently transfected by an Amaxa Blofelctor device (Amaxa,
Germany) following the manufacturer's protocols arsthg Amax& Cell Line
Nucleofectof Kit V (Lonza, Germany) or Lipofectamine-2000 (ltraigen),

respectively.
3.4 Protein expression, purification and GST-pull dwn assay

GST fusion proteins were purified froba coli BL21 (DE3) lysates using 50 %
slurry of glutathione-Sepharose beads (Amershanrnii@a Biotech). pBS-
hCKIP-1 (0.5 pug) was transcribed and translateditro using the TNT coupled
reticulocyte system (Promega) in a total volume2&f ul according to the
manufacturer's protocol. In each of the pull-dowpeziments 10 pl oin vitro
translated®™S-labeled protein was diluted in 100 pl bindingfeu{20 mM N-2-
Hydroxyethylpiperazine-N-2-Ethane Sulfonic Acid (PEES), 100 mM KCI, 0.2
% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoridgtd 7.3). About 2 pg of
fusion protein or GST immobilized on glutathiongaBarose beads were added,
and the interactions were allowed to proceed batimt at room temperature for
30 min. Beads were washed five times with bindinffdy. Proteins bound were
separated by sodium dodecyl sulfate polyacrylangele electrophoresis (SDS-
PAGE) (12.5 %)*S-labeled proteins were detected by autoradiography

3.5 Cell lysis and immunoprecipitation

24 h post-transfection HEK293 cells were washetencold phosphate buffered
saline (PBS), scraped in lysis buffer (25 mM Tpsi 7.4, 150 mM NaCl, 1 %
NP-40, 5 % glycerol, 1 mM ethylenediaminetetraaceitid, protease inhibitor
cocktail; Sigma) and incubated under constant tgitat 4 °C for 1 h. Total cell
extracts were cleared by centrifugation at 4000 4 %C for 5 min. Total protein
concentrations  were  measured using Bradford assa$igm@).

Immunoprecipitations were performed using the Riglicect magnetic IP kit
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(Thermo Scientific) according to the manufactur@rstocol. In brief, per IP 250
png NHS-activated magnetic beads (Pierce) were eatig coupled with either 5
png of monoclonal anti-Flag M2 (Sigma) or anti-Rb¢am, Cambridge, UK)
antibodies, or left untreated. After washing beadse added to 500 pl (1 mg/ml)
cell lysate. Following overnight incubation at 4 Wb a rotator, beads were

thoroughly washed in lysis buffer and the boundgins were eluted.

3.6 Immunoblotting

Protein samples were separated by SDS-PAGE (12.5a8d) proteins were

transferred to polyvinylidene difluoride membran€&IP-1 protein levels in cell

lysates were detected using anti-CKIP-1 antibodhn{® Cruz, Santa Cruz, CA)
and the appropriate secondary antibody conjugatetiorseradish peroxidase
(Sigma), followed by detection with SuperSignal milaminescence kit (Thermo
Scientific). Immunoprecipitation samples were sapat by SDS-PAGE (10 %)
and after blotting onto polyvinylidene difluoridéhglenediaminetetraacetic acid
membrane, probed with anti-Flag M2 (Sigma) and HieRjugated anti-mouse-

IgG secondary antibody (Sigma).

3.7 Expression Profile Verification

2 ug of total RNA from each sample was reverse trabsdrand the cDNA was
used for gRT-PCR. Reactions were carried out indide QPCR SYBR Green
mix (ABGene, Epsom, UK) according to the manufastgr instructions on a
RotorGene 3000 instrument (Corbett Research, Sydhestralia). Final relative
gene expression ratios were calculated as delta-@¢lvalues. Primer sequences
for hCKIP-1 (forward and reverse, respectively) eveused as follows:
CCACTCGAGACAGGGCAAAA and AGCCATTAGGTGTCCCCTTGT.
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3.8 Flow cytometry

For apoptosis measurements, 24 h after transfeétx 16 cells were labeled
with Annexin V-Alexa647 (Invitrogen) in staining ftier (10 mM HEPES, 140
mM NacCl, 2.5 mM CagG) following the manufacturer’s instructions. Forfage

staining measurements, transfected cells were estaimith Infliximab-A647

(labeled by Alexa Fluor 647 Microscale labeling, Kitvitrogen), anti-human
B7/CD86-APC, anti-human DC-SIGN-APC or the appraf@iisotype controls
(RnD Systems, Minneapolis, MN), following the maaxtirer's protocols.
Samples were analyzed by flow cytometry (BD FAC®RY) with an excitation

at 488 nm and 633 nm using the bandpass filter63830m, 610/20 and 660/20
nm as appropriate. Cells with damaged membranes gated by propidium-
iodide (5 pg/ml, Sigma) exclusion. Following Fordiabcatter (FSC) vs. Side
Scatter (SSC) gating the EGFP (Enhanced Green ddoent Protein) positive
population was selected using an FSC vs. Fluonessethiocyanate (FITC) dot

plot.
3.9 Fluorescence microscopy

Cells analyzed by microscopy were grown either uspgnsion (THP-1) or on
glass bottom dishes (HEK293) (35 mm in diameterlailWells BV, The
Netherlands). Suspension THP-1 cells were dropped glass bottom dishes at
37 °C before visualizing with a custom designedtrureent for large area
fluorescence imaging (CytoSc8ytbased on an Axiovert 200 microscope (Zeiss,
Germany) equipped with a 100x objective (alpha phwA. 1.45) [25]. Enhanced
cyan fluorescent protein (ECFP) and enhanced ydlioavescent protein (EYFP)
were excited at wavelengths of 405 nm and 514 ndneanissions were detected
at 480/40 nm and 550/40 nm, respectively. Largasacé the samples (0.9 x 0.9
mn?) were scanned by using the CytoSEowtnd Coolsnap HQ cameras
(Photometrics, Tucson, AZ). Images were analyzetlarerlayed for dual color

experiments by V++. Localization of CKIP-1 was imsfed in positively
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transfected cells while applying manual thresholdr f subtracting

autofluorescence.
3.10 C&" measurements

Adherent THP-1 cells were loaded withu®! Indo 1-AM (Invitrogen) for 20 min
at room temperature in the dark. Indo 1-AM allowsnitoring changes in free
cytoplasmic calcium levels (Grynkiewiet al, 1985). After washing steps with
Cd*-containing Hank's Balanced Salt Solution (Invienylive cells were treated
with 50 pg/ml F(ab) fragment of TNF antibody (Infliximab) or controblsition.
F(ab) fragment was produced by enzymatic reaction amdesyuent separation
using an F(ab) fragment preparation kit (Thermo Scientific) follmg the
manufacturer's instructionsln situ treated live cells were monitored by
fluorescence microscopy. Samples were excited wsimgrcury lamp (HBO100,
Zeiss, Germany) at 333/30 nm and time-resolvedrdésmence emissions at
405/20 nm and at 485/25 nm were were collectedavi®x Neofluar objective
(Zeiss, Germany) and detected simultaneously byisBap HG" CCD cameras
(Photometrics, Tucson, AZ, USA). 240 frame vide@saevaquired at a frame rate
of 0.5 frames per second, using an exposure tink® ahs and 4x binning. Ratio
of fluorescence emission at 405 nm {Glaound dye) and at 485 nm @Cdree
dye) was calculated for individual cells with theftevare Matlab® (MathWorks,
Natick, MA, USA).

3.11 Confocal microscopy and image analysis

Constructs pECFPC1-CKIP-1 or pEYFP-N2-TNFNterm wetensiently

transfected into HEK293 cells as described abo@FHREand EYFP fluorescence
in living cells was detected with an Olympus FV1066nfocal microscope
(Olympus, Germany) using a 60x (N.A. 1.35) objeetiand standard filter
settings. Live THP-1 cells transfected with pEGFRTZKIP-1 were visualized

with a 40x (N.A. 1.30) objective.
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For co-localization analysis, pEGFPC1-CKIP-1 or gray-N2-TNFNterm were
transiently transfected into HEK293 cells as désdi above. 48 h post
transfection the cells were fixed in 4 % formaldeédysupplemented with 4 %
sucrose at room temperature for 10 min. Fluorescénages were recorded with
an Olympus FV10i confocal microscope (Olympus) gsr60x (N.A. 1.20) water
immersion objective and standard filter settingsr Fuantification of the
intracellular co-localization, the threshold wast seanually to distinguish
cytosolic CKIP-1 from CKIP-1 enriched intracellulaegions. The Mander’'s
overlap coefficients were calculated for TNFNterrGimerry vs. CKIP-1-EGFP
using the JACoP plugin for the ImageJ software (MéayRusband, NIH,
Bethesda, USA). Hoechst 33342 (Invitrogen) labeladlei served as a control

for Mander’s co-localization analysis.

3.12 Statistical analysis

Experiments were carried out at least in duplicaieata were analyzed by
unpaired t-test and multiple comparisons were prdiyeANOVA.

P values are shown by asterisks, where *, ** antl ¢cérrespond to p= 0.01 —
0.05, p=0.001 — 0.01 and p< 0.001, respectively.
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4 Results

4.1 CKIP-1 is involved in the inflammatory responsef THP-1 cells

Analysis of the promoter sequence of hurokip-1gene revealed several putative
NF-«B binding sites (data not shown), similarly to icdile genes of
inflammatory cytokines, where effects of extradelttagents e.g. LPS are known
to be mediated by NkB transcription factors (Mulleet al, 1993). To test
whether CKIP-1 is involved in the inflammatory resge, the effect of LPS on
the transcriptional activity agkip-1was followed in human monocytes. THP-1 as
a human monocytic leukaemia cell line has been lwidsed as a surrogate for
investigation human monocytes. Cells were treatétt W00 ng/ ml LPS and
harvested at different time points after stimulatibhe expression of CKIP-1 was
analyzed by gRT-PCR method. As shown in Fig. 4gellef CKIP-1 mRNA was
significantly elevated in cells exposed to LPS4dn, and a further increase was
observed with a maximum at 6 h after LPS exposiremilar upregulation was
found in protein levels when followed by Westeratldnalysis (Fig. 4A, insert).
Next we tested whether elevated levels of CKIP-dladanfluence differentiation
steps in THP-1 monocytes. Anticipating low transfat efficiency in this cell
type, CKIP-1-EGFP was transiently overexpressedHi-1 cells, and only the
successfully transfected subpopulation was analyzéte experiments. 24 h after
transfection live cells were stained for surface86r Dendritic Cell-Specific
Intercellular adhesion molecule-3-Grabbing Non-gnite (DC-SIGN) expression,
for cellular surface markers of classical and aléve activation, respectively.
Means of anti-CD86 or anti-DC-SIGN staining of pngly transfected THP-1
cells are shown in Fig. 4B. CKIP-1 expression wast to facilitate the classical
activation process as reflected in the significamtrease in CD86 surface
expression. Meanwhile, there was no influence enalternative activation upon

CKIP-1 overexpression measured by DC-SIGN surfapeession.
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Fig. 4 CKIP-1 exerts pro-inflammatoy functions in THP-1 cells

(A) LPS-induced CKIP-1 expression in THP-1 cell$lPF1 cells were exposed to LPS and harvested ataitedi time
points after stimulation. Changes in the transdepeél of CKIP-1 in cells were measured by qRT-P@&hod. Primers for
18S rRNA and glyceraldehyde-3-phosphate dehydrageware used to normalize the values. Expressi@isiare shown
as relative ratios (& 6; mean +SD). (insert) Protein level of CKIP-1dontrol and LPS-treated cells were followed by
Western blot analysis (a representative image sho{B) CKIP-1 mediated classical activation of THReells. Surface
expression of classical (CD86) and alternative (BIGN) activation markers was measured by flow cgwgnin THP-1
cells overexpressing CKIP-1 (n = 4 and n = 5 for86[2and DC-SIGN staining, respectively; mean flucease intensity
1+SD). Isotype values are 10.2 +0.3, 13.6 +1.2 ah8 22.4, 24.4 +1.0 for CD86 and DC-SIGN stainirgspectively.

4.2 CKIP-1 transactivates the TNF promoter in coopeation with c-Jun

Since we found CKIP-1 being upregulated at inflartanaconditions in THP-1
cells we tested whether CKIP-1 is involved in pmlammatory responses
through activation of transcription factors. Menweaf the NF<B family of
transcription factors have been known to mediateffects of LPS. Possible
effect of CKIP-1 on activity of NReB transcription factors was tested using a
luciferase reporter construct under the controh gfromoter containing multiple
NF-kB binding sites. Since transfection efficiency iHA-1 monocytes is known
to be very low and the transfection procedure fitgezlds to enhanced cell death,
an efficiently tranfectable human epitheloid cetlel was used as a model cell
system.

HEK293 cells were transfected with the reporterstarct followed by isolation
of stable clones. A number of clones were tested ifducibility by TNF
treatment, a powerful activator of NdB. Transfection experiments were carried

out with clones showing the highest response (aatahown).
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Fig. 5 Effect of CKIP-1 overexpression on transcripon factor activation in HEK293 cells

(A) CKIP-1 overexpression does not induce NF-kappaBvation in HEK293 cells. Increasing amountsegpression
vector for CKIP-1 were introduced into cells stabtntaining the NF-kappaB-luciferase construct.ifarase activity in
cell lysates was measured 36 h after transfedtiociferase activity of cells treated with 12 U/nlF is shown as positive
control. (B) Activation of TNF promoter by CKIP-Inhd c-Jun in HEK293 cells. In stable clones carryting luciferase
gene under the control of the human TNF promotéurcor CKIP-1 or c-Jun and CKIP-1 were transieatigrexpressed.
24 h post-transfection luciferase activity was meed in cell lysates. (B 3; mean +SD) (C) No influence of CKIP-1 on
the activation of c-Jun in HEK293 cells. To evatuatJun phosphorylation the Path-Detect Trans-RiegoSystem
(Stratagene) was introduced into HEK293 cells. &fté# CKIP-1 expression measured as luciferaseigctvas compared

to that induced by MEKK, used as a positive confiok= 3; mean +SD)

HEK293 cells containing the reporter plasmid weasnsfected with increasing
amounts of CKIP-1 expression plasmid or empty veatad luciferase activity
was measured in the cell lysates. Increased leg€lI<KIP-1 protein had
practically no influence on the basal activity bé tNF«B transcription factors in
HEK293 cells (Fig. 5A).

CKIP-1 has also been reported as an interactintngraof c-Jun (Zhangt al,
2005) that is known to transactivate the TNF pranaipon LPS challenge
(Rhoadet al, 1992). To comprehend the effect of CKIP-1 onttheascriptional
activity of the TNFgene, we generated stable clones of HEK293 caitging the
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luciferase gene under the control of the human PMffnoter. Expression vectors
coding for CKIP-1 and c-Jun were introduced inte tells. Protein expression
levels for CKIP-1 and c-Jun were verified by Westéiot analysis (data not
shown). Although low amount of overexpressed c-QuiCKIP-1 did not trans-
activated the TNF promoter significantly, in celtansiently co-expressing both
c-Jun and CKIP-1 a remarkable 13-fold activationtted TNF promoter was
observed (Fig. 5B).

To elucidate whether CKIP-1 could participate ire thctivation of c-Jun we
performed co-transfection experiments. Wild typeki2B3 cells were transfected
with the pathway specific construct pFA2-c-Jun ehiecg a fusion protein
consisting of the DNA-binding domain of the yeasbtpin GAL4 and of the
transactivator domain of c-Jun, with the reporteassmid pFR-Luc and with the
plasmid coding for CKIP-1. If the trans-activatoondain of c-Jun becomes
phosphorylated the fusion protein can bind to GAlding sites in the promoter
region of the luciferase reporter vector. Involvemef CKIP-1 in the activation
of c-Jun was followed by measuring luciferase digtiParallel experiments were
carried out by co-transfection of plasmid encodMgK kinase (MEKK), an
upstream activator of c-Jun, as a positive contdollike in MEKK-transfected
cells, overexpression of CKIP-1 did not facilitéite phosphorylation of c-Jun in
HEK293 cells (Fig. 5C), pointing to other mecharssiteading to synergism
between CKIP-1 and c-Jun on activation of TNF prtenm this cell line.

4.3 TNF reverse signaling induces CGa oscillations in THP-1 cells

Anti-TNF treatments have been shown to induce s®vesignaling in tmTNF
producing immune cells (Mitomet al, 2008). We used Infliximab, a therapeutic
TNF antibody to elicit reverse signaling in THP-dlls that are known to express
tmTNF on the cell surface. Since TNF reverse siggalas been shown to induce
calcium signaling (Wattet al, 1999), we tested whether Infliximab treatment
leads to C& signaling in THP-1 cells. Since suspension THRilsaesponded to

mechanical stimuli with enhanced Caignaling, adherent THP-1 cells have been
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used for the calcium measurements. PMA-induced radhelHP-1 cells were
loaded with Indo-1-AM ratiometric dye and changes the fluorescence
intensities were followed by fluorescence live eelhging. To avoid Fc-mediated
effects, F(aly) fragment of Infliximab was generated for theseezkpents and
cells were treated either with F(abfragment of Infliximab or with control
solution. As shown in Fig. 6A and B, treatment vtk F(ab) fragment triggered
THP-1 cells to specifically respond to a stimulatithrough tmTNF with C&
signaling. The response was expressed in bothuher of responsive cells and

the amplitude of C3 oscillations as compared to the effect of corgmiition.
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Fig. 6 TNF reverse signaling triggers C& signaling in THP-1 cells

(A). TNF reverse signaling induced Tascillations in THP-1 cells PMA-primed THP-1 celleere adhered on glass
bottom dishes and loaded with Indo1-AM ratiometfiee. Fluorescence intensities were monitored its dellowing
treatment with control solution or F(alflagment of Infliximab (Ifx-F(aly). Changes in the ratio of fluorescence emissions
at 405 nm (C&-bound form) and 485 nm (Eafree form) in individual cells were analyzed by fidh (see also
Supplementary video 1A, B). ¢n 3, where 10-19 cells were inspected for each ssmmpéan +SD) (B) Time courses of
emission ratios are shown for representative telited with control solution or F(alfjagment of Infliximab.

4.4 TNF reverse signaling leads to relocalizationf €KIP-1 in THP-1 cells

CKIP-1 has been found to localize mainly to plasmambrane in different cell
types. To explore the subcellular localization HPF1 cells we fused the CKIP-1
sequence to a sequence of a fluorescent proteic@gP. The fluorescent fusion
protein CKIP-1-ECFP was expressed in THP-1 cell$ \@sualized by confocal
microscopy. In resting THP-1 cells CKIP-1 was foupgedominantly at the

plasma membrane and also at intracellular regibigs TA).
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Fig. 7 TNF reverse signaling triggers CKIP-1 relochzation in THP-1 cells

(A) Representative subcellular localization of CKIRn THP-1 cells. Plasma membrane and intracelliolealization of
CKIP-1-ECFP transiently overexpressed in THP-1sceths visualized by confocal microscopy (scale Heum). (B)
Intracellular relocalization of CKIP-1 upon TNF ese signaling in THP-1 cells. CKIP-1-ECFP was expressed in
THP-1 cells. 6 h after transfection cells weretedawith LPS, hlgG or Infliximab for 12-16 h. Locadtion of CKIP-1 was
visualized by fluorescence microscopy taking laagea scan images. Percentage of cells displaytraceilular CKIP-1 is
shown for each treatment. ¥9, where 14-75 cells were inspected for each sgmpean +SD) (C). Representative focus

images from large images are shown for each camdjcale bar= 10 pm).
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To test whether an LPS challenge or TNF reverseatiitg could influence the
subcellular distribution of CKIP-1, transfected THRells were treated with LPS,
human immunoglobulin G (hlgG, as a control of Foepgor mediated effects) or
anti-TNF antibody (Infliximab), then visualized juorescence microscopy.
Because of the low transfection efficiency of tb&l type large (2 mm x 2 mm)
scans of transfected THP-1 cells were imaged aatyzed.

As shown in Fig. 7B, around 50% of the positivetgnsfected cells already
displayed both intracellular and plasma membragalived CKIP-1 in untreated
(ctrl) cells. In contrast to treatments with LPS lgG, Infliximab treatment
resulted in a remarkable additional translocatidnC&IP-1 from the plasma

membrane to intracellular regions.

4.5 Expression of TNFNterm leads to a massive relalization of CKIP-1 in
HEK293 cells

In tmTNF overproducing cells we showed earlier anéllular and nuclear
accumulation of the short N terminal peptide of dM&T(TNFNterm). We showed
a regulatory effect of the peptide on cytokine geraascription and hypothesized
the translocation of TNFNterm upon TNF reverse aligig (Domonkoset al.,
2000). To explore the subcellular distribution d€l2-1 and TNFNterm and their
possible co-localization in HEK293 cells, fusionotgins CKIP-1-ECFP and
TNFNterm-EYFP were transiently expressed and wvigzedl by confocal
microscopy. CKIP-1-ECFP was localized mainly to fil@sma membrane and in
the cytosol. TNFNterm displayed cytosolic and peclear localization (Fig. 8A).
When fusion proteins were co-expressed in HEK293 GKIP-1 and TNFNterm
seemed to partially co-localize. Moreover, a coeiatile relocalization of CKIP-1
from the plasma membrane to intracellular regioas wbserved upon TNFNterm

co-expression (Fig. 8B).
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Fig. 8 Co-expression of CKIP-1 leads to relocalizatn of CKIP-1 in HEK293 cells

(A) Representative localization of CKIP-1 and TNEN® in HEK293 cells. Fusion proteins CKIP-1-ECFPTbiFNterm-

EYFP or both were transiently expressed in HEK28BscCells were visualized by confocal microscdggale bar= 10
pm). (B) Intracellular relocalization of CKIP-1 up@NFNterm expression. CKIP-1-ECFP and TNFNterm-BY¥ EYFP

were transiently co-expressed in HEK293 cells arstialized by fluorescence microscopy. CKIP-1 |amtion was
inspected in CKIP-1 positive cells of large areansc Percentage of cells displaying intracellul&iFE1 is shown for
single CKIP-1-ECFP or double positive cells co-esgsing CKIP-1-ECFP and EYFP or TNFNterm-EYFP. (star= 10
pm) (n> 3, where 13-107 cells were inspected for each Eammean +SD)

4.6 CKIP-1 interacts with the N terminal fragment d tmTNF

CKIP-1 has been identified as an interacting parfi¢he N terminal intracellular
domain of the pro-inflammatory tmTNF in a yeast dmdrid screen. Given the
relocalization of CKIP-1 upon co-expressing TNFNtewe further explored a
possible physical interaction between TNFNterm-m@hand CKIP-1-EGFP in
HEK293 cells. As shown in Fig. 9A, TNFNterm and ©Kl frequently co-
localize in the vicinity of the plasma membraneirointracellular structures. In
addition to representative images subjected todaan analysis, the Mander’s co-
localization results revealed that a significardacfron of TNFNterm positive
pixels overlap with those of positive for CKIP-1igF9B).

Alternatively, co-immunoprecipitation analysis ofNFNterm-mCherry and
CKIP-1-Flag was carried out in HEK293 cells.
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Fig. 9 Interaction of CKIP-1 with TNFNterm
(A) Co-localization of TNFNterm and CKIP-1 in HEK2Zells. Fusion proteins TNFNterm-mCherry and CKIEGFP

were transiently expressed in HEK293 cells. Ceksewisualized by confocal microscopy. (B) Représtére regions

(inserts) were selected for line scan analysis. Nt¢Fm and CKIP-1 frequently co-localize in intrdokdr structures
(inserts) and at the plasma membrane (arrowhe@de)Mander’s overlap coefficients calculated forFNderm vs. CKIP-

1 or Hoechst show a highly significant co-localiaatof TNFNterm and CKIP-1 (n=5). (C) Immunopreatagion Western
blot analysis of TNFNterm and CKIP-1 in HEK293 selHEK293 cells were co-transfected with TNFNteri@marry and
CKIP-1-Flag (1) or mCherry and CKIP-1-Flag (2) omMNHANterm-mCherry and Flag (3). Cell lysates were
immunoprecipitated with beads coupled to anti-Riagor anti-RFP (b) antibodies. Uncoupled beadsMgle used as a
control. Total cell lysates (1-3) and immunopregitgd lysates (1a-c, 2a-c, 3a-c) were probed fdPEKFlag by Western
blotting with anti-Flag antibody (a representativeage shown, see arrowhead). Total cell lysate®) (epresent 50 % of
input used in immunoprecipitation. (D) Interactioh TNFNterm with CKIP-1in vitro. The cDNA of TNFNterm was
subcloned into a pGEX vector. Fusion protein prod@8T-TNFNterm or GST alone were bound to glutatei&epharose
4B beads and incubated witis-labeled CKIP-1. After washing, bound proteinsexsgparated by SDS-PAGE, and CKIP-
1 was visualized by autoradiography (a represemtatage shown, see arrowhead). The lane ,inpytfesents 40 % of

the cell lysate used in the pull down experiments.
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Cells were co-transfected with TNFNterm-mCherry &idIP-1-Flag or with
mCherry and CKIP-1-Flag as well as TNFNterm-mChamg Flag, the latter two
used as controls. The different cell lysates wemibbated with anti-Flag, anti-
RFP antibody or uncoated beads, followed by eluioth Western blot analysis of
the bound proteins. As expected, probing the sasfpleCKIP-1-Flag two of the
three cell lysates (1, 2 but not 3) were found fpasi(Fig. 9C). As compared to
uncoupled bead controls, an increased amount oPEKFFlag was detected in
anti-RFP immunoprecipitated lysates of HEK293 celipressing TNFNterm-
mCherry and CKIP-1-Flag (lane 1b vs. 1c). Meanwhites was not observed
when the beads were incubated with lysates of HBKZ9Is expressing CKIP-1-
Flag and mCherry only (lane 2b vs. 2c). CKIP-1-Rhag captured with anti-Flag
beads from lysates of HEK293 cells expressing CKIHag (lanes 1a and 2a).
There was no detectable CKIP-1-Flag from lysate$iBK293 cells expressing
TNFNterm-mCherry and Flag only (lanes 3a-c). Finalthe interaction of
TNFNterm and CKIP-1 was corroborated imyvitro GST pull down assays, as
well. The fusion protein GST-TNFNterm or GST alamere expressed i. coli,
purified with glutation sepharose beads and inedatithin vitro translateds-
labeled CKIP-1. As shown in Fig. 9D, CKIP-1 intetext with GST-TNFNterm,
but not with GST alone.

4.7 TNF reverse signaling reduces CKIP-1 mediatedctivation in THP-1 cells

CKIP-1 participated in the activation processemfiémmatory responses in both
THP-1 cells and HEK293 model. Since reverse siggadiffected the subcellular
localization of CKIP-1 we tested whether it infleess the CKIP-1 mediated
activation of THP-1 cells. CKIP-1 overexpressingPrH cells were exposed to
Infliximab or higG for 16 h followed by staining thi anti-CD86 antibody.
Remarkably, the CKIP-1 mediated increase in CD8Gasa expression was
significantly reduced upon Infliximab treatment Fil0A). Since TNFNterm
could also affect the localization of CKIP-1 in HE®3 cells, we tested its

possible effect on the co-operative activationhef TNF promoter by CKIP-1 and
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c-Jun. Stable clones containing the TNF promotefedrluciferase reporter gene
were co-transfected with expression plasmids fotFCK, c-Jun and TNFNterm.
As shown in Fig. 10B, TNFNterm significantly reddcine co-operative effect of

CKIP-1 and c-Jun on TNF promoter activation.
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Fig. 10 TNF reverse signaling interferes with CKIP1 mediated immune activation

(A) CD86 surface expression upon TNF reverse siggalHP-1 cells transiently expressing EGFP or ERIEGFP were
incubated with hlgG or Infliximab for 16 h. Cellmmed with anti-CD86 and Pl were analyzed by flojometry. Means
of anti-CD86 staining of intact cells in EGFP pb&tsubpopulations are shown. (n = 4; mean +SD)I{B)bition of
CKIP-1/c-Jun mediated activation of the TNF promdig TNFNterm. CKIP-1 and c-Jun in the absenceresgnce of
TNFNterm were transiently expressed in HEK293 cdocarrying the luciferase gene under the contrthefhuman TNF
promoter. Luciferase activities are displayed ilatien to the values measured for CKIP-1 and c¢hwoperation. (& 5;
mean fluorescence intensity +SD) Isotype valueddiet0.4, 3.3 +0.4, 3.8 £0.5, 4.4 +1.2.

4.8 Expression of CKIP-1 prevents cells from TNFNten/ TNF revese

signaling induced apoptosis

Interestingly, in imaging experiments (Fig. 8A, 9% observed morphological
changes and a decreased proliferation rate of HBK28lls expressing
TNFNterm. However, the morphological changes amzb#&n be counteracted in
cells co-expressing both TNFNterm and CKIP-1. Sinthe morphological

changes were similar to that of observed in apaptlls, we tested whether
TNFNterm induces apoptosis in HEK293 cells andKiil1 could influence this

process. Expression vectors for CKIP-1-EGFP or E@R TNFNterm or empty
vector were introduced into HEK293 cells. 24 h aftensfection cells were

analyzed by flow cytometry monitoring phosphatidgkine externalization by
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Annexin V staining. Production of TNFNterm signdiatly increased the Annexin
V staining of the transfected HEK293 cell populat@ompared to control cells.
Interestingly, co-expression of CKIP-1 almost coetgly prevented HEK293
cells from the apoptotic effect of TNFNterm (Fid.Al).
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Fig. 11 CKIP-1 interferes with reverse signaling-iduced apoptosis

(A) Inhibition of TNFNterm-induced apoptosis by Gkll. HEK293 cells were transiently co-transfecteth vempty
vector or TNFNterm plasmid and EGFP or CKIP-1-EGBressing vectors. 24 h after transfection ceisewabeled
with Annexin V-Alexa647 and Pl and analyzed by floytomertry. Means of Annexin V-Alexa647 stainingcells are
shown for EGFP positive subpopulations>(#; mean fluorescence intensity +SD) (B) Influen€€KIP-1 on Infliximab-
induced apoptosis. THP-1 cells transiently expres&GFP or CKIP-1-EGFP were incubated with higGnéliximab for

16 h. Cells labeled with Annexin V-Alexa647 andvidire analyzed by flow cytometry. Means of AnnexirAxa647
staining of cells in EGFP positive subpopulatioresghown. (n = 5; mean fluorescence intensity +SD).
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Fig. 12 Surface expression of tmTNF

THP-1 cells were transfected with CKIP-1-EGFP ar@FP expressing vectors. 24 h after transfectiondicells were
labeled with anti-TNF antibody and analysed by floytometry. Means of Ifx-Alexa647 staining of ceflee shown for
EGFP positive subpopulations.$r; mean fluorescence intensity +SD)
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Infliximab treatment has been shown to induce apgiptin THP-1 cells (Shegt
al., 2005). As CKIP-1 could abolish the TNFNterm-indd@apoptosis in HEK293
cells in the above experiments, we tested whethdP could also affect the
TNF reverse signaling-triggered apoptosis in THeells. Transfected cells were
exposed to Infliximab or higG for 16 h followed Wiow cytometry-based
apotosis analysis. Infliximab treatment resulted ansignificant increase in
Annexin V staining of control cells. Noticeably, reeCKIP-1 overexpression
sensitized THP-1 monocytes to apoptosis, a phenomtrat has been described
for other cell types (Zhangt al, 2005). However, the presence of CKIP-1 did not
just inhibit the apoptotic effect of Infliximab buveéduced the apoptosis below the
control (higG) level (Fig. 11B), pointing to an &ettion of an additional survival
signaling. Note that CKIP-1 overexpression did nofiluence the surface

expression of tmTNF (Fig. 12).

4.9 CKIP-1 does not prevent cells from etoposide-ttuced apoptosis

TNF reverse signaling is thought to induce casg@aaetivation and CKIP-1 has
been shown to participate in caspase-3 mediategtegie (Zhanget al, 2005).
To test whether CKIP-1 interferes also with othaspase-3 mediated apoptotic
processes, cells were treated with etoposide. Bidpotreatment caused a
significant increase in the apoptosis values oftrabrecells. Unlike Infliximab,
etoposide treatment further elevated the apoptesisie of THP-1 cells

overexpressing CKIP-1 (Fig. 13).

=== DMSO Fig. 13 Influence of CKIP-1 on etoposide-induced

400 - THP-1 =~ etoposide

r apoptosis.

7 THP-1 cells transiently expressing EGFP or CKIP-1-
r\ EGFP were incubated with etoposide or DMSO for 12
NN h. Cells labeled with Annexin V-Alexa647 and PI

300 -

200 r

N were analyzed by flow cytometry. Means of Annexin
100 - V-Alexa647 staining of cells in EGFP positive

N subpopulations are shown. (n = 5; mean fluorescence

EGFP CKIP1-EGFP intensity £SD)
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4.10 Expression of CKIP-1 is controlled by TNF revise signaling

Our data above showed that CKIP-1 expression caati@inally interfere with
TNF reverse signaling in THP-1 cells (Fig. 11B). Wsted whether TNF reverse
signaling could influence the already induced CHIRxpression. THP-1 cells
were challenged by LPS for 4 h, and then subjetdddPS, higG or Infliximab
for additional 4 h. Upon higG treatment the mRN#dkeof CKIP-1 was relaxed.
Remarkably, upon Infliximab treatment the mRNA legECKIP-1 was reduced
to a lesser extent as compared to the hilgG cotreatment (Fig. 14A). Hence
TNF reverse signaling appeared to interfere witlaxagion of LPS-triggered
CKIP-1 induction. Note that Infliximab treatment ddinot induce ckip-1

expression in resting THP-1 cells (Fig. 14B).

A B
— 4 - *x — 6 r *kk
° THP-1 Fkk Hkk o
S r —L— T T 5r T
g °r g 4l
< r < L
g 2r Z 3t
= = L
v - 2t
L 4L a r o
X X 4L
® ° B =

0 0
LPS higG Ifx LPS hlgG Ifx
Post LPS treatment Treatment

Fig. 14 Effect of TNF reverse signaling and LPS clienge on CKIP-1 expression

(A) CKIP-1 expression is maintained upon TNF regesignaling. THP-1 cells were pretreated with LBfS4fh. Following
repeated washing steps cells were treated eithter MRS or higG or Infliximab for 4 h. Samples wérarvested and
changes in the transcript level of CKIP-1 were mead by gRT-PCR. (n = 12; mean £SD) (B) The effettPS
challenge or TNF reverse signaling on CKIP-1 exsices THP-1 cells were treated with LPS, higG dliximab for 4 h.
Samples were harvested and changes in the tranissih of CKIP-1 were measured by gRT-PCR=(®; mean +SD)
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5 Discussion

Activation of several intracellular signaling patiys triggered by the interaction
of members of the TNF receptor superfamily withittegnate ligands leads
either to cell death or to proliferation, differextion and activation of the receptor
bearing immune cells. These pathways are well kndwut precious little is
known about the molecular details @verse signaling, the event elicited upon
activation of the transmembrane forms of TNF supuify ligands by their
soluble or transmembrane receptors or agonisticbadies in the ligand
expressing cells. The phenomenon of reverse signalas reported for a number
of TNF superfamily members and appears to be atfineag control mechanism
in the immune system (Eissnet al, 2004). Receptor-like properties of the
transmembrane form of the pro-inflammatory cytoKinéF (tmTNF) have been
reported by several laboratories (Eisseeal, 2000; Mitomaet al, 2005; Watts
et al, 1999). Although TNF reverse signaling has beeerging as an important
phenomenon in the immune response, its moleculsis bamains elusive. We
reported earlier that the NLS containing N termifl@dgment of the tmTNF
(TNFNterm) could accumulate in the nucleus and leggutranscription of
cytokines (Domonko®t al, 2000) . A shorter sequence of this TNFNterm has
been found to interact with a novel protein, mod$¢- intracellular domain
interacting protein (mTIP), and its human homolodgb&IP) has been cloned
from a lymph node plasmid library.

This novel protein has been proved identical toeitakinase-2 interacting
protein-1 (CKIP-1). CKIP-1 has been shown to interaith several intracellular
proteins such as c-Jun (Zhaetgal,, 2005), actin capping protein subunits (ACP
andp) (Cantonet al, 2005), ATM (Zhanget al, 2006), Akt (Tokudat al, 2007),
IFP35 and Nmi (Zhanegt al, 2007) as well as Smurf-1 (Let al, 2008). Since
CKIP-1 has been reported as a multifunctional pmosand interacted with the
intracellular domain of tmTNF, we assumed CKIP-1 ptay a role in

inflammation, as well.
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CKIP-1 exhibited diverse functions in different Ic&pes such as recruiting
proteins to the plasma membrane (Olst#nal, 2004; Zhanget al, 2005),
mediating regulation of the actin cytoskeleton (tBaret al, 2005), repressing
cell survival signaling (Zhangt al, 2005) or affecting cell differentiation (S&fi
al., 2004). Although CKIP-1 has been reported to mfice interferolgamma
(IFN-y) induced signaling through controlling the stapibf IFP35 (Zhanget al,
2007) its function in immunity remained unclear.

In this study we showed that expression of humarlPEK was significantly
elevated in THP-1 monocytes exposed to LPS, bothRNA and protein levels.
Moreover, model experiments with HEK293 cells shdwa increased activity of
the TNF promoter upon co-expression of CKIP-1 antlm. Both c-Jun and
CKIP-1 was able to significantly transactivate tAéNF promoter in a
concentration dependent manner (data not showmjever, the highest activities
were found upon co-expression at lower expresstorls$, pointing to a strong
synergism between the two proteins. Noteworthys tto-operative effect could
not be attributed to the direct phosphorylatioriha transcription factor c-Jun, as
measured byis-activating pathway specific transfection experitsefherefore,
CKIP-1 appears to act indirectly in HEK293 celkading to an enhanced activity
of the TNF promoter upon c-Jun overexpression. réstengly, CKIP-1
overexpression clearly facilitated an increase-llu activity in a concentration-
dependent manner in other cell lines, where therhinal half of the protein
failed to activate c-Jun in those cells (data nlbbwn). Since intracellular
signaling might vary among different experimentgtems and cell types, these
data further support cell type dependent functiais CKIP-1. The pro-
inflammatory role of human CKIP-1 was further sugipd by the fact of CKIP-1-
mediated increase in surface expression of CD8@glh surface marker of
classical monocyte activation. Therefore, we coteluhat CKIP-1 exerts a
positive regulatory role in the activation proceéfiuman monocytes.
Overexpression of mouse CKIP-1 in mouse macrophlagéso detectable effect
on the basic transcriptional level of a set ofanfmatory cytokines. Interestingly,
upon LPS challenge IL-1, IL-6 and TNF were inducedre dramatically in the
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CKIP-1 overexpressing cells (data not shown). Aaptimteresting observation
was that CKIP-1 overproducing mouse macrophagesdidghowin vitro LPS
tolerance, the phenomenon of decreased or absasttore to bacterial endotoxin
after an initial treatment with the same agentgdadt shown). These findings
indicate that both human and mouse CKIP-1 is ire@lin the regulation of
inflammatory cytokine expression.

The human and the mouse CKIP-1 transcripts encookeips of 409 and 408
amino acid residues, respectively. The proteind witalculated molecular mass
of approx. 50 kDa exhibit a highly conserved amawid sequence, with 90.2%
identity. However, in contrast to human cells, neousacrophage cells showed a
clear decrease in mRNA levels of CKIP-1 upon LP8llehge (data not shown).
In addition, sequence analysis revealed severakBlBindig sites in the human
and several Spl sites in the mouse CKIP-1 promstggesting an inducible and
a constitutive expression, respectively. Since lagn of human and mouse
CKIP-1 seemed to be different, we aimed at elumdate role of human CKIP-1
in immune cells in particular in TNF reverse signgl

Several monoclonal TNF antibodies and a soluble Tédeptor are licensed for
clinical use in immune mediated inflammatory dissaswhere they bind to
soluble and tmTNF and can neutralize the pathotdgtfects of TNF. Most of
these drugs have been reported to elicit revegealng in tmTNF producing
immune cells (Mitomaet al, 2008).

Infliximab, used in this studyis a chimeric (25 % mouse and 75 % human)
monoclonal antibodgonstructed by linking the variable regions of aus® anti-
human TNF monoclonal antibody to a human Fc gaftiximab binds with a
high affinity and specificity to human soluble TN#Ad tmTNF. It is routinely
administered intravenously in several diseastsye we showed that Infliximab
treatment induced Ghoscillations in tmTNF expressing THP-1 monocytes.
accordance, TNF reverse signaling induced Ca-signdias been reported in
mouse macrophages (Wagsal, 1999). Since frequency of €aoscillations is
known to optimize gene expression (Dolmetssthal, 1997), TNF reverse

signaling might lead to transcriptional changekuman monocytes, as well.
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CKIP-1 has a fairly complex domain structure wiglvesral potential sites for post-
translational modifications, indicating that modé#tions and interactions of the
protein might alter its localization and activityhe subcellular localization of
CKIP-1 is highly dependent on the cell type and shmulus. CKIP-1 could be
localized to the plasma membrane, in the cytoplasdhin the nucleus, depending
on the cell type examined. Interestingly, the lmaadion of CKIP-1 could be
regulated by extracellular signals, such as insuéatment (Safet al, 2004). In
response to TNF, CKIP-1 has been reported to weas from the plasma
membrane to the cytoplasm and then to the nuclecgngpanied by caspase-3
cleavage (Zhangt al, 2005). These observations suggest that CKIPeitleh
between various intracellular compartments and yntipht CKIP-1 may bind to
different partners in different compartments.

Intriguingly, we found that CKIP-1 relocalized frothe plasma membrane to
intracellular compartments upon TNF reverse sigigain THP-1 cells.
Remarkably, a similar relocalization of CKIP-1 wslsown for HEK293 cells
when expressing TNFNterm, a short N terminal fragimed tmTNF. We found
this short peptide of 10kDa, a residual fragmenttrof NF after cleavage by
TACE, to translocate into the nucleus and regutatekine expression. We
hypothezised that upon TNF reverse signaling tmTadfR be dephosphorylated
by an unknown phosphatase and after cleavage ieinisng N terminal fragment
translocates to the nucleus (Domonkes al, 2000). A similar unusual
phenomenon is known for Notch, where upon liganddioig the cleaved
intracellular domain of the transmembrane moletw#aslocates into the nucleus
and acts as a transcriptional co-activator (Oswetidal, 2001). Moreover,
intramembrane proteolysis by signal peptide pep@dike proteases and
subsequent nuclear translocation have been replrtéde tmTNF (Friedmanat
al., 2006) and for the FasL (Kirkiet al, 2007).

Since we observed a mutual influence on the subeelldistribution of
TNFNterm and CKIP-1, we hypothesized that TNF regesignaling and CKIP-1
overexpression could interfere with each other effutar functions. Indeed, Iin

parallel with the relocalization of CKIP-1, Inflixiab-induced TNF reverse
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signaling or expression of TNFNterm antagonizedpteeinflammatory effects of
CKIP-1. In fact, upon TNF reverse signaling CKIPagdiated increase in CD86
surface expression was diminished in THP-1 cellsorddver, expressing
TNFNterm in HEK293 cells drastically inhibited the-operative activation of the
TNF promoter by CKIP-1 and c-Jun. Therefore, TN¥erse signaling appeared
to have a negative regulatory role in inflammatiahjch is supported by the fact
that reverse signaling has been shown to induaamgdrary LPS resistance in
monocytic cells (Eissneet al, 2000). This negative regulatory role of TNF
reverse signaling might operate partly through estration of CKIP-1 from the
activating protein complexes.

TNF reverse signaling has been shown to activatd lpyoapoptotic and
antiapoptotic signaling pathways, where fate ofdbk depended on the degree of
differentiation and crosstalk with other signalipgthways (Meusclet al, 2009;
Xin et al, 2006). In THP-1 monocytes reverse signaling basn shown to
increase the release of TGF-beta 1 from the dellgjrn to activate proapoptotic
pathways (Waetzigt al, 2005). In our experiments Infliximab treatmemduced
apoptosis in THP-1 cells. Moreover, overexpressibd NFNterm could induce
apoptosis in HEK293, which is known as an apoptassensitive cell line.
Nevertheless, critical signaling molecules detemgrthe fate of the cell upon
TNF reverse signaling have not been revealed.

CKIP-1 overexpression has been reported to promaptgptosis by forming a
positive feedback loop between CKIP-1 and caspagéghanget al, 2005).
Increased numbers of cleaved poly(ADP-ribose) pelase and cleaved caspase-
3 fragments have been reported by others afterositdg treatment in CKIP-1
stable transfectants. It has also been reported, GKIP-1 expression enhances
the sensitivity to anticancer drugs by suppressikigactivity by targeting the Akt
PH domain (Tokudaet al, 2007). In agreement, we observed a moderate
apoptosis sensitizing effect of CKIP-1 in THP-1lgel

Importantly, overexpression of CKIP-1 interferedttwiTNF reverse signaling
induced apoptosis in THP-1 monocytes. In accorda@G¢dP-1 overexpression

almost completely counteracted the apoptotic effeft the co-expressed
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TNFNterm in HEK293 cells. Therefore we hypothesitegt CKIP-1 prevents
cells form TNF reverse signaling induced apoptobig interfering with
TNFNterm functions.

Surprisingly, CKIP-1 could not only prevent THP-&lls from TNF reverse
signaling induced apoptosis but increased the gairaf the CKIP-1 expressing
cells upon Infliximab treatment. These data indictiiat besides sensitizing to
apoptosis CKIP-1 might play an antiapoptotic radeneell. A similar but opposing
switch between pro- and antiapoptotic functions been shown for Livin, where
the antiapoptotic function of the protein turnedotoapoptotic activity through a
caspase-3 mediated cleavage (Abd-Elrahetaal, 2009). Interestingly, CKIP-1
has been shown to be cleaved by caspase-3 upomotipapgnals in different
epitheloid cells (Zhanget al, 2005). However, in our experiments the
antiapoptotic function of CKIP-1 was not activateghon treatment with
etoposide, another apoptosis inducer acting thraagpase-3. Although we did
not test the antiapoptotic switch in the preserfca caspase-3 inhibitor, we can
assume a similar switch mechanism dependent orasespmediated cleavage of
CKIP-1 upon TNF reverse signaling. Hence, the switc CKIP-1 function
appears to be rather specific to anti-TNF treatment

The apparent correlation between the relocalizatioBKIP-1 and TNFNterm, as
well as the specific interference of CKIP-1 with Feverse signaling indicates
that CKIP-1 and TNFNterm may physically interachisTidea is consistent with
the findings of yeast two-hybrid anoh vitro GST pull down assays, co-
immunoprecipitation and co-localization experimentais, we speculate that in
immune cells they likely interact in a protein cdexpthat is supported by the
proposed scaffold nature of CKIP-1 (Safi al, 2004) as well as the mutual
influence on cellular activities of CKIP-1 and TKéverse signaling shown in this
study.

The molecular mechanism of the proapoptotic agtioit TNF reverse signaling
remains elusive. However, activation of apoptotgnaling through a secondary
autocrine loop of TGF-beta signaling has been tepgofor THP-1 monocytes,

where TNF reverse signaling increased the consttutlease of TGF-beta from
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the cells. TNF reverse signaling has been proptsesensitize THP-1 cells to
TGF-beta induced apoptosis, as TGF-beta alonetigytotoxic for cells at the
concentration measured in those experiments (Wgetzl, 2005).

Based on experimental data we hypothesize thatadicth tmTNF on the surface
of THP-1 cells by transmembrane or soluble recsptor agonistic antibodies
leads to dephosphorylation of the intracellular domof tmTNF and subsequent
recruitment of interacting signaling proteins whigovern the subcellular
localization of the complex. The earlier identifigdnctional NLS of TNF might
play an important role in further nuclear transtawa of later complexes
interacting with transcription factors localized mucleus. The high number of
interacting partners and the stoichiometric inteoacbetween CKIP-1 and c-Jun
suggest that CKIP-1 may be a scaffold protein toatdinates signal transduction
events, providing a platform for other interactingplecules.These proteins
appear to impose an architecture that physicalpaisges signaling molecules of
similar pathways, thereby providing the means foc#fic subpathway selection.
Excess CKIP-1 might inhibit TNF revese signalingduned apoptosis by
interfering either with the autocrine TGF-beta silymg or the sensitizing effect of
TNF reverse signaling through influencing the logation of TNFNterm. Since
CKIP-1 has been shown to interact with Smurf-1 €tal, 2008) that is involved
in TGF-beta signaling, there is a possibility tRa¢IP-1 interferes with the TGF-
beta induced apoptotic pathway, as well. CKIP-1rexpression might shift the
balance between p38 and ERK1/2 pathways, theretmymgimg survival of the
cells (Fig. 15).
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Fig. 15 A proposed schematic model for the role &KIP-1 in TNF reverse signaling in THP-1 monocytes

TNF reverse signaling leads to enhanced TGF-betigase. Autocrine TGF-betal activates the proatioptiector p38
leading to cell death. Overexpression of CKIP-1hhighibit signaling events through the N termifragment of tmTNF
and/or shifting the balance to ERK1/2 signalinglleg to enhanced survival (adapted from Waegtigl, 2005).

Notably, LPS-triggered CKIP-1 induction was relaxeda lesser extent when
TNF reverse signaling was activated, further intingathe involvement of CKIP-
1 in this signaling pathway. Thus, CKIP-1 appeatedbe a critical factor
determining the fate of THP-1 monocytes interactiitp anti-TNF antibody.
Importantly, it has been suggested that secondaections during anti-TNF
therapies in chronic inflammatory diseases mayypartginate from elimination
of immune cells expressing tmTNF. Our data sugtfest expression level of
CKIP-1 could regulate the response of tmTNF expmgsgsnmune cells upon
TNF reverse signaling. Therefore, CKIP-1 may beanysing target during local
or systemic anti-TNF therapies. We propose thathéur studies on CKIP-1

functions in immunity may contribute to more cotird therapeutic approaches.
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6 Summary

When transmembrane form of tumor necrosis factomF) interacts with its
cognate receptors or agonistic antibodies signglmipways are activated in the
ligand expressing cells. The phenomenon called rsevaignaling has been
considered as a fine-tuning control mechanism enithmune response and has
been reported in anti-TNF therapies, as well. Diespiclinical relevance the key
participating molecules of TNF reverse signalingdl aheir functions remain
elusive. Here we examined the role of CKIP-1, aeracting partner of the N
terminal fragment of tmTNF (TNFNterm) in inflammati and TNF reverse
signaling. We showed that CKIP-1 expression wasagdel upon LPS challenge
in THP-1 monocytes. Overexpression of CKIP-1 triggeclassical activation of
THP-1 cells and trans-activated the human TNF ptemehen co-expressed with
c-Jun in the HEK293 model system. Upon TNF revesigmaling a massive
translocation of CKIP-1 from the plasma membranmti@cellular compartments
was observed in THP-1 cells. A similar relocaliaatiof CKIP-1 was shown in
HEK293 cells upon expression of TNFNterm. In palalWith the translocation,
CKIP-1-triggered activation of THP-1 cells was dmished upon TNF reverse
signaling. Similarly, the presence of TNFNterm bited CKIP-1 mediated TNF
promoter activation in HEK293 cells. Both TNF resersignaling in THP-1
monocytes and expression of the TNFNterm in HEK28Bs were found to
induce apoptosis. Intriguingly, overexpression ®fIRZ-1 greatly interfered with
apoptotic triggers elicited through tmTNF in botHH-1 monocytes and HEK293
cells. We showed novel functions of the signalinglenule CKIP-1 in
monocytes. First, CKIP-1 was shown to play an irtgoadrstimulatory role in the
pro-inflammatory process. Second, CKIP-1 showedumteracting effect on TNF
reverse signaling-induced cell death, suggestimq ithcould act as well as an
inhibitory molecule in immune cells. Since both raing processes require
CKIP-1, distinct activities of the scaffold prote@KIP-1 may be regulated by its

localization and interacting partners
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7 Highlights of the study

Involvement of CKIP-1 in monocyte activation and Heverse signaling was

examined.

CKIP-1 expression is elevated upon LPS challenghuman monocyte model

cells

Excess CKIP-1 results in activation of monocyte elazlls.

TNF reverse signaling triggers translocation of BKl, while CKIP-1-mediated
activation is decreased.

CKIP-1 expression counteracts TNF reverse signatidgced apoptosis.

CKIP-1 is proposed as a candidate for regulatirgftte of tmTNF expressing

cells upon TNF reverse signaling.
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8 Osszefoglalas

A tumor nekrozis faktor (TNF), a TNF szupercsaldévaddja, egy tipikus
gyulladasos citokin, amely receptorahozdite génexpressziét, differenciaciot
és sejthalélt is képes kivaltani. A membran kot szolublis formaban is
megtalalhatd TNF-etéként immunsejtek, de mas sejttipusok is termelikveM
nagyon hatasos citokin, termelésének hibas szatidgotobb - gyakran sulyos
kovetkezményekkel jard - patoldgids elvéltozas oOknzehet. llyen példaul az
LPS indukélta szeptikus sokk, vagy tobb autoimmatedpség mint a reumatoid
artritisz vagy a Crohn betegség. Ezekben a betegbég évek oOta sikeresen
alkalmazzak az anti-TNF terapiat, ahol a kéros nyeségi TNF-et ellenanyaggal
semlegesitik.

Az utdbbi évtized attér felismerése volt, hogy a TNF szupercsalad
membrankotétt ligandjai képesek kétiranya jelatvitelyamatokat kivaltani. A
receptoraval vagy agonista ellenanyaggal is aktatél ligandon indul6 jelatviteli
folyamat vagyreverz jelatvitel az egészséges szervezetben az immunvalasz
finomhangolésat teszi lelé@€. llyen receptor-szérviselkedést a transzmembran
TNF (tmTNF) esetében is megfigyeltek, ahol a revefatvitel monocitakban
anergias allapotot idézélmig egyes T sejt tipusokban génexpressziot fokoz.
tmTNF-en induld reverz jelatvitelt anti-TNF terabigalkalmazasa soran is
megfigyelték, ahol gyakran a tmTNF-et expresszalddomféle immunsejtek
aktivalodasat vagy apoptozisat okozza. Klinikaievanciajanak ellenére a
tmTNF-en indulé reverz jelatvitel molekularis meolmanusa napjainkban sem
egészen ismert.

A jelenség mechanizmuséanak feltérképezésében kosumjtséget jelenthet a
tmTNF N termindlis, intracellularis doménjével kéinhato fehérjék azonositasa.
Az egyik ilyen kélcsdnhaté molekulat élesxtet hibrid technikaval azonositottak
LPS-sel kezelt egér makrofagok cDNS konyvtaratgahsm. A fehérje human
megfelebje azonosnak bizonyult a szintén Ujabban felfede@&P-1 (kazein
kindz-2-vel kdlcsbnhatd protein) fehérjével. AzataCKIP-1 tbbb funkciojat is

leirtak kUlonbo#d sejttipusokban. A CKIP-1 fehérje aktivan részt eteh
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differenciacidban, sejtmozgasban vagy sejthalallimn Ennek megfeléen,
kolcsonhatasat a kazein kinaz-2 mellett, tobb oaitalaris fehérjével is
kimutattak. Kélcsonhat példaul a c-Jun transzképdaktorral, aktin kdt fehérje
alegységekkel vagy a tumorsejtek tulélésében rés#st Akt fehérjével is. Mivel
a gyulladadsos valaszban részt &evmTNF kolcsonhatd partnereként is
azonositottak, ceéluliztuk ki a CKIP-1 immunrendszerben betdltétt szemege
tanulmanyozasat. Vizsgaltuk a CKIP-1 fehérje egtdeszerepét monocitak
gyulladasos valaszaban és a tmTNF-en indulé rge&titelben.

Kimutattuk, hogy a CKIP-1 expresszidja LPS kezedtdsasira THP-1
huméan monocita sejtekben megemelkedik. Tultermelkéssejtek klasszikus
aktivaciojat okozza, amelyet a CD86 sejtfelszinpresszio névekedése is jelez.
Modell rendszerkéent alkalmazott human embrionaiisesejtekben (HEK293) a
CKIP-1 tultermelése a TNF promoéter aktivalodasalvezet, amelyben és
szinergizmust mutat a c-Jun transzkripcios faktongy elmondhat6, hogy a
CKIP-1 egy, a gyulladasos immunvalaszban pozititivakiés szereppel
rendelked fehérje.

Kisérleteinkben a TNF reverz jelatvitel kivaltas&a infliximab new
rekombinans monoklondlis anti-TNF-et hasznaltuk. &aumanizalt ellenanyagot
eévek Ota sikeresen alkalmazzak a koros mennyis€yF neutralizalasara
kilonbo®d gyulladasos korképek klinikai terapidja soran.daioni adatokkal
egybecsentgen, az infliximab kezelés az altalunk vizsgalt THRonocitdkban is
képes volt kalcium-oszcillaciét inditani. MitobbHP-1 sejtekben az eredetileg
foként plazma membran koézelében elhelyedk@KIP-1 j6kora hanyada TNF
reverz jelatvitel hatasara citoplazmatikus elhékgelest mutatott. Hasonlo
transzlokaciot figyeltink meg HEK293 modell sejtekba tmTNF N terminalis
doménjének tultermelésekor.

A CKIP-1 meglehdisen 0Osszetett doménszerkézés tobb lehetséges
poszttranszlacios maodositohellyel is rendelkezik. mMddositasok és mas
fehérjékkel valé kolcsdnhatasai befolyasolhatjakCKIP-1 lokalizaciojat és
aktivitasat. ennek megfetedn, a CKIP-1 molekula a sejten belll stimulus és

sejttipus figgen elhelyezkedhet a plazma membranban, a citoplzeameaagy



51

akar a sejtmagban is. Erdekes, hogy a modell ®#jjen megfigyelt
transzlokacioval parhuzamosan az infliximab altalukalt TNF reverz jelatvitel
vagy a TNF N terminalis peptidjének tultermelése CKIP-1 kilonbod
aktivitdsainak csokkenéséhez vezetett. Igy fekated, hogy a tmTNF-en induld
reverz jelatvitel gyulladdsos valaszban korabbém teegativ szabalyoz6 szerepe
részben a CKIP-1 molekulan keresztil valdsulhat.meg
Anti-TNF kezelés hatasara bekovetkempoptozist monocita sejtek esetében és T
limfocitdkban is megfigyeltek mar korabban. Ezzelgyleecsengen,
kisérleteinkben az infliximabbal kezelt THP-1 skjtegy része apoptozist
szenvedett, ami morfologiai valtozasokon tul a plazmembran kutsfelszinén
megjeled foszfatidil-szerin mennyiségéenek ndvekedésébemegnyilvanult.
Hasonlé apoptotikus jegyeket figyeltink meg a tmTNRerminalis doménjét
termeb, egyébként apoptdzisra nem érzékeny, HEK293 madgkkben is.
Erdekes, hogy a CKIP-1 molekula taltermelése mindkézsgalt
sejttipusban gatolta az apoptotikus hatast. RabdasCKIP-1 expresszioja
nemcsak megveédte a sejteket a TNF reverz jelataital kivaltott apoptoézistal,
hanem a tulél sejtek szadmét is megnovelte. A jelenséget egy kn&zintén
kaszpaz-3 molekulan keresztll érvényésipoptozis-indukald szer, az etopozid
estében nem figyeltik meg. Kisérleti erdményeinkpjdin valdszith, hogy a
CKIP-1 tultermelése a tmTNF-en indul6 reverz jat&tvaltal inditott apoptdzist
specifikusan képes ellensilyozni. igy a CKIP-1 esejtbeliili mennyisége
meghatarozhatjia az anti-TNF-fel koélcsonhatdé immjieke sorsat. Fontos
megjegyezni, hogy a CKIP-1 tultermelés nem befalitasa sejtfelszini tmTNF
mennyiségét, igy a megnodvekedett thlésejtek szama valosiileg egy
funkcidvaltas eredménye.
A tmTNF-en indulo reverz jelatvitel pontos molekisdmechizmusa egyile
nem teljesen ismert. Transzmembran TNF-et termstjtekben a tmTNF
citoplazmatikus doménje szerin-foszforilalt, amikazein kinaz 1 végez. TNF
reverz jelatvitel soran egy eddig ismeretlen sz#donin foszfataz altal
defoszforilacié kovetkezik be, amelyet intraceltigdkalciumion koncentracio-

novekedés kisér. A folyamatban feltételedbat aktivalodik a molekula N
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terminalis peptidrészlete, amely mas jelatvitelhégekkel kdlcsonhatva a sejt
tipusatol és allapotatol fuggn citokin gének expressziovaltozasat idédivelgy
apoptozist indukal. Kisérleti eredményeink alapj@fiételezzik, hogy TNF
reverz jelatvitel soran a tmTNF N termindlis pejtids a CKIP-1 egy kozds
molekulakomplex részét képezik, amelyet a két mdeekokalizacidoban es
aktivitasban tapasztalt kolcsonds egymasra gyakohnatasa és a CKIP-1
molekula vazfehérje jellege is alatamaszt.

Elé, human sejtes modell rendszereken végzett kisérkdten a CKIP-1 fehérje
Uj funkciéit mutattuk meg. A human CKIP-1 fehérje gyulladadsos
immunvalaszban mint aktivaciot serkémholekula vesz részt. A CKIP-1 sejten
beluli mennyisége gyulladasos kortlmeények kozotymiees a monocitak éreseét,
klasszikus aktivacigjat serkenti. Megemelkedett nysegének ugyanakkor
specifikus gatlé hatasa van a TNF reverz jelatvélkdl indukalt sejthalélra.
Kisérleti eredményeink alapjdn a CKIP-1 fehérje 6kilo aktivitsai a
molekula lokalizaciojanak és mas fehérjekkel vatilckonhatasanak kozvetlen
eredménye lehet.

A tmTNF-en induldé reverz jelatvitel mind proapopkdls és antiapoptotikus
jelatviteli atvonalakat is képes inditani, aholegtek sorsa a differenciacié fokatél
€s mas jelatviteli utakkal valé kolcsonhatastolgignti-TNF terapiak soran az
altalunk vizsgalt CKIP-1, az ellenanyaggal kolcsgdhsejtek sorsat befolyasolo
kulcsmolekulak egyike lehet. Ezért kulonBo6zimmunsejtekben betoltott
szerepének tovabbi kutatdsat fontosnak tartjuk mmunterapiak fejlesztése

szempontjabal is.
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