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1. Introduction

Ageing in focus

Ageing and society

Ageing of the population is one of the most impottehallenges for the developed world to
face over the next fifty years. The current demphi@trends and consequent shrinkage of
the active workforce will put enormous pressuretloa financing of social protection and
health systems, which likely to reduce living starats.

Ageing of the immune system

Impaired immunological responsiveness in the gjdpdses a major difficulty for achieving
efficient immunization. The immunological competeraf an individual is determined by the
presence of mature lymphocytes formed in primamngigoid organs, and specialized
secondary lymphoid tissues performing diverse imem@sponses. Consequently, impairment
of the lymphoid microenvironment will ultimatelydd to insufficient primary and secondary
immune responses or to the decline of thymic sielectnanifesting in late-onset autoimmune
disorders, often observed in elderly. Self-toleraytibtoxic and helper T-lymphocytes, the
crucial regulator cells in adaptive immune respsensvelop in the specialized epithelial
network of the thymus. The thymus, however, grdglubdses its capacity to support
lymphopoiesis in a programmed involution procesd tesults in a decline ale novo T-cell

production.

Significance of thymic involution studies

A more thorough understanding of molecular mechasigesponsible for stromal senescence
of the thymus may lead in aged individuals for testoration of immunological competence

by a controlled reversion of the involuted thympteelium, and consequent strengthening
capacity of peripheral lymphoid tissues to suppbitell dependent antibody-mediated

immune responses.



Thymic involution during ageing

In comparison to other organs, ageing of the thymas accelerated process in all mammals.
In humans, thymic senescence begins early, aratadouberty and by 50 years of age 80%
of the thymic stroma is converted to adipose tis&sethe thymic epithelium is replaced by
adipose tissue, the whole process is called adipog#ution. Due to decrease in thymic
epithelial tissue mass, the thymus can no longep@t the same output of T-cell production.
Since the thymic epithelium has a key role in detgtiuto-reactive T-cell clones, functional
impairment increases the chances of developing -iautmine disease. One of the
transcription factors, FoxN1 that is characterigtithymus development is also affected by
age. FoxN1 is not only essential for progenitortregial cells of the thymic rudiment to
develop into various epithelial subsets but alsontmntain TEC (Thymic Epithelial Cell)
identity in the differentiated, adult thymus. Dexsed levels of FOXN1 expression in the adult

TECSs result in accelerated thymic involution.

Wnt-s in ageing

As Wnt-s are important regulators of stem cell suvand differentiation, recent studies
have started to investigate the Wnt family memlwerageing. Most studies confirmed that
drastically reduced Wnt levels can trigger ageisggsue specific stem cells are depleted as a
result of low Wnt signals. Based on the experimemt«LOTHO mice it has been proposed
that increased Wnt signalling leads to continudemscell proliferation which finally can also

result in depletion of the stem cell pool causingederated ageing.

Whnt-s in the thymus

The main source of Wnt glycoproteins in the thynmughe thymic epithelium, where 14
members of the Wnt family together with all 10 kmowvnt receptors of the seven-loop
transmembrane receptor family, Frizzleds (Fz) Hawen identified. Initial experiments, by
manipulating the level of some Wnt-s and solublesFhave shown perturbation of T-cell
development highlighting the importance of Wnt elegient signalling for T-cell proliferation
and differentiation, but not until data from Porgraet al (Pongracz, Hare et al. 2003)
revealed differential expression of Wnt ligands amdeptors in thymic cell types, was it
considered, that T-cell development may be infleeinby indirect events triggered by Wnt
signalling within the thymic epithelium. The cancali pathway has been shown to have an
important role in thymocyte development regulatsogvival and differentiation. In a thymic



epithelial cell study, transgenic expression oflicyD1, one of the principal target genes of
Wnt signalling, has lead to the expansion of th@rpithelial compartment suggesting that
canonical Wnt signalling is involved in thymic dpetial cell proliferation, strengthening the
argument, that thymic epithelial development isutatgd by Wnt-s. So far, signalling studies
have revealed, that Wnt4 can activate both the rieab and the non-canonical Wnt-

pathways.

Inhibitory Wnt pathway

Besides the canonical and non-canonical Wnt patbwiamibitory Fz pathways have also
been described. Fz-1 and Fz-6 are, for example, tabtransduce inhibitory Wnt signals.
While Fz1 inhibits Wnt signal transductisma a G-protein dependent manner, Fz-6 inhibits
Wnt dependent gene transcription by activating Ttrensforming growth facto—activated
kinase 1 (TAK1), a member of the MAPKKK family, amdbmo-Like Kinase (NLK)via a
Ca" dependent signalling cascade. NLK phosphorylates That as a result cannot bind to

[3-catenin, consequently formation of the active scaiption complex is inhibited.

PKC-s in the thymus

Members of the PKC family regulate a wide varietly aellular processes including

proliferation differentiation and apoptotic dea@atalytically active PKC-s usually relocate
from the cytosol to cellular or nuclear membrandghough PKC-s have been described as
having a non-redundant role in signal transductbwvarious immune cell types including
mature T-cells and developing thymocytes, the esgiom of PKC family members and their

function in the thymic epithelium remains obscure.

Steroids and ageing

Physiological steroids are implicated in the regjolaof ageing. For example both surgical or
chemical castration have been demonstrated to aeEithe progression of ageing indicating
that high steroid levels would accelerate the ag@rocess. Still, steroids used in therapy
have not been fully investigated for their effecsa ageing. Experiments have also
demonstrated that high-dose GCs induce a dramadi@poptosis-associated involution of the

thymus, and not only thymocytes but also TECs aressly affected.



2. Materials and Methods

Antibodies

Western blot analysis
For western blot analysis we used rabbit polyclaral goat polyclonal and rat monoclonal

primary antibodies and donkey HRP-conjugated sesxyrahtibodies.
Animals
BALB/c mice were kept under standardized conditiovisere tap water and food was

providedad libitum. Animals were allowed to age for 1, 3, 6, 9, 12 nonths.

Cell cultures.

Cell lines
TEP1 (thymic epithelial) and 293 and Phoenix (PHXjnan kidney epithelial cell lines were
cultured in DMEM supplemented with 10% FCS and i@0f penicillin and streptomycin.

Primary thymic epithelial cells

BALB/c mouse thymi were the source of primary eeliterial. Primary TECs were purified
based on their expression of EpCAML1 cell surfacekerausing anti-EpCAM1-FITC Ab and
magnetic cell sorter. Thymic lobes were from ad@ALB/c mice at 24h, 1 week, 1, 3, 6, 9,
12 or 18 month(s) of age, and from 1.5 year oldP@fansgenic BALB/c-mice. The GFP-

transgenic BALB/c model was created using lenthtn@sgenesis.

Dexamethasone treatment of cells and animals

Cell lines were treated with DX with a final cont@tion of 1uM for 1 week. 4 week-old
BALB/c mice were used for the experiments. Animadseived a single dose (20 mg/kg)
Dexamethasone injection intraperitoneally, then ewsacrificed 24 and 168 hours after
injection or received PBS or DX for 3 months. Themes also a group of mice receiving once
high dose DX, then continuously low dose DX (2 ngg/in every second day for a month.



Manipulation of gene expression

Retroviral Constructs

Wnt4: The Wnt4 sequence was purchased and subcloneddrgector containing human
full-length Wnt4 cDNA.

LAP2a: The full-length murine LAP2 cDNA containing plasmid was a kind gift of Dr.
Simon Amos (Institute of Haematology, Chaim Shelsidal Center, Tel-Hashomer, Israel)
PKC&: PKCd sequence in a pHACE vector was a kind gift of Ixe-Won Soh, Professor of
Biochemistry at Inha University, Korea.

The GFP (mock), LAP@ or Wnt4 over-expressing TEP1 cell lines were gateer using
retroviral vectors.

Wnt4 and PK@ sequences were amplified and cloned into the MI@®ioviral vector.
Retrovirus was produced by transfecting the plasbiith into the Phoenix packageing cell

using Lipofectamine 2000.

Transient transfection of sSiRNA PKCd
Cells were grown to 80% confluency then siRNA aodtml siRNA was delivered using
Lipofectamine according to manufacturer's recomnagiod. PK@ mMRNA levels were

monitored by gqRT-PCR prior Wnt treatment.

Detection of gene transcription

cDNA generation

cDNA was generated both from cell lines and primagl)s by isolating total RNA either by
TRI-reagent or by using an RNA isolating kit. Reseetranscription of 0.5 pg of total RNA
was performed in 50 pl total volume using randomxainger primers.

Microarray analysis

Three independent replicate microareaperiments were performed.

Microarray and microarray data analysis was peréainby the Center for Genomics,
University of Debrecen.



Real-time gRT-PCR

Using SYBR Green PCRaster mix in reagents and 100 nM sequence spegfimers
(Table 1) , PCR reactions were set up in the ABBr® 7900HT sequence detection system
and relative transcript abundance was calculatkowiimg normalization with g-actin PCR
amplicon. Amplification of only a single speciessmgerifiedby a dissociation curve for each

reaction.

Cell sorting

TEP1 cells were infected with recombinant retros&sl containing MIG-WT- PK&EGFP or
Wnt4-GFP and cells were sorted based on GFP expneby FACSVantage Cell Sorter.
Sorted cells were collected for mMRNA and proteirtration, microarray, qRT-PCR and

Western-blot analysis.

PKCd activation assay

The kinase assay was performed using the HTScaasKirassay Kit using a biotinylated
substrate peptide in the presence of BKi@uted in kinase buffer. Active PK&kinase GST
fusion protein (162ngl (54ng/well) was supplied to the kit as positiventrol. PK®
specific activity was quantified in a colorimetiitl ISA Assay using 96-well streptavidin-

coated plates (Soft Flow Hungary Kft. Pecs).

Purification of proteins from cell membrane and cybsol

TEP1 cells were treated with Wnt4 containing SNssigernatants) for 5 minutes. Wnt4
treated cells as well as the Wnt4 over-expressielty Ime were pelletted and standard
centrifugation protocol was applied for collectingembrane proteins. Proteins of cytosolic
and membrane fractions were separated on 10% SOEERANd PK@ protein was detected

using Western blotting.

Immuno-precipitation

TEP1 cells were lysed in RIPA-buffer supplementedhwprotease, and phosphatase
inhibitors then anti-Fz-6 or anti-Fz-4 Abs and piotG resin (Sigma—Aldrich) were added to
the protein mix and incubated overnight 4C4 Resins were then pelleted, washed and

prepared for Western blotting.



Western blotting

TEP1 cells were collected, whole cell lysates wesolved in 10% SDS-PAGE. Gels were
blotted onto nitrocellulose membranes. Proteins ewevisualised by enhanced
chemiluminescence as described in the manufacsurestructions and analysed by Fuji
LAS4000 image station using different exposure sifiem 0.5 — 6 min for best quality.

Immuno-histochemistry and immuno-fluorescency

Frozen thymic sections (7-1@m thick) were fixed in cold acetone or in parafoltehyde,
then dried and blocked using 5% bovine serum albufBSA in PBS for 20 min) before
staining with the appropriate antibodies for 30 nah RT. For histology, fluorescent
antibodies were used. The sections were analyzednb@lympus Fluoview 300 confocal
microscope with an Olympus Fluoview FV1000S-IX81stsyn or an Olympus BX61
microscope equipped with CCD-camera and AnalySfvaoe.



3. Aims of the study

I. To study the role of Wnt signalling in physiologcal thymic senescence:

1. Wnt4 induced signalling and gene expressionepait were investigated in the thymic
epithelium. Identification of potential moleculaargets of Wnt4 can reveal proliferation,

differentiation —especially trans-differentiatigmatterns within the thymic epithelial network.
2. As Wnt4 can activate both canonical and non-cmab Wnt signalling pathways and

regulate TEC identity, identification of signallieements and their role -especially RiK@

Wnt4 signalling can aid better understanding otifapry mechanisms of thymic senescence.

Il. To compare physiological and induced thymic seescence:

3. Comparison of molecular mechanisms of physialmgand GC induced thymic senescence
can reveal whether molecular features of the tvoxgsses are shared or independent. It can
also help to identify molecular targets to allegiatde effects of GC therapy and to identify

potential therapeutic targets to avoid down-regomhadf de novo T-cell production.



4. Results

Summary of Results

Physiological thymic senescence

1. The mouse thymus undergoes morphological chang@sgdsenescence, similarly to
humans
2. Wnt4 is down-regulated while LARZis up-regulated during the process

3. Adipose involution is regulated by LAB2ADRP and PPAR

4, Adipose involution is preceded by EMT marked bydeHwerin down-regulation

5. Wnt4 can reduce the expression of genes respondible adipocyte-type
transdifferentiation

6. Wnt4 receptors that transdupecatenin pathway activator (Fz-4) and inhibitor-@jz
signals are up-regulated at early stages of senesce

7. PKCd is activated by Wnt4 signals

8. PKCd associates with both receptors but preferentiailly Fz-6

9. Wnt4 target gene CTGF and one of its receptors, &#8involved in a negative

feedback loop regulating the canonical Wnt pathway

Steroid induced thymic senescence

1. Similarly to physiological senescence, Wnt4 ®wd-regulated while LAP& is up-

regulated during DX induced thymic involution

2. Wnt4 can protect against DX induced adipoidgdiffierentiation
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5. Discussion

Wnts are involved in many cellular mechanisms imiots organs including the thymus.
Wnt4 is expressed abundantly in the thymus andlasgi cell-cell interactions, migration,
proliferation, and activates different target gempressions during thymic organogenesis and
physiological function of the developed thymus. Beguence of Wnt4 is highly conserved in
mammals and shows multiple roles in homeostasigetisas differentiation. While Wnt4 can
elicit its effectsvia the non-canonical signalling network, within thertius Wnt4 has been
regarded as the canonicgb-catenin signalling — pathway activator. As Wntgganeral and
Wnt4 in particular are regulators of both thymocg/elopment and maintenance of TEC
identity, the question has risen naturally, whale r&Vnts have in regulating thymic

senescence?

The model system was chosen carefully, as rodesuds do not necessarily mimic age
associated alterations in human beings. Based onnomune-hystochemical analysis of
thymic tissues in ageing mice, our experiments igiexy evidence that in mice the thymic
structure becomes just as disorganized with agedaes in the human tissue. The border of
medullary and cortical area becomes less definetlthe medullary region occupies less
space. Using GFP transgenic animals and adipaagetstaining, the mechanism was proved

to be highly similar to adipose involution thanisrmally detected in ageing human thymi.

Molecular analysis of ageing thymic tissue reveatBdt morphological changes were
associated with down-regulation of Wnt4 and up-faon of molecules (LAPQ, PPAR,
ADRP) responsible for adipoid trans-differentiatidio be able to determine whether TECs
can directly change into adipocytes or they tuno ifibroblasts first, a simple immune-
fluorescent staining experiment was performed, @lwerlocalization of the epithelial marker
EpCAM1 and the fibroblast marker ER-TR-7 was det@c¢hdicating gradual changes during
the trans-differentiation process. Our experimérage provided evidence that adipocytes do
not migrate into the thymus from perithymic areainy ageing, instead they are produced

locally via multiple cellular trans-differentiation steps.

In summary, dedifferentiation of TECs triggers EMiiist, then the resulting fibroblasts
undergo the conventional route of differentiatisagram towards adipocyte-lineage
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commitment regulated by the continually changingpraf Wnt4 and LAP&. Our current

understanding of the adipoid involution processusimarized in figure 1.

Ageing or GC-induced loss of epithelial identity

=

Ageing or GC-induced adipose involution
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Figure 1. Model of adipose involution in thymic agmg

Interestingly, GCs induce similar molecular changelsserved during physiological
senescence and also lead to adipose involutiond \Watys a central role in the involution
process, as loss of TEC identity and adipose td#ferentiation are tightly associated with
decreasing Wnt4 and FoxN1 levels. As the involutocess can be reversed and TEC
identity restored by the up-regulation or added dViitese results highlighted the regulatory
role of Wnt signalling in thymic involution.

While the physiological model is important, the sfien remains: what signals trigger down-
regulation of the3-catenin dependent Wnt pathway in such a forcefay what allows the
initiation of thymic involution?

Signalling studies using cloned Wnt4 have ensuéld determination of Wnt4 specific target
genes to provide a reliable read-out system. Mcahiton of signalling molecules associated
with Wnt4 signals transmitted from Fz4 and Fz6 ptoes became the target of the
investigation. It has become evident that PKE involved in signal transduction from both
receptors and that PKCpreferentially associates with Fz6, a negativellagr of 3-catenin
dependent signalling. Additionally, our studies @aevealed that down-regulation pf
catenin dependent Wnt signalling is progressivebwmtregulated during ageing via
activation of multiple negative feed-back loopstire following steps: During the ageing
process, Wnt4 levels decrease, while receptor exfme increase with proportionally higher

expression of Fz-6. Thp-catenin dependent Fz-4 signals lead to increagpdession of
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CTGF, aB-catenin dependent target gene that is also partnafgative-feedback loop. CTGF
receptor Fz8 is also up-regulated leading to ergwhnactivation of GSK3 that

phosphorylateg-catenin accelerating proteosonflatatenin degradation in the cytosol. All
these signalling events lead to FoxN1 down-regufatioss of TEC characteristics and
provide an opening for molecular events leadingaiadipocyte type trans-differentiation.

The molecular events associated with thymic aganregsummarized in figure 2.
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Figure 2. Model of molecular mechanisms in thymic @eing

It has been demonstrated in the present work thatdVend LAP2 are key regulators in
physiological and induced ageing. The tightly reded balance of these two factors
determines the rate of thymic senescence. Detitheosignal transduction of the ageing
process raises the possibility to find moleculagéts for restoration of the physiological T-
cell out-put or to find therapeutic targets in laopathies, where lamins including LA®2 a

member of lamin protein family — play an importaoie.
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6. Conclusions

Main conclusions of the thesis

1. In mice, similarly to human thymic tissue, thighty organized structure of the thymic
epithelium becomes disorganized followed by adipngelution making the mouse thymus a

suitable model to study the molecular backgrounthyiic senescence.

2. Both physiological and glucocorticoid inducedescence are regulated by decreased Wnt4

and increased LAR®2signalling.

3. Up-regulation of Wnt4 can protect against adipdians-differentiation and thymic

involution.

4. Down-regulation of Wnt4 levels initiate EMT

5. Up-regulation of LAPQ@ initiates adipocyte type trans-differentiation gFil.) in the

fibroblast like cells results of the EMT process.

6. PKG is involved in Wnt4 signalling from both Wnt4 rexters, Fz-4 and Fz-6.
Nevertheless, PK& preferentially associates with Fz-6 that receptansmits negativef3-

catenin inhibitory signals that leads to suppressi3-catenin dependent gene transcription.

7. TheB-catenin target gene, CTGF, and one of its receptez8 are up-regulated during
thymic senescence. As CTGF/Fz-8 signals are indoilve negative feedback loop inhibiting
[-catenin dependent signalling, this signalling path contributes to down-regulation of
TEC identity.

8. Thymic ageing is a continuous, multi-componerdcpss that is regulated by complex

molecular interactions leading to suppression & ttanonical Wnt pathway allowing

adipocyte-type trans-differentiation (Fig. 2.).
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