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ABSTRACT

EFFECTS OF GENDER DIFFERENCES ON IMMUNE SENESCENCE
MECHANISMS

Immunosenescence is thought as the main cause of higher incidence of infections and
other diseases in aged people. Thymus is the maturation site of developing thymocytes
and its size and function decrease during aging , thymic aging is called as thymic
involution. Thymic involution casues decrease in naive T cell output and adaptive
immune response. Gender based difference is observed for thymic involution. Thymic
cellularity and thymic output were maintained better in women for advancing ages.
Incidence of autoimmune diseases is higher in women as a result. In this study, we had
six mice experiment groups as letrozole or testosterone treated 3 monts old females for
analysis of testosterone and estrogen effects on thymic involution in addition to 7 days
old male, 7 days old female, 3 months old and 3 months old female groups. In bone
marrow, hematopoietic stem and progenitor cells were analysed in bone marrow while
thymocytes subpopulations, lymphoid tissue inducer (LTi) cells, myeloid derived
suppressor cells (MDSC) and regulatory T (Treg) cells were analyzed for thymus.
Thymic ACTR2 (Arp2/3 component), FGF7, FGF7RII, IL-7, IL-7R, IL-22 expressions
were analyzed. Methylation analysis was made for ARP2 gene. Naive T cell output was
analyzed with sjTREC copy number analysis. Numbers of LTi, double negative (DN)
thymocytes which are positively correlated with thymic cellularity were significantly
higher in 3 months old females while common lymphoid progenitors were significantly
higher in 3 months old female bone marrow.. FGF7 gene expression was higher in 3
months old females. Cytoskeleton formation related Arp2 gene in 3 months old mice
thymus was found as lower than in 7 days old mice. Treg cells which may have negative
effects on thymic stroma-thymocyte interactions was higher in 3 months old males. In
conclusion, changes in bone marrow cells was correlated with changes in early
thymocytes in thymus, gender seems as a determinant of changes in thymic cellularity
related markers as FGF7. LTi and Treg cells may be important determinants of

differences in thymic involution between genders.



OZET

CINSIYET FARKLILIGININ iMMUN YASLANMA MEKANIZMALARI
UZERINE ETKILERI

Immiin yaslanma ilerleyen yaslarda enfeksiyon ve diger hastaliklarin daha sik
goriilmesinin sebebi olarak kabul edilmektedir. Timus T hiicre gelisiminin gerceklestigi
yerdir ve yaslanma ile birlikte boyutu kiigiilmekte ve fonksiyonunu kaybetmektedir.
Timusun yaslanmasi timik involiisyon olarak adlandirilmaktadir. Timik involiisyon
sonucunda naif T hiicre liretimi azalmakta ve adaptif immiin yanit zayiflamaktadir.
Timik invollisyon siirecinde kadin ve erkek bireyler arasinda farklilik gozlenmistir,
disilerde timustaki hiicresellik ve naif T hiicre ¢iktisi ilerleyen yaslara kadar daha iyi
korunmaktadir. Bu farkliligin sonucu olarak disilerde otoimmiin hastaliklar daha sik
goriilmektedir. Bu c¢aligmada testosteron ve Ostrojenin timik involiisyonda etkisini
anlamak tlizere testosteron ve letrozol verilen 3 aylik disiler, 7 giinliik disi ve erkek, 3
aylik disi ve erkek olmak iizere 6 fare deney grubu, toplam 42 fare kullanilmistir. Kemik
iliginde hematopoietik kok ve progenitor hiicreler, timusta gelisen timositler ve lenfoid
doku indiikleyici (LTi), myeloid kokenli baskliyact (MDSC) ve regiilator T (Treg)
hiicreler analiz edilmistir. Ger¢gek zamanli kantitatif PCR ile Arp 2/3 kompleks bileseni
ARP2, IL-22, IL-7, IL-7R, FGF7 (KGF) ve FGF7RII genlerinin ekspresyon diizeyleri
analiz edilmistir. ARP2 geni i¢in metilasyon analizi yapilmistir. Naif T hiicre ¢iktisinin
belirlenilmesi i¢in sjTREC kopya sayisina bakilmistir. Disilerde kemik iliginde ortak
lenfoid progenitor hiicre sayisi daha fazladir. 3 aylik disi bireylerde timus hiicreselligi ile
pozitif korelasyon gosteren LTi, ¢iftli negatif timositlerin sayis1 erkeklere goére daha
yiiksek, kemik iliginde de lenfoid progenitor sayisi daha yiiksektir. Timus hiicreselligini
arttiran FGF7 ekspresyonu 3 aylik disilerde daha yiiksektir. Hiicre iskeletinin
formasyonu ile ilgili Arp 2 ekspresyonu 3 aylik farelerde 7 giinliik farelerden daha diisiik
diizeydedir. Erkek bireylerde baskilayici etkisi oldugu diisiiniilen Treg hiicre sayis1 daha
yiiksektir. Sonug olarak, kemik iligindeki hiicrelerdeki degisim timositlerdeki degisim ile
uyumludur, timus seliilaritesine etkisi oldugu bilinen FGF7 gibi belirteclerde cinsiyete
bagl farklilik goziikmektedir. LTi ve Treg hiicrelerinin de cinsiyete bagli timik

involiisyon farkliliginda 6nemli role sahip olabilecegi goriilmiistiir.
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1. INTRODUCTION

1.1. HEMATOPOIESIS

Blood cell production in body is called as hematopoiesis, all committed mature blood
cell types are produced from low numbers of hematopoietic stem cells at this process.
Hematopoietic stem cells are multipotent stem cells which have self renewal ability and
most of hematopoietic stem cells are located in bone marrow. At first step of
hematopoiesis, hematopoietic stem cells are differentiated to multipotent progenitor cells
in bone marrow [1]. These multipotent progenitors do not have self renewal ability and
they differentiate to common lymphoid progenitors and common myeloid progenitors
[3]. B lymphocytes, T lymphocytes and natural killer cells are originated from common
lymphoid progenitors while granulocytes, macrophages, thrombocytes are originated
from common myeloid progenitors [1]. Dendritic cells are an exception, both of
common lymphoid progenitors and common lymphoid progenitors can differentiate to
dendritic cells [1]. Myeloid cell production is called as myelopoiesis while lymphoid cell
production is called as lymphopoiesis in nomenclature. Figure 1.1 gives summarized
information about hematopoiesis hierarchy. Further myelopoiesis steps are not shown in

Figure 1.1.

Four or five color antibody panels are used for immunophenotyping of the cells at
different stages of hematopoiesis and/or lymphopoiesis. Hematopoietic stem cells are
defined as Lin"®9CD34*CD38"CD90*CD45RA™Y and Lin"9"°%Scal*CD117*CD135"9
for human and mouse respectively [1]. Multipotent progenitor cells are defined as
Lin"9CD34"CD38™CD90™CD45RA™ cells for human while mouse multipotent
progenitor cells are defined as Lin™9'°“CD117""CD135*Scal*CD90™¢ [1]. Human
common lymphoid progenitor cells are defined as Lin"9CD34*CD38"CD10* while
Lin"9Scal'®"CD117'°“CD127*CD135* are defined as mouse common lymphoid

progenitor cells [1].
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Figure 1.1 Scheme of Hematopoiesis.

Bone marrow is a part of lymphatic system, other organs of lymphatic system are
appendix, lymph nodes, peyer patches, spleen, thymus and tonsils. The lymphatic system
is an important part of the immunity [2]. Meaning of lymph is clear fluid and this name
is related with high white blood cell content. Lymphatic system is a specialized vessel
system, free cells and extracellular fluids are drained from tissue, they are transported
through lymph vessels and discharges into blood circulation [3]. Bone marrow and
thymus provide maturation sites for lymphocytes, both of B and T cells progenitors are
produced in bone marrow, but only B cells mature in bone marrow, T cells have to
migrate to thymus for further steps of maturation [2]. Lymphatic system organs are
shown in Figure 1.2 [2].

The lymphatic system
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Figure 1.2. Lymphatic system [2]



1.2. STEM CELLS AND PROGENITOR CELLS IN BONE MARROW AND
CHANGES IN THESE CELL POPULATIONS DURING AGING

Bone marrow is divided into two compartments as hematopoietic stem cell compartment
and stromal compartment. Hematopoietic stem cell compartment contains
hematopoietic stem cells and their differentiation products while stromal compartment
contains mesenchymal stem cells and their differentiated stromal products, like

adipocytes or osteoblasts.

Hematopoietic stem cells have self renewal ability and they can differentiate to all
committed mature blood cell types [1]. Hematopoietic stem cells are spherical cells that
have little cytoplasm, few organelles and they do not express any lineage markers such
as monocytic, granulocytic, lymphocytic or erythrocytic cell surface markers [4].
Hematopoietic stem cells are rarely found in bone marrow, ratio of hematopoietic stem
cells in total bone marrow cells change between 1/10000 to 1/100000 for humans [5]. In
addition, fat, liver, spleen or muscle tissue contain less numbers of hematopoietic stem
cells. Number of hematopoietic stem cells increases in blood after some conditions like
post chemotherapy or irradiation, infections also increase the number of hematopoietic
stem cells in circulation. They are in the Go phase of the cell cycle [6].

Depletion of lymphocyte production with aging is related with composition changes in
these bone marrow compartments. Aging has different important effects on the deposit
of hematopoietic stem cells. Numbers of hematopoietic stem cells within mice bone
marrow seem to interestingly increase with aging, conversely capacity of regeneration
depletes with aging [7-9]. Self renewal potential and function of hematopoietic stem
cells decrease during aging, but old bone marrow produces higher numbers of myeloid

cells than young bone marrow [10].

Expanded populations of aged hematopoietic stem cells consist of a large numbers of
hematopoietic stem cells which are intrinsically shifted to myelopoiesis, therefore these
are not truly uncommitted progenitor cells [10]. Myeloid shift of bone marrow
hematopoietic stem cells have an important role in lymphoid aging. Increased expression

of myeloid genes and downregulation of lymphoid genes in bone marrow are validated



with microarray analysis. Myeloid shift cause decreased production of common
lymphoid progenitors (CLPs), pre-pro-B cells, pro-B cells, pre-B cells, and total B cells

in bone marrow [10].

Decreased production capacity of pro and pre-pro B cells in bone marrow with aging is
related with reduced common lymphoid progenitors proliferation [11]. However the
decrease in the numbers of pre-B cells is associated with loss of expression of
recombination activating gene two (RAG2) and activity of V(D)J recombinations [12].
Myeloid shift of bone marrow hematopoietic stem cells is a key initial step toward a
series of changes that result in decreased lymphocyte production with senescence [13].

Decline in genomic longevity causes fail of hematopoietic production and hematopoietic
production. Telomeres are shortened in hematopoietic stem cells after each cell division.
The telomeric DNA loss in telomerase deficient mice is correlated with depletion in
hematopoietic stem cell function [14, 15]. However, overexpression of telomerase does

not enhance the HSCs fuction in old mice [16].

A hypothesis about thymic involution is proposed that thymus involutes because of the
depletion of cell pool in bone marrow. Some scientists suggests that lymphoid
progenitor cell production capacity of bone marrow decreases during aging and thymus
tries to adapt this condition with decrease in size and capacity for prevention of a
possible leukemia [17]. According to new studies, T cell leukemia can be developed as

an answer for cell depletion in bone marrow [17].

Aging causes changes in bone marrow cell populations. For stromal compartment,
Mesenchymal stem cells (MSC) differentiation skew from osteoblasts (OB) to
adipocytes (A). In hematopoietic stem cell compartment, hematopoetic stem cells
produce more myeloid cells (M) and less lymphoid progenitor cells (L) to B and T cell
differentiation. [10].
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Figure 1.3. Aging related changes in bone marrow [10]

1.3. THYMUS AND AGING

1.3.1. Introduction to Thymus

Thymus is a specialized organ of the adaptive immune system, education, negative and
positive selection of immature T cells was occurred in thymus [18]. Thymus has a
bilobuar pyramid-like shape and it is located in front of heart and under the breastbone
[19]. Two lobes of thymus are connected with connective tissue. Figure 1.4 shows the

location and shape of human thymus.

Figure 1.4. Anatomical location of thymus [3]



1.3.2. Development of Thymus

Thymic epithelial cells formation starts from two endodermal diverticula and these form
third pharyngeal pouch and it into bordering mesoderm and neural crest originated
mesenchyme ahead of ventral aorta [20]. First observation about third pharyngeal origin
of thymus was made by Stieda in 1881 [21]. Previous discussions were made about
contribution of surface ectoderm, but mouse studies in last decades shown that
pharyngeal endoderm can form thymic cortex and medulla without pharyngeal ectoderm
contribution [22]. Thymic epithelium is developed from third pharyngeal pouch
endoderm [23]. Forkhead box protein N1 (FOXNZ1) is thought as the indicator of
commitment of third pharyngeal pouch endoderm to thymic fate, but only FOXN1 can
not drive cells to thymic fate [24]. Although skin keratinocytes produce high amount of
FOXN1, they do not have thymopoietic ability. According to mouse experiments, FGF
mediated signalling increased thymic epithelial cell numbers, but FGF is not a
determinant for initialisation or differentiation [17].

Embryonic s tem
or iPS cell

Differentiated
TECs

: (& =) Bi,f«i_w
v W/ CxcLiz
@ cTEC
—
Bipotent TEC ‘/ \\_’ i‘”ik Dysfunctional
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endoderm Compartment- mTEC EQ@L

specific
progenitor cell

Transgenesis

Figure 1.5. Thymic epithelial cell development [17]

Bipotent progenitors of TECs develop from third pharyngeal pouch endoderm; these
cells are forkhead box protein N1 (FOXN1) positive. The bipotent progenitors are
thought to give rise to mature cortical and medullary TECs through compartment-
specific progenitor cells [17].

1.3.3. Thymus Structure and Cell Populations in Thymus

Thymus consists of four main parts and they can be listed as capsule, cortex, cortico-

medullary junctions and medulla according to proximity to outer region of the thymus



[18]. Capsule covers each lobes of the thymus and it is built from thin connective tissue.
Outer region of thymus is called as cortex and it is located under capsule and it contains

immature developing lymphocytes, macrophages and epithelial cells [25].

Cortico-medullary junctions are located between cortex and medulla regions and contain
high numbers of blood vessels. They consist of T lymphocytes, B lymphocytes, plasma
cells, dendritic cells, connective tissue and blood vessels [25]. Inner regions of thymic
lobes is called as medulla and it contains epithelial cells, epithelial reticular cells, more
mature T lymphocytes, dendritic cells, B lymphocytes, few myoid cells and Hassal
Corpuscles [25].

Hassal corpuscles are structural formations in thymic medulla. They are firstly identified
by Arthur Hill Hassal in 1849 [26]. High numbers of reticular cells surround degenerated
hyaline and formed Hassal corpuscles. Humans have well developed Hassal’s
Corpuscles, but mice and rats have poorly developed Hassal’s Corpuscles [26]. Hassal’s
corpuscles are functional structures, they produce some cytokines and hormones as
thymulin, thymopoietin, thymosin alpha 1 and thymosin beta 4 [26]. Thymulin is a
nonapeptide hormone and it increases T cells functionality [27]. Thymopoietin is a
polypeptide hormone that is found in thymus and periphery. It has a role in T cell

maturation as an inducer for CD90 expression [26].

Thymic epithelium-thymocytes interactions are obligatory for appropriate thymocyte
development and maintenance of thymus function [28]. Thymic epithelial cells are
located in thymus and they build a complex network which is interacted with developing
thymocytes [28]. They are named as cortical thymic epithelial cells (cTECs) and
medullary thymic epithelial cells (mTECs) according to location in thymus. cTECs are
located in outer cortex while mTECs are located in inner medulla. cTECs and mTECs

are functionally different cells [28].

Thymic epithelial cells are located in thymic epithelial space for supporting T-cell
maturation and development. Positive and negative selection of T lymphocytes are
orchestrated by cortical and medullary thymic epithelial cells. TECs promote distinct

stages of T cell development and repertoire selection. We basically know that thymic



epithelial cells are CD45™9 cells and cytokeratins or keratins are mainly expressed by all
TECs intracellularly [29].

While cytokeratin 5 (CKS5) is predominantly expressed on mTECs but also minor part of
MTECs express K8, vast part of cTECs don’t express CK5 but express cytokeratin 8
(CK8) [29]. Figure 1.6 shows thymus sections. Green cells are CD4* cells and blue cells
are CD8" cells. UEAL (red) was used for staining of mTECs [28].
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Figure 1.6. Thymus sections. (a) Hematoxylin-eosin staining of a new born child
thymus section, (b) Thymus section of adult C57/BL6 mice [28]

1.3.4. Thymic Involution

Senescence is a slow and progressive process causes decreased fuction and malfunction
of different organs and systems for both of humans and animals [19]. Normal function of

immune system declines with aging and it is called as immunosenescence [19].

Immunosenescence is thought as main cause of increased incidence of infectious
diseases, poor answer to vaccination and autoimmune diseases in aged people [19].
Mechanisms of immune sytem aging are not known exactly, anyway they affects
adaptive and natural or innate immunity. Thymic involution or decrease in thymic
cellularity or mass is a most typical and evolutionary conserved change of the aged
immune system in all vertebrates [30].



The thymic epithelium starts to decrease in size as an essential feature of age-related
thymic involution from the first years of human life at a rate of three per cent per year
during adulthood [31, 32].

Wild-type

TEC n

Figure 1.7. Changes in thymic epithelial cell number through the lifespan [17]

Thymic perivascular space fills with adipocytes and peripheral lymphocytes.
Corticomedullary junctions are disorganized and medullary and cortex boundaries are
lost in aged thymus [31, 33].

Thymic involution and related decline in adaptive immune response or reduced naive T
cell production is assumed as an important cause of aging associated diseases and aging
[34]. Thymic involution causes a decrease in T cell output and peripheral T cell

diversity.
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Figure 1.8. Composition of young and old thymus [10].
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Figure 1.8 shows three months and twenty four months old mice thymuses were stained
with Ly51 (green) for cTECs and cytokeratins 5 and 14 for mTECs (red). Young thymus
has well structured cortical medullary junctions. Subcapsular (SC), cortical | and
medullary (M) can be clearly observed. The involuted aged thymus demonstrates
blended cTECs and mTECs, deprivation of TECs expressing both ¢cTEC and mTEC
markers (in yellow, double positive or “dp” TECs), and TEC-free regions. DIl4: delta-
like 4, DN: double negative, DP: double positive, SP: single positive, LPC: lymphocyte
progenitor cells [10].

1.3.5. Thymocyte Development and Effects of Immunosenescence on Thymocytes

Progenitor cells come out from bone marrow and enter thymus through blood circulation
for selection and maturation. These cells are negative for both of CD4 and CD8 surface
markers and they are called as double negative (DN). Double negative cells differentiate
to CD4 and CD8 double positive cells and they are called as double positive thymocytes
(DP). At the final maturation step, they lose one of them and express only one of CD4 or
CD8 and they are called as single positive cells (SP). They are selected by negative and

positive selection and go into blood circulation.

Initial committed T cells do not have the expression of T-cell receptor (TCR), CD8, CD4
and they are named as double negative thymocytes (DN, without CD8 or CD4 markers).
According to immunophenotypes, double negative thymocytes can be subdivided into
four differentiation stages (DN1, CD44°CD25; DN2, CD44'CD25%; DN3, CD44
CD25*; and DN4, CD44°CD25) [35].

While cells proceed through the stages of DN2 to DN4, the pre-TCR is expressed which
consists of a rearranged TCR B-chain and non-rearranging pre-Tz chain [36]. True
expression of pre-TCR causes important cell proliferation in the course of the DN4-
double positive transition and changing of the pre-TCR =-chain with TCR =-chain which

is newly rearranged, which provides a complete =P TCR.

After that, thymocytes which are «B-TCR*CD4"CD8" double positive interplay with

cortical epithelial cells which express a MHC class | and MHC class Il molecules related
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to self-peptides. Double positive thymocytes fate is attached to signalling mediated
through interplay of the TCR with that high density of MHC ligands which are with self-
peptides [37, 38].

Delayed apoptosis is encountered after too little signalling, that is death by neglect. Too
much signalling is able to stimulate acute apoptosis, that is negative selection. This is the
most common phenomenon in the medulla, encountering with vigorously activated self-
ligands on hematopoietic cells, especially dendritic cells. TCR signalling with proper
intermediate level starts efficient maturation, that is positive selection. Thymocytes with
TCRs expression which bind MHC class 11 ligands with self peptide begin to be CD4" T
cells, then they are available for exportation from the medulla into the sites of peripheral

lymphoid. SP, single positive.

Thymic epithelial cells (TECs) and thymocytes interaction is obligatory for T cell
selection, positive selection of T cells is mediated by cortical thymic epithelial cells
(cTECs) while negative selection of T cells is mediated by medullary thymic epithelial
cells (mTECs) [39]. T cells that are able to interact with major histocompatibility
complex (MHC) are selected by positive selection, cTECs present self antigens on MHC
and only MHC I and MHC 11 interacting T cells receive survival signals [40]. Negative
selection eliminates self antigen reacting T cells by self antigen presenting on the MHCs
of medullary epithelial cells, thymocytes which have strong interaction with self
antigens receive apoptotic signal and die [40].

Thymus needs the continuous input of bone marrow progenitors, any age-related
changes in the function of hematopoietic stem cells could help to bring about thymic
involution. Experiments showed that old hematopoietic stem cells seem to display an
augmented tendency to myeloid differentiation together with a decreased capability for
lymphoid maturation; which has been demonstrated in human and mice [41, 42].
Suchlike changes in the function of hematopoietic stem cells may show within the
activity of early thymocyte progenitors (ETP). Old mice possess decreased number of
early thymocyte progenitor with decreased potential of differentiation and proliferation
[43, 44].
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Early thymocyte progenitors of young mice can differentiate into every stages of T cell
development in the fetal thymic organ culture, contrarily old ETP demonstrated a

decrease in activity of T cell differentiation [44].
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Figure 1.9. Stages of thymocyte development [45]

Moreover, early thymocyte progenitors of old mice demonstrate enhanced frequency in

the apoptotic cells and decreased number of Ki67* cells [44].

Early thymocyte progenitors are included within the initial phases of DN thymocytes,
aging causes a reduction in the proportion of CD44 CD25" (DN3) and CD44*CD25*
(DN2) CD44 CD25" (DN3) cells [46, 47]. Moreover, CD44*CD24 CD3* DN
population has been demonstrated [31, 48]. Similar population has been detected in adult
murine bone marrow, that seems to be related to a function in decreasing hematopoiesis
[49], bring about the chance that gathering of these cells in the aging thymus may effect

thymopoiesis negatively, therefore it may contribute to the thymic involution.

Further phases of thymocyte maturation display phenotypical changes along with aging,
specially, researchers have showed age-related decrease in CD3 expression on SP
thymocytes and DP [31, 36]. These alterations can cause distrupted TCR-dependent

stimulation. It is also showed that old thymocytes demonstrate decreased Concanavalin



13

A-stimulated proliferation [36, 50]. It was observed that old cells could not enter into the
G2M phase of the cell cycle [35].

The age-related alterations in thymopoiesis are probably gained by recent thymic
emigrants, it is possible that such cells may display decreased immunocompetence.
Recent thymic emigrants of old people have phenotypic maturation with belated
kinetics, they show reduced capacity of proliferation, disabled calcium signaling after
TCR induction and decreased memory and helper activity [51]. Thymocytes and
peripheral T cells from more older mice showed augmented resistance towards apoptosis
[52]. The deterioration of old recent thymic emigrants can not be acquired in the
periphery, however it is imprinted throughout their developement within the old thymus
and this condition suggests that these damaged cells have tendency towards further
contribution to peripheral immunosenescence. If the development of T cells is
functionally active in old mice is a question which needs further studies [31].

1.3.6. T Cell Receptor Excision Circle (TREC)

Atrophy of thymus occurs with increasing age, resulting decrease in activity of thymus.
Fat acquires an increasing number or quantity in human thymus during life, leading to
decrease in the T cell output, because of being progressively blunt for thymopoiesis [53].
Assigning the number of this decrease brought into open new aspects of it. It was
showed by several studies that a decrease with mathematical exponent in T cell output
by age. It was pointed out that there was an exponential decrease in T cell output starting

early in life and predicted to end at around seventy five years [54].

A study showed that the T cell number in the every microliter of blood does not alter
significantly throughout the age range, but copy numbers of sJTRECs in each microliter
of blood demonstrate wide change and this cause a decrease in thymic output in age-
associated manner, in two hundred people between the ages of fifty eight and one
hundred four years who participated in this study. It was also demonstrated that an
important decrease in SJTREC/T cell levels in individuals with more than ninty years in

both females and males. These results provided knowledge for potential thymic output
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end-point and pointed out that analysis of SJTREC may become a suitable marker for

ageing studies [55].

Thymus is the primary anatomic location for new T cell generation from undifferentiated
hematopoietic precursors resulting generation of cells answering many types of antigenic
stimuli. T cell receptor and the CD4 and CD8 co-receptors are important receptors for
progression of T-cell maturation into discrete stages. To express distinct cell surface
markers and specific gene rearrangements, thymocytes experience different maturation

steps, before coming to the end stage [56-58].

Lymphoid progenitors move to the thymus and increasingly rearrange the genes of the
T-cell receptor. The TR delta locus, located within the TR alpha locus have to be
removed via DNA recombinations, before TRA locus rearrangements. Nearly seventy
per cent of thymocytes have got recombination of SREC—ylJa, causing the formation of a
OREC—yJa coding joint in the chromosome and formation of a SREC—yJa signal joint in
a circular DNA and this is called as T cell receptor excision circle. Thymocytes
undergoing maturation divide three or four times in the thymus, in which the duplication
of TRECs do not occur. Solely, a part (around one per eight to one per sixteen) of the
originally TREC* cells leave the thymus as TREC* recent-thymic emigrants. Further
dilution of TREC will be determined by peripheral proliferation [59-60]. Accordingly,
TRECs are the excised DNA circles generated in the duration of the TRA chain VJ

recombination process.

Quantification assays of TRECs in peripheral blood are carried out in the research and
clinical laboratories to analyze naive T cells as immigrants from the thymus. Even
though TRECs do not represent recent thymic emigrants as markers, on account of a
small fraction persists in the peripheral blood, called as “old” thymic emigrants. Various
characteristics describe them as “bona fide” utile markers for thymic output. They are
diluted during the progeny, because upon cell division they do not replicate, do not and
they are stable, do not deteriorate with ease, are entirely of thymic origin, free from

extrathymic origins of TR rearrangements [60].
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Douek DC et al. first proposed the TREC quantitative assay, and then it is changed in
various approaches and TREC number has been detected in various biological samples,
and also it was calculated by various ways, this caused scarcely comparable results [61].
TREC calculation has been achieved more correctly once the measurement was done
relatively to a control gene, including TRA constant (TRAC) gene, such as chemokine
(C-C motif) receptor five, albumin [62, 63]. TREC quantity was stated as relatively to
peripheral blood mononuclear cells. It was also measured within the sorted different T-
cell subsets [62, 64]. Moreover, number of T cell receptor excision circles was
determined as absolute number of TRECs per pg of total DNA in T lymphocytes or
PBMCs [65, 66]. The number of TREC is determined for one million cells [67].
Measurement of TREC per 1 million PBMCs can cause wrong evaluation because of
dilution of the divisions of peripheral T-cell, but it was overcomed by defining TREC as
per ml of blood [68]. Despite lack of knowledge about half-life of TRECs, many
mathematical models to find out the actual thymic output for the TREC number have
been suggested [59, 68].

Children with primary immunodeficiencies have been analysed for their TREC level.
Children who have severe combined immunodeficiency and Omenn syndrome which is
another form of immunodeficiency demonstrated highly low or undetectable levels of
TREC [69, 70]. Although circulating T cells are in normal numbers, very low levels of
TREC were demonstrated in patients with the 22q11.2 deletion syndrome and patients
with zeta-chain (TCR) associated protein kinase seventy kDa (ZAP70) deficiency.
TREC quantification provides an improvement in our understanding the
pathophysiology of other primary immunodeficiencies including CD4* T
lymphocytopeniase which had correlated TREC levels with the severity of the T-cell
immunodeficiency. Overall, TREC assay are utilized to increase the understanding of

abnormalities in T-cells, but its exact role is not completely clear yet [71-73].

1.3.7. Gender based differences in thymic involution and thymocyte development

Gender based differences in immune system are observed in all of the vertebrates. In
general, females have more robust immune response to infections and vaccination

prevelance of autoimmune diseases in females was higher than males [74]. Innate and
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adaptive immune system are affected directly or indirectly by sex hormones but we have

not adequaate information about mechanisms under this difference [75].

For many vyears, it is known that sex hormones affect development of lymphocytes.
Increasing body of reports have provided new evidences that sex hormones have crucial
roles on the immune response and onset and/or perpetuation of autoimmune diseases
[76]. Steroid hormones have been shown as important contributors to immune response
for example as enhancers. Estrogen is a good example, autoimmune diseases are
diagnosed in women with higher incidence [77]. Because, women have lower levels of

testosterone which has protective/inhibitory effect.

As animal models, Swiss Jim Lambert (SJL) mice showed increased level of severity in
experimental autoimmune encephalomyelitis. Non-obese diabetic (NOD) mice after
prepubertal castration had augmented incidence of immunologically mediated diabetes.
However after implantation of testesteron pellets in female SJL and NOD mice, the
severity of experimental autoimmune encephalomyelitis and prevalence of diabetes

decreased, respectively [78, 79].

The severity and prevalence of adjuvant arthritis and thyroid disease increased after
castration, but testosterone treatment protected mice from these conditions. The
incidence of the later onset of multiple sclerosis in males increases after decrease in
testosterone in the body compared with females. This may contribute to protection for
young men who have genetic susceptibility to multiple sclerosis. Sa-dihydrotestosterone
treatment increased IL-10 production in CD4* T lymphocytes. Testosterone treatment
decreases IFN-y expression and increases I1L-10 expression by autoantigen-specific T
lymphocytes. The whole mechanism is still not clear yet [80].

Testosterone supplementation plays versatile roles during development of experimental
autoimmune orchitis via inhibition of Thl-specific cytokine production in testicular
draining to lymph nodes. Testosterone seems to stimulate an expansion of suppressive
Tregs from naive T cells, causing an increase in the Tregs within the CD4" T cell
population meantime simultaneously blocking the synthesis of proinflammatory
mediators MCP-1, TNF-a, and IL-10 in the testis [81].
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Another sex hormone as estradiol has important effects on thymus. Estradiol stimulates
thymic atrophy through blocking the development of thymocyte at various phases
without a detectable apoptosis and it is suggested that this process is caused by inhibition
of production of DP thymocytes, not a direct killing. Increased estradiol levels block
thymopoiesis at various stages of development [82]. Another study showed that estrogen
but not progesterone inhibits development of T cell in the thymus, but estrogen depletion

via oophorectomy does not stimulate the development of T cell [83].

Cytochrome P450 monooxygenase is an enzyme which has a important function in
metabolism of sex steroids [84]. Andro-stenedione, hydroxytestosterone (HT), 7HT, 2-
HT and 16-HT were found in thymus as common testosterone metabolites [84]. Level of
these metabolites is highly correlated with expression level of cytochrome P450 and
adult thymus contains eight fold higher expression of cytochrome P450 and three fold
higher expression of testosterone receptor than fetal thymus [84].

Epithelial cells have known as androgen receptor positive since earlier studies while
these earlier studies pointed thymocytes as androgen receptor negative cells [85]. But
later immunoblotting, flow cytometry and ligand binding assays shown thymocytes are
androgen receptor positive cells [85]. Testosterone injection increases thymic involution
while cutting out of testosterone undos involution of thymus [86]. Level of sex steroids
affects on thymic involution and thymic cells as thymic epithelial cells, thymocytes and
mesenchymal cells is not known. Female thymic epithelial cells proliferation rate is
faster than males and testosterone treated females [87]. Recent findings show that
androgens suppress DII4 expression of thymic epithelial cells [88]. DIl4 is a Notch
receptor ligand and it is indispensable for maturation, commitment of thymocytes [88].
Cutting out of sex hormones increased DII4 expression. Over expression of DIl4 by
cultured stromal cells promote ex vivo thymocyte development. Cutting out of sex
hormones increases lymphopoiesis in bone marrow, thymus and it encourages recovery

in autologous and allogeneic hematopoietic stem cell transplantation [89].

Cellularity is increased in cortical thymus especially as an answer to estrogen depletion
and estrogen injection reverses increased cell numbers to normal numbers [90]. 17-

estradiol treatment decreases proliferation of thymus in culture, but 17-estradiol
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treatment has not any direct effect on thymocyte apoptosis. Thus, estrogen effects on
thymocyte apoptosis seems as indirect and it has thymic epithelial cell origin [90].
Furthermore, same research group cocultured thymocytes with thymic epithelial cells
rich thymic stromal cells and they administrated 17-estradiol on these cells [90]. Thus,
estrogen effects on thymocyte apoptosis seems as indirect and it has thymic epithelial
cell origin [90]. They found that 17-estradiol treatment increases fragmentation of DNA
and decreases DNA content in addition to plasma membrane depolarization. 17-estradiol
treated thymic epithelial cells conditioned medium induced apoptosis [90]. Thus,
estrogen effects on thymocyte apoptosis seems as indirect and it has thymic epithelial
cell origin [90]. Apoptotic effect of estrogen was found as a caspase dependent process
and this is an genomic pathway and tamoxifen, inhibitors of transcription and translation

halted apoptotic action of estrogen [91].

1.3.8. The Cells Responsiple or Possibly Responsible for Thymic Involution

1.3.8.1. Regulatory T Cells and Their Roles in Thymic Function and Involution

CD4* T cells are classified as conventional T helper and regulatory T cells. Regulatory T
cells constitute almost 10% of peripheral CD4" T cells. They have immunosuppressive
activities and suppress detrimental activities of effector T cells to maintain
immunhomeostasis. Treg cells express CD25, CD4 and FOXP3. Regulatory T cells are
crucial for autoimmune and autoinflammatory disorders, cancer, allergy, acute and
chronic infections, immune-mediated inflammation and metabolic inflammation [92].

CD4 expressing Treg cells were discovered in 1990s.

The primary role of Tregs is suppression of autoimmune diseases through maintaining
immunologic self-tolerance, T cell activation initiated by weak stimulus [93]. The other
functions of these cells are suggested as suppression of asthma, allergy, pathogen-
induced immunologic pathology, stimulation of maternal tolerance towards fetus,
tolerance against dietary antigens, organization of the effector type of the immune
response, feedback control of the magnitude of the immune response through effector Th

cells, conservation of commensal bacteria from removal by the immune system,
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protection of T cells that are activated by their true high-affinity agonist ligand from
killing cells that solely express low-affinity T-cell receptor ligands including the self
peptide-major histocompatibility complex molecule that positively selected the T cells

[93]. All of these functions of Treg need further investigations to prove.

The mechanisms responsible for Treg suppression is not clear. Contradictions may arise
from the differences in in vivo and in vitro models. There are three types of suppressive
mechanisms: local secretion of inhibitory cytokines, local competition for growth factors

and cell—cell contacts [94].

The mission for inhibition of autospecific T cells’ harmful effects belongs to regulatory
T cells (Treg cells). Both Treg and Tconv cells are generated in the thymus, they are
originated from a common hematopoietic precursor. Treg cells are enriched for
autospecific cells, but not that of conventional T cells (Tconv cells) do not enrich. The
development of this different populations seems to be controlled by different
mechanisms. The development of Tregs are governed by the cognition of agonist ligands
including major histocompatibility complex and peptide molecules, causing negative
selection of Tconv cells. In addition, transforming growth factor B (TGF-B) and the
cytokines interleukin 2 and co-stimulation through CD28 are necessary for Treg cell
development, not necessary for the development of Tconv cells. These diversities would
lead differential transition of Tconv cells development versus Treg cells development in
the thymus [95].

Recent study shown that peripheral Treg cells can migrate to the thymus and they block
de novo development of its precursors in mouse. Number of recirculating Treg cells
increased with age, leading to progressively decreased output of newly developed Treg
cells. It is also found that recirculating cells with both differentiated and activated
phenotype exist in the human thymus, suggesting negative feedback loop in the

development of Treg cells looking like in mouse might be found in humans [96].
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Figure 1.10. Immune responses of adjacent T cells are supressed by Treg cells [97].

A regulatory T cell is responsive to a specific antigen and it suppresss immune reactions
of T cells which are responsive to antigens from same antigen presenting cells. Thus,
regulatory T cells provide a tolerance for some antigens and maintain immune

homeostasis [97].

The markers which are commonly used for identification of Treg cells are CD127,
CD25, lymphocyte activation gene-3 (LAG-3), glucocorticoid-induced tumour necrosis
factor receptor family-related gene (GITR), cytotoxic T lymphocyte-associated antigen 4
(CTLA-4), forkhead’ winged-helix transcription factor box P3 (Foxp3) [93]. But these
markers are not exactly specific for Tregs.

Once activated, CD25, is alpha chain of interleukin-2 (IL-2) receptor which is receptor
of a T-cell growth factor IL-2, it is expressed by all T cells. After two or three days of
activation, CTLA-4 is increased in all CD8+ and CD4+ T cells, works as a supressive
regulator for T-cell activation. GITR and LAG-3 are started to be expressed in T cells
following induction. CD127 which is alpha chain of IL-7 receptor is important marker to
distinguish Treg and Th cells as having low and high expression in human, respectively.
But there is some discrepancy that T follicular helper (Tfh) cells which help B cells
show no CD127 expression and many CD4+ T cells have decreased expression of
CD127 after activation. Even though FOXP3 is important marker for Tregs, it can be

expressed temporary by many CD4" and CD8" T cells in humans. Treg markers which
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are currently used are not specific for Treg cells, they are not trustworthy to discriminate

Tregs and activated conventional T helper cells [93, 98].

FOXP3 gene is necessary for development and function of Tregs. Mutated FOXP3 gene
causes IPEX syndrome which is an multi organ autoimmune disease;
immunodysregulation, polyendocrinopathy, enteropathy, X-linked syndrome [99].
FOXP3* Tregs depletion caused devastating autoimmunity and then death within weeks

in healthy adult mice [100]. Tregs are crucial for maintenance of immunotolerance.

Tregs are formed in the thymus, thymus removal on 3rd day after birth caused
development of many autoimmune diseases. But removal of thymus on 7th day did not
cause autoimmune diseases showing Tregs derived from thymus are necessary for

prevention of autoimmunity [101].

FOXP3*CD4" Treg cells derived from thymus are also called as natural Treg cells.
FOXP3 expressing Tregs can be generated from differentiation of naive CD4+ T cells
without FOXP3 expression in the periphery, called as induced Treg cells [102]. The
development of natural and induced Tregs are probably occured by different

mechanisms.

To study the role of Tregs in immune homeostasis, Treg cells are set with the human
diphtheria toxin receptor (DTR) in Foxp3 DTR knock-in and Foxp3-DTR BAC
transgenic mice [100, 103]. Adult healthy Foxp3 DTR mice died after chronic surgical
removal of Tregs, because of furious myelo-and lympho proliferative diseases. It shows
that Treg cells are indispensable for mice health. The study performed using germ free
Foxp3 DTR mice shown rampant myelo and lympho proliferative disease after Tregs
removal indicating important role of Tregs in immune homeostasis in normal animals
and Tregs are necessary for constriction of self-MHC-restricted T cells in any case of the

existence of the commensal microbiota [100, 104].

Lack of Foxp3 cause deficiency of Tregs and it causes mortal autoimmunity. Treg
transfer ameliorated neonatal Foxp3 deficient mice [105]. T cell specific removal of

Foxp3 is enough for stimulation of the similar early onset of lympho proliferative
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syndrome. Deletion of Foxp3 allele in thymic epithelial cells or dendritic cells did not
cause immune abnormality or any difference in differentiation of T cells [106, 107].
Increasing number of evidences suggest that the reason of the disease in the Foxp3

mutant mice is only related with lack of FOXP3 expression in regulatory T cells .

Recent studies on regulatory T cells enlighten many unknown sides of its roles,
differentiation, heterogeneity and behaviour in various tissue environments. Further

studies are necessary for answering of remaining questions about them.

1.3.8.2. Lymphoid Tissue Inducer (LTi) Cells and Their Function in Thymus

Lymhoid tissue inducer cells are innate lymphoid cells and these cells are essential for
development of lymphoid tissues. In embriyonic development, lymphoid tissue
development is initiated by lymphoid tissue inducer (LTi) cells migration from fetal liver
to the periphery. LTi cells initiate the formation of Peyer's patches and lymph nodes
[108]. In addition, lymphoid tissue inducer cells in thymus is thought as an important
factor for thymic repair mechanism. At first, Lin"9CD4"9CD117(c-
Kit)"CD127*CD25(IL-2Ra)"CD90(Thy-1)* cells were accepted as LTi cells, but CD4"9
LTi cells were found in later studies.

Their origin is Lin"®9CD4"9CD117"™Sca-1*CD127* fetal liver lymphoid progenitor cells.
They are dependent on the transcription factors RORy and 1d2 for differentiation, and
their activity and survival were determined by IL-7 [109-111]. Peyer’s patches and
lymph nodes anlagens contain LTi cells [109-114]. And these cells induce lymph nodes
and Peyer’s patches formation during fetal development [115]. Lymph nodes and peyer
patches do not form after RORy depletion [113, 116].

Tertiary lymphoid tissues maturation after birth and repair of secondary lymphoid tissues
after viral infections are promoted by adult CD4" LTi cells [117, 118]. Adult LTi cells
are Notch signal dependent for differentiation [119].

According to findings of a study in 2012, thymic epithelial cells survival and function is

promoted by interleukin-22 production of lymphoid tissue inducer cells in irradiated
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mice. Interleukin 22 production by lymphoid tissue inducer cells is promoted by

interleukin 23 release from dendritic cells [120].

Thymic lymphoid tissue inducer cells are found in thymus since embriyonic day
fourteen and they express same markers as lymphoid tissue inducer cells in secondary
lymphoid organs [121]. Interactions of thymic lymphoid tissue inducer cells with
RANK® mTECs are occurred via TRANCE, this interaction is important for
development of secondary lymphoid tissues [121]. RANK is the receptor of TRANCE
and it induce AIRE expression [121]. AIRE or autoimmune regulator is a transcription
factor and it controls the expression of self antigens on mTECs [121]. Thus, self reactive
thymocytes can be eliminated with negative selection. AIRE is obligatory for negative
selection, lack of AIRE causes multiorgan autoimmunity in mice [121]. mTECs’ central
tolerance needs AIRE expression and it is modulated by thymic lymphoid tissue inducer
cells [121].

1.3.8.3. Myeloid Derived Suppressor Cells and Their Function in Thymus

Myeloid derived suppressor cells or MDSCs suppress T cell response in animal models
and humans. MDSCs can accumulate in tumor tissue, circulation and lymphoid organs
[122]. As aresult of this accumulation, tumor development, angiogenesis and metastasis
are promoted. Myeloid derived cells in tumor bearing mice have increased levels of
signal transducer and activator of transcription 3 (STAT3). Additionaly, suppression of
STAT3 expression suppress the MDSC poliferation and increase the level of T cell
activation. Thus, phosphorylated STAT3 level is used as a marker of MDSCs activity
[123].

MDSCs' arginase 1 production is increased by cytokines which are originated from T
helper 2 cells. Arginase 1 is interacted with nitric oxide and produce peroxynitrite,
therefore T cell receptor CD3( tyrosines are nitrated, here after TCR can not be
phosphorylated for T cell activation. Numbers of regulatory T cells also increase and
consequently T cells are directed to apoptosis [124, 125]. MDSCs and CD4*CD25" cells
interaction is required for suppression effect, hence CD80 expression increase on
MDSCs for interact with CD152 on regulatory T cells [126].



24

MDSC cells differentiate into dendritic cells and macrophages and expression of
costimulatory molecules and major histocompatibility complex 2 increase in the
presence of granulocyte macrophage colony stimulator factor (GM-CSF) and interleukin
4 or GM-CSF and tumor necrosis factor alpha. MDSCs interaction with other cells
decrease when MDSCs are directed to differentiation.

A model for T-cell tolerance in cancer induced by MDSC is shown in Figure 1.11.
Tumor-derived factors induce the production of MDSC from hematopoietic stem cells
(HSC) in the bone marrow. MDSCs go into peripheral lymphoid organs or migrate to the
tumor site or peripheral lymphoid organs. They have high arginase | activity and they
produce reactive oxygen species as peroxynitrite. They present antigen to T cells and
nitrate their CD8 and T cell receptor, thus T cell can not interact with MHC molecules
and they become unresponsive to presented antigens [125]. MDSC production from

HSC pool is promoted by tumor originated factors [125].

© lossof COX

© Arrestof
proliferation

 Impairment of
memory
TCR, CD3 and
CO8 nitration
and nitrosylation

© Reduced capabiity
of T cells to migrate

16
> 1123
TGFR

oo 4
© © G-CSF, M-CSF, GM-CSF, SCF,
VEGF, IL6, IL1B, TGFB, IFNy

Figure 1.11. MDSC mediated immune supression pathways [127]
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Figure 1.12. MDSC induced tolerance of T cells [125]

1.3.9. Receptors or Ligands Which are Responsible or Possibly Responsible for

Thymic Involution

1.3.9.1. Keratinocyte Growth Factor and Its Receptor

Some cytokines and signal molecules behave like a stimulant for aged thymus.
Keratinocyte growth factor is one of them and produced by mesenchymal origin cells
and has a mitogenic effect on epithelial cells [128]. In thymus, thymocyte KGF
production capacity increase during thymocytes differentiation and thymic fibroblasts
are main KGF producers in thymic stroma [128]. Epithelial cells are main cells that
express KGF receptors FGFR2IIIB. KGF treatment increase thymus cellularity in
immune ablated young and old mice [128]. Aging related microenvironment damage can

be repaired with KGF treatment.

Keratinocyte growth factor is encoded by the FGF7 gene. FGF7 belongs to heparin-
binding fibroblast FGF family whose members play role in biological processes such as
cell growth, embriyonic development, morphogenesis, tumor development and invasion.
It is specifically effective on epithelial cells, mitogenically [129]. It is found in the
epithelialization phase of wound healing. Mesenchymal originated cells produce FGF7,
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indicating a possible paracrine intermediary for mesenchymal-epithelial communication.
FGF7 receptor, KGFR/FGFR2-1llb is encoded by FGFR-2 gene, which represents
tyrosine kinase isoform, is found in epithelial cells of various organs [130]. FGF1,
FGF3, FGF7, FGF10, and FGF22 are ligands for KGFR. Mesenchymal cells express
alternatively spliced isoform, FGFR2IlIc [131].

FgfR2111b deficient mice stops growth of thymus after twelve and half embryonic day, a
stage that takes precedence of its detection in thymic epithelial cells, causes a very
hypoplastic thymus compared to those of normal mice [132]. Disruption of FGFR2I1Ib
gene caused developmental defects in various organs including hypoplastic thymus [132,
133]. Postnatal thymus has FGFR2I1Ib, FGF7, and FGF10, it shows that this signalling
pathway remains for the maintainance of thymus environment. FGF7 treatment to adult
mice transiently changes the appearance of thymic epithelial cells, plays role in
differentiation of thymic epithelium through increasing postnatal T cell development by
inducing expansion and differention of both mature and immature thymic epithelial cells
[134].

FGF7 are mainly produced by fibroblasts and mature CD4" and CD8" thymocytes in the
thymus and effects on thymocytes and thymic epithelial cells to induce their function
and proliferation [129-134].

FGF7 decreased thymic aging in aged murine models, it induced T cell production and
protected medullary construction. It adjusts T cell development and TEC function
related genes, such as Wnt5b, Wnt10b, BMP2 and BMP4 through p53 and NF-xB
signaling pathways [129-134].

FGF7-/-, wildtype, and FGF7+/- mice shown similar thymic cellularity and distribution
of thymocyte subset [129-134]. FGF7-/- were more indefensible to sublethal irradiation
and they had a significant diminish in thymic cellularity after irradiation. Disabled
peripheral T-cell reconstitution and thymopoiesis were seen in FGF7-/- recipients of
syngeneic or allogeneic bone marrow transplant, however usage of FGF7-/- mice as
donor did not affect the development of T-cells. FGF7 caused a retardation in the early

development in the thymus, FGF7 treatment in young and old mice stimulated
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thymopoiesis and quickened the healing of thymus after irradiation, administration of
cyclophosphamide, and dexamethasone. Middle-aged recipients of an allogeneic bone
marrrow transplant shown increased numbers of T cells and thymopoiesis after FGF7
treatment. Overall, FGF7 has important function in postnatal thymic recovery [132].
FGF7 treatment before bone morrow transplantation stimulated the ability of generation
of thymocytes derived from donor. FGF7 pre-treatment provided normalization of the
proportion of thymic subpopulations, augmented the naive T cells in the periphery and
increased the response towards neoantigen immunization. It was shown that intrathymic
IL-7 production was increased after FGF7 treatment and IL-7 signaling pathway is
necessary for thymopoietic function of FGF7 [132]. FGF7 treatment improved thymic T
cell reconstitution and repaired thymic construction before CD34" peripheral blood
progenitor transplant in rhesus macaques and the numbers of naive T cell and sjTREC

and T cell function in the periphery were augmented [130,132].

1.3.9.2. ARP 2/3 Complex

Arp 2/3 complex is built from seven protein subunits and it behaves as a regulator in
actin polymerization. Arp 2/3 complex contribute into the fibroblast monolayer
migration and cell polarity according to findings from wound healing model with mice
embriyonic fibroblast cells.

Actin cytoskeleton is very important in the lifetime of the eukaryotic organisms. The
movement of the cells depends on the dynamism of actin cytoskeleton originated from
actin filaments which are in continual turn over individually. The formation of new actin
filaments starts with nucleation. The nucleation from monomers needs actin-nucleating
proteins which consists of the Arp2/3 complex and its nucleation promoting factors,

formins, and tandem-monomer-binding nucleators.

Actin is found as the most plenty and highly conserved protein in the eukaryotic cells. It
is the main component of cell cytoskeleton. G-actin as actin monomers form F-actin
filaments by assembling. These filaments are polarized, having fast growing barbed ends
and slow growing pointed end. The formation of a stable multimer of actin monomers is

the rate limiting process during polymerization because of the instability of actin dimer
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intermediates and the suppression of spontaneous nucleation by actin monomer
sequestering proteins. Arp2/3 complex, formins and tandem-monomer binding

nucleators play role in the solution of the kinetic problem for nucleation.
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Figure 1.13. Actin nucleation by Arp 2\3 [135]

In Figure 1.13, ARPs: ARP2/3 ATP, blue ARP2/3 ADP inorganic phosphate, grey;
ARP2/3 ADP, light grey. Actin: actin ATP, red; actin ADP P;, pink; actin—~ADP, light
pink. At first step of actin nucleation, the ARP2/3 complex begins in an open
conformation as an inactive form. Domain of Wiskott Aldrich syndrome protein
homology 2 stimulates a conformational alteration which makes ready the complex for
activation, happening upon the WCA actin ARP2/3 assembly binding to the mother
filament, preferably close to barbed end. At second step of actin nucleation, WCA
domain gives an ATP actin monomer to the probably to the barbed end of the mother
filament and/or to the complex. At third step of actin nucleation, even though the
stimulator is unknown, The WCA separates. ARP2 release phosphate. At forth step of
actin nucleation, daughter and mother filaments extend and age via ATP hydrolysis and
release of phosphate. At fifth step of actin nucleation, Release of phosphate from ARP2
and filament aging reduce the interplay between mother and/or daughter filament and
ARP2/3. At sixth step of actin nucleation, letting disassembly of branch and ARP2/3
complex release, probably ADP bound conformation as inactive. Cycle restart with the
exchange of nucleotide on ARP2 and probably on ARP3 [135].
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Arp2/3 complex is an actin nucleator, consists of evolutionary conserved subunits
including Arp2 ans Arp3 as the actin-related proteins and ARPC1 5 as five other
subunits [135]. For activation of Arp2/3 complex, it is necessary to bind to actin
filaments and nucleation promoting factors which possess catalytic domain have G-actin
binding Wiskott-Aldrich homology 2 domain and Arp2/3 binding central/acidic
sequences. When the Arp2/3 complex is activated, it nucleates the formation of new
filaments that stretch out from existing filaments at a seventy degree angle for the
formation of a Y branched network [135].

Arp2/3 complex is not able to nucleate alone. Cellular cofactors are necessary for the
ability of nucleating and branching of Arp2/3 complex. Many NPFs of Arp2/3 can be
divided into 2 different classes. Type | NPFs VCA domain consist of three conserved
motifs which causes G-actin binding and ARP2/3 via V and CA motif, respectively. This
group of NPFs contain Wiskott-Aldrich syndrome protein, WASP family verprolin-
homologous protein, WASP and SCAR homologue, neural WASP and junction-
mediating and regulatory protein [136].

Type 11 NPFs do not have complete VCA domains, instead possess acidic domains at the
amino terminal site and tandem repeat domains which bind F- actin that is able to bind
the ARP2/3 complex and F-actin, respectively [135, 136]. Cortactin which is a type 1l
NPFs can faintly acivate ARP2/3 complex and bind to the branches of
ARP2/3-nucleated filament for inhibition of debranching [135,136].

It is hard to study the function of ARP2/3 complex in vivo, because its distruption
becomes lethal. The knowledge about its structure and biochemistry comes from in vitro
studies. The cellular function was interpretated from its localization status [136]. In
recent years, it becomes possible to study the function of ARP2/3 complex thanks to
generating tools such as some inhibitors that helps the investigation of ARP2/3 function

in various cell types [136].

One of these generating tools is CK 666 which is a small molecule, inhibitor for ARP2/3

complex. It can reversibly inhibit ARP2/3 function and ARP2/3 was shown to play role
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in cytoplasmic streaming of actin and asymmetric cell division in oocytes and actin

retrograde flow in neuron through this inhibitor [136].

A study shown that Arp2/3 complex inhibition using CK 666 caused disruption of actin
veils, a decrease in barbed end actin assembly site density at the leading edge, and
eventuated veil retraction [137]. Inhibition of Arp 2/3 complex increased rates of
retrograde actin flow. But, inhibition of myosin Il and Arp2/3 complex induced
retardation of retrograde actin flow and veils no longer drawn back. If the Arp2/3
complex and myosin Il are spatially separated, actin nets gathered by the Arp2/3
complex can limit myosin Il dependent contractile ability with resultant effects on

growth cone movement ability [138].

Another study shown that disruption of Arp2/3 using CK 666 and Arpc2 and Arpc3
RNAI caused defects in spindle migration, asymmetric division, and oocyte cytokinesis
[139]. It suggested that the Arp2/3 complex may regulate oocyte polarization via its
effects on spindle migration, asymmetric division and cytokinesis during mouse oocyte
meiotic maturation [139]. An other study in mouse oocytes shown that inhibition of
Arp2/3 complex reduced flow and cytoplasmic streaming and make possible a reverse
streaming driven by myosin Il based cortical contraction, moving the spindle away from
the cortex. Arp2/3 complex directs balanced forces which maintain the asymmetric Mll

spindle position [136].

Loss-of-function genetics is another strategy to study ARP2/3 comlex in vivo. Cell lines
which ARP2/3 knockdown and knockout with maintaining proliferative ability in vitro
[140, 141]. Owing to these cell lines, the effect to ARP2/3 complex on cell motility was
studied.

ARPC3™ fibroblasts could not extend lamellipodia but formed dynamic leading edges
consisted of primarily of filopodia-like protrusions. ARPC37 fibroblasts shown
deficiency in the coordination of the protrusive activities at the leading edge indicating
the important role of Arp2/3 complex in lamellipodia extension and directional fibroblast
migration [141]. The different results were demonstrated for the role of ARP2/3 complex

on chemotaxis. One report shown no impact on chemotaxis along platelet-derived
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growth factor gradients for the cells which had RNAI mediated depletion of the ARP2/3
complex or inhibited by CK666. Another report shown that Arpc3—/— cells had disabled
migration along epidermal growth factor gradients. The difference may be caused by

different methodologies which needs further investigation [140, 141].

The ARP2/3 complex was demonstrated to be necessary for haptotaxis, the ability of
sensing extracellular matrix gradients on the substrate. ARP2/3 complex deficient cells
failed in sensation or response to gradients of fibronectin, laminin or vitronectin, while
control cells in the same microfluidic chamber could migrate into the higher
concentrations of the extracellular matrix [140]. Focal adhesions, structures that mediate
extracellular matrix cell interactions were not alligned well in the ARP2/3 deficient cells

in comparison to control cells, indicating its role in haptotaxis.

Thymosin B 4 make a complex with profilin and actin at higher thymosin B 4
concentrations (>5-10uM) and this condition suppresses actin polymerization and causes
a large increase in unpolymerized actin amount in cells [141]. Wise et al. shown that
thymosin B expression in rats was affected by sex hormones, thymosin f level was
changed in castrated females and castrated androgenized females. Changes in ACTR2
seems in correlation with changes in thymosine  [142]. ACTR2 level may change as a
cell answer to changed thymosine f levels or ACTR2 level may decrease as an answer to

decreased thymosine P levels [143].

Testosterone levels affect Arp 2 gene promoter methylation in hippocampus, thus
testosterone has a role in control of Arp 2/3 complex production [142]. We can propose
that testosterone related Arp 2 methylation or expression change as a determinant for
repair differences between three months old female and male mice. Arp2 methylation
may suppresses the expression of Arp2 in thymus like hippocampus and as a result of
this less amount of Arp2 protein is produced. Because of that, decrease in formation

capacity of Arp2/3 complex may cause a defect in thymus repair mechanism.
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1.3.9.3. Interleukin-7 and Its Receptor

Interleukin-7 is mainly produced in bone marrow and thymic stroma [128]. Interleukin
7 receptor is expressed by diverse cell types. IL-7 is a necessary factor for T and B cell
development in mice, but not necessary for B cell development in humans. Thymic
cellularity decrease in IL-7 and IL-7R knockout mice. Different results are obtained

from the studies about IL-7 effect on thymic involution [128].

IL-7, a hematopoietic growth factor secreted by stromal cells in the bone marrow and
thymus [143, 144], it is included in the cytokines family and exerts its signaling through
the cytokine gamma chain (yc), also through the IL-7 receptor alpha chain. IL-7 plays a
key role in the regulation of lymphopoiesis which is directed by predominant cell which
produces IL-7 in the thymus is major histocompatibility complex class I1* epithelial cell
[145]. Fetal and adult liver cells, keratinocytes, dendritic cells, hepatocytes, neurons, and
epithelial cells also secrete IL-7. Normal lymphocytes do not secrete it.

Fibronectin and heparan sulfate are glycosaminoglycans of extracellular matrix which
bind to IL-7 and this is important in IL-7 induced signaling within the microenvironment
[145].

Thymic stromal-derived lymphopoietin is found in the cytokine family which shares
overlapping and also different biological activities with IL-7. The overlapping properties
are originated from the use of common receptor components, IL-7Ra which is necessary

component for TSLP signalization through TSLPR complex, while yc is not necessary

[146].

IL-7Ra is included in the family of hematopoietin receptors and a type I membrane
glycoprotein. Its extracellular domain consists of two hundred twenty amino acids,
shows high homology with other family members. Transmembrane region and
cytoplasmic tail consists of twenty five and one hundred ninety five amino acids,
respectively, which are crucial in recruitment of signalling molecules including kinases
which are necessary for signal transduction whereat intrinsic tyrosine kinase activity is

not found in intracellular part of IL-7Ra [147]. So, tyrosine phosphorylation by IL-7 is
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entirely via the recruitment of intracellular kinases. IL-7 receptor activation may
stimulate some kinase members of PI3-kinase, Janus and Src families. NFAT, STATS, c-

myc and AP-1 are some important transcription factors which are latter activated [148].

IL-7 has many common functions with other cytokines such as IL-2. It operates on
lymphocytes like IL-2, utilizing receptor part yc chain. IL-7 plays important function
particularly in the early phases of T cell development. It has also important roles in the
development of the immune system. IL-7 stimulates some intracellular proteins to be

phosphorylated in pre-B cells, leukemic T cells and thymocytes [148].

Mutated yc and Jak3 cause SCID syndrome which show defects in T- and natural killer
(NK) cells similar to that of yc-deficient mice [149]. IL-7R a mutations in humans
caused T cell deficiency, impairments in the function of B cells and alterations in the
number of NK cells [150].

Binding of IL-7 to IL-7Ra leads to dimerize with yc [151]. Jak3 which is connected to yc
phosphorylates tyrosine residues of IL-7Ra in the cytoplasmic part. This recruits Jakl
and STAT molecules. The requirement of yc for IL-7 signalling is only because of the
absence of intrinsic tyrosine kinase activity of IL-7Ra, so Jak3 is required for

stimulation of phosphorylation [151].

IL-7 has function in B cell development. It has roles in the specification and
commitment into the B lineage, the survival and proliferation of B cell progenitors; and
maturation while transition of the pro-B into pre-B cell [152]. While inhibition in the
pre-B cell development from pro-B cell was seen in IL-77~ mice, inhibiton in the pre—
pro-B cell as earlier phase was reported n IL-7Ra” mice [153]. It may regulate
development of B cells in the pre—pro-B cell stage. Administration of IL-7 stimulates
the increase in the pre-B cells and mature B cells in both lymphocyte deficient and

normal mice [153].

Interleukin-7 also plays roles in the development of T cells, also. The supportive cells in
the thymus, such as epithelial cells, fibrobalsts allow for the formation of the

microenvironment with growth factors and the others. IL-7 can be identified within the



34

thymus of thirteen-day murine embryos can have IL-7, suitable with the first thymocyte
expansion [154]. A subset of MHC class II* epithelial cells have been reported to
express IL-7 along with SCF which is another important factor for thymocyte
development [155], they act together for proliferation of thymocyte. IL-7 has been found
to stimulate immature T cell proliferation and survival. The studies using IL-7" and IL-
7Ra”" mice have shown that other molecules utilizing the IL-7Ra chain was crucial for
the development of early T-cells. Thymic cellularity decreased to 0.01 per cent to ten per
cent in IL-7Ra "~ mice and decreased to twenty fold in IL-77~ mice compared to normal
mice. Developed af T cells did not act normal in a part of IL-7Ra”" mice. Triple
negative immature thymocytes were fractionally inhibited in IL-77" mice [156]. 12
weeks treatment of anti—IL-7 monoclonal antibody led to a dramatic decrease (more than
99% of normal) and an arrest before CD44*CD25* phase with an increase in the
CD4 CD8" cells [157]. IL-7 overexpression augments in the numbers of T-cells, namely
T cell output at least partially [158]. IL-7 has function in early thymocytes survival in
the TN developmental phase via the members of bcl-2 family [158]. IL-7 plays role in
differentiation of thymocytes. IL-7 was reported to have function in the inhibiton of the
CD4 expression transcriptionally and it CD8 single positive cells indicating an important
role for differentiation from double positive to single positive [159].

IL-7 has function in thymic aging. While IL-7Ra is necessary for survival, proliferation
and RAG expression in adult thymocytes, it is not necessary for survival and RAG
expression in fetal thymocytes, but required for proliferation [160]. IL-7 treatment of
elderly mice causes marked increase in TN thymocytes without any important alteration
in the relative ratio of the cells in each groups. IL-7R expression and IL-7 mRNA did not
decrease with age [161]. Even though IL-7 increases thymic function throughout aging,
another factors may be more important in thymic ageing than IL-7 alone.

IL-7 also regulates mature T-cell function. It increases proliferation and cytokine
production of T cell [162]. It increases CXCR4 chemokine receptor expression, CXCR4
is a potential marker for T-cell homing to lymphoid tissues and found in a subset of
memory CD4" T cells [153]. IL-7 inhibits programmed cell death and maintains mature
T cells probably via lung Kruppel-like factor and T-cell survival factor [163]. It also
induces lytic activity of classical CD8CD3" cytotoxic T lymphocytes (CTLs), NKT
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cells, NK lytic effectors and CD4 CD8 vyd T cells [164]. IL-7 treatment increases

antitumor and antiviral activity of T cells compared to IL-2 or IL-4 treatment [165].

1.3.9.4. Interleukin-22

Interleukin-22 is a cytokine which is encoded by IL22 gene in humans, it is found in the
IL-10 superfamily [166]. Its heterodimeric receptors constitute of IL-10R2 and IL-22R1
subunits, 1L-22R is expressed by tissue cells and not by immune cells [167]. It plays
important roles in host defense at mucosal surfaces, chronic inflammatory diseases and
tissue repair. It is produced by immune cells such as T-helper (Th) cells and innate
lymphocytes including LTi, LTi-like cells, NK cells and distinctive for the property of
acting solely on non-hematopoietic stromal cells, including hepatocytes, epithelial cells
and keratinocytes [168].

IL-22 cytokine stimulates Stat3 signaling cascades, mitogen-activated protein kinase and
Akt pathways and then activation of some tissue specific genes, such as serum amyloid
A, mucins and antimicrobial proteins including b-defensin, Reg3c, lipocalin-2 [169]. It
may play as a survival factor through activating anti-apoptotic pathways and

proliferation for tissue protection [170].

IL-22 expression is extremely encountered in various chronic inflammatory disease such
as rheumatoid artiritis and psoriasis [171]. IL-22 can have either protective and
inflammatory functions. IL-22 overexpressing transgenic mice shown some skin
properties like psoriasis, it was also shown that it is crucial for epidermal remodeling
[172]. It was demonstrated that IL-22 was inflammatory during a T-cell-mediated model
of psoriasis [172]. Keratinocyte proliferation and epithelial hyperplasia were increased
by IL-22 in vitro [173]. Thus, IL-22 is inflammatory during skin inflammation and it is
very important in the thickening of epidermis through induction of keratinocyte

proliferation and migration.

IL-22 has important inflammatory function in rheumatoid arthritis. 1L-22 deficient mice
showed lower incidence of pannus and arthritis generation [174]. IL-22 has also

protective and therapeutic functions during inflammation including hepatitis and
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inflammatory bowel disease. Injection of 1L-22 expressing Th17 cells to mice before
stimulation of acute liver inflammation limited the tissue damage [175]. IL-22 gene
therapy into mice colons heal inflammation [175]. IL-22 is a protective factor for
hepatocytes exerting this survival role via inducing expression of STATS3, ergo
expression of various anti-apoptotic and mitogenic proteins [176]. Clinical studies of
genome-wide association shown that inflammatory bowel disease patients had mutations
in the genes of IL-22 and IL-10Rb subunit of its receptor [176]. It is important in

inducing liver lipogenesis, liver regeneration and hepatic steatosis [176].

IL-22 is protective in fibrosis development. 1L-22 expressing gammadelta T cells with
IL-22 expression are crucial for protection from inflammation-induced pulmonary
fibrosis. It was shown that inhibition of 1L-22 expression resulted in an increase in lung
fibrosis and treatment of IL-22 inhibited lung fibrosis through using a mouse model of
lung fibrosis [177]. IL-22 has important roles in wound healing. In vitro assays have
shown that administration of IL-22 into keratinocytes accelerated healing after damage
[178]. IL-22 deficient mice shown a retardation in recovery of mucosal colonic biopsies
[178]. It has also curative roles for alcohol-induced injury and liver regeneration after
hepatectomy [178].

IL-22 is important in thymic regeneration. Owing to its role in inducing and decreasing
autoimmune pathology within epithelial parts, IL-22 could have effect in epithelial
regeneration after thymic damage. Thymic amelioration was stimulated by depletion of
CD4*CD8* double positive cells, the regeneration was disrupted in IL-22 deficient mice
and IL-22 levels were significantly enhanced in the thymus of normal mice after thymic
damage [179]. Furthermore, IL-22 treatment increased thymic amelioration after
following total body irradiation. Radio-resistant RORy(t)"CCR6"NKp46~ lymphoid
tissue-inducer cells upregulated IL-22 expression after thymic damage in an IL-23-

dependent way.

An endogenous pathway for thymic regeneration was revealed showing that DP
thymocytes decrease and this decrease induces IL-23 upregulation which stimulates IL-
22 production by thymic innate lymphoid cells. This network gives rise to recovery of

the epithelial compartment which has supportive roles and then rejeneration of
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thymopoiesis [180]. Another study which aimed to reveal the role of IL-22 on the
recovery and function of thymus from graft-versus host disease mice after allogeneic
bone marrow transplantation shown that IL-22 quickened the recovery of thymus and
improved the IFN-y-producing ability of thymus CD4" and CD8" T cells from GVHD
mice [181]. IL-22 could exert its effects through thymic epithelial cells and also

probably non-epithelial cells including endothelium.

1.4. AIM OF THE STUDY

The specific objectives of the study are:

o determine the effect of Arp 2/3 complex production on gender related
differences in thymus repair

e determine the effect of sex hormones or gender differences on MDSC and Treg
related T cell supression

e determine the effect of sex hormones or gender differences on stem cells and
progenitor cells in bone marrow

e determine the effect of sex hormones or gender differences on KGF, IL-7 and
their receptors expression in thymus.

e determine the effect of sex hormones or gender differences on thymocyte
development

e determine the effect of sex hormones on naive T cell production

o determine the effect of sex hormones on thymic LTi cells in thymus



2. MATERIALS AND METHODS

In this study, five different group of experiments were realized.

e Animal studies

38

e Gene expression analysis of ACTR2, IL7, IL7R, FGF7, FGFRII, IL22 with

quantitative real time PCR
e Methylation analysis of ACTR2 gene promoter region with conventional PCR

e SJTREC copy number analysis with quantitative real time PCR

e Immunophenotyping of bone marrow hematopoietic stem and progenitor cells,

thymic lymphoid tissue inducer cells, myeloid derived suppressor cells,

regulatory T cells and thymocytes in different stages of development.

2.1. ANIMAL EXPERIMENTS

2.1.1. Experiment Groups

Total 42 C57BL/6 mice were used for experiments. Their gender and age are shown in

Table 2.1
Table 2.1. List of animal groups
Animal Groups

Species Strain Gender Age Number
Mus musculus C57BL/6 female 3 month 21

Mus musculus C57BL/6 male 3 month 7

Mus musculus C57BL/6 female 7 day 7

Mus musculus C57BL/6 male 7 day 7

2.1.2. Animal Care, Feeding, Treatments and Sample Collection

C57BL/6 strain mice were fed with standard chow under suitable ventilation and sterile

conditions. Seven mice in twenty one female mice group were injected with a



39

compatible synthetic aromatase inhibitor (subcutaneous Letrozole ten micrograms per
day) for supression of estrogen synthesis for three months, thus effects of of estrogen on
immunesenescence was determined [182]. In addition, other seven female mice were
treated with subcutaneous testosterone in corn oil (five mg per kg, once in three days)
for three months, effect of testosterone supplement on thymic involution determined in
this way [183]. Other seven female mice were were only fed with normal chow. All of

the other experimental groups were only fed with normal chow.

Seven day or three month old mice were killed with exsanguniation under anesthesia
(50mg/kg pentobarbital intravenous). Blood was collected in BD Vacutainer® blood
collection tubes (with EDTA) (Becton Dickinson, USA). Thymus, two tibia and femur
were dissected and transferred into 10% FBS (Gibco, USA), 1% penicillin-streptomycin
(Sigma, USA) RPMI (Gibco, USA). All samples were stored and transferred to
laboratory in special sample transfer boxes.

Figure 2.1. Mice thymus and tibia femur bones [184]

2.2. DETERMINATION OF ARP2 EXPRESSION DIFFERENCES IN
DIFFERENT EXPERIMENT GROUPS

RNA, DNA and protein are isolated from thymus simultaneously with
DNA/RNA/Protein Allprep Mini Kit (Qiagen, Germany) according to manufacturer’s
protocol. 260/280nm ratio and concentration is measured for with Biotek Epoch ELISA

Reader TAKES3 apparatus (Biotek, Germany).
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Complementary DNA (cDNA) is reverse transcribed from mRNA with SuperScript 11l
First Strand Synthesis Kit according to manufacturer’s protocol. cCDNA is used for Arp2
gene expression analysis with quantitative Realtime Polymerase Chain Reaction (QRT-
PCR). TagMan gene expression assays were used as predesigned TagMan assays (Life
Technologies, USA).

TagMan Reference (housekeeping) gene and Assay number:
TBP (TATA Box binding protein) Mm00446971_m1

TBP gene was selected according to its stable expression under different conditions
[185]. Figure 2.2 shows the changes in Ct value of 13 housekeeping genes in 16 different

tissues (thymus, spleen, etc).

Figure 2.2. Changes in Ct values of 13 housekeeping genes in 16 different tissues [185]

Pre-designed ACTR2 Gene Expression Assay (MmO00773842_ml) and TagMan
Universal Master Mix with UNG (Life Technologies, USA) were used for qRT PCR
reactions. StepOne Plus (Applied Biosystems, USA) was used as Real Time PCR

system.

Table 2.2. List of components and volumes in reaction mix for single reaction.

Component Volume (ul) | Final Concentration
TagMan Universal Master Mix 11 with 10 1x
UNG
TagMan Gene Expression Assay 1 1x
cDNA template+PCR grade water 9 100 ng
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Table 2.3. PCR Program for qRT PCR Experiment

Step 1 Step 2 Step 3 Step 4
Time 50 95 95 60
(mm:ss)
Temperature 2 10 00:15 1:00
°C)
No. of Cycle 1 1 40

Negative controls were used for false positives. Amplification curves were analysed for
appropriate amplification. Calibrations of Real Time PCR instrument were made with
StepOne Plus Spectral Calibration Kit (Applied Biosystems, USA) before real time PCR

experiments.

2.3. DETERMINATION OF PROMOTER METHYLATION OF THYMIC
ACTR2 GENE

ACTR2 gene promoter region in mice was determined with bioinformatics softwares and
possible methylation sites on promoter region were determined through Swiss Institute
of Bioinformatics-Eukaryotic Promoter Database website. Methylation analysis of
ACTR2 gene promoter region is performed with thymic DNA and Promoter Methylation
PCR Kit (Affymetrix, USA). Primers were designed with Primer3 software and analyzed
with Integrated DNA Technologies Oligo Analyzer for hairpin, primer dimers. Forward
and reverse primer specificity were analyzed with National Center for Biotechnology
Information (NCBI) Primer Blast.

Promoter methylation analysis procedure consists of three main steps. Msel restriction
enzyme is used for fragmentation of genomic DNA. DNA fragments are incubated with
methylation binding protein (MBP) for formation DNA/protein complex. Methylated
DNA fragments are isolated and multiplying with PCR. PCR products run on agarose

gel. If promoter region is methylated, bands can be seen on agarose gel.
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Protocol of Promoter Methylation PCR Kit:

e 10ul of isolated thymic DNA was fragmented with 2 hours incubation in Msel
enzyme, NE Buffer and distilled water mix at 37°C.

e 100ul purification column binding (PB) buffer was added into the fragmented
DNA and all of the solution was transferred into the DNA purification column.
Column was centrifuged at 10000g for 60 seconds for binding of DNA. Flow-
through was discarded.

e 750ul of PE Buffer was added into the column and column was centrifuged at
10000g for 60 seconds. Flow through was discarded and column was centrifuged
at maximum speed for 1 minute.

e 10ul of distilled water was added into the column and column was incubated for
5 minutes. Fragmented DNA was eluted with centrifugation at maximum speed
for 1 minutes.

e For formation of MBP and DNA complex, 2ul MBP, 6ul purified DNA, 4pul
binding buffer, 8ul dH20 mixed and incubated for 30 min.

e Separation column was washed with chilled 500ul column incubation buffer

e Incubated MBP-DNA complex was mixed with 20ul column incubation buffer.
This mixture was transferred into separation column and column was incubated
on ice for 30 minutes. The column was centrifuged at 7000RPM at 4°C for 30
seconds, flow through was discarded.

e Column was washed with 600ul of column wash buffer and it was centrifuged at
7000RPM at 4°C for 30 seconds. This step was repeated for 3 times. An
additional centrifugation was made at 7000RPM at 4°C for 30 seconds.

e 10ul column elution buffer was added into separation column and column was
incubated for 5 minutes at room temperature.

e Separation column was inserted in a new sterile 1,5ml tube and it was centrifuged
at 10000 RPM at room temperature for 1 minute.

e Isolated methylated DNA was used for PCR amplification. For PCR reaction,
1,25ul 10uM forward primer, 1,25ul 10uM reverse primer, 12,5ul 2x Phusion
High Fidelity Master Mix (New England Biolabs, UK), 5ul PCR grade dH20,
Sul isolated DNA were mixed on ice. PCR Program: 98°C for 30 seconds, 35x
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(98°C for 5 seconds, 64°C for 10 seconds, 72°C for 10 seconds), 4° for co. PCR

products ran on 2% agarose gel.

TTTCCAAGGGAGGTTACAGAGEACCTCAAT
AGAGGGAAGTGGTGA ARGARA
ARCCGGAGGTTTGARA G G CAGGTGGE
CTTTCGETCTTCCTAGE GCCACACACCCTCCGGECTT GCCTGECC
reereracascessceesseceeee N . 7.6 C CGCCGCCCCACCAGCCARBCGCAGCT
CCGGAAGCAGARCGAGGCGAGAGGGCGCGT ceeGGACAGC TN T T TCGGCTGCCAGTCCCT
GCTCTTCTTITCTCTCTCTGCACCECCCTC TGCCEEEEEEGCEACTTCCGETT TEBBEBEAGCGGCEGELC
GABBEEEECCCCETET EEAGCAGEARGCAGECCAGGCCBBEEEECGECTCACCAGGACGAACCATGGACAGCCAGEGCAG
GAAGGTEGTGGTGTECEACAACEECACTGEEGTAR GGCEEEBEERCCGOETETGTGTECGEE6TGCECGEEGELTE
CCTCGGECTGCGCGELTEEGCT ICGEGEGCECGEGLAGGCECCCEEEEEEGCGAGCTCTCGGEEGGCGCCGECCGGLCCEE
GETGGECCCGEAGCTAGGLTACCCECECTECACCCEAAGECEECEGAACCTETCCCCGCECGCTCGCARGCATCCGT
CTCCATTTCCGAGGCTCGLC
T TCET = TECEAGGCAGEARACGEETT
CCGCAGAGARAR TGCTGTCAG GAGTCTEC GAGCGTGTGEECTETCCTTS
TCGTCTETGGTTTTGAGAGAGGGEEATCGTCAGCAGCTCCTGCT TCACCTCITGCTTTGCATGCCGCCCTATTATAGACC
TAGGACCTCTCAAGTARATTCTAGTGGGARGTTGEATCATTTCTGETTCCTCCTCTGCTTCATTTTTTTTTTCTG TTARG
TACAGGATAGACACGTTAGTCTTGARGATE

CATTTGGCRACATGGTGAGTTCCTGTTTGAGARRATCAR

Yellow: Known Preomoter

Blue: GC Box

Light Green: GC boxes on promoter regien
Dark Green: Primer binding aites

Red: CRAT box

TTAR: TATA Box, MSEI enzyme cutting regien

Size Tm &/ tent Sequence
LEFT PRIMER 107 22 €1.78 54 €.00 3.00 CTAGGTCCCGAGACRACTTGET
RIGHT BRIMER 674 23 61.54 56,52 0,00 0.00 CTCTCACCGTCTAGACCCATETC

PRODUCT SI2E: 568, PAIR ANY COMPL: 4.00, PAIR 3' COMPL: 1.00

Figure 2.3. Msel enzyme cutting regions, and primer binding sites on Arp2 (Actr2) gene
promoter region

2.4. DETERMINATION OF IL-7, IL-7R, IL-22, KGF (FGF7) AND FGFR2
EXPRESSIONS IN THYMUS

cDNA was synthesized from RNA of mice thymic tissues by SuperScript 11 First Strand
Synthesis Super Mix (Invitrogen, USA). 5uL of RNA, 1ul oligodT primer, 1ul
annealing buffer and 1pul PCR grade water were mixed on ice. Mix was incubated at
65°C for 5 minutes and it was chilled on ice for 1 min. 10ul 2x first strand reaction mix
and 2ul Superscript [1I/RNAse out enzyme mix were added into the tube. Mix was

incubated at 50°C for 50min, reaction was terminated with incubation at 85°C for 5Smin.

100ng cDNA was used for each gPCR reaction, and two replicates were performed for
every primers and probes. 224¢t  method was used for calculation of relative gene
expression. Seven days old female group was used for normalisation, the relative
expression levels were calculated according to this group. One-Way ANOVA test was

used for statistical analysis for groups. P<0,05 was accepted as statistically significant.
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Pre-designed TagMan probe and primers assays, master mix, plates and plate films are
bought from Life Technologies (USA) for gene expression analysis. Applied Biosystems
(USA) StepOne Plus is used as Realtime PCR System. Assays are listed below.

Reference (housekeeping) gene and Assay Number:

TBP (TATA Box binding protein) Mm00446971_m1

Target Genes and Assay Numbers:

e 1L7 MM01295803_m1

e IL7R Mm00434295_m1

e 1L22 Mm01226722_g1

e KGF Mm00433291_m1

e KGFR (FGFR2I1IB) Mm01269930_m1

Table 2.4. List of components and volumes in reaction mix for single reaction.

Component Volume Final Concentration
(nl]
TagMan Gene Expression Assay 1 1x
cDNA template+PCR grade water 9 100ng

Table 2.5. PCR Program for qRT PCR Experiment

Step 1 Step 2 Step 3 Step 4
Time 50 95 95 60
(mm:ss)
Temperature 2 10 00:15 1:00
°C)
No. of Cycle 1 1 40

All qRT PCR experiments were carried on StepOne Plus Real Time PCR System and
StepOne Software Ver. 2.2.2 was used. Standard ramp speed was used. Analysis was

made with Comparative AACt method.
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2.5. ABSOLUTE QUANTIFICATION OF sjTREC COPY NUMBERS IN
PERIPHERAL BLOOD AND THYMUS WITH QUANTITATIVE REAL TIME
PCR

Total DNA was isolated from blood with Qiagen Qiaamp DNA Mini Kit according to
manufacturer protocol. DNA from peripheral blood were used for Zen probe based
absolute quantification of copy number of sjTRECs. Copy standard is obtained from
Duke University (USA) stored as pure plasmid in -20°C . Zen probes are a special kind
of gRT-PCR probes which contain double quencher and have both a lower backgound
fluorescence and higher signal. Zen probes and HPLC grade primers were obtained from
Integrated DNA Technologies (USA).

Mouse forward sjTREC primer: 5’- CAT TGC CTT TGA ACC AAG CTG -3°.

Mouse reverse sjTREC primer: 5’- TTA TGC ACA GGG TGC AGG TG -3°.

Mouse probe: 5'- /56-FAM/CA GGG CAG G/ZEN/T TTT TGT AAA GGT GCT CAC
TT/31ABKFQ/ -3'.

Total reaction volume: 20ul

10ul TagMan Universal Master Mix Il with UNG
2 ul genomic DNA (50-100 ng/ml)

0.9 ul 20uM forward primer

0.9 ul 20uM reverse primer

1 pl SuM Zen Probe

5.2 uL per grade water

PCR Reaction:
50°C 2 minutes
95°C 10 minutes

95°C 15 seconds 45 cycles
60°C 1 minute
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All gRT PCR experiments were carried on StepOne Plus Real Time PCR System and
StepOne Software Ver. 2.2.2 was used. Standard ramp speed was used. Analysis was
made with absolute quantification method according to dilutions of plasmid from 10 to

102 copy number. All results were compared with results of 7 days old female mice.

2.6. ANALYSIS OF THYMOCYTE DEVELOPMENT, MYELOID DERIVED
SUPPRESSOR CELLS (MDSC), LYMPHOID TISSUE INDUCER (LTi) CELLS
AND REGULATORY T CELLS (Treg) IN THYMUS

Thymus was divided into two equal parts for immunophenotyping with flow cytometry
and DNA/RNA/protein isolation. For flow cytometry, fat and connective tissues were
removed and thymus was homogenized with mechanical aggregation. Homogenate was
transferred into 3-4ml disruption medium (37°C) and pipetting was applied. Disruption
medium is 0,15% collagenase D (Gibco, USA), 0,01% DNAse | (Gibco,USA), 15%
FBS supplemented RPMI 1640 medium (Gibco,USA). Thymus homogenate was
incubated in disruption medium at 37°C for 15 minutes. Incubation in disruption medium
was repeated for complete disruption of thymus. Centrifuge was applied at 300g for 5

min. Pellet was resuspended and used for immunophenotyping.

Sample preparation steps for flow cytometry are listed below.

i. Optimized amounts of antibodies were added into round bottom poystrene tubes.
ii. 100ul of sample was added into the tube (1 million cell) and mixed with
antibodies with fingertapping. Sample was incubated with antibodies for 15 minutes.

iii. Sample-antibody mix was treated with 2ml lysis buffer for 10 minutes.

iv. Centrifuge was applied at 300g for 5 minutes.

V. Supernatant was discarded and pellet was resuspended in 2ml PBS.

Vi. Centrifuge was applied at 300g for 5 minutes.

vii.  Supernatant discharged and pellet was resuspended in 2ml PBS.

viii.  Centrifuge was applied at 300g for 5 minutes.

iX. Supernatant was discharged and pellet was resuspended in 500ul PBS and it was

used for flow cytometric analysis.
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Cell populations in thymus were analysed with flow cytometry. Lin"CD90"
CD117°CD127* cells were defined as LTi cells [186]. CD11b"Ly-6G* cells were
defined as MDSCs [124]. CD4*CD25*CD127"9"°" cells were defined as Treg cells. In
addition, thymocyte development is analyzed with specific antibodies with five color

flow cytometer analysis. Antibodies are listed below.

e 15-0041-81 Anti Mouse CD4 PE-Cy5 50ug (eBioscience, USA)

e 25-0251-81 Anti-Mouse CD25 PE-Cyanine7 50ug (eBioscience, USA)

e 12-1271-81 Anti-Mouse CD127 PE 50ug (eBioscience, USA)

e 25-1171-82 Anti-Mouse CD117 (c-Kit) PE-Cyanine7 100ug (eBioscience, USA)
e 15-0900-82 Anti-Mouse/Rat CD90 PE-Cyanine5 100ug (eBioscience, USA)

e 11-0112-41 Anti-Mouse CD11b FITC (eBioscience, USA)

e 15-5931-81 Anti-Mouse Ly-6G (Gr-1) PE-Cyanine5 (eBioscience, USA)

e 22-7770-72 Mouse Hematopoietic Lineage FITC Cocktail (eBioscience, USA)

Before they are used, all antibodies were validated and optimized.

LTi

CD 127

Side Scatter
.‘5-
Side Scatter
CD117

Lineage (DL YT

Figure 2.4. Gating strategy for LTi cells
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Figure 2.6. Gating strategy for Treg

Another panel of antibodies were used for immunphenotyping of T cells in different

stages of development (Table 2.6).
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Table 2.6. Stages of Thymocyte Development and their markers

THYMOCYTE -> T Cell Development Stages
Triple Negative Cells CD45+ CD3 CD4 CD§&
Double Negative 1 Cells CD3* CD4 CD8 CD44*CD25
Double Negative 2 Cells CD3" CD4 CD8 CD44*CD25"
Double Negative 3 Cells CD3" CD4 CD8 CD44 CD25"
Double Negative 4 Cells CD3* CD4 CD8 CD44CD25
Double Positive Cells CD3" CD4*CD8"
Single Positive Cells CD3* CD4 CD8", CD3" CD4* CD§&

Catalog number, conjugation and vendors of antibodies are listed below.
e 11-0032-80 Anti-Mouse CD3 FITC (eBioscience, USA)
e 15-0041-81 Anti Mouse CD4 PE-Cy5 50ug (eBioscience, USA)
e 12-0081-81 Anti Mouse CD8 PE 50ug (eBioscience, USA)
e 25-0251-81 Anti-Mouse CD25 PE-Cyanine7 50ug (eBioscience, USA)
e 61-0441-82 Anti-Human/Mouse CD44 PE-eFluor® 610 100ug (eBioscience,
USA)
e 61-0451-80 Anti-Mouse CD45 PE-eFluor® 610 (eBioscience, USA)

Before they are used, all antibodies were validated and optimized.

. sPCDs | DP DNI | DN2
v
: o0 O

3 i
# (D‘ * — N | —
. a -
< O DN | spco4 Q| DM | DN
' e @ ©

D3 D4 CD44

Figure 2.7. Gating strategy for thymocytes
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2.7. DETERMINATION OF STEM CELLS AND PROGENITOR CELLS IN
ASPIRATED CELLS FROM BONE MARROW

For extraction and preparation of bone marrow cells,

Vi.
Vii.

viii.

All connective tissue and muscles were removed from dissected tibias and
femurs.

Cleaned bones were crushed in 2% FBS supplemented PBS with mortar.
Supernatant were collected after crushing and passed through 40pum pore sized
cell strainer (Becton Dickinson Biosciences, USA)

Remained bone parts in mortar washed with equal volume of 2% FBS
supplemented PBS (Gibco, USA) and passed through 40um pore sized cell
strainer and transferred into same tube.

Last remained bone parts were treated with 5mg/ml collaganenase/dispase and
mixed well. Continue mixing for 15 minutes.

15ml PBS was added and shaked.

Supernatant was passed through 40 um pore sized cell strainer.

Tubes were centrifuged 400g at 4°C for 8minutes. Supernatant was discharged.

Cells were resuspended with appropriate amount of PBS.

Standard cell immunophenotyping protocol was used. Catalog numbers, conjugations

and vendors of antibodies were listed below.

Antibodies for Hematopoietic Stem Cells (Lin"9"*%Scal*CD117*CD135"9) [187]:

22-7770-72 Mouse Hematopoietic Lineage FITC Cocktail (eBioscience, USA)
12-5981-81 Anti-Mouse Ly-6A/E (Sca-1) PE (eBioscience, USA)

25-1171-82 Anti-Mouse CD117 (c-Kit) PE-Cyanine7 (eBioscience, USA)
562537 PE-CF594 Rat Anti-Mouse CD135 (FLT3) (Becton Dickinson, USA)

Antibodies for Multipotent Progenitors (Lin"¢'°"CD117""CD135*Scal*CD90"9)

[188]:

25-1171-82 Anti-Mouse CD117 (c-Kit) PE-Cyanine7 (eBioscience, USA)
562537 PE-CF594 Rat Anti-Mouse CD135 (FLT3) (Becton Dickinson, USA)
22-7770-72 Mouse Hematopoietic Lineage FITC Cocktail (eBioscience, USA)
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e 12-5981-81 Anti-Mouse Ly-6A/E (Sca-1) PE (eBioscience, USA)

e 15-0900-82 Anti-Mouse/Rat CD90 PE-Cyanine5 (eBioscience, USA)
Antibodies for common Lymphoid Progenitors (Lin"®9Scal'°“CD117'°“CD127*CD135%)
[189]:

e 22-7770-72 Mouse Hematopoietic Lineage FITC Cocktail (eBioscience, USA)

e 12-5981-81 Anti-Mouse Ly-6A/E (Sca-1) PE (eBioscience, USA)

e 25-1171-82 Anti-Mouse CD117 (c-Kit) PE-Cyanine7 (eBioscience, USA)

e 15-1271-81 anti-mouse CD127 PE-Cyanine5 (eBioscience, USA)

e 562537 PE-CF594 Rat Anti-Mouse CD135 (FLT3) (Becton Dickinson, USA)

All antibodies were used after validation and optimization.

HSC

CD117 High
CIM 35 Positive
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Figure 2.8. Gating strategy for HSC
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Figure 2.9. Gating strategy for MPP (from CD117"9" andCD135" gate)
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3. RESULTS

Results are given according to sequence of analysis. Results of gene expression analysis
of ACTR2, IL-7, IL-7R, FGF7, FGFRII, IL22 genes and analysis of ACTR2 gene
promoter methylation in thymus and copy number analysis of sjTREC in peripheral
blood were given at first. Secondly, results from immunophenotyping of bone marrow
hematopoietic stem, progenitor cells and thymic LTi, MDSC, Treg and thymocytes at

different developmental stages are given in details.

3.1. THE ANALYSIS OF TARGET GENES EXPRESSIONS IN THYMUS
TISSUE THROUGH REAL TIME PCR

The expression levels of ACTR2, IL7, IL7R, IL22, FGF7, FGFR2 genes were analysed
with quantitative RT PCR. One way ANOVA test was used for statistical analysis,
p<0,05 is accepted as statistically significant. All results are shown in Table 3.1 and p
values are listed in Table 3.2.

Figure 3.1. RT PCR Curves of ACTR2, IL7R, FGF7, TBP

ACTR2 expression decreased from seventh day to third month of mice life for females
and males. One point eight (p=0,049) and one point six (p=0,008) fold decrease were
found for females and males respectively. The results for ACTR2 gene are shown in

Figure 3.2.
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Figure 3.2. The relative expression of ACTR2 gene in experiment groups.

In Figure 3.2, y axis shows the relative expression levels according to seven days old
female group. One-way ANOVA test was used for statistical analysis. p<0.05 is
accepted as statistically significant. p=0,008 for 7DM vs. 3MM and p=0,049 for 7DF
vs. 3MF. 7D: 7 days old, 3M: 3 months old, 3MFL: Letrozole treated 3 months old,
3MFT: Testosterone treated 3 months old, F: Female, M:Male

Expression of FGF7 gene in three months old females nearly four fold higher than in
three months old males (p=0,014). Three months old females had ten and half fold
higher expression than seven days old females (p=0,008) while three months old males
had two and half fold higher levels of FGF7 (p=0,046). Inhibition of estrogen synthesis
increased FGF7 expression two point seven fold (p=0,023) while testosterone treatment
caused seven point six fold decrease (p=0,035) for three months old females. Changes in
FGF7 expression between experimental groups are shown in Figure 3.3.
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Figure 3.3. The relative expression of FGF7 (KGF) gene in experiment groups.
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In Figure 3.3, Y axis shows the relative expression levels according to seven days old
female group. One way ANOVA test was used for statistical analysis. p<0.05 is accepted
as statistically significant. p= 0,046 for 7DM vs. 3MM, p=0,008 for 7DF vs. 3MF,
p=0,014 for 3MF vs. 3MM, p=0,023 for 3MF vs. 3ML and p=0,035 for 3MF vs. 3MT.
7D: 7 days old, 3M: 3 months old, 3ML.: Letrozole treated 3 months old female, 3MT:

Testosterone treated 3 months old female, F: Female, M:Male

Seven days old males have one point six fold higher expression of IL7R gene than seven
days old females (p<0,001). IL7R expression decreased from seventh day to third month
of mice life for females (p=0,013) and males (p<0,001). Letrozole treatment increased
IL7R expression two point five fold in three months old females (p=0,032). Results are

shown in Figure 3.4.
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Figure 3.4. The relative expression of IL7R gene between experiment groups.

In Figure 3.4, y axis shows the relative expression levels according to seven days old
female group. One way ANOVA test was used for statistical analysis. p<0.05 is
accepted as statistically significant. p<0,001 for 7DF vs. 7DM, p<0,001 for 7DM vs.
3MM, p=0,013 for 7DF vs. 3MF and p=0,032 for 3MF vs. 3ML. 7D: 7 days old, 3M: 3
months old, 3ML: Letrozole treated 3 months old female, 3MT: Testosterone treated 3

months old female, F: Female, M:Male

For FGFR2 gene, no significant differences between groups were found.
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Figure 3.5. The relative expression of FGFR2 gene between experiment groups.

In Figure 3.5, y axis shows the relative expression levels according to seven days old
female group. One way ANOVA test was used for statistical analysis. p<0.05 is accepted
as statistically significant. Abbreviations: 7D: 7 days old, 3M: 3 months old, 3ML.:
Letrozole treated 3 months old female, 3MT: Testosterone treated 3 months old female,

F: Female, M: Male

Females had two point one fold higher expression of IL7 gene than males for seven days
old mice (p=0,038). Three fold decrease in IL7 expression was observed from seventh

day to third month of male mice life (p=0,047).
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Figure 3.6. The relative expression of IL7 gene in experiment groups.

In Figure 3.6, y axis shows the relative expression levels according to seven days old
female group. One way ANOVA test was used for statistical analysis. p<0.05 is
accepted as statistically significant. p=0,038 for 7DF vs. 7DM and p=0,047 for 7DM vs.
3MM. Abbreviations: 7D: 7 days old, 3M: 3 months old, 3ML: Letrozole treated 3
months old female, 3MT: Testosterone treated 3 months old female, F: Female, M: Male



For IL22 gene, no statistical significant difference between groups were found.
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Figure 3.7. The relative expression of IL22 gene in experimental groups.
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In Figure 3.7, y axis shows the relative expression levels according to seven days old

female group. One way ANOVA was used for statistical analysis. p<0.05 was accepted

as statistically significant. Abbreviations: 7D: 7 days old, 3M: 3 months old, 3ML:

Letrozole treated 3 months old female, 3MT: Testosterone treated 3 months old female,
F: Female, M:Male

Table 3.1. Changes in genes expressions according to experimental groups

Changes in Thymic Gene Expression (Fold Change)

7DF DM 3MF 3MM 3MFL 3SMFT

ACTR2 1 0,855 0,558 0,524 0,465 0,401
FGF7 1 1,001 10,513 2,538 28,184 1,383
FGFR2 1 1,105 0,792 1,160 0,329 0,036
IL7 1 0,478 0,803 0,157 2,102 0,039
IL7R 1 1,631 0,352 0,357 0,873 0,668
IL22 1 0,803 1,561 0,842 2,502 0,604

Table 3.2. p values for gene expression difference between different groups

7DF 3MF 7DF /DM 3MF 3MF
VS. VS. VS. VS. VS. VS.

/DM | 3MM | 3MF | 3MM | 3MFL | SMFT

ACTR2 | 0,280 | 0,384 | 0,049 | 0,008 | 0,617 | 0,605
FGF7 | 0,965 | 0,014 | 0,008 | 0,046 | 0,023 | 0,035
FGFR2 | 0,988 | 0,710 | 0,652 | 0,951 | 0,233 | 0,671
IL7 0,038 | 0,400 | 0,835 | 0,047 | 0,474 | 0,327
IL7R 0,010 | 0,971 | 0,013 | <0,001 | 0,032 | 0,107
IL22 0,214 | 0,102 0,09 0,146 | 0,236 | 0,173
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Abbreviations: 7DF: 7 days old female, 7DM: 7 days old male, 3MF: 3 months old
female, 3MM: 3 months old male, 3ML: 3 months old letrozole treated female, 3MT: 3

months old testosterone treated male

3.2. ANALYSIS OF METHYLATION ON THE PROMOTER REGION OF
ACTR2 GENE

Affymetrix Promoter PCR Methylation Kit was used for analysis of methylation on the
promotor region of ACTR2 or Arp2 gene which is a component of Arp 2/3 complex. For
all experiment groups, no bands of methylated Arp2 promoter was observed on agarose
gel. This may be due to deterioration or malfunction of PCR Methylation Kit
components, further studies should be designed for Arp2 methylation analysis. Lack of
bands may also caused by no statistical change in gene expression levels of ACTR2

genderwise. Further exploration could not be realized due to limited financial resources.

3.3. DETERMINATION OF NAIVE T CELL OUTPUT USING ALTERATION
OF SJTREC COPY NUMBER THROUGH REAL-TIME PCR

Naive T cell output or the production capacity of thymus was measured through analysis
of sJTREC copy number using DNA from mouse blood. Two hundred nanograms DNA

was used for the reaction. Results and p values are shown in Table 3.3 and 3.4.

Ampitication Pt

Figure 3.8. RT PCR Curves of sJTREC
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The level of T cell output was one point fifteen fold higher in seven days old male mice
than those of seven days old female mice. T cell output was increased in three months
old mice compared to seven days old mice. There was no important difference between
the genders within the groups with same age. T cell output was one point five fold higher
in three months old females than in seven days old female mice (p=0,033). T cell output
in letrozole and testosterone treated three months old females have fifty nine (p=0,011)
and five hundred ten (p=0,011) fold lower T cell output than in three months old female

mice as respectively. The results are shown in Figure 3.9.
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Figure 3.9. The alteration in the sjTREC copy number in experiment groups

In Figure 3.9, SJTREC copy numbers in seven days old female mice was used for
normalisation of results. One Way ANOVA test was used for statistical analysis, all p
values are given in Table 3.4. p<0.05 is accepted as statistically significant. p=0,035 for
7DF vs. 3MF, p=0,011 for 3MF vs. 3MFL and p=0,011 for 3MF vs. 3MFT
Abbreviations: 7D: 7 days old, 3M: 3 months old, 3ML.: Letrozole treated 3 months old
female, 3MT: Testosterone treated 3 months old female, F: Female, M:Male

Table 3.3. Changes in TREC copy number in experiment groups.

Naive T Cell Output-sjTREC copy number (Fold Change)
7DF 7DM 3MF 3MM 3ML 3MT
SJTREC 1 1,115 1,532 1,507 0,026 0,003

Abbreviations: 7D: 7 days old, 3M: 3 months old, 3ML: Letrozole treated 3 months old
female, 3MT: Testosterone treated 3 months old female, F: Female, M:Male
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Table 3.4. p values for difference in TREC copy numbers between different groups

7DF 3MF 7DF DM 3MF 3MF
VS. VS. VS. VS. VS VS.

/DM | 3MM | 3MF | 3MM | 3ML 3MT

p 0,367 | 0,979 | 0,083 | 0,574 | 0,011 | 0,011

Abbreviations: 7DF: 7 days old female, 7DM: 7 days old male, 3MF: 3 months old
female, 3MM: 3 months old male, 3ML: 3 months old letrozole treated female, 3MT: 3

months old testosterone treated male

3.4. DETERMINATION OF THE ALTERATION IN TARGET CELL TYPES IN
THYMUS AND BONE MARROW THROUGH FLOW CYTOMETRY

3.4.1. Lymphoid tissue-inducer cells, Myeloid Derived Suppressor Cells, Regulatory
T Cells

The presence of LTi, MDSC, Treg cells in the thymus which are suggested as important
determinants of gender related differences in thymus repair capacity were analzed using
flow cytometry. Examples of immunophenotyping of LTi, MDSC and Treg cells are
shown in Figure 3.10. All results are shown in Table 3.5 and P values are shown in
Table 3.6.
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Figure 3.10. Immunophenotyping of LTi, MDSC and Treg cells

Seven days old males had one point two fold higher percentage of Treg cells than in

seven days females (p=0,009). The percentage of Treg cells within the thymus cells was
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significantly higher in three months old male (p=0,002) and three months old female
(p=0,008) experiment groups compared to seven days old experiment groups. It was
significantly higher in the three months old males (p=0,049). Testosterone treated three
months old female group have higher values than normal three months old females.
Testosterone treated three months old female group have two fold higher percentage of T
regs while three months old males have two point five fold higher percentage of Tregs
than three months old females. Letrozole treatment in three months old female group
slightly decreased percentage of Treg cells to ninety four per cent of untreated three

months old females. The results are shown in Figure 3.11
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Figure 3.11. Changes in percentage of Treg cells in thymus in experiment groups

In Figure 3.11, Percentage of Treg cells in 7 days old female thymus was used as
reference and Treg in other experiment groups were shown as a ratio to this reference.
One way ANOVA test was used for statistical analysis and p<0,05 is accepted as
statistically significant. p=0,009 for 7DF vs. 7DM, p=0,049 for 3MF vs. 3MM, p=0,008
for 7DF vs. 3MF and p=0,002 for 7DM vs. 3MM. Abbreviations: 7D: 7 days old, 3M: 3
months old, 3ML.: Letrozole treated 3 months old female, 3MT: Testosterone treated 3

months old female, F: Female, M:Male

Percentage of myeloid derived suppressor cells seemed as sixty four, sixty five and
ninety per cent higher than three months old female group for three months old male
group, letrozole treated three months old female group and testosterone treated three
months old female group respectively. And percentage of MDSCs in three months old
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groups was found higher than seven days old group except three months old females.

Significant difference between groups were not found.
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Figure 3.12. Changes in MDSCs in thymus between experiment groups

In Figure 3.12, Y axis shows the ratio of percentage of MDSC cells to the percentage of

the same cell type in seven days old mice thymus One way ANOVA test was used for

statistical analysis and P<0,05 is accepted as statistically significant. Abbreviations: 7D:
7 days old, 3M: 3 months old, 3ML.: Letrozole treated 3 months old female, 3MT:

Testosterone treated 3 months old female, F: Female, M:Male

Three months old females have 1.6 fold higher percentage of LTi cells than in three

months old males (p=0,048) and testosterone treatment significantly decreased

percentage of LTi cells in three months old female thymus (p=0,001).
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Figure 3.13. Analysis of thymic LTi cells in experiment groups
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In Figure 3.13, y axis shows the ratio of percentage of LTi cells to the percentage of the
same cell type in seven days old mice thymus. One-way ANOVA test was used for
statistical analysis. p<0,05 is accepted as statistically significant. p=0,048 for 3MF vs.
3MM and p=0,001 for 3MF vs. 3MT. Abbreviations: 7D: 7 days old, 3M: 3 months old,
3ML: Letrozole treated 3 months old female, 3MT: Testosterone treated 3 months old

female, F: Female, M:Male.

In Table 3.5, Changes in thymic lymphoid tissue inducer cells, myeloid derived
precursor cells, regulatory T cells are given as fold change according to 7 days old
females. Statistical calculations were made for different group sets and P values are
listed in Table 3.6.

Table 3.5. Changes in numbers of thymic cells according to experiment groups

Thymus-LTi, MDSC and Treg Cells (Fold Change)
7DF DM 3MF 3MM 3MFL 3MFT
LTi 1 0,630 1,444 0,910 4,275 0,401
MDSC 1 0,933 0,870 1,429 1,435 1,653
Treg 1 1,209 1,692 2,530 1,595 1,966

Table 3.6. p values for difference in thymic LTI, MDSC and Treg cells between
different groups

7DF 3MF 7DF 7DM 3MF 3MF
VS. VS. VS. VS. VS. VS.
/DM | 3MM | 3MF | 3MM | 3MFL | 3SMFT
LTi 0,597 | 0,048 | 0,361 | 0,437 | 0,506 | 0,001
MDSC | 0,756 | 0,255 | 0,719 | 0,244 | 0,188 | 0,248
Treg 0,009 | 0,049 | 0,008 | 0,002 | 0,786 | 0,410

Abbreviations: 7DF: Seven days old females, 7DM: Seven days old males, 3MF: Three
months old females, 3MM: Three months old males, 3MFL: Letrozole treated three
months old females, 3MFT: Testosterone treated three months old females, 7D: 7 days

old, 3M: 3 months old, F: female, M: male
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3.4.2. Thymocytes (Thymus)

The thymocyte populations in the different developmental stages in thymus were
analyzed. Results were analyzed using One-way ANOVA test. p<0,05 is accepted as
statistically significant. All results are listed in Table 3.7 and P values are listed in Table
3.8.
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Figure 3.14. Immunophenotyping of thymocytes

The percentage of TN cells in three months old male mice shown ninety one per cent
lower than in seven days old female mice (p=0,001). Similarly, it was four point six fold
lower in three months old females than in seven days old females (p=0,002). Percentage
of TN cells in three months old females had two and half fold higher than in three
months old males (p=0,042).
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Figure 3.15. Changes in percentage of triple negative cells in experiment groups

In Figure 3.15, y axis shows the ratio of percentage of triple negative cells to the
percentage of the same cell type in seven days old mice thymus. One-way ANOVA test

was used for statistical analysis. p<0,05 is accepted as statistically significant. p=0,002
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for 7DF vs. 3MF, p=0,001 for 7DM vs. 3MM and p=0,042 for 3MF vs. 3MM
Abbreviations: 7D: 7 days old, 3M: 3 months old, 3ML.: Letrozole treated 3 months old

female, 3MT: Testosterone treated 3 months old female, F: Female, M:Male.

Three months old males had two point one fold higher percentage of DN1 cells than in
seven days old males (p=0,001) while three months old females had two point seven fold
higher percentage DN1 cells than in seven days old females (p<0,001). Letrozole and
testosterone treatment decreased percentage of DN1 cells as one point two (p=0,002) and
one point eight fold (p<0,001) respectively. Three months old females had three point
seven fold higher percentage of DN2 cells than in seven days old females (p<0,001)
while three months old males had three point eight fold higher percentage of DN2 cells
than in seven days old males (p=0,005). Letrozole treatment increased DN2 percentage
as one and half fold (p=0,035) while testosterone treatment decreased percentage of DN2
cells as one point eight fold in thymus of three months old females (p=0,033). Three
months old females had two point two fold higher percentage of DN4 thymocytes than

in three months old males (p=0,002) and seven days old females (p<0,001).
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Figure 3.16. Changes in double negative thymocytes between experiment groups.

In Figure 3.16, y axis shows the ratio of percentage of DN1, DN2, DN3 and DN4 cells to
the percentage of the same cell type in seven days old mice thymus. One-way ANOVA
test was used for statistical analysis. p<0,05 is accepted as statistically significant. For
DN1 cells, p<0,001 for 7DF vs. 3MF, p=0,001 for 7DM vs. 3MM, p=0,002 for 3MF vs.
3ML and p<0,001 for 3MF vs. 3MT. For DN2 cells, p<0,001 for 7DF vs. 3MF, p=0,005
for 7DM vs. 3MM, p=0,035 for 3MF vs. 3ML and p=0,033 for 3MF vs. 3MT. For DN4
cells, p=0,002 for 3MF vs. 3MM and p=0,001 for 7DF vs. 3MF. Abbreviations: 7D: 7
days old, 3M: 3 months old, 3ML: Letrozole treated 3 months old female, 3MT:

Testosterone treated 3 months old female, F: Female, M:Male.
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The percentage of DP cells in thymus was one point two fold higher in seven days old
female mice compared to seven days old male mice (p=0,034). Three months old
females had three point eight fold lower percentage of DP cells than in seven days old
females (p<0,001) while three months old males had two points three fold lower
percentage of DP cells than in seven days old males (p=0,002). The percentage of SP
CD4* cells was significantly higher in three months old female individiuals than three
months old male inividuals (p=0,049), conversely the percentage of SP CD8" cells was
higher in three months old male individuals than those of three months old female
individuals (p=0,047). Testosterone (p=0,036) or letrozole treatment increased the
percentage of SP CD8" cells in thymus of three months old females, conversely
percentage of SP CD4" cells in total thymus cells was significantly decreased with
testosterone (p=0,048) and letrozole (p=0,046) treatment. Number of CD4" and CD8* SP
(p<0,001) cells decreased from seventh day to third month of mice life.
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Figure 3.17. Changes in double and single positive thymocyte populations between

experiment groups.
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In Figure 3.17, Y axis shows the ratio of percentage of DP, CD4" SP or CD8" SP cells to
percentage of same cell type in 7 days old female thymus. One-way ANOVA test was
used for statistical analysis. p<0,05 is accepted as statistically significant. For DP cells,
p=0,034 for 7DF vs. 7DM, p<0,001 for 7DF vs. 3MF and p=0,002 for 7DM vs. 3SMM.
For SP CD4" cells, p=0,019 for 7DM vs 3MM, p=0,049 for 3MF vs. 3MM, p=0,046 for
3MF vs. 3ML and p=0,048 for 3MF vs. 3MT. For SP CD8" cells, p=0,002 for 7DF vs.
7DM, p=0,047 for 3MF vs. 3MM, P<0,001 for 7DF vs. 3MF, p=0,025 for 7DM vs.
3MM and p=0,036 for 3MF vs. 3MT Abbreviations: 7D: 7 days old, 3M: 3 months old,
3ML: Letrozole treated 3 months old female, 3MT: Testosterone treated 3 months old
female, F: Female, M:Male.

Table.3.7. Changes in thymic thymocyte subpopulations

Thymocytes (Fold Change)

7DF /DM 3MF 3MM 3MFL SMFT

TN 1 1,096 0,218 0,088 0,185 0,125
DN1 1 1,051 2,767 2,747 2,231 1,494
DN2 1 0,863 3,720 3,241 5,746 2,232
DN3 1 1,011 1,612 1,399 3,105 1,763
DN4 1 0,902 2,255 1,019 3,314 2,559
DP 1 0,808 0,265 0,356 0,315 0,326
SP CD4+ 1 0,871 2,456 0,383 0,331 0,317
SP CD8+ 1 0,884 0,572 0,687 0,610 0,892

Table 3.8. p values for differences in thymocytes between different groups

7DF 3MF 7DF 7DM 3MF 3MF

VS. VS. VS. VS. VS. VS.
/DM | SMM | 3MF | S3MM | 3MFL | SMFT
TN 0,659 | 0,042 | 0,002 | 0,001 | 0,670 | 0,144

DN1 0,729 | 0,553 | <0,001 | 0,001 | 0,002 | <0,001
DNZ2 0,702 | 0,412 | <0,001 | 0,005 | 0,035 | 0,033
DN3 0,988 | 0,386 | 0,297 | 0,541 | 0,639 | 0,688
DN4 0,171 | 0,002 | <0,001 | 0,097 | 0,482 | 0,561
DP 0,034 | 0,229 | <0,001 | 0,002 | 0,592 | 0,249
SP CD4+ | 0,118 | 0,049 | 0,202 | 0,019 | 0,046 | 0,048
SPCD8+ | 0,002 | 0,047 | <0,001 | 0,025 | 0,927 | 0,036

Abbreviations: 7DF: Seven days old females, 7DM: Seven days old males, 3MF: Three

months old females, 3MM: Three months old males, 3MFL: Letrozole treated three
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months old females, 3MFT: Testosterone treated three months old females, 7D: 7 days
old, 3M: 3 months old, F: female, M: male.

3.4.3. Analysis of Hematopoietic Stem Cells, Multipotent Progenitor Cells and
Common Lymphoid Progenitor Cells in The Bone Marrow

Flow cytometry was used for analysis of the bone marrow cells, results are shown in
Table 3.9. One-way ANOVA test was used for statistical analysis and p<0,05 is accepted

as statistically significant . P values are shown in Table 3.10.
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Figure 3.18. Immunophenotyping of bone marrow stem and progenitor cells

Hematopoietic stem cells (p=0,042) and common lymphoid progenitor cells (p<0,001)
numbers significantly decreased from seventh day to third month of mice life for both of
females and males. Testosterone treatment increased number of hematopoietic stem cells
in three months old females bone marrows (p=0,009). Three months old females had
three point two fold higher numbers of common lymphoid progenitors than in three
months old males (p=0,013). Letrozole treatment caused three point two fold decrease in
number of common lymphoid progenitors (p=0,030). Seven days old females had eight
fold higher numbers of multipotent progenitors than in seven days old males (<0,001).
Testosterone treatment increased number of multipotent progenitors (p=0,005) while

letrozole treatment decreased number of multipotent progenitors (p=0,046).
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Figure 3.19. Changes in haematopoietic stem and progenitor cells in bone marrow

between experiment groups.

In Figure 3.19, Y axis shows the ratio of percentage of HSC, MPP and CLP cells to
percentage of same cell type in 7 days old female thymus. One-way ANOVA test was
used for statistical analysis. For HSCs, p=0,048 for 7DF vs. 3MF, p=0,009 for 3MF vs.
3MT. For MPPs, p<0,001 for 7DF vs. 7DM, p=0,010 for 7DM vs. 3MM, p=0,046 for
3MF vs. 3ML and p=0,005 for 3MF vs. 3MT. For CLPs, p=0,012 for 3MF vs. 3MM,
p=0,002 for 7DF vs. 3MF, p=0,018 for 7DM vs. 3MM and p=0,030 for 3MF vs. 3ML.
p<0,05 is accepted as statistically significant Abbreviations: 7D: 7 days old, 3M: 3
months old, 3ML: Letrozole treated 3 months old female, 3MT: Testosterone treated 3
months old female, F: Female, M:Male.



71

Table 3.9. Changes in bone marrow hematopoietic stem cells, multipotent progenitors

and common lymphoid progenitors numbers as fold change according to 7DF.

BONE MARROW- HSC, MPP, CLP Cells (Fold Change)
7DF 7DM 3MF 3MM 3MFL 3MFT
HSC 1 0,431 0,161 0,253 0,202 0,439
MPP 1 0,124 0,917 0,614 0,419 1,226
CLP 1 0,785 0,412 0,128 0,128 0,559

Table 3.10. p values for stem cells, progenitor cells in bone marrow between different
groups

7DF 3MF /DF | 7/DM | 3MF | 3MF
VS. VS. VS. VS. VS. VS.
/DM | SMM | SMF | 3MM | SMFL | 3SMFT
HSC | 0,189 | 0,253 | 0,048 | 0,976 | 0,643 | 0,009
MPP | <0,001 | 0,095 | 0,366 | 0,010 0,046 | 0,005
CLP | 0,289 | 0,013 | 0,002 | 0,018 | 0,030 | 0,332

Abbreviations: 7DF: 7 days old females, 7DM: 7 days old males, 3MF: 3 months old
females, 3MM: 3 months old males, 3MFL: Letrozole treated 3 months old females,
3MFT: Testosterone treated 3 months old females, 7D: 7 days old, 3M: 3 months old, F:
female, M: male.
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4. DISCUSSION AND CONCLUSION

Arp 2/3 complex takes place in actin polymerization which is an important function of
cytoskeleton. In the wound healing models using mouse embryonic fibroblast cells, it
was shown that Arp2/3 complex has function in migration of monolayer of fibroblasts
and maintaining cell polarity. Arp2 or ACTR2 is a component of Arp2/3 complex, its
expression in nervous system is affected by testosterone. When the differences in the
expression level of ACTR2 were analyzed, it is thought that the rebuilding of
cytoskeleton and cell migration to damaged areas in thymus to repair negatively affected
by testosterone. Thymosin  make a complex with profilin and actin at higher thymosin
B concentrations (>5-10uM) and this condition suppresses actin polymerization and
causes a large increase in unpolymerized actin amount in cells [190]. Wise et al. shown
that thymosin [ expression in rats was affected by sex hormones, thymosin f level was
altered in castrated females and castrated androgenized females [191]. Changes in
ACTR2 may be due to changes in thymosine B as suggested by other researchers.
ACTR2 level may alter as a cell answer to altered thymosine f levels or ACTR2 level
may changes as an answer to decreased thymosine B levels [190]. In this study, lower
mean value for ACTR2 was observed in males and testosterone and letrozole treated
groups had lower ACTR2 expression than untreated females. Unfortunately, these results
are not statistically significant according to compared groups. We did not find any
significant relation between ACTR2 level and gender or sex hormones. But, ACTR2
expression significantly decreased from 7" day to 3™ month of mice life for both of
males and females, this finding support the hypothesis about role of ACTR2 in thymic
involution. Aging related thymic involution may be related with decreased repair
capacity as a result of depleted actin polymerisation capacity. Further animal models

should be designed for role of ACTR2 in thymic damage repair.

Our results show that there is a repressive effect of sex hormones on the expression of
FGF7 gene in thymus. It is known that keratinoytes growth factor positively effects
thymus cellularity and increases the repair of thymus injury [192]. In mice mammary
gland, estrogen has been shown to increase the FGF7 levels [193]. In thymus, the

condition seems different from mammary gland. Expression of FGF7 gene in three
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months old females is four fold higher than in three months old males. Three months old
females had ten and half fold higher expression than seven days old females while three
months old males had two fold higher levels of FGF7. Inhibition of estrogen synthesis
significantly increased FGF7 expression (2.7 fold) while testosterone treatment caused
seven point fold decrease for three months old females. Estrogen and testosterone were
found as FGF7 suppressor, but females have higher expression of FGF7 and fold change
in testosterone treatment is higher than the letrozole treatment. Testosterone seems as
stronger than estrogen for FGF7 suppression. The highest FGF7 expression was found in
the letrozole group, FGF7 treatment was shown to increase the number of DN2, DN3
and DN4 cells in the literature, our study shows that the highest mean of DN2, DN3 and
DN4 cells were in the letrozole treated group between three months old mice, but results

are only statistically significant for DN1 cells [172].

Triple negative or TN cells are at the first step of thymocyte development in thymus and
changes in their number give information about numbers of progenitor cells that enter
thymus [156]. Results of thymocyte immunophenotyping shown that TN numbers
dramatically and statistically significantly decreased from seventh day to third month of
mice life. This finding support the idea of aging studies should be designed for early
ages for understanding the beginning of the process. Three months old females had two
and half fold higher percentage of TN than three months old males. This finding
indicates that higher number of progenitor cells come to thymus for young adult females
than males. According to previous literature, number of TN cells decreased after IL7
depletion [156]. Our results show that mean of IL7 expression was higher in 3 months
old males, but this finding is not statistically significant. But, it indicates that changes in
TN number between males and females may be linked to IL7 expression levels. Further
studies should be planned for relation between IL7 and gender based differences in
number of early thymocytes. The positive effect of estrogen was seen on DNL1 cells as
thymocytes at early stages of development in thymus, inhibition of estrogen synthesis
decreased DN1 numbers in thymus. Testosterone treatment decreased number of DN1
and DN2 cells in thymus. Therefore testosterone may seem as an important suppressor
of early thymocyte development. The number of DP cells in thymus was 1.25 fold
higher in seven days old female mice compared to seven days old male mice. Three

months old females had three point eight fold lower number of DP cells than in seven
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days old females while three months old males had two point three fold lower number of
DP cells than in seven days old males. Decreased numbers of DP cells in three months
old mice may indicate decrease in thymocyte development. The percentage of CD4"
cells from SP cells in the thymic cells were markedly higher in the three months old
female mice than three moths old male mice, this was possibly a result of the repressive
effect of androgens on the differentiation of helper T cells [194]. Three months old male
mice had higher number of CD8* SP cells and this finding is correlated with previous
literature. Testosterone treatment increased the number of CD8" SP cells in female
thymus while testosterone treatment or estrogen synthesis inhibition with letrozole
decreased the number of CD4" thymocytes in thymus. Our findings indicates that
testosterone’s suppressor effect on CD4" T cell development is stronger than positive
effect of estrogen. Because, testosterone treatment could suppress CD4* SP cell
development in spite of the existence of estrogen. Testosterone seems as more dominant
determinant for DP to SP cell commitment.

IL-7 and IL-7R interaction effects thymus cellularity and the decrease in the thymus
cellularity was shown in the literature when IL7 and IL7R genes were knocked out [128].
IL7 was produced by thymic stroma while IL7R is expressed by thymocytes. For seven
days old mice, IL7 expression was significantly higher in females than in males. This
finding is correlated with higher level of IL7R in seven days old males. In general,
receptor numbers increase as an answer to decreased amount of ligand. Developing
thymocytes in 7 days old male thymus seem to increase their receptor number as an
answer to low level of IL7. These data support males and females thymic expression
patterns show some differences before sexual maturation. IL7 and IL7R expression
levels significantly decreased from seventh day to third month of male mice life while
only IL7R expression level significantly decreased in same period of life. This findings
indicates that IL7-IL7R interactions maybe significantly depleted in thymus since early
adulthood. Letrozole treatment caused a significant increase in IL7R expression and this

shows the suppressive effect of estrogen on IL7R expression.

Thymus is the organ which is a site of development and selection of T cells. Before
coming to the thymus, cells undergo various development stages in the bone marrow [3].

Thymus is known as getting smaller and losing its function together with aging. It can be
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thought that the cells coming from bone marrow decrease in course of time and this
situation may effect the thymic involution [17]. The difference in the male and female
individuals can come up as a result of the cell population change in the bone marrow. In
this situation, it should be taken into consideration that the production of the cells like
HSC, MPP or CLP may be higher in the bone marrow of females. But previous studies
in mice shown that male mice have higher numbers of HSCs, but these cells shift to
myelopoiesis, we found similar results in our study [195, 196]. Testosterone treatment
significantly increased HSC and MPP numbers in bone marrow, however females had
higher numbers of CLP than males. Most of these HSCs and MPPs may be committed to
myeloid lineage [195, 196].

The percentage of the cells in the early stage of thymocyte development such as TN and
DN1 was the highest within the thymus cells in the three months old females, this is

correlated with results from bone marrow.

LTi cells increase the survival and proliferation of thymic epithelial cells [120]. LTi cells
is important for lymphoid tissue development and they have a function in thymic repair
[117]. The percentage of thymic LTi cell in the three months old females was
significantly higher than those of three months old males. In addition, testosterone
treatment significantly decreased the number of LTi cells in thymus of female mice.
These findings are correlated. Testosterone acts as a suppressor of LTi cells. Changes in
LTi cell numbers between genders may be an important determinant of gender based

differences in thymic involution.

Interaction of thymocyte and thymus epithelial cells is necessary for maintaining of
thymus development and function. When the repressive effect of Treg cells on immunity
is considered, Treg cells in thymus may negatively affect the interaction between
thymocytes and the thymus [93]. And, previous studies showed that testosterone
treatment increases Treg numbers in interstitial compartment [197]. Therefore, the
analysis of thymic Treg cells was included in this study. It was found that number of
Treg cells increased from seventh day to third month of mice life. Number of Treg cells
in thymuses of three months old females was significantly lower than three months old

males in this study. Higher number of Treg cells in male thymus may be an important
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actor of gender based differences in thymic involution via inhibition of thymocyte-

thymic stroma interaction.

Previous studies shown that MDSCs were increased with aging in the lymphoid tissues
[198]. During designing of this study, MDCSs were included in the study because of the
supposed repressive effect on thymic cells interactions and propagative effect on thymic
involution. The difference between the groups for myeloid derived suppressor cells was
not statistically significant, but the change in the percentage of MDSCs between groups
was as expected. The percentage of MDSCs in the thymus was markedly lower in the
three months old females than those of three month old males, testosterone and letrozole
treated groups. Thus, it can be thought that testosterone treatment or suppression of
estrogen synthesis increased the percentage of thymic MDSCs and increase in the
percentage of MDSCs can negatively effect thymic repair. To prove this, the significant

results must be acquired via increasing the sample size.

Testosterone treatment or suppression of estrogen synthesis was seen to decrease the
number of naive T cells in the peripheral blood. The lowest TREC copy number was
observed in the testosterone treated female group is consistent with the literature. This
finding indicates that suppressor effect of androgen may be more effective than estrogen.
Because, testosterone could suppress T cell output in spite the existence of estrogen.
After testosterone replacement treatment on hypogonadal males, TREC level decreased
as eighty per cent in peripheral blood [199]. This result is concordant with our findings.

When all the data were analyzed together, it was determined that the difference in the
repair capacity between adult females and males was originated from quantitative
changes in the various cell types and the alteration in the expression of various genes.
The results supported the hypothesis that the difference in the repair capacity of thymus
between adult females and males was determined by the difference in the production
capacity of MPP and CLP progenitor cell populations in the bone marrow. Higher
number of CLP in the bone marrow of mature females leads to higher number of early
stage thymocytes. Analysis of TN cells supported this finding. As a result, the
interaction between thymocytes-thymic stroma may be better in adult females, thymus

cellularity can be protected better than those of males. The cells which affect the survival
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of thymic epithelial cells such as LTi have higher percentage within the thymic cells in
the adult females. Conversely, the percentage of the cells such as Treg which suppress
and negatively affect the thymocyte-thymus interaction is higher in the thymus for adult
males. Whereas, it was found that the difference in the percentage of the cells such as
LTi and Treg were effective on higher thymus repair capacity in the females. In addition,
Arp2 expression maybe an important factor for age related thymic involution through the
role in the cytosekeleton formation and cell migration to damaged areas. But, gender did
not affect the Arp2 expression. IL-7R and FGF7 may have roles in thymic involution,
but only FGF7 shown gender based difference. Testosterone seems as the main actor in

male thymmic involution via its suppressor function.

Limited published data are available on the effect of testosterone and estrogen on thymic
involution. Studies about function of lymphoid tissue inducer cells, myeloid derived
suppressor cells and Treg cells, ACTR2, KGF, KGFR, IL-7, IL-7R in thymic involution
are absent or very limited and existed studies are not interested with gender based

differences in thymic involution. Our data are genuine on this aspect.

The comprehensive studies need to be planned for identification of the pathways for the
cells and genes which have roles in the process. Interaction of different cells and their
molecular activity levels need to be explored. In our future studies, we plan to
concentrate on studying Arp 2/3 complex in thymic cell culture and LTi cell function in

thymic involution.
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