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1. INTRODUCTION

1.1. APOPTOSIS

1.1.1. Apoptosis in general

Apoptosis is a tightly programmed cell death process with distinct biochemical and genetic
pathways that play a crucial role in the development and homeostasis. Apoptosis is a
physiological response that eliminates unnecessary and potentially dangerous cells to
maintain the healthy balance between cell survival and cell death in metazoan. It is critical to
animals especially long-lived mammals to integrate multiple physiological as well as

pathological death signals (EImore, 2007; Hassan et. al., 2014).

The study of apoptosis was initially based on the identification of various specific
morphological changes occurring in dying cells by light or electron microscopy. Early during
the initiation of apoptosis, cells lose contact with neighbouring cells and they round up.
Apoptotic cells reorganize their cytoskeleton conferring plasticity to the whole cell promoting
volume decrease as well as cell shrinkage. The cells start to show protrusions of the plasma
membrane commonly referred to as blebs. The most characteristic morphological hallmarks
of apoptosis in the nucleus are chromatin condensation and nuclear fragmentation. The
condensation starts peripherally along the nuclear membrane, forming a crescent or ringlike
structure. During later stages of apoptosis the nucleus further condenses, and finally it breaks
up inside the cell with an intact cell membrane (karyorrhexis). Mitochondria and other cell
organelles are largely unaffected until the late phase of apoptosis, when they swell (Kerr et
al., 1972; Hacker, 2000; Elmore, 2007). Finally the blebs separate, forming apoptotic bodies
which are crowded with cellular organelles and nuclear fragments. The fine structures,
including membranes and mitochondria, are well retained inside the bodies (Ziegler and
Groscurth, 2004). Apoptotic bodies are removed by neighbouring cells or tissue phagocytes
therefore apoptosis is not associated with inflammation (Savill and Fadok, 2000; Elmore,
2007).



Cellular Phagocytosis

fragmentation of apoptotic cells
. and fragments
,,,-':}v PON. 2
Gia @ Condensation < y .
> ' [~ o7 T of chromatin > $ \) @ Q,,) = . o)
e ’ 5.*) el e p ) © .\~
G @ 53— Membrane ble . b) { e
L /\J Apoptotic \C\'\) = \d Phagocyte — = (¥
g 2 body @/ ~ = R
= @
NORMAL
CELL APOPTOSIS

Figure 1. The major stages of apoptosis

(Adapted from www.mednotez.com/2015/09/chapter-1-cellular-responses-to-stress.html).

1.1.2. Mechanisms of apoptosis

The mechanism of apoptosis is an exceedingly complex and refined process which is
initiated by two main apoptotic pathways: the intrinsic or mitochondrial and the extrinsic or
death receptor mediated pathway. Both pathways culminate in the activation of caspases, a
subset of the cysteine-dependent aspartate-specific protease family and the cleavage of
intracellular proteins, ultimately leading to the dismantling of the cell. Caspases are expressed
as inactive zymogenes and once they are activated, initiate a proteolytic cascade (Nicholson,
1999). Apoptotic caspases fall into two major categories depending on their mode of action:
initiator caspases (e.g., caspase 8, 9, and 10) that are activated on binding to specialized
molecular platforms and executioner, or effector caspases (e.g., caspase 3 and 7), which can
be cleaved and activated by the active initiator ones (Shi, 2002). These latter proteins can
cleave hundreds of cytoskeletal proteins, DNA repair enzymes, proteins involved in cell cycle

regulation or signaling pathways and can also activate DNases (Green and Llambi 2015).

1.1.2.1. Mitochondria in apoptosis: The role of Bcl-2 family

The mitochondrial or intrinsic pathway is activated in response to a variety of cellular
stresses, including DNA damage, growth factor deprivation, and endoplasmatic reticulum
stress. Mitochondrial outer membrane permeabilization (MOMP) is the pivotal event in the
intrinsic apoptotic pathway allowing the release of pro-apoptotic factors into the cytosol

(Chipuk et al., 2006). Since MOMP is an irreversible commitment point to cell death, it must



be strictly regulated. One important set of proteins involved in the regulation is the B-cell

lymphoma-2 (Bcl-2) family (Cory and Adams, 2002).
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(Modified from Henshall and Engel, 2013) homology in four BH domains and inhibit

apoptosis by binding and sequestering their pro-apoptotic counterparts (Cory and Adams,
2002; Youle and Strasser, 2008). The BH3-only subset of pro-apoptotic molecules, including
Bad (Bcl-2 antagonist of cell death), Bid (BH3-interactingdomain death agonist), Bim (Bcl-2-
interacting mediator of cell death) Noxa, Bik (Bcl-2-interacting killer), Hrk (Harakiri), Bmf
(Bcl-2-modifying factor) and Puma (p53-upregulated modulator of apoptosis), are
characterized by the presence of only one single BH3 domain. This BH3 domain, however, is
critical for the interactions of these proteins with other members of the Bcl-2 family proteins
to regulate MOMP (Lomonosova and Chinnadurai, 2008).

Studies using the pro-apoptotic Bax and Bak double-knockout cells showed that these

cells fail to undergo MOMP and apoptosis in response to many different intrinsic death



stimuli, suggesting that Bax and Bak are necessary and responsible for MOMP and apoptosis
as well (Wei et al., 2001). Activation of Bax and Bak during apoptosis involves multiple
conformational rearrangements. In healthy cells, Bax is mainly localized as monomer in the
cytosol or in a minor fraction of cells it loosely attaches to mitochondrial outer membrane
(Goping et al., 1998). In the presence of apoptotic stimuli Bax undergoes conformational
changes resulting in mitochondrial targeting, insertion into the outer membrane and
oligomerization (Tait and Green, 2010).Unlike Bax, Bak monomers are integrated into the
MOM before the induction of apoptosis and their oligomerization is inhibited by voltage-
dependent anion channel 2 (Cheng et al., 2003). Bak activation leads to exposure of its BH3
domain and its insertion into the hydrophobic groove of another Bak molecule. Reciprocal
BH3:groove interaction between two activated Bak monomers first produces symmetric
dimers which then can be converted to the larger oligomers (Dewson et al., 2008). The
intramembranous oligomerization of these proteins leads to the assembly of mitochondrial
apoptosis-induced channels (MAC) in this membrane. However, the nature of these channels
-whether proteinaceous versus lipidic pores- is still unclear. MAC formation correlates with
release of pro-apoptotic factors from the intermembrane space (Martinez-Caballero et al.,
2009; Tait and Green, 2010).

Anti-apoptotic Bcl-2 members express a characteristic hydrophobic pocket that acts as a
receptor for the BH3 domain of effector or BH3-only proteins, allowing their sequestration
and MOMP inhibition. Bax has high affinity for Bcl-2 and Bcl-x,_ and other anti-apoptotic
proteins, while the activation of Bak is mainly under the control of Mcl-1 and Bcl-x,_ in
healthy cells (Cheng et al., 2001; Willis et al., 2005; Llambi et al., 2011).

BH3-only molecules act as upstream sentinels of cellular damage and derangement and
integrate various signals to initiate Bak/Bax activation and MOMP. BH3-only proteins can be
classified into two groups: direct activators and sensitizers. Direct activators can directly
interact with and induce conformational changes in Bax and Bak leading to their
oligomerization and subsequent activation. Anti-apoptotic Bcl-2 proteins prevent MOMP by
binding to and sequestering the activator BH3-only proteins. Another group of BH3-only
proteins, called sensitizers only bind to the anti-apoptotic repertoire, thereby releasing both
direct activator BH3-only proteins and Bak/Bax. (Letai et al., 2002; Chipuk et al., 2010). The
first defined direct activators were Bim and truncated form of Bid (Wei et al., 2001). Later

PUMA was also reported to act as a direct activator (Kim et al., 2009; Dai et al., 2014).



Moreover, Bid/Bim/Puma triple knockout mice displayed developmental abnormalities
related to defective apoptosis, similar to Bak/Bax double knockouts (Ren et al., 2010). Noxa
was originally described as a sensitizer BH3-only protein, but recent studies have confirmed
that Noxa can directly interact with Bak and may has a role in Bak/Bax activation (Du et al.,
2011; Vela et al., 2014; Chen et al., 2015). Bim, tBid and Puma BH3 domains have high
affinity for all the five anti-apoptotic proteins, while Noxa specifically binds Mcl-1 and Bfl-1.
Other BH3-only proteins, such as Bad, Bmf, Bik or Hrk act as sensitizers and lower the
threshold for apoptosis by occupying anti-apoptotic Bcl-2 members thereby freeing apoptosis
activator proteins from them to trigger Bak and Bax oligomerization. Bad and Bmf can bind
to Bcl-2, Bel-x., and Bcl-w, while Bik and Hrk has ability to interact with Bcl-xL, Bcl-w and
Bfl-1 (Letai et al., 2002; Kim et al., 2006; Chipuk et al., 2010).

1.1.2.2. Regulation of mitochondrial pathway of apoptosis

The BH3-only proteins can be activated by many noxious stimuli and their expression
level and activity can be regulated by both transcriptionally and posttranscriptionally.
Activation of Noxa and Puma is under direct transcriptional regulation by p53 in response to
DNA damage. Transcriptional activation of Bik by oestrogen starvation was also reported to
depend on p53. Bim is transcriptionally upregulated by the forkhead transcription factor
FOXO3A upon cytokine deprivation. It was shown that following growth factors withdrawal,
reduced ubiquitylation and proteasomal degradation of Bim resulted in a rapid and sustained
increase in the level of the protein. Bim activity is controlled by phosphorylation
(Lomonosova and Chinnadurai, 2008). Bim is localized to the microtubule dynein motor
complex and Bmf associates with actin filaments and dissociate in response to certain death
stimuli (Chipuk et al., 2010; Green and Llambi 2015). Bad activity is inhibited through
phosphorylation by several kinases in the presence of growth factors resulting cytoplasmic
sequestration and inactivation. Unphosphorylated Bad is released and antagonizes anti-
apoptotic Bcl-2 proteins (Zha et al., 1996). The pro-apoptotic function of the Bid BH3
domain is activated upon proteolytic cleavage by caspase 8 following death receptor ligation,
therefore Bid coordinates the cross-regulation between the extrinsic and intrinsic apoptotic
pathways (Luo et al., 1998).

10



Ligand
W (east

Death—{ 1 1] TRAIL

Plasma membrane receptor |1 or TNF)
a Intrinsic b Extrinsic
. — Anti-apoptotic BCL-2
DNA damage or ER stress proteins
y & (a) Q
l [a) [
2 2
BH3-only protein activation| s————sgAX or BAK,\‘B‘;‘D é ?:L
< o
=~ C 1 O
<
\Actwe caspases
MOMP Caspase B
0 o Outer

membrane

Mitochondrion | - IMS
N A o
0 4 Matrix
o
SMAC.* O
OMI -2 o
0 2~ Cytochrome ¢
o APAFI
o
o)\ Pro-caspase 9
XIAP 8
—_— -] .

Le? Apoptosome

Figure 3.Extrinsic and intrinsic pathways of apoptosis (Tait and Green, 2010).

Disruption of the integrity of the mitochondrial outer membrane allows the entry of those
pro-apoptotic factors into the cytosol that are normally sequestered in the intermembrane
space of the mitochondria, including cytochrome ¢ (Cyt ¢), Smac and Omi (Tait and Green,
2010). Once in the cytosol, Cyt ¢ binds tightly to apoptotic protease activating factor 1 (Apaf-
1) monomers leading to conformational changes. Complex of Apaf-1 and Cyt ¢ then binds its
critical cofactor, dATP or ATP, forming a heptameric wheel-like complex called the
apoptosome, which then recruits and binds procaspase 9 via caspase-recruitment domain-
mediated interaction (Yuan et al. 2010). The close proximity of the inactive caspase 9
monomers induces their activation and autoprocessing. Catalytically active caspase 9 stays in
the holoenzyme to maintain its catalytic activity and cleaves and activates the executioner

caspases 3 and 7 (Rodriguez and Lazebnik, 1999; Tait and Green, 2010). Smac (also known
11



as Diablo) and Omi (also known as HtrA2) potentiate the apoptosome activity by
antagonizing the caspase inhibitor X-linked inhibitor of apoptosis (XIAP) protein which

inhibits caspase activity by directly binding active caspases (Eckelman et al., 2006).

Following MOMP a second group of pro-apoptotic proteins are released from the
intermembrane space (namely apoptosis-inducing factor (AIF) and endonuclease G (EndoG)
and caspase-activated nuclease (CAD)) and translocated to the nucleus (Tait and Green,
2010; Marifio et al., 2014). AIF induces chromatin condensation and large-scale DNA
fragmentation, EndoG causes oligonucleosomal DNA fragmentation via caspase-dependent
and -independent manner (Arnoult et al., 2003). CAD, the main effector involved in
oligonucleosomal DNA degradation, requires the caspase 3-specific cleavage of its inhibitor
ICAD to be active (Sakahira et al., 1998).

1.1.2.3. Molecular mechanisms of death receptor-mediated apoptosis

The extrinsic apoptotic pathway that initiates apoptosis involves transmembrane receptor-
mediated interactions. The cell surface death receptors (DRs) are a subset of the tumor
necrosis factor (TNF) receptor superfamily, characterized by a ~80 amino acid cytoplasmic
sequence termed the death domain (DD), which is essential for apoptosis. The most
extensively studied death receptors are Fas (CD95/APO-1), TNF-receptor 1
(TNFR1/p55/CD120a), TNF-related apoptosis-inducing ligand receptor 1 (TRAILR1/D4),
and receptor 2 (TRAILR2/DR5/APO-2/KILLER) (Ashkenazi and Dixit, 1998; Locksley et
al., 2001).When these preassembled receptor trimers are triggered by corresponding trimeric
ligands, a number of DD-containing adaptor molecules are recruited to the DD forming
“death-inducing signaling complex” (DISC) (Chan et al., 2000). Death ligands also interact
with decoy receptors (DcRs) which compete with specific death receptors for ligand binding
but do not possess DDs and therefore cannot form signaling complexes (Ashkenazi and Dixit,
1999).

When Fas or a TRAILR is bound to its ligand, the DD of the receptor interacts with the
DD of Fas-associated death domain (FADD). The interactions between the molecules at the
DISC are based on homotypic contacts. FADD also contains additional protein-protein
interaction modules, such as death effector domains (DEDSs) that mediate the recruitment of

procaspase 8, procaspase 10 and FLIP s through their association with a corresponding DED.

12



High local concentrations of the initiator caspases at the DISC lead to their autocatalytic
cleavage resulting in formation of the active p18/p12 dimer which is released from the DISC.
Finally, caspase 8 activates effector caspase 3 and 7 to drive execution of apoptosis (Lavrik et
al., 2005; Dickens et al. 2012). Procaspase 10 is also activated at the DISC and active caspase
10 can serve as an initiator caspase in Fas signaling leading to Bid processing, caspase
cascade activation, and apoptosis (Milhas et al., 2005). FLIP, and FLIPs inhibit activation of
procaspase 8 at the DISC by blocking its processing. There is increasing evidence that FLIP_
also facilitates the cleavage of procaspase 8 at the DISC by forming FLIP -procaspase 8
heterodimers (Lavrik et al., 2005).

In Type | cells, the level of DISC formation and caspase 8 activation is high enough to
directly activate downstream effector caspases, while in other cell types (Type 1l cells) there
is lower levels of DISC formation and, thus, caspase 8 interacts with the intrinsic apoptotic
pathway by truncating BH3 only protein Bid, leading to the subsequent tBid-mediated release
of cytochrome-c (Cyt c¢) from mitochondria (Barnhart et al., 2003; Ashkenazi and Salvesen,
2014; Green and Llambi, 2015).

TNFR1 stimulation is postulated to result in the formation of two signaling complexes
(Micheau and Tschopp, 2003). Binding of TNF to TNFR1 induces receptor oligomerization
and rapid formation of the TNFR1 signaling complex (Complex I), which is initiated by
recruitment of the DD-containing adaptor proteins TRADD (TNFR-associated death domain
protein) and Ser/Thr kinase RIP1 (receptor-interacting protein 1) (Ashkenazi and Dixit,
1998).This signaling complex is required for ubiquitin ligase TRAF2 (TNFR-associated
factor 2) and c-1AP1 and possibly binding of other proteins. It is proposed to trigger the NF-
kB signaling pathway through recruitment of the IKK complex and activates JNK through a
TRAF2-dependent mechanism (Zhang et al., 2000; Micheau and Tschopp, 2003). Complex |
is devoid of FADD and caspase 8. Within a short period of time TRADD, RIP1, and TRAF2
dissociate from TNFR1 and in the cytosol the DD of TRADD and RIP1 can associate via
homotypic interaction with FADD, leading to the subsequent binding of procaspase 8/10 and
FLIPys (traddosome or complex I1) (Micheau and Tschopp, 2003). Activation of procaspase
8 takes place in the traddosome and is followed by activation of downstream death signaling.
Inhibition of the pro-apoptotic activity of caspase 8 is more likely to occur through FLIP, and
its availability and caspase 8 activation can determine the choice between survival and death
(Kruegeret al., 2001; Micheau and Tschopp, 2003).

13



1.1.3. Role of apoptosis in T-lymphocyte development

Thymocytes, one of the first cell types to be characterized to undergo steady state cell
death, offer valuable insight into the regulation of apoptosis and tissue homeostasis. During
differentiation apoptosis ensures that only lymphocytes expressing functional antigen
receptors survive. Apoptosis is essential for eliminating lymphocytes with dangerous self-
reactive specificities. Impaired apoptosis induction appears to be critical for the aberrant
survival of pathological cells in many chronic immune-mediated disorders, inflammation and

cancer (Opferman, 2008).

The thymus is the specialized lymphoid organ responsible for the development of
functional and diverse repertoire of T cells, and interactions with thymic stromal cells are
thought to provide the necessary signals for thymocyte maturation. During differentiation
thymocytes must go through several maturation stages based on the expression of cell surface
markers (Figure 3.). Firstly, committed lymphoid progenitors from the bone marrow migrate
to the thymus. These cells lack expression of T-cell receptor (TCR), CD4 and CD8, and are
termed double-negative (DN) thymocytes (Hernandez et al., 2010). Then these cells rearrange
their TCR-f gene locus to generate pre-TCR complex composed of a successfully rearranged
B chain, a nonpolymorphic pre-o chain, and CD3. Successful pre-TCR expression leads to
cell proliferation during the DN to CD4"CD8" double positive (DP) transition and TCR-o.
gene rearrangements (Gameiro et al., 2010). DP cells that have appropriately rearranged their
TCR a-chain, generate ap-TCR and these af-TCR'CD4'CD8" (DP) thymocytes can interact
with cortical epithelial cells that express a high density of major histocompatibility complex

(MHC) class I and class I molecules associated with self-peptides.

Their fate will depend on the nature of the TCR-ap signal. 90% of the DP thymocytes fail
to generate a functional TCR and undergo a default death pathway named “death by neglect”
(Szondy et al., 2012). Too intense signaling can promote activation- induced apoptosis
(negative selection). Thymocytes bearing “useful” TCRs receive intermediate level of TCR

signaling and undergo positive selection generating CD4" or CD8" TCR-af"9"

single positive
cells in the cortex. In the medulla they will be further exposed to self-ligands on medullary
epithel cells or dendritic cells. After this second wave of negative selection the survivor cells

exit the thymus and circulate in the periphery (Gameiro et al., 2010, Szondy et al., 2012).

14



Q @’ e

TCR/co-] receptor
signaling Cortical \
( epithelial cell \\
. \\
MHC class I/ MHC class IT
Death by recognition recognition

neglect \
( d @ Lymphoid ‘
progenitor

CD8- commltted cells CD4-committed cells

{
Negative Positive Negative
selection " selection selection
/ /
aematopoietic
/ \ precursor

Medullary Death Death  Medullary /

epithelial cell/ epithelial c‘j/

dendritic cell dendritic ¢
Emlgranon to perlpher\

Outer cortex
11

Inner cortex

Medulla

/
/
/

Figure 4.T-cell development in the thymus (Germain, 2002).

Bone marrow-derived progenitors migrate to the thymus. In the thymus cortex they go
through the double negative (DN; CD4-CD8-) stages of T cell differentiation and become
double positive, complete TCR expressing (DP; e.g., CD4+CD8+) cell, then interact with
self-peptides associated MHCI and Il molecules present on epithelial cells. Lack of signaling
results in “death by neglect”. Too intense signaling can promote apoptosis (negative
selection); Lower level of TCR signaling initiates differentiation into CD4+ or CD8+ single
positive (SP) thymocytes (positive selection). SP thymocytes are exported from the thymus
and populate the peripheral lymphoid organs.

1.1.4. Pro-apoptotic factors involved in negative selection of thymocytes

Negative selection is primarily mediated through clonal deletion of self-reactive
thymocytes, which is a TCR-induced program. Among the molecules induced by high-
affinity TCR signaling, members of the orphan nuclear receptor NR4A1 family (Nur77 and
Nor-1) and the Bcl-2 family member Bim have been associated with pro-apoptotic functions
(Calnan et al., 1995;Bouillet et al., 2002;Palmer, 2003).

Nur77 (NGF1-B/NR4Al) is a transcription factor belonging to the steroid/thyroid

hormone receptor superfamily. The Nur77 family includes three members: Nur77, neuron-
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derived orphan receptor (Nor-1), and Nurrl. All of them are classified as orphan receptors,
whose physiological ligands have not been identified (Ohkura et al., 1996; Winoto and
Littman, 2002). They function as ligand-independent transcription factors and are
immediate/early response genes, which are rapidly induced by a diverse extracellular
stimulation (Maxwell and Muscat, 2006). Once their expression is induced, NR4A receptors
activate gene expression either as monomers by binding to the NGFI-B-responsive element
(NBRE) or as NR4A homodimers by targeting the palindromic NBRE-related sequence (Nur-
responsive element, NurRE) (Philips et al 1997).Furthermore, Nur77 and Nurrl (but not Nor-
1) can heterodimerize with retinoid X receptor (RXR) and activate transcription by binding to
DR-5 element containing promoters in an RXR ligand-dependent manner (Perlmann and
Jansson, 1995; Maxwell and Muscat, 2006).

The role of Nur77 in T cell receptor-mediated cell death has been demonstrated, since in
response to strong engagement of the TCR Nur77 was rapidly induced in T hybridoma cells,
in thymocytes (negative selection) and in peripherial T-cells (Woronicz et al., 1994,
Woronicz et al., 1995; Calnan et al., 1995; Zhou et al., 1996). In addition, Nur77
transcriptional activity correlates well with its apoptotic function (Kuang et al., 1999)
Furthermore, transgenic mice expressing a dominant-negative version of Nur77, which
blocks activity of all Nur77-related molecules, negative selection associated apoptosis of DP
thymocytes is inhibited (Calnan et al., 1995; Zhou et al., 1996). Moreover, constitutive
overexpression of full-length Nur77 in thymus results in enhanced cell death of thymocytes
(Calnan et al., 1995; Cheng et al., 1997). These results suggest that negative selection
depends on Nur77 function. Surprisingly, Nur77-deficient mice do not exhibit any defect in
thymocyte negative selection (Lee et al., 1995; Cheng et al., 1997). This can be explained by
the functional redundancy between Nur77 and Nor-1. Nor-1 has transcriptional
transactivation activity similar to Nur77; it is rapidly induced in thymocytes in response to
TCR signals, and thymocytes that express a Nor-1 transgene undergo unrestrained apoptosis
(Cheng et al., 1997).

Microarray analysis using RNA isolated from Nur77 transgenic and wild type fetal thymi
determined global targets of Nur77 transcription that mediate apoptosis. These studies
identified several Nur77 downstream genes, including Fas ligand (FasL) and TRAIL, two
known death receptor ligands, and Nur77 dependent gene 1 (NDG-1) that initiates the
activation of caspase 8 by unknown mechanisms, as mediators of Nur77-dependent apoptosis
(Rajpal et al., 2003).
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Accumulating evidence demonstrates that translocation of Nur77 from the nucleus to
mitochondria represents another mechanism through which Nur77 initiates apoptosis
independently of its transcriptional activity. It has been published that in several cancer cells
in response to different apoptotic stimuli and during negative selection Nur77 translocates
from the nucleus and migrates to the mitochondria (Moll et al., 2006; Thompson and Winoto,
2008) where it interacts with the anti-apoptotic Bcl-2 protein. Binding to the N-terminal loop
region between the BH4 and BH3 domain of Bcl-2 leads to a conformational change
exposing the BH3 domain, which converts Bcl-2 from anti-apoptotic protein to pro-apoptotic
one (Lin et al., 2004; Thompson and Winoto, 2008). Recent studies showed that
phosphorylation regulates Nur77 subcellular trafficking (Thompson et al., 2010). Nur77 lacks
classical nuclear export signal and requires heterodimerization with RXR which can serve as
a carrier for nuclear export (Cao et al., 2004).

The second pathway that controls negative selection is dependent on the members of Bcl-2
family, in particular on pro-apoptotic Bim. It has been shown that Bim-deficient mice
develop late onset autoimmune disease (Bouillet et al., 1999). Bim-deficiency results in
defective thymocyte apoptosis in several TCR transgenic (HY, OTI, OTII) models of
negative selection (Bouillet et al., 2002; Suen and Baldwin, 2012). However, this apoptotic
defect does not lead to emergence of autoreactive mature T cells except in the case of
negative selection to tissue-restricted antigens. In the absence of Bim large numbers of
autoreactive T cells survive in the periphery (Suen and Baldwin, 2012). Additional loss of
Puma, another BH3-only protein, however, enhanced the thymic deletion defect of Bim—/—
mice and resulted in more severe, T cell-driven multi-organ autoimmune pathology (Gray et
al., 2012). Beside the sequestration of pro-survival Bcl-2 family members that is necessary
for Bax and/or Bak activation during thymocyte deletion, increasing evidence suggests that

Bim can directly activate Bax and Bak via a ‘hit and run' mechanism (Kim et al. 2009).

It is possible that Nur77 and Bcl-2 family members function together at the mitochondria to
cooperatively regulate cell death during negative selection.
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1.2. PHAGOCYTOSIS OF APOPTOTIC CELLS AND THE
RESOLUTION OF INFLAMMATION

1.2.1. Clearance of apoptotic cells

In vivo, the apoptosis program is completed by phagocytosis, with the majority of
apoptotic thymocytes in mice being cleared by the thymic F4/80+ macrophages (Surh and
Sprent, 1994). Not just in the thymus, but all over the body every day approximately one
billion of our cells die via apoptosis, their corpses are quickly recognized and phagocytosed
by engulfing cells and eliminated without initiating an inflammatory immune response (Savill
and Fadok, 2000). The process of removal or clearance of apoptotic cells by phagocytes is
called efferocytosis. Efferocytosis differs from classical phagocytosis in several respects

including the use of distinct receptors, bridging proteins and intracellular signaling pathways.

Phagocyte Apoptotic cell
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inflammatory cytokines)

Figure 5. Different steps of efficient apoptotic cell clearance (Ravichandran, 2010).

Recruitment is mediated by find-me’ signals released by apoptotic cells to attract phagocytes
to the dying cells. The phagocytes, using engulfment receptors, engage ‘eat-me’ signals
presented on apoptotic cells. Engagement of the engulfment receptors (linked to PtdSer
recognition) has been shown to stimulate release of anti-inflammatory cytokines such as
TGF-g, IL-10, and PGE2. The intracellular signaling induced within the phagocytes by the
ligand-receptor interactions leads to cytoskeletal rearrangement and internalization of the
dying cell. The phagocytes process the engulfed corpse through a series of steps.

The clearance of apoptotic cells is mediated by both professional engulfers (such as

macrophages and dendritic cells) and by nonprofessional “neighbouring” cells (such as
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epithelial cells, endothelial cells, and fibroblasts) (Elliott and Ravichandran 2010), but non-
professional phagocytes show delayed kinetic of ingestion (Parnaik et al., 2000). Phagocytic

clearance of apoptotic cells can be divided into four major steps (Figure 5).

At the early stage of apoptosis, dying cells secrete soluble chemoattractant factors, which
are known as ‘find me’ signals to facilitate their removal by recruiting phagocytes to the sites
of death within a tissue (Ravichandran, 2010). Up to now several chemotactic ‘find-me’
signals have been identified, including the lipid lysophosphatidylcholine (LPC) and
sphingosine 1-phosphate (S1P), the fractalkine (CXC3CL1) and the nucleotides ATP and
UTP (Lauber et al., 2003; Gude et al., 2008; Truman et al., 2008; Elliott et al., 2009).

Once in the proximity of their targets, macrophages recognize them by sensing so called
’eat-me”’ signals exposed on apoptotic cell surfaces. The best-studied and universally detected
‘eat me’ signal is the exposure of phosphatidylserine (PtdSer), a membrane lipid that is kept
in the inner leaflet of the plasma membrane in healthy cells (Fadok et al., 1998; Savill et al.,
2002).
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Figure 6. Apoptotic cell recognition (Modified from Szondy et al., 2014).

Phagocyte recognition of PtdSer is mediated in two ways: by direct recognition receptors
and by soluble bridging molecules binding PtdSer on the apoptotic cell and a receptor on the
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phagocyte, adding complexity to the process of dying cell recognition (Figure 6). Direct-
binding PtdSer receptors include members of the T cell immunoglobulin and mucin (TIM)
family (TIM-4, as well as TIM-1 and TIM-3) (Kobayashi et al., 2007; Nakayama et al.,
2009), brain-specific angiogenesis inhibitor 1 (BAI1) (Park et al., 2007), and atypical
epidermal growth factor (EGF)-motif containing stabilin-2 (Park et al., 2008).

In addition to these bona fide PtdSer receptors, bridging molecules, including milk fat
globule-EGF factor 8 (MFG-E8), growth-arrest-specific 6 (GAS6) and Protein S, can bind
PtdSer on the surface of apoptotic cells. MFG-ES8 associates with avB3 or avB5 integrin on
phagocytes via its RGD motif (Hanayama et al 2002) while Gas6 and protein S bridge PtdSer
with Tyro-3-AxI-Mer family of receptors (TAM receptors) (Lemke and Rothlin, 2008;
Nagata et al., 2010).

Additional ’eat-me’ signals have been also identified, which likely play tethering function
e.g. altered intercellular-adhesion molecule (ICAM)-3, calreticulin, thrombospondin,
oxidized low-density lipoprotein (LDL) moieties and glycosylated proteins on the surface of
the apoptotic cells binding to CD14, CD91, avp3-integrins, scavenger receptors and lectins
on phagocytes (Gregory et al., 1998; Gardai et al. 2005; Lauber et al., 2004; Hochreiter-
Hufford and Ravichandran, 2013; Green et al., 2016).

Apart from the active display of ‘eat-me’ signals by apoptotic cells, viable cells express
‘don't eat-me’ signals, such as CD31 and CD47 that may need to be turned off during
apoptosis to allow recognition by phagocytes (Brown et al., 2002;Gardai et al. 2005).
Therefore, exposure of a sufficient amount of ‘eat-me’ signals and loss of ‘don’t eat-me’

signals on the surface of apoptotic cells are necessary to trigger their removal by phagocytes.

Engagement of PtdSer receptors and other signaling during efferocytosis converges on the
activation of evolutionarily conserved Rho family of small GTPases (RhoA, ROCK, Rac,
Rab5, Cdc42) to promote actin polymerization and cytoskeletal rearrangement facilitating
phagocytosis (Nakaya et al. 2006; Park et al., 2007; Hochreiter-Hufford and Ravichandran,
2013). Following internalization, the engulfed apoptotic corpses are degraded into their basic
cellular components, including fats, sterols, peptides, amino acids and nucleotides within
phagolysosomes (Kinchen and Ravichandran, 2008). Finally, processing of apoptotic cell
proteins can be linked to establishment and maintenance of self-tolerance via cross-
presentation of engulfed cell peptides by the major histocompatibility complex (MHC) class |
molecules(Kinchen and Ravichandran, 2008, Hochreiter-Hufford and Ravichandran, 2013).
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1.2.2. Anti-inflammatory effect of apoptotic cell clearance

Apart from the physical removal of dying cells the second homeostatic function of the
clearance process is the production of anti-inflammatory signaling molecules and cytokines
by phagocytes to strongly suppress inflammation and to facilitate the “immunologically

silent” clearance of apoptotic cells (Gregory and Pound, 2011).

Some of the inhibitory actions are immediate, and induced by macrophage surface PtdSer-
receptors. But after ingestion of apoptotic corpse, the macrophages start also releasing anti-
inflammatory mediators like interleukin-10 (IL-10), transforming growth factor-p (TGF-p),
prostaglandin E2 (PGE2), platelet-activating factor (PAF) in a PtdSer-dependent manner
(\Voll et al., 1997; Fadok et al., 1998; McDonald et al., 1999; Cvetanovic and Ucker 2004).
This immunosuppressive response also exists in vivo (Huynh et al., 2002).

11-10 and TGF-p production is regulated at the level of transcription in a p38 mitogen-
activated protein kinase (MAPK)-dependent manner, and furthermore TGF-B is controlled
translationally via activation of Rho GTPase, PI3K, mTOR, and elF4E (Chung et al., 2007;
Xiao et al., 2008).

In addition, during engulfment of apoptotic thymocytes macrophages produce adenosine
through their cell surface 5’nucleosidase (Sandor et al., 2016) from the adenine nucleotides
released by the apoptotic cells (Yamaguchi et al., 2014). Adenosine acts on macrophages as a
soluble mediator, via adenosine A2A receptors, to suppress pro-inflammatory cytokine

production, such as KC and MIP-2 chemokines (Kdrdskényi et al., 2011).

Our laboratory have also shown that following in vivo induction of apoptosis in the
thymus similar to TGF-p and adenosine, retinoids are also produced by macrophages
engulfing apoptotic thymocytes in a phagocytosis-dependent manner (Garabuczi et al., 2013).
The lipid content of the apoptotic cells mediate retinoid production via the lipid-sensing
receptor liver X receptor (LXR), which in response induces the retinaldehyde
dehydrogenases, enzymes responsible for retinoid synthesis. These retinoids subsequently
enhance the phagocytic capacity of macrophages by upregulating the expression of various

phagocytic receptors via retinoic acid receptor signaling (Sarang et al., 2014).
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1.3. RETINOIDS AND THEIR MECHANISMS OF ACTION

By definition, retinoids include natural and synthetic compounds that have a structural
resemblance to all-trans-retinol (which by definition is vitamin A) (Blomhoff and Blomhoff,
2006). Vitamin A from food provides the retinoids necessary for a variety of biological
functions including embryonic development, differentiation, vision, development of central
nervous system, and apoptosis (Blomhoff and Blomhoff, 2006; Hall et al., 2011). Vitamin A
deficiency is associated with defects in adaptive immunity. Countless studies have clearly
demonstrated that its deficiency can cause broad immune alterations including decreased
humoral and cellular responses, inadequate immune regulation, weak response to vaccines
and poor lymphoid organ development (Smith et al., 1987; Bono et al., 2016). Most of these
immunological functions associated with vitamin A are mediated by its derivatives, all-trans-
retinoic acid (ATRA) and 9-cis-retinoic acid (9cRA).

The synthesis of all-trans-retinoic acid from all-trans retinol occurs in a two-step reaction.
The first step, conversion of retinol to retinal, is carried out by members of alcohol
dehydrogenase (ADH) family. ADHs are specific to ethanol, retinoids, and other alcohols and
aldehydes of physiological importance (Duester et al., 1999). Oxidation of retinol to retinal
can also be catalysed by members of the short-chain dehydrogenase/reductase family of
microsomal enzyme, which show a wide affinity for alcohols and aldehydes (Parés et al.,
2008). More recent evidence has demonstrated that under normal physiological conditions
these are the physiologically relevant enzymes in the conversion of retinol to retinal (Farjo et
al., 2011). In a second reaction, retinal is irreversibly converted to retinoic acid (RA) by one
of the three retinal dehydrogenase isoforms RALDH1, RALDH2 and RALDH3, which form
a subfamily of class I aldehyde dehydrogenases. Each gene is expressed in a different tissue-
specific pattern. RALDH?2 is responsible for the production of retinoic acid in several cell
types during embryonic development. RALDHL1 is expressed at very high levels in the eye of
embryos and in several adult tissues. RALDH3 has a more limited role during development
(Kedishvili, 2013). RALDH4 was shown to recognize 9-cis-retinaldehyde but not all-trans-
retinaldehyde as substrate (Lin et al., 2003). One more critical element in RA biosynthesis is
the degradation of ATRA by CYP26 enzymes, which has been very well established in
developmental models to disrupt action of RA by promoting RA catabolism (Ribes et al.,
2007; Kedishvili, 2013).
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To regulate gene expression, ATRA and 9cRA bind to their nuclear receptors, which act
as ligand-induced transcription factors to bind to specific sequences in the DNA and
modulate the transcription of target genes. These receptors are the retinoic acid receptors
(RAR) and retinoid X receptors (RXR) that belong to the family of steroid/thyroid hormone
receptors and each of these families comprises three isotypes (o, p and y) with additional
isoforms generated by alternative splicing and differential promoter usage (Germain et al.,
2006a and 2006b). In vitro binding studies have demonstrated that ATRA and 9cRA are high
affinity ligands for RARs, whereas only 9cRA binds with high affinity to RXR (Heyman et
al., 1992; Soprano et al. 2004). The physiological role of 9cRA has been questioned, since it
has not yet been detected in vivo (Ruhl, 2006). However, our group has shown that in the
thymus non-conventional dihydroretinoic acid derivatives are formed in an “apopto-
phagocytosis-dependent” manner (Sarang et al., 2014). In addition, Ruhl et al. have proved
that 9-cis-13,14-dihydroretinoic acid acts as an endogenous and physiologically relevant
RXR ligand in mammals (Rihl et a., 2015).

The nuclear RARs function as heterodimers with RXRs and act as ligand-dependent
transcriptional regulators, binding to specific DNA sequences called RAR elements (RARES)
within the promoter of retinoid target genes. RAR agonists can activate transcription through
such heterodimers, while RXRs cannot respond to RXR-selective agonist without RAR
ligand (Soprano et al. 2004; Germain et al., 2006b). RXRs also can function as homodimer
binding to retinoid X response elements and it is well known that RXRs are common
heterodimerization partners of the steroid/thyroid receptor family, including Nur77 as |

mentioned above (Zhanget al., 1992; Germain et al., 2006a).

1.4. ADENOSINE
1.4.1. Adenosine metabolism and adenosine receptor signaling

Adenosine, a purine nucleoside generated by the dephosphorylation of adenine nucleotides
is considered potent endogenous physiologic and pharmacologic regulator in peripheral and

central nervous system and of non-neuronal cells, including immune and inflammatory cells.

Adenosine is accumulating in the locality of damaged cells in conditions of metabolic

stress such as hypoxia, ischemia, tissue injury or inflammation (Thiel et al., 2003). It can also
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be generated by the extracellular metabolism of adenine nucleotides. Physiological actions of
adenosine are exclusively depending on its receptor ligation and the downstream receptor
signaling, so those processes which determine its concentration (production, release, cellular
uptake and metabolism), must be tightly regulated (Hasko6 and Cronstein, 2004).

Intracellular adenosine is produced from its immediate precursor, 5’-adenosine
monophosphate (5-AMP), by the action of the enzyme 5’-nucleotidase or can be derived
from metabolism of S-adenosyl homocysteine (Latini and Pedat, 2001), and once it reaches
high concentration it is transported into the extracellular space by specific bidirectional

nucleoside transporters (Yegutkin, 2008).

Adenosine is formed extracellularly by the metabolization of released nucleotides (ATP,
ADP, AMP). ATP and ADP are hydrolysed to AMP via CD39 and AMP, in turn, is rapidly
converted to adenosine by CD73 ecto-5'-nucleotidase (Robson et al., 2006; Volmer et al.,
2006). Another possible extracellular source of adenosine is the released cyclic adenosine
monophosphate (CAMP), which can be converted to 5'-AMP by ecto-phosphodiesterase, and
then to adenosine by ecto-5"-nucleotidase (Yegutkin, 2008; Latini and Pedata, 2001).

To terminate adenosine signaling, the activity and expression of adenosine deaminase is
increased during inflammation and hypoxia which promotes adenosine deamination to
inosine within seconds (Eltzschiget al., 2006). Although adenosine deaminase has largely
been considered to be a cytosolic enzyme, there have been several reports of an
extracellularly located form in a variety of tissues (Latini and Pedata, 2001; Hashikawa et al.,
2004). Adenosine can also be converted back to 5'-AMP by the action of the enzyme
adenosine kinase and subsequently to ADP and ATP (Lloyd and Fredholm, 1995).

Finally, after adenosine generation and receptor activation, adenosine is rapidly taken up
by cells from the extracellular space mainly through equilibrate nucleoside transporters. As a
result of the rapid uptake and metabolism of adenosine, levels of this mediator are maintained
low in unstressed, healthy tissues. However, under pathological conditions adenosine
removal cannot keep pace with its generation, resulting in markedly increased extracellular

adenosine concentrations (Latini and Pedata, 2001; Helenius et al., 2012).
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Figure 7.Adenosine metabolism and adenosine receptor signaling (Antonioli et al., 2015).

Adenosine initiates its biological effects through ligation of adenosine receptors, which
consist of a family of four cell surface 7-transmembrane, G-protein coupled receptors,
namely the A, Aza, Azs and AzRs (Fredholm et al., 2011), all of them expressed on
macrophages. The A;R and A,aR are capable to bind adenosine with high affinity while the
AsR and especially AzgR show relatively lower affinity for adenosine (Fredholm et al., 2011).
The A; and AsRs preferentially interact with members of the Gj, family of G proteins,
decreasing adenylate cyclase activity and thereby lowering intracellular level of cAMP,
protein kinase A (PKA) activity and cAMP response element binding protein (CREB)
phosphorylation. A,aR and AzgR are coupled to Gy proteins, elevating CAMP production,
resulting in activation of (PKA) and phosphorylation of CREB. A,z receptors can act via both
Gus and Gq proteins(Fredholm et al., 2011, Hasko and Cronstein, 2013).
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Receptor Adenosin Al Adenosin A2A Adenosin A2B Adenosin A3
receptor receptor receptor receptor

Previous/alternative

names ADORAL; R;; AAIR; A1IR A, R AA2AR; A2AR - Ay, R AA2BR;A2BR AA3R; A3R
Affinity t
Inity to High High Low Low
adenosine
Selective agonists CGS 21680,HE-NECA, None readily available.
CPA, CCPA, CHA; S-ENBA CV-1808, CV-1674, (LUF 5853 very potent 2-CI-IB-MECA
ATL146e and selective)
Selective DPCPX; MRS 1220, MRE 3008-
antagonists 8-cyclopentyltheophylline, SC](]&S%?;;]N?; éf 85 MRS1754, (enprofylline) F20, MRS 1191; MRS
WRC0571 ’ 1523; VUF 8504
G-protein couplin,
P pne G:, G, G, Gox Gy G, G;
Some recognized Bradycardia; inhibition of Inhibition of platelet Relaxation of smooth Enhancement of
physiological lipolysis; reduced glomerular aggregation and muscle in vasculature and mediator release from
function(s) filtration; reduction of polymorphonuclear intestine; inhibition of mast cells;
sympathetic and parasympathetic leukocytes; vasodilatation, monocyte and preconditioning
activity; presynaptic inhibition; protection against macrophage function; (some species)
neuronal hyperpolarization; ischemic damage; stimulation of mast cell
ischemic preconditioning stimulation of sensory mediator release (some
nerve activity species)
KO phenotype Ancxiety; hyperalgesia; decreased  Ancxiety; hypoalgesia; Hyperinflammation;  Altered inflammatory
tolerance to hypoxia; altered hypertension; increased vascular adhesion reactions; decreased
insulin secretion; increased tolerance to ischemia; edema; altered release
lipolysis; increased susceptibility decreased platelet of inflammatory
to seizures; loss of preconditioning aggregation mediators

in several tissues

Table 1. Characterization of adenosine receptors
(Hasko and Cronstein, 2004; Fredholm, 2007)

1.4.2. The immunoregulatory effects of adenosine

Once adenosine concentration is increased in the extracellular environment, it binds to
different types of adenosine receptors expressed on many cells of immune system
(neutrophils, macrophages, dendritic cells and natural killer cells). Thus, depending on the
ligation of different adenosine receptors, adenosine affects innate immune response during
various inflammatory conditions i.e. chronic (cancer, asthma) as well as acute (sepsis, acute

lung injury) inflammatory diseases (Sachdeva and Gupta, 2013).

For example in neutrophils adenosine at higher concentration, acting at A,a receptors,
suppresses the production of a range of pro-inflammatory cytokines, inhibits production of
oxygen free radicals, phagocytosis, and neutrophil death (McColl et al 2006; Cronstein et al.,
1990; Barletta et al., 2012; Haskd and Cronstein, 2013). Acting through Aga receptors, it can
inhibit the adhesion of neutrophils to the endothelium by inhibiting integrin-mediated
adhesive events (Sullivan et al., 2004). By contrast, adenosine at low concentrations, via A;

receptors, promotes neutrophil adhesion to different adhesive molecules on the endothelium

26



(Cronstein et al., 1992). Furthermore adenosine promotes directed migration of neutrophils
via A; and Aj receptors, however A;aR limits neutrophil recruitment (Cronstein et al., 1990;
Chen et al., 2006).

Adenosine has been shown to be a broad inhibitor of the pro-inflammatory consequences
of classical macrophage activation, acting via A;aR (Haskd and Pacher, 2012). It has been
shown that adenosine inhibits pro-inflammatory cytokine production, such as TNF-a, IL-6
and IL-12 release by lipopolysaccharide (LPS)- or bacteria-activated macrophages mostly
through Aa receptors (Hasko et al., 1996; Bouma et al. 1994; Hasko et al., 2000; Bshesh et
al., 2002). Based on experiments using selective A,a and Azg receptor ligands and knock out
macrophages it is clear now that A,g receptors can also contribute to the suppressive effect of
adenosine on TNF-a production (Kreckler et al 2006). Furthermore, adenosine has been
shown to decrease the level of other pro-inflammatory mediators, such as MIP-1a, nitric
oxide and superoxides (Szabo et al., 1998; Hasko et al., 1996; Si et al., 1997, Haské and
Pacher, 2012). In addition to this suppressor effect, adenosine can augment the formation of
anti-inflammatory cytokine IL-10 (Hasko et al., 1996) via CCAAT-enhancer-binding protein
B-dependent transcriptional process in response to ApaR ligation and by Aj;sR-mediated
posttranscriptional mechanisms (Csdka et al., 2007; Németh et al., 2005). It has been shown
that Az receptor ligation switches classically activated (inflammatory) macrophages into an
alternatively activated M2 phenotype, suppressing the expression of inflammatory cytokines
and inducing the production of anti-inflammatory and angiogenic factors, including 1L-10
and vascular endothelial growth factor (VEGF) (Ferrante et al., 2013).

In immature dendritic cells adenosine promotes chemotaxis to the site of inflammation
and injury via A; and Agj receptors (Panther et al., 2001). However, at these sites adenosine
activates Aya receptors on mature dendritic cells shifting pro-inflammatory cytokine profile
to an anti-inflammatory one, with reduced 1L-12, IL-6, interferon-a (IFN-o) and augmented
IL-10 production (Panther et al., 2001; Panther et al., 2003).

The liver damage after ischemia and reperfusion initiated by IFN-y producing of Natural
Killer T (NKT) cells can be eliminated by ligation of A, receptors. Furthermore, the release

of IFN-y by NKT cells was abolished by Asareceptor stimulation (Lappas et al., 2006).
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Apoptosis and phagocytosis of the apoptotic cells occur not only under physiological
conditions, but also during inflammation in response to microbial invaders and tissue injury.
Initially, neutrophils rapidly migrate to the inflamed tissue followed by monocytes, which
differentiate locally into macrophages. During the normal progression of inflammation
neutrophils undergo apoptosis after performing their action and macrophages ingest them.
Clearance of apoptotic neutrophils prompts a switch from a pro- to an anti-inflammatory
macrophage phenotype (Ortega-Gomez et al., 2013, Martin et al., 2015). TGF-B, adenosine
and retinoids are produced by engulfing macrophages also under inflammatory conditions

and these molecules strongly interfere with the bacterial LPS induced inflammation.

These factors released from macrophages have an anti-inflammatory effect on
macrophages themselves, but in addition, they can promote immunosuppressive responses
acting on other neighbouring cells. For example TGF-B plays a crucial role in the formation
of regulatory T cells (Treg), a specialized lineage of CD4+ T cells that are critical players in
maintaining immune system homeostasis by promoting self-tolerance and restraining
excessive immune responses (Curotto de Lafaille and Lafaille, 2009). TGF-f, concomitant
with TCR stimulation, is an essential factor for the induction of Foxp3 gene expression, a
special transcription factor in these cells and for Treg-cell generation in the thymus (Konkel
et al.,, 2014) and extrathymically as well (Chen et al., 2003). The presence of the pro-
inflammatory cytokines leads to instability of FoxP3but recent studies have documented that
in inflammatory environment ATRA prevents human Treg conversion to T effector cells and
sustains their Foxp3 expression and suppressive function in vitro or in vivo (Lu et al., 2014;
Liu et al., 2015).
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1.5. PATHOGEN RECOGNITION AND TOLL-LIKE RECEPTOR
MEDIATED SIGNALING PATHWAY

The innate immune system is the first line of defences against invading microbial
pathogens which are recognized by soluble proteins in the blood (components of the
complement system) and by membrane-bound, germline-encoded pattern-recognition
receptors (PRRs) most notably on macrophages and dendritic cells. These receptors sense a
wild range of evolutionarily conserved structures on pathogens (bacteria, viruses, fungi and
protozoa), termed pathogen-associated molecular patterns (PAMPS) (Akira et al., 2006).

The family of Toll-like receptors (TLR) is the most extensively studied class of PRRs.
Upon recognition of the PAMPs, TLRs trigger intracellular signaling cascades leading to
production of a variety of pro-inflammatory mediators, which orchestrate the early host
response to infection (Akira et al., 2006; Newton and Dixit, 2012). TLRs can be divided into
subfamilies primarily recognizing related PAMPs, in my work | focused on TLR4 mediated
downstream signaling events. TLR4 has the ability to recognize several PAMPSs, including
fusion (F) protein from respiratory syncytial virus and endogenous molecules, such as heat-
shock proteins (Akira et al., 2006; Lu et al., 2008), but one of the most important
immunostimulatory molecule of TLR4 is LPS, a structural component of the outer membrane

of Gram-negative bacteria (Poltorak et al., 1998).

1.5.1. LPS-induced TLR4 signal transduction

LPS recognition is mediated by interactions with several proteins, including LPS binding
protein (LBP), CD14 and MD-2 and TLR4.LBP and CD14 can directly bind LPS and they
are involved in the transfer of it to the TLR4/MD-2 receptor complex. LBP is a shuttle
protein catalyzing the association between LPS and CD14.CD14 has a role in loading LPS to
the receptor complex. MD-2 is a soluble protein that non-covalently form a complex with
TLR4 and can bind LPS directly without TLR4, therefore MD-2 serve as a ligand-binding
component of the receptor complex TLR4/MD-2 (Miyake, 2007;Gioannini and Weiss, 2007).
Ligand recognition induces oligomerization of TLR4, leading to activation of downstream
signaling pathways mediated by a conserved region of the receptor, called cytoplasmic
Toll/interleukin 1 receptor (TIR) domain that serves as the docking site for TIR-containing
cytoplasmic adaptor proteins. There are five TIR domain-containing adaptor proteins: the

firstly described MyD88 (myeloid differentiation primary response gene 88), TIRAP (TIR
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domain-containing adaptor protein/Mal, MyD88-adapter-like), TRIF (TIR domain-containing
adaptor inducing IFN-B), TRAM (TRIF-related adaptor molecule), and TRIF inhibitor,
SARM (sterile a and HEAT-Armadillo motifs-containing protein). TLR4 is the only known
TLR which applies all these adaptors (Miyake, 2007; Lu et al., 2008).

TLR4 induced signaling can be separated into 2 distinct pathways: a MyD88-dependent
pathway, which is responsible for pro-inflammatory cytokine expression and a MyD88-
independent (TRIF-dependent) pathway, which mediates the induction of Type I interferons

and interferon-inducible genes.

LPS

LBP@Ma~ | | -
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'TRIF
MyD88-dependent MyD88-independent
pathway pathway

Pro-inflammatory
cytokines

Interferons

Figure 8.0verview of LPS/TLR4 signaling (Lu et al., 2008).

LBP and CD14 facilitate the LPS recognition and transfer to TLR4/MD-2 receptor complex.
LPS/TRL4 signaling can be divided into Myd88-dependent and -independent pathways,
which initiate the activation of pro-inflammatory cytokine and type | interferon genes.
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1.5.1.1. The MyD88-dependent pathway

Following ligand binding, TLR4 dimerizes and undergoes conformational changes
required for the recruitment of cytosolic TIR domain-containing downstream adaptor
molecule, MyD88 (Medzhitov et al., 1998). Through death domain mediated homotypic
interactions MyD88 recruits IL-1 receptor -associated kinase 4 (IRAK4) and its substrate
IRAK2 or the related IRAKL1 kinases in a hierarchic manner and a so-called myddosome is
assembled (Motshwene et al., 2009; Lin et al., 2010). IRAK-2 plays a more central role than
IRAK-1 in TLR signaling to NF-xB (Nuclear factor kappa-light-chain-enhancer of activated
B cells) (Keating et al., 2007). IRAK1 and IRAK2 undergo phosphorylation, and interact
with TRAF6 via their C-terminal TRAF-binding domains (Pauls et al., 2013). TRAF6 acts as
an ubiquitin protein ligase (E3) and together with the ubiquitin-conjugating enzyme complex
(E2), catalyzes the synthesis of K63-linked polyubiquitin chains on TRAF6 itself and other
substrates, including TGF-B-activated kinase 1 (TAK1) and NF-kB essential modifier
(NEMO). The polyubiquitin chains of TRAF6 can interact with the TAK1 binding protein
(TAB)2 and TAB3, which induce a conformational change leading to the
autophosphorylation and activation of TAK1 (Wang et al., 2001; Xia et al., 2009). TAK1
then stimulates two distinct pathways involving the IKK complex and the mitogen-activated

protein kinase (MAPK) pathway, respectively.

In the first pathway, TAK 1 initiates the activation of IkB kinase (IKK) complex, which is
composed of two catalytic subunits (IKKa and IKK) and an essential regulatory subunit,
IKKy/NEMO, resulting in site-specific phosphorylation of inhibitory IkB proteins (Rothwarf
and Karin, 1999; Wang et al., 2001; Viatour et al., 2005). In unstimulated cells, NF-«xB is
sequestered in the cytoplasm through association with kB family members (Ghosh et al.,
1998). Once activated, IKKP phosphorylates IkB proteins leading to proteasomal
degradation. This liberates NF-kB to translocate into the nucleus and activate NF-kB-
dependent gene expression by binding to kB sites in their promoter and enhancer regions

(Rothwarf and Karin, 1999; Hacker and Karin, 2006).

In the second pathway, TAK1 phosphorylates members of the MAPK kinase (MKK)
family, MKK3 and MKKG®6, which in turn phosphorylate the stress-activated protein kinase
p38 (p38a, p38P, p38y, p38d) (Chang and Karin, 2001). The p38 signaling has been shown to

regulate gene expression through phosphorylation of transcription factor CREB by mitogen-
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and stress-activated protein kinase (MSK) 1/2, downstream Kkinase target of p38. MAP
kinase-activated protein kinase 2 (MK2) is a selective substrate of p38a and it was shown to
activate various substrates including small heat shock protein 27 (Hsp27), CREB and
activating transcription factor ATF1. The activation of the p38 pathway plays essential role in
the production of pro-inflammatory cytokines, including TNFa, IL-1f, 1L10, IL12, IL-6
(Caivano and Cohen, 2000; Zarubin and Han, 2005; Newton and Dixit, 2012).

Cytoplasm 7

Nucleus

Transcription

Figure 9. TLR4-activated MyD88-dependent and MyD88-independent pathways
(modified from Newton and Dixit, 2012).

The MyD88-dependent pathway is responsible for early-phase NF-«B and MAPK activation,
which controls the induction of pro-inflammatory cytokines. The MyD88-independent
pathway activates IRF3, which is required for the induction of IFN-- and IFN-inducible
genes and mediates late-phase NF-«B as well as MAPK activation, also contributing to
inflammatory responses.
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Upon activation, TAK1 can transmit the signals further by phosphorylating other members
of MAPK kinases, namely MKK4 and MKK7 (Wang et al., 2007). In turn, these kinases
activate the three c-Jun N-terminal kinases (JNK1/2/3) by direct phosphorylation. One of the
best-known transcription factors regulated by JNKSs, is c-Jun, which interacts with other
transcription factors such as c-Fos and ATF to form “activator protein 17 (AP-1). JNK
pathway is involved in the regulation of IL-2 and TNFa production (Chang and Karin, 2001;
Newton and Dixit, 2012).

Moreover, IKKp is also required for transcriptional responses downstream from the
MAPK extracellular signal-regulated kinase (ERK). IKK} is involved in the phosphorylation
and degradation of the NF-xB1/p105 which complexes with tumor progression locus 2 (Tpl2)
(Waterfield et al., 2004). The released Tpl2 activates ERK1/2 through a MEK1 pathway,
leading to the binding of the transcriptional factor CREB to the regulatory sequences of its
target genes (Waterfield et al., 2003; Newton and Dixit, 2012).

1.5.1.2. The MyD88-independent pathway

Kawai’s group has revealed that Myd88-deficient macrophages failed to produce any
inflammatory cytokines in response to LPS, but type | interferon production was not
impaired. Notably, LPS-induced activation of NF-kB and MAPK was observed, but with
delayed kinetics (Kawai et al., 1999; Kawai et al., 2001). These findings suggested a Myd88-
independent TLR4 signaling pathway, in which TRIF was identified as an important adaptor
in association with TRAM (Yamamoto et al., 2003). TRIF can activate the NF-kB pathway
by recruiting receptor-interacting protein 1 (RIP1). RIP1 is polyubiquitinated to form a
complex with TRAF6 (Chang et al., 2009) and these two molecules appear to cooperate in
the recruitment of TAKI thereby activate IKKP and eventually NF-xB via this
TRIF/TRAF6/RIP1L/TAK1-TAB1-TAB2 complex (Festjens et al., 2007).

TRIF also induces type I IFN production by interacting with TRAF3, which can associate
further with TRAF family member-associated NF-kB activator (TANK) and two
noncanonical IKKs, TANK-binding kinase 1 (TBK1) and IKKe (Guo and Cheng, 2007). The
latter two are responsible for the direct phosphorylation of interferon regulatory factor IRF3
and IRF7, which together with NF-«B and AP-1 induces the transcription of IFN-B gene
(Sharma et al., 2003; Falvo et al., 2000).
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2. AIMS OF THE STUDY

Apoptosis and the consequent engulfment of apoptotic cells occur permanently in the
thymus and molecules released continuously by engulfing macrophages contribute to the
formation of a thymic milieu that regulates apoptosis and differentiation of thymocytes
(Sarang et al., 2014). Previous studies in our and other laboratories have shown that retinoids
are also produced in the thymus in vivo (Kiss et al., 2008; Sitnik et al., 2012; Garabuczi et al.,
2013) and they initiate the death of immature thymocytes (Szondy et al., 1997). Furthermore,
we have found that retinoids induce a transcription-dependent apoptosis in these cell type via
activating RARy (Szondy et al., 1997).

» Since the action of retinoids to induce apoptosis was not investigated so far, in the
first part of my thesis we aimed to identify the mechanisms by which retinoids induce

apoptosis program of thymocytes

It has been previously described that adenosine released by macrophages engulfing
apoptotic cells react on macrophages as a soluble mediator, via A,aRS, to suppress pro-
inflammatory cytokine production (KC and MIP-2) (Kéroskényi et al., 2011). It is also
known that LPS exposure in macrophages triggers ATP release leading to CD39-dependent
ATP degradation and adenosine production (Cohen et al., 2013) and increase the expression
of A,a receptors via NF-kB (Murphree et al., 2005). Since adenosine has been shown to
inhibit the LPS-induced pro-inflammatory cytokine production of macrophages via Aza
receptors, upregulation of these receptors by LPS stimulation provides a delayed feedback

regulatory mechanism.
» According to these results we aimed to characterize the detailed downstream signaling

pathway through which adenosine via Aza receptors suppress LPS-stimulated pro-
inflammatory cytokine formation by studying A,a receptor null macrophages.
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3. MATERIALS AND METHODS

3.1. Reagents

All reagents were obtained from (Sigma-Aldrich, Budapest) except indicated otherwise.

3.2. Experimental animals

Most of the cell death experiments with thymocytes were carried out in thymocytes

+/+

isolated from 4-week-old Nur77™" mice and Nur77deficient littermates (Lee et al., 1995). In
a few experiments thymocytes were derived from STAT1-/- mice (Jackson Laboratories
Durbin et al., 1996), as well. Bone marrow-derived macrophages were isolated from 3 to 6
months old wild type and A,a receptor null mice generated on FVB background (Ledent et
al., 1997). Mice were maintained in specific pathogen-free condition in the Central Animal
Facility of our university and all animal experiments were approved by the Animal Care and

Use Committee of University of Debrecen (DEMAB).

3.3. Cell culturing

Thymocyte suspensions were prepared from thymus glands of 4 week-old mice by mincing
the glands in RPMI 1640 media supplemented with 10% charcoal-treated FBS (Gibco), 1mM
Na-pyruvate, 2 mM glutamine, and 100 U/ml penicillin and 100 pg/ml streptomycin.
Thymocytes were washed and diluted to a final concentration of 5 x10° cells/ml.

For bone marrow-derived macrophages, bone marrow progenitors were isolated from the femurs
of mice and cells were differentiated for 10 days in DMEM containing 10% FBS, 1mM Na-
pyruvate, 2 mM glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin and 10% 1929 cell
supernatant. Non-adherent cell were removed by washing away after 3 days.

Both cell types were incubated at 37°C in a humidified incubator under an atmosphere of 5%
CO, /95% air.

3.4. Determination of the percentage of apoptotic thymocytes

Thymocytes were cultured in 24 well plates in the presence of the indicated concentrations of
retinoids for 12 hours and dexamethasone-acetate (0.1 uM) or Jo2 antibody (1 pg/ml) for 6
hours. To test the contribution of caspases during cell death thymocytes were pretreated with
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40 uM z-IETD-fmk, specific caspase 8 inhibitor (BD Pharmingen) or 75uM z-LEHD-fmk, a
caspase 9 specific inhibitor (Calbiochem) for 1 hour. Percentage of the degraded DNA
containing apoptotic cells were determined by a rapid technique using propidium iodide DNA
staining. For staining, cells were fixed with 70% ice cold ethanol for 5 min, then washed and
dissolved in 100 ul PBS containing 100png/ml RNase and incubated for 10 min at room
temperature. Finally 400ul PBS containing 50 pg/ml propidium iodide was added. % of cells
carrying decreased amount of DNA due to apoptosis (sub Go-G1 cells) was determined on
DNA histograms by flow cytometry.

3.5. Flow cytometry

5 x 10° BMDM s were treated with 200 ng/ml LPS for the indicated time periods. After the
incubation, macrophages were washed with PBS, collected, blocked with 50% FBS for 30
min, and labelled with anti-mouse A;aR antibody (BD Pharmingen) or goat 1gG isotype
control. For detection, cells were stained with FITC-conjugated anti-goat 1gG. Stained cells
were analyzed on a FACSCalibur (BD Biosciences). The results were analyzed by WinMDI

2.9 software.

3.6. Western blot analysis

Whole cell homogenates from thymocytes or BMDMSs were used. Protein samples were
diluted to 1mg/ml with Laemmli buffer and were fractionated on polyacrylamide gel, and
transferred onto polyvinylidene difluoride membranes using the Bio-Rad electrophoresis and
transfer system. After blocking with 5% non-fat dry milk in TTBS membranes were probed
with anti-Nur77 (BD Pharmingen), anti-Bid (R&D Systems), anti-Bim, anti-STAT1 (Santa
Cruz Biotechnology), anti-mitogen-activated kinase kinase (MKK) 3/4, pMKK3/4/6 (Cell
Signaling) anti-IkB (Santa CruzBiotechnology), anti-phospho (Thr183/Tyr185)-SAPK/INK
(Cell Signaling) antibodies overnight at 4°C. To detect antibody signals peroxidase-labelled
anti-mouse IgG (1:1000), anti-rat IgG (1:10000) or anti-rabbit 1gG (1:10000) were used and
the enhanced chemiluminescence was visualized using the Immobilon Western
Chemiluminescent HRP Substrate (ECL) (Merck Millipore). Equal loading of protein was
demonstrated with probing the membranes with anti-a-tubulin, anti-lamin-B (Santa Cruz

Biotechnology) or anti-B-actin, antibodies.
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3.7. Affymetrix analysis

To identify retinoid-regulated apoptosis genes in mouse thymocytes Mouse Affymetrix
430Av2 arrays carrying probes for 22690 transcripts were used. Wild type and Nur77 knock
out DMSO exposed control and 0.3 uM 9cRA (4 h) treated thymocyte samples were run in
duplicates. Hybridization was carried out in Genomics Core Facility in Heidelberg. Raw
intensity data was scaled and normalized in Affymetrix Microarray suite 5.0. Changed
transcripts were filtered in Microsoft Access and Excel software. Increased transcripts were
judged as “Present” and increased +2 fold in both duplicates. Decreased transcripts had

minimum of -1.6 fold change value in both duplicates.

3.8. gRT-PCR measurement

After various treatments total RNA was extracted from thymocytes or macrophages with
TRI reagent. Transcript quantitation was accomplished via quantitative real-time reverse
transcriptase quantitative polymerase chain reaction (QRT-PCR) using Tagman gene
expression assay. RNA samples were reverse transcribed to cDNA using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s
guidelines. Real-time monitoring was carried out using an ABI Prism 7900 or a Roche
LightCycler LC 480 instrument performing 40 cycles of 94°C for 12 sec and 60°C for 1 min
with pre-designed FAM-MGB-labelled specific probes (Applied Biosystems). All samples
were measured in triplicates and the gene expression was calculated relative to cyclophilin in
the case of thymocytes and to hypoxanthine-guanine phosphoribosyltransferase (HGPRT) in

the case of macrophages.

3.9. Preparation of mitochondria and Western blot to detect mitochondrial
translocation of Nur77/RXR

Mitochondrial proteins were isolated from thymocytes with the help of the ProteoExtract
Cytosol/Mitochondria Fractionation Kit from Calbiochem according to the manufacturer’s
instructions, using 10’ cells per sample. At the end of the procedure mitochondrial samples
were denatured in 5x Laemmli buffer. The presence of Nur77 and RXR were analysed by
Western blotting using the anti-Nur77 (BD Pharmingen) and anti-RXRo (Santa Cruz

Biotechnology) antibodies. The blots were re-probed with antibodies against mitochondrial
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Hsp60 as loading control or the nuclear Lamin B (Santa Cruz Biotechnology) to check

accidental nuclear contamination.

3.10. Intracellular staining for Bcl-2/BH3

For the detection of the intracellular levels of Bcl-2 BH3 domain thymocytes (2 x 10%
sample) were washed twice with PBS, were fixed and permeabilized using 250 pl of
Cytofix/Cytoperm solution (BD Biosciences) for 20 min at 4°C. After fixation and blocking
steps the samples were washed twice using perm/wash solution (200 pl/sample) and
incubated with anti-Bcl-2 BH3 domain antibody (Abgent, San Diego, USA 1:100) for
overnight at 4°C. Cells were further labelled with FITC- or Cy3-conjugated anti-rabbit 19G
secondary antibody and were examined by FACS Calibur flow cytometer (BD Biosciences).

Data was analyzed using WinMDI 2.9 software.

3.11. Detection of TNF alpha content in thymocyte supernatant

Wild type thymocytes were seeded onto 24-well plates at a density of 5 x 10° per 0.5ml
and were treated with retinoids and the combination of phorbol dibutyrate and ionomycin for
18 hours. The collected samples were than centrifuged at 4000 g for 5 min. The concentration
of TNFa cytokine was measured from the supernatant culture medium using DuoSet Mouse

TNFa ELISA Kit (R&D Systems).

3.12. Determination of cytokine production

5 x 10° wild type and A2AR null BMDMs were treated with 200 ng/ml crude LPS for 1 h.
In some experiments, cells were pretreated with the A,aR-specific agonist CGS21680 (1 uM,
Tocris), the AyaRspecific antagonist SCH442416 (10 nM, Tocris), the JNK inhibitor TCS
JNK 60 (100 nM), Rp-cAMPs (100 uM) or forskolin (10 uM) for 1 h. After 1 h LPS was
removed and fresh medium was added to the cells. Where it is indicated, media was
supplemented with the compounds used in the pretreatments. 5 h later supernatants were
collected, centrifuged and analyzed by Mouse Cytokine Array (Proteome Profile Array from
R&D Systems) or by interleukin (IL)-6, macrophage inflammatory protein (MIP)2, TNFa
ELISA kits (R&D Systems) according to the manufacturer's instructions. In case of cytokine

array, the pixel density in each spot of the array was determined by Image J software.
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3.13. Determination of NF-kB p50/p65 nuclear translocation

10'wild type and AR null BMDMs were treated with 200 ng/ml LPS for 60 min. Where
it is indicated, cells were pretreated with A,aR-specific agonist 1 uM CGS21680 for 1 h.
Cells were rinsed with ice cold PBS and nuclei were isolated with Nuclei EZ kit (Sigma)
according to manufacturer's instruction. Nuclear p65 and p50 subunits were detected with
TransAM p65 and p50 Kits (ActiveMotif). TransAM NF-kB Kits contains a 96-well plate to
which an oligonucleotide containing the NF-xB consensus site has been immobilized. 20 pl
diluted nuclear extract lysate was added to each well for 1 hour. After washing, samples were
incubated for 1 hour with primary antibodies against an epitope on p65 and p50, which is
accessible only when NF-xB is activated and bound to its target DNA. HRP-conjugated
secondary antibody was used. After adding the developing solution the colorimetric reaction

was detected by spectrophotometry.

3.14. Determination of NFkB-dependent transcription

NF-kB-dependent transcription was evaluated as luciferase activity derived from the
expression of an NF-kB-dependent luciferase transcriptional reporter in a stably transfected
macrophage cell line, H2. H2 cells were plated (4 x 10° cells/well) in a 24-well plate. The
next day, 125 ng/ml LPS and the indicated doses of CGS21680 were added simultaneously.
After incubation for 6 h, cell extracts were prepared, and luciferase activity was measured by
the Luciferase Assay System (Promega) in an FB12 Luminometer (Zylux). Each condition
was repeated in duplicate wells, and the luciferase activities in cells from each well were

determined independently.

3.15. Determination of MAPK phosphorylation

1x10° cells/well BMDMs treated with 200 ng/ml LPS for 1 h. Where it is indicated, cells
were pretreated with 10 nM SCH442416 (10 nM, Tocris) for 1 h. After 30 min LPS
treatment, cells were rinsed with PBS. Total cell lysates were analysed by Human Phospho-
MAPK Array Kit (R&D Systems) according to manufacturer's instruction. The pixel density

in each spot of the array was determined by ImageJ software.
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3.16. DUSP1 siRNA transfection

Five-day-matured BMDMs were transfected with ON TARGETPLUS SMARTpool
SIRNA specific for mouse DUSP1 and ON-TARGETPLUS Non-targeting Control Pool
(Dharmacon) using the DharmaFECT 1 Transfection Reagent (Dharmacon) according to the
DharmaFECT's Transfection Protocol. siGLO Green (6-FAM) Transfection Indicator was
used to monitor the transfection efficiency. Transfected cells were used 5 days after the
transfection. The efficiency of RNAIi was determined by Western blot and quantitative PCR
against DUSP1.

3.17. Isolation of CD4"CD8" double positive thymocytes by flow cytometry sorting

+/+

Thymocyte suspension of 4 week-old Nur77"" mice was prepared freshly and the cells
were labelled in PBS with phycoerythrin-anti-CD4 and fluorescein isothiocyanate—anti-CD8
antibodies (BD Biosciences) at room temperature for 10 min. Double-positive (DP)
thymocytes were separated as CD4+CD8+ cells from the cell suspension with FACS Aria 1ll
instrument (BD Biosciences). Cell sorting was performed at 4°C to reduce cell death. Data

analysis was carried out by using BD FACSDiva Version 6.1.3 software.

3.18. Statistical analyses

All the data are representative of at least three independent experiments carried out on
three different days. Values are expressed as mean + S.D. P values were calculated by using
two-tailed Student's t-test for two samples of unequal variance. The analysis of cytokine and
MAPK array experiments was carried out by two-way ANOVA test. Statistical calculations
were run on GraphPad Prism6 software. Statistical significance is indicated by a single
asterisk (P < 0.05).
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4. RESULTS

4.1. RETINOIDS INDUCE NUR77-DEPENDENT APOPTOSIS IN
MOUSE THYMOCYTES

4.1.1. Nur77 is upregulated and essential in retinoid induced apoptosis of mouse
thymocytes

Previously our research group have shown that retinoids can induce the apoptosis of
mouse thymocytes in a transcription-dependent manner via activating RARy (Szondy et al.,
1997), and subsequent studies on mouse T cell hybridoma cell line have revealed that ligation
of RARY can induce the expression of Nur77 and its target FasL (T6th et al., 2004). To figure
out whether retinoids could also induce Nur77 in mouse thymocytes, thymocytes derived
from 4 week old mice were exposed to ATRA and 9cRA, and Nur77 expression was
determined on both mRNA (Fig. 10A) and protein levels (Fig.10B). As seen in Figure 10,
both ATRA and 9cRA were able to induce the expression of Nur77 at concentrations where
they saturate RARs, however, 9cRA was proved to be more potent indicating that ligation of
RXR might contribute to the induction of Nur77.
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To test whether Nur77 is required for retinoid-induced apoptosis, thymocytes isolated
from both wild type and Nur77 null mice were exposed to increasing amount of retinoids. As
shown in FigurellA, retinoids induced cell death in the wild type thymocytes in a dose-
dependent manner. ATRA was much less effective in apoptosis induction than 9cRA at each
used concentrations, in accordance with the lower expression of Nur77 in the presence of
ATRA. However, none of these compounds could induce cell death in Nur77 null thymocytes
indicating an essential role of Nur77 in mediating retinoid-induced apoptosis of thymocytes.
Interestingly, thymocytes lacking Nur77 showed slighter background rate of apoptosis
indicating that the spontaneous cell death involves Nur77-dependent elements. We did not
detect any change in the age-dependent size or thymocyte composition of the Nur77 null
thymuses suggesting that these results were not related to a Nur77-dependent developmental
defect of thymocytes, (Fig. 11B and C). Our observation is in line with previously published
data (Lee et al., 1995).
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4.1.2. FasL, TRAIL, NDG-1, Gpr65 and Bid are induced by retinoids to initiate
thymocyte apoptosis

To identify genes mediating retinoid-induced apoptosis, mMRNA expression profile of
control (DMSO-treated) and retinoid-treated thymocytes were compared by Affymetrix
430Av2 arrays carrying probes for 22,690 transcripts. As an effective retinoid, 0.3 uM 9cRA
was selected for these studies. We confirmed that Nur77 is one of those genes, which are
significantly upregulated upon retinoid treatment (Table 2). The Nur77 family consists of
Nur77, Nor-1, and Nurrl with partially overlapping biological activity, however, only Nur77
was upregulated by 9cRA in mouse thymocytes. To test whether these apoptosis-related
genes are regulated in a Nur77-dependent manner during retinoid-induced apoptosis, 9cRA
was added to both wild type and Nur77 null thymocytes for 4 h and the changes in their
MRNA levels were monitored by Affymetrix 430Av2 arrays. We found eight apoptosis
related genes to be induced by retinoids (Table 2). Interestingly most of these genes were

induced in a Nur77-dependent manner.

Gene description Symbol Nur77+/+ Nur77-/-
Fold change Fold change

Nuclear receptor subfamily 4, group A, member 1 Nur77

Nur77 downstream gene 1 NDG-1 333 =2.7
BH3 interacting domain death agonist Bid 6.5 -19
G-protein coupled receptor 65 Gpr65 3.7 -19
Signal transducer and activator of transcription 1 STAT1 22 —-1.1
Transglutaminase 2 TG2 4.8 4.8
Protein tyrosine phosphatase, non-receptor type 6 Ptpn6 22 1.0
Myeloid differentiation primary response gene 116 Mydl116 2.4 24

Table 2. 9-cis retinoic acid regulates the expression of Nur77 and several Nur77-dependent
and independent apoptosis-related genes in mouse thymocytes.

Wild type and Nur77-/- thymocytes were exposed to 0.3 uM 9cRA for 4 h and the changes in
their mRNA expression levels were analyzed by Affymetrix 430Av2 arrays. Data represent
fold changes as compared to the DMSO-treated controls based on two independent
experiments. Bold letters highlight those genes the expression of which is independent of
Nur77.
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NDG-1 was previously described as a Nur77-dependent gene and protein that regulates
caspase 8 activity by unknown mechanisms (Rajpal et al., 2003). Surprisingly, we have found
two novel, unexpected apoptosis related genes among the Nur77-regulated genes: G protein-
coupled receptor 65 (Gpr65), also known as T-cell death-associated gene 8, which is one of
the proton-sensing G protein-coupled receptors (GPCRs) coupled to the adenylate cyclase
(Malone et al., 2004), and the BH3 interacting domain death agonist (Bid), which is activated
by caspase 8 cleavage and initiates the mitochondrial pathway of apoptosis (Green and
Llambi 2015).

To confirm the induction of these 3 genes by retinoids, their mMRNA expression was also
measured by gRT-PCR analysis 4 h after ATRA or 9cRA exposure. In addition, we also
determined the expression of FasL and TRAIL, two death receptor ligands, which are already
known Nur77-regulated apoptosis related genes (Rajpal et al., 2003), but were not detectable
by the Affymetrix analysis. As shown Figure 12, all these genes were induced by retinoids in
wild type thymocytes, but not in Nur77 null thymocytes confirming that these genes are
indeed retinoid-induced Nur77 dependent genes. All the Nur77-dependent genes were
induced more effectively by 9cRA treatment than ATRA, in accordance with the higher

levels of Nur77 induction.
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Figure 12. Retinoids induce the expression of FasL, NDG-1, TRAIL, Grp65 and Bid in a
Nur77-dependent manner.

Effect of retinoids on the mRNA expression of (A) Bid, (B) NDG-1, (C) Gpr65, (D) FasL and
(E) TRAIL in wild type and Nur77 null thymocytes. Thymocytes were exposed to the indicated
concentrations of retinoids and mRNA expressions were determined 4 h later by gRT-PCR
analysis using cyclophilin as a reference gene. Data represent mean = S.D. of four
independent experiments. *Significantly different from the DMSO-treated control (p < 0.05).

4.1.3. Caspase 8 activation contributes to the initiation of retinoid-induced apoptosis

Retinoids induced the expression of TRAIL and FasL, two cell death receptor ligands, and
NDG-1, which is similar to death receptors and can also activate caspase 8 though by an
unknown mechanisms (Rajpal et al., 2003). We decided to check whether caspase 8 plays a
role in retinoid-induced apoptosis. First we tested caspase 8 cleavage during retinoid induced

apoptosis. As it is demonstrated in Figure 13A, cleaved caspase 8 protein can be detected in
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retinoid-treated thymocytes. In DMSO-treated control cells activation of caspase 8 is not
visible (data not shown). Since Bid gene was also upregulated by retinoids (Table 2), and Bid
is a well-known caspase 8 substrate (Green and Llambi 2015), to demonstrate that caspase 8
is activated during retinoid-induced apoptosis we checked for Bid cleavage. As shown in
Figurel3B, we could detect the truncated form of Bid in thymocytes treated by 9cRA, but not
in thymocytes treated by 9cRA in the presence of z-IETD-fmk, a specific caspase 8 inhibitor.
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Figure 13.Activation of caspase 8 is required for retinoid-induced apoptosis.

(A) Retinoids induce the activation of caspase 8 during apoptosis. Thymocytes were exposed
to 0.3 uM 9cRA or 3 uM ATRA, and the cleavage of caspase 8 was monitored in the absence
or the presence of 40 uM specific caspase 8 inhibitor, z-IETD-fmk by Western blot at the
indicated time points. Tubulin was used as loading control. (B) Bid is cleaved during
retinoid-induced apoptosis. Thymocytes were treated with 0.3 uM 9cRA in the absence or the
presence of 40 uM z-IETD-fmk for 2, 4 and 6 h. Bid expression was determined by Western
blot from total cell lysate. f-actin was used as loading control.

Next we inhibited caspase 8 activity to test the role of its activation in retinoid-induced
apoptosis. Preincubation of thymocytes with z-IETD-fmk significantly reduced retinoid-
induced cell death, but did not inhibit it completely (Fig. 14C). Similar effect is observed in
the glucocorticoid-induced cell death, in which caspase 8 has a role, but the determining
caspase is caspase 9 (Wang et al., 2006). At the same time z-IETDK completely inhibited
Fas-induced death, which requires caspase 8 for mediating apoptosis. These data indicate that
caspase 8 is the initiator caspase in retinoid-induced apoptosis, but the death is not entirely

dependent on its activity.
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Figurel4.Inhibition of both caspase 8 and 9 prevents retinoid-induced apoptosis.

Thymocytes were exposed to 3 uM ATRA, 0.9 uM 9cRA for 12 h, to 0.1 uM dexamethasone
acetate or 1 ug/ml Jo2 antibody for 6 h in the presence or absence of 40 uM zIETD-fmk, or
75 uM caspase 9 inhibitor Z-LEHD-FMK. The percentage of thymocytes in sub-G1
population was determined in propidium iodide stained samples. Data represent mean + S.D.
of three independent experiments. *Significantly different from the sample, where no caspase
inhibitor was present (p < 0.05)

4.1.4. Caspase 9 also plays a determining role in retinoid-induced apoptosis

Thymocytes are considered to be Type | cells, in which cell death receptor activated
caspase 8 drive the killing directly by cleaving and thereby activating sufficient amount of
executioner caspases, without the involvement of the intrinsic pathway (Hao and Mak, 2010).
Thus Fas mediated apoptosis of thymocytes is not affected by the loss of caspase 9 (Samraj et
al. 2006). Though we found signs for caspase 8 activation during retinoid-induced apoptosis,
we decided to investigate the requirement for caspase 9 activity (thus the mitochondrial
pathway) during retinoid-induced apoptosis by inhibiting caspase 9. Fas-induced apoptosis
was used as a control. As seen in Figure 14, while the caspase 9 inhibitor z-LEHD.fmk had
only slight effect on the apoptosis induced by the Jo2 anti-Fas antibody, it absolutely
prevented retinoid-induced and dexamethasone-induced apoptosis. These data indicate that
though caspase 8 is activated during retinoid-induced apoptosis, its apoptosis-inducing action
requires the mitochondrial pathway of apoptosis involving caspase 9. In line with this
observation we also detected the activation of caspase 9 (Fig. 15). Interestingly, activation of
caspase 8 occurs earlier in time than caspase 9 activation indicating that caspase 8 plays an

initiator role in the retinoid-induced apoptosis.
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Figure 15. Retinoids induce the activation of caspase 9 during apoptosis.

Thymocytes were exposed to 0.3 uM 9cRA, 3 uM ATRA or 0.1 uM dexamethasone acetate
and the time-dependent cleavage of caspase 9 was detected by Western blot analysis. f-actin
was used as loading control.

4.1.5. Gpr65-mediated signals do not seem to be critical in retinoid-induced apoptosis of
thymocytes

Previous studies have shown that Gpr65 can increase the cytosolic CAMP levels via
activating adenylate cyclase pathway (Wang et al., 2004) which might lead to apoptosis in
thymocytes by enhancing the production of TNFa (Guevara Patifio et al., 2000) or by
inducing Bim (Zhang and Insel, 2004). Since 9cRA induced the expression of Gpr65, we
decided to test whether addition of retinoids results in TNFo production by checking its
MRNA expression by gRT-PCR and by detecting its protein level by ELISA. Exposure of
thymocytes to retinoids did not result in detectable TNFa production (Fig.16).
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Figure 16. Retinoids failed to enhance TNF-a-production in dying thymocytes.

(A) Thymocytes were treated with 0.3 uM 9cRA or 3 uM ATRA, and the mRNA levels of TNF-
a were determined by Q-PCR analysis at 4 hrs using cyclophilin as a reference gene.(B)
TNF-a production was also detected by ELISA after the same treatments at 18 hrs of
culture.Data represent mean + S.D. of three independent experiments.
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However, as it is illustrated in Figure 17, we could demonstrate that retinoid treatment
significantly induced the gene expression and protein level of Bim, but this increase was not
inhibited by Rp-cAMPS triethylamine or H89, specific membrane-permeable inhibitors of
CAMP dependent protein kinase | and Il (Van Haastert et al., 1984). Addition of PKA
inhibitors had no effect on the retinoid-induced apoptosis of the thymocytes either (data not
shown). Surprisingly Bim upregulation showed a Nur77-dependent fashion upon retinoid
treatment. Taken together, our data indicate that though the expression of Gpr65 is increased,
but under our culture conditions there is no significant acidification which would activate it

and the coupled adenylate cyclase pathway.
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Figure 17. Retinoids induce the appearance of Bim in Nur77-dependent, but protein
kinase A-independent manner.

(A) Retinoids fail to induce Bim in Nur77 deficient thymocytes. Wild type and Nur77 null
thymocytes were treated with the indicated concentrations of 9cRA or ATRA for 4 h and
mRNA level of Bim was measured by gRT-PCR and normalized to cyclophilin. (B) Retinoids
induce the appearance of Bim protein in a protein kinase A-independent manner. Wild type
thymocytes were exposed to 0.3 uM 9cRA or 3 uM ATRA in the absence or presence of
protein kinase A I and Il inhibitors (10 uM H89 or 50 nM Rp.cAMPS triethylamine).
Thymocytes derived from Nur77 null mice were treated with 0.3 uM 9cRA or 3 uM ATRA and
Bim protein was detected 6 h later by Western blot analysis. S-actin was used as loading
control.
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4.1.6. Bim is induced in a STATI1l-dependent manner during retinoid-mediated
apoptosis of thymocytes and contributes to cell death induction

Previous studies have shown that STAT1 can also regulate Bim expression in thymocytes
(Moro et al., 2011). The Affymetrix data revealed that STATL1 is also induced during

retinoid-induced apoptosis in a Nur77-dependent manner (Table 2). We could also confirm

retinoid-inducedSTATL1 upregulation on protein levels (Fig. 1A). Thus we decided to test

whether the induction of Bim expression during retinoid-induced apoptosis is STAT1

dependent by using STAT1 knock out thymocytes (Durbin et al., 1996). Our results indicate

that enhancement in the Bim expression during retinoid-induced apoptosis is STAT1
dependent (Fig.18B and C).
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Figure 18. Bim is induced in a STAT1-dependent
manner during retinoid-mediated apoptosis.

(A) Retinoids induce the expression of STAT1 in
thymocytes. Wild type thymocytes were treated
with 0.3 uM 9cRA or 3 uM ATRA and STATI
protein was detected 2 or 4 h later by Western blot
analysis. p-actin was used as loading control. (B)
and (C) Retinoids fail to induce the expression of
Bim in STAT1 null thymocytes. Thymocytes
derived from wild type or STATL null mice were
exposed to the indicated retinoid concentrations
and Bim expression was determined 6 h later by
gRT-PCR analysis using cyclophilin as a reference
gene. Bim protein was detected 6 h later by
Western blot analysis. f-actin was used as loading
control. Data represent mean = S.D. of three
independent experiments. *Significantly different
from the DMSO-treated control (p < 0.05).
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In addition, loss of STAT1 reduced the rate of retinoid-induced apoptosis of thymocytes (Fig.
19) indicating that STAT1-induced Bim expression might contribute to the initiation of the
retinoid-induced apoptosis program.

50 Figure 19. Loss of STAT1 attenuates retinoid induced
W STAT1 +/+
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samples. Data represent mean = S.D. of three independent
experiments. *Significantly different from the DMSO-treated

control (p < 0.05).

4.1.7. Nur77 translocates into the mitochondria during retinoid-induced apoptosis and
leads to the exposure of the Bcl-2/BH3 domain

It has been previously published that in addition to its transcription-dependent action,
Nur77 can also contribute to apoptosis induction during negative selection in thymocytes by
its translocation to the mitochondria, where it associates with Bcl-2 leading to the exposure of
the BH3 domain of Bcl-2 converting the anti-apoptotic molecule to a killer protein
(Thompson and Winoto, 2008). According to this finding we tested whether retinoids are
capable of inducing the translocation of Nur77 into the mitochondria. As control, we used the
phorbol dibutyrate/ionomycin treatment, which mimics the signaling of negative selection.
As shown in Figure 20, treatment with phorbol dibutyrate/ionomycin resulted in a time
dependent translocation of Nur77 into the mitochondria appearing as a wide band due to the
heavy phosphorylation of the protein (Woronicz et al., 1995). 9cRA and, with a much less
efficiency, ATRA also induced a time-dependent translocation of Nur77 with a peak at 2 h
for each treatment. However, we could detect a much thinner protein band compared to that
was found in phorbol dibutyrate/ionomycin-treated cells, indicating a less prominent or lack
of phosphorylation of Nur77 during retinoid treatment. Previous studies have reported that
Nur77 can form heterodimers with the retinoid X receptor (RXR) and heterodimer formation
is required for the nuclear export of Nur77 (Cao et al., 2004). Interestingly, we detected

mitochondrial translocation of RXR in both wild type and Nur77 null thymocytes. In phorbol
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dibutyrate/ionomycin-treated cells the kinetics of the mitochondrial appearance of RXR was
different from that of Nur77, and the presence or absence of Nur77 did not affect it. In
retinoid treated thymocytes, however, the maximum of both Nur77 and RXR translocations
was observed at 2 h after retinoid addition.
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Figure 20. Nur77 translocates into the mitochondria during retinoid-induced apoptosis.

Detection of time-dependent Nur77 and RXR translocation into mitochondria in wild type
and Nur77 null thymocytes following retinoid or 1 uM phorbol dibutyrate/2 ug/ml ionomycin
treatment. Mitochondrial fractions of thymocytes were isolated at the indicated time points
following treatment and were blotted with anti-Nur77 and -RXR antibodies. For fraction
purity the blot was also probed for the nuclear Lamin B and the mitochondrial Hsp60.

Next we studied whether translocation of Nur77 into the mitochondria leads to Bcl-2
conformational change and exposure of its BH3 domain. In the anti-apoptotic Bcl-2 protein
the BH3 domain remains hidden or buried inside the molecule and is undetectable by the Bcl-
2/BH3-specific antibodies (Thompson and Winoto, 2008). Exposure of this domain correlates
with the pro-apoptotic activities of Bcl-2 (Thompson and Winoto, 2008) and can be detected
by mimicking signals of negative selection by adding phorbol dibutyrate/ionomycin to the
thymocytes (Thompson et al., 2010). For this reason we checked the Bcl-2/BH3 exposure
during retinoid-induced apoptosis as well using specific antibody against this domain, and
found a time dependent exposure of the BH3 domain (Fig. 21). DMSO did not have an effect
on the appearance of the BH3 domain. The exposure of the domain was related to Nur77, as

the appearance of this domain was not detected in Nur77 null thymocytes exposed to 9cRA.
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Figure 21. Time dependent Bcl-2/BH3 exposure of wild type thymocytes exposed to
retinoids.

Wild type thymocytes were treated with the indicated retinoid concentrations for 2 or 4 hours
and the Bcl-2/BH3 exposure was determined by flow cytometry. I uM phorbol dibutyrate/2
ug/ml ionomycin treatment of wild type thymocytes was used as positive control, while
exposure of Nur77 null cells to the 9cRA was used as negative control.

4.1.9. Retinoids induce both Nur77-dependent transcription and the appearance of
Bcl-2/BH3 domain in the DP thymocytes

Previous publications have reported that retinoids induce apoptosis primarily in double
positive (DP) thymocytes (Szondy et al., 1997), but the basal expression of Nur77 shows a
differentiation-dependence (Moran et al., 2011). While in DP thymocytes the expression of
Nur77 is low, thymocytes undergoing both positive and negative selection induce Nur77, the
expression correlating with the strength of the TCR signal. As a result, in the thymus of
transgenic mice expressing GFP under the control of the Nur77 promoter, mostly medullary
(positively selected) thymocytes were GFP-positive (Moran et al., 2011). Accordingly we
used DP thymocytes received by sorting to investigate whether the Nur77-dependent events
that we observed in non-separated thymocytes are related to DP thymocytes (Fig. 22A). As
shown in Figure 22B, DP thymocytes expressed Nur77 and reacted to both 9cRA and the
PdBu/ionomycin treatment by upregulating Nur77. Since we could generate only small
amounts of sorted cells we decided to check the retinoid-induction of three Nur77-regulated
genes: Gpr65, NDG-1 and Bid. As seen in Figure 22C, the gene expression level of all these
genes were induced by retinoids. Next we tested whether Bcl-2/BH3 exposure can be
detected in DP thymocytes. For this purpose thymocytes were exposed to retinoids and then
labelled with anti-CD8 and anti-Bcl-2/BH3 antibodies. As it is demonstrated in Figure22D,
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we could detect the exposure of Bcl-2/BH3 domain in the CD8+ population. Since the
majority of CD8+ thymocytes are DP thymocytes (app 95 %), these data indicate that Nur77
can translocate into the mitochondria in the DP cells. Finally we investigated the role of
caspase 8 and caspase 9 in retinoid-induced death of the sorted DP thymocytes. As it is
visible in Figure 22E, both inhibitors attenuated retinoid-induced apoptosis similarly as in the

unsorted thymocytes.
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Figure22. Retinoids induce the expression of Nur77-dependent genes as well as the

exposure of the Bcl-2/BH3 domain in DP thymocytes.
(A) Result of the sorting of DP thymocytes. (B) Nur77 is induced at protein level by 0.3 uM
9cRA or by 1 uM phorbol dibutyrate/2 ug/ml ionomycin treatments at 6 hours in sorted DP
thymocytes. (C) The mRNA levels of Nur77 and three Nur77-dependent genes are induced by
retinoids in DP thymocytes. Thymocytes were exposed to 3 uM ATRA or 0.3 uM 9cRA and
MRNA expressions were determined 4 h later by gRT-PCR analysis using cyclophilin as a
reference gene. Data represent mean * S.D. of four independent experiments. *Significantly
different from the DMSO-treated control (p < 0.05). (D) The Bcl-2/BH3 domain is exposed
following retinoid treatment in DP thymocytes. Thymocytes were exposed to 3 uM ATRA, 0.3
UM 9cRA or the vehicle control. 4 h later cells were labelled with both FITC-labelled anti-
CD8 and with Cy3-labeled anti-Bcl-2/BH3 antibodies. The exposure of Bcl-2/BH3 is shown
in CD8+ thymocytes, which represent mostly DP cells. (E) Inhibition of both caspase 8 and 9
prevents retinoid-induced DP thymocyte apoptosis. Thymocytes were exposed to 3 uM ATRA,
0.3 uM 9cRA, in the presence or absence of 40 uM zIETD-fmk, or 75 uM caspase 9 inhibitor
Z-LEHD-fmk. The percentage of thymocytes in sub-G1 population was determined in
propidium iodide stained samples 6 h later. Data represent mean + S.D. of three independent
experiments. *Significantly different from the sample, where no caspase inhibitor was present
(p < 0.05).
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4.2. ADENOSINE A;n RECEPTOR SIGNALING ATTENUATES LPS-
INDUCED PRO-INFLAMMATORY CYTOKINE FORMATION OF
MOUSE MACROPHAGES BY INDUCING THE EXPRESSION OF
DUSP1

4.2.1. Adenosine A, receptors mediate a feedback regulatory mechanism to decrease
the LPS-induced pro-inflammatory cytokine formation in bone marrow derived
macrophages

Previous studies have revealed that exposure of macrophages to LPS leads to increased
expression of A,aRs on macrophages (Murphree et al., 2005, Elson et al., 2013). As it is
shown below, LPS indeed induced the expression of A2ARs on both on the cell surface (Fig.
23A) and on mRNA levels (Fig. 23B) in BMDMs. Since the increased cell surface
appearance of A;aRs could be detected already within 30 min, it is very likely that not only
the reported transcriptional mechanisms (Murphree et al., 2005, Elson et al., 2013) contribute

to its enhanced expression.
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Figure 23. A,aR expression is induced in response
to LPS stimulation both (A) on the cell surface
and (B) at mRNA expression level in BMDMs.

To study the involvement of A,aRSs in the regulation of LPS-induced pro-inflammatory
cytokine production, both wild type and A,aR null macrophages were exposed to LPS for 1
h, and the pro-inflammatory cytokine production was determined after an additional 5 hours
using cytokine array. As it shown in Figure 24, lack of A,aRs influenced already the basal
pro-inflammatory cytokine production of BMDMs, A;aR null macrophages produced more
B-lymphocyte chemoattractant (BLC), interferon (IFN)-y, IFN-y-inducible cytokine (IP-10),

keratinocyte chemoattractant (KC) and tissue inhibitor of metalloproteinases (TIMP)-1. After
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LPS exposure macrophages started to release a number of pro-inflammatory cytokines and

the production of all of these was found to be enhanced by A,aR null cells.
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Figure 24.Loss of AyaRs results in higher pro-inflammatory cytokine formation in LPS-
stimulated bone marrow derived macrophages.

Cytokine panel of control and LPS-treated wild type and AaR null BMDMs. Cells were
incubated with 200 ng/ml LPS for 1 h. After the removal of LPS fresh media were added to
the cells. Supernatants were collected 5 h later, and cytokine levels were determined by
cytokine array. Arrows highlight those cytokines, the expression of which was significantly
different in A;aR null BMDMs. The pixel density results are mean + S.D. from three
independent experiments. *Significantly different from wild type control (p < 0.05).

We further confirmed cytokine array results by ELISA in case of TNFa, IL-6 and MIP-2
cytokines (Fig. 25A). Not only the protein, but also the gene expression level of these
cytokines was higher in LPS-treated A;aR null cells as compared to the wild type cells (Fig.
25B). Both macrophage type did not release these cytokines under non-stimulated conditions
(data not shown).These data support previous findings that LPS-triggered macrophages
produce endogenous adenosine to regulate LPS-induced pro- inflammatory cytokine

formation via the adenosine AaRs (Bshesh et al., 2002, Hasko et al., 2000, Sipka et al.,
2005).
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Figure 25.Effect of LPS treatment on the TNFa, IL-6 and
MIP-2 production of wild type and A;aR null BMDMs at
(A) protein and at (B) mRNA levels.

(A) Wild type and AzaR null BMDMs were treated with 200
ng/ml LPS for 1 h. After the removal of LPS fresh media were
added to the cells. 5 h later the levels of indicated cytokines
in the supernatant were determined by ELISA method. (B)
Total RNA was isolated after 3 h of incubation and mRNA
levels were measured by gRT-PCR using HGPRT as a
reference gene. Relative gene expression values are shown as
fold induction normalized to the wild type control samples.
Data represent mean £ S.D. of six independent experiments.
*Significantly different from wild type control (p < 0.05).

4.2.2. Loss of adenosine A,a receptors does not affect the LPS-induced NF-kB signaling

pathway in macrophages

Since the LPS-induced signaling pathways mediate the pro-inflammatory cytokine

production partly via activating NF-xB, and these pathways regulate the degradation of the

inhibitory subunit IxBa (Karin and Greten, 2005), a negative regulator of NF-xB, we decided

to determine the IkBa levels in wild type and A;aR null macrophages following LPS

challenge. As Figure26A demonstrates, neither the amount, nor kinetics of the IkBa

degradation induced by LPS stimulation showed dissimilarities in the two cell types. Similar

was the finding, if wild type macrophages were pretreated for 1 h with CGS21680, an A;aR

agonist (Fig. 26B).
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Figure 26.Western blot analysis of IxBa degradation
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in wild type and AzaR null macrophages after LPS

exposure.
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NF-kB is a dimeric transcription factor that belongs to the Rel homology domain-
containing protein family, which includes p65/RelA, p50/NF-kB1, p52/NF-kB2, RelB and c-
Rel. The prototypical NF-kB form exists as a p50/p65 heterodimer in most types of cells
(Karin and Greten, 2005). Therefore we decided to examine whether the loss of AR affects
the nuclear translocation of the p65/p50 subunit of NF-kB by using the TransAM NF-xB
transcription factor kits (ActiveMotif). As shown in Figure 27, no difference was detected in
either the basal or in the LPS-induced nuclear appearance of these transcription factors in
wild type and in A;aR null macrophages. In line with these observations, A;aR agonist
CGS21680 treatment also did not alter it. The agonist treatment alone had no effect on NF-xB

transcription (data not shown).
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Figure 27.The enhancement in LPS-induced pro-inflammatory response of A;aR null
macrophages is not related to an alteration in the activation of the classical,
NF-xB-dependent TLR4 signaling pathway.

Nuclear levels of the p65 and p50 subunits of NF-«B transcription factor in control and LPS-
stimulated macrophages. Wild type and A;aR null BMDMs were treated with 200 ng/ml LPS
for 1 h. Nuclear levels of the 2 subunits of NF-xB were detected with TransAM NF-kB
transcription factor kits. Data represent mean + SD of three independent experiments.

Administration of CGS21680 did not alter the LPS-induced NF-«xB driven transcriptional
activation of a luciferase construct in a stably transfected RAW264.7 mouse macrophage cell
line (Cvetanovic and Ucker, 2004) either (Fig. 28). All together these data indicate that NF-
kB is properly activated in the presence of adenosine, and not the NF-kB pathway is the main
target of A;aR signaling through which it attenuates the LPS-induced pro-inflammatory

cytokine formation. Thus we decided to study the MAPK signaling pathways.
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Figure 28.Activation of the A;aR signaling
pathway does not affect the NF-xB-driven
transcriptional  activity in RAW264.7

RAW
NFxB-dependent
luciferase activity

macrophage cell line.
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The NF-kB driven transcriptional activation was determined by measuring the luciferase
activity of an NF-xB-dependent luciferase transcriptional reporter in a stably transfected
RAW264.7 macrophage cell line.125 ng/ml LPS and the indicated doses of CGS21680 were
added to the cells simultaneously. Cell extracts were prepared, and luciferase activities were
measured after a 6 h LPS exposure. Data were normalized to the non-treated control cells.
Data represent mean + SD of three independent experiments.

4.2.3. Adenosine suppresses both basal and LPS-induced JNK activities acting via
AonRsS

To test the basal and LPS-induced MAPK activation in the absence of A,aR signaling in
macrophages, we applied a human phospho-MAPK array kit, which enables the parallel
determination of relative levels of phosphorylation of MAPKSs and several related proteins.
As shown in Figure 29 upper panels, loss of A2ARs resulted in enhanced basal
phosphorylation of p38a, c-Jun N-terminal kinase (JNK) and extracellular signal-regulated
kinase (ERK)2. This phenomenon could be partially mimicked by a 1 h administration of the
AR antagonist SCH442416 indicating that alteration in the basal phosphorylation pattern is
not a result of a developmental defect of macrophages in the absence of A;aRs. This
observation also indicated that A,aRs must be continuously activated in non-stimulated cells.
Stimulation of wild type macrophages by LPS (Fig. 29 lower panel left) resulted in activation
of the MAPK pathways (Chang and Karin, 2001) leading to enhanced phosphorylation of
p38, ERK2 and JNK and that of the downstream proteins of the p38 MAP kinase pathway
such as ribosomal S6 kinase (RSK) 1, 2, mitogen and stress activated kinase 2 (MSK2)
(Chang and Karin, 2001). Previous studies have shown that p38a can selectively activate
MAPK activated protein kinase 2, which further phosphorylate CREB and heat shock protein
(hsp) 27(Zarubin and Han, 2005), the activation of which was also detected. In addition, we
could also demonstrate enhanced phosphorylation of proteins of the phosphatidylinositol-3

kinase pathway, such as target of rapamycin (TOR) and glycogen synthetase kinase 3. This
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latter pathway has been suggested to limit the LPS-induced signaling pathways by inhibiting
the LPS-induced nuclear translocation of NF-kB(Guha and Mackman, 2002).

While loss or inhibition of A;aRs resulted in enhanced basal phosphorylation of the p38a and
ERK2, the phosphorylation of these kinases did not increase further following LPS
stimulation in the absence of A;aR signaling (Fig. 29 lower middle and right panel).
However, despite of the lack of further phosphorylation, following LPS exposure the
phosphorylation of the p38a MAP kinase was still higher in A,aR null macrophages than in
wild type cells. In contrast, after LPS stimulation the phosphorylation of JNKs increased

significantly further in A,aR null macrophages as well (Fig. 29 lower middle panel).
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Figure 29. A,aR deficiency is accompanied by enhanced MAPK phosphorylation.

Phospho-MAPK panel of wild type and A;aR null BMDMs with or without LPS treatment
alone or in the presence of an A;aR antagonist. Wild type and AzaR null cells were treated
with 200 ng/ml LPS alone or in combination of t SCH442416 (10 nM, 1 h pretreatment) for
30 min. Macrophages were then lysed, and the amount of phosphorylated proteins was
detected by a Phospho-MAP kinase array. Arrows highlight those proteins, the
phosphorylation of which was altered in A2aR null BMDMs as compared to their wild type
control. One representative experiment of three is shown.

60



Since macrophages express JNK1 and 2 (Himes et al., 2006), but the human phospho-
MAPK array kit did not detect mouse JNK1, we tested its phosphorylation byWestern blot
analysis by using a mouse specific anti-JNK1 antibody. As shown in Figure 30A,
phosphorylation of JNK1 was also enhanced following LPS stimulation in AzaR null
macrophages as compared to their wild counterparts. The findings were further confirmed by
using a phospho-panJNK- specific ELISA kit (Fig. 30B). In accordance, LPS induced
phosphorylation of JNKs in wild type cells was further enhanced when these cells were
exposed to SCH442416, while was inhibited when exposed to CGS21680 (Fig. 30B). These
data indicated that A,aR signaling might negatively influence JNK activity. Thus, we decided
to test the potential involvement of JNKs in the A,aR-mediated attenuation of LPS signaling

in macrophages.
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Figure 30. Analysis of JINK1 and phospho-JNK1 levels in wild type and A;aR null
macrophages

(A) Western blot analysis of JNK1 and phospho-JNK1 levels in wild type and AzaR null
macrophages exposed to 200 ng/ml LPS for the indicated time periods. Lamin B was used as
a loading control. Integrated density values of the blot are shown on right. (B) ELISA-based
determination of phospho- JNK levels. BMDMSs were treated with 200 ng/ml LPS alone or in
combination with the AxaR-specific agonist CGS21680 (1 uM, 1 h pretreatment) or the AzaR-
specific antagonist SCH442416 (10 nM, 1 h pretreatment) for 30 min. The levels of
phosphorylated JNKs were determined by a phospho-panJNK-specific ELISA kit. Data
represent mean x S.D. of three independent experiments. *Significantly different from LPS-
treated wild type cells (p < 0.05).
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4.2.4. JNK is a downstream target in the control of LPS-induced pro-inflammatory
cytokine formation by adenosine

If A,aR signaling affects LPS-induced pro-inflammatory cytokine formation via
decreasing the LPS-induced phosphorylation of JNK, then inhibition of JNK should affect the
ability of adenosine to control LPS-induced pro-inflammatory cytokine formation. As shown
in Figure 31, exposure of wild type macrophages to CGS21680 attenuated, while
SCH442416, enhanced the LPS-induced production of IL-6 (Fig. 31A), MIP-2 (Fig. 31B) and
TNFa (Fig. 31C). The same compounds did not affect the LPS-induced pro-inflammatory
cytokine production of A,aR null macrophages confirming the A;aR selectivity of these
compounds. In the presence of the A;aR antagonist a similarly high LPS-induced pro-
inflammatory cytokine production was found by wild type macrophages, as by A;aR null
cells.

Inhibition of JNK activity by TCS-JNK attenuated LPS-induced pro-inflammatory
cytokine production to a similar degree in wild type macrophages, as in their A,aR null
counterparts. In addition, those wild type macrophages, in which JNK activity was inhibited,
failed to respond to A,aR signaling in the regulation of LPS-induced pro-inflammatory
cytokine production. All together these data indicate that JNK is a downstream target of

adenosine signaling.
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Figure 31.The AzaR-mediated
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4.2.5. AxaR signaling enhances both basal and LPS-induced DUSP1 expression via the
adenylate cyclase pathway

Enhanced phosphorylation of MAPKSs in A;aR null macrophages might be the result of
either an enhanced activation of their upstream kinases, or a decreased removal of their
phosphate groups by their specific phosphatases. Since we detected activation of both p38a
and JNKs, downstream elements of LPS-induced MKK4 or MKK3/6 activation (Dong et al.,
2002,Zarubin and Han, 2005), we checked whether MKK4 or MKK3/6 activation is
increased by LPS in the absence of A,aR signaling. However, as shown in Figure32, in the
case of MKK4 no alteration was found in the kinetics of phosphorylation. In addition,
following LPS exposure both the levels of MKK3 and the phosphorylation of MKK3/6
decreased in the presence of the A,aR antagonist. These observations indicate that not an
enhanced activation of the upstream kinases in the LPS signaling pathway is responsible for
the enhanced MAP kinase phosphorylation observed in the absence of A,aR signaling.
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Figure 32.Analysis ofMKK4, MKK3 and phospho-MKK4, phospho-MKK3/6 levels

Wild type macrophages exposed to 200 ng/ml LPS for the indicated time periods. MKK4,
MKK3 and phospho-MKK4, phospho-MKK3/6 levels were determined by Western blot.
Where it is indicated, SCH442416 (10 nM, 1 h pretreatment) was also added to the cells.
Lamin B was used as a loading control. nt: non-treated control sample.

During the last decade, a family of dual specificity phosphatases was identified that acts as
MAPK phosphatases by dephosphorylating them at threonine and tyrosine residues. The
prototypic member of this family is DUSP1, which is expressed by macrophages, and the
expression of which is enhanced during LPS stimulation (Chen et al., 2002,Abraham et al.,
2006). The enzyme is an important negative-feedback regulator of macrophage function and
the inflammatory response to TLR signaling, and plays key regulatory roles in innate immune
responses via inactivation of p38 and JNK (Hammer et al., 2006, Zhao et al., 2006). Since
already the basal phosphorylation level of both JNK and p38 was enhanced in A2AR null
macrophages (Fig. 29), we decided to determine whether basal DUSP1 levels are affected by
the loss of A,aR. As shown in Figure 33, A;aR null macrophages express significantly lower
DUSP1 at both mRNA (Fig. 33A) and protein (Fig. 33B) levels than their wild type
counterparts. Exposure of wild type macrophages to SCH442416 also resulted in decreased
DUSP1 expression (Fig. 33Cand D), while CGS21680 treatment increased it (Fig. 33E and
F). These compounds did not affect DUSP1 levels in A;aR null cells indicating that they
acted indeed via AzaRs. All together these data indicate that A,aR signaling maintains basal
DUSP1 expression in BMDMs.
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Figure 33.The mRNA and protein expression levels of DUSP1 are under the control of a
continuously activated A;aR signaling pathway in BMDMs.

Basal DUSP1 mRNA (A) and protein (B) levels in wild type and A;aR null BMDMs. Effect of
an AaR antagonist on the DUSP1 mRNA (C) and protein (C) levels in wild type and AzaR
null BMDMs. Effect of an A;aR agonist on the DUSP1 mRNA (E) and protein (F) levels in
wild type and A;aR null BMDMs. Total protein or total RNA of untreated BMDMs, or
BMDMs exposed to either CGS21680 (1 uM, 3 h treatment) or SCH442416 (10 nM, 3 h
treatment) were isolated. DUSP1 protein levels were analyzed by Western blot using histone
H2B as a loading control. Alternatively, DUSP1 gene expression levels were determined by
gRT-PCR using HGPRT as reference gene. Relative gene expression data represent mean *
S.D. of four independent experiments. *Significantly different (p < 0.05).

Previous studies have shown that LPS stimulation itself enhances the expression of
DUSP1 in macrophages, which contributes to termination of the LPS response (Chen et al.,
2002). Thus we decided to investigate whether A,aR signaling affects LPS-regulated DUSP1
expression. For this purpose macrophages were pretreated for 1 h with either the AaR
agonist or the A;aR antagonist, and DUSP1 mRNA expressions were determined. The time
point was set for 2 h following LPS treatment, as preliminary studies revealed that the LPS-
induced DUSP1 mRNA expression is the highest at this time point (data not shown). As
shown in Figure 34, not only the basal, but also the LPS-induced DUSP1 mRNA expressions
were higher in wild type macrophages as compared to that of the A,aR null cells. In line with
this finding, in wild type cells addition of the A,aR agonist enhanced, while that of the A,aR
antagonist decreased the LPS induced DUSP1 mRNA expression.

Previous studies have shown that A,aRs mediate their effect on the LPS signaling in

macrophages by elevating intracellular cAMP levels (Kreckler et al., 2009). To investigate
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whether alterations in intracellular cAMP levels affect DUSP1 mRNA levels, macrophages
were pretreated for 1 h with either forskolin, an adenylate cyclase activator (Seamon et al.,
1981), or Rp-cAMP, a competitive inhibitor of endogenous cCAMP. As it seen in Figure 34,
forskolin could enhance both the basal and the LPS-induced DUSP1 expression in both wild
type and A,aR null macrophages, while Rp-cCAMP decreased both the basal and the LPS-
induced DUSP1 mRNA levels, but only in wild type cells. In addition, Rp-cAMP prevented
the enhancing effect of the A,aR agonist on DUSP1 levels, while forskolin the decreasing
effect of the A,aR antagonist on DUSP1 levels in wild type cells. All together these data
indicate that A,aRs upregulate the mRNA levels of DUSP1 in both resting and in LPS-

induced macrophages acting via the adenylate cyclase pathway.
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Figure 34.DUSP1 gene expression level of LPS-exposed wild type
and AzaR null BMDMs.

Prior to LPS exposure (200 ng/ml, 1 h treatment) cells were pretreated with CGS21680 (1
uM), SCH442416 (10 nM), Rp-cAMPS, a competitive inhibitor of cAMP (100 uM) or
forskolin, an adenylyl cyclase activator (10 uM). After the LPS treatment fresh media —
supplemented with CGS21680, SCH442416, Rp-cCAMPS, or forskolin — were added to the
cells. Total RNA was isolated 2 h later, and DUSP1 gene expression levels were determined
by qRT-PCR using HPGRT as normalizing gene. Results are expressed as fold induction as
compared to the wild type non-treated cells. Data represent mean £ SD of three independent
experiments. *Significantly different (p <0.05).

4.2.6. AxaRs fail to control the LPS-induced JNK phosphorylation in DUSP1-silenced
macrophages

To prove the involvement of DUSP1 in A,aR signaling, DUSP1 levels were silenced in
both wild type and in A,aR null macrophages. As Figure35A demonstrates, SiRNAS
significantly reduced the basal DUSP1 expression at both protein and mRNA levels in wild
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type and A;aR null macrophages. Reduction of DUSP1 level by siRNA resulted in an
enhancement in both the basal and in the LPS-induced phosphorylation of JNK in wild type
macrophages, and in a loss of the A;aR control over it (Fig. 35B). In contrast, in A,aR null
cells the reduction in DUSP1 levels had only slight effect on the enhanced basal and LPS-
induced JNK phosphorylation. These data indicate that A,aRs regulate JNK phosphorylation
via modifying the expression of DUSP1.
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Figure 35.A,4R signaling is not able to regulate LPS-induced JNK activation
in DUSP1-silenced BMDMs.

(A) Transient DUSP1 silencing by siRNA. Five-day-matured BMDMs were transfected with
SiRNA specific for mouse DUSP1 and non-targeting siRNA. The efficiency of RNAi was
determined by Western blot analysis and by qRT-PCR using HGPRT as normalizing gene.
(B) Phosphorylated JNK levels of LPS-treated wild type and A;aR null DUSP1-silenced
BMDMs in the presence of an AxaRagonist or antagonist. Control, non-targeting siRNA and
DUSP1 siRNA transfected cells were treated with 200 ng/ml LPS alone or in combination
with either CGS21680 (1 uM, 1 h pretreatment)or SCH442416 (10 nM, 1 h pretreatment) for
30 min for determining pJNK levels by a phospho-panJNK-specific ELISA kit . Data
represent mean = SD of three independent experiments. *Significantly different from non-
targeting siRNA (p <0.05).

4.2.7. AxaRs fail to control the LPS-induced IL-6 and TNFa production in DUSP1-
silenced macrophages

To investigate further the involvement of DUSP1 in the A;aRmediated control of LPS-

induced pro-inflammatory cytokine formation, the effect of DUSP1 silencing was studied on
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the LPS-induced IL-6 (Fig. 36A) and TNFa (Fig. 36B) production of wild type and A2AR
null macrophages. In wild type macrophages, silencing of DUSP1 enhanced the LPS-induced
production of each of these three pro-inflammatory cytokines. DUSP1 silenced cells became
resistant to A,aR signaling, since neither CGS21680, nor SCH442416 affected their LPS-
induced pro-inflammatory cytokine formation. In contrast, silencing of DUSP1 only slightly
affected the LPS-induced enhanced production of these pro-inflammatory cytokines in A;aR
null cells. These data indicate that A,aRs regulate LPS-induced IL-6 and TNFa production
via controlling DUSP1 levels in macrophages.
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Figure36.A,4R signaling is not able to regulate LPS-induced pro-inflammatory
cytokine production in DUSP1-silenced BMDMs.

IL-6 and (B) TNFa levels of LPS-treated wild type and A;aR null DUSP1-silenced
BMDMs in the presence of an A;aR agonist or antagonist. Control, non-targeting siRNA
and DUSP1 siRNA transfected cells were treated with 200 ng/ml LPS alone or in
combination with either CGS21680 (1 uM, 1 h pretreatment) or SCH442416 (10 nM, 1 h
pretreatment) for the pro-inflammatory cytokine determination. After the removal of LPS
fresh media supplemented with CGS21680 or SCH442416 were added to the cells.
Supernatants were collected 5 h later, and IL-6 and TNFa levels were determined by
ELISA. . Data represent mean + SD of three independent experiments *Significantly
different from non-targeting siRNA (p <0.05).
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5. DISCUSSION

The function of the immune system is to eliminate the pathological microbes and toxic,
tumors or allergic proteins, but at the same time to avoid responses that lead to self-tissue
damage (Chaplin, 2010). In vertebrates, the immune response to microbial pathogens consists
of innate and adaptive components. Innate and adaptive immunity usually act together: the
first line of the host defence is mediated by the innate system sensing the danger, and then the
adaptive immune responses are build up which require the innate signals for the activation,
provide important protection against invading microbes and permit the development of

immune memory (Aderem and Ulevitch, 2000; Chaplin, 2010).

The key biological function of the T-cell arm of the adaptive immune response is to
identify and destroy infected cells and also to recognize pathogen-derived peptide fragments
together with self-structures (Janeway et al., 2001). For this purpose the generation of the
adequate T-cell repertoire in the thymus must be properly regulated. During their thymic
differentiation fewer than 5% of the developing T cells survive due to strict selection
processes. 90% of the DP cells bear TCRs that are not able to recognize peptide loaded MHC
molecules and they undergo death by neglect (Hernandez et al., 2010). The apoptotic cells are
then rapidly being cleared by thymic macrophages, which in turn release soluble molecules,
such as retinoids and adenosine (Garabuczi et al., 2013; Koroskényi et al., 2011). Thus we
have proposed that thymic macrophages continually engulfing apoptotic thymocytes
constantly provide these efferocytosis-dependent molecules (retinoids and adenosine)
therefore contribute to establishment of a thymic environment for the developing thymocytes,
which ensures the fast death by neglect in the absence of TCR signaling (Szondy et al., 1997,
Kiss et al., 2006; Szondy et al., 2012). Previous results from our laboratory have revealed that
thymocytes can express RARy and retinoids, via ligating this receptor can induce
transcription-dependent cell death of immature double positive thymocytes (Szondy et al.,
1997). On the basis of these results in the first part of my PhD work | investigated the
possible mechanism through which retinoids can induce the apoptosis in the immature

thymocytes.

Previous studies carried out on the Jurkat T cell line revealed that similar to T-cell
receptor signaling, retinoids are able to induce the upregulation of the Nur77 transcription
factor (Téth et al., 2001; Téth et al., 2004). In our experiments we could demonstrate that
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similar to Jurkat cells, retinoids potently induce the expression of Nur77 in mouse
thymocytes and retinoid-induced apoptosis was fully dependent on Nur77. T cell receptor
(TCR)-mediated apoptosis, a model for negative selection of self-reactive thymocytes was
also described to depend on Nur77, however, Nur77-deficiency does not affect the TCR-
induced cell death (Lee et al., 1995). This observation was explained by the simultaneous
induction of its family member Norl by TCR signals, and the functional redundancy between
Nur77 and Nor-1 gene products (Cheng et al., 1997). Surprisingly, unlike TCR signaling,
retinoids were not able to induce other members of the Nur77 family in dying thymocytes.
These data indicate that though Nur77 and Norl show overlapping biological activities, they

might be regulated by divergent signals.

Our results also demonstrated that both retinoids, 9cRA and ATRA were able to induce
the expression of Nur77 in mouse thymocytes, but 9cRA was more potent indicating that
ligation of RXR might contribute to the Nur77 induction in mouse thymocytes. In line with
the higher induction of Nur77 by 9cRA, 9cRA also induced a higher rate of apoptosis in
thymocytes.

The orphan nuclear receptor Nur77 functions as transcription factor. Microarray analysis
in retinoid-exposed mouse thymocytes revealed the induction of nine retinoid-induced
apoptosis genes, the majority of which was induced in a Nur77-dependent manner. FasL,
TRAIL and NDG-1 have already been reported to be targets of Nur77 transcription that
mediate apoptosis in thymocytes (Rajpal et al., 2003). In addition, we identified four novel
Nur77-dependent genes, Bid, a BH3-only protein, Gpr65, a pH sensitive receptor, Bim,
another BH3 only protein, and Ptpn6, a protein phosphatase, during retinoid-induced

apoptosis.

In addition, we have detected the activation of caspase 8 and cleavage of Bid during
retinoid-induced apoptosis. Since FasL, TRAIL and NDG-1 all could contribute to caspase 8
activation, we examined the role of caspase 8 in retinoid-induced apoptosis by using a
specific caspase 8 inhibitor, in a concentration at which it only slightly affected
dexamethasone-induced cell death. This concentration of the inhibitor, however, completely
blocked the cleavage of Bid and significantly diminished the rate of retinoid-induced cell
death indicating a central role of caspase 8 in retinoid induced apoptosis of thymocytes.
Though thymocytes are considered to be type I cells in the context of Fas-induced cell death
(Hao and Mak, 2010), our data, demonstrating that caspase 9 inhibition also prevents

retinoid-induced apoptosis, indicate that during retinoid-induced apoptosis caspase 8 drives
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the mitochondrial pathway of apoptosis in thymocytes, and caspase 8-induced Bid cleavage

and activation might play a mediator event in this.

The importance of the mitochondrial pathway was further proved by the fact that retinoid-
induced STAT1 leads to the upregulation of Bim, another BH3-only protein. The absence of
STAT1 prevented Bim upregulation and significantly decreased retinoid-induced apoptosis.
Interestingly, retinoid-induced STAT1 expression and phosphorylation was observed in other
types of cells as well (Shang et al., 1999) indicating that STAT1 is not a unique mediator of
retinoid signaling in the thymocytes. In addition, we also found the retinoid-dependent, but
Nur77-independent upregulation transglutaminase 2 which is a multifunctional protein
crosslinking enzyme and it was previously demonstrated to act on the mitochondria (Malorni
et al., 2013; Hsieh et al., 2013).

In addition, Affymetrix results showed increased expression of two proteins that
negatively regulate protein phosphorylation, Gadd34 and Protein tyrosine phosphatase, non-
receptor type 6 (Ptpn6). Gadd34 (also known as MyD116) was originally characterized as a
growth arrest and DNA damage-inducible gene. It facilitates protein phosphatase type 1
activity through both direct binding to the protein, as well as through binding to other
proteins that also modulate phosphatase activity. Increased expression of Gadd34 was
subsequently found to correlate with apoptosis, and forced overexpression of the protein
leads to apoptosis (Liebermann and Hoffman, 2002). Ptpn6, on the other hand, is necessary
for receptor-mediated cytotoxic signaling that causes intracellular acidification and apoptosis
(Thangaraju et al., 1999). While the retinoid-induced induction Ptpn6 was Nur77 dependent,
the induction of Gadd34 was not (Table 2).

Independently of its transcriptional activity, Nur77 protein is known to act directly in the
mitochondria to induce apoptosis (Lin et al., 2004; Thompson and Winoto, 2008). We could
observe the mitochondrial translocation of Nur77 also during retinoid-induced apoptosis of
thymocytes. This mitochondrial targeting was showing similar time kinetics as during T cell
receptor mediated death, but the translocated Nur77 lacked heavy phosphorylation, which
characterizes the protein during negative selection (Woronicz et al., 1995). Interestingly,
9cRA was more effective in inducing Nur77 translocation than ATRA, in contrast to a
previous finding which suggested that ligation of RXR might interfere with Nur77
translocation (Cao et al., 2004). However, those studies were carried out in the presence of
another apoptosis-inducing signal, which leads to a protein kinase C-dependent

phosphorylation of Nur77. Thus mitochondrial targeting of Nur77 might be simultaneously
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influenced by both its phosphorylation status and the presence of the RXR ligand. The
translocation of Nur77 bears a relation with the exposure of the pro-apoptotic BH3 domain of
Bcl-2 (Thompson and Winoto, 2008).

Though the majority of our studies were conducted on unsorted thymocytes, we repeated
some key experiments on sorted DP thymocytes as well. We could demonstrate the induction
of Nur77, the transcription of the Nur77-dependent genes and the appearance of Bcl-2/BH3
domain in DP cells; furthermore the death was proved to be Caspase 8 and 9 dependent.
Based on our findings we propose that retinoids induce a Nur77-dependent cell death

program in mouse DP thymocytes (Fig. 37).
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Figure 37.Proposed model for retinoid-induced apoptosis in DP mouse thymocytes.

Retinoids induce the expression of Nur77. The transcription factor Nur77 induces the
expression of FasL, TRAIL, NDG-1, Gpr65 and STAT1. FasL, TRAIL and NDG-1 may
contribute to Caspase 8 activation. Caspase 8 will cleave Bid, the expression of which is also
enhanced during retinoid-induced apoptosis. Retinoid-induced STAT1 leads to the
upregulation of Bim. Retinoids also induce the expression of transglutaminase 2. Cleaved
Bid, TG2 and Nur77 can directly act on the mitochondria to initiate the mitochondrial
pathway of apoptosis.
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Data coming from our laboratory and that of Agace indicate that cells located in the
thymus are capable of producing RAs generating an endogenous RA milieu within the tissue
(Kiss et al., 2008; Sitnik et al., 2012) We also found that their production is related to
apoptotic cell-engulfing macrophages (Garabuczi et al., 2013). Surprisingly, however, we
could not detect the presence of any of the classical retinoids in the mouse thymus (Kiss et
al., 2008), instead metabolites of the retinol saturase pathway seem be produced (Sarang et
al., 2014). Thus, our data indicate that in vivo novel retinoids might contribute to the
regulation of thymocyte apoptosis, which are produced in the thymic cortex during the course

of the constant apoptotic cell engulfment.

The macrophages of the innate immune system provide a first line of defence against
many common microorganisms (Chaplin, 2010) and they contribute to the defence
mechanisms by recognizing and engulfing the pathogens and also by secreting of biologically
active molecules, cytokines and chemokines in response to bacterial constituents, initiating
inflammation and recruiting neutrophils and monocytes into the inflamed, infected tissue in
large numbers (and DiPietro, 2011). Although, the effective host immune response requires a
certain degree of local inflammation against invading microbes to survive, failure in
controlling inflammatory responses can lead to tissue destruction, organ failure, shock and
death. To avoid the overproduction of macrophage derived inflammatory cytokines, the
immune system developed several mechanisms to keep inflammation under control,
including negative feedback regulators, such as production of adenosine in response to LPS
(Cohen et al., 2013).

Our group has recently shown that apoptotic cell engulfing macrophages are capable of
producing adenosine extracellularly in the thymus. Dying thymocytes release adenine
nucleotides which are quickly degraded to adenosine by cell surface enzymes of the
macrophages (Sandor et al. 2016). In the thymic cortex, macrophages are continuously
exposed to dying cells and produce adenosine which contributes to the death by neglect
process of immature thymocytes similar to retinoids (Kiss és mts. 2006). Massive apoptosis
occurs under inflammatory conditions as well, when neutrophils undergo apoptosis and are
rapidly phagocytosed by the surrounding macrophages. We have demonstrated that adenosine
released by efferocytosing macrophages react on macrophages as a soluble mediator, via
AoaRs, to suppress pro-inflammatory cytokine production, such as neutrophil-attracting
chemokine (KC) and macrophage inflammatory protein-2 (MIP-2) (Koroskenyi et al., 2011).
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On the other hand adenosine also suppresses pro-inflammatory cytokine formation in LPS-
stimulated macrophages. Despite of the fact that the suppressive effect of adenosine on LPS-
induced pro-inflammatory cytokine production has been known for a long time, the
underlying signaling mechanism has not been described so far. In the second part of my
thesis | investigated the molecular signaling pathway by which adenosine interferes with the
LPS signaling in macrophages. Our data confirmed previous reports that the suppressive

effect of adenosine is mediated via the adenosine A,a receptors.

.....It was previously believed that A;aR activation inhibits the LPS-induced expression of
pro-inflammatory mediators by increasing the intracellular concentration of cAMP, which
subsequently represses NF-kB activity and thereby gene transcription through a signaling
mechanism involving cAMP dependent protein kinase A (Neumann et al., 1995; Lukashev et
al., 2004). However, it was published later that although inhibition of LPS-induced pro-
inflammatory cytokine production by adenosine is mediated by cAMP, it is independent of
protein kinase A or Epac (Kreckler et al 2006), and the NF-xB activity is not affected
(Kreckler et al 2006; Hasko et al., 1996; Németh et al., 2005).

In line with other findings, we also found that LPS-regulated NF-kB activation is not
affected by A,aR signaling in macrophages. Instead, we demonstrated that A,aR signaling is
continuously activated in macrophages and suppresses MAPK activities. Consequently, in
macrophages lacking A,a receptors the basal phosphorylation levels of p38a, ERK2 and JNK
MAP kinases were found to be higher than in their wild type counterparts. Following LPS
stimulation the Aza receptor levels are increased in macrophages, and adenosine signaling
suppressed also the LPS-induced MAP kinase activation. As a result, JNK phosphorylation
and signaling were attenuated and the LPS-induced expression of JNK-dependent pro-
inflammatory cytokines, such as MIP-2, IL-6 and TNFa, was found to be attenuated. While
JNK enhances the level of MIP-2 (Kim et al., 2003) and IL-6 (Faggioli et al., 2004) primarily
via regulating transcription, expression of TNFa was shown to be regulated by JNK at the

level of translation (Swantek et al., 1997).

Though the consequences of the adenosine-induced p38 MAP kinase or ERK suppression
in LPS-stimulated macrophageswas not examined during our experiments, these pathways
are also known to contribute to the formation of various pro-inflammatory cytokines. Thus,
for example just in the context of TNFa, it was shown that A,aR signaling suppresses p38
activity leading to TNFa mRNA instability in U937 cells (Fotheringham et al., 2004), while
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ERK is necessary for LPS-induced TNFa mRNA production in macrophages (van der
Bruggen et al., 1999).

MAP kinase activity can be regulated by upstream kinases that phosphorylate MAP
kinases at both serine and threonine residues, and by dual specific phosphatases, which
dephosphorylate and inactivate these enzymes. While we have not found an increase in the
activation of MKK4 and MKK3/6, upstream activators of p38 MAP kinases and JNKs, we
have demonstrated that the expression of at least one of the MAPK phosphatases, DUSP1, is
positively regulated by the A,aR-induced adenylate cyclase signaling pathway. The

mechanism of DUSP1 upregulation was not investigated in our studies.

Our data indicate that macrophages continuously produce adenosine to activate A,aRS,
which trigger a CAMP-mediated pathway in macrophages to maintain the expression of
DUSP1 and consequently to suppress both the basal and the LPS-induced MAP kinase

activities.
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6. SUMMARY

Programmed cell death or apoptosis is one of the major contributors to the proper
development and homeostasis of metazoans and also plays a key and essential role in the
differentiation of immune cells in the thymus, where autoreactive cells are eliminated. In the
thymus continuously generated apoptotic cells are rapidly cleared by neighbouring
macrophages without inflammatory consequences. This is partially due to that fact that the
clearance of dying cells by macrophages leads to the production of several soluble anti-
inflammatory mediators. Massive apoptosis occurs during acute inflammation when the
emigrated neutrophils - following elimination of pathogens - undergo apoptosis. Under
inflammatory conditions the released signals are necessary for the fast and effective
resolution of inflammation. Our laboratory has identified two efferocytosis-dependent
mediators released by macrophages: the retinoids and adenosine. In my thesis | examined
how these molecules can contribute to the development of effective apopto-phagocytosis

program.

Overall, in the postnatal thymus retinoids and adenosine, derived from macrophages
engulfing apoptotic cells accelerate the “death by neglect” of immature thymocytes. In
addition, retinoids promote efferocytosis, while adenosine suppresses apoptotic cell-induced
chemoattractant formation of engulfing macrophages. My results describe the mechanisms
through which retinoids induce thymocyte death. Based on our findings we propose that
retinoids induce a Nur77-dependent cell death program in mouse DP thymocytes, involving
already known and new Nur77-dependent elements, which all together contribute to the
induction of the mitochondrial pathway of apoptosis.

Under inflammatory conditions retinoids, besides promoting efferocytosis, were described to
contribute to Treg formation (Lu et al., 2014; Liu et al., 2015). Adenosine, on the other hand,
inhibits LPS-induced pro-inflammatory cytokine formation, thus prevents the overshooting of
the immune response. My data demonstrate that these effects of adenosine on macrophages
are mediated via A,a receptors, which upregulate DUSP1, a negative regulator of LPS
signaling in a cAMP-dependent manner. Biomolecules released by engulfing macrophages

can orchestrate various biological processes depending on the biological context, where the

76



engulfment of apoptotic cells occurs and my data contribute to our understanding how they

act.
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7. OSSZEFOGLALAS

A programozott sejthaldl vagy apoptozis folyamata nagy jelentdséggel bir a tobbsejtii
¢lolények megfeleld egyedfejlodésében ¢és homeosztazisanak fenntartdsaban, valamint
kulcsszerepet tolt be az immunsejtek timuszban lezajlo differencialédasaban és az autoreaktiv
sejtek eltavolitasaban. A timuszban folymatosan keletkezd apoptotikus sejtek gyors és alapos
eltavolitasa a kornyez6 makrofagok altal torténik (efferocitdzis), ami altaldban gyulladas
nélkiil megy végbe. Ez részben annak koOszonhetd, hogy az elhald sejteket fagocitald
makrofagok gyulladdscsokkentd mediatorokat termelnek. Emellett massziv apoptozis
figyelhetd meg gyulladdasos kornyezetben is, ahol a neutrofilek feladatuk végeztével
apoptdzissal halnak el. Ebben az esetben a makrofagok altal kibocsatott szignalok a gyulladas
mielébbi  megfékezését szolgaljdk. Laborunkban folyd korabbi kutatdsok két ilyen
efferocitozis-fiiggden felszabadulé mediatort azonositottak: az adenozint és a retinsavakat.
Disszertaciomban azt vizsgaltam, hogy ezek a szignalok hogyan jarulnak hozza a jol miik6do

és hatékony apopto-fagocitdzis rendszer kialakitasahoz.

Osszegezve elmondhatd, hogy a timuszban a makrofagok altal apoptotikus sejtfelvétel
hatasara termel6d6 retinoidok és adenozin egyittesen hozzajarulnak az éretlen timociték
neglekcioval torténd elhalasahoz. Tovabba a retinoidok eldsegitik az apoptotikus sejtek
fagocitdzisanak folyamatat, mig az adenozin csokkenti a fagocitadlo6 makrofagokban az
apoptotikus sejtfelvétel altal indukalt kemoattraktansok felszabadulasat. Eredményeim a
retinoidok 4ltal kivaltott timocita sejthalal részletes mechanizmusat irjak le. Ugy véljiik, hogy
a retinoidok a mitokondrialis Utvonalat aktivalva egy Nur77-fliggé apoptotikus folyamatot
inditanak el, hozzajarulva az éretlen timocitak neglekcioval torténé hatékony eltavolitasahoz
és ezaltal a megfelel6en mitkodé T-sejt populécid kialakuldsahoz.

Gyulladasi koriilmények kozott a retinsavak azon tdl, hogy eldsegitik az apoptotikus sejtek
efferocitdzisat, hozzajarulnak a regulatorikus T-sejtek kialakulasdhoz. Az adenozin masrészt
gatolja az LPS-kivaltotta gyulladaskelté mediatorok képz6dését a makrofagokban, vedelmet
nyujtva a talzott, kontrollalatlan immunvalasz kialakulasaval szemben. Adataim azt mutatjak,
hogy az adenozin makrofagokra gyakorolt ezen hatasai az A,a receptorokon keresztil
valdsulnak meg. A receptor aktivalasa fokozza az LPS jelatvitel egyik negativ szabalyozd
fehérjéjének, a DUSP1 foszfatdznak a kifejezddését. Attol fliggden, hogy az efferocitozis

milyen biologiai kérnyezetben megy végbe, az apoptotikus sejtet fagocitaldo makrofagok altal
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termelt szolubilis biomolekuldk szamos kiilonb6zd bioldgiai folyamat irdnyitasaban vehetnek

részt és eredményeim hozzajarulnak szerepuk és hatasmechanizmusuk tisztabb megértéséhez.
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