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1. Introduction

Acute leukaemia (AL) is a bone marrow-derived neoplastic disease that is classified into two

groups:

(1) Acute lymphoblastic leukaemia (ALL)
(2) Acute myeloid leukaemia (AML)

Both types are characterized by the accumulation of an increased number of immature white
blood cells. In AML, it is the differentiation program of the myeloid lineage that is not capable
of succeeding, and the immature cells from the bone marrow appear in the bloodstream. A
differentiation block characterizes one of the subtypes in this group, acute promyelocytic
leukaemia (APL) at the promyelocyte stage. At the molecular level, there is a reciprocal
chromosomal translocation between chromosomes 15 and 17 in this subtype. The long arms of
the chromosomes are exchanged, resulting in a chimeric-oncoprotein (PML-RARa) which will

inhibit the differentiation and the apoptosis of these cells.

In the clinical practice, all-trans-retinoic acid (ATRA) is the primary treatment choice for the
treatment of APL patients, with which remission can be achieved in 80-90%. ATRA induces
the degradation of the PML-RAR oncoprotein and the terminal differentiation of the
promyelocytes into neutrophil granulocytes after 3-5 days [Bennet et al., 1976; 1980; Fenaux
etal., 2007; Wiernik et al., 2013]. Although, the ATRA treatment results in remission with the
terminal differentiation of the APL cells and quick recovery in a significant percentage of the
patients, in 5-10 % of the cases the so-called differentiation syndrome (DS) can develop. This
phenomenon involves increased inflammatory cytokine/chemokine production, potentially
followed by the death of the patients without aggressive treatment [Tallman et al., 2000;
Luesink et al., 2009]. The ATRA treatment can induce the expression of thousands of genes,
tissue transglutaminase or transglutaminase 2 (TG2) being one of the highest expressed ones

[Balajthy et al., 2006; Csomos et al., 2010].

TG2 is a multifunctional enzyme; it is localized in various extra- and intracellular
compartments. Intracellularly, it is detectable in the cytosol, nucleus, mitochondria and the
endoplasmic reticulum (ER). It can act as a Ca**-dependent cross-linking enzyme, membrane-
associated GTPase or even as a serine/threonine kinase. In the extracellular matrix, previously,
it has been described as a co-receptor of the integrins [Kuo et al., 2011; Gundemir et al., 2011;

Fesus et al., 2002].



It has been reported previously that arsenic trioxide (As203/ATO) can help the remission of the
APL patient [Zhu et al., 2002; Ghavamzadeh et al., 2005]. The use of arsenic results in the
induction of signal transduction pathways, and is also capable of activating transcription
factors, which leads to enhanced reactive oxygen species (ROS) production via the NADPH-
oxidase system, followed by mitochondrial depolarization and the activation of caspases

[Miller et al., 2002; Kawate et al., 2007].

ATO as an alternative treatment in clinical trials could induce a partial differentiation of the
APL cells, during which ROS production was increased significantly, and in parallel apoptosis
was initiated [Chen et al., 1997]. Unfortunately, the increased amount of ROS can lead to the
degradation of the surrounding tissue; moreover, the inappropriate dosage of the arsenic can
lead to a high cytotoxic effect and the early death of the patient [Boukhenouna et al., 2018;
Chen et al., 2011].

Combination therapies with chemotherapy are used to reach better outcomes. In the last few
years, even more often combined treatments are used in which ATRA is administered together
with ATO [Rego et al., 2000; Jeanne et al.; 2010; Chen et al., 2011; Powell et al., 2013]. The
treatment generates a synergistic effect, in which the terminal differentiation of the cells is
induced by the ATRA, whereas the presence of ATO can trigger the early apoptosis of the

cells.

In the NB4 APL cell line, treatment with ATRA for three days results in the induced expression
of several genes, from which TG2 is upregulated to a significantly higher level compared with
the undifferentiated cells. In connection with the increase of TG2 mRNA and protein
expression, these cells are capable of producing high amounts of ROS and inflammatory
cytokines (MCP-1, TNF-a, IL-1B) [Csomos et al., 2010]. However, in the TG2 silenced (NB4
TG2-KO) or knockdown cells (NB4 TG2-KD) the phagocytotic capacity, adhesion, migration
and ROS production are attenuated significantly [Balajthy el al.,2006; Csomos et al., 2010].

Based on these previous results, we further investigated whether the knocking down/silencing/
or inhibition of TG2 in the NB4 cell line has any beneficial effect alongside a combined
treatment of ATRA + ATO, assessed by cell viability, gene expression pattern,
endogenous/induced ROS production, inflammatory cytokine/chemokine production and the

cell survival processes.



1.1. Acute promyelocytic leukaemia (APL)

The acute promyelocytic leukaemia is one of the subtypes of the acute myeloid leukaemias
(AML) (Figure 1). In 1957, Hillestad and colleagues published first that APL is a progressive,
fast and lethal haematological disease. The neoplastic immune cells of an APL patient stay in
the stage of promyelocyte while the differentiation is blocked [Bennet et al., 1980]. This
subtype can be distinguished from the others, based on the cells’ morphological and

cytogenetic features [Bennet et al., 1985].

Figure 1. Morphology of the APL cells [obtained from http://www.pathologyoutlines.com]. The APL cells have a large non-
segmented cell nucleus with a slight cytoplasmic region. The morphological changes are monitored by Giemsa-May-Griinwald
staining, by which the cell nucleus and cytoplasmic regions can be visualised.

AML is a large group of bone-marrow-derived malignancies, the classification of its subtypes
has been undertaken by two systems. In the first classification, called the French-American-
British (FAB) classification system [Bennet et al.,1976] APL corresponds to the AML-M3
subtype (Table 1). Later on, the World Health Organization (WHO) published another system
in which APL was identified based on the patients’ symptoms and was assorted into the “AML
- with genetic abnormalities” category [Daniel et al., 2001; Vardiman et al., 2002].
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Type Full name and description Genetic alterations

MINIMAL DIFFERENTIATED ACUTE

AML-MO -y eT OBLASTIC LEUKAEMIA
ML |ACUTE MYELOBLASTIC LEUKAEMIA WITHOUT
” DIFFERENTIATION
ACUTE MIELOBLASTIC LEUKAEMIA WITH
AML-M2 | e TATION £(8:21)(q22;q22)(1(6:9)
AML-M3 | ACUTE PROMYELOCYTIC LEUKAEMIA t(15;17)(q22;q12)

inv(16)(p13;q22),

AML-M4 ACUTE MYELOMONOCYTE LEUKAEMIA del(16q)

ACUTE MYELOMONOCYTE LEUKAEMIA WITH | .
AML-M4eo | b 5\ E MARROW EOSINOPHILIA inv(16), (16:16)

AML-M5a | ACUTE MONOBLASTIC LEUKAEMIA del(11q), t(9;11)

AML-M5b | ACUTE MONOCYTIC LEUKAEMIA del(11q), t(11;19)

AML-M6 ACUTE ERYTHROID LEUKAEMIA

AML-M6a |ERYTHROLEUKAEMIA

AML-M6b | PURELY ERYTHROID SOURCED LEUKAEMIA

AML-M7 ACUTE MEGAKARYOBLASTIC LEUKAEMIA t(1;22)

Table 1. French-American-British (FAB) classification of leukaemias [Bennet et al., 1976]

Based on the cytogenetic features of the cells we can distinguish APL from other myeloid
leukaemias by a translocation involving the long arms of chromosome 15 and 17 [Goldman et
al., 1974; Wang et al., 2008; Wiernik et al., 2013]. The result of the translocation is that the
PML gene on chromosome 15 and the RARa gene from chromosome 17 are fused, giving rise
to a chimeric transcript, PML/RARa. The fusion protein of these genes blocks the
differentiation and the apoptosis of the blast cells [Kakizuka et al., 1991; Julien et al., 2011].
In most current therapies, the degradation of the fusion transcript and the elimination of its

repressor function is the highest priority.

Patients with APL can experience severe bleeding in any part of the body due to
thrombocytopenia, secondary fibrinolysis, and intravascular coagulation [Goldman et al.,
1974]. A high number of azurophil-staining granules appear in the atypical promyelocytes,
whereas the structure of the cell nucleus changes in parallel with the low fibrinogen level

[Bennet et al.,1989; Daniel et al., 2001; Kiihnl et al., 2012]. Since the changing structure of the
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nucleus is accompanied by great granularity, the disease used to be also called “hyper-granular
promyelocyte leukaemia” [Goldman et al.,1974]. In the pathological classification, the
presence of the Auer-rods are typical, which can be detected more often in AML patients

[Rowley et al., 1977; Karen et al., 2008].

Years ago, APL was lethal and could not be treated with a good outcome, but in 1973 Bernard
and colleagues found that APL cells were sensitive to daunorubicin chemotherapy, which lead
to the full remission of the patient with APL [Bernard et al., 1973]. In the following years, the
treatment of APL became more diverse by incorporating different chemical agents, for
example, anthracycline, idarubicin, arsenic-trioxide or cytosine-arabinoside (CYT-ARAB).
The latter gives a 75-80% remission in the newly diagnosed patient; however, at the beginning
of the treatment results in a high death ratio due to bleeding complications. In 1985, a patient
with APL received the first ATRA + ATO treatment, which years later was developed into a
regimen consisting of four segments:

1) pre-ATRA

2) ATRA

3) ATO [Niu et al., 1999]
4) ATRA + ATO synergistic therapy [Abaza et al., 2017]

In the first induction therapy, 45 mg/kg ATRA was given per os twice a day, followed by 60
mg/kg/day Daunorubicin treatment for three days. This was followed by 100 mg/kg CYT-
ARAB intravenous infusion for seven days, which in turn was followed by two rounds of

arsenic treatment [Sanz et al., 2009; Powel et al., 2013].
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1.1.1. RARa

RARa belongs to the steroid/thyroid receptor family, and functions as a ligand-dependent
transcription factor [Kurowaka et al., 1994; Chambon et al., 1996]. RARa is a nuclear receptor.
It has a DNA binding domain (DBD) and a ligand-binding domain (LBD). The former has two
Zn-finger motifs which are necessary for accurate DNA binding. RARa is capable of binding
to the retinoic acid response element (RARE), which results in the regulation of cell

differentiation and the basic homeostatic processes of the cell [Wiernik et al., 2013].

In physiological circumstances, RARa forms a heterodimer with the RXR receptors (RAR-
RXR). If the ligand is not present, corepressor molecules attach to it (SMRT/N-Cor), by which
the transcription is inhibited. The inhibition is mediated by histone deacetylase enzymes
(HDACSs). The HDACs condense the chromatin through the removal of the acetyl groups from
the histones, hence the RNA polymerase enzyme is unable to bind to the sequence and

transcription is inhibited (Figure 2).

= ATRA
(_Hoac ‘ QHRAC ... i

Co-repressor : (  HAT

Co-activator

W — Tealie

[ 4

{ PML-RARa
é' PML-RARa

REMISSION L et

Figure 2. PML-RAR transcription regulation by histone acetylation and deacetylation
In the presence of the ligand, the corepressor molecules are released from the receptor, followed
by the attachment of coactivator molecules with histone acetyltransferase (HAT) activity
(p106/coactivator complex). By the acetylation, the chromatin is decondensed; thus, the DNA

becomes active, and transcription can proceed (Figure 2).
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1.1.2. Promyelocytic leukaemia protein (PML)

The promyelocytic leukaemia protein-coding region contains a TRIpartite motif that consists
of a RING domain, two alternative cysteine and histidine-rich boxes (B-Box), and an alfa-
helical coiled-coiled domain (CC) (Figure 3). These regions altogether form the so-called
RBCC dimerization domain, which makes PML-PML homodimerization possible [Jensen et

al., 2001].

PML H.N- R BB cc -COOH
394 552

Figure 3. Promyelocytic leukaemia gene structural features with the RBCC domain

PML is responsible for the proper regulation of cell proliferation pathways; it can also initiate
apoptosis signalling. Borden and colleagues found that nuclear bodies (NB), 0.2-1 um
structures present in the nucleus in various numbers (1-30) have high PML content [Bordern

etal., 2008].

It has been published that PML is a tumour suppressor since it can inhibit cell proliferation and
stimulate apoptosis [Wang et al., 1988; Bernardi et al., 2008]. PML also plays a role in the
initiation of the degradation of the fusion protein (PML-RAR) by a small-ubiquitin related
modifier (SUMO)-dependent process. The latter is responsible for the posttranslational
modification of the PML part [Zhong et al., 2000]. The degradation of PML can happen
through proteasomal degradation, which can be also be initiated by phosphorylation or

acetylation.

The fusion transcript of PML-RAR on chromosome 15 can be generated by many different
optional breaks in the PML gene. Altogether three regions have been identified in PML, which
are called breakpoint cluster regions (BPCR). If the 6th intron is involved in the breakage of
the DNA, the long (L)-PML-RARa is formed. This is BPCR type 1. In another BCPR type, a
triple intron break is involved, resulting in the short (S)-form. Alternatively, other variants can
occur (V-form), in which the BCPR2-6 exons are randomly broken, followed by a deletion.

These alterations are detectable in 75 % of the APL patients [Wiernik et al., 2013].

14



1.1.3. RARe-PML

Out of the morphological and cytogenetic features of APL, the presence of PML-RARa is the
key to the pathomechanism, and it bears great importance to the therapy. Through the
translocation, dominant-negative fusions can be generated, such as PML-RARa and RARa-

PML (Figure 4).

PML HN- R BYE cc -COOH
394 552
RARaO H.N- AfFBjlc]D E F -COOH
PML- RARa HN- R B B cec BiclD E F -COOH

Figure 4. Generation of PML-RAR fusion type I [based on Rowley et al., 1977, Julien et al., 2001]

Several other gene rearrangements have been published in APL/AML patients: e.g. the PLZF-
RARa, the NuMA-RARa, or the NPM-RARa translocational products [Chen et al., 2011]. The
latter three new formations are generated through the involvement of chromosome 5 or 11 and

chromosome 17 in the translocations.

The presence of the fusion protein was first published in 1991 [Lanotte et al., 1991]. In order
to investigate the role of the fusion protein and the hypothesis that the fusion transcript brings
about the differentiation inhibition, transgenic mouse experiments were carried out, focused on
the presence of the leukaemia initiating cells (LIC) and the strategy of the treatment of APL
[Gallagher et al., 1979]. During the treatments, they induced proteolytic degradation with
different agents [Chen et al. 1997; Guidez et al., 1998; Breitman et al., 1981], which lead to
granulocyte-directed differentiation (ATRA) or to the induction of apoptosis (ATO) [Raelson
et al., 1996; Yoshida et al., 1996].
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1.2. Treatment of APL
1.2.1. All trans-retinoic acid (ATRA)

All-trans-retinoic acid is a small lipophile molecule. It stems from vitamin A in a two-step
oxidation-based synthesis [Duester et al., 2008]. From vitamin A firstly retinol is produced,
then, by the retinol dehydrogenase enzyme, RDH10 retinaldehyde is generated. In the next
steps, the retinaldehyde dehydrogenases, RALDHD1-3 convert it into its final form of retinoic
acid (Figure 5)

Figure 5. Structure of the ATRA [obtained from http://medchem.com]

Retinoic acid is required for healthy development. It can bind to the RARa receptor as a ligand,
induces a conformational change, through which gene expression can be regulated. The
transcription of the target genes can be either enhanced or inhibited. Examples of ATRA-
regulated genes involved in ontogenesis are homeobox genes (HOX) and transglutaminase 2

(TGM2) [Duester et al., 2008].

In the literature, there are two main hypotheses about the molecular mechanism of the ATRA
action. The first one involves ATRA’s binding to a cell surface receptor, which results in
intracellular signalling, whereas according to the second hypothesis ATRA first goes into the

nucleus and induces gene expression directly [Duester et al., 2008; Csomds et al., 2010].

The ATRA, in physiological circumstances, can bind to cytosolic proteins such as Cellular
Retinoic Acid Binding Protein (CRABP) and Cytoplasmic Retinol Binding Protein (CRBP).

The intranuclear level of retinoic acid can be regulated by CRAPB levels [Corninc et al., 1992].

In 1996, Yoshida and colleagues observed that ATRA helped the remission of a patient with
APL. They described an early change in PML-RARa expression 6 hours after the treatment
that resulted from the degradation of the fusion protein [Yoshida et al., 1996].
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1.2.1.1. Differentiation of acute promyelocytic cells

The all-trans retinoic acid acts as a ligand for the retinoic acid receptors, which bind to the
RARE elements in the regulatory region of the target genes. In the absence of ATRA, the
heterodimer of RAR/RXR recruits a repression complex containing the SMRT/N-Cor and the
mSin3 corepressors, and a histone deacetylase [Chen et al., 1995; Evan et al., 1997; Nagy et
al., 1997]. The deacetylation of the histones results in chromatin condensation and
transcriptional repression. ATRA can induce the dissociation of the complex and facilitate the
association of a coactivator complex containing nuclear receptor coactivator pl60 family
members and histone acetyltransferases CBP/p300 [Chen et al., 1997]. The acetylation of the
core histones leads to the loosening up of the chromatin, the promoter region becomes

accessible for transcription initiation factors, and gene expression can commence.

Retinoic acid in a high concentration can induce the remodelling of the transcriptional complex
in the APL cells and can lead to activation of hundreds of genes, which are regulators of
different processes, for example, apoptosis, cell proliferation, metabolism and protein synthesis

[Koyama et al., 1994; Csomos et al., 2010].

In the case, APL due to the characteristic chromosomal translocation, the retinoic acid in
physiological concentrations (10-10%) is unable to bind to the PML-RARa, fusion receptors.
However, in a pharmacological concentration — which means ~1 uM ATRA — it does induce
the conformational change of the multifunctional complex around the chimaera. The
corepressors are released, and the normal response of the RARa target genes is restored; thus
the terminal differentiation of the APL cells is triggered [Girgnani et al., 1998, Liu et al., 2003 ]
(Figure 6).

k]
'-ﬁ '@ !"ﬁ% ﬁ 8°® &‘;’2

Figure 6. ATRA induced differentiation for five days [Lie et al., 2003] ATRA-induced granulocytic differentiation in NB4
cells. Differentiation of the NB4 cells was evaluated by (a) morphological changes (Wright—Giemsa staining, magnification
x 1000)
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1.2.1.2. Differentiation syndrome (DS)

The differentiation syndrome or the so-called retinoic acid syndrome is a rapidly developing
and lethal consequence of the ATRA treatment [Frankel et al., 1992, Nim et al., 2007] (Figure
7).

1. Figure Differentiation syndrome in APL patients [Nim et al., 2007, https:/radiopaedia.org/cases/all-trans-retinoic-acid-
atra-syndrome] Left part: second chest X-ray obtained six days later. The patient was found to have acute promyelocytic
leukaemia (APL) and started treated with ATRA two days before this X-ray. Despite treatment for patients with Congestive
Heart Failure (CHF), symptoms progressed. Middle and right part: Chest X-ray and CT performed on the 12th day of arsenic
therapy. Interstitial infiltrates (septal lines and ground-glass opacity) are shown

The syndrome itself is characterized by an unexpected and sudden fever, weight gain, pleural
and pericardial effusions with interstitial pulmonary infiltration of immune cells. The number
of the leukocytes are abnormally high in the bloodstream, and the overactivated/differentiating
neutrophils will infiltrate into soft tissues like the heart, lungs, kidneys and liver. Retinoic acid,
by itself, can induce a high production of inflammatory cytokines. This cytokine storm makes
the case more severe and leads to that even more cells target the tissues, causing the death of
patients in days. Besides the inflammatory cytokine and chemokine production, the levels of
the CD45/CDI11b and CD18 are also elevated [Luesink et al., 2010]. DS is often associated
with hyperleukocytosis, edemas and bone pain. 2.5-31 % of APL patients, who have received
induction therapy with all-trans retinoic acid and/or arsenic trioxide are reported to develop DS

[de Botton et al., 1998, Tallman et al., 2000]

The pathogenesis of the disease/syndrome is not fully understood yet; however, several key
molecules were identified over time. These important proteins are the integrin alpha chains,
CDl11a and CD11b, interleukin 1-beta (IL-1p), interleukin-6 (IL-6), tumour necrosis factor-
alpha (TNF-a)), CD15 and cathepsin G [Seale et al., 1996; Dubois et al., 1994]. These proteins

affect the consequences of the treatment and determine their severity (Table 2).
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Type of protein ACT via Reference
CD11a mteracts with the endothelial cell receptor called Di Noto et al., 1994
CD11b B RECEPIORS mtercellular adhesion molecule 1 (ICAM-1) Dubois et al., 1994
IL-1B human leukocytic pyrogen generates fever Di Noto et al., 1996
IL-6 CYTOKINE acts as a pro-inflammatory cytokine, pyrogen Di Noto et al., 1996
TNFa regulation of the immune cells Marchetti et al., 1996
Cathepsin G | SERINE TYPE OF PROTEASE | enhances the capillary permeability Seale et al., 1996

TETRASACCHARIDE ’ d : .
i 2

CD15 CARBOHYDRATE mediates inflammatory extravasation of immune cells Liang et al., 2016

Table 2. List of potential players in generating the differentiation syndrome in APL patient upon ATRA or ATO treatment

In the differentiation syndrome triggered by ATRA and/or ATO, a severe systemic
inflammatory response can be observed, which is followed by extensive infiltration of
differentiated APL cells into the patients’ tissues. Among the organs, the lung is the most
threatened, which was established by histological and respiratory changes in these patients [de
Botton et al., 1998; Tallman et al., 2000; Tallman et al., 2002; Camacho et al., 2000; Ninomiya
et al., 2004].

In the DS early recognition and prompt treatment can be the solution to avoid the severe
consequences. When the DS is diagnosed, a high dose of dexamethasone (DEX) is
administered, with which the hyperinflammatory cascade is inhibited. The progression of the
DS is not fully understood; however, there are putative target pathways through which the

differentiated APL cells are triggered (Nuclear factor kappa-B pathway).

The initial migration of the APL cells to the target tissues such as the lungs is facilitated and
triggered by the secretion of specific chemokines and cytokines from the lung tissue. These
alveolar proteins are the results of the ATRA treatment; the production of CCL2 and CXCL8
are significantly higher in alveolar epithelial cells. Tsai and colleagues have reported that the
increased level of the alveolar chemokines resulted in increased migration of differentiated
APL cells towards the alveolar epithelial cells. To suppress the production of the alveolar
chemokines and cytokines, dexamethasone was used, by which the hyperinflammatory

response could be attenuated [Tsai et al., 2007; 2008].
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1.2.2. Arsenic trioxide (As203/ATO)

Arsenic has several oxide forms, for example, arsenic tri- or dioxide. Arsenic is a white powder,

solid material at room temperature. It is hardly water-soluble, upon heating it sublimates.

For therapy, it has been used before both parenterally and per os. Even in small doses, it can
trigger severe reactions such as vomiting, tremours, digestions problems. A higher
concentration of arsenic can induce severe cell death and could be lethal within a short time.

In clinical trials, not only the oxide forms were used, but the sulphide forms also were applied

(As4S4).

Arsenic was first used centuries ago in China to treat leukaemia. The main effect of arsenic is
cell death initiation through the mitochondrial apoptotic pathway as a result of oxidative
damage and increased superoxide production. In the literature, the concentration of ATO was
variable; however, in a small concentration of 0.5 uM ATO already induces apoptosis. Data
from the literature also proves that this concentration can induce a partial differentiation of the

leukemic cells [Chen et al.,1997] (Table 3).

CONCENTRATION IN pM mM
L |o1]o1s] - Jo2s[os[ 1 [125]15 ] 20 -
o 01| - |o02] - [os| 1| -] - [20] -
v, | - |- -1 -1-1-T-1T-71-1-5-T[50]

FAILS TO INDUCE APOPTOSIS, HAS NO EFFECTS ON CELL CYCLE DISTRIBUTION

PROAPOPTOTIC/APOPTOTIC FEATURES

APOPTOSIS INDUCTION AND PML-RARa DEGRADATION

ENTIRE PML-RARa DEGRADATION AND SEVERE APOPTOSIS

Table 3. Various concentration of arsenic trioxide to treat APL from different trials in therapy

The main target of the arsenic treatment is the PML component in the PML-RARa fusion
protein. As it has been described previously, the PML domain contains the RBCC motif. The
arsenic can bind to the cysteine residues in the RBCC’s two zinc-ion binding motifs [Zhang et
al.,2010]. Upon the binding of the arsenic a conformational change is initiated, the corepressor

molecules are released (SMRT) followed by a MAP kinase-mediated signal transduction,
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where the end progress is the induction of apoptosis [Zhang et al., 2010; Sumi et al., 2010; Emi
N., 2017].

At concentrations of 1 uM or above apoptosis can also be triggered by arsenic independently
of the presence of the PML-RARa fusion protein [Zhu et al., 1999]. The molecular signal
through which arsenic can induce apoptosis is an oxidative stress process via the reduced-
glutathione (GSH) system. In the presence of arsenic, the activity of the NADPH-oxidase
system increases and a higher amount of endogenous reactive superoxide (ROS) is produced.
The high amount of ROS can destroy intracellular components, which, in turn, leads to

apoptotic cell death [Zhang et al., 2010].

After the ATO induced conformational change of the PML-RARa, the PML protein becomes
sumoylated, and this is followed by the proteasomal degradation of the fusion protein. The

sumoylation is facilitated by increased kinase activity [Kogan et al.,2000; Zhang et al., 2010;
Sumi et al., 2010]

1.2.3. ATRA + ATO

The reason why arsenic is widely used today in the clinic is its ability to promote the
elimination of the LIC cells. The leukaemia initiating cells originate in the bone marrow, and
although remission can be achieved by ATRA treatment alone, unfortunately, the LIC cells are
not removed from the bloodstream which can lead to a second or third recurrence of the disease
after a remission. By the inclusion of ATO in the treatment regimen this phenomenon can be

avoided, thanks to targeting of the LIC by the arsenic (Figure 8) [dos Santos et al., 2013]
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Figure 8. Elimination of leukaemic blasts and LICs is necessary for a definitive cure of APL. Left: LICs posses high self-
renewal capability and give rise to leukemic blasts that form the bulk of the disease Right: Mechanisms of proteolysis of PML-
RARa by ATRA and ATO. ATRA induces degradation of RARo and PML-RARa via the RARa moiety. [Dos Santos et al., 2013]
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1.3. The transglutaminase family

The transglutaminase enzymes play essential roles in the homeostasis of the cell.
Transglutaminases are thiol- and calcium-dependent acyl-transferase enzymes, catalysing a
covalent crosslink between the glutamine- and lysyl residues in different proteins. Over time,
new transglutaminases were discovered in different tissues, so as currently there to exist nine
members with various tissue distribution and discrete functions (Table 4). Here we do not
mention the enzymatically inactive Protein 4.2/EPB42 which can be found in erythrocytes,

bone marrow and spleen.

GENE ~ Transglutaminase ROLE IN CHROMOSOME
TGMLI | Keratinocyte Skin 14qll.2
TGM2 | Tissue Apoptosis, Immune System 20q11.2-q12
TGM3 | Epidermal Skin 20q12
TGM4 | Prostate Prostate 3p22-p21.33
TGMS5 | TGM X Skin 15q15.2
TGM6 [ TGM Y Central Nervous System (CNS) 20ql1-15
TGM7|TGM Z Testis, Lungs 15ql15.2
F13A1 | Factor XIII Chain A Blood Coagulation 6p25-p24

Table 4. The transglutaminase family members based on the tissue distribution

As previously mentioned transglutaminases have a characteristic structural organization in
which we distinguish four domains. Immunoglobulin-like domains are surrounding the central
catalytic domain of the enzyme. The core domain belongs to the papain superfamily and
contains Cys-His-Asp catalytic triad in its active site. Crosslink formation is essential in blood
coagulation/clot formation, apoptosis, adhesion, migration processes and in particular immune
responses, as well, aimed at the elimination of pathogens (neutrophil extracellular trap (NET)
formation) [Fesus et al., 2002; Csomos et al., 2016]. The enzyme catalysed reactions are
categorized based on the biochemical targets:

1) incorporation of amines into proteins

2) crosslinking of proteins

3) site-specific deamidation

4) iso-peptidase activity

5) promotion of the extracellular matrix (ECM) connection

6) transmembrane signalling through the phospholipase activation
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The cellular distribution of the transglutaminases is ubiquitous, and they can be found in the
cytosolic and nuclear fractions, in the extracellular matrix or even in a membrane-bound form

[Fesus et al., 2002, Grenard et al., 2001] (Figure 9).
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Figure 9. Biochemical activities of transglutaminase 2 (TG2), a member of the transglutaminase family [Fesus et al., 2002]
The localization of the transglutaminase especially the TG2 is abbreviated as the followings: C stands for the cytosolic, N for
the nucleus and E for extacellular matrix.

Transglutaminase 1 (TG1) is the so-called keratinocyte TG which can appear in a membrane-

bound form or a soluble one, however, for its activation there a proteolytic event is required

[Eckert et al., 2005].

TG3 has been described previously in the hair and follicles, together with TG1 after activation

they play a role in the differentiation of the keratinocytes.

In the prostate, TG4 is dominantly expressed, playing a role in the maintenance of

fertility[ Dubbink et al., 1998].
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TGMS5 encodes TGS which plays a role in skin development and differentiation. It is also
involved in protein cross-linking by catalysing the formation of gamma-glutamyl-lysine iso-
dipeptide bonds between adjacent polypeptides [Candi et al. 2005; Eckert et al. 2005]. TGS
can heavily cross-link keratin molecules and a range of differentiation-specific structural
proteins, it facilitates the formation of the cornified cell envelope in the biogenesis of the

stratum corneum [Kalinin et al. 2002].

The family has other members such as TG6 and TG7, the roles of which have not been fully
understood or even studied yet. While TG6 plays a role in neuronal regulation and

differentiation, TG7 is the least studied within the family.

Among the transglutaminases, the most evaluated and studied members are factor XIII and
TG2. The former is probably the best-known enzyme of the family. In normal circumstances,
it is in a zymogen form in the bloodstream and can be converted into the active form via
thrombin-dependent proteolysis. The active FXIII, also called plasma transglutaminase
requires calcium for covalent crosslink formation between fibrin fibres or even with the ECM.
It has a crucial role in the formation of the haemostatic plug and wound healing [Muszbek et

al., 2011].

Tissue transglutaminase (TG2) is a widely studied and evaluated member of the
transglutaminase family since it has not only a transamidation activity but also iso-peptidase,
disulphide-isomerase, GTPase and protein kinase activities [Fésiis et al. 2002; Mishra et al.,
2007]. While the other members of the family are responsible for one particular function in the

cell, TG2 carries a lot more potential for regulating the homeostasis of the cell.
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1.3.1. Tissue transglutaminase (TG2)

Tissue transglutaminase, TG2 consists of 687 amino acids and has a molecular weight of 78
kDa. The enzyme is composed of four different domains (Figure 10)
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2) CATALYTIC CORE

3) C-TERMINAL - BETA BARREL 1

4) C-TERMINAL - BETA BARREL 2

(a) B-sandwich Catalytic core B-barrel;  B-barrel,
1 139 147 460 472 583 472 687
! ! - o .
3 63 144 184 227 286 332 366 447 Exon10 538 592 639 687
v v Y Vv v Y Y v v Y Y v v
K175 W241C277 H335D358 N398 E447 R476 Y516 RS8O

C336 D400 E452R478

FN/Integrin *Ca** GTP *NLS, PLCS,

Figure 10. Domain composition of the tissue transglutaminase [Fesiis et al., 2002; PDB: 2Q3Z]

It is localized in extra- and intracellular compartments, such as the cell membrane, cytosol,
mitochondria and the nucleus. It has a role in signalling processes, cell proliferation, apoptosis,
phagocytosis, wound healing progression and is a key player in the pathophysiology of
different diseases (coeliac disease, cancer, and neurodegenerative diseases). TG2 can be
detected in apoptotic cells and is involved in the crosslinking of Lys and GIn sidechains in

proteins in apoptotic bodies [Fésiis et al., 2002; Pinkas et al., 2007].
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TG2 has pleiotropic effects in signalling. For its activity calcium is required. Guanine-
nucleotides and redox processes also regulate the activity of the enzyme. The binding of the
calcium or GDP/GTP results in a conformational change, which can regulate the activity. When

TG2 is GTP bound, the conformational change facilitates the signalling roles (Figure 11).

A B

Figure 11. Structural features of human tissue transglutaminase. (A) The open conformation of TG2 no GTP is bound to
the enzyme [2Q3Z] (B) Closed conformation with the GTP [PDB:4PY6]

The binding of calcium results in an open conformation, in which GDP/GTP is not capable of
binding to the enzyme facilitating the crosslinking function. For the catalytic activity of TG2,
a high calcium level is required, however, under normal circumstances, the intracellular level
of the calcium is low, while the GDP/GTP level is high; consequently, the crosslinking activity
is inhibited.

In tumour cells/stem cells, TG2 is preferably in the closed conformation, which is suspected of

contributing to cell survival, whereas the open conformation is responsible for tumour

inhibition [Fesiis et al., 2002; Eckert et al., 2006; Karen et al., 2011].

TG2 has protein-disulphide isomerase activity (PDI), through which the sidechains of cysteine
amino acids can be connected through di-sulphide bonds. This feature of the enzyme can be
linked to the regulation of apoptosis. Additionally, several studies in the literature have shown
that TG2 has a serine/threonine kinase activity. Moreover, TG2 has a role in cell adhesion and
is capable of forming a complex with fibronectin in a trans-amidation activity-independent

way. [Fesiis et al., 2002; Pinkas et al., 2007]
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1.3.2. Structure elements of the TG2

In the very first studies, it was shown that the N-terminal beta-sandwich part is responsible for
fibronectin-binding, which explains its involvement in the cell adhesion, migration and wound
healing roles of the enzyme [Beklin et al., 2001]; however, a later functional analysis of the
protein found that the interaction occurs through the first domain’s hairpin structures (B5/p6

hairpins) [Hang et al., 2005].

In the catalytic core domain, there is a triad composed of Cys277-His335-Asp358. This triad
is responsible for the acyltransferase activity, whereas the protein kinase, protein disulphide
isomerase and ATPase activities have been connected to other sites [Mishra et al., 2004; Fésiis
etal., 2002]. TG2 can regulate apoptosis, which was suggested to involve a putative BH3 motif
in the protein. This part is located in the catalytic core domain, as well, and can interact with
pro-apoptotic BCL-2 protein family members [Rodolfo et al., 2004]. If the enzyme interacts
with BAX, apoptosis is facilitated. The core domain carries the nuclear localisation signals
(NLS), as well, which makes nuclear translocation possible. When the enzyme has bound an
inhibitor, its structure changes into an extended open conformation, in which the active site is

exposed [Pinkas et al.; 2007].

The first f-barrel is involved in the acquisition of the closed conformation due to the presence
of some of the GTP-binding residues there. Liu et al. have shown that the GDP/GTP binding
capacity of the enzyme depends on the sequence between the core domain and the first beta-
barrel [Liu et al.; 2002]. The GDP or GTP can bind to the last amino acid strands of this part
of the enzyme (476-482; 580-583) and the core domain amino acid residues (173-174). Based
on the existence of the GDP/GTP bound form, several studies established that TG2 has G-
protein function as well, which could partially explain the cell signalling roles of the enzyme

[Kumar et al., 2012, 2013; Eckert et al., 2015; Akbar et al., 2017].

The second barrel contains the second NLS and an interaction site for phospholipase C [Fésiis
et al., 2002]. This part of the enzyme is required for the membrane bond form to support the
conversion of phosphatidylinositol-bisphosphate to phosphatidylinositol-tris-phosphate (PIP»-
PIP3), which promotes cell survival [Caron et al., 2012; Eckert et al., 2014].
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1.3.3. Tissue distribution and subcellular localization of TG2

Tissue transglutaminase has a broad tissue and cell distribution, and we can distinguish tissues
and cells that express the enzyme constitutively, and those who show expression only upon

differentiation (Table 5).

TISSUES CONSTITUTIVELY INDUCIBLE EXPRESSED TG2 BY
EXPRESSING TG2 DIFFERENTIATION/MATURATION
mesangial cells epithelium
interstitial cells breast cells
thymic subcapsular epithelium nephrons
colonic precryptial fibroblast cells enterocytes

Table 5. Tissues and cells which are expressing TG2 constitutively or inducible

The subcellular localization of TG2 is also really diverse, based on the literature it appears in

a wide range of cell compartments (Figure 12).

Extracellular region or secreted _
Mangala et al., 2007  Plasma membrane ECM - Akimov et al., 2000

Mitochondria — Rodolfo et al., 2004

Peng et al., 1999 - Nucleus
Mitochondrion

= Cytosol Cytosol — Hsieh et al., 2013

Figure 12. Distribution of the TG2 inside the cell compartments [The cell’s schematic figure was obtained from the
http.//'www.uniprot.org website] The blue arrows are showing the first publication by which the TG2 has been localised in the
marked tissue/cell compartment.

Piacentini and also Rodolfo et al. reported that TG2 was detectable not only in the cytosol but
also in the mitochondria [Piacentini et al., 2002; Rodolfo et al., 2004]. TG2 can be transported
into the nucleus with the help of the NLS1-2, in a process carried out by the importin-a3 [Peng
etal.; 1999].

Similarly to the cytosolic TG2, the nuclear enzyme also acts as a multifunctional one,
performing enzymatic and non-enzymatic functions. It has a role in the pathogenesis of
neurodegenerative diseases, as well as, in the development of tumours of the liver and other
organs [Kuo et a.,2010]. Shimizu and colleagues published first that in starfish sperm, there is

a crosslink catalysed by TG2 between H2B and H4 in the nucleus. It was described later that
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the mammalian core histone proteins (H2A, H2B, H3, H4) are also glutamyl substrates of TG2

and the crosslinks in vivo lead to the chromatin condensation, showing the signs of apoptosis.

In human acute promyelocyte leukaemia cells upon all-trans-retinoic acid (ATRA), a fraction
of TG2 can be translocated into the nucleus and be associated with the chromatin. Additionally,
it has a role in the regulation of the inflammatory cytokine and chemokine production, the cells’
phagocytic capacity and the cells’ reactive superoxide production capacity. [Kuo et al., 2010;

Balajthy et al., 2006, Csomos et al.; 2010]

Not only cell signalling processes be affected by TG2, but the cell’s survival processes also.
Under hypoxic circumstances, the neural system of the body is highly threatened. Under these
conditions, TG2 localizes in the nucleus. This has been studied in SH-SY5Y human
neuroblastoma cells in vitro. The increased amount of TG2 is capable of binding to the HIF1
transcription factor by which the upregulation of hypoxia response element-containing genes
is decreased. This binding is trans-amidation independent and does not affect the HIF1 proteins.
By this mechanism, TG2 can prevent further damages to the affected region, which can be

important in ischemic circumstances. [Kuo et al., 2011; Mangala et al., 2005]

TG2 can support the activation of the nuclear factor kappa-B pathway (NF-kB), can regulate
the inflammatory gene expression and via forming a complex with the p65/relA subunit can be

directly translocated into the nucleus and regulate the transcription [Kuo et al., 2011].

Mangala et al. have reported that TG2 can form a complex with the cell membrane component
beta-integrin molecules, which promotes cell-cell interaction and also involves fibronectin
attachment to other proteins or ECM components [Mangala et al., 2007]. TG2 can play a role
in the reorganization of the ECM, most frequently in the case of a pathogen-induced infection,
neutrophils can create a NET, which captures the pathogens for elimination [Csomos et al.,

2016].
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1.3.4. Role of the TG2 in pathological processes

Tissue transglutaminase is widely expressed protein, playing a wide range of roles in the cell
homeostasis. This multifunctionality may answer for the patho-biochemical roles of the
enzyme as well. There are several diseases to which TG2 is connected. Diseases in which TG2

plays crucial roles can be categorised into three big groups:

1) inflammatory pathologies (production of pro-inflammatory cytokines and chemokines)
2) autoimmune diseases (Alzheimer disease, Coeliac disease)
3) malignant diseases (tumour formation and cancer progression)

The transglutaminases are responsible among the others for tissue repair, wound healing, and
cell adhesion, and can also contribute to the development of fibrosis [Grenard et al., 2001].
TG2-dependent fibrosis can develop in the liver tissue, associated with a very severe
inflammatory state of the patient. Johnson and colleagues reported that in renal and respiratory
fibrosis, an excessive amount of scar tissue develops which is triggered by transglutaminases

[Johnson et al., 1997].

In 2000, another study revealed that the high expression of TG2 in ageing articular
chondrocytes leads to a chronic inflammation state, where the production of the inflammatory
cytokines and chemokines was extremely high, and more specifically tumour necrosis factor-
alpha and interleukin-6 had causative roles in the development of age-related arthritis

[Rosenthal et al., 2000].

A lot of new studies have reported that the presence of the anti-TG2 antibodies or the
crosslinking activity of the enzyme was highly detectable in coeliac and Huntington diseases.
In the case of coeliac disease, the intestinal mucosa of the patients was TG2 positive, whereas
the deamination of the glutamine residues of gliadin results in a strong immune response, in
which highly activated T-lymphocytes damage the intestinal villi (Figure 13) [Marzari et al.,
2001; Martuciello et al., 2018].

Figure 13. Immunolabelled section of healthy and coeliac disease patients [Esposito et al., 2005; Hietikko et al., 2018]
Immunostaining of the localization of TG2 protein in duodenal sections from a control patient (a) and a CD patient (b). Right
part: Immunofluorescence staining for TG2 antibodies and plasma cells in small-bowel mucosal sections.
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In neurogenerative pathologies like in Huntington disease or Alzheimer disease, the activity of
the enzyme is high, which is accompanied by the formation of deposits of crosslinked non-
functional proteins. Thus, the tissue is disrupted, which can cause later on dementia and other

dysfunctions in the CNS. [Karpuyj et al., 2002; Szondy et al., 2017; Tangaraju et al., 2016]

The expression of tissue transglutaminase and its transamidation activity is often associated
with inflammatory responses, due largely to the fact that cytokines/chemokines and growth
factors are capable of regulating TG2 expression and consequently, its activity. The expression
of the TGM?2 gene is regulated by the so-called “canonical and non-canonical” NF-xB
pathways. These pathways are important in the production of pro-inflammatory molecules
among which TNF-a, IL-1p, MCP-1 and IL-6 are crucial target genes of NF-kB signalling,
besides these proteins are the potent inducers of TG2 expression (Table 6) [Mangala et al.,

2005; Kumar et al., 2013].

AGENT INDUCES TG2 TARGET CELLS
CYCLIC AMP (cAMP) Cerebellar granules
DEXAMETHASONE Hamster fibroblasts and fibrosarcoma
DIMETHYL SULFOXIDE Friend's erythroblastoma
INTERLEUKIN-6 Human hepatoblastoma|
Human myeloid cells
RETINOIC ACID Human neuroblastoma cells
Squamous carcinoma cells
SODIUM BUTYRATE Human lung fibroblasts
TUMOUR NECROSIS FACTOR a Human hepatoblastoma
PHORBOL ESTERS Human myeloid
Human colon carcinoma
TRANSFORMING GROWTH FACTOR B (TGF-B) Human retinal pigment epithelial cells
EPIDERMAL GROWTH FACTOR (EGF) Primary cultured hepatocytes
Breast cancer cell lines
INTERFERON-ALPHA AND BETA (INFa-;[3) Human non-small cell lung cancer
HYDROGEN PEROXIDE 3T3 fibroblasts
GLUCOSE Kidney epithelial cells
STATINS Endothelial cells
UV-RADIATION Lens epithelial (HLE-B-3)

Table 6. Potential inducers of the TG?2 in different tissues [based on Mangala et al., 2005]
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1.3.5. Role of the TG2 in the immune system

Among the many types of tissues and cells in which TG2 is expressed, its presence is
noteworthy in the cells of the immune system, mostly in macrophages. TG2 is equally present

in peritoneal and the bone marrow-derived macrophages.

In one of the very first experiments that demonstrated this, TG2 was induced in response to
pathogen-derived lipopolysaccharide (LPS) and the concomitant enhanced superoxide
production in activated macrophages which had been previously exposed to LPS in vitro.

[Akimov et al., 2001].

The phagocytosis capacity of the macrophages in the presence of the TG2 was high, and
Szondy and colleagues found that the macrophage-mediated complete elimination of apoptotic
cells was carried out by a TG2-dependent process [Szondy et al., 2003]. In vivo experiments

which showed that TG2 is connected to the immune system responses were first performed in
2005, after TG2_/_ knock out mice had been generated. Without TG2, the immune response

was less effective, and it was accompanied by altered TGF-beta and interleukin production

[Falasca et al., 2005].

The importance of TG2 for inflammation and the clearance of apoptotic cells was proven by
other studies in which it affected the LPS-induced production of pro-inflammatory factors via
NF-kB pathway [Kim et al., 2002]. In 2010, Hodrea and colleagues published that in the
presence of tissue transglutaminase there was CD1 1 ¢ positivity on the surface of dendritic cells
(DC); however, antigen-presenting DCs did not show catalytically active TG2 on their surface

[Hodrea et al., 2010].

In the same year Csomos et al. reported that knocking down TG2 in NB4 cells, resulted in a
less active immune response with lower expression of pro-inflammatory cytokines, and a
significantly diminished migration/adhesion and phagocytotic capacity of the NB4 cells due to
the lack of TG2 [Balajthy el al., 2006; Csomos et al., 2010].
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1.4.Production of ROS

Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen, nitrogen
and hydrogen. The radicals are divided into two major groups: nitrogen and oxygen-containing
ones. The peroxides, superoxide, the hydroxyl radical, singlet oxygen and alpha-oxygen are

the most typical forms of the reactive species.

The produced ROS are capable of damaging the cell membrane, the DNA and proteins also,
they have a cytotoxic effect and can be produced by several extra- and intracellular processes.
The requirement of their production is a higher activity of the mitochondria. ROS can be
produced by several immune cells via the nicotinamide adenine dinucleotide phosphate oxidase

system (NADPH-oxidase system) (Figure 14).
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Figure 14. Potential ways to produce ROS (A) ROS produced by the mitochondria, via the electron transport chain (ETC)
first and third complexes and by the help of the mitochondrial Superoxide dismutase (SOD) enzyme. (B, C) Production of ROS
through the NADPH-oxidase system composed of the different-proteins in phagocytic and non-phagocytic cells.

Experiments with NB4 cells have shown that the ROS triggered damage can be avoided by
intracellular reductases [Jing et al., 1999]. The elimination of the reactive species is carried out
by the reduced glutathione (GSH) and the thioredoxin/thioredoxin reductase (TrX/TrxR)
system [Lu et al., 2007]. In the presence of ROS inducers like ATO, the neutralization systems
are inhibited, while the production of the ROS increases [Schroder K. 2019].

The NADPH oxidase family is related to the NOX enzyme family. The name stems from the
neutrophil NADPH oxidase system. The NOX enzymes’ N- and C terminal regions are
homologous with the prokaryote ferredoxin reductase. In the N-terminal region of the enzymes,

there are four calcium-binding EF-hands. The gp91 phagocyte oxidase (phox) and the p22phox
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subunits also contain transmembrane domains that are composed of six and two alpha-helices,
respectively. p22phox can bind to the p47phox, p67phox and p40phox molecules which have
SH3 domains. The catalytic core of the enzyme is the gp91phox membrane integrated
glycoprotein. It contains two heme molecules, localized in the enzyme’s N-terminal
transmembrane regions. The cytoplasmic C-terminal region contains the NADPH and flavin

adenine dinucleotide binding domains (FAD-binding domains).

To activate the complex, the RAC proteins need to bind to the p67phox component, followed
by a GTPase reaction. Phosphorylation of all the components is crucial in their regulation by
signalling pathways [Sumimoto et al., 2008]. The level of the p22phox can be increased by
inorganic arsenic III, and the subsequent NADPH-oxidase activation can trigger DNA-breaks
[Lynn et al., 2000]. A concentration as low as 0.75 pM of ATO can increase the production of
the ROS by increasing the expression of p67 and p47phox in NB4 cells [Wang et al., 2008].

Free radicals trigger phospholipase A, (PLA;) activity in the membrane, resulting in the
formation of leukotrienes. Neutrophils are protected from the damaging effects of free radicals
by the activities of superoxide dismutase (SOD), catalase and glutathione peroxidase (GP)
enzymes and high-intensity NADPH-synthesis via the pentose phosphate pathway [Schroder
K., 2019].
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1.5. Inflammation and production of inflammatory cytokines/chemokines

Inflammation is the cellular response of the immune system to the damaging effects of
pathogens, toxic substances or radiation, and it is intended to eliminate the damaging effect
and initiate the tissue regeneration process. The immune interactions sufficiently reduce the
injury or threat of infection. This reducing effect allows the restoration of tissue homeostasis
and the attenuation of acute inflammation. This biological response is already functioning
properly at the time of birth. At the level of the tissues, inflammation is characterized by
erythema, swelling, heat, pain, and deterioration of tissue function as a result of local immune,
vascular, and inflammatory cellular responses to infection and injury [Ferrero-Miliani et al.,

2007; Granger et al., 2010].

Microcirculatory phenomena associated with inflammation include alterations in vascular
permeability, aggregation of white blood cells, and release of inflammatory mediators,
including the following reaction:

1) receptors recognizing motifs in tissue macrophages recognize the dangerous stimuli

2) inflammatory signalling pathways are activated

3) inflammatory mediators are released

4) inflammatory activated cells migrate to infected or damaged tissue

The receptors which are recognized by the macrophages characterized by the inducing factor,

it can be a pathogen or a damage-induced pathway triggered afterwards.

Pathogen associated molecular patterns (PAMPs), such as bacterial lipopolysaccharide or
double-stranded RNA, trigger the activation of pattern-recognition receptors (PRRs) in both
immune and non-immune cells. Some PRRs are also capable of recognizing damage-associated
molecular patterns (DAMPs) that are formed or released in connection with a tissue or cell

damage [Kumar et al., 2004].

DAMPs are biomolecules of the host (human body) that are capable of initiating or enhancing
a sterile (non-infection-related) inflammatory response. A typical example of a sterile
inflammation initiation is the response to uric acid crystals in gout. Damaged cells are also
capable of attracting inflammatory cells by releasing hazardous molecules such as ATP, high-
mobility group protein Bl (HMGBI1), or bacterial mitochondrial proteins and DNA. The
families of PRRs include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), retinoic
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acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs) [Ferrero-
Miliani et al., 2007; Granger et al., 2010].

TLRs are highly conserved members of the PRR family that can sense pathogens
extracellularly and intracellularly in the endosome or the lysosome. TLRs are characterized by
an N-terminal leucine-rich region (LRRs) single-membrane region and a cytoplasmic Toll/ IL-
IR homology (TIR) domain. Several toll-like receptors are expressed in humans. Tissue
macrophages express these receptors, and their activation induces the transcription of
inflammatory cytokines (IL-1B, TNF-a, IL-6) and chemokines/chemoattractants. TLRs
activate signalling pathways involving Ser/Thr kinase complexes that eventually activate
various transcription factors such as activator protein-1 (AP-1), NF-xB dimer, or interferon

regulatory factor 3 (IRF3) [Larson et al., 1983; Kumar et al., 2004; Granger et al., 2010].

The NOD-like receptor (NLR) family consists of cytoplasmic pathogen sensors consisting of
a central nucleotide-binding domain and a C-terminal leucine-rich repeat region. At the N-
terminus, protein binding domains are found, such as the caspase attracting domain (CARD),
the pyrin domain, or the baculovirus inhibitor of apoptosis protein repeat (BIR) domain. They
do not regulate transcription, but form parts of inflammasomes and regulate caspase-1

activation [Granger et al., 2010].

Nacht Domain-, Leucine-Rich Repeat-, and PYD-Containing Protein 3 (NALP3) is the most
studied NOD-like receptor that forms an inflammasome in tissue macrophages. Originally
repressed NALP3 is activated by viral (RNA), bacterial (proteoglycans, toxins) or endogenous
danger signals (uric acid, ATP). NALP3 oligomerizes in an ATP-dependent manner, attaching
to the apoptosis-associated speck-like protein (ASC) and pro-caspase 1 protein, leading to its
activation in the cytosol. Caspase-1 then cleaves and activates the precursor forms of IL-1f and
IL-18. The effect of IL-1p is the appearance of selectin molecules on the surface of capillary

endothelial cells [Granger et al., 2010].

Proinflammatory cytokines and chemokines produced by tissue macrophages initiate the
migration of various cells from the blood. The first cells arriving are neutrophils, followed by
monocytes, lymphocytes, and mast cells. Monocytes can differentiate into macrophages and
dendritic cells and enter damaged tissues by chemotaxis. For transmigration to begin, cells in

the blood must sense where they are needed. Sensing is mediated by P- and E selectins on the
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surface of capillary endothelial cells, which are mediated by IL-1-or TNF pro-inflammatory

cytokines.

Selectins are cell surface molecules composed of lectin, epidermal growth factor, and 2-9-
complement repeat (CR) domains. Neutrophils and monocytes continuously express their
ligands for binding to selectins. Selectin ligands are transmembrane glycoproteins that exhibit
an oligosaccharide structure to the selectins. All three selectins recognize glycoproteins and
glycolipids that contain a tetra-saccharide called sialyl-LewisX. It consists of sialic acid,

galactose, fucose and N-acetyl galactosamine [Liang et al., 2016].

The formation of transient bonds between the receptor and the ligand initiates early steps in the
adhesion cascade, resulting in the rolling of neutrophils arriving rapidly in the bloodstream and
thus slowing down the surface of capillary endothelial cells. At the same time, the
selectin/selectin ligand interaction initiates a signalling pathway in neutrophils that actively
converts their integrin receptors (CD11/CD18, which can serve as the Lymphocyte function-
associated antigen 1 (LFA-1)) and thus binds to their ligands on the surface of capillary
endothelial cells (ICAM-1 and 2). The ligated integrin receptors then direct the adhesion of the
slowing neutrophils to the surface of the capillary endothelium, followed by the process of

transmigration [Loike et al., 1991].

The transmigration is controlled by chemokines released by tissue macrophages that
accumulate at the site of infection or injury. Neutrophil’s integrins bind to extracellular matrix
proteins (collagen, fibronectin) during migration. Without this connection, diseases can
develop like Leukocyte adhesion deficiencies (LAD). The lack of CD11 or CD18 integrins is
a known human disease characterized by recurrent bacterial and fungal infections after birth.
Lack of selectins, or the small G-protein RAC2 (which regulates rearrangement of the
cytoskeletal skeleton), is associated with similar symptoms. The immune cells are not capable
of slowing down, to reach the infection place and resulting in a non-healing wound at the
current tissue [Bainton et al., 1987; Borregard et al., 1997; Nupponen et al., 2001; Sadhu et al.,
2007].

Neutrophils arriving at the site of infection firstly, phagocytose infectious microorganisms and
eliminate them. In the case of complement or repeated infection, neutrophils are able to
recognize and phagocytose bacteria and fungi covered with pre-existing antibodies. Antibody-

coated microorganisms are taken up by Fc gamma receptor-mediated phagocytosis. Signalling
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is initiated by SRC kinase phosphorylation of the tyrosine-based activation motif (ITAM)
motifs of the immunoreceptor in the cytoplasmic domain of the receptor. This attracts tyrosine
kinases belonging to the SYK family to the receptor, leading to the activation of additional
downstream targets such as phospholipase Cy (PLCy). As a result, both calcium and PKC
signalling are activated. Fc gamma receptors also regulate tyrosine phosphorylation-based
activation of several other proteins, leading to rearrangement of the cytoskeletal skeleton and
resulting in phagosome formation. Nascent phagosomes undergo maturation and fuse with
lysosomes. The formation of oxygen free radicals and the entry of the contents of the lysosome
and neutrophil granules into the phagosome results in the killing and degradation of the

pathogen.

Neutrophils increase vascular permeability by producing histamine upon TLR stimulation. The
main function of the vascular pathway is to serve as a conductor for blood circulation to supply
oxygen and nutrients to tissues. In most organs, endothelial cells form the boundary between
blood and tissue. Under resting conditions, fluid and smaller molecules, but larger molecules,
do not continuously escape from the vascular pathway. Molecules smaller than 40 kDa may
spontaneously leave the vascular pathway, and larger molecules require the removal of the
vascular barrier continuity to be applied. This process is called increased vascular permeability
and can be induced by histamine. As a result, larger molecules may be released from the plasma
at the site of inflammation to help identify, neutralize, kill pathogens (complement proteins, C-
reactive protein, antibodies), or to protect tissues from molecules released from activated
neutrophils (such as antiproteases). The process is aided by PGE» which induces vasodilation,
thereby increasing the number of molecules exiting. The process causes the disintegration and

red colour of the inflammatory environment.

Activation of phospholipase Az in neutrophils increases the free radicals and membrane-bound
PLA> and IL-1/TNF-B, a high calcium concentration in the cytosol leads to the release of
arachidonic acid by activating cytosolic PLAj. Neutrophils continuously express
lipoxygenases, which convert arachidonic acid to leukotrienes. The leukotrienes are chemo-
attractants for later-arriving neutrophils and also help their activation. Besides, they interact
with TNF-B /IL-1 to induce the expression of cyclooxygenase-2 (COX-2), which in association

with a prostaglandin synthetase leads to PGE> formation and release [Larsen et al., 1983].

PGE> acts as a vasodilator to help as many neutrophils, monocytes, and mast cells emigrate.

Also, PGE; stimulates sensory nerves to enhance the pain response. In the late stages of the
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inflammatory response, PGE> regulates several processes that result in the silencing of
inflammation and initiate subsequent tissue repair. Inhibition of COX-2 in the late stages of the
inflammatory response has been shown to inhibit complete tissue healing in the liver, lungs,
and colon [Downey et al., 1988]. By acting on the heat centre of the hypothalamus, fever-
induced through the initiation of local PGE> synthesis. In the hypothalamus, arachidonic acid
is not released from phospholipids, but from 2-arachidonoyl-glycerol by lipo-acylglycerol
lipase. Higher body temperature inhibits the growth of microorganisms, so it is one of the

body's protective mechanisms [Larsen et al., 1983].

IL-6 released from the site of inflammation initiates the acute phase response of the liver by
acting on hepatic IL-6 cytokine receptors. Hepatocyte IL-6 receptors regulate the expression
of approximately 400 genes in the liver. Their protein products, when they enter the
bloodstream, play a variety of roles in protecting against pathogens. One of these is reactive
protein C (CRP), a single pentamer that binds to lysophosphatidylcholine on the surface of
dead cells and in certain bacteria, activating the complement system to bind to them and helping
their phagocytosis. Because the levels of this protein rise very early and very sharply in
connection with inflammation in the blood, clinicians look at the levels of this protein to detect

possible inflammation in the body [Harada et al., 1994].

After the microorganisms or damaged cells are cleared out at the site of inflammation, the
migration of neutrophils attenuates. Half of the dying cells reprogram inflammatory
macrophages into healing macrophages, which stop the production of inflammatory cytokines
and chemokines, and instead produce anti-inflammatory resolvins, adenosine, TGF-p and
PGE: to stop inflammation and tissue damage. Then they return to the bloodstream [Larsen et

al., 1983; Kojima et al., 1993].

Inhibition of inflammation also occurs in other ways. TNF receptors are released, which inhibit
TNF-alpha, adrenocorticotropic hormone (ACTH) is released from the pituitary gland, which
initiates glucocorticoid hormone synthesis in the adrenal cortex. By acting on the nuclear
receptor of the hormone glucocorticoid, the inflammatory response in many cells stops [Stuart

et al., 1996; Takami et al., 2002].
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2. Aim of the study

NB4 cells differentiate into neutrophil granulocytes upon all trans retinoic acid (ATRA)
treatment, in which one of the most highly expressed genes is tissue transglutaminase (TG2).
Previously, our group showed that reduced both activity and epression of the enzyme, NB4

cells show reduced phagocytosis, adhesion, migration, and ROS-producing ability.

My primary goal was to functionally examine TG2. For the analysis, a transglutaminase-knock
out, TG2-KO cell line was generated from wild-type cells using TALEN technology. Involving
both wild-type and TG2-KD and TG2-KO cell lines in my work, we investigated the form in
which the ATRA-induced TG2 enzyme contributes to the development of differentiation
syndrome (DS).

For the interpretation of biochemical functions, my primary goal was to determine the
inflammatory cytokine / chemokine and ROS-forming activity, which has been previously
studied in our laboratory in order to determine whether the amount or presence of TG2
influences the severity of DS side effects. My aim was to investigate the cause of inflammation

at the level of gene expression and secreted proteins.

In the second part of my work, I aimed to investigate the effects of a combination treatment
with an arsenic trioxide and with a TG2 inhibitor, based on the ATRA-induced differentiation.
Regarding to this, I examined the inflammatory cytokine/chemokine and ROS-producing

ability of NB4-WT, TG2-C, TG2-KD and TG2-KO cells, respectively.
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Material and methods
3.1.Cell culturing

APL cell line, NB4 (DSMZ GmbH) was cultured in RPMI 1640 HEPES-containing medium
(Thermo Fisher; Life Technologies), supplemented with 10% (v/v) foetal bovine serum (FBS)
(Gibco, Paisley, Scotland), 2 mM L-glutamine and 1% (v/v) 100 U/mL penicillin-streptomycin
and 1% (v/v) 100 mM Sodium-pyruvate solution (Sigma-Aldrich, Inc.). Cultures were

maintained at 37°C with 5% CO; under normal cell culturing circumstances.

3.2. Generation of NB4 cells lines for the study

APL cell lines were used in the study:

NB4 WT (the wild type of the APL cell line, purchased from DSMZ GmbH, Germany)
NB4 TG2-C (non-target shRNA control) [Csomos et al., 2010]

NB4 TG2-KD (target anti-TG2 shRNA) [Csomds et al., 2010]

NB4 TG2-ha (TALEN-based silencing of wild type NB4, heterozygous TG2-KO)

NB4 TG2-KO (TALEN-based silencing of wild type NB4)

3.3. Generation of NB4 TG2-KO cell line

As a basic cell line for the TG2-knock-out experiments: APL wild-type NB4 (NB4 WT) were
cultured in RPMI 1640 HEPES-containing medium, supplemented and cultured as it was

described in the 3.7 Cell culturing section.

3.4. Transcription activator-like effector nucleases (TALENSs) plasmids

Talen Library Resource (National University of Seoul) designed the plasmids for the human
tissue transglutaminase gene (7GM2). To validate the effectiveness of transfection a green
fluorescent protein (GFP)-reporter-containing plasmid and a red fluorescent protein (RFP)
containing surrogate reporter plasmid (pRG2S fluorescence surrogate reporter PRG2S-CS)

were used from the company, LAMOBICS (GeneCopoeia, Labomics, Nivelles, Belgium).
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3.5. The sequences of the Human TALEN constructs on the 7TGM?2 gene
(Human-H27143)

The sequences of the TALEN constructs containing the second exon of 7TGM?2 are highlighted

in different colours (Figure 15).

CHR20: 36223215-36223583 Human-H27143 TALEN SEQUENCE
5’ACCTAGCCCCCGTGTGACCAGGGCTG Left TALEN recognition site: TGGTCTTAGAGAGGTGTGAT
GGGAGACAGGTCAGTCGAAACAATGGC Spacer sequence: ctggagctggag
TGTGCTTTGTGGGGAGTAAGAGGGCAC recognition site:
AAGGCCCCCATGTCTAGGGAGGGCAGG
TGCATCACTGGAGGTCTGAAGGATGCCC
CCGAGGCTCATGCGTCTCCTTCTGTTTCA
TAGAGCTGGTCTTAGAGAGGTGTGATC
TGGAGCTGGAG

CACGGCCGACCTGTGCCGGGAG
AAGCTGGTGGTGCGACGGGGCCAGCCC
TTCTGGCTGACCCTGCACTTTGAGGGCC
GCAACTACGAGGCCAGTGTAGACAGTCT
CACCTTCAGTGTCGTGACCGGTGAGTAC
CTGCAACCCCACT ¥

TGGTCTTAGAGAGGTGTGAT ctggagetggag

Figure 15. Sequences of the human TGM2-TALEN H27143 sites and the second exon of the TGM2. (Left panel) Part of
the chromosome 20 sequence where the second exon used for the TGM?2 knock out generation. The highlighted sequences
represent TALEN target sites with the spacer sequence between them. (Right panel) TALEN recognition sites highlighted with
blue and orange colours covering the spacer sequence with grey.

3.6. Oligonucleotide primer for PCR and sequencing

The TALEN, Human H27143 plasmids are 6.763 bp long with a cytomegalovirus (CMV)

promoter. We have designed a primer pair from Sigma-Aldrich Inc. for sequence analysis
(Figure 16).
Human-H27143 TALEN SEQUENCE
TGGTCTTAGAGAGGTGTGAT ctggagetggag
Forward primer: (61.0 °C) ACCTAGCCCCCGTGTGAC
Reverse primer: (60.6 °C) AGTGGGGTTGCAGGTACTCA
Figure 16. Primer pair designed for sequence analysis of the Human H27143 TALEN sequence

The length of the sequence in the genomic DNA spanned by the primers was 369 bp, which
can be detected later with polymerase chain reaction (PCR) and agarose gel-electrophoresis

methods.
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3.7. Transformation of competent E. coli cells

Competent DH5a and NEB® 5-alpha E.coli cells were separately transformed by the TALEN

and surrogate reporter plasmids using the competent cell protocol (Figure 17).

TALEN LEFT TALEN RIGHT SURROGATE REPORTER
182 ng/ul 183 ng/pl 160 ng/pul
DH5a cells DH5a cells NEB® 2529 cells

60 MINUTES INCUBATION AT 4 °C (on ice)
HEAT-SHOCKFOR 1.5 MINUTES AT 42 °C
2 MINUTES INCUBATION AT 4 °C (on ice)

500 pl SOC 500 pl SOC 500 nl SOC

INCUBATION WITH CONSTANT SHAKING AT 37°C FOR 1-1.5 HOURS
PLATING THE BACTERIA ONTO ANTIBIOTICS-CONTAINING PLATES
OVERNIGHT INCUBATION WITHOUT SHAKING AT 37°C

COLLECTION OF GROWN COLONIES
Figure 17. Transformation of competent E. coli cells with TALEN plasmids and with Surrogate reporter plasmids

After the successfully transformed bacterial cultures were harvested, and the plasmids were

isolated for further experiments.

3.8. Plasmid DNA preparation

TALEN and Surrogate plasmids DNA-isolation/preparation was done by using a NucleoSpin®
Plasmid isolation kit (Macherey-Nagel, Diiren, Germany) from E.coli cells, following by the

manufacturer’s instructions.
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3.9. Restriction digestion

We carried out restriction analysis with all the three plasmids (Talen left/right and Surrogate
reporter). Before the digestion steps using Serial Cloner software, involving Xbal and BamHI

restriction enzymes an in silico was performed (Table 7).

Restriction reaction mixture: |Volume in pl
10x Tango buffer 2.0

BamHI 1.0

Xbal 1.0

DNA plasmid 500.0 ng
Nuclease free water (NFW) 15

The total volume of 20

Table 7. Reaction mixture for restriction digestion analysis with BamHI and Xbal enzymes

3.10. Transfection of NB4 cells

NB4 WT cells were transfected by Amaxa® Cell Line Nucleofector® V Kit following the
manufacturer’s instructions. During transfection process, the plasmid DNA ratios were 1:1:1.
The maximum plasmid DNA amount was not exceeding the total of 2ug DNA in the tube. The
transfection efficiency was evaluated by the degree of GFP/RFP positivity in the transfected
NB4 cells after each day.

3.11. Flow cytometry and GFP positive cell sorting

Cells were analysed and sorted out with the help of BD FACSAria™ III flow cytometer (BD
Biosciences, San Jose, CA). The apoptotic cells were excluded from the validation by forward
scatter (FSC), and side scatters (SSC) gating. For the proper sorting, the 488nm and the 56 1nm
lasers were applied for excitation of enhanced-green fluorescent-protein (EGFP) and
monomeric-red-fluorescent protein (mRFP). The EGFP/mRFP signals were detected using
530/30nm and 582/15nm band-pass filters. The successfully transfected NB4 WT cells were
sorted out based on the EGFP and mRFP positivity, whereas approximately 10-12.000 EGFP/

mRFP double-positive cells were sorted out into a new plate for further cell culturing.

3.12. Limiting dilution and cloning

A total of 1-5x 10° double-positive and sorted NB4 cells were diluted and plated in a round
bottom (U), 96-well plates (TPP, Biotech Inc.) with a density of 1-2 cells/well. Clones

underwent a clonal expansion under normal cell culturing circumstances.
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3.13. Genomic DNA isolation

The isolation of the genomic DNA was performed using TRIzol® (Invitrogen) and column-
based methods (Machinery & Nagel; UD GenoMed & Covalab tissue and blood DNA isolation

kit). Both methods were performed following the manufacturer’s protocol.

3.14. Determination of gene mutation in the TALENs KO cells

The previously isolated gDNA from the successfully transfected NB4 TG2-KO cells were
further analysed by sequencing methods, performed in the Genomic Medicine and
Bioinformatics Core Facility of the University of Debrecen, Hungary. The sequencing/analysis
was done according to the Core Facility’s protocols. The results were analysed using Chromas
LITE/Finch TV software; the NB4 TG2-KO sequences were aligned to reference sequences.
With the help of the National Centre for Biotechnology Information, basic local alignment

search tool method was used to evaluate the result of the sequencing.

3.15.  PCR with gDNA

The first PCR reactions with the genomic DNA from NB4 transfected cells were performed in

8-well strips in a total volume of 50 pl (Figure 18).

30 X CYCLES
95°C: 3 min [95°C: 30 sec  60°C: 30 sec 72°C:1 min 72°C: 5 min 4°C
PCR reaction mixture: Volume in pl
Taq polymerase buffer (10x) 5
dNTP mix (10 mM) 5
TALEN forward primer 1
TALEN reverse primer 1
MgCl; (25 mM) 8
gDNA (50 ng/ul) 1
Taq polymerase 1
Nuclease free water (NFW) 28
Total volume of 50

Figure 18. PCR reaction mixture and program with gDNA of NB4 TG2-KO candidates

For agarose analysis, 1/10 of the product was loaded onto a 2% agarose gel, ran for 90 minutes
at 80 V constantly. The results were visualised using UV filter by Protein Simple
Alphalmager® HP (ProteinSimple, 3001 Orchard Parkway, San Jose, California, 95134 USA)
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3.16. Treatment of the NB4 cell lines

Using the successfully silenced NB4 TG2-KO cell line, among the previously generated ones
(NB4 WT, NB4 TG2-C, NB4 TG2-KD) differentiation upon all-trans retinoic acid were
performed for 11 days.

As a combination therapy, ATRA together with ATO was used in two concentrations, 0.5 and
2.0 ul for 3 and 5 days. To evaluate the role of the TG2 in vitro like, we have applied an
irreversible TG2 inhibitor, NC9 in 30 uM concentration together with ATRA, or with ATO for
3 and 5 days. The NC9 compound was a gift from our friend Jeffrey Keillor W. from the

University of Ottawa.

3.17. Preparation of cell lysate for Western blot

A total of 1-2x 10° cells were harvested and centrifuged at 12.000 rpm at 4°C for 15 minutes,
followed by the washing of pellet with pre-cooled 1x phosphate-buffered saline (PBS). The
pellets were lysed with lysis buffer (50 mM Tris, ImM EDTA, MEA, 0,5% Triton X 100, 1
mM PMSF) containing protease inhibitor cocktail (Sigma-Aldrich) with 1:100 dilution ratio.
Lysates were homogenized with 5-7 strokes by sonicator at the intensity of a 40% cycle
(Branson Sonifer® 450). After sonication, samples were centrifuged at 12.000 rpm at 4°C for
15 min. The resulted supernatant was collected for protein concentration measurement with a

Bradford assay (BIO-RAD).
3.18. Preparation of SDS-PAGE samples

The collected clear supernatant protein concentration was measured using 96-well plates
(Wallac 1420 VICTOR2™ Multilabel counter) with a Bradford assay (BIO-RAD) at a
wavelength of 595 nm. Every sample was measured three times in parallel, using BSA standard
calibration (stock concentration of 0.5 mg/ml). The samples were diluted up to a 2 mg/ml
concentration, mixed with equal volumes of SDS denaturation buffer (0.125 M Tris-HCI, pH
6.8, containing 4% SDS, 20% glycerol, 10% MEA, and 0.02% bromophenol blue) and
incubated at 100°C for 10 min.

3.19. Preparation of cytosolic and nuclear fractions

After the treatments cell were harvested and lysed as previously described in section
“Preparation of cell lysate for Western blot”. The collected cell pellets were re-suspended in
pre-cooled Nuclei isolation buffer (Nuclei Isolation Kit - Sigma-Aldrich NUC101-1KT)
supplemented with protease inhibitor cocktail (Sigma-Aldrich), PMSF (Sigma-Aldrich)
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with:100 dilution ratio and with phosphatase inhibitor cocktail (Sigma-Aldrich) with 1:50
dilution ratio. After the resuspension, the lysed samples were centrifuged at 500 rcf at 4°C for
5 minutes, followed by the saving the supernatant, as it was considered as the cytosolic fraction.
The remaining pellets were washed another two times with pre-cooled Nuclei isolation buffer

supplemented with inhibitors.

After the supernatant was removed, the pellet was lysed in lysis buffer (50 mM Tris, ImM
EDTA, MEA, 0,5% Triton X 100, 1 mM PMSF), homogenized with 7-10 strokes in a sonicator
at the intensity of a 40% cycle. The nuclear and cytosolic fractions were centrifuged at 12.000
rpm at 4°C for 20-25 minutes. The resulting clear supernatants were collected for protein

concentration measurement considered as the nuclear fractions of the samples.

3.20. Western blot analysis

A total of 20-25 pg total protein/nuclear/cytosolic fraction were electrophoresed on 10-15%
SDS-polyacrylamide gels followed by blotting onto a polyvinylidene difluoride (PVDF)
membrane (Millipore) using a semi-dry/wet blotting method. After blotting with 5% milk
powder/1x Tris-buffered saline and Tween 20 (TTBS) blocking procedure were carried out for

1 hour at room temperature (or overnight at 4 °C).

Different primary antibodies were used (Table 8), diluted in 0.5% milk powder in 1x TTBS,
with a dilution ratio of 1:5.000—1:10.000, and incubated overnight at 4 °C.

Type Cat. number Company
anti-TG2 Monoclonal CUB7402 Neomarkers, Fremont, CA
anti-p65 Monoclonal #8242S Cell signalling Technologies
anti-p65 (phospho - SER536) Polyclonal #3031S Cell signalling Technologies
anti-p50 Monoclonal #13586 Cell signalling Technologies
anti-GAPDH Monoclonal 649202 Biolegend
anti-PCNA Polyclonal 307902 Biolegend
anti-ACTIN Polyclonal A2066-100UL Sigma Aldrich

Table 8. List of antibodies used in Western blot

The membranes were washed three times with 1x TTBS each time for 15 minutes at room
temperature and then incubated with horseradish peroxidase-labelled (HRP), affinity-purified
goat anti-mouse IgG secondary antibody (Advansta) with 1:10.000 dilution ratio for 1 hour at
room temperature. TG2 bands were visualized using the ECL Kit chemiluminescence-based
method (Advansta). Blot images were taken using a ProteinSimple Alphalmager® HP

instrument.
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3.21. Cytospin slides preparation

All samples for the cytospin were taken from a homogeneous suspension of NB4 cell cultures.
After pre-cleaning the slides (70% alcohol or methanol), ten pl. of a homogeneous sample
together with 90 pL. of 1x phosphate-buffered saline (PBS) was added to the Cytospin™ tube
(Shandon-CYTOSPIN II, 6511 Bunker Lake Blvd. Ramsey, USA), followed by centrifugation
at 800 rpm for 3 minutes. Slides were fixed at room temperature with methanol and were

prepared for further staining with Giemsa-May-Griinwald dyes.

3.22. May-Griinwald Giemsa Staining

May—Griinwald and Giemsa (Molar Chemicals) dyes were diluted with distilled water ata 1:10
ratio. Previously methanol fixed samples were stained with a May—Griinwald solution for 10
minutes and were rinsed with diluted Giemsa solution for 5-30 minutes. Cytospin slides were
washed with distilled water and dried after at room temperature for 10 minutes. Light
microscope images and documentation were captured by using a FLoid® Cell Imaging Station
instrument (Life Technologies) at a scale of 200 pm. The ratio of different phenotyped cells in
NB4 cell lines was determined by morphological features during the ATRA, ATO alone and
the ATRA + ATO treatments. Based on the morphological changes, we classified the
morphological types of ATRA-, ATO- and ATRA + ATO-differentiated NB4 cells into six
groups:

1) undifferentiated (unsegmented nucleus and thin cytoplasmic region)

2) differentiated (segmented nucleus with the white-grey higher proportion of the

cytoplasmic region)

3) apoptotic (well-defined membrane changes, with shrinkage)

4) necrotic (severe destruction of the membrane structure)

5) apoptotic-necrotic (dark blue stained nuclear remnants, disarrayed membrane structure)

6) mitotic (chromatin changes, round shape)

3.23. Nitroblue-tetrazolium (NBT) test

NB4 cell lines’ differentiation was evaluated by using nitroblue-tetrazolium (NBT) reduction
assay (Sigma Aldrich) followed by the manufacturer’s instructions. All the documentation and

pictures were obtained using the FLoid® Cell Imaging Station instrument (Life Technologies).

3.24. Surface marker detection with flow cytometry

Validation of the levels in differentiation, cell surface markers of CD11¢/CD11b and Selectin-

L were investigated. Total 4x10° cells were plated into six-well plates, treated with ATRA;

48



ATRA+ATO, ATRA + NC9 and with ATRA + ATO + NC9. The treatment of the cells lasted
for 11 days. By the end of the treatment, cells were collected and washed with pre-cooled 1x
PBS, followed by centrifugation at 3000 rpm for 3 minutes. All the following steps were
performed at 4°C. Pellets were washed and incubated with 2% bovine serum albumin (BSA)
containing 1x PBS for 15 minutes and then centrifuged and washed and incubated at dark for
2 hours with the phycoerythrin (PE) labelled CDI11¢/CDI11b, and with fluorescein
isothiocyanate (FITC) labelled Selectin-L human antibody in 1:25 dilution ratio (R&D
Systems). For each treatment and sample type, the appropriate isotype control (IgM/IgG) was
prepared. The antibody labelling incubation followed by repeated washing steps; finally, the
samples were measured by FACS (BD FACScalibur instrument). The geometric mean
fluorescence of the cells was used to calculate the CD11¢c/CD11b/Selectin-L surface expression
regarding each treatment and samples isotype control values. Data validated by WINMDI

2.9/Flowing software, normalized and corrected to the isotype controls.

3.25. Determination of superoxide anion production by luminol-amplified
based chemiluminescence

Differentiated NB4 cell lines induced reactive O>~ production was measured with the help of
chemiluminescence assay using L.-012 dye (Sigma Aldrich). The reaction volume of 100 pl
containing 1x10° cells and 5.0 pl L-012 (100 uM). 2 ul PMA (100 nM) was added after and
the mixture was incubated for another 5 minutes, followed by the chemiluminescence
measurement with Synergy Multi-Mode Microplate Reader (BioTek Instruments, Inc) at
intervals of 10 seconds. Production of generated ROS (light) by the reaction was recorded in
relative luminometer units (RLUs) and corrected with the protein concentration level of each

sample.

3.26. Transduction of NB4 cells with Luciferase lentiviral reporter
To evaluate the NF-kB-pathway in NB4 cell lines, ready-to-transduce transcription factor-
responsive lentiviral reporter system (CLS-013-L8 -QIAGEN) were used in transient and in

permanent transfections methods as well. All the steps were performed based on the protocol

of the company.

3.27. Selection of the NF-kB reporter element containing cells

The permanent/transient transfected cells were selected using Puromycin solution (Sigma-
Aldrich) dissolved in cell culture medium (RPMI 1640 HEPES using in 5-10 ug/ml final

concentration.
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3.28. NF-kB induced luciferase activity measurement

The luciferase activity measurement was performed using Bright-Glo™ Luciferase Assay
system (Promega). Before the luciferase measurement, NB4 cell lines were cultured in RPMI-
1640 medium and treated as described in the previous sections. The measurement was
performed according to the manufacturer’s protocol. Results were validated by Graphpad
Prism 8.00 software, using normalizing methods based on cell numbers and protein

concentration, respectively.

3.29. Gene Expression Analysis with Real-Time Quantitative PCR

For real-time quantitative PCR measurements, total RNAs were isolated by TRIzol®
(Invitrogen), following the company’s instructions. Total RNA was determined by a NanoDrop
2000 Spectrophotometer (Thermo Fisher, Waltham, MA USA). Each sample was diluted up to
200 ng/uL for reverse transcriptase PCR (RT-PCR), The RT-PCR was performed using “High
Capacity cDNA Reverse Transcription Kit” (Thermo Fisher) in a reaction of 10 pL. sample +
10 pL reverse transcriptase-master mix. The assay and the PCR reaction were performed

according to the manufacturer’s manual.

For the real-time quantitative PCR reaction, the following TagMan probes (ABI, Applied
Biosystems, Waltham, MA USA 02451) were used: TGM2, NCF2/p67PHOX, GPPhox91, IL-
1B, TNF-a, MCP-1, and GAPDH. The mRNA expression analysis was performed by the ABI
Prism 7900 (ABI, Applied Biosystems). Relative mRNA expression levels of the genes were
normalized to the level of GAPDH using the AA-Ct method.

3.30. Enzyme-linked Immunoabsorbent assay (ELISA)

The determination of the secreted proinflammatory cytokines and chemokines were measured
by ELISA (deluxe ELISA, Biolegend). After each treatment, the supernatant of the cells was
collected, diluted up to 10 times and analysed by separate plates focusing on MCP-1, IL-18
and TNF-a. ATRA and ATRA + NC9 treated and NB4 cells (for five days) supernatant were
pooled together and analysed by the company Raybiotech Inc. by a Human cytokine array. The
data received from the company after the analysis was normalized following the companies

protocol.
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3.31. Statistical analysis

The GraphPad Prism software was used to perform statistical analysis, version 8.02, by student
T-test and Two-Way ANOVA (Bonferroni posthoc test; *p<0.05, **p<0.01 and ***p<0.001
*H%%p<0.0001).

3.32. List of reagents and instruments were used during the study
PRODUCT COMPANY CAT. NUMBER
TALEN LEFT and RIGHT plasmids Talen Library Resource Human-H27143
Surrogate reporter plasmid LAMOBICS PRG2S-CS
Competent DHS5a E.coli Thermo Fisher Scientific 18265017
NEB® 5-a E.coli Thermo Fisher Scientific New England Biolabs

o0 [NucleoSpin® Plasmid isolation kit Macherey & Nagel, Diiren, Germany|740588.50

E Xbal restriction enzyme Thermo Fisher Scientific 18754311

E BamHI restriction enzyme Thermo Fisher Scientific 18957421

'S |Amaxa® Cell Line Nucleofector® V Kit LONZA VVCA-1003

: The NF-xB responsive lentiviral reporter system QIAGEN CLS-013-1.8

2 [NB4 WT cell line DSMZ GmbH Germany ACC 207

©) GIBCO Fetal Bovine Serum (FBS) Life Technologies Kft. 10500064
RPMI Medium 1640 R8758-500ML
L-Glutamine Solution 200 mM 59202C
Penicillin — Streptomycin — Neomycin Solution P4083
Sodium pyruvate solution S8636
Phorbol 12-myristate 13-acetate (PMA) P1585-10MG
Arsenic-trioxide (ATO) 202673

. All-trans retinoic acid (ATRA) R2625-50MG

2. INitro-tetrazolium-blue (NBT) , . N6876-50MG

- - - Sigma-Aldrich, Inc.

"g Bovine serum albumin (BSA) A2153-50G

3 Protease inhibitor cocktail P8340

g Phosphatase inhibitor P5725

= Sodium-dodecyl-sulphate (SDS) L3771

E Polyvinylidene difluoride (PVDF) membrane IPVH00010
Nuclei Isolation Kit: Nuclei EZ Prep NUC101-1KT
Phenylmethylsulfonyl fluoride (PMSF) 10837091001
'WesternBright ECL HRP substrate Advansta K-12045-D50
May-Griinwald solution ) 1941-606-310

Cytospin Molar Chemicals Kft
Giemsa solution 05491-606-310
TRIzol® reagent Thermo Fisher Scientific 15596026
RT-PCR [— - — - - —
High Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 4388950
TaqMan assay TGM2 hs01566408 ml

» TaqMan assay MCP-1 hs00234140 ml

@) TagqMan assay TNF-a hs00174128 ml

ﬂ?-_ TaqMan assay /L-1§ Thermo Fisher Scientific hs01555410 ml

E TagMan assay NCF2 hs01084940 ml
TaqMan assay GPphox91 hs00166163 ml
TagMan assay GAPDH hs02786624 gl

< MCP-1 deluxe 438804

E IL-1B deluxe BioLegend, Inc. 437004

= TNF-o deluxe 430204
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4. Results

4.1. TG2 increases phagocytotic and antimicrobial power of maturing NB4 cell lines

With TALEN technology, we have generated a cell line where the 7TGM2 gene was modified,
resulting in a lack of TG2 protein. Without the TG2, cells were dividing properly, and the

differentiation of the cells was not distracted.

In the presence of 1 uM ATRA, NB4 cells in three days are differentiating into neutrophil
granulocytes. In some of the literature data, it has been stated that DMSO can induce a partial
differentiation of the cells, which has been evaluated with negative results in our experiments.
Alone DMSO or DMSO + ETHANOL was unable to induce any differentiation which proved
by the lack of characteristics of differentiated cells (Figure 19).
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Figure 19. DMSO; DMSO + ETHANOL and the dissolvent solutions are not capable of inducing differentiation of NB4
cells Representative images of May-Griinwald-Giemsa staining for the morphological examination of NB4 cell lines treated
with DMSO +ETHANOL or with DMSO alone for three and five days (n = 3). Light microscope images and validation were
obtained using the FLoid® Cell Imaging Station instrument (Life Technologies).
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To measure the differentiation efficacy, the nitro-tetrazolium-blue dye is used in diagnostics.
This test is a very simple method for examining the phagocytic and oxygen-dependent
antimicrobial ability of differentiated neutrophil granulocytes due to the reductive
circumstances which stem from the NADPH-oxidase system. NB4 cell lines were
differentiated in the presence of ATRA or within a combination of TG2 inhibitor. The results
demonstrate that the differentiation process has taken place, which was not altered, but delayed

in the lack of TG2 or the presence of an irreversible TG2 inhibitor either (Figure 20).

ATRA 1 uM ATRA 1 uM + NC9 30 uM

NB4TG2-C  NB4 TG2-KD NB4 TG2-ha  NB4TG2-KO NB4 WT NB4 TG2-C NB4 TG2-KD NB4 TG2-ha NB4 TG2-KO
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Figure 20. TG2 accelerates the phagocytotic and microbial killing functions of differentiating NB4 cell lines. NB4 cell lines
were cultured in the presence of 1 uM ATRA (left) and the presence of 1 uM ATRA together with 30 uM NC9 (right) for 11
days. NBT-reduction assay was performed at the indicated time points in triplicates. Images were obtained using the FLoid®
Cell Imaging Station (Life Technologies) instrument with a magnification scale: 200 um.

Csomos and colleagues previously have reported that NB4 TG2-KD cells showing NBT
positivity, however, compared to the NB4 WT cells it is significantly less after three days of 1
uM ATRA treatment [Csomos et al., 2010]. To validate the correlation of TG2 expression
levels to stages of differentiated neutrophil granulocyte, we determined the NBT positivity in
percentage in the different cell lines parallel the expression levels of the human TG2, based on

the NBT test and based on the mRNA expression patterns (Figure 21. A).
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TG2 mRNA expression and protein expression were determined (not shown) in NB4 cell lines;
whereas we have found that while the NB4 TG2-KO cell line did not express TG2, the wild
type and NB4 TG2-C (virus control) cell lines were expressing TG2 in a great extent. When
TG2 was knocked down, lower TG2 mRNA expression was observed. If we inhibited the TG2
by NC9, in 30 uM concentration, the TG2 mRNA expression did not show significant
differences comparing to the ATRA treatments (Figure 21. A/red bars).

These results demonstrate that the lack of TG2 (NB4 TG2-KO cells) led to a shift in the NBT-
positivity response curve compared to NB4 WT cell line. This phenomenon explains that the
moderate or total expression of TG2 induced by ATRA has accelerated the differentiation
process, resulting in a faster increase of NBT-positivity with a saturation curve over the 11-day

time scale (Figure 21. B).
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Figure 21. All trans-retinoic acid induce the differentiation of the NB4 cells, which characterised by increased expression
of tissue transglutaminase

(A) Relative mRNA expression of TGM2 in NB4 WT, NB4 TG2-C, NB4 TG2-KD and NB4 TG2-KO cells after one uM ATRA
(black columns) treatment and 1 uM ATRA + 30 uM NC9 (red columns), measured at the indicated days (0-11) by real-time
Q-PCR and normalised to GAPDH (n=3). (B) NB4 cell lines underwent the ATRA induced differentiation, characterised by
the capability to reduce the nitro-tetrazolium-blue dye (NBT). The assay was performed at the indicated time points in
triplicates. Percentage of the NBT-positivity represented as mean % + SD firom parallel experiments (n=3). Statistical analysis
has been done with TWO-WAY analysis of variance (TWO-WAY ANOVA; Bonferroni post-hoc test; P < 0.05)
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4.2. ATRA induces expression of L-selectin and leukocyte B2 integrin receptors (CD11b,
CD11c) with their high-affinity state on the cell surface of NB4 cell lines

To investigate the differentiation ratio in parallel with the NBT test, flow cytometric analyses
were performed on cell surface markers of L-selectin, CD11b, and CD11c. These proteins are
accurate indicators of the degree of differentiation of NB4 cells. Our result showed that while
the expression of L-selectin, CD11b, and CD11c increased significantly from day O until day
three and then remained almost unaltered by day 11 regarding cell surface positivity (data not
shown here), the mean fluorescence intensity of the cells significantly increased during the time

of treatments (Figure 22).
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Figure 22. ATRA treatment induces protein expression of CD11b/CD11c integrin receptors and their high-affinity state on
the cell surface. NB4 cells were treated with 1 uM ATRA, 1 uM ATRA + 30 uM NC9, or additionally with 20 minutes
stimulation of PMA (10 nM). Measurements were conducted in triplicates; results were validated by Flowing software 2.00.
Graphs show the representation of the mean fluorescent intensity (MFI + SD) values. MFI values were calculated based on
each treatment’s isotype control (n=9). (Upper part) Flow cytometric analysis of cell surface expression of L-selectin, (Middle
part) differentiation marker CDI11b (Lower Part) and CD1Ic. Statistical analysis was performed using Two-way ANOVA
(Bonferroni post-hoc test; P < 0.05).

Neither knockdown of TG2 nor the lack of it changed the cell surface expression of L-selectin,
CDI11b, and CD11c in the ATRA-induced differentiation (Figure 22). To investigate the fully
active induced expression pattern, PMA was used for 20 minutes to see whether the surface
expression can be further enhanced. The measurements showed that the PMA did not stimulate

cell surface expression of CD11b and CD11c¢ over the basic expression (Figure 22. blue bars).

55



These results showed that retinoic acid treatment not only enhanced the expression of CD11b
and CD11c on the cell surface but also triggered their high-affinity state detected by CBRM1/5
and CDI11c¢ (Clone type 3.9) mAb-s, specific for high-affinity CD11b and CD11c (Figure 22.
Middle row).

4.3. All trans-retinoic acid-induced TG2 facilitates the respiratory burst of NB4 cell lines

Immune cells and differentiated neutrophil granulocytes are capable of producing large
amounts of reactive oxidants in response to a variety of inflammatory stimuli (pathogens,
inflammatory cytokines, arsenic). Balajthy and colleagues have found that TG2-KO mice
derived neutrophils had a lower expression of GP9/PHOX mRNA and the production of ROS
was less compared to the wild-type mice [Balajthy et al., 2006]. The two key protein of the
neutrophil NADPH-oxidase system is the GP9/PHOX and NCF2/P67PHOX. The TG2-
dependency regarding the production of ROS was further evaluated by measuring the
expression levels of mRNA expression of the NCF2 and GP91PHOX component (Figure 23).
We have found that retinoic acid-induced differentiation increased the mRNA expression of
NCF2/GP91PHOX in NB4 cells in the presence of the TG2. However, in the NB4 TG2-KD
and TG2-KO cells showed less expression of these genes (Figure 23. A, B black bars). By
the inhibition of the TG2, the mRNA expression remained at a lower level in a significant way,
which showed the TG2 contribution of TG2 to the function of the NADPH-oxidase system
(Figure 23. A, B red bars). The PMA-induced total amount of ROS productions were
measured in Relative light unit (RLU) normalised on 100 pg protein content of the cells.
(Figure 23. C). The NB4 WT and TG2-C cells produced significantly higher amount of ROS
compared to the TG2-KD or TG2-KO cells, whereas the inhibition of the TG2 by NC9 resulted

in a similar effect (Figure 23. C, red bars).
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Figure 23. TG2 expression drives both expression of NCF2 and GP91PHOX respiratory burst responsible genes and the
generation of reactive oxygen species (ROS). (A-B) Relative mRNA expressions of NCF2 and GP91PHOX upon ATRA or
ATRA + NC9 treatment for 11 days were determined by real-time Q-PCR and normalised to Cyclophilin-D mRNA levels in
NB4 WT, TG2-C, TG2-KD and TG2-KO cells. Graphs represent the mean + SD values (n=3). (C) Production of reactive
oxygen species (ROS) was determined for each cell line by using PMA and L012-dye/luminescence-based method in triplicates
(n=5) relative light units (RLU) were calculated and validated by normalisation to 100 ug protein of cell lysate content.
Statistical significance was determined by using the One-way ANOVA (Bonferroni post-hoc test; P< 0.05).

4.4. TG2 induces typical pro-inflammatory cytokines and chemokine expression through
NF-kB and transcriptional activation

The pro-inflammatory cytokines tumour-necrosis factor-o. (TNF-a), interleukin-18 (IL-1p),
and the chemokine, MCP-1/CCL2 have various functions in the progression of inflammation
and the activation of other resting immune cells in the bloodstream. Regarding the mRNA and
protein expression patterns of TNF-a, IL-18, and MCP-1 in NB4 cells showed very similar
results in the context of tissue transglutaminase expression (Figure 24). While high TG2
expression was accompanied by elevated mRNA and protein expression of
cytokines/chemokine, at the low (NB4 TG2-KD) or the lacking expression of TG2 in NB4
TG2-KO cell line, both remained low in both ELISA and Q-PCR measurement (Figure 24).
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Figure 24. TG2 up-regulates both mRNA expressions of TNF-a, IL-1  and MCP-1 through NF-kB transcriptional
activation and their secretion Relative mRNA expression of TNF-a (4), IL-1 B (B) and MCP-1 (C) in 1 uM ATRA or one uM
ATRA + 30 uM NC9-treated NB4 cells for 11 days via Q-PCR and normalised to Cyclophilin-D. The inflammatory cytokines
were quantified by ELISA (Biolegend Deluxe) and normalised to 100 ug protein content of each cell lysate. Graphs show
secreted protein levels from three independent experiments measured in triplicates. Statistical significance was determined by

using the Two-Way ANOVA (Bonferroni Post-Test; P < 0.05).
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Due to the previous results of the expression of the GP9IPHOX gene, together with the
expression data of TNF-a, IL-1 B and MCP-1, which all are NF-xB -dependent genes, we
hypothesised that TG2 mediated the transcriptional activity of NF-kB proportional to TG2
quantity (Figure 22-24). This result was proven by applying NC9. In the presence of the
inhibitor, the mRNA and protein expression level of the indicated cytokines/chemokine were

significantly lower compared to the ATRA treated ones (Figure 24. red bars and lines).

To confirm that the level of TG2 supports NF-kB-mediated transcriptional activity, a luciferase
reporter assay was used, where an NF-kB promoter-driven luciferase construct was stably

integrated into the genomic DNA of the NB4 cell lines (Figure 25).
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Figure 25. ATRA induced NF-kB transcriptional activity on NF-kB responsive luciferase reporter gene. Treated and
harvested cells were analysed for luciferase reporter activity as relative light units (RLU). Luciferase activity measurements
were performed in triplicates (n=9). Statistical significance was determined by using the Two-Way ANOVA (Bonferroni Post-
Test; P < 0.05).

We have found that the different expression levels of TG2 in the cell lines during the treatments
were associated with proportionate NF-kB promoter-driven luciferase reporter activity and the
well known exogenous inducer, TNF-a was not capable to further elevate it (Figure 25. purple
lines). Additionally, by inhibiting the TG2 with 30 uM NC9, the activity was demolished in

those cell lines were the TG2 expressed (Figure 25. red lines).
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4.5. TG2 expression level drives inflammatory cytokine expression quantitatively in
resting ATRA-differentiated NB4 cells

To determine what kind of cytokines and chemokines are produced by the NF-kB pathway in
a TG2 dependent way first, we have used the US Boston NF-kB target gene database. This
database consists of 480 cytokines and chemokines, which are produced via the nuclear factor
kappa B pathway. NB4 cells were treated with ATRA, and NB4 WT cells additionally were
treated with ATRA + NC9. The supernatants of the cell cultures were collected, pooled,
followed by the analysis using the ELISA-based RayBiotech 200 Human Biomarker Testing
Service. Inflammatory biomarkers were quantified from the supernatants of ATRA
differentiated NB4 WT, TG2-KD, TG2-KO, and NB4 WT ATRA + NC9 treated cells. From
the 200 proteins, 50 were detectable in the supernatant. From the 50 detectable proteins, 44
were expressed in a TG2-dependent manner, from which, 18 were identified as NF-xB
transcription-factor target genes and can be found in US Boston NF-«B target gene database

(Boston University Biology; 2018) (Figure 26).
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Figure 26. Filtering of TG2 dependent and NF-kB pathway produced cytokines and chemokines. Supernatants of NB4 cells
were collected and pooled together, after ATRA, ATRA + NC9 treatment. The supernatants were analysed and validated by
the company, Raybiotech. From the Human cytokine 200 profiler array, 50 proteins were detected in the differentiated NB4
cells, from which 44 were TG2 dependent. Altogether 18 proteins were filtered out as a TG2 and NF-kB pathway-dependent.
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From the 18 proteins analysed and filtered out as TG2 dependent/NF¢B pathway, ten different
cytokines were changing in parallel with changes in the expression level of TG2 protein: TNFa,
[-309 (CCL-1), IP-10 (CXCL10), MIP-3alpha (CCL20), IL10, ICAM-1, MCSF, IL-1ra, and
MDC (CCL22), and PAI-1 in NB4 WT, TG2-KD, and TG2-KO cells (Figure 27).
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Figure 27. Different TG2 expression levels lead to altered inflammatory cytokine production. In the cell culture, supernatant
secreted chemokines and cytokines were quantified by ELISA-based fluorescent detection cytokine array by the company:
RayBiotech. A Human Cytokine Array was used; the company has done the data validation. Graphs show the mean values +
SD of secreted protein levels from three independent experiments (n=3). (a) TG2 quantity-dependent regulated NF-«xB
transcription factor target genes, and TG2 inhibitor NC9-sensitive secretory proteins. Statistical significance was determined
by using the Two-Way ANOVA (Bonferroni Post-Test; P < 0.05).

Eight NF-xB-pathway controlled cytokines and chemokines (MCP-1 (CCL2), MIP-1a (CCL3),
MIP-1b (CCL4), IL-1b, IL-8, IL-9 CCL-28, and OPN (SPP1) were found to vary in parallel

with TG2 expression to some extent (Figure 28).
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Figure 28. Different TG2 expression levels lead to altered inflammatory cytokine production. In the cell culture, supernatant
secreted chemokines and cytokines were quantified by ELISA-based fluorescent detection cytokine array by the company:
RayBiotech. A Human Cytokine Array was used, the company has done the data validation. Graphs show the mean values +
SD of secreted protein levels from three independent experiments (n=3). TG2 quantity-dependent regulated NF-«xB
transcription factor target genes, and TG2 inhibitor NC9-sensitive secretory proteins. Statistical significance was determined
by using the Two-Way ANOVA (Bonferroni Post-Test; P < 0.05).

Additionally, we found cytokines and chemokines which do not depend on NF-kB pathway,
but were also expressed in a TG2 expression-dependent manner: MCP-3 (CCL7), MCSF R,
TNF RII, GDF-15, angiogenin, VEGF R1, PECAM-1, lymphotactin (XCL1), and CXCL16,
(Figure 29).

Similarly, Cathepsin S, TNF RI, Resistin, and IL-2 Rb, but not Eotaxin-3 (CCL26) and
Eotaxin-2 (CCL24), were expressed in a TG2-dependent manner (Figure 30).

(The supernatant concentration of the remaining 16 biomarkers are not shown here).
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Figure 29. Different TG2 expression levels lead to altered inflammatory cytokine production. In the cell culture,
supernatant secreted chemokines and cytokines were quantified by ELISA-based fluorescent detection cytokine array by
the company: RayBiotech. A Human Cytokine Array was used; the company has done data validation. Graphs show the mean
values + SD of secreted protein levels from three independent experiments (n=3). TG2 quantity-dependent regulated NF-xB
transcription factor target genes, and TG2 inhibitor NC9-sensitive secretory proteins. Statistical significance was determined
by using the Two-Way ANOVA (Bonferroni Post-Test; P < 0.05).
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Figure 30. Different TG2 expression levels lead to altered inflammatory cytokine production. In the cell culture, supernatant
secreted chemokines and cytokines were quantified by ELISA-based fluorescent detection cytokine array by the company:
RayBiotech. A Human Cytokine Array was used; the company has done data validation. Graphs show the mean values + SD
of secreted protein levels from three independent experiments (n=3). TG2 quantity-dependent regulated NF-kB transcription
factor target genes, and TG2 inhibitor NC9-sensitive secretory proteins. Statistical significance was determined by using the
Two-Way ANOVA (Bonferroni Post-Test; P < 0.05).
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4.6. TG2 contributes to expression and nuclear translocation of NF-kB, which is
significantly reduced by the TG2 inhibitor NC9

NF-kB promoter-driven luciferase reporter activity and the extent of the expression of several
NF-kB-controlled inflammatory biomarkers indicated that NF-«xB transcriptional activity

might depend on the magnitude of the expression of the TG2 protein (Figure 25).

The NB4 cells treated with 1 pM ATRA + 30 uM NC9 expressed fewer amounts of TG2, than
those cells which were treated only with ATRA (Figure 31. marked with red box/red bar).
However, the NC9 on the mRNA transcription did not change the TG2 (Figure 21. A); the
amount of TG2 protein was affected significantly (Figure 31. left panel, first line).
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Figure 31. TG2 both induces and guides the nuclear translocation of NF-kB. (left) Representative Western blot showing
TG2 protein expression levels upon ATRA + NC9 treatment through 11 days (n=3). The blots are showing total cell lysate
samples TG2, p65/RelA, phospho-p65/RelA and p50 protein expression levels in NB4 cell lines and its densitometric analysis
(n=6) (right). Statistical significance was determined by using the Two-Way ANOVA (Bonferroni post-hoc test; P < 0.05).

These results suggested that the presence of NC9 by inhibiting the TG2 facilitates the
proteolytic degradation of TG2. We have investigated how the low expression of the TG2
affects the expression of p65/RelA, p50, and phospho(Ser536)-p65/RelA components of NF-
kB dimer. We found that the absence or reduced expression of TG2 by NC9 significantly
restricted the expression of p65/RelA, phospho-p65/RelA and p50 proteins in NB4 WT, TG2-
C, TG2-KD, TG2-ha, and TG2-KO cells respectively at the level of the proteins (Figure 31,
right panel black and red bars).

Previously it has been published that in the ATRA-differentiated NB4 wild type cells, TG2 can
translocate to the nucleus during differentiation [Balajthy et al., 2006]. To investigate the

crucial role of nuclear TG2, after differentiation for 11 days, the cytosolic (C) and the nuclear
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fractions (N) of NB4 wild type cells were isolated and analysed for the expression of TG2,
p65/RelA, phospho-p65/RelA, and p50 (Figure 32).
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Figure 32. TG2 both induces and guides the nuclear translocation of NF-kB. (left) Representative Western blot showing
TG2 protein expression levels upon ATRA + NC9 treatment through 11 days (n=3). Western blots of total cell lysate (T),
cytosolic (C) and nuclear fractions (N) of TG2 and p65/Reld, phospho-p65/RelA and p50 protein expression and its
densitometry, respectively (n=10). (right). Statistical significance was determined by using the Two-Way ANOVA (Bonferroni
post-hoc test; P < 0.05).

In the ATRA differentiated cells, not only the total but also the other two fractions contain TG2
to a great extent. At the same time, the ATRA + NC9 treatment was associated with
significantly increased cytosolic and decreased nuclear TG2 levels, compared to cells treated
only with all-trans-retinoic acid (Figure 32. left panel). Additionally, the amount of total and
nuclear p65/RelA was also reduced in the presence of the TG2 inhibitor (Figure 32. right
panel, right-top).

Expression of phospho(Ser536)-p65/RelA, which is the “transcriptionally active” form of
p65/RelA component of the dimer, was very similar to what we have observed in the case of
TG2 protein in the total-, cytosolic and nuclear fractions (Figure 32. right panel, left-bottom).
The total and nuclear lysates show reduced phospho-p65/RelA protein contents in the presence
of NCO inhibitor as well as total and nuclear lysates of p50 subunit of NF-xB showed (Figure
32. right panel, right bottom-red bars).

These results support our hypothesis, in which the NC9 inhibits nuclear translocation of TG2
and considerably increases its cytosolic amount. These results are strengthened by the

expression of phospho-p65/RelA and p50 proteins upon ATRA +NC9 treatment.

To further evaluate the effect of the irreversible TG2 inhibitor, we have differentiated NB4
wild cells for 11 days in the presence of ATRA or ATRA + NC9. These cells were treated for
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3 hours with proteasome inhibitor, MG132 (Sigma Aldrich). Our western blot results of TG2
protein expression confirmed the enhanced proteolytic degradation of TG2 during the NC9
treatment (Figure 33).
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Figure 33. TG2 undergoes an enhanced proteolytic degradation during the NC9 treatment. Western blot analysis of NB4
WT cells upon ATRA; ATRA + NC9 and five uM MG 132 treatment (n=6). Statistical significance was determined by using the
Two-Way ANOVA (Bonferroni post-hoc test; P < 0.05).

In the presence of MG132 proteasome inhibitor, the TG2 protein expression level was not
decreased but recovered to the original levels. These results also support the hypothesis of ours,

that the NC9 treatment can accelerate the TG2 degradation.
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4.7. ATO induces morphological, and cell number changes upon ATRA + ATO treatment
in differentiated NB4 cells in a dose-dependent manner

The arsenic-trioxide was approved by the Food and Drug Administration (US FDA) to treat
acute promyelocytic leukaemia. ATO in combination with other agents or either as a single
therapy can significantly improve the remission potential of the newly diagnosed and relapsed
APL patient compared to retinoic acid treatment alone [Niu et al., 1999; Wang et al., 2008;
Sumi et al., 2010; Huyn et al., 2016].

ATO can trigger a cytotoxic effect in a concentration-dependent manner (2.0 pM < x). In
contrast, at lower concentrations (x < 0.5 uM), it can induce partial differentiation and at higher
dosages initiates apoptosis of the acute promyelocytic cells in the early period of the treatment.
To investigate how the ATO affects the cell division and proliferation we have differentiated
NB4 WT, TG2-C, TG2-KD and TG2-KO cells for 5 days in the presence of ATRA or
combination with ATO in two concentrations: ATRA + ATO 0.5 uM and ATRA + ATO 2.0
uM (Figure 34).

Undifferentiated ® ATRA+ATO 05 » Undifferentiated ® ATRA+ATO 0.5
1.2x10° ® ATRA ® ATRA+ATO 20 1.9x108 ® ATRA ® ATRA+ATO20
x108 8
2 Lt NB4 WT - 7 NB4TG2-C
- 9108 9x10%
W 8x10° 8x10%
@ 7x108 — 7x105
O gxqps > : 6x105
E g0 /l\r/;\i 5x108
C 4x108 4x105
= 3x10° . 3x10®
8 2%105 2x10%
1x108 1x105
1] 0 T T T T T T
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5
Undifferentiated ® ATRA+ATO 0.5 + Undifferentiated ® ATRA+ATD 05
1.9%108 ® ATRA @ ATRA+ATO 20 1 2%100 @ ATRA ® ATRA+ATO20
- 1.1x109 1.1%108
£ "1 NB4 TG2-KD | 10 NB4 TG2-KO
; 9x105 E 9x103
@ &xoe a 8x10%
L0 T7x10° 7x10°
£ exi0e 4 Bx10°
g 5x105 ; 5x105
—  4x10° 4x10°8 =
D 5x1p8 3x10°
O 2x108 2x10°5
1x108 1x10%
01— . . . ‘ . 0l — : . : : ;
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

Figure 34. Cell division and proliferation of NB4 cells upon ATRA and ATRA + ATO treatment (not published yet). NB4
cells were treated with I uM ATRA and with ATRA + ATO 0.5 uM, or with ATRA + ATO 2.0 uM for five days. KOVA Glasstic
® slide counted cEll numbers; each treatment/cell line was calculated from 5 parallel at the indicated time points (N=5).
Graphs represent the mean cell number with SD.
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Upon ATRA and ATO treatment the cell morphology changes. By the presence of the arsenic
apoptotic and necrotic cells appeared, exhibiting a variable size and quality of cytoplasm [Zang

et al., 2010].

To investigate how the NB4 cells respond to the single ATRA, ATO or various combined
treatment of ATRA +ATO, cells were examined by morphological changes on cytospin slides.
Each slide was examined three times, from which altogether 600 cells were counted. Based on
the changed morphology, five big clusters were generated. These morphological changes are

represented a mean value of the living, differentiated, mitotic, apoptotic and necrotic cells

(Figure 35).
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Figure 35. Tissue transglutaminase (TG2) expression alters arsenic-induced apoptosis. (1) TG2 has a protective role
against ATO-induced cell death, whereas its absence/lack results in a more sensitive response to the treatment. Representative
images of May—Griinwald—Giemsa staining for the morphological evaluation of NB4 cell lines treated with | uM ATRA or
with ATRA + ATO (0.5 or 2.0 uM) for three and five days (n = 5). The Cytospin pictures and documentation were obtained
using the FLoid® Cell Imaging Station instrument (Life Technologies). Cell death features are marked with different triangles
based on the colour code. (B1, B2) Quantification of May—Griinwald—Giemsa-stained Cytospin™ slides. From each Cytospin
slide, 200 cells treated with ATRA or ATO for five days or in a combination thereof were counted from three different fields
of view, were quantified based on cell death features listed and were marked with different colours at the right side of the
panels. The graphs represent the mean values of the counted cells, where the black/grey/orange colours mark the cell death
featuresStatistical significance was determined via two-way analysis of variance (TWO WAY ANOVA, Bonferroni post-hoc
test; ATRA + ATO 2.0 WT: Apoptotic vs. ATRA + ATO 2.0 TG2-KO: Apoptotic **** p< 0,0001; ATRA + ATO 0.5 WT:
Apoptotic vs. ATRA + ATO 0.5 KO: Apoptotic **** p< 0.0001).
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In the case of retinoic acid treatment, the cells mainly represent mitotic and differentiated cells
(Figure 35. blue and green triangles). Our results show that after five days of differentiation,
ATO induces a time- and dose-dependent cytotoxic effect, resulting in damaged and late
apoptotic-necrotic NB4 cells. Higher concentrations of ATO were strongly associated with an
increased number of apoptotic and necrotic cells (Figure 35. B1 and B2, lower panels, green
and black bars). A higher apoptotic ratio was detectable in the ATRA + ATO 2.0 uM combined
treatment compared to the ATRA + ATO 0.5 uM, whereas the number of differentiated cells
was lower in NB4 WT and NB4 TG2-C cell lines. Overall based on the Giemsa-May-Griinwald
staining, we observed a higher degree of apoptosis or necrosis in TG2-KD or TG2-KO cells
(Figure 35. B2, upper panel, black and dark grey columns). ATO treatment alone results in
partial differentiation and dose-dependent apoptosis (Figure 35. B1, B2, lower panels).

4.8. ATRA and ATO alone induce the production of ROS and expression of NCF2 and
GPphox91 in differentiated NB4 cell lines, which altered by ATO in a dose-dependent
manner.

In previous chapters, we showed that the atypical expression of TG2 could enhance neutrophil
granulocytes’ reactive superoxide production by enhancing the mRNA expression of two key
components of the NADPH-oxidase system, NCF-2/P67PHOX and GP91PHOX. ATRA
induced differentiation resulted in a high expression of the current genes, additionally a ROS
production to a great extent, which could be reduced by applying an irreversible TG2 inhibitor,
NC9. Since the NADPH-oxidase system is responsible for ROS production, we examined the
extent of ROS production after ATRA +ATO treatments respectively (Figure 36).

Both genes, the NCF-2/P67PHOX and GP91PHOX mRNA expression levels were measured
after 1 upM ATRA, 0.5 pM- and 2.0 uM arsenic, and in a combination, ATRA + ATO treatments
for five days. We observed a TG2-dependent mRNA expression after ATRA treatment,
whereas the ATO treatments resulted in almost a similar compared to the retinoic acid ones in

NB4 wild type cells (Figure 36. A1, A2, B1, B2, blue coloured bars).

Based on the literature data, as we expected ATRA or ATO alone could enhance the production
of ROS, via enhancing the NADPH-oxidase system, we confirmed this phenomenon, but in a
combination (ATRA + ATO, 0.5 and 2.0 uM) the gene expression values remained low
compared to treatments alone (Figure 36. A3, A4, B3, B4). The mRNA expression values of
NCF2 and GP91PHOX were synchronised with the production of ROS, especially after the
ATRA + ATO 2.0 uM treatment (Figure 36. C1-C4).
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Figure 36. Combined ATRA + ATO treatment attenuates both expression of NCF2 and GP91PHOX respiratory burst
oxidase genes and the production of reactive oxygen species. (A1-A4) NB4 WT, Table. TG2-KD and TG2-KO cells were
incubated with 1 uM ATRA, ATO (0.5 uM or 2.0 uM) and a combination of the two (A3—A4) for three (A1) and five days (A2).
Relative mRNA expressions of NCF2/P67PHOX were measured on the indicated days by real-time Q-PCR and were
normalised to GAPDH. The graph represents relative mRNA expression (means + SD, n = 3). (B1-B4) NB4 cells were
incubated with 1 uM ATRA, ATO (0.5 uM or 2.0 uM) and a combination of the two (B3—B4) for three (B1) and five days (B2).
Relative mRNA expressions of GP91PHOX were measured on the indicated days by real-time Q-PCR and were normalised to
GAPDH. The graph represents relative mRNA expression (means + SD, n = 3). (C1-C4) NB4 cells were incubated with 1 uM
ATRA, ATO (0.5 uM or 2.0 uM) and a combination of the two (C3—C4) for three (C1) and five days (C2). Production of ROS
was determined for each cell line after the mentioned treatments, using a luminescence-based method in triplicate (n = 5), and
was reported as RLUs. Graphs are the representation of mean + SD values normalised to 100 ug protein of cell lysate content.
Statistical significance was determined via two-way analysis of variance (ANOVA; Bonferroni post-hoc test; NB4 WT vs. TG2-
KD, TG2-KO *p < 0.05, ** p < 0.01 and *** p < 0.001, ****p < 0.0001).
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4.9. The expression of NCF2 and GPphox91 in differentiated NB4 cell lines attenuated by
inhibition of TG2 with NC9

In the NB4 cell lines we found that where TG2 was induced by ATRA treatment, while lower
expression levels of both NCF-2/P67PHOX and GP9IPHOX mRNA were measured in the
presence of NC9 beside the ATRA, compared to the ATRA controls (Figure 37. A1-A3, B1-
B3, red bars).
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Figure 37. TG2 inhibitor NC9 diminishes the capability of ATRA + ATO-differentiated NB4 WT cell lines for ROS
production. (A1-A3) Relative mRNA expressions of NCF-2/P67PHOX and GP91PHOX (B1-B3) were measured in NB4 WT,
TG2-C, TG2-KD and TG2-KO cells treated with ATRA + NC9, with ATRA + ATO 0.5 uM + NC9 and with ATRA + ATO 2.0
uM + NC9 at the indicated time points by Q-PCR, and they were normalised to GAPDH (black bars as control, without NC9).
The mRNA expression levels from three independent experiments were measured in triplicate, and graphs show the
representation of the mean + SD values. (C1-C3) In the presence of 30 uM of the TG2 inhibitor NC9, production of ROS was
determined for each cell line using a luminescence-based method in triplicate (n = 5) and reported in Relative Luminescence
Units RLUs without NC9 (black bars as control). Graphs are the representation of mean + SD values normalised to 100 ug
protein of cell lysate content. Statistical significance was determined via two-way analysis of variance (ANOVA; Bonferroni
and Tukey post-hoc test; ATRA vs. ATRA+NC9 * p < 0.05, ** p < 0.01 and *** p < 0.001, ¥**** p < 0.0001).

The mRNA expression values were less in the presence of TG2 inhibitor. In ATRA + ATO +
NC9-treated cells, the NC9 significantly reduced production of ROS after five days in an ATO
concentration-dependent manner. The reactive superoxide production of differentiated NB4
WT cells was decreased by 2.4- with 0.5 uM ATO and 3.5-fold with 2.0 uM ATO. The TG2
inhibitor further reduced these values (Figure 37. red bars)
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4.10. Presence of TG2 regulates the gene expression and the protein secretion of TNF-
a, IL-1-p, and MCP-1 in differentiated NB4 cells.

From the literature, we know that the differentiation syndrome can be lethal in 2.5-30% of total
cases. Severe complications are characterised by the presence of a large number of
differentiated leukaemic cells in the bloodstream, additionally a great extent of the

inflammatory cytokines produced via the NF-kB pathway, triggering the “cytokine storm.”

In the previous sections, we have shown that MCP-1, IL-1-f and TNF-a proteins were secreted
in a TG2-dependent manner in ATRA differentiated NB4 cell lines. NB4 cells were treated for
five days and the secreted MCP-1, IL-1-B and TNF-o were measured at the mRNA and protein
levels upon ATRA, ATRA + ATO 0.5 uM, and ATRA + ATO 2.0 uM (Figure 38).

ATO alone did not generate inflammatory cytokines and chemokines (data not shown here)
however comparing to the ATRA treatment alone the combination with arsenic generated less
protein of the current cytokines and chemokine (Figure 38. middle part and right part of the
panel).

The MCP-1, IL-1B and TNFa were approximately 50% lower for the combined ATRA + ATO
2.0 uM treatment than for retinoic acid alone, but these values were further reduced in a TG2-

quantity-dependent manner (Figure 38. A1, B1, C1).

After five days, we found that in the case of NB4 wild type cells in the ATRA + ATO 2.0 uM
treatment MCP-1, IL-1P and TNFa production was reduced/inhibited accurately (with 5x, 10x

and 20x lower values comparing to the controls) (Figure 38. right part of the panel)
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Figure 38. ATRA + ATO treatment can decrease the MCP-1, IL-1f and TNFo inflammatory biomarkers. (A1, B1, C1) NB4
WT, TG2-C, TG2-KD and TG2-KO cells were incubated with 1 uM ATRA, ATO (0.5 uM or 2.0 uM) and a combination of the
two for three and five days. Relative mRNA expressions of MCP-1 (A1), IL-15 (B1) and TNFa (C1) were measured on the
indicated days by real-time Q-PCR and were normalised to GAPDH. The graph represents relative mRNA expression (mean
values = SD, n = 3). (A2, B2, C2) The protein content of the supernatants of NB4 cell lines was quantified by ELISA and was
normalised to 100 ug protein content of NB4 cell lysates. The secreted protein levels of MCP-1 (A2), IL-1f (B2) and TNFa
(C2) from three independent experiments were measured in triplicate and represented the mean + SD values. Statistical
significance was determined via two-way analysis of variance (ANOVA; Bonferroni post-hoc test; NB4 WT vs. TG2-KD, TG2-
KO *p <0.05, **p <0.01 and ***p < 0.001, **** p < 0.0001).
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4.11. Inhibition of TG2 decreases the gene expression and the protein secretion of TNF-
a, IL-1-p, and MCP-1 in differentiated NB4 cells.

After we have examined how the TG2 protein expression altered the expression and secreted
protein levels of MCP-1, IL-1B and TNFa inflammatory cytokines and chemokines in NB4
WT, TG2-C, TG2-KD and TG2-KO cells after ATRA + ATO treatments (0.5 and 2.0 uM)
(Figure 38), we have checked how the irreversible TG2 inhibitor, NC9 affects differentiating
NB4 WT cells upon ATRA + ATO treatments (Figure 39).
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Figure 39. Inhibition of TG?2 decreases the gene expression and the protein secretion of TNF-a, IL-1f and MCP-1 in
differentiated NB4 cells. Relative mRNA expressions of MCP-1 (A1), IL-1f3 (A2) and TNF-a (A3) were measured in ATRA
andin ATRA + ATO (0.5 or 2.0 uM) in differentiated NB4 WT cell line with or without 30 uM NC9 (red bars) on the indicated
days by OQ-PCR and were normalised to GAPDH. The mRNA expression levels from three independent experiments were
measured in triplicates, whereas the graphs show the representation of the mean + SD values. The protein content of the
supernatants of MCP-1 (B1), IL-1$ (B2) and TNFo (B3) with or without 30 uM NC9 (red bars) was quantified by ELISA and
was normalised to 100 ug protein content of NB4 WT cell lysates. The figures show secreted protein levels from three
independent experiments measured in triplicate, and the graphs show the representation of the mean + SD values. Statistical
significance was determined via two-way analysis of variance (ANOVA; Bonferroni and Tukey post-hoc test; ATRA vs.
ATRA+NCY *p < 0.05, ** p < 0.01 and *** p < 0.001, ¥**** p < 0.0001).

After five days, we have found that the production of these inflammatory biomarkers
significantly reduced the quantities of both mRNA and protein levels upon NC9 treatment,
more effectively in the case of TNF-a, compared to results from a single ATRA treatment
(Figure 39. A1-A3, B1-B3). These results also support our hypothesis, where the TG2
facilitate the NFkB pathway and the production of the inflammatory cytokines and chemokines,

which have been evaluated previously in different chapters of this study.

74




5. Discussion

All-trans-retinoic acid (ATRA) therapy is one of the most frequently used agents to treat acute
promyelocyte leukaemic (APL). Administration of ATRA induces the terminal differentiation
of leukaemic cells towards neutrophil granulocytes, while arsenic trioxide (ATO) has recently
been identified as another effective drug for treatment APL. ATO, in combination with ATRA,
shows a synergistic effect, which further prolongs the survival of APL patients in a dose-
dependent manner. ATO also affects different transcription factors resulting in activation of
the cellular signalling pathways leading to reactive oxygen species (ROS) generation by the
NADPH-oxidase system. These events explain the ability of ATO to induce partial
differentiation and apoptosis, leading the remission in relapsed APL patients with the initiation

of the degradation of the PML-RARa« [de Thé et al., 2017].

ATRA-induced differentiation can be modelled using NB4/APL cells. The differentiation
process involves modulation of several genes to produce functional neutrophil granulocytes at
the end of the progress. The most upregulated gene in ATRA-induced maturation of NB4 cells
is the tissue transglutaminase. Knocking down the expression of TG2 in NB4 cells (NB4 TG2-
KD) has revealed modulation of gene expression; reactive oxygen species (ROS) generation;
cytokine expression, secretion; adhesion, migration and phagocytic capacity of mature

neutrophil granulocytes [Balajthy et al., 2006; Csomos et al., 2010].

TG2 is a Ca®"dependent cross-linking enzyme that is capable of deamidating y-carboxamide
groups of particular protein-bound glutamines [Fésiis et al. 2002]. TG2 has several enzymatic
activities which are Ca®" independent; it hydrolyzes guanosine-triphosphate (GTP) and
adenosine triphosphate (ATP), can affect the G-protein-coupled receptor signalling and has
protein kinase and protein disulfide-isomerase activities respectively. Recent studies have
shown that TG2 in the GTP-bound/closed form drives cancer cell survival [Eckert et al., 2015;
Kerr et al., 2017].

However, the treatment involving ATRA could result in a good outcome and a remission for
APL patients, unfortunately in the form of hyperinflammatory reactions, ATRA treatment can
cause severe side effects, including the infiltration of differentiated cells into soft tissues and
organs, such as the lungs, liver and heart. These side effects of ATRA-treatment are among the
signs of differentiation syndrome (DS), which is documented in 5-25% of APL patients who

received ATRA induction therapy. First, the syndrome was called retinoic acid syndrome
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(RAS), years later it has been documented that not only ATRA, but also arsenic trioxide (ATO),

or even with a combination can have such a side effect [Montesinos et al., 2011].

The differentiation syndrome is characterized by suddenly appearing fever; pleural and
pericardial effusions; hypotension, vascular capillary leak, respiratory distress and due to the
blood coagulation deficiency severe bleeding [Larson et al., 2003; Chen et al., 2011]. The
differentiation syndrome is triggered by the release of several inflammatory
cytokines/chemokine, such as tumour necrosis factor-a (TNF-a), interleukin-1p (IL-1f) and
chemokines like monocyte chemoattractant protein-1 (MCP-1/CCL2) [Luesink et al., 2009].
These cytokines/chemokines are released from promyelocytes while they were differentiating

in response to both ATRA and/or ATO therapies.

If the DS has occurred glucocorticoid treatment (mainly dexamethasone or prednisolone) is
used to avoid the overproduction of the inflammatory cytokines/chemokines resulting in the
recovery of the DS patients within 12 hours [Harada et al.,1994; Shibakura et al., 2005; Tsai et
al., 2007], but the glucocorticoid treatments are not going to inhibit the induction of

chemokines in differentiating APL cells [Montesinos et al., 2011].

However, the inflammatory signal-cascade is a well-known side effect of the ATRA treatment,
or for ATO treatment, the exact molecular mechanism is not fully understood yet. From the
literature of the last decade, we know that there are two optional molecular mechanisms which
could be responsible for the severe side effects: the acute promyeloid cells’ differentiation
process and the infiltration of these differentiating cells into the soft tissues like lungs. These
biochemical processes require cell adhesion molecules like selectins, integrins and soluble
mediators (pro-inflammatory cytokines/chemokines), which trigger the activation of the
receptors, and the adhesion/migration activation of the resting immune cells. ATRA-induced
differentiation is associated with elevated expression of inflammatory cytokines/chemokines,
and adhesion molecules called integrins [Balajthy et al., 2006; Luesink et al., 2009; Csomos et
al., 2010].

From the *90s to characterized the differentiation, CD11b/CD11c receptors have been used as
surface marker proteins of differentiating APL cells. In normal circumstances, CD11b is
mainly stored in the intracellular granules and in secretory vesicles of the cells [Bainton et al.,
1987; Dertmers et al., 1990; Loike et al., 1991; Frankel et al., 1992; Takami et al., 2002]. Our
results confirmed that during ATRA-induced differentiation of NB4 cells, CD11b and also the
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CDl 1c receptors were translocated to the cell surface in a great extent, whereas the amount of
active CD11b on the surface can not be increased further by phorbol-esters (PMA) (Figure
22).

CDl 1c is another potential diagnostic marker for sepsis or systemic inflammation [Shibakura
et al., 2005]. CDl1Ic is also known as Integrin-alpha X (ITGAX) receptor on the surface of
dendritic cells, monocytes, macrophages, neutrophils and some B-cells, that helps to trigger
the neutrophil respiratory burst with ROS; highly expressed in leukaemias, acute
nonlymphocytic leukaemias, and some B-cell chronic lymphocytic leukaemias [Stewart et al.,
1996]. In our results, we found that the CD11c has a gradually increased cell surface expression
in the activated form, with a high affinity for ligands on ATRA treated NB4 cell lines (Figure
22).

The production of the pro- and inflammatory cytokines/chemokines play a role in rolling, in
stable adhesion and the infiltration of differentiated APL cells, with a huge potential for APL
cell-mediated organ damage, a process observed in differentiation syndrome [Harada et al.,
1994; Luesink et al., 2009]. The transcription of the major cytokines and chemokines such as
tumour necrosis factor-o. (TNF-a), interleukin-1 (IL-1B) and chemokines like monocyte

chemoattractant protein-1 (CCL2/MCP-1) occurs via the NF-kB pathway.

Our results indicate that ATRA induced differentiation is associated with a high expression of
the inflammatory cytokines/chemokines at the level of the mRNA and the level of the secreted
proteins in NB4 cells (Figure 24), which is not detectable with ATO treatment alone. The
translocation of NF-kB dimer into the nucleus results in upregulation of various inflammatory
genes followed by the secretion of their products, including TNF-a, IL-1pB, IL-8, IL-9, and
MCP-1.

Among the secreted inflammatory cytokines and chemokines, TNF-o and IL-1 are the most
effective agents. TNFao was detected previously at the highest concentrations of 0.8—1.2 ng/L
in APL/DS patients, which caused a capillary leak and attenuated lung, cardiac and renal
function [Tang et al., 2017]. The differentiating APL/NB4 cells stimulate their extravasation
and migration into various organs by producing inflammatory cytokines, chemokines and

interleukins (TNF-a, MCP-1, IL-1p) in an autocrine way.

To investigate the whole range of potential pro-inflammatory or inflammatory

cytokines/chemokines induced by ATRA, with the help of a Human 200 cytokines array
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(Raybiotech) after 11 days of retinoic acid-induced differentiation secreted molecules have
been identified and divided into different groups:

1) TG2 dependent

2) TG2 & NF-kB dependent

3) TG2 independent but NF-xB dependent
4) TG2 dependent but NF-xB independent

Our results have been analysed regarding a big database from the University of Boston. From
the well known NF-«xB pathway involved, cytokines and chemokines were filtered and
analysed by the Human array results. From the total 480 molecules, we have found 50 proteins
which were detectable in the differentiated NB4 cells supernatant. From the 50 detectable
proteins, 44 were expressed in a TG2-dependent manner, from which 18 were identified as NF-

kB transcription-factor target genes (Figure 26-30).

After eleven days of differentiation with ATRA in wild type cells where the amount of TG2
protein is high, the NF-kB dimer protein expression together with the phosphorylated and
transcriptional active p65 expression was high. The inhibition of TG2 parallels the considerably
low levels of p50 and phosphor-p65/RelA (Ser536), which suggests that the expression of TG2
by retinoic acid induction, reprogramming the NB4 cells into inflammatory neutrophil
granulocytes and induce the translocation of NF-kB dimer into the nucleus initiating the

inflammatory cytokine production (Figure 25, 30-31).

Destruction of inhibitory protein of the NF-kB dimer (IxB) is stimulated by several diverse
signals such as lipopolysaccharide (LPS), reactive superoxide forms, TNFa, or II-B. It could be
one option that NF-xB activation is TG2-dependent, where TG2 interacts with IkB to initiate
its non-proteasomal degradation causing both activation and nuclear translocation of NF-xB-s
[Kumar et al., 2012]. An additional option could be that the TG2-mediated cross-linking of
IxBa and activation of NF-kB has been described before, yet we were unable to detect any

forms of IxBa-polymer in differentiated NB4 cells.

Besides the increased secretion of cytokines and chemokines, the differentiating APL cells are
capable of producing reactive oxygen species (ROS) in a great extent which damages the
surrounding tissue. ATRA-induced differentiation-associated ROS production with the
elevated expression of two elements of the NADPH-oxidase system, NCF2/P67PHOX and
GP91PHOX, resulting in the possibility of increased ROS production and, consequently, more

severe organ damage.
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Figure 40. TG?2 facilitates the production of inflammatory cytokines/chemokines and expression of CD11 surface markers
during ATRA induced differentiation in NB4 cells

As we have seen, the ATRA induction the increased mRNA expression of the NADPH-oxidase
elements lead to intensive production of ROS. In the case of arsenic therapy the so-called
“oxidative stress” is one of the major consequences of the treatment caused by reactive oxygen
species, a group of oxygen-based reactive molecules produced by ATO activated the NADPH-
oxidase system. This will result in the disruption of mitochondrial membrane potential and
subsequent apoptosis [Chen et al., 2011; Boukhenouna et al., 2018; Schroder K., 2019]. ATO
alone can trigger the increase of the mRNA expression levels of NCF2/P67PHOX and
GP91PHOX as well as the production of total ROS, similar to ATRA in differentiated NB4
cell lines (Figure 36). ATO alone can initiate the apoptosis of the cells, with a massive ROS
production, while the inflammatory cytokine production is far less compared to the ATRA

treatment. Moreover, by the presence of ATO, TG2 was not induced (Figure 41).
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Figure 41. ATO facilitates the production ROS via the NADPH-oxidase system, which could lead to the degradation of the
mitochondrial membrane, followed by the apoptosis of the NB4 cells without induction of the TG2.
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Beside the production of the ROS and the change in the mitochondrial membrane potential in
NB4 cells, arsenic initiates morphological changes respectively [Zhang et al., 2010]. The
number of apoptotic cells was concentration and time-dependent regarding the ATO treatment
(Figure 35). Based on our results, the ATO concentration is cytotoxic even at the beginning of
the treatment when it is above 0.5 uM. Since arsenic can eliminate the APL cells targeting the
PML part more quickly, the combination therapies started to get more interest in the last
decade. Combination therapies can be done by applying ATO together with other
chemotherapeutic agents, glucocorticoids or with ATRA. Another beneficial effect of the ATO
treatment in a combination that it can demolish the leukaemia initiating cells (LIC) avoiding

the second/third generation of the disease [Dos Santos et al., 2013].

It has previously been published that the morphology of APL cells upon ATRA or ATO
treatments have changed. ATO treatment was associated with apoptotic/necrotic cell death
features, exhibiting various size and quality of cytoplasm [Zang et al., 2010]. In our study, we
observed that the ratio of cell death was time and concentration-dependent in NB4 cells. Alone
the ATO induces impressive cell death at the beginning of the treatment. However, this cell

death can be moderated by the presence of ATRA induced TG2 (Figure 35).

When we treated the cells with ATRA + ATO, the NB4 WT and TG2-C cells showed a higher
survival ratio comparing to the just ATO treated ones alone. Moreover, we found that ATRA
induced TG2 showed up as a protective protein against the ATO induced cell death upon the
differentiation. NB4 TG2-KD and TG2-KO cells were represented a higher cell death ratio
with an increasing number of apoptotic and necrotic cells upon ATRA + ATO treatments
(Figure 35). With flow cytometry, we have checked the Annexin-V and Propidium iodide
percentage upon ATRA + ATO treatment, and we have found that without the TG2 the number
of Annexin-V positive cells and by this the apoptosis was significantly higher compared to the
wild type cells (not published data).

From these data, we concluded that reduced quantity of TG2 enhanced the sensitivity of NB4
cells to a combined ATRA + ATO treatment, with significantly higher apoptotic and necrotic

ratios.

So far, no study has shown how ROS production changed upon combination therapies like
ATRA +ATO. To investigate how a combination therapy influences the cell survival and

differentiation processes, we first examined ROS production. Alone the ATRA and ATO can
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increase the production of superoxide in a significant way, a 2-fold decrease in ROS production
was detectable in response to ATRA + ATO compared to single ATRA or ATO treatments
(Figure 36).

While the atypically expressed TG2 in differentiated NB4 cells can enhance the function of the
NADPH-oxidase system, resulting in a high ROS production, TG2 deficiency in TG2-KD or
TG2-KO cells is associated with significantly low ROS production, which can be further
reduced by the ATRA + ATO treatments (Figure 42).
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Figure 42. Combined treatment of NB4 cells with ATRA + ATO

Our results have revealed a novel, active role of TG2 in the expression and activation of the
components of the NF-kB pathway respectively, thus the development of an unusual response
to conventional ATRA treatment of APL. We examined how the combination with ATO can

change the production of the inflammatory cytokines and chemokines.

Upon ATRA +ATO combination treatment, NB4 cell lines were differentiating properly,
proved by the surface expression of CD11s markers (unpublished data) and cell death ratios
were significant higher compared to the ATRA treatment alone, but the inflammatory cytokines
TNFa, IL-1p and chemokine, MCP-1 mRNA expression and the secreted protein levels were
significantly lower compared to the ATRA treatment alone (Figure 38).

The pro-inflammatory and inflammatory protein production was significantly lower in the
decreased (TG2-KD) or in the absence of TG2 (TG2-KO) cases. These results also
strengthened the hypothesis that the ATRA induced TG2 expression to influences the NF-xkB
pathway activity positively. With the atypically high expression of the TG2, the NF-xB
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pathway showed significantly higher activity measured by luciferase reporter gene upon ATRA
treatment, whereas the lack of TG2 or decreased expression led to a less luciferase reporter

gene activities (Figure 25).

It was demonstrated before that TG2 can form a complex in the cytosol as well as in the nucleus
with p65 binding to the promoter of the HIF-1a, which may explain that TG2 could become a

transcriptional co-regulator in the cell nucleus [Kumar et al., 2012].

In the presence of NC9, which is an irreversible transamidase site-specific inhibitor of tissue
transglutaminase, the conformational equilibrium of TG2 will shifts from the closed GTP-
binding form to the open conformation characterized by a disorganized GTP-binding site
[Eckert et al., 2015]. According to our results, the NC9-induced conformational changes in the

tissue transglutaminase protein attenuate the NF-kB signalling pathway in a significant way.

Upon ATRA+ NC9 treatment, the amount of total TG2 protein is decreased, and the nuclear
translocation of the TG2 is diminished, increasing the cytosolic TG2 (Figure 31-32). The
reduced nuclear TG2 was correlated with decreased total levels of p50, p65/RelA, and
phospho-p65/RelA proteins in the nucleus of NB4 WT cells, while the level of the
transcriptionally active form of p65, phospho-p65 (Ser 536) was increased significantly in the
cytosol (Figure 32).

These results suggest the possibility that TG2, in a GTP-bound, “closed” conformation can
translocate into the nucleus and helps the translocation of p65 consequently. When NC9
modified the structure of TG2, the accumulation of both TG2 and p65/RelA in the cytosol
generated the low transcription activity of the NF-xB pathway (Figure 25). As a result, the

production of inflammatory cytokines/chemokines were inhibited (Figure 24., 27-30).

As we have observed that the TG2 inhibitor, NC9 decreases NF-kB translocation to the nucleus
and NF-«xB activity, significantly reducing the production of inflammatory biomarkers, such as
MCP-1, IL-1B and TNF-a these results also demonstrated that combined ATRA + ATO 2.0
uM with inhibition of atypically expressed TG2 by NC9, could demolish the expression and
secretion of the three inflammatory markers and the production of ROS very effectively

(Figure 37, 39).

These experiments indicate that TG2 is a crucial component of the generation of inflammation

and in tissue destruction indirectly, while the inhibition of TG2 by NC9 may prevent the
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development of this severe side effect of single retinoic acid therapy. Targeted suppression of
the TG2-dependent processes may alleviate the common and potentially fatal toxicity of
retinoid treatment in patients with APL/DS, representing a potential therapeutic strategy for the
future (Figure 43).
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Figure 43. Role of Tissue transglutaminase 2 (TG2) in the differentiation, death and cytokine production of all-trans retinoic
acid (ATRA) and arsenic-trioxide (ATO) treated NB4 leukaemic cells (1) ATRA treatment (B) ATO treatment (C) ATRA+ ATO
treatment (D) ATRA +ATO + NC9
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6. Summary

6.1. Morphological changes

As a result of the ATRA treatment, the NB4 cells undergo terminal differentiation towards
neutrophil granulocytes, the shape of the nucleus changes, the size of the cytoplasm increases.
ATO induces a partial differentiation and a cytotoxic effect in a time and concentration-
dependent manner. In the presence of 2.0 uM ATO, the cell membrane is damaged, and the
NB4 cells were showing apoptotic features in the early stages of the five days treatment. The
ATRA induced TG2 expression in NB4 WT, and TG2-C cells reduced the number of apoptotic
features, while the lack of tissue transglutaminase generated a significantly higher amount of

dead cells in the case of TG2-KD and TG2-KO cell lines (Figure 35).

6.2. Changes in gene expression

Tissue transglutaminase (7GM?2)
Upon ATRA treatment, the 7G2 mRNA expression was increased significantly in NB4 WT
and TG2-C cell lines and partially in the case of the TG2-KD. The 11 days of ATRA treatment
did not induce 7G2 mRNA expression in the TG2-KO cells. Since the NC9, an irreversible
TG2 inhibitor, it did not influence the mRNA expression pattern of the TG2 (Figure 21).

NCF2/GP9IPHOX

ATRA treatment alone induced high mRNA expression of the two key elements of the
NADPH-oxidase system: NCF2/p67PHOX and GP9IPHOX genes. The same results were
detectable in the case of ATO treatment alone. ATRA induced TG2 facilitates the production
of ROS via the NADPH-oxidase system in the NB4 WT and TG2-C cell line; however, the
lack of TG2 generates a lack of mRNA expression regarding the two major components.
Surprisingly the combined treatment of ATRA + ATO significantly decrease the mRNA
expression of these genes and as a consequence the ROS production respectively. Applying the
NC9, TG2 inhibitor, the ROS production was inhibited, which was further reduced if we used
as ATRA +ATO +NC9 (Figure 23, 36).

Inflammatory cytokines/chemokine mRNA expression patterns
Alone the ATRA treatment induces high mRNA expression of the MCP-1, IL-18 and TNF-a
genes. This phenomenon was not detectable in the case of single ATO treatment. The ATRA

induced TG2 supports the NFkB pathway, which can be reduced by combined treatment of
ATRA + ATO or in the case of ATRA +NC9 treatment. The decreased or lacking expression
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of TG2 in NB4 TG2-KD, and TG2-KO cell lines resulted in lower mRNA expression and NF-
kB pathway activity. The induction of the inflammatory cytokine/chemokine production can
be further reduced using NC9 treatment in combination with ATRA or with ATRA + ATO
(Figure 24., 25., 38., 39.).

6.3. Changes at the level of the proteins

CD11b/CDl11c
The protein expression of CD11¢c/CD11b was detectable at the surface of NB4 cells, TG2
independently. All the cell lines express the activated form of the integrins, which is induced
by ATRA treatment alone. However, the expression can not be further enhanced by the addition

of phorbol myristate acetate (PMA) (Figure 22).
TG2

At the level of the mRNA expression, we saw that the ATRA treatment increases the TG2,
which was detectable at protein levels, respectively. In the presence of NC9, the level of the
TG2 was lower compared to the ATRA treatment ones, which shows a facilitated degradation

of the tissue transglutaminase by NC9 (Figure 33).
NF-kB pathway

We have shown that the mRNA expression of inflammatory cytokines and chemokines were
upregulated after ATRA treatment and can be reduced by ATRA + ATO; ATRA + ATO +
NC9 or ATRA + NC9 treatments. The protein expression of the NFkB dimer: p65 and p50
were attenuated by irreversible TG2 inhibitor, which exhibits the supporting role of the TG2 in
the case of the translocation of p65 into the nucleus, consequently the expression of

inflammatory genes (Figure 25., 27-29., 31-33.).

Inflammatory cytokines/chemokine secretion

The secretion of the inflammatory cytokines and chemokines was determined by ELISA
method, from which our results show that the ATRA treatment alone significantly increases
the production of MCP-1, IL-1p and TNF-a, following parallel the TG2 expression. From the
Human 200 cytokine profiler measurement, we could identify 17 cytokines which were TG2

and NF-kB pathway-dependent.
Production of ROS

After ATRA treatment alone via the NADPH-oxidase system is active, resulting in a high
amount of ROS production in NB4 cells. The presence of TG2 facilitates the process, while
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the lack of the TG2 generates less amount of ROS in NB4 TG2-KD and TG2-KO cells. ATO
alone can enhance the production of the superoxide form as we described previously through
the NADPH system, whereas the expression of the p67phox and gp91phox genes was
significantly high. Combination treatments like ATRA + ATO, ATRA +NC9 or ATRA + ATO
+NC9 could reduce/withdraw the production of the ROS in NB4 cell lines significantly (Figure
36.,42.).
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6. Osszefoglalas — Magyar nyelven

6.1. Morfologiai valtozasok
Az ATRA kezelés eredményeként az NB4 sejtek termindlisan differencidlédnak a neutrofil

granulocita irdnyba, megvaltozik a sejtmag alakja, novekszik a citoplazma mérete. Az ATO
részleges differencidlodast és citotoxikus hatast valt ki id6 €s koncentracio fliggvényében. 2.0
uM ATO jelenlétében a sejtmembran megsériil, €s az NB4 sejtek apoptotikus tulajdonsagokat
mutattak az 6t napos kezelés korai szakaszaban is. Az ATRA indukalta TG2 expresszio az NB4
WT-ben és a TG2-C sejtek esetében csokkentette az apoptotikus formak megjelenését/szamat,
mig a szoveti transzglutamindz hidnya a TG2-KD és a TG2-KO sejtvonalak esetében

szignifikansan nagyobb apoptétikus sejtet eredményezett (35. abra).

6.2. A gén expressziojanak valtozasai

Szoveti transzglutaminaz (TGM?2)
Az ATRA kezelés utan a TG2 mRNS expresszidja szignifikansan megnovekedett az NB4 WT

¢s TG2-C sejtvonalakban, kisebb mértékben a TG2-KD esetében. Az ATRA kezelés 11 napja
nem indukalta a TG2 mRNS expressziojat a TG2-KO sejtekben. Az NC9, egy irreverzibilis
TG2 inhibitor, mely nem befolyasolta a TG2 mRNS expresszios mintazatat (21. abra).

NCF2/GP91PHOX
Az ATRA kezelés onmagaban indukalta a NADPH-oxidaz rendszer két kulcsfontossagu

elemének, az NCF2/p67PHOX és a GP9IPHOX gének magas mRNS expressziojat.
Ugyanezek az eredmények voltak kimutathatok egyediil az ATO-kezelés esetén. Az ATRA
altal indukalt TG2 tamogatja a ROS termelését a NADPH-oxidaz rendszer segitségével az NB4
WT ¢és TG2-C sejtvonalban; azonban a TG2 hidnya a ROS termelésért felelds gének mRNS
expresszidjanak hianyat okozza. Meglepd modon az ATRA + ATO kombinalt kezelése
szignifikansan csokkenti ezen gének mRNS expressziojat, és ennek kovetkeztében a ROS
termelést is. Az NC9 alkalmazasaval gatoltuk a ROS-termelést, amely tovabb csokkent, ha

ATRA + ATO + NC9-ként hasznaltuk (23., 36. abra).

Gyulladasos citokinek/kemokin mRNS expresszios mintak
Az ATRA kezelés onmagaban indukalja az MCP-1, IL-1f és TNF-o gének magas mRNS

expresszidjat. Ez a jelenség nem volt kimutathaté csupan ATO-kezelés esetén. Az ATRA altal
indukalt TG2 tamogatja az NF-kB utvonalat, amelyet cs6kkenthetiink az ATRA + ATO
kombindlt kezelésével vagy az ATRA + NC9 kezeléssel. A TG2 csokkent vagy hidnyos
expresszidja az NB4 TG2-KD és TG2-KO sejtvonalakban alacsonyabb mRNS expressziot €s

NF-kB utvonal aktivitast eredményezett. A gyulladasos citokin / kemokin termelés indukcigjat
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tovabb csokkenthetjiik NC9 + ATRA-val vagy ATRA + ATO-val kombinalva (24., 25., 38.,
39. abra).

6.3. Valtozasok a fehérjék szintjén
CD11b/CD11
A CD11¢/CD11b fehérje expresszioja kimutathato volt az NB4 sejtek felszinén, TG2 fliggetlen
modon. Az Gsszes sejtvonal expresszalja az integrinek aktivalt formdajat, amelyet 6nmagaban

az ATRA kezelés indukal (22. abra).
TG2

NCO9 jelenlétében a TG2 szintje alacsonyabb volt, mint az ATRA kezeléssel, ami azt mutatja,
hogy a szoveti transzglutamindz degradaciojaért felelds lehet az NC9 kezelés (33. abra).

NF-kB tutvonal

A gyulladasos citokinek és kemokinek mRNS expresszioja az ATRA kezelés utan magas volt,
¢s csokkenthetd az ATRA + ATO-val; ATRA + ATO + NC9 vagy ATRA + NC9 kezelésekkel.
Az NF-xkB dimer fehérje expressziojat: a p65-et és a p50-et a TG2-inhibitor csokkentette,
amely a TG2 kulcsfontossagu szerepét mutatja a magba torténd transzlokéacié sordn,
kovetkezésképpen a gyulladasgének expresszidjaban (25., 27-29., 31-33. abra).

Gyulladasos citokinek/kemokin szekrécid

A gyulladasos citokinek és kemokinek szekrécigjat ELISA modszerrel hataroztuk meg,
amelynek eredményei azt mutatjdk, hogy dnmagaban az ATRA kezelés szignifikansan noveli
az MCP-1, IL-1B és TNF-a termelését, TG2 expresszio fliggd moédon. A Human 200
citokinprofil mérésébodl 17 citokint tudtunk azonositani, amelyek TG2 és NF-kB fiiggoek
voltak.

ROS termelés

Az ATRA kezelés utan 6nmagaban a NADPH-oxid4z rendszert aktivan tartja, ami nagy
mennyiségl ROS termelést eredményez az NB4 sejtekben. A TG2 jelenléte segiti a folyamatot,
mig a TG2 hidnya kevesebb mennyiségi ROS-t generdl az NB4 TG2-KD és TG2-KO
sejtekben. Az ATO 6nmagaban fokozhatja a szuperoxid formak termelddését, amint azt
kordbban mar a NADPH rendszeren keresztiil leirtuk, mig a p67phox és gp91phox gének
expresszidja szignifikdnsan magas volt. Az olyan kombinalt kezelések, mint az ATRA + ATO,
ATRA + NC9 vagy ATRA + ATO + NC9, jelentdsen csokkenthetik az NB4 sejtvonalakban a
ROS képzodését (36., 42. abra).
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