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ABSTRACT
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Title of diploma thesis: Effect of pro-inflammatory mediators on the gene expression of OCTN

transporters in AML cell lines MV4-11 and THP-1

Acute myeloid leukemia (AML) is a serious hematological disease in which inflammation plays a key
role in pathogenesis, influencing the bone marrow microenvironment and significantly contributing to
disease progression and therapeutic response. Increasing evidence shows that inflammatory processes
support the survival and proliferation of leukemic cells and may affect their sensitivity to treatment.
Despite available therapeutic options, including chemotherapy, targeted therapy, and allogeneic
hematopoietic stem cell transplantation (HSCT), the five-year overall survival rate for AML patients
remains around 30%, with a high risk of relapse after HSCT. Among genetic factors, mutations in the
FLT3 gene play a significant role, being associated with worse prognosis and higher relapse rates. In
addition to genetic alterations, there is growing interest in studying other mechanisms, such as the
regulation of membrane transporter expression by inflammatory mediators, which can alter drug

transport and influence therapeutic efficacy.

This study focused on investigating the effect of selected pro-inflammatory mediators — TNF-o and
IFN-y — on the gene expression of the transporters OCTN1 (SLC22A4) and OCTN2 (SLC22A5) in
AML cell lines. TNF-a and IFN-y were chosen due to their important role in regulating cellular
processes in AML, while LPS and HMGB1 were included as additional stimuli to broaden the

understanding of inflammation-mediated regulation of transporter expression.

To assess the impact of genetic background on cytokine response, two AML cell lines were used: MV4-
11 (carrying the FLT3-ITD mutation) and THP-1 (FLT3-wild type). The results showed that in MV4-
11 cells, TNF-a and IFN-y significantly upregulated OCTN1 expression, while the effect on OCTN2

was more variable. In THP-1 cells, changes were less pronounced, suggesting that the presence of the



FLT3 mutation may influence leukemic cell sensitivity to inflammatory stimuli. LPS and HMGB1

induced mild or time-dependent changes in transporter expression.

These findings support the hypothesis that the inflammatory microenvironment may modulate
membrane transporter expression in AML cells depending on their genetic background, potentially
affecting treatment efficacy and contributing to the development of drug resistance. The results also
highlight the need for further studies to clarify the regulatory mechanisms of OCTN1 and OCTN2 in

the context of inflammatory stimuli within the leukemic environment.
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Nazev prace: Efekt prozanétlivych medidtori na genovou expresi OCTN transportéri u AML

bunéénych linii MV4-11 a THP-1

Akutni myeloidni leukémie (AML) je zavazné hematologické onemocnéni, pii kterém hraje zanét
klicovou roli v patogenezi, ovliviiuje mikroprostiedi kostni dfen¢ a vyznamné piispiva k progresi
onemocnéni a odpovédi na 1écbu. Nartstajici dikazy ukazuji, Ze zanétlivé procesy podporuji preziti a
proliferaci leukemickych bun€k a mohou ovlivitovat jejich citlivost na terapii. Pies dostupné moznosti
lécby, jako je chemoterapie, cilena terapie a alogenni transplantace krvetvornych kmenovych bunék
(HSCT), ztstava pétileté celkové preziti pacienti s AML pfiblizné 30 %, ptiCemz riziko relapsu po
HSCT je vysoké. Mezi genetickymi faktory hraji vyznamnou roli mutace v genu FLT3, které jsou
spojeny s hor§i prognozou a casté&j$imi relapsy. Kromé genetickych zmén vSak narlista zajem o
zkoumani dalSich mechanismd, jako je ovlivilovani exprese membranovych transportérii zanétlivymi

medidtory, coZ mize meénit transport 1éCiv a ovliviiovat ti€innost terapie.

Tato prace se zaméfila na studium vlivu vybranych prozanétlivych mediatord — TNF-a a IFN-y — na
genovou expresi transportéri OCTNI1 (SLC22A4) a OCTN2 (SLC22A5) v bunéénych liniich AML.
TNF-a a IFN-y byly vybrany vzhledem k jejich vyznamné roli v regulaci bunéénych procest v AML,
zatimco LPS a HMGBI1 byly zafazeny jako doplikové stimuly k rozsiteni pohledu na zanétliveé

zprosttedkovanou regulaci exprese transportéra.

Pro posouzeni vlivu genetického pozadi byly pouzity dvé bunécné linie AML: MV4-11 (s mutaci FLT3-
ITD) a THP-1 (FLT3-wild type). Vysledky ukézaly, ze v bunkdch MV4-11 TNF-a a IFN-y vyznamné¢
zvySovaly expresi OCTNI, zatimco vliv na OCTN2 byl variabilni. V buiitkach THP-1 byly zmény méné
vyrazné, coz naznacuje, Ze pritomnost mutace FLT3 muzZe ovliviiovat citlivost leukemickych bun¢k na

zanétlivé stimuly. LPS a HMGBI1 vyvolaly mirné nebo ¢asove specifické zmény v expresi transportért.



Tato zjisténi podporuji hypotézu, ze zdnétlivé mikroprostiedi mize modulovat expresi membranovych
transportérd v bunkdch AML v zavislosti na genetickém pozadi, coz mtize ovlivnit Gi¢innost lécby a
ptispét k rozvoji I¢kové rezistence. Vysledky rovnéz zdiiraziuji pottebu dalSich studii zaméfenych na
objasnéni mechanismii regulace OCTN1 a OCTN2 v kontextu zanétlivych podnéti v leukemickém

prostiedi.

Klicova slova: AML, zanét, prozanétlivé mediatory, OCTN transportéry, mutace FLT3
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1. INTRODUCTION

Acute Myeloid Leukemia (AML) is a fast-progressing cancer of the bone marrow and blood,
where immature white blood cells (called myeloblasts) multiply uncontrollably. These cells
interfere with the normal production of healthy blood components, which can lead to symptoms
like anemia, frequent infections, and bleeding (Mayo Clinic, 2024; National Cancer Institute,
2025). AML mostly affects adults, especially older people, with the average age at diagnosis
being around 68 years (Shallis et al., Blood Reviews, 2019). What makes AML particularly
challenging is how quickly it advances and how hard it can be to treat effectively, especially

when genetic mutations like FLT3 are involved (Dohner et al., Blood, 2022).

Treatment for AML typically follows a two-phase process: induction and consolidation. The
induction phase aims to achieve remission by killing as many leukemic cells as possible, and
it usually involves an intensive chemotherapy regimen known as “7+3,” which includes
cytarabine and an anthracycline like daunorubicin (Pollyea et al., Leukemia, 2021). If
remission is achieved, the consolidation phase follows, aiming to eliminate any remaining
cancer cells. Some patients undergo high-dose chemotherapy, while others, especially those
with high-risk features, may receive a stem cell transplant (Stubbins et al., Oncology Reviews,
2022). However, in many cases, especially in relapsed or treatment-resistant AML, the disease
doesn't respond well. In such situations, newer treatments like venetoclax, CPX-351 (dual-drug
liposomal encapsulation of cytarabine and daunorubicin), or FLT3 inhibitors are being used

with growing success ( Uy et al., 2024; Andrews et al., 2023; Jiao et al., 2024).

Recently, researchers have started to look more closely at how inflammation may affect AML.
Inflammatory molecules called cytokines, such as tumor necrosis factor-alpha (TNF-a),
lipopolysaccharide (LPS), high-mobility group box 1 (HMGB1) and interferon-gamma (IFN-
v), are part of the body’s immune response but can also influence leukemia cell behavior (Naji,
Nour Sabiha et al, 2024). Cytokines play a significant role in the pathogenesis and progression
of AML by influencing the bone marrow microenvironment and promoting leukemic cell
survival. Elevated levels of pro-inflammatory cytokines such as TNF-a and IL-6 have been
associated with poor prognosis and therapy resistance in AML patients (Kornblau SM, et al.

Cytokine patterns in acute myelogenous leukemia, 2010).

These molecules can change how certain transporter proteins, specifically OCTN1 and OCTN2
function in AML cells. These transporters, part of the SLC22 family, are involved in moving

substances like nutrients or drugs across cell membranes. Given that OCTN1 and OCTN?2 are
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involved in the transport of chemotherapeutic drugs, inflammation-induced changes in their
expression or function may affect how well these drugs are absorbed by leukemia cells. In other
words, such changes could be particularly important in the context of AML, where
inflammation can exacerbate disease progression and complicate therapeutic outcomes

(Pochini et al., Int J Mol Sci, 2022).

We investigated how various pro-inflammatory mediators influence the expression of
transporters OCTN1 and OCTN2 in AML cells. We used OCTN1 and OCTN2 transporters
because they play a crucial role in the uptake of essential nutrients and chemotherapeutic drugs,
which can significantly impact the efficacy of treatment in AML. Specifically, we focused on
TNF-a, LPS, HMGBI1 and IFN-y which are key cytokines involved in the body’s immune
response and are known to affect tumor cell behavior. The experiments were carried out using
two AML cell lines, MV4-11 and THP-1, to assess how these inflammatory signals modulate

transporter activity.



2. THEORETICAL PART

2.1. ACUTE MYELOID LEUKEMIA

Acute myeloid leukemia (AML) is a cancer of the blood and bone marrow precisely it is the
hematological malignancy present in the bone marrow and resulting in the proliferation of
myeloid stem cells (Pelcovits & Niroula, 2020). It is the most common type of acute
leukemia in adults. This type of cancer usually gets worse quickly if it is not treated. AML is
also called acute myelogenous leukemia and acute nonlymphocytic leukemia. It most
commonly occurs in older adults. Males are affected more often than females. The five-year
survival rate is about 35%, in people under 60 years old and 10% in people over 60 years old.
Older people whose health is too poor for intensive chemotherapy have a typical survival of
five to ten months. It accounts for roughly 1.1% of all cancer cases, and 1.9% of cancer deaths
in the United States (National Cancer Institute, Cancer Stat Facts, AML, 2024, Ddhner,
Hartmut et al., 2015). In 2015, AML affected about one million people and resulted in 147,000
deaths globally (GBD 2015 Mortality and Causes of Death Collaborators, 2016).

In a healthy human, the bone marrow makes blood stem cells (immature cells) that become
mature blood cells over time. A blood stem cell may become a myeloid stem cell or a lymphoid
stem cell. (Fig. 1.). Myeloid stem cells go through several stages of development in the bone
marrow before fully maturing into red blood cells, granulocytes and other types of white blood

and platelets (National Cancer Institute).


https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=44363&version=patient&language=English&dictionary=Cancer.gov
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Figure 1. Hematopoiesis and development of myeloid and lymphoid lineage (Tamar, 2020)

In healthy cells, the DNA gives instructions to grow and multiply at a set rate. The instructions
tell the cells to die at a set time. But when the DNA changes happen in the myeloid cells, the
changes give different instructions. The myeloid cells start to make a lot of extra cells, and they
don't stop. The DNA changes cause the myeloid cells to make a lot of immature white blood
cells, called myeloblasts. The myeloblasts don't work right. They can build up in the bone
marrow. They can crowd out healthy blood cells. Without enough healthy blood cells, there
might be low oxygen levels in the blood, easy bruising and bleeding, and frequent infections
(Mayo Clinic, 2024). There are many risk factors for AML, but many do not directly cause
cancer. Instead, they increase the chance of DNA damage in cells that may lead to AML.
Possible risk factors include: being male, older age (over 45), smoking, having had treatment
with chemotherapy or radiation therapy in the past, being exposed to radiation in the
environment (such as nuclear radiation) or to the chemical benzene, having a personal history
of a blood disorder such as myelodysplastic syndrome and having certain syndromes or
inherited disorders (Acute Myeloid Leukemia Treatment (PDQ®)—Patient Version, National
Cancer Institute, 2025).



The annual incidence of new cases in both men and women is approximately 4.3 per 100,000
population, totaling over 20,000 cases per year in the United States alone (Shallis RM, Wang
R, Davidoff A, Ma X, Zeidan AM. Epidemiology of acute myeloid leukemia: Recent progress
and enduring challenges. Blood Rev. 2019). The median age at the time of diagnosis is about
68, with a higher prevalence observed among non-Hispanic Whites. Furthermore, males exhibit
a higher incidence compared to females, with a ratio of 5:3 (Anusha Vakiti; Samuel B.
Reynolds; Prerna Mewawalla,2024). and 35-40% of patients under the 60 are normally cured,
while the percentage for patients after the 60 years of age is 5—15% (Tang et al., 2021).

2.2. TREATMENT APPROACH

Treatment for AML is often carried out in 2 stages:

1. Induction — this first stage of treatment aims to kill as many leukemia cells in blood and bone

marrow as possible to achieve complete remission (CR) and treat symptoms.

2. Consolidation — this stage aims to prevent the cancer coming back (relapsing) by killing any

remaining leukemia cells.

2.2.1. INDUCTION
The initial treatment will largely depend on whether the patient is fit enough to receive an

intensive chemotherapy or whether a lower dosage is recommended.

Intensive induction: chemotherapy for acute myeloid leukemia involves the administration of
high-dose chemotherapy medicines to eliminate malignant cells from the blood and bone
marrow. Typically, a combination of two or more cytotoxic agents is used. They receive a
regimen called “7+3”, which consists of 7-day cytarabine and administration of an
anthracycline from the first to the third day (Fig. 2.). Daunorubicin is the most frequently given
anthracycline (Pollyea et al., 2021). This treatment is conducted in a hospital or specialized
center due to the need for close medical and nursing supervision. Patients may return home
between treatment cycles, depending on their condition. Because healthy blood cell production
is suppressed during treatment, regular blood transfusions are required. The immune system
becomes compromised, increasing the risk of infection; therefore, patients must remain in a
clean and controlled environment, with prompt treatment of any infections. Prophylactic
antibiotics may also be prescribed. The chemotherapy is administered intravenously, usually

through a central venous catheter inserted near the heart or into a vein in the arm.



Non-intensive chemotherapy: This involves using an alternative type of chemotherapy to the
standard intensive therapy for the patients that are not fit enough to withstand the effects of

intensive chemotherapy (NHS, UK, Acute Myeloid Leukemia Treatment).

2.2.2. CONSOLIDATION THERAPY

Administering higher doses of cytarabine (HIDAC) over several cycles, commonly used in
younger, fit patients or Allogeneic Hematopoietic Stem Cell Transplantation (HSCT) (Fig. 2.)
Considered for patients with high-risk cytogenetics or molecular mutations, or those with

relapsed/refractory disease.

Initial Evaluation

Diagnaosis
Intermediate
kanyotyps
Tals
Induction F43aG0 T+3+G0 L CPX-351 T+3
mildostaurin
Post Induction As: L
o SEsSents Salvage and
plan for
HSCT
Post Remission Cytarabine
Consolidathon
+ G0 or HSCT HSCT
midostaurin

(FLT34)

Figure 2. Overview of frontline intensive treatment of AML (Stubbins, R. J., Francis, A.,
Kuchenbauer, F., & Sanford, D. (2022). Management of Acute Myeloid Leukemia: A Review

for General Practitioners in Oncology).



2.2.3. RELAPSED/REFRACTORY AML

Relapsed or refractory acute myeloid leukemia occurs when the disease returns or does not
respond to standard chemotherapy, often leading to a very poor overall survival rate of less
than 10%. Although allo-HSCT remains the most effective treatment for these patients, it may
not be appropriate for everyone. Other treatment options include venetoclax, CPX-351, and
FLT3 inhibitors such as midostaurin, gilteritinib or quizartinib. Additionally, new therapies
like pracinostat and glasdegib are being actively researched and show promising results in

treating relapsed or refractory AML (Bose et al., 2017).

2.3. FLT3 RECEPTOR IN AML

FMS-like tyrosine kinase 3 (FLT3) is a type III receptor tyrosine kinase that plays an important
role in hematopoietic cell survival, proliferation and differentiation (Lemmon, Mark A. et al.
Cell, Volume 141). More exactly its function is to provoke stem cell proliferation and
development into mature myeloid and lymphoid cells when activated by the combination of a
ligand and growth factors (Drexler & Quentmeier, 2004; Sorf et al., 2020). It is composed of
an extracellular five immunoglobulin-like domains, implicated in dimerization, a
transmembrane domain, a juxtamembrane (JM) domain and a tyrosine kinase domain (TKD)
which are shown in (Fig. 3.) The FLT3-ITD (internal tandem duplication) mutation is the most
frequently observed in AML, and it leads to the constant activation of the receptor tyrosine
kinase (RTK) by disrupting its negative regulatory function. This mutation occurs in the
juxtamembrane domain. Additionally, mutations or deletions in the TKD, which is responsible

for the enzyme’s catalytic activity, cause a loss of auto-inhibition (Grafone et al., 2012).
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Figure 3. Structure of FLT3 receptor in inactive and active conformations and it’s drug targets.
FLT3 is inactive in its conformation, but when it binds to FLT3 ligand (FL), it becomes active
and undergoes autophosphorylation. There are various FLT3 inhibitors, each of which has a
unique binding site on their domains. Adapted from Nitika et al. Role of Biomarkers in FLT3

AML, 2022.

2.3.1. FLT3 MUTATIONS

The most clinically important point is that mutation of the FLT3 gene is the most frequent
genetic alteration. In ~30% of AML cases (Do6hner et al., 2022). And is a poor prognostic factor
in acute myeloid leukemia patients. Both ITD and TKD mutations contribute to the
uncontrolled growth of cancerous cells by promoting FL-independent dimerization (Fig. 4.)

(Zhao et al., 2022).
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Figure 4. FLT3 Mutations in Acute Myeloid Leukemia (Ramesh Thevendran et al., 2022)

2.3.2. TARGETED THERAPY WITH FLT3 INHIBITORS

It has improved outcomes. Midostaurin, when combined with standard "7+3" chemotherapy,
increased survival in newly diagnosed patients with FLT3-mutated AML (Stone et al., 2017).
Gilteritinib, used as monotherapy in relapsed or refractory cases, also showed improved
survival over standard salvage chemotherapy (Perl et al., 2019). But in the past years resistence
to FLT3 inhibitors accured so scientists are overcoming this resistence by using a combination

of targeted therapies or new-small molecules (Fig. 5.) (Martina Ruglioni et.al,2024).

11



Inactive Active
conformation conformation

FLT3
receptor

Intracellular space ITD
mutation

Type Il
Inhibitors "_i

Type |
mutation

Sorafenib Sunitinib
Ponatinib Midostaurin
Quizartinib® Lestaurtinib
Crenolanib*
Gilteritinib*

* Second-generation FLT3 inhibitors

Figure 5. Types of FLT3 Inhibitors. Type I FLT3 inhibitors bind the FLT3 receptor in the
active conformation, either near the activation loop or the ATP binding pocket and are active
against ITD and TKD mutations. Type Il FLT3 inhibitors bind the FLT3 receptor in the inactive
conformation in a region adjacent to the ATP-binding domain. As a result of this binding
affinity, type II FLT3 inhibitors prevent activity of ITD mutations but do not target TKD
mutations (Daver, Naval et al. Targeting FLT3 mutations in AML, 2019).

2.4. MEMBRANE TRANSPORTERS

SLC transporters: The solute carrier group of membrane transport proteins include over 400
members organized into 66 families. Most members of the SLC group are located in the cell
membrane. As is typical of integral membrane proteins, SLCs contain a number
of hydrophobic transmembrane alpha helices connected to each other by hydrophilic intra- and
extra-cellular loops. Depending on the SLC, these transporters are functional as either
monomers or obligate homo- or hetero-oligomers. Many SLC families are members of
the major facilitator superfamily (Hediger, Matthias A et al.,2004, Perland, E., & Fredriksson,
R.,2017). Names of individual SLC members have this format:

e SLC is the root name (SoLute Carrier)

e n=an integer representing a family (e.g., 1-52)

12
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o X =asingle letter (A, B, C, ...) denoting a subfamily

e m = an integer representing an individual family member (isoform) (Hediger, Matthias

A et al.,2013).

OCTN is a small subfamily of membrane transport proteins that belongs to the larger SLC22
family. The proteins of the SLC22 family are characterized by 12 hydrophobic membrane-
spanning segments, with an o-helical secondary structure, connected by hydrophilic amino
acid loops (Fig. 6.) Two of the hydrophilic loops are much larger than the others; one of them
protrudes toward the extracellular environment, and the other protrudes toward the intracellular
space. Predicted glycosylation sites are present in the extracellular loop, whereas the
intracellular loop may have a role in regulation. Two of the three members of the subfamily,
namely, OCTN2 and OCTNI, are present in humans. The polyspecificity of the OCTNs is at
the base of the interactions with drugs. OCTNs represent special members because, on one
hand, OCTNs are described as very specific for one or few substrates, and on the other hand,
they are emerging as polyspecific transporters, exhibiting affinity for many compounds and
drugs as well. Therefore, these members are extremely interesting for pathophysiology. In
humans, OCTN1 and OCTN2 share a sequence identity of 76% (Lorena Pochini et.al., 2019,
Mol. Biotechnol.,2013).

Extracellular

Intracellular
NH,

Figure 6. Predicted topology of the transporters of SLC22 family, glycosylation sites on the
large extracellular loop (G) and phosphorylation sites (P) adapted from (Walsh DR et. al.,
2015).
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OCTNI1: Solute carrier family 22, member 4, also known as SLC22A44, is a human gene; the
encoded protein is known as the ergothioneine transporter. The first functional designation of
this protein was OCTNI1 ("organic cation transporter, novel, type 1"), but efficiency of transport
for organic cations (e.g., tetracthylammonium) is very low. The transport efficiency for
carnitine is also negligible. The role of OCTNI is still unclear, despite the identification of
some substrates such as ergothioneine, acetylcholine, and choline. Plausibly, the transporter
acts on the control of inflammation and oxidative stress. A clear role of both transporters has
been revealed in drug interaction and delivery (Griindemann, Dirk et al,2022, Griindemann,
Dirk et al.,2005, Lorena Pochini et.al., 2019). OCTN1 (SLC22A44) has been identified as a
transporter for several substrates, including the chemotherapy drug cytarabine, a backbone of
AML treatment. Studies have demonstrated that lower expression of OCTN1 in AML patients
correlates with poorer clinical outcomes, suggesting that its expression may influence

cytarabine uptake and treatment efficacy (Kim et al., 2017).

OCTN2: OCTN2 provides tissues with carnitine to perform B-oxidation, It plays a crucial role
in the absorption of carnitine from diet and in its distribution to tissues, as demonstrated by the
occurrence of severe pathologies caused by malfunctioning or altered expression of this
transporter. OCTN2 (SLC22A45) is a high-affinity carnitine transporter, critical for fatty acid
oxidation and cellular energy homeostasis. Although less is known about its specific role in
AML, disruptions in carnitine transport and metabolism may influence AML cell survival,

proliferation, or metabolic adaptation under stress (El-Khoury et al., 2022).
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2.5. PRO-INFLAMMATORY MEDIATORS IN AML

Inflammation is the immune system's response to harmful stimuli, such as pathogens, damaged
cells, toxic compounds, or irradiation, and acts by removing injurious stimuli and initiating the
healing process. Inflammation is therefore a defense mechanism that is vital to health. At the
tissue level, inflammation is characterized by redness, swelling, heat, pain, and loss of tissue
function, which result from local immune, vascular and inflammatory cell responses to
infection or injury. Important microcirculatory events that occur during the inflammatory
process include vascular permeability changes, leukocyte recruitment and accumulation, and
inflammatory mediator release (Chen, Linlin et al.,2017). During the inflammatory process,
they prevent further damage to the tissue and lead to healing and restoration of tissue function.
A prolonged inflammatory process leads to chronic disease processes that can result in organ
failure or damage (Abdulkhaleq et al., 2018). Critical roles of cytokines in the context of
inflammation have gained special interest. While pro-inflammatory mediators such as IL-1J,
TNF-a and IL-6 tend to increase AML aggressiveness, anti-inflammatory mediators such as
TGF-B and IL-10 appear to impede AML progression. Dysregulation of the complex
interactions between pro- and anti-inflammatory cytokines in AML may create a pro-
tumorigenic microenvironment with effects on leukemic cell proliferation, survival and drug-

resistance (Fig. 7.) (Binder S, The cytokine network in acute myeloid leukemia,2018).
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Figure 7. The effect of cytokine network dysregulation on tumorigenesis and leukemic blast

formation (Naji NS, (Basel) 2024).
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In this thesis, we used pro-inflammatory mediators such as IFN-y, TNF-a to investigate their
effect on OCTN1 and OCTN2 transporters in AML cells. These cytokines were selected
because they are commonly elevated in the tumor microenvironment and are known to
influence cellular behavior, including gene and protein expression. Our aim was to determine
whether inflammation-related signaling could alter the expression or function of these
transporters, which are involved in the uptake of therapeutic compounds. At the end HMGB1
and LPS were used as our supplementary cytokines and presented as a pilot result which is not

statistically evaluable, and we would need to repeat it to be certain about the result they give.

TNF-a: is a cytokine that has pleiotropic effects on various cell types. It has been identified as
a major regulator of inflammatory responses and is known to be involved in the pathogenesis
of some inflammatory and autoimmune diseases. The bone marrow environment of AML
patients tends to have high levels of TNF-a, either produced by leukemic cells themselves or
surrounding immune/stromal cells. TNF-a promotes leukemic cell survival and growth. In
AML cells, TNF-a can activate pathways (like NF-xB) that Promote cell survival, increase
proliferation. And in some cases, protect the leukemic cells from chemotherapy (Wang et al.,
2005). TNF-a also enhances responsiveness to other growth signals, moreover TNF-a
upregulates receptors for growth factors like GM-CSF on AML cells, making them more
responsive to these signals that drive growth (Yoshimoto et al., 1993). Additionally, TNF-a
suppresses normal blood cell development. While TNF-a helps leukemic cells, it inhibits
healthy hematopoietic (blood-forming) stem cells in the bone marrow. This leads to bone
marrow suppression, resulting in symptoms like anemia and low immunity in patients
(Kitagawa et al., 1994). Structurally, TNF-a is a homotrimer protein consisting of 157 amino
acids, mainly generated by activated macrophages, T-lymphocytes, and natural killer cells. It
is functionally known to trigger a series of various inflammatory molecules, including other
cytokines and chemokines. TNF-a exists in a soluble and transmembrane form (Jang DI, Lee
AH, Shin HY, et al. 2021). Treatment with IFN-y and TNF-a increased intestinal OCTN2
expression, particularly in the colon. Intestinal epithelial OCTN2 expression is increased by
intestinal inflammation, most likely through increased levels of proinflammatory cytokines.
These findings suggest OCTN2 may participate to restoration of intestinal homeostasis under
conditions of inflammation-associated stress (Fujiya, Mikihiro et al.,2011). To identify which
cytokines were mainly responsible for the effects seen with the cytokine cocktail, researchers
examined how each individual cytokine (IL-1p, IL-6, TNF-q, and IFN-y) affected the mRNA

expression of the renal drug transporter. In general, amongst the four cytokines, IL-1f appeared

16



to be the most potent at downregulating the mRNA expression of OCT2 and upregulating the
mRNA expression of OCTNI. IFN-y also appeared to downregulate OCT2 (Tsang, Y. P., et
al., 2024). For instance, TNFa induces proliferation in myeloid neoplastic cells (Fleischman
AG, Aichberger KJ, Luty SB, et al.,2011). Type 1 interferons, interferon alpha (IFN-a), beta
(IFN-B), and omega (IFN-w), and the type 2 interferon, gamma (IFN-y), are major players in

the inflammatory response to cancer (Saleiro, D., & Platanias, L. C.,2019).

IFN-y: Interferon gamma is a dimerized soluble cytokine that is the only member of the type
II class of interferons (Gray, P. W., & Goeddel, D. V.,1982). They are primarily secreted by
CD4" T helper 1 (Thl) cells, natural killer (NK) cells, and CD8" cytotoxic T cells. The
expression of type II IFN is upregulated and downregulated by cytokines (Castro, Flavia et
al.,2018). It is able to promote inflammation, antiviral or antibacterial activity, and
cell proliferation and differentiation (Bhat, Mohd Younis et al.,2018). IFN-y has been shown
to enhance antigen presentation by upregulating MHC class I and II molecules on AML cells
and AML-derived dendritic cells. This increases the immunogenicity of leukemic cells and
may enhance their recognition by cytotoxic T lymphocytes (Grosso et al., 2004). Moreover,
IFN-y can exhibit growth-inhibitory or pro-apoptotic effects on AML cells. In several in vitro
studies, IFN-y was able to reduce proliferation and induce programmed cell death in AML
lines, suggesting a potential anti-leukemic effect under certain conditions (Shan et al., 2000).
Additionally, IFN-y interacts with other cytokines like TNF-a and LPS to modulate cytokine
production and immune responses in AML patients, indicating its important role in the cross-
talk between leukemia and immune cells (Bertholet et al., 1999). Previous studies have
demonstrated that IFNy can increase the AML cell expression of several membrane molecules
involved in immune recognition, including HLA-class II (especially HLA-DR), CD40, CD54,
CD80 and possibly CD83 (Lecchi, M et al.,1989).

LPS: Lipopolysaccharide, commonly known as endotoxin, is a major component of the outer
membrane of Gram-negative bacteria that induces a pronounced inflammatory response. LPS
especially in combination with cytokines like TNF-a or IFN-y has been shown to induce
monocytic differentiation and growth arrest in certain AML cell lines. These changes are
associated with cytoskeletal reorganization and a more differentiated, less proliferative
phenotype (Kitamura et al., 1992). Additionally, LPS can enhance co-stimulatory molecule
expression on AML-derived dendritic cells, improving their antigen-presenting capabilities and
stimulating T cell responses. This implies a possible immunomodulatory role for LPS in AML

(Berthon et al., 2015). Structurally LPS is a heat-stable glycolipid that serves as a vital
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reinforcement of the outer membrane’s asymmetric phospholipid bilayer, providing structural
integrity and permeability barrier to a bacterial cell. The LPS molecule consists of lipid A, core
oligosaccharide and O-polysaccharide also referred to as O-antigen. Hydrophobic lipid A is the
most immunogenic part of the LPS, embedded in the bacterial outer membrane and merging it

with the rest of the LPS molecule (Skrzypczak-Wiercioch A et al.,2022).

HMGBI1: also known as amphoterin, is a proteinthat in humans is encoded by
the HMGB1 gene (Ferrari, S et al., 1996, Chou, D K et al.,2001). HMG-1 belongs to the high
mobility group and contains a HMG-box domain. HMGBI is secreted by immune cells
(e.g. macrophages, monocytes and dendritic cells) through leaderless secretory
pathway. Activated macrophages and monocytes secrete HMGBI1 as a cytokine mediator
of inflammation (Klune, John R et al.,2008,Wang, H et al.,1999). HMGBI is often
overexpressed in AML cells and contributes to increased proliferation while inhibiting
differentiation. Mechanistically, HMGB1 upregulates the expression of TGFBI, which is
associated with the blockade of myeloid differentiation. Targeting HMGBJ1, for instance with
the histone deacetylase inhibitor chidamide, has been shown to downregulate its expression,

leading to induced differentiation and apoptosis in AML cells (Zhang et al., 2020).
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3. AIMS

The main aim of this diploma thesis is to evaluate whether, and to what extent, pro-
inflammatory mediators influence the gene expression of membrane transporters OCTN1 and
OCTN2 in AML cells. Particular focus is placed on two cytokines, TNF-a and IFN-y, and their
potential role in modulating transporter expression at the cellular level. For this purpose, two
human AML cell lines were used: MV4-11 cells, which harbor the FLT3-ITD mutation, and
THP-1 cells, which are FLT3 wild-type.

As a secondary and complementary objective, this work also examined the influence of
additional inflammatory mediators, specifically LPS and HMGBI, on the OCTNI (SLC2244)
and OCTN2 (SLC2245) expression in the same AML cell lines, to provide broader insight into

the interaction between inflammation and transporter regulation in AML.

19



4. EXPERIMENTAL PART

4.1. MATERIAL AND CHEMICALS

- Aqua pro injectione (API)
- Chloroform, Penta Chemicals (Prague, Czech Republic)
- Ethanol, Penta Chemicals (Prague, Czech Republic)
- Iscove’s Modified Dulbecco’s Medium (IMDM), Merck KGaA (Darmstadt, Germany)
- Isopropanol
- PCR gene expression assays (Applied BiosystemsTM, Thermo Fisher Scientific, MA USA)
- housekeeping gene: YWHAZ
- genes encoding the following transporters: SLC22A44, SLC22A45
- Phosphate-Buffered Saline (PBS), (Thermo Scientific Rockford, USA)
- RevertAid RT Kit, (Thermo Scientific Rockford, USA):
- 5X Reaction Buffer
- 10 mM dNTP Mix
- Random Hexamer Primer, 100 uM
- RevertAid RT (200U/uL)
- RiboLock RNase Inhibitor (20U/uL)
- RPMI-1640 Medium, Sigma-Aldrich (St. Louis, MO, USA)
- Stimulators:
- HMGB-1, R&D Systems (BioTechne)
- IFN-y, Sigma-Aldrich (St. Louis, MO, USA)
- LPS, Sigma-Aldrich (St. Louis, MO, USA)
- TNF-a, Sigma-Aldrich (St. Louis, MO, USA)
- TagMan™ Universal Master Mix II (Applied Biosystems™, Thermo Fisher Scientific, MA
USA)
- TriReagent (TR 118, Molecular Research Center, Inc., Cincinnati, OH, USA)
- Trypsin, Sigma-Aldrich (St. Louis, MO, USA)

- Water, nuclease-free

4.2. APPLIANCES

- Bio-Rad Automated Cell Counter 20 (Bio-Rad, Hercules, CA, USA)
- Centrifuge, Benchmark (Biotech, Germany)
- Centrifuge Boeco C-28 (Biotech, Germany)

20



- Centrifuge Hettich Universal 22R (A. Hettich GmbH & Co. KG, Tuttlingen, Germany)

- Cells Incubator, CERTOMAT CS-18 (Sartorius stedim, Biotech, Germany)

- Flow box Jouan (Saint-Herblain, France)

- Hidex Sense Beta Plus 425-311 Microplate Reader (Hidex, France)

- Liquid Scintillation Analyzer, TRI-CARB 2900TR (Packcard, Olomouci, Czech Republic)
- Microscope, Optika® (Ponteranica, Italy)

- NanoQuant, Infinite m200 pro (Tecan, Ziirich, Switzerland)

- ThermoMixer, Eppendorf® (Hamburg, Germany)

- Vortex V-1 plus (Biosan SIA, Latvia)

- Water bath (Polyscience, USA)

4.3. CELL LINES

Two human AML cell lines (THP-1, MV4-11) were used for experiments involved in this
diploma thesis. Both were purchased from the American Tissue Culture Collection
(ATCC, Virginia, USA). THP-1 is negative for FLT3 mutations, while MV4-11 carries FLT3-

ITD. Cells were used in experiments between the passages 6th and 12th.

4.3.1. THP-1 CELLS

This is a suspension human leukemia monocytic cell line, originally derived from 1 year old
male AML patient. The cells are phagocytic and have been used to study
mechanisms, signaling pathways, and nutrient and drug transport. (Wasaporn Chanput et al.

International Immunopharmacology, 2014).

4.3.2. MV4-11 CELLS

This cell line is a human AML cell line established from blasts cells of 10 years old male with
biphenotypic B-myelomonocytic leukemia (AML FAB M5) that carry translocation t(4;11)
and a FLT3-ITD mutation (Int J Hematol Oncol Stem Cell Res. 2020).
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4.4. PRINCIPLE

4.4.1. CELL MAINTENANCE

CELL THAWING

Maintaining a sterile environment is crucial during the cultivation of all cell lines. This involves
working within a laminar flow hood while wearing gloves and a lab coat. Before use, all
necessary materials are sprayed with 70% ethanol to prevent contamination. Prior to starting
work, the laminar flow hood is illuminated with UV radiation. Simultaneously, PBS, trypsin,

and medium are warmed in a water bath set to 37°C.

SPLITTING OF THE CELLS

After thawing the MV4-11 and THP-1 cells, the cells were pipetted into 9 ml prewarmed
culture medium centrifuged at 200 x g for 5 minutes, followed by aspirating the supernatant
and resuspend in 7 ml prewarmed culture medium. The cells were put into 25 cm? culture flask
and then in an incubator. After thawing, the cells were split at least three times to allow them
to recover from cryopreservation stress before using them in experiments. For the passage the
cells were counted (For splitting MV4-11 cells was needed 2 x 10° cells/ml for a new flask and
for THP-1 we needed 4 x 10° cells/ml) and spun for 5 minutes at 150 x g to obtain a cell pellet
while leaving fragments of dead cells in the supernatant of the old medium. The pellet was
resuspended in 7 ml CM for 25 cm? and cells were transferred to a new bottle (final volume 7
ml for small flask - 25 cm? and 21 ml for bigger flask — 75 cm?). The optimal cell density is
between 200 thousand and 700 thousand cells per 1 ml. Finally, the culture flask was returned
to the incubator for further incubation (37 °C and 5% CO2). THP-1 were split twice a week in
RPMI-1640 supplemented with 10% FBS. For MV4-11 we used IMDM supplemented with

10% FBS and 4mM L-glutamine and were split twice a week again.

4.4.2. INDUCTION OF PRO-INFLAMMATORY RESPONSE

In aseptic conditions, cultured cells were introduced into individual wells of a 12-well plate.
With the density of 350 thousand cells/well for 24 hours, 250 thousand cells/well for 48 hours
and 150 thousand cells/well for 72 hours, for both THP-1 and MV4-11 cells. Subsequently,
cells were exposed to following pro-inflammatory cytokines: IFN-y; 50 ng/ml and TNF-a; 20
ng/ml and to bacterial immunity response inducer LPS; 100 ng/ml and HMGB1; 10 ng/ml).

Three wells (triplicates) were used for each cytokine exposition, one triplicate was cultivated
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in culture media only (without any cytokine) as a control. The plates were then incubated for
24, 48, and 72 hours and medium was not changed during incubation time. After incubation
the cell suspension was centrifuged and an ample volume of 1ml TriReagent was introduced
into the pellets for the essential cell lysis. Finally, lysates were preserved at -80°C until RNA

i1solation.

4.4.3. RNA ISOLATION AND QUANTIFICATION

RNA was isolated using phenol-chloroform extraction. Cold chloroform was added to
TriReagent lysates (200 uL chloroform per 1 ml lysate) and the RNA extraction was performed
by vigorous shaking for 15s followed by centrifugation at 12,000 g/4°C for 15 minutes. By this
action, mixture will separate into 3 phases based on density (1) aqueous phase which contains
RNA (2) interphase containing DNA and (3) organic phase which has proteins and lipids (Fig.
8). Aqueous phase was carefully collected with a pipette without disturbing the other phases
and was transferred into a new Eppendorf tube. RNA precipitation was insured by adding 2-
propanol (500 pL/1 ml TRI Reagent used). The samples stood for 10 minutes in room
temperature and then were mixed and centrifuged at 12,000 g for 10 minutes at 4°C. After
achieving a white pellet on the wall of the tube (precipitation of RNA), the next step is RNA
wash. Supernatant was removed and pellet was rinsed with 75% ethanol (1ml/1ml TRI Reagent
used). After centrifuging at 12,000 g for 5 minutes, this step was repeated one more time to
guarantee purity by eliminating residual contaminants and salts from the RNA pellet. Then by
using a pipette residual ethanol was carefully removed without disturbing the RNA pellet, and
after that brief air-drying to evaporate the remaining ethanol, but not completely drying out.

Finally, the RNA pellet was dissolved in 20 pL of API (aqua pro injectione).
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Figure 8. Simplified presentation of RNA isolation workflow using Trizol reagent and

phenol-chloroform extraction (Das et al. 2021)
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After RNA isolation obtained RNA must be checked for its concentration and sufficient purity
Impurities can inhibit polymerases, reducing amplification efficiency in qRT-PCR, moreover
they can appear in the form of residual proteins interfering with enzymatic reactions, such as
reverse transcription or PCR. Last, but not least, a pure amount of RNA must be present to

ensure precise amount of DNA (cDNA) for the further PCR.

RNA concentration and purity were measured using the NanoDrop spectrophotometer. The
device measures absorbance at 260 nm to calculate RNA concentration and uses the 260/280
and 260/230 ratios to assess purity. The 260/280 ratio reflects possible protein contamination,
while the 260/230 ratio indicates the presence of salts or organic residues. Ideal values are

around 1.8-2.2 for 260/280 and above 1.7 for 260/230.

4.4.4. REVERSE TRANSCRIPTION

When we have the right purity, we can start the reverse transcription using RevertAid RT Kit
(Thermo Scientific Rockford, USA). During reverse transcription, mRNA is transcribed into
cDNA with the help of RevertAid reverse transcriptase enzyme. After thawing the kit, the
components were briefly vortexed (except RevertAid RT and RiboLock RNase Inhibitor,
which was pipetted gently and not vortexed, and then was stored on ice. These reagents are
protein-based enzymes, and they are sensitive to mechanical stress. Vortexing can cause
proteins to denaturate or even form bubbles, so we should not vortex them. For the reaction
mixture, a sterile tube, free from nucleases was taken, and RNA was put in it. Then, 1 pl of
primer was added and topped it up with nuclease-free water until it reached 12 pL in total. It
was centrifuged briefly and incubated at 65°C for 5 min. Then it was brought out and chilled
on ice. Moving on to adding the kit components, 4 pnl of Reaction Buffer was pippeted, 1 pl of
RiboLock RNase Inhibitor (20 U/ul), 2 pul of 10mM dNTP Mix, and 1 pul of RevertAid RT (200
U/uL), making it a total volume of 20 pul. After gentle mixing and brief spinning, samples were
placed in a Bio-Rad T100TM thermal cycler at 42°C for the required time for transcription.
The obtained cDNA was stored at -20 °C for subsequent PCR analysis.
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445. gRT-PCR

Employing qRT-PCR (quantitative reverse transcription polymerase chain reaction), we
conducted real-time quantification of transport protein gene expression by amplifying

corresponding cDNA with the help of DNA polymerase.

Throughout the entire PCR procedure, the following steps are cyclically repeated:
1.Denaturation: Double-stranded DNA 1is heated to separate its two strands (Fig.9).
2.Hybridization: Primers anneal to their complementary sequences on the single-stranded DNA
template.

3.Polymerization: DNA polymerase extends the primers, synthesizing new DNA strands
complementary to the template.

The outcome of the PCR process is the exponential amplification of the DNA, resulting in a
ideal final quantity 2”n times that of the initial amount, where 'n' represents the number of

cycles.
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Figure 9. Simple explanation of reverse transcription and steps of PCR. Taken from:

Schmittgen & Livak 2017

Quantitative PCR (qPCR) or real-time PCR is used to quantify the gene expression of specific

genes. The principle is the addition of a fluorescent dye to the reaction mixture, which
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fluoresces when bound only to double-stranded DNA. With the help of a special thermal cycler
with a fluorescence detector, it records the amount of DNA during each cycle.

Ct value (cycle threshold) reflects the cycle in which the amplification curve rises above the
fluorescence threshold and at the same time it can be detected. So, in other words it helps us
measure how much of the target DNA or RNA is in a sample. A lower Ct value means there is

more DNA in the sample, while a higher Ct value means there is less.

In gPCR, we have 4 phases of amplification curve:

1. At the start, there's very little DNA, so the fluorescence (brightness) is low. It is below the
detection limit, meaning we cannot see it well. (Baseline phase, fig.10)

2. Then, as we continue the reaction, the DNA amount starts to double with each cycle. This
phase is called the exponential phase. The fluorescence gets higher and passes a certain
threshold, so we can start seeing it clearly.

3. In the third phase, called the linear phase, the amount of DNA keeps increasing but slowly
because reagents will become limited.

4. Finally, we reach the plateau phase. Here, the amount of DNA stops increasing because some
of the reaction components are used up. The reaction slows down, and the DNA starts to break

down.
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Figure 10. Quantitative measurement of DNA amplification during qPCR and the phases of the
cycle. Taken from: Basic principles of real-time quantitative PCR. Expert Rev Mol Diagn.
2005.
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For the PCR reaction we used a 384-well plate. The cDNA concentration was 25 ng/ul, so for
a Sul suspension for each well we use:
* 2.5 ul Master Mix.
* 1.75 ul APL
* 0.25 pl PCR gene expression assay
SLC22A44 (Hs00268200 ml)
SLC22A45 (Hs00929869 ml)
YWHAZ (Hs01122445 g1) - we used YWHAZ (Tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein zeta) as our housekeeping gene

* 0.5 ul of cDNA

All samples were analyzed in duplicate, and the PCR amplification profile was as follows: 10
min at 95 °C, 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Negative controls containing
API without cDNA were used for each gene. A housekeeping gene is a gene expressed at
consistent levels in all cells, playing crucial roles in fundamental cellular processes. These
genes serve as internal controls in experiments, helping to normalize the expression of other

genes under different conditions.

For individual genes, the ACt value was calculated in such a way that the value of the given
sample was subtracted from the respective housekeeping genes. After that, we calculated AACt
with the help of control solutions, by calculating ACt in the previous step and subtracted from

the ACt of the control sample. Final value was inserted into formula 2 24¢,

4.5. STATISTICAL ANALYSIS

GraphPad Prism 9.3.1 was used for statistical analysis and graphical processing. Statistical
significance was assessed using a non-parametric paired t-test (Wilcoxon signed-rank test).
Our main goal and primary cytokines were with cytokines TNF-a and IFN-y, data are presented
as means of three independent experiments + standard deviation (SD). A p-value of less than
0.05 was considered statistically significant. Statistical significance is indicated as follows: *p

<0.05, **p < 0.01, ***p < 0.001.
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5. RESULTS

To investigate how inflammation might influence drug transporter expression in AML, we
examined the effect of the pro-inflammatory cytokines TNF-a and IFN-y on the expression of
SLC2244 (OCTN1) and SLC22A45 (OCTN2) in the MV4-11 and THP-1 cell lines and later as
our pilot data using HMGB1 and LPS. This chapter covers the results of the expression of
SLC22A44 and SLC22A45 in AML cells. In the individual sub-chapters, we can find results from
the performed methods detailed in the experimental part. The given graphs show the changes
in the expression of OCTN1 and OCTN2 membrane transporters depending on various pro-

inflammatory stimulators.

5.1. TNF-a and IFN-y affect expression of OCTNI and OCTN2 in MV4-11

We first examined the effect of the pro-inflammatory cytokines TNF-a and IFN-y on the
expression of SLC22A44 (OCTN1) and SLC22A45 (OCTN2) genes in the MV4-11 cell line, which
carries the FLT3-ITD mutation commonly associated with poor prognosis and high relapse
rates. In the case of SLC2244 encoding OCTNI, our data (Fig. 11A) show that stimulation
with TNF-a led to a statistically significant increase in gene expression at 48 hours (p > 0.01)
and again at 72 hours (p > 0.05) compared to the untreated control. A similar trend was
observed with IFN-y, although we had a slight downregulation after 48 hours but in general,
we had a significant increase from 24 hours to 72 hours of exposure (p > 0.05), suggesting a
delayed but marked effect on OCTNI1 expression. These results indicate that both cytokines
upregulate expression of SLC2244 in a time-dependent manner, with the strongest changes in
gene expression occurring at later time points. For SLC2245 encoding OCTN2 (Fig. 11B), the
response was more complex. TNF-a caused a significant downregulation at 48 hours (p > 0.01),
possibly suggesting a transient inhibitory effect on SLC2245 expression under inflammatory
conditions. On the other hand, IFN-y stimulation led to a moderate but statistically significant
upregulation of SLC2245 at both 48 and 72 hours (p > 0.05), highlighting differential

regulation between the two transporters.
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Figure 11. Relative expression of (A) SLC22A44 and (B) SLC22A45 in MV4-11 cells after
stimulation with TNF-a and IFN-y at 24, 48, and 72 hours. Gene expression was analyzed using
gRT-PCR and normalized to the housekeeping gene (YWHAZ). Data are expressed as mean +

SD from three independent experiments (n=3). *p < 0.05, **p < 0.01 vs. control.
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5.2. TNF-a and IFN-y do not affect the expression of OCTNI and OCTN2 in

THP-1

In the THP-1 cell line, we didn’t observe any significant changes in the expression of SLC2244
after treating the cells with TNF-o or I[FN-y at any of the time points (24 h, 48 h, or 72 h), as
shown in Fig. 12A. The expression stayed relatively stable compared to the control, which
suggests that in THP-1 cells, SLC22A44 isn’t strongly influenced by these cytokines. This could
be because THP-1 cells don’t carry the FLT3 mutation, so their reaction to inflammatory
stimuli might be different than in MV4-11 cells. On the other hand, Fig. 12B shows that
SLC22A45 responded differently with a slight but statistically significant decrease in expression
after 24 hours of IFN-y treatment. Interestingly, this effect was only seen at this one time point,
since the levels went back to normal at 48 and 72 hours. This short-term drop might point to
some early regulatory mechanism triggered by IFN-y, which could temporarily affect how the
transporter works and maybe even impact drug uptake during that window. So, while SLC2244
seems pretty unaffected in THP-1 cells, SLC2245 might be a bit more sensitive, at least in the

early phase of cytokine exposure.
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Figure 12. Relative expression of (A) SLC2244 and (B) SLC2245 in THP-1 cells after
stimulation with TNF-a and IFN-y at 24, 48, and 72 hours. Gene expression was analyzed using
gRT-PCR and normalized to the housekeeping gene (YWHAZ). Data are expressed as mean +

SD from three independent experiments (n=3). *p < 0.05 vs. control.
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5.3. Expression of OCTNI and OCTN2 following LPS and HMGBI1
stimulation in MV4-11 cells

After exposition of the cells to LPS, OCTNI1 expression indicates an increase at 24 hours, peaks
at this time point, and then gradually declines at 48 hours and 72 hours (Fig. 13A). The other
complementary cytokine HMGB1 indicates a more modest increase, with a little decrease from
24 hours to 48 hours but then increasing again to 72 hours so a total progressive rise from 24
to 72 hours. In Fig. 13B, LPS treatment indicates a pronounced increase of OCTN2 expression
at 24 hours, which is the peak of expression, followed by a decline at 48 hours, and a little
increase at 72 hours. In response to HMGB1, expression didn’t change much in total. There
was a slight increase from 24 to 48 hours followed by a slight decrease to 72 hours. These
findings suggest that LPS rapidly induces both SLC2244 and SLC22A45 expression in MV4-11
cells, whereas HMGBI triggers a slower, more gradual upregulation, particularly notable for

SLC2244.
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Figure 13. Expression of SLC2244 in (A) and SLC2245 in (B) normalized to YWHAZ in MV4-
11 cells treated with LPS or HMGB1 compared to untreated control (CTRL) across three time
points: 24, 48, and 72 hours. (n=1)
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5.4. Expression of OCTNI and OCTN2 following LPS and HMGBI1

stimulation in THP-1 cells
SLC22A4 expression seems to be elevated at 24 hours following LPS treatment and is being at
its maximum, followed by a noticeable reduction at 48 hours and a slight reduction at 72 hours
(Fig. 14A). In contrast, HMGBI1 treatment seems to show a different trend: expression
gradually increases from 24 to 48 and then to 72 hours, with the highest expression observed
at 72 hours. In Fig. 14B, SLC2245 expression seems to have a slight reduction at 24 and 48
hours after LPS stimulation, followed by an increase at 72 hours, approaching above baseline
levels. For HMGBI, expression seems to show a moderate increase from 24 to 48 hours, and
then a slight decrease to 72 hours. Overall, we observe a tendency that LPS downregulated the
gene expression of OCTNI transporter, but slightly upregulated that of the OCTN2 one.
Whereas HMGBI1 seems to induce a slower but more sustained upregulation over time on

OCTNI1 and not a noticeable difference on OCTN2.
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Figure 14. Expression of (A) SLC2244 (OCTN1) and (B) SLC2245 (OCTN2) in THP-1 cells
after stimulation with cytokines HMGB1 and LPS at 24, 48, and 72 hours (n=1).
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6. DISCUSSION

Acute myeloid leukemia is a serious blood cancer that starts in the bone marrow and leads to
the accumulation of immature white blood cells, which affects normal blood cell production.
It progresses quickly and needs prompt treatment. Research has shown that inflammation might
play a more important role in AML than previously thought (Naji et al., 2024). Cytokines, as
key mediators of inflammation, have been increasingly implicated in the pathogenesis of AML,
influencing both leukemic cell behavior and the bone marrow microenvironment (Binder S,
2018). Inflammatory molecules like TNF-a and IFN-y are often elevated in AML and may
influence how the disease develops or responds to treatment. These cytokines can affect various
processes in leukemic cells, including the activity of certain transporters or receptors on the
cell surface (Binder et al., 2018). In this work, the focus was to address possible effect of
inflammatory cytokines on the gene expression of membrane transporters OCTN1 and OCTN2
in AML cell lines.

The primary cytokines used were IFN-y and TNF-a, as they are most commonly associated
with inflammation in AML and have been shown in several studies to affect cellular transport
and immune responses (Naji et al., 2024 ; Wang et al., 2024; Binder S, 2018; Zhong et al.,
2022). Additionally, HMGB1 and LPS were examined as complementary mediators to provide
supporting data and broaden the understanding of their potential involvement. The goal was to
determine whether these cytokines modulate transporter expression, which might potentially
affect drug or endogenous compounds uptake and thereby AML progression and treatment
efficacy.

We chose IFN-y and TNF-a as primary targets due to their well-established roles in cancer-
related inflammation and their documented involvement in regulating various cellular
processes in tumor microenvironments (Shen et al., 2018). Numerous studies have highlighted
their effects on immune signaling, apoptosis, and increase gene expression (specifically PD-
L1, IL6, BAX, and HLA class I/II) across different types of cancers, including hematological
malignancies such as AML and also various cancers - including breast, colon, pancreatic, and
squamous cell carcinomas (Greten et al., 2019; Nishida et al., 2025). In the literature, TNF-a
and IFN-y have both been associated with increasing the expression of solute carrier
transporters, either directly or indirectly through signaling pathways like NF-«B and
JAK/STAT (Saksena et al., 2010). Specifically, in AML, elevated levels of these cytokines
have been linked to disease progression and altered responsiveness to treatment (Nursal et al.,

2016). Recent studies have shown that IFN-y is frequently elevated in the blood of newly
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diagnosed AML patients, although its precise role and interactions within the disease context
are still not fully clarified (Wang et al., 2024). Since IFN-y plays a known role in modulating
gene expression and transporter activity, including SLC transporters (Saksena S, 2010;
Infantino et al., 2014), it is reasonable to consider that the elevated IFN-y levels in this context
could influence how AML cells respond at the molecular level. Based on our results, where we
observed increased OCTNI expression after IFN-y stimulation in FLT3-mutated MV4-11 cells
(Fig. 11.), we hypothesize that IFN-y—producing immune cells in the leukemic
microenvironment may drive similar transporter regulation in vivo. The lack of such an effect
in THP-1 cells, which do not carry the FLT3-ITD mutation, further supports the idea that the
interplay between genetic background and cytokine presence could underlie functional
differences in transporter expression among AML subtypes. Recent findings have described a
specific subtype of AML (monocytic AML) as having a distinct immune environment, where
IFN-y is produced at high levels by both T cells and natural killer (NK) cells. These immune
cells contribute to a signaling-rich but immunosuppressive setting that may affect disease
behavior and response to treatment (Wang et al., 2024). Recent evidence suggests that
heightened IFN-y activity is associated with venetoclax resistance in certain AML subtypes,
particularly those with monocytic differentiation, which are characterized by a unique immune
profile enriched in IFN-y—producing T cells and NK cells (Wang et al., 2024). Venetoclax is a
drug widely used in AML and works by inhibiting BCL-2 (Haselager et al., 2023). This
immunologically active but functionally suppressive environment promotes the expression of
several anti-apoptotic members of the BCL2 protein family (a protein that helps leukemia cells
survive) such as MCL1, BCL2A1, and BCL-XL, thereby undermining the pro-apoptotic action
of venetoclax therapy (Wang et al., 2024; Kuusanmaéki et al., 2023). Venetoclax has gained
prominence as a frontline treatment option for older or medically ineligible patients, especially
in combination with hypomethylating agents, although therapeutic resistance remains a major
limitation (DiNardo et al., 2019). Experiments using primary AML samples have shown that
IFN-y exposure contributes to this resistance, emphasizing the relevance of disrupting IFN-y
driven pathways to improve therapeutic outcomes (Wang et al., 2024). Targeting downstream
mediators of IFN-y signaling, particularly through inhibition of the JAK/STAT pathway using
agents like ruxolitinib or baricitinib, has shown encouraging results in restoring venetoclax
sensitivity in vitro, pointing to a potentially effective strategy for overcoming immune-related
resistance mechanisms (Wang et al., 2024). Tumor lymphatic vessels can also react to the
immune signal IFN-y. When T cells gather in the tumor area, they release more IFN-y. This

causes nearby lymphatic cells to increase a molecule called PD-L1, which then blocks T cells
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from entering the tumor and weakens the immune attack. (Lane et al., 2018). The dysregulation
in the cytokine network may foster a pro-tumorigenic microenvironment, increasing leukemic
cell proliferation, decreasing survival and driving drug resistance.

In our study, we also observed that TNF-a exposure led to increased expression of the solute
carriers OCTN1 and OCTN2 in AML cell lines. In more details for OCTNI1, increased
expression could potentially enhance the uptake of therapeutic agents, but it might also reflect
a stress response or survival mechanism induced by chronic inflammation. In contrast, OCTN2
showed a more variable response, suggesting different regulatory mechanisms. The contrasting
roles of cytokines has been a typical feature of hematological malignancies, including AML
(Binder S, 2018). Recent findings have demonstrated that most AML cells express both TNF-
o and IL-1p, so the combined inhibition of TNF-a and IL-1p has been shown to synergize with
NF-«B and exhibiting significant anti-leukemic activity in in vivo mouse models (L1, Jing et
al., 2017). In another study using an ex vivo cell viability screen, they quantified the growth of
60 primary AML samples in the presence of 94 different cytokines. AML cell growth
significantly increased in the presence of IL-1a, granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin-3 (IL-3) and TNF-a (Naji, Nour Sabiha et al., 2024). One of the
best described molecular alterations that act as key contributors to AML pathogenesis is the
overexpression of TNF-a, which promotes leukemic cell survival and proliferation and is thus
associated with inflammation in AML and poor prognosis (Mesaros, Oana et al., 2024). So it
doesn’t supports our hypothesis and oppositely shows us that probably inflammation is not a
suitable factor in AML and we have to rather inhibit it. Our results show that in the MV4-11
cell line, which carries the FLT3-ITD mutation, both TNF-a and IFN-y induced significant
changes in gene expression particularly an upregulation of OCTNI over time, and a more
complex, time-specific regulation of OCTN2 (Fig. 11.). In contrast, THP-1 cells (which lack
the FLT3 mutation) demonstrated no significant change in OCTNI expression in response to
these cytokines, while OCTN2 showed a transient decrease after 24 hours of IFN-y treatment
and returned to baseline levels thereafter. The differential response observed in THP-1 cells,
which lack the FLT3-ITD mutation, may be related to the role of FLT3 signaling in modulating
cellular sensitivity to inflammatory stimuli. FLT3-ITD mutations are known to activate
downstream pathways such as STATS, MAPK, and NF-kB, which not only promote leukemic
cell proliferation but also enhance the transcriptional response to cytokines like TNF-a and
IFN-y. These pathways intersect with those regulating transporter expression, including
OCTNI and OCTN?2. Therefore, the absence of constitutive FLT3 signaling in THP-1 cells

could result in a blunted or altered response to cytokine exposure compared to FLT3-mutated
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MV4-11 cells. This hypothesis is supported by studies showing that FLT3-ITD increases
cellular responsiveness to inflammatory signaling (Meier et al., 2014; Wang et al., 2019),
potentially explaining the weaker regulatory effect observed in the FLT3-wildtype THP-1 line.
This transient downregulation may reflect an early adaptive response to inflammatory stimuli.
The distinct regulatory patterns observed for OCTNI and OCTN2 in response to inflammatory
cytokines such as TNF-a and IFN-y may be attributed to differences in their physiological
roles, transcriptional regulation, and relevance in leukemic metabolism. OCTN1 (SLC22A44) is
known to transport organic cations and may be more directly involved in the uptake of
nucleoside analogues or oxidative stress-related substrates, which are highly relevant in rapidly
proliferating AML cells. Its expression might be more tightly regulated in response to cytokine-
induced stress or metabolic adaptation, particularly under the influence of FLT3-ITD—driven
signaling, which enhances sensitivity to inflammatory cues (Buelow et al., 2021; Tamai et al.,
2006). On the other hand, OCTN2 (SLC2245) primarily functions as a carnitine transporter,
essential for mitochondrial fatty acid oxidation. In leukemic cells, especially under hypoxic or
inflammatory conditions, energy metabolism shifts away from oxidative phosphorylation
toward glycolysis (the Warburg effect), potentially reducing the immediate need for carnitine
transport. This metabolic shift might explain the more variable or even downregulated
expression of OCTN2 in response to pro-inflammatory cytokines (Ingoglia et al., 2017). The
modulation of OCTN2 by cytokines has also been implicated in the progression of
inflammatory bowel disease, where pro-inflammatory cytokines (TNF-a, IL-1B and IFNy )
downregulate OCTN2 expression, affecting intestinal function (Li, Ping et al., 2020). These
differential responses highlight the distinct regulatory mechanisms governing OCTNI and
OCTN?2 expression in the presence of pro-inflammatory cytokines. Similar regulatory effects
have been observed in intestinal epithelial cells, where TNF-oa and IFN-y increase OCTN2
expression and activity (Fujiya et al., 2011).

In our study, we also focused on the complementary inflammatory mediators LPS and HMGB1
to explore their effect on OCTNI and OCTN2 expression in AML cells, aiming to expand our
understanding beyond classical cytokines. The expression data from both MV4-11 and THP-1
cell lines suggest a time-dependent and cytokine-specific modulation of transporter genes. Our
results show that LPS has a more immediate and transient effect, particularly evident in the
MV4-11 line, where OCTNI and OCTN2 expression peaked at 24 hours before declining at
later time points. In contrast, our pilot experiments indicate that HMGB1 exerted rather slower
and more gradual effect on OCTNI, especially in THP-1 cells, where its expression increased

steadily over time. Following HMGBI1 exposition, expression of OCTN2 was rather
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inconsistently affected in both cell lines (Fig. 14.). These observations are in line with several
previously published studies. For instance, LPS has been shown to strongly activate TLR4
signaling, leading to rapid pro-inflammatory transcriptional changes in tumor and immune cells
(Zhou et al., 2018). In AML, LPS can activate NF-«B pathways, contributing to proliferation
and cytokine production, which may indirectly regulate transporter gene expression (Li et al.,
2020). The fast peak response we observed with LPS for both transporters may reflect this
early-phase activation. On the other hand, HMGBI is a late inflammatory mediator that can
sustain chronic inflammation and is implicated in cancer progression and immune modulation.
In the context of leukemia, HMGBI1 has been shown to promote chemoresistance and influence
gene expression (Wu et al., 2021). Our findings of a slower, more stable upregulation of
OCTNI1 in response to HMGBI1 align with its established role in maintaining prolonged
inflammatory responses. While HMGB1 showed minimal effect on OCTN2 expression in our
leukemia cell model, this observation is consistent with previous research by Tang et al. (2010),
which demonstrated that the regulatory effects of HMGB1 on gene expression are highly
context dependent. In their study, HMGBI1 selectively modulated the expression of
inflammatory cytokines, chemokines, and transport-related genes depending on the cell type
and the presence of specific receptors such as TLR4 or RAGE. Some cell types exhibited strong
transcriptional activation upon HMGBI stimulation, whereas others showed limited or no
response, highlighting the variability in signaling outcomes. This may help explain why, in our
AML model, HMGBI1 preferentially upregulated OCTNI but had a negligible impact on
OCTN2, suggesting differential sensitivity or receptor-mediated signaling pathways.
Additional studies are necessary to clarify the individual contributions of cytokines and growth
factors in driving the development of AML. Efforts to target immune cell functions in AML
have had limited success, underscoring the need for a deeper understanding of the AML
immune microenvironment and its interaction with clonal hematopoiesis, which is crucial for
understanding the disease progression and the role of inflammation (Naji, Nour Sabiha et al.,
2024).

To summarize our results, we found that the pro-inflammatory cytokines TNF-o and IFN-y had
a clear effect on the expression of OCTNI and OCTN2, particularly in the MV4-11 cell line.
Both cytokines significantly upregulated OCTN1, while their effect on OCTN2 varied. TNF-a
caused downregulation, whereas IFN-y showed a moderate upregulating effect. These results
support our initial hypothesis that inflammatory signaling can modulate the expression of these
transporters in AML cells. In contrast, in the THP-1 cell line, the effects were less pronounced,

possibly due to the absence of the FLT3-ITD mutation and differences in cytokine sensitivity.
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HMGBI1 and LPS produced milder responses, but some changes in gene expression of both
transporters were observed, indicating that these complementary stimuli could also influence
transporter regulation under specific conditions. So our findings open the door to several
interesting hypotheses that could help explain the observed patterns and guide future research.
The distinct differences in cytokine response between MV4-11 and THP-1 cells suggest that
the regulation of OCTNI and OCTN2 may be influenced by specific genetic mutations such as
FLT3-ITD, which could modulate cellular sensitivity to inflammatory signals. This aligns with
the idea that in AML, certain mutations not only drive proliferation but also alter the way
leukemic cells respond to their microenvironment. Furthermore, since both OCTNI and
OCTN?2 are known to mediate the uptake of various therapeutic agents, including cytostatics
and carnitine derivatives, their upregulation under pro-inflammatory conditions especially in
the MV4-11 cell line, raises the possibility that inflammation may enhance intracellular drug
accumulation in some contexts, potentially improving drug efficacy. On a broader level, the
time-dependent expression patterns we observed hint that the regulation may not only occur at
the transcriptional level but could also involve epigenetic mechanisms or post-translational
modifications, especially considering the delayed responses to IFN-y and TNF-a. Additionally,
although HMGBI1 and LPS did not show strong individual effects in our setup, it is reasonable
to hypothesize that within the in vivo tumor microenvironment, their presence alongside other
cytokines could produce synergistic or additive effects that our simplified model couldn't
capture. OCTN2 also play a key role in cellular metabolism by importing carnitine, and their
altered expression may impact mitochondrial function, linking cytokine signaling to metabolic
reprogramming in leukemic cells. Lastly, the dynamic changes in transporter levels driven by
inflammation could contribute to fluctuations in drug sensitivity or even resistance during
treatment, providing a potential explanation for the variable therapeutic responses seen in
clinical AML cases.

It would also be interesting to explore the downstream signaling pathways and transcription
factors involved in the cytokine-mediated regulation of OCTN1 and OCTN?2. Further studies
using inhibitors such as verapamil (a known inhibitor of various solute carrier transporters
including OCTN1/2) or mildronate (a carnitine analog that inhibits OCTN2), or employing
siRNA/shRNA-mediated gene silencing of SLC2244 (OCTNI1) and SLC2245 (OCTN2) could
help confirm the mechanisms behind the observed effects and provide more insight into the
potential clinical relevance of these findings, especially in the context of drug transport and

resistance in AML therapy.
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7. CONCLUSION

OCTN1 and OCTN2 are two transporters on AML cells which play a crucial role in mediating
nutrient and drug transport and may ultimately influence therapeutic response and disease
progression. OCTNI1 1is involved in the transport of organic cations, including
chemotherapeutic drugs (such as cytarabine), and its expression levels can impact drug uptake
and resistance. OCTN2 primarily plays a role in the transport of carnitine, which is essential
for mitochondrial function; alterations in these two transporters function may influence the
therapeutic efficacy of nucleoside-based treatments and overall cellular metabolism in AML
patients.

To summarize, we have observed the effect of cytokines (TNF-a and IFN-y) on the gene
expression of two transporters: OCTN1 (SLC2244) and OCTN2 (SLC2245) in AML cell lines
THP-1 and MV4-11. An additional goal was to determine whether gene expression also
changes in the presence of 2 other cytokines, LPS and HMGB1. We found that in the FLT3-
ITD mutated MV4-11 cells, both TNF-a and IFN-y significantly increased OCTNI expression
and modulated OCTN2 in a time-dependent manner. In contrast, the FLT3 wild-type THP-1
cells showed minimal or no response, suggesting that the presence of the FLT3 mutation may
enhance cellular sensitivity to inflammatory signaling which leads to difference in nutrition
and drug absorbance and drug resistance. In MV4-11 cells, LPS rapidly upregulated both
OCTNI and OCTN?2 expression, while HMGB1 induced a slower, more sustained increase in
OCTNI with minimal effect on OCTN2. In THP-1 cells, LPS and HMGB1 seemed to modulate
OCTNI expression to some extent, but changes in OCTN2 were generally modest and
inconsistent, moreover, in both cases, more experiments would be needed to verify statistical
significance of these observations. For LPS and HMGB1 we hypothesis that the inflammatory
response to LPS is more immediate and pronounced in FLT3-mutated MV4-11 cells, whereas
HMGBI1 may mediate a slower, sustained regulation of transporter expression, potentially
reflecting cell line—specific differences in cytokine sensitivity and signaling dynamics. Overall,
our results highlight a potential link between inflammation, transporter regulation, and FLT3

mutation status in AML.
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