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1 List of Abbreviations:  

alloHSCT  allogenic hematopoietic stem cell transplantation 

AML    acute myeloid leukemia 

Bcl-2   B-cell lymphoma-2 protein 

CAMSCs  cancer-associated MSCs 

Cas9   CRISPR-associated 9 

CD   cluster of differentiation 

CCL   CC-chemokine ligand 

CLL    chronic lymphocytic leukemia 

CML   chronic myeloid leukemia 

CTL   cytotoxic T cells 

CR   complete remission 

CRISPR  clustered regularly interspaced short palindromic repeats 

CXCL   chemokine (C-X-C motif) ligand 

DE   differential expression 

DNA   deoxyribonucleic acid 

ECM   extracellular matrix 

EMT   epithelial-mesenchymal transition 

FACS   fluorescence-activated cell sorting 

FBS   fetal bovine serum 

FC   fold change 

FDA   food and drug administration 

FRD   false discovery rate (adjusted p-value) 

GEO    gene expression omnibus 

GOI   gene of interest 

GSE   a study-level record in GEO 

HAS2   hyaluronan synthase-2 

HIF-1   hypoxia-inducible protein-1 

HD   healthy donor 

HSCs   hematopoietic stem cells 

kDa   kilodalton 

KO   knockout 

KD   knockdown 

ICS   intracellular staining 
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IC50   half-maximal inhibitory concentration 

IDT   internal tandem duplication 

IFN   interferon 

IL    interleukin 

IL7RŬ   IL7-receptor, alpha chain (CD127) 

ILCs   innate lymphoid cells 

MAPK   mitogen-activated kinase 

MHC-I   major histocompatibility complex-I 

MHC-II   major histocompatibility complex-II  

MSC or MSCs  mesenchymal stromal cell/-s 

MRD   minimal residual disease 

Log2FC  logarithm base 2 of the fold change (of expression) 

OE   overexpression 

NF-kB   nuclear factor kappa-light-chain-enhancer of activated B cells 

PBMCs  peripheral blood mononuclear cells 

PCR   polymerase chain reaction 

PMA   phorbol-12-myristate-13-acetate 

Ral   ralimetinib (LY2228820) 

RNA   ribonucleic acid 

RNAseq  ribonucleic acid sequencing (bulk) 

RT   (at) room temperature 

scRNAseq  single-cell RNA sequencing 

sgRNA  single guide ribonucleic acid 

shRNA  short hairpin ribonucleic acid 

SPX   spexin hormone 

TNF   tumor necrosis factor 

TGFɓ   transforming growth factor beta 

TKI    tyrosine kinase inhibitor 

UDP   uridine diphosphate 

UNC5B  UNC-5 netrin receptor B 
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2 Abstract 

Acute myeloid leukemia (AML) is characterized by the uncontrolled proliferation of 

immature myeloid cells, leading to suppression of normal hematopoiesis. Treatment 

strategies for AML are complex and include conventional chemotherapy, targeted 

therapies, immunotherapy, and allogeneic hematopoietic stem cell transplantation 

(alloHSCT). Despite these advances, the prognosis for many AML patients remains poor, 

largely due to disease relapse. One of the major contributing factors is the supportive role 

of the bone marrow microenvironment, where stromal cells can create a protective ñsafe 

havenò for residual AML blasts. 

Non-hematopoietic stromal cells within the bone marrow play an essential role in 

promoting AML cell survival, proliferation, immune evasion, and relapse after therapy. 

Therefore, disrupting tumor-stroma crosstalk through pharmacological intervention 

represents a promising therapeutic strategy that could complement existing 

chemotherapy or immunotherapy approaches. 

Bone marrow is a highly specialized tissue composed of diverse cellular populations. In 

this study, our primary focus was on mesenchymal stromal cells (MSCs) and their 

interactions with AML cells. We hypothesized that AML cells promote a tumor-

supportive microenvironment by reprogramming MSCs and altering their functional 

properties, and that these processes may be regulated by the p38Ŭ signalling pathway. 

Specifically, we aimed to evaluate the impact of p38Ŭ inhibition in MSCs on key stroma-

dependent AML functions, including leukemic cell proliferation, susceptibility to 

cytotoxic T-cell-mediated killing, and sensitivity to chemotherapy. The overall objective 

was to identify novel druggable targets in MSCs that could support the development of 

combination therapies for AML. 

Our findings demonstrated that p38Ŭ acts as a central regulator of the pro-tumorigenic 

functions of MSCs by controlling their inflammatory responses, secretory profile, 

differentiation potential toward adipogenesis and fibrosis, and reprogramming into a 

cancer-associated phenotype. Inhibition of the p38Ŭ pathway and its associated targets, 

including UNC5B, IL7RŬ, IL17D, and HAS2, disrupted this regulatory network, 

resulting in MSC reprogramming and reduced support for AML blasts. Pharmacological 

compounds targeting the p38Ŭ pathway and its newly identified downstream targets 

suppressed AML growth, increased AML cells' sensitivity to the chemotherapeutic 

agents doxorubicin and venetoclax, delayed AML relapse, and enhanced cytotoxic T cell 
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activation in vitro. Mice with genetically inactivated p38Ŭ (Mapk14) showed 

significantly increased survival in an AML model.  

As therapeutic strategies targeting the tumor microenvironment gain increasing 

importance, these findings provide a foundation for future studies exploring stroma-

targeted combination therapies. Ultimately, such approaches have a strong potential to 

improve treatment outcomes for patients with AML. 
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Zusammenfassung 

Akute myeloische Leukämie (AML) ist durch unkontrollierte Proliferation unreifer 

myeloischer Zellen gekennzeichnet, die zur Unterdrückung der normalen Hämatopoese 

führt. Die Behandlungsstrategien für AML sind komplex und umfassen konventionelle 

Chemotherapie, gezielte Therapien, Immuntherapie und allogene hämatopoetische 

Stammzelltransplantation (alloHSCT). Trotz dieser Fortschritte bleibt die Prognose für 

viele AML-Patienten schlecht, was vor allem auf Rückfälle der Krankheit 

zurückzuführen ist. Einer der Hauptfaktoren ist die unterstützende Rolle des 

Knochenmarkmikromilieus, in dem Stromazellen einen sch¿tzenden Ăsicheren Hafenò 

für verbleibende AML-Blasten schaffen können.  

Nicht-hämatopoetische Stromazellen im Knochenmark spielen eine wesentliche Rolle 

bei der Förderung des Überlebens, der Proliferation, der Immunvermeidung und des 

Rückfalls von AML-Zellen nach der Therapie. Daher stellt die Unterbrechung der 

Tumor-Stroma-Kommunikation durch pharmakologische Intervention eine 

vielversprechende therapeutische Strategie dar, die bestehende Chemotherapie- oder 

Immuntherapieansätze ergänzen könnte. 

Das Knochenmark ist ein hochspezialisiertes Gewebe, das sich aus verschiedenen 

Zellpopulationen zusammensetzt. In dieser Studie lag unser Hauptfokus auf 

mesenchymalen Stromazellen (MSCs) und deren Wechselwirkungen mit AML-Zellen. 

Wir stellten die Hypothese auf, dass AML-Zellen ein tumorunterstützendes Mikromilieu 

fördern, indem sie MSCs umprogrammieren und deren funktionelle Eigenschaften 

verªndern, und dass diese Prozesse durch den p38Ŭ-Signalweg reguliert werden können. 

Konkret wollten wir den Einfluss einer p38Ŭ-Hemmung in MSCs auf wichtige 

stromabhängige AML-Funktionen untersuchen, einschließlich der Proliferation von 

Leukämiezellen, der Anfälligkeit für die zytotoxische T-Zell-vermittelte Abtötung und 

der Empfindlichkeit gegenüber Chemotherapie. Das übergeordnete Ziel war es, neue 

medikamentöse Ziele innerhalb der MSCs zu identifizieren, die die Entwicklung von 

Kombinationstherapien für AML unterstützen könnten. 

Unsere Ergebnisse zeigten, dass p38Ŭ als zentraler Regulator der pro-tumorigenen 

Funktionen von MSCs wirkt, indem es deren entzündliche Reaktionen, ihr sekretorisches 

Profil, das Differenzierungspotenzial für Adipogenese und Fibrose sowie die 

Reprogrammierung in einen krebsassoziierten Phänotyp steuert. Die Hemmung des 



 
13 

 

p38Ŭ-Signalwegs und seiner assoziierten Ziele, darunter UNC5B, IL7RŬ, IL17D und 

HAS2, störte dieses regulatorische Netzwerk. Dies führte unter anderem zu einer 

Reprogrammierung der MSCs und zu einer verminderten Unterstützung von AML-

Blasten. Pharmakologische Wirkstoffe, die auf den p38Ŭ-Signalweg und seine neu 

identifizierten nachgeschalteten Ziele abzielten, unterdrückten das AML-Wachstum und 

erhöhten die Empfindlichkeit der AML-Zellen gegenüber den Chemotherapeutika 

Doxorubicin und Venetoclax. Zudem verzögerten sie das AML-Rezidiv und verstärkten 

die Aktivierung zytotoxischer T-Zellen in vitro. Mäuse mit genetisch inaktiviertem p38Ŭ 

(Mapk14) zeigten in einem AML-Modell eine signifikant erhöhte Überlebensrate.  

Da therapeutische Strategien, die auf die Tumormikroumgebung abzielen, zunehmend 

an Bedeutung gewinnen, bilden die in dieser Arbeit beschriebenen Erkenntnisse eine 

Grundlage für zukünftige Studien, die Stroma-zielgerichtete Kombinationstherapien 

untersuchen. Letztendlich eröffnen diese Ansätze beträchtliches Potenzial, um die 

Behandlungsergebnisse bei Patienten mit AML zu verbessern.  
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3 Literature overview  

3.1 AML : mutations and the treatment 

Four physicians - Alfred Velpeau, Alfred Donné, John Bennett, and Rudolf Virchow - 

are recognized as the pioneers in describing leukemia. Dr. Velpeau gave the first 

description of leukemia1. Dr. Donné performed the first microscopic examination of 

blood cells from the leukemia patient. Dr. Bennett termed the disease as leucocythemia 

with additional description of colorless cells in the patient´s blood2. Dr. Virchow termed 

the disease as ñLeukämieò in 1847 and classified the disease as splenic and lymphatic 

leukemia. In addition, Dr. Neumann connected leukemia to bone marrow, suggesting that 

this type of cancer arises from there3. Simultaneously, all of them documented various 

symptoms, such as "milky blood," and noted the notably enlarged liver and spleen. Over 

the decades, our understanding of leukemia has significantly advanced. 

AML  is a type of hematologic neoplasia that is characterized by the uncontrolled 

proliferation of immature myeloid cells in the bone marrow, then in peripheral blood, 

with metastasis to other tissues such as lymph nodes, spleen, liver, and other 

compartments of bone marrow4. AML cells or blasts develop due to specific genetic 

mutations under stressful environmental conditions, which disrupt normal hematopoietic 

differentiation. This fact leads to the clonal expansion of leukemic stem cells and the 

accumulation of daughter blast cells, with the generation of strong immunosuppression 

and blocking of normal hematopoiesis. AML is a highly heterogeneous disease, like 

many cancer types, with a specific spectrum of chromosomal abnormalities and genetic 

mutations, which lead to different therapy responses and have an impact on the prognosis 

for the patients. 

3.1.1 Frequent mutations in AML 

AML can be classified by two main parameters: by cytogenetic categories and by their 

related mutations. Cytogenic categories related to the patient's prognosis can be classified 

into four groups: 

a) Favourable prognosis ð translocation  (15;17)(q22,q21) leading to acute 

promyelocytic leukemia, inversion 16 (p13; q22) or translocation  (16;16) 

(p13;q22) and translocation (8;21)(q22;q22) in core binding  factor (CBF) leading 

to acute myeloid leukemia;  
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b) Intermediate prognosis with essentially a normal karyotype  (40%ï50% of 

AML) ;  

c) Unfavourable ð complex cytogenetic karyotype (three or more abnormalities) 

and translocation/inversion 3q26 (MECOM; MDS1/EV1 complex locus); and 

d) others.2 

The most frequent mutations for AML are in FLT3, NPM1, DNMT3A, IDH1, IDH2, 

TET2, RUNX1, TP53,  NRAS, CEBPA, and WT1 genes. They might also be classified 

regarding prognosis for the patient: 

a) Favourable: presence of RUNX1::RUNX1T1, CBFB::MYH11, mutated NPM1 

without FLT3 ITD bZIP in frame mutated CEBPA; 

b) Intermediate: NPM1 mutated with FLT3 ITD or NPM1 wild type with FLT3 ITD 

t(9;11)(p21.3;q23.3); MLLT3::KMT2A; 

c) Unfavourable: complex cytogenetic karyotype (three or more abnormalities) with 

DEK::NUP214, rearrange of KMT2A or its fusion, BCR::ABL1, also mutations 

of ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2, U2AF1, ZRSF2, KIT, 

DNMT3A, NRAS, IDH1/2, TET2. A mutation in TP53 gene shifts the patient´s 

prognosis to very adverse5. 

Development of AML in patients results in many adverse effects, especially cytopenias, 

including anaemia, thrombocytopenia, and neutropenia, dysfunction of cytotoxic T-

lymphocytes (CTLs), spleen and lymph nodes lesions. All these facts in sum contribute 

to disease-related morbidity and mortality7. 
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Leukemia ranks approximately 9th to 10th globally in new cancer cases and 6th to 8th in 

mortality rates8 (Figure 1). According to the American Cancer Society, the combined 

cases of myeloma and leukemia account for half of all blood cancers (Figure 2).  

 

 

According to the Robert Koch Institute9, the 5-year survival rate for AML patients is the 

lowest among all types of leukemia (Figure 3). This fact creates a need to improve 

treatment modalities for AML. 

Figure 1. Estimated new cancer cases and deaths by sex in the United States, 20254.  

Figure 2. Percent distribution of new cases of leukemia, myeloma, and lymphoma. Copied from 

«Cancer facts and figures». American cancer society, 2024. 
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3.1.2 AML: Treatment and challenges 

Gold standard and first step for the treatment of AML patients for last decays is ñ7+3ò 

regime of chemotherapy which is also named as ñinduction of remissionò. It consists of 

7 days of cytarabine and 3 days of an anthracycline antibiotic, most often daunorubicin 

(in some cases it can be substituted for doxorubicin or idarubicin or mitoxantrone). But 

long term overall survival rate after this therapy is around 40% in younger patients and 

<10% in older patients10. Also, this scheme of chemotherapy is very strong and not all 

patients can tolerate it well11. For older patients, a more suitable and mild therapy might 

involve combinations of azacytidine with decitabine and/or venetoclax10. Nowadays, 

many new drugs were developed and approved by United State´s Food and Drug 

Administration (FDA), including BCL2 inhibitor venetoclax and its derivatives12, three 

fms like tyrosine kinase 3 (FLT3) inhibitors (gilteritinib, quizartinib, midostaurin), two 

isocitrate dehydrogenase 1 (IDH1) inhibitors (ivosidenib, olutasidenib), one IDH2 

inhibitor (enasidenib); Gemtuzumab ozogamicin, GO (anti-CD33 antibody-conjugate 

with N-acetyl-ɔ-calicheamicin)13, oral azacitidine, CPX 351 (liposomal  formulation 

with a 5:1 cytarabine:daunorubicin molar ratio)14, FLAG-GO or FLAG-Ida-GO regimen, 

consisting of fludarabine, cytarabine, granulocyte colony stimulating factor, and low 

dose gemtuzumab ozogamicin (GO); and glasdegib (Hedgehog inhibitor). Therefore, in 

special selected cases, alloHSCT might be carrying out15. A summary of the therapeutics 

used to treat AML is illustrated in Table 1. 

Figure 3. Percent distribution of new cases of ALL, CLL, AML, CML and others types of 

leukemia respectively to the sex of patient. AML is the most deadliest type of leukemia. Graph 

copied from Cancer in Germany 2019/2020. 
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Table 1. Clinical therapy of patients with AML.  

Name Molecular target Mechanism of action 

Cytarabine (Ara-C, active 

form is cytarabine-5'-

triphosphate) 

Genome DNA Antimetabolite, incorporation 

into DNA 

Daunorubicin Genome DNA Damaging DNA by 

intercalation between base pairs 

Azacitidine Genome DNA and 

RNA 

Hypomethylation of DNA and 

incorporation into DNA and 

RNA 

Venetoclax and its 

derivatives 

Bcl-2 Inhibition of Bcl-2 

Gilteritinib,  Quizartinib, 

Midostaurin 

FLT3, FLT3-ITD,  

FLT3-TDK 

mutations 

Block of the FLT3-signalling 

pathway 

Ivosidenib, Olutasidenib IDH1-mutations Inhibition of IDH1 in Kreb´s 

cycle 

Enasidenib IDH2-mutation Inhibition of IDH2 in Kreb´s 

cycle 

Gemtuzumab ozogamicin CD33 Antibody-drug conjugate: 

antiCD33 with calicheamicin 

Despite numerous therapeutic advancements and strategies, AML remains a challenging 

neoplastic disease with high relapse rates, especially in older patients or patients with 

adverse-risk genetic mutations. 

3.1.3 Minimal residual disease 

Minimal residual disease (MRD), also well known as Molecular residual disease, is an 

evaluation status of the patient after induction of remission, which displays a small 

number of residual AML blasts in the bone marrow.  



 
19 

 

 

 

Figure 4 illustrates the kinetics of malignant growth in patients with AML16. The x-axis 

represents patient life expectancy and shows the remission assessment and post-

remission monitoring phases. The y-axis represents the proportion of malignant cells on 

a logarithmic scale, ranging from 1 (100%) to 10  (0.0001%). There are three main 

clinical pathways. The red curve indicates a favourable outcome, where advanced 

techniques such as NGS cannot detect AML blasts. This corresponds to a state of 

complete remission (CR) without MRD (MRD-negative), which is linked to a 

significantly lower risk of relapse and the best prognosis. In contrast, the blue curves 

show less favourable outcomes. The lower blue curve partly represents AML relapse 

when malignant blasts persist at low levels after initial treatment, detectable by different 

MRD assays. These patients are considered to be in complete remission with MRD 

(MRD-positive). Unfortunately, during some periods, blasts may regrow, causing MRD 

relapse. The upper blue line depicts the most unfavourable prognosis, showing clinical 

(hematologic) relapse characterized by an easily detectable persistence of blasts. 

Figure 4 also highlights the representativeness of measurable residual disease parameters 

to evaluate the prognosis for the patient using different detection methods. It also 

represents three key MRD detection techniques: multiparameter flow cytometry (MFC), 

polymerase chain reaction (PCR), and next-generation sequencing (NGS). These 

Figure 4. Concept of relation between MRD and patient prognosis. Picture was copied from Short 

et al 201816. 



 
20 

 

methods differ in their lower limits of detection, with MFC detecting malignant cells at 

levels of approximately 1 in 10į to 10 , PCR at 1 in 10  to 10 , and NGS offering the 

highest sensitivity, detecting as few as 1 malignant cell in 10  cells. Flow cytometry 

detection of MRD may be chosen when a rapid and broad method is required; it is usually 

used after induction or consolidation therapy. PCR-based assays are performed when 

validated marker assays are available; patients harbouring NPM1, RUNX1-RUNX1T1, 

CEBPA, PML-RARA mutations, and etc can be easily monitored with PCR methods. 

NSG sequencing is cost- and time-limited, but it is increasingly integrated in academic 

centres and for clinical trials; it helps to identify new or recurrent mutations with 

therapeutic relevance16,17. 

This model underscores the prognostic significance of MRD monitoring. Patients who 

achieve MRD negativity have better long-term outcomes, whereas persistent or rising 

MRD levels indicate a higher risk of relapse and may warrant early therapeutic 

intervention. The figure reinforces the role of highly sensitive molecular and flow-based 

methods in refining risk stratification and guiding post-remission management in 

hematologic malignancies18. 

In clinics, for example, initial remission can be achieved in 30-50% of young patients 

using the 7+3 chemotherapy regimen10. This is why eradicating MRD from the bone 

marrow of AML patients has become a crucial therapeutic goal, as its presence is closely 

linked to relapse and unfavourable clinical outcomes.  

3.2 Bone marrow niche 

Bone marrow (BM) is a specific, soft, and semi-solid tissue with a spongy structure. It 

can be found in the medullary cavities of the largest bones, especially the femurs, tibias, 

cranium, and sternum. It is a highly complex tissue that contains numerous cell types that 

belong to different lineages: hematopoietic, mesenchymal, and endothelial. 

Hematopoietic stem cells perform normal hematopoiesis of all types of immune cells 

(lympho-, myelo-, and erythropoiesis), while stromal cells support these differentiation 

processes19. Stromal cells within BM include mesenchymal stromal cells and their 

lineages (adipocytes, osteo- and chondroblasts), megakaryocytes (platelets), 

macrophages, and osteoclasts. Sympathetic nerve fibers20, macrophages21, 

megakaryocytes22 and non-myelinating Schwann cells23 provide additional signals that 
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also contribute to the hematopoietic stem cells (HSCs) niche19. In summary, all cells 

provide necessary regulatory signals to coordinate hematopoiesis. 

Bone marrow does not contain classical blood vessels, but it has vascular arterioles and 

sinuses. Arterioles are the part of the vascular system that delivers blood, they form 

specialized niches, particularly near the endosteum, and are linked with specialized 

microenvironments called arteriolar niches24. It is believed that these arteriolar niches 

play a main role in maintaining quiescent HSC. Sinusoids carry blood out; they are more 

widespread in the bone marrow. In contrast to the arteriolar niches, sinusoidal niches are 

associated with actively dividing HSCs, which subsequently differentiate into erythroid, 

lymphoid or myeloid lineage25. 

Niches are local tissue microenvironments that maintain and regulate stem cells. The 

bone marrow is a highly complex tissue that provides necessary regulatory signals that 

orchestrate hematopoiesis26. Its niche provides the leading site for HSC renewal. HSCs 

are self-renewing progenitors that reside in the BM, whose derived subpopulations are 

dynamically exposed to several stimuli that modulate survival, self-renewal, quiescence, 

migration, and differentiation, driving an adequate hematopoiesis18. Considering the 

hematopoietic cells, there are two core cell lineages in the BM: the common myeloid 

progenitor line dedicated to megakaryocyte/erythrocyte lineage and to 

granulocyte/macrophage lineage; and the common lymphoid progenitor line that 

ultimately originates the lymphocytes (B and T), NK and NKT cells. The components of 

the BM niche are highly heterogeneous, including soluble factors, cellular constituents, 

extracellular matrix (ECM) and physical factors26. Extracellular matrix is represented by 

reticular connective tissue. This is a network of thin, spreading fibers that provide 

determine viscosity and support for the bone marrow cells. These fibers provide a 

scaffold for the development and maturation of various blood cell types, including red 

blood cells, white blood cells, and platelets28. The molecular crosstalk between HSC and 

the cellular constituents of BM niche controls the balance of HSC self-renewal and 

differentiation. This crosstalk between BM niche components and HSCs is reported to 

be impaired in hematological malignancies, including leukemia29. Therefore, having a 

better understanding of the interactions within the BM microenvironment and the 

mechanisms that control it´s homeostasis, may give rise to future anti-leukemia 

treatments that would be able to deliver long-term results (Figure 5). 
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3.3 Mesenchymal stromal cells (MSCs) 

As it was described earlier, bone marrow consists of many cell types. The supporting 

tissue surrounding a tumor, the tumor microenvironment (TME), has been characterized 

in many cancer diagnoses, including treatment reaction and relapse. In recent decades, 

this supportive tissue has begun to be recognized as a potential target for the development 

of new cancer-fighting therapies. MSCs comprise a tiny (å0.001-0.1%) population of the 

bone marrow niche, bearing CD29, CD44, CD73, CD90, CD105 and negative for 

CD11b/c, CD14, CD19, CD31, CD34 CD45, CD56, HLA-DR30. However, they are 

indispensable constituents of the BM surroundings. MSCs have been located in close 

proximity to HSCs and are present in all major blood-forming locations during 

development. They are key providers of crucial elements that maintain the fluctuating 

equilibrium between HSC self-replication, dormancy, growth, and specialization31. 

Figure 5. Localization of MSCs in the bone marrow.  

HSCs are located in perivascular niches near sinusoids, where endothelial and mesenchymal stromal 

cells support their maintenance by SCF and CXCL12. CXCL12-abundant reticular (CAR) cells also 

overlap with CD45-Ter119-PDGFRŬ+Sca1+ stromal cells. Additional niche regulators include 

sympathetic nerves, non-myelinating Schwann cells, macrophages, osteoclasts, osteoblasts, adipocytes 

(not shown), and extracellular matrix. Image was copied from S.J. Morrison & D.T. Scadden26. 
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MSCs possess the capability to self-replicate and differentiate into numerous cell forms, 

such as fat cells, bone-forming cells, and cartilage cells, which are crucial for both 

healthy HSCs and cancerous leukemia stem cells (LSCs) (Figure 6). Furthermore, they 

have the power to adjust and modulate immune reactions, and modify the immediate 

inflammation setting. Malfunction of MSCs correlates with a damaged BM setting that 

encourages leukemia progression, and they have been involved in pathways that 

contribute to leukemia expansion and therapy resistance32. 

 

Azadniv et al33 demonstrated that in the BM niche in AML patients MSCs have increased 

adipogenic potential with improved ability to support survival of AML progenitor cells. 

RNA sequencing of MSCs from AML and healthy donors showed that transcription 

factors SOX9 and EGR2 are decreased in MSCs isolated from AML patients. In addition, 

it was found that healthy MSC cultured with conditioned medium from AML cell lines 

showed decreased proliferation and osteogenic differentiation. Overall, AML-derived 

MSC are molecularly and functionally altered, contributing to hematopoietic 

insufficiency. Konopleva et al34 demonstrated that AML up-regulates anti-apoptotic 

proteins (e.g. Bcl-2) in response to co-culture with MSCs or in the presence of MSC´s 

conditioned media. Similar effects were found using primary materials from the AML 

patients. 

In this notable study35 authors used scRNAseq to explore predicted signalling 

interactions between HSCs and their neoplastic counterparts in the human BM with their 

non-hematopoietic niches. Mesenchymal LEPR+ stromal cells are considered the key 

Figure 6. Concept of MSC differentiation.  

The schema illustrates the p38Ŭ role in balancing  the most important osteogenic and adipogenic 

differentiation. Main transcription factors of osteogenesis are RUNX2 and Osteortix; alternative 

adipogenic factors are cEBP and PPARɔ. Created in Biorender. 
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regulators of hematopoiesis, engaging with various marrow cell types. The research 

suggests that inflammatory niche remodelling may suppress HSC subsets in AML, 

showing resistance in clonal populations. Stromal gene signatures linked to niche 

remodelling are associated with lower relapse rates and better post-chemotherapy 

outcomes across genetic risk groups. Overall, human AML intercellular signalling 

indicates that inflammatory niche remodelling causes tissue repression and clonal 

selection, creating vulnerabilities for relapse during chemotherapy. 

3.4 Cancer-associated phenotype of MSCs and fibrosis 

When MSCs are in the TME, they undergo a transformation into cancer-associated MSCs 

(CAMSCs). In AML, cells express macrophage migration inhibitory factor (MIF) to 

activate its receptor CD74 on MSCs, prompting already CAMSCs to secrete IL-8 and 

support tumor cell survival36. CAMSCs can also express periostin, which increases C-C 

motif chemokine ligand (CCL)2 expression in acute lymphoblastic leukemia (ALL) 

cells. However, this upregulates periostin expression in CAMSCs, contributing to 

leukemia progression37. Deletion of CXCL12 in MSCs leads to more efficient LSC 

elimination by TKI treatment29. As a result, there's a complex interplay between MSCs 

and the surrounding factors in the TME38. 

The outcomes of patients with myelofibrosis remain poorly defined. Two studies39,40 

explicitly postulate that fibrosis in BM with grade 2-3 correlates with the poorest 

prognosis for AML patients. Chronic inflammation and fibrosis are commonly observed 

in myeloproliferative neoplasms, which can account for up to 20% of AML cases. The 

authors41 demonstrated that interleukin-1 functions as a principal regulator of 

inflammation and contributes to fibrosis. The deletion of Il1r1 in murine models with 

myeloproliferative neoplasms (MPN) restores normal hematopoiesis and diminishes 

bone marrow fibrosis. 

3.5 Leukemic stem cells (LSCs) 

Chemotherapy-resistant LSCs are thought to drive treatment failure and relapse by 

residing in protective bone marrow niches supported by the bone marrow 

microenvironment (BMM)42. Targeting interactions between LSCs and the BMM offers 

a promising approach to overcoming therapy resistance. One of the key mediators of 

these interactions is the chemokine receptor CXCR4, which, along with its ligand 
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CXCL12 (also known as SDF-1), regulates leukemic cell trafficking and survival. In 

acute promyelocytic leukemia (APL), in vitro stromal cells protect blasts from 

chemotherapy-induced apoptosis, while in vivo, these cells rapidly home to the bone 

marrow and disseminate8. Inhibition of CXCR444 with AMD3100, combined with 

chemotherapy, improves survival and reduces tumor burden in preclinical AML models 

and showed encouraging results in a clinical trial for relapsed AML (NCT00512252)45. 

Further studies demonstrated that in some cases of AML with FLT3-ITD mutations, the 

effectiveness of the therapy can be increased in combinations with p38 inhibitors46. 

CD44 is a widely expressed transmembrane glycoprotein. It mediates cell-to-cell and 

cell-to-matrix interactions by binding to hyaluronan, a glycosaminoglycan abundant in 

the endosteal bone region. Beyond adhesion, CD44-hyaluronan interactions trigger 

signalling pathways involving tyrosine kinase HER2, and kinases such as Src, RhoA, and 

Rac1. In AML, CD44 plays a crucial role in LSCs' homing and maintenance, while 

suppressing differentiation. Elevated CD44 expression and certain isoforms are 

associated with poor prognosis. Notably, CD44 ligation with the H90 monoclonal 

antibody in AML models disrupted LSC homing, altered their fate, and significantly 

reduced leukemic burden, suggesting that CD44 is a critical regulator of LSC biology 

and a promising therapeutic target48,33,34. 

3.6 Targeting of MSCs in AML 

In the majority of worldwide research concerning AML, the predominant focus is placed 

on the leukemic cells themselves. The majority of therapeutic endeavors are directed 

toward elucidating the underlying mechanisms within AML cells to identify potential 

vulnerabilities that can be exploited to inhibit disease progression, overcome 

chemoresistance, and decrease relapse risk. Although this approach has yielded 

significant insights, it primarily focuses on the cancer cell compartment. Nowadays, 

comparatively fewer studies have investigated the role of MSCs in supporting leukemic 

cell survival and resistance to therapy50. Therapeutic strategies that integrate direct 

targeting of AML cells with agents aimed at disrupting MSC-mediated support are 

notably underrepresented in the literature. This discrepancy highlights a critical gap in 

current research: despite notable advancements in AML-specific therapies, clinical 

outcomes remain unsatisfactory. Therefore, using such approach that also targets the 

supportive stromal niche may enhance therapeutic efficacy and promote more durable 
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disease control. Below, there is a list of several available studies on targeting MSCs for 

AML therapy. 

Borella et al51 shows that targeting MSCs by the selective CaV1.2 calcium channel 

blocker lercanidipine synergizes with chemotherapy agents in 3D AML model43.  

In AML , elevated levels of IL6 are associated with poor prognosis in patients. Using the 

Prrx1-Cre system, Hou et al44 selectively deleted IL6 in MSCs in mice. This deletion 

leads to reduced AML growth in vivo, enhanced chemosensitivity to cytarabine, and 

reduced OXPHOS in AML cells. Similarly, OXPHOS inhibitor IACS-010759 improved 

chemosensitivity in AML mice. 

A phase 1 trial has been completed in which indoximod was combined with idarubicin 

and cytarabine in patients with newly diagnosed AML (NCT02835729)52. In this context 

of a successful trial, IDO expression was elevated in AML -primed MSCs, which 

supported AML blasts by depleting tryptophan. IDO inhibitors could inhibit tumor 

growth, although monotherapy efficacy was limited. 

Another study showed that AML cell lines or blasts impair MSC osteogenic 

differentiation, unlike normal CD34  cells. This impairment increased early osteogenic 

marker TNAP without affecting late osteogenic genes. It required direct AML-MSC 

contact and involved activation of Notch signalling, which, when blocked with a ɔ-

secretase inhibitor (DAPT), prevented the increase in TNAP. The findings highlight 

physical interactions and Notch pathway activation as key in stromal disruption45. 

Zhu et al.46 identified DKK-1, secreted by MSCs as a negative regulator of the Wnt-

pathway, as a key molecule in the inhibitory effect. Neutralizing DKK-1 with antibodies 

or downregulating it via RNA interference showed reduced K562 cell proliferation in co-

culture. DKK-1 expression in MSCs is regulated by stem cell transcription factor 

NANOG.  

3.7 p38MAPK -pathway and its targeting 

p38MAP kinase family comprises four isoforms: p38Ŭ (MAPK14), p38ɓ (MAPK11), 

p38ɔ (MAPK12), p38ŭ (MAPK13), which were discovered in 1994 using a 

pharmacological screen53. The mitogen-activated protein kinase 14 (MAPK14), 

commonly known as p38Ŭ, is a serine/threonine kinase and, among other isoforms, is the 

most studied. The p38Ŭ pathway plays an essential and pivotal role in cellular responses 
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to a wide spectrum of extracellular stimuli such as different types of stress, cytokines or 

chemokines, and growth factors. In general, p38MAPKs is often referred to as a "hub" 

or "nexus" in signalling pathways because it collects signals from numerous receptors 

and conducts signalling to numerous transcription factors and other downstream targets29 

(Figure 7). 

 

 

 

The p38Ŭ pathway is activated by various upstream kinases, including MAP kinase 

kinases (MKKs), specifically MKK3,4 and MKK6. Upon activation, p38Ŭ 

Figure 7. Schematic representation of p38MAPKs signaling pathway. It is shown, that p38 has 

numerous upstream activators: receptors (G-coupled, TGF, interleukin receptors), adaptors (TRADD, 

TRAF2, RIP), kinases (ASK1/2, TAK1, MLK2/3, MEKK1-4, DLK). Activation of them leads to 

phosphorylation of p38Ŭ and subsequent activation of countless downstream p38 effectors: for example 

MAPK-activated protein kinases (MAPKAPKs: MK2/3, HSP27), transcription factors  (PAX6, P53, 

STATs, MYC, CHOP, ATF2) and chromatin components (HMGN1, Histones). Copied from website 

Cell Signaling Technology: https://www.cellsignal.com/pathways/p38-mapk-signaling. 
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phosphorylates a diverse array of downstream substrates, thereby modulating gene 

expression, protein synthesis, and cytoskeletal reorganization. p38Ŭ phosphorylates and 

activates transcription factors such as p53, ATF2, and CREB, leading to the expression 

of genes involved in inflammation, apoptosis, and cell cycle regulation. Specifically, the 

activation of ATF2 leads to the transcription of numerous inflammatory cytokines. p38Ŭ 

activates other kinases, such as MAPKAPK2 (MK2) and MAPKAPK3 (MK3), which 

further propagate the signal and regulate downstream effectors. MK2 is then known to 

regulate TNF mRNA stability. p38Ŭ can regulate translation by phosphorylating proteins 

involved in mRNA stability and translation initiation. p38Ŭ contributes to cytoskeletal 

remodeling by phosphorylating proteins involved in cell migration and adhesion54. 

The p38Ŭ pathway is tightly regulated at multiple levels to ensure appropriate cellular 

responses. This regulation involves: MKK3 and MKK6 are the primary upstream kinases 

that directly activate p38. Their activation is controlled by upstream kinases, such as 

MAPK kinase kinases (MKKKs), including TAK1 and MLK3. Protein phosphatases, 

such as MKPs (MAPK phosphatases), dephosphorylate p38Ŭ, thereby inactivating it. 

p38Ŭ can activate the expression of MKPs, creating a negative feedback loop to dampen 

its own activity55. 

The p38 pathway plays a key role in inflammation by controlling the production of pro-

inflammatory cytokines and chemokines54. Activation56 of p38Ŭ triggers the transcription 

and translation of cytokines like TNF, IL1ɓ, and IL6. Chemokine Expression: p38Ŭ 

regulates the expression of chemokines that attract immune cells to inflammation sites. 

p38Ŭ is also involved in activating inflammatory cells such as macrophages and 

neutrophils. Thus, the p38Ŭ pathway is linked to the development of various 

inflammatory diseases57, including rheumatoid arthritis58, inflammatory bowel disease59, 

colitis and psoriasis. 

Several small-molecule inhibitors targeting different isoforms of p38 have been 

developed: for example, ralimetinib (LY2228820), losmapimod (GW856553X), 

doramapimod (BIRB796), talmapimod (SCIO-469), neflamapimod (VX-745), and 

dilmapimod (SB-681323), which are acting as ATP-competent inhibitors. These agents 

were initially developed for the treatment of inflammatory disorders such as rheumatoid 

arthritis, chronic obstructive pulmonary disease, or asthma, based on the central role of 

p38Ŭ in regulating production of pro-inflammatory cytokines (TNF, IL1ɓ, IL6)54.  
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Only ralimetinib has been tested in oncology trials with patients suffering from advanced 

solid tumors, such as recurrent ovarian cancer (NCT01663857, ñA Study LY2228820 for 

Recurrent Ovarian Cancerò), metastatic breast cancer (NCT02322853, ñA Multicenter 

Trial Assessing the Efficacy and Safety of tamoxifen Plus LY2228820 in Advanced or 

Metastatic Breast Cancer Progressing on aromatase Inhibitors (OLYMPE)ò), 

advanced/metastatic colon and non-small cell lung carcinoma (NCT02860780, ñA Study 

of Prexasertib (LY2606368) in Combination With Ralimetinib in Participants With 

Advanced or Metastatic Cancerò) and glioblastoma (NCT02364206, ñStudy of 

LY2228820 With Radiotherapy Plus Concomitant TMZ in the Treatment of Newly 

Diagnosed Glioblastoma (GLYRad)ò). Early clinical data demonstrated acceptable 

safety, tolerability, and pharmacokinetics, but modest monotherapy efficacy, suggesting 

that pharmacological inhibition of p38Ŭ is feasible in humans, while meaningful 

therapeutic benefit may depend on tumor context and combination strategies. Overall, 

these studies suggest that pharmacologically inhibiting p38Ŭ is feasible and safe in 

humans, though its clinical effectiveness may depend on the specific disease and the use 

of combination therapies. 

The critical role of p38Ŭ in inflammation and cancer has made it an attractive therapeutic 

target. The role of p38Ŭ in cancer is complex and context-dependent. It can act as both a 

tumor suppressor and a tumor promoter, depending on the cancer type and cellular 

context. In some cancers, p38Ŭ can induce apoptosis and cell cycle arrest, acting as a 

tumor suppressor. p38Ŭ can activate p53, leading to the transcription of pro-apoptotic 

genes. In other cancers, p38Ŭ can promote tumor growth, invasion, and metastasis by 

regulating the expression of pro-survival and pro-angiogenic factors54. p38Ŭ can promote 

EMT by activating the expression of EMT-related transcription factors or contribute to 

drug resistance60. A notable demonstrated the targeting of p38Ŭ kinase synergizes in 

combination with birinapant, a SMAC-mimetic, and overcomes resistance in primary 

AML 61. 

Anna Brichkina et al62 outlined the role of p38Ŭ in lung cancer progression in our group. 

Specifically, activation of p38Ŭ is required for KRAS-driven lung tumorogenesis and it 

regulates the expression of hyaluronan synthase-2 (HAS2) in cancer-associated 

fibroblasts (CAFs), which produce hyaluronan, a crucial component of the TME. Cancer 

cells express high levels of CD44, which binds to hyaluronan, driving tumor cell growth. 

Block of p38Ŭ signalling in CAFs with ralimetinib, or directly HAS2 by 4-
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methylumbelliferone leads to reduced production of hyaluronan and thereby slower 

tumor growth29. 

Sheila Stewart's research group63 has demonstrated that p38Ŭ can regulate the 

senescence-associated secretory phenotype (SASP) of CAFs. RNA sequencing found a 

strong connection between p38Ŭ activity and inflammatory factors, including CCL20, 

CXCL5, IL11, IL1b, MMP1, MMP7, and SOD2, in breast cancer primary materials. This 

SASP of CAFs, which involves a wide range of inflammatory factors, drives cancer 

progression. Additionally, inhibiting p38Ŭ with SB203580 eliminates the tumor-

supportive role of CAFs and senescent fibroblasts63. 

Another key study64, also from Sheila Stewart´s group, used mice with breast tumors to 

show that treating them with CDD-111, a p38Ŭ inhibitor is already in clinical use, slows 

down the growth of metastatic spreading. The treatment also changes TAMs from a 

tumor-promoting (M2) to a tumor-suppressive (M1) phenotype, marked by increased 

IFNɔ production and activation of Stat1, as well as downregulation of Arg1. Analysing 

the cells with flow cytometry revealed that F4/80+ macrophages in bone metastasis had 

higher MHCII expression, while CD4+ T cells in the spleen showed increased IFNɔ 

production and CD44-mediated activation. As a result, the study used animal 

bioluminescence imaging to show reduced tumor spread in the mice. 

The p38Ŭ signalling pathway is a complex and multifaceted pathway that plays a central 

role in inflammation and cancer. Further research is needed to fully elucidate the 

intricacies of this pathway and to develop effective therapeutic strategies targeting p38Ŭ 

or its downstream effectors. Understanding the context-dependent roles of p38Ŭ will be 

essential for developing personalized medicine approaches to treat inflammatory 

diseases and cancer. 

3.8 Role of T cells in AML progression 

Immune surveillance is crucial for preventing tumor growth by recognizing tumor-

specific antigens. T cells in human organism include subsets of CD4+ T-helper (Th) 

cells, such as Th1, Th2, Th9, Th17, and regulatory T (Treg) cells, based on cytokines 

around inflammation sites. Th1 cells, stimulated by IFNɔ and TNF, secrete IFNɔ, TNF, 

and IL2, while Th2 cells, in presence of IL4 or IL10, secrete IL-4, IL5, IL9, IL13. Th17 

cells, producing IL17, IL23, and IL22, develop with TGFɓ, IL1ɓ, IL6. Treg cells, grown 

with TGFɓ, secrete IL10 and TGFɓ, suppressing inflammation. IL17 stimulates 
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inflammatory mediators like TNF, IL6, IL1ɓ, while Treg cells regulate inflammation 

resolution. CD8+ T cells or CTLs differentiate into diverse subsets of memory CTLs 

(central memory, effector memory, stem cell memory or resident memory) and by 

cytokine production profile can be classified to Tc1, Tc2, Tc9, Tc17 cells. Tc1 T cells 

mainly produce IFNɔ and TNF, killing infected or malignant cells65, and on this subset 

of T cells the projects was focused. 

However, TME promotes immunosuppression and antigen loss, leading to immune 

evasion. Additionally, MSCs impair various innate and adaptive immune cells66. 

Suppression of cytotoxic T cell function in the TME is commonly observed and 

contributes to AML  progression47. CTLs are pivotal effector T cells that generate the 

main adaptive immune response. During healthy hematopoiesis, they can eliminate 

aberrant cells, contributing to normal homeostasis. In AML, in the BM 

microenvironment, CTLs demonstrate impaired function compared to healthy donors. 

CTLs in AML exhibit transcriptomic and protein signatures of exhaustion and 

senescence with downregulated proliferative capacity in secondary lymphoid organs 

(lymph nodes and spleen). Moreover, in 69% of AML patients at the diagnosis the 

absence of dendritic cells is observed67. Blood from AML patients exhibits elevated 

levels of exhausted PD1+ CTLA4+ CTLs, and moreover, even more deeply exhausted 

PD1+ CTLA4+ TIM3+ CTLs can be found in their bone marrow. That can indicate that 

aberrant, chronically inflamed TME in AML bone marrow leads to deactivation68. In 

CTLs, the MAP-kinase pathway controls TCR activation, and its activity might not be 

beneficial for T cell activation and proliferation. Therefore, we decided to check whether 

modifying stromal cells would lead to activation or deactivation of CTLs in vitro. 

The p38a pathway plays a role in supporting tumor-promoting activities in immune cells. 

Reducing p38a activity through genetic means in macrophages or dendritic cells leads to 

a decrease in inflammation-associated colon cancer development in mouse models. 

Additionally, inhibiting p38a enhances the body's ability to fight tumors by increasing 

the capacity of dendritic cells to stimulate T cells. There is also evidence that blocking 

p38a in T cells, either genetically or with drugs, can boost their anti-cancer functions - 

either by stabilizing IFNAR1 to improve T cell survival or by making adoptively 

transferred T cells more effective, durable, and capable of mounting stronger responses69. 

Nowadays, many publications were published, but still cell-to-cell communication in 

bone marrow between AML blasts, MSCs, and CTLs is not well studied. 
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4 Hypothesis and aims 

Hypothesis and aim: AML promotes a tumor-friendly environment by reprogramming 

MSCs and altering their functions. These reprogrammed MSCs are believed to support 

AML progression by promoting cancer cell growth, increasing chemotherapeutic 

resistance, and possibly dampening anti-cancer immune responses. The activation of 

p38Ŭ is proposed to be a crucial step in AML -mediated reprogramming of MSCs. 

Therefore, inhibiting p38Ŭ activation and specifically identifying and blocking its 

downstream effects in MSC functions could be a promising strategy to improve AML 

treatment by reducing its MSC-dependent growth and enhancing chemosensitivity. 

Research questions: 

I. Validate the impact of p38Ŭ-inhibition in MSCs on the stroma-dependent proliferation 

of AML  in vitro and in vivo. 

II. Evaluate p38Ŭ-dependent gene expression profile of MSCs in response to contact with 

AML . Does AML induce lineage differentiation of MSCs in a p38Ŭ-dependent manner? 

Which molecular processes in MSCs and AML are impacted by the p38Ŭ-inhibition of 

the stroma? What are the molecular mechanisms that are responsible for the regulation 

of stroma-dependent AML growth?  

III. Identify potential pharmacological compounds targeting cancer-associated MSCs. 

Can we use these compounds to inhibit AML growth in vitro? 

IV. Evaluate the effect of identified MSC-targeting pharmacological compounds on 

AMLs' sensitivity to chemotherapy. What is the impact of MSCs on AMLs response to 

chemotherapy?  

V. Explore the cytotoxic capability of CD8+ T cells, concerning p38Ŭ-dependent 

conditions in tumor-stroma interplay. Do MSCs impact the immunophenotype and 

killing abilities of CTLs? Does this process depend on p38Ŭ activity in MSCs? 
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5 Materials and methods  

5.1 Materials 

5.1.1 Cells 

Different cell lines were used in this work and are presented in Table 1. All these cell 

lines and all experiments were maintained under standard conditions using a sterile 

laminar hood, and the cells were grown in the incubator at 37°C, at 5% CO2, and at 95% 

humidity. Conditions for cultivation are explained in the section  

Table 2. Cell lines used in the present work. 

Name of cell line Mutations Origin /Source 

KG1a 

ATCC CCL-246.1 

Á FGFR1OP2-FGFR1 fusion, 

Á p53-mut (c.672+1G>A), 

Á NRAS (Gly12Asp). 

Human AML. It is a 

derivative of KG-1 

isolated from a 59-year-

old man. Cells were kindly 

provided by Prof. Dr. med 

Andreas Burchert and 

STR-genotyped. 

MOLM13 

DSMZ ACC554 

Á KMT2A-MLLT3 fusion, 

Á Internal tandem duplication 

FLT3 (FLT3-ITD). 

Relapsed human AML 

isolated from a 20-year-

old man. Cells were kindly 

provided by Prof. Dr. med. 

Andreas Burchert and 

STR-genotyped. 

NB4 

DSMZ ACC207 

Á PML-RARA fusion, 

Á KRAS (Ala18Asp), 

Á TP53 (Arg248Gln). 

Human AML. Cells were 

kindly provided by Prof. 

Dr. med. Andreas 

Neubauer. 

hMSC-TERT Mesenchymal stromal cells from 

human bone marrow, immortalized 

with lentiviral transduction with 

human TERT. 

It was kindly provided by 

Prof. Dr. Ola Myklebost 

(Bergen, Norway)70 
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M2-10B4, 

ATCC CRL-1972 

Spontaneously immortalized cell 

line 

Mouse stromal cell line 

from bone marrow of 

C57BL/6J x C3H/HeJ 

background. Cells were 

kindly provided by Prof. 

Dr. med. Andreas Burchert 

C1498 

ATCC TIB-49 

Spontaneous leukemia Female mouse AML from 

C57BL/6J background. It 

was purchased from 

ATCC. 

RN2 Retroviral transduction of the MLL -

AF9 fusion gene 

Mouse AML. It was kindly 

provided by Prof. Dr. med. 

Andreas Neubauer 

HEK293FT Embrionic immortalized cells Human female permanent 

line established from the 

primary embryonic human 

kidney 

 

5.1.2 Bacterial strains 

E.coli Stbl3 strain was derived from H101E strain, and it is optimized for cloning and 

maintaining instability-prone DNA, such of those found in lenti- and retroviral genome 

it contains mutations in RecA and methylation-dependent restriction systems that reduce 

DNA recombination and degradation, ensuring greater stability for repeated sequences 

and genomic DNA. So, in this work E.coli Stbl3 was used to maintain viral vector 

generation tasks.  

E.coli Top10 is also a common strain engineered previously for high-efficiency 

transformation. Its genotype includes mutations like endA1 for cleaner DNA, recA1 for 

reduced recombination, and lacZȹM15 for blue-white screening. The strain also harbours 

the mcrA-mutation, enabling the efficient transformation of methylated DNA, making it 

versatile for various cloning applications. 
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5.1.3 Mouse strains 

Table 2 represents a list of mouse strains used in the study. All mice were kept in specific 

pathogen-free (SPF) conditions and in the individually ventilated ICV II cages in the 

animal facility at the Center for Tumor Biology and Immunology of Philipps University 

of Marburg with a light-dark cycle of 12 hours, at the room temperature of 22 ± 2°C, and 

ad libitum food and water were supplied by the facility. All experiments conducted for 

this work were approved by the Regierungspräsidium Gießen, approval numbers: 

Ak2/2024, Ex18/2025, Ex9/2025, G83/2022, G53/2023, and G34/2024. Mice aged 6 to 

36 weeks were used in the study.  

Table 3. List of mouse strains. 

Strain Description 

C57Black6 (C57BL/6J) Strain #000664 JacksonLab 

C57Black6-p38KI 

(Mapk14tm2Dvb/Mmjax) 

 

MMRRC Strain #042282-JAX 

The p38Y182F knock in allele alters a phosphorylation site 

inhibiting activation of the kinase (published by Brichkina 

et al.62) 

OT-I (C57BL/6-

Tg(TcraTcrb)1100Mjb/J) 

 

 

Strain #:003831 

RRID:IMSR_JAX:003831 transgenic T-cell receptor 

(TCR) specific for the model chicken antigen OVA 

(SIINFEKL) on CD8+ T cells 

OT-I tgVenus Mice of the lipid-modified YFP transgenic tgVenus 

(Tg(CAG-Venus)1Hadj/J; JAX:011107) strain were 

crossbreed with OT-I strain 

 

5.1.4 Media and additives 

All buffers and supplements were stored according to the manufacturer´s instructions. 

The media for cultivation of primary cells were aliquoted in 50 ml Falcon tubes, stored 

at 4°C, and used within 2-3 months.  

The media, chemicals, and reagents that were used for the experiments are listed in  tables 

below. 
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Table 4. Media and additives. 

Name Catalogue numbers Company 

2-Mercaptoethanol M3148-100ML Sigma, USA 

4% formalin, buffered 

solution for histology 

1.00496.5000 Sigma, USA 

4-Methylumbelliferone 

(4MU) sodium salt 

M1508 Sigma, USA 

Agar for bacteria 2266.3 CarlRoth, Germany 

AgeI-HF restriction enzyme R3552S New England Biolabs, 

USA 

Ammonium chloride NH4Cl K298.2 CarlRoth, Germany 

Ammonium persulfate 

(APS) 

A2941 AppliChem, Germany 

Ampicillin sodium salt 

Sigma-Aldrich (St. Louis, 

USA) 

K029.2 CarlRoth, Germany 

Annexin V FITC (31490013X2) 

APC (31490016X2) 

Immunotools, Germany 

Water Distilled and MilliQ 

Ultra-pure 

ThermoFischer, USA 

Biliverdin 30891 Sigma, USA 

BODIPY Cay25892-10 Cayman, USA 

Bovine Serum Albumin 

(BSA)  

A7906 Sigma, USA 

Brefeldin A B-7651 BioLegend 

BsmBI restriction enzyme R0739S NEB, USA 
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CD127 Monoclonal 

Antibody (A7R34) 

14-1271-82 eBioscience 

Citric Acid Carl Roth GmbH 

(Karlsruhe, G) 

6490.1 CarlRoth, Germany 

Collagenase II C2-BIOC-100MG Sigma 

Dimethylsulfoxid (DMSO)  A3672 AppliChem, Germany 

Dimethylsulfoxid DMSO A3672 AppliChem, Germany 

Dispase D4693-1G Sigma  

D-Luciferin 290275 Biozym, Germany 

DMEM (Dubeccoós 

modified Eagleós 

medium) 

41966-029 Gibco, USA 

DNase I, recombinant  04716728001 Roche, Switzerland 

Doxorubicin T1020  TargetMol, China 

Dulbeccooós Phosphate 

Buffered Saline (PBS) 

14190-094 Gibco, Invitrogen, USA 

EcoRI- HF restriction 

enzyme 

R3101S New England Biolabs, 

USA 

Ethanol 5054.1 CarlRoth, Germany 

Ethylene Glycol-bis(2-

aminoethylether)-

N,N,Nô,Nô-tetraacetic Acid 

(EGTA) 

3054.3 CarlRoth, Germany 

Ethylenediaminetetraacetic 

disodium salt (Na2EDTA) 

8043.2 CarlRoth, Germany 

Fetal Bovine Serum (FBS) 

(culture T cells) 

10270-106 Gibco 
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Fetal Bovine Serum (FBS) 

(only for MSC- and co-

culture media) 

AC-SM-0190  Anprotech, Germany  

Formaldehyde, 37 % 4979.1 Carl Roth, Germany 

Geneticin (G418 sulfate) G418-Q Capricorn Scientific, 

Germany 

Gelatin  4582.1 Carl Roth, Germany 

Glycin, PUFFERAN 3908.2 Carl Roth, Germany 

HCl K025.1 Carl Roth, Germany 

HEPES 9105.3 Carl Roth, Germany 

HEPES, buffered solution 

for cell culture 

15630-056 Gibco 

IL -17D, recombinant, human 200-27 Peprotech 

Immobilon Western 

Chemiluminescent HRP 

Substrate 

WBKLS0050 Sigma 

Ionomycin IO0634 Sigma 

Isopropanol 6752.4 Carl Roth, Germany 

Kanamycin T832.3 Carl Roth, Germany 

Larotrectinib HY-12866 MedChemExpress, China 

Lithium chloride (LiCl) 3739.2 Carl Roth, Germany 

Luria Broth (LB)  L3022 Sigma-Aldrich, USA 

Lymphocyte Separation 

Medium (LSM) 

LSM-A Capricorn Scientific 

Magnetic beads, biotinylated 05-01-302, surface-NH2 

Nanomag-CLD 

Micromod  

Partikeltechnologie GmbH 



 
39 

 

Mesenchymal-XF expansion 

medium (human) 

SCM045 Millipore, Merck, 

Germany 

MesenCult Basal medium 

(mouse) 

05513 StemCellTechnologies, 

USA 

Methanol 4627.5 Carl Roth, Germany 

Milk, powdered, blotting 

grade  

T145.3 Carl Roth, Germany 

Navarixin HY-10198 MedChemExpress, China 

Non-essential aminoacids M7145 Sigma 

Oleanolic acid MCE-HY-N0156 MedChemExpress, China 

OptiMEM Reduced serum 

mdeia 

11564506 Gibco 

Page Ruler Prestained 

Protein Ladder 

26617 ThermoFischer 

PEG6000 81260 Sigma 

Penicillin (10.000 U/mL)- 

Streptomycin (10.000 

µg/mL), 100x 

solution (Pen/Strep) 

15140-122 Gibco 

Percoll 17089102 Cytiva, USA 

Phorbol 12-Myristate 13-

Acetate (PMA) 

P1585-1MG Sigma-Aldrich 

PMSF Protease Inhibitor 36978 Thermo Fisher Scientific 

GmbH 

Potassium hybrocarbonate 

KHCO3 

P748.1 CarlRoth 
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PVDF membrane for western 

blotting 

IPVH00010 Immobilon, USA 

Puromycin dihydrochloride P8833 Merck 

Oil Red O O0625 Sigma 

Ralimetinib S1494 Selleckchem, USA 

RotiClear A538.5 Carl Roth, Germany 

RPMI GlutaMAX 61870-10 Gibco 

RPMI L-glutamine 21875-034 Gibco 

Sirius Red, premade solution 640745 Clin-Tech Limited, UK 

Sodium acetate S8750 Merck, Germany 

Sodium buturate A11079 Alfa Aesar, Germany 

Sodium chloride NaCl  3957.1 Carl Roth, Germany 

Sodium dodecylsulfate 

(SDS, in pellets) 

CN30.3 Carl Roth GmbH + Co. KG 

Sodium fluoride NaF  S1504 Sigma, Germany 

Sodium hydroxide NaOH 6771.1 Carl Roth, Germany 

Sodium pyruvate (100mM) S8636 Sigma, Germany 

Streptomycin S9137 Sigma, Germany 

T4 Ligase M0202S New England Biolabs, 

USA 

Tetramethylethylenediamine 

(TEMED)  

2367.1 Carl Roth, Germany 

TRIS, PUFFERAN, base AE15.2 Carl Roth, Germany 

Triton X-100  T9284 Sigma, Germany 

Roticlear A538.1 CarlRoth, Germany 
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Hemalum solution acid acc. 

to Mayer 

T865.1 CarlRoth, Germany 

Eosin Y solution 3139.1 CarlRoth, Germany 

ROTI®Mount HP68.1 CarlRoth, Germany 

Trypan blue Thermo Fisher 

Scientific Inc. 

15250-061 Gibco 

Trypsin-EDTA (0.05 %)  25300054 Gibco 

Tween-20 M147 VWR, Germany 

UltraPure Agarose (used 

only for cloning vectors) 

16500500 ThermoFischer, USA 

Ursolic acid MCE-HY-N0140 MedChemExpress, China 

Venetoclax TGM-T2119 Target Mol, China 

ŬMEM media (Minimum 

Essential Medium Eagle) 

M4526 Sigma 

 

Ralimetinib was diluted in 0,9% physiological solution at 1 mM concentration. All other 

compounds were dissolved in DMSO (Sigma) at 10 mM concentration, stored in -80°C, 

and diluted further in PBS immediately before use. 

5.1.5 Antibodies 

Table 5. List of antibodies 

Name Catalogue. Nr Company 

anti-human CD8-APC #344722 BioLegend  

anti-human CD25-BV421 #302630 BioLegend  

anti-human CD69-FITC #310903 BioLegend  

anti-human TNF-BV421 #502931 BioLegend  
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anti-human IFN-ɔ-

PE/Cyanine7  

#502527 BioLegend  

anti-human CD107a (LAMP-

1)-PE/DazzleÊ 594 

#328645 BioLegend  

Anti-mouse CD25-APCCy7 #557658 BD  

anti-mouse CD69-PECy7 #25-0691-81 Invitrogen 

anti-mouse CD44-PE #553134 BD 

anti-mouse CD62L-BV605 #104438 BioLegend 

anti-mouse PD-L1-PE #124308 BioLegend 

anti-mouse CD3Ů #100340 BioLegend 

anti-mouse CD28 #102116 BioLegend 

Anti-mouse IgG, HRP-linked 

Antibody 

#7076 Cell Signalling 

Technology  

Anti-rabbit IgG, HRP-linked 

Antibody 

 #7074 Cell Signalling 

Technology  

phospho-HSP 27 Antibody 

(B-3) 

#sc-166693 Santa Cruz 

Biotechnology  

ɓ-Actin (8H10D10) Mouse 

mAb  

#3700 Cell Signalling 

Technology  

Phospho-p38 MAPK 

(Thr180/Tyr182) (D3F9) 

XP® Rabbit mAb  

#4511 Cell Signalling 

Technology  

p38Ŭ Antibody (C-20) sc-535 Santa Cruz 

Biotechnology  
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p-Akt1/2/3 (Ser 473)-R sc-7985-R Santa Cruz 

Biotechnology  

CD3 (human) monoclonal 

antibody (TR66) 

ALX -804-822-C100 Enzo Life Sciences Inc  

Ultra-LEAFÊ Purified anti-

human CD28.1 

302934 BioLegend  

Streptavidin Z7041 Promega GmbH 

anti-FITC antibody, 

biotinylated 

13-7691-82 Invitrogen 

anti-mouse CD4 11-0041-85 Invitrogen 

anti-mouse B220 11-0452-85 Invitrogen 

anti-mouse CD11c 11-0114-85 Invitrogen 

anti-mouse CD11b 11-0112-82 Invitrogen 

anti-mouse CD49b 11-5971-85 Invitrogen 

anti-mouse TER119 11-5921-85 Invitrogen 

 

5.1.6 Kits 

Table 6. List of kits . 

Name Catalogue Nr  Company 

NucleoSpin RNA Plus 740955.25 Macherey-Nagel 

 Foxp3 / Transcription Factor 

Fixation/Permeabilization 

Concentrate and Diluent 

00-5521-00 Thermo Fisher Scientific 

GmbH 
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ABsolute qPCR SYBR Green Mix AB-1158/B Thermo Fisher Scientific 

GmbH 

FITC Annexin V Apoptosis 

Detection Kit  

640914 BioLegend 

iScriptÊ cDNA Synthesis Kit 1708891 Bio-Rad Laboratories 

MojoSortÊ Human CD8 T Cell 

Isolation Kit 

480129 BioLegend 

Zombie NIR Fixable Viability Kit 423105 BioLegend 

 

5.1.7 Primers 

Table 7. List of primers. 

Gene-specific primers were designed using Geneious v7 and verified using Primer-

BLAST (NCBI).  

Gene Sequences of the primers (5́Ÿ 3´) 

UNC5B F: GCTCGACTCTAAGAACTGCACAG 

R: TGAGGATTGCCACGACCACGAA 

SPX F: TCGCCGCTTCATCTCCGACCA 

R: GACGCCAGTAAGATGGTTGCTG 

IL7RŬ F: ATCGCAGCACTCACTGACCTGT 

R: TCAGGCACTTTACCTCCACGAG 

IL17D F: TGAGCAGGCGCGCAACGCGA 

R: GCAGTAGGCTTCAGGCAGGTAC 

HAS2 F: GCTTGACCCAGCCTCATCTGTGGA 

R: TGCTGAGGAATGAGATCCAGGAATCG 

RANKL F: GCCTTTCAAGGAGCTGTGCAAAA 

R: GAGCAAAAGGCTGAGCTTCAAGC 

PDPN F: GTGCCGAAGATGATGTGGTGAC 

R: GGACTGTGCTTTCTGAAGTTGGC 

IL1A F: GCCCAAGATGAAGACCAACCAGTGC 

R: TGCCGTGAGTTTCCCAGAAGAAGAGG 

IL1B F: TGAAAGCTCTCCACCTCCAGGGACA 

R: GAGGCCCAAGGCCACAGGTATTTTG 

IL6 F: AGGAACAAGCCAGAGCTGTGCAGATG 
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R: TTTGTGGTTGGGTCAGGGGTGGTTA 

IL8 (CXCL8) F: ACCCCAAGGAAAACTGGGTGCAGAG 

R: CTGGCAACCCTACAACAGACCCACA 

CXCL20 F: GCTGCTTTGATGTCAGTGCT 

R: GCAGTCAAAGTTGCTTGCTTC 

PTGS2  F: CGCAAACGCTTTATGCTGAAGCCCTAT 

R: GCATCTGGCCGAGGCTTTTCTACCA 

COL1A1 F: TCAGCAAGAACCCCAAGGACAAGAGG 

R: AGGAAGGTCAGCTGGATGGCCACAT 

COL4A1 F: AGGATCTGTTGGTGGAATGGGCTTG 

R: CCTGCCTGCCCTTTCTCTCCTTTTG 

COL11A1 F: GACTATCCCCTCTTCAGAACTGTTAAC 

R: CTTCTATCAAGTGGTTTCGTGGTTT 

FN1 F: CAGTGGAATGCACCACAGCCATCTC 

R: TGGTAGCTTCCTTCCAACGGCCTACA 

ACTA2 F: CGACCGAATGCAGAAGGAGATCACG 

R: GATGGAGCCACCGATCCAGACAGAG 

LOXL2 F: TGACTGCAAGCACACGGAGGAT 

R: TCCGAATGTCCTCCACCTGGAT 

ADIPOQ F: AATAATGTGGACCAGGCCTC 

R: TGAAGGTGGAGTCATTGTCATT 

PPARGg F: TGAATGTCGTGTCTGTGGAG 

R: TTGTGGATCCGACAGTTAAGAT 

FABP4 F: AGTCAAGAGCACCATAACCTTAG 

R: TTCATGACGCATTCCACCA 

cEBPa F: AGGAGGATGAAGCCAAGCAGCT 

R: AGTGCGCGATCTGGAACTGCAG 

cEBPg F: GCTTACAGCAGGTTCCTCAGCT 

R: CGTTGCCGATACTCGTCACTGT 

FASN F: TGAGCAGTACACACCCAAGGCCAAGT 

R: CACCCTCGATGACGTGGACGGATAC 

RUNX2 F: TTCACCTTGACCATAACCGTC 

R: AGAGTCATCAAGCTTCTGTCTG 

MSX2 F: GGGGCAGGAGTAGGAGGACATA 
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R:GGAGAACTCTGCACGCTCTG 

ALP F: GTGGAGTATGAGAGTGACGAG 

R: CGTGCGGTTCCAGATGAA 

OCN F: CGCTACCTGTATCAATGGCT 

R: GTCAGCCAACTCGTCACA 

CD10 F: CTGCTGAGGGGTCACGATTTTAG 

R: GAGTGCGATCATTGTCACAGC 

CD73 F: AGTCCACTGGAGAGTTCCTGCA 

R: TGAGAGGGTCATAACTGGGCAC 

CD90 F: GAAGGTCCTCTACTTATCCGCC 

R: TGATGCCCTCACACTTGACCAG  

CD92 F: GAGAATGGAAGCCGCTGGAG 

R: GCCACAAATAAATCCCATCCCA 

CD105 F: CGGTGGTCAATATCCTGTCGAG 

R: AGGAAGTGTGGGCTGAGGTAGA 

TMEPAI F: GTGCAACTGCAAACGCTCTT 

R: CCACAGGCATCCTTCTGAGG 

HLA-A F: CAGGGCTCTGATGTGTCCCTCACA 

R: CAAGTCACAAAGGGAAGGGCAGGAA 

HLA-B F: CCCAGGGCTCTGATGTGTCTCTCACA 

R: TGAAGTCACAAAGGGGAGGCGTGAA 

HLA-C F: CAGCTGCCTGTGTGGGACTGAGATG 

R: TGCCTTTGCAGAAAGAGATGCCAGA 

HLA-DRA F: GACTGTGGGTCTGGTGGGCATCATT 

R: TTGGGGTGGCTATAGGGCTGGAAAA 

HLA-DRB1 F: AAGAACTTTCTGCCCCGGCTTTGC 

R: TGCAGTTGCCGAACCAGTAGCAACC 

HLA-DPA1 F: CGTGGGCACCGTCCTCATCATAAAG 

R: TGAGATGGAGTTTGTAGGGCAGCTGGA 

CD80 F: GTGGATTTAGTTTCACAGCTTGCG 

R: GGGGAAATGTCGCCTCTCTG 

CD86 F: GAAGAAGAAGAAGCGGCCTCGCAAC 

R:CACGCTGGGCTTCATCAGATCTTTTCA 
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5.1.8 Plasmids 

Table 8. List of plasmids. 

Name Using 
Amplification 

in 
Manufacturer  

pLKO.1-neo Cloning of shRNA E.coli Stbl3 Addgene, USA, 

#13425 

pCMV6-

entry-IL17D 

Overexpression of human IL17D 

with Myc-DDK tag 

E.coli Top10 Origene, USA, 

# RC206962 

pU6-Cas9-

Cherry 

sgRNAs against mouse Mapk14 

with sgRNA 

TGGATGTGTTCACACCCGCA 

E.coli Top10 Addgene 

#64324, which 

was kindly 

provided by 

Prof. Dr. 

Matthias Lauth 

pHIV-

iRFP720-

E2A-Luc 

Luciferase-labelling of AML cells E.coli Stbl3 Addgene 

#104587 

pPresentER-

SIINFEKL-

GFP 

SIINFEKL labelling of AML 

cells for T cell killing assays 

E.coli Stbl3 Addgene 

#102944 

psPAX2 Lentiviral packaging (gag-pol) 

helping plasmid 

E.coli Stbl3 Addgene 

#12260 

pMD2.G Lentiviral VSV-G envelope 

helping plasmid 

E.coli Stbl3 Addgene 

#12259 

pCl-Eco Retroviral gag-pol-env helping 

plasmid 

E.coli Stbl3 Addgene 

#12371, which 

was kindly 

provided by Dr. 

Miriam Frech 

pgag-pol Retroviral gag-pol-env helping 

plasmid 

E.coli Stbl3 Addgene 

#14887, which 

was kindly 

provided by Dr. 

Olaf 

Pinkenburg 

 

5.1.9 Transfection reagents 

Table 9.  List of transfection reagents. 
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Name Application 
Catalogue number and 

manufacturer 

PEI, linear, 25kDa Transfection of 

HEK293FT cells for 

generation retro- or 

lentiviruses 

#23966, Polysciences, USA 

Lipofectamine 3000 hMSC-TERT transfection ThermoFischer Scientific, 

USA 

MirusIT-2020 M2-10B4 transfection Mirus Bio, Merck, Germany 

 

5.1.10 Buffers and solutions 

Table 10. List of buffers and solutions. 

Application Name Composition 

Decalcification 

buffer 

Decalcification buffer 

for bones 

33 g Tris base; 

100 g Na2EDTA; 

Fill up to 1L with ultrapure water 

Common 

washing of 

cells 

PBS (Dulbecco´s) 2,66 mM KCl 

1,47 mM KH2PO4 

137,93 mM NaCl 

8,059 mM Na2HPO4 

Specific cases 

of washing 

cells 

PBS with calcium and 

magnesium 

(Dulbecco´s) 

6.62 g CaCl Ŀ2H O and 5.08 g MgCl Ŀ6H O 

was dissolved in 100 mL MilliQ water. To 

get PBS with calcium and magnesium, 1 mL 

of this mix was added to 500 ml of PBS 

without calcium and magnesium. 

End point concentrations in this PBS are: 

0,9 mM CaCl2 and 0,5 mM MgCl2 
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SDS-PAGE 10x Running Buffer 30.3 g Tris-Base (0.2501 M); 

144 g Glycine (1.924 M); 

50 ml 20% SDS Stock; 

Fill up to 1 L with ultrapure water 

Western-Blot 10x Transfer Buffer 30.3 g Tris-Base (0.2501 M) 

144 g Glycine(1.924 M) 

1.85 mL 20% SDS Stock 

Fill up to 1 L with ultrapure water 

Dilute and mix with methanol (20%) before 

use 

Washing 

Buffer 

10x TBS-T, pH=7,4 24 g Tris base (200mM); 

88 g NaCl (1500mM); 

10 mL Tween-20; 

Fill up to 0.2 L with ultrapure water. 

SDS-PAGE 

gel casting 

Tris-SDS Buffer 50 ml 1.5M Tris-HCl pH 8.8; 

1 ml 20% SDS solution; 

Fill up to 0.2 L with ultrapure water. 

20% Resolving Gel 133 ml Acrylamide/Bis-acrylamide 30% 

(Rotiphorese 37.5:1); 

50 ml 1.5M Tris-HCl pH 8.8; 

1 ml 20% SDS solution; 

Fill up to 0.2 L with ultrapure water. 

4% Stacking Gel 26.5 mL Acrylamide/Bis-acrylamide 30% 

(Rotiphorese 37.5:1) 
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25 mL 1,5M Tris-HCl pH 6.8 

1 mL 20% SDS solution 

Fill up to 0.2 L with ultrapure water. 

FACS Magnetic cell 

separation buffer 

(MACS buffer)  

500 ml PBS; 2,5 g (0.5%) BSA Bovine 

serum albumin); 2mM EDTA pH 8.0, sterile 

filtered (0,22 µm filters) 

Cell lysis for 

SDS-PAGE 

 

RIPA Buffer  

 

25 mM Tris HCl (pH 7.5); 

150 mM NaCl; 

1 mM EDTA; 

1 mM EGTA; 

0,1% Triton X-100; 

1% sodium deoxycholate; 

Freshly added proteinase Inhibitors 

(Apoprotein, Leupeptin, DTT, and 1 mM 

PMSF). 

For protein phosphorylation studies, also 1 

mM NaF, 2 mM Na3VO4, 10 mM Na4P2O7 

were added to the RIPA buffer. 

Sample buffer 

for SDS-

PAGE 

Laemmlie buffer 5x 

formulation 

10% SDS solution 

50% Glycerol 

25% ɓ-mercaptoethanol 

12,5 mL Tris HCl pH 6.8 

500 mg Bromphenol blue 

Adjust volume with MilliQ water to 50 mL. 

For cell lysis or sample preparation dilute to 

1x solution with MilliQ water.  

Elimination of 

erythrocytes 

from isolated 

Red blood cell (RBC) 

lysis buffer 

8.02 g (0,15 M) NH Cl; 

1 g (0,01 M) KHCO ; 
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primary cell 

suspensions 

0.0372 g (0,1 mM) Na2EDTA in 1 L of 

distilled water. 

Culturing and 

growing of 

human or 

mouse AML 

and mouse 

M2-10B4 cells 

Complete AML media 

 

RPMI-1640, supplemented with L-

glutamine, 10% FBS, 100 U/mL penicillin 

and 100 ɛg/mL streptomycin 

Culturing and 

growing of 

human or 

mouse AML 

cells 

Complete hMSC media ŬMEM w/o deoxy- and ribonucleosides, 

supplemented with 10% heat-inactivated 

FBS and 1% penicillin-streptomycin 

Culturing and 

growing of 

mouse M2-

10B4 cells 

Complete mMSC 

media 

 

RPMI-1640, supplemented with L-

glutamine, 10% FBS, 100 U/mL penicillin 

and 100 ɛg/mL streptomycin 

Co-culture 

media 

Co-culture of hMSC-

TERT and human 

AML cells 

RPMI-1640, supplemented with 

GlutaMAX, 1,5% or 2% FBS without 

antibiotics 

Agarose DNA 

electrophoresis 

TAE buffer (50x)  

 

242 g Tris base; 

57,1 mL glacial acetic acid; 

100 mL 0,5 M EDTA pH=8.0; 

Fill up with MilliQ water to 1L. Dilute to 1x 

before using with water 

Storage of 

plamid DNA 

TE-buffer 10 mM Tris-HCL pH 7.5 and 1 mM EDTA 

pH 8.0 in MilliQ water, autoclave 

T cell media 

 

Cultivation of mouse 

and human T cells 

RPMI-1640 with GlutaMAX; 

10% heat-inactivated FBS (Gibco); 
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10mM HEPES pH=7.4; 

100 U/mL penicillin; 

100 ɛg/mL streptomycin; 

1 % sodium pyruvate; 

50 µM 2-mercaptoethanol. 

Versen´s 

solution 

Detachment of the 

cells; washing out 

AML cells from the 

monolayer of stromal 

cells, and specific 

procedures 

PBS without calcium and magnesium 

supplemented with 0,48 mM EDTA pH=8.0 

Triton X100-

HCl 

Denaturation of DNA 

for BrdU assay 

2M HCl with 0,1% Triton X100 in MilliQ 

water 

 

5.1.11 Cell culture plastic and consumables 

Table 11. List of cell culture plastic and consumables. 

Consumable´s name 
Catalogue 

number 
Manufacturer  

96-(F- or V-bottom), tissue-

culture treated 
83.3924 or 83.3926 

Sarstedt, Germany 

48-well plates, tissue-culture 

treated 
83.3923 

Sarstedt, Germany 

24-well plates, tissue-culture 

treated 
83.3922 

Sarstedt, Germany 
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12-well plates, tissue-culture 

treated 
83.3921 

Sarstedt, Germany 

6-well plates, tissue-culture 

treated 
83.3920 

Sarstedt, Germany 

T25 and T75 flasks, tissue-

culture treated 

83.3910.002 

83.3911.002 
Sarstedt, Germany 

50 mL, 15 mL Falcon tubes 

62.547.254 

62.554.016 
Sarstedt, Germany 

5ml FACS tubes 55.1579 Sarstedt, Germany 

0.2, 0.5, 1.5, 2 ml Eppendorf 

tubes 
72.706 Sarstedt, Germany 

10, 20, 200 and 1000 µL 

normal and filter tips 

70-3050 

70-3030 

70-3020 

Sarstedt, Germany 

2, 5, 10, and 25 ml serologic 

pipettes 

5 ml 86.1253.025 

10 ml 86.1254.025 

25 ml 86.1685.001 

Sarstedt, Germany 

PCR-plate full skirt LP, white 

with PCR-films 
72.1980.010 Sarstedt, Germany 

TC-inserts 8µm (migration) 83.39322.800 Sarstedt, Germany 

NuncMaxisorp plate, 96 well 442404 ThermoFischer, USA 

Cell scrapers CE60.1 Carl Roth, Germany 

Cell strainer 70 µm 10199-658 VWR, USA 
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5.1.12 Machines and equipment 

The devices (Table 12) and the software (Table 13) used for this work were provided by 

the Center for Tumor Biology and Immunology (Philipps University of Marburg, 

Marburg, Germany). 

Table 12. List of machines and equipment. 

Name Company 

AccuBlock Digital Dry Bath Labnet International Inc 

Allegra X-15R Centrifuge  Beckman Coulter 

BD FACSymphonyÊ A1 Cell Analyzer BD Biosciences, USA 

CytoFlex LX Beckman Coulter, USA 

Cytek Aurora Spectral Analyser Cytek, USA 

Cytek Aurora Spectral Cell Sorter  Cytek, USA 

BD FACS Aria III BD Biosciences, USA 

ChemiDoc MP- Imaging-System Bio-Rad Laboratories, Inc 

Electrophoresis Power Supplies Thermo Fischer Scientific GmbH 

Mini -PROTEAN Tetra Cell BioRad, USA 

MojoSortÊ Magnet BioLegend 

Mx3000P qPCR System Agilent Technologies 

CFX Duet qPCR System  BioRad, USA 

NanoDropÊ 2000/2000c Thermo Fischer Scientific GmbH 

T100 Thermal Cycler Bio-Rad Laboratories, Inc 

Histology microscope Zeiss AxioScope A1 Carl Zeiss, Germany 

Microscope Axiovert 200M Carl Zeiss, Germany 
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Microscope DM IL LED Leica Microsystems, Germany 

Microscope DM3000  Leica Microsystems, Germany 

Luminometer Orion L Berthold, Germany 

Bioimager X-Vivo Extreme Bruker, Germany 

5.1.13 Software 

Table 13. List of used programs and software. 

Name Company Using for 

Image Lab 6.0 Bio-Rad Laboratories, Inc, USA Western blot analysis 

FlowJo V9-10 BD Biosciences, USA All flow cytometry data 

Microsoft Office (Word, 

Excel, PowerPoint) 

Microsoft, USA Writing and figures 

design 

GraphPad Prism 9.0 GraphPad Graph creation and 

statistics 

Biorender Biorender.com Visualisation 

RStudio Version 2025.09.0 scRNAseq and bulk 

RNAseq analysis and 

statistics 

Zotero Version 8.0.1 Citation instrument 

FACSDiva Version 6.1.3 Flow cytometry data 

acquisition 

CytExpert Version 2.6 Flow cytometry data 

acquisition 

Benchling Benchling, Inc. sgRNA CRISPR design 

GPP portal https://portals.broadinstitute.org/ 

gpp/public/ 

shRNA design 
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ImageJ/Fiji Version 1.54 Microscopy photo 

analysis 

Venn´s diagrams https://www.bioinformatics.org/ 

gvenn/index.htm 

Common gene 

correlations 

Geneious  https://www.geneious.com/ Cloning of vectors and 

primer design 

SnapGene https://www.snapgene.com/ Cloning of vectors 

ChatGPT v4-5.2 https://chatgpt.com/ Help with R code 

generation, analysis of 

RNAseq and scRNAseq 

Grammarly https://app.grammarly.com/ Help in polishing English 

language 

 

5.2 Methods 

5.2.1 Cell culture 

Human KG1a, MOLM13, NB4 AMLs, mouse M2-10B4 MSCs and C1498 AML cell 

lines were maintained in RPMI-1640  media, supplemented with 10% FBS (Anprotech; 

Germany) and 100 U/ml penicillin and 100 µg/ml streptomycin. Mouse RN2 AML cells 

were cultivated in RPMI-1640 GlutaMAX media supplemented with 10% tetracycline-

free FBS (Capricorn, Germany) without any antibiotics. Cells were cultured in T25 or 

T75 flasks in 10 or 20 ml of culture media, respectively. Normally, cells were collected 

in 15 or 50 ml tubes, centrifuged at 300 g for 5 min at RT, and passaged at a 1:5, 1:8, or 

1:10 ratio, usually 3-4 times per week.  

Human MSC-TERT were cultured in ŬMEM media without ribonucleotides and 

deoxyribonucleotides, supplemented with 10% heat-inactivated FBS (Anprotech; 

Germany), 100U/ml penicillin and 100 µg/ml streptomycin. 

HEK293FT were cultured in DMEM (Gibco, USA) supplemented with 10% heat-

inactivated FBS (Gibco, USA), 100 U/ml penicillin and 100 µg/ml streptomycin.  
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The adherent cell lines were grown in T25 or T75 flasks to the 80-90% confluence, then 

passaged. For this, the culture medium was completely aspirated, and cells were washed 

once with 2-5 mL PBS. To detach cells, Trypsin-EDTA solution was added with 

subsequent incubation for 3-5 minutes at 37°C. The reaction was stopped by adding an 

equal volume of the respective complete medium. Cell suspension was collected and 

transferred into a 15 mL tube, and centrifuged at 300 g for 5 min at RT. The supernatant 

was aspirated, and the cells were resuspended in the respective fresh medium. 

All cells were cultured not longer than 3 months (approximately 15-20 passages) and 

then discarded. Only early passaged cells (passages 2-4) were cryopreserved in liquid 

nitrogen. All cells were regularly checked using a light microscope. Mycoplasma 

contamination was tested for and excluded by direct PCR of conditioned media from all 

cells, targeting 16S rRNA gene, with classical MGSO and GPO1 primers.  

5.2.2 Counting and freezing/thawing cells 

For counting cells, culture media was aspirated, cells were washed with 2-5 ml PBS, and 

trypsinized with subsequent neutralization of trypsin by complete media and collected 

by centrifugation as mentioned above. The supernatant was removed and the cells were 

resuspended in 3-10 ml of fresh complete culture medium. Further, cells were diluted 

with trypan blue solution (0,4%) in an appropriate ratio, and 10 µL were placed in a 

Neubauer´s chamber. Cells were counted in at least four quadrants, and the cell count per 

mL was calculated. The formula for the calculation is down, where N is the number of 

counted cells, Q is the number of counted quadrants in the chamber:  

ὔ ὨὭὰόὸὭέὲ Ὢὥὧὸέὶ

ὗ
ρππππὓ ὧὩὰὰίȾάὰ 

For the cryopreserving and long-term storage of cells in liquid nitrogen, cells were frozen 

according to standard protocol: the medium of a 90 % confluent T75 cell culture flask 

with adherent cells was aspirated, washed with PBS, and treated with Trypsin-EDTA. 

The detached cells were collected in fresh medium and centrifuged at 300 g for 5 min at 

RT. Suspension cells were collected by centrifugation at 300 g for 5 min at RT. Then the 

supernatant was aspirated, and the cell pellet was resuspended in freezing medium 

containing 90% heat-inactivated FBS with 10% DMSO. The cell suspension was 

aliquoted into cryotubes per 1-2 mln cells/vial. Ampules were transferred into a special 

freezing container. This freezing container provides a special regime of freezing cells 

and ensures a certain speed of cooling (-1 °C/min) to prevent crystallization of the 
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suspension of cells and damage it. The freezing container was stored at -80°C for at least 

8 hours, and then cryovials with cells were quickly transferred into liquid nitrogen.  

5.2.3 Human co-culture models of AML and MSCs 

To determine the growth of AML in a p38-dependent manner, we established a co-culture 

model of three human AML cell lines with human stromal cells. Human mesenchymal 

stromal (hMSC-TERT) cells were seeded in complete hMSC media at a density of 5000 

cells/well in 96-well plates or at 20000 cells/well in 24-well plates in technical triplicate. 

The next day, cells were washed with PBS containing calcium and magnesium and 

pretreated with Ralimetinib or other inhibitors in 100 ɛL or 500 ɛL of co-culture media. 

On the same day, AML cells were centrifuged at 100 g for 5 min at RT and seeded in a 

Petri dish at a density of 105 cells/ml in 5 ml co-culture media. Pretreated MSCs and 

AML cells were incubated overnight (Figure 8). 

 

 

The next day, AML cells were again centrifuged at 100 g for 5 min RT, counted, and 

seeded onto MSC cells in the plates at a density of 500 cells/well for a 96-well plate or 

at a density of 2000 cells/well for a 24-well plate. Concentrations of FBS and inhibitors 

are represented in the tables below (Table 14 and 15). 

Table 14. Composition of media for co-culture. 

AML cell line  
Amount of non-inactivated FBS (Anprotech, 

Germany) in co-culture media 

KG1a 1,5% 

Figure 8. Schematic representation of co-culture experiment. Created in Biorender. 
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MOLM13 2% 

NB4 2% 

 

Table 15.  Concentrations of inhibitors used for co-culture experiments. 

Inhibitor  Concentration 

Untreated control   (-) 

Ralimetinib  1 ɛM 

Oleanolic acid  10 ɛM 

Ursolic acid  2 ɛM 

antiCD127 (IL7RŬ) antibodies  0,5 ɛg/ml 

rhIL17D  50 ng/ml 

4MU  200 ɛM 

 

Next day cells were washed with PBS with calcium and magnesium, and respective co-

culture media ± inhibitors were added again. AML cells were counted and seeded in the 

plates at the density 500 cells/well for the 96 well plate or at density 2000 cell/well in 24 

well plate. Simultaneously, in empty wells appreciate amount of AML cells were seeded 

for the controls without stromal cells ± inhibitors. Plates were incubated 7-10 days in the 

incubator. 

A protocol for reseeding the co-cultured cells was developed. Briefly, after co-culture 

incubation time AML cells were carefully resuspended by pipetting, and cell suspension 

was transferred to a 1,5 mL Eppendorf tube. 10 µL of each cell suspension was counted 

under the microscope for the analysis. Remaining stromal cells in the plate were washed 

with Versen´s solution and subsequently trypsinized. AML cells, Versen´s solution, and 

trypsinized MSCs were collected together in one tube. The tubes were centrifuged at 300 

g for 5 min at RT, supernatant was discarded and the pellet of the cells was resuspended 

in fresh co-culture RPMI media, and the suspensions were transferred in a bigger plate 

(Figure 9). 
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5.2.4 Mouse co-culture model 

Similarly, mouse M2-10B4 cells were seeded in the 24-well plate in complete media at 

the density 2·104 cells/well, pre-treated on the next day with 1ɛM ralimetinib in RPMI-

1640 with GlutaMAX, supplemented with 1 % or 2% non-heat inactivated FBS for 

C1498 or RN2, respectively. On the next day cells were washed with PBS, the media 

was changed to the respective one, and 103 C1498 or 104 RN2 cells were seeded per well. 

The plates were incubated for 7 days (Figure 10).  

 

 

5.2.5 Counting of the cells after co-culture experiments 

To understand how AML blasts proliferate, they were counted using two main methods: 

either by employing a Neubauer chamber as described in part or by using a cytometer, 

specifically the BD FACSymphony A1 with a plate reader and Cytoflex LX. For 

counting with the cytometer, AML blasts were collected by centrifugation at 500 g for 5 

minutes at room temperature, washed in PBS, fixed with 2% formalin for 10 minutes, 

and seeded in 100ɛl of MACS buffer in 96-well plates with a V-bottom. The cytometers 

were set up to mix (15 seconds for Cytoflex LX) or pipette up and down each sample 

four times (for BD FACSymphony A1) and then to record events by taking 20ɛl of each 

sample (Figure 11). 

Figure 9. Scheme of long-term human co-culture experiment. Created in Biorender 

Figure 10. Scheme of long-term mouse co-culture experiment. Created in Biorender. 
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5.2.6 RNA isolation and cDNA synthesis 

The NucleoSpin RNA Plus kit (Macherey-Nagel, USA) was used for RNA extraction 

from cell samples. All lysing and extraction processes were done according to the 

manufacturerôs instructions with only one change in last protocol step: elution volume 

was changed from 60 to 25-40 ɛl to get RNA with a higher concentration. Concentration 

of isolated RNA was measured using a spectral photometer (Nanodrop2000, 

ThermoFisher) for subsequent cDNA synthesis. The Biorad iScriptÊ cDNA Synthesis 

Kit (Bio-Rad) was used for cDNA synthesis. The protocol and reaction setup were done 

according to the manufacturerôs instructions using 1 ɛg of total RNA template and 40 

minutes of incubation at 46 . After heat inactivation of the reverse transcription reaction 

at 95  for 1 minute, the synthesized cDNA was always diluted with HPLC water to a 

final concentration of 10 ng/µl. All cDNA samples were labelled and stored at -20°C for 

future experiments. 

5.2.7 Measure of DNA/RNA 

The NanoDrop (ThermoFischer, USA) was used to determine concentrations of 

DNA/RNA. This machine was calibrated with background by 1 ɛl of RNA-free water.  

5.2.8 Real-time quantitative polymerase chain reaction (RT-qPCR) 

Gene expression was analysed using the ABsolute SYBR Green Mix (Thermo Fisher, 

USA) or 2X Universal SYBR Green Fast qPCR Mix (ABʉlonal, China). Each qRT-PCR 

reaction was performed in 96-well plate format. Each well contained 5 ɛl of SYBR Green 

reagent, 0.4 ɛl forward-reverse primer mixture (10 µM), 3.6 ɛl of HPLC water, and 1 ɛl 

of cDNA stock (10 ng/ɛl) in the final volume of 10 ɛl. Amplification reactions were 

carried out and detected through the Agilent Mx3000P qPCR System or CFX Duet Bio-

Figure 11. Typical gating strategy for counting AML cells after coculture. Number of single cells was 

used for further calculations. Exported from FlowJo. 
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Rad qPCR System according with universal program: initial denaturation 95°C for 15 

min; 40 cycles of amplification: at 95ÁC for 15 s, 60ÁC for 20 s, 72  for 15s for 

denaturation, annealing and elongation respectively; recording melting analysis: 95 C° 

for 1 min, 60 C° for 30 s and 95 C° for 30 s. Fluorescence signals were analysed using 

the delta-delta Ct method (2-ȹȹCt). Three technical replicates were included for each gene, 

and housekeeping gene ACTB (ɓ-actin) was used as a normalization control.  

5.2.9 Bulk RNA sequencing 

A co-culture experiment between pairs of hMSC-KG1a, hMSC-MOLM13, hMSC-NB4 

was conducted for 3 weeks with re-seeding steps in the presence and absence of 

ralimetinib in technical triplicates. The effect of delay in AML growth in the presence of 

ralimetinib was checked. After this, AML cells were washed out using Versen´s solution; 

MSCs and AML cells were lysed separately in RA1 buffer for RNA isolation. Total RNA 

was extracted using the Macherey-Nagel NucleoSpin RNA Isolation Kit, according to 

the manufacturerôs protocol. The purity of the total RNA was assessed by firstly using 

NanoDrop, then by capillary electrophoresis. RNAseq libraries were generated using 

Lexogen QuantSeq according to the manufacturerôs protocol and sequenced on an 

Illumina NextSeq 550 with 75 bp single-end reads. The alignment of the obtained raw 

RNA reads was aligned to the human genome (GRCh38) using STAR V.2.6.1d and 

quantified as counts per million targeting the protein-coding and lncRNA-coding genes 

as defined by Ensembl,28 revision 100. Statistical comparisons were performed via 

unpaired DESeq2. Functional annotation was performed with hypergeometric tests and 

Benjamini-Hochberg correction versus the Molecular Signatures Database. 

Gene lists (top 50 down- and top 50 up-regulated) with associated log2 fold change 

values were imported from Excel tables to RStudio using the openxlsx-package. The 

heatmaps of one column log2FC matrices were generated with pheatmap-package, 

clustering rows only (Euclidean distance; complete linkage) and using a symmetric, zero-

centered diverging palette with limits set by 99th percentile of log2FC. Row dendrograms 

were rotated with dendextend-package to orient values (e.g., strongest negative at the top 

of down-regulated genes; strongest positive at the bottom for up-regulated genes). 

5.2.10 Collection of conditioned media and stroma treatment 

Conditioned media (CM) were collected from AML cell lines according this protocol: 

AML cells were collected by centrifugation at 300 g for 5 min at RT, washed in PBS and 

seeded in 100mm Petri dish in 10 ml co-culture media at density 0,3-0,5x106 cells/mL. 
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Dishes were incubated for 48 hours and then CM was collected by 2-step centrifugation 

at 300 g for 5 min at RT to separate cells and then 1000 g for 5 min. CM were frozen and 

stored at -20°C. 

CM from human AML cell lines was collected separately from petri dishes after 

incubating AML cells for 3 days in co-culture media. Human MSCs were seeded into 

24-well plate at the density 2x104 cells/well, pretreated with ralimetinib in co-culture 

medium and CM from three human AML cell lines was added as 1/3 of total volume in 

the well. Plates were incubated for 10 days in the incubator with replacing media every 

4 days. At the end of the experiment, cells were fixed in 10% neutral buffered formalin 

for Oil Red O staining or, when fixed with Kahle´s fixative, for Sirius Red staining. The 

methodology of these two staining methods is described later (5.2.18 and 5.5.19, 

respectively). 

5.2.11 Transwell proliferation assay 

Human mesenchymal stromal cells were seeded in 24-well plates at density 2x104 

cells/well in hMSC media, pre-treated on the next day with 1ɛM ralimetinib in co-culture 

media. On the next day cells were washed with PBS, the media was replaced with 600 

µl of co-culture media. Transwell inserts with 0,8µm pores were placed to the wells. 

AML cells were also washed by centrifugation and per 2000 cells/well were placed into 

inserts in 200 µl co-culture media. The plates were incubated for 5 days (Figure 12). 

 

 

5.2.12 Transwell migration assay 

Human mesenchymal stromal cells (WT or shRNA sublines) were seeded in 24-well 

plates at a density of 20,000 cells per well in hMSC media. The following day, cells were 

washed with PBS, and 600 µL of co-culture media was added. Transwell inserts with 8 

µm pores were then placed into the wells. AML cells, washed by centrifugation, were 

Figure 12. Scheme of the transwell for proliferation (0,8 µM pores) or migration  (8 µM pores) assay. 

Created in Biorender. 
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added in 200 µL of co-culture media at a density of 20000 cells per well into the inserts. 

The plates were incubated for 48 hours and were analysed by counting migrated AML 

cells (Figure 12). 

5.2.13 SDS-PAGE electrophoresis and Western-blotting 

Common principle: Cells were lysed directly in 1x Laemmli buffer, supplemented with 

fresh Protease inhibition cocktail (PIC) and PMSF. Lysates were collected with cell 

scraper or pipetting, intensively vortexed and the proteins were immediately denatured 

in heat block at 95  for 15 minutes: equal amounts of sample volumes were run on 10-

15% bis-Tris polyacrylamide gels, and, subsequently, transferred to methanol-activated 

PVDF membranes, which were blocked with 5% non-fat milk or 5% BSA in TBS-T 

buffer. The membranes were incubated at 4  overnight with the following antibodies 

for the detection of the respective proteins: p38 (1:1000 in 5% milk), p-p38 (1:1000 in 

5% BSA), p-Hsp27 (1:1000 in 5% BSA), ɓ-Actin (1:10000 in 5% milk). Secondary 

horseradish peroxidase (HRP)-conjugated antibodies were used at a dilution of 1:10,000 

in 5% milk or BSA. The membranes were developed using the BioRad ChemiDoc MP 

System machine. 

For analysis of p38-activation pathways in mesenchymal stromal cells, MSCs were 

seeded at density 1x105 cells/well in 6-well plates in 2 ml/well complete RPMI media. 

On the next day cells were washed with PBS and the media was replaced with 2 ml/well 

of co-culture RPMI media with or without ralimetinib. Simultaneously, AML cells were 

also transferred into co-culture RPMI medium separately at density 0.5x106 cells/mL. 

All plates were incubated for 18-20 hours. After this, AML cells were centrifuged, 

counted and added to the wells with MSCs in the ratio (1:3, MSC:AML). After 15 min, 

30 min, 60 min, 90 min and 24 hours of incubation, the media was quickly aspirated, 

AML cells were quickly washed with 2 mL of Versen´s solution, and MSCs were 

immediately lysed in 150 µL of 1x Laemmlie buffer, supplemented with PIC, PMSF, 

Na3VO4, Na2P2O7 and NaF. Further procedures were done according to the common 

principle of SDS PAGE, as it is written above. 

5.2.14 Cell cycle analysis (BrdU assay) 

We established a method to determine changes in the cell cycle of AML. Briefly, hMSCs 

were seeded in 12-well plates (100k cells per well) in ŬMEM+10% HI-FBS Anprotech 

+pen/strep. The next day, cells were washed with PBS with calcium and magnesium, and 

the medium was changed to RPMI1640, supplemented with 2% FBS Anprotech, 100 
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U/mL penicillin, and 100 µg/ml streptomycin, also in some wells with WT cells, 

inhibitors were added. The next day, AML cells were seeded at a density of 100k cells 

per well in fresh RPMI1640, supplemented with 2% FBS Anprotech, 100 U/mL 

penicillin, and 100 µg/ml streptomycin, with the addition of fresh inhibitors. Plates were 

incubated for 3 days in the incubator. On the third day after starting the coculture, BrdU 

was added at a concentration of 10 µM, and the plates were incubated for 3,5 hours. After 

this incubation, AML cells were carefully collected via pipetting and centrifuged at 300 

g for 5 min at RT, washed in PBS, and fixed with 70% ethanol. DNA denaturation was 

performed using the Triton X100-HCl method, followed by neutralization with 0.1 M 

sodium borate buffer (pH=9.0). The cells were simultaneously treated with 3 ɛL of anti-

BrdU antibodies for 20 minutes in 50 µL of MACS buffer per 100000 cells. 

Subsequently, the cells were treated with 1 µg/mL propidium iodide, washed three times 

and measured by FACS. 

5.2.15 Doxorubicin and venetoclax sensitivity tests (human co-culture system) 

A method to determine the sensitivity of AML cells to doxorubicin and venetoclax was 

established. Briefly, human mesenchymal stromal cells (hMSCs-TERT or hMSCs-

shRNAs) were seeded into 12-well plates at the density of 100,000 cells per well in Ŭ-

MEM supplemented with 10% heat-inactivated FBS (Anprotech), 100 U/mL penicillin, 

and 100 µg/ml streptomycin. The cells were allowed to grow until they reached 70ï80% 

confluency. The following day, the hMSCs were washed with PBS containing calcium 

and magnesium, then the medium was replaced with RPMI 1640, supplemented with 2% 

FBS (Anprotech), 100 U/mL penicillin, and 100 µg/mL streptomycin. In respective 

wells, inhibitors were added to the medium. On the same day, human AML cells (KG1a, 

MOLM13, NB4) were seeded in a separate Petri dish using the same co-culture media, 

but without inhibitors. 

The next day, the hMSCs were washed again with PBS containing Ca/Mg, and the media 

were replaced with fresh RPMI 1640, supplemented with 2% FBS (Anprotech), 100 

U/mL penicillin, and 100 µg/mL streptomycin, including the inhibitors. AML cells were 

counted in a Neubauer chamber and seeded onto the hMSCs layer at a density of 100,000 

cells per well. The control AML cells were also cultured in the same medium containing 

inhibitors but without stromal cells. Plates with co-cultures were incubated for 70 hours 

to allow hMSCs and AML to interact. On the third day of co-culture, doxorubicin or 

venetoclax was added to the well according to the final concentration (Table 16). After 

adding chemotherapeutic drugs, the plates were incubated for 16-18 hours, and then 
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AML cells were harvested, stained with Annexin-V-FITC and Zombie NIR and analysed 

by FACS (see 5.2.17 for Annexin/Zombie staining protocol). 

Table 16. Concentrations of doxorubicin and venetoclax for co-culture experiments. 

Cell line Doxorubicin concentration Venetoclax concentration 

KG1a 500 nM 5nM 

MOLM13 250 nM 3 nM 

NB4 250 nM 3 nM 

C1498 750 nM 500 nM 

5.2.16 Doxorubicin and venetoclax sensitivity tests (mouse co-culture system) 

Mouse stromal M2-10B4 cells were seeded into 12-well plates at the density of 100,000 

cells per well in RPMI 1640, supplemented with 10% FBS (Anprotech), 100 U/mL 

penicillin, and 100 µg/mL streptomycin. The cells were allowed to grow until they 

reached 70ï80% confluency. The following day, the stromal cells were washed with PBS 

containing calcium and magnesium, then the medium was replaced with RPMI 1640 

supplemented with 1 % non-inactivated FBS, 100 U/mL penicillin, and 100 µg/mL 

streptomycin. In respective wells, inhibitors were added to the medium. On the same day, 

mouse AML cells (C1498) were seeded in a separate Petri dish using the same co-culture 

medium, but without inhibitors. 

The next day, the M2-10B4 were washed again with PBS containing calcium and 

magnesium, and the media were replaced with fresh RPMI 1640, supplemented with 1 

% non-inactivated FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin, including 

the inhibitors. C1498 cells were counted in Neubauer chamber and seeded onto the M2-

10B4 layer at the density 100,000 cells per well. The control AML cells were also 

cultured in the same medium containing inhibitors but without stromal cells. Plates with 

co-cultures were incubated for 70 hours to allow MSCs and AML to interact. On the third 

day of co-culture, doxorubicin or venetoclax were added into well according final 

concentration (Table 16). After adding chemotherapeutic drugs, plates were incubated 

for 16 hours, and then AML cells were harvested and stained with Annexin-V-FITC and 

Zombie NIR. 
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5.2.17 Annexin V/Zombie staining 

AnnexinV-FITC (#31490013) or AnnexinV-APC (Immunotools, Germany, #31490016) 

were used to assess early and late apoptotic phases. Instead of propidium iodide, Zombie 

NIR or Zombie Aqua were used because of its fixative properties. With a high volume 

of samples, it was important to ensure there were no changes in the ratios of detected 

apoptotic phases during measurement using the FACS Symphony A1. 

Briefly, AML cells were carefully pipetted up and down, then collected in the respective 

FACS tubes. For this protocol, the cells were kept on ice, and all centrifugations were 

performed at 900 g for 5 minutes at 4 . The collected cells were washed by 

centrifugation in 2 mL of PBS with calcium and magnesium. Zombie dye (Biolegend, 

USA) was diluted in PBS with calcium and magnesium at 1:1000, and the sediments of 

the cells were resuspended in 50 ɛL of the diluted reagent, followed by incubation at 

room temperature for 5 min in the dark. Then, the cells were washed by centrifugation 

with PBS with calcium and magnesium, supplemented with 1% FBS, and the cell pellets 

were resuspended in 50 ɛl of PBS with calcium and magnesium. 

3 ɛl of Annexin V-FITC or -APC were added to each sample, and the samples were 

incubated in the dark at room temperature for 15 minutes. After incubation, the cells were 

washed twice by centrifugation using PBS with calcium and magnesium, supplemented 

with 1% FBS, and then fixed in 4% formalin in PBS with calcium and magnesium. To 

prevent formalin contamination in the FACS machine, the cells were washed again with 

PBS containing Ca/Mg, supplemented with 1% FBS, by centrifugation and then 

measured by FACS. 

5.2.18 Oil Red Staining 

The MSCs were seeded into the 24-well plates. After the treatments for 14 days with CM 

from AML cells, 4% formalin solution was added to fix cells for 15 min, cells were 

washed with 60% isopropanol, and 0.5% Oil Red O (Sigma, USA) in 66% isopropanol 

in water was added for 40 min incubation. The working fluid was discarded, and the 

plates were washed with water many times. An optical microscope was used for 

observation and image collection. Extraction was done using 100% isopropanol.  

5.2.19 Sirius Red staining 

The MSCs were seeded into the 24-well plates. After the treatments with CM from AML 

cells in the presence or absence of ralimetinib for 14 days, cells were fixed using Kahle 

fixative (60 ml water with 28 ml 96% ethanol, 10 ml 37% formaldehyde and 2 ml 100% 
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acetic acid), washed with PBS, and stained with PicroSirius Red mix for 30 minutes. 

After this, cells were washed with PBS and water many times, and an optical microscope 

was used for observation and image collection. Extraction was done using 0,5M NaOH.  

5.2.20 Leukemia cell transplantation 

To compare the stromal-dependent in vivo growth effects, C1498-iRFP720-Luc cells 

(106 cells/mouse in 100 µL) were intravenously injected into sub-lethally irradiated 

(3.5Gy) mice with different Mapk14 background: p38WT or p38KI, aged between 6 and 

20 weeks. The experiment was conducted with bioluminescent imaging, controlled every 

6th day. For this, mice were injected intraperitoneally with 150 ɛg/mouse luciferin in 

100 ɛl PBS, incubated for 10 minutes, and then anesthetized with isoflurane (3%). 

Bioluminescent images were obtained using an In-Vivo Xtreme Brucker bioimager with 

1-2% isoflurane maintenance. 

Mice were euthanized upon reaching endpoints by cervical dislocation, immediately 

followed by necropsy. Blood was collected by heart puncture in the presence of 10U of 

heparin. Organs were rinsed with PBS and fixed in buffered 4% formalin for histology. 

Femur and tibia bones were cut and also fixed in 4% formalin for histology, or isolation 

of bone marrow was performed. 

5.2.21 Immunohistochemistry 

Histological analysis of murine AML model was achieved by immunohistochemical 

staining of formalin-fixed paraffin-embedded tissues.  

Additionally, fixed femur bones in 4% formalin were decalcified in decalcification 

buffer. Bones in cassettes were kept in this buffer for 7 days at RT, and the buffer was 

changed to a fresh one every day. After this treatment, cassettes were washed in running 

distilled water for 1 hour, then 5 times incubated in 1L of distilled water. Then soft bones 

were processed for sectioning as it is mentioned above. H&E staining and silver staining 

(Gomori´s reticulum staining) were performed in the Department of Pathology UKGM.  

Fixed livers, spleens and decalcified bones were dehydrated in 70%, 80% and 96% 

ethanol, embedded in paraffin and sectioned with a thickness of 2 µm for bones and 3 

µm for livers and spleens using a microtome. Sections were floating in 37°C water bath, 

it was put on a slide and then dried overnight. On the next day, slides were incubated in 

two portions of Roticlear for 8 minutes at RT to remove paraffin, 5 min in isopropanol, 

then slides were incubated in 96%, 80% and 70% ethanol per 3 min and 2 min in distilled 

water to rehydrate them back. 
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For hematoxylin and eosin (H&E) staining, sections were immersed in hematoxylin 

solution for 8 min, followed by rinsing under running tap water for 5ï6 min until the 

color of the tissue turned from brown to blue. Sections were then incubated for 6sec in 

eosin solution (diluted 1:1 with distilled water before use and freshly supplemented with 

acetic acid at a ratio of 1:10,000 [25 µL in 250 mL]), rinsed for 3 s in distilled water, and 

briefly passed through graded ethanol solutions (3 sec each in 70%, 80%, and 96%). 

Subsequently, the slides were incubated for 5 min in 2-propanol. After staining, slides 

were mounted with ROTI®Mount and cover slips before complete drying in order to 

avoid formation of air pockets, and then allowed to dry for at least 3 h before removal of 

any residual mounting medium. Hematoxylin stains nuclei and other basophilic 

structures blue, whereas eosin stains acidophilic components such as cytoplasm and 

proteins pink. 

For silver staining, sections were deparaffinized and rehydrated in distilled water. They 

were then oxidized with 0.5% potassium permanganate for 1 minute, rinsed, and 

differentiated with 2% potassium metabisulfite for another minute. After washing, the 

sections were sensitized in 2% ammonium iron(III) sulfate for 1 minute and rinsed again 

in distilled water. Next, tissues were impregnated with freshly prepared ammoniacal 

silver solution for 1 minute, then rinsed in distilled water. Silver reduction took place in 

20% formalin for 3 minutes. The sections were rinsed again, treated with 2% potassium 

metabisulfite for 1 minute, and fixed in 2% sodium thiosulfate for another minute. 

Finally, they were dehydrated through graded alcohols, cleared in xylene, and mounted. 

5.2.22 Isolation of mouse bone marrow 

To differentiate mouse mesenchymal stromal cells a protocol was applied.  

After euthanasia, the mouse abdomen area and skin of hindlimbs were sterilized with 

70% ethanol. The abdominal cavity was opened with sterile scissors. Holding the femur, 

the surface muscles were cut with scissors and removed. Using tweezers, the pelvic-hip 

joint was found, and it was cut with scissors. Subsequently, the tibia was cut off with 

scissors, and the femur was placed in the Petri dish. Using a scalpel, all muscles and 

residual tissues were removed, and the bone was placed in a fresh Petri dish containing 

MACS buffer. The epiphyses of bones were cut out and using a 26-27G needle and a 10 

mL syringe filled with cold MACS buffer the bone marrow was flushed out directly onto 

a 70 ɛm nylon cell strainer placed on a 50 mL Falcon tube. Each bone was flushed with 

3-5 mL of MACS buffer (until the bone becomes ñtransparentò). 
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Residual bones were crushed in a sterile mortar, and obtained cell suspension was also 

passed through a 70ɛm nylon cell strainer. Bone marrow cells and cells from crushed 

bones were collected by centrifugation at 300 g for 5 min RT. The supernatant was 

removed and sediment of the cells was resuspended in RBC lysis buffer. Suspension was 

incubated 5 min at RT and then neutralized with complete RPMI media. Tubes were 

centrifuged at 300 g 5 min RT, cells were resuspended in media for differentiation 

(Mouse MesenCult). A 100 mm Petri dish was opened, and scratched many times with a 

scalpel in different directions. The cell suspension was transferred to this Petri dish, and 

the residual crushed bones from the mortar were added. Dishes were incubated at least 7 

days in the incubator to form colonies of MSCs. After this, medium was aspirated, cells 

were washed with Versen´s solution twice and trypsinized for 5 minutes, and seeded in 

fresh Petri dishes to expand MSCs in Mouse MesenCult media more. Expanded cells 

were frozen in liquid nitrogen or counted and used for further experiments. 

5.2.23 Isolation of mouse T cells and treatments 

Mouse was terminated by cervical dislocation, fixed and spleen and lymph nodes were 

harvested71.  

 

 

Spleen was mechanically dissociated through a 30 Õm filter using a syringe plunger, 

rinsed with serum-free medium, and the obtained population of cells was centrifuged at 

300 Ĭ g for 5 minutes. The same operations were done for lymph nodes. Combined cells 

were treated with RBC lysis buffer to remove red blood cells, incubated for 3ï5 minutes 

at room temperature, then stopped with MACS buffer and centrifuged again. Cells were 

resuspended in MACS buffer and counted. The cell suspension was centrifuged again, 

Figure 13. Fixation of the mouse and location of  cervical, brachial, axillary and inguinal lymph 

nodes. Image copied from Wang et al71. 
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resuspended at 250 ÕL of MACS buffer per 10  cells, and 2.5 ÕL of antibody mix (anti-

mouse: CD4, B220, CD11c, CD11b, CD49b, TER119, labelled with FITC) added per 

10  cells. Cells were incubated at 4 ÁC for 10 minutes, washed, and then resuspended in 

100 ÕL per 10  cells. One microliter of anti-FITC antibodies, coupled with streptavidin 

was added, incubated for 15 minutes at 4 ÁC, then washed twice. Cells were resuspended 

in 1.5 mL per 10  cells, transferred to tubes, and 30 ÕL of biotin-labelled magnetic beads 

per 10  cells were added. Incubated at 4 ÁC for 20 minutes on a rotor mixer. Samples 

were transferred to a magnetic stand, waited for 20 minutes, then supernatant was 

carefully collected for purity assessment via flow cytometry: acceptable purity was Ó85% 

CD8+ T cells (see 5.2.25). 

5.2.24 Isolation of human T cells and treatments 

Peripheral blood mononuclear cells (PBMC) were obtained from isolated buffy coats of 

healthy volunteers kindly provided by the Centre for Transfusion Medicine and 

Hemotherapy at the University Hospital Gießen and Marburg (UKGM) by lymphocyte 

separation medium (Capricorn Scientific). CD8+ T cells were isolated from PBMCs 

using negative selection with the MojoSortÊ Human CD8+ T Cell Isolation Kit 

(BioLegend). After counting PBMCs were incubated with biotin-Antibody cocktail (10 

ɛl for 107 cells in 100ɛl MACS buffer) on ice for 15 minutes. Thereafter, streptavidin-

coated nanobeads were added to the cells (10 ɛl for 107 cells) and incubated on ice for 

15 min. Afterwards, the cells were washed and resuspended in MACS buffer. The cells 

were then placed in a magnetic retainer for 5 min. Non-CD8+ T cells were retained in 

the magnetic field; the flow-through fraction contained the CD8+ T cells with approx. 

>85% purity. After purification CD8+ T cells were cultured in T-cell media, activated 

overnight (~18h) in a pre-coated Maxisorp-96-well-plate (Thermo Fischer Scientific) 

with 1 ɛg/mL of human CD3 (TR66) and with 1 ɛg/mL of human CD28.2 antibody, at a 

density of 105 cells/well. After activation, the CD8+ T cells were washed in PBS and 

seeded in 100 ɛL T-cell media and 50 ɛL of previously harvested CM from various 

conditions. The cells were incubated in this CM solution for 3 days. Afterwards, the cells 

were collected, washed, and stained for surface and intracellular markers (see 5.2.25). 

5.2.25 FACS staining 

Cells, typically between 2×104 and 105, were collected by centrifugation in 5 ml FACS 

tubes, then washed with 1-2 ml PBS. Live/dead staining was performed using Zombie 

Aqua or NIR in PBS at a 1:1000 dilution (50 µl per sample for 10 minutes incubation at 
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room temperature). After staining, cells were washed with 2 ml MACS buffer once, and 

antibody cocktails were added at dilutions of 1:300 to 1:500 in MACS buffer for 20 

minutes, using 50 µl per sample. Following incubation, cells were washed twice in 

MACS buffer with 2 ml per sample and then analysed by cytometry.  

Intracellular staining was achieved by restimulating the cells with 50 µg/mL PMA, 1 

µg/mL ionomycin, and 5 mg/mL brefeldin A for 4 hours at 37°C in the plates. Then, cells 

were washed once with PBS and live/dead staining was performed using Zombie Aqua 

or NIR in PBS at a 1:1000 dilution (50 µl per sample for 10 minutes incubation at room 

temperature). After staining, cells were washed with 2 ml MACS buffer once, and pellet 

of the cells was resuspended in 500 µl PBS. Fixation was done with an equal volume of 

2% formaldehyde in PBS for 10 minutes at RT. After fixation, cells were washed with 2 

ml MACS buffer once, then incubated in PBS, supplemented with 0,3% saponin and 1% 

BSA or FBS, and antibody cocktails were added at dilutions of 1:300 in MACS buffer 

for 40 minutes, using 50 µl per sample. Following incubation, cells were washed twice 

in MACS buffer with 2 ml per sample and then analysed by cytometry.  

An alternative protocol for FACS staining was developed, using plates to economize on 

reagents and handle large numbers of samples simultaneously. All centrifugations were 

performed at 500 g for 2 minutes at +4°C. Harvested by centrifugation, cells were 

transferred in PBS in the wells of 96-well V-bottom plates, and the plates were 

centrifuged. PBS was aspirated with a pump, and cells were stained with Zombie dye in 

PBS at a 1:1000 dilution per 50 µL/well for 10 minutes in the dark. Then, using a 

multichannel pipette, 200 µL of MACS buffer was added to each well, and the plates 

were centrifuged. Additionally, restimulated T cells for ICS staining were resuspended 

in 50 µL PBS, fixed with 50 µL 4% formaldehyde for 10 minutes, centrifuged, and 

subsequently washed in 0,3% saponin buffer.  Antibody cocktails or annexins were 

prepared to a final volume of 30 µL per sample. Supernatants in the wells were aspirated 

with a pump, antibodies were added, and the wells were incubated for 30 or 60 minutes 

for surface or ICS staining, respectively. After incubation, cells were washed three times 

with 250 µL MACS buffer, resuspended in 100 µL MACS buffer, and measured by 

FACS.  

5.2.26 Killing T  cell assay 

To assess the cytotoxic activity of CTLs in a MSCs' p38-dependent manner against AML 

cells, a killing assay was developed. It involved a triple co-culture of MSCs, AML cells, 
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and activated CD8+ T cells in two scenarios: with AML pre-coculture of stromal cells 

and without, when AML and T cells were added simultaneously. 

Preparations of stromal, AML and T cells for both assays were similar: OT-I CD8+ T 

cells or OT-I-tgVenus CD8+ T cells were isolated from respective mice by negative 

selection and activated in plates with plate-bound 3 µg/mL anti-CD3 and soluble 1 

µg/mL anti-CD28 for two days, as described in 5.2.23. Separately, wild-type and OVA-

expressing C1498 AML cells were centrifuged at 800 rpm to remove dead cells and 

counted. For fluorescent tagging, C1498-OVA cells were labelled with 1 µM CellTracker 

Green, when they were used with CD8+ OT-I T cells, or Deep Red, when they were used 

with CD8+ OT-I-tgVenus T cells, in clear RPMI-1640 for 15 minutes at 37°C.  

Killing assay with pre-cocultured stromal cells 

Mouse M2-10B4 WT or p38-KO cells were seeded in flat-bottom 96-well plates at a 

density of 4000 cells/well in 100 µL complete RPMI-1640 media. The next day, the cells 

were washed with PBS, and the media was replaced with RPMI-1640, supplemented 

with 1% FBS. CellTracker Green or Deep Red-labelled C1498-OVA cells were seeded 

at different densities, and the plates were incubated for 3 days in the incubator prior to 

the addition of OT-I T cells. After this incubation, pre-activated OT-I T cells were added 

to the respective wells in totally 200 µL of media per well at a density of 104 cells/well 

to generate different AML -to-T cell ratios (0.1:1; 0.25:1; 0.5:1; 0.75:1; 1:1; 1:2, 

respectively).  Plates were centrifuged at 300g for 1 min to initiate cell-cell contact, then 

incubated at 37 °C for 12-14 hours. Then, cells were collected by centrifugation, stained 

with Annexin-V-APC and Zombie NIR, fixed, and measured by FACS (see section 

5.2.17,  protocol of FACS staining in V-bottom plates) (Figure 30). 

Killing assay without pre-cocultured stromal cells 

Similarly, mouse M2-10B4 WT or p38-KO cells were seeded in flat-bottom 96-well 

plates at a density of 4000 cells/well in 100 µL complete RPMI-1640 media. The next 

day, the cells were washed with PBS, and the medium was replaced with RPMI-1640 

supplemented with 1% FBS. Plates were incubated overnight again. After this 

incubation, stromal cells were washed, CellTracker Green or Deep Red-labelled C1498-

OVA and pre-activated OT-I T cells were added to the respective wells in a total of 200 

µL of media per well simultaneously at a density of 104 T cells/well to generate different 

AML -to-T cell ratios (0.1:1; 0.25:1; 0.5:1; 0.75:1; 1:1; 1:2, respectively).  Plates were 
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centrifuged at 300g for 1 min to initiate cell-cell contact, then incubated at 37 °C for 12-

14 hours. Then, cells were collected by centrifugation, stained with Annexin-V-APC and 

Zombie NIR, fixed, and measured by FACS (see section 5.2.17,  protocol of FACS 

staining in V-bottom plates) (Figure 29). 

5.2.27 Patient involvement  

The bone marrow samples from healthy donors and AML patients were provided by Dr. 

med. Christian Michel (UKGM) in accordance with the regulations of the ethics 

committee of the University of Marburg (Nr. 107/21). The study was conducted in 

accordance with the Declaration of Helsinki, ñEthical Principles for Medical Research 

Involving Human Participantsò. All patients gave their written informed consent. 

The bone marrow was aspirated from the iliac crest using sodium citrate as an 

anticoagulant. Then samples were passed through 70 µm cell strainer and centrifuged at 

300 g for 5 min RT, pelleted all bone marrow cells. The supernatant was collected, 

centrifuged at 1000 g for 5 min at RT, then at 10000 g for 5 min at RT to clarify plasma, 

aliquoted, and frozen at -80 °C. Pelleted bone marrow cells were resuspended with in 

PBS, overlaid on Lymphocyte separation media, and centrifuged for 20 min at 500 g. 

Enriched bone marrow-derived mononuclear cells (BMMNCs) on top of density gradient 

media were collected with a pipette, washed twice in 40 ml of PBS at 300 g for 5 min 

RT and the cell number was counted. After the last centrifugation, cells were plated in 5 

ml Human Mesenchymal-XF Expansion Medium in T25 culture flasks at density 1 

mln/mL. The remaining cells were cryopreserved in liquid nitrogen in heat-inactivated 

FBS containing 10% DMSO.  

After 5-6 days of cultivation, the appearance of the first colonies of MSCs was observed. 

The media with not attached cells was aspirated, attached cells in the flask were washed 

twice with 5 ml PBS, and 5 ml of fresh Human Mesenchymal-XF Expansion Medium 

was added. The flasks were incubated for an additional 5-6 days. After this, the medium 

was aspirated, and cells were lysed for total RNA extraction in RA1 lysis buffer. The 

lysate was collected by scraping, and total RNA was isolated using the Marcherey-Nagel 

kit for RNA isolation.  

5.3 Statistics 

Experiments were performed in three independent biological replicates or otherwise 

indicated in the figure. Data are presented as mean ± SEM values. GraphPad Prism 9 
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software was used to generate the figures and to calculate significance between replicates 

or within a single experiment for technical triplicates. An unpaired Student´s t-test was 

used to calculate the significance. To compare more than two groups, a one-way analysis 

of variance (ANOVA) was used with Dunnettôs multiple comparisons test. To compare 

the non-normally distributed gene expression in patients´ material, the Mann-Whitney 

test was used. 

ns= not significant p>0.05; *  p Ò 0.05; **  p Ò 0.01; ***  p Ò 0.001; ****  p Ò 0.0001.  

The Kaplan-Meier method was used to estimate the cumulative survival rates of 

experimental mice, and the log-rank (Mantel-Whitney) test was performed to assess 

significance.  

Human Kaplan-Meier curves from public datasets were generated using the R2: 

Genomics Analysis and Visualisation Platform (http://r2.amc.nl). 
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6 Results 

6.1 Ralimetinib can block AML -dependent activation of p38Ŭ in MSCs 

As described in the introduction parts (2.7), p38Ŭ kinase is involved in various functions 

of cells by regulating multiple pathways and cellular processes. The role of p38Ŭ has 

been extensively studied in cancer cells72, but its role in stromal cells is less well 

understood. So, in this project, we hypothesize that the p38Ŭ pathway could serve as a 

master regulator of cancer-associated properties in MSCs to impact AML growth, 

relapse, and chemosensitivity. Therefore, we focused on the regulation of p38Ŭ activity 

in MSCs in the bone marrow and its role in AML progression. 

To address a mechanistic question, whether p38Ŭ pathway is activated in MSCs in 

response to contact with AML  cells, Western blot analysis was performed on human and 

mouse MSCs which were exposed to direct contact with AML cells for different time 

points: 15 min, 30 min, 60 min, 90 min and 24 hrs (Figure 14). Activation of p38Ŭ can 

be evaluated by its phosphorylation at the positions Thr180 and Tyr18254,62. 

Additionally, phosphorylation of p38Ŭ downstream target HSP27 can be tested. 

As described in the Introduction sections (2.7), ralimetinib has been tested in several 

preclinical and clinical cancer trials, demonstrating a moderate yet non-toxic response. 

Additionally, it is water-soluble and easy to use in animal experiments, functioning 

effectively in the nanomolar range (p38Ŭ IC50 7 nM). That is why we decided to use 

ralimetinib in our studies. 

Western blots (Figure 14) demonstrate the total phosphorylation of all isoforms of p38 

and its downstream target, Hsp27 in MSCs in response to AML co-culture. In the mouse 

MSC cell line M2-10B4 (Figure 14A), there is a strong induction of p38 phosphorylation 

at positions Thr180 and Tyr182 in response to mouse C1498 AML cells, as well as 

phosphorylation of its downstream target Hsp27. The addition of a small molecular 

inhibitor of p38Ŭ kinase, ralimetinib (Ral), can effectively block this process. In primary 

human bone marrow-derived MSCs immortalized with hTERT70 a similar trend is 

observed for phosphorylation of both proteins p38 and HSP27 (Figure 14B). Moreover, 

treatment with 1 µM ralimetinib also demonstrates a reduction of p38 and Hsp27 

phosphorylation. These data suggest that the p38Ŭ pathway is activated in MSCs in 

response to contact with AML cells in both the mouse and human systems. 

Pharmacological inhibitor of p38Ŭ, ralimetinib, can block this activation. 
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6.2 p38Ŭ in stromal cells regulates stromal-dependent AML growth 

At the starting point, a co-culture method was established between MSCs and AML for 

both human and murine models to evaluate how p38Ŭ inhibition affects AML stromal-

dependent growth. And first of all, it was important to detect the effect of ralimetinib on 

the cell growth of AML and MSCs separately in mono-culture, before we proceed with 

co-culture experiments to exclude cell-type monoculture specific effect of p38Ŭ 

inhibition. For this purpose, ralimetinib was added to AML cells - three human cell lines 

KG1a, MOLM13 and NB4 (Figure 15A) as well as to MSCs (Figure 15B) at 

concentrations of 0,5 µM and 1µM and cells were grown for 5 days. Regarding AML 

cells, a significant reduction was observed only for the proliferation of KG1a; in the 

presence of 1µM of ralimetinib the reduction was about 25%, whereas for MOLM13 and 

NB4 cells the effect of ralimetinib has not been noted (Figure 15A). Human MSCs grow 

normally in the presence of ralimetinib (Figure 15B). 

Figure 14. Mechanistical effects of ralimetinib on p38-pathway activation.  

Western blot analyses were performed for mouse (A) and human (B) MSCs in the presence or absence of 

1µM of ralimetinib at different time points after co-culture with respective mouse (C1498) or human (KG1a) 

AML cells; 15´,30´,60, 90´ means the number of minutes. Shown 1 representative blot, actin is used as 

loading control, n=1. 
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Importantly, we utilized three distinct human AML cell lines to represent a broad 

spectrum of AML, each with a unique driver mutation profile. We hypothesize that MSCs 

impact the growth of AML independently of its driving mutations. After testing the direct 

effect of the p38Ŭ inhibitor ralimetinib on MSCs and AML cells in monoculture, we 

developed a co-culture experimental condition, as described in the Materials and 

Methods section and presented below. The conditions of this co-culture setup were 

applied to all subsequent experiments, with only minor adjustments.  

The main strategy to establish a co-culture experiment included three most crucial points: 

firstly, the excess of stromal cells in the wells in comparison with number of AML cells 

(initial ratio was around 1:10 ï 1:15 AML:MSC cells) and the start of co-culture was 

possible, only when stromal cells were almost confluent (70-90% of confluency was 

optimal). Additionally, the initial AML cell density was reduced to a minimal level, 

allowing AML proliferation on untreated or inhibitor-treated stromal cells, thereby 

revealing the maximum divergence in proliferative capacity and growth dynamics. 

Secondly, the serum concentration was minimized as much as possible to limit its effects 

on tumor growth and to highlight the supportive role of MSC-produced factors, but at 

the same time, do not induce AML cell death. Thirdly, co-cultures were observed under 

a microscope at different time points to better understand AML growth and determine 

the optimal time point to stop the experiment. 

Figure 15. The impact of ralimetinib on proliferation  of cells in mono-culture conditions:  human 

AML ( A) and human MSCs (B). N=1. Significance was calculated between technical triplicates using 

unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Additionally, wells with co-cultures were re-plated to larger ones, transferring both AML 

and MSC cells at the same time, from 96 to 24 well plates and then from 24 to 6 well 

plates, to improve the evaluation of tumor growth (please see Figure 9). Each replating 

was named ñpassageò. Control cultures of AML with or without ralimetinib were 

included in these experiments to demonstrate the supportive role of stromal cells and 

their contribution to AML growth. Results of long-term co-culture experiments are 

presented in Figure 16: 

 

 

Figure 16. The results of co-culture experiments between human MSCs (hMSC-TERT)  and human 

AML cells (KG1a, MOLM13, NB4). 

(A) Representative microphotographs (200x) of the human coculture experiment with hMSC-TERT and 

KG1a, MOLM13 or NB4 after passage 2 (day 20). The reduction in amount of AML cells on the stromal 

cell monolayers in the presence of 1µM ralimetinib is clearly evident and visible.  

(B) Cell counting results of respective KG1a, MOLM13, and NB4 at passages number 1 and 2 with 

microscope. It´s clear that the AML cells individually cannot grow properly in co-culture conditions and 

die after second passaging. Ralimetinib does not affect their growth in monoculture. Co-culture with MSCs 

boost growth of AML. Addition of ralimetinib to the wells with co-culture inhibit growth of AML up to 

50%. For each cell line experiment was repeated one time. Statistical significance was calculated between 

technical triplicates using unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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The co-culture experiments involving human MSCs and AML cells demonstrated that 

MSCs significantly support the growth of AML cells in co-culture conditions in 

comparison to AML mono-cultures (Figure 16A, B). Comparing grey and blue bars: 

proliferation of AML cells was 11 times higher for KG1a, 8 times higher for MOLM13, 

and 7 times higher for NB4 in co-culture with stromal cells (Figure 16B). Additionally, 

conditions of this protocol were specifically set up so that AML blasts could not grow in 

low serum conditions; it can be clearly seen that at passage 2, no cells are counted for 

non-stromal control in AML monoculture (Figure 16B). Pharmacological inhibition of 

p38Ŭ using ralimetinib resulted in a 2-fold reduction of stroma-dependent AML cell 

growth for all three AML cell lines (Figure 16B). Reduced AML growth can also be 

noted at microphotographs of cells captured at the last day of the experiment (Figure 

16A). Thus, p38Ŭ kinase signalling is crucial for the stroma-dependent AML growth. 

Importantly, these findings underscore the potential for stromal-targeted therapies 

independently of AML mutational status: there is a promising prospect that future 

therapeutic strategies could selectively target stromal cells, thereby enabling the 

treatment of AML regardless of its mutational profile, potentially through combined 

therapeutic approaches.  

Although most in vitro experiments have been done with human cells, we also validated 

our hypothesis using mouse cells to expand our findings across different species and to 

further recapitulate the human data in in vivo studies with mouse models of AML, which 

can make our findings more relevant to clinical applications. 

So, for in vitro studies, we used the mouse mesenchymal stromal cell line M2-10B4 and 

two different AMLs: spontaneous C1498 and RN2 with MLL3-AF9 fusion mutation. 

Similarly, to human co-culture protocols, stromal cells M2-10B4 were seeded in 24-well 

plates, pretreated with ralimetinib and AML  cells were seeded at low density and co-

cultures were grown for 7 days. 

Figure 17 shows the decrease in a number of counted AML cells in co-culture with mouse 

MSCs when ralimetinib is present. Microphotographs reveal a clear difference after 7 

days of co-culture (Figure 17A). After 7 days cells were counted in Neubauer chamber 

and quantified (Figure 17B). In the presence of ralimetinib, median growth is reduced to 

28% for C1498 cells and 38% for RN2 cells grown in co-culture with M2-10B4 

comparing to the control condition.   
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For a thorough validation that the observed reduction in AML proliferation was 

specifically caused by the inhibition of p38Ŭ in stromal cells, genetic methods like gene 

knockout or sh/siRNA-mediated knockdown of the target gene should be performed73. 

To rule out any potential off-target effect of the inhibitor ralimetinib, we decided to 

perform, therefore, a genetic ablation of p38Ŭ in the stromal cells. Since the co-culture 

MSCs-AML experiments are long-term, siRNA-mediated knockdown of p38Ŭ would not 

be an optimal option; therefore, CRISPR-Cas9-mediated knockout or shRNA-mediated 

knockdown technologies were used in our study. 

Thus, the mouse p38Ŭ gene (Mapk14) was knocked out in M2-10B4 cells using the pU6-

Cas9-Cherry vector with a cloned sgRNA targeting Mapk14 

(TGGATGTGTTCACACCCGCA). Fifteen clones resistant to puromycin were selected, 

and three clones out of them, confirmed by Western blot analysis, knock-out of the 

Mapk14 gene, were used in the further experiments (Figure 18A) to co-culture with 

C1498 AML cells. 

C1498 cells were seeded on M2-10B4 wild-type cells (M2-10B4WT) and p38Ŭ knock-

out cells (M2-10B4-KO-p38) at low density, and the co-cultures continued to grow for 7 

days. After this time, AML cells were counted, and Figure 18B shows the quantification 

of the final cell number, confirming a reduction in AML growth on stromal cells with 

knock-out of Mapk14.  

Figure 17. The results of co-culture between mouse M2-10B4 stromal cells and mouse AML cells: 

C1498 or RN2.  

(A) Representative microphotographs (200x) of the wells with co-cultured cells. 

(B) Normalized relative cell number of AML cells after co-culture with M2-10B4 stromal cells. N=4. 

Statistical significance: unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Since the full knockout of Mapk14 in mice is not possible, due to the fetal death of p38Ŭ-

knock-out pups, knock-in mice were generated with a substitution in Mapk14 of 

activating site tyrosine 182 with phenylalanine62. Despite exhibiting a significant defect 

in p38Ŭ activity, these knock-in mice (hereafter referred to as p38KI) had viable embryos, 

allowing for the exploration of p38 MAPK's systemic role in cancer. Wild type (p38WT) 

and p38KI mice were sacrificed and bone marrow from femurs and tibias was isolated to 

obtain mesenchymal stromal cells. Isolated cells were differentiated in Petri dishes in 

MesenCult media for 10 days and were cryopreserved. An equal number of MSCs-WT 

and MSCs-p38KI were seeded in plates to further co-culture with C1498 AML cells. 

After 7 days, leukemic cells were counted and a significant reduction in AML growth on 

MSCs-p38KI was observed (Figure 18C). 

 

 

Figure 18. Genetic modification of mouse MSCs leads to reduced proliferation of AML.  

(A) Western blot results of the CRISPR-Cas9 experiment with M2-10B4. Loading control is ɓ-

actin. Successfully knocked-out clones 3, 7, and 9 were selected, cryopreserved, and used for 

further experiments (n = 1).  

(B) Stromal-dependent growth of C1498WT cells on generated clones of M2-10B4-KO-p38. 

Knock-out of p38 in stromal cells leads to å25% reduction of AML growth (N=1). 

(C) Stromal-dependent growth of C1498WT cells on isolated primary mouse MSCs. Knock-in of 

p38 leads to å25% reduction of AML growth (N=1). 

Statistical significance was calculated between technical triplicates using: (B) one-way ANOVA, 

(C) unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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These experiments demonstrated that genetic disruption of the p38Ŭ gene in both mouse 

primary-derived and stromal cell lines resulted in a significant decrease in AML growth 

compared to wild-type MSCs. Importantly, stromal p38-KO M2-10B4 cells restricted the 

proliferation of C1498 leukemic cells more significantly than p38-KI primary MSCs. 

This difference may be explained by the fact that primary WT cells tend to become 

senescent faster; p38 regulates this process, and in p38KI cells, the mutant p38 can still 

maintain residual activity due to an intact activation site threonine 18063. Conversely, in 

p38KO cells, p38 protein is not produced representing full knockout of p38 gene.  

The effect of restricted proliferation of AML cells in a contact with MSCs depends on 

two factors: direct cell-to-cell contact and mediated by soluble factors produced by 

stromal cells. To evaluate the contribution of secreted molecules produced by MSCs, 

experiments using conditioned media (CM) collected from stromal cells were performed. 

Numerous attempts were done: MSCs were differently treated in co-culture media with 

or without ralimetinib for different periods of time, CMs were collected on different time 

points, different numbers of AML blasts were seeded in these CMs etc. Unfortunately, 

all these experiments failed, because AML cells are completely dying, which seems to 

be due to the physical absence of MSCs.   

Using Boyden´s chambers with 0,8µm pores, the effect of CM from human AML cells 

was evaluated. Human MSCs were seeded in 24-well plates, treated with ralimetinib and 

KG1a, MOLM13 and NB4 AML cells were seeded in co-culture medium at low density 

in Boyden´s chambers on top of stromal cells. After 7 days of incubation, AML cells 

were counted in Boyden´s chambers. Figure 19 shows the reduction in MSC-dependent 

growth of human AML cells. AML cell growth was decreased by 36% for KG1a, by 37% 

for MOLM13, and by 14% for NB4 cells.  
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These experiments demonstrated that direct cell-to-cell interactions between AML cells 

and MSCs are critical for regulating leukemic growth in vitro. In direct co-culture, 

proliferation of AML cells was reduced by approximately up to 50% (Figure 16), 

whereas exposure to conditioned media alone resulted in only a 14-37% reduction 

(Figure 19). These findings indicate that soluble factors secreted by MSCs contribute 

substantially to AML growth, but physical contact further amplifies the growth-

supportive influence of stromal cells. And vice versa, physical contact amplifies the 

growth-suppressive influence of stromal cells in the presence of p38Ŭ inhibitor 

ralimetinib. 

6.3 Mice with inactivated p38Ŭ have a longer survival rate in the AML model  

To complement all in vitro data and observations and to demonstrate the clinical 

relevance of findings or open a future perspective for translational aspects of the project, 

AML growth dynamics was investigated in vivo. Monitoring leukemia progression in a 

murine model is essential, it allows for an assessment of overall survival, which is a direct 

correlate of clinical outcome. This experiment was designed to determine the importance 

p38Ŭ in stroma to impact on AML development and growth, providing information about 

life expectancy.  

Figure 19. Ralimetinib inhibit AML growth in CM derived from MSCs in Boyden´s chambers. 

Median AML growth: KG1a ï 64%, MOLM13 ï 63%, NB4 ï 86%. N=1. Statistical significance 

was calculated between technical triplicates using unpaired t-test; *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001. 
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To establish the model of AML growth, 4-20 week old male C57BL/6 mice with different 

Mapk14 background (p38WT or p38KI) were sub-lethally irradiated (3,5 Gy) and the 

next day 1x106 of Firefly luciferase-labelled C1498 AML murine cells (C1498-iRFP720-

FLuc) were intravenously transplanted in 100 µL PBS per mouse (Figure 20A). 

Mutant mice with p38KI demonstrate a higher survival rate in this C1498 leukemia 

mouse model. This experiment highlights the crucial role of p38 in non-cancerous 

stromal cells during AML progression. Inactivation of the Mapk14 gene through point 

mutation in the TME results in increased survival of these mutant mice bearing AML, 

with a median of 26 days for p38WT versus 35 days for p38KI mice (+25% in life 

expectancy) (Figure 20B). 

 

 

 

 

Figure 20. Kaplan- Meier overall survival curve of mice groups with different statuses of Mapk14, 

bearing C1498-iRFP720-Luc.  

A. Scheme of animal experiment. B. Survivability of animal groups. Black line: Mapk14WT mice (n=8); 

blue line: Mapk14KI mice (n=5). Data is shown as a merger of two experiments, performed in different 

time. Statistical significance: log-rank Mattel-Cox test, *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001. 
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Indeed, an observed increase in life expectancy effect is evident in genetically modified 

p38KI mice compared to p38WT mice within the leukemic model. Unfortunately, the 

specific knockout or knock-in of the gene in MSCs presents significant challenges due 

to the considerable heterogeneity of MSCs in the bone marrow; consequently, it must be 

acknowledged that in these mice, p38Ŭ is inactivated across all cell types, including all 

immune cells.  

To assess changes in the bone marrow, the animal experiment was repeated with new 

groups of p38WT/KI mice under the same conditions, as shown in Figure 20A. All mice 

were simultaneously terminated on the 18th day; femurs were collected, fixed, 

decalcified, embedded in paraffin, and sectioned. Obtained sections of each mouse BM 

were respectively subjected to hematoxylin-eosin to get a common overview of BM 

organisation, or to Gomori´s silver staining to detect fibrotic changes in BM (Figure 21). 
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Two types of BM staining from AML-bearing mice revealed varying levels of leukemic 

infiltration and fibrosis. Mouse 1 had the most severe phenotype, characterized by 

complete destruction of the BM architecture and extensive severe reticulin deposition. 

Mouse 2 also showed advanced infiltration with notable fibrosis. Mouse 3 demonstrated 

intermediate features, with dense cellularity and mild-to-moderate reticulin staining. 

Mice 4-5 exhibited moderate leukemic infiltration but minimal reticulin deposition, 

suggesting a low level of fibrosis. The BM of mouse 6 shows the lowest blast infiltration 

Figure 21. Bone marrow histopathology analysis of mice groups with different Mapk14 statuses, 

bearing C1498-iRFP720-Luc AML.  Mice with numbers 1, 2, 3 are related to the p38WT group, 

whereas mice with numbers 4,5,6 are related to the p38KI group. 

A. Hematoxylin-eosin staining. B. Gomori´s silver staining. 
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and the weakest fibrotic changes. Overall, bone marrow pathology in the context of AML 

appears more severe in mice with p38WT status than in mice with p38KI. 

6.4 AML -driven differentiation of MSCs: fibrosis, adipogenesis, and 

inflammation  

The next step was to identify the mechanisms underlying what occurs in MSCs during 

AML progression. First of all, as mentioned earlier in the Introduction part, MSCs can 

be differentiated into two main lineages: osteoblasts and adipocytes. Several publications 

described MSC differentiation as directed towards adipogenesis. Moreover, AML 

patients with bone marrow fibrosis have clearly worse prognosis for survival39.  

Oil Red O and Sirius Red staining were implemented in this study to evaluate the 

differentiation potential and extracellular matrix remodelling capacity of MSCs. Oil Red 

O specifically stains intracellular lipid droplets and was used to evaluate adipogenic 

differentiation74, thereby assessing the lineage plasticity of MSCs under different 

experimental conditions. Sirius Red binds to collagen fibres and was applied to quantify 

collagen deposition, reflecting the extent of extracellular matrix production and fibrotic 

remodelling by MSCs53,54. Together, these assays provided complementary insights into 

the differentiation state and matrix-regulating activity of MSCs. 

Initially, multiple attempts were made to stain MSCs after direct coculture with Oil Red 

O to detect adipogenesis and Sirius Red to detect fibrotic phenotype. However, 

measurements were not obtained, because these two protocols include many washing 

steps with different buffers, and this always resulted in detachment and full loss of MSC 

monolayers. That is why a switch to using conditioned medium, collected from AML  

As a result, it was found that ralimetinib itself does not induce fibrosis (Figure 22A, 

control images) and does not shift the differentiation of MSCs to adipocytes without the 

presence of CM from AML  cells (Figure 22C, control images). On the other hand, 

treatment with CM from AML cells significantly increased intensity of Sirius Red 

staining, indicating a rise in collagen production and fibrotic remodelling of the MSC 

compartment (Figure 22A with quantification presented in Figure 22B). Simultaneously, 

Oil Red O staining showed a significant increase in the production of lipid droplets in 

MSCs treated with CM from AML cells, demonstrating a shift towards adipogenic 

differentiation of MSCs (Figure 22C with quantification in Figure 22D). Meanwhile, 

inhibition of p38Ŭ by ralimetinib in co-culture conditions can efficiently restore MSCs, 
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reprogram them and downregulate either adipogenic as well as fibrotic phenotype 

(Figure 22A-D). 

 

 

The microphotographs provide qualitative confirmation of the observed phenotypic 

changes in MSCs. To complement this data, Oil Red O was dissolved in isopropanol, 

whereas Sirius Red was dissolved in 0,5M NaOH. Resulted solutions were transferred to 

96-well plates and OD was measured at 530 and 510 nm for Sirius Red and Oil Red O, 

respectively. Quantification revealed two times increase in both collagen deposition 

Figure 22. p38Ŭ controls adipogenesis and fibrosis in human mesenchymal stromal cells.  

Representative microphotographs (200x) of MSCs, stained with Sirius Red (A) and its quantification(B). 

Representative microphotographs (200x) of MSCs, stained with Soil Red O (C) and its quantification(D). 

Statistical significance was calculated between technical triplicates for B and D using unpaired t-test; 

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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(Figure 22B) and fat cell differentiation in MSCs (Figure 22D), which were co-cultured 

with AML cells, compared to MSCs grown alone. Notably, treatment with ralimetinib 

eliminated these effects: Sirius Red and Oil Red O staining intensity decreased to the 

normal values (Figure 22B, D). These results show that AML triggers both fibrosis and 

adipogenesis in MSCs, which might be associated with the cancer-associated phenotype 

of MSCs, and that blocking p38Ŭ signalling can effectively prevent these changes, 

preserving the normal state of the stromal cells. 

Similar observations were obtained using mouse M2-10B4 cells with pharmacological 

inhibition of p38Ŭ by ralimetinib or with knockout of the Mapk14 gene. M2-10B4 cells 

treated with CM from C1498 show a significant increase in lipid droplet production, 

demonstrating a shift towards adipogenic differentiation of MSCs. Meanwhile, inhibition 

of p38Ŭ by ralimetinib in co-culture conditions can efficiently restore MSCs, reprogram 

them and downregulate adipogenic phenotype (Figure 23). 

 

To complete the histological observations supplemented with an extended analysis of 

inflammatory pathways in MSCs due to a well-reported role of p38Ŭ in inflammation63, 

we performed an extensive RT-PCR-based characterization of MSCs after coculture with 

AML cell line in the presence or absence of ralimetinib. A broad panel of inflammatory, 

lineage- and function-associated markers was analysed, covering markers of 

inflammatory mediators (IL1A, IL1B, IL6, IL8, CXCL1, CXCL20, COX2), extracellular 

matrix remodelling and fibrosis (PDPN, HAS2, COL1A1, COL3A1, COL4A1, FN1, 

ACTA2, LOXL2), adipogenesis (ADIPOQ, PPARG, FABP4, CEBPA, CEBPG, FASN), 

osteogenesis (RUNX2, MSX2, ALP, OCN, RANKL, CD10). This comprehensive profiling 

Figure 23. p38Ŭ controls adipogenesis in mouse mesenchymal stromal cells.  

Representative microphotographs (200x) of MSCs, stained with Oil Red O (A) and its quantification (B). 

Statistical significance was calculated between technical triplicates using one-way ANOVA; *p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. 
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allowed us to evaluate not only differentiation tendencies, but also inflammatory 

activation and matrix regulation in the stromal compartment. 

For this purpose, human MSCs, after long-term 21-day co-culture experiment with 

human KG1a, MOLM13, and NB4 AML, were lysed and total RNA was extracted for 

RT-qPCR analysis. 

MSCs displayed highly consistent gene expression patterns in response to contact with 

three different AML cell lines: KG1a (Figure 24A), MOLM13 (Figure 24B), NB4 

(Figure 24C). Notably, all inflammation markers were strongly up-regulated in MSCs 

when interacting with each AML cell line, suggesting that AML cells alter MSCs to a 

pro-inflammatory, cancer-associated state (Figure 24A, B, C). Additionally, markers of 

adipogenesis were significantly upregulated, mainly adiponectin (ADIPOQ) and fatty 

acid synthase (FASN), matching the accumulation of lipid droplets seen in Oil Red O 

staining (Figure 22C, D). Likewise, genes associated with fibrosis and the extracellular 

matrix were induced in MSCs in response to contact with AML cells, mainly podoplanin 

(PDPN) and hyaluronan synthase-2 (HAS2)), supporting the increased collagen 

deposition shown by Sirius Red staining (Figure 22A,B). Analysis of osteogenic lineage 

markers revealed that the main regulator of osteogenesis, RUNX2, remained 

transcriptionally silent in MSCs under all conditions tested (Figure 24A, B, C). 

Meanwhile, the expression of downstream osteogenic genes had a mixed pattern, with 

some genes upregulated and others downregulated, without a clear direction. This lack 

of coordinated osteogenic gene regulation suggests that the osteogenic program isn't 

properly activated. One possible reason for this is that we used TERT-immortalized 

MSCs, which may alter lineage commitment pathways and disrupt the accuracy of 

osteogenic differentiation due to their overexpression of telomerase. 

Notably, blocking p38Ŭ with ralimetinib altered the transcription profile of cancer-

associated phenotype of MSCs by dramatically suppressing inflammatory genes and 

significantly downregulating the increased expression of both adipogenesis- and fibrosis-

related genes (Figure 24A, B, C). 
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Thus, RT-qPCR data, combined with the histological findings, suggest that AML blasts 

trigger multiple processes that reprogram MSCs to become fibrotic, adipogenic, and 

inflammatory, thereby reprogramming MSCs towards a cancer-associated phenotype. 

These processes, as well as cancer-associated phenotype, are controlled by p38Ŭ and can 

be abrogated by using its inhibitor ralimetinib. 

Figure 24. p38Ŭ controls gene expression in inflammatory, extracellular matrix remodeling, 

adipogenic and osteogenic pathways in human MSCs. 

 Heatmaps were generated using fold-change values of gene expression normalized to actin expression. 

Analysis of statistical significance with unpaired t-test are presented in supplement figures 1 (KG1a), 2 

(MOLM13), 3 (NB4)). 

(A) Co-culture of MSCs with KG1a; 

(B) Co-culture of MSCs with MOLM13; 

(C) Co-culture of MSCs with NB4. 
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6.5  Modification of the stroma changes in the immunological response of AML 

cells  

AML blasts within BM blunt T- and NK-cell effector function by overexpressing 

inhibitory checkpoint ligands, such as PD-L1/2, galectins, and TIM-3. Simultaneously, 

they exhibit HLA loss, reducing TCR recognition by CTLs. MSCs also contribute to 

immune escape in AML by secreting inhibitory soluble factors that suppress lymphocyte 

activity and proliferation. MSCs can also attract Tregs, further downregulating anti-

tumor response76. To further investigate the immunological properties of AML cells 

following communication with MSCs, RT-qPCR was employed to profile the expression 

of MHCI, MHCII, and co-stimulatory molecules CD80/86 helping for immunological 

recognition of AML cells. This analysis aimed to understand how MSCs influence or 

modulate AML's visibility to immune effector cells. Elevated levels of these molecules 

may enhance the recognition and elimination of leukemic blasts from homing organs, 

particularly the bone marrow, by CTLs or engineered CAR-T cells. Additionally, this 

could potentially reduce T cell exhaustion. 

Figure 25 illustrates contrasting results in AML cells with different mutation 

frameworks: KG1a and MOLM13. When co-cultured with MSCs and treated with 

ralimetinib, KG1a shows downregulation of genes associated with the MHCI complex 

and CD80, with a tendency for MHCII complex and CD86 genes to also decrease. 

Conversely, MOLM13 cells exposed to similar treatment exhibit an opposite response: 

there is a significant upregulation of genes linked to the MHCI complex and CD86 

expression when p38Ŭ is inhibited.  

These results suggest that the T cell immune response may not yield equal outcomes 

against AML cells with different mutational burdens residing in the mesenchymal bone 

marrow niche. We cannot exclude that the contribution of MSCs to the immunological 

escape of leukemic cells from recognition by the adaptive immune system may depend 

on the mutational burden of AML. Moreover, the effect of p38Ŭ on the cross-talk between 

MSCs and AML cells may also vary depending on the underlying driver mutations. 
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The PD-L1/PD1 interaction is a crucial axis in cancer cell and CTL interactions, directly 

suppressing CTL activity. In many cancers, PD-L1 is overexpressed on tumor cell 

surfaces, enabling immune evasion through cytotoxic escape. We found that C1498 cells 

can increase PD-L1 expression when co-cultured with mouse M2-10B4 stromal cells 

(Figure 26 A, B), indicating that stromal cells assist AML blasts in avoiding CTL attack 

and help to establish a protective niche. Furthermore, ralimetinib could downregulate 

PD-L1 in C1498 mouse AML cells after co-culture with MSCs (Figure 23A, B). 

Figure 25. Expression of MHC molecules and their co-stimulators in AML cells after co-culture 

with MSC. N=1. Statistical significance was calculated between technical triplicates: unpaired t-test; 

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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However, this effect does not dependent on activation of p38 in stromal cells because 

culturing AML cells with M2-10B4 cells deficient for p38Ŭ did not reduce PD-L1 neither 

in percentage of cells nor measured by MFI (Figure 26B). This suggests that expression 

of PD-L1 might be regulated by p38Ŭ directly in AML cells or requires cumulative 

effects from both sides: MSCs and AML via p38Ŭ pathway. Collectively, modulation of 

p38Ŭ pathways in stromal-AML interaction might potentiate CTL response, so we were 

interested to investigate interplay between AML, MSCs and CD8+ T cells. 

 

 

6.6 Inhibition of p38 blocks activation of human T cells 

Recently, MSCs have gained attention due to reports of their immunomodulatory 

properties. The crosstalk between MSCs, AML, and immune cells in the TME of AML 

in the BM remains unclear. Our data (Figure 25 and 26) suggest MSCs affect AML 

Figure 26. Regulation of PD-L1 expression in mouse C1498 AML cells.  

A. C1498 upregulates the expression of PD-L1, when co-cultured with stromal cells. B. Ralimetinib 

downregulates expression of PD-L1 in AML cells, and it does not dependent on block of p38 in stromal 

cells. N=1. 
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immunogenicity and regulation via the p38Ŭ pathway. Cytotoxic CD8+ T cells are key 

anticancer cells, which can directly recognize and specifically kill tumor cells. It was 

hypothesized that reprogramming MSCs by AML blasts or by targeting p38Ŭ-pathway 

might modulate CD8+ T cell activity76.  

To explore MSCs' impact on CD8+ T cells, several experiments were conducted. A three-

cell-types human co-culture (MSCs + AML + CTLs) would be ideal but not feasible due 

to different cell line origins and antigen-MHC compatibility. Notably, such an 

experiment was conducted, but activated CTLs  killed stromal cells as well as AML cells 

at later time points. While cell contact is crucial for MSC reprogramming, CD8+ T cells 

were activated in plates, coated with anti-CD3/CD28.1 antibodies for 12-18 hours and 

then transferred to a fresh plate in media containing conditioned media from various 

cultures of human MSCs, MOLM13 AML, and their co-cultures: control RPMI media, 

and cells with or without ralimetinib: monocultures of MSCs and AML, and co-culture 

of MSC and AML. After 3 days incubation in CM, T cells were harvested and stained 

for activity markers (CD25 and CD69) and stained intracellularly (ICS) for TNF, IFNɔ 

and CD107a (Figure 27). 

Unfortunately, the results were unexpected. In our assays, ralimetinib significantly 

reduced T cell activation, with both the percentage of CD25+ cells and the percentage of 

double-positive TNF/IFNɔ-producing cells decreased in the presence of this drug. Our 

findings contradict previous research77, which showed that p38Ŭ kinase is crucial for 

CTL activation. In this paper, inhibiting p38Ŭ in CTLs actually led to increased T cell 

activation - about a 3-fold increase in IFNɔ production, and a more naive state, evidenced 

by a 4-fold increase in CD62L expression. Our results are opposite to those reported in 

that paper, suggesting a more complex role of p38Ŭ pathway in functions of cytotoxic T 

cells. 
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Figure 27. Inhibition of p38Ŭ by ralimetinib inhibit activation of human CD8+ T cells.  

A. Scheme of experimental work of isolation human CD8+ T cells from PBMCs, culture them and 

analyzing. B. Gating strategy of FACS analysis of human T cells. C. Examples of FACS plots for early 

(CD69) and late (CD25) activation of T cells. D. Intracellular staining of TNF/IFNɔ. E. Analysis of 

markers´expression. N=3. Statistical significance: unpaired t-test, *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001. 
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6.7 Mouse T cells: a cross-talk between MSCs, AML and CTLs 

To further supplement human T cell data, similar experiments were done using isolated 

mouse CD8+ T cells from spleens and lymph nodes. They were activated with plate-

bound anti-CD3/CD28 antibodies and cultured in CM, collected from M210B4/C1498 

co-cultures in the presence or absence ralimetinib (Figure 28A). In all cases, CM from 

AML cells or from stromal cells demonstrates downregulation of main marker of 

activation CD25 in the presence of ralimetinib. However, co-culture of these cells with 

ralimetinib results in a slight upregulation of CD25 expression (Figure 28 B, D, last two 

columns). Moreover, it correlates well with a slight downregulation of the naïve T cell 

marker CD62L and an upregulation of effector marker CD44. That means that the 

presence of ralimetinib specifically in the co-culture of AML and stromal cells, but not 

in monocultures, pushes T cells from a more naïve CD25+lowCD62L+highCD44+low state 

into a bit stronger cytotoxic effector phenotype (TEM), which is characterized as 

CD25+highCD62L+lowCD44+high (Figure 28D,E).  
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All detected changes in differentiation and activation of human or mouse T cells are very 

subtle; the differences are minor and not easy to detect. This can be explained by the 

concentration of FBS in the T-cell media. Unfortunately, T cells are not resistant to low-

serum conditions, CTLs are dying in 2% FBS media, thus, I had to perform experiments 

in 7,5% FBS media (100 µl of 10% FBS T-cell media + 50 µL of 2% FBS CM). For 

future experiments and evaluation of T cell activity, FBS concentration should be titrated 

even lower (between 2% and 7,5% of FBS). Perhaps, improved experimental conditions 

or using in vivo material will provide more reliable and significant data to answer this 

scientific question.  

6.8 Cytotoxic activity of mouse CTLs: impact of MSCs 

Following initial phenotypic characterization of human and mouse CD8  T cells through 

flow cytometry of activation and differentiation markers, such as CD25, CD69, IFNɔ, 

TNF, functional cytotoxicity assays were established to see if this immunophenotype 

corresponds to actual effector function. Although surface markers reflect activation 

status, CTLs´ ability to recognize and kill target cells was evaluated. This method 

highlights functional capability, confirming that the observed changes indicate a 

biologically relevant effector phenotype in culture, rather than mere marker upregulation.  

These experiments were conducted using murine cells. Ralimetinib was excluded from 

these assays to see clear effects of Mapk14 knock-out in M2-10B4 cells on CTL-

mediated cytotoxicity against mouse C1498 AML cells. Additionally, these experiments 

were conducted in several variations (ratio of T cells ï AML cells) to determine the best 

methodology: with or without pre-treatment of stromal cells using CM from AML cells.  

Firstly, a direct triple co-culture experiment was initiated by seeding M2-10B4 WT or 

p38-KO cells into plates. The next day, CD8+ CTLs pre-activated with anti-CD3/CD28 

were added to wells containing C1498-OVA-expressing cells labelled with Cell Tracker 

Figure 28. Inhibition of p38Ŭ by ralimetinib upregulates effector phenotype of differentiated mouse 

CD8+ T cells. 

A. Scheme of experimental work of isolation mouse CD8+ T cells from spleens and lymph nodes, culture 

them and analyzing. B and C. Examples of FACS plots for early (CD69) and late (CD25) activation of T 

cells and IFNɔ or TNF production. D and E. Analysis of markers´expression. N=2. One representative 

graph. Statistical significance was calculated between technical triplicates: unpaired t-test, *p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Green. After 12 hours of incubation, cells were collected and stained with Annexin V-

APC/Zombie NIR to assess the apoptosis rates in AML cells (Figure 29).  

 

 

Secondly, another modification of killing assay, a triple co-culture with pre-treatment of 

stromal cells was also established. It again started with seeding M2-10B4 WT or KO-

Mapk14 cells into plates. The next day, C1498-OVA cells, labelled with Cell Tracker 

Green, were seeded on stromal cells. After 3 additional days of incubation, CD8+ CTLs 

pre-activated with anti-CD3/CD28 were added to wells containing C1498-OVA and 

stromal cells. After 12 hours of incubation, cells were collected and stained with Annexin 

V-APC/Zombie NIR to assess the apoptosis rates in AML cells (Figure 30). 

 

 

Figure 31 displays the results of these CTL-mediated killing assays. First, in APC/APC-

Cy7, a significant increase in Zombie NIR positive cells is seen because perforin, 

secreted by CTLs, disrupts AML cell membranes. At the same time, there is a slight shift 

Figure 29. Workflow with mouse direct triple co-culture of stromal cells, AML and CTLs. AML 

and T cells are added simultaneously. Created in Biorender. 

 

Figure 30. Workflow with mouse triple co-culture with pretreatment of stromal cells. Stromal 

cells were activated for 3 days with C1498-OVA cells. After 3 days of incubation activated T cells 

were added. Created in Biorender. 
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in the population toward AnnexinV-positive cells in M210B4-KO-Mapk14 cells after 12 

hours of triple co-culture in both variants of the killing assay protocol (Figure 31A, B).  

An increase in apoptotic populations is observed in triple co-culture with knockout 

stromal cells, whether on non-pretreated stromal cells or on those pretreated with C1498-

OVA stromal cells. This may be due to higher T cell activation and more efficient 

apoptotic processes in AML cells when co-cultured with knockout stromal cells (Figure 

31B,C).  

Using two different protocols for the killing assay, we observed similar results: in both 

cases, there was approximately a 10% increase in amount of AML cells killed by 

activated CTLs. Additionally, pre-conditioning of stromal cells with AML cells 

significantly reduced the number of dead AML cells, between two experiments, 

indicating that stromal cells help to protect AML cells from apoptosis and increase their 

resistance to cytotoxic response. All these data open a potential therapeutically window 

for inhibitors of p38Ŭ pathway to increase T-cell immune response against leukemic 

blasts residing in mesenchymal stromal niche. 
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Collectively, these data (Figures 25-31) demonstrate that p38Ŭ activity in stromal cells 

may influence CTL activation, differentiation, and killing ability. Unfortunately, human 

CTL data are less encouraging, but the syngeneic mouse CTL data show more promise. 

  

Figure 31. Genetically p38Ŭ-depleted stromal cells enhance CTL response against AML cells in 

mouse tri-culture system in vitro. 

A. Examples of typical gating strategy for CTL-mediated killing assays. Gated AML cells, labelled with 

Cell Tracker Green are subgated in Annexin V-APC/Zombie NIR channels. Results of triple co-culture 

of stromal cells, CTLs and C1498-OVA: B ï on non-pretreated stromal cells (ratio 1:0.2), N=1; C - on 

pretreated stromal cells (ratio 1:0.5), N=2, each variant of the protocol. Per one representative graph. 

Statistical significance for B and C: calculated using technical triplicate values with unpaired t-test, 

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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6.9 Molecular mechanisms of p38Ŭ-dependent AML-driven reprogramming of 

MSCs: RNA sequencing 

We aimed to identify novel mechanisms of communication between AML cells and 

MSCs, and to discover pathways that can be targeted specifically in MSCs with small-

molecule drugs or antibodies, thereby reducing AML growth and improving patient 

prognosis. In addition, to comprehend the mechanisms underlying MSCs and the reason 

why they do not facilitate tumor growth when p38Ŭ is inhibited, bulk RNA sequencing 

of human MSCs was performed. To achieve this, human MSCs and three human AML 

cell lines were co-cultured for 21 days with or without ralimetinib by passaging the entire 

co-cultures, starting in a 96-well plate and ending in a 6-well plate. After this, AML cells 

were separated from MSC monolayers; all cells were lysed, and total RNA was isolated 

and sent for sequencing. The co-culture experiment was conducted with three biological 

replicates, with RNA from each condition being pooled across all samples within that 

condition. The experimental setup is presented in Figure 32: 

 

 

Transcriptomic profiling of MSCs was conducted under several conditions in which 

MSCs were cultured: 

1. Control intact MSCs; 

2. MSCs, co-cultured with AML (KG1a, MOLM13 or NB4); 

3. MSCs, co-cultured with AML (KG1a, MOLM13 or NB4) in the presence of 

ralimetinib. 

The analysis focused on identifying differentially expressed genes via RNA sequencing. 

This was done by subtracting the set of genes differentially regulated in comparison 3 

versus 2 from those in comparison 2 versus 1 for each MSC-AML pair in the presence 

or absence of ralimetinib. The resulting gene lists, including their log2(fold change) 

Figure 32. Scheme of the experiment for bulk RNA sequencing of human MSCs and AML. 

Created in Biorender. 
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values, highlight p38Ŭ-dependent genes that could be suppressed or boosted in MSCs to 

inhibit AML growth in vitro (Figure 33).  

 

 

Each human AML cell line triggered a unique p38-dependent transcriptional response in 

human MSCs, marked by distinct groups of up- and down-regulated genes. Generally, 

down-regulated genes are functionally important targets, as suppressing them via p38Ŭ 

inhibition with ralimetinib reduces stroma-dependent AML growth. In contrast, the up-

regulated genes seem beneficial, as their activation may help to inhibit stromal-dependent 

AML growth. Overall, these findings indicate that different AML cell  lines demonstrated 

their unique pattern of up/down regulated genes, which are dependent on p38Ŭ. However, 

we aimed to identify the universal regulatory mechanisms in MSCs that promote or 

abrogate cancer-associated state suitable for any type of AML, regardless of their 

mutational framework. Therefore, Venn diagrams were used to identify common MSC 

genes up- or down-regulated in response to three different AML cell lines in a p38-

dependent manner. This search resulted in 45 common down- (Figure 34A) and 27 up-

Figure 33. Heat map representation of the top 50 differentially expressed genes in human 

mesenchymal stromal cells after co-culture with acute myeloid cell lines (KG1a, MOLM13, NB4) 

in presence of ralimetinib. 

RNA sequencing analysis identified distinct sets of genes that were down- and up-regulated (shown in 

blue and red color, respectively). The color scale reflects to the log2FC in expression levels relative to 

genes. Heatmaps with gene clustering were generated using RStudio (pheatmap package). Threshold 

adj.p-value<0.05. 
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regulated common p38Ŭ-dependent genes in MSCs (Figure 34B). Thus, modulation of 

p38Ŭ signalling in MSCs is responsible for the regulation of stroma-dependant AML 

growth.  

 

 

Analysis revealed a consistent downregulation of multiple genes in MSCs involved in 

inflammation, extracellular matrix remodelling and lineage differentiation (osteogenesis 

and adipogenesis) in response to p38Ŭ blockade. Further functional experiments and 

assays will demonstrate that suppression of some of these genes in MSCs inhibits AML 

growth in vitro. This suggests that reduced expression of these stromal genes may impair 

Figure 34. Comparative analysis of differentially expressed genes in human mesenchymal stromal 

cells after co-culture with acute myeloid leukemia cell likes (KG1a, MOLM13, NB4) in the presence 

of ralimetinib.  

(A, C) Venn diagrams show the overlap signiificantly down- or up-regulated genes in MSCs following 

co-culture with three AML cell lines. 

(B, D) Heatmaps illustrate the expression patterns of commonly regulated genes, grouped according to 

their function. Panel B depicts down-regulated genes in MSCs in the presence of ralimetinib after co-

culture with respective AML cell line, which are involved in inflammation, osteogenesis, adipogenesis, 

control of extracellular matrix, and cell communication. Panel D depicts up-regulated genes in MSCs in 

the presence of ralimetinib after co-culture with respective AML cell line, classified into groups, named 

as soluble factors, stress/metabolic response, cell adhesion and transcription factors. The color scale 

represents log2FC with blue color indicating down-regulation and red color indicating up-regulation. 

Threshold adj.p-value<0.05. 
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the ability of MSCs to provide a supportive microenvironment for leukemia growth, and 

may thus be associated with improved patient prognosis.  

Notably, several pro-inflammatory cytokines and chemokines, such as CXCL1, CXCL6, 

CXCL8, and IL1ɓ, were among the most significantly down-regulated genes. These 

mediators are usually involved in attracting leukocytes, promoting blood vessel 

formation, and supporting survival pathways exploited by AML blasts. Reducing the 

expression of these genes might decrease inflammatory processes that could otherwise 

strengthen AML-stroma interactions, thus diminishing signals that promote leukemia. 

Notably, the decreased IL1ɓ, which is often elevated in AML patients and correlates with 

poor outcomes, may indicate a protective change in MSC function.  

IL -11 is a cytokine from the IL-6 family, and similar to IL-6, it interacts with IL-11RŬ  

receptor complexes that contain gp130. This signalling activate pathways like 

JAK/STAT, RAS/MAPK, PI3K/AKT, p38Ŭ, and JNK MAPKs, leading to a variety of 

cellular responses. Originally identified as a stromal factor supporting plasmacytoma 

growth, IL-11 is now recognized for its roles in hematopoiesis (including 

thrombopoiesis, erythropoiesis, and megakaryocyte development), as well as 

immunomodulation-affecting macrophages, CD4  T cell polarization, B cell IgG 

production, and endothelial cell protection. Several studies indicate that IL-11 can impair 

T cell function, with IL-11 signalling in colon cancer suppressing CD4  T-cellïmediated 

anti-tumor responses78. Additionally, IL-11 synergizes with other stromal factors like 

IL3, SCF-1, and GM-CSF, enhancing the growth of AML in vitro79. 

Extracellular matrix remodelling reduces the adaptation of the leukemic niche due to 

decreased expression of genes like MMP1, MMP3, and ADAM8 in MSCs. These genes 

typically promote extracellular matrix changes and stromal-hematopoietic interactions, 

so their lower levels may prevent MSCs from forming a microenvironment conducive to 

AML growth. For example, MMPs help release growth factors and modify niches that 

support malignant hematopoiesis. As a result, their reduced activity could hinder AML's 

capacity to colonize and grow within the bone marrow. Indeed, in Pirillo et al80 it was 

demonstrated that metalloproteinase inhibition leads to reduced AML growth and to 

improved chemotherapy efficacy.  

Interfering with adipogenic pathways could decrease the metabolic support for AML. 

The strong inflammatory factor SAA1, which also plays a significant role in 

adipogenesis, as well as GPX3, EREG, and PHLDA1, were also decreased in the 
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presence of ralimetinib. Low SAA1 expression in MSCs leads to reduced NF-kB 

activation in AML cells. Bone marrow fat cells act as metabolic reservoirs, providing 

fatty acids and nutrients to leukemic blasts33,81. Therefore, downregulating genes 

involved in adipogenesis in MSCs might limit the development of lipid-rich niches that 

promote AML growth.  

Important genes that regulate osteoblasts and osteoclasts, such as EBF2, IL7RŬ, OSCAR, 

TFPI2, and UNC5B, were also found to be downregulated. Osteolineage cells are vital 

for forming hematopoietic niches and providing protective signals to AML blasts. 

Suppressing these cells may disrupt the osteogenic niches that help shield leukemia cells 

from chemotherapy and immune attack. 

Among the presented analyses of main targets in the Results part of the dissertation, there 

are some others, which would be interesting to highlight. B3GNT5 (ɓ-1,3-N-

acetylglucosaminyltransferase 5), also known as Lc3-synthase is a gene, is 

downregulated in MSCs in co-culture with three AML cell lines in the presence of 

ralimetinib (Figure 34B). It codes the enzyme, located in Golgi apparatus, and it transfers 

an N-acetylglucosamine (GlcNAc) molecule from a donor (UDP-GlcNAc) into a 

lactosylceramide molecule, creating ɓ-1,3-linkage at the C3 position of the galactose 

residue in the substrate. The chemical reaction might be described as:  

ἣἎἜ-ἑἴἫἚἋἫ + ἑἩἴ- ἑἴἫ-ἍἭἺ Ÿ ἑἴἫἚἋἫ- ἑἩἴ- ἑἴἫ-ἍἭἺ + ἣἎἜ + 

ἒ+, where UDP-GlcNAc is uridine diphosphate N-acetylglucosamine: 

 

Resulted lactotriaosylceramide is a common precursor for numerous lacto- and neolacto-

series of glycosphingolipids. Lactotriaosylceramide and the resulting glycosphingolipids 

(GSLs) might be secreted by MSCs and transported to the AML cells during cell-to-cell 

contact, extracellular vesicles or as soluble factors. In 2012, it was described82 that the 

BM of AML patients has higher levels of the GSL lactotriaosylceramide (Lc3), GM3 and 

neolactotetraosylceramide (nLc4) in comparison with healthy donors, especially the M1 

subtype of AML. Simultaneously, it was found83 that expression of B3GNT5 was 16-fold 

higher in BM of AML patients in comparison with healthy BM. Consequently, B3GNT5 

and its products can orchestrate T cell responses in glioma, where high levels of B3GNT5 
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enzyme activity results in upregulation of surface neolacto-series GSLs. These GSLs 

sterically impede antibody and receptor interactions with HLA-I and diminish CTLs 

activation. In PDAC84, B3GNT5 expression is high; it is associated with malignant 

phenotype and may predict poor prognosis. Interestingly, but in MSCs after co-culture 

with three AML cell lines in the presence of ralimetinib there is up-regulation of 

GALNT18 (Figure 34D). Polypeptide N-Acetylgalactosaminyltransferase-18 

(GALNT18) is an initiating enzyme for mucin-type O-glycosylation85 and can be 

described as: 

ProteinSer/Thr-OH+UDP-GalNAc Ÿ ProteinSer/Thr-O-GalNAc + UDP + H+, 

where UDP-GalNAc is uridine diphosphate N-acetylgalactosamine:

 

As shown, the molecular structures are very similar, and intracellularly, UDP-GlcNAc 

and UDP-GalNAc are convertible by epimerization UDP-galactose 4-epimerase86, so 

they both might belong to a common pool of UDP-Hexose-NAc. So, it seems, the MSCs, 

when co-cultured with AML and ralimetinib, may alter glycosylation pathways. The 

down-regulation of B3GNT5 and simultaneously up-regulation of GALNT18 in MSCs in 

co-culture with AML with ralimetinib reprogram glycosylation, transitioning from 

glycolipid extension to mucin-type O-glycosylation of proteins. This suggests that an 

excess of UDP-GlcNAc in the AML tumor microenvironment could be linked to a worse 

prognosis, while a shift to O-glycosylation in MSCs might be associated with a better 

outcome. Indeed, AML cells from patients contain abnormally high levels of UDP-

GlcNAc, and O-GlcNAcylation of STAT5 can regulate oncogenic transcription in these 

cells87. Since B3GNT5 products, like lactotriaosylceramides and metabolically 

downstream glycosphingolipids, might be secreted by MSCs, AML LSCs or blasts, they 

might utilize these substances to influence their transcription activity, supporting their 

survival and growth. Targeting of hexosamine metabolic pathways also can lead to AML 

cell differentiation and cell death88. 

I noticed that in the presented bulk RNAseq data, many genes begin with the letters 

ñSLCò. SLC4A4 and SLC16A9 are up-regulated in MSCs across co-culture with three 
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AML cell lines in the presence of ralimetinib. SLC4A4 (bicarbonate transport) 

bicarbonate-dependent transport protein supports stability of pH control. Speculatively, 

this supports a model in which MSCs co-cultured with AML cells treated with 

ralimetinib increase their capacity to stabilize intracellular pH and buffer acid load 

(conditions often encountered in activated, inflammatory, or high-lactate environments). 

It is compatible with glycolytic acid stress, but it does not prove a glycolysis shift by 

itself. 

SLC16A9 (Monocarboxylate transporter 9 or MCT9) is coding the protein that transports 

monocarboxylates like creatine and carnitine across cell membranes. Its upregulation  in 

MSCs, co-cultured with AML in the presence of ralimetinib, might demonstrate efflux 

of creatine and carnitine from MSCs to the extracellular space. Metabolome of AML 

blasts is special, glycolytic and they use fatty acid oxidation to produce ATP89. Creatine 

and carnitine might be used for synthesis fatty acids. 

In MSCs co-cultured with MOLM13, I only identified one pseudogene, FMO6P (flavin 

containing dimethylaniline monoxygenase 6), and since it is a pseudogene, I cannot 

determine its biological significance. However, after co-culturing MSCs with KG1a cells 

in the presence of ralimetinib, there was a significant decrease in FMO1 expression, 

which encodes an enzyme that catalyzes the conversion of hypotaurine to taurine. A 

notable study in Nature90 described how taurine in the AML tumor microenvironment 

can promote leukemia development. The authors demonstrated that blocking taurine 

transporters (TAUT or SLC6A6) in osteo-progenitor cells in BM impairs growth and 

enhances the effects of venetoclax. Unfortunately, the presented bulk RNAseq data of 

MSCs does not have any of the genes discussed in that publication. 

Figure 35 depicts the distinct activated pathways in human MSCs following coculture 

with three human AML cell lines in the presence of ralimetinib. It highlights extracellular 

communication and intracellular signalling through protein pathways and shows 

metabolomic shifts involved in the synthesis and degradation of numerous compounds. 
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Figure 35. Comparative analysis of differentially expressed pathways in human MSCs after co-

culture with AML in the presence of ralimetinib : A ï with KG1a, B ï with MOLM13, C ï with 

NB4.  
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Unfortunately, there is not a single shared pathway that is consistently downregulated in 

MSCs in p38Ŭ-dependent manner in co-culture with all three AML cell lines. However, 

in MSCs cultured with KG1a and NB4 cells, several common pathways show decreased 

activity, including 'Signalling pathways regulating pluripotency of stem cellsò (KEGG, 

hsa04550). This pathway controls key pluripotency transcription factors like Oct8, Klf4, 

Nanog, Sox2, and c-Myc, which are associated with TGFɓ-, MAPK-, PI3K-, and Wnt-

signalling pathways. In MSCs cultured with AML cells, this could influence the stemness 

and differentiation potential of stromal cells. Additionally, a reduction in ñTocopherol 

degradationò and ñNCI Endogenous TLR signalling pathway (regulation of interleukin-

10 production)ò was observed in MSCs after co-culture with KG1a or NB4 cells in the 

presence of ralimetinib. Also, I would like to mark two pathways which are 

downregulated in MSCs after co-culture with MOLM13 in the presence of ralimetinib: 

ĂReactome: Degradation of cysteine and homocysteine - main pathwayñ and ĂL-cysteine 

degradation-Iñ.  

On the other hand, there are some common upregulated pathways, including ñSignalling 

by type 1 Insulin-like growth factor-1 receptorò and ñSHC-related events triggered by 

IGF1R Main Pathwayò (Reactome, R-HSA-2404192, R-HSA-2428933). 

Mechanistically, IGF1 or IGF2 binds to the extracellular domain of the type 1 insulin-

like growth factor receptor (IGF1R). When phosphorylated, IGF1R interacts with and 

phosphorylates SHC1, activating two major signalling pathways: the SOS-RAS-RAF-

MAPK (ERK) pathway and the PI3K-PKB (AKT) pathway. Additionally, the ñGrowth 

hormone signalling pathway protein synthesisò pathway is upregulated. This pathway 

begins with growth hormone (GH) binding to its receptor (GHR) on the cell surface, 

leading to JAK-STAT pathway activation, which then activates STAT5b, a key 

transcription factor that enhances gene expression. Concurrently, GH signalling also 

activates other pathways, such as MAPK and PI3K-AKT-mTOR. In summary, the 

upregulation of these pathways in MSCs treated with ralimetinib in co-culture with AML 

cells suggests that their activation may reduce leukemic growth, making them crucial 

pathways.  

We also performed RNA sequencing of AML cells to find out what pathways are 

changed in leukemia in case of disrupted communication with MSCs when p38 is 

inhibited by ralimetinib. This would help to identify potential mechanisms. 

Transcriptomic profiling of AML cells was performed for two conditions: 
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1. AML (KG1a and MOLM13), after co-culture with MSCs; 

2. AML (KG1a and MOLM13), after co-culture with MSCs with ralimetinib. 

Analysis of RNA sequencing was conducted by subtracting differentially regulated genes 

(comparison 1 vs 2) for each MSC-AML pair. The resulting lists of genes, with their 

log2(fold change) values, indicate which genes are more suitable for suppression or for 

increased expression in AML  growth in vitro as a response to ralimetinib treatment. To 

identify the universal regulator mechanisms in AML which promote growth, Venn 

diagrams were used to identify common genes that were differentially expressed in 

MSCs after co-culture experiments with three AML cell lines, highlighting those that 

were either down- or up-regulated. This search found 2 common up-regulated (JUN and 

RHOB) genes and 2 common down- (HIC1 and IGFBP5) regulated genes (Figure 36). 

 

 

In normal myeloid cells, RHOB levels decline during differentiation. However, in AML, 

this process is hindered, and low RHOB expression is frequently linked to poorer 

prognosis and may contribute to chemotherapy resistance. Conversely, elevating RHOB 

Figure 36. Gene expression in AML after co-culture with MSCs. 

Comparative analysis of differentially expressed genes in KG1a and MOLM13 AML cell lines after co-

culture with MSCs. 

(A) Venn diagrams show the overlap significantly down- or up-regulated genes in AML blasts following 

co-culture with MSCs.  

(B) Heatmaps illustrate the expression patterns of commonly regulated genes, red color depicts up-

regulated genes and blue color depicts down-regulated gene.  

The color scale represents log2FC with blue color indicating down-regulation and red color indicating 

up-regulation. Threshold adj.p-value<0.05. 
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levels can induce terminal differentiation in AML cells, suggesting its potential as a 

differentiation therapy for the disease.  

Role of IGFBP-proteins (insulin-like growth factor binding proteins) in AML cells is not 

well known. Authors29 postulated that IGFBP5 serves as a tumor repressor in AML cells 

and helps AML cells to be less chemoresistant. 

Generally, taken together, the down-regulation of genes in MSCs appears to restrict both 

the metabolic and structural support of the stromal niche for AML cells. Instead of 

reinforcing AML progression, MSCs with reduced expression of inflammatory 

mediators, extracellular matrix remodelling enzymes, and lineage differentiation markers 

appear less able to sustain leukemic growth. These findings highlight a potentially 

protective adaptation of MSCs that may contribute to improved patient prognosis. 

Moreover, targeting stromal pathways that sustain AML - such as pro-inflammatory 

chemokine signalling, adipogenesis, osteogenesis, and fibrosis - may represent a 

promising therapeutic approach to disrupt the leukemia-supportive microenvironment. 

6.9.1 Selection of most influential novel druggable cancer-associated genes in 

human bone marrow-derived MSCs 

To identify potential molecular targets in MSCs for therapeutic remodelling and 

disrupting their supportive role to AML cells, a set of principles was developed. First, 

the priority was given to genes with expression levels in MSCs that correlated with 

patient outcome, using publicly available transcriptomic and clinical data (R2 Genomic 

analysis and visualization platform91). This ensured our targets were not only 

experimentally relevant but also clinically meaningful. Second, attention was paid to the 

new targets, not well investigated. Main focus was on targets that hadn't been thoroughly 

explored in previous research, seeking to identify new regulators of stroma-leukemia 

interactions rather than rehashing well-established mechanisms. Third, emphasising and 

pursuing translational research, it was essential to demonstrate the druggability of these 

selected targets. The ability to pharmacologically modulate an identified target is a 

critical criterion for its investigation, as it directly determines the feasibility of 

therapeutic intervention and as a consequence potential treatment of real patients. An 

additional key factor in our target selection strategy was the potential for repurposing 

existing drugs. Repurposing involves using approved drugs for new therapies, and it's 

become a major trend in cancer research and tissue biology. By matching our MSC 

targets with compounds already in pharmaceutical databases, this project sought to speed 
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up the process from discovering targets to using them in therapy. This approach not only 

cuts down on time and cost for developing new drugs but also leverages established 

safety and effectiveness profiles. Therefore, identifying novel druggable stromal targets 

that can be modulated with repurposed agents presents a promising approach to disrupt 

MSC-AML interactions to improve patients´ outcomes.  

In recent years, drug repurposing has gained prominence in biomedical research and 

translational medicine. Researchers like Harald H.H.W. Schmidt highlight its potential 

to speed up treatment development92. The traditional organ-centric approach and 'one 

disease - one target - one drugò dogma hinder innovation. Systems and network medicine 

are revolutionizing disease understanding, diagnosis, and treatment. Instead of 

descriptive phenotypes, endotypes are defined by causal, multitarget signalling modules 

that clarify comorbidities. Effective therapy now often involves synergistic 

multicompound network pharmacology and drug repurposing, bypassing traditional 

discovery and speeding clinical application92,93. 

The usual drug discovery process is slow, expensive, and risky: millions of compounds 

are tested, but few reach trials. Developing new drugs can cost billions and take over a 

decade. In contrast, drug repurposing is cost-effective and faster, as approved drugs 

already have safety profiles and can skip early testing, reducing costs and failure risks94. 

Repurposing has succeeded in cancer, infectious diseases, and neurodegenerative 

disorders. Systematic efforts to find and validate repurposable drugs are crucial in 

translational science, especially for high-need fields like AML95.  

We selected five genes: UNC5B, IL7R, HAS2, SPX, IL17D, illustrated in Figure 37 by 

the principle of the distinct nature of their respective proteins and their roles in various 

pathways. Only these five genes showed exactly the same pattern in MSCs co-cultured 

with three different AML cell lines. These genes were selected by applying the principles 

described above: druggability by available pharmaceutics, novel pathways in MSCs, 

correlation with patients outcomes (Figure 38). UNC5B and IL7RŬ are two receptors 

found on MSC surface cells, capable of modulating cell-to-cell communication. HAS2 

is a transmembrane enzyme that produces hyaluronan, a key component of the 

extracellular matrix. SPX is a hormone called spexin, while upregulated in p38Ŭ 

dependent manner IL17D is one of the lesser-known interleukins from the IL-17 family; 

both are secreted by MSCs and may influence responses through soluble factors. 
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Since clinical data on MSCs was not available, gene expression was examined in 

available Bohlanderôs dataset (GSE37642) using R2 Genomics analysis and visualization 

platform (Figure 38). This dataset was created through bulk RNA sequencing of 

leukemic cells obtained from blood of 422 AML patients and Kaplan-Mayer overall 

survival of these patients were generated using R2 Genomic browser. Notably, similar 

expression patterns were observed for UNC5B and HAS2, whereas IL7R and SPX did not 

show such patterns, as revealed by the R2 Genomic Browser. These survival data 

convinced us to continue exploring identified potential genes of p38Ŭ pathway in MSCs 

as promising specific targets for stroma-directed AML treatment.  

 

Figure 37. Selected novel and druggable target genes regulated by p38Ŭ in human MSCs.  

The heatmap demonstrates expression level of respective genes in human MSCs after co-culture with 

different AML cells in the presence of ralimetinib. The color is respectful for the log2FC. Data represent 

log2FC values from MSC´s RNA sequencing. 
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The next section describes the methodology used to validate experimental findings 

through analysis of publicly available RNA sequencing datasets. These datasets contain 

gene expression profiles from human normal and AML bone marrow samples. 

Integrating such datasets serves as an independent validation strategy, providing a 

broader perspective on gene expression changes associated with AML development and 

growth compared to the normal bone marrow microenvironment. Specifically, Chen et 

al35 (in further description ï Raaijmakers´ dataset) isolated bone marrow-derived 

mesenchymal stem cells from cryopreserved samples, characterized by the markers 

7AAD-, CD45-, CD71-, CD235a-, CD31-, and CD271+ from both healthy donors and 

AML patients (age 18-25 years old). Importantly, all patients got an intensive induction 

therapy with two cycles: first one with idarubicin and cytarabine with or without 

lenalidomide; second - with daunorubicin, cytarabine with or without lenalidomide 

(Clinical trial HOVON-132). The authors isolated total RNA using TRIzol method and 

performed bulk RNA sequencing to analyse gene expression in MSCs during AML 

development and progression. Their analysis revealed that many genes exhibit similar 

expression trends between AML and healthy samples. On the other hand, this study 

focuses on identifying genes of particular clinical importance. Our inclusion criteria for 

genes were based on their changes in expression observed in our RNA sequencing data. 

Specifically, we considered genes that were downregulated in our bulk RNA sequencing 

experiment under treatment with ralimetinib, indicated by a negative log2FC (meaning 

decreased expression linked to AML growth inhibition). Conversely, in the public 

dataset, these same genes should show an upregulated pattern, with a positive log2FC in 

AML patients compared to healthy donors. Therefore, for a gene to be considered 

relevant, its expression should be downregulated in the presented data but upregulated in 

the normal vs AML patient dataset. This inverse relationship - down in our experiment 

and up in patient data - helps identify genes that are significantly involved in AML 

development and response to treatment in actual patients.  

First, Venn diagrams were generated to visualize gene overlaps. Of the 45 downregulated 

genes in our RNAseq data, 18 were common with genes in the real patient's MSCs 

(Figure 39A). Additionally, out of 27 downregulated genes in MSCs, 19 overlapped with 

Figure 38. Gene expression of UNC5B, IL7RŬ and HAS2 in AML cells in 422 AML patients.  

Kaplan-Mayer overall survival of 422 patients were generated using R2: Genomics Analysis and 

Visualization Platform (http://r2.amc.nl) in GSE37642. Expression of SPX and IL17D were not 

presented in this dataset. 
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genes that were either up- or downregulated in MSCs isolated from both normal and 

AML patients (Figure 39C). 

Genes with Log2FC values that do not match correctly between the current RNAseq data 

and RNAseq of patient-derived MSCs were excluded and rest of the genes were 

compared. The results are shown with the average expression levels of each gene in 

MSCs after co-culture with KG1a, MOLM13, or NB4 AML cells (Figure 39B, D). 

 

 

In addition, another bulk RNAseq dataset of AML patient-derived MSCs was analysed. 

Zhang et al.96 obtained BM from AML patients (high- and moderate-risk, 28-35 years 

old) and healthy donors (27-31 years old). Bone marrow mononuclear cells were isolated 

Figure 39. Correlation of gene expression patterns in the present bulk RNAseq of MSCs after co-

culture with KG1a, MOLM13, and NB4 in the presence of ralimetinib and publicly available bulk 

RNAseq of purified HD/AML -patient-derived MSCs (Raaijmakers´ dataset).  

Common 18 genes between downregulated genes (A) (overlapping 40,0%) and common 19 upregulated 

genes (B) (overlapping 70,3%) in MSCs in the presence of ralimetinib with list of the bulk RNAseq 

dataset of purified MSCs from BM of healthy or AML donors, published by Marc Raaijmakers. 

Comparison of common, matched correctly, 11 down- (B) and 9 up-regulated (D) DE genes in MSCs 

after co-culture with tree AML cell lines in the presence of ralimetinib with respectively up- and down-

regulated genes in MSCs, isolated from BM of healthy and AML donors (Raaijmakers´ RNAseq dataset). 

Log2FC values are presented for p< 0.05. 
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using standard Ficoll-400-based gradient centrifugation and obtained cells were 

maintained in DMEM/F12 (Hyclone) media, supplemented with 10% FBS (Gibco), 1% 

glutamine, 100 U/ml penicillin-streptomycin, 2 ng/ml bFGF and 10 ng/ml EGF 

(Peprotech). Media was changed every 3 days. Total mRNA was extracted from obtained 

cells at the passage 3 by utilizing TRIzol protocol, qualified by NanoDrop and sequenced 

in Novogene (China) (in the further text ï Han´s dataset).  

Again, for this analysis Venn diagrams were generated to visualize gene overlaps. Out 

of the 45 downregulated genes in the present RNAseq data, 10 were common with genes 

in the real patient's MSCs (Figure 40A). Additionally, out of 27 downregulated genes in 

MSCs, 8 overlapped with genes that were either up- or downregulated in MSCs isolated 

from both normal and AML patients (Figure 40C). 

Genes with Log2FC values that did not match correctly between the current RNAseq 

data and RNAseq of patient-derived MSCs were excluded, and the rest of the genes were 

compared. The results are shown with the average expression levels of each gene in 

MSCs after co-culture with KG1a, MOLM13, or NB4 AML cells in the presence of 

ralimetinib (Figure 40B, D). 
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The next question was to highlight the genes most responsible for MSC-dependent AML 

growth. For this, the down- or upregulated genes from Figure 39B and D were overlaid 

with the list of genes from Figure 40B and D. Resulted list of the most crucial down- or 

upregulated genes in MSCs with correct match to the patient´s data is presented in the 

Figure 41. 

 

 

Figure 40. Correlation of gene expression patterns in the present bulk RNAseq of MSCs after co-

culture with KG1a, MOLM13, and NB4 in the presence of ralimetinib and publicly available 

bulk RNAseq of cultured MSCs from AML and healthy donors (Han´s dataset).  

Common 10 genes between downregulated genes (A) (overlapping 22,2%) and common 8 upregulated 

genes (B) (overlapping 29,6%) in MSCs in the presence of ralimetinib with list of the bulk RNAseq 

dataset of purified MSCs from BM of healthy or AML donors, published by Zhongchao Han. 

Comparison of common, matched correctly, 10 down- (B) and 8 up-regulated (D) DE genes in MSCs 

after co-culture with tree AML cell lines in the presence of ralimetinib with respectively up- and down-

regulated genes in MSCs, isolated from BM of healthy and AML donors (Han´s RNAseq dataset). 

Log2FC values are presented for p< 0.05. 

Figure 41. Expression of key p38Ŭ-dependent genes in MSCs in co-culture in the presence of 

ralimetinib, correlated with two published datasets.  

Common down- and upregulated DE genes in the present bulk RNAseq of MSCs after co-culture with 

KG1a, MOLM13, and NB4 in the presence of ralimetinib and publicly available bulk RNAseq of MSCs 

from AML and healthy donors (Raaijmakers´ and Han´s dataset).  
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Two genes were downregulated in MSCs after co-culture with three different AML cell 

lines in the presence of p38Ŭ inhibitor ralimetinib, whereas there is upregulation of them 

in the MSCs of AML patients B3GNT5 and UNC5B (Figure 41), what makes these two 

genes a ñbad guysò in MSCs and which are promoting AML growth and can be targeted 

by ralimetinib. Other 6 genes were up-regulated (CDH4, IGFBP2, IGFBP5, IL17D, 

TSPAN8, WNT2B). 

Out of all genes in the list presented in Figure 41, only the UNC5B and IL17D can be 

therapeutically intervened. UNC5B (UNC-5 netrin receptor B) encodes a netrin receptor 

crucial for development and disease, acting as a dependence receptor involved in cell 

survival, migration, and apoptosis, particularly in axon guidance, angiogenesis, and 

tissue repair. Research literature indicates that UNC5B acts as a receptor upstream of 

ERK1/2, p38Ŭ-, PI3K-AKT-pathways97,98, suggesting it plays a role in MSC 

reprogramming. Upon ligand binding, UNC5B phosphorylates PKC, thereby activating 

kinase cascades. The classical ligands for UNC5B receptor are netrins (1,3,4). Netrin-1, 

the best-known ligand, was initially identified as an axon-guidance molecule but is now 

recognized for its involvement in inflammation and chronic diseases 99. Its levels are 

increased in AML patients100 and it can be secreted by MSCs101. While its expression in 

AML cells remains unclear, it has been found upregulated in various tumors102. An 

interesting feature of UNC5B is that it induces DAPK1-mediated apoptosis when no 

ligand is bound to the receptor, which is why it is called a dependence receptor98. This 

leads to the fact that an overexpression of UNC5B in AML cells increases their 

chemosensitivity29. When combining the tumor-promoting effects after ligand binding 

and the pro-apoptotic effects when no ligand is bound, the possibilities that could arise 

from neutralizing antibodies against UNC5B or its ligands become clear: they could 

inhibit UNC5B-signalling in MSCs to prevent their reprogramming and also increase 

chemosensitivity in AML cells29. Only one study identified oleanolic and ursolic acids 

as direct inhibitors of UNC5B. It showed that targeting UNC5B with these acids inhibits 

growth and EMT and enhances chemosensitivity to niraparib in ovarian cancer cells29.  

It is worth noting some genes whose expression is increased in the present bulk RNAseq, 

but downregulated in MSCs, derived from AML patients. Firstly, the up-regulation of 

IGFBP-2 and -5 in MSCs was observed in response to AML in the presence of 

ralimetinib. Authors29 have reported that these secreted proteins can suppress the growth 

of THP1 and U937 cells by inducing cell apoptosis and arresting G1/S transition, and 

promote the chemosensitivity of U937 and THP1 cells to daunorubicin and cytarabine. 
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Similarly, the addition of recombinant IGFBP7 to the AML cells induces differentiation 

and loss of survival of LSCs103. On the other hand, IGFBP2 serum protein expression in 

AML patients is increased according104. Authors highlight that the risk of primary 

resistant disease is approximately 4 times higher in patients with high IGFBP2 expression 

compared to those with low IGFBP2 expression.  

Second druggable (in a form of recombinant protein) target is IL17D which exhibited a 

similar pattern of expression in our RNAseq analysis. This protein belongs to the IL17 

family, which also comprises IL17A, IL-17B, IL-17C, IL-17E (IL-25), and IL-17F. 

Among these, IL17A is the most well-known and extensively studied, whereas IL17D 

remains the least understood; even the receptor is unknown. An interesting study105 has 

demonstrated that IL17D can bind to the non-canonical CD93 in ILC3s; IL17D-CD93 

binding reduces inflammation in colon, downregulating production of IL22. Mice with 

deletion of IL17D were more susceptible to acute colitis, bacterial infection and 

experimentally induced colon cancer than their wildtype counterparts. 

When applying multiple-testing correction (adjusted p-value, or FDR threshold, e.g. false 

discovery rate), only one gene remained really biologically statistically significant and 

showed a robust, strongest association with AML-related, p38Ŭ-dependent changes in 

the MSC-AML communication. To gain a broader view of transcriptional remodelling 

in MSCs, I have examined the full differential expression output using nominal p-values 

and effect sizes (Figure 39, 40 and 41). This exploratory analysis identified gene 

expression patterns and candidate pathways that wouldn't be visible under very strict 

FDR filtering.  

Thus, subsequently, I have applied FDR-based selection to highlight the most robust 

findings and prioritize genes with the strongest clinical evidence relevance. This filtering 

yielded only one gene ï UNC5B, generating the strongest AML-related, p38Ŭ- and MSC-

dependent gene signature (Figure 42). UNC5B expression in the present RNAseq data of 

human MSCs after co-culture with human KG1a, MOLM13, or NB4 AML cell lines in 

the presence of ralimetinib demonstrates a significant reduction of its expression: average 

Log2FC of UNC5B between three AML cell lines in the presence of ralimetinib is -

2,28636, whereas in the real AML patients, average Log2FC between two independent 

publicly available bulk RNAseq of AML -patient-derived MSCs is +1,7372 (Figure 42). 
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Based on the RNAseq results and selected targets, we focused on a panel of druggable 

targets for direct in vitro comparative functional testing. This allowed us to be safe: if 

one target doesn't work, or several ï we would exclude it.  

Hereby, there is a final list of target genes in MSCs, which were used in all further 

analyses: UNC5B, IL7RŬ, SPX, IL17D, HAS2. 

6.9.2 Analysis of scRNAseq data of AML patients 

To validate the identified genes in MSCs within the bone marrow niche and to highlight 

the clinical significance of this study, two additional approaches were taken: isolating 

MSCs from both healthy and AML donors and analysing published single-cell RNA 

sequencing datasets of cells isolated from the bone marrow of AML donors. 

Unfortunately, I was not successful with scRNAseq analysis. One scRNAseq dataset of 

MSCs (GSE128423) in MLL3-mutated mice showed no common significant gene 

signatures in MSCs. Analysing Log2FC and FRD for UNC5B, SPX, IL17D, IL7R, and 

HAS2 did not clarify their roles in MSC- and p38-dependent AML growth and 

development. The FRD values of these genes were close to 1, indicating minimal or no 

change. Likely, in the mouse KMT3-MLL3 AML model, these genes are not 

significantly altered, as mouse AML relies on MSCs through other genes and factors. P. 

van Galen et al106 published scRNAseq data of BM of AML patients (GSE116256), but 

unfortunately, initially all CD45 negative cells were sorted out. In other dataset 

Figure 42. Statistically significant characterization of expression levels of UNC5B in MSCs in 

co-culture with AML cells in the presence of ralimetinib in the present RNAseq data and in 

publicly available (Raaijmakers´ and Han´s).  

Log2FC is indicated with a larger font size; the smaller font shows the p-value for the current RNAseq 

data and the adjusted p-value (FDR) for publicly available data. 
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GSE185381 of patients with AML relapse stromal cells were poorly annotated, some 

parameters are not available, what makes analysis impossible. Only one dataset exists, 

published by Prof. Dr. Marc Raaijmakers35, but we have not yet obtained access to this 

dataset.  

6.9.3 Validation of target gene expression in patient-derived MSCs 

In addition, we collected bone marrow aspirates from healthy and AML donors and 

performed density gradient isolation of bone marrow-derived mononuclear cells and 

seeded cells in the flasks in Mesenchymal-XF Expansion medium (Millipore). After 10-

12 days of growing, monolayers of the cells were washed with PBS and lysed for RNA 

extraction.  

Several key genes of interest (GOIs) were selected for RT-qPCR analysis. Almost all 

GOIs, except HAS2, showed no significant difference between healthy and AML donors. 

IL1B, IL6, IL17D expressions were not observed at all (Ct value more than 38-40). 

CXCL, UNC5B, RUNX2, PPARG, FASN, and HAS2 displayed opposite tendencies to 

what was expected. These genes are downregulated in AML-derived MSCs, an unusual 

phenomenon that should be the opposite (Figure 43).  
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The reasons of such results are not clear, but it might be because naïve MSCs are more 

proliferative, dominating cultures of differentiated MSCs. The loss of in vivo imprinting 

Figure 43. Transcriptional profiling of donor´s MSCs.  

Each dot present the middle value of expression GOI in one donor. Statistical significance: Mann 

Whitney test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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could also be due to markers expressed in the BM niche disappearing during culture as 

phenotypic normalization occurs. Without niche signals in media, these markers fade. 

Media also makes matter; and we do not know the exact composition of Mesenchymal-

XF Expansion medium (Millipore). It may contain factors that support non-differentiated 

cells while maintaining the stem state. Additionally, MSCs are epigenetically plastic, and 

without niche signals, lineage-associated genes are silenced, causing relaxation in 

culture. 

6.9.4 Short-listed genes regulated by p38Ŭ in MSCs and their inhibitors 

To validate identified genes of interest obtained from RNA sequencing of MSCs, the RT-

qPCR experiment was performed. Figure 44 shows the expression levels of UNC5B, 

SPX, IL7RŬ, IL17D, and HAS2 genes in human MSCs after co-culture with human AML 

cells in the absence or presence of ralimetinib. This data demonstrates the successful 

verification of results, which were obtained with RNA sequencing.  

 

 

According to all the mentioned principles, several targets and corresponding compounds 

modulating their activity were selected (Table 17). There were navarixin (inhibitor of 

CXCR1/2), rhIL17D, neutralizing antibodies against IL7RŬ, oleanolic and ursolic acids 

(inhibitors of UNC5B), and 4-Methylumbelliferon (inhibitor of HAS2), and they were 

selected to primary test for inhibition of AML growth. Concentrations of the compounds 

were chosen to be non-toxic for MSCs and AML cells (Table 15).  

Figure 44. Verification of RNAseq results by RT-qPCR of human MSCs, taken after long co-

culture experiment (day 21) with different human AML cell lines in the presence of ralimetinib. 

 A. After co-culture with KG1a. B. After co-culture with MOLM13. C. After co-culture with NB4. N=1. 

Statistical significance was calculated between technical triplicates using unpaired t-test; *p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Table 17. List of selected drugs which were used for screening of targets and its 

effect in proliferation of MOLM13 in vitro in co-culture with human MSCs. 

Target Drug Effect 

CXCR1/2 Navarixin weak 

IL17D rhIL17D YES 

IL7RŬ Neutraliting antibodies YES 

UNC5B Oleanolic and  

Ursolic acids 

YES 

HAS2 4MU YES 

SPX no - 

 

To understand the effectiveness of listed drugs in terms of inhibiting AML growth, 

human MSCs were seeded into the plates, pretreated with selected compounds in 

different concentrations and MOLM13-iRFP720-Luc cells were co-cultured for 1 week. 

After this, all cells were collected by centrifugation and lysed for the luciferase activity 

measurement (Figure 45).  
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The selection of compounds was based on their threshold anti-proliferative activity of 

ralimetinib in a co-culture experiment with human MSCs and MOLM13 AML cells. All 

inhibitors of UNC5B and HAS2, neutralizing antibodies against IL7D as well as 

recombinant IL17D blocked efficiently AML proliferation in co-culture with MSCs 

(Figure 45). Navarixin (inhibitor of CXCR1/2) was excluded from further experiments 

because of its limited ability to inhibit AML growth. Combining in vitro experiments, 

analysis of literature and bulk RNA sequencing of the patient´s MSCs, a final list of 

compounds together with the outcome of in vitro data was generated and presented in the 

Table 17. To elaborate and visualize the possible mechanisms of stroma-AML crosstalk 

via UNC5B, IL7RŬ, IL17D and HAS2 regulation, a scheme has been generated (Figure 

46). Inhibition of p38Ŭ by ralimetinib leads to downregulation of UNC5B, IL7RŬ, SPX 

and HAS2 and upregulation of IL17D expression in MSCs, co-cultured with MSCs. 

Pharmacological modulation of these identified targets within p38Ŭ pathway in MSCs 

restricts AML growth due to disruption of stroma-AML communication.   

 

Figure 45. Results of co-culture experiment between human MSCs and MOLM13-iRFP720-Luc 

cells with potential drugs at the different concentrations. 

 Drugs were classified as excluded and selected groups due to comparison with the inhibitory effect of 

ralimetinib. One-way ANOVA was used to test the significance of the decrease in the luminescence 

signals compared to DMSO control, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. N=1. 

Statistical calculation is done between technical triplicates.  
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6.9.5 Generation of shRNA to prove results with compounds 

To confirm the effects seen with pharmacological compounds and highlight their specific 

modulation of MSCs, a knockdown of target genes was generated in the MSC cells. Table 

16 represents the sequences of shRNA against each target.  

Table 18. Sense sequences of shRNA against identified targets in MSCs. 

Target Number TRCN Sequence 

MAPK14 TRCN0000010052 GTTCAGTTCCTTATCTACCAA 

UNC5B TRCN0000061816 TGTCGGACACTGCCAACTATA 

SPX TRCN0000371443 CCGGAAAGACGAAGCCCAAAT 

IL7RŬ TRCN0000058232 CTGATTGGAAAGAGCAATATA 

HAS2 TRCN0000425428 TACGATTCCTGGATCTCATTC 

 

Sequences of shRNA were cloned into the pLKO.1-Neo vector using AgeI and EcoRI 

restriction sites and verified by Sanger sequencing. Lentiviruses were produced in 

HEK293FT cells, which were co-transfected with pMD2.G, psPAX2, and target 

pLKO.1-Neo plasmids. The viruses were concentrated using a PEG6000/NaCl protocol, 

and human MSCs were transduced with spin infection in retronectin-coated plates, using 

stromal media supplemented with virus and polybrene. Subsequently, the cells were 

selected with G418 for 3 weeks, expanded, and cryopreserved. 

To generate human MSC cells with overexpression of IL17D, MSCs were transfected 

with pCMV6-hIL17D-MycDDK plasmid and cells were selected with G418 for 3 weeks, 

expanded and cryopreserved.  

To determine knockdown and overexpression efficacy, wild-type MSCs, or with gene 

knockdowns (shMAPK14, shUNC5B, shSPX, shHAS2, shIL7RŬ) and gene 

overexpression (OE-IL17D) were seeded into 6-well plates, grown for 3 days and lysed 

for RNA extraction. The results of RT-qPCR analysis are presented in Figure 47. 

Figure 46. Strategy for targeting MSCs: highlighted mechanisms and their drugs.  

UNC5B-receptor can be inhibited by oleanolic or ursolic acids. IL7R (CD127) can be inhibited by 

neutralizing antibodies. HAS2 can be inhibited by 4-methylumbelliferone (4-MU). Since MSCs 

express IL17D, supplementation the media with rhIL17D is possible.  
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6.9.6 Regulation of p38Ŭ pathway in MSCs by identified target genes 

Previous Western blot analyses (Figure 14) demonstrated that ralimetinib effectively 

inhibits the activation of p38Ŭ via phosphorylation and consequently impacts its 

downstream target, HSP27. Therefore, the objective also included investigating the 

effects on the p38Ŭ kinase pathway in MSCs in co-culture with AML  cells, utilizing 

pharmacological agents or gene knockdown of identified targets. Thus, it was aimed to 

evaluate the signalling hierarchy to assess which proteins act upstream or downstream of 

p38Ŭ within the investigated pathway.  

For this purpose, human MSC cells were seeded into plates, pretreated with drugs, and 

co-cultured with KG1a for 30 minutes. In a separate experiment, control wild type MSCs 

and their sublines with knockdown of target genes were seeded in plates and co-cultured 

with KG1a for 30 minutes. Western blot analysis shows that only two selected drugs, 

Figure 47. Knockdown efficacy in human MSCs of target genes. Knock down efficacy of respective 

shRNA: MAPK14 ï 85%; UNC5B ï 99%; SPX ï 96%; IL7R ï 80%; HAS2 ï 89%. Overexpression of 

IL17D is å650 times more than in control WT cells. N=2. One representative graph per gene.  
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IL17D and 4MU, can prevent phosphorylation of p38Ŭ as well as downstream HSP27 in 

MSCs in response to co-culture with KG1a AML cells (Figure 48A).  

 

 

One of the disadvantages of applying pharmaceutical compounds is that they often have 

numerous side effects, mediated by off-target effects; these compounds can inhibit or 

activate many pathways and do not effect specific targets accurately. shRNA-constructs 

are a more precise and targeted tool, which is why we are utilizing them in the present 

project. Thus, possibly, Western blot analyses show that the knockdown of UNC5B is 

the most effective in significant downregulation of p38Ŭ phosphorylation and 

downstream HSP27 (Figure 48B).  

Combining together, perhaps, possible mechanisms of communication between MSCs 

and AML cells is going via UNC5B-p38Ŭ pathway in MSCs, highlighting that UNC5B 

receptor regulates activation of p38Ŭ (Figure 49). 

Figure 48. Western blot analysis of MSCs in co-culture with KG1a with selected drugs: (A) or 

targeted knockdown of selected genes (B), actin was used as a loading control. N=1.  
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6.10 Molecular mechanisms of p38Ŭ-dependent AML-driven reprogramming of 

MSCs: functional assays 

6.10.1 Role of identified targets on tumor-supporting functions of MSCs: growth of 

AML 

To investigate the direct effects of AML growth inhibition by selected compounds, a 

modified co-culture protocol was established and utilized. Briefly, human MSCs were 

seeded in plates, then the cells were pretreated with compounds. On the next day, 

MOLM13 cells were seeded in co-culture with MSCs at low density. Plates were 

incubated for 10 days, microphotographs demonstrates that all selected compounds can 

significantly inhibit MOLM13 growth in co-culture with human MSCs (Figure 50A). 

Cell counting at the end point shows that median growth of MOLM13 for ralimetinib is 

å49%; for ursolic acid å57%; for oleanolic acid å32%; for supplementation media with 

rhIL17D - å62%; for neutralizing antibodies against IL7RŬ å63%, for 4MU å16,3% 

(Figure 50B), suggesting that identified novel compounds targeting p38Ŭ pathway might 

be in principle more specific and effective than ralimetinib itself.  

Figure 49. Possible mechanisms of p38Ŭ-pathway regulation in MSCs and related MSC-AML 

cell-to-cell communications. Created in Biorender. 
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To confirm the supportive role of identified target genes in MSCs in AML growth, MSCs 

with different genetic modifications were subjected to the co-culture experiment with 

MOLM13 AML cells. The choose of MOLM13 was done because mutation profile of 

this cell line is associated with poor prognosis and relapse. Similarly, co-culture protocol 

was utilized for this purpose. Briefly, human MSCs were seeded in plates, and then 

MOLM13 cells were seeded in co-culture with MSCs at low density. Plates were 

incubated for 10 days, microphotographs demonstrate that genetic modification of 

Figure 50. The results of co-culture experiments between human MSCs and human MOLM13 

AML cells. 

(A) Representative microphotographs (200x) of the human coculture experiment with human MSCs 

and MOLM13 on day 10. The reduction in the amount of AML blasts on the stromal cell monolayers 

in the presence of selected inhibitors is clearly evident and visible.  

(B) Cell counting results of MOLM13 cells, N=3. Statistical significance: one-way ANOVA; 

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 



 
134 

 

identified genes can significantly inhibit MOLM13 growth in co-culture with human 

MSCs (Figure 51A). Cell counting at the end point shows that median growth of 

MOLM13 on MSCs with shRNA against MAPK14 is å 35%, SPX å61%, HAS2 å76%, 

IL7RŬ å 38%, UNC5B å25%; OE of IL17D å62% (Figure 51B).  

 

 

Figure 51. The results of co-culture experiments between human MSCs with knockdowns of target 

genes and human MOLM13 AML cells. 

(A) Representative microphotographs (200x) of the human coculture experiment with human MSCs and 

MOLM13 on day 10. The reduction in the amount of AML blasts on the stromal cell monolayers with 

knockdown modifications is clearly evident and visible.  

(B) Cell counting results of MOLM13 cells, N=2. One representative graph. Statistical significance was 

calculated using technical triplicates: one-way ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001. 
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By employing two approaches - pharmacological inhibition and shRNA-mediated 

knockdown of protein targets in MSCs - we observe suppression of MSC-dependent 

AML growth. Using a selective small-molecule inhibitors result in a significant reduction 

in AML proliferation, while shRNA knockdown of the same target produces a similar 

effect. Overall, these findings support target validation and demonstrates the role of these 

targets in MSCs in context of MSC-dependent AML growth, making them feasible 

therapeutic targets. 

6.10.2 Targeting the p38 pathway in MSCs impairs the proliferation of AML cells 

Cell cycle analysis is a crucial approach in cancer biology that supports the analysis of 

proliferation and growth data.  A protocol, established for this project, is based on the 

incorporation of BrdU into newly synthesised DNA strands of actively proliferating cells. 

When BrdU incorporation assays are combined with DNA dyes such as propidium iodide 

(PI), it is possible to resolve cell cycle phases in a given cell population into G0 /G1, S, 

and G2 /M phases.  

For this experiment, human MSCs were seeded in plates, preincubated with compounds, 

and then human AML cells were seeded at medium density. BrdU was added on the third 

day for three hours followed by staining with anti-BrdU antibodies and PI and measured 

with flow cytometer (Figure 52).  

 

 

In the current experiment, cell cycle analysis was successfully performed and revealed 

non-significant down- or up-regulation of S-phase in monoculture of AML cells. In 

contrast, in co-culture with MSCs, most compounds showed a slight, significant decrease 

in the S-phase cell population, except ralimetinib. Possibly, in this model, our identified 

compounds demonstrate higher efficacy in downregulating S-phase due to unexplained 

Figure 52. Scheme of cell cycle analysis experiment. Created in Biorender. 
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synergism in AML cells. That indicates lowered proliferative activity in the treated 

cancer cells (Figure 53). 

 

 

To demonstrate that compounds specifically target MSCs without affecting AML cells 

Figure 53. MSC-targeting drugs control cell cycle of AML in co-culture.  

A. Common gating strategy for the cell cycle analysis. B. Examples of plots. S-phase is gated, percentages 

were taken for the analysis (PI is propidium iodide) C. Graphs, representing the number of cells in S-phase 

(in %). Grey color shows no inhibitor treatment, blue bar ï with respective inhibitor treatment (ralimetinib, 

oleanolic acid, ursolic acid, anti-IL7R, rhIL17D and 4MU treatments). N=1. See supplemental figure S4 

for the analysis of KG1a and NB4. Statistical significance was calculated between technical triplicates 

using unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 



 
137 

 

directly, the same method was used for co-culture experiments with WT human MSCs 

and MSCs with knockdowns (shMAPK14, shSPX, shUNC5B, shIL7R, shHAS2) or 

overexpression of IL17D. These data confirm that targeting p38Ŭ pathway in MSCs with 

different pharmacological drugs - acting up ï or down-stream of p38Ŭ - achieves the 

same effect: blocking the proliferation of AML cells. 
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6.10.3 Role of identified targets on tumor-supporting functions of MSCs: migration of 

AML 

Since AML cells tend to localize in bone marrow niches for protection, they are closely 

associated with MSCs, endothelial cells, and pericyte-like stromal populations. These 

niches are rich in chemokines, cytokines, and extracellular matrix components. 

Therefore, a migration of AML cells towards MSCs was analysed to assess the 

chemotactic behaviour of AML cells in response to stromal-derived signals. MOLM13 

cells were seeded in Boyden´s chambers with 8 µm pores and were placed in the plate 

with seeded MSCs WT or with genetic modifications. After 3 days migrated into the 

plate AML cells were photographed and counted (Figure 55A). Knocking down 

MAPK14 and SPX genes, or overexpression IL17D, results in about a 50% reduction in 

AML cell migration. Conversely, silencing UNC5B in MSCs causes a 64% decrease in 

AML cell migration (Figure 55B). No effect on migration of AML cells was found for 

knock-down of HAS2 and IL7RŬ in MSCs. 

 

Figure 54. Knockdowns of identified genes in MSCs lead to downregulation of S-phase in 

MOLM13 AML in co -culture with MSCs. 

 Graphs, representing the number of cells in S-phase (in %). N=1. Statistical significance was 

calculated between technical triplicates using unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001. 
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6.10.4  Role of identified targets on CTL activity 

To analyse whether genetic modifications of human MSCs with respect to the p38Ŭ 

pathway can impact the activity of CTLs, sublines of human MSCs with genetic 

modifications were co-cultured with MOLM13 to collect CM. Activation of human 

CD8+ T cells, negatively isolated from PBMCs of healthy donors, was performed in 

plates coated with anti-CD3/CD28.1 antibodies for 2 days in the presence of CM 

collected from MSCs, supplemented with IL2. Then, T cells were transferred to U-

bottom plates, the media with CM was exchanged and T cells were incubated for an 

additional 3 days with IL2 (Figure 56). 

Figure 55. Genetic modification of MSCs leads to decreased migratory ability of MOLM13 AML 

cells. 

A. Microphotographs of migrated AML cells. B. Results of migrated AML cell counting. N=1. Statistical 

significance was calculated between technical triplicates: one-way ANOVA; *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001. 



 
140 

 

Surface molecules CD25 and CD69 are surrogate markers of activated CD8 T cells. 

Differences in CD69 expression were not observed depending on genetic modification 

of MSCs (Figure 56C), but CD25 expression on T cells was increased in co-culture of 

MOLM13 with MSCs bearing knockdown of all tested identified genes, demonstrating 

maximum of T cell activation when hMSC-shUNC5B or hMSC-shIL7RŬ were used 

(Figure 56D). 

 








































































































































