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1 Summary 
Ibrutinib serves as an efficient second-line therapy in relapsed/refractory mantle cell 

lymphoma. However, resistance to the BTK inhibitor results in a poor prognosis for patients. 

Since the mechanisms leading to resistance in initially responding tumor cells are poorly 

understood, this work aimed to decipher acquired features in ibrutinib-surviving cells of a 

sensitive mantle cell lymphoma cell line and evaluate these potential therapeutic targets in 

ibrutinib-treated mantle cell lymphoma. 

Time-resolved single-cell RNA sequencing was performed to track the transcriptomic 

evolution of REC-1 cells across 6 and 48 hours of treatment. Single-cell analysis uncovered 

a subpopulation of REC-1 with potentially greater aggressiveness and survival advantage 

by benefiting from interaction with the tumor microenvironment. Upregulation of B-cell 

receptor genes, elevated surface antigen expression of CD52 and metabolic rewiring to 

higher dependence on oxidative phosphorylation were identified as further potential 

resistance features of ibrutinib-surviving cells. RNA sequencing after prolonged incubation 

corroborated the increase in CD52 and oxidative phosphorylation as dominant 

characteristics of the cells surviving the 4-day treatment, highlighting their potential as 

therapeutic targets in combination with ibrutinib treatment. Concomitant use of ibrutinib and 

the oxidative phosphorylation inhibitor IACS-010759 increased toxicity compared to 

ibrutinib monotherapy due to higher apoptosis and greater inhibition of proliferation. For 

anti-CD52 therapy, a consecutive approach with ibrutinib pretreatment followed by 

incubation of surviving cells with a CD52 monoclonal antibody and human serum yielded a 

synergistic effect, as ibrutinib-surviving mantle cell lymphoma cells were rapidly depleted 

by complement-dependent cytotoxicity. Regarding the effects on primary tumor cells from 

mantle cell lymphoma patients, ibrutinib induced upregulation of CD52 in some cases, and 

increased toxicity of anti-CD52 therapy was observed in ibrutinib-sensitive patient samples 

after pretreatment with the BTK inhibitor. The likely favorable in vivo efficacy of an anti-

CD52 therapy might therefore be restricted to a subgroup of mantle cell lymphoma patients, 

also in view of the associated side effects. 

Given the need for new therapeutic options in mantle cell lymphoma to overcome resistance 

to ibrutinib, this work highlights the potentially beneficial use of an oxidative phosphorylation 

inhibitor as add-on therapy. In addition, the findings suggest to further assess the value of 

anti-CD52 therapy as consolidation to ibrutinib in ibrutinib-sensitive patients with elevated 

CD52 surface levels on tumor cells to target resistant clones and minimize risk of minimal 

residual disease and relapse. 
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2 Zusammenfassung 
Ibrutinib dient als wirkungsvolle Zweitlinientherapie beim rezidivierten/refraktären 

Mantelzell-Lymphom. Jedoch führt eine Resistenz gegen den BTK-Inhibitor zu einer 

schlechten Prognose für die Patienten. Da die Mechanismen, die zur Resistenz in initial 

ansprechenden Tumorzellen führen, nur unzureichend bekannt sind, hatte diese Arbeit zum 

Ziel, erworbene Eigenschaften in Ibrutinib-überlebenden Zellen einer sensitiven Mantelzell-

Lymphom Zelllinie aufzudecken und darauf basierende therapeutische Ansätze im Ibrutinib-

behandelten Mantelzell-Lymphom zu evaluieren. 

Eine Einzelzell-RNA-Sequenzierung wurde durchgeführt, um die Entwicklung des 

Transkriptoms der REC-1 Zellen über eine Behandlung von 6 und 48 Stunden zu verfolgen. 

Die Einzelzellanalyse offenbarte eine Subpopulation der REC-1 Zelllinie, die 

möglicherweise eine größere Aggressivität und einen Überlebensvorteil aufwies, da sie von 

der Interaktion mit dem Tumormikromilieu profitieren könnte. Die Hochregulation von B-Zell 

Rezeptor Genen, erhöhte Oberflächenantigenexpression von CD52 und eine Umstellung 

des Metabolismus auf eine stärkere Abhängigkeit von der oxidativen Phosphorylierung 

wurden als weitere mögliche Resistenzeigenschaften der Ibrutinib-überlebenden Zellen 

identifiziert. Eine RNA-Sequenzierung nach längerer Inkubation bestätigte den Anstieg von 

CD52 und oxidativer Phosphorylierung als dominante Merkmale der Zellen, die die 4-tägige 

Behandlung überlebten, was ihr Potential als therapeutische Ansatzpunkte in Kombination 

mit einer Ibrutinib Therapie hervorhob. Die gleichzeitige Anwendung von Ibrutinib und dem 

Inhibitor der oxidativen Phosphorylierung, IACS-010759, erhöhte die Toxizität im Vergleich 

zur Ibrutinib-Monotherapie aufgrund einer gesteigerten Apoptose und einer stärkeren 

Hemmung der Proliferation. Bei der Anti-CD52-Therapie erzielte der konsekutive Ansatz 

mit Ibrutinib-Vorbehandlung und anschließender Inkubation der überlebenden Zellen mit 

einem monoklonalen CD52-Antikörper und humanem Serum einen synergistischen Effekt, 

da die unter Ibrutinib überlebenden Zellen schnell durch die komplementabhängige 

Zytotoxizität eliminiert wurden. Hinsichtlich der Auswirkungen auf primäre Tumorzellen von 

Mantelzell-Lymphom-Patienten führte Ibrutinib in manchen Fällen zu einer Hochregulierung 

von CD52, und in Ibrutinib-empfindlichen Patientenproben wurde nach Vorbehandlung mit 

dem BTK-Inhibitor eine erhöhte Toxizität der Anti-CD52-Therapie beobachtet. Die 

wahrscheinlich günstige In-vivo-Wirkung einer Anti-CD52-Therapie könnte daher auf eine 

Subgruppe von Mantelzell-Lymphom Patienten beschränkt sein, auch im Hinblick auf die 

damit verbundenen Nebenwirkungen. 

Angesichts des Bedarfs an neuen therapeutischen Optionen beim Mantelzell-Lymphom zur 

Überwindung der Ibrutinib-Resistenz unterstreicht diese Arbeit den potentiell vorteilhaften 
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Einsatz eines Inhibitors der oxidativen Phosphorylierung als Zusatztherapie. Darüber 

hinaus legen die Ergebnisse nahe, den Nutzen einer Anti-CD52-Therapie als 

Konsolidierung zu Ibrutinib bei Ibrutinib-empfindlichen Patienten mit erhöhter CD52 

Oberflächenexpression auf Tumorzellen näher zu untersuchen, um resistente Klone zu 

beseitigen und das Risiko einer minimalen Resterkrankung und eines Rückfalls zu 

minimieren. 
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5 Abbreviation Index 

% (w/v) Percent weight per volume 
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× g Relative centrifugal force 
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ADCP Antibody-dependent cellular phagocytosis 
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BCL10 B-cell lymphoma/leukemia 10 

BCL2 Apoptosis regulator Bcl-2 

BCL2A1 BCL2 related protein A1 

BCL6 B-cell lymphoma 6 protein 

BCR B-cell receptor 

BEAM Carmustine, etoposide, cytarabine, melphalan 

BHLHE40/41 Class E basic helix-loop-helix protein 40/41 

BIRC3 Baculoviral IAP repeat containing 3 

BMI1 BMI1 proto-oncogene, polycomb ring finger 

BNIP3 BCL2 interacting protein 3 

BP Biological processes 

BR Bendamustine, rituximab 

BSA Bovine serum albumin 

BTK 
BTK 

Bruton tyrosine kinase 
Tyrosine-protein kinase BTK 

CARD11 
CARD11 

Caspase recruitment domain family member 11 
Caspase recruitment domain-containing protein 11 

CAR T cell Chimeric antigen receptor T cell 
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Cbl Chlorambucil 

CCND1/D2/D3/E1/E2 
CCND1 

Cyclin D1/D2/D3/E1/E2 
G1/S-specific cyclin-D1 

CD10 Neprilysin 

CD19 B-lymphocyte antigen CD19 

CD20 B-lymphocyte antigen CD20 

CD23 Low affinity immunoglobulin epsilon Fc receptor 

CD37 Leukocyte antigen CD37 

CD40 
CD40 

CD40 molecule 
Tumor necrosis factor receptor superfamily member 5 

CD40L CD40 ligand 

CD5 T-cell surface glycoprotein CD5 

CD52 
CD52 

CD52 molecule 
CAMPATH-1 antigen 

CD79A, CD79B 
CD79A, CD79B 

B-cell antigen receptor complex-associated protein alpha/beta chain 
CD79a molecule, CD79b molecule 

CD83 CD83 molecule 

CDC Complement-dependent cytotoxicity 

CDK4 Cyclin dependent kinase 4 

CDKN2A Cyclin dependent kinase inhibitor 2A 

CEBPB CCAAT/enhancer-binding protein beta 

CHOP Cyclophosphamide, doxorubicin, vincristine, prednisone 

CIRBP Cold inducible RNA binding protein 

CLL Chronic lymphocytic leukemia 

CML Chronic myeloid leukemia 

CO2 Carbon dioxide 

CT Computed tomography 

Ctr Control 

CVP Cyclophosphamide, vincristine, prednisone 

CXCL10 C-X-C motif chemokine ligand 10 

DAG Diacylglycerol 

d Day(s) 

DDIT3 
DDIT3 

DNA damage inducible transcript 3 
DNA damage-inducible transcript 3 protein 

DDIT4 DNA damage inducible transcript 4 

DEG Differentially expressed genes 

DHAP Dexamethasone, high-dose cytarabine, cisplatin 
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DLBCL Diffuse large B-cell lymphoma 

DMSO Dimethyl sulfoxide 

DPBS Dulbecco’s Phosphate Buffered Saline 

DTT Dithiothreitol 

DUSP2 Dual specificity phosphatase 2 

ECAR Extracellular acidification rate 

EDTA Ethylenediaminetetraacetic acid 

EGFR Epidermal growth factor receptor 

ETC Electron transport chain 

ERK Mitogen-activated protein kinase 

et al. et alia 

ETS1 Protein C-ets-1 

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

FDA United States Food and Drug Administration 

FDG Fluorodeoxyglucose 

FISH Fluorescence in situ hybridization 

FL Follicular lymphoma 

GEM Gel Beads-in-emulsion 

GRN Gene regulatory network 

GSEA Gene set enrichment analysis 

h Hour(s) 

HCl Hydrochloric acid 

HCVAD Cyclophosphamide, vincristine, doxorubicin, dexamethasone 

HIF-1α Hypoxia-inducible factor 1-alpha 

HILPDA Hypoxia inducible lipid droplet associated 

HIS Heat-inactivated human serum 

HIV Human immunodeficiency virus 

HMGB3 High mobility group protein B3 

HMGN3 High mobility group nucleosomal binding domain 3 

H2O2 Hydrogen peroxide 

IC50 Half maximal inhibitory concentration 

IGHV Immunoglobulin heavy chain variable region 

IgM, IgD, IgG Immunoglobulin M, D, G 

IKK Inhibitor of nuclear factor kappa-B kinase 
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IL-4 Interleukin-4 

IP3 Inositol 1,4,5-trisphosphate 

IRF4 Interferon regulatory factor 4 

ITAM Immunoreceptor tyrosine-based activation motif 

ITK Tyrosine-protein kinase ITK/TSK 

IκB Inhibitor of nuclear factor kappa-B 

JUNB Transcription factor JunB 

K2HPO4 Dipotassium hydrogen phosphate 

KEGG Kyoto Encyclopedia of Genes and Genomes 

Ki-67 Proliferation marker protein Ki-67 

KRAS KRAS proto-oncogene, GTPase 

LDH L-lactate dehydrogenase 

LDHA 
LDHA 

Lactate dehydrogenase A 
L-lactate dehydrogenase A chain 

LGALS1 Galectin 1 

Log2FC Log2FoldChange 

LTB Lymphotoxin-beta 

LYN Tyrosine-protein kinase Lyn 

M Molar concentration [mol/l] 

mAb Monoclonal antibody 

MAC Membrane-attack complex 

MALT1 Mucosa-associated lymphoid tissue lymphoma translocation protein 1 

MAPK Mitogen-activated protein kinase 

MARCKSL1 MARCKS-related protein 

MCL Mantle cell lymphoma 

MFI Mean fluorescence intensity 

mIg Membrane immunoglobulin 

min Minute(s) 

MIPI-c Combined MCL International Prognostic Index 

MRD Minimal residual disease 

mTOR Serine/threonine-protein kinase mTOR 

mTORC1 Mammalian target of rapamycin complex 1 

MTT 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

Multiple sclerosis MS 

MXI1 Max-interacting protein 1 
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MYC MYC proto-oncogene, BHLH Transcription factor 

Na2HPO4 × 2H2O Disodium hydrogen phosphate dihydrat 

NaCl Sodium chloride 

NaN3 Sodium azide 

Na-O-V Sodium orthovanadate 

NF-κB Nuclear factor kappa B 

NFKB1 Nuclear factor NF-κB p105 subunit 

NFKB2 Nuclear factor NF-κB p100 subunit 

NFKBIA NFKB inhibitor alpha 

NFKBID NFKB inhibitor delta 

NHL Non-Hodgkin Lymphoma 

NHS Normal human serum 

NK cell Natural killer cell 

NOTCH1/2 Notch receptor 1/2 

ns Not significant 

NSD2 Nuclear receptor binding SET domain protein 2 

OCR Oxygen consumption rate 

OXPHOS Oxidative phosphorylation 

padj Adjusted P-value 

PARP Poly (ADP-ribose) polymerase 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate-buffered saline 

PCA Principal component analysis 

PCR Polymerase chain reaction 

PET Positron emission tomography 

PGK1 Phosphoglycerate kinase 1 

PI Propidium iodide 

PI3K Phosphatidylinositol 4,5-bisphosphate 3-kinase 

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PIP3 Phosphatidylinositol 3,4,5-trisphosphate 

PKCβ Protein kinase C beta type 

PLCγ 1-Phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1 

PMSF Phenylmethyl sulphonyl fluoride 

POU2AF1/2 POU domain class 2-associating factor 1/2 

PTEN Phosphatase and tensin homolog 
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qRT-PCR Quantitative reverse transcription PCR 

R Rituximab 

RB1 RB transcriptional corepressor 1 
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REL 
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RELB Transcription factor RelB 

RIN RNA integrity number 
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RT Room temperature 
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SOX11 
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SRY-box transcription factor 11 
Transcription factor SOX-11 

SP1 Transcription factor Sp1 
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SPI1 
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Transcription factor PU.1 
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Spi-B transcription factor 
Transcription factor Spi-B 
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TBS Tris-buffered saline 

TBS-T Tris-buffered saline with Tween® 20 
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TF Transcription factor 
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TME Tumor microenvironment 

TNF Tumor necrosis factor 

TP53 Tumor protein p53 

TRAF2/3 TNF receptor associated factor 2/3 

TRIB3 Tribbles pseudokinase 3 
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WHO World Health Organization 

XBP1 X-box-binding protein 1 
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6 Introduction 

6.1 Hallmarks of cancer 

Deviations from the regulated cell life cycle can cause abnormal growth and spread of cells 

and eventually lead to the emergence of cancer. Next to diseases of the circulatory and 

respiratory system, malignant neoplasms are the leading causes of death in the world, 

emphasizing the need for a deeper understanding of this heterogeneous disease to improve 

patient care [1]. 

Despite the differences between cancers, some specific characteristics of cancer cells that 

distinguish them from healthy cells have been defined as the Hallmarks of Cancer (Figure 

1; [2, 3]). 

 
Figure 1:  The Hallmarks of Cancer. The Hallmarks of Cancer include the two enabling 
characteristics of genome instability and mutation, as well as tumor-promoting inflammation, and the 
eight functional features of sustaining proliferative signaling, deregulating cellular metabolism, 
avoiding immune destruction, resisting cell death, inducing or accessing vasculature, enabling 
replicative immortality, evading growth suppressors, as well as activating invasion and metastasis. 
Modified from Hanahan 2022 [3]. 

Cancer cells are characterized by enhanced proliferation profiting from the interaction with 

surrounding stromal cells [4]. Cellular aging is evaded by unlimited replicative potential 

attained by the cancer cells’ intrinsic mechanisms to maintain their telomeres [5]. 

Immortality is achieved by bypassing tumor suppressive systems like defects in tumor 

suppressor genes [6]. When the interplay of pro- and antiapoptotic players is not properly 

regulated, the cells can circumvent controlled cell death [7]. The acquisition of aberrant 
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features is based on the genomic instability and the widely occurring mutations [8]. While 

cancer cells can escape the immune system, which is normally meant to remove aberrant 

cells, they also take advantage of the presence of immune cells and the inflammatory 

conditions that provide, for instance, signaling molecules for angiogenesis [9]. Angiogenesis 

is crucial for cancer cells, since it ensures sufficient access to nutrients [10]. By altering 

cellular functions, cancer cells can invade to other tissues and metastasize [11]. Besides, 

oncogenesis is associated with adaptations and alterations in cellular metabolism [12]. 

Although these properties confer aggressive features to tumor cells, they also provide 

targets for cancer therapy.  

6.2 Mature B-cell neoplasms 

The International Classification of Diseases for Oncology, Third Edition (ICD-O-3), classifies 

cancer according to its localization in the body (topography), tissue or cells of origin and 

their behavior (morphology) [13]. Neoplasms are categorized as carcinomas, sarcomas, 

myelomas, leukemias, or lymphomas, which refer to tumors of the lymphatic system. 

Historically, mature lymphoid malignancies have been subdivided into Hodgkin-lymphoma, 

with the characteristic presentation of Reed-Sternberg cells, and the more common Non-

Hodgkin lymphomas (NHL), which account for 90% of all lymphomas [14]. According to the 

World Health Organization (WHO) classification from 2016, NHL are nowadays classified 

as mature T-cell, natural killer (NK)-cell, and mature B-cell neoplasms, the latter 

representing more than 80% of NHL [15-17]. NHL rank among the most common 

neoplasms and occupied the 13th place in the ranking of new cancer cases in 2020 

(Globocan 2020, [18]). The group of these diverse entities is dominated by follicular 

lymphoma (FL), which usually has an indolent course, and diffuse large B-cell lymphoma 

(DLBCL), which is characterized by a more aggressive behavior [19]. The initial event 

driving oncogenesis in B cells is often a translocation involving the immunoglobulin heavy 

chain variable region (IGHV) locus on chromosome 14q32. During B-cell development, 

when recombination of V(D)J segments occurs, translocations can lead to the juxtaposition 

of proto-oncogenes to enhancer regions of the IGHV region. Constitutive expression of 

these oncogenic drivers, such as cyclin D1 (CCND1) in mantle cell lymphoma (MCL), 

causes the transformation into aberrant B cells [20]. However, this event is quite rare 

considering that MCL is diagnosed in only 3-10% of NHL [21, 22]. 
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6.3 Mantle cell lymphoma 

Mantle cell lymphoma is a mature B-cell neoplasm with characteristic presentation of 

aberrant small B cells in the mantle zone of lymphoid follicles [15]. Besides the primary 

localization in the lymph nodes, MCL often involves the bone marrow, spleen, 

gastrointestinal tract, liver, and peripheral blood [23]. Although it is classified as an 

aggressive B-cell lymphoma, patients may also follow an indolent course without requiring 

immediate treatment [24]. MCL is still considered incurable, and the median overall survival 

is only 3-5 years [23]. However, young patients in particular have benefited from the use of 

cytarabine and rituximab-based treatments and autologous stem cell transplantation 

(autoSCT), improving the progression-free and overall survival rates [25]. The disease 

mostly occurs at older ages, above 60 years, with men more commonly affected than 

women, at a ratio of 3:1 [24, 26]. 

6.3.1 Molecular background 

Mantle cell lymphoma cells are thought to originate from pre-B cells in the bone marrow, 

although in some cases the initiating oncogenic alteration may also occur at a later stage 

of mature B-cell development [27, 28]. Following rearrangement of the heavy and light chain 

regions, chromosomal breaks are required for the formation of a functional B-cell receptor 

(BCR; [29]). In MCL, CCND1, at chromosome 11q13, comes under the control of the 

immunoglobulin heavy chain enhancer at chromosome 14q32 leading to overexpression of 

the proto-oncogene and to cell cycle deregulation [30]. The translocation t(11;14)(q13;q32) 

with CCND1 overexpression represents the genetic hallmark of MCL [27]. In a few cases 

with histology and phenotype of MCL, negativity for G1/S-specific cyclin-D1 (CCND1) is 

observed, whereas transcription factor SOX-11 (SOX11) is expressed and can serve as 

marker [31]. Instead of CCND1, cyclin D2 (CCND2) rearrangements and, less frequently, 

cyclin D3 (CCND3) are detected in these cases, with a small subgroup showing only cyclin 

E1/cyclin E2 (CCNE1/CCNE2) dysregulation [32]. 

MCL cases are categorized according to the WHO classification 2016. Two different 

molecular pathways of tumor cell expansion are mainly distinguished resulting in the 

classical and leukemic non-nodal subtype [15, 33]. In more than 90% of MCL cases, SOX11 

is overexpressed, and the patients are assigned to the classical (conventional) form with 

nodal involvement [31, 34]. The naïve-like B cells do not transit the germinal center (pre-

germinal center cells), are characterized by genomic instability, and show minimal or no 

mutations in the IGHV [35, 36]. The leukemic non-nodal variant, with involvement of bone 

marrow and spleen next to peripheral blood, often follows a more indolent course [37]. The 
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memory-like B cells enter the germinal center (post-germinal center cells), acquire IGHV 

somatic hypermutations, and present a more stable genome with minimal or lacking SOX11 

expression [38]. Secondary genetic alterations are more common in classical than in non-

nodal MCL and may result in a more aggressive tumor of pleomorphic and blastoid variant 

(10% to >20% of cases) [39, 40]. Apart from the classical and non-nodal subtype, in situ 

mantle cell neoplasia is distinguished as a rare and early manifestation of MCL in the inner 

mantle zones, characterized by CCND1 positivity, low proliferation, and an indolent course 

[41]. 

Aggressive features of MCL derive from genomic alterations such as somatic mutations 

which occur more often in MCL than in chronic lymphocytic leukemia (CLL), but less often 

than in DLBCL or other lymphoid malignancies [42, 43]. Next to the typical t(11;14) 

translocation, rearrangements of MYC proto-oncogene, BHLH Transcription factor (MYC) 

have been observed, however these are rather rare [44]. Other genetic alterations that are 

associated with cell cycle deregulation in MCL include loss of cyclin dependent kinase 

inhibitor 2A (CDKN2A; [45]) and RB transcriptional corepressor 1 (RB1; [46]) or 

amplification of BMI1 proto-oncogene, polycomb ring finger (BMI1; [47]), and cyclin 

dependent kinase 4 (CDK4; [48]). The most common mutations affect ATM serine/threonine 

kinase (ATM; 42-55%) and tumor protein p53 (TP53; mutations 11%, deletions 16%) 

causing aberrant DNA damage repair and dysregulated apoptosis [49-51]. Mutations of 

notch receptor 1/2 (NOTCH1/2) contribute to dysregulated cell death, as well as cell 

proliferation, and were linked to poor overall survival in MCL [52, 43]. Additionally, somatic 

mutations in the alternative nuclear factor kappa B (NF-κB) pathway were described for its 

negative regulators baculoviral IAP repeat containing 3 (BIRC3, 6%) and TNF receptor 

associated factor 2 (TRAF2, 10%) leading to reduced dependency on classical NF-κB 

signaling [53]. 

6.3.2 Diagnosis and clinical background 

Initial presentation of MCL patients mostly occurs at progressed disease (Ann Arbor Stage 

III, IV) with lymphadenopathy and systemic B symptoms (fever, night sweats, unintentional 

weight loss; [54]). Diagnosis is based on lymph node biopsies or blood aspirates and bone 

marrow biopsies [55]. Following histopathology, the MCL cells can be assigned to classical 

variant with small to medium sized B cells containing irregular nuclei or the more aggressive 

blastoid or pleomorphic variant [26]. The blastoid variant is characterized by medium sized 

cells resembling lymphoblasts with fine chromatin and roundish nuclei, whereas 

pleomorphic cells are larger, contain irregular nuclei and resemble DLBCL [56]. In 

immunohistochemistry, MCL cells usually present with positivity for the T-cell surface 
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glycoprotein CD5 (CD5), the B-lymphocyte antigens CD19 and CD20 (CD19 and CD20), 

surface immunoglobulin M and D (IgM and IgD), the CD20 epitope FMC-7, strong nuclear 

positivity for CCND1, SOX11, and are negative for low affinity immunoglobulin epsilon Fc 

receptor (CD23), neprilysin (CD10), and B-cell lymphoma 6 protein (BCL6; [57]). 

Uncommonly, MCL patients can also present with CD10+, CD5-, CCND1-, SOX11- , and 

CD23+. Fluorescence in situ hybridization (FISH) analysis is performed for the detection of 

the translocation t(11;14) and may include TP53 status. Further methods include computed 

tomography (CT) of neck, chest, abdomen, and pelvis, gastrointestinal endoscopy to detect 

or assess gastrointestinal involvement, full blood count including L-lactate dehydrogenase 

(LDH), uric acid levels, and testing for infections with immunodeficiency virus (HIV), 

hepatitis B and C [57, 58]. As the central nervous system is only rarely affected, lumbar 

punctures are performed only in the case of neurological symptoms or for high-risk patients. 

The Ann Arbor classification serves for initial staging and for evaluating disease progression 

with respect to number and localization of affected lymph node regions, extranodal or 

extralymphatic involvement (early stage I, II; advanced stage III, IV), and includes an 

additional indicator for the presence or absence of systemic B symptoms [59]. The 

combined MCL International Prognostic Index (MIPI-c) assigns patients to four prognostic 

groups (high, high-intermediate, low-intermediate, low) based on their age, Eastern 

Cooperative Oncology performance status, LDH levels, leucocyte count, and proliferation 

marker protein Ki-67 (Ki-67) index. Ki-67 status helps to assess the aggressiveness of 

tumor cells, with Ki-67 expression above 30% indicating high proliferative activity associated 

with worse overall survival [39]. 

6.3.3 B-cell receptor signaling 

The expression and proper function of the BCR is imperative for B-cell development [60]. 

Research in the field of primary immunodeficiency X-linked agammaglobulinemia (XLA) by 

the pediatrician Dr. Ogden Bruton led to the discovery that a mutated tyrosine kinase gene, 

named Bruton tyrosine kinase (BTK) after its inventor, resulted in dysfunctional B-cell 

development with a deficiency of mature peripheral B and plasma cells in circulation [61]. 

As de Weers et al. showed, that stimulation of the BCR leads to tyrosine phosphorylation 

of the tyrosine-protein kinase BTK (BTK), the kinase endowed a central role in functional 

BCR signaling [62].  

The BCR consists of a membrane immunoglobulin (mIg) and a disulfide-bonded B-cell 

antigen receptor complex-associated protein alpha and beta chain (CD79A-CD97B) 

heterodimer, whose cytoplasmic domains contain the immunoreceptor tyrosine-based 

activation motifs (ITAMs) [63]. Upon binding of antigens and cross-linking of BCR, 
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downstream signaling involves 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase 

gamma-1 (PLCγ), mitogen-activated protein kinase (ERK, MAPK), NF-κB signaling 

molecules and RAC-alpha serine/threonine-protein kinase (AKT). These non-receptor 

protein tyrosine kinases mediate the key signaling in B cells. In detail, ITAMs are 

phosphorylated after cross-linking of the BCR by a Src-family protein tyrosine kinase, e.g. 

tyrosine-protein kinase Lyn (LYN), resulting in the activation of tyrosine-protein kinase SYK 

(SYK) at created docking sites [64]. Following phosphorylation of the cytoplasmic domain 

of the BCR co-receptor CD19 by LYN, phosphatidylinositol 4,5-bisphosphate 3-kinase 

(PI3K) is activated and then produces phosphatidylinositol 3,4,5-trisphosphate (PIP3) [65]. 

One function of PIP3 is the recruitment of AKT to the cell membrane, where it is 

phosphorylated twice to become fully activated [66]. AKT exerts anti-apoptotic functions 

and mediates pro-survival signals through activation of serine/threonine-protein kinase 

mTOR (mTOR; [67, 68]). Secondly, PIP3 recruits BTK to the cell membrane, where SYK or 

LYN phosphorylates the BTK causing subsequent autophosphorylation and leading to its 

full activation [69, 70]. The BTK is then able to phosphorylate PLCγ2, which, in turn, cleaves 

phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG), which acts as a second messenger activating protein kinase C beta 

type (PKCβ) [71]. PKCβ can then activate MAPK family members, such as ERK1/ERK2 by 

phosphorylation via RAS signaling or directly activate the classical NF-κB pathway through 

the CBM complex consisting of caspase recruitment domain-containing protein 11 

(CARD11), B-cell lymphoma/leukemia 10 (BCL10), and mucosa-associated lymphoid 

tissue lymphoma translocation protein 1 (MALT1) [72]. The CBM complex induces 

activation of the multi-subunit inhibitor of nuclear factor kappa-B kinase (IKK) complex which 

phosphorylates the inhibitor of nuclear factor kappa-B (IκB) releasing the bound NF-κB into 

the nucleus. Saba et al. proved the importance of BCR and canonical NF-κB signaling for 

tumor proliferation especially in MCL of the lymph nodes [73]. 

6.3.4 Frontline treatment 

Even though MCL may progress aggressively, patients with asymptomatic presentation, low 

tumor burden, and stable disease can be monitored with a “watch and wait”-strategy for a 

long period of time [74]. However, most patients require immediate treatment tailored to 

their physical condition and age (Figure 2). The toxicity of the chosen therapy and the 

patient’s comorbidities dictate the therapeutic regimen to ensure the best possible quality 

of life, as chemotherapies, particularly in elderly patients, can be associated with severe 

side effects such as hematologic malignancies, myelotoxicity, and neurotoxicity, limiting 

their applicability [75]. 
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Figure 2:  Treatment of advanced mantle cell lymphoma (Ann Arbor Stage III, IV). Abbreviations:  
w & w – watch and wait; R – rituximab; CHOP – cyclophosphamide, doxorubicin, vincristine, 
prednisone; DHAP – dexamethasone, high-dose cytarabine, cisplatin; THAM – total body irradiation, 
high-dose cytarabine, melphalan; BEAM – carmustine, etoposide, cytarabine, melphalan; HCVAD – 
cyclophosphamide, vincristine, doxorubicin, dexamethasone; VR-CAP – rituximab, 
cyclophosphamide, doxorubicin, bortezomib, prednisone; BAC – bendamustine, cytarabine; BR – 
bendamustine, rituximab; Cbl – chlorambucil; CVP – cyclophosphamide, vincristine, prednisone; 
autoSCT – autologous stem cell transplantation; alloSCT – allogeneic stem cell transplantation. 
Modified from onkopedia guidelines on mantle cell lymphoma (May 2021; [58]) and Silkenstedt et al. 
[23]. 

Autologous stem cell transplantation following chemoimmunotherapy in combination with 

rituximab and high-dose consolidation regimen represents the most promising option for 

young (≤ 65 years) and fit patients [26]. Owing to the superiority of cytarabine-based 

regimens before transplantation, induction therapy includes R-DHAP (rituximab plus 

dexamethasone, high-dose cytarabine, and cisplatin [or oxaliplatin, carboplatin]) as a 

standard of care [76, 26]. A regimen with alternating cycles of R-DHAP and R-CHOP 

(rituximab with cyclophosphamide, doxorubicin, vincristine, and prednisone) was shown to 

prolong remission compared to R-CHOP alone and reduces the usage of toxic alkylating 

(cyclophosphamide) and anthracycline (doxorubicin) agents [77]. Total-body irradiation with 
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high-dose cytarabine and melphalan (THAM), accompanied by a higher risk for long-term 

toxicity, and/or R-BEAM (rituximab, carmustine, etoposide, cytarabine, and melphalan) 

serve as transplantation conditioning regimens [78]. Rituximab maintenance following 

autoSCT improved overall survival of young patients significantly [79]. An intensive 

chemoimmunotherapy containing hyperfractionated cyclophosphamide, vincristine, 

doxorubicin, and dexamethasone plus rituximab (R-HCVAD) with alternating 

methotrexate/cytarabine represents a common strategy in the United States (US) which 

yielded high complete response rates but was accompanied by toxic side effects [57, 23].  

As the disease most commonly affects people of advanced age (> 65 years), dose-

intensified approaches may be inappropriate. Conventional chemoimmunotherapies 

including R-CHOP or bendamustine in combination with rituximab (BR) plus rituximab 

maintenance are selected for older patients who are not eligible for autoSCT [80]. A regimen 

including bortezomib, rituximab, cyclophosphamide, doxorubicin, and prednisone (VR-

CAP) may serve as another option, as it improved the overall survival of patients 

dramatically compared to R-CHOP [81]. Despite of its efficacy, the treatment may only be 

administered to high-risk patients due to the reported hematological toxicity. The same is 

true for treatment with rituximab, bendamustine, and cytarabine (R-BAC) [82].  

In elderly patients with multiple comorbidities, less aggressive, low-dose 

chemoimmunotherapies such as rituximab monotherapy or rituximab in combination with 

bendamustine (BR), chlorambucil (R-Cbl) or cyclophosphamide, vincristine, and 

prednisolone (R-CVP) are chosen [23].  

6.3.5 Treatment at first relapse 

Even though the initial response rate in MCL is high, patients relapse, and the remission 

duration shortens with each line of treatment [83]. An allogeneic stem cell transplantation 

(alloSCT) as consolidation after response to second-line treatment allows for long-term 

disease-free survival [84]. Due to the high risk for severe side effects and transplant-related 

mortality, the approach may be considered for young and fit patients with aggressive 

variants and without active disease [23]. Nevertheless, most patients are not available for 

alloSCT and receive a non-cross resistant chemotherapy with rituximab, that is high-dose 

cytarabine or bendamustine-based regimens such as R-BAC, when CHOP served as 

frontline treatment [26].  

Over the past decade, targeted approaches extended the range of therapy options in 

relapsed/refractory (RR) MCL. Since conventional chemotherapies are associated with 

severe toxicities, targeted treatment approaches are preferred as they ideally harm the 

tumor cells with fewer side effects on normal tissues and organs [85]. 
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The use of immunomodulatory agent lenalidomide, with direct cytotoxicity on tumor cells 

and positive stimulating effects on immune cells in microenvironment, resulted in longer 

progression-free survival in RR MCL compared with other single-agent therapies and is 

approved as treatment in relapse setting [86]. Despite the associated adverse events of 

neutropenia and thrombocytopenia, the combination with rituximab in first-line therapy 

proved clinical efficacy with respect to high response rates and survival [87].   

The proteasome inhibitor bortezomib represents the first targeted approach which was 

approved as single-agent therapy for treatment of RR MCL in the US [88]. Due to the 

improved outcome with VR-CAP treatment, bortezomib was also approved for frontline 

therapy of MCL in the US and Europe [81]. In other settings, e.g. in combination with high-

dose cytarabine in RR MCL [89] or with CHOP after first relapse [90], bortezomib showed 

activity in heavily pretreated patients and improved response and survival compared to 

CHOP only, respectively. 

The mTOR inhibitor temsirolimus improved survival and response in RR MCL compared to 

other single agents leading to its approval by the European Medicine Agency in 2009 [91]. 

In combination with bendamustine and rituximab, temsirolimus yielded promising results 

considering the response in relapsed MCL [92]. 

Targeting the apoptosis regulator Bcl-2 (BCL2) with venetoclax is a promising strategy, as 

the inhibitor achieved a response rate of 75% in MCL, which was the highest among the 

included NHL subtypes [93]. 

Due to the compelling results of single-agent ibrutinib in RR MCL in 2013, the BTK inhibitor 

revolutionized the field and much research and clinical trials focused on its efficacy over the 

past decade [94]. Besides its good tolerability, its superior efficacy compared with other 

therapies was particularly evident when used in early relapse (< 2 a) from first-line and is 

therefore the recommended second-line therapy [95, 96]. Since the combination of 

venetoclax and ibrutinib showed high efficacy in RR MCL, a phase III study started to assess 

whether the combination is superior to single ibrutinib therapy (SYMPATICO, 

NCT03112174; [97]). 

6.3.6 Ibrutinib 

A historic breakthrough in targeted treatment was the efficient inhibition of a dysregulated 

protein kinase in chronic myeloid leukemia (CML) by imatinib leading to its approval by the 

United States Food and Drug Administration (FDA) in 2001 [98]. Along this line, small 

molecules were developed which were able to block the BTK following the identification of 

its structure in the context of research on XLA in 1993 [99]. The first promising candidate, 

PCI-32765, later named ibrutinib, demonstrated clinical activity in dogs with spontaneous 
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B-cell NHL and was enrolled in clinical trials [100]. The inhibitor covalently and irreversibly 

binds to the cysteine 481 in the active site of BTK with an half maximal inhibitory 

concentration (IC50) of 0.5 nM [101]. The inhibition of BTK was associated with reduced cell 

growth and survival of tumor cells [102]. Ibrutinib weakened the phosphorylation of 

downstream kinases AKT and ERK1/2 which could be linked to the triggered cell death 

[103]. In clinical setting, ibrutinib causes decreased adhesion and chemotactic activity in 

MCL cells and provokes the redistribution of tumor cells into the blood [104]. 

Advani et al. published the first results of ibrutinib treatment in RR B-cell malignancies, 

whereby the responses in MCL patients were outstanding [105]. Due to the superior effects 

compared to standard chemotherapy in RR MCL, ibrutinib gained approval by the FDA in 

2013 as well as in Europe in 2014 and is sold under the trade name Imbruvica® [94]. By 

now, the FDA has approved ibrutinib for CLL, Waldenström’s macroglobulinemia, RR 

marginal zone lymphoma, and previously treated chronic graft-versus-host disease. 

Ibrutinib is a well-tolerated drug, which can be easily taken orally by patients at home [106]. 

Preliminary results suggested that a combination of ibrutinib with rituximab as first-line 

therapy may be beneficial in MCL, as its efficacy might be higher in treatment-naïve state 

and it would provide a chemotherapy-free option for old patients with frail condition [107]. 

6.3.6.1 Ibrutinib resistance 

Apart from primary resistance, which occurs in 10.2% to 35% of cases, 17.5 – 54% of MCL 

patients acquire a secondary resistance to the BTK inhibitor [108]. The reasons for 

resistance are multifaceted and only some have been studied so far. 

In primary resistance, dysregulation of distal BCR signaling such as persistent PI3K-AKT 

activation is assumed to play a role [109]. Additionally, MCL cells become insensitive to 

BTK inhibition when dependency on BCR-driven activation of the classical NF-κB pathway 

is lost by activating mutations in the alternative NF-κB pathway [53]. These characteristics 

were found in the MCL lines Z-138 and MAVER-1, which carry deletions in the negative 

regulators of the alternative NF-κB pathway TRAF2 and TRAF3, respectively [53]. Aberrant 

activation of the alternative pathway can also be triggered by Epstein-Barr virus infection 

as in the MCL cell lines Granta-519, JVM-2, and JVM-13 [110]. 

Previously reported mechanisms of secondary resistance include a C481S mutation at the 

ibrutinib binding site of the BTK, which results in reduced binding of the inhibitor and is 

associated with higher BTK and PI3K-AKT activity [109]. However, the BTK mutation is a 

rather rare event occurring in 16-17% of cases, whereas mutations in TP53, ATM, and 

nuclear receptor binding SET domain protein 2 (NSD2) are more common at disease 

progression after ibrutinib therapy [111, 112]. In 5.5% of patients in an MCL cohort, a 
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mutation in caspase recruitment domain family member 11 (CARD11) was detected which 

may support the chronic activation of BCR in MCL cells downstream of BTK [113].  

Next to inherent characteristics of tumor cells, adjacent cells can shield them from 

chemotherapeutic agents by forming protective niches. In MCL, the tumor 

microenvironment (TME) may trigger initiation of cell cycle progression and confer drug 

resistance [114]. Additionally, Zhao et al. identified PI3K-AKT-mTOR and β1-integrin 

signaling as pivotal drivers of TME-mediated ibrutinib resistance [115]. 

6.3.6.2 Second generation BTK inhibitors 

In addition to BTK, ibrutinib can inhibit the epidermal growth factor receptor (EGFR), the 

tyrosine-protein kinase ITK/TSK (ITK), and other kinases of the TEC family [116]. As these 

kinases are also expressed by T cells, NK cells, platelets, and macrophages, ibrutinib 

impairs their proper cell function [117-120]. Off-target activity of the covalent inhibitor may 

contribute to some clinically observed adverse events including bleeding, diarrhea, rash, 

infection, and atrial fibrillation [121, 118, 122]. Therefore, second generation BTK inhibitors 

have been developed. Similar to ibrutinib, acalabrutinib and zanubrutinib bind covalently to 

Cys481 and irreversibly block BTK, with acalabrutinib having the lowest off-target rate and 

highest selectivity among the three, and reduced cardiotoxicity compared to ibrutinib [116, 

123]. Non-covalent inhibitors are studied since, as opposed to their irreversible 

counterparts, they may also be effective in C418 mutated tumors due to a different 

mechanism of BTK inhibition. Pirtobrutinib has been tested in advanced B-cell malignancies 

including MCL and showed efficacy and good tolerability [124]. As the inhibitor reversibly 

binds to the ATP-binding pocket of BTK, but at a different site than the C418 residue, it is 

also beneficial for patients with prior covalent BTK inhibitor therapy [125]. 

6.3.7 Treatment of ibrutinib-resistant patients 

Ibrutinib-resistant MCL cells are characterized by high proliferation, poor response to 

following treatments, and patients have a short survival [126]. The progression of the 

disease with blastoid transformation is often associated with TP53 mutations [112]. 

At the second relapse, chemoimmunotherapy or targeted approaches may be appropriate, 

preferably within clinical trials. While one study showed that salvage chemoimmunotherapy 

has very poor outcome with only 32% response rate in post-ibrutinib patients [127], the R-

BAC regimen revealed a high response rate of 83% in patients pretreated with a BTK 

inhibitor (ibrutinib, acalabrutinib, tirabrutinib, M7583) and allowed successful bridging to 

alloSCT [128]. Venetoclax monotherapy with 53% response rate might provide another 

option with low toxicity [129]. Treatment with lenalidomide or lenalidomide combinations 
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only yielded 29% response and a median duration of response of only 5 months [130]. The 

use of second generation BTK inhibitors may serve as a future alternative. Cohen et al. 

reported 52% overall response rate for pirtobrutinib in MCL patients pretreated with covalent 

BTK inhibitors in a phase I/II clinical trial [125]. Except for the promising results with R-BAC, 

the overall and complete response to therapies after ibrutinib failure is poor, with short 

survival rates of barely more than one year. 

The latest and most impressive innovation for treatment of RR MCL is Chimeric antigen 

receptor T (CAR T)-cell therapy [131]. The ZUMA-2 study (NCT02601313) evaluated 

brexucabtagene autoleucel (KTE-X19) autologous anti-CD19 CAR T-cell therapy 

(Tecartus®) in RR MCL following one to five therapies including a BTK inhibitor [132]. The 

high objective response rate of around 90% with durable response in this heavily pretreated 

group led to its approval for RR MCL in the US (2020) and in Europe (2021). Due to the 

promising 3-year follow-up, extended follow-up is awaited to assess long-term remission 

with CAR-T KTE-X19 and its potential curative role [133]. Even though the safety profile of 

CAR T-cell therapy is considered as tolerable, treatment can cause severe life-threatening 

adverse events like cytokine release syndrome or immune effector cell-associated 

neurotoxicity syndrome [134]. Consequently, not all patients, usually of advanced age and 

with multiple comorbidities, are eligible. 

6.4 Single-cell RNA sequencing in cancer 

Next-generation sequencing has enabled high-throughput analysis of the genome, 

transcriptome, and epigenome, paving the way for genome-driven oncology [135]. Apart 

from the understanding of genetic alterations as the root for cancer, genome activity 

determines the behavior of diverse entities and subtypes. Therefore, exploring the 

transcriptomic landscape of cancer cells is crucial for functional genomic analysis identifying 

pathway dependencies or other vulnerabilities [136]. Intratumoral heterogeneity requires 

resolution at the single-cell level to detect biologically relevant differences within seemingly 

homogenous cancer cells [137]. Especially cell-to-cell differences in response to drug 

treatment dictate the success and duration of therapy, given the risk of resistant clones 

[138]. 

Analysis of individual cells has first been realized by microscopy and flow cytometry, and 

has progressed to single-cell microarrays and multiplexed quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) with microfluidic systems to study differential gene 

expression [139]. However, these methods are limited by sensitivity and scope of 

information. Single-cell RNA sequencing (scRNA-seq) combines advanced techniques in 

cell isolation and ultra-high-throughput analysis enabling sequencing of thousands of cells 



Introduction 

31 
 

and genes at reduced costs [140]. Compared to bulk RNA sequencing (RNA-seq), scRNA-

seq can identify rare cell populations and elucidate variable temporal dynamics across 

evolutionary processes or exposure to extrinsic stimuli at unprecedented resolution [141]. 

6.4.1 Droplet-based single-cell RNA sequencing 

To overcome limitations concerning throughput of plate-based methods for the isolation of 

single cells by fluorescence-activated cell sorting (FACS), microfluidic approaches were 

refined using droplet-based techniques [142]. 10x Genomics offers a commercially available 

platform for capturing high numbers of cells by applying the GemCodeTM technology [143]. 

In the 10x Genomics Chromium Controller with a multi-channel microfluidic chip, a single 

cell in solution with reagents for reverse transcription is encapsulated together with one 

unique barcoded gel bead by an oil phase forming the single-cell Gel Beads-in-emulsion 

(GEM). This reaction chamber allows for separated cell lysis, reverse transcription of 

transcripts into cDNA, and unique barcoding of the cDNA of every cell. Thereby, each 

transcript can be assigned to its cell of origin after pooled PCR amplification, library 

preparation and sequencing. The chemistry used by 10x covers only the 3’ ends of the 

transcripts, not the full-length sequence as is the case with Smart-seq2 [144]. Besides, the 

protocol uses polydT primers for reverse transcription to specifically capture polyadenylated 

mRNA. Cell capture efficiency is approximately 50% and about 15% of mRNA transcripts 

per cell are detected using v2 chemistry of 10x. However, since multiple cells from the same 

subpopulation are sequenced, coverage of nearly the entire transcriptome is ensured [142]. 
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7 Aim of this Thesis 
Despite the improved prognosis with second-line ibrutinib therapy in MCL, patients 

ultimately relapse. In view of the diminishing response to any subsequent treatment with 

increased aggressiveness and proliferation of resistant cells, the ibrutinib regimen must be 

improved. As resistance to the BTK inhibitor is poorly understood, the transcriptomic 

alterations of sensitive MCL cells were tracked across treatment by time-resolved scRNA-

seq using a cell line model to elucidate escape mechanisms that are potential targets for 

ibrutinib add-on or follow-up therapies. The identified adaptations to treatment were 

evaluated in cell lines and primary cells for their potential as therapeutic approaches in MCL 

to enhance the efficacy of ibrutinib therapy and circumvent acquired resistance. 
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8 Materials 

8.1 Reagents and cell culture media 

Name Manufacturer 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT) 

Sigma-Aldrich, St.Louis, MO, USA  

Ammonium persulfate (APS) Sigma-Aldrich 

Aprotinin AppliChem, Darmstadt 

β-Mercaptoethanol  AppliChem 

Bovine serum albumin (BSA) Sigma-Aldrich 

Bradford Reagent Sigma-Aldrich  

Bromophenolblue AppliChem, Darmstadt 

Dipotassium hydrogen phosphate (K2HPO4) AppliChem 

Disodium hydrogen phosphate dihydrat  
(Na2HPO4 × 2H2O) 

Sigma-Aldrich 
 

Dithiothreitol (DTT)  Sigma-Aldrich 

DMEM medium, GibcoTM Thermo Fisher Scientific, Waltham, MA, USA 

Dymethyl sulfoxide (DMSO) AppliChem 

Dulbecco’s Phosphate Buffered Saline (1x, DPBS) Sigma-Aldrich 

Ethanol absolute for molecular biology AppliChem 

Ethylenediaminetetraacetic acid (EDTA) AppliChem 

Fetal bovine serum (FBS), GibcoTM Thermo Fisher Scientific 

Ficoll® Paque Plus Cytiva, Marlborough, MA, USA 

GelRedTM 10000X Genaxxon bioscience, Ulm 

Glycerol Carl Roth 

Glycine AppliChem 

Hydrogen peroxide (H2O2) 30% Merck, Darmstadt 

Horse serum, GibcoTM Thermo Fisher Scientific 

Human IL-4, premium grade  Miltenyi biotec, Bergisch Gladbach 

Hydrochloric acid (HCl) AppliChem 

IACS-010759 Selleck Chemicals, Absource Diagnostics, Munich 

Ibrutinib Selleck Chemicals 

Igepal® CA-630 Sigma-Aldrich 

IMDM medium, GibcoTM Thermo Fisher Scientific 
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Name Manufacturer 

Isopropanol AppliChem 

L-Glutamine 200 mM PAN-Biotech, Aidenbach 

MEGACD40L® Protein Enzo Life Sciences, Lörrach 

MEM NEAA, Non-Essential Amino Acid Solution 
(100x) 

PAN-Biotech 
 

Methanol AppliChem 

Milk Powder Heirler Cenovis, Radolfzell 

OptiPrepTM - Iodixanol Serumwerk Bernburg, Bernburg 

PageRulerTM Plus Prestained Protein Ladder Thermo Fisher Scientific 

Pefablock Sigma-Aldrich 

Penicillin-Streptomycin PAN-Biotech 

Phenylmethyl sulphonyl fluoride (PMSF)  Carl Roth 

Poly-D-lysine hydrobromide Sigma-Aldrich 

Ponceau S solution Sigma-Aldrich 

Potassium chloride (KCl) Sigma-Aldrich 

Propidium iodide Sigma-Aldrich 

Radiance Plus  Azure Biosystems, Dublin, CA, USA 

RNase A Qiagen, Hilden 

Rotiphorese®Gel 30 (37.5:1) Carl Roth, Karlsruhe 

RPMI 1640 medium, GibcoTM Thermo Fisher Scientific 

Seahorse XF 200 mM glutamine solution Agilent Technologies, Santa Clara, CA, USA 

Seahorse XF 1.0 M glucose solution Agilent Technologies 

Seahorse XF Calibrant Agilent Technologies 

Seahorse XF RPMI medium pH 7.4 Agilent Technologies 

Sodium azide (NaN3)  Sigma-Aldrich 

Sodium chloride (NaCl) AppliChem 

Sodium dodecyl sulfat (SDS) AppliChem 

Sodium orthovanadate (Na-O-V) AppliChem 

StemMACSTM HSC Expansion Media XF, human Miltenyi biotec 

SuperSignalTM West Pico Plus Chemiluminescent 
Substrate 

Thermo Fisher Scientific  

Tetramethylethylenediamine (TEMED) AppliChem 

Tris ultrapure AppliChem 

Triton® X-100 AppliChem 
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Name Manufacturer 

Trypan blue Sigma-Aldrich 

Tween® 20 AppliChem 

Water (sterile) Sigma-Aldrich 

8.2 Antibodies 

8.2.1 Western blot 

Name Catalog Number Manufacturer 

β-Actin 4970 Cell Signaling Technologies, Danvers, MA, USA 

AKT 4691 Cell Signaling Technologies 

p-AKT 4058 Cell Signaling Technologies 

Anti-rabbit IgG, HRP-linked 
Antibody  

7074 
 

Cell Signaling Technologies  

BTK  3533 Cell Signaling Technologies 

p-BTK  5082 Cell Signaling Technologies 

Caspase-9  9502 Cell Signaling Technologies 

ERK1/2  9102 Cell Signaling Technologies 

p-ERK1/2  9101 Cell Signaling Technologies 

LDHA  3582 Cell Signaling Technologies 

PARP  9532 Cell Signaling Technologies 

8.2.2 Flow cytometry 

Name Catalog Number Manufacturer 

C3b/iC3b-FITC  846108 BioLegend, San Diego, CA, USA 

CD19-FITC  FAB4867F R&D Systems, Minneapolis, MN, USA 

CD37-PE  103-123-329 Miltenyi Biotech, Bergisch Gladbach 

CD40-PE  130-111-063 Miltenyi Biotech 

CD52-APC  130-099-632 Miltenyi Biotech 

CD52-PE  130-123-972 Miltenyi Biotech 

CD79B-PE  130-099-106 Miltenyi Biotech 

Mouse IgG1κ-FITC IC002F R&D Systems 

REA Control Antibody (S), 
PE 

130-113-438 
 

Miltenyi Biotech 
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Name Catalog Number Manufacturer 

REA Control Antibody (S), 
APC 

130-113-434 
 

Miltenyi Biotech 
 

8.2.3 Cytotoxicity 

Name Catalog Number Manufacturer 

CD52 Monoclonal Antibody 
(YTH34.5) 

MA5-16999 
 

Invitrogen, Thermo Fisher Scientific, Waltham, MA, 
USA 

Rat IgG2bκ Isotype Control 
(eB149/10H5), Functional 
Grade, eBioscienceTM 

16-4031-81 
 
 

Invitrogen, Thermo Fisher Scientific 
 
 

8.3 Consumption items 

Name Manufacturer 

AmershamTM HyperfilmTM ECL Cytiva, Marlborough, MA, USA 

AmershamTM ProtranTM nitrocellulose membrane  Cytiva 

Blotting paper (0.35 mm, medium absorbent) Hartenstein, Würzburg 

Tubes, cell culture flasks and well plates Greiner Bio-One, Kremsmünster, Austria 

Millipak® 0.22 μm filter Merck, Darmstadt 

Pipette tips 
 

Biozym Scientific, Hessisch Oldendorf; Nerbe Plus, 
Winsen 

S1 Flowcell Illumina, San Diego, CA, USA 

Safety-Multifly®-Needle  Sarstedt, Nümbrecht 

Seahorse XFe96 Cell Culture Microplate and XF 
sensor cartridges 

Agilent Technologies, Santa Clara, CA, USA 
 

Serological pipettes, tubes for flow cytometry, 
reaction tubes, tissue culture dishes 

Sarstedt 
 

S-Monovette® Serum, 7.5 ml  Sarstedt 

S-Monovette® K3 EDTA  Sarstedt 

8.4 Laboratory equipment 

Name Manufacturer 

2100 Bioanalyzer Instrument Agilent Technologies, Santa Clara, CA, USA 

BD FACS Aria III BD Biosciences, Franklin Lakes, NJ, USA 

BD FACS Canto II  BD Biosciences 
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Name Manufacturer 

Chromium Controller 10x Genomics, Pleasanton, CA, USA 

Countess® II FL Automated Cell Counter Thermo Fisher Scientific, Waltham, MA, USA 

Countess™ Reusable Slide Thermo Fisher Scientific 

Discovery Comfort multichannel pipettes HTL Lab Solution, Warszawa, Poland 

Eppendorf 5415R Refrigerated Centrifuge Eppendorf, Hamburg 

Eppendorf 5425 Centrifuge Eppendorf 

EVOSTM M7000 Microscope Thermo Fisher Scientific 

FLUOstar® Omega Microplate Reader BMG Labtech, Ortenberg 

Fusion SL, western blot imager Vilber Lourmat, Eberhardzell 

Hybex® Microsample Incubator SciGene, Sunnyvale, CA, USA 

HeracellTM 150 CO2 Incubator Thermo Fisher Scientific  

HeraeusTM LabofugeTM 400R Thermo Fisher Scientific 

HeraeusTM MegafugeTM 1.0 Thermo Fisher Scientific 

Microscope Labovert Ernst Leitz, Wetzlar 

Micropipettes Eppendorf; Gilson, Middleton, WI, USA 

Milli-Q® EQ 7000 Ultrapure water purification 
system 

Merck, Darmstadt 
 

Mini-PROTEAN® Tetra Cell Bio-Rad, Hercules, CA, USA 

Mini-PROTEAN® Tetra Cell Casting Stand and 
Clamps Bio-Rad  

Mr. Frosty™ Freezing Container Thermo Fisher Scientific 

NanoDrop 1000 Spectrophotometer Thermo Fisher Scientific 

NextSeq® 500 System Illumina, San Diego, CA, USA 

NovaSeqTM 6000 System Illumina 

Perfect BlueTM Tank-Electroblotter VWR, Leuven, Belgium 

Pipette controller accu-jet® pro Brand, Wertheim 

PowerPacTM 200 Power Supply Bio-Rad 

QubitTM 3.0 Fluometer Thermo Fisher Scientific 

Seahorse XFe96 Metabolic Flux Analyzer Agilent Technologies 

Unimax 1010 Shaker Heidolph Instruments, Schwabach 

Vortex-Genie 2 Scientific Industries, Bohemia, NY, USA 

WTW inoLab® pH 720  Xylem Analytics, Weilheim 
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8.5 Solutions and buffers 

Solutions and buffers were prepared with ultrapure water. Percentages indicate weight of 

solid solutes per volume of solution (w/v, [g/100 ml]) and volume of liquid solutes per volume 

of solution (v/v, [ml/100ml]). 

Name Composition 

Buffer for flow cytometry (FACS-buffer) 
 
 

1x PBS  
0.5% BSA 
2 mM EDTA 

Blotting buffer 
 
 

1x WB buffer 
0.03% SDS  
20% Methanol 

Loading buffer (4x) 
 
 
 
 
 

200 mM Tris, pH 6.8 
40% Glycerol 
8% SDS 
4% β-Mercaptoethanol  
0.01% Bromophenolblue  
50 mM EDTA 

Lysis buffer 
 
 
 
 
 
 
 
 
 
 

20 mM HEPES, pH 7.9 
350 mM NaCl 
1 mM MgCl2 
0.5 mM EDTA, pH 8.0  
0.1 mM EGTA, pH 8.0  
1 mM Na-O-V  
1% Igepal® 
0.5% DTT 
0.1 mg/ml Pefablock 
1 µg/ml Aprotinin  
0.6 µg/ml PMSF 

MTT solution 5 mg/ml MTT in DPBS 

Phosphate-buffered saline (PBS; 10x) 
 
 
 

27 mM KCl  
20 mM K2HPO4  
1.37 mM NaCl  
100 mM Na2HPO4 × 2H2O 

Running buffer  
 

1x WB buffer  
0.1% SDS 

Separating gel buffer 
 

1.5 M Tris, pH 8.8 
0.4% SDS 

Separating gel (10% acrylamide) 
 
 
 
 

4.6 ml Ultrapure water 
2.75 ml separating gel buffer 
3.7 ml Rotiphorese®Gel 30 
187 µl APS (10%) 
15.4 µl TEMED  

Solubilization buffer for MTT assay 
 

0.01 M HCl 
10% SDS 
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Name Composition 

Stacking gel buffer 
 

1 M Tris, pH 6.8 
0.4% SDS 

Stacking gel (6% acrylamide) 
 
 
 
 

3.8 ml Ultrapure water 
1.75 ml stacking gel buffer 
1.4 ml Rotiphorese®Gel 30 
84 µl APS (10%) 
7 µl TEMED 

Tris-buffered saline (TBS, 10x) 
 

200 mM Tris, pH 7.6 
1.37 mM NaCl 

Tris-buffered saline with Tween® 20 (TBS-T) 
 

1x TBS  
0.1% Tween® 20 

Trypan blue solution 
 

0.5% Trypan blue  
0.9% NaCl  

Western blot (WB) buffer (10x) 
 

250 mM Tris  
1.92 M Glycine 

8.6 Kits 

Name Manufacturer 

Agilent DNA 1000 Kit Agilent Technologies, Santa Clara, CA, USA 

Agilent High Sensitivity DNA Kit Agilent Technologies 

Agilent RNA 6000 Nano Kit Agilent Technologies 

AllPrep DNA/RNA Mini Kit Qiagen, Hilden 

Chromium Single Cell 3’ Library & Gel Bead Kit v2 10x Genomics, Pleasanton, CA, USA 

PhiX Control Illumina, San Diego, CA, USA 

RNase-Free DNase Set Qiagen 

TruSeq Stranded mRNA Library Preparation Kit Illumina 

Venor® GeM OneStep kit Minerva Biolabs, Berlin 

8.7 Software 

Name Version/Year Manufacturer/Developer Reference 

Bcl2fastq2 2.20.0.422 Illumina, San Diego, CA, USA 

Cell Ranger  3.0.1 10x Genomics, Pleasanton, CA, USA  

Corel PHOTO-PAINT  2019 Alludo, Ottawa, ON, Canada 

Cutadapt 2.5 Martin et al. [145] 

FACS Diva Software 6.1.3 BD Bioscience, CA, USA 
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Name Version/Year Manufacturer/Developer Reference 

Flowing Software 
  

2.5.1 
 
 

Perttu Terho, Turku Center for Biotechnology, 
University of Turku, Finland, in collaboration with 
Turku Bioimaging 

ImageJ 1.53e Schneider et al. [146] 

Microsoft Excel  2016 Microsoft Corporation, Redmond, WA, USA 

OriginPro®  2021b OriginLab Corporation, Northampton, MA, USA 

R 3.6.0 R Development Core Team [147] 

RStudio 1.1.456 RStudio Team [148] 

R packages 
 ClusterProfiler 
 DESeq2 
 featureCounts 
 SCENIC 
 Seurat 

 
3.14.3 
1.24.0 
1.6.4 
1.1.2.2 
3.0.2 

 
Yu et al. [149] 
Love et al. [150] 
Liao et al. [151] 
Aibar et al. [152] 
Butler et al. [153] 

STAR 2.7.2b Dobin et al. [154] 
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9 Methods 

9.1 Serum 

9.1.1 Preparation of human serum 

Human blood was provided by the Interdisciplinary Bank of Biomaterials and Data and was 

used in compliance with the ethical guidelines of the Medical Faculty. Blood was collected 

in tubes containing clot activators (S-Monovette® Serum). The tubes were flipped several 

times and left in the upright position for 30 min to ensure complete coagulation of the blood 

before they were centrifuged at 2 000 × g for 10 min at room temperature (RT). The serum 

was aspirated and stored in 2 ml freezing tubes at -20 °C. 

9.1.2 Heat-inactivation of serum 

Fetal bovine serum (FBS), horse serum, and human serum were heat-inactivated for 30 

min at 56 °C using a water bath.  

9.2 Culturing of cell lines and primary cells 

9.2.1 Cell lines 

The MCL cell lines REC-1 (ACC 584), MAVER-1 (ACC 717), JEKO-1 (ACC 553), MINO 

(ACC 687), GRANTA-519 (ACC 342), JVM-2 (ACC 12), and JVM-13 (ACC 19) were 

obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, 

Braunschweig) and the Z-138 was supplied from the American Type Culture Collection 

(ATCC, Manassas, VA, USA) via the Lymphoma Research Foundation. UPN-1 and HBL-2 

were provided by Dolors Colomer (Institut d’Investigacions Biomèdiques August Pi i Sunyer 

[IDIBAPS], Barcelona, Spain) and Florian Bassermann (Department of Medicine III, 

Technical University of Munich, Munich) respectively. A working stock and master stock 

system was applied for the storage and cultivation of all cell lines. The REC-1, JVM-2, JVM-

13, UPN-1, and HBL-2 grew in RPMI 1640 medium supplemented with 2 mM glutamine and 

10% of heat-inactivated FBS. MAVER-1, JEKO-1, and MINO were cultured in RPMI 1640 

medium with 2 mM glutamine and 20% of heat-inactivated FBS. Z-138 and GRANTA were 

maintained in IMDM containing 10% heat-inactivated horse serum and DMEM with 10% 

heat-inactivated FBS, respectively. All cell lines were cultured in cell culture incubators at 

37 °C, 5% CO2, and humidified atmosphere. Medium was changed every 2 to 3 d. The 
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supernatant of all cell lines regularly underwent a standardized endpoint PCR with gel 

electrophoresis (Venor® GemOneStep kit) to rule out mycoplasma contamination in cell 

culture.  

9.2.2 Primary cells 

9.2.2.1 Primary cell isolation 

Primary cells were leftover material from diagnostic procedures used in anonymized fashion 

and in compliance with the ethical guidelines of the Medical Faculty. Whole blood samples 

were collected in S-Monovette® K3 EDTA. Cells from lymph nodes were isolated using cell 

sieves. Blood or resuspended cells from lymph nodes were diluted with the same volume 

of Dulbecco’s Phosphate Buffered Saline (DPBS) and up to 35 ml were carefully layered 

onto 15 ml of Ficoll® Paque Plus media in 50 ml centrifuge tubes. The tubes were 

centrifuged at 390 × g for 30 min at RT with the brake off. The cell layer at the Ficoll-plasma 

interface was aspirated and collected in a new centrifuge tube. The cells were suspended 

with the same volume of DPBS before centrifugation at 340 × g for 10 min at RT. The 

supernatant was removed, the cells were resuspended in DPBS, and the cell count was 

determined following trypan blue staining. The cells were centrifuged at 340 × g for 10 min 

at RT, the cell pellet was resuspended in freezing medium (RPMI 1640, 10% DMSO, 10% 

heat-inactivated human serum [HIS]), and the resuspended cells were then immediately 

distributed into 2 ml freezing tubes and stored in precooled freezing containers at -80 °C 

overnight. Primary cells were transferred to liquid nitrogen for long-term storage. 

9.2.2.2 Thawing of cells 

Freezing tubes containing frozen cells were thawed at 37 °C. The cell suspension was 

pipetted from the tube, when only a small ice crystal remained, and was poured into 10 ml 

of 37 °C prewarmed wash medium (10% FBS in RPMI 1640 with 2 mM L-Glutamine). The 

cell suspension was centrifuged and cells were washed once again with 5 ml of warm wash 

medium. 

9.2.2.3 Cultivation with cytokines 

Peripheral blood mononuclear cells (PBMCs) were either resuspended in standard 

cultivation medium (RPMI 1640 with 2 mM L-Glutamine, 10% HIS, 1% non-essential amino-

acids, 1% penicillin-streptomycin [P/S]) or MACS medium (StemMACS™ HSC Expansion 

Media XF, 10% HIS, 1% P/S). For microscopy and analysis by flow cytometry, 2 × 106 cells 
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per 2 ml were plated in a 12-well suspension plate. In a 96-well microplate, 1.2 × 105 cells 

per well were seeded in triplicate for the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. Interleukin-4 (IL-4; 50 IU/ml) and/or CD40L (100 ng/ml) were added 

to the cells cultured with MACS medium. After 24 h, cells received 400 nM ibrutinib or DMSO 

for further 3 d incubation. Following the total 4 d incubation, MTT was stopped and 

microscopy pictures were taken by EVOSTM M7000 microscope using diffuser and phase-

contrast. After microscopy, cells were washed with FACS-buffer and stained with CD19-

FITC (1 µg/ml) or isotype for 30 min at 4°C. CD52-APC (1.65 µg/ml) or isotype was added 

for the last 10 min of staining, before the samples were washed with FACS-buffer and 

stained with propidium iodide (PI, 10 µg/ml) to analyze cells by flow cytometry. For analysis 

of MTT assay data, the background absorption of cells treated with 1:1000 hydrogen 

peroxide (H2O2) in RPMI or MACS medium was subtracted from absorption of samples. 

9.3 Molecular biological methods 

9.3.1 Trypan blue staining 

Cells resuspended in growth medium were mixed with the same volume of trypan blue 

solution. Concentration of living cells was determined by Countess® II FL Automated Cell 

Counter using Countess™ Reusable Slides. 

9.3.2 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay  

Cells were plated and stimulated in triplicate in 96-well microplates with a final volume of 

100-125 µl/well. After the indicated time period, 10 µl of the MTT solution was added to 

each well. The plate was returned to the incubator for 2 ½ h before 90 µl of solubilization 

buffer was added to lyse the cells and release the purple formazan crystals during overnight 

incubation in the incubator. The absorbance was measured by a microplate reader at 560 

nm. Cell proliferation was calculated in Excel as the percentage of healthy control cells 

(100%, either untreated or treated with highest concentration of vehicle) and dead cells (0%, 

treated with a final concentration of 1:1000 H2O2 to account for background staining). 

When treated with ibrutinib for 4 d, the number of seeded cells per well was 1.5 × 104 for 

MAVER-1, 1.2 × 104 for Z-138 and REC-1, 2.2 × 104 for JVM-2, 3 × 104 for JVM-13, 1.6 × 

104 for GRANTA-519, 1.8 × 104 for UPN-1, 1.2 × 104 for HBL-2, and 1.6 × 104 for MINO and 

JEKO-1 (for Figure 3A). For 3 d treatment with IACS-010759, cells were plated at 2 × 104 

for MAVER-1, 1.6-2 × 104 for Z-138, 1.6 × 104 for REC-1, 2-2.4 × 104 for JVM-2, 2.4 × 104 
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for JVM-13, 2 × 104 for GRANTA-519, 2.4 × 104 for UPN-1, 1.6 × 104 for HBL-2, and 2.4 × 

104 for MINO and JEKO-1 per well (for Figure 14 left). The 4-day titration of IACS-010759 

was performed using 1.1 × 104 REC-1 or MAVER-1 cells per well (for Figure 14 right). For 

all other MTT assays, cell numbers are indicated in the corresponding method section. 

9.3.3 Protein lysates 

Cells were seeded as follows, 8.1 × 105 cells per 6 ml for 48 h treatment with ibrutinib (for 

Figure 3B), 5 × 105 cells per 4 ml for 4 d treatment with ibrutinib (for Figure 10C), and for all 

other protein lysates, number of seeded cells are mentioned in the corresponding method 

section. After treatment as indicated, the cell suspension was centrifuged, the cells were 

washed with DPBS, and kept on ice for the following procedure. After aspiration of the 

DPBS, the cells were resuspended in lysis buffer and incubated on ice for 20 min. The 

cellular remnants were pelleted during centrifugation at 161 × g for 15 min at 4 °C and the 

lysate was taken off and stored in a fresh 1.5 ml tube at -80 °C. After determining protein 

content via the Bradford assay, the lysates were boiled with 4× Loading Buffer at 96 °C for 

5 min, placed on ice for 3 min, and were kept at -20 °C until use. 

9.3.4 Bradford assay 

An aliquot of the lysate was diluted 1:10 or 1:20 with water to determine the protein content 

in triplicate. 290 µl of Bradford reagent were pipetted into each well of a 96-well microplate 

with flat bottom. 10 µl of water (blank), diluted lysates, and bovine serum albumin (BSA) 

standard solutions (0.1, 0.25, 0.35, 0.5, 0.7, and 1 mg/ml) were added per well and were 

incubated for 4 min at RT in the dark. The absorption was measured at 595 nm with a 

microplate reader and concentration was calculated in Excel using the BSA standard curve. 

9.3.5 Western blot 

The proteins were separated by size applying sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). The SDS gels with 6% stacking and 10% separating gel were 

prepared with the Mini-PROTEAN® Tetra Cell Casting Stand & Clamps. After completed 

polymerization, glass plates with gels were inserted into the Mini-PROTEAN® Tetra Cell 

filled with running buffer. The thawed and vortexed protein lysates were pipetted into the 

pockets next to 3 µl of the PageRulerTM Plus Prestained Protein Ladder. The gels ran at 90 

V for 15 min, then the voltage was set to 120 V for 75 min. Separated proteins were 

transferred from the gel to a nitrocellulose membrane applying a wet blotting system. 

Therefore, each component was equilibrated in blotting buffer. A nitrocellulose was layered 
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on the gel and 3 blotting papers enclosed the composite at each side. After insertion into 

the blotting chamber, proteins were transferred at 0.4 A for 90 min. The membranes were 

shortly stained with Ponceau S solution to visualize the protein bands and ensure proper 

transfer. The Ponceau S solution was washed off with deionized water, and the membranes 

were washed 3 times with tris-buffered saline with Tween® 20 (TBS-T) for 5 min in small 

boxes before blocking with 5% milk in TBS-T for 1 h at RT. Primary antibodies diluted in 5% 

BSA in TBS-T solution (0.03% NaN3) were added and the membrane was incubated at 4 

°C overnight on a platform shaker. The next day, the membranes were washed 3 times with 

TBS-T for 5 min and incubated for 2 h while shaking with the freshly prepared secondary 

antibody diluted in 5% milk in TBS-T. After washing the membranes 3 times with TBS-T for 

5 min, they were incubated with a 1:1 mixture of SuperSignalTM West Pico 

chemiluminescent substrate solutions. For weak signals, Radiance Plus solution from azure 

biosystems was used. Protein bands were detected on AmershamTM HyperfilmTM ECL or by 

a western blot imager. Relative protein expression after normalization to β-actin was 

determined measuring area of protein bands by ImageJ [146]. 

9.3.6 Cell cycle analysis 

5 × 105 cells per sample were seeded in 1.5 ml medium and 400 nM ibrutinib was added 

for 48 h (DMSO as control). After incubation, cells were harvested and washed with 

phosphate-buffered saline (PBS). The cells were resuspended in 1 ml PBS to add them 

dropwise to a 15 ml centrifugation tube with 2.5 ml ice-cold absolute ethanol while gently 

vortexing. The tubes were left at -20 °C overnight. The next day, the tubes were centrifuged 

at 390 × g for 5 min at RT, the supernatant was removed, and the fixed cells were washed 

with PBS. The cells were then stained with a solution containing PI (0.05 mg/ml), Triton X 

(0.1 %), and RNAse A (7000 units/ml) in PBS for 40 min at 37 °C. After staining, 2 ml PBS 

were added to each tube and after centrifugation and removal of the staining solution, cells 

were resuspended in PBS before entering flow cytometry analysis (FACS Canto II). The PI 

signal was measured at linear scale. Gates were set with Flowing Software to determine 

the percentage of cells with low PI signal (G1 phase), intermediate PI signal (S phase) or 

high PI signal (G2M phase). 

9.3.7 Extracellular flux analysis 

Cells for 3-day ibrutinib treatment were seeded at 2 × 106 cells per 6 ml (for Figure 10D, 

10E). For measurement of extracellular flux after treatment with ibrutinib and IACS-010759, 

cell numbers are described in the corresponding method section. 
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The day before the extracellular flux assay, 200 µl of Seahorse XF Calibrant were pipetted 

into each well of the utility plate. The sensor cartridge was lowered onto the utility plate and 

the assembly was placed in a plastic bag to prevent evaporation during overnight storage 

in a non-CO2 incubator at 37 °C. 

At the day of the assay, the Seahorse XFe96 cell culture microplate was coated with 20 µl 

of 100 µg/ml poly-D-lysine per well. The plate was covered for 20 min. The poly-D-lysine 

was removed, and the wells were washed with 200 µl sterile water twice, before the plate 

was left to dry for at least 30 min (air dry). 

The assay medium (Seahorse XF RPMI medium with 10 mM D-Glucose and 2 mM L-

Glutamine) was warmed to 37 °C. 50 µl of the assay medium were filled in the background 

wells (A1, A12, H1, and H12) and all empty wells. The cells were harvested after incubation 

as indicated and were centrifuged. After removing the supernatant, the cells were 

resuspended in prewarmed assay medium and were counted following trypan blue staining. 

The cells were diluted with assay medium to plate out 50 µl per well with 1.1 × 105 cells into 

the coated XFe96 cell culture microplate (6 replicates for every sample). After centrifugation 

at 500 × g for 5 min, the plate was transferred to a non-CO2 incubator at 37 °C for 30 min. 

Before incubation of the plate for another 25 min in the non-CO2 incubator at 37 °C, 130 µl 

assay medium were carefully pipetted to each well. Meanwhile, the sensor cartridge was 

loaded into the Seahorse XFe96 Metabolic Flux Analyzer for calibration. The cell culture 

plate was directly transferred from the incubator to the Seahorse XFe96 Metabolic Flux 

Analyzer and oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

were measured. Data was acquired 3-5 times with 30 s mixing pauses. 

9.3.8 Flow cytometry of cell surface antigens 

Cells were treated as indicated, with 1 × 106 per 5 ml (for Figure 9B) and 4-5 × 105 per 2 ml 

(for Figure 17A) seeded cells per sample. After washing with FACS-buffer, antibody and 

isotype controls were added to 100 µl of cells resuspended in FACS-buffer. Cells were 

stained with CD52-PE (3 µg/ml), CD37-PE (2 µg/ml), CD40-PE (2 µg/ml), and CD79B (2.75 

µg/ml) for 10 min at 4 °C. The cells were washed and resuspended in FACS-buffer before 

measurement by flow cytometry (FACS Canto II) and subsequent analysis by Flowing 

Software. Isotype controls were checked to exclude unspecific antibody binding. 

9.3.9 Microscopy 

An EVOSTM M7000 Imaging System was used for taking pictures of cells. For anti-CD52 

assay, images were converted to grayscale (8-bit) by Corel PHOTO-PAINT (for Figure 17F). 
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9.4 RNA sequencing 

9.4.1 Single-cell RNA sequencing 

9.4.1.1 Setup of single-cell RNA sequencing experiment 

In a 6-well plate, 3 × 106 REC-1 cells in 5 ml medium were plated per sample and were 

cultivated for 48 h. Ibrutinib (400 nM) was added to the first sample at seeding (48 h 

treatment), the second sample was treated for the last 6 h (6 h treatment) with the inhibitor, 

and the third sample received no treatment and served as control (Ctr). After culturing, the 

cells were washed with DPBS.  

The following steps and analysis of the data were carried out in close collaboration with the 

Core Unit Systems Medicine of the University of Würzburg and the Helmholtz-Institute for 

RNA-based Infection Research in Würzburg (HIRI). The viability stain PI (2 µg/ml) was 

added to the cells shortly before entering the FACS machine (BD FACS Aria III) for 

excluding cell debris (SSC-A versus [vs] FSC-A) and doublets (SSC-W vs SSC-A), and 

sorting of 3 × 104 PI negative, viable cells (SSC-A vs PE-A). The cells were stained with 

trypan blue and were counted before single cells were separated in the 10x Genomics 

Chromium Controller and libraries were set up using the Single cell 3’ Kit v2 Chemistry. The 

procedure adhered to the 10x Genomics protocol. The QubitTM 3.0 Fluometer quantified the 

libraries, and the 2100 Bioanalyzer with the High Sensitivity DNA kit determined the quality 

of the libraries. A S1 flowcell was loaded to sequence the reads (100 bp in paired-end 

format) on a NovaSeqTM 6000. 

The experiment was repeated within three months to create two biological replicates. The 

REC-1 cells of both replicates originated from separately thawed and cultured cells. 

9.4.1.2 Data analysis 

10x Genomics provided the Cell Ranger software which was used to demultiplex and 

process the single-cell data. The Cell Ranger analysis included generation of FASTQ files 

and alignment of reads to the reference genome GRCh38. The different data sets were 

aggregated applying the cellranger aggr function including depth normalization of the data. 

The created feature-barcode matrices were then loaded into R ([147]; RStudio [148]) to 

perform downstream analysis with the R package Seurat [153]. As a first step, the data was 

checked for low-quality cells. Cells with low or high amount of unique molecular identifiers 

(UMI, reflecting mRNA content), low or high number of genes, and high mitochondrial gene 

content were excluded. The corrected data was log normalized, 2000 variable features were 
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selected, and the data was scaled. Principal component analysis (PCA) was performed to 

assess the heterogeneity of the data set. After ranking of principal components by the 

ElbowPlot function, the first 40 principal components were included for the graph-based 

clustering approach. The resolution parameter was set from 0.1 to 1, producing low to high 

number of cell clusters, to find biologically meaningful clustering of cells. The visualization 

in low-dimensional space was realized by applying uniform manifold approximation and 

projection (UMAP) representing a non-linear reduction technique. Differentially expressed 

features specifying the cell clusters were determined by the FindAllMarkers function which 

used the Wilcoxon Rank Sum test as default. 

9.4.1.3 Data integration and cell cycle regression 

After quality-control, the data of the two replicates of Ctr were integrated following the 

default protocol in Seurat which applied the Canonical Correlation Analysis [155]. Besides 

the reduction of batch effects on heterogeneity of the data, the effect of cell cycle was 

reduced by Seurat’s cell-cycle scoring and regression tool. The cells were assigned to the 

cell cycle phase S or G2M owing to the expression of specific canonical markers or were 

classified as non-cycling/G1 in case they did not express any of these marker genes. Seurat 

produced a corrected expression matrix following data scaling to mitigate the impact of cell 

cycle on the heterogeneity of the data. 

9.4.1.4 ClusterProfiler analysis 

Functional enrichment analysis was performed with the R package ClusterProfiler using 

Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology of biological 

processes (BP; [149]). The analysis included differentially expressed genes (DEGs) with 

log fold change > 0.1 and adjusted P-value (padj) < 0.001. The results were visualized in 

dot plots. 

9.4.1.5 SCENIC analysis 

The heterogeneity of gene regulatory networks (GRNs) in the data set of Ctr + 6 h + 48 h 

was employed by the R package SCENIC [152]. The raw count matrix of the combined data 

was prepared with Seurat to exclude low-quality cells and subpopulation E accounting for 

only 1% of the cells. The analysis was performed adhering to the default workflow. After 

searching for coexpression of transcription factors and target genes, the RcisTarget tool 

validated direct-binding targets using the hg19 motif ranking database. Transcription factor 

modules comprising less than 10 mapped genes were excluded, but “low confidence” 

annotations (with the suffix “_extended”) were kept for further analysis. The final 
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visualization of regulatory networks was realized by a heatmap which was resolved 

according to the clustering by Seurat. 

9.4.2 Bulk RNA sequencing 

9.4.2.1 Setup of bulk RNA sequencing experiment 

Cells were seeded at 5 × 105 cells per 6 ml and 400 nM ibrutinib was added at the indicated 

time points (4 d, 3 d, and 2 d treatment). One sample stayed untreated. After 4 d incubation, 

viable cell fraction was isolated (see 9.5.1) and washed with DPBS. RNA was isolated with 

the AllPrep DNA/RNA Mini Kit according to manufacturer’s instructions including DNase 

digestion using DNase I (1500 Kunitz units, RNase-Free DNase Set). The concentration of 

eluted RNA was measured by NanoDrop 1000 spectrophotometer. 

The following steps were performed in collaboration with the Core Unit Systems Medicine 

in Würzburg. An RNA 6000 Nano Kit was used to determine quality of isolated RNA by a 

2100 Bioanalyzer system. The RNA integrity number (RIN) for all samples was ≥ 8. The 

TruSeq Stranded mRNA Library Preparation Kit was used to generate DNA libraries 

suitable for sequencing from 500 ng of total RNA with oligo-dT capture beads for poly-A-

mRNA enrichment as per the manufacturer’s instructions (1/2 volume). After 15 cycles of 

PCR amplification, the size distribution of the barcoded DNA libraries was estimated ~330 

bp by electrophoresis on Agilent DNA 1000 Bioanalyzer microfluidic chips. 

On the NextSeq® 500 platform, pooled libraries spiked with 1% PhiX control library were 

sequenced at 25 million reads/sample in single-end mode with 75 nt read length utilizing 

High output sequencing kits.  

9.4.2.2 Data analysis 

Analysis of bulk RNA-seq data was performed in collaboration with the Core Unit Systems 

Medicine in Würzburg. The software bcl2fastq2 was used to prepare demultiplexed FASTQ 

files. Illumina reads were quality- and adapter-trimmed using Cutadapt [145] with a cutoff 

Phred score of 20 in NextSeq mode to ensure high sequence quality. Reads without 

remaining bases were sorted out (command line parameters: --nextseq-trim=20 -m 1 -a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC). STAR was applied using the 

default parameters to map processed reads to the human reference genome (Ensembl 

GRCh38; [154]). The program featureCounts from the Subread package served as tool to 

produce read counts on exon level summarized for each gene [151]. Multi-mapping and 

multi-overlapping reads were counted strand-specific and reversely stranded with a 

fractional count for each alignment and overlapping feature (command line parameters: -s 
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2 -t exon -M -O --fraction). DESeq2 determined DEGs based on the count output and 

normalized read counts [150]. In addition, fold-change shrinkage was applied by setting the 

parameter “betaPrior=TRUE”. The Benjamini-Hochberg correction was used to adjust P-

values, and genes with padj < 0.05 |log2FoldChange| ≥ 1 were considered as differentially 

expressed. The ClusterProfiler tool [149] was used to perform gene set enrichment analysis 

(GSEA) based on KEGG pathways for DEGs ranked by their DESeq2 log2FoldChange 

(log2FC). 

9.5 Anti-CD52 and IACS-010759 treatment 

9.5.1 Viable cell isolation  

After incubation of cells as indicated, they were harvested, centrifuged in 15 ml tubes, the 

supernatant was removed, and the cell pellet was resuspended in 3.25 ml Optimix solution 

consisting of OptiPrepTM media mixed with growth medium to yield 14% iodixanol. 200 µl of 

DPBS were layered on top and the tubes were centrifuged at 2 122 × g for 7 min. The DPBS 

phase containing the viable cell fraction was aspirated and diluted and washed with 

medium. 

9.5.2 Concomitant and consecutive treatment with ibrutinib 
and a CD52 monoclonal antibody or IACS-010759 

In concomitant setup, cells were treated with 400 nM ibrutinib (or DMSO) and 10 µg/ml 

CD52 monoclonal antibody (mAb; or isotype) or 25 nM IACS-010759 (or DMSO) for the 

indicated time periods in a cell culture incubator. For consecutive regimen, cells were 

pretreated with 400 nM ibrutinib (or DMSO) for 3 d, viable cells were selected (see 9.5.1), 

and cells were again seeded and incubated with 10 µg/ml CD52 mAb (varying 

concentrations of 1-30 µg/ml for CD52 mAb titration, or isotype) or 25 nM IACS-010759 (or 

DMSO) for the indicated time periods in a cell culture incubator. 

The use of CD52 mAb required preincubation of cells with CD52 mAb (or isotype) in serum-

free medium for 30 min on ice with subsequent addition of 10% normal human serum (NHS). 

NHS served as a source of complement, and HIS was used as negative control with 

inactivated complement proteins. As human serum was not sterile, 1% P/S was added to 

growth medium for anti-CD52 assays. For analysis of cell viability after titration of CD52 

mAb, cells were washed and resuspended in FACS-buffer for staining with PI (10 µg/ml) 

and analysis by flow cytometry (FACS Canto II). 
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For the consecutive treatment approach using IACS-010759, 5 × 106 cells were seeded in 

15 ml growth medium for pretreatment with ibrutinib, and 5-6 × 104 cells per well for MTT 

assay (for Figure 15A), 2 × 106 cells per 7.5 ml for protein lysates (for Figure 15B), and 3 × 

106 cells per 7.5 ml for extracellular flux analysis (for Figure 15C, 15D) for subsequent 

treatment with ibrutinib and IACS-010759. When cells were concomitantly treated with 

ibrutinib and IACS-010759, 1.1 × 104 cells per well were seeded for MTT assay (for Figure 

16A), 1.6 × 106 cells per 6 ml for protein lysates (for Figure 16B), and 2 × 106 cells per 7 ml 

for extracellular flux analysis (for Figure 16C, 16D). 

Regarding anti-CD52 treatment, 3 × 106 cells were plated per 15 ml for pretreatment with 

ibrutinib, followed by seeding of 7 × 104 pretreated cells per well for CD52 mAb titration (for 

Figure 17B) and MTT assay (for Figure 17C), 1.2 × 105 cells per well for C3b deposition (for 

Figure 17E), and 1.4 × 105 cells per 200 µl in a 48-well plate for microscopy (for Figure 17F). 

For the concomitant use of ibrutinib and CD52 mAb, 2 × 104 cells per well were seeded for 

MTT assay (for Figure 17D). 

9.5.3 CD52 levels and anti-CD52 treatment in primary mantle 
cell lymphoma cells 

After thawing of primary cells (see 9.2.2), an aliquot of resuspended primary cells was put 

on ice for determining the viability and CD52 level of the CD19+ cells by flow cytometry. The 

rest of the cells was centrifuged, the pellet was resuspended in cultivation medium, and the 

cells were counted after trypan blue staining. 3 × 106 cells were seeded in 2 ml cultivation 

medium per well of a 12-well suspension plate. Primary cells were either treated with 400 

nm ibrutinib, DMSO or were untreated and cells were cultivated for 2-3 d depending on their 

fitness. After cultivation, the cells were harvested, centrifuged, washed with cold DPBS, and 

finally resuspended in cold cultivation medium without serum. The cells remained on ice 

during cell counting. 1.2-1.5 × 105 cells were plated per well in a 96-well microplate with flat 

bottom. An ibrutinib or DMSO dilution in 1% P/S in RPMI 1640 according to the received 

pretreatment and 10 µg/ml anti-CD52 antibody (isotype and medium [untreated] as control) 

were added. Following incubation for 30 min on ice, NHS (10%) was pipetted to every 

sample. The plate was transferred to a cell culture incubator for 10 min. To stop complement 

activation, plate was put on ice, centrifuged at 4°C, medium was removed, and the cells 

were washed with cold FACS-buffer. The cells were resuspended in 200 µl FACS-buffer, 

100 µl were transferred to two FACS tubes for staining with CD19-FITC (1 µg/ml) or isotype 

and PI. The aliquot of cells on ice was also washed with FACS-buffer and stained with 

CD19-FITC (1 µg/ml) or isotype for 30 min at 4°C. CD52-APC (1.65 µg/ml) or isotype was 
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added for the last 10 min, before the samples were washed with FACS-buffer. PI (10 µg/ml) 

was added to all samples shortly before analysis (FACS Canto II). 

9.5.4 C3b deposition 

Following consecutive incubation of cells with ibrutinib and CD52 mAb (see 9.5.2) 

complement activation was stopped after 15 min of serum addition by putting the plate on 

ice, centrifugation at 283 × g for 5 min at 4 °C, and replacing the medium with cold FACS-

buffer. Cells were stained with C3b-FITC (3 µg/ml) or isotype for 15 min on ice in the dark, 

washed with FACS-buffer, and stained with PI (10 µg/ml). Deposition of C3b on the surface 

was detected and measured by flow cytometry (FACS Canto II). 

9.6 Statistical analysis 

The standard error of the mean (SEM) was calculated and was displayed as error bar in the 

graphs. Following F-test, a two-sided t-test (for equal variances) or a Welch’s t-test (for 

unequal variances) was applied to compare the means of two groups. If more than 2 groups 

were compared, the one-way ANOVA analysis was used with Tukey posthoc pairwise 

comparison to test for significant differences between groups. In case the groups were 

related, a paired t-test was performed after normal distribution of data was ensured by 

Shapiro-Wilk test. Statistical significance was indicated by asterisks (* P ≤ 0.05, ** P ≤ 0.01, 

*** P ≤ 0.001, ns for not significant P > 0.5). The calculation was performed in Excel and 

Origin. 

9.7 Data availability 

The scRNA-seq and bulk RNA-seq data sets are available in the Gene Expression Omnibus 

repository GSE162234 and GSE214725, respectively. 
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10 Results 

10.1 The mantle cell lymphoma cell line REC-1 is most 
sensitive to ibrutinib 

The MCL cell lines MAVER-1, Z-138, JVM-2, JVM-13, GRANTA-519, UPN-1, HBL-2, MINO, 

JEKO-1, and REC-1 were treated with ibrutinib concentrations from 1 nm to 3000 nM for 4 

d (Figure 3A, top).  

 
Figure 3: Impact of ibrutinib on proliferation and B-cell receptor signaling of mantle cell lymphoma 
cell lines. A) Proliferation of 10 mantle cell lymphoma (MCL) cell lines under different ibrutinib 
concentrations after 4 d treatment (top) and at 400 nM ibrutinib after different incubation times 
(below), as determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay; 
data presented as mean ± SEM; MCL cell lines were grouped (a-e) according to their proliferation 
after 4 d treatment with 400 nM ibrutinib as assessed by one-way ANOVA followed by Tukey posthoc 
pairwise comparison (P ≤ 0.05; N = 3). B) Western Blot showing protein expression of PARP, p-BTK, 
BTK, p-AKT, AKT, p-ERK1/2, ERK1/2, and β-Actin (loading control) after 6 h, 24 h, and 48 h 
treatment of REC-1 and MAVER-1 with 400 nM ibrutinib; representative blots are shown (data was 
captured by a western blot imager). 

The proliferation decreased exponentially in the range of 1-100 nM ibrutinib followed by a 

linear decrease at higher concentrations. REC-1 showed the sharpest drop at even low 

concentrations, in contrast to MAVER-1, Z-138, and JVM-13, which were barely affected. 

The influence of 400 nM ibrutinib on cell proliferation was assessed over 4-day treatment 
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(Figure 3A, below). Besides REC-1, with proliferation decreasing by 80% after 4 d, the 

proliferation of JEKO-1 and MINO was reduced to 50-60%, whereas HBL-2, UPN-1, 

GRANTA-519, JVM-13, JVM-2, Z-138, and MAVER-1 showed only a small decrease to still 

over 70%. According to 4 d treatment with 400 nM ibrutinib, REC-1 was the most sensitive 

and most distinct from all other cell lines (group e). The proliferation of JEKO-1 and MINO 

was also significantly reduced (group d), whereas the other cell lines were not or only slightly 

affected by ibrutinib (group a and b).  

Ibrutinib treatment inhibited phosphorylation of BTK in REC-1 and MAVER-1 (Figure 3B). 

BTK inhibition was followed by early deactivation of BCR signaling in REC-1, as 

phosphorylation of AKT and ERK1/2 was reduced after 6 h of treatment. However, REC-1 

reactivated AKT, as indicated by increasing phosphorylation after 48 h. After 24 h to 48 h 

of treatment, considerable poly (ADP-ribose) polymerase (PARP) cleavage linked ibrutinib 

treatment with apoptosis in REC-1, whereas no PARP inactivation or reduced 

phosphorylation of p-AKT and p-ERK1/2 was observed in MAVER-1. According to their 

opposite response to ibrutinib, REC-1 was designated as an ibrutinib-sensitive cell line and 

MAVER-1 as an ibrutinib-resistant cell line.  

10.2 Single-cell RNA sequencing of the ibrutinib-
sensitive mantle cell lymphoma cell line REC-1 

The ibrutinib-sensitive cell line REC-1 was selected for the time-resolved scRNA-seq 

approach across ibrutinib treatment (Figure 4). 

The cells were cultivated for 48 h. One sample stayed untreated and served as control (Ctr), 

the second was treated for 6 h (6 h), and the third sample for 48 h (48 h) with 400 nM 

ibrutinib. Fluorescence activated cell sorting ensured that the surviving cell population was 

included for scRNA-seq using the 10x Genomics platform. The transcripts were uniquely 

barcoded to unveil gene expression on single-cell level after high-throughput sequencing. 
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Figure 4: Design of the single-cell RNA sequencing experiment. REC-1 cells were treated with 400 
nM ibrutinib for 6 h or 48 h, untreated cells were used as control (Ctr). Proportion of viable, propidium 
iodide (PI) negative cells (gate P1, highlighted in the scatterplot of 48 h) is indicated for each 
treatment, as determined by flow cytometry. Viable cells entered the 10x Genomics Chromium 
Controller, where single cells were partitioned in Gel Beads-in-emulsion (GEMs) in microfluidic chips 
for subsequent reverse transcription of their mRNA resulting in unique barcoding of the cDNA. 
Following library preparation and sequencing, data was processed with Cell Ranger and R tools 
(Seurat, clusterProfiler, SCENIC). Modified from Fuhr et al. [156]; reproduced with permission from 
Springer Nature [157]. 

The data of two independent biological replicates of each condition underwent individual 

quality control with respect to unique molecular identifier (UMI) counts, number of unique 

genes, and mitochondrial gene content (Table 1).  

Table 1: Thresholds for quality control of single-cell data. 

Samples  
(both replicates) 

Quality Control Analysis 

UMIs Genes Mito. 
genes [%] 

No. of 
genes 

No. of 
cells 

Ctr 6 500 – 35 000 2 000 – 5 300 < 8 15 654 5 177 

6 h 6 250 – 62 500 2 000 – 6 500 < 8 16 435 5 737 

48 h 6 000 – 45 000 1 500 – 5 500 < 9 15 635 5 676 

Combined data  
(Ctr + 6 h + 48 h) 

5 000 – 35 000 1 500 – 5 200 < 9 17 352 16 708 

Ctr = control (untreated); UMI = unique molecular identifier; Mito. = Mitochondrial; No. = Number. 

The downstream analysis focused on untreated REC-1 (Ctr) and the combined analysis of 

Ctr + 6 h + 48 h. 

10.2.1 Replicates show biological reproducibility 

The two replicates of Ctr were aggregated by applying the Cell Ranger analysis pipeline 

and resulted in 5 177 cells following quality control by Seurat (Figure 5).  
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Figure 5: Processing and reproducibility of the single-cell data. Uniform manifold approximation 
and projection (UMAP) plots of untreated cells (Ctr) at resolution 0.3 (upper part) with aggregation of 
data (left), followed by integration (center), and cell cycle regression (right). Cells are colored 
according to their replicate of origin (top) and cell cycle phase (below). Reproducibility of replicates 
was ensured using cell cycle regressed Ctr data without (w/o) integration (lower part). The 
corresponding dotplot shows average expression of selected top 10 cluster markers and the 
proportion of expressing cells, illustrated by color and dot size, respectively. Modified from Fuhr et 
al. [156]. 

As the cells of the replicates separated from each other in the UMAP plot, the data was 

integrated to correct for technical variation. In the integrated version, the cells within a 

cluster distributed according to their cell cycle phase. The impact of cell cycle was minimized 

to investigate underlying sources of heterogeneity. Integration in combination with cell cycle 

regression by Seurat resulted in even spreading of cells with respect to their origin data set 

and cell cycle phase. 
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The reproducibility of the two replicates was examined in the aggregated, cell cycle 

regressed Ctr data set (Figure 5, below). The cells separated into two major and three 

smaller clusters in the UMAP plot. A similar expression pattern of cluster marker genes of 

both replicates across the 5 clusters corroborated biological reproducibility.  

10.2.2 REC-1 cells are heterogeneous on the single-cell level 

The integrated, cell cycle regressed Ctr data set comprised 5 177 cells separated into 7 

clusters (Figure 6A).  

 
Figure 6: Heterogeneity of REC-1. A) Uniform manifold approximation and projection (UMAP) 
representation of integrated and cell cycle regressed data of untreated cells (Ctr) at resolution 0.4 
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and scaled expression of selected top 10 markers for the 7 clusters in the corresponding heatmap. 
B) Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (top) and 
gene ontologies with respect to biological processes (BP) (bottom); differentially expressed genes 
(DEGs) of Ctr with log fold change > 0.1 and adjusted P-value < 0.001 were included for analysis 
(no. = number of genes). C) Distribution of cell cycle phases in clusters of Ctr. D) Log normalized 
expression levels of CD52 are illustrated by a violin plot. Modified from Fuhr et al. [156]; reproduced 
with permission from Springer Nature [157]. 

The clusters 0 and 3, accounting for 43% of cells, shared the increased expression of genes 

encoding for the actin binding MARCKS-related protein (MARCKSL1), the chromatin 

binding high mobility group protein B3 (HMGB3), and the cytokine lymphotoxin-beta (LTB). 

Predominant expression of mitochondrial and ribosomal genes was common to clusters 1 

and 2, comprising 42% of Ctr cells. Besides the similarities between cluster 1 and 2, cluster 

2 shared higher activity of NF-κB (NFKB inhibitor delta [NFKBID]; REL proto-oncogene, NF-

κB subunit [REL]; dual specificity phosphatase 2 [DUSP2]) with cluster 3 and both clusters 

showed a hypoxic cell state with respect to the markers hypoxia inducible lipid droplet 

associated (HILPDA), BCL2 interacting protein 3 (BNIP3), and DNA damage inducible 

transcript 4 (DDIT4). The KEGG pathway analysis revealed a dominance of an oxidative 

phosphorylation (OXPHOS)-based metabolism in cluster 1 and increased NF-kB signaling 

together with hypoxia-inducible factor 1 (HIF-1) signaling pattern in the cluster 3 (Figure 

6B). KEGG analysis reflected the detected biological processes showing ATP metabolic 

processes in cluster 1 and response to decreased oxygen levels in cluster 3. The cluster 2 

combined all of these features according to the functional enrichment analysis (Figure 6B).  

Two smaller clusters, with 7% of Ctr cells in cluster 4 and 6% in cluster 5, differed from the 

other clusters. Focusing on the distribution of cell cycle phases revealed that cluster 5 

contained the most resting cells (G1 cells, Figure 6C). Besides, cluster 5 showed increased 

expression of DNA damage inducible transcript 3 (DDIT3), tribbles pseudokinase 3 (TRIB3), 

and cold inducible RNA binding protein (CIRBP), indicating a response to endoplasmic 

reticulum stress and to unfolded protein (Figure 6A and 4B). Additionally, cluster 5 had 

lowest CD52 molecule (CD52) levels (Figure 6D).  

The markers high mobility group nucleosomal binding domain 3 (HMGN3), C-X-C motif 

chemokine ligand 10 (CXCL10), secreted phosphoprotein 1 (SPP1), encoding for an 

extracellular matrix protein (osteopontin), and galectin 1 (LGALS1), encoding for a 

proangiogenic protein (galectin-1), dominated cluster 4 (Figure 6A and Figure 7A).  
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Figure 7: Features of cluster 4 and expression of glycolysis/hypoxia associated genes. A) Log 
normalized expression of marker genes in cluster 4 displayed in a uniform manifold approximation 
and projection (UMAP) plot. B) UMAP plot of cluster 4 with 2 subgroups (cluster 4A and 4B) after 
separate reclustering at resolution 0.6, and scaled expression of selected top 10 markers depicted 
in the heatmap. C) UMAP plots showing log normalized expression of glycolysis/hypoxia associated 
genes. Modified from Fuhr et al. [156]. 

A renewed analysis of cluster 4 uncovered a subset of cells that had higher expression of 

HILPDA, DDIT4, solute carrier family 16 member 3 (SLC16A3), and BNIP3 (cluster 4B in 

Figure 7B) pointing to a glycolytic/hypoxic cell state as in the clusters 2 and 3. The 

expression of SPP1 was restricted to this subset. The visualization of the expression of 

HILPDA, BNIP3, DDIT4, and SLC16A3 underlined the separation of Ctr cells into two 

metabolic states with either high or low activity of these genes (Figure 7C). As cluster 6 

consisted of only 1% of all cells, it was not included for further analysis. 

The untreated REC-1 cells showed heterogeneity on the single-cell level, which was caused 

by distinct metabolic states, differing activity of NF-kB signaling, varying stress levels, and 

special features of cell subsets. 
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10.2.3 REC-1 cells alter surface antigen levels and B-cell 
receptor genes across ibrutinib treament 

The evolution of REC-1 cells during ibrutinib exposure was assessed by aggregating the 

data of both replicates from the treatments Ctr (5 177 cells), 6 h (5 737 cells), and 48 h  

(5 676 cells; Figure 8A).  

 
Figure 8: Transcriptional evolution of REC-1 across ibrutinib treatment. A) Uniform manifold 
approximation and projection (UMAP) plots of cell cycle regressed data of untreated (Ctr), 6 h and 
48 h ibrutinib-treated cells with highlighted subpopulations (top); Ctr, 6 h, and 48 h were aggregated 
and cell cycle regressed and the combined data is visualized by UMAP plots resolved by 
subpopulations, treatment, clustering at resolution 0.4 (subclustering of subpopulation D at resolution 
0.3), and replicates (bottom). B) Distribution of subpopulation proportions across treatment. C) 
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Heatmap with scaled expression of selected top marker genes of Ctr, 6 h, and 48 h. Modified from 
Fuhr et al. [156]; reproduced with permission from Springer Nature [157]. 

After cell cycle regression, five subpopulations comprising 16 708 cells in 11 clusters were 

defined and tracked over time. Cluster 8 accounted for less than 1% of cells and was not 

further analyzed. The visualization by UMAP revealed, that the Ctr and 6 h cells were more 

similar and therefore still clustered together (cluster 0, 1, 4, and 7). Increased incubation 

with ibrutinib led to more evident transcriptomic alterations and separation of 48 h cells 

(cluster 2, 3, 5, 6, 9, and 10). All but subpopulation C survived 48 h treatment. The 

proportion of subpopulation A and D increased slightly, whereas B decreased, but none of 

the subpopulations dominated after 48 h (Figure 8B). Comparing the gene expression of 

the three treatments revealed a common response to ibrutinib despite the presence of 

distinct subpopulations (Figure 8C). In the 6 h sample, a fast downregulation of NF-kB 

regulating genes (NFKBID and NFKB inhibitor alpha [NFKBIA]), NF-kB target genes 

(DUSP2, CD83 molecule [CD83], BCL2 related protein A1 [BCL2A1], and CXCL10), and 

REL were detected. The upregulation of BCR associated genes (CD79a molecule [CD79A], 

CD79b molecule [CD79B], and V-set pre-B cell surrogate light chain 3 [VPREB3]), BCR 

signaling genes (B cell scaffold protein with ankyrin repeats 1 [BANK1]) followed at 48 h. 

While the expression of the NF-kB target gene CD40 molecule (CD40) was reduced, the 

increased expression of genes encoding for the surface leukocyte antigen CD37 (CD37) 

and CAMPATH-1 antigen (CD52) was triggered upon ibrutinib treatment. 

10.2.4 REC-1 cells increase CD52 levels and enter a quiescent 
state  

In accordance with the scRNA-seq data, a higher level of the tetraspanin CD37 and the 

glycoprotein CD52 were detected on the cell surface of REC-1 cells following 3 d ibrutinib 

treatment by flow cytometry analysis (Figure 9A and 9B). The expression of tumor necrosis 

factor receptor superfamily member 5 (CD40) was reduced, whereas increased CD79B 

could not be demonstrated at the protein level in REC-1. The ibrutinib-resistant MAVER-1 

did not alter the expression of CD52, CD37, and CD40. However, a small but significant 

increase in CD79B level was observed. 
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Figure 9: Validation of altered surface antigen expression levels and cell cycle shift following 
ibrutinib treatment. A) Violin plots illustrating the log normalized gene expression of the surface 
antigens (scRNA-seq). B) Mean fluorescence intensities (MFI, geometric mean) of the surface 
antigens as determined by flow cytometry after 400 nM ibrutinib for 3 d, DMSO as control (N = 3). C) 
Distribution of cell cycle phases across Ctr, 6 h, and 48 h (scRNA-seq). D) Flow cytometry analysis 
of cell cycle phases in REC-1 and MAVER-1 after 48 h with 400 nM ibrutinib (48 h), DMSO as control 
(N = 3). B) and D) Data shown as mean (± SEM for [B]). Significant alterations were assessed by 
two-sided t-test (* P ≤ 0.05, ** P ≤ 0.01, and ns = not significant). Modified from Fuhr et al. [156]; 
reproduced with permission from Springer Nature [157]. 

Focusing on the distribution of cells cycling in G2M phase, S phase or non-cycling cells 

(referred to as G1) unveiled a shift towards a higher percentage of cells which entered a 

quiescent state and were assigned to G1 after 48 h of treatment in single-cell analysis 

(Figure 9C). A higher proportion of G1 cells after 48 h of ibrutinib treatment was also 

observed by analyzing the DNA content after PI staining of ibrutinib-treated REC-1 (Figure 

9D). The cell cycle of the ibrutinib-resistant cell line MAVER-1 was not affected.  
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10.2.5 Ibrutinib alters metabolic activity of REC-1 

Besides the common response to treatment, the subpopulations A, B, and D, comprising  

7 809, 6 770, and 1 364 cells, respectively, were studied separately to track individual 

responses over treatment (Figure 10A).  

 
Figure 10: Analysis of subpopulations and metabolic evolution during ibrutinib treatment. A) Uniform 
manifold approximation and projection (UMAP) plots of the subpopulations A, B, and D including 
untreated (Ctr), 6 h and 48 h ibrutinib-treated cells; clustering at resolution 0.2 for A and B, 0.3 for D; 
solid and dashed lines highlight clusters according to assigned Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis for oxidative phosphorylation and glycolysis/HIF-1 signaling, 
respectively; KEGG analysis is shown for subpopulation A representatively, with genes of log fold 
change > 0.1 and adjusted P-value < 0.001 (no. = number of genes). B) Violin plots with log 
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normalized expression of LDHA and PGK1 (scRNA-seq). C) LDHA expression in REC-1 and 
MAVER-1 across 4 d treatment with 400 nM ibrutinib; relative LDHA expression of ibrutinib- vs 
DMSO-treated samples were calculated following normalization of intensities to the loading control 
β-Actin; western blot representative for N = 3. D) Ratio of oxygen consumption rate (OCR) to 
extracellular acidification rate (ECAR) in REC-1 and MAVER-1 as determined by extracellular flux 
analysis after 3 d treatment with 400 nM ibrutinib, DMSO as control (N = 3). E) ECAR values of (D). 
D) and E) Data shown as mean ± SEM. Significant alterations were assessed by two-sided t-test (** 
P ≤ 0.01, *** P ≤ 0.001, and ns = not significant). Modified from Fuhr et al. [156]; reproduced with 
permission from Springer Nature [157]. 

Reclustering produced 3 clusters in each subpopulation, separating the Ctr and 6 h from 

the 48 h cells. The 48 h cells grouped again in two subsets. One subset was assigned to 

OXPHOS by the KEGG pathway analysis (cluster 1 in subpopulations A, B, and D), while 

the other cells were linked to glycolysis/gluconeogenesis and the HIF-1 signaling pathway 

(cluster 2 in subpopulations A, B, and D). The metabolic partitioning was reflected by the 

appearance of two subsets in 48 h with either high or low expression of lactate 

dehydrogenase A (LDHA) and phosphoglycerate kinase 1 (PGK1), encoding for proteins 

involved in glycolysis (Figure 10B). However, the overall expression level of both genes 

decreased across treatment. At the protein level, a decrease in L-lactate dehydrogenase A 

chain (LDHA) was evident, whereas the ibrutinib-resistant MAVER-1 consistently 

expressed LDHA (Figure 10C).  

An extracellular flux analysis was performed to study the OCR and ECAR representing 

indicators for mitochondrial respiration or OXPHOS and glycolysis, respectively. In contrast 

to ibrutinib-resistant cells, a shift towards higher OCR/ECAR ratio was detected after 3 d 

ibrutinib treatment in REC-1, indicating higher dependence on mitochondrial respiration and 

OXPHOS (Figure 10D). This alteration was caused by decreased ECAR in REC-1, pointing 

to weakened glycolysis triggered by ibrutinib in sensitive cells (Figure 10E). 

10.2.6 Ibrutinib influences gene regulatory networks in REC-1 

The single-cell regulatory network inference and clustering (SCENIC) method enabled the 

analysis of gene regulatory networks (GRN) and their adaptations across ibrutinib 

treatment. SCENIC identified the activity of transcription factors (TFs) together with their 

cofactors and target genes building the GRNs. As the predominant alterations in the 

transcriptome were observed between Ctr/6h cells towards 48h cells, differences in GRN 

activities between these two time periods were assessed and resolved according to the 

Seurat clustering approach (Figure 11A, see Figure 8A for clustering).  
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Figure 11: Gene regulatory network analysis. A) Scaled average regulon activity across ibrutinib 
treatment in the eleven clusters of the combined analysis (see clustering in Figure 8A); number of 
genes (g) of regulons are indicated in parenthesis next to the transcription factors. B) Uniform 
manifold approximation and projection (UMAP) plots of combined data presenting regulon activity 
(top) and log normalized gene expression of the corresponding transcription factors (below). Modified 
from Fuhr et al. [156]. 
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Some GRNs were characteristic of all Ctr/6h cells and were suppressed following ibrutinib 

treatment. The activity of TFs associated with NF-kB signaling (proto-oncogene c-Rel [REL], 

nuclear factor NF-κB p100 subunit [NFKB2], transcription factor RelB [RELB], transcription 

factor JunB [JUNB]) was higher in untreated cells or at early treatment. Only subpopulation 

D (cluster 9 and 10) was still regulated by nuclear factor NF-κB p105 subunit (NFKB1) in 48 

h. In turn, other transcription factors essential for proper B-cell function were more dominant 

in 48 h. Especially the takeover of transcription factor PU.1 (SPI1; together with POU 

domain class 2-associating factor 1 and 2 [POU2AF1 and POU2F2]) in place of transcription 

factor Spi-B (SPIB; together with basic leucine zipper transcriptional factor ATF-like [BATF] 

and interferon regulatory factor 4 [IRF4]), having redundant functions, highlighted the 

alterations in B-cell regulatory processes during ibrutinib treatment. The GRN analysis 

correlated with the gene expression of Spi-B transcription factor (SPIB) and Spi-1 proto-

oncogene (SPI1), which were expressed at higher levels in the untreated and 48 h treated 

cells, respectively (Figure 11B). The GRNs of TP53, transcription factor Sp1 (SP1), involved 

in regulation of oncogenes and tumor suppressors, and protein C-ets-1 (ETS1), associated 

with oncogenic properties, defined the 48 h cells (Figure 11A). 

Next to the general alterations, some GRNs were specific for single clusters or 

subpopulations. The activity of the TFs HMGB3 and SOX11 were elevated in the 

subpopulation B throughout treatment (cluster 0, 3, and 6; Figure 11A). However, the gene 

expression of SRY-box transcription factor 11 (SOX11) was not enhanced compared to the 

other subpopulations (Figure 11B). The subpopulation D was dominated by the GRN of hes 

family bHLH transcription factor 4 (HES4) representing a known NOTCH1 target gene, and 

maintained activity of SPIB (cluster 4, 9, and 10; Figure 11A). The activity of the TFs class 

E basic helix-loop-helix protein 40 and 41 (BHLHE40 and BHLHE41), and max-interacting 

protein 1 (MXI1) underlined the glycolytic/hypoxic state of the cells in the clusters 5, 6, and 

9. Cluster 7, comprising the subpopulation C, was defined by DNA damage-inducible 

transcript 3 protein (DDIT3), CCAAT/enhancer-binding protein beta (CEBPB), cyclic AMP-

dependent transcription factor ATF-3 (ATF3), and X-box-binding protein 1 (XBP1), reflecting 

the stress response in these cells. 

Apart from subpopulation specific features, the SCENIC analysis revealed the suppressive 

effect of ibrutinib on NF-κB activity in REC-1 cells and the alterations in crucial 

transcriptional networks in the MCL cells. 
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10.3 Gene expression profile of REC-1 does not 
considerably change over 2- to 4-day treatment 
with ibrutinib 

Given the heterogeneous appearance of REC-1 cells after 48 h of ibrutinib treatment in 

single-cell analysis, differential gene expression of surviving cells after prolonged treatment 

of more than 48 h was examined by bulk RNA-seq to characterize the surviving 

subpopulation (Figure 12A). 

 
Figure 12: Bulk RNA sequencing of ibrutinib-treated REC-1. A) Sample preparation for bulk RNA 
sequencing (RNA-seq) with treatment of REC-1 with 400 nM ibrutinib (untreated as control) for up to 
4 d, isolation of viable cells, RNA extraction, quality control (QC), sequencing and computational 
analysis with gene set enrichment analysis (GSEA; N = 3). B) Heatmap showing sample distances 
of three replicates (a, b, c) of each treatment based on the variance stabilizing transformed values. 
C) Heatmap with gene expression of bulk RNA-seq samples for top differentially expressed genes 
identified in the previous single-cell analysis. Modified from Fuhr et al. [158]. 

After treatment with 400 nM ibrutinib for up to 4 d, RNA of viable cells was isolated, 

underwent quality control, libraries were prepared and sequenced. Three replicates of every 

time point were included with around 32 × 106 reads and 12 × 103 detected genes per 

sample (Figure 12A). As illustrated by sample distances, the transcriptome of the ibrutinib-
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treated samples after 3 d and 4 d did not differ from that after 2 d of treatment (Figure 12B). 

This was reflected in the number of differentially regulated genes with 385 up- and 633 

down-regulated genes for 2 d vs untreated and only 8 up- and 4 down-regulated genes for 

2 d vs 4 d (|log2FC| ≥ 1, padj < 0.05). In line with the top DEGs from the single-cell analysis, 

the bulk RNA-seq approach revealed a similar expression pattern with downregulation of 

NF-κB associated genes, and upregulation of genes encoding for the BCR subunits and 

surface antigens CD37 and CD52 at 2 d, 3 d, and 4 d treatment with ibrutinib (Figure 12C). 

Despite the minor changes in DEGs upon prolonged ibrutinib treatment of more than 2 d, a 

GSEA for KEGG pathways was performed to assess altered features in 4 d treated cells 

compared to an untreated control. The analysis revealed 82 negatively enriched pathways 

and 16 gene sets with positive enrichment (|log2FC| ≥ 1, q-value < 0.05; Figure 13).  

 
Figure 13: Gene set enrichment analysis of ibrutinib-treated REC-1. A) Gene set enrichment 
analysis (GSEA) for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of 4 d ibrutinib-
treated REC-1 vs untreated; selected significant pathways are shown (|log2FC| ≥ 1, q-value < 0.05). 
B) + C) Enrichment plots for KEGG pathways ‘Cell adhesion molecules’ (B) and metabolic pathways 
(C) as revealed by GSEA analysis shown in (A). Modified from Fuhr et al. [158]. 

As expected, NF-kB signaling, and cell cycle were suppressed after 4 d of treatment (Figure 

13A). Furthermore, signaling pathways important for B-cell function were negatively 

enriched, namely PI3K-AKT, Toll-like receptor, and tumor necrosis factor (TNF) signaling. 
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REC-1 cells also exhibited reduced cell adhesion (Figure 13B). Alterations in metabolism 

were manifested by reduced glycolysis and increased OXPHOS (Figure 13C). 

10.4 High sensitivity of REC-1 to concomitant 
treatment with IACS-010759 and ibrutinib 

The effect of the OXPHOS inhibitor IACS-010759 (IACS) on the proliferation of MCL cell 

lines was tested. Titration of 1 to 100 nM IACS for 3 d resulted in moderate reduction of 

proliferation in all cell lines (Figure 14, left). The maximal effect of IACS was achieved at a 

minimal concentration of 25 nM, where the proliferation of all cell lines ranged from 55% to 

75%. REC-1 showed higher sensitivity over incubation from 1 to 3 d compared to MAVER-

1 (Figure 14, right). In contrast, proliferation of MAVER-1 decreased considerably from the 

3rd to 4th day of treatment, while proliferation of REC-1 only slightly decreased. 

 
Figure 14: IACS-010759 titration and kinetics of mantle cell lymphoma cell lines. Proliferation of 10 
MCL cell lines, with solid lines for REC-1 (gray) and MAVER-1 (red), after treatment with 1-100 nM 
IACS-010759 (IACS) for 3 d (N = 2, N = 3 for REC-1 and MAVER-1; left), and proliferation of REC-
1 and MAVER-1 across 1 to 4 d treatment with 25 nM IACS (N = 3; right); as determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data shown as mean ± SEM. 
Modified from Fuhr et al. [158]. 

The combination of ibrutinib with IACS was first assessed by a consecutive approach. REC-

1 cells were pretreated with 400 nM ibrutinib for 3 d to induce the metabolic switch to 

OXPHOS dependence, followed by separation of viable cells and incubation with 25 nM 

IACS for an additional 2 d. 

IACS reduced proliferation to 29% and 74% in REC-1 and MAVER-1, respectively (Figure 

15A). Ibrutinib caused a drop in proliferation of REC-1 to 37%. However, the addition of 

IACS to ibrutinib did not significantly increase toxicity compared to single-agent ibrutinib in 

REC-1. Because MAVER-1 cells were not affected by ibrutinib, proliferation was the same 

between IACS and ibrutinib plus IACS. 
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Figure 15: Consecutive treatment with ibrutinib and IACS-010759. A) Proliferation of REC-1 and 
MAVER-1 cells after 3 d pretreatment with 400 nM ibrutinib (Ibr; DMSO control) followed by viable 
cell isolation and 2 d treatment with 25 nM IACS-010759 (IACS; DMSO control) and the 
corresponding pretreatment (Ibr or DMSO); proliferation was assessed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (N = 3). B) Western blot of protein lysates from cells 
treated as described in (A); β-Actin served as loading control (representative for N = 3). C) 
Extracellular flux analysis of cells treated as described in (A), but without isolation of viable cells after 
pretreatment; ratio of oxygen consumption rate (OCR) vs extracellular acidification rate (ECAR) is 
shown (N = 3). D) ECAR values from (C). Data shown as mean ± SEM. Significant alterations were 
assessed by two-sided t-test (* P ≤ 0.05, ** P ≤ 0.01, and ns = not significant). Modified from Fuhr et 
al. [158]. 

With respect to induction of apoptosis, western blot analysis revealed same level of PARP 

cleavage in cells treated with ibrutinib or the combination, and only slightly higher Caspase-

9 cleavage for the combined treatment in REC-1 (Figure 15B). Neither ibrutinib nor IACS 

caused apoptosis in MAVER-1, as no cleavage products of PARP or Caspase-9 were 

detected. Phosphorylation of BTK was inhibited by ibrutinib and reduced after treatment 

with IACS alone in REC-1 and MAVER-1. 

To study the metabolic effect of IACS on the cells, an extracellular flux analysis was 

performed. Treatment with IACS for 2 d strongly reduced the OCR/ECAR ratio in both cell 

lines without significant differences between IACS alone or in combination with ibrutinib 

(Figure 15C). IACS increased glycolytic activity in MAVER-1, as reflected by ECAR (Figure 
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15D). For REC-1, ibrutinib led to a reduction of ECAR, which increased again, although not 

significantly, when IACS was added. 

Whether simultaneous OXPHOS inhibition plus ibrutinib treatment had a more potent effect 

was investigated using a concomitant approach. In REC-1, proliferation was weakened to 

25% by ibrutinib and to 30% by IACS (Figure 16A). 

 
Figure 16: Concomitant treatment with ibrutinib and IACS-010759. A) Proliferation of REC-1 and 
MAVER-1 cells after 4 d treatment with 400 nM ibrutinib (Ibr; DMSO control) and 25 nM IACS-010759 
(IACS; DMSO control); proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (N = 4). B) Western blot of protein lysates from cells 
treated for 3 d as described in (A); β-Actin served as loading control (representative for N = 3). C) 
Extracellular flux analysis of cells treated as described in (A) for 3 d; ratio of oxygen consumption 
rate (OCR) versus extracellular acidification rate (ECAR) is shown (N = 4). D) ECAR values from (C). 
Data shown as mean ± SEM. Significant alterations were assessed by two-sided t-test (* P ≤ 0.05, 
** P ≤ 0.01, *** P ≤ 0.001, and ns = not significant). Modified from Fuhr et al. [158]. 

The combination of both inhibitors significantly increased toxicity compared with ibrutinib as 

single agent. IACS reduced proliferation of MAVER-1 and led to lower proliferation than in 

REC-1 after 4 d. Ibrutinib had no effect on MAVER-1, so proliferation was equally reduced 

between IACS alone and ibrutinib plus IACS. In western blot analysis, increased PARP and 

Caspase-9 cleavage indicated higher apoptosis in REC-1 cells treated with the combination 

(Figure 16B). Similar to ibrutinib, IACS blocked phosphorylation of the BTK in REC-1 and 

reduced phosphorylation levels in MAVER-1. 
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Ibrutinib triggered an increased OCR/ECAR ratio in REC-1. When cells were treated with 

IACS, the ratio declined, with no difference between IACS as single or combined treatment 

(Figure 16C). The OCR/ECAR ratio of MAVER-1 was reduced to similarly low levels by 

IACS and the addition of ibrutinib had no effect. While MAVER-1 showed increased ECAR 

upon treatment with IACS, ECAR of REC-1 was reduced by ibrutinib and IACS as single 

agents (Figure 16D). The combination of the two inhibitors dramatically lowered ECAR of 

REC-1, which contrasted with the consecutive treatment described above, resulting in an 

increase, albeit not significant, of ECAR. 

10.5 REC-1 cells are highly responsive to anti-CD52-
mediated complement dependent cytotoxicity 
following ibrutinib pretreatment 

Mantle cell lymphoma cell lines were treated with 400 nM ibrutinib for 3 d to assess whether 

CD52 expression increased. However, only the REC-1 cell line showed higher CD52 

surface levels compared with DMSO control (Figure 17A). 

Efficacy of combined treatment with ibrutinib and a monoclonal antibody targeting CD52 

was investigated using a consecutive approach. REC-1 and MAVER-1 were pretreated with 

400 nM ibrutinib for 3 d, before viable cells were isolated and treated with CD52 mAb and 

human serum as source of complement. Appropriate antibody concentration was tested 

with concentrations from 1 to 30 µg/ml in REC-1 (Figure 17B). Ibrutinib-pretreated REC-1 

showed high sensitivity to treatment and a strong drop in viability upon increasing 

concentrations. The control group of DMSO-pretreated cells was less sensitive, resulting in 

53% and 8% of viable cells after incubation with 30 µg/ml CD52 mAb for DMSO- and 

ibrutinib-pretreated cells, respectively. For subsequent experiments, 10 µg/ml CD52 mAb 

was set to achieve the maximal effect at the minimal dose. 
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Figure 17: CD52 surface expression of mantle cell lymphoma cell lines following ibrutinib treatment 
and combination of ibrutinib with anti-CD52 treatment. A) Surface CD52 expression on 9 MCL cell 
lines treated with 400 nM ibrutinib (DMSO control) for 3 d (N = 3); mean fluorescence intensity (MFI, 
median) is plotted as analyzed by flow cytometry using CD52-PE staining. B) Percentage of viable 
REC-1 cells (propidium iodide negative, PI-) after pretreatment with 400 nM ibrutinib (DMSO control) 
followed by isolation of viable cells, addition of 1-30 µg/ml CD52 mAb and 10% normal human serum 
(NHS) for 15 min; cells were analyzed by flow cytometry (N = 3). C) Proliferation of REC-1 and 
MAVER-1 after consecutive treatment as described in (A) using 10 µg/ml CD52 mAb (N = 4), and D) 
after concomitant treatment with 400 nM ibrutinib plus 10 µg/ml CD52 mAb and NHS treatment for 
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48 h (N = 3); proliferation as assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. E) Fold change of C3b deposition on cell surface between ibrutinib- and 
DMSO-pretreated cells after consecutive treatment described in (B) with NHS or heat-inactivated 
human serum (HIS) as control; C3b-FITC mean fluorescence intensity (MFI, geometric mean) was 
analyzed by flow cytometry. F) Microscopy after consecutive treatment as described in (B) showing 
bloated plasma membranes (red arrows); images were transferred to grayscale and are 
representative for N = 3. Data shown as mean ± SEM. Significant alterations were assessed by two-
sided t-test (* P ≤ 0.05, ** P ≤ 0.01, and ns = not significant). Modified from Fuhr et al. [158]. 

In the consecutive approach, anti-CD52 treatment slightly reduced proliferation of DMSO-

pretreated REC-1 cells (Figure 17C). Addition of CD52 mAb to ibrutinib-treated REC-1 cells 

led to a fast reduction in proliferation, with only 27% remaining proliferative activity 

compared to 78% in the isotype control. Neither ibrutinib nor anti-CD52 treatment altered 

proliferation of MAVER-1 cells. 

Since the concomitant regimen with IACS yielded higher efficacy, the effect of simultaneous 

ibrutinib plus anti-CD52 treatment combined with human serum for 48 h was assessed. 

Anti-CD52 treatment for 48 h decreased proliferation of REC-1 to 60%, and to 24% when 

combined with ibrutinib (Figure 17D). Nevertheless, the add-on effect of anti-CD52 therapy 

relative to ibrutinib-isotype was lower with 28% decreased proliferation with the concomitant 

versus 51% with the consecutive approach. Again, MAVER-1 cells were not affected by 

ibrutinib and anti-CD52 treatment. 

To retrace the CD52 mAb-induced mechanism of cell death in the consecutive setup, 

complement activation was assessed by detecting the complement component C3b on the 

cell surface. Treatment with anti-CD52 led to 1.7-fold higher C3b levels on ibrutinib-

pretreated REC-1 compared with the DMSO-pretreated control (Figure 17E). Fold change 

of C3b deposition after anti-CD52 treatment was significantly higher than after treatment 

with the corresponding isotype control. Addition of HIS together with CD52 mAb did not 

result in complement activation or any difference between ibrutinib- and DMSO-pretreated 

REC-1. For MAVER-1 cells, no significant alterations in complement activation were 

observed upon anti-CD52 treatment. 

CD52 mAb-mediated complement-dependent cytotoxicity (CDC) in ibrutinib-pretreated 

REC-1 cells was illustrated by microscopy (Figure 17F). Ibrutinib-pretreated REC-1 cells 

showed a high number of cells with bloated plasma membranes and lysed cells, whereas 

the morphology of MAVER-1 was not affected by anti-CD52 treatment. 

For translation of the consecutive anti-CD52 treatment approach to primary cells, an 

improved B-cell cultivation protocol was needed to ascertain proper growth during the 

required 3-day incubation with ibrutinib. 
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10.6 Cultivation with IL-4 and CD40L alters response to 
ibrutinib and CD52 levels of primary mantle cell 
lymphoma cells 

The use of cytokines can mimic microenvironmental signaling and trigger proliferation and 

activation of primary B cells. Besides standard cultivation with RPMI-1640 and 2 mM L-

Glutamine (RPMI), StemMACS™ HSC Expansion Media XF from a B Cell Expansion Kit 

(Miltenyi Biotec) was tested. CD40 ligand (CD40L) and the cytokine IL-4 were added to 

MACS medium to trigger B-cell/MCL cell activation and proliferation. Instead of FBS, 10% 

HIS was used. 

Frozen PBMC from an MCL patient were thawed and cultivated for 3 d with different media 

compositions and 400 nM ibrutinib or DMSO. Cultivation in RPMI and MACS without 

additives resulted in lowest proliferation (Figure 18A) and survival rate of viable MCL cells 

(CD19+PI-; Figure 18B). 

 
Figure 18: Cultivation of primary mantle cell lymphoma cells. Peripheral blood mononuclear cells 
(PBMC) from an MCL patient after cultivation with RPMI-1640 medium containing 2 mM L-Glutamine 
(RPMI), StemMACS™ HSC Expansion Media XF (MACS), the additives IL-4 (50 IU/ml) and CD40L 
(100 ng/ml) and 10% human serum and treatment with 400 nM ibrutinib (DMSO control) for 3 d. A) 
Proliferation of cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay, absorbance of respective media (RPMI or MACS) was subtracted. B) Percentage of 
viable MCL cells (CD19+PI-), and C) CD52 levels of viable MCL cells (MFI, geometric mean), 
analyzed by flow cytometry using CD19-FITC, CD52-APC, and propidium iodide (PI) staining with 
gating for doublets and debris. D) Microscopy of PBMCs treated with DMSO. 

The addition of IL-4 to PBMCs growing in MACS medium increased proliferation and the 

percentage of surviving MCL cells (Figure 18A and 18B). The positive effect of CD40L was 
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even higher, with the combination of both resulting in highest proliferative activity and 

survival. However, the toxic effect of ibrutinib on proliferation and MCL cell survival, which 

was visible in RPMI-cultivated cells, was diminished by using MACS medium and one or 

both additives. Measuring CD52 levels revealed that cells lost CD52 surface expression 

when cultured with one or both supplements (Figure 18C). In addition, cultivation with IL-4 

and/or CD40L impeded the upregulation of CD52 surface levels triggered by ibrutinib that 

was observed when culturing in RPMI or MACS without additives. Lower CD52 expression 

was associated with a different morphology and behavior of the cells, which started to 

cluster upon addition of CD40L and formed large clusters when IL-4 and CD40L were 

present in MACS medium (Figure 18D). 

10.7 Primary ibrutinib-sensitive mantle cell lymphoma 
cells are more prone to anti-CD52-mediated 
toxicity when pretreated with ibrutinib 

Primary MCL cells from 10 patients were treated with ibrutinib to assess a potential increase 

of CD52 levels. PBMCs from 8 patients (P), lymph nodes from 2 patients (L), and 2 PBMC 

samples from healthy donors (H) were included (see Table 2 for patient characteristics). 
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Table 2: Characteristics of primary samples. 

Sample Type Sex  Mantle cell lymphoma 
subtype 

Therapy prior to 
sample collection 

In vitro 
(treatment) 

P1 PBMC m classic nodal no 3 d 

P2 PBMC m classic nodal no 3 d 

P3 PBMC m classic nodal yes, Nordic protocol, 
ibrutinib 

2 d 

P4 PBMC m classic nodal no 2 d 

P5 PBMC f leukaemic non-nodal no 3 d 

P6 PBMC m classic nodal no 3 d 

P7 PBMC m classic nodal no 3 d 

P8 PBMC m classic nodal no 3 d 

L1 Lymph 
node 

m classic nodal n.a., pre-ibrutinib era  2 d 

L2 Lymph 
node 

m classic nodal n.a., pre-ibrutinib era  2 d 

H1 PBMC f healthy control no 2 d 

H2 PBMC f healthy control no 3 d 

PBMC = peripheral blood mononuclear cells, in vitro (treatment) = 2 or 3 d treatment with 400 nM 
ibrutinib, m = male, f = female, n.a. = not available; Nordic protocol = rituximab, augmented 
CHOP/cytarabine with high-dose consolidation and autoSCT [159]. Modified from Fuhr et al. [158]. 

After thawing of the frozen material, cells were seeded and incubated with 400 nM ibrutinib 

or DMSO for 2 to 3 d depending on cell fitness. The viability after ibrutinib treatment varied 

between patient samples and therefore P2, P6, P7, and P8 were considered as ibrutinib-

sensitive (viability loss > 50%) and all other cases as ibrutinib-insensitive (viability loss ≤ 

50%; Figure 19A). CD52 levels of primary MCL cells from peripheral blood and lymph nodes 

were higher than on healthy control B cells. MCL cells of PBMCs from 4 patients, including 

the ibrutinib-resistant patient sample (P3) and two ibrutinib-sensitive cases, showed a 

considerable upregulation of CD52 (> 25% compared to DMSO-treated control) following 

ibrutinib treatment. 
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Figure 19: Ibrutinib and anti-CD52 treatment of primary mantle cell lymphoma cells. A) CD52 surface 
expression as mean fluorescence intensity (MFI, median) and viability loss (below) of primary mantle 
cell lymphoma (MCL) cells from 8 PBMC (P) and 2 lymph node (L, orange) samples from MCL 
patients, as well as 2 healthy controls (H, blue) after treatment with 400 nM ibrutinib (DMSO control) 
for 2 or 3 d (arrows indicate > 25% increase in CD52 levels compared with DMSO control); 
determined by flow cytometry using CD19-FITC, CD52-APC, and propidium iodide (PI) staining; 
debris and doublets were excluded and only viable MCL cells (CD19+PI-) were measured. B) Survival 
of primary MCL cells after consecutive approach with 2 or 3 d pretreatment with 400 nM ibrutinib 
(DMSO control) followed by addition of 10 µg/ml anti-CD52 and 10% normal human serum; boxplot 
depicts percentage of surviving MCL cells (CD19+PI-) of either ibrutinib-sensitive (viability loss > 50%) 
or ibrutinib-insensitive (viability loss ≤ 50%) cases after ibrutinib or DMSO pretreatment, with 
centerline and square indicating median and mean, respectively (ctr for control). Shapiro-Wilk test 
and Paired t-test were performed. Modified from Fuhr et al. [158]. 

After ibrutinib pretreatment, primary MCL cells were incubated with CD52 mAb and human 

serum. In ibrutinib-insensitive cases, ibrutinib pretreatment did not lead to higher toxicity of 

anti-CD52 treatment (Figure 19B). However, focusing on the ibrutinib-sensitive cases 

revealed that CD52 mAb-mediated loss in viability was higher when primary MCL cells were 

pretreated with ibrutinib.  
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11 Discussion 

11.1 Addressing ibrutinib resistance in mantle cell 
lymphoma 

Mantle cell lymphoma mostly follows an aggressive clinical course. Although treatment 

options have evolved in recent years, the disease remains incurable [57]. Ibrutinib serves 

as well-tolerated second-line treatment. Despite of improved progression-free survival with 

a median of over 2 years, ibrutinib is not curative, as patients relapse [160]. Along a multi-

target approach, combination regimens are investigated to improve therapeutic efficacy, 

using drugs that are well studied in MCL and have a complementary mechanism of action 

to ibrutinib. To date, clinical trials assessed ibrutinib in combination with anti-CD20 

treatment (rituximab or obinutuzumab) and lenalidomide, venetoclax or bendamustine [161-

163]. 

This work is based on the hypothesis that the mechanisms leading to resistance in MCL 

cells that have previously responded to ibrutinib are potential therapeutic targets. Disabling 

these escape mechanisms along with ibrutinib treatment may have a synergistic effect, 

eliminating residual cells causing minimal residual disease (MRD) and preventing relapse. 

Since resistance mechanisms in MCL are only partially elucidated and are caused by 

diverse events, this work first elucidated potential resistance mechanisms following ibrutinib 

treatment in sensitive cells of a cell line. For studying MCL, several established MCL cell 

lines are available. MINO, JEKO-1, and REC-1 were described as ibrutinib-sensitive [53, 

164]. However, only REC-1 showed a considerable decrease in proliferation with apoptosis 

under ibrutinib exposure [165]. Intriguingly, despite its sensitivity, a subgroup of cells 

persisted prolonged treatment suggesting that some cells adapted or harbored features 

providing higher resistance to ibrutinib. The observation of drug-tolerant cells has already 

been described for cell lines of other entities and these persistent cells are suspected to 

expand under further drug exposure due to acquired resistance mechanisms [138]. REC-1 

was therefore selected as a suitable model to study the evolution of ibrutinib-surviving MCL 

cells across ibrutinib treatment. 



Discussion 

80 
 

11.2 Time-resolved single-cell RNA sequencing to 
identify targets in mantle cell lymphoma treated 
with ibrutinib 

Sequencing at single-cell resolution is of interest, particularly with respect to detection of 

subpopulations resembling potential resistant clones [166] eventually causing MRD and 

relapse in MCL. Although data on MRD status after ibrutinib monotherapy is lacking, MRD 

assessment after other treatment regimens in MCL has highlighted its decisive role in 

prognosis [167], as detected MRD is usually followed by disease progression, as for 

instance after the combined use of ibrutinib with rituximab in patients with indolent MCL 

[168]. With help of scRNA-seq, the transcriptional evolution of surviving tumor cells was 

tracked, resolved on single-cell level and for the time period of treatment to identify 

alterations such as activation of compensatory signaling pathways or expansion of a 

subclonal resistant population under selective pressure of treatment. 

A time point of 6 h was chosen to account for early transcriptomic alterations with ibrutinib 

treatment and 48 h as the end point. The heterogeneous appearance of REC-1 cells after 

48 h of ibrutinib treatment indicated that the single-cell data did not already identify the cells 

that ultimately survived. However, evolution of REC-1 was dominated by common 

alterations in subpopulations. Therefore, a bulk RNA-seq analysis followed for an extended 

incubation of up to 4 d to allow characterization of the final persistent cells. 

11.2.1 Identification of an ibrutinib susceptible and an 
aggressive subpopulation 

In our single-cell data, we encountered considerable heterogeneity of the investigated 

ibrutinib-sensitive MCL cell line REC-1. Even though cell lines are often seen as a 

homogeneous population of tumor cells, the scRNA-seq study of Kinker et al. screened 198 

cancer cell lines across 22 cancer entities and revealed heterogeneous constitution in 11% 

[169]. Besides common sources for heterogeneity caused by cell cycle and stress response, 

subpopulations seem to be characteristic and unique to cell lines. In particular, the 

differential regulation of genes in cycling cells can overshadow other sources of 

heterogeneity in single-cell data [170]. Therefore, the effect of cell cycle on the 

heterogeneity of the data was reduced in this work, still leaving 2 main and 2 smaller 

subpopulations for analysis. A biologically meaningful difference between the two main 

subpopulations was not evident. More interestingly, the two small subpopulations showed 

specific patterns. One subpopulation with lowest CD52 expression, highest number of 
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resting cells and a linked stress response was the only one which disappeared after 48 h 

ibrutinib treatment. Therefore, low CD52 expression, quiescence, and stress might 

represent features rendering the cells more vulnerable to ibrutinib treatment. Another 

subpopulation, which was consistently present across treatment, was linked to aggressive 

behavior with higher risk for metastasis, promotion of angiogenesis, and immune escape 

due to higher expression of CXCL10 [171], SPP1 [172], and LGALS1 [173]. Additionally, 

the GRN analysis detected dominant activity of HES4 regulated gene network pointing to 

active NOTCH1 signaling in this subgroup [174]. Previous studies revealed that REC-1 

carries an activating NOTCH1 deletion [175, 174], suggesting an overall higher impact of 

NOTCH1 signaling on gene expression in this cell line. Interestingly, NOTCH1 signaling has 

been identified as an important mechanism of TME interaction in MCL cells [174]. As MCL 

cells also reside in the bone marrow, spleen, and GI tract, the crosstalk between tumor cells 

and surrounding stromal and immune cells, providing cytokines or chemokines as survival 

signals or for stimulation of proliferation and metastasis, may be involved in drug resistance 

[176]. Although research in this field is still scarce [114], the features identified in this 

aggressive subpopulation may be important drivers of MCL cells’ intrinsic mechanisms to 

engage the TME. 

11.2.2 Common response with high CD52 and oxidative 
phosphorylation characterize surviving mantle cell 
lymphoma cells after ibrutinib treatment 

Despite their heterogeneity, all surviving MCL cells responded similarly to ibrutinib 

treatment. Early on, cells downregulated NF-κB associated genes due to blocking of BTK 

and downstream signaling by ibrutinib. In addition, we observed an overall shift to the G1 

phase of the cell cycle, suggesting entry into a quiescent cell state. In response to 

decreased BCR signaling, cells may have attempted to compensate by increasing BCR 

gene expression. However, the upregulation of CD79B was only observed in the single-cell 

analysis but could not be validated on protein level. Such inconsistencies in the correlation 

of mRNA and protein abundance can result from post-transcriptional regulation and 

transcriptional-burst events that can be buffered at the protein level [177]. Focusing on 

alterations of gene regulatory networks highlighted a switch in activation of key transcription 

factors for proper B-cell function, with SPI1 dominating in ibrutinib-treated cells. This 

contrasts with a single-cell study of ibrutinib-treated CLL patients by Rendeiro et al. 

describing decreased activity of the transcription factor SPI1 [178]. On the other hand, the 

primary CLL cells showed gene signatures similar to our findings, with an attenuated NF-

κB signature and a quiescent cell state triggered by ibrutinib.  
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Additional common responses of ibrutinib-treated cells included decreased surface 

expression of CD40, a mediator of alternative NF-ĸB signaling and an NF-ĸB target gene, 

which may be due to reduced NF-κB signaling [179]. In contrast, ibrutinib provoked elevated 

CD52 and CD37 levels. The study by Rendeiro et al. reported inverse results with 

decreased CD37 and CD52 levels in CLL patients following ibrutinib treatment [178]. This 

could indicate that inhibition of BCR signaling and the expression of these surface antigens 

are linked, although the differential regulation between the two entities remains to be 

elucidated. Considering their broad expression on healthy and malignant B cells [180, 181], 

both surface antigens serve as potential targets and were already evaluated, especially in 

CLL.  

To target CD37, different therapeutic approaches, such as monoclonal antibodies (mAb) 

and CAR T-cell therapy, have been developed and investigated [182, 183]. A phase I trial 

in RR CLL recently suggested, that the combination of an anti-CD37 mAb in combination 

with ibrutinib is a safe treatment regimen with potentially improved efficacy, as the overall 

response rate was 83% [184]. As CD37 is highly expressed on MCL cells [185], and is 

presumably upregulated by ibrutinib therapy, the surface marker represents a potential 

beneficial target in ibrutinib-treated MCL.  

CD52 is a cell surface glycoprotein expressed on B and T lymphocytes and most blood 

cells, except for erythrocytes, platelets, and hematopoietic progenitor cells, and is also 

found in the male reproductive tract on mature sperm cells [186, 187]. For T cells, its role in 

transducing signals for activation and proliferation or migration was reported [188-190]. 

Research on monocytes in systemic sclerosis by Rudnik et al. revealed an antiadhesive 

role of CD52 [191]. They reported, that CD52 may regulate the expression of integrins, 

thereby controlling cell adhesion properties of monocytes. In MCL, tumor cell adhesion to 

the TME mediated by integrin-β1-signaling is linked to BCR signaling and both are 

diminished by treatment with ibrutinib [115]. Accordingly, the ibrutinib triggered increase in 

CD52 surface expression along with the decreased cell adhesion signature in REC-1 

suggests that CD52 may contribute in vivo to the loss of tumor cell adhesion in lymph nodes 

and lymphocytosis following ibrutinib treatment. Besides, a regulatory function of CD52 

expression on BCR signaling was assumed for malignant B cells in systemic lupus 

erythematosus [192]. Thus, elevated CD52 levels could be directly related to inhibition of 

BCR and associated integrin signaling by ibrutinib. 

In addition, time-resolved single-cell analysis revealed evolution of distinct metabolic states. 

Interestingly, every subpopulation (besides subpopulation C) at its untreated state 

contained a group of cells with a glycolytic/hypoxic gene expression pattern. Across 

treatment, ibrutinib triggered a greater differentiation between metabolic states resulting in 

split subpopulations with each containing a group of cells with high activity of OXPHOS and 
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glycolysis. A prolonged treatment of 4 d revealed predominant OXPHOS in surviving cells. 

Extracellular flux analysis corroborated the metabolic switch and indicated ibrutinib’s 

suppressive effect on glycolysis in sensitive cells. 

Research on metabolism in cancer cells started a century ago, when Otto Warburg 

discovered the abnormal glucose uptake and lactate production in cancer cells despite of 

oxygen availability [193]. Mitochondrial defects and reliance on glycolysis for ATP 

production were assumed. This misconception has been revised, as the reason for 

metabolic reprogramming to aerobic glycolysis in cancer cells was traced back to the 

genomic alterations causing activation of oncogenes (KRAS proto-oncogene, GTPase 

[KRAS], MYC), loss of tumor suppressors (TP53), and high activity of the PI3K/AKT/mTOR 

network [194]. Rapidly proliferating tumor cells are thus enabled to meet the high demand 

for biomolecules whose intermediates are supplied by glycolysis. Nevertheless, 

mitochondrial respiration is the main source for ATP in many tumor cells [194].  

MCL is described as an fluorodeoxyglucose (FDG)-positron emission tomography (PET)-

avid lymphoma showing high FDG uptake [195], suggesting a high glycolytic activity of the 

tumor cells. However, there are intra- and interindividual differences that may be related to 

tumor aggressiveness [196]. Since TP53 is frequently mutated, metabolic regulation may 

be abrogated in MCL cells [197, 198]. However, REC-1 are reported to harbor p53 wild-

type [199]. The preference for glycolysis may be mediated by active PI3K/AKT pathway, 

especially in the more aggressive blastoid variant and in cell lines such as REC-1 that is 

also characterized by a blastoid morphology [200, 201]. Constitutive AKT and PI3K 

activation are suggested to result from loss of expression of a negative regulator of the 

PI3K/AKT axis, the phosphatase and tensin homolog (PTEN), and PI3KCA amplification, 

respectively [200, 202]. Downstream activation of mammalian target of rapamycin complex 

1 (mTORC1) by AKT can cause induction of transcription factor hypoxia-inducible factor 1-

alpha (HIF-1α) [203] with its regulated glycolytic enzymes like LDHA [204]. The reduced 

expression of LDHA upon ibrutinib treatment in REC-1 thus indicated the decreased 

glycolytic activity due to BCR inhibition with attenuated PI3K/AKT signaling.  

A metabolomic and fluxomic study by Lee et al. described reduced glycolysis with reduced 

lactate levels in ibrutinib-sensitive MCL cells following treatment with ibrutinib [205]. 

Consistent with this, metabolic reprogramming to glutamine-fueled OXPHOS was observed 

by Zhang et al. in MCL patients with primary/acquired ibrutinib-resistance [206]. An increase 

in OXPHOS was reported as response to other tyrosine kinase inhibitors, by vemurafenib 

in melanoma [207] and imatinib in gastrointestinal stromal tumors [208]. Besides, an 

OXPHOS pattern was characteristic for therapy-resistance in CML stem cells [209], breast 

cancer stem cells [210], AML [211], NSCLC [212], and CLL [213], to name a few examples. 

The mechanisms and reasons still have to be elucidated [214].  
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The impact of ibrutinib on cell metabolism and surface antigen expression were considered 

favorable potential targets for further investigation (Figure 20). 

 
Figure 20: Effects of ibrutinib on the sensitive mantle cell lymphoma cell line REC-1 and resulting 
potential targets. Ibrutinib blocks B-cell receptor (BCR) signaling by inhibiting the BTK, resulting in 
decreased downstream signaling via PI3K/AKT/mTOR, ERK, and NF-κB. Treatment with the BTK 
inhibitor reduced glycolysis, as evidenced by lower ECAR and LDHA levels. Instead, ibrutinib 
triggered increased dependence on oxidative phosphorylation (OXPHOS), which was targeted by 
IACS-010759. Due to higher CD52 surface levels after ibrutinib treatment, anti-CD52 therapy with a 
CD52 monoclonal antibody (mAb) was used, which induced complement-dependent cytotoxicity 
(CDC). 

11.3 Simultaneous inhibition of oxidative 
phosphorylation and ibrutinib treatment are 
highly toxic to ibrutinib-sensitive cells 

Metabolic rewiring has been investigated as a target for cancer treatment [215]. Small 

molecules have been developed to intervene in aerobic glycolysis, glutamine metabolism, 

fatty acid synthesis, and mitochondrial respiration [216]. The agents IM156 and IACS-

010759, that block OXPHOS by inhibition of the complex I of the mitochondrial electron 

transport chain (ETC), are investigated to assess their clinical benefits and feasibility [217, 

218].  
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Zhang et al. studied the effect of IACS-010759 in MCL and reported higher growth inhibition 

in ibrutinib-resistant than in sensitive cells [206]. Contrarily, in this work, the inhibition of 

OXPHOS for 3 d resulted in similar reduced proliferation levels in all MCL cell lines, ibrutinib-

sensitive and ibrutinib-resistant. These discrepancies might be due to distinct cell growth 

protocols. Especially distinct cell culture media composition and cell density during culturing 

with differing available nutrients may influence metabolic cell behavior and sensitivity to 

drug treatment [219, 220]. Moreover, prolonged incubation with IACS-010759 above 3-day 

treatment could reveal differential susceptibility among MCL cell lines, as ibrutinib-resistant 

MAVER-1 cells were more vulnerable to 4-day OXPHOS inhibition than ibrutinib-sensitive 

REC-1, which was in contrast to 3-day treatment. Given its anti-proliferative effect in 

ibrutinib-sensitive and resistant cell lines, IACS-010759 treatment alone could be a valuable 

approach for the treatment of MCL, regardless of susceptibility to ibrutinib. 

Specifically, this study describes the coexistence of two metabolic subgroups, with 

OXPHOS enabled cells acquiring survival benefits through ibrutinib induced selection. On 

the other hand, it may be that REC-1 cells can switch between metabolic states during 

growth. Upon ibrutinib treatment, the equilibrium became imbalanced due to attenuated 

glycolytic activity and MCL cells increased their OXPHOS activity to meet energy demands. 

Interestingly, the co-occurrence of decreased BCR signaling with increased OXPHOS was 

identified in CLL cells with Richter Transformation supporting the hypothesis of a link 

between BCR and metabolism which is influenced by treatment induced evolution of 

malignant cells [221]. This emphasized the possible benefit of using a metabolic inhibitor 

together with ibrutinib to turn off crucial BCR signaling in MCL cells and target the resulting 

dependence on OXPHOS. 

Based on this hypothesis, IACS-010759 was tested in combination with ibrutinib. As the 

consecutive approach was not successful in increasing toxicity, it is reasonable to assume 

that tumor cells can adapt to metabolic stressors by switching between glycolysis and 

OXPHOS. In contrast, counteracting simultaneous silencing of BCR signaling with reduced 

glycolysis and blocked OXPHOS appeared to be impossible for ibrutinib-sensitive cells and 

therefore may represent a beneficial approach for the treatment of MCL. As each individual 

small molecule inhibitor already had a considerable effect on cell viability, further in vivo 

studies must assess whether a combination of both is safe. Unfortunately, a recent preprint 

reported that the two phase I clinical trials of IACS-010759 (NCT02882321 for acute myeloid 

leukemia, NCT03291938 for advanced solid tumors) had to be discontinued due to severe 

toxicities such as elevated lactate levels and neurotoxicity [222]. Because clinically effective 

doses could not be achieved without severe toxicities, the authors were generally in doubt 

about using ETC complex I inhibitors in the clinical setting. However, with the successful 

completion of a phase I trial in advanced solid tumors (NCT03272256), IM156 may be a 
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promising alternative candidate [217]. Therefore, future research is mandatory to determine 

whether mitochondrial OXPHOS can be efficiently and safely targeted. 

11.4 Targeting CD52 following ibrutinib pretreatment 
has a synergistic effect on ibrutinib-sensitive 
mantle cell lymphoma cells 

Immunotherapies targeting surface molecules on tumor cells are very effective strategies 

due to their recognition and depletion of specific target cells. Apart from CAR T-cell therapy, 

monoclonal antibodies are used and modified to increase their efficiency. The pool of 

approaches with radiolabeled antibody complexes, as well as bispecific T-cell engagers and 

antibody-drug-conjugates enables a broad use especially for hematologic malignancies 

[223]. Rituximab, an anti-CD20 monoclonal antibody was the first therapeutic antibody that 

was approved by the FDA in 1997 to treat B-cell NHLs [224]. Apart from its most common 

use in combination with chemotherapy, rituximab as a single agent also improved patient 

outcomes when used as maintenance therapy, in particular for MCL [79]. Besides, 

combinations with small molecule inhibitors were tested and seem to provide an efficient 

approach with fewer toxicities compared to chemoimmunotherapy [225, 107]. To date, the 

FDA has approved more than 30 therapeutic mAbs for hematological and solid cancers 

[226]. The mechanisms of action of these antibodies include direct cytotoxicity, e.g., by 

inhibiting the binding of growth factors or cytokines to receptors mediated by the Fab region, 

or induction of an immune response by antibody-dependent cellular cytotoxicity (ADCC), 

antibody-dependent cellular phagocytosis (ADCP), or CDC through the Fc region. When 

immune effector cells like natural killer cells bind to the Fc portion of the mAb with their Fcγ 

receptor, they get activated and release cytokines, lytic proteins, and enzymes, triggering 

an inflammatory response and apoptosis or lysis of the target cell [227]. In case of 

macrophages, target cells are phagocytosed [228]. Therapeutic antibodies can also activate 

the complement system and initiate the classical pathway [229]. Therein a cleavage 

cascade of 30 complement glycoproteins starts with binding of C1q to the Fc portion of the 

antibody and results in the formation of the membrane-attack complex (MAC), forming lytic 

pores and causing cell lysis [229]. However, the extent of these mechanisms in their in vivo 

performance is often not exactly understood [230].  

To lower the immunogenicity of rodent-derived monoclonal antibodies, humanized 

antibodies were generated for therapeutic use. The first humanized mAb, alemtuzumab 

(CAMPATH-1H), was directed against CD52 [231]. Experiences of using the anti-CD52 

mAb alemtuzumab in CLL are broad, whereas MCL patients were only marginally included 
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in clinical trials [232-234]. Efficacy in MCL was not reported which may be due to low MCL 

patient numbers and the inclusion of heavily pretreated patients. The initial approval of 

alemtuzumab for treatment of CLL was withdrawn in 2012 [235]. Instead, the antibody 

gained a new approval for relapsing-remitting multiple sclerosis (MS) and is sold under the 

trade name Lemtrada® [236, 237]. Reasons for redesignation can be diverse and may 

include the intent to intervene against off-label use of alemtuzumab in MS, as well as 

economic benefits. Alemtuzumab’s main mechanisms of lymphocyte depletion probably 

include ADCC and CDC [238, 239]. The most common adverse events are autoimmunity 

and infections apart from infusion-associated reactions, which require strict monitoring 

[240]. The most recent report of a phase I clinical trial testing ibrutinib in combination with 

alemtuzumab in CLL patients had to be stopped due to the occurrence of opportunistic 

infections, but clinical efficacy was observed rapidly [241]. 

Considering increased CD52 surface expression on ibrutinib-sensitive cells following 

treatment with the BTK inhibitor, CD52 was targeted in this work with a commercially 

available CD52 mAb of the IgG2 subclass in presence of human serum containing active 

complement. The fast depletion of REC-1 cells pretreated with ibrutinib underscored the 

high vulnerability of cells with upregulated CD52. The main mechanism of cell death could 

be linked to CD52 mAb-mediated CDC. To assess the benefit of a CD52 targeted approach 

in primary MCL, tumor cells from peripheral blood and lymph nodes from treatment-naïve 

patients and one ibrutinib-resistant patient were investigated. Distinct culture media were 

tested to optimize growth and to reflect in vivo conditions. However, standard B-cell 

culturing procedures with use of cytokines and stimulating ligands were not appropriate for 

this approach, as we observed considerable attenuating effects on toxicity of ibrutinib and 

CD52 expression levels. The use of CD40L, which induces alternative NF-κB signaling by 

activation of its target receptor CD40, probably served as bypass of the blocked classical 

NF-κB signaling by ibrutinib [242]. Along this line, IL-4 may have induced an alternate 

pathway for BCR signaling independent of ibrutinib inhibition [243]. Therefore, primary cells 

were cultured similarly to MCL cell lines with only the required nutrients for survival. 

The effect of ibrutinib on viability of primary MCL cells varied. To account for the sensitivity 

of cells to ibrutinib treatment, samples were either defined as ibrutinib-sensitive (> 50% loss 

of viability) or ibrutinib-insensitive (≤ 50%) in our experimental approach. Clinical trials 

reported an ibrutinib-sensitivity in 68-69% of patients [94, 96], whereas we detected only 

40%. This could be biased by the small patient numbers, the inclusion of primary cells from 

patients with leukemic course, and without prior treatment, which is in contrast to the 

patients with RR MCL studied in clinical trials. In addition, sensitivity to ibrutinib and 

upregulation of CD52 were detected only in MCL cells from peripheral blood. Because the 

two included lymph node samples were treated with ibrutinib for only 2 d due to poor cell 
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fitness in in vitro culture, a considerable toxic effect of ibrutinib and its impact on CD52 

surface levels may not have been demonstrated. MCL cells from lymph nodes may also 

show different susceptibility to treatment than MCL cells from peripheral blood. However, 

whether the microenvironment in lymph nodes can interfere with altered CD52 expression 

under ibrutinib was not assessed in this experimental setup. 

Compared to healthy B cells, primary MCL cells had higher CD52 levels. The ibrutinib-

triggered upregulation of CD52 expression was observed in 4 out of 10 patients. Because 

2 patients belonged to the ibrutinib-sensitive and 2 to the insensitive group, no correlation 

between high ibrutinib-sensitivity and CD52 increase could be concluded.  

Application of the anti-CD52 antibody was highly toxic to primary MCL cells, but also 

affected T lymphocytes due to their high expression of CD52. This was in line with the toxic 

profile of alemtuzumab in clinical trials and emphasized the need for its carefully monitored 

clinical use to benefit from its B-cell depleting efficacy. As we observed that the ibrutinib-

sensitive group was significantly more affected by antibody-mediated cytotoxicity when 

pretreated with ibrutinib, this sensitive patient subpopulation may be a potential target 

group. In addition, screening of CD52 expression could identify patients who would benefit 

most from anti-CD52 therapy. The combination of ibrutinib, with its redistribution effect of 

tumor cells from lymph node into blood, and subsequent alemtuzumab consolidation, which 

is known for its higher efficacy in depletion of tumor cells in the blood [244], might clear all 

tumor cells and prevent survival of ibrutinib-resistant clones, thereby achieving MRD 

negativity and minimizing the risk for relapse. 

11.5 Future perspectives 

Time-resolved scRNA-seq enables tracking of heterogeneous tumor cells across drug 

treatment. Drug exposure causes a dynamic process in tumor cells and the interplay 

between altered signaling pathways, gene regulatory networks, and metabolic changes 

seem to be linked. This work focused on an MCL cell line model, benefiting from the 

possibility to intensively study the observed alterations of the transcriptome with additional 

molecular biological methods to corroborate and validate their impact on cell behavior and 

evaluate their potential for clinical use. Intriguingly, the here described features of increased 

anti-adhesion CD52 and metabolic dependence on OXPHOS in ibrutinib surviving cells 

might be correlated regarding ibrutinib’s in vivo effect of forcing tumor cells to lose adhesion 

properties and leave the hypoxic niche in the lymph node to reenter oxygenated blood [245]. 

However, this hypothesized association needs to be corroborated by further studies 

focusing on how ibrutinib treatment induces higher CD52 levels in only some patients, how 
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elevated CD52 levels affect MCL cell behavior, and whether the acquired features of high 

OXPHOS and CD52 represent a crucial resistance mechanism to ibrutinib therapy in vivo. 

Longitudinal single-cell analysis in primary MCL was applied by Zhang et al. to investigate 

samples from patients at different time points during ibrutinib plus venetoclax treatment 

[166]. They identified upregulation of an inhibitor of apoptosis that proved to be a promising 

target for tumor inhibition in a preclinical model, highlighting the approach as a powerful tool 

to identify efficient therapy options. As a follow-up to our study, longitudinal scRNA-seq 

combined with fluxomic studies and assessment of surface marker expression in ibrutinib-

treated primary MCL cells will reveal whether the alterations observed in our cell line model 

are reflected in patients. Additionally, samples may include surrounding tumor tissue from 

different tumor sites to expand knowledge in effects of ibrutinib on the interaction of MCL 

cells and the TME. In this setup, subpopulations with a specific gene expression signature 

that allows crosstalk with the TME could be identified. In light of the resolution of intratumoral 

heterogeneity, scRNA-seq could thus detect and follow the development of resistant cells 

causing MRD [246]. This information would guide to appropriate therapies tailored to the 

evolution of MCL cells under ibrutinib treatment in each individual patient, as it was piloted 

in this work using a cell line model. 

Owing to the synergistic effects of ibrutinib with subsequent anti-CD52 treatment, this work 

strongly encourages to further study the potential in vivo benefits for ibrutinib-sensitive 

patients showing CD52 increase. The combination might improve therapeutic efficacy, with 

eradication of otherwise residual tumor cells, and thereby minimize the risk for MRD and 

delay relapse. Given the side effect profile of alemtuzumab, other CD52 therapies may be 

a safer alternative. A bispecific antibody approach for instance, with a second B-cell-specific 

antibody added to alemtuzumab, could direct the cytotoxic effect to B cells and spare T 

cells, thereby reducing the severity of immunosuppression [247]. In view of the intertumoral 

heterogeneity in MCL, the effects seen in the cell line model might be only relevant for a 

subgroup of patients. However, this particular subgroup could greatly benefit from targeted 

CD52 treatment. 

This urges the exploration of additional resistance mechanisms to ibrutinib treatment and 

the quest for adapted therapies. In general, the broader the available therapeutic 

approaches and the deeper the individual patient characterization, the better personalized 

medicine can be implemented in clinical practice. 
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