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E glish a stra t 

Mantle cell lymphoma (MCL) is a B cell malignancy subtype, characterized by the expansion of 

mature B cells spreading in lymph nodes and extra-nodal sites, including bone marrow (BM) and 

peripheral blood (PB). MCL has a high molecular variation with heterogeneous presentation and 

outcome. This heterogeneity constitutes a therapeutic challenge. A better understanding of the impact 

of the molecular heterogeneity, including the molecular pathogenesis, may further assist the 

interpretation of the clinical diversity of this disease and improve treatment strategies. The overall 

aim of this thesis was to investigate the impact of molecular heterogeneity in MCL.  

Manuscript I aimed to investigate a potential clinical and biological role of LILRA4, which we 

previously found to be overexpressed in PB in half of the MCL patients compared to healthy 

individuals. In manuscript I, the MCL cohort was expanded to include both PB and BM, and LILRA4 

expression was correlated with clinical information. Furthermore, the biological role of LILRA4 was 

investigated by knockdown of LILRA4 in an MCL cell line, which was then analyzed by mRNA 

transcriptome sequencing.  Confirming the previous observations, LILRA4 was overexpressed in PB 

in half of the cases displaying a bimodal expression pattern. Additionally, LILRA4 expression was 

significantly higher in PB than BM, suggesting a tissue-specific expression. No clear association was 

found between LILRA4 expression and clinical parameters, such as MIPI score, Ki67, or outcome. 

LILRA4 inhibition, by gene knockdown, resulted in >two-fold downregulation of MIF, a pro-

inflammatory cytokine. This observation suggested a possible role of LILRA4 in MCL pathogenesis 

through interaction with immune regulatory components. 

In manuscript II, the transcriptome of CD19+ BM cells from eight MCL patients was analyzed by 

single-cell RNA sequencing to provide insight into the molecular architecture of MCL with focus on 

commonly used molecular pathology markers. A striking heterogeneity was observed across patients, 

while no clear evidence of subclonality was observed within the patients. Although restricted light 

chain protein expression was expected, 10.8% of the SOX11+ malignant cells expressed both  and  

transcripts. Additionally, a fraction of SOX11+ cells in two patients were positive for the early 

lymphocyte transcription factor SOX4. In a blastoid patient, SOX4 and SOX11 were co-expressed 

with the precursor lymphoblastic marker, FAT1, suggesting a potential prognostic role. Altogether, 

the expression of markers associated with various B cell differentiation stages, such as SOX4, IgG, 
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IgA, and CD27, in the MCL cells may suggest that not all malignant cells are fixed in the 

differentiation state of naïve mature B cells, and that the patients carry B cells of different stages. 

Manuscript III is a thematic literature review that was conducted to investigate the current evidence 

of an immature bone marrow disorder preceding or underlying MCL. It was inspired by the findings 

of immature markers (SOX4, FAT1) in a subset of MCL cells in manuscript II. Evidence supporting 

a more immature capacity included reports of concurrent malignancies with myeloid and lymphoid 

origin in the same patient, and two studies demonstrated a loss of mutations and a chromosomal 

deletion in MCL patients between diagnosis and relapse. Additionally, the phenotype of blastoid 

MCL with lymphoblastic morphology and CD10 expression suggested a degree of immaturity. The 

evidence supporting an immature capacity of MCL is diffusely disseminated throughout the current 

literature; however, several questions remain unanswered. 

Collectively, these manuscripts provided knowledge about the molecular heterogeneity that may have 

an impact on the biology and molecular pathogenesis of MCL, although further investigation is 

needed to establish this. 
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Da sk resu e 

Mantle celle lymfom (MCL) er en undertype af B celle cancer, som er karakteriseret ved spredning 

af modne B celler til lymfeknuder og andet væv såsom knoglemarv (KM) og perifert blod (PB). MCL 

har stor molekylær variation og en heterogen klinisk præsentation og prognose. Heterogeniteten 

udgør en terapeutisk udfordring. En bedre forståelse af betydningen af den molekylære heterogenitet, 

herunder den molekylære patogenese, kan bidrage til at forstå den kliniske diversitet i sygdommen 

og til at forbedre behandlings-strategien. Det overordnede formål med denne afhandling var at 

undersøge betydningen af den molekylære heterogenitet i MCL. 

Målet med manuskript I var at undersøge en potentiel klinisk og biologisk rolle for LILRA4, som vi 

tidligere så var overudtrykt i PB i halvdelen af MCL patienterne sammenlignet med raske individer. 

I manuskript I blev MCL kohorten udvidet og inkluderede både PB og KM, og LILRA4 ekspressionen 

blev sammenlignet med klinisk information. Endvidere undersøgte vi den biologiske rolle ved 

knockdown af LILRA4 i en MCL cellelinje, som efterfølgende blev analyseret med mRNA 

transkriptom sekventering. LILRA4 var overudtrykt i PB i halvdelen af patienterne og havde et 

bimodalt ekspressions-mønster, hvilket stemte overens med tidligere observationer. Derudover var 

LILRA4 højere udtrykt i PB end KM, hvilket tyder på en vævsspecifik ekspression. Der blev ikke 

fundet nogen sammenhæng imellem LILRA4 udtryk og kliniske parametre såsom MIPI score, Ki67 

eller prognose. LILRA4 knockdown resulterede i >to-folds nedregulering af MIF, som er en pro-

inflammatorisk cytokin. Dette kunne tyde på at LILRA4 har en rolle i MCL patogenesen via 

interaktion med immunregulatoriske komponenter.  

I manuskript II blev transkriptomet fra CD19+ KM celler fra otte MCL patienter analyseret med 

enkeltcelle RNA sekventering for at give indsigt i den molekylære sammensætning i cellerne. Vi 

observerede en markant heterogenitet imellem patienter, men fandt intet klart bevis for subklonale 

cellepopulationer i de individuelle patienter. Selvom det forventes at MCL udtrykker en type 

immunglobulin letkæde protein (  eller ), fandt vi at 10,8% af de SOX11+ maligne celler udtrykte 

både  og  transkripter. Desuden var en fraktion af de SOX11+ celler i to patienter også positive for 

SOX4, som er associeret med umodne lymfocytter. I en blastoid MCL patient var SOX4 og SOX11 

udtrykt sammen med FAT1, en precursor lymfoblastisk markør, hvilket antyder en potentiel 

prognostisk rolle. Samlet set tyder udtrykket af markører associeret med forskellige B celle 

differentieringstrin, såsom SOX4, CD27, IgA og IgG, i MCL cellerne på at ikke alle kræftceller er 



 

11 
 

fikseret i differentieringsstadiet for naive modne B celler, men at patienterne i stedet har B celler i 

forskellige stadier. 

Manuskript III er en tematisk litteraturgennemgang, hvor vi undersøgte den nuværende evidens for 

at en umoden knoglemarvssygdom går forud for eller er underliggende for MCL. Dette var inspireret 

af fundene af umodne markører (SOX4, FAT1) i en fraktion af MCL cellerne i manuskript II. Evidens 

der støtter op om en mere umoden kapacitet inkluderer rapporter som viser samtidige maligne 

sygdomme med myeloid og lymfoid oprindelse i samme patient, samt to studier der viste at både 

mutationer og en deletion forsvandt fra diagnose til tilbagefald i MCL patienter. Derudover, antyder 

den blastoide fænotype, med lymfoblastisk morfologi og CD10 udtryk, en vis grad af umodenhed. 

Evidens som understøtter en umoden kapacitet i MCL findes diffust spredt i den aktuelle litteratur, 

men flere spørgsmål stadig er ubesvarede.  

Tilsammen bidrager disse manuscripter med viden om den molekylære heterogenitet som kan have 

en betydning for biologien og den molekylære patogenese i MCL, selvom dette skal undersøges 

nærmere. 
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. I trodu tio  

B cell malignancies are a heterogeneous group of hematological cancers characterized by clonal 

expansion of malignant B cells in lymphoid tissues, which can occur at any stage of B cell 

differentiation. This thesis will focus on mantle cell lymphoma (MCL), a B cell malignancy subtype 

characterized by the expansion of mature B cells that spread in lymph nodes and often disseminate in 

bone marrow (BM), peripheral blood (PB), and extra-nodal sites (1, 2). The work is centered on MCL 

because the clinical presentation is highly heterogeneous, with some patients experiencing indolent 

disease while others experience aggressive disease (1, 2). This difference is expected to be reflected 

in the molecular heterogeneity of the malignant cells. Since the malignant cells are frequently present 

in PB and BM, patient material can be obtained by less invasive methods compared to solid tissue 

biopsies. Additionally, the isolation of malignant cells from PB and BM samples requires less up-

front preparation than solid tissue biopsies and is less harmful to the cells. This is an advantage since 

viable cells and RNA are used in the investigations carried out in this thesis. The heterogeneity poses 

a challenge to defining optimal treatments, and MCL patients often relapse with aggressive disease 

that is even more difficult to treat (1, 2). Therefore, a better understanding of the impact of the 

molecular heterogeneity, including the molecular pathogenesis and identification of novel biomarkers 

and therapeutic targets, is critical to improve the outcome of MCL. 

1.1 B Cell Biology and Development 

B cells play an essential role in the immune response against potential pathogens by producing 

antibodies (3, 4). Antibodies have important effector functions, including the neutralization of virus 

and opsonization of pathogens to mediate efficient phagocytosis by macrophages and antibody-

dependent cellular cytotoxicity (4). B cells also play a role in the regulation of humoral immune 

responses through cellular receptors and secretion of inflammatory cytokines (4).  

Throughout life, the BM supports the generation of B cells from pluripotent hematopoietic stem cells 

(HSCs) (5, 6), which have self-renewal capabilities and can differentiate into all blood cell lineages 

(5). In BM, HSCs differentiate into multipotent progenitor cells, which then differentiate into 

common lymphoid progenitor cells with the ability to differentiate into B, T, or natural killer (NK) 

cells (5). Common lymphoid progenitor cells differentiate into progenitor B (pro-B) cells, which are 

the earliest cells committed to the B lineage, expressing CD19 and CD10 on the cell surface (Fig 1) 

(5).  
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Figure 1: B cell development. In progenitor B (pro-B) cells, which are the earliest cells committed to the B lineage, V(D)J 
rearrangement of the Ig heavy chain (IgH) of the B cell receptor (BCR) occurs. After functional IgH rearrangement, the cells enter the 
precursor (pre)-B stage, where IgH associates with the surrogate light chain forming the pre-B cell receptor (pre-BCR). The pre-BCR 
is important for allelic exclusion of the second allele of the IgH gene for the DJ rearrangement of the Ig light chain (IgL). Successful 
IgL rearrangement and expression replace the surrogate light chain from the pre-BCR, pairs with IgH to form and express the BCR on 
the cell surface. The cell has now entered the immature B cell stage. The immature B cells, also referred to as transitional B cells, enter 
the spleen, where they differentiate to mature B cells belonging to either the marginal zone (MZ) or follicular B cell subsets, depending 
on the specificity of their BCR. In germinal centers, follicular B cells can make T cell-dependent responses, resulting in affinity 
maturation, somatic hypermutation, and isotype switching. These results in the generation of memory B cells or long-lived plasma 
cells. Figure adapted from (7). 

V(D)J recombination  

B cells express a unique B cell receptor (BCR) capable of recognizing antigens, which is the 

membrane-bound form of its antibody composed of two identical immunoglobulin (Ig) heavy chains 

and two identical light chains,  or  (Fig 2) (3, 4). The variable part of the heavy chains is formed 

by somatic recombination of variable (V), diversity (D), and joining (J) gene segments, whereas light 

chains are generated from V and J segments (Fig 2) (4). Somatic recombination, also called V(D)J 

recombination or rearrangement, occurs by double-stranded DNA breaks and ligations mediating the 

juxtaposition of Ig gene segments to generate the functional Ig genes (3-5), giving rise to around 1011 

different BCRs (8). Pro-B cells initiate Ig heavy chain (IgH) gene rearrangement through the 

expression of recombination-activating genes (RAG1 and RAG2) and epigenetic modifications of the 

IgH loci promoting its accessibility (3, 5, 9). In V(D)J recombination, a double-strand break is 

introduced between the recombination signal sequence and the flanking coding DNA, which is 

repaired by the error-prone non-homologous end-joining DNA repair pathway that may introduce 

mutations in the sequences (4). The fusion of V, D, and J segments is imprecise, leading to junctional 

diversity at the site of recombination (4). This imprecision contributes to the generation of diversity 
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in the complementary-determining regions of the BCR, but can also lead to frameshift mutations 

resulting in non-functional rearrangements (4, 9).   

 

Figure 2: Structure and mechanisms for generating diversification in B cell receptors. The B cell receptor (BCR) is composed of 
two identical heavy (H) and light (L) chains, which consist of variable (V) and constant (C) regions. The variable regions of the BCR 
recognizes the antibody (a). Unique BCRs are generated by somatic recombination of variable (V), diversity (D), and joining (J) gene 
segments mediated by recombination activation genes (RAG1/2) and terminal deoxynucleotidyl transferase (TdT). Further 
diversification happens during affinity maturation, where somatic hypermutation is catalyzed by activation-induced deaminase (AID) 
(b). CDR1/2/3: complementary determining region 1/2/3. Figure adapted from (10). 

Precursor and immature B cells 
After functional IgH rearrangement, the cells enter the precursor B (pre)-B stage (Fig 1), where IgH 

associates with the surrogate light chain, consisting of VPREB1 and -like/ 5/IGLL1, forming the 

pre-BCR (3, 6, 9). The signal transducing components CD79A and CD79B are also part of this pre-

BCR complex (6). The pre-BCR has two important tasks; the first task is the induction of allelic 

exclusion, where the pre-BCR shuts down the activity and expression of the RAG enzymes, thereby 

preventing rearrangement of the second H-chain allele (4, 6) and avoiding the expression of two H-

chains with different specificities by one cell (5). The second task is to initiate Ig light (IgL) chain 

gene rearrangement (6), which occurs by reactivation of RAG1/2 expression (5). IgL gene 

rearrangements can occur on both alleles and on both  and  light chain loci until a productive 

rearrangement is made (Fig 1) (5). The induction of  light chain gene rearrangement mainly happens 

when the -expressing BCRs are self-reactive (Fig 1). Successful IgL rearrangement and expression 

replaces the surrogate light chain from the pre-BCR and pairs with the IgH to form the BCR, which 

is expressed on the cell surface in the form of IgM, giving rise to the immature B cell stage (Fig 1) 

(3, 4, 6). Functional BCR expression provides signals that are required for full B cell maturation, 

termination of V(D)J recombination, migration to the secondary lymphoid tissues, and cell survival 

(3). Immature B cells, which are also referred to as transitional B cells, leave the BM and migrate to 

the spleen (3, 9). In the spleen, they differentiate into mature naïve B cells that express IgM and IgD 

before migrating to other peripheral lymphoid organs.  
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Mature B cells  
Mature naïve B cells can be activated by antigen recognition leading to clonal expansion, followed 

by differentiation into antibody-secreting plasma cells and memory B cells (Fig 1), but if the B cells 

are not activated, they will die within few months (6).  

B cells can differentiate into either marginal zone B cells or follicular B cells in the spleen, depending 

on BCR specificity (6). Marginal zone B cells are a population of splenic B cells, which can respond 

rapidly to blood-borne pathogens and develop into short-lived plasma cells in a T cell-independent 

manner (Fig 1) (6, 9). Most mature B cells belong to the follicular B cell subset, which circulates and 

resides within lymphoid follicles of the spleen and lymph nodes, where T cell-dependent B cell 

activation takes place in organized structures called germinal centers (GCs) (6, 9). The characteristic 

events of T cell-dependent responses are clonal expansion, isotype switching of the IgH locus, 

somatic hypermutation (SHM) of IGHV genes, and selection for increased BCR affinity through 

affinity maturation (Fig 1 and 2) (9).  

SHM of IGHV can alter the affinity of antibodies to antigen and transform low-affinity antibodies 

into highly specific ones (6). SHM is mediated by activation-induced cytidine deaminase AID, which 

deaminates cytidine residues in the DNA, leading to conversion of Cytidine to Uracil, eventually 

generating substitutions with any of the four DNA nucleotides at the site of deamination (3, 5, 6, 9). 

In parallel, B cells can undergo isotype-switching by changing the constant regions of the IgM heavy 

chain to IgG, IgA, or IgE, while the specificity of the antibodies determined by the variable region 

remains unchanged (3, 5, 6, 9). Isotype switching occurs by class switch recombination, which is also 

mediated by AID and non-homologous end-joining (3, 5, 6, 9).  

Ultimately, GC B cells differentiate into long-lived memory B cells or antibody-producing plasma 

cells (Fig 1), which reside in secondary lymphoid organs or migrate to the BM (6). Memory B cells 

persist after an antigen encounter and can expand rapidly during subsequent encounters and 

differentiate into antibody-secreting plasma cells (9). Long-lived plasma cells continuously secrete 

antibodies that provide immediate protection when infected by a pathogen recognized by these 

antibodies (6).  

1.2 B Cell Malignancies 

According to the World Health Organization, lymphomas are classified into Hodgkin lymphomas and 

non-Hodgkin lymphomas (NHLs) based on clinical, histological, and genetic features (11). The most 

common B cell NHLs include diffuse large B cell lymphoma (DLBCL), follicular lymphoma (FL), 
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chronic lymphocytic lymphoma (CLL), and mantle cell lymphoma (MCL) (Fig 3) (11). NHLs 

constitute around 90% of all lymphomas. They most often originate from B cells, whereas only 5-

15% are derived from T cells or NK cells (12, 13). The high incidence of B cell-derived malignancies 

can partly be explained by the fact that the processes used to generate BCR diversity, including both 

V(D)J recombination, SHM, and class switch recombination, involve DNA double-stranded breaks 

and DNA remodeling and may therefore predispose the cell to chromosomal translocations (12, 13). 

Together with the extensive clonal expansion in the GC, this make the B cells prone to malignant 

transformation (14, 15).  

The various oncogenic aberrations observed in B cell malignancies disrupt signaling pathways that 

regulate normal B cell differentiation, proliferation, and apoptosis. Accumulation of these aberrations 

ultimately leads to malignant transformation (12, 13). A hallmark of many B cell malignancies is 

chromosomal translocations involving one of the immunoglobulin loci and a proto-oncogene, 

resulting in dysregulated constitutive proto-oncogene expression (12, 13). Examples are cell cycle 

regulator Cyclin D1 (CCND1) in MCL and the anti-apoptotic protein B cell lymphoma 2 (BCL2) in 

FL, and some DLBCLs (12). Depending on the proto-oncogene, these oncogenic translocations can 

promote proliferation, prevent apoptosis and/or block differentiation (12).   

Malignant cells can derive from different stages of B cell development (Fig 3) and often retain key 

features of their cell of origin, suggesting that the malignant cells are “fixed” at a particular 

differentiation stage (12, 13). Therefore, B cell lymphomas are classified based on the differentiation 

stage (Fig 3), which influences its clinical behavior and response to therapy (12). The IGHV mutation 

status generally gives an indication of the maturation stage since hypermutated IGHV is usually 

regarded as evidence that the cell passed through the GC, where SHM occurs (12, 16). FL, DLBCL, 

and a subset of CLLs and MCLs usually have GC B cell characteristics, such as hypermutated IGHV 

(Fig 3) (12).  



 

19 
 

 

Figure 3: Stages of B cell differentiation and associated B cell malignancies. B cell malignancies may correspond to different stages 
of normal B cell differentiation since the malignant cells often retain the characteristics of their cell of origin. CLP: common lymphoid 
progenitor, BCR: B Cell Receptor, ALL: Acute Lymphoblastic Leukemia, U-CLL: Unmutated chronic lymphocytic leukemia, M-CLL: 
Mutated CLL, SHM: Somatic Hypermutation, CSR: Class Switch Recombination, FDC: Follicular Dendritic Cell, FL: Follicular 
Lymphoma, PCNSL: Primary Central Nervous System Lymphoma, DLBCL: Diffuse Large B Cell Lymphoma, MZL: Marginal Zone 
Lymphoma, MM: Multiple Myeloma. Figure adapted from (17). 

1.3 Mantle Cell Lymphoma 

MCL is a rare subtype of NHL with a generally aggressive although heterogeneous disease course (2, 

18). MCL comprises 6% of all NHLs with an annual incidence of one case per 200,000 people. The 

male to female ratio is around 1:3, and the median age is 60 to 70 years (19, 20). Patients with MCL 

typically present with enlarged lymph nodes, splenomegaly, and extra-nodal involvement at sites such 

as the PB, BM, and gastrointestinal tract (1, 2, 18, 21-23). Other extra-nodal sites include the skin 

and the central nervous system (22, 24). The typical immune-phenotype is a surface expression of 

CD19, CD20, CD22, CD43, CD79a, CD5, and FMC7 with monoclonal k/  Ig light chains, while 

CD23, CD10, CD200, and BCL6 are typically dim or negative (2, 18, 25). Despite clear pathological 

characteristics, MCL is a heterogeneous disease with variable clinical presentation and biological 

behavior (20). 

Disease subtypes 
MCL development directs into two major biological and clinical variants (Fig 4), classical nodal MCL 

and leukemic non-nodal MCL (2, 26, 27). Classical MCL is the most common type, while non-nodal 

MCL represents 10–20% of patients (20, 28). Classical nodal MCL, which typically involves lymph 

nodes and other extra-nodal sites at presentation, usually has an aggressive clinical course. This 
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subtype generally is SOX11 positive, has a higher degree of genomic instability and a higher number 

of genetic alterations (2, 26, 29, 30). It is believed to originate in a pre-GC B cell since it most often 

has no or low percentage of IGHV somatic hypermutations and a methylation signature corresponding 

to naive B cells (Fig 4) (2). Leukemic non-nodal MCL typically involves PB, BM, and spleen (2, 26, 

28, 31). It has few genetic aberrations, is typically SOX11 negative, has hypermutated IGHV and a 

methylation signature corresponding to memory B cells, and is thus believed to originate in a B cell 

that has been exposed to the GC (Fig 4) (2, 29). The non-nodal cases are often clinically indolent with 

superior outcomes compared to classical MCL, but both subtypes may evolve to more aggressive 

blastoid and pleomorphic variants through the acquisition of additional molecular aberrations (Fig 4) 

(2, 26, 28, 29, 31). The absence of CD5 is relatively common in the non-nodal subtype, while classical 

MCL is usually CD5 positive (2). The identification of these two MCL subtypes with different clinical 

presentations and molecular characteristics may partly explain the heterogeneity of MCL (1). 

 

Figure 4: Theoretical modeling of the development of the two different subtypes of MCL. Translocation t(11;14) leading to cyclin 
D1 (CCND1) overexpression is acquired in immature B cells, which is often one of the primary oncogenic events related to MCL. 
Naïve B cells with t(11;14) colonize the mantle zone of lymphoid follicles generating MCL in situ. Most MCLs evolve from these cells 
or cells in the marginal zone with SOX11 expression, no or low IGHV hypermutation, and genetic instability. These cells tend to stay 
in the lymph nodes and represent the classical MCL subtype. Alternatively, cells with t(11;14) enter the germinal center, where they 
undergo IGHV hypermutation. These cells are SOX11 negative and disseminate in peripheral blood, bone marrow, and spleen. This 
disease has a more indolent disease course compared to classical MCL. Both subtypes may progress to the more aggressive blastoid or 
pleomorphic variants by the accumulation of alterations in genes dysregulating the cell cycle, apoptosis, and DNA damage response 
pathways. Figure adapted from (2). 

Morphological variants 

Across the two subtypes, different morphological variants of MCL exist, including classic, blastoid, 

and pleomorphic. Classic MCL presents with small to medium-sized cells with irregular, cleaved 
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nuclei with condensed chromatin, indistinct nucleoli, and scant cytoplasm, and it usually has low 

proliferative activity (2, 32). The blastoid variant cells have a medium size, rounded nuclei with finely 

dispersed chromatin, prominent nucleoli, and scant cytoplasm resembling lymphoblastic lymphomas 

or acute myeloid leukemias (2, 20, 32). Blastoid morphology is predominantly a feature of MCL at 

first diagnosis (33). However, in a subset of patients, the morphology might transform from classical 

to blastoid during the disease course (34, 35). Transformed MCLs have been found to have a distinct 

genomic profile and lower median survival compared to de novo blastoid MCL (33). Pleomorphic 

MCL is a heterogeneous population of large atypical cells with ovoid or irregular, cleaved nuclei, 

finely dispersed chromatin, and small distinct nucleoli (2). Blastoid and pleomorphic morphological 

variants may be positive for CD10 and BCL6, otherwise typically negative in MCL (2). More 

aggressive blastoid and pleomorphic variants constitute 10% (32) to >20% of all MCLs (36). It has 

been demonstrated that around 1/5 of cases with classic morphology at diagnosis may progress to a 

blastoid or pleomorphic variant at relapse (2, 35, 37, 38), whereas half of MCL cases with blastoid 

morphology can relapse with classic morphology (2, 35). Common to the pleomorphic and blastoid 

variants is high proliferation index, aggressive biological behavior, and significantly lower survival 

compared to the classic variants (36, 39, 40). The prognostic value of histological variants has become 

less important, although still used as a supporting tool to identify patients at high risk of relapse and 

progression (40).   

1.4 Molecular pathogenesis of MCL  

In addition to t(11;14) leading to CCND1 overexpression and cell cycle deregulation, genetic 

aberrations contribute to tumor cell proliferation, survival and promote the acquisition of additional 

cancer hallmarks, which are involved in MCL pathogenesis (1).  

Hallmark translocation t(11;14) and overexpression of CCND1 

The primary oncogenic hallmark of MCL is considered to be the translocation t(11;14)(q13;q32) 

juxtaposing the CCND1 proto-oncogene to the IgH locus (41), leading to constitutive overexpression 

of CCND1 (Fig 5) (7, 42). Translocation t(11;14) is presumably acquired in immature pro/pre-B cells 

(Fig 5) of the BM during V(D)J recombination by action of the RAG enzymes (43), although the full 

oncogenic potential develops in mature mantle zone B cells (Fig 3) (2, 12). A small fraction of cells 

carrying t(11;14) has been detected in the blood of a small number (8%) of healthy individuals (44, 

45). It can persist for a long time, however, their potential to evolve into overt lymphoma is unknown. 

In addition, cells carrying the t(11;14) have occasionally been found in the mantle zones of reactive 
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lymphoid tissues in healthy individuals, which is referred to as “in situ” MCLs, but their malignant 

potential seems limited (29, 46).   

The t(11;14) translocation is observed in the majority of MCL cases (90%) (18). However, a small 

subset presents with CCND1  or  light chain rearrangement leading to a similar dysregulation (47, 

48). CCND1 negative cases have also been reported, where patients showed overexpression of 

CCND2 (Fig 5) (49, 50), CCND3 (51, 52), or even CCNE (52). CCND1 overexpression in MCL 

leads to cell cycle dysregulation at the G1/S phase transition triggering entry into the S phase of the 

cell cycle, thereby promoting cell proliferation (7, 29, 42). Moreover, CCND1 regulates transcription 

through interactions with histone-modifying enzymes, chromatin-remodeling complexes, 

transcription factors (53, 54), transcriptional machinery, and several active promoters leading to 

global transcriptional downregulation and dysregulation in B cell lymphomas (55). It also plays a 

direct role in the DNA damage response (56) and the regulation of apoptosis by promoting anti-

apoptotic BCL2 (57). Additionally, CCND1 has, together with STAT3, been demonstrated to regulate 

the expression of SOX11 (58). However, CCND1 dysregulation alone is not sufficient for 

transformation to MCL (29, 59, 60). 

SOX11 
SOX11 is a member of the SOXC protein family, which also includes the SOX4 and SOX12 

transcription factors (61). SOX11 is a neuronal transcription factor, expressed in >90% of MCL cases 

(62, 63). Although SOX11 negativity is a characteristic of indolent MCL (31), it is a very specific 

marker of MCL (62, 64, 65) that may help establish the diagnosis even in CCND1 negative cases. 

SOX11 expression has been observed in “in situ” MCL, suggesting that the upregulation of this 

transcription factor is an early event in MCL (2, 66, 67). While SOX11 has no known function in 

normal B cells, it plays various oncogenic roles in MCL (Fig 5). It has been demonstrated to impact 

MCL cells by promoting BCR signaling (68), by suppressing BCL6 (69) to avoid MCL cells entering 

the germinal center, and by constitutive activation of PAX-5, which represses key transcriptional 

regulators of plasma cell differentiation, thereby blocking further maturation of the cells (Fig 5) (70). 

Additionally, SOX11 has been reported to promote angiogenesis (Fig 5) (71) and to promote 

migration and adhesion of MCL cells to stromal cells, leading to enhanced PI3K/AKT signaling and 

cell-adhesion-mediated drug resistance (72). The mechanisms leading to upregulation of SOX11 in 

MCL cells are not well characterized, but a recent study suggests that it is mediated by epigenetic 

changes altering the chromatin organization (73). 
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Figure 5: Detailed model of MCL pathogenesis. Translocation t(11;14) is acquired in immature B cells, which leads to 
overexpression of cyclin D1 (CCDN1) or less frequently CCND2. Naïve SOX11 positive B cells with t(11;14) colonize the mantle 
zone of lymphoid follicles. These cells represent the classical nodal subtype of MCL, which has an aggressive disease course and high 
genomic instability. SOX11 plays various oncogenic roles in MCL, including suppression of BCL6 to avoid the MCL cells entering 
the germinal center (GC) and by constitutive activating of PAX5, thereby blocking the maturation to plasma cells. Alternatively, naïve 
SOX11 negative B cells with t(11;14) enter the GC, where they undergo IGHV hypermutation and disseminate in peripheral blood, 
bone marrow, and spleen. This represents the leukemic non-nodal MCL, which has genomic stability and often indolent disease. Both 
subtypes can transform to the more aggressive blastoid and pleomorphic variants by the acquisition of additional aberrations. 
Dysregulation of pathways related to cell cycle, DNA damage response, apoptosis, and BCR signaling is, among others, important in 
the molecular pathogenesis of MCL. Figure adapted from (2). 

Genome instability and genetic aberrations in MCL 
MCL has a high degree of genomic instability compared to other B cell malignancies, with more than 

90% of cases having highly altered genomes. The malignant B cells accumulate genetic aberrations 

and increased genome instability, which promotes the acquisition of additional aberrations. As 

mentioned previously (section 1.2), the mechanisms for generating BCR diversity predisposes the 

cells to genetic alterations. Furthermore, frequent aberrations in genes involved in the DNA damage 

response pathway lead to impaired DNA damage response and genomic instability (Fig 5), which can 

also explain the high number of genetic aberrations. This includes mutations in the ATM and TP53 

tumor suppressor genes, which have been observed in approximately 1/2 and 1/3 of MCL patients, 

respectively (74, 75). The normal function of TP53 is to promote cell cycle arrest and apoptosis in 

response to DNA damage (Fig 6). This gene is often inactivated in MCL by 17p13 deletion or by 

inactivating point mutations. TP53 mutations, global genetic instability, and a high number of 

chromosomal aberrations are associated with blastoid MCL and poor clinical outcomes (76-79). Other 
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proteins in the DNA damage response pathway, including CHK1 and CHK2, have also been observed 

to be dysregulated in MCL (1, 29). By removing critical checkpoints, such as TP53 and ATM, the 

cells become more receptive to novel mutations, enabling tolerance towards massive genomic damage 

(Fig 5) (80). This genetic instability also plays a key role in the generation of clonal heterogeneity 

(80).  

Various recurrent somatic mutations identified in MCL includes genes involved in the DNA damage 

response pathway (ATM, TP53, CDKN2A, MDM2), epigenetic regulators (KMT2D, SWI/SNF, 

SMARCA4), and genes regulating cell cycle and cell death (CCND1, CDK4, BCL2, CDKN2A, 

CARD11, TRAF2, NOTCH1/2). Recurrent somatic mutations with high mutation rates were detected 

in ATM, TP53, CDKN2A, and CCND1 (20, 30, 51, 81).  

 

B cell receptor signaling 
Studies indicating antigen-involvement (82-84) and BCR stereotypy (85) in MCL demonstrate that 

BCR signaling is important in MCL pathogenesis (Fig 5). The BCR is a transmembrane protein 

complex, connected to downstream effectors with kinase and phosphatase activities. The CD79A and 

CD79B proteins are part of the BCR, have kinase activity, and contain immunoreceptor tyrosine-

based activation motifs (ITAMs). BCR signaling leads to activation of key downstream effectors 

including, tyrosine protein kinase LYN, spleen tyrosine kinase (SYK), Bruton tyrosine kinase (BTK), 

nuclear factor B (NF B), phosphoinositide-3 kinase (PI3K), protein kinase B (AKT), and 

mammalian target of rapamycin (mTOR) (Fig 6) (86). CD19 functions as a co-receptor, which is 

essential for B cell activation (87, 88).  

Proteins acting in the BCR pathway are subject to genetic aberrations leading to increased activity 

(89). Constitutive activation of the BCR pathway and its downstream signaling pathways play a key 

role in promoting the survival and proliferation of malignant B cells (Fig 5 and 6) (1, 29, 88, 90, 91) 

and high expression of a BCR gene signature has been associated with poor prognosis in MCL (92). 

Constitutive BCR signaling can lead to activation of the PI3K/AKT/mTOR and NF B signaling 

pathways (Fig 6), which are often activated in MCL (93-97), and have been related to pathogenesis. 

The PI3K/AKT/mTOR pathway is involved in the regulation of cell survival, proliferation, 

angiogenesis, and protein synthesis (Fig 6) (1, 93-95). Constitutive activation of NF- B signaling 

with upregulation of several target genes, including the anti-apoptotic proteins BCL2, BCLXL, and/or 

XIAP, has been found in MCL, leading to survival and positive selection of those cells (Fig 5 and 6) 

(12, 13, 96, 97). Different genetic aberrations can also mediate the activation of the NF- B pathway, 
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including inactivating mutations or deletion of negative regulators, such as TNFAIP3/A20 (98), 

TRAF2, BIRC3, NFKBIE, and CARD11 (Fig 6) (1). Activation of the canonical NF- B signaling 

pathway correlates with increased tumor proliferation and low survival in patients with MCL (99).  

 

Figure 6: B cell receptor signaling pathway and its role in B cell malignancies. The B cell receptor (BCR) is a transmembrane 
protein complex, which is associated with the CD79A and CD79B proteins that contain immunoreceptor tyrosine-based activation 
motifs (ITAMs). BCR signaling leads to activation of downstream effectors including, tyrosine protein kinase LYN, spleen tyrosine 
kinase (SYK), Bruton tyrosine kinase (BTK), nuclear factor B (NF B), phosphoinositide-3 kinase (PI3K), protein kinase B (AKT), 
and mammalian target of rapamycin (mTOR). Constitutive activation of the BCR pathway and its related signaling pathways promoting 
the survival and proliferation of malignant B cells play an important role in MCL pathogenesis. Figure adapted from (88). 

Sustaining proliferative signaling and evading growth suppressors 

The importance of unlimited proliferation in MCL pathogenesis is clear from the high number of 

genetic aberrations in genes and pathways associated with cell cycle regulation (Fig 5) (1, 100). One 

of the most frequent genetic alterations in MCL is the deletion of the CDKN2A (9p21) locus, which 

encodes the p16 (INK4A) and p14 (ARF) tumor suppressor genes. P16 induces cell cycle arrest by 

inhibiting CDK4 and CDK6, thereby keeping RB1 active, while p14 stabilizes P53, thereby 

preventing its degradation (101). Generally, CDKN2A inactivation is associated with an inferior 

prognosis and aggressive MCL variants (1, 32). Additionally, translocations or amplification of the 

MYC gene can also lead to increased proliferation (1, 102, 103).  

Evading apoptosis 

Pathways and genes involved in apoptosis and cell survival are dysregulated and affected by genetic 

aberrations in MCL (Fig 5). Typical examples are overexpression and amplification of anti-apoptotic 

genes, such as BCL2, and deletions of pro-apoptotic genes like BAX or TP53 (29, 104). Gain of 

function mutations in the NOTCH1 and NOTCH2 genes has been observed in MCL cases (81, 105), 

leading to dysregulation of the NOTCH pathway (Fig 5), which regulates apoptosis, cell proliferation, 

and differentiation (106). NOTCH1 aberrations have been associated with decreased survival in 

patients with MCL, and inhibition of this pathway may be a treatment option (105). Moreover, 
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activation of the JAK/STAT pathway in MCL is believed to play a role in cell survival and 

proliferation, and this pathway may be activated by cytokines and BCR signaling (107, 108).  

Avoiding immune destruction 

Several studies support the role of immune suppression and evasion in MCL, especially by 

modulation of T cells. It has been demonstrated that B7-H7 protein expressed on MCL cells could 

inhibit T cell responses and render MCL cells resistant to T cell-mediated cytolysis (109). 

Additionally, constitutive expression of Programmed Dead-1 (PD-1), Programmed Dead ligand-1 

(PD-L1), and Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA4) has been reported in MCL 

cells (110), which are all molecules known to have immunosuppressive activity. In the same line, 

MCL cells have been demonstrated to express high Toll like-receptor 4 (TLR4) levels and have active 

TLR4 signaling, which can induce MCL proliferation and upregulate the secretion of cytokines that  

inhibits the proliferation and cytolytic activity of T cells (111). Furthermore, decreased numbers of 

CD8+ T cells have been demonstrated in MCL, especially in patients with refractory disease (112). 

Similarly, higher CD8+ and CD4+ T cell levels have been found in indolent MCL, while levels are 

decreasing with more aggressive histology (113).  

1.5 Prognostic biomarkers of MCL 

Currently applied prognostic parameters include the MCL International Prognostic Index (MIPI) 

(114) formulated by the European MCL Network. This model divides patients into low-risk,  

intermediate-risk, and high-risk categories based on Eastern Cooperative Oncology Group 

performance status, age, lactic dehydrogenase (LDH) levels, leukocyte count (19, 114), and Ki-67 

proliferation index (32). The median overall survival (OS) is 29 months and 51 months for high-risk 

and intermediate-risk patients, respectively, while median OS is not reached in the low-risk group (5-

year OS of 60%)(19). 

The proliferative activity is the most important independent prognostic marker in MCL, and a high 

Ki67 proliferation index (>30%) is strongly associated with inferior outcomes (32, 115). A 

proliferation gene expression signature can also be used to predict MCL outcomes (100, 116). High 

Ki67, high TP53 and blastoid morphology are characteristics of high-risk biology with significantly 

shorter survival. Complex karyotype and high genomic complexity are also associated with more 

aggressive clinical behavior (102, 117) and poorer outcomes (118-120). Additional factors with poor 

prognostic impact include TP53 mutations or deletion 17p13 (77-79, 121), and MYC overexpression 

(103, 122-124), as well as mutations in CDKN2A (42, 78, 125, 126), NOTCH1/2 (81, 105), KMT2D 

(79), and CCND1 (2, 18, 39, 122, 127, 128). 
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On the other hand, patients with favorable outcomes suitable for a watch and wait strategy are 

characterized by asymptomatic presentation, good performance status, non-nodal disease, normal 

LDH, and low ki67 (129). 

1.6 Therapeutic strategies in MCL  

While some patients present with indolent disease and may benefit from an initial period of 

observation, most newly diagnosed patients display aggressive disease and require early treatment 

initiation (19, 20).  

Young (≤65 years) and fit patients are usually treated with immuno-chemotherapy induction with R-

CHOP (Rituximab, Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone) or R-DHAP 

(Rituximab, Dexamethasone, Cytarabine, and Cisplatin) followed by a high-dose consolidation 

regimen and autologous stem cell transplantation (19, 20). Older (>65 years) patients, who represent 

the majority of cases, are typically treated with immune-chemotherapy in the form of VR-CAP 

(Bortezomib, Rituximab, Cyclophosphamide, Doxorubicine, and Prednisone), BR (Bendamustine 

and Rituximab), or R-CHOP, followed by rituximab maintenance (19, 20). Rituximab is a monoclonal 

anti-CD20 antibody, which binds to CD20 on the surface of B cells (130) and leads to eradication of 

the B cells through antibody-dependent cellular cytotoxicity and complement-mediated cell lysis 

(131). Unfortunately, some MCL cells are resistant to Rituximab, often resulting from loss of CD20 

expression (131). 

Therapeutic strategies for relapsed and refractory disease  

For relapsed and refractory disease, several drugs targeting dysregulated pathways in MCL have been 

developed and investigated (19, 20). The BTK inhibitor Ibrutinib has demonstrated high response 

rates and is approved in MCL, although serious side effects and resistance have been reported (19, 

20). The BCL2 inhibitor Venetoclax may be offered in combination with Ibrutinib or to patients that 

relapse after Ibrutinib (20). Additionally, the proteasome inhibitor, Bortezomib (132) has been 

approved for relapsed and refractory MCL (20, 29). Targeted agents affecting other pathways are 

being developed and tested as treatment options (20, 29). Immunotherapy can also be used for the 

treatment of relapsed or refractory disease, including the immune-modulatory drug Lenalidomide. 

Additionally, anti-CD19 chimeric antigen receptor (CAR) T cell therapy has demonstrated responses 

in 93% of relapsed MCL cases (133), and an autologous CD19 (CART) construct with promising 

results in MCL was recently approved (20).  
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Allogeneic transplantation is considered for younger, high-risk patients and patients with relapsed 

MCL, who are transplant-eligible. However, this approach is not recommended as first-line therapy 

due to severe toxicity (20).  

Despite recent advances in therapeutic approaches (20, 134), the long-term prognosis is still limited, 

and patients with relapsed/refractory disease usually have very poor outcomes (135). The 

heterogeneous biology and clinical presentation of MCLs constitute a major therapeutic challenge 

(29). Therefore, improved understanding of the molecular pathogenesis and clonal evolution, and the 

identification of biomarkers that can guide the choice of treatment and potential new targets are 

critical to further improve the outcome. 

1.7 Intra-tumor heterogeneity and clonal evolution  

Generally, cancers show extensive molecular and phenotypic variations, which exist not only between 

patients but also within individual patients as intra-tumoral heterogeneity (80, 136). The ability of 

cancer cells to evolve and adapt is mediated by the co-existence of multiple heterogeneous 

subpopulations within the malignant population (80, 136). In hematological cancers, clonal evolution 

typically follows a branched path, where multiple subpopulations coexists and compete, or it can 

follow a more linear path where the progeny replaces the parent clone (80). Several studies suggest 

that clonal evolution contributes to drug resistance, but on the other hand, therapy may contribute to 

subclonal evolution by actively selecting resistant clones (80). In MCL and CLL, the presence of 

multiple subclones at diagnosis has been associated with decreased relapse-free survival (137-139). 

Subclonal aberrations can be identified and tracked by DNA sequencing, and sequencing of multiple 

sequential samples from the same patient can be utilized to infer clonal evolution from bulk tumor 

DNA (80). Based on the number of sequencing reads, the variant allele frequency can be calculated, 

which can be used to estimate the subclonal fractions (80). By whole exome sequencing of matched 

diagnostic and relapse samples from MCL patients, we and others demonstrated that molecular 

heterogeneity with subclonal involvement was present already at diagnosis (81, 140, 141). In a recent 

study, extensive profiling of longitudinal samples from MCL patients, who were divided into groups 

based on responsiveness to Ibrutinib, suggested a high degree of cellular and functional intra-tumor 

heterogeneity promoting survival and proliferation of resistant tumor cells (112). Another recent 

study demonstrated that malignant subclones from the same lymphoma patient identified by single-

cell RNA-sequencing (scRNA-seq) had different genetic profiles and responded differently to anti-

cancer drugs (142). In the same line, it was demonstrated in acute myeloid leukemia (AML) that 
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subclones had differential sensitivity to tyrosine kinase inhibitors (143). Furthermore, in acute 

lymphoblastic leukemia (ALL) and multiple myeloma, a subpopulation was found that resembled 

relapse-inducing cells, having properties of dormancy and drug resistance (144, 145). Altogether, 

several studies of clonal evolution demonstrate molecular heterogeneity, which is relevant for 

responsiveness to therapy.  

1.8 Identification of a novel candidate gene in MCL 

A recent study, performed in our laboratory, proposed novel candidate genes to be specifically 

dysregulated in patients with MCL (140). In our recent study, global mRNA-sequencing (RNA-seq) 

of paired diagnostic and relapse samples was used to investigate sorted lymphoma cells from BM or 

PB of four patients, clinically diagnosed with MCL and three controls consisting of CD19+ B cells 

from healthy donors (HD). Several genes (n=132) were found to be significantly down- or 

upregulated in MCL cells compared to controls (Fig 7) (140). While most genes were downregulated, 

19 genes were found to be significantly upregulated in MCL compared to non-malignant B cells (Fig 

7). For validation, expression evaluation was performed by qPCR in a larger cohort of MCL and CLL 

patients for selected genes that were found to be significantly upregulated by RNA-seq. In contrast 

to other candidate genes,  leukocyte immunoglobulin (Ig)-like receptor subfamily A member 4  

(LILRA4) showed a distinct bimodal expression distribution within the MCL and CLL groups with 

overexpression in approximately half of the patients compared to the control sets (Fig 7) (140).  

 

Figure 7: Differentially expressed genes from patients with MCL. Global mRNA sequencing of four MCL patients with paired 
samples at diagnosis and relapse led to the identification of several differentially expressed genes (n=132) compared to non-malignant 
B cell controls. Significantly deregulated genes are displayed in a heat map of mRNA expression (A), showing the relative difference 
from the collective samples (black), being either upregulated (red, n=12, p>0.01, Robinson-Smyth exact test for small sample sizes) or 
downregulated (green). Using qPCR, LILRA4 followed a bimodal expression distribution in the MCL cohort, being either up- or down 
regulated, and this gene may divide patients into two groups. The MCL cohort consisted of peripheral blood mononuclear cells 
(PBMCs), while the control cohorts consisted of HD PBMCs and CD19+ B cells isolated from HD blood. Grey circles: <50% B cell 
infiltration in samples, open circles: no flow data on B cell infiltration. Modified from (140). 

LILR family proteins 

LILRA4 belongs to the LILR gene family consisting of 11 genes encoding one soluble protein 

(LILRA3), five activating proteins (LILRA1, 2, 4–6), and five inhibitory proteins (LILRB1–5) (146). 
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The cytoplasmic regions of LILR proteins consist of immunoreceptor tyrosine-based activation or 

inhibitory motifs (ITAMs/ITIMs) that determine whether the protein has activating or inhibitory 

activity, while the extracellular regions consist of Ig-like domains (147-150). LILRB2 has been 

shown to inhibit activation of T-cells (151-153), B cells, and monocytes (147, 154, 155), whereas 

LILRA3 activated proliferation in CD8+ T and NK cells and secretion of inflammatory cytokines 

(156). LILRB1, B3-B5 are expressed in AML (157), while LILRB2 is expressed in CLL, AML, and 

various solid cancers (158-160). LILRB2 expression has also been found on HSCs, and is capable of 

inducing leukemia growth (160), while the interaction of LILRBs with non-classical HLA suppress 

B cell lymphoma proliferation (161, 162). Homozygous deletion of LILRA3, an immune-stimulatory 

molecule, was found at a higher frequency in B cell NHLs than blood donors (156).  

The function of LILRA4 in plasmacytoid dendritic cells  
LILRA4 is expressed in activated B cells, monocytes (163), and plasmacytoid dendritic cells (pDCs) 

(164, 165), where it has been most widely characterized in the latter. In pDCs, LILRA4 cross-linking 

with its ligand, bone marrow stromal cell antigen 2 (BST2), has an immunomodulatory role by 

inhibiting the activation and production of antiviral type I interferon and pro-inflammatory cytokines 

(149, 164, 166-171). Constitutive BST2 overexpression has been observed in various cancers, 

including myelomas (172) and CLL (173), and was suggested to have immunosuppressive effects by 

interaction with LILRA4 on pDCs leading to decreased production of anti-tumoral cytokines (166, 

174, 175). BST2 is also highly expressed by B cells and bone marrow stromal cells and is suggested 

to support pre-B cell growth (173, 176-179). 

The role of LILRA4 in malignant B cells 

In CLL, a genetic variant of LILRA4 has been found to be a poor prognostic factor of progression-

free survival (180). Together with LILRA2 and LILRA6, LILRA4 is shown to be significantly 

upregulated in ultra-stable CLL (181). Additionally, LILRA4 overexpression has been observed in 

CLL-derived cell lines (182), and LILRA4 hypomethylation and a bimodal expression pattern with 

overexpression in approximately half of the cases have been demonstrated in CLL cells compared to 

normal B cells (183). Furthermore, LILRA4 has been included as part of a gene expression panel for 

BCR signature in a study of CLL (184) and a study of MCL (185), relating it to BCR signaling. 

Although LILRA4 has been described to some extent in the context of both malignant and healthy B 

cells, it remains largely uncharacterized in MCL. 
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. Ai s a d H potheses 

The overall aim of this thesis was to investigate the impact of molecular heterogeneity in the B cell 

malignancy, MCL.  

Manuscript I 

Aim: To investigate the potential clinical and biological role of LILRA4 in MCL. 

Hypotheses:  

a) LILRA4 is involved in MCL pathogenesis by playing a role in key signaling pathways and 

biological processes.  

b) LILRA4 overexpression has a clinical impact. 

Manuscript II 

Aim: To gain insight into the molecular architecture of MCL at single-cell transcriptomic level in the 

perspective of commonly used molecular pathology markers.  

Hypothesis: MCL cells display molecular heterogeneity between and within patients.  

Manuscript III 

Aim: To investigate the current evidence of an immature bone marrow disorder preceding or 

underlying MCL. 

Hypothesis: An immature bone marrow disorder is preceding or underlying the development of MCL. 
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. Su ar  of ai  results 

Manuscript I – Characterization of the functional role of LILRA4 in mantle cell lymphoma 

Manuscript I aimed to investigate a potential clinical effect of LILRA4 dysregulation in MCL and 

characterize the biological role of LILRA4 in MCL. In a previous study (140), we found that LILRA4 

was overexpressed in PB in half of the MCL patients compared to healthy individuals.  

In the current study, the MCL cohort was expanded to include both PB and BM. LILRA4 expression 

was determined by qPCR and correlated with clinical information obtained from patient files. 

Confirming the previous observations, LILRA4 was found to be overexpressed in PB in half of the 

cases displaying a bimodal expression pattern (Fig 8). Additionally, LILRA4 was expressed at 

significantly higher levels in PB compared to BM (Fig 8, Mann Whitney U test p<0.05). No clear 

association was found between LILRA4 expression and known risk factors, such as MIPI score, Ki67, 

or outcome (186).  

 

Figure 8: Expression of LILRA4 in PB and BM and the association with sample infiltration. LILRA4 showed a bimodal expression 
pattern in PB (A). The expression in PB was significantly higher than in BM (p=0.0192, Mann-Whitney U test). PB: peripheral blood. 
BM: bone marrow. Nineteen of the PB samples were adapted from (140). Figure adapted from (186). 

The biological role of LILRA4 in MCL was characterized by knockdown of LILRA4 in the GRANTA-

519 MCL cell line, which subsequently was analyzed by mRNA transcriptome sequencing. A 

knockdown of ~75% was established and confirmed by qPCR and RNA sequencing (Fig 9A). A 

group-wise comparison of cells transfected with LILRA4 siRNA and cells transfected with negative 

control siRNA showed that LILRA4 and macrophage migration inhibitory factor, MIF, had a more 

than two-fold expressional change (Fig. 9). Genes with higher than 1.5-fold difference included 

IGLC3, IDH1, SELENOH, CYP51A1, CCDC84, MAPK6, and OXSR1 (Fig. 9B) (186).  
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Figure 9: mRNA transcriptome sequencing of LILRA4 knockdown cells. LILRA4 knockdown in the GRANTA-519 MCL cell line 
was confirmed by both qPCR and RNA-sequencing 72 hours post-transfection (A). Comparison of LILRA4 knockdown cells and cells 
transfected with negative control scrambled siRNA resulted in 10 genes with more than 1.5-fold difference and 100 counts per million 
as a lower threshold, blue: downregulated (B). Apart from LILRA4, MIF was the only other gene with more than a two-fold change 
(C). KD: Knock-down. CTRL: negative control. Figure adapted from (186).  

Manuscript II - Detailed characterization of the transcriptome of single B lymphocytes in 

mantle cell lymphoma 

Manuscript II aimed to investigate the transcriptome of single MCL cells from diagnostic BM to 

provide insight into the molecular architecture at the single-cell transcriptomic level with focus on 

commonly used molecular pathology markers (187).  

Single-cell RNA sequencing (scRNA-seq) was performed on viable CD19+ B cells from diagnostic 

BM samples of eight patients diagnosed with SOX11 positive nodal MCL. A total of 30,565 cells 

were collected, with an average of 3,800 cells (1,018–6,668 cells) from each patient passing the 

quality control (187). Analysis of combined single-cell transcriptomes from the eight patients 

revealed a striking transcriptional heterogeneity across patients, except for co-located patients number 

7 and 8 (Fig 10a).  Although the profiles varied patient-wise, the combined population was generally 

positive for CD20 and negative for CD19, CD5, CD23, and CD27 transcripts (Fig 10c). As expected, 

all patients expressed CCND1 and SOX11, although CCND1 was only detected in 60.5% and SOX11 

was detected in 37.5% of the total single cell population (Fig 10c). In patients 1, 3, and 7, a substantial 

fraction of the SOX11+ cells also expressed the early lymphocyte transcription factor SOX4 (range: 

12.2-19.7%) (187).  

Interestingly, 10.9% of SOX11+ cells (range: 0.3–25.8%) were found to co-express  and  Ig light 

chain genes (Fig 10c). Additionally, IgM was expressed in 90.5% of SOX11+ cells (range: 51.6%–

98.7%), and IgD was expressed in 17.8% (range: 0.8-43.1%). In all patients, a subset of SOX11+ cells 
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was positive for IgG (range: 0.8%–14.6%) and IgA (range: 6.1%–35.1%) at varying levels, and in 

three patients (patients 2, 4, and 6), small SOX11+ fractions were positive for CD27 (range: 3–9.5%) 

(187).  

Using differential expression analysis, non-malignant pro-/pre-B cells that were significantly 

different from the malignant and SOX11+ cells were identified. These cells were co-localized in the 

Uniform Manifold Approximation and Projection (UMAP) plot of the total cohort (Fig 10), did not 

show light chain restriction and were significantly enriched in markers associated with pre-B cells 

and lymphocyte progenitors such as SOX4, IGLL1, VPREB1, and CD10 (187).  

 

Figure 10. Clustering of combined single-cell transcriptomes and expression of molecular pathology MCL markers. The 
combined CD19+ cell cohort from all MCL patients showed heterogeneous expression profiles, with patients forming distinct clusters, 
except for co-located samples 7 and 8. Cells are visualized in a UMAP, and the patient origin is dictated with color and numbers (A). 
The fraction of cells being positive for molecular pathology markers was calculated for the individual patients (bars) and from the total 
single-cell cohort (numbers) as described in the Methods section (C). Generally, large fractions of cells were positive for CD20, CCND1 
and /  (IGKC/IGLC), while SOX11 was expressed in 37.5% of the total cells. Interestingly, 10.8% of the total cells co-expressed  
and  light chains. Figure adapted from (187). 

Except for patient 2, clustering analysis of each patient did not provide any clear evidence of multiple 

clones or subclones within the malignant cell population, and sequencing of IgH rearrangements with 

the LymphoTrack Assay supported this. In patient 2, two different clonal rearrangements were found 

with the minor clone constituting ~1%, which corresponds to a small monoclonal B cell 

lymphocytosis (MBL) clone in this patient known from the clinical flow data. From the scRNA-seq 

data, patient 2 was found to have three distinct clusters (Fig 11). The big cluster was interpreted as 

MCL cells based on SOX11 positivity and evidence of light chain restriction. One of the smaller 

clusters expressed markers of immature B cells (pro/pre-B cells, Fig. 11B). The other small cluster 

was significantly increased for expression of Ig light chain  genes (IGLC1, IGLC2), CD23, IgG, and 

IgA (Fig. 11), and was thus suggestive of an MBL clone with a + CLL-like profile in line with the 
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clinical flow cytometry data. Despite these minor clusters being strongly indicative of pro/pre-B cells 

and MBL, they both contained a small SOX11+ cell fraction (Fig 11A) (187).  

 

Figure 11. Cluster trio of patient 2. Clustering analysis identified three major clusters in patient 2 that were identified as a large 
cluster of MCL cells, a minor subpopulation assumed to correspond to monoclonal B cell lymphocytosis (MBL), and a small cluster 
of immature B cells (Pro-/pre B) expressing (red) markers of immature B cells such as IGLL1 (A). The expression profile of this cluster 
was enriched for immature B cells markers (yellow indicates positive expression) (B). The population assumed to represent MBL was 
positive for CD23 (associated with CLL) and markers of isotype-switched B cells (IgA and IgG) (not shown). The two subclusters were 
positive for both immunoglobulin light chain  (green) and  (red) genes (IGLC, IGKC), although the MBL cluster was enriched for  
(C), while the MCL cluster showed clear evidence of  monoclonality. Figure adapted from (187). 

The most significant finding from the analysis of the SOX11+ malignant cell population was the 

identification of expression of the precursor lymphoblastic marker, FAT1, almost exclusively in 

patient 1 (Fig 12). In this patient, who presented with blastoid MCL, FAT1 was co-expressed with 

SOX4, Aryl Hydrocarbon Receptor (AHR), Dystonin (DST), and Chromodomain Helicase DNA 

Binding Protein 3 (CHD3) (Fig 12), an expression signature specific to this patient (187). 

 



 

36 
 

 

Figure 12: Expression signature of the blastoid mantle cell lymphoma case. A highly specific FAT1 expression (red, upper) was 
identified among the SOX11+ cells of the blastoid patient 1. Expression of SOX4 (red, lower) was found in this patient, and in patients 
3, 4, and 7, and in a small fraction of pro-/pre-B cells (A). The majority of FAT1+ cells in patient 1 co-expressed AHR, CHD3, DST, 
and SOX4 (red) (B). Patient 1 had a very high fraction of SOX11+ malignant SOX4+ cells (19.9%) and no evidence of healthy pro-/pre-
B cells, but this gene expression signature was not specific for SOX4+ cells in general. The expression (y-axis) of selected genes in 
each patient (x-axis) is visualized in violin plots (C). Figure adapted from (187). 

 

Manuscript III – On the origin of mantle cell lymphomas and the evidence of immaturity 

In manuscript II, three patients co-expressed SOX11 and SOX4, and in the blastoid patient, these were 

expressed together with FAT1. Since the two latter are markers of immature B cells, it brought our 

attention to the possibility of a more immature component in MCL. Therefore, a thematic review was 

conducted in manuscript III to gather current evidence of an immature bone marrow disorder 

preceding or underlying MCL (188). 

Reviewing the current literature, it is clear that a significant number of blastoid MCL cells express 

CD10, when compared to classical MCL. CD10 is a marker of immature B cells that is frequently 

expressed in more immature leukemias and lymphomas, such as B-ALL, supporting malignant 

precursor activity in blastoid MCL. This knowledge is backed by reports, where the morphology of 

blastoid MCL is compared to that of lymphoblast from the more immature B cell malignancies, 

lymphoblastic leukemia and lymphoma (188).  

Because SOX4 plays an important role in pro-B cells, and SOX11 is involved in stem and progenitor 

regulation while being mainly absent from differentiated tissue, this indirectly supported a degree of 
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immaturity of the MCL cells. Studies suggested that these SOXC proteins display overlapping and 

competitive transcription factor activity. Additionally, loss of SOX4 was compensated by SOX11 

during central nervous system development. Interestingly, the proteins were suggested to be co-

regulated in MCL, which may possibly suggest a similar overlapping role (188).  

Studies indicated that t(11;14) arises at the pro/pre-B stage, and it can be found at low frequency in 

the healthy individuals, which is analogous to studies demonstrating clonal hematopoiesis in the 

elderly population. Additionally, studies suggested that mutations in ATM and TP53, which are 

frequently observed in MCL, are early founders in clonal hematopoiesis. Thus, t(11;14), ATM and 

TP53 mutations may partly represent lymphoid markers of clonal hematopoiesis of indeterminate 

potential, and the concept of clonal hematopoiesis further supported an immature origin of MCL 

(188).  

Reports of concurrent malignancies with myeloid and lymphoid origin in the same patients, such as 

reported for CML and MCL, provided evidence supporting the existence of immature lymphoma 

stem cells. Additional evidence was found in reports of identical lymphoid malignancies occurring in 

both donor and recipient after allogeneic stem cell transplantation. This was observed for MCL as 

well other mature lymphomas such as follicular lymphoma (188).  

Evidence against the existence of immature lymphoma stem cells includes a recent study of patients 

with lymphoma undergoing autologous stem cell transplantation, which showed that mutations 

associated with lymphoid malignancies could not be detected in their hematopoietic stem cells. 

Additionally, if the mature malignant reservoir is replenished by very early progenitors following 

treatment, these cells should have a unique IgH rearrangement. However, studies of B-ALL and CLL 

showed that relapse from an unrelated clone is not common, and has only been described a single 

case of MCL (188). 
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. Methodologi al o sideratio s 

The applied materials and methods are described in specific sections of the respective manuscripts.  

This section will elaborate on some of the main materials and methods and discuss their advantages 

and disadvantages. A more detailed description of all the applied methods can be found in the 

manuscripts (186-188), appendix I-III.  

4.1 Methods and methodological considerations, manuscript I 

Quantitative polymerase chain reaction (qPCR) was used on patient samples to investigate the 

expression of LILRA4, which was compared to relevant clinical parameters such as MIPI score, Ki67, 

and outcome. Additionally, siRNA-mediated knockdown of gene expression in an MCL cell line and 

subsequent transcriptome mRNA sequencing was used to investigate the role of LILRA4 in MCL.  

4.1.1 Cell line 
Immortalized human cell lines are often used in place of primary cells and present a powerful tool for 

studying disease pathogenesis. In contrast to primary human cells, a cell line is cost-effective, 

provides unlimited material, requires no ethical permission, and is easy to use (189). An MCL cell 

line, GRANTA-519, was used as a model to study the function of LILRA4 in MCL. The GRANTA-

519 cell line has been established from the peripheral blood of a 58-year-old woman with MCL at 

relapse with leukemic transformation stage IV (190).  

There are several disadvantages associated with in vitro cell line experiments. Due to genetic 

manipulation during immortalization, cell line phenotype and behavior may be different from the 

original cells. Furthermore, passaging over extended periods can cause genotypic and phenotypic 

drift within cell cultures (189). For that reason, the cells were kept at low passages (<20) in all 

conducted experiments. A major weakness of in vitro cell culture studies is the lack of 

microenvironment and vasculature, and consequently, interactions with other cell types are absent 

(189). Therefore, findings from cell culture experiments will represent a cell autonomous snapshot, 

but the true response in patients to a lesser extent. Thus, key findings should always be confirmed in 

primary patient cells and in vivo models. 

4.1.2 Silencing of gene expression 

The most common strategy used to characterize the function of a gene, in this case, LILRA4, is to 

disrupt the expression of the gene. There are different strategies for inhibiting gene expression, 

including RNA interference (RNAi) and clustered regularly interspaced short palindromic repeats 



 

39 
 

(CRISPR) gene editing (191). The major difference between the RNAi and CRISPR is that RNAi 

reduces gene expression at the mRNA level, while CRISPR completely and permanently silences the 

gene at the DNA level (191).  

In cases of slow protein degradation or prolonged experimental setup, knockout may be the better 

choice. However, for essential genes, a knockout can be lethal, and a knockdown would be the better 

option. A major advantage of RNAi is that the silencing machinery is endogenously expressed by 

human cells, and a simple siRNA transfection can result in a loss-of-function phenotype (191). 

Another important advantage of RNAi is that knockdown cell lines can be obtained within a matter 

of days and do not require time-consuming screening for homozygous knockout clones (191). Based 

on the advantages of RNAi, this approach was used to silence the expression of LILRA4 to study its 

function in an MCL cell line.  

A scrambled siRNA was included in all experiments as a negative control to account for unspecific 

effects caused by the transfection conditions. Furthermore, a pool of four siRNAs targeting LILRA4 

(siLILRA4) was used to increase the knockdown specificity and efficiency (186). The siRNA 

sequences were tested using the Basic Local Alignment Search Tool (BLAST) (192) to predict 

potential off-target effects, which showed that only the LILRA4 gene was 100% complementary to 

the siRNAs.  

4.1.3 Transfection of target MCL cell lines with siRNAs  

For successful transfection, negatively charged siRNAs must pass the negatively charged cell 

membrane (193). In our study, non-viral transfection was preferred due to lower biosafety 

requirements and efficient production of knockdown in cells. Different methods for siRNA delivery 

in MCL cell lines were tested, including 1) chemical transfection with Lipofectamine 2000, 2) 

electroporation with the Amaxa Nucleofector 2b, and 3) transfection with modified Accell siRNAs 

in Accell siRNA delivery Medium.  

Using Lipofectamine 2000, the highest knockdown efficiency obtained in MCL cell lines was ~25%, 

even after adjusting several parameters, such as cell density. Electroporation yielded higher 

knockdown efficiency (~40%). However, a major decrease in cell viability of up to 50% was 

observed. Using Accell siRNAs, a knockdown efficiency of ~75% was obtained, and the viability 

was >82%. Since modified Accell siRNAs demonstrated the highest knockdown efficiency while 

preserving cell viability, this method was used for transfection of the GRANTA-519 cell line with 

LILRA4 siRNAs.  
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4.1.4 Quantitative polymerase chain reaction 
Quantitative PCR was used to quantify LILRA4 expression in MCL patient samples and determine 

the knockdown efficiency in MCL cell lines transfected with LILRA4 siRNAs. Normalization was 

performed using the Δ Ct method with GUSB as reference gene. To determine the knockdown 

efficiency, the comparative Ct method (194) was used to calculate the expression of LILRA4 in the 

cells transfected with siLILRA4 relative to the negative control transfected with scrambled siRNA 

(186). 

This method allows precise quantification also of a low number of transcripts. However, there is a 

risk of off-target amplification of homologous genes. 

4.1.5 RNA sequencing and data analysis 
The effect of LILRA4 knockdown was investigated by mRNA transcriptome sequencing (mRNA-

seq) and differences in gene expression were evaluated by comparing GRANTA-519 cells transfected 

with siLILRA4 to cells transfected with negative control scrambled siRNA. Sequencing libraries were 

generated using the NEBNext Ultra II RNA library prep kit from New England Biolabs with Poly 

(A) mRNA enrichment. Pooled libraries were loaded to a SP Flow Cell for paired-end sequencing 

with a NovaSeq 6000 from Illumina. Raw data were quality checked using FASTQC (Babraham 

Institute, Cambridge, UK),  and sequencing reads were mapped to human genome assembly GRCh38 

using STAR aligner (195). Due to the small size of the cohort, no robust statistical tests could be 

performed and expression thresholds were selected to minimize bias as described in the manuscript 

(186).  

Limitations of mRNA-seq, which may impact transcript quantification, are mainly biases introduced 

during cDNA library generation and sequence alignment. Bias can be caused by several factors such 

as the lower fidelity of the reverse transcriptase compared to other polymerases, or by unspecific 

cDNA synthesis or template-switching during cDNA synthesis. Furthermore, the size selection and 

fragmentation steps can result in transcript-length bias. Additionally, the relatively short read length 

of the sequencing also cause some limitations, but these are alleviated by paired-end sequencing 

(196).  

4.2 Methods and methodological considerations Manuscript II  

Single-cell RNA sequencing (scRNA-seq) was performed on sorted CD19+ B cells from MCL BM to 

provide insight into the heterogeneity at the single-cell transcriptomic level (187).  
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4.2.1 Preparation of cells 
Mononuclear cells were isolated from freshly drawn BM samples using Ficoll gradient density 

centrifugation and cryopreserved with DMSO. Cryopreservation with DMSO has been demonstrated 

to provide results similar to fresh cells in scRNA-seq (197, 198). However, it results in an increased 

fraction of damaged and dead cells (197), which can introduce a possible bias in cell composition due 

to certain cell types having a higher probability of dying due to the cryopreservation.  

Stressed, necrotic, and apoptotic cells constitute a major challenge in scRNA-seq since it may lead to 

misinterpretation of the data. Low quality cells have been shown to display increased transcriptome-

wide noise compared to high quality cells (199). Furthermore, due to the permeability of the cell 

membrane, these cells may leak cytoplasmic mRNA into the suspension, increasing the ambient (cell-

free) RNA concentration giving rise to non-specific background (200, 201). Although studies have 

shown that necrotic and apoptotic cells are enriched for mitochondrial reads (199), it has been 

demonstrated that pro- and late-apoptotic cells are difficult to remove bioinformatically (202). 

Therefore, excluding apoptotic and necrotic cells before scRNA-seq will increase the chance of 

obtaining high quality data.  

Sorting of viable B cells  

To find the appropriate method for dead cell removal, the Debris Removal Solution and the Magnetic 

column-based Dead Cell Removal kit (both from Miltenyi Biotec) were tested on cryopreserved MCL 

cells and PBMCs from healthy individuals. The Debris Removal Solution resulted in a ~10% 

decrease in viability, while an 5-20% increase was observed for the Dead Cell Removal kit. However, 

this was accompanied by a major cell loss (~50%), as previously reported (203). Magnetic-activated 

cell sorting was also tested for enrichment of CD19+ B cells from MCL or CLL patients, which 

resulted in high purity (>96%) and viability of ~60%, however, with a high cell loss. The high cell 

loss associated with these techniques was a major problem since the MCL patient samples are very 

limited.   

Therefore, fluorescence-activated cell sorting (FACS) was used to remove apoptotic and necrotic 

cells from the cryopreserved patient samples. FACS is a specialized type of flow cytometry that can 

be applied for sorting a heterogeneous mixture of fluorescently-labelled cells one cell at a time, based 

on the fluorescent characteristics of each cell (204). Viable cells were selected by staining with 

Annexin V binding to phosphatidylserines on the cell membrane of early apoptotic cells (205-208), 

and 7 amino-actinomycin D (7AAD), a  DNA-intercalating dye that stains dead cells with permeable 

membranes (202, 209, 210) (Fig 13). Hence, this staining can be utilized to exclude both early and 
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late apoptotic cells and necrotic cells. In addition, pre-selection of CD19+ B cells (Fig 13) was 

performed to increase the resolution for the cells of interest and obtain more detailed information of 

possible subpopulations. Thus, the gating strategy for sorting viable B cells for scRNA-seq was based 

on CD19 expression and negativity for CD3, Annexin V, and 7AAD (Fig 13) (187).  

 

Figure 13: Gating strategy for sorting of viable CD19+ cells from MCL bone marrow mononuclear cells. Cryopreserved 
mononuclear cells from MCL bone marrow were thawed, stained with 7AAD, annexin V, antibodies to target CD19 and CD3, and run 
on a FACS ARIA III. Viable B cells (7AAD-Annexin V-CD3-CD19+) were sorted and used for single-cell RNA sequencing. 
 

It should be noted that sorting based on CD19 may activate the cells, which potentially leads to 

alterations in the transcriptomes. Activation may happen partly because CD19 is part of the BCR 

complex and partly due binding of Fc Receptor Block to Fc receptors on the B cell surface. 

Additionally, the high pressure from the FACS instrument may stress the cells and modify the 

transcriptome (211).  

 

Methanol fixation of sorted cells  

Fixation preservation makes it possible to prepare multiple samples at different time points if the 

length of the protocol does not allow for direct generation of single-cell libraries right after sample 

preparation (200, 212), such as in our case. In contrast to cryopreservation, fixation has not been 

associated with an elevated number of low-quality cells (200, 212). Unlike aldehydes, methanol is a 

coagulating fixative that does not chemically modify nucleic acids (213, 214) but acts by dehydration. 

A previous study proposed a procedure for methanol fixation of PBMCs followed by rehydration in 

saline sodium citrate (200) and demonstrated successful implementation of this procedure into the 

10X Genomcis standard scRNA-seq workflow without elevated low-quality cells and doublets (200).  

This protocol was tested on PBMCs from healthy blood donors and on aliquots of the sorted CD19+ 

B cells obtained from the MCL patients and showed high RNA integrity (RIN 8.3–9.1) for all donors 

and the majority of patients after fixation. Therefore, this protocol was implemented for the 

preservation of sorted B cells before scRNA-seq.  
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4.2.2 Single-cell RNA-sequencing 
For scRNA-seq of CD19+ MCL BM cells, the Next GEM Single Cell 3’ kit v3.1, and Chromium 

controller from 10X Genomics were applied, and sequencing of scRNA libraries was performed on 

a NovaSeq 6000 from Illumina (187). The advantages of this technology are scalability, high 

throughput, and reproducibility (198). For other scRNA-seq methods, it would take longer to capture 

a comparable number of cells, potentially leading to RNA degradation and cell lysis in fragile cell 

types (198), such as patient BM cells. Studies have shown that, compared to other commercially 

available scRNA-seq platforms, 10X 3’ v3 kit displayed a high mRNA selection sensitivity with high 

numbers of detected genes and lower probability of gene dropouts, and data correlating nicely with 

bulk RNA-seq (198, 215).  

A disadvantage of 3’ scRNA-seq is that it only covers part of the mRNA sequence, and therefore, 

cannot be used to investigate mutations. Another scRNA-seq technology called Smart-seq provides 

information about the full RNA-sequence and the abundance of each transcript (216), making it 

possible to study expressed mutations. However, this method is low throughput and inappropriate for 

studying smaller subpopulations (217). Additionally, a commercial platform for this technology was 

not available in DK at the time of this study. Although it is possible to use the method without the 

commercial platform, the high cost, technical variability, and laborious nature make it impractical 

(217).  

4.2.3 Bioinformatics data analysis 

Cell Ranger (10X Genomics) was used for demultiplexing sequencing raw data and alignment to 

reference genome GRCh38 (prebuilt, 10x, GENCODE v32/Ensembl 98) with STAR (218). STAR 

has been demonstrated to be more accurate and recover more reads than other alignment tools such 

as Kallisto or BWA for scRNA-seq (219, 220).  

Quality control, merging of data from all patients and cross-sample normalization, as well as intra-

/inter-sample differential expression analyses, were performed in R (R 3.6, Seurat 3.2 (221)) (187).  

Barcodes with low count depth, few detected genes, and a high fraction of mitochondrial counts are 

indicative of damaged or dead cells, while cells with unexpectedly high counts and a large number of 

detected genes may represent doublets (222). Thus, doublets, low-quality cells, and empty droplets 

were filtered based on feature counts and mitochondrial read fraction with the thresholds defined by 

Tukey's fences (±1.5 IQR) (187), which were set as permissive as possible to avoid unintentionally 
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filtering out viable cell populations (222). Additionally, the single cells were transcriptionally 

restricted to positive expression of selected B cell markers (187).  

Clustering was performed in Seurat, where a combination of shared-nearest-neighbor graphs and 

Louvain community detection is applied (223). Seurat has been shown to achieve a good balance 

between under-clustering and over-clustering across datasets (224) and outperform other R tools for 

analysis of 10X Genomics scRNA-seq data (225). A disadvantage of this kind of clustering method 

is that the user has to determine the clustering resolution, which can significantly affect the outcome 

(223). In our study, the cluster resolution was selected according to overall quality and cell numbers 

(187).  

Non-linear dimensionality reduction methods such as t-distributed stochastic neighbor embedding (t-

SNE) and UMAP can be utilized to visualize the data in two dimensions (226). It should though be 

noted that there is a risk of over-interpreting the visualizations as these methods result in a certain 

degree of data distortion (227). UMAP has been demonstrated to perform better in visualizing the 

global properties of a dataset and performs as well as t-SNE in visualizing local structures (227). 

Additionally, it is faster than tSNE and scalable to a large number of cells (227). Therefore, we used 

UMAP for data visualization.  

4.2.4 General challenges of scRNA-seq 
There are some general challenges associated with scRNA-seq, which should be considered when 

interpreting the results. The transcriptional profiles are generally noisier than bulk analyses (228), 

which can be partially attributed to the extensive amplification of a small amount of RNA, technical 

dropout (zero values) in reverse transcription, or biological mechanisms such as cell cycle or 

transcriptional bursting (228-233). There are three reasons for a dropout: 1) the transcript was not 

present, and the zero is an accurate representation of the cell state, 2) sequencing depth was low and 

could not detect the transcript although it was present, or 3) the transcript was not captured or failed 

to amplify during the library preparation (223).  
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. Dis ussio  a d perspe ti es 

In this section, the observations and relevant parameters of each manuscript will be discussed. MCL 

shows high molecular heterogeneity, which may explain the variation in clinical presentation and 

outcome (1). This heterogeneity exists both between and within patients (29), making it challenging 

to define optimal therapies and appropriate biomarkers for prognostication and disease monitoring. 

Next generation sequencing studies have provided new insights into the molecular MCL pathogenesis 

(1). Additional knowledge may further assist the interpretation of the clinical diversity of this disease 

and improve treatment strategies. In this thesis, the main focus has been to investigate the impact of 

molecular heterogeneity in MCL. This was done by characterizing a novel gene in the context of 

MCL and by characterizing the transcriptome of single MCL cells (186, 187).  

Manuscript I focused on the LILRA4 gene. This gene and its ligand BST2 have previously been 

suggested to play a role in malignant and non-malignant B cells (section 1.8). However, to our 

knowledge, it has not been characterized in the context of MCL. We previously found LILRA4 to be 

overexpressed in half of MCL cases compared to healthy donors in PB samples (140), and in this 

current manuscript(186), we explored the potential role of LILRA4 in the molecular pathogenesis of 

MCL. The bimodal expression pattern in PB with LILRA4 overexpression in half of the cases was 

confirmed in this extended cohort (186). Additionally, a higher LILRA4 expression was observed for 

PB compared to BM, suggesting a tissue-specific expression. The difference between PB and BM 

was unlikely to be attributed to differences in white blood cells composition, with more T cells in PB, 

since LILRA4 was exclusively expressed in B cells from PB of healthy individuals (186). Differences 

in the degree of MCL burden in the samples were not found to impact the level of LILRA4 expression 

and were therefore not the cause of the bimodal expression pattern or the difference between PB and 

BM (186).  

To investigate a potential clinical role of LILRA4 dysregulation, we compared LILRA4 expression to 

clinically applied prognostic parameters such as MIPI score, Ki67 proliferation index, and outcome. 

No clear trend was found for any of these parameters (186). However, due to the low number of 

observations and the dominance of high-risk patients, no firm conclusion can be drawn. In CLL, a 

genetic variant of LILRA4 was reported to be a poor prognostic factor (180). In addition, LILRA4, 

together with LILRA2 and LILRA6, has been shown to be significantly upregulated in ultra-stable 

CLL, where patients do not experience disease progression for more than 10 years after diagnosis 
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(181). Thus, in CLL, which in many ways resembles MCL, LILRA4 has a prognostic impact. 

Although we did not observe any impact in our MCL cohort with the selected clinical parameters, we 

cannot rule out that LILRA4 may have a similar role in MCL.  

A potential biological role of LILRA4 in MCL was also explored in manuscript I by knockdown of 

the gene followed by RNA-seq (186). In this analysis, macrophage migration inhibitory factor (MIF), 

was the only LILRA4-dependent gene with at least two-fold change after LILRA4 inhibition. Studies 

in murine models suggest that MIF promotes B cell migration (234) and plays a role in pro-

inflammatory inhibition of TP53 (235). Additionally, MIF has been reported to inhibit apoptosis and 

induce B cell proliferation (236-238). A direct link between LILRA4 and MIF has not been 

established, but downregulation of LILRA4 by interleukin (IL)-3 may be a possible link since IL-3 

promotes macrophage proliferation (239) and MIF regulates macrophage function. Altogether, we 

propose a potential immune regulatory role of LILRA4 in MCL (186). Immune regulating roles of 

LILRA4 in plasmacytoid dendritic cells (149, 164, 166-168, 171) and other LILR family members in 

different immune cell types (147, 151-156) supports this hypothesis. Immune suppression and 

evasion are known to play a role in MCL (109-113), and the proposed immune regulatory effect of 

LILRA4 may thus be relevant in MCL pathogenesis. No apparent effect of LILRA4 knockdown on 

apoptosis and proliferation in GRANTA-519 cells was observed (186), which may suggest that 

LILRA4 does not play a role in these processes. However, it is also possible that the protein has a long 

degradation time and was still present in the cells, and therefore no effect was observed. 

It is important to note that the in vitro studies in manuscript I were performed without a tumor-

microenvironment, which may be an important factor in the suggested interaction with MIF. 

Therefore, the biological role of LILRA4 should be further investigated in the presence of cells 

mimicking the MCL tumor microenvironment, and preferably using in vivo models. Another 

important point is that GRANTA-519 cells applied in this study are not representative of all MCL 

subtypes and do not capture the biological inter-patient heterogeneity. Hence, to take the molecular 

and biological heterogeneity into account, the reported findings should be confirmed in other MCL 

cell lines and primary MCL cells.  

Although LILRA4 dysregulation in MCL PB and BM is evident from our findings and our 

observations suggest a possible role in MCL pathogenesis by interaction with immune regulatory 

components (186), the specific biological function of LILRA4 in this context remains unclear.  
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While manuscript I mainly focused on the role of the LILRA4 gene in MCL, manuscript II focused 

on the entire mRNA transcriptome in MCL. In manuscript II, the transcriptomes of thousands of 

single BM B cells from MCL patients were analyzed to provide insight into the molecular architecture 

of MCL (187). The clustering analysis of the combined transcriptomes showed a striking inter-patient 

heterogeneity (187), as previously reported (112). The transcriptional profiles observed within the 

patients were rather unremarkable, with a homogeneous continuum of expression patterns for the 

malignant cells (187). This observation is in contrast to the subclonal involvement previously reported 

in two recent scRNA-seq studies on mononuclear cells from PB and BM of MCL patients (112, 240). 

A possible explanation may be that the patients analyzed in our study only displayed discrete 

subclonality, below the detection limit or resolution of the single-cell assay (187). Furthermore, 

interpretation of the proposed clusters was complicated by the lack of criteria and annotation for 

assigning a cluster as a malignant subclone (222, 223).  

Deep sequencing of IgH rearrangements was used to investigate if the unique IgH rearrangements 

were indicative of multiple clones or subclones. IgH sequencing supported the general absence of 

multiple clones (187). Patient 2 had two different clonal rearrangements, most probably 

corresponding to a major MCL clone and a minor MBL clone known from the clinical flow cytometry 

data (187). In the IgH sequencing data, we also looked for evidence of SHM as an approach for 

studying subclonality (241-243). SHM suggestive of subclones was found in two patients. However, 

in patient 1, the evidence for subclonal evolution constituted <1% of the reads, and in patient 4 the 

detected mutations were very likely caused by technical errors from the PCR rather than biology 

(187).   

For all of these reasons, no firm conclusions were made about possible malignant subclones within 

individual patients based on the data obtained from scRNA-seq and IgH sequencing. A convincing 

approach would have been to demonstrate that proposed subclones were functionally and genetically 

distinct (223), as in a recent study of nodal lymphomas (142). However, this was not within the scope 

of our study. Alternatively, analysis paired diagnosis and relapse samples could have provided a 

clearer picture of the clonal evolution. However, not all patients had experienced a relapse, and 

unfortunately, appropriate sample material was lacking for those who had relapsed. Additionally, 

using a scRNA-sequencing approach that provides information about gene expression profiles and 

expressed mutations (216) may be able provide more information about clonal evolution.  
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Instead, using scRNA-seq analysis of MCL cells we obtained knowledge about the biological activity 

and expression of commonly used molecular pathology markers. An interesting finding was the co-

expression of Ig light chain  and  transcripts by the same cells in a small cell fraction in all patients 

(187). Unfortunately, we could not confirm this at the protein level by reanalysis of the clinical flow 

cytometry data due to limitations in the number of recorded cells and panel design (187). A co-

expression of  and  proteins has previously been reported in B cell malignancies (244, 245) and 

healthy B cells (246, 247), and thus, may potentially also be found in MCL. The dual /  expression 

may suggest that some MCL cells further rearrange their light chain genes, potentially due to antigen 

encounter, self-reactivity, or that some of the cells are in a more immature differentiation state, which 

has a dual expression (244). Due to rigorous data filtering and the use of fixed cells, we exclude the 

possibility that the /  co-expression is explained by ambient (cell-free) RNA (187).  

All patients had some SOX11+ cells expressing IgA or IgG transcripts, and three patients had a small 

SOX11+ fraction expressing the memory B cell marker CD27. This observation suggests that some 

of the MCL cells may potentially be corresponding to germinal center (GC) or post-GC B cells, 

although expected to originate from mature naive pre-GC B cells (187). MCL cells have previously 

been reported to express CD27 protein and transcripts for IgA (82, 83, 248, 249) with sporadic 

accounts of IgA (249) and IgG surface protein expression (83). Additionally, CLL cells have been 

observed to express IgG and IgA transcripts with an IgH rearrangement identical to the IgM+ clone, 

although these cells only expressed IgM protein (250).  

The observation that three patients had a subset of SOX11+ cells expressing SOX4, which is associated 

with immature B cells (251), may suggest that not all MCL cells originate from or correspond to 

mature, naive B cells, and some patients carry a reservoir of more immature malignant cells (187). 

The blastoid MCL patient had a subset of SOX11+ cells expressing SOX4 together with FAT1, which 

was exclusively found in this patient (187), and may suggest a role in blastoid MCL, although further 

investigation is required to establish this. Interestingly, FAT1 has been suggested to be a marker in 

ALL (252, 253), and scRNA-seq showed that a subset of SOX11+ cells in the blastoid MCL patient 

was positive for the pre-B-ALL marker, CD10 (187). FAT1 mutations have been reported in a few 

MCL patients (141), but its role in MCL has, to our knowledge, not yet been described. Both tumor 

suppressive (254-258) and oncogenic (252, 259-261) roles of FAT1 have been demonstrated in other 

types of cancer. High FAT1 expression predicted poor survival in cervical squamous cell carcinoma 

(261), where interaction between FAT1 and SOX4 has been suggested, with FAT1 upregulating 

SOX4 to promote cancer migration and invasion (261). Additionally, SOX4 has been suggested to 
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play a central role in promoting the survival of malignant lymphoblasts (262-264) and possibly 

predicting outcomes in ALL (262). Hence, these markers, proposed for further investigation, may 

possibly help to establish the differentiation state and prognosis of MCL (187). Although the numbers 

are small and the results should be interpreted cautiously, this raises the question of a possible 

prognostic value for the fraction of immature SOX11+ cells and suggest a potential clinical role for 

SOX4 (187). 

Altogether, the observed expression of markers associated with different stages of B cell 

differentiation (SOX4, IgA, IgG, and CD27) in MCL cells may suggest that the malignant cells are 

not fixed in the differentiation state of naive mature B cells but instead, the patients carry B 

lymphocytes of different differentiation stages (187). This observation is in accordance with a recent 

study showing that follicular lymphoma cells have diverged in their gene expression program from 

their putative GC B cell of origin (265) and may support the hypothesis of multiple cellular origins 

of MCL (83). This phenomenon may constitute a potential problem since the therapeutic strategy and 

biomarkers used in MCL are based on the anticipation that the cells are fixed in a specific B cell 

differentiation state. However, if this is not the case, some MCL cells may evade treatment and 

replenish the cancerous reservoir, leading to relapse.  

As previously reported (240), CD19 and CD5 transcripts were not detected in all cells. Additionally, 

neither CCND1 nor SOX11 was expressed in all malignant B cells, as observed previously (112). 

Collectively, this may be explained by transcriptional bursting (229-231), a low, direct correlation 

between mRNA and protein, or that the mRNA levels of the genes were below the detection limit or 

resolution of the scRNA-seq assay (187).  

Generally, the quality of the sequencing output was in concordance with higher clonal infiltration of 

BM, purity of sorted cells, and RNA integrity (187). Limitations of our study are the small cohort 

size and the heterogeneous clinical presentation in the patient cohort. Another limitation is that this 

study focuses on mRNA, and although mRNA and protein expression generally correlates, the 

findings should be validated at the protein level. Due to these limitations, the reported findings are 

preliminary and hypothesis-generating only and must be further explored (187). 

Whether the findings in both manuscripts I and II representative of the disease complexity must be 

confirmed by inclusion of more patient samples. However, we believe that the presented results 

demonstrate that the molecular heterogeneity of MCL may have a biological impact. 
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Current evidence of an immature bone marrow disorder preceding or underlying MCL 

The findings of SOX4 expression in three MCL patients, particularly the co-expression of SOX4 and 

FAT1 in SOX11+ cells in the blastoid patient, brought our attention to the possibility of a more 

immature component in MCL. Therefore, a thematic literature review (manuscript 3) was conducted 

to investigate the current evidence of an immature bone marrow disorder preceding or underling 

MCL. Together with the existing literature, which is somewhat vague on the matter of an immature 

component, we evaluate that some cases support an earlier disorder or progressive clonal expansion 

leading to MCL (188). However, several questions remain unanswered, and further investigation and 

discussion of this topic are needed. The investigation was partly spurred by the previously reported 

(140, 266) patient cases where a loss of a chromosomal deletion or mutations occurred at relapse. 

These data support the theory of the presence of an earlier diverging clone with the potential to 

replenish the malignancy following treatment and thus mediate a clinical relapse (188).  

The question arises whether founder mutations may occur already at the stem-cell level. To our 

knowledge, two reviews relating to this topic exist. The focus of the review published a decade ago 

(267) was whether premalignant cells acquire stem-like properties or reprogramming to generate and 

maintain the lymphoma. In the more recent review (268), a model for MCL was proposed where 

genetic defects originate from common lymphoid progenitors. In both studies, t(11;14) is described 

as the initiating step. However, the expression of IgH and thus CCND1 is restricted to the 

differentiation stage where IgH is expressed, which may actually be the most defining feature of MCL 

(188). 

If some or all MCL patients have a subset of more immature malignant cells, there is a potential 

problem with current treatment strategies targeting CD20 or CD19 as these immature cells may not 

necessarily express these markers. It was shown that CD20 might not be expressed in very early pro-

B cells (269), suggesting that very early B cells or more immature cells may evade treatment with the 

anti-CD20 antibody Rituximab. The same kind of problem may be relevant for other treatment 

strategies, such as cellular therapies targeting CD19, or other molecules related to particular stages 

of B cell differentiation. Hence, if the patients harbor a subset of very immature cells, these may 

evade treatment and replenish the malignant reservoir (188). As outlined in the review, it is already 

known from multiple reports on MCL and CLL that concurrent or successive myeloid disorders may 

occur, providing prominence to the stem-cell theory (188).  
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. Co lusi e re arks  
This thesis has contributed with knowledge related to the molecular heterogeneity and molecular 

pathogenesis of MCL.  

In manuscript I, our findings show dysregulation of LILRA4 in MCL PB and BM and suggests a 

possible role in MCL pathogenesis through interaction with immune regulatory components, although 

the specific biological function remains unclear. However, we did not find correlation of the LILRA4 

expression level and clinical data. In manuscript II, transcriptional inter-patient heterogeneity was 

demonstrated. Additionally, gene-expression profiles associated with different stages of B cell 

differentiation suggest that the malignant cells are not fixed in the differentiation state of naive mature 

B cells, but the patients instead carry B lymphocytes of different differentiation stages. The 

expression of immature markers in three patients, and, in particular the blastoid case, suggests that 

patients with MCL have a reservoir of more immature cells. In manuscript III, it was found that the 

evidence supporting the hypothesis of an immature BM disorder preceding or underlying MCL is 

diffusely disseminated throughout the current literature, and several questions regarding the cellular 

origin of MCL remain unanswered. 

Collectively, these studies, if expanded upon, could provide insight into the molecular pathogenesis 

of MCL, which are relevant for the choice of treatment strategy and prognostic biomarkers in MCL. 
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Abstract 

The leukocyte-immunoglobulin (Ig)-like receptor subfamily A member 4 (LILRA4) is expressed in B 

cells, monocytes, and plasmacytoid dendritic cells. LILRA4 and its ligand, bone marrow stromal cell-

antigen 2, BST2, have been suggested as playing a role in malignant and non-malignant B cells. A 

previous study found LILRA4 overexpression in peripheral blood (PB) in half of both patients with 

mantle cell lymphoma (MCL) and patients with chronic lymphocytic lymphoma compared to healthy 

individuals.  

To investigate the potential clinical importance of LILRA4 dysregulation, we expanded this MCL 

cohort to include both PB and bone marrow (BM) and compared LILRA4 expression with clinical 

parameters and outcome. LILRA4 was expressed significantly higher in PB than BM. In PB, LILRA4 

followed a bimodal expression pattern not associated with the MCL cell burden. No clear association 

was found between LILRA4 expression and known risk factors, such as MCL prognostic index (MIPI 

score), Ki67, or outcome.  

We addressed the biological role of LILRA4 in MCL by analyzing the transcriptome of GRANTA-

519 MCL cell line with LILRA4 knockdown. Gene set enrichment analysis confirmed the expression 

of pathways related to lymphomagenesis in the cell line, including cell cycle regulation and TP53. At 

the same time, LILRA4 knockdown resulted in a twofold reduced expression of the macrophage 

migration inhibitory factor, MIF, a pro-inflammatory cytokine.  

In conclusion, our data show higher LILRA4 expression in PB than BM, confirm the previously 

reported bimodal pattern in PB with overexpression in half of MCL cases, and suggests a direct 

immunomodulatory role of LILRA4 in lymphomagenesis.    
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Introduction 

The leukocyte-immunoglobulin (Ig)-like receptor subfamily A member 4 (LILRA4), also known as 

Immunoglobulin-like transcript 7 (ILT7), is part of the LILR family, which consists of 11 functional 

genes encoding five activating proteins (LILRA1, 2, 4–6), five inhibitory proteins (LILRB1–5), and 

one soluble protein (LILRA3) (1). The extracellular regions of LILRs consist of immunoglobulin 

(Ig)-like domains, while the cytoplasmic regions contain immunoreceptor tyrosine-based activation 

or inhibitory motifs (ITAMs/ITIMs) (2-5).  

Bone marrow stromal cell antigen 2 (BST2, also known as CD317) is the only known LILRA4 ligand. 

In plasmacytoid dendritic cells (pDCs), BST2-LILRA4 cross-linking has immunomodulatory effects 

by activating an ITAM-mediated signaling pathway, which results in the inhibition of pDC activation 

and production of anti-viral type I interferon and pro-inflammatory cytokines (4, 6-10). BST2 is 

constitutively elevated in various cancers (11), where it has been suggested to contribute to the 

generation of an immunosuppressive tumor microenvironment by inhibiting the production of anti-

tumoral cytokines by pDCs (6, 12, 13). Additionally, BST2 supports pre-B cell growth (14) and is 

expressed in pro-B cells, terminally differentiated B cells, and bone marrow stromal cells (14-18). 

BST2 overexpression is observed in multiple myeloma (14-17) and chronic lymphocytic lymphoma 

(CLL) cases, where it may have a potential prognostic impact (18).  

LILRA4 expression has been reported in activated B cells and monocytes (19), although it is 

predominantly expressed in pDCs (7, 20). A genetic variant of LILRA4 has been associated with poor 

prognosis in CLL (21) and LILRA4 is, together with LILRA2 and LILRA6, reported to be significantly 

upregulated in ultra-stable CLL (22). Additionally, LILRA4 has been shown to be overexpressed (23, 

24) and hypomethylated (24) in CLL cells compared to non-malignant B cells, although CLL cells 

displayed a bimodal expression pattern (24). LILRA4 has been related to BCR signaling (25) also in 

the context of mantle cell lymphoma (MCL) (26) when explored with a BCR signature expression 

panel. Furthermore, LILRA4 can activate an ITAM-mediated pathway in pDCs analogous to the BCR 

pathway (6, 17, 27-30). Altogether, this may support an oncogenic role of LILRA4 in MCL 

pathogenesis through the potential deregulation of these pathways, which have a known relation to B 

cell malignancies. 

MCL is a subtype of non-Hodgkin’s B cell lymphoma, where patients typically present with enlarged 

lymph nodes, and involvement of peripheral blood (PB) and bone marrow (BM) is common (31, 32). 

The primary oncogenic event is a translocation between chromosome 11 and 14 (t(11;14)), which 
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leads to overexpression of the proto-oncogene cyclin D1 (CCND1) and cell cycle deregulation (33, 

34). Current prognostication includes the MCL International Prognostic Index (MIPI) score (35) 

classifying patients into low, intermediate, and high-risk categories, based on Eastern Cooperative 

Oncology Group (ECOG) performance status, age, lactate dehydrogenase (LDH) level, leukocyte 

count (35), and Ki67 proliferation index (36). Aberrations that drive MCL development primarily 

involve genetic and epigenetic alterations affecting the gene expression profile. However, the 

signaling pathways involved in MCL are still not fully elucidated. 

Our previous mRNA transcriptome sequencing and quantitative polymerase chain reaction (qPCR) 

study showed that LILRA4 displayed a bimodal expression pattern with overexpression in half of 

MCL and CLL cases compared to non-malignant B cells (37). In the current study, we expanded the 

MCL cohort including both PB and BM samples, and we investigated the potential clinical 

importance of LILRA4 by exploring gene expression in relation to clinical data. Additionally, we 

investigated the biological role of LILRA4 in MCL by LILRA4 knockdown in an MCL cell line 

followed by mRNA transcriptome sequencing. 

 

Materials and methods 

Expression of LILRA4 in MCL samples and correlation with clinical data 

LILRA4 expression analysis was performed for 33 patients in total (26 PB and 10 BM samples) 

diagnosed with MCL at Odense University Hospital (16 patients) or at Aarhus University Hospital 

(17 patients, where qPCR expression data was previously published (37)) (Table 1, Fig. 1 and Fig. 

S1). Expression levels were measured by qPCR using the ∆Ct method (38) and normalized to GUSB 

reference gene as previously described (37). Differential expression for BM and PB was evaluated 

using the nonparametric Mann-Whitney U test (α = 0.05). Clinical data was obtained from patient 

medical records as presented in Table 1 and compared to LILRA4 expression (Table 1, Fig. S2-S4). 

Out of 28 patients for whom a MIPI score could be calculated, 17 patients were assigned to the high 

risk group, 10 patients were assigned to the intermediate risk group, and only 1 patient was assigned 

to the low risk group.  

Investigation of LILRA4 in the cell line GRANTA-519 

MCL cell line culture  
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The MCL cell line GRANTA-519 was purchased from DSMZ-German Collection of 

Microorganisms and Cell Cultures GmbH (Braunschweig, DE) and cultured in DMEM (Life 

Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, 

Thermofisher Scientific, Ma, USA), 1% L-Glutamine and 1% penicillin/streptomycin (Gibco, 

Thermofisher Scientific) at sub-confluent levels. This cell line was chosen as the baseline expression 

of LILRA4 was high compared to other cell lines (39). The expression evaluated by qPCR is included 

in Fig. S1. 

LILRA4 knockdown by transfection of GRANTA-519 MCL cells with siRNAs 

LILRA4 gene silencing was performed with Accell Human SMARTpool siRNAs (Dharmacon, 

Horizon, Lafayette, CA, USA, Cat# E-012449-00-0010) (Table S1). For transfection, GRANTA-519 

cells (passages <20) were seeded in Accell siRNA delivery medium (Dharmacon, Horizon) with 1 

µM siRNA in triplicates according to manufacturer protocol. For all experiments, a positive control 

siRNA targeting GAPDH, and a negative control with scrambled siRNA (both from the Accell 

Human Control siRNA kit, Dharmacon, Horizon) was included. Knockdown efficiency was 

examined by qPCR at day 2, 3, 4 and 5 post transfection, and confirmed 5 times in separate 

experiments 72 hours post transfection. The 72 hour time point was chosen based on manufacturer 

recommendations.  

Knockdown efficiency determined by qPCR 

RNA was extracted from transfected cells using the RNeasy Plus micro or mini kit (Qiagen, Hilden, 

DE) and used for cDNA synthesis with the SuperScript VILO cDNA Synthesis Kit (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s protocol. LILRA4 gene expression was 

quantified as previously described using qPCR (37), and the relative expression of LILRA4 was 

calculated in cells transfected with LILRA4 siRNA (siLILRA4) compared to the negative control 

(scrambled siRNA) using the comparative Ct method (40). The effect of LILRA4 knockdown on 

apoptosis and proliferation was tested in GRANTA-519 cells 72 hours post transfection using flow 

cytometry staining with 7AAD/Annexin V (Biolegend, San Diego, CA, USA), and with the Click-it 

EdU Alexa Flour 488 Flow Cytometry Assay kit (Thermofisher Scientific), with no apparent 

difference between siLILRA4 and negative control siRNA.  

RNA-sequencing of LILRA4 knockdown cells 

Triplicates of GRANTA-519 cells transfected with siLILRA4 and negative control siRNA were 

harvested 72 hours after transfection, and RNA was extracted (as described above). The RNA quality 
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was determined using the Agilent RNA 6000 Pico kit (Agilent, Santa Clara, CA, USA) with the 2100 

Bioanalyzer (Agilent). High quality RNA with RNA integrity number (RIN) ≥9.5 was used for 

mRNA transcriptome sequencing to identify genes and signaling pathways that were affected by 

LILRA4 knockdown.  

mRNA transcriptome sequencing was performed at Amplexa Genetics (Odense, Denmark) using the 

NEBNext Ultra II RNA library prep kit for Illumina Next Generation Sequencing according to the 

manufacturer’s protocol. Pooled libraries were loaded on to a SP Flow Cell for paired-end sequencing 

using the NovaSeq SP Reagent Kit (100 cycles) (Illumina, San Diego, CA, USA) and NovaSeq 6000 

Advanced System (Illumina). 

RNA-sequencing data analysis 

mRNA transcriptome sequencing raw data were quality checked using FASTQC (Babraham Institute, 

Cambridge, UK), with subsequent alignment to human reference genome (GRCh38) using STAR 

(41, 42). Expression was evaluated by differences in group means, comparing the GRANTA-519 

cells transfected with siLILRA4 to cells transfected with negative control scrambled siRNA. Because 

the cohort was too small to perform a robust statistical test, expression thresholds were selected to 

minimize bias, using a minimum expressional difference of 100 counts per million in group means, 

1.5-fold difference, and the maximum coefficient of variation threshold, σ/µ ≤ 0.5. 

Functional quality assessment of the RNA-sequencing was based on the top 200 expressed genes 

using gene set enrichment analysis (GSEA (43), Broad Institute, Cambridge, MA, USA) with the 

Hallmark gene sets (44).   

Results 

Characterization of LILRA4 expression in MCL patient samples and correlation with clinical data 

In concordance with previous observations (37), LILRA4 showed a characteristic bimodal expression 

pattern for MCL PB samples with high expression in half of the cases (Fig. 1A and S1). The LILRA4 

expression was significantly higher in PB than in BM (Fig. 1A, p<0.05). Due to the white blood cell 

composition being different in PB relative to BM, with a higher concentration of T cells, we 

investigated the LILRA4 expression in sorted T cells, B cells, and granulocytes from PB of healthy 

individuals and found that LILRA4 was exclusively expressed in B cells (Fig. S5). A potential 

explanation for the difference in LILRA4 expression level observed in PB and BM, and for the 

bimodal expression pattern, could be differences in the degree of MCL burden in the samples. 
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However, no correlation was found between LILRA4 expression and the degree of MCL burden in 

the samples (Table 1, Fig. 1 and S2).  

Additionally, LILRA4 expression was not found to be associated with MIPI score, Ki67 proliferation 

index, outcome, age, LDH level or white blood cell count (Fig. S3 and S4). 

 

 

Figure 1: Expression of LILRA4 in PB and BM and the association with MCL cell burden. LILRA4 showed a bimodal expression 
pattern in PB (A) (19 of the patients were adapted from (37)), with significantly higher expression than in BM (p=0.0192, Mann-
Whitney U test). The expression level was not associated with the degree of MCL burden in the samples (B). The patients were divided 
into groups of low or high burden based on the group median (68.7%), where patients with a burden below the median were assigned 
to the “low MCL burden” group.  PB: peripheral blood. BM: bone marrow.  

 

Patients Analyzed 

tissue 

Age at 

diagnosis 

/gender 

Ki67 Burden 

of MCL 

MIPI-score Time to 

progression 

(months) 

Follow-up 

(months) 

Status at last Follow-up 

UPN1 PB 52/male 25% 52% 6.1 Not reached 56 CR 

UPN2 PB 74/female NA 41% NA Not reached 86 Dead * 

UPN3 PB 73/female 60% 54% 8 Not reached 52 CR 

UPN4 PB 56/male 10% 67% 5.8 Not reached 57 CR 

UPN5 PB 53/male 15% 77% 5.8 24 42 Dead 

UPN6 PB 54/male 20% 70% 7.3 16 17 Dead 

UPN7 PB 83/female NA 80% 7.5 Not reached 18 Dead * 

UPN8 PB 56/male >30%  76% NA 10 53 CR 

UPN9 PB 50/female NA 56% 5.4 Not reached 69 Watch & wait  (Never 
treated) 

UPN10 PB  69/male NA 65% 6.3 85 98 CR 

UPN13 PB 67/male 15% 11% 6.5 Not reached 54 CR 

UPN14 PB 67/male NA 21% 5.8 48 99 CR 
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UPN15 PB 69/male NA NA  5.8 Never in CR 17 Dead 

UPN16 PB 73/male NA NA  NA Not reached 259 CR 

UPN17 PB 66/female NA 93% 6.4 NA NA NA 

UPN18 PB 66/male NA 65% 6.5 45 101 CR 

UPN19 PB 68/make 20-30% 13% 6.5 17 89 Dead * 

UPN20 BM 83/female 80-85% 78% 8,5 9 14 Dead 

UPN21 PB 81/female NA 83% 6,8 Not reached 40 Dead * 

UPN22 PB + BM 70/female 35% NA (PB), 
76% 
(BM) 

7,1  Not reached 35 CR 

UPN23 BM 59/male 25% 47% 6,3 Not reached 41 CR 
 

UPN24 PB 71/male 15% 87% 7,2 NA 3 Dead ¤ 

UPN25 PB 58/male 35% 64% 7,1 Not reached 25 Dead # 

UPN26 BM 69/female 40% 91% 7,3 Not reached 44 CR 

UPN27 PB + BM 87/male NA NA (PB), 
39% 
(BM) 

7,8 Not reached 18 CR 

UPN28 PB 56/male 25% 90% NA Not reached 14 CR 

UPN29 PB 57/male NA 86% NA NA 3 PR 

UPN30 BM 73/male <30% 54% 6,7 Not reached 45 CR 

UPN31 PB + BM 74/male NA NA (PB), 
33% 
(BM) 

7,2 Not reached 9 Dead T 

UPN32 BM 66/male NA 29% 5,8 Not reached 28 CR 

UPN33 BM 66/male 5% 72% 6,3 Not reached 18 CR 

UPN34 BM 73/male 10% 31% 6,3 Not reached 18 CR 

UPN35 PB 83/male 10% 75% NA Not reached 9 CR 

Table 1. Clinical data from the patients with MCL that were included in the study. Peripheral blood (PB), bone marrow (BM), Not 
available (NA), complete remission (CR), partial remission (PR). *: Dead, not related to MCL. T: Dead, treatment related. #: Died of 
other cancer. ¤: Died of sepsis after 3rd R-Bendamustin. 

 

RNA sequencing of LILRA4 knockdown cells  

In order to investigate its role in MCL, LILRA4 was knocked down in GRANTA-519 MCL cells, 

which were then analyzed by mRNA transcriptome sequencing to explore changes in gene expression 

and signaling pathway activities. A stable knockdown of ~75 % was obtained at different time points 

(between 48 and 120 hours) and confirmed by qPCR and RNA-sequencing at 72 hours post 

transfection (Fig. 2A and S6). Group-wise comparison of cells transfected with LILRA4 siRNAs, and 

cells transfected with negative control siRNA showed only minor changes in gene expression, which 

included IGLC3, SELENOH, MIF, CYP51A1, OXSR1, IDH1, MAPK6, and CCDC84 (Fig. 2B, >1.5-

fold change). Only LILRA4 and MIF had a more than a two-fold expressional change. Gene set 

enrichment analysis indicated that the 1% most expressed genes (203/20292) in the GRANTA-19 cell 

line were related to several pathways linked to lymphomagenesis including TP53, MYC, PI3K-AKT-
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MTOR and IL2-STAT5 signaling, as well as cell cycle regulation (E2F and G2M). (Fig. 2D, 3.4·10-

10 ≤ p ≤ 1.5·10-5, 1.7·10-8 ≤ FDR ≤ 7.48·10-5, Hallmark gene sets).  

 

Figure 2: mRNA transcriptome sequencing of LILRA4 knockdown cells. LILRA4 knockdown in the GRANTA-519 MCL cell line 
was confirmed by both qPCR and RNA-sequencing 72 hours post transfection (A). Comparison of LILRA4 knockdown cells and cells 
transfected with negative control scrambled siRNA resulted in 10 genes with more than 1.5-fold difference and 100 counts per million 
as lower threshold (B), blue: downregulated. Apart from LILRA4, MIF was the only other gene with at least a two-fold change (C). 
Gene set enrichment analysis showed that the most expressed genes in the cell line were related to TP53, MYC, PI3K-AKT-MTOR 
and IL2-STAT5 signaling, cell cycle regulation (E2F and G2M), etc. (D). KD: Knock-down. CTRL: negative control.  

 

Discussion 

LILRA4 has previously been related to both non-malignant and malignant B cells; however, studies 

on the latter topic are limited. In this study, we aimed to investigate the role of LILRA4 in MCL. 

Foremost, we confirmed a bimodal LILRA4 expression pattern in MCL PB samples, with half of the 
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patients overexpressing this gene, as previously reported for MCL (37) and CLL (24, 37). The 

significant difference in LILRA4 expression between PB and BM may suggest a tissue-specific role.  

We investigated the potential clinical impact of LILRA4 dysregulation, and no trend was found when 

evaluating known risk factors, such as MIPI score, Ki67 proliferation index, or LDH level. As such, 

it was not possible to draw definitive conclusions from the low number of observations involving 

Ki67, LDH and WBC, and the preponderance of stratified high-risk patients. 

To explore the biological role in MCL, knockdown of LILRA4 in GRANTA-519 cells was performed 

with subsequent mRNA transcriptome sequencing. In this setting, macrophage migration inhibitory 

factor MIF was one of the sole genes negatively affected by the inhibition of LILRA4 using the 

described thresholds. In murine models, it has been concluded that MIF promotes the migration of B 

cells (45) and appears to have a role in pro-inflammatory inhibition of TP53 (46). Although a direct 

link between LILRA4 and MIF has not yet been described in the literature, the reported 

downregulation of LILRA4 by interleukine-3 (IL3) may provide a possible clue to the function, since 

IL3 promotes proliferation of macrophages (47) and MIF regulates macrophage function. Not only 

does this protein participate in mediating immune response through macrophages but it also seems to 

induce proliferation and to inhibit apoptosis of B cells (48-50) through binding to CD74 and class II 

major histocompatibility complex. Thus, we propose a potential immunomodulatory role of LILRA4 

in MCL. To support this hypothesis, LILRA4 has previously been reported to have 

immunomodulatory roles in pDCs (4, 6-10), and other members of the LILR family also have immune 

regulatory effects. LILRB2 can inhibit activation of T cells (51-53), B cells and monocytes (2, 54, 

55) and LILRA3 can induce proliferation in CD8+ T cells and NK cells and stimulate secretion of 

inflammatory cytokines (56). 

In conclusion, we found a significantly higher expression of LILRA4 in PB compared to BM, 

suggesting a possible tissue-specific expression. Furthermore we confirmed the previous finding that 

LILRA4 displayed a bimodal expression pattern in PB with overexpression in about half of the patients 

with MCL. RNA-sequencing of LILRA4 knockdown cells indicated a role of LILRA4 in immune 

modulation. Although the deregulation of LILRA4 in MCL is evident from our findings and suggests 

a possible role in pathogenesis through interaction with immune regulatory components, the specific 

biological function of the gene in this setting remains unclear. 
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Supplementary material 

 

 

Accell Human LILRA4 (23547) siRNA SMARTpool 

Name Target gene Target sequence 
Accell SMARTpool siRNA A-012449-13 LILRA4 GGGGUACAUUCAGAUGCUA 

Accell SMARTpool siRNA A-012449-14 LILRA4 GUCGAGGCACAUAUUAAAA 

Accell SMARTpool siRNA A-012449-15 LILRA4 GUCAGGUGCAGGAAGAUGU 

Accell SMARTpool siRNA A-012449-16 LILRA4 GAUGCUUCCUCCAUUAAAC 

Supplementary Table 1: Information about siRNAs from the E-012449-00-0010, Accell Human LILRA4 (23547) siRNA – 
SMARTpool including target sequences (Dharmacon, Horizon, Lafayette, CA, USA).  

 

 

Supplementary Figure 1: LILRA4 expression in MCL and healthy donors and association with MCL sample infiltration and 

tissue burden. LILRA4 expression was investigated by qPCR in mononuclear cells from bone marrow (BM) or peripheral blood (PB) 
of patients with MCL, peripheral blood mononuclear cells (PBMCs) from healthy donors (HD), isolated CD19+ B cells from HD or in 
the MCL cell line Granta 519 (A). Part of this data (19 of the MCL as data from HD) was previously published (37). LILRA4 expression 
in Granta 519 was examined at 72h using qPCR.  
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Supplementary figure 2: Association of LILRA4 expression with the degree of MCL burden in the samples. LILRA4 expression 
was not clearly associated with the degree of MCL burden of the investigated samples. Closed circles: PB. Open circles: BM. 

 

  

Supplementary Figure 3: Characterization of LILRA4 expression in MCL samples in relation to clinical information. LILRA4 

expression was not associated with mantle cell lymphoma international prognostic index (MIPI) score in PB (p=0.0523, Mann Whitney 
U test) or BM (p>0.05, Mann Whitney U test) or disease progression (ns, Mann Whitney U test). The examined clinical information 
was not available for all patients, thus accounting for the missing data points. Closed circles: PB. Open circles: BM. 
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Supplementary Figure 4: Characterization of LILRA4 expression in MCL samples in relation to clinical information. LILRA4 
expression was associated with Ki67 proliferation index, white blood cell count (WBC), Lactate dehydrogenase (LDH) levels or age 
(C). The examined clinical information was not available for all patients, thus accounting for the missing data points.  Closed circles: 
PB. Open circles: BM. 

 

Supplementary Figure 5: Expression of LILRA4 in B cells, T cells and granulocytes sorted from healthy donor blood. The cells 
were sorted on a FACS Aria (BD, Franklin Lakes, NJ, USA), obtained a mean purity of 97.6% for B cells, 93% for T cells and 94% 
for granulocytes. LILRA4 expression was found in some CD19+ B cells from healthy donors, while no expression was detected in CD3+ 
T cells or Granulocutes and these data points are for visualization purpose plottet at a value of 0.001. . 
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Supplementary figure 6: Knockdown of LILRA4 in Granta 519 MCL cell line. Granta 519 cells were transfected with LILRA4 
siRNAs and the knockdown efficiency was examined at different time points using qPCR. Data showed that a stable knockdown could 
be obtained 48 hours to 5 days post transfection. 
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Detailed characterization 
of the transcriptome of single 
B cells in mantle cell lymphoma 
suggesting a potential use 
for SOX
Simone Valentin (ansen *, Marcus (øy (ansen , Oriane Cédile , , Michael Boe Møller , 
Jacob (aaber , Niels Abildgaard ,  & Charlotte Guldborg Nyvold , ,

Mantle cell lymphoma MCL  is a malignancy arising from naive B lymphocytes with common bone 
marrow BM  involvement. Although t ;  is a primary event in MCL development, the highly 
diverse molecular etiology and causal genomic events are still being explored. We investigated the 
transcriptome of  CD 9+ BM cells from eight MCL patients at single-cell level. The transcriptomes 
revealed marked heterogeneity across patients, while general homogeneity and clonal continuity 
was observed within the patients with no clear evidence of subclonal involvement. All patients were 
 SOX +CCND +CD +. Despite monotypic surface immunoglobulin )g   or  protein expression 
in MCL, .9% of the SOX  + malignant cells expressed both light chain transcripts. The early 
lymphocyte transcription factor SOX  was expressed in a fraction of SOX  + cells in two patients 
and co-expressed with the precursor lymphoblastic marker, FAT , in a blastoid case, suggesting a 
potential prognostic role. Additionally, SOX  was found to identify non-malignant  SOX – pro-/pre-B 
cell populations. Altogether, the observed expression of markers such as SOX , CD 7, )gA and )gG in 
the  SOX + MCL cells, may suggest that the malignant cells are not ixed in the diferentiation state of 
naïve mature B cells, but instead the patients carry B lymphocytes of diferent diferentiation stages.

Mantle cell lymphoma (MCL) is a subtype of non-Hodgkin’s lymphoma (NHL) with a generally aggressive 
although heterogeneous disease  course1,2. One of the primary oncogenic events is the t(11;14)(q13;q32) trans-
location juxtaposing the cyclin D1 (CCND1) proto-oncogene to the Ig heavy chain (IGH)  locus3 leading to 
overexpression of CCND1 and cell cycle  deregulation4. his translocation is observed in the majority (90%) 
of MCL  cases1, but also CCND1 negative cases have been reported, where patients showed overexpression of 
 CCND25 or  CCND36. he translocation t(11;14) is presumably acquired in immature pre-B cells of the bone 
marrow (BM), although the full oncogenic potential develops in mature B  cells2. he typical immunophenotype is 
surface expression of CD19, CD20, CD22, CD43, CD79a, CD5 and FMC7 with monoclonal k/λ immunoglobulin 
(Ig) light chains, while CD23 (also known as FCER2), CD10 (also known as MME), CD200 and BCL6 are typi-
cally dim or  negative1,2,7. In the development of B cells the IGH locus undergoes V(D)J rearrangement forming 
a unique B cell  receptor8. As MCL raises from one cell of origin with a unique V(D)J rearrangement, this rear-
rangement is characteristic for the malignant clone and can be used as a ingerprint for tracking malignant  cells9.

he development of MCL directs into two major biological and clinical variants; classical nodal MCL and 
leukemic non-nodal  MCL2,10,11. Classical MCL has usually an aggressive clinical course and typically involves 
lymph nodes and other extra-nodal sites at presentation. his form presents with a higher degree of genomic 
 instability2,10,12, and is positive for SOX11, an acknowledged speciic marker of  MCL13,14. his subtype originates 
in a B cell that is unexposed to the germinal center and therefore has no or low percentage of IGHV somatic 
hypermutations and an epigenetic methylation signature, corresponding to naive B  cells2. he acquisition of 
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additional molecular aberrations can lead to more aggressive  variants2,10,12. Leukemic non-nodal MCL is negative 
for SOX11 and typically involves peripheral blood (PB), BM, and  spleen2,10,15,16. his subtype originates in a B cell 
that has been exposed to the germinal center and therefore has hypermutated IGHV and a methylation signature 
corresponding to memory B  cells2. hese cases are oten clinically indolent with superior outcome compared to 
classical MCL, but may evolve to aggressive disease when additional aberrations  occur2,10,15,16. Classical MCL 
is the most common type, while leukemic non-nodal MCL represents only 10–20% of  patients16. Histological 
variants include classic MCL with monomorphic lymphoid proliferation of small to medium sized cells, where 
the proliferative activity usually is  low2. More aggressive types include the blastoid and the pleomorphic  variants2, 
which constitute 10%17 to > 20% of all  MCLs18, respectively.

SOX11 is a member of the SOXC protein family, which also includes SOX4 and  SOX1219. he three SOXC 
proteins exhibit overlapping expression patterns and molecular properties, and may act in redundancy to con-
trol developmental, physiological and pathological  processes19–22. SOX11 is a transcription factor that has been 
reported to promote  angiogenesis23, migration and adhesion of MCL cells to stromal  cells24, thereby promoting 
cell-adhesion-mediated drug  resistance24. It can impact MCL cells by augmentation of BCR  signaling25, sup-
pression of  BCL626 to avoid MCL cells entering the germinal center thereby keeping IGHV unmutated, and by 
activation of PAX-5 thereby blocking the maturation to plasma  cells27. SOX4 is a homologous transcription 
 factor19,22 required for development and diferentiation of  lymphocytes28–30 and was found to be expressed in 
pro-B  cells31. In acute myeloid leukemia, SOX4 was shown to be an important factor in  leukemogenesis32,33, 
and high expression of SOX4 was a poor prognostic  factor32. In pre-B acute lymphoblastic leukemia, SOX4 was 
found to be required for survival, progression and  proliferation34,35 and correlates with poor clinical  outcome34,35. 
Elevated SOX4 expression has also been found in a wide variety of solid cancers, where mostly oncogenic roles 
have been  reported22,36.

Collectively, MCL is considered a highly heterogeneous disease with respect to clinical presentation and 
 prognosis37,38, and high molecular variation with subclonal intra-tumor heterogeneity has been demonstrated 
already at  diagnosis39–41. Presence of multiple subclones at diagnosis has been associated with decreased relapse-
free survival, suggesting a prognostic  impact42,43. he molecular heterogeneity of MCL makes it challenging to 
deine standard  therapies12 and is a plausible explanation for the diverse outcomes of this B malignancy. In this 
study, we investigated the transcriptome of MCL cells from eight diagnostic BM samples to provide insight into 
the complex and diverse molecular architecture of MCL at the single-cell transcriptomic level in the perspective 
of commonly used molecular pathology markers.

Results
Single cell RNA-sequencing (scRNA-seq) was performed on  CD19+ B lymphocytes isolated from diagnostic 
bone marrow aspirates (Fig. S1 and Table S1) of eight patients diagnosed with MCL. A total of 30,565 cells were 
collected using the Chromium platform. On average, 3800 cells from each patient passed the quality threshold 
and were included in the downstream analyses (1018–6668 cells, Table S2). In general, patient samples 2, 4, and 
6 displayed superior quality relative to the rest of the cohort, with a median of 772–1151 expressed genes per cell 
versus 309–517 (Table S2). Of note, the quality of the sequencing output was in concordance with higher clonal 
iniltration of bone marrow, cell purity and RNA integrity (Table S1–S3).

Global transcriptomic proiles of MCL bone marrow B lymphocytes. Joint dimensional reduc-
tion, using UMAP (Uniform Manifold Approximation and  Projection44) of the single cell transcriptomes to low 
dimensional feature space showed a resolution to discern discrete transcriptomic populations of the individual 
cases (Fig. 1A). his transcriptomic heterogeneity was in concordance with the general notion of inter-patient 
heterogeneity of MCL. A signiicant correlation was found between SOX11 expression (p = 0.003,  R2 = 0.996, 
Fig. 1B) and molecular pathology markers frequently applied in diagnosis of MCL, whereas SOX4 negatively 
correlated with these markers.

Expression of molecular pathology markers frequently applied in diagnosis of MCL at single 
cell transcriptomic level. Concordant with the clinical laboratory results, all patients were positive for 
SOX11 and CCND1, while only 37.5% of the total single-cell population expressed SOX11 at a detectable level 
(ranging from 9.8 to 64.6% in the individual patients, Figs. 1C, 2, Table S4–S5), and 71.1% (range: 26.4–81.4%) of 
the  SOX11+ cells co-expressed CCND1 (Table S5). Looking into the two other homologous SOXC family mem-
bers, 4.4% of all cells expressed SOX4 (range: 0.4–16.0%), while being negative for SOX12 (Figs. 1C, 2, Table S4–
S5). hree patients (1, 3 and 7) harbored a substantial SOX4 positive fraction within the SOX11 expressing cells 
of 19.7%, 13.3% and 12.2%, respectively (Figs. 1C, 2, Table S4–S5).

Generally, the combined population was positive for CD20 and did not express the transcripts for CD5, CD19, 
CD23 or CD27 (Figs. 1C, 2, Table S4–S5), although the proiles varied patient-wise. Patient 5 was almost com-
pletely devoid of measurable CD5 and CD19 transcripts in the  SOX11+ population (Table S5). 10.8% of all cells 
(range: 0.2–24.5%), and 10.9% of  SOX11+ cells (range: 0.3–25.8%), were found positive for both κ and λ Ig light 
chain genes (Figs. 1C, 2, Table S4–S5). While 90.5% of all  SOX11+ cells were positive for IgM (range: 51.6–98.7%, 
Table S5), only 17.8% expressed IgD (range: 0.8–43.1%, Table S5). All patients harbored  SOX11+ cells express-
ing IgA (range: 6.1–35.1%, Table S5) and IgG (range: 0.8–14.6%, Table S5), and a small  SOX11+CD27+ fraction 
(3–9.6%, Table S5) was detected in patient 2, 4 and 6. Additionally, minor compartments of  SOX11+CD23+ cells 
were detected in all patients (range: 1.4–9.2%, Table S5).

Diferential expression analysis with gene set enrichment analysis (GSEA, data not shown) identiied 
non-malignant pro-/pre-B cells within the cohort signiicantly diferent from the malignant and  SOX11+ 
cells. hese cells were enriched in bone marrow pre-B markers (GSEA, marrow  CD34+ pre-B45, p = 6.9 *  10–63, 
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 qFDR = 4.81 *  10–59, 40/98 gene overlap) and markers of lymphocyte progenitors  (GSEA46, p = 3.33 *  10–43, 
 qFDR = 1.16 *  10–39, 41/289 gene overlap) such as SOX4, IGLL1 (also known as IGL5/CD179B/VPREB2), DNTT, 
VPREB1, and CD10 (Fig. 2B). As expected, the non-malignant B cells were co-localized within the cohort by 
transcriptional clustering and did not show evidence of Ig light chain restriction (Figs. 1A, 2).

Local transcriptomic proiles of malignant cells. Next, we explored how expression proiles varied 
among puriied  CD19+ bone marrow cells within the individual patients. he most frequent signiicantly altered 

Figure 1.  Clustering of combined single-cell transcriptomes, expression and correlation of molecular pathology 
MCL markers. he MCL cohort displayed heterogeneous expression proiles, forming distinct clusters of 
single-cell transcriptomes, except for co-located sample 7 and 8. Cells are colored and numbered according 
to patient origin (A). A highly signiicant positive correlation (red) was found between the percentage of 
SOX11expressing cells and cells expressing frequently used molecular pathology markers in MCL (B) including 
CCND1, LDHA/B, PAX5, CD20, immunoglobulin κ/λ light chain (IGKC/IGLC) (p = 0.003). he fraction 
of SOX11 positive cells also showed a positive correlation with the percentage of B cells in the bone marrow 
samples known from the clinical low cytometry analysis (BM B cells, p = 0.003). he rest of the listed markers 
showed strong multicollinearity and were hence excluded in the linear regression. he percentage of  SOX4+ cells 
was negatively correlated (green), with other markers and associated with residual non-malignant pro-/pre-B 
cells (see also Fig. 2b). he percentage of cells expressing molecular pathology markers were calculated for the 
individual patients (bars) and from the total single cell cohort (numbers) as described in the methods section 
(C). he total single cell population (numbers) and the cells from individual patients (bars) were markedly 
positive for CCND1, CD20 and κ/λ (IGKC/IGLC), while merely 37.5% of the total sequenced cells were 
 SOX11+, varying from 9.8 to 64.6%. 10.8% of the combined cohort was found to harbor dual expression of κ and 
λ light chains.
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genes from unsupervised clustering (Seurat cluster resolution 0.2–0.4, data not shown) were related to NFκB 
signaling (14 genes), apoptosis (9 genes), IL2/STAT5 (5 genes) and TP53 pathways (5 genes) (GSEA, hallmark 
gene sets, 5.39 *  10–5 > p > 4.7 *  10–18, 3.85 *  10–4 >  qFDR > 2.35 *  10–16).

Algorithmically deined clusters (shared nearest neighbor (SNN) clustering) of each patient did not provide 
any clear evidence of multiple clones or subclones within the malignant population, with the exception of Patient 
2 (Fig. 3). he general lack of multiple clones and subclones was supported by subsequent deep sequencing of 
immunoglobulin heavy chain gene rearrangements (data not shown) using the LymphoTrack assay [704,889 
mapped IgH reads (537,282–858,000)]. Except for patient 2, all eight patients were found to have a single malig-
nant B cell clone since only one V(D)J rearrangement was detected by deep sequencing of immunoglobulin heavy 
chain gene rearrangements (data not shown). In patient 2, two diferent rearrangements with diferent J genes 
was found. Although the minor clone only constituted ~ 1 %, this was indicative of two diferent B cell clones in 

Figure 2.  Global expression of molecular pathology markers frequently applied in diagnosis of mantle cell 
lymphoma (A) and markers associated with immature B cells (B) in combined mantle cell lymphoma (MCL) 
single cell transcriptomes. he resolved representations of cells from each MCL patient (pt.) were in general 
agreement with molecular pathology markers of MCL (A), although CD19 was only positive in a fraction of 
the single cells at the transcriptional level (12.2%). he dominating Ig κ and λ light chain restriction could be 
transcriptionally identiied, with pt. 2, 3, 5, 6, 7, 8 being κ, and 1 and 4 being λ, the average double-positive 
was 7%, ranging from 0 (pt. 1) to 24% (pt. 4). CCND1 and CD20 were the most widely expressed molecular 
pathology markers. Markers of immature pre-pro B cells and pro-B cells were expressed in  SOX11- areas 
containing cells from multiple patients (B). hree patients (pt. 1, 3 and 7) had a substantial cell fraction 
expressing SOX4 co-localized with  SOX11+. Purple indicates positive expression, and the intensity of the color 
relects increased expression. MME: also known as CD10.
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this patient, and may be in consistence with this patient having a small monoclonal B cell lymphocytosis (MBL) 
clone according to the clinical low data (Table 1). Subclone analysis based on somatic hypermutation showed 
no clear evidence of subclonal evolution in any of the samples. 

he two distinct subclusters of Patient 2 (Fig. 3A) were identiied as one expressing markers of immature B 
cells (pro/pre-B cells, Fig. 3B), and the other suggestive of MBL with a λ positive CLL-like proile in line with 
the clinical low cytometry data from this patient (Table 1). his cluster, constituting ∼ 3.3% of the cells, was 
signiicantly increased for Ig light chain λ genes (Fig. 3C, IGLC1, IGLC2, 3.6–12 × fold-change, 58.1–75% positive 
cells in this cluster versus 2.4–8.8% in other clusters), CD23 (2.7 × fold-change, 42% positive cells in this cluster 
vs 5% in other clusters) and isotype-switched B markers (IgG, IgA) along with MEF2C, FCRL1 and other B cell 
markers. Although the generated clusters were strongly indicative of pro/pre-B cells and MBL, respectively, both 
contained a small and partly SOX11 positive cell subset (13%, 2.5 × expressional decrease).

Apart from the results related to Patient 2, one of the most signiicant indings from the entire cohort of 
malignant  SOX11+ cells was the identiication of distinct markers from blastoid MCL cells of Patient 1, e.g. pro-
tocadherin FAT1 expressing cells (Fig. 4). FAT1, almost exclusively located in the bone marrow B lymphocytes 
of patient 1, was expressed in a compartment of SOX4, Aryl Hydrocarbon Receptor (AHR), Chromodomain 
Helicase DNA Binding Protein 3 (CHD3) and Dystonin (DST) positive cells (Fig. 4B). he blastoid case was 
evidently monoclonal, λ chain restricted, with a very small but identiiable number of malignant MKI67 express-
ing cells (data not shown). We did not observe any informative individual features in the rest of the cohort.

Figure 3.  Cluster trio of patient 2. he resolved subpopulations could be identiied as a large cohort of 
lymphoma cells (MCL), a minor subpopulation assumed to relect monoclonal B cell lymphocytosis (MBL), 
and a relatively small cluster of cells expressing (red) IGLL1 with a possible role in pro-B cell to pre-B cell 
diferentiation, with little evidence of isotype-switched B cells (Pro/pre B) (A). he proile of this cluster 
was signiicant for immature B cells of either pro- or pre-B cells (yellow indicates positive expression) (B). 
Importantly, immature  SOX11+ cells was discernible. he minor population assumed to represent an MBL 
clone, resolved from low cytometry, was positive for both immunoglobulin light chain λ (green) and κ (red) 
genes (IGLC, IGKC) as was a fraction of immature cells (C), while the MCL clone was λ negative. Also, the MBL 
cluster was enriched in CD23 and markers of isotype-switched B cells (IgA and IgG) (not shown).
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Discussion
he complex and diverse molecular architecture of MCL is a plausible explanation for the diverse outcome of 
the disease. However, it is still unclear what cellular architecture is comprised within the patients. To gain insight 
into this heterogeneity at single cell level, we performed single cell mRNA sequencing of the puriied  CD19+ 
fraction of diagnostic bone marrow aspirates from eight MCL patients. he inter-tumor heterogeneity was strik-
ing as previously reported in  MCL47. However, in contrast to the subclonal involvement, as shown on unsorted 
mononuclear cells by two recent scRNA-seq  studies47,48, the transcriptional proiles observed in this study were 
rather unremarkable with a homogeneous continuum of expression patterns observed for the malignant cells.

CD19 and CD5 expressions were not detected in all cells at the transcriptional level, as reported  previously48, 
indicating a relatively low mRNA abundance or a poor correlation of the proteins and mRNA. Neither CCND1 
nor SOX11 was expressed in all malignant B cells from MCL patients and not all  SOX11+ cells expressed CCND1, 
as observed  previously47. Collectively, this phenomenon may be explained by transcriptional  bursting49–51 or 
simply that the expression levels of the genes were below the detection limit or resolution of the scRNA-seq assay.

We noted that the commonly used markers, expression of κ and λ Ig light chains, were found to be suboptimal 
for clonal identiication at single cell mRNA level, since co-expression of the transcripts was detected in 10.9% 
of the  SOX11+ single cell population, although largely concordant with the light chain restriction observed in 
the clinical laboratory analyses. he limitations in the number of recorded cells, the panel design (optimal for 
diagnosis but not for κ and λ co-expression), and diference in cell preparation used for the diagnosis staining 
did not enable us to conirm the κ/λ protein co-expression in the patient clinical low cytometry data. Previous 
studies have reported that dual protein expression of κ and λ Ig light chains could be demonstrated in B cell 
 malignancies52,53 and in healthy B  cells54,55. hese observations suggest that this phenomenon is not  rare53, at 

Table 1.  Clinical patient information. Patient information was obtained from the clinical records. MCL 
iniltration was determined by low cytometry analysis of bone marrow (BM) cells and calculated as percentage 
of the vital cells in the sample. he fraction of MCL cells from  CD19+ cells was calculated, based on the 
low cytometry clinical laboratory data, by dividing the percentage of all  CD19+ cells including MCL cells, 
non-malignant B cells and plasma cells ( ∼ 70% of plasma cells weakly express CD19) by the percentage of 
monoclonal  CD19+ cells in the BM sample. In all patients, the MCL cells were positive for CD19 and CD20 
and showed immunoglobulin light chain restriction. All patients had nodal involvement, bone marrow 
involvement, and were positive for both cyclin D1 and SOX11 as evaluated by immunohistochemistry 
staining of lymphocytes in lymph node and bone marrow biopsies. Apart from this, the patients were, in 
consistence with the pathology of MCL, heterogeneous in their clinical presentation. a Patient 2 had a small 
(2%) monoclonal B cell lymphocytosis (MBL) clone with a chronic lymphocytic leukaemia (CLL)-like proile 
 CD19+CD22+CD20dimCD5+lambdadim. #LDH was unsure.

Patient 1 2a 3 4 5 6 7 8

Sex Female Female Male Male Male Female Male Male

Age 86 72 78 62 67 72 68 88

Date of diagnosis July 2017 April 2018 May 2017 Nov 2017 Nov 2017 July 2017 May 2019 Oct 2019

Iniltration of MCL 
in bone marrow (% 
of vital cells)

28% 38.2%
11.6% (based on 
previous sample)

32% (based on 
previous sample)

4.3% 71.2% 4.6% 6.08%

Fraction of MCL 
cells from  CD19+ 
cells in bone marrow

100% 93.6% 88.3% 95.5% 100% 100% 82.8% 57.5%

Nodal involvement Yes Yes Yes Yes Yes Yes Yes Yes

Splenomegaly No No Yes Yes No No No No

Extra-nodal sites Lungs Coecum No No No Pleural luid Tongue No

Leukocyte count in 
blood

17.4 *  109/L 16 *  109/L 12 *  109/L – – 18.4 *  109/L 6.17 *  109/L 8.48 *  109/L

Morphology Blastoid Classical – Classical Pleomorphic Classical Classical Pleomorphic

Cyclin  D1+ Yes Yes Yes Yes Yes Yes Yes Yes

SOX11+ Yes Yes 40% Yes Yes Yes Variable Yes

Immuno-phenotype

CD19+  CD20+ 
 CD22+ λ+high  CD5+ 
 CD79b+

CD10partly

CD19+  CD20+ 
 CD22dim

κ+

CD5+

CD19+  CD20+

κhigh

CD79b+

CD23partly

CD22+

CD19+  CD20+ 
 CD22+

λ+  CD5dim  CD79b+ 
 CD27dim

CD19+

CD20+

CD22+

κ+

CD45+

CD19+  CD20+

CD22+dim κhigh

CD79b+

CD19+  CD20+

CD5+

κ+

CD19+

CD20+

CD5+

κ+

CD38+

MIPIc score at 
diagnosis

8.5 7.1 7.2 6.3 8.4 7.3 5.8 7.8#

Current status Dead from MCL Alive
Dead (not from 
MCL)

Alive Alive Alive Alive Alive

Time to progression

1st relapse: 
10 months
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least in MCL, and should be considered accordingly, when assessing the clonal burden by means of κ/λ transcript 
ratios. It may also suggest that some MCL cells further rearrange Ig light chain genes, or that some of the MCL 
cells may originate from immature B cells with dual  expression52.

Not surprisingly, the expression levels of the classical molecular pathology markers used in MCL diagnostics, 
e.g. SOX11, CCND1, PAX5, CD79B and CD20 were correlated. Although the percentage of measurable CD19 
and CD5 positive cells was low, the fractions showed positive correlation with the other markers, whereas a 
negative correlation was observed between SOX4 and SOX11 in the combined BM B lymphocyte population. 
his was ascribed to the presence of healthy pro-/pre-B cells, in spite of three patients (patient 1, 3 and 7) co-
expressing the transcripts of both of the SOXC proteins. Unexpectedly, the memory B cell marker CD27 and the 
CLL marker CD23 positively correlated with diagnostic MCL markers. We observed that CD23, frequently used 
to diferentiate CLL from MCL, was present in a subset of the  SOX11+ MCL cells, supporting previous indings 
that some MCLs are  CD23+56,57. he majority of cells were  CD20+CD27− indicating that few or no memory B 
cells were present. In the same line, most cells expressed IgM, indicating mainly naïve mature B cells, concordant 
with that of  CD19+ bone marrow cells and MCL cells of the nodal type.

All patients had  SOX11+ cells expressing transcripts of isotype-switched IgH in addition to a small 
 CD27+SOX11+ fraction observed in patient 2, 4 and 6 suggesting that some MCL cells may potentially be antigen-
experienced, although expected to originate from naïve B cells. In line with this observation, MCL cells expressing 
CD27 protein, and transcripts for IgA and have been previously  reported58–61, in addition to sporadic accounts 
of  IgA60 and IgG surface protein  expression61. In CLL, resembling MCL in several ways, cells expressing IgG and 
IgA transcripts with a V(D)J rearrangement identical to that of the IgM+ clone were observed but these cells only 

Figure 4.  Expression signature of the blastoid mantle cell lymphoma case. Patient 1 had highly speciic FAT1 
expression (red, upper) among  SOX11+ cells, while SOX4 expression (red, lower) was also found in pt. 3, 4, and 
7 as well as in a small fraction of pro-/pre-B cells (A). A large fraction of these cells was also signiicant for an 
 AHR+,  CHD3+,  DST+,  SOX4+ expression (red) signature (B), providing potential evidence of a more immature 
cell type based on previous indings in lymphoblastic leukemia/lymphoma. While the blastoid patient had a very 
high fraction of malignant  SOX4+ cells, comprising 19.9% of the  SOX11+ population and no evidence of healthy 
pro-/pre-B cells, it was not speciic for  SOX4+ cells in general. Violin plots show the expression (y-axis) of genes 
in each patient (x-axis) (C).
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expressed IgM  protein62. Our data thus add to the current knowledge by showing that such transcript proile is 
found in a speciic cell fraction and support a role for antigen involvement in MCL, as previous  suggested59,61,63.

A subset of cells in patient 1, 3 and 7 was found to express the immature pro-B cell marker, SOX4, suggesting 
that not all MCL cells originate from mature, naive B cells and maybe some patients carry a reservoir of more 
immature malignant cells, which would support the hypothesis of multiple cellular origins of  MCL61. Addition-
ally, it suggests a potential clinical role for SOX4 to supplement one of the most important clinical MCL markers, 
and transcription factor homologue, SOX11. It is known that SOX4 is required for the development and difer-
entiation of early B  cells31. We observed that in MCL BM, the non-malignant pro-/pre-B cells were characterized 
by SOX4 expression, whereas the clinically deined blastoid MCL case (patient 1) was marked by a subset of cells 
expressing both SOX11 and SOX4 together with FAT1. Although further studies are required to establish its 
role in blastoid MCL, the latter was found to be exclusively expressed in this particular patient (20% of  SOX11+ 
cells). FAT1 has been described as having both tumor  suppressive64–68 and  oncogenic69–72 roles, depending on 
the context. In the context of MCL, somatic mutations in the FAT1 gene have been reported in a few  patients41, 
but its role in MCL has, to our knowledge, not yet been described. Interestingly, evidence points to FAT1 being 
a speciic marker in acute lymphoblastic leukemia (ALL)70,73. Additionally, the blastoid case presented here, also 
expressed the pre-B-ALL marker CD10 in a subset of  SOX11+ cells. It is known that SOX4 plays a central role 
in the survival of malignant  lymphoblasts34,35,74 and possibly predicts clinical  outcome34. In cervical squamous 
cell carcinoma, FAT1 positively correlated with SOX4, and upregulated it to promote migration and invasion of 
cancer  cells72. High FAT1 levels also predicted poor  survival72. hus, these markers, posed for further investiga-
tion, may help to establish the diferentiation state and possibly prognosis of MCL. his raises the question of a 
possible prognostic value for the fraction of non-malignant  SOX4+ or immature  SOX11+ cells.

he clinical marker KI67, which is oten employed for the prognostication of MCL, was restricted to a com-
partment of  SOX4+ pro-/pre-B cells. Since  CD19+ BM cells were sorted as singlets, cell doublets, probably includ-
ing proliferating cells, were excluded therefore supporting the few number of KI67 positive MCL cells in the single 
cell data. Only in the blastoid case, a very small number of KI67 expressing malignant cells was found, which 
could be due to a high KI-67 staining index observed by immunohistochemistry for this blastoid MCL patient.

he samples with the highest quality (patient 2, 4, and 6) relected the highest degree of MCL iniltration in 
the bone marrow samples and the highest spatial resolution. he transcriptional proile at the single-cell level 
is known to be noisier than bulk  analyses75. his may partially be attributed to technical dropout in reverse 
transcription, extensive ampliication of the small amount of RNA or may be caused by biological mechanisms, 
such as cell cycle or transcriptional  bursting49,76. For this reason, the reported indings are preliminary and 
hypothesis-generating only, and must be further explored and conirmed.

In conclusion, our study conirms the inter-patient heterogeneity of MCL and provides insight into molecular 
pathology markers analyzed in MCL diagnostics at the single-cell transcription level. Importantly, the coinciding 
FAT1 and SOX4 mRNA expression in the  SOX11+ cluster of malignant cells was speciic for the blastoid case 
and may directly hold evidence of cells with a more immature proile and not just relect a distinct morphology. 
hus, it may be an important functional gene expression signature in this morphological subtype of MCL. We 
showed that SOX11 expression positively correlated with the mRNA expression of molecular pathology markers 
frequently applied in MCL diagnostics. Importantly, we identiied a fraction of MCL cells expressing transcripts 
associated with antigen-experienced B cells in addition to CD23 positive cells, otherwise diferentially associated 
with CLL, and co-expression of κ and λ Ig light chain genes.

Materials and methods
Mononuclear cells (MNCs) from 8 patients (62–88 years, Table 1) diagnosed with MCL at Odense University 
Hospital (OUH), Denmark, from 2017 to 2020, were isolated by Ficoll (GE Health Care, Chicago IL, USA) gra-
dient centrifugation from bone marrow (BM) at diagnosis and either stored in RPMI medium (Gibco, hermo 
Fisher Scientiic, Waltham, MA, USA) with 20% FBS (Gibco, Invitrogen, hermo Fisher Scientiic, Waltham, 
MA, USA) and 10% DMSO (Sigma-Aldrich, St. Louis, MI, USA) in liquid nitrogen for subsequent cell isolation, 
or in mRNA lysis bufer (Roche, Basel, Switzerland) and stored at − 80 °C. All patients had nodal involvement, 
BM involvement, and were positive for both cyclin D1 and SOX11, determined by immunohistochemistry with 
an otherwise heterogeneous clinical presentation.

Single cell sample preparation and cell sorting. 2.76–10 million cells from cryopreserved MNCs were 
stained with conjugated antibodies for CD19 (clone HIB19, BD Bioscience, Franklin Lakes, NJ, USA) and CD3 
(clone SK7, BD Bioscience, Franklin Lakes, NJ, USA) in Hank’s Balanced Salt Solution (HBSS; Gibco, Invitro-
gen, hermoisher Scientiic, Waltham MA, USA) 2% FBS (Gibco, Invitrogen, hermoisher Scientiic, Waltham 
MA, USA) ater blocking with Fc Receptor Block (BD Bioscence, Franklin Lakes, NJ, USA). Subsequently, cells 
were stained with Annexin V (Biolegend, San Diego, CA, USA) and 7AAD (BD Pharmingen, BD Bioscience, 
Franklin Lakes, NJ, USA) in Annexin V binding bufer (Biolegend, San Diego, CA, USA). he  7AAD-Annexin 
 V-CD3-CD19+ B cells were sorted (Fig. S1) on a FACS ARIA III (BD) using a 100 μm nozzle and attained a purity 
of 75.6–99.7% from singlet gate and 12.3–62.8% from total (Suppl. Table S1, Fig. S2), indicating a higher fraction 
of apoptotic cells and debris in some samples.

When suicient number of cells were available (> 15,000 events, 4/8 samples), viability was assessed with 
trypan blue (Sigma-Aldrich, St. Louis, Mi, USA) staining showing that the median percentage of viable cells 
was 92.9% (range 91.3–100%). he sorted  7AAD-Annexin  V-CD3-CD19+ B cells were ixated according to 
10 × Genomics protocol (Suppl. methods) and stored at − 80 °C prior to sequencing. Fixated cells were rehy-
drated prior to single cell RNA sequencing according to the protocol from 10X Genomics (Suppl. methods). RNA 
integrity number (RIN) was assessed using Bioanalyzer RNA 6000 Pico Kit (Agilent Technologies, CA, USA) 
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on an Agilent Bioanalyzer 2100, reaching RIN of 8.3–9.1 for patient 2–4 and 6, while unavailable for patient 1, 
5, 7 and 8 (Table S2).

Single cell RNA library preparation and sequencing. Cellular suspensions were aimed at 10,000 
cells per sample loaded onto a Chromium Next GEM Chip G together with Next GEM Single Cell 3’ v3.1 Gel 
Beads (10 × Genomics, Pleasanton, CA, USA) and partitioning oil to generate single cell Gel Beads-in-Emulsion 
(GEMs), followed by reverse transcription at 53 °C. GEMs were broken using Recovery Agent (10 × Genom-
ics), and the resulting cDNA was cleaned up with DynaBeads MyOne Silane Beads (hermo Fisher Scientiic, 
Waltham, MA, USA) and ampliied by PCR using Single Cell 3′ GEM Kit v3.1 with subsequent cDNA clean-
up (SPRIselect Reagent Beads, Beckman Coulter, Brea, CA, USA). Concentrations were measured with Qubit 
dsDNA HS Assay Kit (hermo Fisher Scientiic, Waltham, MA, USA). Enzymatic fragmentation, end-repair, and 
A-tailing were performed in one step using Single Cell 3′ Library Kit v3.1, and were followed by a double-sided 
size selection using SPRIselect Reagent Beads. Ater a inal double-sided size selection, the fragment sizes and 
concentrations were measured using QIAxcel DNA High Resolution Kit (1200) (Qiagen, Hilden, Germany) and 
KAPA Library Quantiication Kit (Roche, Basel, Switzerland), respectively. Finally, the single-cell RNA (scRNA) 
libraries were sequenced on a NovaSeq 6000 (S1 Reagent Kits, Illumina, San Diego, CA, USA) platform, aiming 
at 40,000–60,000 reads per cell. Sequencing output per low cell (2 × 50 bp) were 259 (sample 1–4) and 224 Gb 
(sample 5–8) with > 90% of the base calls reaching a quality score of 30 or more.

Processing and analysis of single cell RNA sequencing data. Sequencing raw data demultiplex-
ing was performed with Cell Ranger mkfastq (Cell Ranger v3.1.0, 10x), and subsequent alignment to reference 
genome GRCh38 (prebuilt, 10x, GENCODE v32/Ensembl 98) was performed with STAR 77 through Cell Ranger 
count. Merging of data from all patients and cross-sample normalization, as well as intra-/inter-sample diferen-
tial expression analyses were performed in R (R 3.6, Seurat 3.278). Doublets, low quality cells and empty droplets 
were removed based on feature counts, mitochondrial read fraction and expression of B markers. he thresholds 
for the iltering were deined by Tukey’s fences (± 1.5 IQR) and outliers were removed from further analysis. 
Cells were transcriptionally restricted to positive expression of at least one of the following B-cell markers: IgH 
genes, Ig light chain genes, CD20, CD19 or CD79A/B. We deined positive expression of a given gene as more 
than 0.01% percent of counts originating from the speciic feature, using Seurat function PercentageFeatureSet 
with regex pattern “^feature$”78,79. Multiple regression of molecular pathology markers frequently analyzed in 
diagnosis of MCL was performed in R, using the linear model (lm).

We combined the single cell transcriptomes of  CD19+ B cells from all eight patients and jointly visualized 
these using Uniform Manifold Approximation and Projection (UMAP, Fig. 1A) for dimensional reduction of 
gene expression proiles to low-dimension feature space. Clustering of cells was performed with SNN clustering 
using cluster resolution 1.5 for the merged analysis and ranging from cluster resolution 0.2–0.5 for analysis of 
individual samples, selected according to overall quality. Clusters of MCL cells were distinguished from non-
malignant B cells based on gene expression proiling (GSEA), monoclonality (restricted light chain expression) 
and expression of SOX11.

A total of 30,565 cells were sequenced (1018–6040 per sample) with mean reads per cell above 82,511 for 6 
out of 8 samples (range 82,511–254,028 reads), while being lower, 25,422 and 33,591 mean reads per cell, for 
two samples (sample 5 and 8). he median unique molecular identiier counts per cell were 434–2704, while 
the median genes per cell was 309–1151 (Table S3). For samples 3, 5, and 7, the median genes per cell was less 
than 500 genes (309–460).

Sequencing of clonal rearrangements. DNA from MNCs was extracted using the MagNA LC DNA 
isolation kit (Roche), and quantiication of DNA performed using the Qubit 2.0 dsDNA HS assay kit and a Qubit 
2.0 luorometer (hermo Fisher Scientiic). A minimum of 50 ng DNA (50–78 ng) was used for next generation 
sequencing (NGS) of the immunoglobulin heavy chain clonal rearrangement using the LymphoTrack Dx IGH 
FR1 assay (Invivoscribe, San Diego, CA, USA) and a Prime Ion Gene Studio S5 sequencer (Ion Torrent; hermo 
Fisher Scientiic) according to the provided instructions. Data were analysed using the LymphoTrack Dx Sot-
ware S5 package (Invivoscribe, San Diego, CA, USA). Each merged clonal sequence was evaluated for evidence 
of somatic hypermutation (SHM), as described by the supplier (Invivoscribe).

Ethical considerations. Informed consent was obtained from all patients. he project was approved by the 
National Committee on Health Research Ethics, Denmark (Approval No. 1605184), and data were handled in 
accordance with the requirements of the Danish Data Protection Authority.

Data availability
Sequencing data (10 × Cell Ranger output) is available at https:// doi. org/ 10. 6084/ m9. igsh are. 14743 233. Please 
cite paper accordingly.
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Supplementary material 

 
Suppl. Figure 1: Gating strategy for sorting of viable CD19+ cells from MCL bone marrow mononuclear cells. Cryopreserved 

mononuclear cells from MCL bone marrow were thawed, stained with 7AAD, annexin V, antibodies to target CD19 and CD3 and run 

on a FACS ARIA III. Viable B cells (7AAD-Annexin V-CD3-CD19+) were sorted and used for single cell RNA sequencing. 

 

 
Supplementary Figure 2: Purity of sorted viable B cells (7AAD-Annexin V-CD3-CD19+). An aliquot of each sorted cell population 

was run again on the FACS ARIA III to check the purity. Representative data is shown in the figure from patient 4, while the purity of 

all sorted samples is summarized in supplementary Table 1. 
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Patient/sample 1 2 3 4 5 6 7 8 

% from total 

% from singlet 

gate  

36.6% 

/99.7% 

59.1% 

/96.8% 

13.6% 

/84.5% 

62.8% 

/90.6% 

12.3% 

/75.6% 

58.9% 

/96.7% 

31.6% 

/97.6% 

50% 

/91.5% 

Supplementary Table 1: Purity of sorted 7AAD-Annexin V-CD19+ cells. First % is from total events, second % is from parent gate. 

The purity of sorted CD19+ cells from total for patient 3 and 5 indicated a higher fraction of apoptotic cells and debris in the latter 

samples, which was partially accounted for by filtering of dead cells in the data analysis, based on mitochondrial reads (1). For 6 out 

of 8 patients, the purity from singlets was >90.6%, while being lower for patient 3 (84.5%) and 5 (75.6%), indicating a small 

contamination with other lymphocytes. However, this is accounted for by positive selection of B cells in the data analysis, based on 

the assumption that they should express at least one of the chosen B cell markers.  
(1) Ilicic T, Kim JK, Kolodziejczyk AA, Bagger FO, McCarthy DJ, Marioni JC, et al. Classification of low quality cells from single-cell RNA-seq data. Genome 

biology. 2016;17:29. 

 

 
 

Patient  1 2 3 4 5 6 7 8 

Estimated no. Of cells 3,194 5,082 1,899 6,668 4,081 6,040 1,018 2,583 

Mean reads per cell 114,236 82,511 254,028 96,981 25,422 230,884 97,866 33,591 

Median genes per cell 505 772 454 862 460 1,151 309 517 

Fraction reads in cells 75.5% 82.4% 81,5% 68.9% 81.2% 78.7% 59.3% 76.1% 

Total genes detected 19,903 20,101 18,037 21,262 18,690 24,006 15,546 17,629 

Median UMI counts pr. 

Cell 

884 2,207 849 2,168 781 2,704 434 871 

Reads mapped 

confidently to genome 

71% 88.4% 64.4% 88.7% 92% 93.9% 55.9% 89.2% 

Reads mapped 

confidently to 

transcriptome 

19.1% 49.9% 18.3% 47.2% 14.9% 23.9% 10.8% 13.1% 

Supplementary Table 2: Sequencing information from Cell Ranger. For all samples, the percentage of reads confidently mapped 

to transcriptome was much lower than mapped to genome, indicating many reads in intronic regions. This may be explained by the 

samples containing a fraction of late apoptotic cells with permeable cell membranes leaking out mRNA leading to a higher fraction of 

pre-mRNA molecules containing intronic regions as these are contained in the nucleus. Reads confidently mapped to transcriptome 

was especially low in samples 5, 7 and 8 (supplementary Table 4), suggesting that these samples contained cells with poor cell integrity.  

 

 

Sample RIN RNA conc. (pg/ul) 

1 NA 65 

2 8.8 191 

3 8.8 152 

4 9.1 379 

5 NA 139 

6 8.3 206 

7 NA 60 

8 NA 57 

Supplementary table 3: RNA integrity number for sorted cells. An aliquot of the sorted fixated cells was used to determine the 

RNA integrity number (RIN) as a measure of RNA quality. Fixated cells after sorting were rehydrated according to the protocol 

provided by 10X Genomics, lysed and RNA was extracted using the RNeasy Plus Micro kit (Qiagen). RIN and RNA concentration of 

each sample were determined using the Bioanalyzer RNA Pico kit (Agilent Technologies) on an Agilent Bioanalyzer 2100. The 

measurement of RNA quality after cell sorting and methanol fixation showed that patient 4, 2, 3 and 6 had a good RNA quality (RIN> 

8.3), while no RIN was determined for patient 1, 7 and 8, potentially due to low RNA concentrations close to the detection limit of the 

kit. Regrettably, this was not repeated with a higher concentration of RNA, since the sample material was limited. For patient 5, no 

RIN was determined in spite of this sample having a higher RNA concentration, and the electropherogram showed presence of RNA 

at lower sizes, suggesting that the RNA of this sample was at least partly degraded. 
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Patient 1 2 3 4 5 6 7 8 combined  

CCND1 51.76% 74.63% 17.93% 71.35% 32.88% 69.09% 36.42% 58.68% 60.48% 

CD5 1.68% 3.81% 1.53% 0.95% ND 7.14% 1.19% 2.54% 2.89% 

CD10 1.94% 1.43% 2.32% 0.77% 5.55% 0.11% 4.90% 1.65% 1.69% 

CD19 11.17% 8.41% 6.11% 22.37% 2.11% 14.01% 6.23% 6.11% 12.24% 

CD20 76.03% 61.48% 50.13% 91.23% 23.02% 91.57% 46.75% 71.72% 71.25% 

CD23 1.63% 5.67% 2.46% 8.30% 2.67% 7.37% 2.52% 3.43% 5.62% 

CD27 0.56% 2.96% 1.13% 8.27% 0.43% 6.65% ND ND 4.24% 

CD79A 12.49% 75.98% 17.40% 84.78% 18.56% 78.87% 7.15% 12.01% 58.03% 

CD79B 6.37% 13.05% 22.38% 41.25% 7.41% 14.48% 14.04% 8.92% 19.63% 

CD138 ND ND ND ND ND ND ND ND ND 

DNTT ND 1.49% ND ND 0.46% ND ND ND 0.34% 

IGHA1 (IgA) 5.41% 23.53% 23.90% 11.22% 24.05% 9.42% 31.13% 10.02% 15.60% 

IGHD (IgD) 5.00% 3.45% 3.72% 38.68% 4.83% 14.21% 2.78% 1.72% 14.85% 

IGHG1 (IgG) 1.89% 4.28% 4.12% 13.32% 1.33% 7.09% 1.46% 1.65% 6.39% 

IGHM (IgM) 70.98% 96.87% 61.75% 87.97% 68.79% 97.09% 53.91% 48.87% 83.31% 

IGKC IgL  0.61% 98.06% 46.15% 24.66% 35.88% 98.11% 31.79% 18.26% 55.13% 

IGLC2 IgL  28.91% 14.70% 12.42% 99.74% 15.99% 3.16% 24.50% 6.93% 34.72% 

ICKC OR IGLC2 29.37% 99.05% 52.79% 99.88% 46.14% 98.17% 49.27% 24.02% 79.01% 

IGKC AND IGLC2 0.15% 13.71% 5.78% 24.52% 5.73% 3.11% 7.02% 1.17% 10.84% 

IGLL1 ND 2.08% 0.80% ND 2.45% ND ND 0.00% 0.78% 

LDHA 3.31% 12.56% 6.11% 12.47% 4.18% 15.21% 2.52% 3.57% 10.21% 

LDHB 1.63% 10.36% 3.85% 19.53% 1.80% 12.55% ND 0.89% 10.24% 

PAX5 16.37% 33.64% 32.20% 34.24% 12.71% 42.11% 23.71% 20.86% 30.63% 

SOX4 14.18% 3.13% 14.08% 1.15% 7.38% 0.38% 16.03% 3.43% 4.42% 

SOX11 36.97% 36.68% 25.43% 36.37% 12.46% 64.61% 9.80% 25.12% 37.51% 

SOX12 ND ND ND ND ND ND ND ND ND 

SOX11 AND CD23 0.51% 2.14% 0.60% 3.36% 0.37% 5.25% 0.40% 0.69% 2.55% 

SOX11 AND 

CCND1 

21.93% 29.88% 6.71% 27.72% 5.55% 47.20% 5.56% 17.30% 26.68% 

SOX11 AND CD19 4.79% 3.77% 2.26% 9.12% 0.28% 10.07% 0.66% 1.78% 5.82% 

VPREB1 ND 1.83% ND 0.15% 1.36% ND 1.59% ND 0.60% 

VPREB3 2.09% 8.43% 2.79% 42.19% 1.03% 14.69% 1.32% 0.82% 16% 

Supplementary Table 4: Expression of markers used in lymphoma diagnostics and markers of B cell differentiation identified 

by scRNA-seq in all cells. The percentage of all cells expressing relevant clinical markers and markers related to B cell differentiation 

states shown per patient and as the percentage from all patient cells (combined). In concordance to the clinical laboratory results, all 

patients were positive for SOX11 and CCND1, even though both of these markers was not expressed in all the cells. Generally, the 

combined population was transcriptionally enriched for CD20+CD5-CD19-CD23-CD27- cells, although the profiles varied patient-wise. 

While 79.01% of all cells expressed either IGKC or IGLC2, 10.8% of all cells were found positive for both  and  Ig light chain genes. 

4.42% of all cells expressed SOX4, which is a marker of immature B cells along with DNTT, VPREB1, IGLL1, and CD10 which were 

all expressed in a very low fraction of cells. A very low percentage of positive cells could be due to background/noise. ND: not detected. 
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Patient 1 2 3 4 5 6 7 8 combined 

CCND1 59.31% 81.44% 26.37% 76.23% 44.53% 73.10% 56.76% 68.85% 71.12% 

CD5 2.07% 4.17% 2.87% 1.04% 0.00% 7.57% 2.70% 2.73% 4.21% 

CD10 2.07% 0.60% ND 0.87% 1.24% 0.08% 5.41% 0.27% 0.61% 

CD19 12.97% 10.28% 8.88% 25.06% 2.24% 15.59% 6.76% 7.10% 15.53% 

CD20 85.52% 67.48% 67.36% 94.10% 32.09% 94.02% 78.38% 83.61% 84.32% 

CD23 1.38% 5.84% 2.35% 9.23% 2.99% 8.13% 4.05% 2.73% 6.80% 

CD27 0.55% 2.98% 0.26% 9.64% 0.50% 7.89% ND ND 5.90% 

CD79A 11.31% 78.95% 21.93% 87.57% 21.14% 81.66% 12.16% 11.75% 69.44% 

CD79B 8.14% 13.20% 26.89% 46.59% 2.24% 16.34% 8.11% 11.20% 22.15% 

CD138 ND ND ND ND ND ND ND ND ND 

DNTT ND 0.76% ND ND ND ND ND ND 0.14% 

IGHA1 (IgA) 6.07% 24.03% 25.07% 11.43% 30.10% 9.49% 35.14% 10.93% 14.16% 

IGHD (IgD) 6.62% 3.30% 5.74% 43.14% 5.22% 15.28% 4.05% 0.82% 17.81% 

IGHG1 (IgG) 3.59% 4.27% 2.09% 14.63% 1.00% 7.40% 1.35% 0.82% 7.54% 

IGHM (IgM) 72.00% 98.65% 70.23% 91.35% 75.87% 97.72% 62.16% 51.64% 90.47% 

IGKC IgL  0.41% 99.62% 59.79% 25.81% 41.54% 98.52% 48.65% 18.85% 66.41% 

IGLC2 IgL  34.34% 14.18% 11.49% 99.79% 13.93% 3.34% 21.62% 7.65% 32.42% 

ICKC OR IGLC2 34.48% 99.68% 63.19% 99.79% 50.00% 98.58% 59.46% 25.41% 87.94% 

IGKC AND IGLC2 0.28% 14.12% 8.09% 25.81% 5.47% 3.28% 10.81% 1.09% 10.89% 

IGLL1 ND 1.41% 0.26% ND 0.25% ND ND ND 0.29% 

LDHA 4.69% 14.72% 7.05% 14.13% 5.22% 16.25% 4.05% 5.74% 13.29% 

LDHB 1.79% 11.96% 4.18% 22.90% 1.00% 13.33% ND 1.64% 13.17% 

PAX5 21.24% 37.82% 39.43% 37.49% 12.69% 45.23% 32.43% 24.32% 37.72% 

SOX4 19.68% 1,19% 13.32% 1.21% 1.24% 0.31% 12.16% 0.82% 2.80% 

SOX11 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

SOX12 ND ND ND ND ND ND ND ND ND 

VPREB1 ND 0.97% ND 0.08% 0.75% ND ND ND 0.23% 

VPREB3 2.90% 7.41% 3.13% 45.72% 0.25% 16.42% ND 0.55% 19.02% 

Supplementary Table 5: Expression of markers used in lymphoma diagnostics and markers of B cell differentiation identified 

by scRNA-seq in SOX11+ cells. The percentage of SOX11+ cells expressing relevant clinical markers and markers related to B cell 

differentiation states shown per patient and as the percentage from all cells (combined). Generally, the combined population could 

transcriptionally be defined as CD20+CD5-CD19-CD23-CD27- cells with pt. 5 almost completely devoid of measurable CD5 and CD19 

in the SOX11+ population. Three patients (1, 3 and 7) harbored a substantial SOX4 positive fraction within the SOX11 expressing cells 

of 19.68%, 13.32% and 12.16%, respectively. 10.89% of SOX11+ cells were found positive for both  and  Ig light chain genes, 

although being overall consistent with the clinical flow cytometry analysis. While 90.47% of all SOX11+ cells were positive for IgM 

(range: 51.64%–98.65%), only 17.81% expressed IgD (range: 0.82%–43.14%). All patients harbored SOX11+ cells expressing IgA 

(range: 6.07%–43.14%), IgG (range: 0.82%–14.63%), and a small SOX11+CD27+ fraction was detected in patient 2, 4 and 6. 

Additionally, minor compartments of SOX11+CD23+ cells were detected in all patients (range: 1.38–9.23%). A very low percentage 

of positive cells could be due to background/noise. ND: not detected. 

 

Supplementary methods 

Fixation and rehydration of sorted cells for single cell RNA sequencing and for RNA quality 

check  

All sorted 7AAD-Annexin V-CD3-CD19+ B cells were fixated with a mixture of 4/5 100% methanol 

(Sigma-Aldrich, St. Louis, Mi, USA) and 1/5 RNasin Ribonuclease inhibitor (Promega, Madison, 

WI, USA), according to the protocol provided by 10x Genomics, and stored at -80 °C until use. Each 
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sample was examined by microscopy using trypan blue (Invitrogen, Carlsbad, CA, USA) to check 

for fixation efficiency, debris and ensuring that the cells appeared as single cells. Before using the 

samples for single cell RNA sequencing, fixated cells were rehydrated in a mixture of 0.04% ultrapure 

BSA (Invitrogen, Carlsbad, CA, USA), 1mM ultrapure DTT (Invitrogen, Carlsbad, CA, USA), 0.2 

U/µl RNasin Ribonuclease inhibitor (Promega, Madison, WI, USA), 3x saline-sodium citrate buffer 

(SSC buffer; Invitrogen, Carlsbad, CA, USA) according to the protocol from 10X Genomics. As a 

control of the RNA quality, the Bioanalyzer RNA 6000 Pico Kit (Agilent Technologies, CA, USA) 

was used to measure the RNA integrity number (RIN) for each sample. 
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INTRODUCTION 

Mantle cell lymphoma (MCL) is a relatively rare and mature malignant lymphoproliferative disorder 

of differentiated B cells. Although early onset of MCL has been reported, it is primarily a lymphoma 

of the aging population, with a median age generally within a range of 60 to 70 years (Silkenstedt, 

Linton, and Dreyling 2021). It is believed that classical MCL is the malignant counterpart to mature 

naive B cells expressing CD5 (Veloza, Ribera-Cortada, and Campo 2019). The phenotypic features 

of MCL are indicative of maturation stages generally spanning antigen-naïve pre-germinal cells 

lacking somatic hypermutation to mature hypermutated and even memory B cells (Queiros et al. 

2016). Only a limited subset of MCL is markedly hypermutated (Navarro et al. 2012), a process 

which is extensive in the germinal center (Kolar et al. 2007) in normal B-cell development. Generally, 

the hypermutation status is indicative of the maturation stage of the malignancies (Blachly et al. 

2015). 

 

This topical review will question the notion of MCL being a mature B-cell malignancy, investigate 

the current evidence of an immature bone marrow disorder preceding or underlying MCL, and 

provide arguments for and against this hypothesis. 

 

NORMAL DEVELOPMENT OF THE B CELL 

All B lymphocytes are derived from multipotent hematopoietic stem cells, which give rise to 

multipotent progenitor cells with both myeloid and lymphoid capacity within the bone marrow. The 

classic division between myeloid and lymphoid does not explain the current knowledge that the 

earliest thymic progenitors retain some myeloid potential (Bell and Bhandoola 2008; Wada et al. 

2008; Graf 2008) (see also (Chi et al. 2009)). Common lymphoid progenitor cells can differentiate 

into B cells, T cells, and NK cells. Early separation of B and T cells occurs when the progenitor of 

the T lineage migrates to the thymus and becomes double-negative thymocytes.  
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B-cell development occurs in the bone marrow where common lymphoid progenitors differentiate to 

CD19+ progenitor (pro)-B cells, which are the earliest cells committed to the B-cell lineage (Melchers 

2015). Rearrangements of the immunoglobulin (Ig) genes occur very early in the lymphocyte 

development, and a defect in initiating this mechanism, such as mutations in the recombinase 

components, RAG1 or 2, leads to an absence of mature B or T lymphocytes (Shinkai et al. 1992). Pro-

B cells differentiate into precursor (pre)-B cells, which are characterized by the expressional onset of 

the pre-B cell receptor consisting of the newly formed Ig heavy chain and a surrogate light chain 

containing VPREB1 (CD179a) and immunoglobulin -like polypeptide, IGLL5. With the successful 

light chain rearrangement and expression of a functional B-cell receptor on the cell surface, the cells 

enter the immature B-cell stage (Nemazee 2017). Immature B cells leave the bone marrow as 

transitional naive B cells and migrate to peripheral lymphoid tissues where they differentiate to 

mature naive B cells, which are negative for the early markers, TdT and CD10. Upon antigen 

encounter in lymphoid follicles, mature B cells enter the germinal center where somatic 

hypermutation and class-switch recombination occur, followed by differentiation to memory B cells 

or antibody-secreting plasma cells (Nemazee 2017; Melchers 2015). 

 

TYPICAL MOLECULAR FEATURES AND MORPHOLOGY OF MCL 

Despite recurrent molecular markers and a low incidence rate, with less than one per 100,000 

individuals, MCL is surprisingly heterogeneous. This heterogeneity is characterized by the variable 

clinical course, ranging from indolent to a very aggressive behavior, and by its distinct molecular 

features. While the number of somatic mutations in MCL is generally higher than for acute 

lymphocytic leukemia (ALL), acute myeloid leukemia (AML), or chronic lymphocytic leukemia 

(CLL), it is within a limited range compared to many other cancer forms, such as liver, colorectal, 

lung cancer, or melanoma (Alexandrov et al. 2013). In two cardinal studies, the median number of 

coding mutations has been estimated as 20 (Bea et al. 2013) and 32 (Zhang et al. 2014), providing a 

range of 1–61 somatic mutations per case. The number of transcribed mutations may be even lower, 

as we have shown by correlating DNA and RNA (Hansen et al. 2020). 

Two clinical and biological subtypes have been defined; classical MCL and leukemic non-nodal MCL 

(Swerdlow et al. 2016; Veloza, Ribera-Cortada, and Campo 2019). Classical MCL has nodal 

involvement, has no or low IGHV hypermutations, and is believed to originate from pre-GC B cells. 

In contrast, leukemic non-nodal MCL typically involves the peripheral blood, bone marrow, and 

spleen, has hypermutated IGHV and is hypothesized to correspond to post-GC or even memory B 
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cells. This subtype has a more indolent disease course with superior outcome compared to classical 

MCL. The classical MCL morphology is small to medium-sized cells with irregular cleaved nuclei 

with condensed chromatin and scant cytoplasm. More aggressive morphological variants exist, 

includes the blastoid and pleomorphic types (Veloza, Ribera-Cortada, and Campo 2019). The 

identification of specific subtypes, which relates to indolency or aggressiveness, has led to practical 

prognostic criteria but has also caused some bewilderment, such as in reported cases of concurrent 

in-situ and leukemic MCL. Nevertheless, it is known that a large proportion of MCL has leukemic 

involvement (Schlette et al. 2001; Ferrer et al. 2007). In some reports, it seems unclear whether 

t(11;14) and nodal presentation in some cases are the only features distinguishing MCL from other 

B-cell malignancies (see (Vivian et al. 2020; Ibrahim et al. 2020)). However, t(11;14) is not confined 

to MCL.  

 

Dysregulation of cell cycle – a hallmark of Mantle cell lymphoma 

The translocation of t(11;14)(q13;q32) is one of the most important molecular hallmarks of MCL and 

frequently occurs in several other mature malignancies, such as splenic marginal zone lymphoma, 

CLL, multiple myeloma, B-prolymphocytic leukemia, plasma cell leukemia, etc. It brings CCND1 

under the transcriptional control of the rearranged immunoglobulin heavy chain gene enhancer. Based 

on mouse models, it has been concluded that derailing of this cyclin is not sufficient to drive the 

malignancy (Bodrug et al. 1994; Lovec et al. 1994). On the other hand, a simple model involving loss 

of ATM together with overexpression of CCND1 mediated genomic instability and promoted 

lymphomagenesis (Yamamoto et al. 2015). 

 

Although it is almost exclusively identified in mature B-cell malignancies, evidence suggests that 

t(11;14) arises before the differentiation into mature cells. Alternatively, reprogramming of mature 

malignant cells may induce a pluripotent capacity and stem-like cells, as explored by a recent study 

(Azami et al. 2021). If the latter reprogramming model is correct, it may resolve several issues in the 

current understanding of MCL, which relates to how a relatively mature B-cell malignancy in some 

situations can behave like an immature or stem-cell disorder. The first suggestion is also plausible, 

as it has been demonstrated that t(11;14) can be found in healthy individuals at a low cellular 

frequency (Hirt et al. 2004; Lecluse et al. 2009). Analogously, it is also known that translocation 

t(14;18), which is the primary event in follicular lymphoma also involving the IgH locus, can be 

detected in a large fraction of otherwise healthy individuals (Schmitt et al. 2006; Dolken et al. 2008). 
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Because it is partly a matter of the sensitivity of the detection methods, it is likely that the most 

important implication is not its presence but the fraction and clonal expansion of cells carrying the 

translocation. Based upon multiple studies, it has cautiously been estimated that the number of 

circulating t(14;18)-positive cells in healthy individuals may be in the range of 100–100,000 cells 

(Schuler, Hirt, and Dolken 2003), with a few percent at even higher levels (Schuler et al. 2009). 

Although translocation of CCND1 to the IgH locus is apparently much rarer, it seems that the 

spontaneous priming of clonal cells with a lymphoproliferative potential is tied to a specific 

differentiation stage of B-cell development.  

Thus, the common translocations may partly represent analogous lymphoid counterparts to markers 

of clonal hematopoiesis of indeterminate potential, which have been shown for genes relevant for 

myeloproliferative disorders (Genovese et al. 2014). It is, of course, naive to confine early and 

premalignant lesions to structural variants, as ATM or TP53 mutations are also highly recurrent and 

present in a large cell fraction of MCL cases or to suggest that clonal hematopoiesis has an inherent 

myeloid preponderance.  

 

THE AGING BONE MARROW, CLONAL HEMATOPOIESIS, AND THE 

PREMALIGNANT RESERVOIR  

Monoclonal lymphocytosis 

The proliferation of monoclonal B cells has been demonstrated to precede chronic lymphocytic 

leukemia (CLL) and multiple myeloma. However, only a fraction of monoclonal B-cell 

lymphocytosis (MBL) and monoclonal gammopathy of uncertain significance (MGUS) progress to 

overt malignancy. It is estimated that as high as 10% of the elderly population harbor circulating 

monoclonal B cells (Ghia and Caligaris-Cappio 2012). Not surprisingly, t(11;14), which afflicts up 

to a quarter of multiple myeloma cases (Fonseca, Blood, et al. 2002; Avet-Loiseau et al. 1998; Avet-

Loiseau et al. 2002), has also been detected in the blood of 25% individuals with MGUS and a total 

of 46% involved IgH translocation (Fonseca, Bailey, et al. 2002). 

 

Naturally, the question arises whether a benign monoclonal state exists for MCL as well. 

Asymptomatic CCND1-positive monoclonal B-cell lymphocytosis has been identified (Espinet et al. 

2014; Ondrejka et al. 2011; Nodit et al. 2003), seemingly overlapping with indolent MCL. This 
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concept of MCL-type of monoclonal B-cell lymphocytosis has been discussed by Ondrejka et al., 

who identified 3% of leukemic indolent MCL among a cohort of 207 cases (Ondrejka et al. 2011). 

MCL resembles CLL in various aspects, so why is prolonged lymphocytosis not a common finding 

in MCL? Part of the answer may lie in the more aggressive and proliferative phenotype compared to 

CLL and multiple myeloma (Espinet et al. 2014). However, not all patients experience rapid 

progression, exemplified by in-situ MCL (Carvajal-Cuenca et al. 2012).  

 

Still, even if it is indicated that a brief or prolonged period of monoclonal lymphocytosis precedes 

MCL, another problem persists: Monoclonal lymphocytosis consists of somewhat  differentiated cells 

and offers no explanation on the cellular origin of MCL. 

 

Clonal hematopoiesis of the aging bone marrow 

Some evidence supporting an immature origin of MCL comes from studies not emphasizing 

lymphoproliferation, but primarily relating genes implicated in myeloid disorders (Genovese et al. 

2014; Jaiswal et al. 2014; Jaiswal and Ebert 2019). Stem cells, which a priori are not restricted to 

either myeloid or lymphoid differentiation, undergo senescence, but attain propensity to lineage and 

cell type-specific malignancies. As already discussed t(14;18) is frequently observed in the peripheral 

blood of healthy individuals (Basecke, et al 2002, Roulland, et al 2006) and is analogous to the studies 

demonstrating clonal hematopoiesis being a common phenomenon in the elderly population. Mantle 

cell lymphoma with its archetypical t(11;14) is another apt example. Interestingly, the progression 

rate from clonal hematopoiesis of indeterminate potential (CHIP) towards a true hematologic 

malignancy is comparable to that of MGUS and MBL, roughly estimated as 1% per year (Steensma 

et al. 2015). Thus, the incidences of MBL, MGUS or CHIP are roughly within the same range and 

the same rate of progression. Hence, a common concept of premalignant or senescent hematopoiesis, 

regardless of the myeloid or lymphoid outcome, already exists in a partly scattered nomenclature. 

In MCL, ATM and TP53 tumor suppressors are mutated in a very high fraction of cases, roughly 

corresponding to one half and a quarter, respectively (Greiner et al. 2006), often with biallelic 

inactivation and present at a high allelic burden. Several studies have demonstrated that low-

frequency TP53 and ATM mutations are detected in the peripheral blood of the aging population (Xie 

et al. 2014) and are also driven by radiation or chemotherapy in the treatment of non-hematological 

cancer forms (Coombs et al. 2017). In this study, mutations in ATM, TP53, and four additional genes 

comprised 60% of all mutations detected in clonal hematopoiesis, which is in line with other findings 
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that germline mutations in these genes promote clonal hematopoiesis (see (Silver, Bick, and Savona 

2021)). Early clonal advantage is not strictly required in an MCL model, where early acquired 

mutations play an important role. Instead, it may give a selective advantage in later cell stress caused 

by DNA damage and lymphomagenesis (Marusyk et al. 2010). This implies that mutations in these 

genes are early founders in the clonal hematopoiesis. 

Conceptually, catalysts of adult clonal hematopoiesis can be established as founder mutations in any 

part of the spectrum from the hematopoietic stem cell to multipotent progenitors and precursor cells. 

Direct evidence of multipotency is found in reports of myeloid and lymphoid neoplasia diverging in 

the same patient (Holst et al. 2020; Lewis et al. 2020; Ondrejka et al. 2014), with a preponderance 

towards T-cell malignancies as the lymphoid component. Such findings support a stem cell origin 

with the capacity to generate both lineages, capable of generating oligoclonal T‐cell receptor 

rearrangements in some cases (Yao et al. 2020). However, there is no reason to believe that coexisting 

oligoclonal IgH rearrangements are a recurrent phenomenon of MCL or CLL, for that matter. Few 

reports of concurrent MCL and myeloid involvement exist (Pathak et al. 2017; Rodler et al. 2004), 

which help define a common concept of a leukemic and lymphoma stem cell. 

 

THE LYMPHOMA STEM CELL 

It is unknown whether a cancer stem cell-like population exists in MCL or if part of the tumor cells 

mimics early stages of differentiation through dysregulation. The concept of a lymphoma stem cell 

extends the notion of a leukemic stem cell, and some evidence points to a capacity of MCL to attain 

a stem-like character. However, is it a necessary attribute that immature progenitors help to evolve 

and replenish the malignancy following treatment? An argument against the replenishment of more 

mature cells by very early progenitors following treatment is that the IgH rearrangement should be 

unique. However, studies involving mature CLL and even immature B ALL show that relapse from 

an unrelated clone is apparently not a common phenomenon and this has, to our knowledge, only 

been described a single case of MCL (Lee et al. 2016).  

 

If an immature lymphoma stem cell do exist, then it is supported by malignancies involving multiple 

lineages. Scattered reports of concurrent MCL and CML (Rodler et al. 2004; Pathak et al. 2017) or 

CML with subsequent development of MCL exist (Garzia et al. 2007). Additionally, such 

observations are supported by multiple cases in morphologically and genomically related CLL 
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(Bhagavathi et al. 2008; Dokic et al. 2016; Kajtar et al. 2015; Lewandowski et al. 2016). Here, the 

coexisting malignancies of myeloid and lymphoid origin directly support a stem cell theory. The 

general view of CML, which is characterized by Ph+ t(9;22) and BCR-ABL1 fusion gene, is that a 

leukemic stem cell is established directly from a hematopoietic stem cell (see (Holyoake and Vetrie 

2017)). Not surprisingly, BCR-ABL fusion transcripts have also been found in healthy individuals 

(Song et al. 2011; Ismail et al. 2014). 

 

Additional evidence supporting the existence of lymphoma stem cells in MCL comes from studies 

showing the development of identical lymphoid malignancies in both donor and recipient after 

allogeneic hematopoietic stem cell transplantation (Christian et al. 2010; Sala-Torra et al. 2006; 

Janikova et al. 2014). This same phenomenon has been reported in other mature B-cell lymphomas, 

such as follicular lymphoma (Sala-Torra et al. 2006; Hart et al. 2007; Weigert et al. 2012). 

 

A recent study showed that the hematopoietic stem cells from lymphoma patients undergoing 

autologous stem-cell transplantation often carried a high frequency of mutations related to clonal 

hematopoiesis and myeloid cancer, but not mutations commonly associated with B-cell lymphomas 

(Husby et al. 2021). This finding suggests that B-cell lymphomas originate from more mature cells 

without a CD34+ stem cell origin. On the other hand, genetic and chromosomal aberrations of the 

tumor cells in CLL were, in many cases, also detected in the stem cells of the same patients (Quijada-

Álamo et al. 2017). Additionally, a CREBBP mutation was detected in both lymphoma cells and 

hematopoietic stem cells from the same patient (Horton et al. 2017), and a murine model carrying 

hematopoietic stem cells with CREBBP mutation developed B lymphoma. In two studies of MCL 

based on murine models, a cell population with stem cell-like and progenitor profile, respectively, 

was suggested to have MCL-initiating capacity (Chen et al. 2010; Medina et al. 2014). However, this 

phenomenon has, to our knowledge, not been studied in a clinical context.  

 

Other evidence of a more immature capacity exists through the changing somatic lesions of the 

malignant clone. If the evolution towards MCL is viewed as a branching tree of successive clonal 

somatic lesions, it may then be speculated whether the therapeutic eradication may give rise to a 

relapse clone, which has diverged earlier from the cleared diagnostic clone. This is exemplified in 

our previous molecular profiling of a patient, for whom a chromosomal deletion is lost at relapse 

(Hansen et al. 2020). On the other hand, we do not expect a switch of clonotype, as it has been 
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demonstrated that the dominant clone at relapse in more immature B-ALL was generally identical to 

that at the time of diagnosis (Wu et al. 2014). Our recent publication on purified, high-quality samples 

demonstrates that two mutations and a chromosomal deletion in two cases of mantle cell lymphoma 

vanish between diagnosis and relapse (Hansen et al. 2020). A loss of TP53 and CARD11 mutation 

has also been observed for an MCL patient with relapse occurring in the cerebrospinal fluid of the 

central nervous system (Hansen et al. 2021). Several other mutations or larger chromosomal 

aberrations may occur early and even in undifferentiated stem cells. One striking example includes 

cases with coinciding Philadelphia chromosome-positive (Ph+) B lymphocytes and myeloid cells 

(Takahashi et al. 1998). 

 

Studies focusing on the topic of potential lymphoma stem cells are rare, and the broad review on the 

topic published a decade ago (Martinez-Climent et al. 2010) has unfortunately not received much 

attention. However, the focus pertains to whether the premalignant cell acquires stem-like properties 

or reprogramming to generate and maintain the lymphoma. A recent study by Husby and Gronbaek 

also comments on/relates to the topic of lymphoma stem cells (Husby and Gronbaek 2017), and they 

proposed a model for MCL in which the genetic defects originate from common lymphoid progenitors 

(progenitor model). In this and other literature, the mentioned hallmark translocations, which bring 

an oncogenic driver under the control of immunoglobulin heavy chain promoter/enhancer, is 

described as the initiating step. However, the expression of IgH, and thus CCND1, is developmentally 

restricted by differentiation up to the point where IgH becomes actively transcribed. This subtle 

differential restriction may be the most defining feature of MCL.  

 

THE BLASTOID MCL – A WINDOW INTO THE IMMATURE DISORDER? 

An important clinical theme of MCL is the aggressive blastoid morphological variant, which 

resembles lymphoblastic lymphoma or acute myeloid leukemia cells (Veloza, Ribera-Cortada, and 

Campo 2019). This variant has a high mitotic rate, often has biallelic inactivation of TP53 or ATM, 

is marked by a high degree of genomic instability, and poor overall survival. Blastoid MCL most 

often presents de novo at diagnosis but can also occur by the transformation of the leukemic non-

nodal or classical variant into a blastoid morphology at relapse. The genomic profiles and prognosis 

differ between de novo and transformed blastoid MCL, the latter having a lower median survival and 

a higher degree of aneuploidy and mutations in the KMT2D and KMT2B methyltranferase genes (Jain 

et al. 2020). Thus, the progression to this type poses a challenge and is of clinical significance. 
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Comparing the term transformation used in the current literature to that of the known biology may 

imply a discrepancy in the current understanding of MCL: Does the term imply that the diagnostic 

clone evolved into a more aggressive type with blastic morphology, or does it indicate that the 

transformed phenotype has arisen from an earlier lymphoblastic stage as a diagnostic precursor? Or 

both?  

CD10 is a marker of the immature B cell, ranging from very early CD34+TdT+ or CD34+CD19+ 

cells to pre-B  heavy chain expressing cells. Peripheral B cells lack CD10+ (Dworzak et al. 1997). 

Thus, the very fact that CD10 is associated with blastoid or pleomorphic morphology (Xu et al. 2018) 

and is common on less differentiated leukemias and lymphomas at least suggests some malignant 

precursor capacity. This reasoning is assessed together with the indications that some blastoid MCL 

can reappear with classical morphology at relapse (Swerdlow et al. 2016; Veloza, Ribera-Cortada, 

and Campo 2019). Morphologically speaking, blastoid MCL resembles lymphoblastic lymphoma of 

the B cells (B-LBL) (Dreyling, Klapper, and Rule 2018). Then it is perhaps curious that B-LBL is 

often described as an immature neoplasm (Cortelazzo et al. 2011), while MCL is collectively 

presented as a mature B-cell neoplasm. Also, it is suggested that the more immature markers TdT and 

CD10 can be implemented to differentiate between MCL and B-LBL, however, this is not trivial, as 

is indicated by the CD10+ blastoid cases (Cortelazzo et al. 2011; Kallen et al. 2015; Cantu et al. 

2019). 

Blastoid MCL is morphologically comparable to lymphoblasts of lymphoblastic leukemia and 

lymphoma (Dreyling, Klapper, and Rule 2018), and some MCLs may progress to blastoid variant 

(Dreyling, Klapper, and Rule 2018; Pott et al. 2005; Vogt and Klapper 2013). A likely event is not 

the progression of the true MCL but a diverging expansion of malignant cells from a more immature 

cell – with a malignant phenotype different from that of the diagnostic clone. Our recent study of 

individual bone marrow B cells (Valentin Hansen et al. 2021) provides some evidence of a more 

immature component in MCL, where a fraction of cells with a more immature profile was observed 

in a de novo blastoid MCL case constituting approximately 20% of the CD19+ cells. These cells were 

found to co-express the classical MCL marker, SOX11 together with the immature B-cell marker, 

SOX4, and the precursor lymphoblastic marker FAT1. 

The difficulties in finding a single representative marker of immaturity for implementation are, 

among other candidate markers, exemplified by the lymphoid enhancer-binding factor, LEF1. Early 

pro-B cells express LEF1, whereas IgM-positive B cells of the adult bone marrow do not (Reya et al. 
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2000). Although this fits with a large fraction of B-ALL being LEF1 positive, it is also suggested as 

a marker to differentiate between the more differentiated MCL and CLL, the latter being positive in 

virtually all the cases (O'Malley, Lee, and Bellizzi 2017; Tandon et al. 2011). Apparently, a minor 

fraction of MCL may be LEF1 positive (O'Malley, Lee, and Bellizzi 2017).  

 

THE SOXC TRANSCRIPTION FACTORS IN MATURE AND IMMATURE B CELLS 

Along with translocated and overexpressed CCND1, SOX11 expression is a hallmark of classical 

MCL. It is expressed in more than 90% of the cases (Mozos et al. 2009; Fu et al. 2005). However, 

SOX11 negativity is associated with the more indolent leukemic non-nodal disease.  

 

SOX11 is a transcription factor involved in stem cell and progenitor regulation and is largely absent 

in differentiated tissue (Tsang, Oliemuller, and Howard 2020). Also, the transcription factor is not 

expressed in healthy B cells (Ek et al. 2008), whereas the homologous protein, SOX4 functions in 

physiological immature pro-B lymphopoiesis (Schilham et al. 1996; Sun et al. 2013). In a recent 

study, we detected a fraction of MCL cells co-expressing SOX11 and SOX4 transcripts in three of 

eight MCL patients by single-cell RNA-sequencing (Valentin Hansen et al. 2021). The two SOXC 

family members overlap and compete in transcribing the same target genes (Nygren et al. 2012; Dy 

et al. 2008), such as in murine stem-cell mediated tissue damage repair (Miao et al. 2019). Albeit 

relating to the development of the central nervous system, it is suggested that compensation of SOX4 

loss is provided by SOX11 (Cheung et al. 2000) and it may be speculated whether such a function is 

relevant in the aberrant maturation of malignant B cells. A co-regulation of the SOXC family 

members in MCL was suggested early by Wasik et al. (Wasik et al. 2013). So, does SOX11, perhaps 

through the proposed regulation by CCND1 (Mohanty et al. 2019), then alter the normal 

differentiation of transitional B cells? Although intriguing, these matters needs to be further 

elucidated. 

 

IMMATURE CELLS CONSTITUTE A THERAPEUTIC CHALLENGE 

The MCL cells are known to express the surface markers CD19 and CD20, which contemporary 

immunotherapy is often directed against. However, from the described hypothesis, there is a potential 

problem with this approach; The very immature B cells in the bone marrow do not necessarily express 

CD19 or CD20 on their surfaces and may thus evade treatment. On the one hand, this is positive for 
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the regeneration of normal B cells; on the other hand, it may lead to the growth of a new malignant 

clone.  

CD20 may not be expressed in the very early progenitor B cells (Pavlasova and Mraz 2020). This 

absence indicates that it is possible for an early pro-B cell or more immature cell to evade Rituximab 

or other anti-CD20 agents. Evidence also points to a lack of BTK in pro-B cells, as is aptly 

exemplified by the disorder X-linked agammaglobulinemia, where it was realized that a mutation in 

the BTK gene leads to an arrest in the B-cell development (Vetrie et al. 2012). The blocked transition 

from pro-B to pre-B (Kersseboom et al. 2003) using a pre-B cell receptor leads to a peripheral increase 

in immature cells. Anti-CD20 Rituximab and ibrutinib, targeting BTK, are important armaments in 

the current treatment strategies of MCL. Evidence of the efficacy of ibrutinib in immature cells comes 

from B-cell precursor acute lymphoblastic leukemia (van der Veer et al. 2014; Kim et al. 2017) (see 

also (Eswaran et al. 2015)). But even though Bruton's tyrosine kinase or CD20 are expressed early in 

the differentiation of the normal B cells, a potential clinical problem arises when the targeted 

treatment does not target the early lymphoma progenitor or stem cell compartment. These immature 

cells may thus evade treatment and replenish the cancerous reservoir.  

 

FINAL REMARKS 

It follows from the presented knowledge that several questions remain unanswered, and the cellular 

origin of mantle cell lymphoma needs to be investigated and discussed further. 

We evaluate that the evidence of an immature disorder or early and progressive clonal expansion 

leading to MCL is diffusely disseminated throughout the current literature. While the aggressiveness 

of the blastoid variant and the more frequent findings of TP53 or ATM mutations are agreed upon, 

surprisingly, suggestions or discussions concerning the blastoid variant being more immature are, to 

our knowledge, largely absent in the body of literature. Although, the morphological features of 

blastoid MCL are characteristic of an immature lymphoblastic cell, this theme is wanting in written 

reports from a molecular view. Finally, concrete and convincing evidence supporting a stem-like 

capacity of premalignant lymphoma cells is still lacking. 
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