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Summary
Our single cell omics analyses confirm high gene�c, epigene�c, trans-
crip�onal, and (sub-)clonal similarity between  HC-MBL and CLL 
sugges�ng an earlier disease onset. 

Although physiologic B cells are more abundant in LC-MBL individuals 
than in advanced stages, LC-MBL cells already show a dis�nct epigene�c 
profile that phenocopies HC-MBL and CLL, which is reflected in their 
gene expression. 

Large expanded clones are already present in a majority of LC-MBL 
individuals and increase in frequency during disease progression. 
Despite heterogenous (pre-)malignant subclone counts, the 
subclonal landscape in HC-MBL to CLL progression remains stable.
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Fig. 5 A Schema�c of heteroplasmy changes during progression from HC-MBL to CLL. B Mean heteroplasmy for serial HC-MBL/CLL samples. C WBC counts 
of pa�ent P20 (top) betwenn longitudinal samples. Heteroplasmy distribu�ons of mtDNA muta�on 3424G>A in both samples of P20 (bo�om). D Detec�on 
of changes in mtDNA muta�on distribu�ons. Kolmogorov-Smirnov (KS) test and Benjamini-Hochberg FDR ≤ 0.05  

Subclonal stability in HC-MBL to CLL progression

Fig. 4 A B cell receptor sequence-based clones were called from physiologic B cells and (pre-)malignant B cells (LC-/HC-MBL and CLL) using scBCR-seq to 
determine the clonal repertoire and frequency. Subsequently mtDNA muta�ons were called from mtscATAC sequencing data and subclones were iden�fied 
based on mtDNA muta�ons' heteroplasmy to determine their repertoire and frequency of (pre-)malignant cell types. B BCR clone frequencies of LC-MBL 
pa�ents (top le�), individual HC-MBL samples (top right) and pa�ent-matched HC-MBL and CLL samples (bo�om). C Quan�fica�on of frequency of major 
BCR clone per pa�ent and condi�on (top). Flow cytometry based quan�fica�on of CD19+CD5+ B cells (bo�om). D mtDNA muta�on based subclone 
frequencies of LC-MBL samples (top le�), individual HC-MBL samples (top right) and pa�ent-matched HC-MBL and CLL samples (bo�om). H Quan�fica�on 
of mtDNA muta�on based (pre-)malignant subclones. 
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Clonal expansion occurs as early as LC-MBL stage

Fig. 2 A Chroma�n accessibility of 46,473 healthy and 161,968 (pre-)malignant cells of 23 pa�ents and two healthy controls (H1-H2)4-5. Physiologic cell types 
were iden�fied based on a healthy PBMC reference using label transfer. (Pre-)malignant cell types were annotated by imputed marker gene expression (gene 
scores) and diagnosis at sampling �me. B Differen�al enrichment of transcrip�on factor mo�fs between physiological B cells and LC-/HC-MBL or CLL cells. 
Devia�on scores indicate enrichment or deple�on over a GC-content matched set of background chroma�n peaks in the indicated cell type. TF mo�f colors 
indicate protein complexes and families. C Median TF mo�f enrichment devia�ons across all up or down regulated TF mo�fs rela�ve to the physiological B 
cells. D 28,884 healthy and 298,009 (pre-)malignant cells of 24 pa�ents and two publicly available healthy PBMC controls (H3-H4, 10X Genomics data sets). 
Physiologic cell types were iden�fied based on marker gene expression and a healthy PBMC reference for label transfer. (Pre-)malignant cell types and 
physiologic B cells were annotated based on the diagnosis at sampling �me as they could not be dis�nguished based on their gene expression. E Differen�al 
gene expression between physiologic B cells and LC-/HC-MBL or CLL cells. Colors indicate protein complexes and families (see Fig. 3). F Median gene 
expression changes across all differen�ally up or down regulated genes rela�ve to the physiologic B cells. WBC - white blood cells

CLL phenotype: CD5, FCER2 (encoding CD23)
Cell survival: P2RX7, PTPN22, LEF1

B cell iden�ty: MME (encoding CD10), EBF1
Inflamma�on: IL6
Regula�on BCR signaling: MS4A1 (encoding CD20), CD22

LC-
MBL B cells HC-MBL CLL

−0.4

−0.2

0.0

0.2

0.4
M

ed
ia

n 
di

ffe
re

nc
e

Gene expression

0 5 10 15 20 25
Median WBC/nl

-4
-2
0
2
4

Scaled 
Expression

IL6

MME

ITGA4

GRAP2

EBF1

MS4A1

CD22

CD5

FCER2

PTPN22

LEF1

Cell type
Pa�ent

IGHV

UMAP1

U
M

AP
2

Immune
cells Physiologic B / 

LC- MBL /
HC-MBL / 
CLL cells

B

HC-MBL
LC-MBL

NK

CLL
T

DC
Not annotated

Monocytes

F

B cell anergy: NFAT family
Stem cell pluripotency and cell fate: TCF4
Transcrip�on regula�on: CTCF

B cell development and hematopoiesis: 
EBF1, BACH2, NFE2, SPI family, POU2F2, NFE2
Cell differen�a�on and stress response: (MAFF-)AP-1 
complex, BACH1, NFE2L2
Chroma�n remodelling: SMARCC1

LC-
MBLB cells HC-MBL CLL

-2

-1

0

1

2

M
ed

ia
n 

di
ffe

re
nc

e

TF mo�f enrichment

0 5 10 15 20 25
Median WBC/nl

B

HC-MBL
LC-MBL

NK

CLL
T

DC
Not annotated

Monocytes

UMAP1

U
M

AP
2

Immune
cells

HC-MBL /
CLL cells

LC-MBL
cells

Physiologic
B cells

mutated
unmutated

IGHV

Devia�on

-4
-2
0
2
4

EBF1
SMARCC1

FOSL1
JUNB

FOSL2
JUND

FOS
JUN

FOSB
BACH2
BACH1

JDP2
NFE2

NFE2L2
MAFK
MAFF
BATF

POU2F2
SPIB
SPIC
SPI1

CTCF
NFATC2
NFATC3

TCF4

Cell type
Pa�ent

IGHV

C

B

E

A

D

Ch
ro

m
a�

n 
Ac

ce
ss

ib
ili

ty
Ge

ne
 E

xp
re

ss
io

n

Epigene�c and transcrip�onal changes arise at the stage of LC-MBL

Ce
ll 

ty
pe 1 92 103 11 174 12 185 13 196 14 207 15 218 16 22

P5

P1

B

HC-MBL
LC-MBL

NK

CLL
T DC

Unannotated

Monocytes
Cell typeDevia�on score

-3 -1.5 0 1.5 3

A

CD1c

CD200

CD35

CD49d

CD5

CD73

HLA class I

Integrin β7

Ig λ LC

0

100

200

300

-2 0 2
log2(Fold change)

-lo
g 10

(F
DR

)

B LC-MBL B

Fig. 3 A Copy number changes calculated from scATAC-seq data for each cell type for pa�ent P1 show dele�ons in chromosome 1 and a del(14q) as well as a 
tri(12) in P5. LC-MBL T cells were used as a reference offset. B Differen�al cell surface marker expresion between physiologic B cells of 6 LC-MBL pa�ents and 
respec�ve LC-MBL cell popula�ons. Ver�cal and horizontal dashed lines indicate fold change thresholds and filtering of significance. Wilcoxon rank sum test 
with Benjamini-Hochberg correc�on 

(Immuno-)phenotypic CLL features in LC-MBL
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Fig. 1 A Physiologic B cells are gradually replaced by increasing numbers of CLL-like cells 
as the condi�on progresses from LC-MBL and HC-MBL to CLL. B cell receptor  sequence 
informa�on and mitochondrial DNA muta�ons are accessible across all stages and allow 
(sub-)clonal tracing. B Timeline showing the diagnosis and sampling for all 24 pa�ents 
with profiled single-cell data modali�es indicated. 

Objec�ves
• Integra�ve characteriza�on of epigene�c, transcrip�onal, and clonal changes in HC-MBL to CLL progression.

• Defini�on of epigene�c and transcrip�onal changes between B cells and LC-MBL/HC-MBL/CLL cells.

• Characteriza�on of (sub-)clonal dynamics in LC-/HC-MBL to CLL progression using scBCR sequencing and 
mitochondrial DNA muta�ons.

Introduc�on
The premalignant condi�ons low-count (LC) and high-count (HC) monoclonal B cell lymphocytosis (MBL) precede chronic 
lymphocy�c leukemia. Despite mul�ple genomic sequencing studies which showed a high gene�c and epigene�c similarity 
between MBL and CLL1-3, the mechanisms driving and characterizing  the progression remain unknown. Taking advantage of 
technological advances, we  performed an integrated single cell genomics analysis of transcrip�onal, epigene�c, and gene�c 
profiles across the physiologic B cell to LC-/HC-MBL and CLL cell con�nuum. To also gain deeper insights into subclonal 
dynamics among the (pre-)malignant popula�ons we combined single cell B cell receptor (scBCR) sequencing and 
mitochondrial single cell ATAC4 (mtscATAC) sequencing data in our analysis of 24 pa�ents.
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