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High-risk subtypes of chronic lymphocytic leukemia are
detectable as early as 16 years prior to diagnosis
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Chronic lymphocytic leukemia (CLL) is preceded by monoclonal B-cell lymphocytosis (MBL),
a CLL precursor state with a prevalence of up to 12% in aged individuals; however, the
duration of MBL and the mechanisms of its evolution to CLL remain largely unknown. In
this study, we sequenced the B-cell receptor (BcR) immunoglobulin heavy chain (IGH) gene
repertoire of 124 patients with CLL and 118 matched controls in blood samples taken up
to 22 years prior to diagnosis. Significant skewing in the BcR IGH gene repertoire was
detected in the majority of patients, even before the occurrence of lymphocytosis and
irrespective of the clonotypic IGH variable gene somatic hypermutation status. Further-
more, we identified dominant clonotypes belonging to major stereotyped subsets associ-
/ ated with poor prognosis up to 16 years before diagnosis in 14 patients with CLL. In 22

patients with longitudinal samples, the skewing of the BcR IGH gene repertoire increased
significantly over time to diagnosis or remained stable at high levels. For 14 of 16 patients with available samples at
diagnosis, the CLL clonotype was already present in the prediagnostic samples. Overall, our data indicate that the pre-
clinical phase of CLL could be longer than previously thought, even in adverse-prognostic cases.

® Significant skewing in
the BcR IGH gene
repertoire is an early
event in CLL
pathogenesis.

® Even high-risk CLL sub-
types may display a
prolonged indolent pre-
clinical stage.
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107 cells per liter.* LC MBL can be detected in up to 12% of
the elderly population and is found at increased prevalence in
relatives of patients with CLL.>? HC MBL cases progress to

Introduction
Since 2008, chronic lymphocytic leukemia (CLL) has been

defined by the presence of a persisting monoclonal B-cell
population =5 X 107 cells per liter, whereas monoclonal
expansions below this limit are classified as monoclonal B-cell
lymphocytosis (MBL)." MBL has been detected up to 6 years
before CLL diagnosis. 2 Clinically, MBL is categorized as
high count (HC) or low count (LC), based on a cutoff of 0.5 X

CLL requiring treatment at a rate of ~1% per year.*

A key factor for risk stratification of patients with CLL is the
somatic hypermutation status of the immunoglobulin heavy vari-
able (IGHV) gene.10 CLL cases with mutated IGHV (M-CLL)
genes are generally characterized by a more prolonged indolent
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Figure 1. Skewing of the BcR IGH gene repertoire is detectable by next-generation sequencing up to 16 years before CLL diagnosis. Dominant clonotype
frequency represents the size of the largest (most frequent) productive clonotype as a percentage of the total productive IGH gene reads in each given sample. Time
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disease course than cases of CLL with unmutated IGHV
genes (U-CLL)."" Another prognostically relevant immunoge-
netic feature of CLL concerns the stereotypy of the B-cell
receptor (BcR) immunoglobulins (1Gs)."? Indeed, distinct ste-
reotyped subsets can be defined by the expression of
shared sequence motifs and are associated with particular
presentations and outcomes.'% 12

In this context, we aimed to gain insight into the composition of
the BcR |G repertoire during the early stages of CLL through the
in-depth study of samples taken up to 22 years before
diagnosis.

Study design

Study subjects were participants in the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort.”® For the
current study, 124 healthy individuals who were later diagnosed
with CLL or small lymphocytic leukemia along with 118 controls
who were matched with regard to age, sex, blood draw date,
and center were selected (supplemental Figure 1 and supple-
mental Table 1, available on the Blood Web site). Longitudinal
samples were available for 22 of 124 patients. Postdiagnostic
clinical data were available for 32 of 124 patients (supplemental
Table 2). The timing of CLL diagnosis ranged from 1 month to
22 years after initial blood sampling. Genomic DNA was isolated
from buffy coats obtained at blood sampling. Lymphocyte
counts at the time of prediagnostic blood sampling were avail-
able for 28 patients and 28 matched controls. The immunoglob-
ulin heavy chain (IGH) gene repertoire was sequenced using a
leader-based IGH assay on an lllumina MiSeq (supplemental
Table 6). The IGH repertoire was characterized using the
ARResT/Interrogate immunoprofiler.'* Stereotyped subsets were
annotated through the ARResT/AssignSubsets tool. For details,
see supplemental Methods.

Results and discussion

First, unsurprisingly, we observed a significant difference in the
frequency of the dominant (most frequent) clonotype in patients
with CLL vs controls (P < .0001): the median frequency was
54.9% (interquartile range, 2.2% to 84.4%) and 0.38% (interquar-
tile range, 0.26-0.64%), respectively (Figure 1A). Patients with a
shorter time to CLL diagnosis had a higher dominant clonotype
frequency (P < .0001; Figure 1B; supplemental Table 3). More-
over, patients with a dominant clonotype frequency > 2% of
the total repertoire exhibited a shorter interval from sampling to
diagnosis (Figure 1C). Presence of a prediagnostic clonotype
>2% of the IGH gene repertoire did not have a significant
impact on overall survival of patients with CLL after diagnosis
(supplemental Figure 2).

For 56 participants, lymphocytes counts were recorded at
the time of baseline blood sampling (Figure 1D). Lymphocytosis
(>3 x 107 lymphocytes per liter of blood) was evident in 10 of
28 patients up to 8 years before CLL diagnosis, suggesting
undiagnosed instances of HC MBL or asymptomatic CLL. In con-
trast, next-generation sequencing results showed detectable
skewing of the IGH gene repertoire in 21 of 28 patients up to 15
years before CLL diagnosis, often in the absence of elevated lym-
phocyte counts (Figure 1E-F). Selection mechanisms may operate
long before lymphocyte counts become abnormal, leading to
restriction of the IGH gene repertoire and clonal expansion.
Remarkably, some patients with CLL requiring treatment and clini-
cal transformation to an aggressive B-cell lymphoma displayed
considerable skewing in the IGH gene repertoire as early as 16
years before CLL diagnosis (Figure 1G-H).

We determined the IGHV mutational status for all 100 future
patients with CLL with a dominant clonotype frequency >2%
(Figure 2A). We observed 68 mutated and 32 unmutated domi-
nant clonotypes, in accordance with previous reports of an IGHV
mutational status ratio of 2:1 in MBL.% Regardless of the associa-
tion of U-CLL with a poorer prognosis, there was no significant
difference in the time to diagnosis between M-CLL and U-CLL.
However, patients with a prediagnostic IGHV-unmutated domi-
nant clonotype had a significantly shorter overall survival after
CLL diagnosis compared with patients with an IGHV-mutated
clonotype (supplemental Figure 2). Furthermore, at early time
points (>10 years before diagnosis), patients with a high domi-
nant clonotype frequency were more likely to be IGHV mutated,
whereas this tendency was lost closer to diagnosis (Figure 2A),
indicating that the prediagnostic phase may be even longer
than 16 years for patients with M-CLL.

Next, we analyzed the IGH VDJ gene rearrangements of the
dominant clonotypes of all participants for BcR IG stereotypy.
Twenty-five patients were found to carry stereotyped BcR IG up
to 17 years prior to CLL diagnosis (Figure 2B; supplemental
Table 4). Of these, 10 clonotypes were assigned to minor CLL
subsets, and 15 were assigned to major CLL subsets; among the
latter, 14 cases belonged to high-risk subsets."®'® In most of
these cases, a trend for faster disease evolution was observed:
high frequency of the dominant clonotype was evident in sam-
ples obtained <6 years before diagnosis. High-risk stereotyped
clonotypes found longer before diagnosis (as early as 16 years
before diagnosis) tended to have a lower dominant clonotype
frequency (<20% of IGH gene repertoire). The stereotyped BcR
IG matched the clonotype at diagnosis for both patients with
diagnostic material. No stereotyped subsets were identified
among the dominant clonotypes of the healthy controls.

Figure 1 (continued) to diagnosis for controls reflects the time from sampling of the control to the diagnosis of the matched case. One sample was taken from each
patient. (A) Dominant clonotype frequency for patients with CLL and matched controls over time to CLL diagnosis. (B) Positive correlation between time to diagnosis
(TTD) and the dominant clonotype frequency as determined by Spearman correlation. The red line represents Loess regression, with 95% confidence intervals (Cls)
marked around. (C) Kaplan-Meier (survival) analysis for TTD from prediagnostic sample collection stratified by clonotype frequency. TTD of patients with a dominant clo-
notype frequency =2% of the productive IGH gene repertoire is depicted in red, whereas TTD of patients with a dominant clonotype frequency <2% is depicted in
blue. The 95% ClI is marked for each line. Significance was determined by the log-rank test. (D) Lymphocyte counts in patients with future CLL and matched controls.
(E) Dominant clonotype frequency for the same samples and individuals as in panel D. (F) Lymphocyte counts plotted against dominant clonotype frequency. The lym-
phocyte count of 1 outlier at 45 X 107/L was winsorized to 20 X 10%/L to preserve visibility of low-level dynamics. Dashed line indicates cutoff for abnormal lymphocyte
counts. (G) Skewing of the BcR IGH repertoire was detectable for CLL requiring treatment (red triangles) and indolent CLL during follow-up (blue circles), with a median
follow-up period of 8.7 years. (H) Skewing of the IGH repertoire was detectable for patients with a transformation to an aggressive B-cell lymphoma and those without

transformation during follow-up.

CLL DETECTABLE EVEN 16 YEARS PRIOR TO DIAGNOSIS
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Figure 2. Characterization of prediagnostic and diagnostic samples. (A) IGHV mutational status determination of all samples from patients with future CLL with a
dominant clonotype frequency >2%. If no clonotype > 2% dominant clonotype frequency was present in the earliest sample of a patient, dominant clonotypes from
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To investigate the temporal dynamics of the IGH gene reper-
toire, we sequenced an additional 35 longitudinal samples from
22 patients, of whom 16 had an available diagnostic sample.
For 21 of 22 patients, the frequency of the dominant clonotype
increased strongly over time or remained stable at high fre-
quency (P < .0001; Figure 2C). For 14 of 16 patients, the CLL
BcR IG clonotype was already present at the earliest time point:
either as the dominant clonotype (10/14) or in the background
(4/14) (Figure 2C; supplemental Table 5). Three patients pre-
sented with significant multiclonal dynamics, displaying clonal
competition and biclonality (Figure 2D) that were reported previ-
ously in LC MBL.®" Interestingly, the repeated samples of
patient 2 also captured the emergence of a secondary clono-
type in a monoclonal proliferation, which then expanded to
become the dominant clonotype at CLL diagnosis. To our
knowledge, the dynamics of the emergence of biclonality in a
patient with MBL and subsequent progression to CLL have
never been captured in such a convincing manner. Furthermore,
2 patients, expressing a stereotyped IGHV3-21 gene (#2) and
the highly similar IGHV3-48 gene carried IGLV3-21 light chain
rearrangements with a characteristic mutation (R110) in the J-C
linker region (Figure 2B), which was reported previously as being
critical for cell autonomous signaling capacity in CLL subset #2
and related immunogenetic subgroups, including the IGHV3-
48-expressing stereotyped subset #169. This mutation was pre-
sent in all analyzed samples from both cases, indicating that a
particular signaling behavior is already established from early
stages in the genesis of a CLL clone.

Our findings extend current knowledge on the evolution of the
IGH repertoire prior to CLL diagnosis, highlighting that even
high-risk CLL subtypes may display a prolonged indolent preclini-
cal stage. We speculate that somatic genetic aberrations, (auto)s-
timulation, and epigenetic and/or microenvironmental influences
are required for the transformation into overt CLL.'®%* Because
the observed skewing in the IGH gene repertoire often occurs
prior to B-cell lymphocytosis, we consider our findings a novel
extension of the characterization of MBL. Further studies may
prove invaluable in the clinical distinction between “progressing”
MBL vs “stable” MBL.?* Notwithstanding the above, we empha-
size that early detection is only warranted if it provides clear ben-
efits to patient care. Early therapy, in the absence of symptoms,
is not indicated in patients with CLL because it does not confer a
survival benefit?® Therefore, screening through BCR repertoire
sequencing for the early detection of MBL/CLL in relatives of
patients with CLL or the general population is not indicated.

In conclusion, we detected significant skewing in the IGH gene
repertoire at the early steps of the natural history of CLL, sup-
porting its role as an early event in CLL pathogenesis. Notably,
our study shows that U-CLL clonotypes and clonotypes belong-
ing to high-risk CLL stereotyped subsets can be present as early
as 16 years before CLL diagnosis.
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Figure 2 (continued) any later measurements were used. Mutated clonotypes are shown as red circles, whereas unmutated clonotypes (IGHV mutational status >98%
germline sequence identity) are shown as blue triangles (upper panel). A Kaplan-Meier (survival) curve for time until CLL diagnosis stratified by IGHV mutational status,
indicating that the log-rank test does not find any significant difference (lower panel). (B) Overview of all CLL subsets identified in the data; major subsets were divided
by subsets associated with aggressive or indolent disease course. Minor subsets are shown separately in light green. Samples in which the K16 and YDSD motifs and
the R110 mutation of light chain subset 2L were confirmed are shown as purple triangles. Patients with repeated samples are connected by a black line (upper panel).
A Kaplan-Meier (survival) curve for the time to CLL diagnosis from prediagnostic sample collection stratified by BcR stereotyped CLL subsets, indicating that the log-
rank test does not find any significant difference (lower panel). (C) Cumulative frequency of clonotypes detected at CLL diagnosis for the prediagnostic sample(s) and
diagnostic sample. Cumulative indicates that if >1 clonotype was shared in the prediagnostic sample and diagnostic sample [eg, patient 1 and 2 in panel D], their fre-
quency was summed up. For patients for whom no diagnostic sample was available, the most skewed clonotype in the sample closest to diagnosis was traced instead.
(D) The distribution of the BcR IGH gene repertoire of 3 patients with multiple clonotypes that underwent significant shifts over time to diagnosis. Dominant clonotype
at CLL diagnosis is shown in red for each sample, with any secondary clonotype at diagnosis shown in blue. All small unrelated clonotypes (frequency <5%) were
summed up and shown as background in light green. For more information on all patients with diagnostic material, see supplemental Tables 1 and 3.
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