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Dear Editor,

In chronic lymphocytic leukemia (CLL), a specific G-to-R
replacement at the boundary of variable and constant region of
the B cell receptor (BCR) light chain IGLV3-21 (IGLV3-21%'"0)
facilitates homotypic BCR-BCR interactions [1-7]. While virtually all
CLL BCR are prone to autonomous signaling induced by such
contacts, the IGLV3-217""° molecular interaction defines a distinct
clinical subset of patients that show a very aggressive clinical
course [8].

While we currently lack an exact mechanistic understanding of
how the CLL-promoting R110 residue is generated, its localization
at the boundary of variable and constant regions suggests that it
may be a product of errors in double strand break repair in the
process of the V-J rearrangement of the light chain. This is
especially interesting since mutations in SF3B1 and ATM have
been found overrepresented in IGLV3-21%""" expressing CLL
[9, 10]. Both genes are involved in DNA damage response and
repair of DNA double strand breaks that do occur in the V-J
recombination process [11, 12]. This could open up the intriguing
possibility that these mutations are acquired first and may
subsequently prevent the repair of point mutations such as the
one resulting in IGLV3-217""°,

If indeed IGLV3-217""° was generated through dysfunctional V-J
recombination that is facilitated through mutations in genes
involved in DNA repair, this would require acquisition of such
mutations before light chain V-J recombination e.g. at the pre-B
cell stage or earlier. The error permissive environment created by
such mutations would be supported by the finding of different
CLL clones that undergo independent G to R exchanges in the
process of V-J recombination.

To investigate this hypothesis and thereby gain insight into the
transformation trajectory of IGLV3-2171"° CLL, we screened a
cohort of 127 CLL by flow cytometry for IGLV3-21%""° using an
IGLV3-217""° specific antibody (Fig. 1A). Twelve IGLV3-21%'"°
expressing CLL cases were identified making up 9.4% of the
overall CLL cohort. These were studied in greater detail using next-
generation sequencing (NGS) of immunoglobulin gene rearrange-
ments on flow cytometry sorted and unsorted cells, evolutionary
reconstruction of the CLL clone by analysis of V(D)J rearrange-
ments and somatic hypermutation as well as genetic typing for
driver gene mutations and chromosomal deletions as described in
the Detailed Methods Section.

Indeed, genetic alterations in ATM and SF3B1 that are
associated with the DNA damage response and repair of DNA
double strand breaks that do occur in the V-J recombination
process were found overrepresented in our IGLV3-217""° CLL cases
thereby confirming prior evidence: [9, 10] 42% (5 of 12) of the
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IGLV3-21%1"0 CLL cases harbored mutations in ATM and 25% (3 of
12) in SF3B1 compared to 10-15% mutation frequency of each
ATM and SF3B1 in unselected CLL (Fig. 1B).

All twelve cases were subjected to light chain NGS. As a control,
two kappa and two lambda expressing non-IGLV3-217""° CLL
cases and two healthy individuals were sequenced. The amplifica-
tion protocol did not rely on J gene primers and instead used
primers annealing to the intronic regions downstream of the J
genes to be able to detect position 110 with high fidelity
(Supplementary Fig. 1). The NGS analysis confirmed prior antibody
staining results regarding the presence or absence of the R110
residue in the main CLL clone (Fig. 1C, Supplementary Table 1).
Kappa deleting element rearrangement was found in all but one
IGLV3-21%""° case. Moreover, we detected sequences coding for
the G110 residue in normal bystander B cells expressing IGLV3-21,
pointing at the acquired nature of the R110 residue in the CLL
clone (Fig. 1C). In half of the studied IGLV3-21%""° CLL cases (six of
twelve), we found evidence for more than one clone carrying the
R110 residue (Fig. 1D). It is well known that CLL BCR undergo
clonal evolution as evidenced by ongoing somatic hypermutation
of their immunoglobulin variable regions. In our dataset, however,
we detected not only mutational differences between IGLV3-
21”170 expressing clones, but also different V-J rearrangements
documenting different clonal origins (Fig. 1D). To rule out the
possibility that identical J genes are masked by somatic
hypermutation to the point that they appear as different germline
cassettes, we confirmed the clonal rearrangement in the
respective cases by aligning the intron sequences following the
J genes to the genome sequences (Supplementary Fig. 1). The
finding of differential J gene usage of clones bearing the R110
mutation within the same patient shows that these clones must
have acquired the R110 point mutation independently of each
other. This, in turn, could point to an error-prone environment
which would increase the chances of generating R110 in the
course of a dysfunctional V-J recombination.

Case CLL374 enabled us to reconstruct its transformation
trajectory. In this patient, thorough analysis of the heavy chain
somatic hypermutation pattern was possible for both malignant
clones since the smaller subclone made up ~10% of the
repertoire. First, we confirmed that the smaller IGLV3-21%""°
expressing clone indeed represented a CLL subclone by repetition
of immunoglobulin heavy and light chain NGS on sorted CD19
+/CD5+ cells (Fig. 2A). This analysis confirmed the presence of
both IGLV3-21%""° light chains in the CD19+/CD5+ population.
Moreover, this analysis showed that both malignant subclones in
this patient shared the same heavy chain VDJ rearrangement, yet
with a different somatic hypermutation pattern (Fig. 2B). This
suggested that the CLL-determining mutations in the CLL founder
clone (ATM and SF3B1) have likely occurred at the level of the pre-
B cell after immunoglobulin heavy chain rearrangement (IGHV3-
48/D3-10/J5) but before light chain rearrangement, while the two
R110 exchanges must have been acquired independently of each
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other at the time of light chain recombination (IGLV3-21/J1 and
IGLV3-21/J3). The early separation of the two CLL clones after
heavy chain rearrangement are further supported by fully
divergent somatic hypermutation trajectories in the IGHV gene
(Fig. 2B, Q).
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IGLV3-21 repertoire analysis of IGLV3-21%""° CLL cases
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These data are surprising and generate fascinating insight
into the clonal evolution of CLL. One major new aspect is the
finding that IGLV3-21%""% CLL is not a strictly monoclonal
disease, at least if we define monoclonality by a BCR consisting
of the same heavy and light chain rearrangement. Intriguingly,
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Fig. 1 Overview of IGLV3-21 usage in the CLL cohort and subclonal landscape of IGLV3-21%""° expressing CLL cases. A Screening of the
CLL cohort for IGLV3-21%""° via flow cytometry and confirmation of results by next-generation sequencing (NGS) of the B cell receptor light
chain (LC) repertoire. B Mutational profile of IGLV3-217""° expressing CLL cases. C Analysis of the IGLV3-21 immune repertoire in patients with
IGLV3-21R"" expressing CLL. Frequencies of IGLV3-21%""° and IGLV3-21”"" sequencing reads are plotted. D Clonal distribution of the IGLV
immune repertoire in 12 patients with IGLV3-217""° expressing CLL as well as 6 control cases with nonlGLV3-21%""° expressing lambda CLL,
kappa CLL or healthy donors (HD). One bubble represents one IGLV clone. The area size of the bubbles is Proportional to the clonal frequency
except for the main CLL clone which dominates the repertoires. Cases with diverging IGLJ in IGLV3-21%"'° bystander clones are marked with
an asterisk (¥).
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Fig.2 Clonal evolution in patient CLL374. A Exemplary flow cytometric image of one CLL case positive for expressing IGLV3-217"° (CLL374).
The images were created using FlowJo™ Software (BD Biosciences). The CD19 + /CD5 + cell fraction of CLL374 was sorted and subjected to
heavy and light chain NGS for confirmation of CLL clone sequences. B Sites of somatic hypermutation in IGHV and IGLV genes of clone 1 and 2
of CLL374 with discordant IGLV-J rearrangements. Clone 1 and 2 were found in bulk sequencing of genomic DNA isolated from PBMCs as well
as in the CD5 + /CD19 + cell fraction sorted via FACS (A). C Schematic representation of clonal trajectories leading to different CLL subclones
in patient CLL374.

the different clones constituting one tumor must have
developed their major driver mutation—the R110 light chain
residue—in a parallel evolutionary trajectory. This sup&oorts the
pronounced functional importance of the IGLV3-21%1"° light
chain as a tumor driver in this CLL subset. At the same time, this
data suggest that although the mutational process is stochastic,
genetic trajectories may be heavily constrained by convergence
on key signaling pathways. In our setting, this highlights the
robust evolutionary selection of BCR-BCR interaction and
autonomous signaling.
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On the other hand, this data may provide first insight—
although no formal proof—why and how different clones are sent
on a parallel evolutionary track in CLL patients of this subset. In
case CLL374, we find both divergent light chain clones to express
the same heavy chain rearrangement. Clonal diversification,
therefore, very likely occurred after heavy chain rearrangement,
but before light chain rearrangement. The fact that two different
CLL clones emerge from the same heavy chain rearranged
precursor B cell suggests that this precursor may already harbor
genomic lesions conferring increased proliferative potential. The
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driver mutations found in CLL374 were lesions of SF3B1 and ATM
that are classically associated with IGLV3-217"1° expressing CLL
[9, 10]. In addition to increasing proliferative potential of the
precursor B cell, these driver mutations may also create an error-
prone environment impeding error-repair in V-J recombination.
Ultimately, this may lead to accumulation of clones with G-to-R
substitutions at position 110 at the boundary of light chain
variable and constant regions. The possibility that mutations in
SF3B1, ATM or functionally similar genes may exert their
transformative role if expressed before the BCR is assembled,
may be further supported by the development of CLL-like cells in
a murine SF3B1 mutation/ATM deletion model [13] as well as by
the increased CLL risk in humans with germline polymorphisms of
ATM and those with the neurodegenerative disorder ataxia
telangiectasia caused by germline loss of ATM [14, 15].

Taken together, our data shed light on the transformation
trajectory in IGLV3-21%""° CLL. To our knowledge, our work
demonstrates for the first time a branching, but functionally
convergent evolution in CLL thereby emphasizing the role of
IGLV3-21%1"° a5 a tumor promotor involved in malignant
transformation of a very aggressive CLL subset.
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