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INTRODUCTION
A major mechanism for the generation

of a broad repertoire of human antibody
specificities is the rearrangement of one
each from a cluster of multiple and dis-
tinct immunoglobulin (IG) heavy and

light variable (V), diversity (D: for heavy
chains only) and joining (J) genes (1).
This combinatorial diversity is further in-
creased by the junctional diversity that
results from differential trimming of nu-
cleotides from the ends of the rearranged

genes (exonuclease activity) along with
the addition of random nucleotides be-
tween them (terminal deoxynucleotidyl
transferase [TdT] activity) (2,3). This step
ensures that the somatically created
 complementarity-determining region 3
(CDR3) is the most diverse part of the
variable domain.

The CDR3 of the V domain of the
heavy chain (VH) plays a critical role in
antigen recognition to the extent that the
more similar the primary VH CDR3 se-
quences of two IGs, the more similar
their folding and, likely, their specifici-
ties (4). Thanks to the accumulated ef-
fects of both combinatorial and junc-
tional diversity, normally, the chances
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that two independent B-cell clones will
carry identical VH CDR3 are considered
as negligible.

Against this background, chronic lym-
phocytic leukemia (CLL) is uniquely
characterized by the existence of subsets
of cases with quasi-identical (stereo-
typed) VH CDR3 sequences within their
B-cell receptors (BcRs) that collectively
account for up to 30% of the cohort
(5,6). Such striking BcR similarity in un-
related CLL cases has been widely inter-
preted as evidence for a role for a lim-
ited set of antigens or structurally
related epitopes in leukemogenesis
(5,7–10).

VH CDR3 formation starts at the early
stages of B-cell development by the re-
arrangement of an immunoglobulin heavy
constant delta (IGHD) to an immunoglobu-
lin heavy joining group (IGHJ) gene, fol-
lowed by the rearrangement of an im-
munoglobulin heavy variable group (IGHV)
gene to the partially rearranged IGHD-
IGHJ genes. Partial IGHD-IGHJ
 rearrangements (D-J) hallmark the dif-
ferentiation of common lymphoid pre-
cursors into the B-cell lineage and are
already present in CD34+/CD19–/CD10+

precursor cells (11,12). Partial IGHD-
IGHJ rearrangements (even if produc-
tively rearranged) do not always recom-
bine to an IGHV gene. In this case, the
IGHD-IGHJ remains as a partial D-J re-
arrangement in the immunoglobulin
heavy (IGH) locus. The biological mecha-
nism, which determines whether a par-
tial IGHD-IGHJ rearrangement will de-
velop into an IGHV-IGHD-IGHJ
rearrangement is still unknown.

Studies in the mouse have shown a
biased usage of IGHD genes in reading
frames (RFs) encoding for hydrophilic
amino acids in IGHV-IGHD-IGHJ re-
arrangements (V-D-J) along with
counter-selection of IGHD-IGHJ re-
arrangements with IGHD genes in RF
encoding for hydrophobic amino acids
or stop codons (13–18) . Relevant stud-
ies have also shown that IGHD-IGHJ
with IGHD genes rearranged in RF en-
coding for hydrophobic amino acids can
be translated into a truncated μ protein,

called Dμ (13,19). The Dμ protein was
found to be expressed on the cell sur-
face of murine pre-B cells assembled
with surrogate light chains and the core-
ceptors CD79A (Igα) and CD79B (Igβ).
This defective pre-B receptor acts as a
signal transducing receptor and may in-
terfere with B-cell development by in-
hibiting further IGHD-IGHJ replace-
ments as well as IGHV-IGHD-IGHJ
rearrangements (20).

Partial IGHD-IGHJ rearrangements are
readily found in pre-B cells. They have
also been reported in a proportion of
both precursor B-cell acute lymphoblas-
tic leukemia cases (21) and mature B-cell
malignancies (22–24). Accumulating evi-
dence from previous reports suggests
that these rearrangements may offer a
glimpse into the ontogenetic history of
normal and malignant B cells as well as
the mechanisms underlying the diverse
IG repertoires observed at different de-
velopmental stages or different B-cell
neoplasms.

With this in mind, we here analyzed
the molecular features of D-J rearrange-
ments in a series of 829 patients with
CLL, which we subsequently compared
with (a) the productive V-D-J from the
same CLL clones and (b) the D-J ob-
tained from a series of 160 patients with
acute lymphoblastic leukemia (ALL), se-
lected for comparison as representative
of a malignancy of early B cells, thus
contrasting CLL, a malignancy of mature
B cells. Our aim was to gain insight into
the mechanisms that shape the IG reper-
toire and determine the developmental
stage when VH CDR3 restrictions are im-
posed in CLL.

MATERIALS AND METHODS

Patient Group
Blood samples were collected from 829

consecutive typical CLL cases from col-
laborating institutions in France and
Greece who met the International Work-
shop on CLL/National Cancer Institute
(iwCLL/NCI) diagnostic criteria (25).
Blood and/or bone marrow samples
were also collected from 160 cases with

B-cell lineage ALL from Germany, diag-
nosed according to World Health Organi-
zation criteria and immunological
marker analysis and selected on the basis
of carrying partial IGHD-IGHJ rearrange-
ments, amplified with BIOMED-2 proto-
cols (26). The study was approved by the
local ethics review committee of each in-
stitution. In all CLL cases, the tumor load
was at least 80%.

Polymerase Chain Reaction
Amplification and Sequence Analysis
of IGHV-IGHD-IGHJ Gene
Rearrangements

Mononuclear cells were separated from
blood samples (and/or bone marrow) by
centrifugation on a Ficoll-Hypaque gra-
dient. Polymerase chain reaction (PCR)
amplification of IGHV-IGHD-IGHJ gene
rearrangements was performed on either
genomic DNA (gDNA) or complemen-
tary DNA (cDNA), as previously de-
scribed (27). Purified PCR amplicons
were subjected to direct sequencing on
both strands. Sequence data were ana-
lyzed using the IMGT® databases and
the IMGT/V-QUEST tool (http://www.
imgt.org) (28,29).

PCR Amplification and Sequence
Analysis of Partial IGHD-IGHJ Gene
Rearrangements

PCR amplification of partial IGHD-
IGHJ gene rearrangements was per-
formed on gDNA using seven subgroup-
specific IGHD primers in combination
with a consensus IGHJ primer, following
the BIOMED-2 experimental protocol
(26). Primers were designed to anneal to
the intron upstream of the IGHD gene in
distinct positions relative to the recombi-
nation signal sequence (RSS) elements
for each IGHD subgroup, resulting in
PCR product sizes specific for each
IGHD subgroup, ranging from 100 to 
420 bp. Primer annealing to intron se-
quences precludes the possibility of am-
plification of the IGHD-IGHJ joint of the
coexpressed IGHV-IGHD-IGHJ re-
arrangement (26). In all cases, the clonal
amplification PCR product was easily
discriminated from the polyclonal “back-
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ground” (if present) obtained of residual
normal B cells that was faint and did not
hinder the detection of a predominant
PCR band.

Purified PCR products were subjected
to direct sequencing on both strands, and
sequence analysis was performed by a
multistep procedure using the Basic
Local Alignment Search Tool (BLAST,
http://blast.ncbi.nlm.nih.gov), the Ex-
pert Protein Analysis System (ExPASy,
http://au.expasy.org) and databases, al-
gorithms and tools from IMGT®, the in-
ternational ImMunoGeneTics informa-
tion system (http://www.imgt.org).

As a first step, we identified the re-
arranged IGHD and IGHJ genes by align-
ing each sequence to the entire IGHD-
IGHJ germline sequence (GenBank
accession number EMB/X97051) using
the “align2sequences” tool of “special-
ized BLAST.” The imprint of exonuclease
and TdT activity in the D-J joint was de-
termined by comparing each sequence
to the corresponding germline IGHD and
IGHJ gene according to the IMGT rules
for junction analysis of the immunoglob-
ulin genes (http:// www.imgt.org/
IMGT_jcta/share/textes/userGuide.
html#VDJends). The patterns “m,” “m-“
and “‘mm—” were trimmed from the 
3′ end of the D-REGION, the patterns
“m,” “-m” and “—mm” were trimmed
from the 5′ end of the J-REGION, where
“m” indicates a mutation and “-” indi-
cates an identical nucleotide by compari-
son with the corresponding germline se-
quences, ensuring that at least two
nucleotides at each end of the IGHD and
IGHJ genes are identical to germline. Fol-
lowing this rule, we then determined all
nucleotide changes in these sequences
that met the criteria for being considered
as mutations.

Subsequently, each nucleotide se-
quence was translated in all RFs using
the “translate tool” from ExPASy. Given
that, in a productive rearrangement, the
IGHJ gene must be read in the RF that
encodes the motif WGXG (where “W”
is tryptophan, “G” is glycine, “X” is
any amino acid and “G” is glycine, re-
spectively), each amino acid sequence

carrying the WGXG motif was further
compared with the amino acid se-
quences of the corresponding IGHD
gene in all three RFs, to define the
proper IGHD RF in each rearrange-
ment. According to IMGT®, IGHD
RF1/RF2/RF3 was counted from the
first/second/third nucleotide of the 
D-REGION (that follows the 5′D-
 HEPTAMER), respectively.

Rearrangements carrying a stop codon
in the IGHD-IGHJ joint were considered
as unproductive (following the IMGT
definition of the functionality), since they
could not lead to a productive IGHV-
IGHD-IGHJ rearrangement. Productively
rearranged D-J joints with a stop codon
within the IGHD gene sequence were re-
tained in the analysis, since they could
eventually lead to a productive IGHV-
IGHD-IGHJ rearrangement after removal
of the stop codon during IGHV to IGHD-
IGHJ recombination (for example, by ex-
onuclease trimming of the IGHD gene, a
feature often seen in productive re-
arrangements from normal, autoreactive
or malignant B-cell clones, including
CLL).

Statistical Analysis
Descriptive statistics for discrete pa-

rameters included counts and frequency
distributions. For quantitative variables,
statistical measures included means, me-
dians, standard deviation and min–max
values. Significance of bivariate relation-
ships between variables was assessed

using χ2 and t tests. For all comparisons,
a significance level of P at 0.05 was set,
and all statistical analyses were per-
formed with the statistical package SPSS
version 17.0 (SPSS, Chicago, IL, USA).

All supplementary materials are available
online at www.molmed.org.

RESULTS

Molecular Features of Productive
IGHV-IGHD-IGHJ Rearrangements in
CLL

Productive IGHV-IGHD-IGHJ re-
arrangements (V-D-J) were successfully
sequenced in all 829 CLL cases included
in the study. A total of 12 of 829 CLL
cases (1.4%) carried double productive
IGHV-IGHD-IGHJ rearrangements. Using
the 98% cutoff value for identity to the
closest germline gene, 455 of 842 (54%)
IGHV sequences were considered as
“mutated,” whereas the remaining 387 of
842 (46%) were considered as “unmu-
tated” (283 of 387 unmutated sequences
had 100% identity to germline). In keep-
ing with previous reports (30,31), the
most frequent IGHV genes in the mutated
subgroup were IGHV4-34, IGHV3-23
and IGHV3-7, whereas the IGHV1-69,
IGHV1-2 and IGHV4-39 genes predomi-
nated in the unmutated subgroup (Sup-
plementary Table 1). Following previ-
ously described criteria (6), overall, 215
of 829 cases (25.9%) were assigned to dif-
ferent subsets with stereotyped BcR.

Figure 1. Differential usage of selected IGHD genes in D-J in CLL, D-J in ALL and produc-
tive V-D-J in CLL.
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IGHD3 subgroup genes predominated
among V-D-J, followed by IGHD2 sub-
group genes. At the individual gene
level, IGHD3-3 was the most frequent
gene (131/842 V-D-J, 15.6%), followed by
the IGHD6-19 (92/842 V-D-J, 10.9%) and
IGHD2-2 genes (76/842 V-D-J, 9%) (Sup-
plementary Table 2) (Figure 1). Among
the IGHJ genes, IGHJ4 and IGHJ6 were
the most frequently used genes in V-D-J
(365/842, 43.3%, and 244/842, 29%, re-
spectively) (Supplementary Table 3).

Molecular Features of Partial IGHD-
IGHJ Rearrangements in CLL

Partial IGHD-IGHJ rearrangements 
(D-J) were detected in 272 of 829 patients
with CLL (32.8%). No significant associa-
tions were identified regarding the fre-
quency of D-J in relation to IGHV gene
usage or mutational status or BcR stereo-

typy observed in the productive re-
arrangement from the other allele,
thereby indicating no intrinsic differ-
ences between CLL cases with different
BcR.

Sequence analysis was feasible in 238
of 272 D-J, of which 198 (83.2%) were
productively rearranged (no stop codon
at the IGHD-IGHJ joint). Five D-J carried
readily identifiable IGHD-IGHD gene fu-
sions (Supplementary Table 4), four of
which were productively rearranged.
Overall, 21 different IGHD genes were
identified in 198 productively rearranged
D-J.

IGHD2 subgroup genes predominated
among productively rearranged D-J,
with IGHD2-2 being the far most fre-
quent gene (56 of 198 D-J, 28.3%), fol-
lowed by IGHD2-15 (19 of 198 D-J, 9.6%)
(Figure 1; Supplementary Table 5). The

IGHJ4 and IGHJ6 genes were used at
similar frequencies, collectively account-
ing for 65.6% of the series (130 of 198
cases; Supplemental Table 6). All three
RFs (RF 1, 2 and 3) of the IGHD genes
were equally distributed among produc-
tively rearranged D-J (Table 1).

Additionally, no difference was identi-
fied regarding the usage of hydrophobic
RF versus hydrophilic RF versus RF with
stop codon(s) (Table 1). A total of 10 of 63
cases with the IGHD gene read in an RF
with stop codon(s) had lost the germline-
encoded stop codon during IGHD-IGHJ
rearrangement. Evidence for TdT, 5′- and
3′-exonuclease activities was identified in
most cases (Table 2).

Sequence changes in the form of point
mutations were detected in 24 of 198 D-J
(12.1%): in particular, 22 cases carried a
single mutation, whereas the remaining
two cases carried two mutations. Of 24
cases with mutations in D-J, 20 carried
somatically hypermutated IGHV genes
in the corresponding V-D-J, whereas the
remaining four cases carried coding
IGHV genes with 100% identity to
germline.

Comparative Assessment of Partial
IGHD-IGHJ versus Productive IGHV-
IGHD-IGHJ Rearrangements in CLL

For all subsequent analyses, we fo-
cused on the subgroup of 198 cases car-
rying a productively rearranged D-J on
one allele along with a productive V-D-J
on the other allele and performed a de-
tailed comparative assessment of the D-J
joints and V-D-J junctions. Regarding the

Table 1. IGHD gene RF usage and hydropathicity in productively rearranged IGHD-IGHJ
(D-J) versus productive IGHV-IGHD-IGHJ (V-D-J) in CLL and ALL.

D-J in CLL V-D-J in CLLa D-J in ALL V-D-J in ALLa

IGHD RF
RF1 73 (36.1) 40 (20.8) 48 (34.5) 14 (28.6)
RF2 64 (31.7) 100 (52.1)b 43 (31.0) 17 (34.7)
RF3 65 (32.2) 52 (27.1) 48 (34.5) 18 (36.7)

IGHD RF
Hydrophilic RF 70 (34.6) 118 (61.5)b 51 (36.7) 18 (36.7)
Hydrophobic RF 69 (34.2) 51 (26.6) 45 (32.3) 22 (44.9)
RF with stop codon(s) 63 (31.2) 23 (11.9) 43 (31.0) 9 (18.4)

Data are n (%).
aIn 6 of 198 and 4 of 53 V-D-J in CLL and ALL, respectively, the IGHD gene was not
determined.
bStatistically significant higher frequency for RF2 and hydrophilic RF was observed in
productive V-D-J junctions versus productively rearranged D-J joints in CLL (P < 0.001 for
both comparisons).

Table 2. TdT and exonuclease activity in productively rearranged IGHD-IGHJ (D-J) versus IGHV-IGHD-IGHJ (V-D-J) in CLL and ALL.

D-J V-D-J D-J V-D-J D-J versus D-J versus D-J in CLL 
in CLL in CLL in ALL in ALL V-D-J in CLL (P) V-D-J in ALL (P) versus ALL (P)

TdT activity
Positivity (%) 96.9 92.0 90.0 89.8 0.03 0.92 0.01
Median number of nucleotides (range) 9 (1–76) 7 (1–39) 8 (1–34) 6 (1–81) 0.01 0.96 0.13

3′ IGHD exonuclease activity
Positivity (%) 87.6 81.8 88.5 85.7 0.06 0.98 0.52
Median number of nucleotides (range) 4 (1–24) 4 (1–19) 4 (1–25) 5 (1–16) 0.74 0.12 0.26

5′ IGHJ exonuclease activity
Positivity (%) 86.6 86.6 85.4 77.6 0.99 0.08 0.84
Median number of nucleotides (range) 5 (1–27) 5 (1–29) 6 (1–25) 5 (1–16) 0.39 0.06 0.06
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molecular features of rearranged IGHD
genes in V-D-J, a preferential usage of
IGHD genes in RF2 versus RF1 or RF3
and hydrophilic RF versus hydrophobic
RF or RF with stop codon(s) was re-
corded. Evidence for TdT, 5′- and 3′-ex-
onuclease activities was found in most
cases (Table 2). Comparison of the pro-
ductively rearranged D-J joints versus
productive V-D-J junctions revealed that,
except for exonuclease activities, which
were similar in both D-J and V-D-J, the
D-J and V-D-J differed significantly.

In particular, TdT activity was recorded
in a significantly higher proportion of D-J
versus V-D-J (P = 0.03); additionally, a
higher number of inserted nucleotides
was found in D-J versus V-D-J (P = 0.01)
(Table 2). Furthermore, certain genes
were overrepresented (IGHD3-3, 
IGHD6-19, IGHD3-10) or underrepre-
sented (IGHD2-2, IGHD2-15, IGHD1-26,
IGHD4-23) in V-D-J versus D-J (P < 0.01
for all comparisons) (Figure 1). All genes
overrepresented in V-D-J versus D-J ex-
hibited biased usage of a single RF
(IGHD3-3: RF2; IGHD3-10: RF2; IGHD6-19:
RF3), whereas no such bias was observed
in the (few) D-J using the same genes 
(P < 0.001 for all comparisons). Addition-
ally, a significantly higher frequency (P <

0.001) of hydrophilic RF was recorded
among V-D-J (Table 1).

The evident selection for the IGHD3-3
gene in productive V-D-J in CLL prompts
a closer examination of its properties. As
previously shown for productive re-
arrangements in CLL (32,33), this gene is
preferentially used in RF2, thus encoding
for a relatively long peptide sequence (10
amino acids: YYDFWSGYYT) with a pre-
dicted acidic isoelectric point value (3.8).
Additionally, rearrangements carrying
the IGHD3-3 gene are biased to the usage
of the IGHJ6 gene (YYYYYGMDV)
(32,33), leading to the formation of long
VH CDR3 enriched in tyrosine residues
(Figure 2). In principle, increased usage
of any single amino acid restricts the
overall VH CDR3 variability (34). How-
ever, tyrosine may be considered as an
exception in that it allows for many
forms of inter- and intramolecular bond-
ing that enable aromatic stacking interac-
tions and, thus, increase VH CDR3 flexi-
bility and, likely, the range of antigenic
epitopes that can be “accommodated” in
the antigen-binding loop (34). Interest-
ingly, usage of IGHD3-3 in RF2 among 
V-D-J, especially those using the IGHV1-69
gene, has been reported as an adverse
prognostic indicator in CLL (32).

Molecular Configuration of Partial
IGHD-IGHJ Rearrangements in ALL
and Comparison to CLL

A total of 160 cases with B-cell lineage
ALL were selected for analysis on the
basis of carrying a partial IGHD-IGHJ re-
arrangement. Overall, within this cohort,
174 D-J and 74 V-D-J were successfully
analyzed. Fourteen of 160 cases carried
double D-J, whereas 9 cases carried dou-
ble V-D-J. Fifteen D-J bore multiple IGHD
genes in the form of IGHD-IGHD gene
fusions. In 13 of 15 such junctions, two
IGHD genes were identified, whereas the
remaining two junctions bore three IGHD
genes (Supplementary Table 7).

In 10 ALL cases, the same IGHD-IGHJ
joint was identified in both their D-J and
V-D-J, indicative of clonal evolution (Sup-
plementary Table 8); four of these cases
carried IGHD-IGHD gene fusions. Cases
with evidence of clonal evolution were
excluded from further repertoire analysis.

A total of 30 D-J carried a stop codon in
the IGHD-IGHJ joint (including seven of
the remaining 11 cases with IGHD-IGHD
gene fusions). Among the remaining 134
productively rearranged D-J, IGHD2 sub-
group genes predominated, with IGHD2-
2 being the most frequent gene (36 of 134
D-J, 26.9%) followed by IGHD2-15 (16 of

Figure 2. Graphical representation of IGHD and IGHJ gene associations in CLL and ALL. (A) Partial IGHD-IGHJ (D-J) rearrangements in
CLL. (B) Partial IGHD-IGHJ (D-J) rearrangements in ALL. (C) Productive IGHV-IGHD-IGHJ (V-D-J) rearrangements in CLL. The graphs were
prepared by using the Circos software package (http://mkweb.bcgsc.ca/circos). Strong biases are evident in the case of (a) the
IGHD2-2 gene, which is very frequently recombined to the IGHJ6 gene in D-J; (b) the IGHD3-3 gene, which is recurrently recombined to
the IGHJ6 gene in V-D-J; and (c) the increased usage of the IGHD7-27 and IGHJ6 genes in D-J in ALL.
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134 D-J, 11.9%) (Figure 1; Supplementary
Table 9). IGHD7-27, the most IGHJ-
 proximal gene (that is, of all IGHD genes
the most proximal to the IGHJ gene clus-
ter), was identified in 6 of 134 (4.5%)
cases. IGHJ6 was by far the predominant
gene (73 of 134 D-J, 54.5%); collectively,
IGHJ4, IGHJ5 and IGHJ6 were found in
118 of 134 D-J (88.1%) (Supplementary
Table 10). All three RFs of the IGHD
genes were equally distributed among
the productively rearranged D-J, and
there was no difference in the usage of
hydrophilic RF versus hydrophobic RF
versus RF with stop codon(s) (Table 1).
Five of 43 cases with the IGHD gene read
in an RF with stop codon(s) had lost the
germline-encoded stop codon during
IGHD-IGHJ rearrangement. Evidence for
TdT, 5′- and 3′-exonuclease activities was
identified in most cases (Table 2). Single
sequence changes in the form of point
mutations were detected in 9 of 134 D-J
(6.7%); in all cases, the mutation was lo-
cated within the IGHD gene  sequence.

A total of 53 of 134 cases (39.5%) carry-
ing D-J on one IGH allele also carried a
V-D-J on the second IGH allele; only 19
of 53 V-D-J (36%) were in-frame. In keep-
ing with the literature (21), IGHV6-1, the
most IGHJ-proximal IGHV gene (that is,
of all IGHV genes the most proximal to
the IGHJ gene cluster), was overrepre-
sented, being used in 11 of 53 V-D-J
(20.7%). Detailed information on IGHV,
IGHD and IGHJ gene usage is given in
Supplementary Tables 11–13. Mutations
(1–3/case) were present within the IGHV
gene in 8 of 53 V-D-J (15.1%), of which
four carried out-of-frame junctions.

Comparison of V-D-J versus D-J in re-
gard to the molecular characteristics of
the junctions (preferred IGHD RF, TdT or
exonuclease activities) revealed no signif-
icant differences. In contrast, IGHD3 sub-
group genes predominated in V-D-J over
D-J (18 versus 3 of 53 cases, P = 0.02, and
7 versus 2 of 19 cases with productive 
V-D-J, P = 0.05), whereas the opposite
was observed for IGHD2 subgroup genes
(18 versus 29 of 53 cases, P = 0.03, and 5
versus 12 of 19 cases with productive V-
D-J, P = 0.03).

Comparison of the productively re-
arranged D-J in B-cell lineage ALL versus
CLL demonstrated few significant differ-
ences: (a) preferential usage of the
IGHD7-27 and IGHJ6 genes in ALL (P <
0.001) and (b) lower frequency of cases
with TdT activity in D-J in ALL (P = 0.01)
(Table 2).

DISCUSSION
CLL is distinctive for the existence of

subsets of cases with identical or highly
homologous (stereotyped) VH CDR3 se-
quences that account for up to 30% of the
cohort (5,6). This finding strongly indi-
cates a role for selection by antigen in
shaping the expressed CLL IG repertoire
(5,9). Although this is a reasonable con-
clusion, also supported by several lines
of recent research (7–9), the possibility
that CLL progenitors might exhibit in-
herently biased IGHD-IGHJ rearrange-
ments, thus eventually accounting for re-
stricted VH CDR3 motifs, has not been
formally tested.

We addressed this issue from a novel
perspective by assessing in parallel the
molecular configuration of partial D-J
versus productive V-D-J rearrangements
in a cohort of 829 CLL cases. To gain bet-
ter insight into the mechanisms that
shape the IG repertoire and determine
more accurately the developmental stage
when VH CDR3 restrictions are imposed
in CLL, we compared the CLL profiles to
those observed in ALL, taking advantage
of a large series of ALL cases carrying 
D-J rearrangements. This approach
uniquely enabled to document signifi-
cant differences between productive 
V-D-J and productively rearranged D-J in
CLL, which, together with the few ob-
served differences among D-J in CLL
versus ALL, indicate that the expressed
IG repertoire in CLL is not stochastically
shaped, but rather seems to be directed
by selection operating at the IG protein
level.

Previous reports have demonstrated
the existence of D-J in various B-cell ma-
lignancies (namely, ALL, multiple mye-
loma, hairy cell leukemia) at frequencies
ranging from 22% to 66% (21–24). In all

reported series, the number of D-J re-
arrangements eventually analyzed was
relatively small (36–50 cases), precluding
definitive conclusions, especially with re-
gard to gene usage among different enti-
ties. Here, we document that partial
IGHD-IGHJ rearrangements can be de-
tected in roughly one-third of CLL cases.
In addition, we provide a more compre-
hensive view on the molecular profile
and gene repertoires of such rearrange-
ments in B-cell malignancies by report-
ing results from the analysis of a com-
bined dataset of 412 such rearrangements
from CLL and ALL.

As in previous reports (21–24), we
found that IGHD2 subgroup genes pre-
dominated in D-J in both CLL and ALL.
At the individual IGHD gene level, we
observed increased rearrangement fre-
quency between 5′ genes of the IGHD
cluster, for example, IGHD2-2, and 3′
genes of the IGHJ cluster, for example,
IGHJ4, IGHJ5 and IGHJ6, suggestive of
secondary rearrangements on the same
allele (Figure 2). Comparative assess-
ment of productively rearranged D-J in
CLL versus ALL revealed an overall
similar IGHD and IGHJ gene usage pro-
file (with very few exceptions), thus in-
dicating no significant disease-related
biases regarding molecular events early
in B-cell ontogeny. The presence of mu-
tations in a minority of D-J could be
plausibly attributed to a “bystander mu-
tagenesis” effect, where nonexpressed
rearrangements are mutated without se-
lection for expression of a functional
antigen receptor, as previously reported
for either normal or neoplastic B cells
(35–38).

Of great importance, the comparison
of productively rearranged D-J joints
versus productive V-D-J junctions in
CLL revealed significantly different pat-
terns regarding gene repertoires, IGHD
RF use and hydropathicity profiles. In-
deed, we documented a significant
overrepresentation of IGHD3 subgroup
genes in general and of the IGHD3-3
gene in particular among V-D-J versus
D-J, alluding to selection at the amino
acid level in the paratope. In contrast,
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IGHD2 subgroup genes, although fre-
quent in both V-D-J and D-J, regardless
their origin (that is, from either CLL or
ALL), were still overrepresented in D-J.
Given that the recombination signal
(RS) sequences of IGHD2 and IGHD3
subgroup genes do not differ to a signif-
icant extent such that might account for
their observed frequencies in D-J, alter-
native explanations must be sought for,
for example, differential accessibility of
different parts of the IGHD cluster to
the VDJ recombination machinery, simi-
lar to what has been reported in the
mouse (39).

Biased usage of particular IGHD genes
in certain RF underlies the creation of
highly restricted antigen-binding motifs
in many stereotyped V-D-J in CLL
(27,40). This bias evidently reflects selec-
tion, as also attested by our finding of
significantly increased usage of RF en-
coding for hydrophilic motifs in V-D-J
junctions versus D-J joints in CLL, allud-
ing to solvent-exposed interactions with
antigenic epitopes.

In both mice and men, the usage of hy-
drophilic VH CDR3 sequences seems to
be promoted by positive selection,
whereas a consecutive stretch of hy-
drophobic amino acids may be nega-
tively selected on the basis of structural
limitations imposed by the antigen-
 binding site (41,42). Therefore, not unex-
pectedly, RF usage in V-D-J of both
species reflects this general principle.

A confounding factor when attempt-
ing to draw further analogies as well as
when assigning RF within a locus arises
from the different approaches adopted
for defining RF in mice or men. In most
previous mouse studies, the preferred
(that is, hydrophilic) RF is designated
as RF1, whereas a far more sensible
procedure is followed in the human,
first proposed by Kabat’s group, and
adopted by IMGT, with RF1 counting
from the first nucleotide of the 
D-REGION in germline configuration
(that follows the 5′-HEPTAMER), thus
defining three consecutively numbered
“logical” RF (1,16,43). Hence, every
IGHD gene has only one preferred RF,

and this RF is not the same for all
IGHD genes. Concerning hydrophilicity,
the human IGHD genes encode for hy-
drophilic amino acids in different RFs,
that is, RF2 for IGHD2, IGHD3 and
IGHD4 subgroup genes; RF3 for IGHD1,
IGHD5 and IGHD7 genes; and RF3 for
IGHD6 subgroup genes. Our findings
among V-D-J from CLL cases evaluated
in this study are in keeping with this
general trend; however, this is clearly
not the case for D-J.

Taken together, the results presented
here strongly indicate that sequence re-
strictions leading to VH CDR3 stereo-
typy in CLL reflect selective pressures
exerted on the BcR rather than intrinsic
features of the IGHD-IGHJ gene re-
arrangement process during the early
ontogenetic stages in the life history of
CLL progenitor cells.
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