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Background and Objectives. Analysis of IgH rearrangements in B-cell malignancies has
provided clinical researchers with a wide range of information during the last few years.
However, only a few studies have contributed to the characterization of these features
in multiple myeloma (MM), and they have been focused on the analysis of the
expressed IgH allele only. Comparison between the expressed and the non-functional
IgH alleles allows further characterizion of the selection processes to which pre-myelo-
ma cells are submitted.

Design and Methods. We analyzed a cohort of 84 untreated MM patients in order to
characterize their functional VDJH and non-functional DJH rearrangements. The pattern
of mutations and gene segment usage for both types of rearrangements was analyzed
by polymerase chain reaction and sequencing.

Results. VH3 and VH1 family members were over- and under-represented, respective-
ly. VH3-30 and VH3-15 segments were the most frequently used, whereas VH4-34 was
found only in non-functional or heavily mutated VDJH rearrangements. DH2 and DH3
family members were over-represented in both VDJH and DJH repertoires, while the
DH1 family was under-represented only in the productive VDJH rearrangements. Finally,
DH3-22 and DH2-21 gene segments were found to be over-represented in the function-
al repertoire while segments commonly used by less mature B-cell malignancies, such
as DH6-19 or DH3-3, were under-represented.

Interpretation and Conclusions. Data reported here help to identify the clonogenic MM
cell as a post-germinal center B cell that has undergone selection processes during

the germinal center reaction.
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he recombination of the variable

(V), diversity (D) and joining (J) seg-

ments of the immunoglobulin
heavy chain genes (IGH) occurs early dur-
ing B-cell differentiation.’ These rearrange-
ments will eventually provide the coding
sequence for the IgH variable domain of
the B-cell receptors.” In humans, there are
between 39-51 functional VH (depending
on individual haplotype),** 27 DH and 6
JH segments. VH and DH segments are
grouped into seven different families, each
containing members sharing more than
80% homology. During pro-B and pre-B
stages of B-cell differentiation, a DH seg-
ment is joined to one of the 6 JH segments,
generating an incomplete DJH rearrange-
ment. This is followed by addition of a
VH segment to the DJH joint, generating a
complete VDJH rearrangement.' During
VDJH recombination, insertion, deletion
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and/or duplication of a variable number of
nucleotides in the joining regions confers
the variable IgH domain an enormous
combinatorial potential.** B cells undergo-
ing affinity maturation in the germinal
centers further diversify their Ig genes by
the processes of somatic hypermutation
and class-switch recombination." " During
this germinal center reaction, B cells reac-
tive to foreign antigens will be positively
selected to become plasma or memory B
cells, while those reactive to self-antigens
will eventually undergo apoptosis.

Gene segment usage, complementarity-
determining region-3 (CDR3) composition
and somatic hypermutation rates have
been described for some B-cell malignan-
cies and B-cell subtypes, in which usage of
particular VH and DH families and gene
segments is often biased.”” The most
interesting finding to date has been made



in B-cell chronic lymphocytic leukemia (B-CLL), in
which the presence of somatic hypermutation in the
IgH genes is clearly correlated with a more favorable
prognosis than that of unmutated cases.*?*
Furthermore, the pattern of somatic hypermutation
and CDR3 composition has been associated with
particular VH families and gene segments in B-
CLL.** A few studies have contributed to the char-
acterization of these features in MM,*# although no
correlation between prognosis and gene segment
usage or somatic hypermutation rates has been
achieved.

MM is a B-cell malignancy produced by the accu-
mulation of plasma cells in the bone marrow. Plasma
cells represent the end stage of B-cell development,
secreting large amounts of monoclonal antibody cod-
ified by mature /IGH genes that have undergone the
processes of somatic hypermuation and class-switch
recombination. Hence, it has been assumed that the
MM malignant stem cell is a post-germinal center B cell
that has acquired one or more genetic lesions after
exiting the germinal centers of the secondary lym-
phoid organs.” Previous molecular studies of IGH
genes in MM have revealed a high rate of somatic
hypermutation, and peculiar features of gene seg-
ment usage such as the complete absence of the
VH4-34 segment from the functional VDJH reper-
toire.?*® However, these analyses were focused on
the expressed IgH rearrangement only and did not
take into account the non-expressed/non-functional
allele. Recently, our group has reported a 60% inci-
dence of incomplete, non-functional DJH rearrange-
ments in MM samples.” Analysis of DH segments is
of particular interest because these segments provide
a major source for antigen recognition by antibodies.
Differences in the coding sequence between the
seven DH families are responsible for the main vari-
ability in CDR3 composition, which will eventually
determine the affinity potential of particular antibod-
ies to a given antigen.” Here, we compare for the first
time the molecular characterization and gene seg-
ment usage between functional VDJH and non-func-
tional DJH rearrangements in a large series of 84
untreated MM patients.

Design and Methods

Genomic DNA preparation, PCR amplification and
heteroduplex analysis

High molecular weight DNA was isolated from
bone marrow aspirates of 84 untreated MM patients
by standard proteinase K digestion, phenol-chloro-
form extraction and ethanol precipitation.” For ampli-
fication of complete VDJH rearrangements three dif-
ferent sets of family-specific primers and one JH con-

IgH rearrangements in myeloma

sensus primer were used in three different multi-
plexed PCR reactions covering the three framework
regions.”” Amplification of incomplete DJH rearrange-
ments was performed in two different reactions using
family-specific primers for DH1 to DH6 and DH7
families, respectively, together with the consensus JH
primer.” All primers had been newly designed and
tested during the BIOMED-2 Concerted Action PCR-
based clonality studies for eatly diagnosis of lymphoprolifer-
ative disorders (BMH4-CT98-3936).*" All reactions were
carried out in 50 UL mixture containing 0.1 ug DNA
and 10 pmoL of each primer.

For heteroduplex analysis, PCR products were
denatured at 94°C for 10 min and subsequently
cooled at 4°C for 60 min to induce duplex forma-
tion.*®? The hetero and/or homoduplexes generated
were immediately loaded on a 10% non-denaturing
polyacrylamide gel in 1x Tris-Acetate-EDTA (TAE)
buffer, run at room temperature, and visualized by
ethidium bromide staining.

Sequencing and analysis of Ig genes

PCR products were eluted from the polyacry-
lamide gels and directly sequenced in an automated
ABI 377 DNA sequencer using Big-Dye terminators
(Applied Biosystems, Foster City, CA, USA).
Germline VH, DH and JH segments from complete
VDJH rearrangements were identified by comparison
with the V base’ and IGMT database.” As both data-
bases differ in the assignment of complementarity-
determining and framework regions, mutational
analysis of VH segments was made using only the
closest germline gene segment found in V base. DH
and JH germline segments from incomplete DJH
rearrangements were identified using BLAST search
in the DH-JH germline locus sequence (accession
number EMB/X97051). The criteria of Corbett e/ al.*
(i.e., a requirement of ten consecutive nucleotides
identical to the germline sequence) were used to
identify DH members from the longer DH families
(D2 and D83) in the complete VDJH rearrangements.
For the shortest DH families (D1, D4, D5, D6 and
D7) the criteria of Fais et al** were applied (seven
consecutive germline nucleotides with no more than
two differences). The DIR segments, minor DH seg-
ments and inverted DH segments were excluded
from this analysis, as suggested.*

Sequences containing more than 2% deviation
from the germline sequence were considered as
somatically mutated rather than genomic polymor-
phisms. In such cases, the algorithm described by
Chang and Casali* was applied in order to discrimi-
nate replacement (R) and silence (S) mutations in
complementarity-determining and  framework
regions derived from antigen selection or acquired by
random choice.
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Table 1. VH, DH and JH gene segment usage and percentage of mutations in complete VDJH and incomplete DJH rearrangements in 84
MM patients.

ID VDJH rearrangements DJH rearrangements VDJH rearrangements DJH rearrangements

VH % mutations DH JH DH % mutations JH  ID VH % mutations DH JH DH % mutations JH

1215 311 1 417 48 - - - 4311 349 10.4 5-12 48 1-27 4 2
1248 330 124 1-01 3A - - - 4313 - - - - 4-04 0 6C
1287 315 44 202 6B 2-15 0 58 4338 321 10 322 3B - - -
1290 2-26 5 3-09 48 512 0 4B 3§ § 3-10 4B - - —
1384 3-15 5 310 48 1-26 0 6B 4372 270 4 417 48 208 0 5B
1390 3-48 10 1-21 48 - - - 4411 434 208 - 6B - - -
1481 311 12 303 6C 303 5 48 4429 - - - - - - -
1646 3-33 13 1-21 48 3-09 2.3 58 4492 323 3.6 6-19 2 512 9 48
1654 1-02 52 202 48 221 0 58 4526 5-51 7.2 6-19 48 4-23 05 3B
1721 372 52 505 4B - - — 4527 439 13.2 221 5B - - -
1742 431 58 322 3B - - — 4572 226 4.4 417 5B 2-02 05 6C
1782 459 68 1-26 48 - - — 4625 2-70 6.4 6-19 6B - - -
1811 323 14 221 3A 5-18 0 JA 4726 321 6 6-06 6B 4-04 0 1
2173 459 15 - 5B 3-16 0 48 4982 551 4.4 417 48 6-19 0 3B
2216 3-30 4 5-05* 6B - - — 4983 348 5.2 202 3B 2-15 0 6C
2334 313 12 310 48 1-07 0 58 4994 307 1.2 - 48 1-26 0 4B
2359 - - - - 221 0 48 5172 3-30 10.8 303 48 - - -
2374 - - - - 3-09 1 68 5177 5-51 3.2 221 48 2-15 0 6B
2421 373 88 2-08 48 1-21 6 38 5179 118 13 202 4D - - -
2446 5-a 6.4 215 58 1-07 0 48 5220 1-24 6 322 3B - - -
2536 4302 7.2 1-26 58 - - - 5223 309 6.4 - 48 303 2 48
2609 1-69 10 411* 4B - - — 5303 103 1 322 48 - - -
2694 323 84 310 48 - - — 5304 330 10.4 - 48 303 0 48
3-23 13 524 3B - - — 5401 439 9.6 6-13 48 3-03 3 -
2846 205 64 221 3B 5-18 0.5 4B 5436 3-48 10 316 48 - - -
2908 459 76 5-24 48 - - - 5801 - - - - - - -
2933 330 22 202 6B - - - 5817 124 5 5-12 3A 1-21 0 6C
3-48 9 202 4B - - - 6130 459 10.4 1-26 4B 221 0 48
3053 321 56 6-06 6B - - - 6445 - - - - - - -
353 112 619 4B - - — 7496 551 4 512 48 2-02 13 58
3125 3-30 8 6-19 3A - - — 7509 461 10 310 48 3-22 15 6
3196 3-23 19 - 48 3-22 0 68 7622 3-30 15.2 - 48 4-23 0 1
3203 309 10 6-13 3A - - - 8960 4-39 8 5-05* 1 - - -
3205 - - - - - a - 9069 - - - - 4-04 1 4B
3395 315 52 1-01 48 202 0.5 58 9112 404 14 3-09 6C 6-19 0 48
3420 315 56 1-21 6B 6-06 0 4B 9340 3-07 22 - 6B - - —
3543 - - - - - - - 9366 - - - - 3-09 1 48
3793 4-34 10 221 3B 4-23 0 48 9476 4-30-4 48 524 4B - - -
3854 3-33 1 310 3B 6-19 1 48 9585  3-48 5.2 322 6B - - -
3913 343 84 221 48 524 0 48 9901 373 5.6 215 48 1-26 0 48
4156 315 638 215 6B - - - 998 311 3.6 1-21 3A 1-26 1 48
4249 404 44 322 5B 310 2 48 10144 321 6.8 322 4B 221 0 5B
4263 - - . - 5-24 0 48 10181 3-11 13 417 6B 417 15 6B
4280 343 52 5-05* 4B 1-07 0 58 11000 3-30 5.6 4-23 48 1-07 0 48

A dash indicates that no clonal allele was detected. Bold represent out-of-frame rearrangements or rearrangement containing stop codons. *D4-04 and DS-05 in the
VDJH repertoire are indistinguishable from D4-11 and D5-18, respectively. §This rearrangement was only amplified with FR3 primers so the VH gene segment and the
level of mutations could not be obtained.

only patients secreted a functional immunoglobulin.

Results

Detection of clonal rearrangements in MM by PCR
The overall detection rate of clonality by amplifying
VDJH and DJH rearrangements was 94% (79/84).
VDJH rearrangements were detected in 73 out of 84
patients (84%) and DJH rearrangements were seen in
50/84 patients (60%) (Table 1). Three out of 6 patients
in whom only one DJH rearrangement was detected
had Bence-Jones MM, whilst the remaining three DJH-
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As described previously in myeloma patients, mis-
matches of the consensus primers with the hypermu-
tated VH and JH regions were more likely to account
for these latter cases in which VDJH rearrangements
could not be amplified by PCR.

VH family and gene segment usage in VDJH
rearrangements

VH, DH and JH gene segment usage, as well as the
rate of somatic hypermutation for each MM patient



Table 2. Distribution of VH families and somatic hypermutation in
productive VDJH rearrangements from MM patients.

Known functional MM VDIH %SHM
VH genes per family  rearrangements in VH*

Vil 11 (21.6%) 6 (8.2%) 8.0+3.4
Vi2 3(5.9%) 5 (6.8%) 5.0£1.1
Vi3 22 (43.1%) 42 (57.5%) 7.6+4.2
Vid 11 (21.6%) 15 (20.5%) 8.0+4.2
Vid 2 (3.9%) 5 (6.8%) 44+1.7
V6 1(2.0%) 0 (0%) -
W7 1(2.0%) 0 (0%) -
Total 51 73

“The number of VH genes per family was obtained from data on VDJH

recombinants contained in the V-BASE Sequence Directory (Cook & Tomlinson,
1995). "Median values + standard deviations are shown. SHM=somatic hypermu-
tation. “Significant difference between observed and expected frequency (p<0.01).

are shown in Table 1. The nomenclature used for the
VH segments has been adapted from Matsuda ez al.,
who described 39 functional VH segments.®
However, some VH segments corresponding to
alleged haplotype variants or non-functional seg-
ments were found in this series and have been
included in Table 1 (i.e. VH5-a, VH4-30-2 and VH4-
30-4).* Table 2 shows the expected and observed fre-
quencies of VH gene family usage according to the
number of VH gene segments per family. Under-rep-
resentation of VH1 family and over-representation of
VHS3 family are statistically significant (»<0.01). The
distribution of the remaining VH families resembles
that theoretically expected from random choice. In
our series, a total of 30 out of the 39 functional
expressed VH segments® were found. Overall, VH3-
30 and VH3-15 gene segments were the most fre-
quently used (11% and 6.8%, respectively), and their
frequency differed significantly from that expected
from random choice (2.3%; p<0.01). They were fol-
lowed by VH3-11, VH3-21, VH3-23, VH3-48, VH4-
59 and VHS5-51, each comprising 5.5% of the 73
VDJH rearrangements. In contrast, several VH seg-
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Figure 1. Distribution of DH families in VDJH and DJH rearrange-
ments from MM patients. The number of germinal DH genes seg-
ments per family was obtained from Corbett et al., including non-
expressed DH segments. *Significant difference (p<0.05) between
observed and expected frequency.

ments which are frequently found in normal early
and/or circulating B cells, such as VH3-20, VH3-49
and VH3-53, were under-represented or even com-
pletely absent in this series. Interestingly, VH4-34
gene segment, which is normally depleted from the
expressed VDJH repertoire in MM, was found in two
VDJH rearrangements at the DNA level in our series.

DH and JH gene segments and family usage in VDJH
rearrangements

Identification of the DH gene segment by the
above criteria** was possible in 65 of the 73 VDJH
rearrangements (89%). Overall, DH3 and DH2 fami-
lies predominated (26% and 23%, respectively;
Figure 1). There was a statistically significant over-
representation of DHS3-22 (10.8%) and DH2-21
(9.2%) gene segments as compared to the theoreti-
cally expected value of 3.7% (p<0.01; Figure 2). By
contrast, there was a complete absence of six DH
gene segments: DH1-7, DH1-14, DH1-20, DH4-4,
DH5-18 and DH6-25, with three of them (DH1-14,
DH1-20 and DH6-25) also missing in the incomplete
DJH repertoire (see below).

Figure 2. Comparison of the most
frequently used DH gene segments
in VDJH and DJH rearrangements in
MM patients. Left: DH families most
frequently found in VDJH rearrange-
ments, with overall frequencies for
VDJH and DJH rearrangements.
Right: DH gene segments most fre-
quently found in DJH rearrange-
ments, with overall frequencies for
VDJH and DJH rearrangements.
*Significant difference (p<0.01)
between observed and expected
frequency (3.7% assuming DH ran-
dom choice).

D1-26 D3-03
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Figure 3. Distribution of JH gene segments in VDJH and DJH
rearrangements from MM patients. *Significant p value (<0.01)
between observed and expected frequencies assuming a random
choice for JH (16.7%).

The hierarchy of JH gene usage in the 73 VDJH
rearrangements in this series reveals the same pattern
that has been observed in normal circulating B
cells,*®” B-CLL,* pre-B cells and B-ALL* (Figure 3).
Thus, a statistically significant bias of JH4 usage
(52.1%; p<0.001) was observed, followed by usage
of JH6 (19.2%) and JH3 (17.8%), which would seem
to be consistent with theoretical random expecta-
tions (i.e., 16%). In contrast, most VH-proximal JH2
and JH1 segments were under-represented, since
they were both present in only one VDJH rearrange-
ment each (1.4%; p<0.01).

DH and JH gene segments and family usage in DJH
rearrangements

DH2 and DH3 were the most frequently observed
families, each representing 22% of the samples
(Figure 1). However, the pattern of DH gene segment
usage in DJH rearrangements was slightly different
from the one observed in VDJH rearrangements. The
most significant difference was the relatively high
frequency of DH1-07 (8%; Figure 2), since this was
completely absent in the productive repertoire. By
contrast, DH1-14, DH1-20 and DH6-25 were absent
in both the VDJH and DJH repertoire. Interestingly,
DH1-01 and DH6-13, which were present in the
VDJH repertoire, were not seen in DJH rearrange-
ments. On the other hand, there was no significant
bias in the usage of any particular DH gene segment,
although DH1-07, DH1-26, DH2-21 and DH3-03
were more commonly used (Figure 2).

Figure 3 shows the distribution pattern of the JH
gene segments. JH4 was statistically over-represented
(49%; p<0.001), followed by JH6 (20.4%), resem-
bling the pattern of complete VDJH rearrangements.
Interestingly, the JH5 was represented more than
twice as frequently in DJH as in VDJH (18.4% vs.
8.2%), while the JH3 gene was under-represented in
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the incomplete repertoire (6.1% vs. 17.8%). Finally,
as in the complete rearrangements, most VH-proxi-
mal JH1 and JH2 gene segments were significantly
under-represented in DJH rearrangements (4.1% and
2%, respectively: p<0.001).

Somatic hypermutation and CDR3 composition

Somatic hypermutation was present in all 73
patients who had VDJH rearrangements (median
7.8%; range 2.2-20.8) (Table 1). Analysis of the distri-
bution of replacement and silent mutations suggest-
ed antigen-driven somatic hypermutation in 67% of
the patients. On the other hand, only 12% of incom-
plete DJH rearrangements had more than 2% devia-
tion from the germline sequence. The rate of somat-
ic hypermutation was not significantly different
between VH families (Table 2). Analysis of N-
nucleotide addition and exonuclease activity at the
DH-JH junctions of complete and incomplete
rearrangements showed no significant differences
between both types of rearrangements.”

Discussion

Preferential usage of particular VH gene segments
and the pattern of somatic hypermutation in VDJH
rearrangements have brought new insights into the
clonal history and clinical-biological implications of
different types of malignant B cells. We analyzed the
configuration of IGH genes in a large series of 84
untreated MM patients looking for significant over-
and under-representation of VH, DH and JH family
and individual members, which might suggest a poten-
tial biological and clinical role in the development of
the disease. As opposed to previous studies, we chose
to use genomic DNA instead of ¢cDNA because it
allows the analysis of both the productive and non-
productive IGH allele. It is essential to compare the
family and gene segment distribution between func-
tional and non-functional alleles in order to understand
the source of a biased repertoire. While the biased
usage of particular gene segments in the non-function-
al allele mainly reflects favored or impaired molecular
recombination due to the absence of selective pressure,
the distribution of families and gene segments in the
productive VDJH rearrangements would be dependent
on positive and negative selection mechanisms during
B-cell development (e.g. encounter with self or foreign
antigens). VH family usage resembled the relative
complexity of the germline distribution (i.e.
VH3>VH4>VH1>VH2>VH5>VH6>VH?), although a
significant over-representation of VH3 members, as
well as an under-representation of the VH1 family
was observed (67.5% and 8.2%, respectively;
p<0.01). These results agree with previous reports on



both B-cell malignancies and normal B cells."**
Thus, these findings cannot be considered as a hall-
mark of malignant plasma cells, but as a reflection of
the selection mechanisms occurring during normal B-
cell differentiation.

Regarding the particular usage of VH family mem-
bers, we found a significant over-representation of
the VH3-30 and VH3-15 gene segments (11% and
6.8%, respectively), as well as a marked bias for the
usage of VH3-23 and VH4-59 (5.5% each), among
others. All but VH3-15 are normally over-represented
in the normal B-cell compartment and in MM sam-
ples.""*»% However, VH3-15 over-representation has
not been reported in normal B cells or B-cell malig-
nancies other than myeloma, suggesting that positive
selection of VH3-15-containing VDJH rearrange-
ments may occur at the germinal center stage of B-
cell maturation prior to the acquisition of the malig-
nant phenotype in MM.

VH4-34 gene segment, which is known to be asso-
ciated with auto-immune diseases,” is markedly
over-represented in the VDJH repertoire of normal
circulating B cells,””"** B-CLL,** B-ALL* and diffuse
large B-cell lymphoma (DLBCL).? By contrast, VH4-
34 is excluded from the normal plasma cell reper-
toire* and has not been observed in other large MM
series.”® However, we found the VH4-34 gene seg-
ment in 2 out of 73 VDJH rearrangements (2.7 %).
Interestingly, one of these patients had Bence-Jones
MM, thus, the VDJH rearrangement involving VH4-
34 was non-functional. In the second patient, the fre-
quency of VH mutations was much higher than the
median observed in our series (20.8% vs. 7.3%;
p<0.05), with clustering of replacement mutations in
complementarity-determining regions (replacement :
silent=14:1; p<0.05), indicating strong germinal cen-
ter reaction and antigen selection. This suggests that
the original autoantibody encoded by VH4-34 would
have completely changed its auto-affinity and had
become reactive to a foreign antigen, avoiding pro-
grammed cell death during the germinal center reac-
tion. If this were the case, however, we should
expect a higher frequency of somatically hypermu-
tated VH4-34 rearrangements in MM, as frequently
occurs in subgroups of B-CLL and DLBCL. Hence,
these data indicate that different molecular mecha-
nisms of selection must take place in the germinal
center in pre-malignant MM cells compared to /GH-
mutated B-CLL and DLBCL precursor cells.

DH gene segment usage differed between func-
tional VDJH and incomplete DJH rearrangements,
although the DH2 and DH3 families were clearly
over-represented in both subsets, suggesting a more
favorable recombination ability of segments belong-
ing to these two families. By contrast, the DH1 fam-
ily was found to be under-represented in the produc-
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tive VDJH rearrangements compared to the non-
functional DJH repertoire. Thus, DH1 family mem-
bers recombine at a normal frequency in non-produc-
tive rearrangements, but they are somehow excluded
from the functional repertoire, probably at the pre-B
cell stage.® Usage of specific DH gene segments was
also biased when comparing VDJH and DJH
rearrangements. In particular, DH3-22 and DH2-21
were significantly over-represented in functional
VDJH rearrangements, while they are found at
expected frequencies in DJH rearrangements.
Remarkably, DH1-07 was found in 8% of incomplete
DJH but in none of the VDJH rearrangements. DH
segments such as DHI1-14, DH1-20 and DH6-25
were completely absent from the VDJH and DJH
repertoires. Furthermore, DH1-14 and DH6-25 were
also not observed in a series of 451 identified DH
genes from 893 VDJH rearrangements;* this supports
the assumption that aberrant recombinant signal
sequences exist in these DH gene segments, prevent-
ing them from D to JH recombination. Other DH
segments commonly found in VDJH rearrangements
from normal and malignant less mature B-cells, such
as DH6-19 or DH3-03,**** were also under-represent-
ed in this series. These data indicate that particular
DH gene segments are positively and/or negatively
selected after VDJH recombination at the level of
pre-B cells or, alternatively, during the germinal cen-
ter reaction. However, whether this is characteristic
of MM only, or normal post-germinal center B cells,
remains unknown.

The pattern of JH usage was similar to that in pre-
B cells and acute lymphoblastic leukemia (over-usage
of JH4 and JH6), which has been justified by recom-
bination bias rather than by positive selection.®*
This can be explained by the existence of a higher
similarity to consensus sequences in the recombinant
signal sequences from JH4 and JH6 segments than in
the remaining JH gene segments.” Interestingly, JHS
was represented in DJH at more than double its fre-
quency in VDJH (18.4% vs. 8.2%), suggesting nega-
tive selection at the protein level of VDJH rearrange-
ments containing JH5 during or after the germinal
center reaction, since this segment is frequently
found in a subgroup of unmutated class-switched B-
CLL.** Conversely, the JH3 gene was under-repre-
sented in the incomplete repertoire (6.1%) while it
accounted for 17.8% in VDJH rearrangements, indi-
cating positive selection of B cells carrying JH3-con-
taining VDJH rearrangements. In summary, the pat-
tern of /GH gene rearrangements in MM cells is par-
ticular and consistent and can be distinguished from
that in less mature B-cell malignancies. This pattern
includes a high rate of somatic hypermutations, pref-
erential usage of VH and DH gene segments and a
strong bias against particular gene segments in the
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functional VDJH repertoire used by other B-cell
malignancies such as B-ALL, B-CLL or DLBCL. In
addition, the usage of DH and JH gene segments dif-
fers between productive VDJH and unproductive
DJH rearrangements, supporting positive and nega-
tive selection at the immunoglobulin protein level in
MM. Collectively, our data support the origin of the

MM clonogenic cell as a post-germinal center B cell,
which has already undergone processes of positive
selection during B-cell development and the germinal
center reaction.
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