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ABSTRACT

Background and Objectives

Waldenstrom macroglobulinemia (WM) and monoclonal gammopathy of undetermined
significance (MGUS) are IgM-related disorders in which monoclonal B cells harbor a
unique clonotypic rearrangement of the immunoglobulin heavy chain gene (IgH). The
aim of this study was to characterize IgH rearrangements in a larger series of IgM-
related disorders than any previously described.

Design and Methods

Seventy-two patients with monoclonal IgM disorders (64 with WM and eight with IgM-
MGUS) were studied to amplify and sequence both VDJ: and DJu rearrangements.
Twenty-nine of them were also tested for the existence of class switch recombination
(CSR).

Results

VDJx and DJu rearrangements were detected in 91% and 42% of WM patients and in
100% and 13% of IgM-MGUS patients, respectively. In WM, the most frequently
observed Vi family and single segment were Vi3 and Vu3-23 (76% and 29%, respec-
tively), with their frequencies differing markedly from those that would occur if the
rearrangements were random. The Vi3-23 segment was never selected in IgM-MGUS.
The distribution of both Du and J« families in WM did not differ from that in normal B-
lymphocytes. Somatic hypermutation with >2% deviation was seen in 90% of cases
of WM and in 71% of IgM-MGUS. DJx rearrangements were more frequent in WM than
in MGUS (42% and 13%, respectively). All DJu rearrangements were unmutated, which
makes them an attractive target for minimal residual disease investigation. IgM clono-
typic transcripts were observed in all cases and IgD in 83%. IgA and/or IgG monoclon-
al isotypes were seen in three WM cases (14%) but in none of the IgM-MGUS
patients.

Interpretation and Conclusions

WM and IgM-MGUS exhibit dissimilarities in VDJs and DJx rearrangements that could
suggest different differentiation processes. There is evidence that WM cells are able
to undergo CSR in vivo, a fact that was initially thought to be impossible in this dis-
ease.

Key words: Waldenstrom’s macroglobulinemia, monoclonal gammopathy of
undetermined significance, immunoglobulin rearrangements, class switch
recombination.
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aldenstrom’s macroglobulinemia (WM) is an

-\ ;; / uncommon lymphoproliferative disorder pri-
marily characterized by the presence of an
immunoglobulin M (IgM), monoclonal protein and
unequivocal evidence of bone marrow infiltration by
lymphoplasmacytic lymphoma.' It is conceivable that
WM evolves from an IgM monoclonal gammopathy of
undetermined significance (IgM-MGUS), although this
has only been demonstrated in approximately 8% of all
WM cases.” Both conditions typically have a monoclon-
al component (M-component) produced by monoclonal
B-cells harboring a unique clonotypic rearrangement of
immunoglobulin heavy chain gene ([gH), the VDJu
rearrangement, associated with a specific constant
region IgM. Although clearly defined and reproducible
criteria distinguish between IgM-MGUS and WM, the
precise cells from which these two entities originate
remains unclear.! The characterization of VD]«
rearrangements as well as related processes such as
somatic hypermutation (SHM) and class switch recom-
bination (CSR) may help to shed light on this area
because the differentiation process follows a strict hier-
archical order in generating the Ig repertoire. Therefore,
studies could indicate the B-cell differentiation stage at
which the oncogenic event occurs. Early in B-cell devel-
opment, rearrangement starts with Dx joining to Ju. This
can produce a complete functional VDJu rearrangement
but can also remain as an incomplete non-functional
rearrangement that forces the second allele to be
rearranged. Incomplete rearrangements are frequently
found in precursor B-cell acute lymphoblastic leukemia,®
but may also occur in mature B-cell lymphoproliferative
disorders, such as multiple myeloma,* and hairy cell
leukemia.” It is unknown whether incomplete DJu
rearrangements exist in WM. Incomplete DJx rearrange-
ments may be an interesting alternative target for poly-
merase chain reaction (PCR)-based clonality assessment
because they lack SHM. Finally, in contrast to other B-
cell lymphoproliferative disorders,”” in WM information
on the composition of the third complementary deter-
mining region (CDR3) and frequency of SHM is limited.
The normal counterpart of the WM malignant cell is
believed to be a post germinal center IgM B cell that
transforms once somatic mutation has ended.
Traditionally, it has been assumed that WM cells are
constitutively unable to or are being prevented from car-
rying out isotype CSR.™" It was initially suggested that
this was due to the presence of genetic abnormalities
involving the CSR machinery, but this possibility has
been excluded since the machinery seems to be intact.”
Another explanation could be the absence of mutations
at the switch region.” Despite this presumed lack of
CSR, ex-vivo clonotypic transcripts encoding post-
switch isotypes have recently been detected in WM and
I[gM-MGUS cells cultured with CD40L/interleukin-4."”
This would indicate that CSR is possible in WM cells,
but up until now, this has not been shown to occur in
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vivo. In this study, we characterized complete VDJx and
incomplete DJu rearrangements in 64 patients with
untreated WM and eight with IgM-MGUS, and docu-
mented the existence of CSR in 29 of them.

Design and Methods

Patients and diagnosis

Seventy-two patients with monoclonal IgM disor-
ders were included in the study. According to the con-
sensus criteria from the 2™ International Workshop of
WM,' 64 of them had a diagnosis of WM and eight
were considered to have an [gM-MGUS. Although the
existence of bone marrow infiltration by lymphoplas-
macytic lymphoma was established by bone marrow
biopsy, the presence of tumor B cells was always con-
firmed by immunophenotypic analysis with flow
cytometry, including evaluation of surface and cyto-
plasmic IgM expression.”

Genomic DNA preparation, mRNA extraction and
cDNA synthesis

High molecular weight DNA was isolated from bone
marrow samples from all patients according to standard
methods.* In addition, total RNA was isolated from
samples with representative tumor cells from 21 WM
patients as well as in all the eight IgM-MGUS patients,
using the guanidium thiocyanate/phenol chloroform
method. Reverse transcription was performed on 1 ug
of total RNA, according to the rules and protocols
approved in the Europe Against Cancer Program (EAC)."

PCR amplification of the VDJx, DJx and VDJ-C
of rearranged Ig« genes

For amplification of complete VDJx rearrangements, a
set of family-specific primers of the framework 1 (FR1)
region and one Ju consensus primer were used in a mul-
tiplexed PCR reaction. When no amplification was
detected from FR1, PCR was carried out from FR3, in
which case analysis of SHM was impossible.
Amplification of incomplete D] rearrangements was
performed in two different reactions using family-spe-
cific primers for Dul to Du6 and Du7 families, respec-
tively, together with the consensus Ju primer. All
primers were designed and tested during the BIOMED-
2 Concerted Action: PCR based clonality studies for early
diagnosis of lymphoproliferative disorders (BMH4-CT98-
3936), in which our group participated actively in stan-
dardization.” All reactions were carried out in a 50 uL
mixture containing 0.1 ug DNA and 10 pmolL of each
primer. All these amplifications were carried out using
genomic DNA."

Pre- and post-switch clonal isotype expression was
analyzed from RNA using a slight modification of the
method described by Billadeau ez al.' First-round cDNA
amplification was carried out in 50 uL reactions using



the family-specific Vi primer as the forward primer and
the constant region primer as the reverse primer. The
second-round amplification was carried out in 50 L
reactions with 5 pL of the first-round amplification
product, family-specific Vu primers and an internal con-
stant region primer. Amplified products were denatured
for 5 min at 95°C and renatured for 60 min at 4°C to
allow heteroduplex and/or homoduplex formation. The
final product was then electrophoresed on an 8% poly-
acrylamide gel and visualized under UV light after
ethidium bromide staining.*'®

Sequencing and analysis of Ig: genes

Monoclonal PCR products were purified from poly-
acrylamide gels for direct sequencing in an automated
ABI 377 DNA sequencer using BigDye® Terminator
with the v1.1 Cycle Sequencing kit (Applied Bio-
systems).

Germline Vi, Du and Ju segments from complete
VDJu rearrangements were identified by comparison
with the V BASE."” An Ign diversity gene segment (Dx)
was identified in most cases (Dul, Dud, Du5, Du6 and
Du7) by homology of a minimum of six successive
nucleotides (nt) or seven successive nt interrupted by
no more than two mismatches with the germline
sequence.”” In the remaining cases, involving the
longest Du families (Du2 and Du3), the D gene was
identified using a stricter criterion: at least ten consec-
utive nt.” The ability to code for functional Ig heavy
chains was determined by translating VDJs DNA
sequences into amino acids.

Du and Ju germline segments from incomplete DJu
rearrangements were identified using the BLAST
search (accession number X97051).

In the same way, all PCR products obtained by RT-
PCR with Vu family-specific primers and Cu-specific
primers (CSR amplifications) were also sequenced and
compared with the original VDJu clonotypic sequence
as well as with the BLAST sequences.

The Vu, Dr and Ju distribution obtained in function-
al VDJu rearrangements was compared with that
occurring randomly in normal B-cell populations,'**
as well as with that observed in DJu, non-functional
rearrangements.

Composition of the third complementary-determining
region

The length of the CDR3 was determined by counting
the number of amino acids between the last amino acid
of FR3 and the first amino acid of the Ju (FR4).* To
detect whether a particular antigen might have been
responsible for the antigen-selective pressure observed
in those cases showing features of antigen selection, we
evaluated nucleotide and derived amino acid sequence
similarities of the CDRS3 regions.

Ign gene rearrangements in IgM monoclonal gammopathies

Somatic hypermutation

To confirm base changes in the germline IgH
sequence, two independent PCR amplifications for each
sample were sequenced in both the forward and reverse
amplified fragment in order to observe the same change
in separate reactions. Vu sequences containing >2%
deviation from the germline sequence were considered
to be somatically mutated.” The nucleotide sequences
were translated to amino acids in order to determine
whether a mutation was a replacement (R) or silent (S).
In such cases, the binomial algorithm described by
Chang and Casali® was used to discriminate between R
and S mutations in CDR and FR derived from antigen
selection or acquired randomly. This analysis is based
on the fact that as a result of antigen-selective pressure,
the R/S ratio of amino acid mutations is higher than
expected in the CDR regions, which is consistent with
the need to provide the best fit for the antigen. In con-
trast, the R/S ratio is lower in the FR regions in order to
conserve the antibody structure. p values <0.05 accord-
ing to the binomial distribution model were considered
statistically significant indicators of antigen-selective
pressure. We also analyzed mutations in Du and Ju
regions, considering that these regions were mutated
when they contained one or more mutations.

Results

Detection of monoclonal rearrangements by PCR

All patients (100%) showed monoclonal rearrange-
ment when complete functional VDJs and/or incom-
plete non-productive DJu were amplified. VDJu
rearrangements were detected in 58 out of 64 WM
patients (91%) and in all eight Ig-MGUS patients
(100%). DJu rearrangements were observed in 27 of the
64 WM patients (42%) and in one of the eight patients
with IgM-MGUS (13%).

VDJx rearrangements: Vu, D» and J» gene segment
usage

Vi, Du and Ju gene segment usage, as well as the rate
of SHM for all WM and IgM-MGUS patients are shown
in Table 1.

Waldenstrom’s macroglobulinemia

Table 2 shows the expected and observed frequencies
of Vi gene segments per family. Patients with WM dis-
played an under-representation of the Vil family (4/58;
7%) and a marked over-representation of the V&3 fami-
ly (44/58; 76%). In addition, the Vu3-23 gene segment
was very highly used, since it was present in 17 out of
the 58 identified functional rearrangements (29%), a fre-
quency much higher than would be expected from ran-
dom occurrence (1.96%; p<0.001). In contrast, several
Vi segments frequently found in normal early and/or
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Table 1. V4, Du and Ju gene segment usage in complete and incomplete Ig: rearrangements, as well as somatic hypermutation and anti-
gen selection of VIDu rearrangements in WM and IgM MGUS.

Rearrangement Rearrangement
VDJy Dly* VDJy DJy*
D D Vi SM Dy Ji CDR3 pCDR  pFR  AS  Di Uy D D Vi SM Dy J CDR3 CDR FRAS Dy I
Length Length
343 wm 12 89 - 5b 21 0080 0221 R 423 6b| 5582 WM 37 745 - 6b 15 0420 017 R 22 ND
433% WM 12 571 17 11 24 003 02 AS ND ND| 4565 WM 37 526 - 3a 33 0001 016 AS ND ND
3388 WM 12 0 — NSO NA NA NA NA ND ND| 5578 WM 37 617 — NSO NA 0003 01 AS ND ND
3936 wv 13 125 - 62 9 0000 0173 AS ND ND| 2106 WM 3-72 564 - 4b 30 0080 016 R 22 4d
5579 WM 31 982 - 32 27 0000 004 AS 215 5b| 2326 WM 372 683 619 2 30 0320 008 R 39 ND
3167 WM 315 1111 66 3b 9 0001 0213 AS ND ND| 5444 WM 372 819 - 4b 21 0004 024 AS ND ND
4070 WM 315 7001 - 52 9 029 027 R ND ND| 709 WM 373 555 - 4b 36 0000 03 AS ND ND
5581 WM 321 977 - 6 21 0000 03 AS ND ND| 4268 WM 3-73 59 — NSO NA 0.022 0226 AS ND ND
8079 WM 321 818 322 6¢ 51 0129 02264 R ND ND| 3168 WM 3-74 10.08 - 4d 18 0000 0035 AS 215 4b
1758 WM 321 0 423 6b 24 NA NA NA ND ND| 1991 WM 3-74 639 126 6a 30 0011 0317 AS ND ND
125 WM 323 1306 625 4b 15 0000 01 AS 423 ND| 447 WM 3-74 1244 - 5b 33 0000 016 AS ND ND
532 WM 323 114 61 4b 48 0000 017 AS 22 6b| 4864 WM 39 533 512 1 42 0011 0317 AS ND ND
3665 WM 323 73 - 21 12 00001 017 AS 22 6b| 1937 WM 428 745 411 2 30 0000 017 AS 22 6D
4057 WM 323 877 - 6b 9 0000 0225 AS 423 ND | 18423 WM 430 865 - 3b 18 019 001 AS 619 4b
4035 WM 323 NA 215 2 39 NA NA NA 512 4-b| 4056 WM 4-39 537 422 4a 27 03 02 R 221 ND
50 WM 323 1619 - 6b 30 0000 0112 AS 512 ND| 5584 WM 4-39 1045322 4b 33 0001 025 AS ND ND
5586 WM 323 1212 - NSO NA 0000 025 AS 613 4d| 5756 WM 4-39 432 - NSO NA 0015 0374 AS ND ND
1956 WM 323 711 310 4a 33 02053 03121 R ND ND| 13426 WM 459 1022 - 6¢ 27 012 002 AS ND ND
5320 WM 323 1038 6-13 5b 27 00003 013 AS ND ND| 5775 WM 4-61 692 66 4b 27 0000 003 AS 22 5b
2385 WM 323 701 - NSO NA 00012 03179 AS ND ND| 5216 WM 461 086 3-3 3b 51 NA NA NA 66 5b
3166 WM 323 789 - 4b 27 0003 016 AS ND ND| 1062 WM 551 045 126 4b 18 NA NA NA ND ND
3414 WM 323 921 - 5 27 002 03 AS ND ND| 5589 WM 601 161 55 6 21 NA NA NA ND ND
2661 WM 323 1171 - 4b 36 0000 0186 AS ND ND| 2776 WM ND NA - ND NA NA NA NA 126 6cC
4269 WM 323 155 - NSO NA 0000 011 AS ND ND| 1999 WM ND NA - ND NA NA NA NA 215 ND
5588 WM 3-23 NA - NSO NA NA NA NA ND ND| 3260 W ND NA - ND NA NA NA NA 22 5b
923 WM 323 NA - NSO NA NA NA NA ND ND| 2311 WM ND NA - ND NA NA NA NA 22 6b
5208 WM 323 NA - 4b 36 NA NA NA ND ND| 17665 WM ND NA - ND NA NA NA NA 55 4
2040 WM 3-30 933 126 3a 30 0000 01729 AS ND ND| 1053 WM ND NA - ND NA NA NA NA 55 4b
2550 WM 330 1422 1-26 4b 27 0000 002 AS ND ND| 5302 MGUS 311 0 310 5 30 NA NA NA ND ND
1079 WM 330 921 - NSO NA 0000 005 AS ND ND| 4233 MGUS 330 571 11 4a 30 0045 0035 AS ND ND
4587 WM 330 862 - NSO NA 0056 059 R ND ND| 1860 MGUS 3-30 NA - NSO NA NA NA NA ND ND
5587 WM 3-30 NA - NSO NA NA NA NA ND ND| 3894 MGUS 3-73 085 625 62 18 NA NA NA 423 3b
4349 WM 333 909 126 4b 39 0032 021 AS 423 5b| 4631 MGUS 3-74 10.66 - 43 3 0000 025 AS ND ND
5591 WM 3-53 NA - NSO NA NA NA NA~ ND ND| 2261 MGUS 3-74 657 126 5a 27 0080 024 R ND ND
5626 WM 37 657 - 5b 15 017 0259 R 28 5b| 1218 MGUS 4-34 444 126 3b 39 0138 0100 R ND ND
5592 WM 37 425 - 6b 15 0372 0259 R 417 6-b| 407 MGUS 4-39 821 - 3a 24 005 0225 R ND ND

ID: identification; D: diagnosis; SM: somatic mutation; CDR3: third complementary-determining region; pCDR and pER: p values according to the binomial distribution model
for the complementary-determining region and framework region, respectively; p<0.005 was considered a statistically significant indicator of antigen-selective pressure.

AS: antigenic selection; S: selection; R: random choice; WM: Waldenstrom’s macroglobulinemia; MGUS: IgM monoclonal gammopatly af undetermined significance;

NA: not analyzed; ND: not detected; NSO: no sequence was obtained; — The DH segment could not be identified with the criteria used.'"°
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Table 2. Distribution of Vu families in VDJ: rearrangements from
WM and IgM MGUS patients.

Known functional Vi VDJy VDJy
segments in rearrangements in WM rearrangements in
V-BASE* (n=58) IgM-MGUS
(n=51) (n=8)
Vil 11 (22%) 4 (7%)* 0
Vi2 3 (6%) 0 (0%) 0
Vi3 22 (43%) 44 (76%)** 6 (75%)
Vid 11 (22%) 8 (13%) 2 (25%)
Vid 2 (4%) 1(2%) 0
Vi6 1(2%) 1(2%) 0
V7 1(2%) 0 (0%) 0

“The number of Vi genes per family in normal B lymphocytes was obtained from
the VDJu recombination data contained in the V-BASE Sequence Directory™ WM:
Waldenstrom’s macroglobulinemia; IgM-MGUS: monoclonal gammopathy of
undetermined significance. *p<0.0S between the distribution of Vi in WM and
Vi in normal ceﬁz‘ *#p<0.001 between the distribution of Vi in WM and Vi in
normal cells .

Table 3. Distribution of D« families in VDJ« and DJ: rearrange-
ments from WM and IgM MGUS patients.

Dy genes VDJy DJx VDJy
per fam”ya rearrangements rearrangements  rearrangements
(n=27) in WM in WM in IgM-MGUS
(n=22) (n=27) (n=5)
Dw1 5 (19%) 6 (27%) 1 (4%)* 3 (60%)
D2 4 (15%) 1 (4.5%) 13 (48%)* 0 (0%)
D3 5(19%) 4 (18%) 1(4%) 1 (20%)
Dwd 4 (15%) 3 (14%) 5 (19%) 0 (0%)
) 4 (15%) 2 (9%) 4 (15%) 0 (0%)
D6 4(15%) 6 (27%) 3 (11%) 1 (20%)
Dy7 1 (4%) 0(0%) 0 (0%) 0 (0%)

“The number of Du genes per family in normal B lymphocytes was
obtained from Corbett et al.’* WM: Waldenstrom’s macroglobulinemia.
IgM-MGUS: monoclonal gammopathy of undetermined significance.
*p<0.0S between the frequency of D in VDJu and that in DJn
rearrangements in WM .

Table 4. Distribution of J« gene segments in VDJ« and DJu re-
arrangements from WM and IgM MGUS patients.

Juin VDJy Dy VDJy
normal B rearrangements  rearrangements  rearrangements
lymphocytes? in WM in WM in IgM-MGUS

(n=100) (n=45) (n=20) (n=7)

3l 2% 2 (5%) 0 (0%) 0 (0%)

Ji2 2% 4 (9%) 0 (0%) 0 (0%)

)3 9% 6 (14%) 0 (0%) 2 (28%)

Jid 51% 16 (35%) 7 (35%) 2 (28%)

Jid 14% 6 (14%) 6 (30%) 2 (28%)

Ji6 22% 11 (24%) 7 (35%) 1 (14%)

“The number of Ju genes per family in normal B lymphocytes was obtained
from Wasserman R;”> WM: Waldenstrom’s macroglobulinemia;
IgM-MGUS: monoclonal gammopathy of undetermined significance.

Ign gene rearrangements in IgM monoclonal gammopathies

circulating B cells, such us Vu3-20 and Vu3-49, which
were completely absent in this series (Table 1).

Du segments could be identified in only 22 of the 58
VDJu rearrangements detected (38 %), according to strin-
gent criteria."” The most frequently involved families
were Dul and Du6, each present in six of 22 cases
(27 %), while the least frequent was D2 (4.5%) (Table
3). Finally, the most commonly represented Ju families
were Jud (16/45; 35%) and Ju6 (11/45; 24%) (Table 4).
The distribution of both Dx and Ju families in WM did
not differ significantly from the distribution in normal B
lymphocytes.

I8M monoclonal gammopathy of undetermined significance

Only the Vi3 and Vi4 families were represented with-
in complete VDJu rearrangements in patients with IgM-
MGUS (6/8 and 2/8, respectively) (Table 2). The D ele-
ment was identified in five cases, and Dnl was the most
represented family (3/5; 60%) (Table 3). The Ju selection
was not specifically different from the pattern observed
in other B-cell malignances or normal B cells.

CDR3 analysis

The CDR3 sequence could be analyzed in detail in 45
WM patients. The average lenght was 26.6 nt+10.7nt.
As mentioned above, the Dn element was identified in
22 patients (49%), in whom the average length of the
CDR3 region was 30 nt+11.4. The remaining 23 cases
contained an unidentifiable Dn element according to
conventional criteria,”" probably because the CDR3
length was shorter (23 nt+9.12) (Table 1). No consensus
sequence showing evidence of selection by the same
antigen could be demonstrated between the CDR3
regions of the rearranged Ig genes.

The CDR3 was analyzed in seven of the eight cases of
I[gM-MGUS and had a mean length of 24 nt+11.4. In the
five cases in which the Dn segment was identified, the
mean length of 28.8 nt+7.5 was longer than in the two
cases without an identified Dn segment in whom the
mean length was 13.5 nt+14.8.

DJ. rearrangements: D« and Jx family usage

DJu rearrangements were detected in 27 WM cases
(42%), with a preferential usage of the Du2 family
(13/27; 48%) (Table 3). In almost half of these rearrange-
ments, only two segments were selected (Du2-02 in
eight cases and Dn4-23 in five) (Table 2). Regarding Ju
segments, only Ju4, Ju5 and Ju6 were selected in these
rearrangements (Table 4). Finally, incomplete rearrange-
ments were detected in only one IgM-MGUS patient
(13%) in whom D4 and Ju3 gene segments were used

(Table 1).

Somatic mutation analysis
The complete sequence was available for somatic

mutation analysis for 52 of the 58 patients with WM
and seven out of the eight with IgM-MGUS. The
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remaining cases could only be amplified from FR3,
which prevents such analysis. Using the 2% deviation
from the germline sequence as a cut-off value for
SHM, 90% of WM and 71% of IgM-MGUS cases had
SHM. Within these cases, the mean deviation from
the germline was 8.7% (range 4.3-16.2) in WM and
7.1% (range 4.4-10.6) in IgM-MGUS. This means that
there were seven cases lacking SHM (five WM and
two IgM-MGUS). Interestingly, three of them (two
WM, one MGUS) had a complete match with the
germline configuration (0% deviation). The Ju seg-
ment contained occasional mutations in 71% of the
VD]Jr rearrangements.

The SHM pattern was investigated to ascertain
whether WM and IgM-MGUS cases had different fea-
tures concerning random or antigen-driven selection.
The distribution of R and S mutations in the FR and
CDR regions is summarized in Table 1. A random dis-
tribution of SHM was observed in 23% of WM patients
and in 60% in IgM-MGUS patients.

The vast majority of the incomplete DJu rearrange-
ments were unmutated, since we observed only occa-
sional single point mutations in three cases.

Class switch recombination

Twenty-one WM patients and eight IgM-MGUS
patients had representative mRNA available to test the
presence of pre-switch (IgM, IgD) and post-switch (IgA,
IgG) isotype expression. As expected, IgM clonotypic
transcript isotypes were present in all samples and IgD
in most of them (83%), with exactly the same clonotyp-
ic sequence as that obtained from genomic DNA.
Interestingly, hemi-nested RT-PCR revealed the pres-
ence of post-switch clonotypic isotypes in three WM
patients: two IgA and one IgG. In these three cases,
sequencing of CSR amplified products showed the
same CDR3 (Vu-Du-Ju) sequence and the same somatic
hypermutation pattern, which demonstrates that all iso-
types were derived from the same clone.

Discussion

In this study we characterized molecular IgH
rearrangements in 72 patients, 64 of whom had WM
and eight of whom had IgM-MGUS. This constitutes
the largest series of patients with IgM-related disorders
studied up to now; indeed, combining previous litera-
ture data, only 59 cases have so far been reported.''>***
Our results confirm previous estimations about Igu
repertoire usage and show that incomplete rearrange-
ments are frequent in WM. In addition, we also confirm
that isotype switching is possible in vivo in WM.

Previous studies on mutation analysis of antigen
receptor genes revealed that most cases of WM presum-
ably derive from a post-germinal center cell, a cell with
somatic hypermutation, but without evidence of
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CSR."*" However, the low number of cases previously
analyzed made it impossible to ascertain whether there
is a bias in VDJu repertoire selection. Our study defini-
tively demonstrated a preferential usage of Vu3 family
segments, with a >75% representation, which is much
higher than that observed in normal B cells” or in other
lymphoproliferative disorders such as multiple myelo-
ma,” hairy cell leukemia® or chronic lymphocytic
leukemia.” These results concur with those previously
reported by Kriangkum et al.,""* who described a 93%
usage in 15 patients, although our study demonstrates
that the use of other segments is not an exception. The
Vi3-23 segment was selected in nearly one-third of all
WM cases, which contrasts with the complete absence
of this segment in IgM-MGUS cases. Another interest-
ing finding in our series is the usage of the Ju segment,
which is relatively more diverse than that described by
Kriangkum et al.,” who found that the frequency of
usage of Ju4 was as high as 73%. Other B-cell lympho-
proliferative disorders such as multiple myeloma and B-
cell chronic lymphocytic leukemia have also shown, as
in our series of WM patients, a diverse Ju selection."””

DJu rearrangements were observed in 42% of WM
patients, a frequency similar to that observed in other
mature B-cell lymphoproliferative disorders.*” In con-
trast, these incomplete rearrangements were less fre-
quent (18%) in IgM-MGUS cases, which suggests some
differences in the neoplastic origin of the two entities.
The use of Du and Ju segments differed between cases
with complete and incomplete rearrangements. This
could indicate that Dul, Dr3 and Du6 family selection
(very frequent in complete rearrangements and almost
absent in incomplete rearrangements) would favor a
functional result, while the use of D2, and especially
the Du2-02 gene segment (never present in complete
VDJu functional rearrangements but frequent in incom-
plete rearrangements), could lead to non-productive
rearrangements, similar to pseudo-genes.

The average length of the CDR3 was 26.6 nt, which
is shorter than previously reported.” This shorter CDR3
is typical of B cells selected for binding to antigens.” The
CDR3 is the region where the greatest evidence of pos-
itive and negative selection was observed, especially for
the use of different Du families between complete and
incomplete rearrangements. This is in line with the key
role that the CDR3 plays in antigen recognition.”®” In
the present series, the percentage of cases with somatic
hypermutation according to conventional criteria was
very high: 90% for WM and 71% for IgM-MGUS.
Nevertheless, five out of the 52 WM cases tested (9.6%)
showed a naive B-cell origin, which concurs with other
published data.””"**** This would indicate that the
transformation event that leads to WM or IgM-MGUS
does not necessarily target somatically mutated B cells.

Antigenic selection was detected in 77 % of the cases
of WM, a figure more than twice that previously report-
ed."”* This difference could be due to variations in ref-



erence databases,” but some differences could also be
caused by the multimodal® or binomial® models used in
the analyses. Interestingly, antigenic selection was
found in only 40% of cases of IgM-MGUS, again sug-
gesting some possible differences between WM and
IgM-MGUS.

Considering all these data together, we can hypothe-
size that WM and IgM MGUS may develop differently,
at least in a subgroup of [gM MGUS patients whose dis-
ease will never evolve into WM. This hypothesis is
compatible with the results of mutational analysis of
the upstream Su region recently published by another
group.” Therefore, molecular analysis could be an inter-
esting tool for a better diagnostic definition of IgM
MGUS, identifying patients at a high risk of malignant
evolution. However, it must be appreciated that this
hypothesis is based on a very small group of IgM
MGUS patients (four in Kriangkum’s study and eight in
the present one), so additional studies are required to
confirm this possibility.

Although several studies found only clonotypic IgM
transcripts in WM patients,'”""* a recent study demon-
strated that WM cells are capable of undergoing CSR in
vitro.” In the present series, we found and sequenced
post-switch clonotypic isotypes in three out of 21 cases
with representative RNA available, demonstrating that
WM cells are capable of undergoing CSR in vivo, albeit
rarely. Furthermore, we recently reported a case show-
ing that not only are WM cells capable of undergoing
CSR in vivo, but that the CSR can be functional, since an
additional IgG serum M-component was observed five

Ign gene rearrangements in IgM monoclonal gammopathies

years after diagnosis.” Therefore, the fact that WM cells
do not usually carry out CSR can no longer be explained
by the presence of irreversible genetic lesions, but is
more probably due to a response to inhibitory regula-
tion. Accordingly, such negative regulation could even-
tually be overcome depending on the microenviron-
mental conditions, as occured in three of our cases.

In conclusion, in this study we characterized IgH
rearrangements in the most extensive series of IgM-
related disorders reported up until now. We have docu-
mented some dissimilarities in VDJn and DJx rearrange-
ments between WM and IgM-MGUS, which could sug-
gest a distinct differentiation process between the two
disorders. In addition, we found evidence demonstrat-
ing that WM cells are capable of undergoing CSR i vivo,
which was initially thought to be impossible in this dis-
ease.
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