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ABSTRACT

Background

Characterization of the immunoglobulin gene repertoire has improved our understanding of the
immunopathogenesis of lymphoid tumors. Early B-lymphocyte precursors of multiple myelo-
ma are known to exist and might be susceptible to antigenic drive.

Design and Methods

To verify this hypothesis, we collected a database of 345 fully readable multiple myeloma
immunoglobulin sequences. We characterized the immunoglobulin repertoire, analyzed the
somatic hypermutation load, and investigated for stereotyped receptor clusters.

Results

Compared to the normal immunoglobulin repertoire, multiple myeloma displayed only modest
differences involving only a few genes, showing that the myeloma immunoglobulin repertoire
is the least skewed among mature B-cell tumors. Median somatic hypermutation load was
7.8%; median length of complementarity determining-region 3 was 15.5 amino acids.
Clustering analysis showed the absence of myeloma specific clusters and no similarity with
published chronic lymphocytic leukemia or lymphoma subsets.

Conclusions
Analysis of multiple myeloma immunoglobulin repertoire does not support a pathogenetic role
for antigen selection in this tumor.
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Introduction

Characterization of the immunoglobulin receptor has
provided useful insights into the pathogenesis and natural
history of lymphoid neoplasms."” In particular, large data-
bases of immunoglobulin heavy chain gene (IGH)
sequences have been analyzed to demonstrate the role of
antigen stimulation as a key environmental driver of
malignant transformation. The recognition of stereotyped
clusters of immunoglobulin receptors in chronic lympho-
cytic leukemia (CLL) provides strong evidence to support
the role of antigen-driven mechanisms in the pathogenesis
of this neoplasm.** Furthermore, recent reports in mantle
cell lymphoma (MCL)" and marginal zone lymphoma
(MZL)* have led to speculation that stereotyped clusters
of immunoglobulin receptors might represent a common
phenomenon across most, if not all, mature B-cell tumors.

Although terminally-differentiated malignant plasma
cells (PC) do not express immunoglobulin receptors, it is
known that myelomagenesis is a complex multi-step
process that might involve earlier B-cell precursors.” In
particular, the class switch recombination mechanisms
involved in multiple myeloma (MM) related chromosomal
translocations suggest that early events in the develop-
ment of MM occur during germinal center (GC) matura-
tion.'"® Furthermore, the presence of pre-switch B cells idio-
typically related to malignant PC has been reported.”
Therefore, there is a clear rationale to evaluate the MM
IGH repertoire and to search for stereotyped clusters of
immunoglobulin receptors on appropriately sized patient
series. This will allow us to investigate further into the
role of antigen-driven stimulation in B-lymphoid tumori-
genesis and whether antigen stimulation might play a role
in early myelomagenesis. Published databases of IGH MM
sequences® each include less than 80 evaluable patients
and are, therefore, too small to perform extensive cluster
analysis of immunoglobulin receptors. We have combined
a large number of MM IGH sequences obtained at our
institutions for minimal residual disease (MRD) evalua-
tion” with all the sequences reported in the literature,
leading to a panel of 345 fully evaluable MM IGH
sequences. This database was then used to comprehen-
sively investigate the characteristics of the IGH rearrange-
ment in MM.

Design and Methods

Collection of immunoglobulin sequences

The original database collected for this study consisted of 406
MM IGH sequences. A total of 237 MM IGH sequences were
retrieved from EMBL, NCBI and IMGT/LIGM-DB public databas-
es, as already reported (Literature Series, LS),'*""** while 169 were
directly sequenced at our institutions for MRD purposes
(Institutional Series, IS). All patients provided informed consent in
accordance with the requirements of the local Institutional Review
Board (IRB) and with the Declaration of Helsinki. The study was
approved by the IRB Commissione Regionale per le
Sperimentazioni Cliniche, Turin, Italy. Methods for IGH sequenc-
ing have been described elsewhere.”” Redundant, poorly annotat-
ed, out-of-frame, or clonally related sequences were excluded
from the analysis, as previously reported.'®"*** Therefore, the final
collection included 345 evaluable IGH MM sequences (MM total,
each sequence corresponding to one single patient), 214 from LS
(Online Supplementary Table S1) and 131 from IS (Online

Supplementary Table S2). For clustering analysis, a total of 28,376
non-MM IGH sequences were retrieved from public databases
(n=26,618)"""""* and from our multi-laboratory database
(n=1,758). The non-MM cohort intentionally included several dif-
ferent entities to allow comparison with various types of B cells
(Online Supplementary Table S3). In particular, a subanalysis was
also performed on 461 sequences from PC from healthy donors.

Sequence analysis and data mining

All sequences were aligned to the IMGT directory for the iden-
tification of IGH rearrangements, following established crite-
ria.'%"** IGHV, IGHD, and IGHJ gene usage, somatic hypermuta-
tion (SHM) load, and the complementarity determining region 3
on heavy chain gene (HCDR3) length were recorded for each
sequence. Comparisons in terms of IGHV usage were made
between the MM series and the largest published series of IGHV
sequences from healthy donors."” Only smaller comparative series
from healthy donors were available to compare IGHD-] usage,
mutational load, and HCDR3 length distribution.'”*"*

HCDR3-driven clustering

Clustering analysis was performed using ClustalX 2.0, as previ-
ously described."”” Stereotyped HCDR3 sequences were those
characterized by an aminoacidic identity of 60% or over, accord-
ing to the criteria of Messmer and Stamatopoulos.'**® Subsets not
previously described and including only two sequences (‘provi-
sional’) were only considered if they fulfilled the following addi-
tional criteria:""*"* {) use of IGHV germline genes of the same clan;
ii) use of the same IGHD and IGH] germline genes; iii) use of the
same IGHD segment reading frame; and iv) identical HCDR3
length.

Statistical analysis

Patients’ characteristics were tested using Fisher’s exact test for
discrete variables and the Mann-Whitney test for continuous vari-
ables. All reported P values were obtained by a two-sided exact
method, at the conventional 5% significance level. Data were ana-
lyzed as of April 2011 using SPSS 19.0.0 software.

Results and Discussion

We analyzed the largest database of IGH sequences
from MM patients, consisting of 345 fully evaluable MM
sequences partly derived from our institutional database
(38%) and partly retrieved from published databases
(62%). Usage of IGHV-D-] genes is shown in Figure 1 and
Ounline Supplementary Figures S1 and S2, and described in
detail in the Online Supplementary Table S4.

Overall, the most frequently reported IGHV families in
MM were IGHV3 (58.9%), IGHV4 (18.6%) and IGHV1
(12.5%). The most frequently reported IGHV genes were
IGHV3-30-3 (9.3%), IGHV3-23 (8.7%) and IGHV1-69
(5.8%), together representing 23.8% of the entire IGHV
repertoire; this is much less than that observed in CLL
(30%), MCL (40%) and MZL (45%) (Figure 2).""**"* The
most frequently reported IGHD genes were [GHD3-10
(11.3%), IGHD3-22 (8.1%) and IGHD3-3 (8.1%), while
the IGHJ4 gene by itself accounted for more than half of
the patients’ /GH] repertoire (54.8%), in line with post-
GC B-cell IGH] usage.”

The IS IGHV-D-] repertoire was essentially in line with
LS and previously published smaller MM repertoires."””
The few modest differences (Online Supplementary Tables
S4 and S5) might be due to technical or interpretative bias-
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es in the context of the highly hypermutated repertoire of
MM, particularly when dealing with older studies. In con-
trast, the complete absence of IGHV3-21 in a North-
American MM series' might be the result of technical dif-
ferences in IGH sequencing methods or the expression of
some yet unexplained geographical variation, already
reported for this gene in CLL.*

Despite a global picture representing a nearly physiolog-
ical IGH repertoire in MM, we were able to demonstrate
the presence of modest over and underrepresentation of
some genes compared to normal IGHV repertoire." In par-
ticular, we observed overrepresentation of [GHV1-69,
IGHV2-5, IGHV2-70, IGHV3-21, IGHV3-30-3, IGHV3-
43, IGHV5-51 and IGHV6-1 genes, and underrepresenta-
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MCL (n=807)

tion of IGHV1-18, IGHV1-8, IGHV3-30, IGHV3-53 and
IGHV4-34 genes (Online Supplementary Figure S3). When
the comparison was restricted only to a panel of 461 PC
sequences derived from healthy donors," the skewing of
the MM IGHV repertoire was even less pronounced,
resulting only in an overrepresentation of [IGHV2-70,
IGHV3-21 and IGHV3-30-3 genes and in an underrepre-
sentation of IGHV1-2, IGHV1-8, IGHV3-30 and IGHV 4-
34 (Online Supplementary Figure S4). On the other hand,
there were no significant differences in IGHD and IGHJ
usage in MM when compared to the normal IGHD-IGHJ
repertoire from both unselected B cells from healthy
donors' ?* and from selected healthy PC® with the
exception of the underrepresentation of IGHJ6 (14.5% vs.

Figure 1. IGHV gene
usage of multiple myelo-
ma total series. MM:
multiple myeloma; IGHV:
immunoglobulin heavy
chain variable region.

CLL (n=2,662)

Figure 2. IGHV gene usage
in multiple myeloma,
other B-cell malignancies
and healthy plasma cells.
In black the contribution
of the three most frequent
genes in MM, other B-cell
malignancies and healthy
plasma cells to the totality
of their IGHV repertoire.

IGHV: immunoglobulin-
heavy chain variable
region; MM: multiple
MZL (n=133) myeloma; PC: plasma

cells; CLL: chronic lympho-
cytic leukemia; MCL: man-
tle cell lymphoma; MZL:
marginal zone lymphoma.
For PC, MCL and MZL
databases, see 4 while
CLL database has been
retrieved from: Darzentas
N, et al.®
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24.6% in healthy B-cell published repertoires; P<0.001;
data not shown) which agrees with /GH] gene distribution
in post-GC B cells.” These modest skewings observed in
MM might potentially reflect the expression of processes
different to antigen selection. Finally, our study confirmed
previous observations of a lower incidence of IGHV4-34
in MM compared to healthy B cells and PC IGHV reper-
toire, in accordance with the paucity of autoimmune phe-
nomena in myeloma."®’

Our series also confirms the high rate of SHM in MM
and this agrees with previous studies,"” supporting the
hypothesis that the transforming events leading to full-
blown myeloma occur in a post-GC memory B cell. There
were 4 out of 345 (1.2%) MM sequences with a germline
identity of 98% or over and only one patient showed IGH
genes in full germline configuration (100% identity).
Available biological and clinical data for these patients are
described in the Online Supplementary Table S6. In terms of
SHM rate, most MM patients showed a homogeneous
and normal distribution with a median value of 7.8%
(range 0-24.6%, SD 8.7 %). This is similar to that observed
in healthy PC series in which, nevertheless, the frequency
of unmutated sequences is higher, possibly due to the
presence of a small proportion of IgM secreting PC (Figure
3A). These features are, therefore, radically different from
those of CLL and other B-cell tumors for which we
observe a more heterogeneous distribution pattern reflect-
ing major pathogenetic and clinical differences.>*"*"
Lengths of HCDR3 AA sequences in MM were normally
distributed with a mean value of 15.5 AA (range 6-29, SD
3.89), in accordance with published series of healthy PC
(Figure 3B).

An extensive analysis of the HCDRS3 region failed to
find any evidence of stereotyped receptor clusters in MM.
Our sample size for this analysis was more than adequate
since original reports documenting the presence of
HCDRS clustering in CLL, MCL and MZL included 346,
807, and 133 patients, respectively.”*" As shown in the
Online Supplementary Table S7, even among the best
observed matches, critical features hampered an effective
intra-MM clustering, such as different /[GHV-D-] usage
and different HCDRS lengths. Furthermore, no clusters
were found irrespective of IGHV-D-] usage, even consid-
ering only HCDR3 similarities."

When MM sequences were compared to a large panel of
28,376 non-MM IGH sequences, only a minority of MM
sequences (n=4, 1.2%) clustered with sequences from
other lymphoid tumors or non-neoplastic B cells. In partic-
ular, no MM sequences clustered with previously
described CLL or non-Hodgkin’s lymphoma (NHL) sub-
sets.'*""* Only one ‘mixed” MM-NHL and three MM-
normal or reactive B-cell provisional clusters were
observed, each including only two sequences (Online
Supplementary Table S8). These four non-MM partner
sequences belong to distinctly different conditions which
are difficult to reconcile into a common pathogenetic
mechanism. These might, therefore, represent a kind of
‘background signal’ in the context of a highly diversified
IGH repertoire. Nevertheless, 341 of 345 (98.8%) MM
sequences did not belong to any cluster and could be
defined as heterologous.

In conclusion, our results clearly indicate that MM has
the least skewed IGH repertoire among mature B-cell
tumors. This shows, along with the absence of clusters of
stereotyped IGH receptors, that the MM IGH repertoire

does not contain prominent markers of specific antigen
selection, in contrast to what is observed in other lympho-
proliferative diseases. However, these conclusions need to
be reconciled with previously reported evidence demon-
strating the existence of MM-related B-cell clones that,
according to their differentiation phase, should retain full
antigen responsivity.” One may speculate that pre-MM B-
cell clones might respond to an extremely diversified anti-
genic challenge, leading to a very modest skewing of the
normal repertoire. Alternatively, early events in MM
pathogenesis might provide adequate proliferative and
survival advantage to pre-malignant MM-related clones
allowing them to bypass the need for antigenic stimuli.
Finally, pre-malignant MM-related clones might frequent-
ly and stochastically arise during physiological immune
responses, while secondary events leading to full-blown
MM are driven by non-immune mechanisms occurring in
later disease phases. IGH repertoire studies such as ours
are clearly not able to formally exclude a role of antigen
selection during the complex pathway leading to overt
MM. Nevertheless, analysis of the largest MM IGH reper-
toire does not provide any evidence to support the view
that the concept of antigen-driven tumorigenesis could be
transferred beyond the field of CLL and NHL. Nor is there
any evidence in favor of a critical role for antigen-respon-
sive B-cell precursors in the pathogenesis of MM.
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Figure 3. Somatic hypermutation load (A) and HCDR3 length distri-
butions (B) of multiple myeloma total series compared to published
series of healthy plasma cells. HCDR3: heavy chain complementar-
ity determining region 3; AA: amino acidic; MM: multiple myeloma
(black line); PC: plasma cells (gray line).*®
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