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Abstract
Monoclonal gammopathies are associated with advancing age but a

familial predisposition has been recognized for several decades. A func-
tional phenotype, characterized by increased immunoglobulin (Ig) pro-
duction after mitogen stimulation has been identified in healthy mem-
bers of 4 families showing a predisposition toward IgM and IgG/IgA
disorders. B cells from these hyperresponders do not show increased rates
of Ig gene translocations and no aberrations were detected in an in vitro
model of the germinal center reaction. Array-based comparative genome
hybridization revealed deletions of Ig genes in peripheral blood B cells, as
expected. In addition, random changes were detected throughout the
genome, presumably reflecting off-target activation-induced cytidine
deaminase (AID) activity. These random changes were significantly less
prevalent in B cells from hyperresponders, indicating less exposure to the
germinal center environment during maturation.

Introduction
Advancing age is the only certain risk factor for developing mono-

clonal gammopathies.1 Although heredity does not play a major role,
arge epidemiologic studies have indicated an increased familial risk
nd over the past six decades well over a hundred families have been
escribed in the medical literature with a clear indication of an in-
erited risk for developing paraproteinemias, including monoclonal
ammopathy of undetermined significance (MGUS), multiple my-
loma (MM), and Waldenström’s macroglobulinemia (WM).2 We
ave studied 8 such families in Iceland, 1 of them was first identified
4 years ago.3-5 Our approach has been to gain an insight into the
nderlying pathobiology by studying B-cell function. About twenty
ears ago a functional phenotype of enhanced immunoglobulin pro-
uction in vitro on poke-weed-mitogen stimulation was described in
of 35 healthy members in the originally described family.5 These

amily members were referred to as hyperresponders (HRs) and in
everal of them the phenotype has been confirmed on repeated occa-
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ions.6 We have proposed that this functional phenotype could be
egarded as an endophenotype; a heritable trait that is associated with
n illness, cosegregates with it in families, and is present whether or
ot the illness is active.7 Hyperresponders have now been identified

in 4 families. Remarkably, all of them show cooccurrence of immu-
noglobulin (Ig) M (MGUS and WM) and IgG/IgA (MGUS and
MM) disorders, which are otherwise very rarely seen together in the
same family.6,7 In our recent studies we have focused on the germinal
enter (GC) reaction, reasoning that this is where the most important
teps in B-cell maturation take place, with selection for precision and
iversity but also carrying the danger of mistakes that lead to onco-
enic chromosomal translocations.8 We therefore ask whether HRs
how deviations from normal in terms of entering and progression
hrough the GC as assessed by genetic changes, accidental transloca-
ions, gene expression, and protein differentiation markers.

Materials and Methods
Peripheral blood samples were collected from 11 HRs, and an equal

number of related and unrelated controls, matched for sex and age. B cells
were isolated by anti–CD19-coated MACS bead separation to 97% purity
and used either immediately or cultured in an in vitro model of the GC
reaction. Freshly isolated B cells were used for fluorescent in situ hybridiza-
tion (FISH) analysis, DNA isolation for array comparative genomic hybrid-
ization (arrayCGH), and RNA isolation for microarray gene expression
analysis. The arrayCGH was analyzed using the WaviCGH software
(http://wavi.bioinfo.cnio.es/; accessed15th June2011).TheGCmodelwas
based on coculture with irradiated CD40L-transfected Chinese hamster
ovary (CHO)cellswithadded interleukin4.Culturesweremaintained for3
weeks, transferred weekly to fresh CHO cells, and samples taken for flow
cytometric monitoring of specific surface markers. After 2 weeks of culture
samples were collected for harvesting of mitotic cells for cytogenetic analysis
and isolation of RNA for microarray gene expression analysis.

Results
B Cells from Hyperresponders Show No Deviations in
the In Vitro GC Model

B cells in the GC cultures were monitored for expression of surface
markers characteristic for differentiation stages; CD86 for activation,

CD27 and CD38 for maturation into plasmablasts, and memory cells.9
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The expected changes with time were observed, through activation
(CD86�), initial loss, and then gain of CD38� B cells (expressed on
recursor to mature and/or naive B cells and antibody-producing cells)
nd a gradual increase in the proportion of CD27� cells, indicating

maturation into memory cells and plasmablasts; see Figure 1. No
marked differences were seen between HRs and controls.

Gene expression analysis was performed on isolated B cells from
the freshly taken samples and B cells harvested from the GC cultures
after 14 days. Comparison revealed, as expected, that very marked
changes had occurred in the cultured samples affecting approxi-
mately one-third of 45,000 gene probes tested. The general pattern
was very similar to that reported for GCs isolated directly from hu-
man tonsils, involving genes belonging to several categories of cell
function related to the GC response, including cell proliferation,
survival, and death; DNA repair and replication; and cytokines and
chemokines and their receptors.10 No significant differences were
detected between GC cultures from hyperresponders and controls
after correcting for multiple testing.

B Cells from Hyperresponders Show No Evidence of
Increased Prevalence of IgH Gene Translocations

Translocations involving the IgH gene locus are considered patho-
genic in MM11 but are very rarely observed in WM.12 The translocation
(14;18) can be detected by very sensitive methods at a low level in a
ignificant proportion of normal blood donors and the frequency is
ncreased by toxic exposure.13 The GC cultures gave us the opportunity
to obtain mitotic cells from pure activated B cells for conventional karyo-
typing. All karyotypes were classified as normal and single karyotypic
aberrations were no more frequent in cultures from hyperresponders
than controls. Freshly isolated B cells were screened for the IgH gene
locus 14q32 break point by FISH analysis. This did not reveal any
differences between hyperresponders and controls.

B Cells from Hyperresponders Show Lower Incidence of
Random Chromosomal Gains and Losses

To obtain information on chromosomal gains or deletions at a
higher resolution than possible with conventional karyotyping or
FISH analysis, we performed array-based comparative genomic hy-

Figure 1 Percentage of B Cells in Germinal Center Cultures Ex
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reference was DNA isolated from neutrophils from the same sample.
The B cells in a fresh blood sample are expected to contain a mixed
population from naive to post-GC cells. Almost all samples showed
deletions in the B cells at Ig gene loci on chromosomes 14 (heavy
chain) and 2 and 22 (light chains) thus validating the approach. The
overall patterns of gains and losses are shown in Figure 2, where the
amplitude indicates the number of subjects showing gain or loss. It is
clear that, in addition to losses at the Ig gene loci, changes are seen
throughout the genome, seemingly in a random pattern. Samples
from HRs showed the same level of deletions at the Ig gene loci as
control samples. The overall pattern was clearly different, with fewer
random changes in samples from HRs. The numbers of gains or
losses per chromosome were compared between controls and HRs by
Student t test. For chromosomes 7, 12, 14, 15, 17, 19, 20, and 22 the
requency of gains was significantly lower in samples from HRs com-
ared with control samples (with a P value between .02 and .04,
ndicated by red arrows in Figure 2). Differences in losses were not
tatistically significant (P � .17).

Discussion
The results of analysis of protein markers and gene expression

indicate that B cells from hyperresponders progress normally
through the GC reaction. This leaves open the possibility of defective
entry into the GC. The genome-wide random changes observed in B
cells are most easily interpreted in terms of off-target activity of the
AID that mediates class switching and somatic hypermutation.14

The results thus imply that B cells from HRs are less exposed to the
gene modifications that are normally part of B-cell maturation dur-
ing immune responses.

As already stated, paraproteinemias are associated with advancing
age. B-cell function changes with age, and B-cell responses in the
elderly are characterized by reduced class-switching and low AID
levels.15 Several hereditary syndromes are known to affect B cells. Of
interest in the current context are the so-called hyper IgM syn-
dromes, because a tendency toward increased levels of polyclonal
IgM has been described in families with IgM-MGUS and WM. The
genetic defects leading to hyper IgM syndromes often affect CD40
signaling, but mutations in the AID gene have also been described
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and deficient AID activity is a common feature.16,17
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Conclusion
Hyperresponders have been identified in 4 families with predispo-

sition for IgM and IgG/IgA monoclonal gammopathies, WM and
MM. They were originally defined based on increased Ig production
in cultures of peripheral blood mononuclear cells after stimulation
with poke-weed-mitogen. We have now shown that B cells from
HRs do not show an increased rate of accidental chromosomal trans-
locations that might be acquired during the GC reaction. This is in
line with aberrant IgH-translocation not being prevalent or patho-
genic in WM, unlike MM. Purified B cells from HRs showed no
aberrations in an in vitro model of the GC reaction. However,
marked differences were seen in the random pattern of DNA copy
number variations in purified peripheral blood B cells implying re-
duced exposure to the GC environment in vivo. These observations
have certain parallels with changes described for B cells during aging
and in hyper-IgM syndromes. Overall, our results can be interpreted
to indicate an increased tendency toward B-cell maturation outside
GCs in hyperresponders compared with controls.
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